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ABSTRACT

Objective: To describe CSF biomarker profiles in posterior cortical atrophy (PCA), which induces

high-order visual deficits often associated with Alzheimer disease (AD) pathology, and relate

these findings to clinical and neuropsychological assessment.

Methods: This prospective observational study included 22 patients with PCA who underwent

CSF biomarker analysis of total tau (t-tau), phosphorylated tau on amino acid 181 (p-tau181), and

amyloid b (Ab42). At group level, the CSF profiles of patients with PCA were compared to those of

patients with typical AD and patients with other dementia (OD). Individually, the clinical presenta-

tion of patients with PCA was correlated to their CSF profile to assess the predictability of clinical

features for diagnosis of underlying AD pathology.

Results: At group level, the PCA biomarker profile was not different from that of the AD group,

but very different from that of the OD group (p , 0.001). More than 90% of patients with PCA

had CSF profiles consistent with AD. All patients with PCA with either isolated higher-order

visual deficit (n 5 8) or visual deficit associated with memory impairment (n 5 11) had CSF

profiles consistent with AD. Only one of the 3 patients with PCA with asymmetric motor signs

fulfilled biological CSF criteria for AD.

Conclusions: PCA syndrome is usually associated with CSF biomarkers suggestive of AD, as

shown by previous neuropathologic studies. This does not apply in case of motor signs suggesting

associated corticobasal syndrome. CSF biomarkers help to discriminate AD from non-AD pro-

cesses associated with this condition. Neurology® 2011;76:1–1

GLOSSARY

Ab 5 amyloid b peptide; AD 5 Alzheimer disease; CBS 5 corticobasal syndrome; CJD 5 Creutzfeldt-Jakob disease; CVLT 5

California Verbal Learning Test; DLB 5 dementia with Lewy bodies; FTD 5 frontotemporal dementia; MMSE 5 Mini-Mental

State Examination; OD 5 other dementias; p-PCA 5 pure posterior cortical atrophy; p-tau 5 phosphorylated tau protein;

PCA 5 posterior cortical atrophy; t-tau 5 total tau proteins.

Posterior cortical atrophy (PCA) is a rare syndrome characterized by predominant progressive

higher-order visuoperceptual deficits associated with occipito-parieto-temporal brain dysfunc-

tion.1 Visual symptoms include simultanagnosia, hemispatial neglect, optic ataxia, and visual

agnosia. Neuroimaging usually shows atrophic or metabolic changes in posterior brain re-

gions.2 Evolution generally leads to dementia.
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This syndrome is usually related to Alzheimer

disease (AD) but can also result from cortico-

basal degeneration, Creutzfeldt-Jakob disease

(CJD), dementia with Lewy bodies (DLB), or

subcortical gliosis.3-8 Etiologic diagnosis remains

uncertain until postmortem examination.

CSF biomarkers have become a significant

help for in vivo AD diagnosis.9 In AD they are

characterized by a combination of increased to-

tal tau proteins (t-tau) and phosphorylated tau

on amino acid 181 (p-tau181) and decreased 42

amino acid amyloid b peptide (Ab42).
9-12 These

tau and Abprofiles are related to elementary AD

lesions: respectively, neurofibrillary tangles and

amyloid plaques. Thus, CSF biomarker exami-

nation appears relevant to etiologic diagnosis of

PCA, since the prevalence of AD pathology is

high in this condition.

The objective of the present study was to

describe the CSF biomarker profile in a pro-

spective series of well-defined patients with

PCA. The PCA CSF profile was compared to

that of typical AD and other dementia

groups. The interest for clinicians of CSF de-

termination in PCA was assessed by compari-

son between clinically based and CSF-based

classifications of etiologic diagnosis.

METHODS PCA subjects. Twenty-two patients with PCA

(14 men, 8 women; 65 6 7.7 years) were recruited from the

memory clinics of Lyon, Dijon, Saint-Etienne, Grenoble, Mont-

béliard, and Roanne (France) between 2005 and 2010. All un-

derwent lumbar puncture. CSF biomarker analysis was

performed in the neurobiology department of Lyon.

Diagnostic criteria. PCA diagnosis was based on medical his-

tory, caregiver interview, neurologic examination, a neuropsy-

chological test battery, and brain imaging (table 1). The

following diagnostic criteria for PCA4 were applied: 1) history of

progressive visual impairment not explained by ophthalmologic

abnormality; 2) demonstration of complex visual disorder such

as visual agnosia, prosopagnosia, visuospatial neglect, Balint syn-

drome (ocular apraxia, optic ataxia, and simultanagnosia), often

Table 1 Clinical and neuropsychological features of patients with PCAa

Case
no.

MMSE
score
(/30)

Elements of
Balint
syndrome

Elements of
Gerstmann
syndrome

Ideomotor
apraxia Parkinsonism

Limb
dystonia

Visual
hallucinations Memory

1 21 1 2 1 2 2 1 2

2 20 1 1 1 2 2 2 2

3 19 1 1 1 2 2 2 2

4 26 1 1 2 2 2 2 X

5 22 1 2 2 2 2 2 X

6 10 1 2 1 2 2 2 2

7 19 1 1 1 R 1 2 2 X

8 29 1 2 1 1 2 2 X

9 19 1 1 1 R 1 R 1 R 2 X

10 18 2 1 1 1 2 2 2

11 15 1 2 2 2 2 2 2

12 22 1 2 1 2 2 2 X

13 27 1 2 1 L 1 L 1 L 2 X

14 23 1 2 1 2 2 2 X

15 21 1 1 1 1 2 2 X

16 28 1 1 1 2 2 2 2

17 13 2 1 1 2 2 2 X

18 12 2 2 2 2 2 2 2

19 14 1 2 2 2 2 2 2

20 24 1 2 1 2 2 2 X

21 17 1 1 1 2 2 1 2

22 20 1 2 1 2 2 2 2

Abbreviations: 1 5 Clinical signs present; 2 5 clinical sign absent;2 5 low performance; L 5 lateralized on the left side;

MMSE 5 Mini-Mental State Examination; NT 5 not testable; PCA 5 posterior cortical atrophy; R 5 lateralized on the right

side; X 5 not affected.
a Clinical assessment of PCA for each case.
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associated with Gerstmann syndrome (alexia, agraphia, finger

agnosia, and right-left disorientation) or visuoconstructional

apraxia; 3) no or minor memory impairment, executive dysfunc-

tion, or language deficit; 4) posterior atrophic or metabolic alter-

ation on MRI or metabolic imaging.

Neuropsychological examination. The Mini-Mental State

Examination (MMSE)13 was systematically carried out to rate

global cognitive ability. Episodic verbal memory was assessed by

the Free and Cued Selective Recall Reminding Test,14 California

Verbal Learning Test (CVLT, French version),15 or MEM-III.16

Visuospatial and visuoperceptive abilities were explored by the

Visual Object and Space Perception battery,17 the Benton Facial

Recognition test,18 or the Judgment of Line Orientation test.18

Neglect and constructional praxis were explored by the

Crossing-out and Clock Drawing tests.

Clinically based classification. Patients with PCA were

classified into 3 groups according to initial clinical presentation

and neuropsychological profile, by neurologists blind to the bio-

logical results:

1. Pure PCA (p-PCA): isolated visual complaint with visual im-

pairment and no episodic verbal memory impairment.

2. PCA-AD: predominant visual complaint and visual impair-

ment with mild episodic verbal memory impairment.

3. PCA–corticobasal syndrome (CBS): predominant visual

complaint and visual impairment with no verbal memory im-

pairment, associated with asymmetric or unilateral parkin-

sonism and ipsilateral gestural apraxia or dystonia.

Some minor attention, executive, or language deficits could

be present in all 3 groups.

Control groups. One population with clinical diagnosis of

AD and another with clinical diagnosis of other dementia (OD,

comprising DLB and frontotemporal dementia [FTD]) were se-

lected on both consensus clinical criteria and CSF biomarker

analysis, for comparison with the PCA group. These patients

from our laboratory cohort were matched with the PCA groups

for gender, for age at lumbar puncture (65 years), and for dura-

tion of illness (62 years). The AD control group comprised 160

patients with AD (83 men, 77 women), all meeting National

Institute of Neurological and Communicative Disorders and

Stroke–Alzheimer’s Disease and Related Disorders Association

criteria for probable AD.19 The OD group comprised 138 pa-

tients (81 men, 57 women) with a clinical diagnosis of possible

(n 5 31) or probable (n 5 38) DLB based on the consensus

diagnostic criteria20 and possible (n 5 23) or probable (n 5 45)

FTD based on the Lund and Manchester criteria.21 There was no

significant difference in sex ratio (M/F) between PCA (14/8) and

AD (83/77) and OD control (81/57) patients (x2 test, n 5 318,

p 5 0.34).

Standard protocol approval, registration, and patient

consent. The study was conducted under the “Programme

Hospitalier de Recherche Clinique Régional 2004 D50353” and

“EU FP6 Project Neuroscreen LSHB-CZ-2006-037719 con-

tract No. 037719.” It was approved by the local Ethics Commit-

tee (CPP). All patients (PCA and controls) gave written

informed consent to participate.

CSF biomarker assessment. CSF sampling and storage.

CSF was obtained from inpatients by lumbar puncture. CSF

sampling was performed according to a standard protocol with

tracking sheets to prevent technical problems. In total, 10 mL

were collected in polypropylene vials (VWR, PA) and then cen-

trifuged within 2 hours (10 minutes at 4,000 3 g). Supernatants

were distributed in polypropylene vials and aliquots were directly

stored at 280°C until analysis.

Since preanalytical steps were critical to the interpretation of

results, the following strict CSF exclusion criteria were applied:

freezing later than 4 hours after sampling, freezing at 220°C,

CSF white cell count .5/mm3, CSF red cell count .2,000/

mm3, or CSF protein level .1.5 g/L.

CSF analysis. CSF levels of t-tau, p-tau181, and Ab42 were

prospectively determined using a commercially available ELISA

kit (INNOTEST htau-Ag, INNOTEST Phospho-Tau(181),

INNOTEST b-amyloid(1-42), Innogenetics®, Gent, Belgium)

according to the manufacturer’s instructions.

All biomarker levels were measured in duplicate. Further-

more, all series included quality control using an aliquot of fro-

zen ventricular CSF containing t-tau, p-tau181, and Ab42 at

mean concentrations of 550 pg/mL, 60 pg/mL, and 500 pg/mL,

respectively. Since the intra-assay coefficient of variation was less

than 10% and the concentrations obtained were in the linear

range, samples were not retested.

Cutoff values for AD reported in the literature were adopted

by the department of biochemistry, as follows: t-tau .350 pg/

mL, p-tau181 .60 pg/mL, and Ab42 ,500 pg/mL.22-24

Western blot immunoassay for 14-3-3 protein was routinely

performed. Both positive and doubtful (weakly positive) stan-

dard samples were used in all experiments. Immunostaining used

anti-14.3.3b polyclonal rabbit antibody (Santa Cruz Biotech-

nology Sc-629, Santa Cruz, CA) and then alkaline phosphatase-

conjugated goat anti-rabbit immunoglobulin G antibody (Santa

Cruz Biotechnology Sc-2057, Santa Cruz, CA). The antigen was

detected by colorimetric reaction and scored for presence or ab-

sence of the majority band and compared to positive and doubt-

ful control bands.

CSF-based classification. Patients with PCA were classified

into 3 groups according to t-tau, p-tau, and Ab42 CSF levels, by

biologists blind to the clinical results:

1. Typical AD: both t-tau .350 pg/mL, p-tau181 .60 pg/mL

and Ab42 ,500 pg/mL.

2. Atypical AD: either t-tau .350 pg/mL and p-tau181 .60

pg/mL, or Ab42 ,500 pg/mL.

3. Non-AD: t-tau ,350 pg/mL, p-tau181 ,60 pg/mL, and

Ab42 .500 pg/mL.

Statistical analyses. Age differences among PCA, AD, and

OD groups were assessed on one-way analysis of variance and sex

differences on 2 3 3 contingency analysis (x2 test). Differences

in CSF biomarkers among the 3 groups were analyzed on the

Mann-Whitney test. p Values below 0.05 and 0.001 were con-

sidered to be significant and highly significant, respectively.

Analysis was performed on MedCalc® version 11.1.1.0 software

(Frank Schoonjans, MedCalc Software, Mariakerke, Belgium).

RESULTS Clinical features of patients with PCA. Si-

multanagnosia, alexia, acalculia, agraphia, and ideo-

motor and constructional apraxia were the most

frequent signs (see tables e-1 and e-2 on the Neurol-

ogy® Web site at www.neurology.org). Six patients

had mild parkinsonism, which was asymmetric in 3

patients who also presented with unilateral ideomo-

tor apraxia (table 1). Two patients with asymmetric

parkinsonism also showed limb dystonia. Two pa-

tients reported visual hallucinations. None showed
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fluctuation of cognitive or motor symptoms. Cogni-

tive functions were variably affected, with a mean

MMSE of 20/30 (65.14), ranging from 10 to 29.

Visuoperceptive and visuospatial abilities were af-

fected in all patients, and attention and executive

functions in most. Patients with PCA symptoms had

been progressing for 1 to 6 years at the first clinical

assessment. Eight patients without memory impair-

ment were clinically classified as pure PCA (patients

4, 5, 8, 12, 14, 15, 17, and 20), 11 as PCA-AD

(patients 1, 2, 3, 6, 10, 11, 16, 18, 19, 21, and 22),

and the remaining 3 as PCA-CBS due to their motor

symptoms (patients 7, 9, and 13). MRI showed

asymmetric cortical or subcortical atrophy in the pa-

rietal and occipital regions in 17/22 and symmetric

atrophy in 5/22 patients with PCA. There were no

visible differences in MRI abnormality profiles

among the 3 clinical subgroups.

CSF biomarker profiles in the PCA compared to the

AD and OD groups. Mean t-tau, p-tau181, and Ab42

CSF levels in the PCA group were 742 6 247,

102 6 43, and 369 6 187 pg/mL, respectively.

Mean CSF levels in the control groups were t-tau (AD:

749 6 412; OD: 309 6 230 pg/mL), p-tau181 (AD:

102 6 41; OD: 52 6 25 pg/mL), and Ab42

(AD: 334 6 127; OD: 508 6 216 pg/mL). Median

CSF t-tau, p-tau181, and Ab42 levels (figure 1) were

highly significantly different between the PCA and OD

groups (p , 0.0001, ,0.0001, and 0.0016, respec-

tively) and did not significantly differ between the PCA

and AD groups (p5 0.7, 0.8, and 0.7, respectively).

CSF biomarker profiles in individual patients with

PCA. Seventeen of the 22 patients with PCA (77%)

(table e-3) fulfilled the biological criteria for typical

AD, with abnormal levels of the 3 CSF markers.

