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�-Secretase inhibitors (GSIs) reduce amyloid-� (A�) peptides but inevitably increase the �-C-terminal fragment (�-CTF) of amyloid
precursor protein (APP), potentially having undesirable effects on synapses. In contrast, �-secretase modulators (GSMs) reduce A�42
without increasing �-CTF. Although the A�-lowering effects of these compounds have been extensively studied, little effort has been
made to investigate their effects on cognition. Here, we compared the effects of two GSIs—(2S)-2-hydroxy-3-methyl-N-[(2S)-1-{[(1S)-3-
methyl-2-oxo-2,3,4,5-tetrahydro-1H-3-benzazepin-1-yl]amino}-1-oxopropan-2-yl]butanamide (LY450139, semagacestat) and (2R)-2-
[[(4-chlorophenyl)sulfonyl][[2-fluoro-4-(1,2,4-oxazol-3-yl)phenyl]methyl]amino-5,5,5-trifluoropentanamide (BMS-708163)—and a
second-generation GSM [{(2S,4R)-1-[(4R)-1,1,1-trifluoro-7-methyloctan-4-yl]-2-[4-(trifluoromethyl)phenyl]piperidin-4-yl}acetic acid
(GSM-2)] on spatial working memory in APP-transgenic (Tg2576) and nontransgenic mice using the Y-maze task. While acute dosing
with either GSI ameliorated memory deficits in 5.5-month-old Tg2576 mice, these effects disappeared after 8 d subchronic dosing.
Subchronic dosing with either GSI rather impaired normal cognition in 3-month-old Tg2576 mice, with no inhibition on the processing of
other �-secretase substrates, such as Notch, N-cadherin, or EphA4, in the brain. LY450139 also impaired normal cognition in wild-type
mice; however, the potency was 10-fold lower than that in Tg2576 mice, indicating an APP-dependent mechanism likely with �-CTF
accumulation. Immunofluorescence studies revealed that the �-CTF accumulation was localized in the presynaptic terminals of the
hippocampal stratum lucidum and dentate hilus, implying an effect on presynaptic function in the mossy fibers. In contrast, both acute
and subchronic dosing with GSM-2 significantly ameliorated memory deficits in Tg2576 mice and did not affect normal cognition in
wild-type mice. We demonstrated a clear difference between GSI and GSM in effects on functional consequences, providing new insights
into strategies for developing these drugs against Alzheimer’s disease.

Introduction
Although brain amyloid-� (A�) plaque is a pathological hall-
mark of Alzheimer’s disease (AD), actual correlation with mem-
ory dysfunction is quite weak. Instead, soluble A� level has been
found to correlate with disease severity or decline in synaptic
density in AD patients (Lue et al., 1999; McLean et al., 1999).
Indeed, mutated amyloid precursor protein (APP) transgenic
mice have shown cognitive deficits before plaque appearance
(Holcomb et al., 1999; Van Dam et al., 2003). A� is produced by
the sequential proteolytic cleavage of APP. The first cleavage by
�-secretase generates the �-C-terminal fragment of APP (�-
CTF) (otherwise known as C99) (Sinha et al., 1999; Vassar et al.,

1999; Yan et al., 1999), and the second cleavage is induced by
�-secretase (De Strooper et al., 1998; Wolfe et al., 1999). Exten-
sive research efforts over the past decade have identified a num-
ber of �-secretase inhibitors (GSIs) and modulators (GSMs), and
their A�-lowering effects have been well investigated (Kreft et al.,
2009; Oehlrich et al., 2011). However, whether or not these com-
pounds have any effects on improving cognitive function re-
mains poorly understood.

�-Secretase also cleaves Notch protein and this cleavage is
indispensable to activation of Notch signaling (De Strooper et al.,
1999; Struhl and Greenwald, 1999). For clinical application of
GSIs, researchers have made considerable efforts to dissociate the
inhibitory potency of compounds against Notch signaling, which
causes risk of developing gastrointestinal and immune disorders
(Milano et al., 2004; Wong et al., 2004), from their A�-lowering
potency. While these compounds also have a tendency to increase
�-CTF, this effect has not been regarded as a crucial issue, al-
though several research groups have pointed out its detrimental
effects on neurons (Oster-Granite et al., 1996; Nalbantoglu et al.,
1997; Suh et al., 2000). A recent report demonstrated that GSIs
reduce the dendritic spine density in normal mice but not in
APP-knock-out mice, suggesting that the accumulation of APP-
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CTF (either or both �- and �-CTF) may be synaptotoxic (Bittner
et al., 2009).

GSMs, first identified from a subset of nonsteroidal antiin-
flammatory drugs (Weggen et al., 2001; Eriksen et al., 2003),
inhibit the production of A�42 without affecting A�40 or total
A� and without increasing �-CTF (Weggen et al., 2003; Kounnas
et al., 2010). Although A�42 is believed to be a culprit in neuro-
pathology and synaptotoxicity with AD (Jarrett et al., 1993; Iwat-
subo et al., 1994; Younkin, 1998; Mucke et al., 2000; McGowan et
al., 2005; Lacor et al., 2007; Kuperstein et al., 2010), it remains to
be confirmed that a decrease in only A�42 but not in total A�
should actually result in behavioral improvement.

Here, we examined the effects of GSI and GSM on cognitive
function in an animal model using the Y-maze task. We directly
compared two structurally different GSIs—(2S)-2-hydroxy-3-methyl-
N-[(2S)-1-{[(1S)-3-methyl-2-oxo-2,3,4,5-tetrahydro-1H-3-ben-
zazepin-1-yl]amino}-1-oxopropan-2-yl]butanamide (LY450139,
semagacestat) (Henley et al., 2009) and (2R)-2-[[(4-chlorophenyl)
sulfonyl][[2-fluoro-4-(1,2,4-oxazol-3-yl)phenyl]methyl]amino-
5,5,5-trifluoropentanamide (BMS-708163, avagacestat; known as a
Notch-sparing GSI) (Gillman et al., 2010)—and a second-genera-
tion GSM, {(2S,4R)-1-[(4R)-1,1,1-trifluoro-7-methyloctan-4-yl]-
2-[4-(trifluoromethyl)phenyl]piperidin-4-yl}acetic acid (GSM-2)
[Garcia Y, Hannam JC, Harrison T, Hamblett CL, Hubbs JL, Ku-
lagowski JJ, Madin A, