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at 5 kHz. The holding potential was clamped at —70 mV for
recording of spontaneous postsynaptic current (sPSC). Liquid junc-
tional potentials were not corrected. The Mini Analysis Program
(Synaptosoft, Leonia, NJ) was used to analyze sPSC. Individual
synaptic events were captured with threshold detectors using Mini
Analysis software. All quantitative measurements were taken for
100 s. All data were plotted as a means=SEM.

Behavioral tests

The novel object recognition task was carried out as described
elsewhere (Rampon et al., 2000). The mice were habituated for
3 days to an open field box (50x50x40 [height] cm). During the
sample sessions, two novel objects (dice or marble) were placed into
one end of the open field, and mice were allowed to explore these
objects for 10 min. The time mice spent exploring each object was
recorded. During the retention trials, performed 24 or 48 h later, a
novel object (dice or marble) was placed together with the familiar
object in the open field. The time mice spent exploring the two
objects was recorded. A preference index (defined as the ratio of the
amount of time mice spent exploring the novel object over the total
time mice spent exploring both objects) was used as a measure of
recognition memory. The social interaction test was previously
described (Miyakawa et al., 2001). The Y-maze task was performed
essentially as described previously (Mishima et al., 2004). Each arm
was 40 cm long, 12 emhigh, 3 cm wide at the bottom and 10 cm wide
at the top. Each mouse was placed at the end of a fixed arm as a start
arm (Fig. 7B), and was allowed to move freely though the maze
during the 5-min test session. The sequence of arm entries was
recorded manually. An alternation was defined as entry into all three
arms on consecutive choices. The number of maximum alternations
was then the total number of arms entered minus 2, and the percent
alternation was calculated as (actual alternations/maximum alter-
nations) x 100. The arms were cleaned between animals.

Statistical analysis

Statistical comparisons of data were performed using an ANOVA
followed by Fisher’s probable least squares difference test for
pairwise comparisons for behavioral studies and Western blotting
experiments. Electrophysiological data were analyzed by using the
Mann-Whitney U test. Results from CBF and histological
experiments were analyzed by using Student’s ¢ test. P<0.05 was
considered to be statistically different.

Results
Constitutive constriction of cerebral arteries in vivo

We previously demonstrated that the lack of M5 receptors nearly
abolished ACh-mediated vasodilation of the basilar artery and cere-
bral arterioles (Yamada et al., 2001a). To examine whether MSR™"
mice showed changes in arterial diameter in vivo, we employed
time-of-flight (TOF) MRA which is sensitive to vessels with fast-
flowing blood. TOF angiograms were obtained using a two-
dimensional gradient-echo sequence (see Materials and methods).
Maximum intensity projections (MIPs) were generated using
standard software from the magnetic resonance system after zero-
filling the raw data. The imaging parameters for MRA acquisition,
including echo time (TE), repetition time (TR) and flip angle, had
been optimized using MSR™* mice as a control (see Materials and
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methods). We found that M5R™" mice (12-month-old mice) showed
a significant decrease in diameter of the basilar artery (Figs. 1 and 2),
indicative of a constitutive constriction of this vessel. Additionally,
the lack of Ms receptors led to a marked reduction of vascular
diameter at the distal level of the arbor of the middle cerebral artery

Basilar artery

03¢ p = 0.003
I I
025 O
e 02k
£ e
% 0.15 |- @ _}_
£ @
A 0.1} ®
0.05 |-
(0]
Middle cerebral artery
(proximal)
p=0.07
02 r I |

%-:-
0.15 |- "P

Diameter (mm)
o
I

0.05 +

Middle cerebral artery
(distal)
p = 0.0001
0.2 I 1

0.15 |- B =

g-x-

Diameter (mm)
=]
i

0.05

0

Fig. 2. Abnormalities in the cerebrovascular architecture of M5R™ mice
studied by MRA. The diameter of the indicated cerebral blood vessels was
measured from MIP images as described under Materials and methods.
Arrows in Fig. 1 indicate the vascular regions (the basilar artery, the
proximal level of the arbor of the MCA, and the distal level of the arbor of
the MCA). Open circles, MSR™" mice; closed circles, MSR™" mice. Data
represent means=SEM; n=15 per group.



338 R. Araya er al. / Neurobiology of Disease 24 (2006) 334-344

(MCA) in M5R™ mice (Fig. 1). MRA also demonstrated a clear
trend towards narrowing of vessels in proximal regions of the MCA
(Figs. 1 and 2).

6-month-old M5R™" mice showed significantly reduced dia-
meter of basilar artery (M5R™, 0.23+0.02 mm; M35R™", 0.20+
0.01 mm; mean=SEM; M5R™™, n=8; MSR™", n=7; p<0.05) and
distal MCA (M5R™™. 0.15£0.01 mm; M5R™", 0.12£0.01 mm:
mean+SEM: M5R™", n=8; M5R™", n=7; p<0.05). These data
indicate that M5R™ mice showed pronounced cerebrovascular
deficits in vivo.

The brain volume of M3R™ mice (12 months old) did not differ
significantly from that of wild-type mice (Fig. 3), as calculated by T1
MRI. TUNEL staining did not reveal any signs of cell death in the

whole brain of M5R™™ mice (data not shown).

Reduced CBF in M5SR™™ mice

Angiograms of M5R™" mice showed a substantial reduction of
vascular diameter at the distal level of the arbor of the MCA
(indicated by arrows in Fig. 1), which is located close to the surface
of the cerebral cortex (see supplemental movie file 1. M5R™™ mice;
supplemental movie file 2, M5R™" mice). We therefore decided to
measure CBF and the diameter of cerebral arterioles located on the
cortical surface at the level of the peripheral branch of the MCA,
using intravital microscopy through a cranial window in M5R™" and

M5 R+/+

M5B
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Whole brain volume (cm?)

M5B M5R”

Fig. 3. Brain volume of MJR™ ™ and wild-type mice. (A) Morphometric
investigation of living brains was conducted with 12-month-old mice by
Tl-weighted 2D gradient-echo MR scan. Arrowhead indicates 3V, third
ventricle. (B) Volume of the whole brain was determined by using a PMOD
software. 12-month-old A/5R™ ™ mice did not show any difference from
their wild-type littermates in brain volume (P=0.20: n=3 in each group).
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mice. Unless stated otherwise, all studies were carried out with 3-month-old
mice. (A) Photomicrographs of the middle cerebral artery and arterioles
(MCA) of male M5R™ ™ and M5R™ ™ mice showing a reduction in blood
vessel diameter in M5R™ ™ mice. (B) The diameter of different branches of the
MCA (A1, A2, and A3 level: for classification scheme. see Refs. Horton,
1945; Fenton and Zweifah, 1981) was reduced in male AM5R™ ~ mice. The
bottoim panels show resting blood flow through the MCA at the A1 level of
(B) CBF in M,, M3 and Ms muscarinic receptor knockout mice (3 months
old). The numbers given in parentheses underneath panels indicate the
number of independent experiments (mice). Data are meansSEM;
*P<0.05: **P<0.01.

M5R™" mice (3-month-old mice). All mice showed normal
peripheral blood pressure (tail cuff method) (M3R™™, 111.6%
4.6 mm Hg: M5SR™, 111.8%3.6 mm Hg: means=SEM: n=8 per
group). The branches of the MCA were defined in the order from
Al to A3 (see Materials and methods). Under resting conditions,
M3R™ mice showed a small but significant reduction (P<0.05)
in the diameter of middle cerebral arterioles, as compared with
MS5R™ ™ mice (Fig. 4A). Laser Doppler flowmeter measurements
showed that M3R™" mice showed significantly lower (P<0.01)
CBF at the Al branch in the resting state. This effect was not ob-
served with M, and M; receptor muscarinic receptor knockout mice
(the M, M3, and M5 receptors are all coupled to G proteins of the G4
family) (Fig. 4B). We next quantified regional CBF in M5R™" and

M5R™" mice (6-month-old mice) by using '*C-labeled iodoanti-
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pyrine autoradiography. MSR™" mice displayed significantly
reduced CBF (P<0.05) in all cortical, hippocampal, and thalamic
regions studied (Table 1). Such impairments in CBF were not
observed in different regions of the midbrain (Table 1). These data
indicate that the lack of Ms receptors leads to impaired CBF in
higher brain regions. We note that M5R ™" mice showed an impaired
autoregulation of CBF (data not shown).

Atrophy of cortical pyramidal neurons in MSR™" mice

Cerebrovascular disturbances have been shown to be associated
with structural changes of cortical pyramidal neurons including a
reduced number of dendritic spines and thin dendrites (Langmeier et
al., 1989; Schroder and Luhmann, 1997; Sakic et al., 2000; Hasbani
et al., 2001). We therefore investigated whether cortical pyramidal
neurons (layer V) from M5R™" mice showed similar deficits. Gol gi
staining studies revealed that cortical pyramidal neurons from
MSR™" mice (6 months old) showed clear signs of atrophy of the
basal-dendritic tree and apical dendrites (Fig. 5A) (number of
spines per 10 um length of dendritic segment: M3R™*, 8.91£0.10;
MSR“/-, 7.02+0.15; means+SEM; P<0.05; n=40 dendritic seg-
ments from 3 animals per group). A likely scenario is that the
cerebrovascular deficiencies displayed by the M5R™ mice are

Table 1 .
Resting cerebral blood flow (CBF) measured by autoradiography in male
M5R™" and MSR™ mice

Regions CBF, ml/100 g per min

MSR™" MSR™" % Difference
Cerebral cortex
Frontal cortex 136.7+4.0 117.5+£6.4%* ~-14
Somatosensory cortex 142.3x3.1 123.2+4.0% -13
Parietal cortex 149.1£3.1 129.5+6.0* -13
Temporal cortex 156.2+5.4 126.7£6.4* -19
Occipital cortex 136.3+£3.3 117.3+£3.5%* -14
Basal ganglia
Caudate-putamen 128.3£4.0 105.0+£3.5* -18
Globus pallidus 90.7£2.9 86.3+3.1 -5
Amygdala 103.2£4.0 88.5£1.8* -14
Hippocampus
CAl 90.2+3.0 76.0£2.7% -16
CA3 90.7+3.7 78.7+£2.1% -13
Dentate gyrus 91.0£3.0 78.8+£2.7* -13
Thalamic nuclei
Anterior 154.2+43 133.3£5.4* -14
Reticular 149.7£3.9 127.8+5.2* —-15
Ventrobasal 147.2+£7.7 122.7+4.1% -17
Ventromedial 152.8+4.9 124.7£3.7% -18
Intralaminar 148.0+3.3 116.5£4.1* -21
Hypothalamus 99.2£3.9 83.5+£3.6* -16
Midbrain
Substantia nigra 92.7£33 86.0£2.6 -7
Superior colliculus 148.7+3.1 143.3£3.0 -4
Inferior colliculus 209.3x4.7 196.5+£3.7 -6

Local CBF was measured by quantitative autoradiography using '*C-labeled
iodoantipyrine (IAP) as a tracer. All values are means£SEM; n=6 per group
(6-month-old mice).

* P<0.05 vs. MSR™".
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responsible for the altered morphology of cortical pyramidal
neurons.

We also analyzed the expression of several key neuronal receptor
proteins by using Western blot analysis. Specifically, we examined
the expression levels of the NR1 [N-methyl-D-aspartate (NMDA)
receptor subunit], GluR1 (AMPA receptor subunit), and GluR5
(kainate receptor subunit) glutamate receptor subunits. M5R™ mice
(6 months old) showed reduced expression levels of NR1 and GluRS
receptors in cerebral cortex and hippocampus (Fig. 5B) as compared
to M5R™"* mice, whereas GluR1 expression levels in hippocampus
remained unaffected (Fig. 5B). We observed significantly reduced
NR1 expression levels in cortex and hippocampus from 2-month-old
but not from 1-month-old M5R™" mice (data not shown).

Reduced neuronal activity and LTP in hippocampal preparations
from MSR™" mice

Golgi staining studies revealed that M5R™" mice (6 months old)
also showed significant morphological deficits of the CA2 and CA3
hippocampal pyramidal neurons and the granule cells of the dentate
gyrus. The neurons from MS5R™ mice exhibited a significantly
reduced number of dendritic spines in all regions of the hippo-
campus (CA2, CA3, and dentate gyrus; Fig. 6A), except for the CA1
region. To evaluate the functional activity of CA3 pyramidal
neurons from MSR™" and M5R™" mice, we carried out whole-cell
patch-clamp recordings using freshly prepared hippocampal slices.
The CA3 pyramidal neurons were selected for electrophysiological
experiments because they form an essential link in the hippocampal
synaptic circuit implicated in learning and memory (O’Keefe and
Nadel, 1978; Barnes, 1988; Morris et al., 1990; Seress and Ribak,
1995). TUNEL staining did not reveal any signs of cell death in the
hippocampus (CA1-CA3 and dentate gyrus) of M5R™ mice (data
not shown). In CA3 pyramidal neurons from M5R ™" mice (6 months
old), the frequency of the spontaneous postsynaptic current (sPSC)
was significantly reduced (P<0.05; Fig. 6B). However, sPSC
amplitudes did not differ significantly between M5R*" and MSR™"~
mice (data not shown).

We also found that the lack of M receptors was associated with
a reduction in the number of dendritic spines of dentate gyrus
neurons (Fig. 6A). To examine whether this deficit was associated
with changes in neuronal plasticity, we studied long-term
potentiation (LTP) at the mossy fiber-CA3 synapse using
hippocampal slices from M5R™" and M5R™" mice (6-month-old
males). The lack of M; receptors had no significant effect on the
input—-output relationship between presynaptic fiber volleys and the
field excitatory postsynaptic potential (fEPSP) (data not shown).
High-frequency tetanic stimulation (TS) reliably produced LTP of
excitatory transmission at the mossy fiber-CA3 synapse from
MS5R*™ mice (Fig. 6C). Strikingly, LTP was significantly reduced
(P=0.004) in preparations from M5R™" mice (Fig. 6C). Moreover,
paired-pulse stimulation experiments suggested that neurotrans-
mitter release from mossy fiber terminals was also impaired in
MS5R™" mice (Fig. 6D). These data indicate that the lack of M;
receptors leads to severe impairments of hippocampal neuronal
circuits.

Impairment of hippocampus-dependent memory in MSR™" mice
The hippocampus plays a key role in the formation of many

forms of memory including recognition memory (O’Keefe and
Nadel, 1978; Barnes, 1988; Morris et al., 1990; Seress and Ribak,
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Fig. 5. Altered morphology of cortical pyramidal neurons and reduced glutamate receptor expression levels in cortex and hippocampus from M3R™ ™ mice.
(A) Morphologic changes revealed by Golgi staining of cortical pyramidal neurons (layer V) from M3R™ " mice. Golgi staining studies revealed that cortical
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indicate the number of independent experiments (imice). Data represent means=SEM; *P<0.05; **P<(.001.

1995). We therefore examined whether recognition memory was
altered in congenic M5R™" mice, using the novel object recognition
test (Rampon et al., 2000). We used this test since previous work had
shown that atrophy of CA1-CA3 hippocampal pyramidal neurons
leads to cognitive deficits in spatial and nonspatial memory
(McEwen, 2002; Conrad et al, 2003). We found that the
locomotor activity did not differ significantly between the two
groups (6-month-old mice: ¢cm traveled/10 min: M35R™™, 1813 %
228: M5R™7, 1775+310; means%SEM; n=10 per group). Two
identical objects were placed at one end of an open field, and the
amount of time that mice spent exploring the two objects was re-
corded (Fig. 7A). During the initial sample trial, the total exploration
time was not significantly different among the two genotypes
(MSR™™,21.8£3.95; MSR™,17.9£3.7 s: means+SEM: n=10 per
group). Moreover, no significant exploratory preference for one of
the two objects was found in either group (Fig. 7C). These
observations indicated that the absence of M5 receptors had no effect
on motivation and curiosity in exploring new objects. During test
trials (recognition/retention testing). carried out 24 and 48 h after the
initial training, one of the two objects was replaced with a novel
object. A preference index (the ratio of the amount of time mice
spent exploring the novel object over the total time mice spent
exploring both objects) was used as a measure of recognition
memory. M5R™ ™ mice showed a significant preference for exploring
the novel object in the recognition/retention trials (P<0.05; Fig.
7D). In contrast, M5R™" mice did not show any preference for the
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novel object (Fig. 7D). In a'social interaction test, the two groups did
not show any significant differences in the number of social contacts
(interactions/5 min: M5R™,37.342.2: M5R™,34.0+2.5; means+
SEM; n=10 per group: P=0.33), excluding the possibility that
M3R™" mice are simply more anxious than M35R™" mice.

To explore potential differences in hippocampal working me-
mory between MSR™" and M5R™" mice, we used the Y-maze
spontaneous alternation spatial working test (see Fig. 7B for a
diagram of this test). Spontaneous alternation is often used as a
measure of exploratory behavior and spatial working memory.
which are known to be related to hippocampal memory function
(Conrad et al., 2003; Cavalli et al., 1997; Mishima et al., 2004). In
the Y-maze task, male M5R™" mice (6 months old) showed impaired
spontaneous alternation performance (P<0.05; Fig. 7E).

Discussion

The activation of cholinergic neurons has been shown to play an
important role in the regulation of cerebral vascular resistance,
relaxation and contraction of blood vessels, and regional biood flow
(Faraci and Sigmund, 1999; Hotta et al., 2002; Sato et al.. 2004).
ACh, by activating muscarinic receptors expressed by vascular
endothelial cells, is a powerful dilator of cerebral vascular beds
(Faraci and Sigmund, 1999). Recent studies suggest that M;
receptors expressed by vascular endothelial cells play a key role in
mediating ACh-induced relaxation of cerebral arteries and arterioles
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n=19 mice: M5R™ . n=10-13 mice); *P<0.05.

(Hamel, 2004: Yamada et al., 2001a; Wang et al.. 1994). Cortical
microvessels are deficient in cholinergic neurogenic control in
Alzheimer’s disease (Tong and Hamel, 1999) and central cholinergic
stimulation with cholinesterase inhibitors, such as physostigmine
and donepezil, can reverse the decrease in cortical blood flow
observed in Alzheimer’s disease (Geaney et al., 1990; Nakano et al.,
2001), suggesting that deficits in cortical cholinergic vasodilation
may play arole in the pathophysiology of this disorder. In the present
study, we therefore tested the hypothesis that the permanent lack of
Mj; receptors may cause cerebrovascular insufficiencies, which may
potentially lead to impaired neuronal dysfunction and cognitive
deficits.

We demonstrated that the absence of cerebrovascular M5 recep-
tors was associated with pronounced reductions in CBF in all cor-
tical, hippocampal, and thalamic regions studied. In vivo MRA
techniques revealed that MSR™ mice showed a pronounced con-
stitutive constriction of cerebral arteries (basilar artery, MCA),
suggesting that tonic activation of M receptors plays a key role in
maintaining proper cerebrovascular function.

Expression of the Mjs receptor gene in mammalian cell lines
has shown that the encoded receptor protein is functional and
efficiently couples to G proteins of the G, family, similar to the
M, and M; receptor subtypes (Wess, 2004; Wess et al., 2003).
Previously we showed that M; receptors play role in mediating
ACh-induced relaxation of cerebral but not of peripheral blood
vessels (Yamada et al., 2001a). We also reported that ACh-
induced dilation of peripheral blood vessels is mediated, at least in
part, by M3 receptors (Khurana et al., 2005). To further study the
subtype selectivity of muscarinic receptor-dependent vasodilation
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mechanisms, we carried out CBF measurements with M, M; and
Mj; receptor-deficient mice using laser Doppler flowmetry (CBF
measurements were taken at the Al level of the MCA). These
studies showed that only M;s receptor-deficient mice showed
significantly reduced CBF in MCA, suggesting that acetylcholine-
dependent activation of Ms receptors plays an important role in
regulating cerebral circulation.

Impaired autoregulation of CBF is known to be associated with
the deterioration of the cerebral microcirculation (Kobari et al.,
1994: Jones et al., 1999: Matsushita et al., 1994; Tong and Hamel,
1999). Like the M5R™ mice, the APP transgenic mice showed
impaired autoregulation of CBF and markedly attenuated
cerebrovascular responses to ACh (Niwa et al., 2002, ladecola,
2004). Impaired autoregulation of CBF is also commonly observed
in the elderly human population (Melamed et al., 1980; Shaw et al..
1984; Choi et al., 1998: Jagust, 2000; Rapoport, 2000: Lee et al.,
2003).

Several recent studies suggest that morphological changes in
dendritic arbors, spines, and synapses are associated with learning
and memory (Rampon et al., 2000; McEwen, 2002; Conrad et al.,
2003; Geinisman et al., 1986; Swaab, 2003; Poirazi and Mel, 2001).
We found that sPSC was significantly reduced in CA3 pyramidal
neurons in M5R™" mice. The CA3 pyramidal cells are thought to
store new episodic information as it arrives via a number of
specialized preprocessing stages from associated areas of the cortex
(Vinogradova, 2001). The dentate granule cell/mossy fiber system is
important during learning, as it helps produce a new pattern of firing
in the CA3 cells during each learning episode. We found that LTP
was significantly reduced at the mossy fiber-CA3 synapse in M5R™~
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mice, suggesting that the functional connectivity of hippocampal
circuits is impaired in the absence of Ms receptors. In agreement with
these findings, the M5R™ mice showed significant deficits in
hippocampus-dependent spatial and nonspatial memory tasks.
Several lines of evidence suggest that decreased CBF may lead to
reduced synthesis of proteins involved in leaning and memory,
resulting in changes in neuronal plasticity and cognitive impairments
(ladecola, 2004; Mies et al., 1991; Hossmann, 1994). It has been
demonstrated that mossy fiber-LTP is impaired in GluR6-deficient
mice (Contractor et al., 2001) or GIuRS antagonist LY 382884
(Bortolotto et al., 1999; Lauri et al., 2001). Consistent with this
finding, M5R™" mice showed a significant reduction in the density
of various cortical and hippocampal glutamate receptor subunits
known to be involved in cognitive processes. These findings raise
the possibility that the impairments in hippocampal LTP and
cognitive functions displayed by the MS5R™" mice are a consequence
of reduced CBF caused by the absence of cerebrovascular Ms
receptors.

At this point, we cannot completely rule out the possibility that
the deficits observed with the M5R™™ mice are due to the lack of
M; receptors during the development of the nervous system, rather
than being caused by the direct absence of Ms receptors in the
brain. Furthermore, we observed significantly reduced NR1
expression levels in cortex and hippocampus from 2-month-old
but not from l-month-old M5R™" mice. However, we did not
observe any signs of cell death by TUNEL staining and brain
volume was normal in 12-month-old M5R™" mice. We are
planning to address this issue in future studies by using conditional
MS5R™" mice.

One of the hallmarks of Alzheimer’s disease is the gradual loss of
the cholinergic innervation of higher brain areas (Coyle et al., 1983
Bartus, 2000). Our data therefore suggest the possibility that at least
some of the functional and behavioral deficits associated with
Alzheimer’s disease are caused by impaired signaling through
cerebrovascular M5 receptors. The development of selective Ms
receptor agonists may therefore lead to novel therapeutic agents
useful in the symptomatic treatment of Alzheimer’s disease and
related disorders.
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The players on the y-secretase team

Akihiko Takashima, Masafumi Shimojo & Benjamin Wolozin

AP generation requires y-secretase activity. Inhibition of y-secretase may now be easier due to the recent
identification of the four proteins that make up the y-secretase complex.

In Alzheimer disease, accumulation of amy-
loid-B (AB), a cleavage product of amyloid
precursor protein (APP), impairs memory
and leads to neuronal death. The toxicity
associated with accumulation of AP suggests
that activation of endoproteolytic enzymes
capable of preventing generation of AP might
provide a realistic target for pharmacotherapy
of Alzheimer disease. On the other hand, cleav-
age of APP by - and y-secretase generates AP
peptides. B-secretase, which initiates cleavage
of APP, cuts the protein at the N terminus and
has been successfully cloned. y-secretase is
the second enzyme that cleaves APP, and full
understanding of its mechanism of action has
long been lacking. Reconstitution of y-secretase
activity illuminates the interaction between the
various protein components of the y-secretase
complex that leads to formation of AB! .
Either presenilin-1 {PS1) or presenilin-2
(PS2) makes up the first component of the
Y-secretase complex. Mutations in the genes that
encode PS1 and PS2 cause a subset of early-onset,
familial Alzheimer disease. Presenilin mutations
probably act upstream of APP or tau to cause
Alzheimer disease pathology, including depo-
sition of AP and accumulation of hyperphos-
phorylated tau. For example, mutant presenilins
“have been shown to increase formation of the

£y

slonger AP species, AB,. This species is impor-
tant for Alzheimer disease pathology because it
accelerates deposition of AB, which presumably
precipitates early-onset Alzheimer disease. Thus,
disease-related mutations in presenilin are con-
sidered to shift cleavage of APP by y-secretase
toward increased A, production’.

Both presenilin-deficient cell lines and pre-
senilin-deficient mice do not generate Af but
do produce larger APP fragments which are the
substrate for y-secretase’. In addition, domi-
nant negative PS1 mutants inhibit AP produc-
tion? and a y-secretase inhibitor that recognizes
a transitional state of y-secretase binds to a PS1
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Figure 1 Presenilin, APH1 and nicastrin first form a stable compiex. After association with PEN-2 and
cleavage of presenilin, the complex becomes active y-secretase, and clips its substrate, APP-C99, to
generate AP species. An aggregated form of AB is neurotoxic and induces tau hyperphosphorylation, leading

to formation of neurofibrillary tangles (NFTs) and neur

onal death. On the other hand, independent of this

cascade, reducing the levels of components in the y-secretase complex induces hyperphosphorylation of
tau. Mutant presenilin may therefore be independently involved in formation of both NFTs and AB. PS1
mutations may directly accelerate the rate of NFT formation in aging, and further accelerate NFT formation
and neurodegeneration by increasing the rate of AP aggregation. Eventually, the accumulation of AR and
NFTs precipitated by the PS1 mutation causes the cognitive dysfunction associated with early-onset

Aizheimer disease.

fragment®. These results provide strong sup-
port for the hypothesis that presenilin directly
participates in y-secretase activity. Yet, the
emerging story has not vanquished all ques-
tions about the role of presenilin in y-secretase
activity, as overexpression of presenilin does
not increase production of AB.

In fact, presenilin is a part of a large, high-
molecular-weight complex with y-secretase
activity. Nicastrin, the product of a recently
cloned gene, is a component of this y-secre-
tase complex®. Overexpressing the two genes
together, however, does not ramp up y-secretase
activity’. Instead, other proteins are required.

Studies of Notch signaling in C. elegans,
which depends on y-secretase activity’, provide
additional information about y-secretase activ-
ity. Aph-1 and PEN-2 are two transmembrane
proteins that are expressed upstream of release
of the Notch intracellular domain®'°, When
these proteins are knocked down, y-secretase
activity decreases, which suggests that these
two proteins may also be involved in y-secre-
tase activity>!!,

The results described above indicate that
four proteins (presenilin, nicastrin, Aph-1 and
PEN-2) are required for y-secretase activity, but
none of them generate y-secretase activity on

their own; an increase in activity is only pos-
sible when the four proteins are overexpressed
together!>!! (Fig, 1). Thus, it is clear that these
four proteins are essential components needed
for y-secretase activity.

With this report the outstanding question of
presenilin’s role in y-secretase activity is revealed,
but a bigger question now looms: how do pre-
senilin mutations lead to Alzheimer disease? A
PS1 mutation has been implicated in frontotem-
poral dementia'?, a disease associated with tau
pathology. In addition, mutant PS1 knock-in
mice exhibit an acceleration of tau pathology'?.
Therefore, presenilin mutations might have a
bigger role in mediating aggregation of tau into
neurofibrillary tangles (NFTs) than was previ-
ously considered. Alzheimer disease may result
from a sequential process that begins with depo-
sition of AB but has a more widely distributed
and complex pathology. The classic pathologi-
cal hallmarks of Alzheimer disease, AP plaques
and tau-containing NFTs, may be independent
developments that interact with each other. PS1
mutations might aggravate this interaction,
which would trigger the early onset of Alzheimer
disease (Fig. 1). The involvement of y-secretase
components in hyperphosphorylation of tau
supports the hypothesis that mutations in PS1
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contribute to formation of NFTs'4. Thus, the
v-secretase complex might be involved in pro-
tease activity, but may also act independently to
induce tau pathology (Fig. 1). Elucidating the
functions of the y-secretase complex could illu-
minate as much about the development of tau-
associated pathology in Alzheimer disease as it
does about the development of amyloid pathol-

£

Although the project design, involving a reporter gene assay for y-secretase activity in

an organism that lacks this activity, was conceptually clear-cut and straightforward from
the beginning, it took six years of work until we identified the proteins responsible for
y-secretase activity. The project began by using our reporter gene assay in yeast to screen
a human gene library for the y-secretase gene and continued with directly testing the
presenilin gene alone or in combination with the nicastrin gene for y-secretase activity. All
these experiments were unsuccessful. In retrospect it was clear why. It takes four proteins

to reconstitute y-secretase.

Having established the identity of y-secretase as a complex of the subunits presenilin,

1.

oo wN

ogy, and ultimately reveal the primary causes of
this devastating disease.
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Abstract

Development of neurofibrillary tangles (NFT') is a pathological hallmark in various neurodegenerative disorders including Alzheimer’s disease
(AD). Recently, we identified a granular tau oligomer having a pre-filamentous structure. To determine the role of this oligomer in NFT formation,
we quantified the amount of granular tau oligomer in 21 frontal cortex samples, each displaying varying degrees of Braak-staged NFT pathology.
Here we report that granular tau oligomer levels in frontal cortex were significantly increased, even in brains displaying Braak-stage I
neuropathology, a stage at which clinical symptoms of AD and NFTs in frontal cortex are believed to be absent. This suggests that increases
in granular tau oligomer levels occur before NFTs form and before individuals manifest clinical symptoms of AD. Increased granular tau oligomer
levels, therefore, may lead to NFT formation in frontal cortex, eventually leading to the development of AD. Thus, increases in granular tau
oligomer levels may represent a very early sign of NFT formation and AD.
© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Alzheimer’s disease (AD); Tau; Atomic force microscopy (AFM); Granular tau oligomer; Braak stage; Brain aging

