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Figure 7. Increased accumulation of mutant AB in the autophagic pathway:.
COS-7 cells were transtected with APPyr and APPp,;4 constructs and
cultured for 2 days. The cells were fixed. permeabilized, and blocked as
described in Figure 4. and then stained with 11C (red) in combination with
an anti-LC3 antibody for autophagosomes (green). Autophagy was substan-

&

tially induced in APPg g y-transfected cells, and higher immunorcactivity of

the mutant A was observed in the autophagosomes.

somes in APPqgqas-transfected cells regardless of in-
hibition of endocytosis (Figure 6).

Intracellular Oligomerization of the Mutant AB

Although impairment of APP/AB trafficking was sug-
gested in APPggq35-transfected cells, the cause of such
impairment is unclear. We speculated that it was induced
by abnormal oligomeric assembly of the mutant AB. We
therefore examined the oligomerization of intracellular A
using a well-characterized anti-oligomer monoclonal an-
tibody, NU-1.7° Notably, the intracellular mutant AB pre-
dominantly formed oligomers (Figure 8A). The ratio of
oligomers (NU-1-positive staining) to total AB (B001-pos-
itive staining) was higher in APPgqsgsa-transfected cells
than APP,,-transfected cells (Figure 8B).
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ER Stress by Mutant A3

It is known that accumulation of abnormally assembled
proteins in ER often induces ER stress in cells.®”*" ER
stress has been shown to be associated with neurode-
generative disorders including AD.** We therefore exam-
ined whether ER stress responses are induced in
APPgggsa-transfected cells. Two ER stress markers,
Grp78 and phosphorylated elF2«a, were examined.
Grp78 (also known as BiP) is an ER resident molecular
chaperone that facilitates the proper folding and assem-
bly of membrane-bound and secreted proteins and is
up-regulated during ER stress.®%-3" Eukaryotic initiation
factor 2 (elF2) plays a role in regulation of translation via
its reversible phosphorylation. Phosphorylation of the «
subunit of elF2 immediately reduces the level of func-
tional elF2 and limits translation initiation events within the
cell to down-regulate protein synthesis.*°*' In parallel
with the increased accumulation of AB oligomers,
Grp78 was found to be expressed more abundantly in
APPcgq5 . -transfected cells (Figure 9A). In addition, phos-
phorylated elF2« was highly induced in these cells (Fig-
ure 9B), as confirmed on Western blotting for phosphor-
ylated elF2a (Figure 9C).

Apoptosis by Mutant AB

Although the ER stress response provides cells the op-
portunity to correct the environment within the ER, if the
damage is too strong, the response initiates apopto-
sis.?>%" Caspase-12 is involved in signaling pathway
specific to this ER stress-induced apoptosis in mice.>' %3
In humans, caspase-4, which was identified as the most
homologous gene to mouse caspase-12, has been
shown to be specifically activated in ER stress-induced
apoptosis.®* The increased ER stress in APP 4 -trans-
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Figure 8. Increasced oligomerization of the intracellulur mutant A, Az COS-7 cells were transfected with APPr and APPrgo54 constructs and cultured for 2 days.
The cells were fixed, permeabilized. and blocked as described in Figure 4, and then stained with @ monoclonal antibody NU-1 specific to AB oligomers (red) in
combination with the polyclonal antibody B001 to the N-terminus of A (green). B: The ratio of oligomers (NU-I-positive staining) to total AR (BOO1-positive
staining) was calculated. The columns and bars represent the means = SD tor 10 transfectants. * 77 < 0.0001 versus wild-type (WT) by unpaired Students -test.

Increased oligomerization was observed in APPpqqq5-transfected cells.
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fected cells led us lo examine whether these cells
exhibit activation of caspase-4 and undergo apoptosis.
Caspase-4 activation was judged by the appearance of
cleaved fragments of caspase-4 in Western blotting. Ap-
optosis was assessed by activation of caspase-3, which
was determined by the appearance of cleaved fragments
of caspase-3 in Western blotting and by increase in
caspase-3 activity in enzyme assay using luminogenic
substrate. As another sign of apoptosis, DNA fragmenta-
tion was also tested by the TUNEL method. APPrgqaa-
transfected cells exhibited higher degrees of caspase-4
activation than APP,,-transfected cells (Figure 10A).
These signals were completely abolished by the treat-
ment of cells with 1 pmol/L +y-secretase inhibitor
L-685,458 to inhibit AB generation, suggesting that the
observed ER stress-induced apoptosis was caused by
intracellular accumulation of AB but not the expression of
the mutant APP or its metabolites such as CTFB.
APPsqsa-transfected cells also demonstrated higher de-
grees of caspase-3 activation than APP,,-transfected
cells in both Western blotting (Figure 10B) and enzyme
assay (Figure 10C). Furthermore, DNA fragmentation was
induced more potently in APPg054-transfected cells than
APP,, -transfected cells. In parallel with the increased
accumulation of AB oligomers, more abundant TUNEL-
positive staining was observed in APPggq4,-transfected
cells (Figure 10D). The TUNEL-/NU-1-positive cell to NU-
1-positive cell ratio was higher in APPgggsa-transfected
cells (Figure 10E). We did not observe TUNEL-positive
but NU-1-negative cells. Taken together, our findings
suggest that the E693A mutation causes impairment of
AB trafficking, ER stress, and apoptosis probably via
enhanced formation of intracellular AB oligomers.
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Figure 9. Increased ER stress by the mutant AB. COS-7
cells were transtected with APPy and APPy 24 cON-
structs and cultured for 2 days. Az The cells were fixed,
permeabilized, and blocked as described in Figure 4,
and then stained with NU-1 (red) in combination with a
polyclonal antibody to Grp78 (green). a molecula
chaperone that is up-regulated during FR stress. B: Cells
were 4lso stained with an antibody to phosphorylated
elF2a, an FR stress marker. C: Cell lysates were sub-
jected to Western blotting with C40, anti-elF2e, and
anti-phosphonylated elf2a antibodies. In-parallel with
the inacased accumulation of AB oligomers, ER stess
was prominently induced in APP g, y-transfected cclls

