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BACKGROUND

Human prion diseases or transmissible spongiform encephalopa-
thies are a group of rare neurodegenerative disorders, which
include sporadic, familial, iatrogenic and variant forms of
Gerstmann—Straussler—
Scheinker disease (GSS), sporadic and familial fatal insomnia and

Creutzfeldt-Jakob  disease  (CID),
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Abstract

Invivo amyloid PET imaging was carried out on six symptomatic and asymptomatic carriers
of PRNP mutations associated with the Gerstmann—Stréussler—Scheinker (GSS) disease, a
rare familial neurodegenerative brain disorder demonstrating prion amyloid neuropathology,
using 2-(1-{6-[(2-[F-18]fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitrile
([F-18]FDDNP). 2-Deoxy-2-[F-18]fluoro-D-glucose PET ([F-18]FDG) and magnetic reso-
nance imaging (MRI) scans were also performed in each subject.

Increased [F-18]FDDNP binding was detectable in cerebellum, neocortex and subcorti-
cal areas of all symptomatic gene carriers in close association with the experienced clinical
symptoms. Parallel glucose metabolism ([F-18]FDG) reduction was observed in neocortex,
basal ganglia and/or thalamus, which supports the close relationship between
[F-18]FDDNP binding and neuronal dysfunction. Two asymptomatic gene carriers dis-
played no cortical [F-18]FDDNP binding, yet progressive [F-18]FDDNP retention in
caudate nucleus and thalamus was seen at 1- and 2-year follow-up in the older asymptomatic
subject. /n vitro FDDNP labeling experiments on brain tissue specimens from deceased
GSS subjects not participating in the in vivo studies indicated that in vivo accumulation of
[F-18]FDDNP in subcortical structures, neocortices and cerebellum closely related to the
distribution of prion protein pathology. These results demonstrate the feasibility of detecting
prion protein accumulation in living patients with [F-18]FDDNP PET, and suggest an
opportunity for its application to follow disease progression and monitor therapeutic
interventions.

Abbreviations: GSS, Gerstmann—Stridussler—Scheinker disease; PrP, prion protein;
PRNP, prion protein gene; PrP¢, normal cellular form of the prion protein; PrP%, disease-
specific isoform of the prion protein; CJD, Creutzfeldt—Jakob disease.

kuru (3-5, 10, 11, 21, 25-27). Prion diseases are characterized by a
wide spectrum of clinical abnormalities that include ataxia, myo-
clonus, pyramidal and extrapyramidal signs and cognitive impair-
ment. The pathological hallmark of these diseases is accumulation
of a pathological form of the prion protein (PrP), in some cases in
the form of prion protein amyloid plaques in addition to spongi-
form changes (vacuolation), astrocytic proliferation and neuronal
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loss, all of which can be found in patterns, varying by illness and
disease stage, throughout the cerebrum, cerebellum and subcorti-
cal structures (4, 6, 8, 10, 28, 30).

Although the worldwide incidence of CJD is estimated as one
case per million per year (27), the detection of transmissible
spongiform encephalopathies in cattle in Great Britain in the 1980s
demonstrated their potential for rapid spread to humans. As a
result, the role of imaging modalities in their early detection is
being investigated (33). In addition to FDDNP (2), two Congo red
derivatives, methoxy-X04 (29) and (trans,trans)-1-bromo-2,5-bis-
(3-hydroxycarbonyl-4-hydroxy)styrylbenzene (15), and a thiofla-
vin derivative, 2-[4’-(methylamino)phenyl]benzothiazole (15)
were initially suggested as potential imaging probes to target
prion amyloid deposits in vivo. These probes have been reported to
bind to compact PrP plaques in selected brain specimens of human
prion diseases and mice infected with transmissible spongiform
encephalopathy after intravenous injection, but their use in living
humans has not yet been reported.

