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Neurobiology of Disease

Amyloid Deposition Begins in the Striatum of Presenilin-1
Mutation Carriers from Two Unrelated Pedigrees
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The amyloid cascade hypothesis suggests that the aggregation and deposition of amyloid-3 protein is an initiating event in Alzheimer’s
disease (AD). Using amyloid imaging technology, such as the positron emission tomography (PET) agent Pittsburgh compound-B (PiB),
it is possible to explore the natural history of preclinical amyloid deposition in people at high risk for AD. With this goal in mind,
asymptomatic (n = 5) and symptomatic (n = 5) carriers of presenilin-1 (PS1) mutations (C410Y or A426P) that lead to early-onset AD
and noncarrier controls from both kindreds (n = 2) were studied with PiB-PET imaging and compared with sporadic AD subjects (n =
12) and controls from the general population (# = 18). We found intense and focal PiB retention in the striatum of all 10 PS1 mutation
carriers studied (ages 35— 49 years). In most PS1 mutation carriers, there also were increases in PiB retention compared with controls in
cortical brain areas, but these increases were not as great as those observed in sporadic AD subjects. The two PS1 mutation carriers with
a clinical diagnosis of early-onset AD did not show the typical regional pattern of PiB retention observed in sporadic AD. Postmortem
evaluation of tissue from two parents of PS1C410Y subjects in this study confirmed extensive striatal amyloid deposition, along with
typical cortical deposition. The early, focal striatal amyloid deposition observed in these PS1 mutation carriers is often is not associated

with clinical symptoms.
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Introduction

Amyloid-B (AB) plaque deposition is a pathological hallmark of
Alzheimer’s disease (AD), and altered metabolism of AB and the
B-amyloid precursor protein (APP) in the brain has been postu-
lated to be the primary cause of AD (Beyreuther et al., 1992;
Hardy and Higgins, 1992; Joachim and Selkoe, 1992). If this
“amyloid cascade hypothesis” is correct, amyloid deposits in the
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brains of those destined to develop AD should be present before
the onset of clinical symptoms. Several postmortem studies sug-
gest that this is true (Morris et al., 1996; Haroutunian et al., 1998;
Price and Morris, 1999), but it is impossible to define precisely
the natural history of amyloid deposition in AD by the use of
postmortem studies alone.

Several groups have reported in vivo amyloid imaging studies
in cognitively normal controls and subjects with mild cognitive
impairment (MCI) (Petersen, 2004; Gauthier et al., 2006) or AD
using the positron emission tomography (PET) tracer Pittsburgh
compound-B (PiB) (Klunk et al., 2004; Verhoeff et al., 2004;
Buckner etal., 2005; Lopresti et al., 2005; Price et al., 2005; Archer
et al., 2006; Drzezga et al., 2006; Edison et al., 2006; Engler et al.,
2006; Fagan et al., 2006; Kemppainen et al., 2006; Mintun et al.,
2006; Villemagne et al., 2006; Zhou et al., 2006; Ziolko et al., 2006;
Rabinovici et al., 2007). Other PET tracers have been used for in
vivo amyloid imaging as well (Shoghi-Jadid et al., 2002; Verhoeff
etal., 2004; Small et al., 2006). PiB is selectively retained in brain
areas known to have heavy postmortem amyloid deposition in
AD. This suggests that PIB-PET imaging is well suited to answer
questions such as those regarding the natural history of amyloid
deposition within individuals over time and the relationship of
asymptomatic amyloid deposition to the eventual development
of clinical AD.
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Table 1. Clinical, genetic, and cognitive characteristics of subjects
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Sporadic Subject code
Clinical characteristic or AD® mean Controls® v-C¢ 1€ y2° 3¢ (Y4¢ (Y5¢ AP-C¢ AP1¢  AP2¢ AP3Y AP4®  AP5E
cognitive test” (SD) mean (SD) (35) (35 (37) (38) (42)¢ (45) (47) (35) (43) (45) (46) (49)
Clinical diagnosis Normal ~ Normal ~ Normal ~ Normal ~ Normal ~ Normal ~ Normal ~ MC MU AD  MC  AD
ApoE genotype 3/4 33 3/4 3/4 2/3 23 23 23 23 23 23 33
MMSE 21.7(3.7) 28.4(1.5) 29 29 27 28 30 29 28 22 27 21 25 16
(DR 0 0 0 0 0 0 0 0.5 0.5 05 05 1
CERAD EPS” 0 0 0 4 2 4 0 6
UPDRS? 0 2 4
CERAD WLL delayed recall 0.6(1.2) 8.1(1.7) 7 7 8 9 10 5 5 3 2 0
(max of 10)
Digit span forward 3(1.2) 6.8(1.3) 6 8 9 7 7 4 8 6 7 6 6 6
Digit span backward 4(1.4) 53(1.1) 5 7 8 5 7 6 7 4 5 4 4 3
Trail Making Test A (s) 80 7(653)  32.0(8.8) 25 10 18 20 24 27 19 28 43 38 27 78
Trail Making Test B (s) 2353 (64.5)  75.2(34.3) 32 24 37 50 52 57 59 Al 118 300 73 300
Letter fluency (FAS total) 31.5(12.7)  473(17.00 58 65 45 61 40 33 31 22 26 7 43 16
(ategory fluency (animals) 11.8(5.7) 20.3 (4.9) 27 30 28 18 22 20 23 15 15 14 18 13
Boston Naming Test (Saxton 23.3 (4.6) 28.6 (2.6) 27 29 28 29 30 28 26 21 26 16 26 14
30-item version)
Modified Rey-Osterrieth 17.4 (5.6) 219(1.1) 21 24 20 22 20 23 17 155 23 8.5
Figure copy (max of 24)
FCSRT free recall (max of 48) 74(5.6)"  328(6.6) 37 31
Benton VFDT (max of 32) 175093)" 303 (2.9 30 26

“See Materials and Methods for abbreviations and descriptions. Bold values are abnormal, i.e., more than 1.5 SDs away from the control norm.
®The means listed are from the 12 AD and 18 control patients who participated in this study in Pittsburgh except when indicated.
“C410Y mutation kindred (Campion et al., 1995; Sherrington et al., 1995). CY-Cindicates the noncarrier cousin control subject. Ages are shown in parentheses.

ISubjects studied at MGH.

€A426P mutation kindred (Poorkaj et al., 1998). AP-Cindicates the noncarrier sibling control subject. Ages are shown in parentheses.
"Extrapyramidal symptom total score according to the Consortium to Establish a Registry for Alzheimer’s Disease (Moris et al., 1989).

9Total score from the Unified Parkinson’s disease rating scale ( Fahn and Elton, 1987).
PHistorical mean (SD) from AD patients studied at MGH (n = 20; mean age, 69.7 = 11.0).
"Historical mean (SD) from control subjects studied at MGH (n = 55; mean age, 71.3 = 8.7).

Despite the availability of in vivo amyloid imaging technology,
natural history studies of preclinical amyloid deposition remain
difficult in the general population because there is currently no
clinical method that can be used to accurately identify those
asymptomatic individuals who are destined to develop AD. How-
ever, the predictable course of AD in the relatively rare [~1% of
all AD (Pastor and Goate, 2004)] individuals who develop early-
onset familial AD with an autosomal dominant inheritance pat-
tern (eoFAD) offers an opportunity to learn about the natural
history of amyloid deposition (Tanzi et al., 1996; St George-
Hyslop, 1999). Known eoFAD mutations occur in the
presenilin-1 (PS1) gene on chromosome 14, the PS2 gene on
chromosome 1, and the APP gene on chromosome 21 (Hardy et
al., 1998). The chromosome 14 PS1 mutations are the most com-
mon known mutations and account for ~75% of all eoFAD (Pas-
tor and Goate, 2004). The PS1 gene codes for a protein that is
strongly implicated to be an essential component of the “y
secretase” enzyme complex responsible for C-terminal cleavage
of AB from its precursor APP (Xia et al., 2000). More than 150
different pathogenic PS1 mutations have been described previ-
ously (Cruts and Van Broeckhoven, 1998) with mean age of onset
across families from 32 to 56 years (for review, see Tanzi et al.,
1996; St George-Hyslop, 1999). Most of these genes have 100%
penetrance before age 60 (Tanzi et al., 1996; St George-Hyslop,
1999). Therefore, in these eoFAD families, genetic testing can
identify those individuals destined to develop AD with great cer-
tainty decades before the expected onset of symptoms.

In this study, we used PiB-PET amyloid imaging to study both
asymptomatic and mildly symptomatic individuals from two un-
related pedigrees who carry different mutations in the PS1 gene
[i.e., a cysteine to tyrosine mutation at position 410 of the PS1

protein (C410Y) (Campion et al., 1995; Sherrington et al., 1995)
or an alanine to proline mutation at position 426 (A426P)
(Poorkaj et al., 1998)]. This baseline data are intended to serve as
the initial time point in a longitudinal natural history study.

Materials and Methods

Human subjects

Table 1 lists the demographic, clinical, genetic, and cognitive character-
istics of the subjects included in this study. From the C410Y kindred, we
studied five subjects who carried the PS1C410Y mutation (CY1-CY5;
35—45 years of age) and one control subject who was a cousin of the
PS1C410Y carriers but did not carry the mutation (CY-C; 35 years of
age). None of these subjects were symptomatic, but the average age for
onset of symptoms in this C410Y kindred has been reported to be 48
years (range, 42-56 years) (Mann et al., 2001; Moonis et al., 2005). From
the A426P kindred, we studied five siblings who carried the PS1A426P
mutation (AP1-AP5; 35— 49 years of age) and one control sibling who did
not carry the mutation (AP-C; age of 47 years). All five PS1A426P muta-
tion carriers were at least mildly symptomatic (i.e., MCI) with ages of
onset from 35-44 years. All subjects were studied in Pittsburgh, except
CY4 and CY5, who were studied at Massachusetts General Hospital/
Harvard Medical School (MGH).

To put the findings from the PS1 mutation carriers into context, we
compared their PiB-PET data with that of 12 sporadic AD subjects
(68.5 = 8.6 years) and 18 cognitively normal controls (70.3 = 15.3 years),
none of whom had any family history of eoFAD. Four relatively young
controls (39,45, 45, and 48 years) were included among these 18 controls
because of the young ages of the PS1 mutation carriers (35—49 years).
PiB-PET data for six of these AD and six control subjects have been
published previously (Lopresti et al., 2005; Price et al., 2005) and were
presented again here in Figure 5 along with additional new AD (n = 6)
and control (n = 12) data solely for comparison with the data from the
PS1 mutation carriers (none of which has been published previously).
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Cognitively normal controls occasionally show clear evidence of PiB
retention from visual inspection of the PiB image and quantitative anal-
ysis of the scan data (Mintun et al., 2006). These “PiB-positive controls”
were not included here for the purpose of defining the range of PiB
retention in amyloid-negative control brains. However, one such PiB-
positive control (NC *, in which NC indicates “normal control”) with
early evidence of amyloid deposition is shown as an example in Figures 1
and 5 but was not included in any of the quantitative analyses.

All subjects were evaluated with standard neurological, psychiatric,
and neuropsychological examinations through the University of Pitts-
burgh Alzheimer Disease Research Center (ADRC) as described previ-
ously (Lopez et al., 2000; Price et al., 2005), or with an equivalent evalu-
ation at MGH (CY4 and CY5). The neuropsychological test battery is
described below. All subjects and their caregivers (when appropriate)
provided informed consent for both the ADRC clinical examination and
the PET imaging protocol. This study was approved by the Human Use
Subcommittee of the Radioactive Drug Research Committees and the
Institutional Review Boards of the University of Pittsburgh and Massa-
chusetts General Hospital. The C410Y subjects were initially recruited at
the University of Massachusetts and participated in a CSF AB and tau
study there (Moonis et al., 2005).

Neuropsychological evaluation

The neuropsychological test battery was designed to assess those cogni-
tive domains known to be impaired in AD and also to be sensitive to MCI
(Petersen, 2004; Gauthier et al., 2006) in younger individuals and in-
cluded tests of attention, memory, visuoconstructive/spatial ability, lan-
guage, and executive functioning. The test batteries included the Mini
Mental State Exam (MMSE) (Folstein et al., 1975), Clinical Dementia
Rating Scale (CDR) (Morris, 1993), the Consortium to Establish a Reg-
istry for Alzheimer’s Disease (CERAD) Word List Learning (WLL) De-
layed Recall Test (Welsh-Bohmer et al., 1994), the Wechsler Adult Intel-
ligence Scale III Digit Span forward and backward (Wechsler, 1997),
Trail Making Parts A and B (Reitan, 1958), letter fluency (words begin-
ning with the letters “F,” “A,” or “S”) (Benton, 1968), category fluency
(animals) (Borkowski et al., 1967), Boston Naming Test (Saxton 30-item
version) (Saxton et al., 2000), and Modified Rey-Osterrieth Figure copy
(maximum of 24) (Becker et al., 1987). The two subjects studied at MGH
had the Free and Cued Selective Reminding Test (FCSRT free recall)
(Buschke, 1984) substituted for the CERAD WLL and the Benton Visual
Form Discrimination Test (VFDT) (Benton et al., 1994) substituted for
the Modified Rey-Osterrieth Figure copy.

PET studies

Tracer and acquisition. High specific-activity PiB (carbon-11 labeled) was
produced as described previously (Wilson et al., 2004). The PIB-PET
data were acquired as described recently by Lopresti et al. (2005). PET
imaging was conducted using a Siemens (Munich, Germany) CTI ECAT
HR+ scanner (three-dimensional mode; 15.2 cm field of view; 63 image
planes; reconstructed image resolution of ~6 mm). The subject’s head
was immobilized to minimize head motion during the scan. PIB was
injected intravenously (14.4 = 1.9 mCi, over 20 s; specific activity, 1.5+.7
Ci/umol). For the 10 subjects studied in Pittsburgh, dynamic PET scan-
ning was performed over 90 min (34 time frames). The two subjects
studied at MGH were scanned on a GE Scanditronix (Uppsala, Sweden)
PC4096WB scanner (two-dimensional mode; 9.7 cm axial field of view;
15 image planes), and PiB-PET data were acquired over 60 min (69
frames). Subjects studied in Pittsburgh also underwent magnetic reso-
nance imaging (MRI) scans. Before the PET imaging sessions in Pitts-
burgh, a spoiled gradient recalled MR scan was obtained for each subject
for MR-PET image coregistration and anatomical volume-of-interest
(VOI) definition as described previously (Lopresti et al., 2005; Price et al.,
2005). Unlike previous studies (Lopresti et al., 2005; Price et al., 2005),
MRI-based partial volume correction of the Pittsburgh data were not
performed, to be comparable with the MGH data (for which no MRI data
were available). VOIs were defined on the coregistered MR image as
described previously (Price et al., 2005) and included the following: fron-
tal cortex, precuneus/posterior cingulate gyrus, parietal cortex, anterior—
ventral striatum, occipital cortex, mesiotemporal cortex, thalamus, cer-
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ebellum, and pons. The mesiotemporal cortex region included the
amygdala, hippocampus, entorhinal cortex, and other portions of the
parahippocampal gyrus. Equivalent VOIs were generated for the PET
images of the MGH subjects without the use of MRI. Additional areas
covering a large portion of the brain also were analyzed as described
previously (Price et al., 2005), but the findings in these additional areas
correspond closely to the representative sample discussed here.

Choice of reference region. Analysis of the PiB—PET data used the stan-
dardized uptake value (SUV) approach (Klunk et al., 2004). This was
chosen over the previously validated and commonly used Logan graph-
ical analysis approach (Price et al., 2005) for several reasons. First, be-
cause arterial blood data were not available for 7 of the 10 subjects, the
Logan distribution volume (DV) using an arterial input function could
not be determined (Price et al., 2005). Second, the applicability of the
cerebellar reference tissue approach to the Logan graphical method (Lo-
presti et al., 2005; Mintun et al., 2006) could not be fully justified for the
eoFAD subjects because postmortem studies of PS1 mutation carriers
have shown significantly greater AB plaque densities in the cerebellum
compared with sporadic AD and controls (Lippa et al., 1996; Mann et al.,
2001). This is consistent with the finding that PiB retention in the cere-
bellum of the eoFAD subjects, when expressed as the SUV, appeared to
increase with age in the eoFAD subjects (r = 0.826; p = 0.003). PiB
retention with age was not observed in sporadic AD cases. However,
because there was no significant age-related increase of PiB retention in
the pons of the eoFAD cases, the pons was used as the reference tissue for
this study. The use of pons as an amyloid-free reference is supported by
studies showing an absence of pontine A plaques (Thal et al., 2002) and
cerebrovascular amyloid (Kyriakides et al., 1994) in the vast majority of
sporadic AD cases. Minoshima et al. (1995) have previously used the
pons as a reference region for glucose metabolic PET studies in AD for
similar reasons. In subjects without amyloid, the pharmacokinetics of
PiB differs in the pons (and subcortical white matter) compared with
cortical areas (Price et al., 2005). Therefore, PiB pharmacokinetics in the
pons may not adequately represent the cortical tissue kinetics of nonspe-
cifically bound and free PiB. As a result, PiB retention in the pons was not
used as an input function for the Logan reference tissue method (Logan
etal., 1996). As a compromise, the SUV ratio using pons as the reference
tissue (SUVRpons) was chosen as the preferred method of analysis for
this eoFAD study.

Choice of analysis window. Although 90 min of data were collected for
the subjects studied in Pittsburgh, the SUVRpons values were averaged
over 40—60 min because the MGH data were collected for only 60 min.
SUVR data averaged over 40—60 min has been shown previously to
compare well with Logan DV ratio (DVR) data collected over 90 min
(Lopresti et al., 2005). In this study, the 40— 60 min SUVRpons values in
the control and sporadic AD cases were highly comparable with the
Logan DVR data using an input function derived from cerebellar tissue
radioactivity [referred to as the CER90 method by Lopresti et al. (2005)]
(e.g., for anterior—ventral striatum, r = 0.95; p < 0.000001; slope, 1.07).
Furthermore, we saw no significant difference in the pons SUV in control
(1.44 = 0.26), AD (1.43 = 0.33), and eoFAD groups (1.50 * 0.20),
making this a good reference region. Separate analyses were run using the
CER90 method and yielded equivalent results.

The quantitative analysis (see Fig. 5) was performed over the 40—60
min epoch for all Pittsburgh and MGH cases. However, the MGH images
shown in Figure 2 represent data averaged over a longer time period (i.e.,
20-60 min) to minimize noise in the images and facilitate the compari-
son with the Pittsburgh images. The increased noise in the MGH images
was a result of differences in scanner type, two-dimensional versus three-
dimensional acquisition, short frame durations, and image processing.
All other images, except the two MGH images in Figure 2, represent
parametric SUVRpons data collected over 40—60 min.

Statistical methods

The statistical significance of group differences was tested for each VOI
using the Wilcoxon’s rank-sum test (a = 0.05, two-sided, exact infer-
ence) (Hollander and Wolfe, 1973). A nonparametric method was used
because of the small sample sizes. The p values for group differences were
corrected for multiple comparisons using the Bonferroni’s method
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NC+

(baseline)

Figure 1.

NC ™ subject is shown (far right).

(Bland and Altman, 1995). The level of statistical significance was set at
0.00625 (0.05/8 brain regions).

Histological analysis

Amyloid histology and A immunohistochemistry were performed on
Formalin-fixed tissue sections obtained from the Drexel University Col-
lege of Medicine brain bank, as described in detail previously (Ikono-
movic et al., 2004). Briefly, tissue sections were stained with a mouse
monoclonal antibody 10D5 (AfB,_;s 1:1500; Elan Pharmaceuticals, San
Francisco, CA) using a signal intensification method with imidazole ac-
etate buffer and DAB/nickel ammonium sulfate. For 6-CN-PiB and X-34
fluorescent histochemistry, slides were incubated with 6-CN-PiB (45
min) or X-34 (10 min), washed in dH,O, differentiated in 80% ethanol/
0.2% NaOH and PBS, respectively, washed in dH,0, and coverslipped
(Ikonomovic et al., 2006).

Results

Clinical characterization

No subject showed active psychiatric disorders or neurological
abnormalities other than the cognitive problems described be-
low. The specific PS1 mutation, neuropsychological test scores,
clinical diagnosis, and apolipoprotein E (ApoE) genotype of each
subject are shown in Table 1 in which subjects are coded accord-
ing their mutation and age [e.g., CY1(35), in which “CY” refers to
the C410Y mutation, “1” is an arbitrary subject number, and “35”
represents the age when scanned]. Quantitative ratings of extra-
pyramidal symptoms according to CERAD (Morris et al., 1989)
or the Unified Parkinson’s disease rating scale (UPDRS) (Fahn
and Elton, 1987) are shown in Table 1. All subjects had either no
symptoms or clinically insignificant symptoms, and no subject
was judged to have symptoms that would suggest Parkinson’s
disease.

PS1 mutation carriers CY1(35), CY3(38), and CY4(42) scored
entirely within the normal range on all neuropsychological tests
(i.e., within 1 SD of control norms). Subjects CY2(37) and
CY5(45) had mild difficulty on visuoconstructive tests, with
CY5(45) also exhibiting mild attentional difficulty, whereas per-
formance on all other tests was normal. They did not meet clinical
criteria for AD or MCI (Petersen, 2004; Gauthier et al., 2006).
Subject AP1(35) (in which “AP” refers to the A426P mutation
and the rest is as above) showed mild memory deficits and mild
difficulties with word generation and confrontation naming.
Subject AP2(43) exhibited mild difficulty on tests of memory and
visuoconstructive ability. The test performances for AP1(35) and
AP2(43) met criteria for “Amnestic MCI-Multiple Domain” (Pe-
tersen, 2004; Gauthier et al., 2006). Subject AP4(46) exhibited
moderate difficulty on tests of memory, with normal perfor-
mance on other tests, a pattern that characterizes “Amnestic
MCI-Single Domain.” Subjects AP3(45) and AP5(49) both met

NC+ ____ NC+ MRI
(2 years)

PiB—PET and MRI images from sporadic AD and two older controls. Transaxial PiB—PET SUVRpons images (40 — 60
min) from a mild AD patient (77 years old; MMSE of 27), a normal elderly control (NC : 72 years old; MMSE of 30), an elderly
PiB-positive normal control (NC ) at baseline (MMSE of 30) and 2 years later (MMSE of 29), along with the MRI of the NC *
subject. The age of the NC ™ subject was in the mid-70s and is not specified for reasons of confidentiality and blinding. A tracing of
the location of the striatum from each subject’s MRI scan is superimposed on the respective PiB image, but only the MRI for the
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clinical criteria for AD (McKhann et al.,
1984; Lopez et al., 2000). Both exhibited
memory and language impairments, but
their most severe deficits were evident on
tests of visuoconstructive ability and exec-
utive functioning. The family reported
that AP1(35) had a documented learning
disorder in high school and suspected that
AP3(45) and AP5(49) did as well, but they
were never formally tested. All test perfor-
mances of the CY-C(35) control subject
were within normal limits. The AP-C(47)
control subject showed only very mild dif-
ficulty on the visuoconstructive test but
was well within normal limits overall.