Discussion

In the present study, we examined the effects of the
E693A mutation on APP processing to produce AB and
on subcellular localization and accumulation of AB in
transfected cells. This mutation exhibited no inhibitory
effects on B- or y-cleavage of the mutant APP, and in-
stead enhanced them. Nevertheless, this mutation mark-
edly decreased both AB40 and Ap42 secretion from
cells.'” We found that this occurred because the E693A
mutation increases AB accumulation within cells. It is
thought that Ap is generated in several intracellular patn-
ways, in addition to at the plasma membrane.®*° In the
secretory pathway, AB is generated in ER and Golgi
apparatus and transported to the cell surface to be se-
creted from cells. In the endocytic pathway, AB is gen-
erated in endosomes or taken up from the extracellular
space and sorted to lysosomes to be degraded, or re-
leased from cells by exocytosis or in association with
exosomes.®” Lastly, in the autophagic pathway, AB is
generated in autophagosomes and delivered to late en-
dosomes and lysosomes.”® Increased accumulation of
the mutant AB was observed in all organelles involved in
these pathways, especially in late endosomes. This ab-
normal accumulation and reduced secretion of AB sug-
gest impairment of APP/AB trafficking. The increased
production and intracellular accumulation of AB have
also been demonstrated in another APP mutation, the
Arctic (E693G) mutation.®® This mutation decreases cell
surface expression of APP by reduced trafficking to the
plasma membrane and/or increased endocytosis of APP
and thereby reduces availability for a-cleavage, resulting
in increased extracellular and intracellular levels of AB.
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Figure 10. Increasced apoptosis by the mutant AB. COS-7 cells were trans-
fected with APPpr and APPg,4 constructs and cultured for 2 days. A: Cell
lysates were subjected to Western blotting with anti-caspase—+ antibody, in
which the appearance of cleaved fragments of caspase— represents activa-
tion of caspasc-4. Higher degrees of caspase-4 activation were observed in
APPyqosa-transtected cells, signals of which were completely abolished by
the treatment of cells with 1 pmol/L y-secretase inhibitor L-685,458. B: Cell
lysates were subjected ro Western blotting with an antibody to cleaved
caspase-3, in which the appearance of the specific bands represents activa-
tion of caspase-3. As 4 positive control for apoptosis, mock- rmml ted cells
were treated with | ;.Lm()l ‘L staurosporine (ST) for 4 hours at 37°C. Higher
degrees of caspase-3 activation were observed in APPp,, 512 lnstu[ul cells
C: Caspasc-3 activity was measured in cells using the Caspase-Glo 3/7 assay
kit, which includes Tuminogenic substrate for caspase-3/7. Again, higher
luminescence was detected in APPy s -transfected cells, indicating in-
creased apoptosis of these cells. The columns and bars represent the
means = SD for four transfectants. P = 0.0002 by unpaired Student’s Hest.
D: Cells were fixed, permeabilized, and blocked as described in Figure 4, and
then incubated with TUNEL label mix containing TUNEL enzyme lyrcen).
After washing, the cells were stained with NU-1 (red). E: The ratio of
TUNEL--NTU-1-positive cells to NU-1-positive cells was calculated. The col-
unmns and bars represent the means = SD for three experiments. *P = 0.0005
versus wild-type (WT) by unpaired Student’s rtest. In parallel with the
increased accumulation of A oligomers, stronger TUNEL-positive staining
was observed in APPyg g -transfected eclls, indicating increased DNA frag-
mentation, another sign of apoptosis, of these cells. Taken together, it was
shown that the mutant AB causes ER stress-induced apoptosis,

Although the E693A mutation did not increase extracel-
lular AB40 and AB42 levels, both the Arctic and E693A
mutations exhibit similar effects on AB production and
intracellular accumulation.  Our immunocytochemical
findings revealed that such altered trafficking of APP/AS
is probably attributable to enhanced intracellular oli-
gomerization of the mutant Ag.

It is currently believed that AB oligomers attack neu-
rons from the extracellular space. A oligomers bound to
synapses,”® inhibited hippocampal LTP,**® disrupted
memory,®® and caused synapse loss®'® when applied
exogenously in vivo and in vitro. It would be useful to

determine whether mutant ABs have activities similar to
those of wild-type AB. As we previously reported, the
mutant Ap42 E22A peptide potently inhibited hippocam-
pal LTP when injected into rat cerebral ventricle’” and
induced dose-dependent loss of synapses in mouse hip-
pocampal slices when added to culture medium.'® These
findings led us to speculate that synaptic deficits in pa-
tients with the E693A mutation are probably caused by
extracellular AB E22A oligomers.

On the other hand, several reports have suggested
that synaptic dysfunction and alteration are associated
with intraneuronal accumulation of AB.*?~*' In AD brain,
AB42 immunoreactivity was first detected within neurons
in brain regions affected early in AD, preceding both
plague and tangle formation.“? This intraneuronal Ap42
was predominantly located in multivesicular bodies, a
type of endosomal vesicle, within synaptic compartments
and was associated with abnormal synaptic morphol-
ogy.*? Furthermore, the intraneuronal AB42 was shown to
aggregate into oligomers.** We also detected intraneu-
ronal AB oligomers in AD brain and found that synapto-
physin immunoreactivity was absent around neurons
bearing AB oligomers.*® In the triple transgenic 3xTg-AD
mice, synaptic and cognitive dysfunction were shown to
correlate with the accumulation of intraneuronal AB,
which appeared before plague and tangles.*®*” The in-
traneuronal AB in these mice was also shown to form
SDS-stable oligomers in an age-dependent manner.*®
Many other studies on patients with AD*® and Down
syndrome®>®" and on transgenic mouse models of
AD®*%% including those with the Arctic mutation have
demonstrated that intraneuronal accumulation of Ag is an
early pathological change before the onset of amyloid
plaque formation, although it is not clear whether those
intracellular ABs form oligomers. In the present study, the
E693A mutation increased intracellular accumulation of
AB oligomers and caused ER stress and apoptosis in
transfected cells, suggesting that neuronal dysfunction in
patients with this mutation may be attributable to intracel-
lular accumulation of A oligomers.

Our findings may provide new insights into the mech-
anisms underlying the greater virulence of familial AD,
which develops early and progresses rapidly. It has been
shown that AB oligomerization initiates within cells rather
than in the extracellular space.® In familial cases, muta-
tion-induced increase in AB production (particularly
Ap42) or acceleration of AB aggregation®® would result in
more rapid and enhanced oligomerization of AB within
the cells. Such an increased oligomerization may disturb
AB trafficking and induce intracellular accumulation of Ap
oligomers, which causes cellular dysfunction. By strongly
eliciting these intracellular mechanisms in addition to
extracellular mechanisms, familial mutations would pre-
sumably lead to early onset and accelerated progression
of the disease.

The mechanism by which intracellular Ag causes neu-
ronal dysfunction is still primarily unclear. It has been
suggested that intracellular AB disrupts the impermeabil-
ity of endosomal/lysosomal membranes to induce lyso-
somal leakage, which results in cell death.°”~®" Such
membrane disruption may be caused by oligomeric



forms of AB.#4%253 |t remains to be determined whether
the mutant AB we isolated causes lysosomal damage via
its oligomerization. Another possible mechanism of neu-
ronal dysfunction is ER stress, as proposed in the present
study. ER stress is induced when abnormally folded pro-
teins accumulate in the ER beyond the capacity of the ER
to correct their conformation.®**" In such conditions, a
cellular response termed the unfolded protein response
is activated lo protect the cell against the toxic buildup of
misfolded proteins. Molecular chaperones, such as
Grp78, are up-regulated to assist appropriate refolding of
misfolded proteins, and translation initiation factors such
as elF2 are suppressed 1o halt further protein synthesis.
However, when severe and prolonged ER siress exten-
sively impairs ER function, the unfolded protein response
ultimately initiates apoptosis.®®?" We previously showed
that a missense mutation in cartilage oligomeric matrix
prolein (COMP) linked to pseudoachondroplasia and
multiple epiphyseal dysplasia caused an abnarmal ac-
cumulation of COMP in ER and subsequent ER stress-
induced apoptosis in transfected COS-7 cells.” In these
cells, secretion of the mutant COMP was dramatically
decreased. Such toxic effects probably result in degen-
eration of chondrocytes and skeletal dysplasia in these
diseases. In the present study, we demonstrated that the
E693A mutation increased ER stress and apoptosis in
parallel to increased intracellular accumulation of A oli-
gomers. Analogous to the mutation of COMP, the E693A
mutation may cause degeneration of neurons and de-
mentia by inducing impaired trafficking of the mutant Ag
and subsequent ER stress-mediated apoptosis. It re-
mains to be studied whether AS cligomerization affects
secretion of other proteins or solely AB.

Regarding the molecular sizes of AB oligomers, it is
unclear which size oligomers, low-n, Ag-derived diffus-
ible ligand, or AB*56, were formed intraceliularly to cause
ER stress-induced apoptosis. We detected at least
dimers on immunoprecipitation/Western blotting analysis,
although these dimers may have been derived from larg-
er-size oligomers by boiling the immunoprecipitates in
the presence of detergent (SDS). In our immunocyto-
chemical studies, we used NU-1 to detect oligomers,
which has been shown to recognize Ap-derived diffusible
ligand in dot blot assay but also to react with trimers and
tetramers in Western blotting.®® This issue requires fur-
ther study.

In summary, we examined the cellular metabolism of
APP with or without the E693A mutation in transfected
cells and showed that this mutation affects Ag trafficking
and causes ER stress-induced apoptosis in transfected
cells probably via enhanced ApB oligomerization. Our
findings suggest an additional mechanism of AB oli-
gomer-induced neuronal dysfunction, in which AB oli-
gomers exhibit toxicity from within the cell.
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Backgrownd: Supported by compelling genetic data re-
garding early-onsel [amilial Alzheimer disease (AD), the
amyloid B-peptide (AB)—centric theory holds that AB is
involved in the pathogenesis of sporadic AD. Mutations
in the amyloid precursor protein (APP), presenilin |
(PSEN1), and presenilin 2 (PSEN2) genes lead to in-
creased AP levels before symptoms arise.

Objectives: To evaluate the pattern of Pittsburgh Com-
pound B (PiB) retention in subjects with different auto-
somal dominant mutations associated with familial AD
vs that in healthy age-matched control subjects and sub-
jects with probable sporadic AD, to correlate A burden
as measured by PiB with available clinical and cognitive
data, and to compare the regional brain patterns of PiB
retention and [luorodeoxyglucose F 18 (FDG) uptake.

Design: Correlation analysis ol positron emission to-
mography (PET) imaging studies.