In this work, we investigated 2-(1-{6-[(2-[F-18]fluoroethyl)
(methyl)amino]-2-naphthyl}ethylidene)malononitrile ([F-18]
FDDNP) as a PET imaging ligand for prion diseases in the brain of
six living subjects carrying mutations associated with GSS. The in
vivo use of [F-18]FDDNP was supported by earlier in vitro experi-
ments with human brain specimens from selected prion diseases and
other neurodegenerative disorders (2, 32). To test the effectiveness
of in vivo [F-18]JFDDNP PET in visualizing PrP amyloid load, we
chose subjects from three GSS families with known point mutations
of the PRNP gene (Table 1). GSS mutation carriers with known
pathologal characteristics (Supporting Data) were chosen to assess

Table 1. Demographic data for subjects participating in the study.
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the sensitivity of the imaging tools and evaluate their limitations.
GSSisagood disease model for these imaging studies because of its
predictable clinical progression resulting from the high penetrance
of the autosomal dominant mutations and because of high amyloid
load. [F-18]FDDNP PET data were compared with 2-deoxy-2-[F-
18]fluoro-D-glucose ([F-18]FDG) PET, as well as structural mag-
netic resonance imaging (MRI) brain scans on the same subjects and
the results statistically correlated with their clinical symptoms and
disease evolution. Twelve-, and 27- to 28-month follow-up data were
obtained on two mutation carriers, respectively, one with the F198S
mutation and the other with P102L mutation.

PATIENTS AND METHODS

All procedures were approved by the human subject protection
committees of the University of California at Los Angeles and
Indiana University. A written informed consent was obtained from
all subjects or their legal representative if the subjects were cogni-
tively impaired.

Participants

Six GSS subjects carrying PRNP gene point mutations participated
in the study: one symptomatic P102L carrier (subject 10141, codon
129 M/M), one symptomatic A117V carrier (subject 10308, codon
129 V/V), two symptomatic F198S carriers (Indiana kindred,
subject 10136, codon 129 V/V; and subject 10151, codon
129 V/V) and two asymptomatic (subject 10142, codon 129 M/V;
and subject 10158, codon 129 M/V) (patient demographics in

Subject Scan Gender Codon Age* Timeafter MMSE* Neurological assessment*
(mutation) 129 disease score
status diagnosis
(years)

10141 (P102L) Baseline M M/M 43 1 26 Uncoordinated gait, myoclonic jerks, memory deficits
12-month follow-up 44 2 27 Increased motor incoordination, mild bradykinesia
27-month follow-up 46 4 28 Severe deterioration

Decreased gaited stability, tremor in all extremities,
progressive cognitive impairment

10308 (A117V) Baseline M A% 45 2 18 Dementia, ataxia, Parkinsonism, depression,

generalized weakness

10136 (F198S) Baseline F VIV 39 3 23 Parkinsonian symptoms, motor incoordination,

depression, cerebellar dysfunction and cognitive
deficits. Wheel-chair bound

10151 (F198S) Baseline M VIV 48 3 24 Parkinsonian symptoms, dystaxia, motor

incoordination, dementia

10142 (F198S) Baseline F M/N 44 — 30 Asymptomatic
12-month follow-up 45 — 30 Asymptomatic
28-month follow-up 47 — 30 Asymptomatic

10158 (F198S) Baseline F M/NV 30 — 28 Asymptomatic

Alzheimer's disease — 5F/5M  — 72.2 — 18.4 —

+6.6 +3.3

Controls — 6F/AM  — 43.8 — 29.8 —

+6.9 +0.4

*At the time of the PET/MRI scans. Group values are given as mean + 1 SD.
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Table 1). The subjects were recruited from the cohort of PrP-
mutation-carrier subjects, clinically evaluated (Martin R. Farlow,
MD) at the Indiana Alzheimer Disease Center, Indiana University,
to participate in a large PET imaging study of Alzheimer’s disease
(AD) and other dementias conducted at the University of Califor-
nia at Los Angeles. Ten age-matched, cognitively normal control
subjects (six females, four males; average age: 43.8 = 6.9, ranging
from 30 to 52 years) and 10 subjects with mild to moderate AD
(five females, five males; average age: 72.2 = 6.6) were used for
comparison.

All GSS subjects received clinical and neuropsychological
evaluations at the Indiana Alzheimer Disease Center, and were
reevaluated on a yearly basis when possible. Initial diagnoses and
change in disease status were determined at consensus diagnostic
conferences. Each subject also underwent additional neuropsy-
chological testing (18) at UCLA each time they received
[F-18]FDDNP, [F-18]FDG-PET and MRI scans (full clinical and
cognitive profiles included in Supporting Tables S3 and S4).