1. Introduction

Tan, a microtubule-associated protein, can aggregate into
filamentous polymer forms (von Bergen et al., 2005). Bundled
tau filaments that deposit in cells are called neurofibrillary
tangles (NFTs), which commonly form in the brain during
normal aging and in Alzheimer’s disease (AD). In AD, NFTs

-and neuronal cell loss typically coincide within the same brain

regions (Gomez-Isla et al., 1997). The progressively expanding
anatomical distribution of NFTs reflects progressive brain
dysfunction in disease, suggesting that NFT formation and
neuronal cell loss may share a common mechanism (lhara,
2001). The recent finding that patients with frontotemporal
dementia and parkinsonism linked to chromosome 17 (FTDP-
17) harbor tau mutations (Reed et al., 2001), strongly suggests

* Corresponding author. \
E-mail address: kenneth@brain.riken.go.jp (A. Takashima).

that tau dysfunction itself can cause neurodegeneration. Indeed,
the overexpression of tau in various animal models has been
shown to induce neurodegeneration (Lee et al., 2001; Tanemura
et al., 2001, 2002; Tatebayashi et al., 2002). However, others
have observed that neuronal cell loss occurs disproportionately
to the number of NFTs in AD (Gomez-Isla et al., 1997).
Conversely, others have reported neuronal loss in the absence of
NFTs in a tau-overexpressing Drosophila model (Wittmann
et al., 2001), suggesting that the events that lead from tau
accumulation to neurodegeneration may not involve filament
formation. Recently, (Santacruz et al., 2005) reported that
reducing tau overexpression in mutant tau transgenic mice
decreased neuronal cell loss even though filaments continued to
form, suggesting that filament formation may not be the
underlying cause of neuronal cell loss. Therefore, tau may be
involved in neuronal dysfunction even before NFTs are formed.

Using an in vitro tau aggregation system, we identified a
granular-shaped pre-filamentous form of tau - the granular tau
oligomer — composed of about 40 tau molecules (Maeda et al.,

0168-0102/$ ~ see front matter © 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

doi:10.1016/j.neures.2005.11.009
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unpublished data). We found that increasing the concentration of
granular tau oligomers in vitro causes them to convert into
filaments. The breakdown of PHF into granular tau structure by
continnous AFM imaging has also observed indicating that
granular tau oligomer composes of filament in vivo. In the
present study, to understand the relationship between the levels of
granular tau oligomer and the progression of AD, we quantified
the amount of granular tau oligomer in various brain samples,
each histopathologically confirmed to display different Braak
stages (Braak and Braak, 1991). We then compared the amounts
of granular tau oligomer in each Braak-staged sample using
atomic force microscopy (AFM). We found increased levels of
granular tau oligomer in brain samples at Braak stage I, a stage
indicative of pre-symptomatic AD. Granular tau oligomers were
detected even in samples at Braak stage 0.

2. Materials and methods

2.1. Subjects

Frozen frontal cortex samples from 21 subjects, including 5 patients with
AD (Murayama and Saito, 2004), were obtained from the Tokyo Metropolitan
Institute of Gerontology (TMIG) (Saito et al., 2004). The brains from TMIG
were staged histopathologically according to the Braak staging system (Braak
and Braak, 1991).

2.2. Antibodies

Anti-paired helical filament antibody, PHF-1, was a kind gift from Dr. P.
Davies (Albert Einstein College of Medicine, USA). Anti-tau antibody, JM, was
raised against full-length recombinant tau (Takashima et al., 1998). Anti-tau
antibody, Tau-c, was raised against tau c-terminus polypeptide (amino acids
422-438, according to the longest human tau isoform).

2.3. Purification of granular tau oligomers

Human brain samples (~12 g) were homogenized with three volumes of a
buffer containing 10 mM Tris (pH 7.4), 800 mM NaCl, 1 mM EGTA, 10%
sucrose, and protease inhibitors, and centrifuged at 27,000 x g for 20 min at
4 °C. CHAPS (Dojindo, Kumamoto, Japan) was added to the supernatant to a
final concentration of 1% (w/v), then loaded into an immunoaffinity column
(2 ml bed volume) containing anti-tau antibody JM. The column was washed
with at least 400 ml of buffer containing 10 mM Tris (pH 7.4), 800 mM NaCl,
1 mM EGTA, and 1% CHAPS. After confirming that no aggregates remained in
the wash solution, the column was eluted with 5 ml of 3M KSCN (Jicha et al.,
1999). After exchanging the above buffer to a buffer containing 10 mM Tris (pH
7.4), 800 mM NaCl, and 1 mM EGTA with a NAP-10 column (Amersham
Biosciences), we added N-lauroylsarcosine (Nacalai tesque, Kyoto, Japan) until
achieving a final concentration of 1% (wt./vol.). After 2 h of incubation, 1 ml of
sample was layered onto a sucrose step gradient (50, 40, 30, and 20% sucrose)
and centrifuged for 2 h at 50 K rpm in a MLS50 rotor (Beckman Coulter) using
an Optima MAX-E ultracentrifuge (Beckman Coulter) at 23 °C. We separated
the samples into 1 ml fractions, from top to bottom (fractions 1-5), to eliminate
contamination from lower fractions. We washed the bottom of tubes with buffer
and saved the wash solution as fraction 6. We previously isolated granular tau
oligomer from fraction 3 derived from either in vitro aggregated tau or human
brain samples (Maeda et al., unpublished data). In the present study, we also
found that the granular tau oligomer localized to fraction 3.

2.4. Western blot analysis

Granular tau oligomer fractions were concentrated by adding trichloroacetic
acid to the fractions and setting the mixtures on ice for 2 h. The mixtures were
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then centrifuged at 20,000 x g at 4 °C, and supernatants were removed and
dried in a SpeedVac Concentrator (SAVANT). Loading buffer was added to the
dried granular tau oligomers, and this mixture was subjected to SDS-PAGE and
subsequent immunoblotting with anti-tau antibody Tau-c.

Sarcosyl-insoluble fractions were prepared by solubilizing homogenized
brain tissue (see above) in 1% sarcosyl for 2 h at 25 °C, then centrifuging at
50 K rpm in a TLA 55 rotor (Beckman Coulter) for 20 min. After removing the
supernatant, loading buffer was added to the pellet, and the insoluble tau was
subjected to SDS-PAGE and immunoblotting with PHF-1 antibody. Immunor-
eactivities were quantified with the software program Image Gauge (Fujifilm).

2.5. Atomic force microscopy

Samples were dropped onto freshly cleaved mica and left in place for 30 min
prior to AFM assessment. After washing the mica with water, we examined the
tau-containing samples in solution using a Nanoscope IIla (Digital Instruments,
Santa Barbara, CA, USA) set at tapping mode (Hansma et al., 1995). OMCL-
TR400PSA (Olympus, Japan) was used as a cantilever. The resonant frequency
was about 9 kHz.

We examined four different areas (2 pm X 2 pm each) of the mica surface
covered with granular aggregates. These areas were analyzed with NIH-image
1.63 and summations of four different areas were demonstrated.

2.6. Statistical analysis

The significant difference between each Braak staging was tested with
Mann-Whitney test. Data were analyzed with Prism 4 for Macintosh (Graph-
pad, San Diego, CA, USA).

3. Results
3.1. Purification of granular tau oligomers

We purified granular tau oligomers from human frental
cortices (Table 1) pathologically classified according to the
Braak staging system (Braak and Braak, 1991) and examined
the oligomers using AFM. Fig. 1 shows representative AFM
images of cortex samples from a Braak-stage 0 brain (non-AD)
and a Braak-stage V brain (AD). Although we detected granular
tau oligomers in both of these samples, the number of oligomers
in the Braak-stage V sample was much greater than that in the
Braak-stage 0 sample. The size of granular tau oligomers
ranged from 5 to 50 nm. The peak of granular tau oligomer was
around 20 nm in diameter, which is similar with in vitro
generated granular tau oligomer. And granular tau oligomers
derived from in vivo and in vitro were recovered into same
fraction in sucrose centrifugation, indicating the similar
sedimentation coefficient between them. PHF-1 immunoreac-
tivity and similar bands pattern with PHF-tau on immuno-
blotting (Fig. 2b and ¢, Maeda et al, unpublished data)
suggested the hyperphosphorylation in granular tau oligomer.

3.2. Accumulation of granular tau oligomers during early
stages of NFT formation

We quantified the number of granular tau oligomers in
Braak-staged cortex samples examined with AFM using NIH-
image 1.63 (Fig. 2a). In samples staged at Braak stage 0, a stage
at which the brain does not contain NFTs, we detected some,
albeit a few, granular tau oligomers. In samples staged at Braak
stage I (i.e., neuropathology typically seen in normal brain
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Table 1
Demographics and characteristics of cases

Number  Age (years) Gender PMT (h:min) NFT®  Senile plaque
1 52 M 15:51 0 0
2 69 F 11:48 ] A
3 82 F 39:04 0 0
4 87 M 70:10 0 0
5 78 M 2:02 0 0
6 66 F 9:51 0 B
7 81 M 3:00 I B
8 97 F 2:40 I B
9 84 M 47.25 I B

10 87 M 4:25 I C

11 93 M 20:49 1 C

12 86 F 6:50 I C

13 94 M 13:00 m C

14 87 F 4:21 I C

15 82 F 10:32 m C

16 89 F 16:11 il C

17 90 F 64:07 A% C

18 86 F 19:51 v C

19 93 F 13:28 v C

20 70 M 35:42 v C

21 80 F 6:41 v C

Abbreviations: PMT, postmortem time; NFT, neurofibrillary tangle; SP, senile
plaque.

* NFTs and SPs were staged according to the neuropathology staging system
of Braak and Braak (1991).

aging), a stage at which entorhinal cortex but not frontal cortex
contains NFTs, the number of granular tau oligomers present
significantly increased compared to that in the Braak-stage 0
samples (P =0.0173). In samples staged at Braak stage III, a
stage at which both limbic areas and entorhinal cortex contain
NFTs, the number of granular tau oligomers present also
significantly increased compare to that in the Braak-stage 0
samples (P = 0.0087). In samples staged at Braak stage V, a
stage at which neocortex including frontal cortex contain NFTs,
the number of granules increased again significantly compare to
that in Braak-stage 0 samples (P = 0.0087). We observed no
significant differences in the number of granular tau oligomers
in stage I, ITI, and V samples.

Braak 0

We confirmed these results by using Western blotting to
assess granular tau oligomer fractions and conventionally
purified sarcosyl-insoluble tau fractions derived from Braak-
staged frontal cortices (Fig. 2b and c, respectively). The Tau-c
immunostaining intensity of tau bands derived from the
granular tau oligomer fraction of Braak-stage 0 samples was
faint (Fig. 2b). Nonetheless, in Braak-stage I, III, and V
samples, we did detect tau smears displaying a immunostaining
pattern characteristic of insoluble tau (Fig. 2b cf. PHF-1
immunostaining pattern in Fig. 2¢) (Selkoe et al., 1982; Thara
et al., 1983; Greenberg and Davies, 1990). Linear regression
analysis revealed a significant correlation between Tau-c
immunoreactivity and the number of granular tau oligomers
(P < 0.0001, 7 = 0.6336). On the other hand, similar statistical
analysis failed to reveal a correlation between PHP-1
immunoreactivity and the number of granular tau oligomers.

Taken together, these results indicate that granular tau
oligomer levels begin to increase in pre-symptomatic stages of
disease, suggesting that granular tau oligomers may form
before NFTs are formed.

4. Discussion

4.1. Granular tau oligomer as a pre-symptomatic marker
for AD

Using silver-stained human brain sections, Braak and Braak
(1991) described seven stages (0-VI) of neuropathology that
are now commonly used to stage the progression of
neurodegenerative diseases. The Braak staging system is based
on the density and distribution of agyrophilic NFTs in the brain
(Braak and Braak, 1991). Stage O is characterized by the
absence of NFTs. Stages I and I are termed transentorhinal
stages, because they are characterized by the presence of NFTs
in the transentorhinal region. Stages I and IT are distinguished
by the density of NFTs. Stages III and IV are termed limbic
stages, because they are characterized by the presence of NFTs
in the hippocampus as well as in the transentorhinal region.
Stages V and VI are termed isocortical stages, because they are

Braak V

Fig. 1. Granular tau oligomers purified from human frontal cortex. Frontal cortex homogenates were fractionated with sucrose gradient centrifugation, and fractions
(fraction 3) containing granular tau oligomers were examined in solution with AFM set to tapping mode. Representative data from the Braak-staged samples indicated
are shown here. Insets contain high magnification AFM images of granular tau oligomers. The height range is 30 nm, The large numbers in the lower left corner of

each panel correspond to the brain identification numbers in Table 1.
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Fig. 2. The distribution of granular tau oligomers observed in different Braak
stages. (a) AFM images of Braak-staged frontal cortex samples were analyzed
with NIH-image 1.63, and the total number of granular aggregates in each
sample were counted and graphed. P < 0.05, “"P < 0.01. (b) Western blots of
fractions containing granular tau oligomers immunostained with Tau-c anti-
body. (¢) Western blots of sarcosyl-insoluble fractions immunostained with
PHF-1 antibody for the detection of tau filaments.

characterized by the extension of NFTs into neocortex,
including frontal cortex.

The density and distribution of NFTs have been shown to
increase with normal aging (Braak and Braak, 1997). Even non-
AD brain specimens from individuals as old as 90 years contain
NFTs. In Braak stage I, NFTs are confined within the
transentorhinal region. Most of these NFTs are not accompanied
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by SPs, suggesting that that NFT formation occurring within the
transentorhinal region is independent of SP formation, and thus
may not represent a pathological process linked to AD. In line
with these data is the finding that the anatomical distribution of
NFTs observed in Braak stage I appears to be age dependent
(Braak and Braak, 1997), which is consistent with the premise
that NFT development occurs as part of normal brain aging.

We detected an increased amount of granular tau oligomers
in Braak-stage I frontal cortex samples but not in Braak-stage 0
samples, suggesting that, at a time when NFTs form in the
entorhinal cortex, tau dysfunction, which tau comes up from
microtubule, and forms aggregate, has already started to occur
in the frontal cortex, which should indicate tau dysfunction (Lu
and Wood, 1993; Yoshida and Thara, 1993). Interestingly, the
level of granular tau oligomers in frontal cortex remained
constant in samples staged at Braak stages II-V, even though
the density of NFTs increases progressively in these stages. At
this point, however, we cannot explain the incongruity between
the levels of tau oligomers and NFTs. We do not know exactly
how granular tau oligomers affect neuronal vulnerability.

We also investigated the relationship between granular tau
oligomer formation and the density and distribution of senile
plaques (SPs) (data not shown), another neuropathological
hallmark of AD. We found granular tau oligomers in samples
containing SPs in the neocortex (SP-stage B and C). In one
Braak-stage 0 sample from an SP-stage B patient (No. 6 in
Table 1), however, we did not detect a significant increase in
granular tau oligomer levels, suggesting that the extent of SP
pathology may not affect the formation of granular tau
oligomers. Recently, Katsuno and colleagues reported that the
accumulation of AB and tau occurs independently in entorhinal
cortex (Katsuno et al., 2005). Therefore, the formation of
granular tau oligomers may not be related to Af accumulation
but instead may be related to some other aging-related event that
occurs during Braak stage 1. In later Braak stages, AR may
accelerate the formation of granular tau oligomers that ultimately
leads to NFT formation and neuronal loss. Further studies are
required in order to understand the precise biochemical sequence
of events underlying neuronal death, NFT formation, and
granular tau oligomer formation.
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The presenilin (PS) complex, including PS, nicastrin (NCT), APH-1 and PEN-2, is essential for
v-secretase activity. Previously, the PS C-terminal tail was shown to be essential for Y-secretase
activity. Here, to further understand the precise mechanisin underlying the activation of ¥-
secretase regulated by PS cofactors, we focused on the role of the PS1 C-terminal region including
transmembrane domain (TM) 8 in Y-secretase activity. For this purpose, we co-expressed C-
terminally truncated PS1 (PS1AC) completely lacking Y-secretase activity and the PS1 C-terminal
short fragment in PS-null cells, because the successful reconstitution of y-secretase activity in PS-
null cells by the co-expression of PS1AC and the PS1 C-terminal short fragment would allow us
to investigate the role of the PS1 C-terminal region in Y-secretase activity. We found that the exog-
enous expression of the PS1 C-terminal short fragment with NCT and APH-1 completely rescued
a defect of the Y-secretase activity of PS1AC in PS-null cells. With this reconstitution system, we
demonstrate that both TM8 and the PS1 C-terminal seven-amino-acid-residue tail are involved
in the formation of the active Y-secretase complex via the assembly of PS1 with NCT and APH-1.

Introduction

Amyloid B-protein (AP) is the nmajor component of amy-
loid plaques that are a characteristic feature of the neuro-
pathology of Alzheimer’s disease (AD) (Selkoe 2001).
Presenilin (PS1 and PS2) is an integral membrane pro-
rein that constitutes y-secretase complex, required for
the intramembranous proteolytic cleavage of f-amyloid
precursor protein (APP) and the resulting production
of AP (for review, see Selkoe 2001). AR has two major C-
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terniinal variants, the AP that ends at residue 40 (AB40)
and the AB that ends at residue 42 (AB42). Significantly,
all AD-associated mutations in PS genes increase the rel-
ative production of AB42 which is more amyloidogenic
than AB40, although the exact mechanism is not known
(for review, see Selkoe 2001).

Recent accumulating evidence has also revealed that
PS mediates not only y-secretase activity (De Strooper
et al. 1998), but it is also required for several intramemn-
branous cleavages, including the cleavages of notch,
CD44, ErbB-4, alcadein (Araki er al. 2004) and cadherin
(for review, see De Strooper 2003). These results suggest
that PS-mediated intramembranous cleavage plays a critical
role inn several biological functions. PS has a putative eighth
transmembrane domain (i & Greenwald 1998), and
tull-length PS is endoproteolytically processed into
two fragments, the N-terminal fragment (NTF) and
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the C-terminal fragment (CTF) between transmem-
brane domain (TM) 6 and TM7 (Thinakaran et al. 1996).
The cellular level of processed PS is tighty limited
(Ratovitski et al. 1997; Thinakaran ef al. 1997), and the
processed PS resides in a high-molecular-weight com-
plex that includes mature glycosylated NCT, APH-1
and PEN-2 (for review, see De Strooper 2003). Several
lines of evidence clearly established that NCT, APH-1
and PEN-2 (collectively named PS cofactors in this
study) are required for PS endoproteolysis and the
formation of the active Y-secretase complex (Francis
et al. 2002; Edbauer er al. 2003; Kimberly et al. 2003;
Takasugi et al. 2003). However, it remains to be elucidated
how PS cofactors regulate y-secretase activity and PS
endoproteolysis.

PS contains two conserved, essential aspartate residues
in adjacent TM6 and TM7 that may define a novel aspar-
tyl protease active site (Wolfe ef al. 1999; Steiner et al.
2000; Li et al. 2000b; Wethofen er al. 2002). However,
the precise catalytic mechanism underlying the forma-
tion of the Y-secretase complex, including the roles of
TMs and PS cofactors in Y-secretase activity, is not com-
pletely understood. Previously, it was shown that a short
C-terminal tail of PS is required for PS endoproteolysis
and/or Y-secretase activity (Tomita ef al. 1999; Shirotani
et al. 2000). Here, to gain deep insights into the mecha-
nism underlying the formation of active Y-secretase, we
focused on the role of the PS1 C-terminal region
including TMS8 in Y-secretase activity. For this purpose,
we co-expressed C-terminally truncated PS1 (PS1AC)
completely lacking y-secretase activity and the PSt C-
terminal short fragment in PS-null cells. Previously, it
was shown that the co-expression of PS1 NTF and CTF
restored Y-secretase activity in PS-null cells (Laudon et al.
2004; Shiraishi et al. 2004). However, it was not known
whether the exogenous expression of PS1 C-terminal
short fragment can rescue a defect in the Y-secretase
activity of PS1AC. In this study, we found that the exog-
enous expression of the PS1 C-terminal short fragment
with NCT and APH-1 completely rescued a defect
of the Y-secretase activity of PSIAC in PS-null cells.
With this reconstitution system, we demonstrate that
both TMS8 and the PS1 C-terminal seven-amino-acid-
residue tail are involved in the formation of the active Y-
secretase complex via the assembly of PS1 with NCT
and APH-1.

Results

To clarify the role of the PS1 C-terminal region includ-
ing C-terminal TM8 in Y-secretase activity, we con-
structed C-terminally truncated PS1 (PS1AC) and the
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PS1 C-terminal short fragment. As shown in Fig. 1A,
PS1AC66 lacks PS1 C-terminal 66 amino acid residues
including TM8, and PS1AC37, which was truncated
downstream of TM8, lacks C-terminal 37 amino acid
residues including the PALP sequence (Tomita ef al.
2001). We also constructed cDNA encoding the PS1 C-
terminal short fragment starting at methionine. C68 and
C37 correspond to the fragments of the first methionine
plus PS1 C-terminal 68 and 37 amino acid residues,
respectively. PSIAC66 and PS1AC37 exhibited the
complete loss of AR generation and PS endoproteolysis
in PS-null cells, as observed in the PS1 mutant with
other short C-terminal truncations (Bergman ef al. 2004)
(Fig. 1B).

We first investigated whether the co-expression of
PS1AC66 and PS1 cofactors restore Af generation in
PS-null cells (Fig. 2A, left 5 lanes). As shown in Fig. 2A
(lanes 1~5), no AP generation was observed, suggesting
that PS1AC66 failed to form the active Y-secretase com-
plex with PS cofactors. However, the exogenous expres-
sion of C68 with the APH-1b and NCT completely
rescued a defect in the Y-secretase activity of PS1AC66,
although the expression of C68 without PS cofactors did
not affect y-secretase activity (Fig. 2A, lanes 6—8). The
endogenous level of PEN-2 was found to be slightly
increased in the co-expression of PSAC66, C68,APH-1b
and NCT, but the endogenous level of PEN-2 was not
as high as that of PS null cells expressing full-length
PS (Fig. 2B). Therefore, the exogenous expression of
PEN-2 was expected to further enhance the reconsti-
tuted Y-secretase activity. However, a further increase in
Y-secretase activity was not observed when PEN-2 was
additionally co-expressed with C68, APH-1b and NCT
(Fig. 2A, lane 9). The limiting factors for Y-secretase
activity in this reconstitution system were found to be
both APH-1 and NCT as shown in Fig. 2C.The rescue
in a defect in PSIAC66 endoproteolysis was also
observed by the co-expression of C68, APH-1b and
NCT (Fig. 2A, lane 8), and PSTAC66 endoproteolysis
was further stimulated by the expression of PEN-2 with
C68, APH-1b and NCT (Fig. 2A, lane 9). Previously,
the C-terminal short tail of PS was shown to be required
for PS endoproteolysis and PS stabilization (Tomita ef al.
1999; Shirotani et al. 2000). Therefore, we next investi-
gated whether the expression of C68 lacking the last
seven amino acid residues (C68AC7) with PS cofactors
also rescues the defects in Y-secretase activity and PSTAC66
endoproteolysis. The result showed that the co-expression
of C68ACT and PS cofactors did not restore Y-secretase
activity and endoproteolysis (Fig. 2A, lanes 10 and 11),
indicating that the rescue by the co-expression of C68 and
PS cofactors is completely dependent on the presence of
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Figure 1 Schematic diagram of C-terminally rruncated forms of
PST(PSIAC) and PS1 C-terminal fragments expressed in (A) PS-
null cells. and (B) a defect in AR generation and endoproteolysis
of PSIAC. (A) A scheputic diagram of C-terminally truncated
forms of PSI used in this study is shown. The last 37 (AC37) or
A6 (ACG66) amino acid residues of PSI were deleted. PS1 C-
terminal tragments starting at Met (M) encoded by the cDNAs used
i this study are also shown. C37, Met plus the PS1 C-terminal
37 amino acid residues: Co8, Met plus the PS1 C-terminal 8
amino acid residues. Boxes with numbers illustrate purative
transnembrane domains (TM). D1 and D2, two aspartaces essential
for y-secrerase activity: PALP. the PALP sequence (56); FL. full-
lengehs arrowhead. the site of endoproreolytic processing: number
denotes the position of an amino acid residue at the C-terminus.
{B) APP6Y3 and the full-length (FL) PS1 or PSLAC were retrovinlly
expressed in PS-null cells (2 x 10%); AB40 and AB42 secreted from
cells during o 48-h culture were quantified by ELISA (the upper
panel). w.d AR was not detected (< 10.-pm).Values are means = SD
of two independent dishes (v = 2). CHAPSO=solubilized Ivsates
(1 ug) were immunoblotted with the anti-PS1 NTF antbody
(the nuddle panel). Soluble APP secreted trom cells were inimuno-
blotced with the anti-APP antibody. 22C 11 (the bottom panel)
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Y-secretase complex by truncated presenilin

the C-terminal seven-amino-acid-residue tail (Fig. 2,
fanes 10 and 11). It was also noted that the extent of AR
generation from the reconstituted Y-secretase induced by
the co-expression of PSIAC66, C68 and PS cofactors
was higher than that from the co-expression of PS1 FL
and PS cofactors.

To further investigate the effects of the co-
expression of PSIAC66 and C68 on the assembly of
the active Y-secretase complex, we performed the co-
Immunoprecipitation experiment using an anti-PS1 NTFE
antibody (Fig. 3). As shown in Fig. 3A,APH-1b and NCT
failed to co-immunoprecipitate with PSIAC66 (Fig. 3A,
lanes 1-4), but they were co-immunoprecipitated
when CG68 was co-expressed (Fig. 3A, lanes 5 and 6);
however, PEN-2 co-immunoprecipitated with PS1AC66
even when exogenous C68 was not expressed (Fig. 3,
lanes 4 and 6). It is also noted that the level of mature
NCT in the complex reconstituted with PSIAC6H6 and
C68 was lower than that when PS1 FL with cofactors are
expressed (Fig. 3, lanes 1 and 2; lanes 5 and 6). We also
confirmed that C68 has the domain(s) for the binding of
NCT and APH-1 by co-immunoprecipitation in the
cells expressing C68 in the absence of the PSIACH6
(Supplementary Fig. $1).

In addition, when C68AC7 was expressed, no assem-
bly of PSIACG66 with PS cofactors was observed
(Fig. 3A. lanes 7 and 8). We also found that the level of
CH8ACT bound to PSIACH6 was lower than that of C68
bound to PS1IAC66 (Fig. 3A, bottom panel). The co-
unmunoprecipitation experiment using the anti-NCT
antibody also demonstrated that the smaller amount of
C68ACT co-inununoprecipitates with NCT than that of
C68 (Fig. 3B). This result indicates that the assembly
of C68, not only with PSTACG6, but also with NCT,
requires the presence of the C-terminal seven-amino-
acid-residue tail. This result agrees with a result of a
recent study showing that PS1 C-terminus binds to
NCT (Kaether er al. 2004). Taken together. the rescue of
the defects in y-secretase activity and PSIAC66 endo-
proteolysis by the expression of C68 with PS cofactors is
accompanied by the rescue of a defect in the assembly of
PSIAC66 with APH-1b and NCT.

We next determined the role of TMS$ in Y-secretase
activity with this reconstitution system of Y-secretase
activity. For this purpose, we co-expressed PS1ACH6 and
C37 that lacks TMS in PS-null cells (Figs 1A and 4A).As
shown in Fig. 4A, the co-expression of C37 and PS
cofactors did not rescue the defects in Y-secretase activity
and PSIACG66 endoproteolysis. This result suggests that
the TMS8 region of C68 is necessary for the functional
rescue of inactive PSIACH6. However, we cannot exclude
the possibility that C37 does not have an ability to rescue
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Figure 2 The expression of C68 with PS cofactors rescued defects in Y-secretase activity and endoproteolysis of PS1IAC6H6. (A) After
APP695 and the indicated exogenous PS cofactors were retrovirally expressed with PS1IAC66 and C68 or C68ACT in PS-null cells, AB
secreted from these cells during a 48-h culture was quantified by ELISA, and CHAPSO-solubilized lysate (10 pg) was immunoblotted
with the anti-PS1 NTF antibody (for the detection of PS1 FL, PS1AC66 and PS1 NTF), anti-PS1 loop monoclonal antibody (for the
detection of PS1 CTF and CTFACE6), anti~APH-1b antibody, anti-FLAG antibody (for the detection of PEN-2), anti-NCT antibody
and the anti-PS1C-20 antibody (for the detection of C68 or C68AC7). C~fragment, C-terminal short fragment; —, mock transfection
(pMX). Values are means * SD of two independent dishes (1 = 2). Data are representative of three independent experiments. (B) The
same lysates prepared from the PS-null cells retrovirally expressing the indicated truncated PS and PS cofactors as described in Figure 2A
were immunoblotted with anti-PEN-2 antibody for the detection of endogenous PEN-2. (C) After APP695 and the indicated exogenous
PS cofactors (—, mock transfection) were retrovirally expressed with PSIAC66 in PS-null cells, AP secreted from these cells during a 48-h
culture was quantified by ELISA. The AB levels were expressed as relative to APB40 levels obtained from PS-null cells expressing PS1AC66

with NCT and APH-1b.

a defect in Y-secretase activity. Therefore, we next deter-
mined whether C37 has an ability to rescue inactive
PS1AC, or whether TMS is necessary for the functional
rescue of inactive PSTAC in PS-null cells. For this pur-
pose, we investigated whether the co-expression of C37
and PS1AC37 truncated downstream of TM8 (Figs 1A
and 4B) restores Y-secretase activity in PS-null cells. As
shown in Fig. 4B, the defects in Y-secretase activity and
PS1AC37 endoproteolysis were completely rescued by
the expression of C37 with APH-1b and NCT, although
they were not rescued by the expression of exogenous PS
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cofactors without C37 (Fig. 4B, lanes 2-9). These results
indicate that TMS is necessary for the rescue of y-secretase
activity and PS1 endoproteolysis by the co-expression
of PS1AC and the PS1 C-terminal fragment with PS
cofactors in PS-null cells. The rescue by the co-expression
of C37 and PS cofactors was also completely dependent
on the presence of the C-terminal seven-amino-acid-
residue tail (Fig. 4, lanes 10 and 11). It is also noted that
the level of C37 is higher when APH-1 and NCT were
co-expresssed, compared with that when APH-1 was
not expressed (Fig. 4A, lanes 2—5 and Fig. 4B, lanes 6—9).
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