Three PCA patient profiles (14%) were classified as

atypical AD due to abnormalities in either tau or Ab

protein levels. Two patients (9%) had normal CSF

biomarkers. Thus 20 out of 22 patients showed a

biological profile consistent with either typical or

atypical AD. Although 4 patients had CSF t-tau lev-

els higher than 1,200 pg/mL, none showed positive

CSF 14.3.3 protein.

Comparison between clinically and biologically based

diagnostic classifications. Seven of the 8 patients with

p-PCA had a typical and one an atypical AD CSF

profile (figure 2). Nine of the 11 patients with

PCA-AD had a typical and 2 an atypical AD CSF

profile. Finally, one of the 3 patients with PCA-CBS

met biological criteria for AD and 2 had a CSF pro-

file classified as non-AD.

Figure 1 Comparison of total tau proteins (t-tau), phosphorylated tau on amino acid 181 (p-tau181), and amyloid b peptide (Ab42) CSF

patterns among patients with Alzheimer disease (AD), patients with posterior cortical atrophy (PCA), and patients with other

dementias (OD)

Box plot showing median CSF levels of t-tau, p-tau181, and Ab42 in AD, PCA, and OD subgroups (**p , 0.0001; *p , 0.0016; NS 5 nonsignificant).

Figure 2 Number of cases with the 3

different CSF patterns in each

posterior cortical atrophy (PCA)

clinical subgroup

AD 5 Alzheimer disease; CBS 5 corticobasal syndrome;

p-PCA 5 pure posterior cortical atrophy.
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DISCUSSION CSF analysis in the present PCA co-

hort was consistent with the high prevalence of underly-

ing AD pathology. At group level, Ab42, t-tau, and

p-tau181 levels in patients with PCA differed signifi-

cantly from those for other dementias and were indis-

tinguishable from those for typical AD. Individually, 17

of the 22 patients presented a typical and 3 an atypical

AD CSF profile. These results indicate a high propor-

tion (77%) of patients with PCA with underlying AD

pathology with both amyloid and tau pathologies. The

3 atypical AD CSF profiles were consistent with the

presence of amyloid plaques or neurofibrillary tangles.25

More than 90% of the PCA cases thus exhibited a CSF

profile consistent with AD and were likely to have un-

derlying AD pathology.

It is now well-established that CSF biomarkers

improve the accuracy of in vivo AD diagnosis.25,26

CSF biomarker changes are related to underlying his-

tologic lesions specific to AD.25 The combination of

the 3 abnormal CSF biomarkers predicts AD neuro-

pathology with sensitivity and specificity exceeding

90% and 85%, respectively.26 Based on these data,

determination of CSF biomarkers may be of diagnostic

interest for identifying AD in patients with atypical fo-

cal dementia. In PCA, the present study clearly identi-

fied a dominant AD-type biological profile. To our

knowledge, only 3 studies have been published on this

condition. Decreased CSF Ab42 and elevated levels of

phosphorylated tau at threonine 199 were reported in a

single case of PCA.27 Elevated t-tau and p-tau181 and

low Ab42 CSF levels, similar to those of typical AD,

were reported in a cohort of 9 patients with PCA.28

Elevated CSF p-tau181 levels, although significantly

lower than in AD, were also reported in a sample of 15

patients with PCA.29 The present study likewise

showed, in a larger well-defined PCA population, that

an overwhelming majority of patients with PCA display

CSF profiles suggestive of AD.

These findings are in accordance with the few

neuropathologic studies, reporting a high but vari-

able prevalence of underlying AD pathology in PCA

syndrome. The largest study reported AD pathology

in 62% of 21 autopsied PCA cases.4 AD lesions were

also reported in 7 out of 9 patients in one study,3 and

in all 7 cases of a study with a smaller sample of

patients.7 Other reported etiologies include CBD,

AD associated with PD or DLB, CJD, and subcorti-

cal gliosis.

In the present cohort, patients were diagnosed

with PCA based on a clinical aspect of progressive

posterior cortical dysfunction. Rather broad diagnos-

tic criteria were used in order to avoid a priori exclu-

sion of non-AD PCA syndrome.4 To take the

analysis further, patients with PCA were classified in

3 clinically distinct subgroups (pure PCA, PCA-AD,

or PCA-CBS) according to clinical status, degree of

memory deficit, and presence of motor signs, in or-

der to compare biological profile with episodic mem-

ory deficit and motor signs. Although the diagnostic

criteria considered in the present study did not ex-

clude patients with parkinsonism, fluctuations, or

hallucinations, none of our patients developed more

than one of these symptoms so as to be listed as PCA-

DLB. None of them, including the 4 cases with ele-

vated t-tau levels above 1,200 pg/mL, showed

positive CSF 14.3.3 protein level30 or symptoms con-

sistent with CJD. Although both elevated t-tau and

p-tau181 are associated with AD severity in the AD

literature, these patients with PCA were not different

from the others in terms of global cognitive ability as

rated by MMSE: their cognitive deficits were not

more impaired than the others.31 Interestingly, de-

spite the broad diagnostic criteria used, most patients

with PCA still tended to have AD lesions.

All patients with pure PCA presented a CSF pro-

file consistent with either typical (7/8) or atypical

AD (1/8). Likewise, all patients with PCA-AD also

had a CSF profile consistent with either typical (9/

11) or atypical AD (2/11). Atypical profiles were de-

fined by either increased t-tau and p-tau181 and

normal Ab42 CSF levels or decreased Ab42 and nor-

mal t-tau and p-tau181 CSF concentrations. Such

CSF patterns have already been described in patients

with autopsy-based diagnosis of AD25 and remain

consistent with underlying AD pathology. However,

these CSF profiles are less specific to AD and can be

found in other neurodegenerative diseases, some-

times associated with AD. CSF profiles with low

Ab42 and normal t-tau levels in particular have been

found in patients showing AD lesions associated with

diffuse Lewy bodies,32 PD with dementia, or vascular

dementia.25 Similarly, CSF profiles with normal

Ab42 and elevated t-tau and p-tau181 levels have

been described in autopsy cases of vascular dementia

or DLB.25 None of the patients in the present study

fulfilled diagnostic criteria for probable DLB in our

study, and elevated CSF p-tau181 is more specific in

AD than in DLB pathology; DLB, however, appears

to be the main differential diagnosis.33,34

In the present study, a normal CSF profile was

observed in only 2 out of 22 cases of PCA, in the

small subgroup of 3 PCA-CBS. The third patient

with PCA-CBS presented a typical AD CSF profile.

The clinical presentation of these 3 PCA-CBS cases

was similar at the time of lumbar puncture, in that

they all had asymmetric parkinsonism and gestural

apraxia, elements of Balint and Gerstmann syndrome,

and higher-order visual and attention deficits without

memory impairment. None had cortical somatosensory

impairment. Mild focal limb dystonia ipsilateral to the
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side with predominant parkinsonism clinically differen-

tiated the 2 patients with normal CSF profiles from pa-

tients with an AD CSF profile. It has recently been

shown that CBS can reveal AD pathology.35,36 One of

the 3 patients with PCA-CBS in the present study is

thus likely to have had underlying AD pathology. The

normal CSF profiles of the other 2 patients with PCA-

CBS were consistent with the hypothesis of under-

lying corticobasal degeneration pathology or other

tauopathy such as progressive supranuclear palsy

or even non-tau pathologies, which are also possi-

ble in this clinical condition.36

Although histologic data were not available in the

present study, the CSF results are consistent with

those of previous neuropathologic studies in PCA.

CSF biomarker analysis suggests prominent underly-

ing AD pathology in PCA and enables in vivo AD

diagnosis in this condition. On CSF analysis, only

the clinical PCA-CBS subtype seemed to be predom-

inantly related to non-AD pathology. Further studies

with CSF analysis and postmortem examination in

larger cohorts of PCA with motor signs are needed to

describe the underlying pathology in this clinical

subtype.

DISCLOSURE

J. Seguin was funded by EU FP6 Project Neuroscreen LSHB-CZ-2006-

037719 contract no. 037719. Dr. Formaglio reports no disclosures. Dr.

Perret-Liaudet has served on scientific advisory boards for Innogenetics

and ExonHit Therapeutics and has received speaker honoraria from the

Eisai Inc. and Lundbeck Inc. Dr. Quadrio was funded by EU FP6 Project

Neuroscreen LSHB-CZ-2006-037719 contract no. 037719. Y. Tholance

reports no disclosures. Dr. Rouaud has served on a scientific advisory

board for Eisai Inc. and has received speaker honoraria from Eisai Inc. and

Novartis. Dr. Thomas-Anterion reports no disclosures. Dr. Croisile has

served on scientific advisory boards for Eisai Inc. and Lundbeck Inc.; has

received speaker honoraria from Eisai Inc., Janssen, Novartis, and Lund-

beck Inc.; serves on the editorial board of Neurologies Mémoire Actualités
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Abstract The E200K mutation is the most frequent prion

protein gene (PRNP) mutation detected worldwide that is

associated with Creutzfeldt-Jakob disease (CJD) and

thought to have overlapping features with sporadic CJD,

yet detailed neuropathological studies have not been

reported. In addition to the prion protein, deposition of tau,

a-synuclein, and amyloid-b has been reported in human

prion disease. To describe the salient and concomitant

neuropathological alterations, we performed a systematic

clinical, neuropathological, and biochemical study of 39

individuals carrying the E200K PRNP mutation originating

from different European countries. The most frequent

clinical symptoms were dementia and ataxia followed by

myoclonus and various combinations of further symptoms,

including vertical gaze palsy and polyneuropathy. Neuro-

pathological examination revealed relatively uniform

anatomical pattern of tissue lesioning, predominating in the

basal ganglia and thalamus, and also substantia nigra, while

the deposition of disease-associated PrP was more influ-

enced by the codon 129 constellation, including different or

mixed types of PrPres detected by immunoblotting. Unique

and prominent intraneuronal PrP deposition involving

brainstem nuclei was also noted. Systematic examination

of protein depositions revealed parenchymal amyloid-b in

53.8%, amyloid angiopathy (Ab) in 23.1%, phospho-tau

immunoreactive neuritic profiles in 92.3%, neurofibrillary

degeneration in 38.4%, new types of tau pathology in

33.3%, and Lewy-type a-synuclein pathology in 15.4%.

TDP-43 and FUS immunoreactive protein deposits were

not observed. This is the first demonstration of intensified

and combined neurodegeneration in a genetic prion disease

due to a single point mutation, which might become an

important model to decipher the molecular interplay

between neurodegeneration-associated proteins.

Keywords Alpha-synuclein � Amyloid-beta �

Prion protein � Tau � Neurodegeneration
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Introduction

Prion diseases are acquired, sporadic or genetic in origin.

Mutations in the prion protein (PrP) gene (PRNP) are asso-

ciated with spongiform encephalopathy (Creutzfeldt-Jakob

disease, CJD) or PrP amyloidosis (Gerstmann-Sträussler-

Scheinker disease, or cerebral amyloid angiopathy) [37]. In

addition to the mutation, the constellation at codon 129

(methionine/methionine, MM, or valine/valine, VV, homo-

zygosity, MV heterozygosity) seems to influence phenotypes

also in genetic prion diseases [42, 46]. The E200K mutation

is the most frequent PRNP mutation detected worldwide that

is associated with CJD [5, 21, 22, 41, 42, 49], with increased

incidence among Libyan Jews and in Slovakia and Hungary

[29, 33, 35, 40, 47, 49]. Examination of microsatellite

markers indicated at least four different ancestral origins,

with cases in Hungary or Slovakia differing in origin from

those in Austria, France, or Belgium and other parts of the

world [44]. Clinical presentations overlap with those

described in sporadic CJD, furthermore, insomnia, vertical

gaze palsy, and polyneuropathy were described as well [1, 2,

8, 42, 47, 50, 64].

Prion diseases are representatives of neurodegenerative

diseases, which are classified by protein depositions such

as a-synucleinopathies, tauopathies, TDP-43, or FUS pro-

teinopathies, or diseases associated with the deposition of

amyloid-b (Ab). These proteinopathies show considerable

overlap [36] and were described as concomitant patholo-

gies in prion diseases as well. a-Synucleinopathies like

Parkinson‘s disease (PD) are characterized by deposition in

the brain of a-synuclein protein in the form of Lewy bodies

and neurites that may be also detected in about 10% of

subjects above 60 years, most likely representing pre-

symptomatic PD [12]. An increased prevalence of Lewy

bodies was found in elderly sporadic CJD (23.5%) and also

in the acquired variant CJD [66]. Phospho-tau immunore-

active neuritic profiles around amyloid plaques are features

of variant CJD [19]. Neurofibrillary tangle pathology,

morphologically similar to Alzheimer’s disease (AD), is

associated with PrP gene (PRNP) mutations with promi-

nent PrP amyloid deposition [17]. Moreover, abundant Ab

deposits may be detected in sporadic CJD with higher age

and a specific clinicopathological profile [11]. Codistribu-

tion of Ab and disease-associated PrP was recently

demonstrated in three cases of E200K mutation of Hun-

garian origin [18].

There are studies summarizing clinical features [47, 63],

furthermore, case reports on neuropathological alterations

[8, 9, 26, 30, 45, 64] or evaluation of certain regions (e.g.

cerebellum) [32, 49], and biochemical evaluations of pro-

tease-resistant PrP (PrPres) [7, 27, 57] of individuals with

CJD associated with E200K mutation. However, there is a

paucity of systematic neuropathological evaluation of

cases. Thus, in the present paper we report the results of a

comprehensive and systematic clinical, neuropathological,

and biochemical study of 39 individuals carrying the

E200K PRNP mutation originating from different Euro-

pean countries. In addition to various types of PrP

immunoreactivity, we found surprisingly high proportion

of cases with various depositions of neurodegeneration-

associated proteins (Ab, phospho-tau, a-synuclein).

Materials and methods

Selection of cases

Within the European surveillance for human prion diseases,

we systematically examined 39 patients (4 Austrian, 3

Belgian, 6 French, and 26 Hungarian) with confirmed

E200K mutation in PRNP. Clinical and neuroradiological

data were obtained retrospectively. These patients were

notified as suspected CJD patients to the national surveil-

lance network, using the current clinical criteria for CJD,

and verified at postmortem. When a sign was indicated as

absent, it means that it was checked and found negative.

Genetic analysis was performed using genomic DNA iso-

lated from blood samples or frozen brain tissue as published

before, after informed consent to the patient or one of his

relatives in the frame of CJD Surveillance [16, 35, 56].