Imaging protocols

MRI

T1-weighted magnetization prepared rapid acquisition gradient
echo (MPRAGE) MRI volumetric scans, using a 3T Siemens
Allegra MRI scanner (Erlangen, Germany) (sagittal plane; repeti-
tion time 2300 ms; echo time 2.93 ms; 160 slices; slice thickness
1 mm, skip 0.5 mm; in-plane voxel size 1.3 x 1.3 mm; field of view
256 x 256; flip angle 8°), were obtained.

Imaging protocols

PET

PET scans were performed sequentially at the UCLA Ahmanson
Biomedical Imaging Center using a Siemens CTI ECAT HR+
scanner (Knoxville, TN) within 3 days after each MRI scan. After
10 minutes attenuation scan on the patient lying in a supine posi-
tion on the tomograph bed, scanning was initiated following
a bolus intravenous injection of either 10 mCi (370 MBq) of
[F-18]FDDNP (19) or [F-18]FDG (24). Dynamic acquisition
frames were obtained as follows; for [F-18]FDDNP: 6 X 30 s,
4x180s, 5x600s and 3 x 1200 s for the total duration of 2 h;
for [F-18]FDG PET: 9x5s, 3x15s, 3x30s, 1x120s,
5x300s and 3 x 600 s for the total duration of 1h. All scans
were corrected for decay and reconstructed using filtered back-
projection (Hann filter, 5.5 mm FWHM) with scatter correction
and measured attenuation correction. The resulting images con-
tained 63 contiguous slices with the plane-to-plane separation of
2.42 mm. No partial volume correction was performed.

Imaging analysis: Logan graphical analysis of
[F-18]IFDDNP data

Parametric images of relative distribution volume (DVR) (16, 31)
were generated by Logan graphical analysis, using the time—
activity curve of white matter as the reference (20) as previously
described (11). In these cases, reference region-of-interest (ROI)
placement is on large volume of white matter in the frontal lobe.
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[F-18]JFDDNP DVR parametric images, generated using dynamic
frames between 25 minutes and 65 minutes, were analyzed using
ROIs drawn on co-registered MRI for left and right parietal, medial
temporal (limbic regions, including the hippocampus, parahippoc-
ampal areas and entorhinal cortex), lateral temporal, posterior cin-
gulate and frontal regions (31). The average of all cortical regional
values was used as a measure of global cortical DVR. Use of white
matter as a reference region was validated by comparing results of
[F-18]FDDNP PET data from 10 controls and 10 AD patients using
Logan graphical analysis with cerebellum (31) and white matter as
reference regions (37) (Supporting Figure S1). [F-18]FDDNP R1
values, defined as the ratio of brain delivery from blood to brain
tissue in the target tissue (Ki) and the reference tissue (K1R; white
matter), were obtained as previously described (37).

[F-18]FDG SUVR values

[F-18]FDG PET images, containing summed data from 30 minutes
to 60 minutes, were analyzed using a set of ROIs drawn bilaterally
on frontal, parietal, lateral temporal, medial temporal cortices, pos-
terior cingulate gyrus (31) and on striatum, thalamus and cerebellar
cortex. SUVR was calculated as the ratio of the ROI value in the
area of interest to the ROI value on the white matter (23). The
average of all cortical regional values was used as a measure of
global cortical SUVR. As cortical coincidence of pathological
deposition of amyloid with glucose metabolic deficits is not
necessarily expected, two separate sets of ROIs were used for
[F-18]FDDNP and [F-18]FDG (16, 31).

FDDNP fluorescence microscopy and
immunohistochemistry to tau and PrP

All subjects studied remained alive at the time this work was com-
pleted. Thus, confirmatory FDDNP (2, 32) labeling experiments
were performed on brain tissue specimens from 11 deceased
members of the Indiana GSS kindred not participating in the
imaging experiments, including one mutation carrier who died
before the onset of clinical symptoms. Brain sections from a person
with no neurological disorder were used as negative controls
(detailed description of methods in Supporting Methods).

RESULTS

[F-18]IFDDNP PET

Summary results are provided in Table 2, and representative scans
are provided in Figures 1 and 2. All symptomatic subjects showed
elevated subcortical [F-18]FDDNP binding consistent with
extended distribution of pathology in basal ganglia and thalamus
(9), and also consistent with the observed clinical symptoms attrib-
utable to impairment in subcortical structures most characteristi-
cally extrapyramidal symptoms. In all severe symptomatic cases,
global cortical and subcortical (ie, basal ganglia and thalamus)
hypometabolism, as well as severe atrophy, were prominently
present (Figures 1 and 3A,B,G; Table 3; MRI images Supporting
Figure S2).