Pattern of PiB distribution in sporadic AD and controls
Sporadic AD subjects (n = 12) and controls (n = 18) from the
general population were studied for comparison with the PS1
mutation carriers. Transaxial PiB images from a typical mild AD
subject (77 years of age; MMSE of 27) and a typical normal con-
trol (NC ~; 72 years of age; MMSE of 30) are shown in Figure 1. As
described previously (Klunk et al., 2004; Lopresti et al., 2005;
Price et al., 2005), the AD patient had marked PiB retention in
cortical areas known to show heavy plaque load in postmortem
studies (Thal et al., 2002). PiB retention in the AD patient also
was high in the striatum, an area known to contain extensive
fibrillar amyloid deposits in AD (Braak and Braak, 1990; Brilliant
et al., 1997). PiB retention was particularly elevated in anterior
and ventral areas of the striatum in sporadic AD subjects (see Fig.
3). In contrast, no increased PiB retention was observed in cere-
bellum or white matter, areas known to contain little if any fibril-
lar amyloid deposition in sporadic AD (Joachim et al., 1989).
Typically, very little cortical PiB retention was present in cogni-
tively normal controls, and only small amounts of residual, non-
specific PiB retention was seen in white matter in amounts iden-
tical to those observed in AD (Fig. 1, NC ™) (Klunk et al., 2004).
In a few cognitively normal controls, we observed varying
amounts of PiB retention in cortical areas. An example of one
such “mildly PiB-positive normal control” (NC ¥) can be seen in
Figure 1. This subject was scanned at baseline and 2 years later
and showed progressive PiB retention, predominantly in the left
frontal lobe. The coregistered MRI shows the outline of the stri-
atum, and the PiB-PET image shows very little PiB retention in
striatum in this NC * subject.

Pattern of PiB distribution in PS1 mutation carriers

A noncarrier cousin of the PS1IC410Y carriers [CY-C(35)]
showed PiB retention that was indistinguishable from typical
control subjects (Fig. 2). However, the five PS1C410Y carriers
showed a pattern of PiB retention that was very different from
any pattern observed previously in control or AD subjects but was
remarkably similar among the five PS1C410Y carriers (Fig. 2).
Most notable was the significantly high and focal PiB retention in
the striatum coupled with a relative lack of PiB retention in the
cortical areas typically affected by AD (see Fig. 1). Most of the
PS1C410Y carriers did show moderately increased PiB retention
in the neocortical areas and thalamus as well but not to the degree
observed in the striatum (see Fig. 5). Details of the pattern of
amyloid deposition in a PSIC410Y carrier compared with a spo-
radic AD case are shown in Figure 3. The deposition in the
PS1C410Y carrier covers almost the complete extent of the cau-
date and putamen, but the globus pallidus appeared to be unaf-
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CY1(35) CY-C(35)

)

SuIsnod nNid

63

CY2(37)

N
%
8

cY4(42) CY5(45)

Figure2. PS1(410Y mutation carriers: PiB—PET and MRl images. Transaxial PiB—PET SUVR-
pons images from five cousins who carry the PS1C410Y mutation and a cousin without the
mutation, CY-C(35). All are cognitively normal. The top row shows the MRI and PiB—PET scan of
(Y1(35) and the PiB—PET of the noncarrier cousin. The middle row shows the two other
PS1C410Y carrier cousins studied in Pittsburgh. The bottom row shows two PS1C410Y carrier
sibs (cousins of the Pittsburgh subjects) that were imaged at MGH (averaged over 20 — 60 min to
facilitate comparison with the Pittsburgh images; see Materials and Methods). A tracing of the
location of the striatum from each Pittshurgh subject’s MRI scan is superimposed on the respec-
tive PiB image, but only the MRI for the CY1(35) subject is shown (top left).

fected except for some diffusion of signal from the putamen. In
sporadic AD, high levels of PiB retention were always observed in
the anterior and ventral portions of the striatum, but the more
dorsal and posterior portions of the striatum were not as involved
as they were in the PS1 mutation carriers. The example shown in
Figure 3 represents the most severely affected striatum in the
sporadic AD group. It is very clear that the focality of the striatal
PiB retention, as expressed by the striatal/neocortical ratio, in
sporadic AD cases (1.09 £ 0.14; range of 0.92-1.37) was very
different from that observed in the PS1 mutation carriers (1.76 =
0.27; range of 1.38—2.24; p < 0.00001).

As in the PS1C410Y family, the noncarrier sibling from the
PS1A426P kindred [AP-C(47)] had PiB retention typical of con-
trol subjects (Fig. 4). The five PS1A426P carriers showed focal
striatal PiB retention similar to the PS1C410Y carriers, although
the extent of retention was somewhat less (Fig. 4). Comparable
with the PS1C410Y kindred, increased PiB retention also was
observed in the neocortex and thalamus of the PS1A426P carriers
but to a lesser degree than the increase observed in sporadic AD
(Figs. 3, 4). AP3(45) and AP5(49) both showed relatively little
neocortical PiB retention for subjects with clinical AD in both the
images and the quantitative data (Fig. 5).
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Quantitative analyses of PiB retention

The site of data acquisition (Pittsburgh or MGH) and scanner
type (Seimens or GE) did not appear to have an impact because
the quantitative data (Fig. 5) were very consistent across the two
sites. When PiB retention was expressed quantitatively, several
patterns emerged that fell into four groups (Fig. 5), as follows.

Large increase in AD and smaller increase in PS1

mutation carriers

In the neocortical regions in which there was a large increase in
PiB retention in sporadic AD subjects compared with controls
(i.e., frontal, precuneus/posterior cingulate, and parietal corti-
ces), there was a much smaller increase in PiB retention in the PS1
mutation carriers. For example, PiB retention in the parietal cor-
tex of the PS1 mutation carriers was significantly smaller than
that in the sporadic AD subjects (p = 3.1 X 10 ~°). The parietal
PiB retention in sporadic AD subjects was 196 = 27% of the
control value ( p = 3.8 X 10 ~®), but the parietal PiB retention in
the PS1 mutation carriers was only 127 * 10% of the control
value, although this smaller increase was still significant (p =
4.5 X 10 ~°). This also was true of frontal and precuneus/poste-
rior cingulate cortex.

Large increase in AD and larger increase in PS1 mutation carriers
In contrast to the neocortical areas discussed above, PiB retention
in the anterior/ventral striatum (predominantly anterior por-
tions of caudate and putamen) (Fig. 3) in sporadic AD subjects
was 212 = 23% of the control value (p = 3.8 X 10 ~*) but was
even higher (246 = 32%; p = 2.4 X 10 ~7) in the PSI mutation
carriers. Interestingly, approximately half of the PS1 mutation
carriers [CY1(35), CY2(37), CY3(38), AP2(43), and AP4(46)]
had higher PiB retention in the anterior/ventral striatum than
any AD subject (Fig. 5).

Moderate increase in both AD and PS1 mutation carriers

In brain areas in which PiB retention in AD subjects was moder-
ately increased over controls (such as the occipital and mesial
temporal cortex and thalamus), PiB retention in the PS1 muta-
tion carriers also was increased over controls to a degree similar
to that observed in AD subjects.

Little or no increase in both AD and PS1 mutation carriers

In the cerebellum, in which AD subjects show little if any increase
in PiB retention over controls, the PS1 mutation carriers showed
a small but significant increase in PiB retention over controls. In
white matter areas such as pons (SUV without ratio; see Materials
and Methods) and subcortical white matter, there was no signif-
icant difference between controls and either sporadic AD subjects
or PS1 mutation carriers (data not shown).

Histological analysis of postmortem tissue

To determine whether there was histological evidence of heavy
amyloid deposition in the striatum (relative to cortex) of PS1
mutation carriers, we examined postmortem striatal tissue sec-
tions from the affected parent (i.e., mutation carrier who devel-
oped clinical AD) of two PS1C410Y carriers included in this
study. The results were comparable in the affected parent of both
carriers, and photomicrographs of processed tissue sections from
one of the affected parents are shown in Figure 6. Near-adjacent
tissue sections were immunostained with the 10D5 anti-Af anti-
body (Fig. 6A, D) or histostained with a highly fluorescent deriv-
ative of PiB (Mathis et al., 2003) (6-CN-PiB) (Fig. 6 B,E) and the
highly fluorescent Congo red derivative X-34 (Styren et al., 2000;
Tkonomovic et al., 2006) (Fig. 6C,F). Figure 6 shows that numer-
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Detailed regional distribution of striatal PiB retention in a PS1C410Y mutation carrier and a subject with sporadic AD. Areas with high levels of PiB retention (SUVRpons >1.3) are

superimposed over coronal, sagittal and transaxial MR images. The corresponding unobstructed MR images are shown to the right of each PiB overlay to aid in anatomical definition. PiB retention
inan asymptomatic PS1mutation carrier, (Y2(37), is shown in the left six columns and that in a mild, sporadic AD subject (MMSE of 25) is shown on the right. Every other slice (2.4 mm) in the coronal,
sagittal, and transaxial planes is shown through the entire distribution of PiB retention in the striatum. Full sagittal and transaxial slices are included at the bottom to show the marked striatal focality

in the PS1 mutation carrier compared with the extensive cortical involvement in the sporadic AD subject.

ous Af-immunoreactive and 6-CN-PiB- or X-34-positive
plaques are distributed densely in the striatum, which is free of
other (i.e., neuritic) amyloid pathology. Striatal AB-
immunoreactive plaques had a diffuse appearance, but the stain-
ing with the B-sheet stain X-34 indicates that they contained
substantial amounts of fibrillar amyloid. AB-immunoreactive
and 6-CN-PiB/X-34-positive plaques also were present in the
adjacent neocortex, in which they appeared as well defined circu-
lar deposits that were of considerably lower densities compared
with striatal plaques (Fig. 6 D—F are representative of cortical ar-
eas with the greatest concentrations of plaques). Occasional neu-
rofibrillary tangles were observed with X-34 histostaining in the
neocortex but not in the striatum. Although Lippa et al. (1996)
previously noted that the overall grade of amyloid angiopathy
was slightly greater in eoFAD than in sporadic AD, there was little
or no cerebrovascular amyloid in the limited tissue samples avail-
able for examination for these two particular PSI cases, although
a previous postmortem study reported mild-to-moderate amy-
loid angiopathy in the frontal cortex of PS1 C410Y mutation
carriers (Mann et al., 2001).

Discussion
This report represents the initial findings from what is designed
to be a longitudinal study to delineate the natural history of amy-
loid deposition in eoFAD. To our knowledge, this is the first
report of amyloid imaging in asymptomatic carriers of PS1 mu-
tations, some of whom are more than 10 years younger than the
age at which onset of cognitive symptoms would be expected
(e.g., 48 years for the PS1C410Y mutation carriers). The findings
suggest that amyloid deposition in these two families begins in
the striatum well before the onset of cognitive symptoms.
Previous studies using structural MRI and [ '*F]fluorodeoxy-
glucose (FDG) PET determination of cerebral metabolic rate for
glucose have shown changes in presymptomatic and symptom-
atic eoFAD subjects. Fox and colleagues (Schott et al., 2003;
Ridha etal., 2006) reported that changes in hippocampal atrophy
rate were evident 5.5 years before a diagnosis of AD. Two early
reports showed decreased cerebral metabolism by FDG-PET in
symptomatic eoFAD subjects (Cutler et al., 1985; Guze et al,,
1992), and three groups have shown evidence of temporoparietal
hypometabolism in asymptomatic individuals at risk for eoFAD
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Figure4. PSTA426P mutation carriers: PiB—PET and MRIimages. Transaxial PiB—PET SUVR-
pons images (40—60") from five siblings who carry the PSTA426P mutation and a sibling
without the mutation [AP-C(47)] are shown. The clinical diagnoses of the mutation carriers are
noted. The MRI of the AP1(35) MCl subject is shown as an example. A tracing of the location of
the striatum from each subject’s MRI scan is superimposed on the respective PiB image, but only
the MRI for the AP1(35) MCl subject is shown (top left).