Setting: Academic research.

Participants: Seven PSENI mutation carriers and 1 APP
mutation carrier underwent PiB and FDG PET imaging.

Amyloid B-peptide burden and FDG uptake were estab-
lished using standardized uptake values normalized to
pons.

Main Outcome Measure: Primary outcomes were PET
results, which were compared with those of a well-
characterized cohort of 30 healthy control subjects and
30 subjects with probable sporadic AD.

Resuwlis: All mutation carriers had high PiB retention in
the striatum, with some also having cortical PiB reten-
tion in ventrofrontal and posterior cingulate/precuneus
areas. The striatal pattern of PiB retention was similar in
the PSENT and APP mutation carriers. Neither striatal nor
cortical AR burden was related to cognitive status.

Conclusions: Consistent with previous studies, the pat-
tern of AR deposition in familial AD dillers [rom that in
sporadic AD, with higher striatal and somewhat lower
cortical PiB retention in familial AD. The pattern and de-
gree of AR deposition were not associated with muta-
tion type nor cognitive status.
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Author Alffiliations are listed at
the end of this article.

(REPRINTED) ARCH NEUROL/VOL 66 (NO. 12), DEC 2009

LZITEIMER DISEASE (AD),

the leading cause of de-

mentia in older persons, is

an irreversible progres-

sive neurodegenerative
disorder that is clinically characterized by
memory loss and cognitive decline.' Tt
leads invariably to death, usually within
7 to 10 years alter diagnosis.

To date, evidence supports the notion
that amyloid B-peptide (AB) is central to
AD pathogenesis.” Amyloid B-peptide is
a 4-kDa 39— to 43—amino acid metallo-
protein derived from the proteolytic cleav-
age of the amyloid precursor protein (APP)
by B- and y-secretases.” The presence of
extracellular AB in highly specialized cor-
tical brain regions implicated in memory
and cognition indicates that increases in

AP are involved in early presymptomatic
stages of the disease.” Compelling ge-
netic data further support the AB-centric
theory.? Although it is probable that ad-
ditional genes are involved, the [ollow-
ing 4 genes associated with A produc-
tion or clearance have been implicated in
the pathogenesis of AD: mutation of the
APP gene on chromosome 21, polymor-
phism of the apolipoprotein E gene (APOE)
on chromosome 19, and mutations in the
presenilin 1 (PSEN1) and presenilin 2
(PSEN2) genes on chromosomes 14 and
1, respectively.”” Three of them (PSENI,
PSEN2, and APP) have a clear-cut auto-
somal dominant pattern with a pen-
etrance above 85%, while the fourth
(APOE) is a weaker susceptibility factor,
despite being the most prevalent of these
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Table 1. Demographics and Clinical Dala

Family Age Years Clinical
at Onset, From Mini-Mental State Dementia Neocortex
Carrier Mutation Age,y Mean Onset Sex Examination Score Rating SUVR?
PSEN1, L219P 360 54 -18 F 30 0.0 0.54
PSENT, dE9 38 44 -6 F 29 0.0 0.80
APP V7171 480 54 -6 M 28 0.5" 1.240
PSENT, L219P 62 65 -3 M 29 0.50 0.96°
PSEN1, Y1150 52b 49 3 F 22b 1.00 1.390
PSENT, ¢236T 55 58 =3 M 3.00 0.76
PSENT, L85P 31b 26 5 M 3.00 0.72
PSENT, L1735 45b 37 8 F 3.00 0.93b
Female-Male
Cohort Mean (SD) Ratio Mean (SD) Mean (SD) Mean (SD)
HC (n=30) 69.8 (6.6) 18/12 29.3 (0.9) 0.0 (0.0) 0.60 (0.08)
Sporadic AD (n=30) 73.6 (9.4) 14/16 22.1 (5.0)0 1.2(0.7)0 1.21(0.18)"

Abbreviations: AD, Alzheimer disease; Ellipsis, not applicable; HCs, healthy control subjects; SUVR, standardized uptake valug ratio.
aThe mean of the SUVR, . for frontal, cingulate, parietal, lateral temporal, and occipital cortex.

bSignificantly different from HGs (2 score, >2).

risk [actors for AD.®” The main (eature ol APP, PSENI,
and PSEN2 mutations (involved in different steps of the
APP processing pathway) is increased production and
deposition of AR, especially AB.,.% Despite some clini-
cal heterogeneity associated with PSENI mutations,'*"!
these various genetic mutations lead to increased levels
of AB in the brain before symptoms arise."!

Amyloid B-peptide imaging with positron emission
tomography (PET) allows early and accurate diagnosis
of AD."*" Pittsburgh Compound B (PiB), the most
widely used amyloid tracer, provides quantitative infor-
mation on AR burden in vivo, which has led to new
insights on AB deposition in the brain. The use of this
technique has shown a robust difference in PiB reten-
tion between healthy control subjects (HCs) and sub-
jects with AD'*" and has demonstrated inverse correla-
tions of AR burden with glucose hypometabolism in
some brain regions,'" cerebrospinal fluid ABy,,"” and
rate of cerebral atrophy.'® About 25% to 35% of asymp-
tomatic age-matched HCs present with cortical PiB
retention that correlates with subtle memory impair-
ment and greater risk of cognitive decline, likely repre-
senting preclinical AD.'" Two previous studies®®*!
reported high striatal PiB retention in PSENT mutation
carriers, while a third study”® reported a novel APP
mutation in which AB remains in an oligomeric form
showing mild cortical PiB retention. From these [ew
studies, it is difficult to infer the signilicance of PiB
retention in asymptomatic mutation carriers. Therefore,
it is crucial to examine more patients with familial AD
(FAD) having early-onset or variable mutations to bet-
ter define the role of AB in this population and its asso-
ciation with cognitive status.