All symptomatic subjects, with the exception of subject 10308
(A117V  mutation carrier), also demonstrated increased
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Subject 10158 (F198S) asymptomatic
FDDNP FDG

-

Subject 10136 (F198S) symptomatic

FDDNP MRI

FODNP DVR: 0.9

Figure 1. [F-18]FDDNP PET, MRl and [F-18]FDG PET imaging results for
four carriers of F198S mutation. [F-18]FDDNP, [F-18]FDG and MRI scans
in the asymptomatic subject 10158 are comparable with those of the
age-matched control group. By contrast, asymptomatic subject 10142
shows increased [F-18]FDDNP binding and mildly decreased [F-18]FDG
uptake in basal ganglia. Both symptomatic subjects 10136 and 10151

[F-18]FDDNP binding in cerebellum, as expected from the known
distribution of GSS pathology in advanced stages (10). This
accumulation is entirely consistent with the progressive develop-
ment of incoordination, decreased gait stability, dystaxia and other
cerebellar dysfunction in these patients. The absence of cerebellar
[F-18]FDDNP binding in the A117V mutation carrier is consistent
with the small amount of PrP amyloid plaques in the cerebellum
associated with this mutation (eg, subject 10308 is a telencephalic
variant of A117V GSS based on clinical and MRI results) (10, 13)
(Figure 2C).

All symptomatic subjects showed increased levels of global
cortical [F-18]FDDNP binding compared with the normal control
subjects with distribution patterns that differed among cases
(Figure 3C-E). Regional subcortical and cortical differential
[F-18]FDDNP patterns, as well as their evolution in patient follow-
up, are the best parameters to determine differences in
[F-18]FDDNP accumulation patterns (31) as done in this work. To
establish diagnostic sensitivity and specificity of [F-18]JFDDNP for
GSS vs. AD, a larger number of cases would be required. One

Brain Pathology 20 (2010) 419-430
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Subject 10142 (F1985) asymptomatic
FDDNP MRI FDG

Subject 10151 (F1985) symptomatic
FDDNP MRI

have increased [F-18]FDDNP binding in basal ganglia and thalamus,
which is paralleled by decreases in [F-18]FDG uptake in the same areas.
Consistent with pathology reports on presence of prion protein plagues
in cerebellum, both subjects have increased [F-18]FDDNP binding in the
cerebellum. Cerebral cortex is affected to various degrees with variable
patterns of binding. Warmer color images represent higher uptake.

asymptomatic gene carrier (10158; GSS F198S mutation) showed
minimal [F-18]FDDNP cerebral binding, comparable with that of
control subjects. The other asymptomatic subject (10142, GSS
F198S mutation) demonstrated increased bilateral [F-18]JFDDNP
binding (>2 SD) in the caudate nucleus with incipient cortical
involvement at the time of the first scan. Interestingly, in spite
of the lack of clinical symptoms, glucose metabolic deficits in
basal ganglia (>2 SD) and thalamus (>1 SD) were also present
(Figures 2B and 3A,B).

Longitudinal follow-up of subjects

Two patients received follow-up scans (Table 2; Figure 2A,B).
For symptomatic subject 10141 (P102L GSS), the initial
[F-18]FDDNP scan showed increased binding in the basal ganglia
and thalamus, which steadily increased in repeated follow-up scans
at 12 months and 27 months after the initial scan (Figure 3C-E; see
also Supporting Figure S3 and Supporting Table S1). Cerebellar
[F-18]FDDNP binding was increased in all three scans with no
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A
Subject 10141 (P102L) symptomatic
1 P o

baseline

Kepe et al

Longitudinal study B

Subject 10142 (F198S) asymptomatic

Subject 10308 (A117V) symptomatic

FDDNP MRI

FDDNP
DWVR
14

Figure 2. [F-18]FDDNP PET, MRl and [F-18]FDG PET imaging results of
longitudinal study of symptomatic P102L mutation carrier 10141 (A) and
asymptomatic F198S mutation carrier 10142 (B), and imaging results for
PRNP mutations A117V carrier 10308 (C). (A) Imaging results of the
three-point 27-month longitudinal study of P102L mutation carrier 10141
from early symptomatic stage (baseline) to very affected stage (27-
month follow-up). Cerebellum shows increased levels of [F-18]FDDNP
binding at all three stages; basal ganglia, thalamus and cerebral cortex
show increased levels of binding at both follow-up points. [F-18]FDG
also demonstrates progressive decline, most notably in basal ganglia
and parieto-temporal areas. (B) Results of the three-time point 28-month

apparent progression. The cerebral cortex showed the most promi-
nent binding in the lateral temporal lobe at baseline, and this lateral
temporal cortical binding increased and extended to the parietal
cortex and posterior cingulate gyrus at follow-up.