Neuropathology

Formalin fixed, paraffin-embedded tissue blocks (2.5 9

2.0 cm) were evaluated. Post mortem delay was generally

within 24 h except for three cases (48 h). The latter were

not included in our biochemical studies. In addition to

hematoxylin and eosin staining, the following monoclonal

antibodies were used for immunohistochemistry: anti-tau

AT8 (pS202, 1:200) AT100 (pS212, 1:200), AT180

(pT231, 1:200), HT7 (tau 169-163, 1:100; all from Pierce

Biotechnology, Rockford, IL, USA), anti-phospho-TDP-43

(pS409/410, 1:2,000, Cosmo Bio, Tokyo, Japan), anti-

a-synuclein (1:10,000, clone 4D6, Signet, Dedham, MA,

USA), anti-Ab (1:50, clone 6F/3D, Dako, Glostrup,

Denmark), anti-PrP (1:1,000, 12F10, Cayman Chemical,

Ann Arbor, MI, USA), anti-4R tau (RD4, 1:200, Upstate,

Charlottesville, VA, USA), and anti-3R tau (RD3, 1:2,000,

Upstate). In addition, we used the following polyclonal

antibodies: anti-Ab-40 (1:200) and anti-Ab-42 (1:50;

both Signet, Dedham, MA, USA), and anti-FUS (1:1000,

Sigma, St. Louis, MO, USA). The DAKO EnVisionÓ

detection kit, peroxidase/DAB, rabbit/mouse (Dako, Glost-

rup, Denmark) was used for visualization of antibody

reactions. Examined anatomical regions are summarized

in Table 1. Neuropathological alterations (spongiform
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change, astrogliosis, neuronal loss, and degree of various

protein depositions) were semiquantitatively (none, mild,

moderate, severe) evaluated in all examined anatomical

regions.

Double immunolabeling was performed using mono-

clonal PrP (12F10, 1:300), Abeta (1:20, Dako), Tau AT8

(1:100), SMI-31 (1:2000, Covance, Berkeley, CA), Map-2

(1:250, Millipore Corp., Billerica, MA), HLA-DR (1:50,

Dako), and polyclonal GFAP (1:1500, Dako). The fluo-

rescence-labeled secondary antibodies were Alexa Fluor

(AF) 555 donkey anti-mouse IgG (1:200; Molecular

Probes, Inc., Eugene, OR, USA), AF 488 goat anti-rabbit

(1:200; Molecular Probes, Inc.), and Zenon AF 488 Mouse

IgG1 (Molecular Probes, Inc.). The following combinations

were applied: PrP (AF 555)/Tau (Zenon 488); PrP (AF

555)/Abeta (Zenon 488); HLA-DR, SMI-31, and Map-2

(AF 555)/Tau (Zenon 488), and Tau (AF 555)/GFAP (AF

488). Double immunolabeling involving anti-PrP antibody

was performed after pretreatment of the section with

20 min heat-induced epitope retrieval with citrate buffer

(pH 6) followed by 2 min formic acid (96%); for all others

20 min heat-induced epitope retrieval with citrate buffer

was used. We evaluated double immunofluorescent label-

ing with a Zeiss LSM 510 confocal laser microscope.

Immunoblotting

Prion protein

Western blot analysis was performed as previously

described with minor modification [58]. Briefly, 20% cor-

tical gray matter homogenates were obtained using buffer

containing 5% glucose in ultra pure grade water. Homog-

enates were diluted twofold in buffer [100 mM Tris (pH

7.4), 0.5% glucose, 0.9% NaCl] and digested with pro-

teinase K (25 lg/ml) for 1 h at 37°C before stopping

digestion by 1 mM PMSF. Digested homogenates were

further ultracentrifuged (Sorvall Discovery M150 SE,

Thermo, USA) in N-lauryl-sarcosyl (final concentration of

10%) for 75 min at 140,000 rpm. Pellets were resuspended

with a denaturing buffer (125 mM Tris, 4% SDS, 20%

glycerol), heated for 5 min at 100°C and centrifuged at

12,000g for 10 min. The supernatant was collected for

western blot analysis. Samples and biotinylated molecular

mass marker (SIGMA, range 14.3–97.0 kDa) were run on

16% SDS-PAGE gels. In addition, selected samples were

also run on a 12% gel. All immunoblots were incubated

with the monoclonal antibody 3F4 (recognizing the epitope

at PrP residues 108–111) at a concentration of 0.1 lg/ml

(Proteinogenics, USA), followed by incubation with a goat

anti-mouse IgG horseradish peroxidase (HRP) conjugated

antibody and detection using a chemiluminescent substrate

(Supersignal Dura, Pierce, USA).

Tau

Frozen brain tissue from four neuropathologically con-

firmed E200K genetic CJD patients (3 French and 1

Hungarian), one confirmed AD patient and one control

brain from an individual lacking tau pathology was

obtained. Insoluble tau fraction was extracted as described

[28] with some modifications. Briefly, 20% cortical gray

matter homogenates were prepared using a buffer con-

taining 50 mM Tris (pH 7.4), 0.8 M NaCl, and 10 mM

EGTA. Homogenates were centrifuged at 100,000g for

25 min and the resulting pellets were homogenized in

1 mL of buffer containing 10 mM Tris (pH 7.4), 0.85 M

NaCl, 1 mM EDTA, 20 mM NaF and 10% sucrose.

Following centrifugation for 25 min at 20,000 rpm,

sarkosyl was added to supernatants to a final concentration

of 1%. After incubation at RT for 2 h, the supernatants

were centrifuged at 100,000 rpm for 45 min. The sarkosyl-

insoluble pellets were suspended in 50 lL Laemmli buffer

and heated for 10 min at 100°C.

Table 1 Summary of anatomical regions examined using different

antibodies for immunostaining

Anatomical

region/antibody

PrP pTau a-Syn Ab pTDP-43 FUS Ubi

Frontal cortex ? ? ? ? ? ? ?

Cingular cortex ? ? ? - - - -

Parietal cortex ? - - - - - -

Temporal cortex ? ? ? ? - - -

Occipital cortex ? ? - ? - - -

Hippocampus CA

subregions

? ? ? ? ? ? ?

Dentate gyrus ? ? ? ? ? ? ?

Subiculum ? ? ? ? ? ? ?

Entorhinal cortex ? ? ? ? ? ? ?

Caudate nucleus ? ? ? ? - - -

Putamen ? ? ? ? - - -

Globus pallidus ? ? ? ? - - -

Thalamus medial

nuclei

? ? - - - - -

Thalamus lateral

nuclei

? ? - - - - -

Substantia nigra ? ? ? - ? ? ?

Dorsal raphe nucleus ? ? ? - - - -

Locus coeruleus ? ? ? - - - -

Pontine base nuclei ? ? ? - - - -

Inferior olives ? ? ? - - - -

Hypoglossus nucleus ? ? ? - - - -

Dorsal vagus nucleus ? ? ? - - - -

Dentate nucleus ? ? ? ? ? ? ?

Cerebellar cortex ? ? ? ? ? ? ?
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Samples were run on 4–12% gradient SDS-polyacryl-

amide gels (NuPAGE, Invitrogen). Proteins then were

transferred onto Immobilon-P membranes (0.45 lm pore

size, Millipore) and blocked overnight at 4°C. Afterwards,

the membranes were incubated using the following primary

antibodies: Anti-tau T46 (Signet, Dedham, MA, USA;

1:2,000 in PBS containing 0.5% Tween-20 and 0.5% dry

milk) is a monoclonal antibody [34] raised against all six

isoforms of human tau recognizing both recombinant human

tau and PHF-tau on immunoblots; the phospho-dependent

anti-Tau AT8 (Innogenetics, Gent, Belgium; 1:1,000 in PBS

containing 0.1% Tween-20 and 0.5% dry milk) is a mono-

clonal antibody [20] directed against both Ser202 and

Thr205 phospho-epitopes of tau; for the analysis of repeat

isoforms in insoluble tau we used clone 8E6/C11 for the

detection of three-repeat isoform RD3 of tau [10] (Millipore,

Temecula, CA, USA; 1:1,000 in TBS containing 0.05%

Tween-20 and 0.5% dry milk) and clone 1E1/A6 for the

detection of four-repeat isoform RD4 of tau [65] (Millipore,

Temecula, CA, USA; 1:1,000 in TBS containing 0.05%

Tween-20 and 0.5%BSA). After incubation with a goat anti-

mouse IgG horseradish peroxidase (HRP) conjugated anti-

body (Jackson Immunoresearch Laboratories, Inc., West

Grove, PA, USA) at a final dilution of 1/10,000, immuno-

logical detection was performed using chemiluminescence

technology according to the manufacturer’s instructions

(Pierce Biotechnology, Rockford, IL, USA).

Statistical analysis

Duration of illness, age at death, scores of neuropatho-

logical variables in different groups were compared using

one-way ANOVA test or v2 test.

Results

Summary of clinical and genetic data

Clinical data were available for 38 (out of 39) patients

(Table 2). Analysis of PRNP codon 129 was available for

36 patients. Age at death did not differ between constel-

lations of codon 129, while the duration of illness was

longer in patients with MV at codon 129, although in our

cohort it did not reach the level of significance (p[ 0.05).

The most frequent clinical symptoms were dementia and

ataxia followed by myoclonus and various combinations of

further symptoms. Prominent vertical gaze palsy was

described in 10.3% of patients, and polyneuropathy (axonal

and rarely demyelinative) was noted in 15.4%, while early

psychiatric symptoms or behavioral change was also noted

in approximately one-fifth of individuals. Cranial MRI

images were available for one-third of the patients; high

signal in the basal ganglia was noted in approximately half

of the patients, while high signal in the thalamus was seen

Table 2 Summary of clinical

and demographic data

Duration of illness is given in

months, age at death in years

From the 39 cases involved in

the study, clinical information

in one case and in three data on

codon 129 were not available

PSWC periodic sharp wave

complexes with triphasic

morphology

* Reported prominent insomnia

without polysomnography

** Including cases where there

was a lack of data on codon 129

Features PRNP codon 129 All**

MM MV VV

Number of cases 21 (58.3%) 14 (38.9%) 1 (2.8%) 36/39

Women 14 (35.8%) 5 (12.8%) 1 (2.5%) 22 (56.4%)

Men 7 (17.9%) 9 (23%) 0 17 (43.6%)

Age at death (mean ± SE) 59.76 ± 2.27 60.64 ± 1.81 66.0 60.28 ± 1.49

Duration of illness (mean ± SE) 4.20 ± 0.60 5.77 ± 0.84 4.0 4.79 ± 0.48

Age range 33–76 46–74 66.0 33–76

Duration of illness range 2–12 1–13 4 1–13

Dementia 17 (81%) 14 (100%) 1 35 (89.7%)

Ataxia 16 (76.2%) 12 (85.7%) 1 32 (82.1%)

Myoclonus 13 (61.9%) 5 (35.7%) 1 20 (51.3%)

Pyramidal signs 10 (47.6%) 5 (35.7%) 0 15 (38.5%)

Rigidity/Parkinsonism 2 (9.5%) 3 (21.4%) 0 6 (15.4%)

Chorea/Dystonia 9 (42.9%) 4 (28.6%) 0 14 (35.9%)

Gaze palsy 3 (14.3%) 1 (7.1%) 0 4 (10.3%)

Insomnia* 2 (9.5%) 1 (7.1%) 0 3 (7.7%)

Early psychiatric symptoms 5 (23.8%) 2 (14.3%) 0 7 (17.9%)

Early behavioral change 5 (23.8%) 1 (7.1%) 1 7 (17.9%)

Polyneuropathy 2 (9.5%) 3 (21.4%) 0 6 (15.4%)

EEG: PSWC 10/19 (52.6%) 4/13 (30.8%) 0 15/35 (42.9%)

MRI: high signal in striatum 6/12 (50%) 2/6 33.3%) 1 9/19 (47.3%)

MRI: high signal in thalamus 2/12 (16.7%) 2/6 (33.3%) 0 4/19 (21%)
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Fig. 1 Lesion and PrP immunoreactivity profiles and anatomical

correlations of PrP immunoreactivities in E200K genetic CJD cases

grouped according to the codon 129 polymorphism. a Lesion profiles

[53] obtained by averaging the three scores (see text) for spongiform

change, neuronal loss, and gliosis in the following gray matter

regions: frontal cortex (FC), temporal cortex (TC), parietal cortex

(PC), occipital cortex (OC), hippocampus CA1 subregion (HI),

entorhinal cortex (EC), neostriatum (ST), medial thalamus (TH),

substantia nigra (SN), midbrain periaqueductal gray (PG), locus

coeruleus (LC), medulla oblongata (ME), cerebellum (CE). b PrP

immunoreactivity profiles obtained by averaging the scores of

different PrP immunoreactivities in the same regions indicated in a.

c Percentage of cases with E200K genetic CJD grouped according to

the polymorphism at codon 129 with or without different kinds of PrP

immunoreactivities (two graphs on the left side) and the percentage of

involved regions showing different PrP immunopositive patterns (two

graphs on the right side). d Distribution of cases showing stripe-like

PrP deposition in the molecular layer of the cerebellum in different

groups (according to codon 129 polymorphism) of E200K genetic

CJD cases. e Comparison of scores of spongiform change and

neuronal loss in the cerebellar molecular layer and granular layer,

respectively, in E200K genetic CJD cases with or without stripe-like

pattern of PrP immunoreactivity
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in four patients, two of them with thalamic signal that was

higher than in the basal ganglia, and was reminiscent of the

pulvinar sign described in variant CJD [39]. Periodic sharp

wave complexes with triphasic morphology were described

in 43% of the patients’ EEGs.

Neuropathological alterations

Spongiform change, neuronal loss and reactive astrogliosis

of variable degree were observed in all cases. Vascular

pathology with infarctions was seen in two cases. The

distribution of spongiform change was relatively uniform

in all patients irrespective of the constellation at codon 129

(Fig. 1a). In addition to neocortical regions, caudate

nucleus, putamen and thalamic nuclei were most severely

affected. In the cortex the deeper layers were frequently

more involved, while in the hippocampal region, subicu-

lum and entorhinal cortex had most tissue lesioning.

Interestingly, the cerebellar cortex was relatively preserved

in many cases. Gliosis and neuronal loss followed the

degree of spongiform change, but predominated over

spongiform change in the thalamus, particularly in brain-

stem nuclei (see supplemental Fig. 1a). Neuronal loss with

extracellular pigment was frequently seen not only in the

substantia nigra (Fig. 2a) but also in the locus coeruleus

and dorsal raphe nucleus. Indeed, many cases with MM or

MV at codon 129 showed moderate (28% MM, 42% MV)

or severe (14% MM, 7% MV) lesioning in the substantia

nigra, and only 15% of the cases in each group exhibited

preserved neurons (0 score) (Fig. 2b). One case showed

severe damage of the cortex with myelin loss and gliosis in

the white matter compatible with a panencephalopathic

form of CJD (62-year-old Belgian patient with 14 months

duration of disease).