The objectives of the study were as follows: (1) to evalu-
ate the pattern of PiB retention in subjects with distinct
but different autosomal dominant mutations associated
with FAD vs that in age-matched HCs and subjects with
probable sporadic AD (SAD), and (2) to correlate AR bur-
den as measured by PiB with available clinical and cog-

nitive data, and (3) to compare the regional brain pat-
terns of PiB retention and fluorodeoxyglucose F 18 (FDG)
uptake.

— T

PARTICIPANTS

Written informed consent for participation in this study was
obtained [rom all subjects or caregivers belore imaging. The
study was approved by the Austin Health (Melbourne, Austra-
lia) human rescarch ethics committee and by the Osaka City
University Medical School (Osaka, Japan) institutional ethics
committee.

Cight subjects who were carriers o[ APP or PSENT mula-
tions were studied using PiB and FDG PET imaging. All sub-
jects were aware that they were carrying a mutation linked to
AD. Specific mutations are listed in Table 1.

PiB and FDG PET studies of mutation carriers were com-
pared with those of a well-characterized cohort of 30 HCs and
30 subjects with probable SAD. The latter subjects met the cri-
teria for probable AD as outlined by the National Institute of
Neurological and Communicative Disorders and Stroke and the
Alzheimer Disease and Related Disorders Association.”

Subjects underwent a neurologic examination. In addition
to the Clinical Dementia Rating (CDR) and the Mini-Mental
State Examination (MMSE), subjects without complete impair-
ment underwent various neuropsychological tasks designed to
assess a broad range of cognitive domains, although no spe-
cific test to assess striatal function was administered.

IMAGING PROCEDURES

All subjects underwent T1-weighted magnetic resonance (MR)
imaging for screening and subsequent coregistration with PET
images. Each subject received approximately 370 megabec-
querels (MBq) of PiB by intravenous injection over 1 minute.
Imaging was performed in Melbourne for the PSENT,. (as listed
in Table 1) and APP mutation carriers (Allegro PET camera;
Phillips, Amsterdam, the Netherlands) and in Osaka for the
PSEN1{, mutation carriers (Eminence-B PET imaging system;

(REPRINTED) ARCH NEUROL/VOL 66 (NO. 12), DEC 2009

1538

WWW.ARCHNEUROL.COM

Downloaded from www archneurol.com at C/O Kwe-Access, on March 25, 2010
©2009 American Medical Association. All rights reserved.



PiB
SUVRpans
200

PSEN1,
L219P

PSEN{,
dE

FOG CDR 0.0

SUVRpons Years from onset
2.0

PSENT,
Y1156

PSEN{,

: PSEN;
C236T

PSENT,
L85P

L1738

=
Y

Sporadic |
AD |
)

€R

&
o

Figure 1. Positron emission tomography (PET) images. Representative parametric sagittal, transaxial, and coronal Pittsburgh Compound B (PiB) PET (top) and
fluorodeoxyglucose F 18 (FDG) PET (hottom) images of 8 mutation carriers, as well as representative images of the healthy control (HC) and probable sporadic
Alzheimer disease (AD) cohorts. Subjects are arranged according to their Clinical Dementia Rating (CDR) and years from onset for their respective pedigrees. All
mutation carriers show high PiB retention in the striata, as well as in the ventrofrontal and posterior cingulate or precuneus areas in most of them. There was no
clear pattern of FDG hypometabolism across the subjects studied. SUVR indicates standardized uptake value ratio.

Shimadzu, Osaka. Japan). A 20- to 30-minute emission acqui-
sition was then perlormed in 3-dimensional mode starting 40
minutes alter injection of PiB. In 7 of 8 subjects, static FDG
iimages were obtained 45 minutes after injection of approxi-
mately 250 MBq of FDG.

IMAGE ANALYSIS

Coregistration of PET images was performed using a computer
prograimn (SPM5; [Statistical Parametric Mapping 5]; Medical Re-
search Council Cognition and Brain Sciences Unit, Cambridge,
England),” and an MR imaging-defined region-of-interest tem-
plate was then applied to PET images. The mean standardized
uptake value (SUV) was obtained from the region of interest for
cortical, subcortical, and cerebellar regions.

Because of the reported presence of plaques in the cerebel-
lar cortex of patients with FAD,” PiB retention and FDG up-
take were normalized to pons radioactivity to generate stan-
dardized uptake value ratio pons (SUVR,,,..). Regional PiB and
FDG PET imaging SUVR,, . of mutation carriers were then com-
pared with those of a well-characterized (although signili-
cantly older) cohort of 30 HCs without evidence of A depo-
sition in the brain (PiB negative) and 30 subjects with probable
SAD.

STATISTICAL ANALYSIS

zScores exceeding 2 were considered significantly different from
HCs or subjects with probable SAD. Correlations were as-
sessed using Pearson product moment correlation analyses.
Group data are expressed as the mean (SD).

B RESULTS R

Demographic data for mutation carriers and for the HC
and probable SAD cohorts are given in Table 1. All symp-
tomatic mutation carriers had onset of cognitive decline
within the expected range of their respective pedigrees.
At the time of PET imaging, 3 subjects had severe im-
pairment, and it was impossible to obtain MMSE scores.

The pattern of PiB retention in all mutation carriers,
independent ol mutation type, differed from that in sub-
jects with probable SAD, with higher PiB retention in the
striatum among the mutation carriers (Figure 1). Older
mutation carriers had higher striatal PiB retention.
Table 2 gives (he regional SUVR,,,, ol mutation carri-
ers vs HCs and subjects with probable SAD. Another com-
mon feature was high PiB retention in the prefrontal, or-
bitofrontal, and gyrus rectus regions in most (6 of 8)
mutation carriers (Figure 1). Despite their sharing the
same PSEN1 mutation (L219P) (Table 1), the degree of
PiB retention was higher and more widespread in the 62-
year-old subject closer to the age at onset for his pedi-
gree, while PiB retention was restricted to the caudate
nuclei in the 36-year-old subject (18 years away [rom the
age at onset for her pedigree). A cortical PiB retention
pattern similar to that usually seen in SAD was observed
in 2 women with dementia (the 45-year-old PSENT, mu-
tation carrier and the 52-year-old PSEN1, mutation car-
rier) and in 2 men without dementia (the 48-year-old APP
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Table 2. Individual Cerebral Regional Pittsburgh Compound B Retention SUVR,,, in Familial AD, 30 HCs and 30 Subjects
With Probahle Sporadic AD
Mean (SD)

PSENT, PSENT, APP PSENT, PSENT, PSENT, PSENT, PSENT, : Sporadic I
Location L219P dE9 V7L L219P Y1150 C236T L85P L1738 HCs AD
Frontal 0.53 0.918 1.322 1.042 1.502 0.842 0.63 0.872 0.59 (0.10) 1.30 (0.23)
Orhitofrontal 0.57 0.828 1.343 1.0123 1.402 0.88¢ 0.68 0.89¢ 0.61 (0.09) 1.26 (0.22)
Gyrus rectus 0.70 0.922 12814 Il 1.652 0.932 0.57 1.012 0.62 (0.09) 1.34 (0.27)
Anterior cingulate 0.62 0.912 =312 1172 1.532 0.77 0.76 1.022 0.63 (0.11) 1.30 (0.21)
Posterior cingulate 0.58 0.81 1.65% 1172 1.652 0.73 0.82° 0.95% 0.62 (0.09) 1.33 (0.19)
Parietal 0.54 0.814 1.002 0.814 1.342 0.68 0.73 1.002 0.55 (0.09) 1.14 (0.20)
Occipital 0.47 0.72 0.912 0.68 1.142 0.74 0.74 0.962 0.64 (0.07) 0.96 (0.17)
Lateral temporal 0.51 0.68 1.242 0.943 1.342 0.66 0.66 0.954 0.59 (0.08) 1.17 (0.20)
Mesial temporal 0.56 0.60 0.80¢ 0.69 0.837 0.50 0.55 0.42% 0.61 (0.07) 0.82 (0.11)
Caudate nuclei 1.043 1372 1.767 1.462 1.97¢ 0.70® 1.192 1.592 0.64 (0.10) 1.32 (0.27)
Putamen 0.76 1158 1:259 1.342 15572 0.96? 1:154 1.382 0.63 (0.08) 1.16 (0.22)
Thalamus 0.63 0.82 1.192 1.064 1.282 0.82 0.72 1.042 0.72 (0.07) 1.03 (0.16)
Midbrain 0.88 0.95 0.96 0.88 0.98 0.90 0.80 0.92 0.87 (0.10) 0.96 (0.09)
Gerebellum 0.47 0.47 0.632 0.652 0.59 0.62¢ 0.652 0.51 0.48 (0.06) 0.52 (0.09)
Striatal 0.902 1.262 1.502 1.402 15772 0.832 Tald 1.492 0.63 (0.09) 1.24 (0.26)
Neocortex® 0.54 0.80% 1.242 0.967 1.392 0.76 0.72 0.93% 0.60 (0.08) 1.21 (0.18)

Abbreviations: AD, Alzheimer disease; HCs, healthy control subjects; SUVR, standardized uptake value ratio.

Significantly different from HCs (z score, >2).
bSevere caudate nuclei atrophy.

©The mean of the SUVR,. for frontal, cingulate, parietal, lateral temporal, and occipital cortex.

mutation carrier and the 62-yecar-old PSENI, mutation
carrier). Half of the mutation carriers demonstrated sig-
nificantly higher cerebellar PiB retention than thatin HCs
(Table 2).

Although global and regional FDG uptake was lower
in most symptomatic mutation carriers (Table 3), there
was no common pattern of FDG uptake among the sub-
jects studied (Figure 1). Three subjects (the PSENI,,
PSEN1,, and PSEN1, mutation carriers) showed marked
global glucose hypometabolism in which reduced FDG
uptake was associated with severe brain atrophy, while
the PSENT, mutation carrier demonstrated asymmetric
FDG uptake but less atrophy on MR imaging than that
in the other 2 subjects. Three other subjects (the PSENT,,
APP, and PSENI, mutation carriers) showed an almost
normal pattern of FDG uptake. The PSEN1; mutation car-
rier had lower FDG uptake than that among HCs in the
parietal cortex, as is usually observed in SAD, and had
high FDG uptake in the anterior cingulate, lateral tem-
poral, and striatum (Table 3).

Striatal and cortical PiB retention was not associated
with mutation type, disease severily, or cognitive im-
pairment (Figure 2). In contrast to PiB findings, the FDG
posterior cortical index correlated with MMSE score
(r=0.85,P=.02), CDR (r=-0.84, P=.02), and years from
onset for the respective families (r=-0.78, P=.04). There
was no regional or global correlation between PiB reten-
tion and FDG uptake. Given the dichotomy of the CDR
and the MMSE score, mutation carriers were separated
into 2 subgroups according to their disease severity
(MMSE score >20 or =20 and CDR >2 or =2) for fur-
ther comparison. There was no significant difference be-
tween the subgroups in striatal or neocortical PiB reten-
tion, while the most cognitively impaired subgroup
(MMSE score =20 and CDR >>2) had significantly lower

striatal FDG uptake (P=.03) and FDG posterior cortical
index (P=.01).

SR COMMENT __ pey

In vivo amyloid PET imaging has allowed new insights
on AR deposition in the brain, [acilitating research into
the causes, diagnosis, and future treatment of demen-
tias in which A3 may have arole.">"’?* We examined the
pattern and degree of PiB retention in familial cases with
PSEN1 and APP mutations. All mutation carriers showed
some degree of increased PiB retention. Although the de-
gree of cortical retention was generally lower than that
usually observed in SAD, the striatal retention was re-
markably high. Early onset and rapid progression of the
disease indicate that other factors besides AR deposi-
tion have a role in the cognitive impairment process in
FAD, in which AR upregulation and deposition repre-
sent an carly and necessary but not sufficient immediate
cause of cognitive decline.

The pattern of PiB retention was similar to that re-
ported in 2 previous studies™ " of PSENT mutation car-
riers. Postmortem studies®*’ of patients with FAD had
shown A deposits in the striatum. The high PiB reten-
tion in the striatum is difficult to reconcile with the clini-
cal phenotype given the similar symptoms in SAD, in
which this pattern of retention is not observed. How-
ever, this pattern is constant across different mutation
types, and it has been proposed that AR deposition in FAD
starts in the striata.”® High striatal PiB retention was ac-
companied by significant retention in the frontal re-
gions, although the retention was not as high as that ob-
served in SAD. As in a high percentage ol HCs, PiB
retention is observed in the frontal and posterior cingu-
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With Probahle Sporadic AD

Table 3. Individual Cerebral Regional Fluorodeoxyglucose F 18 Uptake SUVR,,,, in Familial AD, 30 HCs, and 30 Subjects

Mean (SD)

PSENT, PSENT, APP PSENT, PSENT, PSENT, PSENT, PSENT, l Sporadic I
Lacation L219pP dE9 VL L219P Y115C C236T L85P L1738 HCs AD
Frontal NA 1.32 1.40 1.30 1.43 1.23 0.807 0.892 1.43 (0.23) 1.20 (0.16)
Orbitofrontal NA 1.32 1.45 1.35 1.36 1.26 0.812 0.882 1.42 (0.18) 1.21 (0.13)
Gyrus rectus NA 1.37 1.42 1.48 1.58 1.29 0.82% 0.95% 1.39 (0.15) 1.24 (0.12)
Anterior cingulate NA 1.44 1.38 1.37 1.55 1.40 0.912 1.032 1.37 (0.17) 1.17 (0.14)
Posterior cingulate NA 1.46 1.55 1.45 1.48 1.36 0.82° 1.012 1.62 (0.19) 1.24 (0.18)
Parietal NA 1.25 1.32 1.01 1.05 1.02 0.792 0.87 1.37 (0.26) 1.06 (0.24)
Occipital NA 1.45 1.40 1.15 1.37 1.37 0.80% 1.00 1.45 (0.22) 1.22 (0.21)
Lateral temporal NA 1.32 1.4 1.26 1.47 1.10° 0.814 0.862 1.39 (0.14) 1.07 (0.16)
Mesial temporal NA 1.02 0.99 0.96 1.17 0.82 0.79? 0.54% 1.05 (0.13) 0.95 (0.12)
Caudate nuclei NA 1.61 1.39 1.51 1.86 1.27° 1.06% 1.042 1.61(0.20) 1.47 (0.20)
Putamen NA 1.63 1.60 1.62 1.93 1.56 1.08¢ 1.132 1.68 (0.17) 1.57 (0.15)
Thalamus NA 1.308 1.47 1.72 1.73 1.66 0.88¢ 1152 1.70 (0.13) 1.49 (0.14)
Midbrain NA 0.904 0.922 1.26 1.22 1.26 0.932 0.96% 1.25(0.12) 1.16 (0.14)
Cerebellum NA 1.33 1.20 1.22 1.47 1.37 1.012 1.17 1.33 (0.15) 1.26 (0.15)
Striatal NA 1.62 1.50 1.57 1.902 1.47 1.072 1.092 1.64 (0.12) 1.561(0.17)
Posterior cortex® NA 1.34 1.42 1.24 1.33 1.16 0.804 0.92% 1.46 (0.17) 1.15 (0.16)

Abbreviations: AD, Alzheimer disease; HCs, healthy control subjects; NA, not applicable; SUVR, standardized uptake value ratio.

aSignificantly different from HCs (zscore, =2).
bSevere caudate nuclei atrophy.

CThe mean of the SUVR,,.,.. for posterior cingulate, parietal, and lateral temporal cortex.

late regions of a significant proportion of cognitively un-
impaired or minimally impaired mutation carriers. These
findings in mutation carriers are in agreement with post-
mortem [indings showing that a high percentage of non-
demented older individuals have amyloid plaques (with
deposits occurring well belore the onset ol dementia)***
and with evidence indicating that neuropathologic
changes precede the clinical phenotype by many years. !

At least 3 of 8 mutation carriers in our study demon-
strated marked atrophy on MR imaging. Most extrastria-
tal PiB retention was confined to the venwofrontal re-
gions, with 4 mutation carriers showing a pattern of
cortical PiB retention similar to the pattern observed in
SAD.

Semiquantitative measures of A burden are usually
generated by normalizing the regional SUV to the cer-
ebellar cortex, aregion unallected by senile plaque depo-
sition in SAD.” In contrast, mutation carriers in our study
showed a pattern of AB deposition different from that of
subjects with probable SAD, with higher PiB retention
in the cerebellum of mutation carriers reflecting cerebel-
lar AB deposition (Table 2).