424

FDG

longitudinal study in asymptomatic F198S subject 10142. [F-18]FDDNP
demonstrates progressive involvement of basal ganglia and thalamus,
paralleled by metabolic deficits ([F-18]FDG) in similar areas. (C) Imaging
results for the symptomatic A117V mutation carrier 10308. The brain is
heavily affected as reflected in severe loss of white matter, cortical
atrophy and enlargement of all ventricles (MRI). High [F-18]FDDNP
binding was observed in all cortical and subcortical areas with exception
of cerebellum which shows no signal above control levels. This is paral-
leled by [F-18]FDG uptake decrease in whole brain with the exception of
cerebellum. Warmer colors represent higher uptake.

The patterns of progression in follow-up scans were con-
sistent with progressive neurological and neuropsychological
decline observed on clinical examination, which included severe
general neurological deterioration with increased cerebellar
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incoordination and decreased gait stability. T1 MRI scans avail-
able at baseline and 12-month follow-up showed dilated lateral
ventricles and global cortical atrophy, which progressed at
follow-up. The [F-18]FDG PET scans showed reduced uptake in
basal ganglia, thalamus and all cortical regions at baseline, and
further decline in glucose utilization at two follow-up scans (12
months and 27 months), most prominently in the parietal regions,
all of which are also consistent with the progressive cognitive
deterioration observed in this patient (Figures 2A and 3E,G; see
also Supporting Tables S3 and S4).

Asymptomatic subject 10142 (F198S GSS) also had three
[F-18]FDDNP scans (baseline, 12-month and 28-month follow-
up). Interestingly, [F-18]FDDNP binding in basal ganglia and
thalamus, with sparing of most cortical areas and cerebellum, was
observed at baseline and at follow-up. [F-18]FDG PET showed
minimal glucose metabolic decline in subcortical and parietal
regions, all of which suggest the subcortical nature of initial prion
deposition (Table 3; see also Supporting Figure S4 and Supporting
Table S2). T1 MRI scans at follow-up were comparable with those
of controls with no noticeable atrophy or ventricular dilation. Even
though no abnormal clinical signs were manifested in this subject,
the results of cognitive tests pointed to subtle deterioration in at
least one cognitive domain (ie, verbal and visual memory tasks)
(Supporting Table S4). Perfusion delivery in subcortical
structures—the brain areas with higher [F-18]FDDNP DVR in the
GSS subjects studied in this work—is not significantly affected,
regardless of the degree of disease severity (R1 values, see Sup-
porting Figure S5).

In vitro fluorescent FDDNP labeling of
GSS brain specimens

In vitro labeling determinations carried out on brain sections of
F198S GSS cases confirmed FDDNP’s ability to bind strongly to
prion plaques with dense cores, and moderately labeled diffuse
plaques, in the cerebral and cerebellar cortex and the striatum
(Figure 4, panel la—f) (2, 32). Only background signal was
observed in control brain sections (Figure4, panel lg—i). A
co-localization analysis of FDDNP fluorescence with prion or tau
immunoreactivity showed that on average, 89% of the area
labeled by FDDNP was also immunoreactive to prion-specific
antibody (Figure 4, panel 2a—c), with an average co-localization
coefficient Mppne 0f 0.91. By contrast, in the case of tau aggre-
gates, only 33% of the area labeled by FDDNP was also labeled
by tau IHC (Figure4, panel 2d-f) with the average
co-localization coefficient Mgppxp of 0.17. Two-tailed Wilcoxon
rank sum test showed the differences in both measures (percent of
signal area overlap and the co-localization coefficient) between
FDDNP—prion IHC and FDDNP—tau IHC to be highly significant
(W=0, P=0.00001).

DISCUSSION

This investigation demonstrates that [F-18]FDDNP brain binding
patterns in patients with GSS and asymptomatic gene carriers
follow the distribution and progression of PrP deposition
expected in living people with GSS-associated mutations, and
is also in consistent agreement with clinical symptoms.
[F-18]JFDDNP scans of the confirmed FI198S mutation
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carriers—at various clinical stages of the illness—provide the
first glimpse into the pathology development in the living brain of
these subjects. In two asymptomatic F198S mutation carriers
studied, [F-18]FDDNP scans were either similar to controls
(10158), or showed increased binding in subcortical structures
and limited cortical involvement (10142) (Figure 1) in patterns
comparable with those observed in familial AD gene mutation
carriers (17). Detectable progression of [F-18]FDDNP accumula-
tion in asymptomatic F198S GSS subject 10142, accompanied
with hypometabolism in the same cortical and subcortical struc-
tures (Tables 2 and 3; Figure 3A,B) is indicative of the clinically
silent evolution of the disease and the compensatory mechanisms
at play to preserve function, as earlier observed with [F-18]FDG
PET in asymptomatic at-risk Huntington’s disease mutation
carriers (22).

The increased [F-18]FDDNP binding in subcortical and corti-
cal structures, including the cerebellum, observed in symptomatic
F198S GSS patients (10136 and 10151) likely reflects more
extended disease-related brain damage. At this stage, widespread
cortical and subcortical brain damage is responsible for the
prominent neuropsychiatric and motor symptoms observed,
including ataxia, Parkinsonian signs and progressive cognitive
decline (7, 9). These [F-18]FDDNP PET results are also consis-
tent with the localization of PrP deposition characteristically
found at autopsy in this disease (10). In advanced stages, damage
to neuronal circuits is widespread as reflected in the observed
decreased metabolism in [F-18]FDG scans of GSS mutations
carriers (12, 34). MRI results are also in agreement with earlier
observations that structural MRI often appears normal in
Creutzfeldt—Jakob disease and GSS at the onset of the disease,
yet atrophy is a prominent feature in sequential follow-up scans
reflecting disease progression (14, 35).

In vitro analysis of fluorescent FDDNP labeling in brain sec-
tions of GSS patients supports the in vivo [F-18]FDDNP PET
findings. The moderately FDDNP-labeled loose-structured prion
plaques present in great abundance in the striatum and thalamus
(9) are the most likely source of the high [F-18]FDDNP PET
binding observed in these regions in the living brain of F198S
GSS subjects. Co-localization analysis (of fluorescent FDDNP
and IHC labeling) indicated that FDDNP targets primarily PrP
deposits and not the tau aggregates which are widely present in
the brains of F198S mutation subjects. Nevertheless, this analysis
does not provide unequivocal evidence that prion amyloid is pri-
marily labeled. To minimize confounding factors regarding the
ability of [F-18]FDDNP to visualize prion accumulation in these
patients, we incorporated a GSS symptomatic patient with a
P102L mutation (10141) in this investigation. The clinical pheno-
type for this mutation is a progressive cerebellar syndrome pre-
senting with either typical GSS or a combination of GSS and
Creutzfeldt—Jakob disease neuropathological features (amyloid
plaques and spongiform degeneration, but no appreciable tau
pathology) (10, 36). In this P102L mutation carrier, the
[F-18]FDDNP PET signal in the cerebellum, basal ganglia, thala-
mus and temporal lobe was found to be comparable with that in
symptomatic F198S mutation subjects, wherein the cortical tau
deposition is common. Based on the known distribution of PrP
pathology in P102L patients, accumulation of [F-18]FDDNP in
the neocortex and cerebellum is expected, as well as involvement
of the medial temporal lobe, which is consistent with the
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commonly observed memory and other psychomotor deficits.
Progressive ataxia in subject 10141 was also correlated with
increases in [F-18]FDDNP cortical and subcortical PrP
deposition as shown in the 28-month follow-up of this
patient (Figures 2A and 3F,G). Neuronal losses and circuit dys-
function resulting from spongiform degeneration and PrP plaques
are also suggested by widespread progression of global
hypometabolism, and evidenced clinically by generalized deterio-
ration of motor and neuropsychiatric function (Table 2;
Figure 3A,B,EG) (34).