(Kennedy et al., 1995; Rossor et al., 1996; Wahlund et al., 1999;
Matsushita et al., 2002).

In the present study, the 10 subjects from two unrelated fam-
ilies, carrying two different PS1 mutations, unexpectedly showed
a strikingly similar, focal deposition of amyloid deposition that
appears to begin in the striatum. Initially, this striatal amyloid
deposition appears to be clinically silent, at least in the PS1C410Y
family. Overall, there did not appear to be a recognizable pattern
of amyloid deposition that distinguished the PS1 mutation carri-
ers with clinical AD from the less impaired or asymptomatic
subjects. The data currently available from sporadic AD patients,
MCI patients, and cognitively normal older subjects who show
low levels of PiB retention (e.g., NC * of this study) do not suggest
that amyloid deposition typically begins in the striatum early in
the course of sporadic AD (Mintun et al., 2006). In these older
subjects, the earliest deposition appears to be in the frontal cortex
and the precuneus/posterior cingulate region (Mintun et al,,
2006). These same areas show small increases in most of the PS1
mutation carriers in this study.

The postmortem pattern of amyloid deposition in PS1 muta-
tion carriers with clinical dementia has been reported to be very
similar to the pattern observed in sporadic AD (Lippa et al.,
1996). Another postmortem study suggested that PS1 mutation
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carriers have similar loads of Af,,-containing plaques and
greater loads of AB,,,3)-containing plaques in their frontal cor-
tex compared with sporadic AD cases (Mann et al., 2001). Both of
these previous studies included deceased individuals from the
PS1C410Y kindred included in this study. However, neither of
these studies included the striatum in their analysis. Our limited
analysis of striatal and nearby cortical tissue suggests that the
number of plaques in the cortex never reaches the level observed
in the striatum of PS1C410Y mutation carriers.

Taking the data from this study together with the previous
postmortem studies, we can hypothesize a natural history of amy-
loid deposition in the PS1C410Y mutation carriers. In these in-
dividuals, amyloid deposition appears to begin in the striatum
before the mid-30s, well before the onset of symptoms. Amyloid
deposition in the striatum progresses rapidly and may reach an
early plateau. Sometime after the striatal amyloid becomes well
established, neocortical amyloid deposition begins in a pattern
that is similar to that seen in the first stages of sporadic AD. By the
time of death, the neocortical amyloid pathology reaches or ex-
ceeds that typical for sporadic AD but never reaches the density
observed in the striatum. It may be that cognitive symptoms do
not occur in PSIC410Y mutation carriers until neocortical
plaque pathology becomes substantial (and perhaps neurofibril-
lary tangle pathology as well).

In the PS1A426P mutation carriers, it is more difficult to form
a hypothesis about the natural history of amyloid deposition be-
cause of the absence of postmortem tissue from late-stage cases.
However, the initial events in the striatum appear to be similar to
the PS1C410Y mutation carriers. What is unclear is whether the
PS1A426P mutation carriers ever reach a level of cortical amyloid
deposition that would be typical of sporadic AD. Even the oldest,
PS1A426P mutation carrier, who already carries a clinical diag-
nosis of AD, had not yet acquired a pattern of amyloid deposition
that is typical of sporadic AD. In a previous study, a sporadic
AD-like pattern was often already present in late-onset MCI sub-
jects (Lopresti et al., 2005). Therefore, doubt remains about
whether the PS1A426P mutation will ultimately lead to the typi-
cal pattern of PiB retention seen in sporadic AD or whether the
pattern will remain atypical throughout the clinical course. An-
other possibility that must be entertained is that AD-like neocor-
tical plaque deposition is present in the symptomatic PS1A426P
mutation carriers but is not detected by PiB—PET in the same
manner as neocortical plaque deposits in sporadic AD.

It is not yet known whether these two PS1 mutation kindreds
are representative of eoFAD mutation carriers in general. To
date, there is one other report of amyloid imaging using PiB in a
symptomatic patient with eoFAD. Theuns et al. (2006) reported
widespread retention of PiB, typical of that observed in sporadic
AD, in a 57-year-old patient (MMSE of 18) with a novel K724N
mutation in the C-terminal intracytosolic fragment of APP. The
subject showed no disproportionate PiB retention in the stria-
tum. Although the regional distribution of amyloid deposition in
this APPK724N mutation carrier before the onset of symptoms is
not known, the typical sporadic AD-like pattern of amyloid dep-
osition in this subject raises the question of whether other eoFAD
carriers will show the early striatal amyloid deposition observed
in this study.

Although the focal nature and very early appearance of this
striatal pathology was surprising in these eoFAD cases, the post-
mortem presence of striatal amyloid in sporadic AD has been
described previously. Extensive amyloid deposition has been re-
ported to occur in the striatum and thalamus of virtually all AD
patients (Braak and Braak, 1990; Suenaga et al., 1990; Brilliant et
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cause of the very early amyloid deposition
in the striatum of the PS1 mutation carri-
ers. Although the reason is not yet known,
we also have seen disproportionate reten-
tion of PiB in the striatum of an APP mu-
tation carrier and a nondemented Down
syndrome subject (our unpublished ob-
servations), although both of these cases
had more cortical involvement than any of
the PS1 mutation carriers included in this
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Figure 5.  Quantitative assessment of PiB retention in controls, AD subjects, and PST mutation carriers. Rectangles show the the 42 amino acid form) as a proposed

range of PiB retention for cognitively normal controls (red), AD subjects (blue), and PS1 mutation carriers (white). The young
control (ages of 39 — 48 years) range is shown as a darker red box behind the full control range. PiB retention in individual subjects
are shown within each rectangle for controls (red diamonds), AD subjects (blue triangles), and PS1 mutation carriers with normal
cognition (white diamonds studied at Pittshurgh; black diamonds studied at MGH), mutation carriers with MCI (white circles), and
mutation carriers with AD (white triangles). The filled red diamond represents NC * from Figure 1 (shown for comparison but not
included in the statistical analysis). PiB retention is expressed as the SUVR with pons as a reference averaged over 40 — 60 min after
injection of PiB for all data. The means = SD are shown with error bars within each rectangle. p values for the difference between
controls and PS1 mutation carriers are indicated in red along the bottom, and p values comparing PST mutation carriers with AD
patients are indicated in blue along the top (ns, not significant; *p << 0.005, **p << 0.00005, ***p << 0.0000005). Brain areas
included were the frontal cortex (FRC), precuneus (PRC), parietal cortex (PAR), anterior—ventral striatum (AVS), occipital cortex

(0CC), mesial temporal cortex (MTC), thalamus (THL), and cerebellum (CER).

al., 1997; Thal et al., 2002), and we observed substantial PiB re-
tention in the striatum of sporadic AD patients in our previous in
vivo studies (Fig. 1) (Klunk et al., 2004; Price et al., 2005). Al-
though neuritic plaques have been observed in ventral striatum
(Suenaga et al., 1990), most striatal plaques are not neuritic
(Suenaga et al., 1990; Brilliant et al., 1997). Despite this poorly
understood paucity of neuritic changes in the striatum, striatal
plaques appear to be fibrillar as evidenced by the fact that they are
stained well by the fibril-specific Congo red derivative X-34 (Sty-
ren et al., 2000). Our postmortem study of the two parents of
PS1C410Y carriers included in this study also revealed marked
subcortical amyloid deposits, although by the time of death, cor-
tical amyloid deposits had become extensive as well (Lippa et al.,
1996). However, as observed in the present in vivo PiB study, the
postmortem striatal deposits were disproportionately high in the
PS1C410Y mutation carriers.

In addition to the lack of neuritic dystrophy, striatal amyloid
deposits in both sporadic and eoFAD (despite being fibrillar) are
not typically associated with cell loss and do not cause extrapyra-
midal symptoms early in the clinical course. However, Parkin-
sonism has been reported in C410Y mutation carriers late in the
course of the disease (Mann et al., 2001). This is reminiscent of
the lack of tissue reaction observed around the diffuse plaques
observed in the cerebellum. However, although the lack of toxic
effects of cerebellar amyloid may be simply attributable to lack of
extensive 3-sheet conformation (Styren et al., 1998), another ex-
planation must be sought for the lack of apparent amyloid toxic-
ity in the striatum in which the deposits are primarily fibrillar.
The presence or absence of tissue factors and the type of neurons

mechanism of AB deposition (Younkin,
1997), whereas decreased clearance might
be more important in late-onset AD
(Whitaker et al., 2003). It may be that the
cellular milieu of the striatum is particu-
larly prone to amyloid deposition under
these conditions of overproduction. Al-
though the relevance to human AD is not
known, it should be noted that striatal
amyloid deposition has been described in
a PS1/APP double-transgenic mouse
model (Perez et al., 2005).

The AP3(45) and AP5(49) subjects, who carry a clinical diag-
nosis of AD, both had lower PiB retention in frontal, temporopa-
rietal, and precuneus cortices than most very mildly impaired
sporadic AD subjects. This leads to a question regarding the driv-
ing force of the cognitive symptoms in these subjects. It is possible
that a soluble form of amyloid that is not detected by PiB could be
driving the cognitive deficits in these subjects (Klein, 2006). In
addition, there may be insoluble but less ordered fibrillar forms of
amyloid in these PS1 mutation carriers. This has been observed in
Tg2576 and PS1/APP transgenic mice that have heavy amyloid
loads but bind PiB very poorly (Klunk et al., 2005). Finally, al-
though unlikely in subjects with a PS1 mutation, it is possible that
amyloid deposition is not driving the cognitive deficits. Whatever
the explanation, it is clear that the cortical PiB retention of these
two PS1A426P carriers with a clinical diagnosis of mild or mod-
erate AD is very different from that observed in sporadic mild-
moderate AD.

The findings presented here may have important implications
for clinical trials of anti-amyloid therapies. Autopsy reports on
three cases from the AN-1792 trial support the concept that
anti-A immunotherapy can remove A3 deposits from human
brain (Nicoll et al., 2003; Ferrer et al., 2004; Masliah et al., 2005).
However, non-Af pathology remained in these cases, and the
overall clinical response seen in the AN-1792 immunotherapy
trial was modest (Gilman et al., 2005). This suggests that, to attain
its optimal clinical effect, anti-amyloid therapy may need to be
initiated at the very earliest stages of amyloid deposition, before
extensive neurofibrillary changes, synapse loss, and neuronal
death. To achieve this goal, it may be necessary to start anti-
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PS1 mutation carriers present a nearly
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cortex

ideal situation for the testing of amyloid-
removing therapies. There is strong evi-
dence that altered amyloid metabolism is
the cause of dementia in these individuals,
and early reversal of this deposition
should have a significant impact on the
cognitive decline that their genetic status
ensures will occur in the absence of any
intervention. The present amyloid imag-
ing studies have identified an early focal
target for anti-amyloid therapy in the stri-

LY . w7

atum. In the C410Y kindred, this occurs at
least a decade before the expected onset of
symptoms. Any reversal of amyloid accu-
mulation at this stage might represent a
successful treatment effect, and amyloid
imaging studies could provide a relatively
rapid assessment of the efficacy.
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