Postimortem measurements of the distribution and den-
sity of diffuse and neuritic AB plaques have not consis-
tently correlated with the degree of cognitive impair-
ment in AD.*** The best correlation has been observed
with neurofibrillary tangles and soluble levels of AB.?>3¢
While the exact mechanism by which A might pro-
duce synaptic loss and neuronal death is controver-
sial,"¥7itis likely that PiB retention in nondemented in-
dividuals''""3 and in cognitively unimpaired or
minimally impaired mutation carriers reflects preclini-
cal AD in a classic neuropathologic view.” This “delay”
in the manifestation of the phenotype may be attributed
to different idiosyncratic or cellular susceptibility or vul-

nerability to AR, variations in A} conformation affect-
ing toxicity or PiB binding, or both.*** There is also the
issue of mutation type, whereby some PSEN1 mutations
are more aggressive and evolve [aster than others, while
others are associated with movement disorders such as
spastic paraparesis or extrapyramidal signs. Larner and
Doran'!' have reviewed the phenotypic manifestations of
some of the PSENI mutations discussed herein. These
hypotheses would justify early involvement of the stria-
tum and would help explain why some older individu-
als with significant AR burden are cognitively unim-
paired, while others with genetic predisposing factors
(despite lower A burden) have already developed the
full clinical AD phenotype.

Regarding PiB binding to different AR species with or
without posttranslational modification or in a [ibrillary
oligomer or monomer form, it has been reported that PiB
binds with higher alfinity to one kind of N-terminal-
truncated AR 443, species in senile plaques, specifically
that truncated at position 3 (AB3[pE]), displaying a 5-fold
higher alfinity for AB3(pE); 43 than for AR 445, This
is relevant to PiB binding because, besides the usual se-
nile and diffuse plaques observed in SAD, cotton wool
plaques are observed in the brains of PSENI mutation
carriers.”"* Cotton wool plaques are generally large with
a clear rim and are composed mainly of neuropil ele-
ments and AB., species, ubiquitously located in the cor-
tex and basal ganglia.””** Cotton wool plaques are par-
ticularly important not only because of their distribution
in the striatum and cortex but also because they are mildly
stained with thioflavin S,* in contrast to conventional
AR plaques seen in SAD or normal aging. Cotton wool
plaques should be studied more extensively to explain
their etiologic mechanism and how they might contrib-
ute to the different patterns of PiB retention among FAD,
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Figure 2. Correlational analysis. Pearson product moment correlation linear correlation analysis shows lack of association between striatal or neocortical
Pittsburgh Compound B (PiB) retention and disease severity data or years from onset for the respective pedigrees. Gonversely, there are strong correlations
between the same variables and fluorodeoxyglucose F 18 (FDG) posterocortical uptake. CDR indicates Clinical Dementia Rating; MMSE, Mini-Mental State

Examination; and SUVR, standardized uptake value ratio.

SAD, and normal aging. Longitudinal studies combined
with postmortem assessment of Af are needed to eluci-
date this point.

Although PiB investigations (in accord with previous
studies?**!) showed higher AR burden in the striata of
all of the mutation carriers studied herein, there was no
clear pattern of FDG hypometabolism, neither the typi-
cal temporoparietal hypometabolism observed in SAD*
nor the more restricted temporoparietal hypometabo-
lism reported in asymptomatic at-risk subjects with known
APP or chromosome 14-linked mutations®** and in sub-
jects with a strong family history of AD.* Despite their
having generally lower FDG uptake than HCs, most mu-
tation carriers did not show signilicant regional diller-
ences vs HCs or subjects with probable SAD. The rea-
son may be the variance of FDG uptake among HCs and
subjects with probable SAD, a variance that precluded
achieving higher z scores among the mutation carriers.
The 2 subjects with extremely low FDG uptake (the
PSENTand PSEN1, mutation carriers) also have the most

severe brain atrophy and the most severe cognitive im-
pairment. The third subject with atrophy and marked cog-
nitive impairment (the PSEN1; mutation carrier) showed
an asymmetric pattern of FDG uptake. In FAD as in SAD,
PiB seems to be a more sensitive and accurate bio-
marker than FDG for early detection ol disease.™ This
might be because AR deposition starts approximately 10
years before any cognitive or memory decline is noted®
and much earlier than the synaptic and neuronal loss that
is reflected in regional glucose hypometabolism. Con-
versely, FDG uptake correlates with MMSE score and (as
in SAD) might prove to be a better marker of disease pro-
gression than PiB.°' Evaluation of more familial muta-
tion cases with PiB and longitudinal follow-up are war-
ranted to establish the usefulness of PiB as an early and
reliable method of detecting AR deposition, while also
providing insights on the progression of A deposition
and assessing its prognostic accuracy. An international
consortium, the Dominantly Inherited Alzheimer Net-
work (http://www.dian-info.org/), has been organized to
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comprehensively assess the origin of AD through FAD
and to evaluate the usefulness of different biomarkers such
as amyloid imaging. This kind ol multidisciplinary ap-
proach should define the role of amyloid imaging in the
evaluation of asymptomatic mutation carriers at risk of
developing FAD.

In conclusion, although AR deposition (as in SAD)
seems to precede the clinical manifestation of dementia,
the pattern of AB deposition in FAD is not related to dis-
ease severity and (irrespective of mutation type) differs
from that observed in SAD. When discase-specific thera-
pies aimed at preventing or slowing AD progression
become available, amyloid imaging studies will have an
important role in the identification of AR deposits in
at-risk mutation carriers before the development of
symptoms.
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