These [F-18]JFDDNP PET observations, taken together with
the in vitro results, suggest that prion plaque labeling alone
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accounts for the most prominent portion of the signal observed in
F198S GSS subjects. To further demonstrate the discriminative
value of [F-18]FDDNP PET in assessing prion aggregate deposi-
tion in the brain of GSS patients, we incorporated to this investi-
gation a patient from an A117V family (10308). In this mutation,
variable amounts of PrP amyloid plaques and diffuse deposits are
found in cerebral cortex, hippocampus, basal ganglia and thala-
mus, but they may be absent or present in small amounts in the
cerebellum (10). In agreement with these pathological observa-
tions, [F-18]FDDNP PET binding in this patient (10308) demon-
strates relative sparing of cerebellum, but widespread cortical and
subcortical involvement consistent with their clinical symptoms.

Brain Pathology 20 (2010) 419-430

© 2009 The Authors; Journal Compilation © 2009 International Society of Neuropathology



Kepe et al

Figure 3. (A,B) Correlation of [F-18]FDDNP DVR and [F-18]FDG SUVR in
striatum and thalamus of Gerstmann-Straussler-Scheinker (GSS) sub-
jects (black symbols) in comparison with normal controls (blue symbols),
and Alzheimer's disease patients (red symbols). (C-E) Scatter plots of
[F-18]FDDNP DVR in striatum, thalamus and global cortices in the same
GSS subjects. (F,G) Three-dimensional plots of [F-18]FDDNP DVR and
[F-18]FDG SUVR global cortices vs. memory measures (Buschke total),
and striatum vs. motor symptoms (rated as normal, mild, moderate and
severe). Statistics: Spearman rank correlations of [F-18]FDDNP DVR
values with [F-18]FDG SUVR values in striatum (A) and thalamus (B)
were significant at rs =-0.497 (P=0.05) for striatum, and rs =-0.703
(P=0.002) for thalamus. (C) Zscores (number of SDs from control group
mean value) for global [F-18]FDDNP DVR are: symptomatic subject
10136 = 3.1; symptomatic subject 10151 =3.7; symptomatic subject
10141 =2.1, 4.6 and 6.4 for scans 1, 2 and 3, respectively; symptomatic
subject 10308 = 9.5; asymptomatic subject 10142 = 1.8, 3.0 and 2.3 for
scans 1, 2 and 3, respectively; asymptomatic subject 10158 = -0.7. (D)
Z scores for striatum [F-18]FDDNP DVR are: symptomatic subject
10136 =9.5; symptomatic subject 10151 = 12.6; symptomatic subject
10141 =3.8, 7.5 and 9.2 for scans 1, 2 and 3, respectively; symptomatic
s‘ubject 10308 = 12.0; asymptomatic subject 10142 = 5.5, 5.9 and 7.2 for

[F-18]FDDNP PET Imaging of Brain Prion Pathology in GSS

scans 1, 2 and 3, respectively; asymptomatic subject 10158 = -0.3. (E)
Z scores for thalamus [F-18]FDDNP DVR are: symptomatic subject
10136 = 2.9; symptomatic subject 10151 = 10.7; symptomatic subject
10141 =3.8, 4.9 and 5.3 for scans 1, 2 and 3, respectively; sub-
ject 10308 = 6.5; asymptomatic subject 10142 =1.5, 2.4 and 3.4 for
scans 1, 2 and 3, respectively; asymptomatic subject 10158 is —0.8. (F)
The following statistical correlations are observed: [F-18]FDG SUVR
(global) vs. [F-18]FDDNP DVR (global) is significant with Spearman coef-
ficient rs =-0.803 (P< 0.001); [F-18]FDDNP DVR (global) vs. Buschke
total significant with Spearman coefficient rs=-0.83 (P=0.04); and
[F-18]FDG SUVR (global) vs. Buschke total significant with Spearman
coefficient rs=0.89 (P=0.02). (G) The following correlations are
observed: [F-18]FDG SUVR (striatum) vs. [F-18]FDDNP DVR (striatum)
is significant with Spearman coefficient rs=-0.497 (P<0.05);
[F-18]FDDNP DVR vs. motor symptoms is significant with Spearman
coefficient rs =-0.878 (P=0.02); and [F-18]FDG SUVR vs. motor symp-
toms was not significant with Spearman coefficient rs = 0.683 (P=0.13).
Z scores for [F-18]FDDNP DVR and [F-18]FDG SUVR are included in
Supporting Table S3 for all cortical and subcortical structures analyzed.
Values larger than 2.0 SD are bolded.