Characterization of proteinopathies

Prion protein

Immunohistochemistry Immunostaining for PrP revealed

diffuse/synaptic deposits, patchy aggregates in the neuropil

or around vacuoles, plaques without amyloid characteris-

tics, fine perineuronal immunodeposits, and prominent

intraneuronal dots (Fig. 3a–e). In cortical areas, laminar

accentuation of PrP immunoreactivity was evident in many

cases (Fig. 3f); synaptic or absence of PrP immunoreac-

tivity frequently alternated with small foci showing

prominent patchy aggregates of PrP (Fig. 3g). Of note was

the frequent coarse deposition in medial thalamus

(Fig. 3h). Prominent immunodeposition (synaptic and in-

traneuronal type) was noted in brainstem nuclei (Fig. 3i)

and other subcortical areas (Fig. 3j). Although the

involvement of regions was not significantly different

between cases (Fig. 1b) and synaptic PrP immunoreactivity

was seen in all cases, plaque-like structures and intraneu-

ronal PrP immunodeposition predominated in cases with

MV at codon 129 (Fig. 1c, supplemental Fig. 1b), partic-

ularly in the cortex. Plaque-like structures were more

frequent in the hippocampus (Fig. 3k). When present, in-

traneuronal immunoreactivity always involved brainstem

nuclei and showed prominent layer difference (deep

layers[ upper layers) in the cortex (see supplemental

Fig. 1c). In the cerebellum, majority of the cases showed

prominent PrP immunoreactivity restricted to the molecu-

lar layer in a stripe-like pattern [32] (Fig. 1d). Interestingly,

these cases showed less prominent spongiform change in

the molecular layer and less neuronal loss in the granular

layer in comparison to cases with diffuse/synaptic PrP

immunoreactivity involving all layers (Figs. 3l–o, 1e).

Western blot analysis of PrPres Six French and four

Hungarian subjects with confirmed prion diseases associ-

ated with E200K mutation on the PRNP gene were

examined. Six individuals were methionine (MM) homo-

zygous at codon 129 and 4 were heterozygous (methionine/

valine, MV). E200K mutation was coupled with methio-

nine at codon 129 in all cases. One further Austrian case

homozygous for valine (VV) at codon 129 was published

before [26].

The molecular type of PrPres was determined by com-

parison with PrPres type 1 and type 2 from the prefrontal

cortex of two patients with sporadic CJD as reference

Fig. 2 Neuropathological

alterations in the substantia

nigra. a Neuronal loss and

extracellular pigment in the

substantia nigra in a

representative case (bar graph

indicates 30 lm). b Distribution

of cases with none, mild,

moderate or severe lesioning in

the substantia nigra
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standard (MM type 1 and VV type 2) [53]. The PrPres

patterns observed in these patients with the E200K muta-

tion appeared distinct from the PrPres pattern of patients

with sporadic CJD PrPres type 1 and type 2. These atypical

patterns were apparently linked to an increase in the

amounts of diglycosylated bands and a lower representation

Fig. 3 Immunostaining for disease-associated prion protein. Immu-

nostaining for PrP reveals diffuse/synaptic deposits (a), patchy/

perivacuolar aggregates in the neuropil (b), plaque-like structures

without amyloid characteristics (c), fine perineuronal immunodeposits

(d), and prominent intraneuronal dots (e). In cortical areas laminar

accentuation of PrP immunoreactivity is evident in many cases (f). In

circumscribed cortical areas prominent patchy aggregates of PrP are

seen (g). Coarse aggregates are frequent in the medial thalamus (h).

Prominent immunodeposition (synaptic and intraneuronal type) in the

locus coeruleus (i) and the lateral geniculate body (j). Plaque-like

structures are frequent in the hippocampus (k). In the cerebellum less

prominent spongiform change and neuronal loss (l, H&E) are

associated with a stripe-like pattern of PrP immunoreactivity in the

molecular layer of the cerebellum (m), contrasting those with obvious

spongiform change and neuronal loss (n, H&E) and diffuse/synaptic

PrP immunoreactivity (o). Bar graph in a indicates 60 lm for a–e and

i–k, 500 lm for g, h, 1,000 lm for f, and 150 lm for l–o
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of the unglycosylated one, associated with a discrete

closeness between the di- and the monoglycosylated bands

(Fig. 4).

The measurement of molecular masses in comparison to

a molecular mass standard ladder loaded on SDS-PAGE in

three wells clearly showed no difference between PrPres

type 1 in sporadic CJD and the PrPres from E200K muta-

tion. The difference of molecular masses calculated

between the PrPres type 1 and type 2 was 1.27 ± 0.06 kDa

when samples were run in 16% gels. Interestingly, for three

patients (2 MV and one MM at codon 129), we found a

PrPres with a type halfway between type 1 and type 2 of

Parchi’s classification [53], the difference between PrPres

type 1 and PrPres from these patients (arbitrarily termed

type 1* here) was 0.7 kDa (Fig. 4a). Running electropho-

resis on 12% gels of these samples, this type 1* PrPres was

similar to type 1 of that described by Parchi et al. [53] in

sporadic CJD (Fig. 4b).

Most genetic cases studied here presented a PrPres type

similar to type 1 (7/10 patients E200K) whereas one pre-

sented a type 2 (MV at codon 129) in the cerebellum,

thalamus, frontal, and occipital cortex, and two cases

showed mixed PrP types: one case (MV at codon 129)

exhibited type 2 PrPres in occipital, frontal, and temporal

cortex, but type 1 in the cerebellum, thalamus, striatum,

and cingulate gyrus (Fig. 4c); another case (MM at codon

129) showed mainly type 1 PrPres but with co-ocurrence of

types 1 and 2 in frontal cortex. These patterns correlated

well with coarse and fine immunodeposits seen in

immunohistochemistry.

Tau pathology

Immunoreactivity for phosphorylated tau: three patterns of

tau pathology as seen by immunostaining for AT8 (sum-

marized in Fig. 5)

1. In 36 cases (93.3%), neuritic profiles were immuno-

stained, mainly in areas with more prominent tissue

pathology, neuronal loss and spongiform change

(Fig. 6a), including the posterior horn of the spinal

cord in the single case where spinal cord was available.

2. In addition, in 15 cases (38.4%) neurofibrillary

degeneration (Fig. 6b) following Braak and Braak

stages were observed. Three further cases showed

neurofibrillary tangles restricted to the dorsal raphe

nucleus and locus coeruleus.

3. Furthermore, 13 cases (33.3%) showed features of a

tauopathy that does not fulfill criteria of established

sporadic tauopathy entities. This could be further

subdivided as follows:

(a) Six cases with neurofibrillary tangles, diffuse cyto-

plasmic tau immunoreactivity (pretangle-like),

and threads in the caudate nucleus, putamen

(Fig. 6c), brainstem (substantia nigra, dorsal

raphe nucleus, and locus coeruelus) (Fig. 6d, e),

and less in the thalamus, including one with

Fig. 4 Immunoblotting for disease-associated prion protein in repre-

sentative cases. a PrPres was extracted from different brain areas; after

separation in 16% gels in denaturated conditions, PK resistant

fragment of PrP were labeled by 3F4 anti prion antibody. Lanes 1 and

14 negative control from non CJD patient, Lanes 2 and 12 type 1

PrPres control from sporadic CJD, Lanes 3 and 13 type 2 PrPres control

from sporadic CJD, Lane 4 50 lg of thalamus from a French E200K

CJD patient (MV at codon 129), Lane 5 0.7 mg of frontal from a

Hungarian E200K CJD patient (MM at codon 129), Lane 6 1 mg of

cerebellum from a Hungarian E200K CJD patient (MM at codon

129), Lanes 7 and 11 type 1-like PrPres (see text) from a French

E200K patient (MV at codon 129), Lane 8 type 2 PrPres control from

sporadic CJD, Lane 9 type 1-like PrPres from 100 lg of cerebellum

from a Hungarian E200K CJD patient (MV at codon 129), Lane 10

type 1-like PrPres (250 lg) from a Hungarian E200K CJD patient

(MM at codon 129). b After initial running in 16% gels, some PrPres

types were confirmed after separation in 12% gels in denaturated

conditions; PK resistant fragment of PrP were labeled by 3F4 anti

prion antibody. Lanes 1 and 10 type 2 PrPres control from sporadic

CJD, Lanes 2 and 11 type 1 PrPres control from sporadic CJD, Lane 3

50 lg of thalamus from a French E200K CJD patient (MV at codon

129), Lane 4 250 lg of frontal cortex from a Hungarian E200K CJD

patient (MM at codon 129), Lane 5 100 lg of cerebellum from a

Hungarian E200K CJD patient (MV at codon 129), Lane 6 type 1

PrPres control from a French E200K patient, Lane 7 1 mg of

cerebellum from a Hungarian E200K CJD patient (MM at codon

129), Lane 8 0.7 mg of frontal cortex from a Hungarian E200K CJD

patient (MM at codon 129), Lane 9 50 lg of thalamus from a French

E200K CJD patient (MV at codon 129), Lane 12 negative control

from non CJD patient. cWestern blot analysis of seven different brain

areas from one E200K M129V CJD patient (lanes 3–9), probed with

3F4 anti-PrP mAb. Controls: lanes 1 and 12 PrPres type 2a (sporadic

CJD), lane 2 control PrPres type 1 (sporadic CJD), lane 10 control

PrPres type 1 (genetic CJD-E200K), lane 13 control PrPres type 2b

(variant CJD), lane 3 type 1 PrPres from cerebellum (1 mg), lane 4

type 1 PrPres from striatum (100 lg), lane 5 type 2a PrPres from

frontal (250 lg), lane 6 type 2a PrPres from occipital cortex (16 lg),

lane 7 type 1 PrPres from thalamus (16 lg), lane 8 type 2a PrPres from

temporal (250 lg), lane 9 type 1 PrPres from cingulate (50 lg)
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prominent involvement of neocortical regions

(Fig. 6f). There was lack of astrocytic plaques or

tufted astrocytes, although some dot-like immu-

nostaining of astrocytic processes were noted.

Oligodendroglial coiled bodies were only occa-

sionally seen.

(b) Seven further cases had an unusual distribution of

neuronal and glial tau deposition in the hippo-

campus, which included neurofibrillary tangles

and prominent diffuse neuronal granular cyto-

plasmic immunoreactivity not only in CA4, CA3,

and CA2 subregions and dentate gyrus, but also

in the CA1 subregion and subiculum, without or

with scant neurofibrillary degeneration in the

entorhinal cortex (Fig. 6g–i). In these cases

argyrophilic grains were not seen, but some

oligodendroglial tau immunopositivity and dot-

like immunolabeling of astrocytic processes were

observed. Interestingly, these cases also showed

neurofibrillary tangles in the locus coeruleus.

Immunostaining for different anti-tau antibodies and

co-localization studies Neuritic profiles were detected

using immunostaining for 3R tau and less for 4R (Fig. 6j).

Tau immunoreactive neurites occasionally co-localized

with disease-associated PrP (Fig. 7a). Globose tangles in

subcortical areas were only rarely immunoreactive for 3R

Fig. 5 Stratification of tau

pathology in E200K genetic

CJD according to

cytopathology, regional

distribution, age, and codon 129

polymorphism
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tau, but many were prominently 4R immunoreactive

(Fig. 6k). In neocortical areas and hippocampus, both 3R

and 4R immunopositivities were noted in neurofibrillary

tangles. Thread-like structures were mainly 4R immuno-

positive (Fig. 6l) and were associated with neurofilaments

but not astrocytic processes (Fig. 7b, c). In such areas, PrP
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deposition was also noted (Fig. 7d). We immunolabeled all

these structures with anti-AT180, AT100, and HT7 anti-

bodies (Fig. 6m–t), although neuritic profiles were less seen

with HT7. AT8 and AT180 produced the most extensive

immunoreactivity.

Immunoblotting for tau Four cases were examined: three

cases (MM at codon 129) with only mild to moderate

neuritic tau pathology, and one further case (MV at codon

129) with tau pathology in the cortex. In one case with mild

dot-like neuritic immunoreactivity detected by the AT8

antibody in immunohistochemistry, western blotting of

sarkosyl-insoluble tau using anti-tau AT8 antibody did not

reveal immunopositivity. However, anti-tau antibody T46

showed immunoreactivity at 60 and 64 kDa in the frontal

cortex and hippocampus (Fig. 8a, b). This was confirmed

by the lack of labeling with RD4 and immunopositivity

with the RD3 antibody (Fig. 8c, d) supporting our immu-

nohistochemical observations with anti-RD3 and RD4.

Both antibodies detected further small molecular weight

bands. In one case with neurofibrillary tangles and glial tau

immunoreactivity (MV at codon 129), AT8 and T46

showed patterns similar to AD (Fig. 8e) in the medial

temporal lobe (hippocampus) sample, while 3R tau was

detected in several regions examined (Fig. 8f). Unfortu-

nately, frozen material was not available in cases with the

unusual immunohistochemical patterns, predominated by

4R immunopositivity, of tau described above.

a-Synuclein pathology

Three types of a-synuclein pathology were observed: (1)

typical Lewy bodies and Lewy neurites following Braak

stages in six cases (15.4%) [4]; this consisted of three cases

(aged 53, 66, and 66) with neocortical involvement (Braak

V–VI) (Fig. 9a), two cases (aged 67 and 68) with limbic

involvement (Braak IV), and one with brainstem involve-

ment (aged 60) (Fig. 9b). (2) Prominent neuronal granular

diffuse cytoplasmic immunoreactivity restricted to neurons

of medullary raphe nuclei, dorsal vagus nucleus (Fig. 9c),

locus coeruleus and substantia nigra; this was observed in

13 cases (including 4 with immunoreactivity only in the

medulla oblongata) lacking Lewy bodies or Lewy neurites.

Lower raphe nuclei and the dorsal vagus nucleus always

showed the most prominent neuronal immunoreactivity,

but scattered cortical neurons also showed this immuno-

reactivity. (3) Some areas showed small aggregates of

a-synuclein in the neuropil reminiscent of that described in

sporadic CJD [25]. However, this was not consistent and

showed no region preference or relation to PrP deposition.

Deposition of Ab

This included mainly diffuse deposits, some with multiple

small cores, subpial and vascular deposition (Fig. 9d–f).

Parenchymal deposits were mainly Ab-42 and less Ab-40

immunoreactive (Fig. 9h–i). Parenchymal Ab was

observed in 21 cases (53,8%) that involved frontal, tem-

poral, and occipital regions in all, basal ganglia in five,

and cerebellum in two. Cerebral amyloid angiopathy

(Ab-CAA) was noted in nine individuals (23.07%): this

involved leptomeningeal and cortical vessels but not cap-

illaries. Cored neuritic plaques were only occasionally seen

and none of the cases fulfilled the criteria of AD according

to CERAD [48]. The youngest patient with parenchymal

Ab deposition was 51 years old and the youngest indi-

vidual with Ab-CAA was 54.

Phosphorylated TDP-43, FUS, and ubiquitin

immunohistochemistry

Immunostaining for FUS revealed variably strong staining

of neuronal nuclei. We did not observe neuritic profiles or

intracellular deposits in any case in the examined regions

(Table 1). Similarly, in all cases there was a lack of

phosphorylated TDP-43 pathology. Immunostaining for

ubiquitin showed variable amount of granular immunore-

activity in the neuropil in severely affected areas along

with neuritic profiles. Of note were the prominent periso-

matic granules surrounding pyramidal neurons in the

hippocampal CA1 subregion in 13 cases (33%).

Summary of proteinopathies

In addition to PrP, 36 cases (92.3%) showed some kind of

concomitant protein deposition. Excluding the presence of

neuritic tau pathology, co-pathology was seen in 32 cases

(82%) (summarized in Table 3). Age at death and duration

of illness did not differ between cases with and without

Fig. 6 Immunoreactivity for phosphorylated tau. a Neuritic profiles

in the neuropil in areas with spongiform change (AT8. thalamus). b

Neurofibrillary tangles in the temporal cortex (AT8). c Globose

neurofibrillary tangles and threads in the putamen (AT8) and in the

locus coeruleus (d). Prominent thread pathology and neuronal

cytoplasmic immunoreactivity in the caudate nucleus (e, right upper

inset shows overview) and in the frontal cortex (f) in a representative

case (AT8). Diffuse neuronal cytoplasmic immunoreactivity in the

granular layer of the dentate gyrus (g), in the CA2/3 subregion (h),

and in the CA1 subregion (i) with thin thread and dots in the neuropil,

and a relative sparing of the entorhinal cortex (i, right upper inset, all

AT8). Neuritic profiles are immunoreactive mainly for 3R tau (j, left

side), globose tangles in subcortical areas are immunoreactive for

both 3R (k, left side) and 4R tau (k, right side of image), while cases

with prominent thread-like pathology show mainly 4R immunoreac-

tivity (l, right side of image). Representative images of a case with

subcortical tauopathy (m–p) and one with prominent threads (q–t)

immunostained with AT8 (m, q), AT180 (n, r), AT100 (o, s), and

HT7 (p, t) antibodies. Bar graph indicates in a indicates 60 lm for

a–e, g–i, andm–t, 1,000 lm for f and e upper inset; and 20 lm for j–l

b
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co-depositions, except for older age at death in cases with

unclassifiable tauopathy (mean age ± standard error:

64.9 ± 1.7 versus 57.7 ± 1.7; p = 0.016). In cases with

a-synucleinopathy, the patients already had neurological

examination prior to rapidly progressive dementia, because

of e.g. tremor of tongue, behavioral change, or typical

Parkinsonism responding to L-Dopa therapy. In cases with

tau pathology in the basal ganglia, dystonia, chorea or

rigidity was noted, and in two cases supranuclear gaze

palsy. In cases where memory impairment was indicated as

a presenting symptom, neurofibrillary degeneration was

noted. Otherwise the rapidly progressive clinical phase did

not differ between cases with different protein depositions.

There was no significant influence of the PRNP codon 129

polymorphism on concomitant proteinopathy. Protein co-

depositions were noted in individuals from all countries

included in our study.

Discussion

This study has the following implications: (1) genetic CJD

with the E200K mutation is clinically characterized mostly

by progressive dementia and ataxia and further symptoms,

however, prominent supranuclear palsy, insomnia, and

polyneuropathy may also be present. (2) E200K CJD

Fig. 7 Double immunolabeling in cases with tau pathology. Tau

immunoreactive neurites occasionally co-localize with disease-asso-

ciated PrP (a, AT8 green, PrP red, 9400; arrowhead indicates

enlarged part in the right side of the images). Thread-like pathology

associates with neurofilaments (b, AT8 green, SMI-31 red, 9400;

arrowhead indicates enlarged part in the right side of the images) and

not with astrocytic processes (c, AT8 green, GFAP red, 9400). In

these areas PrP deposition is also noted (d, AT8 green, PrP red,

91000). Bar graph in a indicates 60 lm in a–c and 15 lm in d and in

enlarged insets of a–c
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presents with various PrP deposition patterns that fre-

quently overlap between MM homozygotes and MV

heterozygotes at PRNP codon 129. This is also reflected by

a mixture of type 2 and type 1 PrPres in these brains. (3)

Lesion profiles do not differ significantly between MM and

MV cases. (4) Some PrP deposition patterns are not seen in

sporadic CJD or other genetic forms (e.g. stripe-like pattern

in the cerebellum or distinct intraneuronal PrP aggregates

involving prominently brainstem nuclei). Moreover,

immunoblotting for PrPres demonstrated distinct ratios of

glycosylated to unglycosylated bands as compared to

sporadic CJD. (5) Concomitant presence of a-synuclein,

phospho-tau pathology or deposition of Ab is more the rule

than the exception. These protein deposits are present in

areas where disease-associated PrP is also present.

Clinical features of E200K genetic CJD frequently

overlap with that of sporadic CJD, including the presence

of periodic sharp wave complexes. However, in our cohort

myoclonus is less frequently documented. In spite of the

less prominent pathology in the cerebellum, ataxia is often

observed. Interestingly, the patterns of pathology observed

in the cerebellum include either spongiform change and

neuronal loss with diffuse/synaptic PrP immunoreactivity,

or little lesioning associated with a stripe-like pattern of

PrP immunoreactivity restricted to the molecular layer.

This suggests that cerebellar ataxia may have a complex

Fig. 8 Immunoblotting of sarkosyl-insoluble tau using different

antibodies. a Immunostaining using AT8 anti-tau antibody did not

reveal positive bands in a case with focal dot-like neuritic immuno-

reactivity observed in immunohistochemistry. b The same sample

examined by T46 anti-tau antibody showed bands at 60 and 64 kDa

molecular weight characteristic for 3R tau. Anti-RD3 (c) and anti-

RD4 antibodies (d) showed different fragments of tau, and RD3

confirms the presence of 60 and 64 kDa bands. (Lane 1 medial

temporal cortex sample from a patient with Alzheimer‘s disease; lane

2 medial temporal cortex sample from a non-diseased individual

(examined by neuropathology); lanes 3–5 Hungarian patient (MV at

codon 129) with dot-like neuritic tau pathology detected in

immunohistochemistry. 3 cerebellum, 4 frontal cortex, 5 temporal

cortex. e Typical PHF-like pattern like in E200K CJD case etected by

AT8 in medial temporal cortex (Lane 1 medial temporal cortex

including hippocampus from E200K CJD patient, lane 2 Alzheimer’s

disease sample). f 3R tau were detected in several regions examined

in case with neurofibrillary tangles restricted to the medial temporal

lobe and neuritic tau pathology in the frontal and temporal cortices

and striatum (Lane 1 frontal cortex, lane 2: striatum, lane 3: medial

temporal lobe including hippocampus, lane 4: temporal cortex, lane 5

medial temporal cortex sample from a non-diseased individual,

examined by neuropathology, lane 6: Alzheimer‘s disease sample)
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background by either a more severe tissue damage of

cerebellar cortical layers or, since the stripe-like pattern

strongly resembles the compartmentalization of the cere-

bellar cortex and Purkinje cell branching [67], by

alterations of synaptic contacts of Purkinje cells. In com-

parison with other cohorts [47, 63], chorea/dystonia was

more frequently reported in our study than Parkinsonism.

Similar to other reports, we confirm that supranuclear gaze

palsy, insomnia, and polyneuropathy may be prominent in

some cases [1, 2, 8, 50, 64]; this is not related to the codon

129 polymorphism. In our cohort, unusual clinical pre-

sentations like early memory impairment, supranuclear

palsy, premorbid symptoms, or even characteristic Par-

kinson syndrome, years before the rapid progressive

course, were described and frequently suggestive as sub-

strate of concomitant protein deposition. However, due to

the retrospective nature of our clinical data collection, it

remains to be established how the presence of concomitant

proteinopathies influence the clinical course. This merits

further prospective studies, but it is clear that genetic CJD

should be considered in less elderly patients (50–60 years)

with a clinical suspicion of a pre-existing neurodegenera-

tive disease (including ‘‘typical’’ Parkinson’s disease) that

switches into a rapidly progressive phase with dementia

and ataxia.

Lesion profiles, defined by spongiform change and

neuronal loss/gliosis, were not significantly different

between cases with different constellation at codon 129. Of

note was the variable involvement of neocortical areas,

including frequent laminar accentuation, and the constant

lesioning in the striatum and thalamic nuclei. The latter is

reflected also in the signal alterations detected in MRI [15].

Sometimes the involvement of the thalamus may predom-

inate, leading to further differential diagnostic issues [39].

In addition, neuronal loss was seen in the substantia nigra

with or without a-synuclein inclusions. Nigrostriatal

Fig. 9 Immunoreactivity for a-synuclein and amyloid-b (Ab) in

E200K genetic CJD. Typical a-synuclein immunopositive cortical

Lewy bodies and Lewy neurites in the frontal cortex (a), and

brainstem-type Lewy bodies in the medulla oblongata (b) in

representative cases showing a-synuclein pathology compatible with

Braak stageing. Prominent neuronal granular diffuse cytoplasmic

immunoreactivity restricted to neurons of medullary raphe nuclei,

dorsal vagus nucleus (c, cell indicated with arrowhead enlarged in

right lower inset) but lacking Lewy bodies or Lewy neurites.

Extensive Ab deposition of the form of diffuse plaques and focal

deposits in the striatum (d, e), and in the vessel walls in the frontal

cortex (f) in representative cases. Parenchymal Ab deposition (g) was

mainly immunoreactive for anti-Ab-42 (h) and less for anti-Ab-40 (i)

peptide. Bar graph in a indicates 200 lm for a, f, g, h, i, 150 lm for

e, 400 lm for b, c (60 lm for inset), and 1,200 lm for d
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damage was demonstrated in a recent study in sporadic

CJD [66]. In contrast to the lesion profile, the morphology

of PrP deposits showed more variation: more coarse im-

munodeposits (plaques, patchy/perivacuolar), but also

more intraneuronal PrP aggregates were detected in cases

with MV at codon 129 as compared to MMs. However,

these deposits were frequently in MM cases in a more

restricted distribution suggesting presence of different PrP

types. Indeed, a mixture of type 1 and 2 PrPres was

observed in some cases. Regional variability between

cerebral and cerebellar cortex of the PrPres pattern was

reported only in a single case [57]. We extend this finding

by demonstrating variability in many regions in 2 out of 10

cases. Analysis of further 10 French cases with E200K

mutation, not included in the present comprehensive

neuropathological survey, revealed 3 cases with regional

variability. According to these observations, a rough esti-

mate of approximately 25% of cases with E200K mutation,

slightly less than reported in sporadic CJD [54], shows this

phenomenon. It was already reported that the western blot

pattern of PrPres in E200K genetic CJD differs from

sporadic CJD [7, 27]. In spite of the presence of similar

morphological immunodeposits, some PrP immunoreactive

patterns were unusual (e.g. intraneuronal PrP immunopo-

sitivity) as a potential correlate of the distinct PrPres

patterns. Intraneuronal dot-like PrP immunoreactivity was

reported in the E200K mutation [43] and V180I mutation

also with abnormally glycosylated PrPres [51], while in-

traneuronal PrP immunoreactivity (albeit morphologically

not with dot-like accentuation) was documented in a

patient with apparently sporadic CJD and novel glycotype

pattern [69]. All together these observations suggest that

the E200K mutation induces a relatively uniform anatom-

ical pattern of tissue lesioning (spongiform change,

neuronal loss/gliosis), while the deposition of disease-

associated PrP is more influenced by the codon 129 con-

stellation, including different types of, also mixed, PrPres

forms.

In addition, we detected a range of concomitant protein

deposits. Tau pathology was represented either by the

presence of small neuritic profiles, neurofibrillary degen-

eration following stages of Braak and Braak [3], or by

Table 3 Summary of combinations of proteinopathies

Protein pathology Unusual

tauopathy

Tau-NFD-

Braak

a-Synuclein-

Braak

A-beta

deposits

A-beta

CAA

Number

of cases

% of

proteinopathy

% of all

cases

Unusual tauopathy 0 ? - - - 4 33.3 10.2

Unusual tauopathy 0 - ? - - 5 41.6 12.8

Unusual tauopathy 0 - - ? - 6 50 15.3

Unusual tauopathy 0 - - - ? 4 33.3 10.2

Unusual tauopathy 0 ? ? - - 3 25 7.7

Unusual tauopathy 0 ? ? ? - 2 16.6 5.1

Unusual tauopathy 0 ? ? - ? 0 0 0

Unusual tauopathy 0 ? - - ? 0 0 0

Unusual tauopathy 0 ? ? ? ? 1 8.3 2.5

a-Synuclein-Braak ? - 0 - - 5 83.3 12.8

a-Synuclein-Braak - ? 0 - - 3 50 7.7

a-Synuclein-Braak - - 0 ? - 4 66.6 10.2

a-Synuclein-Braak - - 0 - ? 2 33.3 5.1

a-Synuclein-Braak - ? 0 ? - 2 33.3 5.1

a-Synuclein-Braak - ? 0 - ? 1 16.6 2.5

a-Synuclein-Braak - ? 0 ? ? 1 16.6 2.5

a-Synuclein-Braak ? ? 0 ? ? 1 16.6 2.5

Ab deposits - ? - 0 - 9 40.9 23

Ab deposits - - - 0 ? 8 36.3 20.5

Ab deposits - ? - 0 ? 1 4.5 2.5

Ab deposits - ? ? 0 ? 1 4.5 2.5

Ab deposits ? ? - 0 ? 0 0 0

Ab deposits ? ? ? 0 ? 1 4.5 2.5

The predominant proteinopathy is indicated in the left column and all further types of features that are additionally seen are indicated with a? sign

NFD neurofibrillary degeneration degeneration following Braak and Braak stageing, CAA cereberal amyloid angiopathy (Ab)
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unusual forms that, based on the distinct anatomical dis-

tribution, lack of astrocytic plaques or tufted astrocytes,

were not compatible with sporadic tauopathies. Interest-

ingly, neurofibrillary tangles frequently occurred in

brainstem nuclei (raphe, locus coeruleus) also in relatively

young patients, analogously to that described as an early

feature not only in AD but also in mild cognitive

impairment [24, 62]. Neuritic profiles clustering around

plaques are described in the acquired prion disease, var-

iant CJD [19], while neurofibrillary tangles are consistent

features of some PRNP mutations associated with prom-

inent PrP amyloidosis [17]. Both features are not observed

in E200K CJD. Interestingly, an unusual pattern of tau-

opathy was described in the R208H PRNP mutation

associated with a CJD phenotype [59]. Double immu-

nolabeling studies suggest that most of the tau pathology

is neuronal in origin. Interestingly, AT8 and T46 anti-

bodies showed different results in immunoblotting. Both

antibodies were able to detect an AD-like pattern in

samples where neurofibrillary degeneration was observed;

however, in samples with mild neuritic profiles seen in

immunohistochemistry, only T46 and RD3 antibody

showed bands characteristic of 3R tau. Whereas post-

mortem delay and storage temperature may be a

limitating factor for the detection of PHF and phosphor-

ylated forms of tau [14, 60], in our study PHF and 3R tau

were clearly detectable by western blot. However,

immunoreactivity against specific phosphorylation sites

may be reduced due to tau degradation by endogenous

phosphatases. Thus, our observation on low molecular

bands in a limited number of cases must be interpreted

with caution and merits further evaluation on more cases

whether a difference in epitopes or other factors might be

the basis of this. In cases with unusual presentations of

tau pathology, 4R isoform was prominently detected in

immunohistochemistry, whereas in these cases no material

was available for immunoblotting studies. However, it

may be concluded that a spectrum of tau pathology from

3R through mixed and to 4R dominant forms is associated

with the E200K mutation. In addition, Ab deposition

(parenchymal and vascular) frequently occurs in E200K

genetic CJD [18]. In addition, we observed Lewy body

pathology following Braak stages, and also prominent

neuronal granular a-synuclein immunoreactivity in

brainstem nuclei without Lewy bodies (together in around

half of the patients). This indicates that pathological

upregulation and eventual inclusion body formation of

a-synuclein is an important feature in E200K genetic

CJD, supporting a potential interactive role of PrP and

a-synuclein. Interestingly, in spite of the lack of a role of

codon 129 polymorphism on the susceptibility for the

a-synucleinopathy Parkinson’s disease [61], the clinical

presentation may be influenced by this [23]. Finally, we

did not detect any protein deposition using anti-FUS and

phosphorylated TDP-43 antibodies. The latter is in line

with a recent study in various forms of CJD [31]. The

presence of various protein depositions, independent of

the codon 129 polymorphism or PrPres type, could support

a concept of further genetic or epigenetic factors leading

to various presentations in significantly different ages

(ranging from early 30 to 70 years of age).

The processing of PrP overlaps with that of Ab and

a-synuclein, since it includes the endosomal–lysosomal

system [38, 52]. Mutual interactions between tau, Ab, and

a-synuclein were documented [36]. Based on our obser-

vation of Lewy bodies or neurofibrillary tangles in our

diagnostic work-up, we conducted a systematic evaluation

of protein deposition and presented the first systematic

demonstration of intensified and combined neurodegener-

ation in a genetic prion disease due to a single point

mutation. The spectrum of protein depositions is distinct

from that associated with PrP amyloid [17, 19] or sporadic

CJD [11, 66]. The observation of Ab deposition, neurofi-

brillary degeneration, and a-synucleinopathy in individuals

from different countries, together with the detection of

tauopathy forms, not compatible with sporadic tauopathies

[6], suggests the interaction of mutated PrP with tau [68],

Ab [55], and also a-synuclein. Cellular PrP has been shown

to regulate the production of Ab and forms a complex [55]

with full-length tau protein in vitro [68]. Moreover, there is

a homologous region in PrP and a-synuclein, and inter-

estingly, homologous peptides corresponding to this

sequence can promote fibrillization of a-synuclein [13].

Finally, our observation of the frequent and unusual

intraneuronal accumulation of PrP immunoreactivity indi-

cates failed release from the cell and overwhelming of the

protein processing system. In sum, our and previous studies

suggest an altered metabolism and intracellular trafficking

of mutated PrP that interferes with the processing of other

proteins and leads to their pathological deposition. Thus,

the E200K PrP mutation may become an important model

to decipher the molecular interplay among neurodegen-

eration-associated proteins. Our observations also support a

complex pathogenetic interplay in the background of

E200K genetic CJD that may lead to differences in pene-

trance and clinical phenotype. Finally, our study suggests

to clinicians the suspicion of genetic CJD when early onset

neurological symptoms turn into a rapidly progressive

phase.
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Mini Mental State Examination (MMSE) (Version consensuelle du GRECO)

Orientation / 10
Je vais vous poser quelques questions pour apprécier comment fonctionne votre mémoire.
Les unes sont très simples, les autres un peu moins. Vous devez répondre du mieux que vous pouvez.
Quelle est la date complète d’aujourd’hui ? 

Si la réponse est incorrecte ou incomplète, posées les questions restées sans réponse, dans l’ordre suivant :
1. En quelle année sommes-nous ?

2. En quelle saison ?
3. En quel mois ?
4. Quel jour du mois ?
5. Quel jour de la semaine ?

Je vais vous poser maintenant quelques questions sur l’endroit où nous trouvons.
6. Quel est le nom de l’hôpital où nous sommes ?*
7. Dans quelle ville se trouve-t-il ?
8. Quel est le nom du département dans lequel est située cette ville ?**

9. Dans quelle province ou région est située ce département ?
10. A quel étage sommes-nous ?

Apprentissage / 3
Je vais vous dire trois mots ; je vous voudrais que vous me les répétiez et que vous essayiez de les retenir
car je vous les redemanderai tout à l’heure.

11. Cigare Citron Fauteuil
12. Fleur ou Clé ou Tulipe
13. Porte Ballon Canard

Répéter les 3 mots.

Attention et calcul / 5
Voulez-vous compter à partir de 100 en retirant 7 à chaque fois ?*

14. 93
15. 86
16. 79
17. 72
18. 65

Pour tous les sujets, même pour ceux qui ont obtenu le maximum de points, demander :

Voulez-vous épeler le mot MONDE à l’envers ?**

Rappel / 3
Pouvez-vous me dire quels étaient les 3 mots que je vous ai demandés de répéter et de retenir tout à l’heure ?

11. Cigare Citron Fauteuil
12. Fleur ou Clé ou Tulipe
13. Porte Ballon Canard

Langage / 8
Montrer un crayon. 22. Quel est le nom de cet objet ?*
Montrer votre montre. 23. Quel est le nom de cet objet ?**

24. Ecoutez bien et répétez après moi : « PAS DE MAIS, DE SI, NI DE ET »***

Poser une feuille de papier sur le bureau, la montrer au sujet en lui disant : « Ecoutez bien et faites ce que je vais vous dire :
25. Prenez cette feuille de papier avec votre main droite,
26. Pliez-la en deux,
27. Et jetez-la par terre. »****

Tendre au sujet une feuille de papier sur laquelle est écrit en gros caractère : « FERMEZ LES YEUX » et dire au sujet :
28. « Faites ce qui est écrit ».

Tendre au sujet une feuille de papier et un stylo, en disant :
29. « Voulez-vous m’écrire une phrase, ce que vous voulez, mais une phrase entière. »*****

Praxies constructives / 1
Tendre au sujet une feuille de papier et lui demander : 30. « Voulez-vous recopier ce dessin ? »



« FERMEZ LES YEUX »
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Abstract Our objective was to evaluate amyloid depo-

sition in posterior cortical atrophy (PCA), using both

cerebrospinal fluid (CSF) biomarker analysis and amyloid

imaging. Five PCA patients, selected based on their neu-

ropsychological profile and atrophic changes in posterior

regions on MRI, underwent CSF analysis. CSF amyloid-

beta 1–42, total tau, and phosphorylated tau at threonine

181 levels were determined. They also had positron

emission tomography (PET) with Pittsburgh Compound B

([11C]PIB). [11C]PIB ratio images were assessed with

visual, regional and voxel-based analyses and compared to

eight typical Alzheimer’s disease (AD) patients and eight

controls. The biological profile in the five PCA patients,

resulting from CSF and [11C]PIB images analysis, was

consistent with AD. Individual comparisons of PCA

patients’ [11C]PIB images with the AD group with Statis-

tical Parametric Mapping (SPM) revealed a distinctive

posterior uptake in four out of the five patients showing

increased amyloid deposition in occipital, temporal, and/or

parietal regions. ROI group analysis showed a tendency for

higher amyloid deposition in occipital and temporal

regions. However, this pattern was not found with SPM

group analysis when the global level of [11C]PIB uptake

was used as a covariate. Our results indicate that amyloid

burden can be demonstrated in vivo in PCA suggesting a

diagnosis of AD. PCA patients may present a higher global

amyloid load than AD that was not related to age at onset,

disease severity, disease duration, or educational level in

our study. Combined CSF and PET biomarkers seem

helpful for in vivo diagnosis of this focal syndrome with

underlying AD pathology.

Keywords Posterior cortical atrophy � Pittsburgh

Compound B � PET � Voxel based analysis �

CSF biomarkers � Alzheimer’s disease

Introduction

Posterior cortical atrophy (PCA) is a rare neurodegenera-

tive syndrome. It is characterized by progressive develop-

ment of higher-order visuoperceptive deficits, in addition to
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16 avenue du Doyen Lépine, 69676 Bron Cedex, France

M. Formaglio � I. Roullet-Solignac � B. Mercier �

P. Krolak-Salmon � A. Vighetto

Center for Memory Resources and Research,

Hospices Civils de Lyon, Lyon, France

123

J Neurol

DOI 10.1007/s00415-011-6030-0



atrophic or metabolic changes in the posterior regions of

the brain [1–4]. Clinical features may include Balint’s

syndrome, Gerstmann’s syndrome, alexia, visual object

agnosia, visuospatial neglect, prosopagnosia, environmen-

tal disorientation and apraxia. Homonymous hemianopia

may also be present [5]. Magnetic resonance imaging

(MRI) usually shows cortical atrophy in the parietal,

occipital and posterior temporal regions [6], while

[18F]fluorodeoxyglucose positron emission tomography

(FDG-PET) may reveal hypometabolism in the posterior

cerebral hemispheres, even in the absence of concomitant

atrophy [7, 8]. This syndrome almost universally pro-

gresses to more diffuse cognitive impairment and

dementia.

Histologically, PCA is most often associated with

Alzheimer’s disease (AD) pathology [9]. Neurofibrillary

tangles (NFT), corresponding to tau protein deposits, are

preferentially located in the posterior cortex, including

primary visual cortex and visual associative areas [2, 3].

Senile plaques (SPs), corresponding to amyloid deposits,

may also predominate posteriorly but this finding is more

controversial [2, 10].

Cerebrospinal fluid (CSF) levels of amyloid-beta 1–42

(A42) are decreased in AD, and those of total tau (T-tau)

and tau phosphorylated at threonine 181 (P-tau181) are

increased. When levels of all three are combined into a

single biomarker, both sensitivity and specificity for diag-

nosing AD are in the region of 90% [11, 12].

The PET imaging radioligand Pittsburgh Compound B

([11C]PIB) allows in vivo assessment of Ab plaque burden.

PIB is a derivative of thioflavin T that binds specifically to

fibrillar Ab deposits in human brain [13]. Human PET

studies have shown significantly higher neocortical reten-

tion of [11C]PIB in AD than controls [14, 15], reflecting the

presence of Ab plaques and amyloid angiopathy [16–18].

We studied amyloid deposition in five PCA patients,

using CSF biomarker analysis and [11C]PIB imaging with

visual, regional and voxel-based analyses. Eight typical

AD patients and eight controls also had [11C]PIB imaging

for comparison. Our objective was to demonstrate in vivo

amyloid burden in PCA and to reveal any specific pattern

of cortical deposit in comparison to typical AD.

Materials and methods

Subjects

PCA subjects

Five PCA patients (mean age: 65.2 ± 7.6 years; MMSE

[19]: 20.4 ± 5; CDR [20]: 1 ± 0; Table 1) were prospec-

tively recruited from our memory clinic. PCA was

diagnosed according to the following diagnostic criteria

[Renner et al. (2004), McMonagle et al. (2006)]: (1) His-

tory of progressive acquired visual impairment, interfering

with daily life, and not due to ophthalmological abnor-

malities. (2) Evidence of one or several disorders reflecting

dysfunction of occipito-parieto-temporal association corti-

ces, such as Balint’s syndrome, Gerstmann’s syndrome or

apraxia. (3) Absent or minor memory impairment, execu-

tive dysfunction or language deficits. (4) Evidence of

atrophy of the posterior cortex on MRI, or of reduced

regional blood flow on [99Tc]HMPAO SPECT. A visual

analysis of MRI and, when available, SPECT images was

performed for each patient at their inclusion in the study.

Patients showing major vascular lesions on MRI were

excluded from the study. All PCA patients underwent full

ophthalmological testing, including visual field determi-

nation. They all underwent a lumbar puncture for CSF

biomarkers analysis and amyloid PET imaging with

[11C]PIB.

AD group

Eight patients (mean age: 74.6 ± 6.2 years; MMSE:

21.4 ± 5.9, CDR: 1.2 ± 0.4) with mild or moderate AD

were recruited from our memory clinic as a comparison

group for [11C]PIB analysis (Table 2). They had a history

of progressive cognitive impairment with mild or moderate

weakening of autonomy; memory complaint; and memory

impairment at neuropsychological testing. The other cog-

nitive functions could be variably affected. AD patients

met the NINCDS-ADRDA diagnostic criteria for probable

AD [21]. They underwent the same neuropsychological

tests and imaging as PCA patients. Visual analysis of

amyloid PET imaging showed increased [11C]PIB binding

consistent with probable AD in all.

Control group

Eight normal volunteers (mean age: 73.9 ± 6.1 years,

MMSE: 29.4 ± 0.7, CDR: 0) without cognitive complaints

were recruited from the community by advertisement as a

comparison group for [11C]PIB analysis. All were free of

relevant medical illness. Control subjects were screened via

an evaluation that included a medical history, functional

assessment, neurological examination and neuropsycho-

logical testing. Only cognitively intact subjects were

included. They all had normal [11C]PIB binding on PET

according to visual analysis.

All patients and controls gave their written informed

consent to participate. The study was approved by the

institutional ethics committee. [11C]PIB PET scanning in

humans was approved by the French regulatory authorities

(AFSSAPS).
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Statistical analysis

Demographic and neuropsychological data were compared

between PCA and AD groups using a non-parametric test

(Mann–Whitney U) because of the small sample size;

p values \0.05 were considered significant (Table 3).

Analysis was performed with MedCalcÒ version 11.1.1.0

(Frank Schoonjans, MedCalc Software, Mariakerke,

Belgium).

Neuropsychological evaluation

Verbal episodic memory was assessed with the Free and

Cued Selective Recall Reminding Test (FCSRT) [22] or

Table 1 Demographic characteristics and clinical features of PCA patients

Subjects PCA 1 PCA 2 PCA 3 PCA 4 PCA 5

Age at Imaging (y) 63 65 54 74 70

Education (y) 11 12 10 11 11

Sex (M/F) F M M M F

Initial complaint Driving Reading Getting lost

writing

Reading Reading

Writing Writing

Driving

Duration of symptoms

at presentation (y)

2 1–2 1–2 3–4 3

MMSE/30 at PET 28 22 20 15 17

CDR at PET 0.5 0.5 0.5 1.5 1

Full Balint syndrome x x – x x

Isolated simultanagnosia – – x – –

Full Gerstmann syndrome – – x – x

Isolated acalculia – x – x x

Isolated agraphia x x – x x

Apraxia

Dressing – – – x x

Ideomotor x – x x x

Constructional x x x x x

Alexia x x x x

Environmental agnosia – – x x x

Visuospatial neglect x – – – x

Visual field examination Visual attention

deficit

Left

hemianopia

Normal Visual attention

deficit

Left

hemianopia

Hallucinations – – – – x

Fluctuations – – – – –

Mild Parkinsonism x – x – –

MMSE Mini-mental state examination, CDR Clinical dementia rating, x clinical signs observed, - clinical signs not observed

Table 2 Demographic

characteristics of AD patients

MMSE Mini-mental state

examination, CDR Clinical

dementia rating

Subjects Age at

imaging (y)

Education (y) Gender

(M/F)

Duration of symptoms

at presentation (y)

MMSE at

PET/30

CDR at

PET

AD 1 77 8 F 2 24 0.5

AD 2 84 9 F 1 24 1

AD 3 80 13 F 2 26 1

AD 4 66 11 F 3 27 0.5

AD 5 66 9 M 4 7 2

AD 6 70 9 F 4 20 1

AD 7 75 8 M 5 22 1

AD 8 79 9 F 5 21 1
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Table 3 Neuropsychological data of PCA and AD patients

Subjects Age

(y)

Education

(y)

Disease

duration

(y)

MMSE/

30

CDR FCSRT

free

recall/

48

FCSRT

total

recall/

48

FCSRT

free

delayed

recall/

16

FCSRT

total

delayed

recall/

16

FCSRT

intrusions

FCSRT

recognition/

16

TMT-A TMT-B STROOP

(inhibition

condition)

Verbal

fluency

(letter

P)

Verbal

fluency

(animals)

Bachy/

36

Figures

copying/

3

Clock

drawing/

7

VOSP

incomplete

letters/

20

VOSP

number

location/

10

PCA 1 63 11 2 28 0.5 33 47 12 16 2 16 282 340 NF 15 25 36 1 3 14 NF

PCA 2 54 12 2 20 0.5 8 25 4 11 10 15 178 NF 20.34 8 18 36 0 0 NF NF

PCA 3 74 10 4 15 1 3 8 NF NF NF NF NF NF NF 5 10 31 0 0 NF NF

PCA 4 65 11 2 22 0.5 NF NF NF NF NF NF 222 NF NF 14 16 33 0 6 14 5

PCA 5 70 11 3 17 1 19 42 14 15 10 15 NF NF NF 13 12 NF 0 0 NF NF

Mean ±

SD

65.2 ±

7.6

11 ±

7.6

2.6 ±

0.9

20.4 ±

5.0

1 ±

0

15.75 ±

13.3

30.5 ±

17.7

10 ±

5.3

14 ±

2.6

7.33 ±

4.6

15.3 ±

0.6

227.3 ±

52.2

340 20.34 11 ±

4.3

16.2 ±

5.8

34 ±

2.4

0.2 ±

0.4

1.8 ±

2.7

14 5

AD 1 77 8 2 24 0.5 2 18 0 7 22 16 42 NR 42.1 14 14 34 1 5 18 NA

AD 2 84 9 1 24 1 14 32 2 13 6 16 65 180 NA 11 13 30 1 NA NA NA

AD 3 80 13 2 26 1 8 27 1 6 9 15 98 224 33.26 10 14 36 1 5 20 NA

AD 4 66 11 3 27 0.5 7 33 1 9 40 16 112 262 39.6 17 9 36 3 7 NA NA

AD 5 66 9 4 7 2 NF NF NF NF NF NF NF NF NA NF NF NF NF NF NF NF

AD 6 70 9 4 20 1 2 6 NF NF NF 16 129 347 NA 12 10 34 3 4 NA NA

AD 7 75 8 5 22 1 2 8 0 2 19 14 67 197 NA 8 21 36 3 NA 20 9

AD 8 79 9 5 21 1 2 16 2 8 7 16 73 271 30.49 8 11 30 3 4 NA NF

Mean ±

SD

74.6 ±

6.2

9.5 ±

1.6

3.3 ±

1.4

21.4 ±

5.9

1.2 ±

0.4

5.3 ±

4.3

20 ±

10.2

1 ±

0.8

7.5 ±

3.3

17.17 ±

11.9

15.6 ±

0.7

83.7 ±

28.1

246.8 ±

55.3

36.4 ±

5.4

11.4 ±

3

13.1 ±

3.7

33.7 ±

2.5

2.1 ±

1

5 ±

1.1

19.3 ±

0.9

9

p-Value 0.03 0.06 0.41 0.46 0.21 0.07 0.3 0.02 0.048 0.44 0.46 0.02 – – 1 0.33 0.86 0.008 0.08 0.08 –

Significant p value\ 0.05 are highlighted

FCSRT Free and Cued Selective Reminding Test, CVLT California Verbal Learning Test, TMT Trail Making Test, STROOP Stroop test, Bachy Bachy-Langedock denomination task, VOSP Visual object and space perception battery,

NF not feasible due to patient’s cognitive difficulties, NA not assessed
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the French version of the California Verbal Learning Test

[23]. We explored verbal fluency [24] and naming with the

Bachy-Langedock denomination task [25]. Executive

functions were assessed with the Stroop Test [26] or the

Trail Making Test [27]. Visuospatial, visuoperceptive and

visuoconstructive abilities were assessed with the Visual

Object and Space Perception battery [28], the clock

drawing test [29], and complex figure copying tests. Praxis

were most often evaluated with informal personal proce-

dures. These neuropsychological tests and PIB-PET were

performed within the same month, and both within 1 year

after the lumbar puncture.

CSF data

CSF sampling and storage

CSF sampling was performed according to a standard

protocol. In total, 10 mL were collected in polypropylene

vials and then centrifuged immediately. Supernatant was

sampled in polypropylene vials and aliquots were stored at

-80°C until analysis.

CSF analysis

CSF T-tau, P-tau181 and Ab42 levels were determined

using a commercially available ELISA kit (INNOTEST

htau-Ag, INNOTEST Phospho-Tau(181), INNOTEST b-

amyloid(1–42), respectively, Innogenetics
Ò, Gent, Belgium)

according to the manufacturer’s instructions. All biomarker

levels were measured in duplicate. The inter-assay coeffi-

cient of variation was less than 10%. Cut-off values were

determined from literature data and experience of our

neurobiology department, and were T-tau [350 pg/mL,

P-tau181[60 pg/mL and Ab42\500 pg/mL [30–32]. If all

three levels lay beyond these cut-off values, subjects were

considered to have a typical AD profile. CSF pattern was

said atypical for patients with either elevated T-tau

[350 pg/mL and P-tau181[60 pg/mL or decreased Ab42
\500 pg/mL.

PET imaging

Radiochemistry

[11C]PIB was produced by methylation of 1.2 mg of its

desmethyl precursor 6-OH-BTA-0 (ABX Germany) with

[11C]methyl triflate in 200 lL acetone for 3 min at 100°C,

with a Bioscan MeI ? synthesizer, starting from [11C]O2

produced via a 14N(p,a)11C nuclear reaction using an IBA

Cyclone 18/9 cyclotron. The reaction product was purified

using high-performance liquid chromatography with a

SymetryPrep column (Waters) using water/acetonitrile

(50:50) at 3 mL/min. The collected fraction was loaded on

a C18 SepPak, washed with 10 mL of water and eluted

with 1 mL absolute ethanol. After addition of NaCl 0.9%

the product was sterilized through a 0.22 lm Millipore

sterile filter (Waters). The radioligand purity was assessed

by analytical radio-HPLC (Beckman 32 K). Radiochemical

purity was in excess of 95%, and specific activity in the

range of 10–40 GBq/lmol.

PET imaging

PET scans were performed on a CTI-Siemens

HR ? scanner (Knoxville, TN, USA). For tracer injec-

tions, an intravenous catheter was placed in a vein of the

left forearm. Before emission acquisition, a 10-min trans-

mission scan was performed using three 68Ge rod sources

for the measurement of tissue and head support attenuation.

After i.v. injection of a bolus of [11C]PIB (470 ±

12 MBq), a dynamic emission scan consisting of 34 frames

of increasing duration (20 s–5 min) was acquired over

90 min. The PET scanner was operating in 3D mode.

Images were corrected for scatter and attenuation, and

reconstructed using a filtered back projection (Hanning

filter, cut-off 0.5 cycles/pixels) to provide a 3D volume of

63 slices (2.42 mm thickness) with 128 9 128 voxels in

plane (2.06 mm2).

MRI

Structural brain MRI was performed using a 1.5 T Siemens

Magnetom scanner (Siemens AG, Erlangen, Germany),

with a 3D anatomical T1-weighted sequence (TR: 9.7 ms,

TE: 4 ms) covering the whole brain volume with 1 mm3

cubic voxels.

Visual analysis

Voxel based [11C]PIB parametric RATIO images were

computed by dividing, for each voxel, the integrated

activity over the 40–90 min interval by integrated activity

of the reference region (cerebellar gray matter) for the

same interval. [11C]PIB-RATIO images were read by a

neurologist unaware of the clinical diagnosis. Images

were graded as normal (similar to controls), doubtful or

probable AD. Transverse, sagittal, and coronal views were

available for viewing. Before reading the [11C]PIB ima-

ges, a demonstration was given using two AD images and

one typical HC [11C]PIB-RATIO image. The reader was

advised to use a rainbow color scale. Subjects with cor-

tical binding (yellow or red) in frontal, cingulate, parietal

and temporal cortex were classified as having probable

AD, depending on intensity and extent of [11C]PIB

uptake.
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ROI analysis

Five neocortical ROIs were considered [33]: the cingulate

gyrus, and the frontal, lateral temporal, parietal and

occipital cortices. These ROI were defined on individual

PET scans using the Hammers maximum probability atlas

[34] and SPM5 software (Wellcome Trust Centre for

Neuroimaging, UCL, London, UK) as follows. First, T1

MRIs were coregistered to summed activity PIB-PET

images without reslicing, then spatially normalized to the

MNI/ICBM152 T1 stereotactic template using deforma-

tions obtained via Unified Segmentation [35]. The inverse

deformation fields were applied to the Hammers atlas to fit

the individual T1 anatomy. Probabilistic images of the grey

and white matter and CSF tissue classes were obtained in

the segmentation step. Gray matter images were threshol-

ded at a probability of[0.5 and multiplied with the atlas

resampled in the individual space. Finally, regional activ-

ities of the selected ROIs were extracted from 40 to 90 min

[11C]PIB RATIO images. Regional values were compared

between the three groups using Kruskall-Wallis testing

with MedCalcÒ. If significant differences (p\ 0.05) were

observed then intergroup comparisons were performed

using Mann–Whitney U tests.

Parametric image analysis

Using SPM5, [11C]PIB-RATIO images were spatially

normalized to a customized template created from PCA

and AD patients’ MRIs. Pairwise comparisons were per-

formed between groups (control, PCA and AD), and PCA

patients compared individually with the AD group. A voxel

based ANCOVA with age as a covariate was used to

identify clusters of voxels that significantly differed in

these comparisons. Global cerebral mean was used as

group specific covariate in a second analysis. Statistical

parametric maps resulting from contrasts of comparisons

were thresholded at puncorr\0.001 at the voxel level. Fur-

ther thresholding at puncorr\0.001 at the cluster level, with

a minimum cluster extent of 350 voxels, led to a joint

probability significance level of pcorr\0.01 corrected for

multiple comparisons at the cluster level.

Results

Demographic and clinical data

Simultanagnosia, alexia, acalculia, agraphia, ideomotor

and constructional apraxia were the most frequent signs

(Table 1). Two patients had a left hemianopia (cases 2 and

5). Mild signs of symmetrical parkinsonism were noticed in

two patients (cases 1 and 3). One patient had visual

hallucinations (case 5). None had fluctuation of cognitive or

motor symptoms. No patient had more than one of these

three cardinal symptoms, and therefore, none fulfilled

clinical criteria for dementia with Lewy bodies (DLB).

None showed evidence of motor signs such as asymmetrical

or unilateral parkinsonism with gestural apraxia or dystonia

consistent with corticobasal degeneration (CBD). PCA

patients were younger than AD patients (p\ 0.05). PCA

patients’ symptoms had been progressing for 1 to 4 years at

the clinical evaluation, compared with 1 to 5 years for AD

patients (n.s). Level of education was also comparable in

the two groups (Table 3). MRI most often showed asym-

metrical cortical or subcortical atrophy in the parietal and

occipital regions. No PCA patient had medial temporal lobe

or hippocampal atrophy suggesting typical AD.

Neuropsychological deficits

Cognitive functions of PCA patients were variably affected

with a mean MMSE ranging from 15 to 28. Impact of

cognitive disorders on autonomy was also variable from one

subject to another with a CDR ranging from 0.5 to 1

(Table 1). PCA and AD patients were not significantly

different in terms of global cognitive function as measured

with MMSE and CDR. Visuoperceptive, visuospatial and

visuoconstructive abilities were systematically affected for

the five PCA patients. Their visuoconstructive apraxia as

assessed with figure copying was more important than that

of AD patients (p = 0.008). Verbal memory was preserved

in two PCA patients (cases 1 and 2), mildly impaired in one

patient (case 5) and moderately altered in two patients

(cases 3 and 4). Because of his visual impairment, patient 4

could not perform FCSRT. His memory performance as

assessed using the French version of the California Verbal

Learning Test was moderately reduced (data not shown).

Memory deficits evaluated with the FCSRT in the four other

PCA patients was less severe than in AD patients (free

delayed recall, p = 0.02; total delayed recall, p = 0.048).

Executive functions were systematically but variably

affected. PCA patients were slower than AD patients during

the TMT-A (p = 0.02). Naming was preserved in two PCA

cases (1 and 3) and impaired in the others (Table 3).

CSF data

Among our five PCA patients (Table 4), three fulfilled

biological criteria for typical AD with abnormal levels of

the three CSF markers (cases 1, 2 and 5). Two PCA

patients were classified as atypical AD due to abnormalities

of either tau or amyloid protein levels (cases 3 and 4).

None had normal CSF biomarkers. Thus, all of PCA

patients showed a biological profile consistent with AD,

either typical or atypical.
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[11C]PIB data

Visual analysis

Visual inspection of the quantitative data showed neocor-

tical retention of [11C]PIB in all PCA patients (Table 3), as

in AD subjects, suggesting underlying amyloid pathology.

No [11C]PIB-RATIO scans of our PCA patients were

considered as normal or doubtful (Table 4, Fig. 1).

ROI analysis (Fig. 2)

PCA, AD versus controls. ROI group analysis showed that

AD and PCA patients had significantly higher RATIO

values than controls in all five neocortical regions inves-

tigated (p\ 0.001). PCA versus AD. There was no sta-

tistical difference of [11C]PIB uptake in the frontal cortex

(p = 0.24), parietal cortex (p = 0.14) and cingulate cortex

(p = 0.88) between PCA and AD patients. PCA patients

had a significantly higher RATIO of [11C]PIB uptake than

AD patients in the occipital cortex (p = 0.03). A trend for

higher binding in PCA was also noticed in the lateral

temporal cortex (p = 0.05).

Parametric image analysis (Fig. 3)

PCA, AD versus controls. Both PCA and AD patients had

significantly higher [11C]PIB uptake in neocortical brain

regions than control subjects (data not shown). PCA versus

AD. When global mean was not included as a covariate in

the analysis, PCA subjects showed a focally higher

[11C]PIB uptake in the visual cortex, the bilateral occipito-

temporal junction, the left parietal cortex and the right

temporal cortex, and to a lesser degree in the frontal cortex

(Fig. 3, no global). These differences were no longer sig-

nificant when global cerebral mean was included as a

covariate (Fig. 3, global). AD versus PCA. There were no

regions of higher [11C]PIB RATIO in AD than in PCA

patients. Individual comparison of PCA patients with the

AD patient group revealed a great heterogeneity of

[11C]PIB-RATIO patterns. In four PCA patients (cases 1, 2,

3 and 5), the posterior regions showed a significantly

higher [11C]PIB-RATIO retention than in the AD group.

Retention of [11C]PIB could encompass the visual cortex

on both sides (case 1 and 2), with more variable extension

to temporal and parietal cortices (cases 2, 3 and 5). How-

ever, two of the four PCA patients (cases 1 and 5) also

Table 4 CSF biomarker profile and PIB-PET pattern of PCA patients

Subjects Ab1–42 (pg/mL) T-tau (pg/mL) P-tau181 (pg/mL) CSF profile PIB-PET pattern

PCA 1 441 450 69 Typical AD Probable AD

PCA 2 461 618 107 Typical AD Probable AD

PCA 3 573 582 107 Atypical AD Probable AD

PCA 4 216 241 48 Atypical AD Probable AD

PCA 5 389 1128 143 Typical AD Probable AD

CSF pattern is considered atypical for patients presenting either elevated T-tau and P-tau181 or decreased Ab42 concentrations. Normal levels of

T-tau, P-tau181 or Ab42 and atypical CSF profile are shown in italics. Subjects are considered to have a typical AD profile if all three levels lay

beyond determined CSF cut-off values. PIB-PET pattern is consistent with a probable AD when showing neocortical retention of [11C]PIB

Fig. 1 [11C]PIB-PET images of PCA patients. [11C]PIB-RATIO

images of all PCA patients show an extensive but variable cortical

[11C]PIB uptake in frontal, temporal, parietal, occipital and cingulate

cortices consistent with amyloid deposition and probable AD.

[11C]PIB uptake in posterior regions is variable from one PCA

subject to another
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showed a higher [11C]PIB retention in the frontal cortex.

Finally, one PCA patient (case 4) did not show higher

[11C]PIB retention in any region as compared to the AD

group, i.e. his [11C]PIB-RATIO pattern was similar to that

of typical AD subjects (Fig. 3).

Discussion

In this study, the combination of CSF biomarker analysis

and [11C]PIB PET scanning in five consecutive prototypi-

cal PCA patients demonstrated in vivo a profile overall

suggestive of AD both for CSF biomarkers and cerebral

amyloid imaging. A posterior cortical distribution of

[11C]PIB involving parietal, temporal and occipital corti-

ces, particularly visual cortex, was inconsistently found in

individual PCA cases, as well as in the group analyses, but

was not significant when global means were taken into

account. Our imaging and CSF data suggestive of AD

diagnosis are concordant with neuropathological studies

showing AD pathology in most PCA cases [2, 3, 9]. There

are few studies comparing CSF and PIB results in AD and

we found only a single PCA case report in the literature

where both biomarkers were available, results of which

were consistent with our findings [36]. Our combined

biomarker study reinforces the hypothesis that the PCA

syndrome is most often a focal form of AD.

Only four case reports, including a total of six patients,

have been published to date. They have shown abnormal

[11C]PIB retention in PCA using visual inspection [36, 37],

ROI analysis [38], or SPM analysis [39], but none com-

bined these three types of analysis.

In our study, SPM and ROI group comparisons showed

higher [11C]PIB retention in PCA patients compared with

AD patients, with a posterior emphasis (Figs. 2, 3). Visual

inspection of scans showed that the five PCA patients had

abnormal cortical retention of [11C]PIB of similar magni-

tude as patients with typical AD (Fig. 1). However, indi-

vidual SPM analyses showed a pattern of cortical [11C]PIB

retention that significantly differed from the AD group,

with higher amyloid burden in the primary visual cortex, in

the parietal or the temporal cortices. Two patients also had

a higher [11C]PIB uptake in anterior regions. Only one

PCA patient had a pattern not distinguishable from AD, i.e.

4/5 did show differences, indicating that such analyses may

be clinically relevant.

ROI and SPM individual analyses also showed a great

interregional variability in [11C]PIB uptake in patients

compared to control subjects, particularly for the PCA

group (Figs. 2, 3). The posterior-anterior gradient of

amyloid load seen in a majority of our PCA patients may

be related to a particular distribution pattern of lesions as

shown in autopsied cases [2, 10]. Indeed, these authors

found more numerous SPs in occipital [2] or occipito-

Fig. 2 ROI analysis of PCA group versus typical AD group. AD and

PCA patients have significantly higher RATIO values than controls in

all five investigated neocortical regions (p\ 0.001). There is no

statistical difference of [11C]PIB retention in the frontal (p = 0.24),

parietal (p = 0.14) and cingulate cortices (p = 0.88) between PCA

and AD patients. PCA patients have a significantly higher RATIO of

[11C]PIB uptake than AD in the occipital cortex (p = 0.03). A trend is

also noticed in lateral temporal cortex (p = 0.05)
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parietal regions [10] than in frontal regions [10] and hip-

pocampus [2]. However, these data seem less robust than

those related to NFTs, showing higher density in posterior

regions in PCA compared to AD. Thus, the pattern of

posterior predominance of PIB uptake was no longer found

when the overall level of PIB binding was included as a

covariate in the SPM group comparison (Fig. 3). This

discrepancy is likely to be due to a global higher [11C]PIB

retention in PCA compared to AD (Fig. 2).

Some previous PIB-PET studies showed a positive

correlation between [11C]PIB uptake, severity of cognitive

deficit in AD [40], hypometabolism [41] and level of

education [42]. These variables, as well as disease duration,

were, however, not different between groups in our sample,

and hence do not explain the higher amyloid load in our

PCA group. Age is unlikely to underlie the global

difference, even if the patients in the PCA group were

younger, this variable having been included as a covariate

in the SPM analysis. In the same way, another study did not

show any correlation between [11C]PIB uptake and age at

onset, clinical status or glucose metabolism in AD [43].

Higher NFT density and more severe neuronal loss were

shown in early-onset PCA compared to late-onset cases

[10] whereas differences in amyloid load were not

reported.

Increased [11C]PIB retention in neocortical regions in

our AD group compared to controls is consistent with the

literature [14, 15, 42, 44].The five PCA patients had neo-

cortical [11C]PIB retention comparable to AD patients. PIB

positivity is highly suggestive of amyloid deposition [16].

It correlates with the presence and the concentration of

neuritic plaques characteristic of AD [18]. It is indicative

Fig. 3 SPM analysis of individual PCA patients and PCA group vs

typical AD group. Individual analysis. Four PCA patients (cases 1, 2,

3 and 5) show a significantly higher retention of [11C]PIB than typical

AD in posterior regions with a variable pattern including occipital,

temporal and/or parietal cortices. Two of these four PCA patients

(cases 1 and 5) also show a higher [11C]PIB retention in the anterior

regions. One case (case 4) presents a [11C]PIB uptake pattern similar

to that of typical AD subjects. Group analysis. When global mean is

not included as a covariate in the analysis, PCA subjects, in

comparison to AD patients, show a focally higher [11C]PIB retention

in the visual cortex, the bilateral occipito-temporal junction, the left

parietal and the right temporal cortices but also in frontal cortex at a

lesser degree. These differences are no longer found with global

cerebral mean as a covariate
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of amyloid brain pathology, but not pathognomonic of AD.

Amyloid deposits can also be found in DLB [45, 46], and

in non-demented aged controls [47, 48]. Based on [11C]PIB

data, our five PCA patients have increased amyloid con-

centrations and are likely to have AD pathology. None of

them have symptoms consistent with DLB or CBD, which

is also in line with this hypothesis.

CSF showed decreased Ab42 levels in four patients and

elevated levels of T-tau and P-tau181 in a partially over-

lapping group of four others. According to our results,

three of the five PCA patients (cases 1, 2 and 5) showed a

typical AD CSF profile. The two others (cases 3 and 4)

with either elevated CSF tau or decreased Ab42 showed a

less typical profile, which is nevertheless consistent with

AD. Our study thus identified a dominant AD type bio-

logical profile in PCA. These findings are in accordance

with published studies with CSF analysis in PCA [49]

(Seguin et al., in press). Decreased CSF Ab42 and elevated

phosphorylated tau at threonine 199 levels have been

reported in a single case of PCA [36].

Decreased levels of CSF Aß42, which have been linked

to trapping of the protein in senile plaques [50], is a reliable

marker of AD pathology, with a variable diagnostic sen-

sitivity (58–96%) and specificity (61–86%). Taking into

account increased levels of T-tau protein and P-tau181

protein also helps to identify AD patients with a sensitivity

of 65–80% and specificity of 60–92% in different studies

with post-mortem confirmation of diagnosis [12, 51, 52].

Combining the three biomarkers achieves sensitivities and

specificities of about 90% [30, 53]. Cut-off values used in

our study are compatible with normative data of most

laboratories [30–32, 54], and we are confident in the AD

diagnosis of our patients with typical AD CSF profiles.

Atypical CSF patterns have previously been described in

patients with autopsy-based diagnosis of AD [55] and

remain consistent with underlying AD pathology. How-

ever, these CSF profiles are less specific of AD and can be

found in other neurodegenerative diseases, sometimes

associated with AD. CSF profiles with low Ab42 and nor-

mal tau proteins level have been found in particular in

patients showing AD lesions in association with DLB [56],

vascular dementia, or Parkinson’s disease with dementia

[55]. Similarly, CSF profiles with normal Ab42 and ele-

vated tau and P-tau181 levels were described in autopsied

cases, either with vascular dementia or DLB [55]. None of

our patients, even those with atypical CSF patterns, ful-

filled diagnostic criteria for DLB. They are therefore most

likely to have underlying AD, but DLB associated with AD

pathology remains a differential diagnosis.

Although histological data were not available and the

sample size was small, our results indicated that a combi-

nation of biomarkers could demonstrate amyloid burden in

vivo in PCA, suggesting a diagnosis of AD in these

patients. We could not formally exclude associated DLB

pathology, but our PET and CSF data were consistent with

those of neuropathological studies in PCA. Our results also

showed a posterior regional pattern of amyloid deposits in

PCA. Although this finding was reminiscent of the regional

distribution of histological lesions, it was partially

explained by a globally higher [11C]PIB retention in PCA

as compared to AD in our sample. This higher amyloid

burden in PCA compared to AD was not related to age at

onset, disease severity, disease duration or level of

education.

Although post mortem examination remains the only

way to determine the whole spectrum of pathological

events related to this clinical condition, we found com-

bined CSF and PET biomarkers helpful in the in vivo

diagnosis of PCA with underlying AD pathology.
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RÉSUMÉ 
 

Le diagnostic de la maladie d’Alzheimer (MA) est tardif et présente un manque de fiabilité en 
regard de l’examen neuropathologique postmortem permettant de confirmer ce diagnostic. En 
effet, les présentations cliniques de la MA peuvent être multiples et parfois atypiques. Des 
anomalies dans les concentrations des protéines tau, tau phosphorylées et amyloïdes bêta, au 
sein du liquide céphalorachidien (LCR), ont permis d’améliorer le diagnostic du vivant du 
patient. Nous avons évalué la performance de ces marqueurs, dans le LCR, utilisés pour le 
diagnostic de la MA dans les formes syndromiques atypiques. L’utilisation de ces marqueurs 
augmente la précision du diagnostic lors de ces différentes présentations cliniques. De plus, 
nous avons mis au point un test diagnostic biochimique postmortem des différentes 
tauopathies permettant de mieux les caractériser en complément de l’examen 
neuropathologique. Enfin, nous avons conçu et caractérisé des anticorps spécifiquement 
dirigés contre la protéine tau phosphorylée en position 231. Cet outil nous a permis de 
développer un test ELISA dans le LCR. Des résultats préliminaires suggéreraient une 
interaction in vivo entre les protéines tau et Prion. Ces résultats, décrits pour la première fois, 
sont corrélés à nos observations histologiques. 
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TITLE 
 

Biological tools contribution for characterising several tauopathies with regard to various 
clinical presentations of neurodegenerative disorders 
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ABSTRACT 
 

Diagnosis of Alzheimer’s disease (AD) is late with a lack of reliability with regard to 
postmortem neuropathological examination that permits to confirm this diagnosis. Indeed, 
many clinical presentations of AD can occur and sometimes atypical. Anomalies in 
cerebrospinal fluid (CSF) levels of tau, phosphorylated tau and amyloid beta proteins 
permitted to improve antemortem diagnosis. We evaluated biomarkers performance, into 
CSF, used for AD diagnosis in syndromal atypical forms. The use of these biomarkers 
increases the accuracy of diagnosis during these different clinical presentations. Moreover, we 
adjusted a biochemical postmortem diagnosis test of tauopathies giving the interest to better 
characterize them in addition to neuropathological examination. Finally, we developed and 
characterized antibodies specifically directed against phosphorylated tau protein on 231 
epitope. This tool permitted to make an ELISA test in CSF. Preliminary results may suggest 
an in vivo interation between tau and Prion proteins. These results, described for the first time, 
correlated with our histological observations. 
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DISCIPLINE 
 

Neurosciences 
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Démences neurodégénératives, Alzheimer, liquide céphalorachidien, Creutzfeldt-Jakob, 
diagnostic, protéine tau, Prions, amyloïde bêta 
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