<

This advanced A117V GSS patient showed severe intellectual
decline and rigidity, major brain atrophy and prominent,
generalized glucose metabolic deficits throughout the brain
(Figure 2C).

In conclusion, the described results with [F-18]JFDDNP PET
applied to subjects with three GSS mutations are encouraging in
their consistent relationship to the underlying neuropathology and
the clinical presentation of the disease. These results confirm find-
ings of an isolated [F-18]JFDDNP PET study in a single patient
from a family with 6-octapeptide repeat insertional PRNP mutation
(1). Correlative assessment of local rates of glucose metabolism
provides strong evidence of the relationship between PrP deposi-
tion and neuronal circuit dysfunction in cortical and subcortical
structures. As a noninvasive in vivo method for prion plaque detec-
tion and quantification, [F-18]FDDNP PET also shows consistent
appropriate increases associated with disease progression in two
GSS subjects included in the follow-up study. These promising
feasibility results suggest that [F-18]FDDNP PET may be a useful
adjunct for confirmation of GSS. Of greater interest and potential
clinical utility is the ability of [F-18]FDDNP PET to quantify
changes in brain amyloid, and to assist the development of future
therapies that may slow or halt disease progression. Further, the
ability to demonstrate labeling associated with amyloid deposition
prior to onset of clinical symptoms may in the future facilitate the
development and application of putative treatments where the prion
disease process may be more amenable to therapy. Studies in non-
familial prion disease patients are needed before potential clinical
utility in these populations can be determined.
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Figure 4. Results of in vitro FDDNP fluorescence microscopy studies
and immunohistochemical labeling of prion protein (PrP) and tau pathol-
ogy in brain samples from F198S mutation Gerstmann-Strdussler—
Scheinker (GSS) patients. Panel 1a—i shows FDDNP fluorescent labeling
(green signal) of the cerebral cortex (1a, 1d, 1g), striatum (1b, 1e, Th) and
cerebellum (1c, 1f, 1i) for the presymptomatic F198S mutation carrier
(1a=1c), symptomatic GSS patient with the same mutation (1d-1f) and a
normal control case (1g-1i). Intensely FDDNP fluorescent plaques with
dense cores are present in all regions, but are particularly abundant in
the cerebral and cerebellar cortex of both cases to a similar degree. The
distinguishing feature between the GSS cases, also absent from the

control brain, is the quantity of moderately labeled diffuse plagues
i

[F-18]FDDNP PET Imaging of Brain Prion Pathology in GSS

lacking amyloid core: they are more abundant in all three regions of the
symptomatic case (1d-1f). Panel 2a-c shows striatal labeling with
FDDNP (green in 2a); IHC to prion protein (brown in 2b); and superim-
posed images of both signals, showing FDDNP in green, IHC signal
transformed to red and the overlap of both signals in yellow to permit
guantitative assessment of the signal overlap area (2c). The bottom row
of images shows cortical FDDNP (green in 2d), IHC to tau (brown in 2e)
and superimposed images of the two signals in 2f. High degree of signal
overlap can be seen in FDDNP-PrP IHC superimposed images, while
much less overlap is revealed by the superposition of FDDNP and tau
IHC images. Size bar = 150 pm (1a-2c), 15 um (2d-2f).

<4
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Additional Supporting Information may be found in the online
version of this article:
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Figure S1. Correlation of [F-18]JFDDNP Logan analysis
approaches: white matter vs. cerebellum as reference region.
Figure S2. Coronal T1 magnetic resonance images. Evidence of
ventricular dilation and atrophy.

Figure S3. [F-18]FDDNP DVR scatter plots for several cortical
regions (A-E) and cerebellum (F).

Figure S4. Scatter plots for global (I) and regional cortical (A-E),
striatal (G), thalamic (H) and cerebellar (F) [F-18]JFDG SUVR
values.

Figure SS. Scatter plots of [F-18]JFDDNP R1 values in striatum
(left) and thalamus (right).

Table S1. [F-18]FDDNP DVR Z scores in reference to the control
group.

Table S2. [F-18]FDG SUVR Z scores in reference to the control
group.

Table S3. Grading of clinical symptoms.

Table S4. Results of neuropsychological testing of Gerstmann—
Straussler—Scheinker subjects at the time of PET/MRI scans.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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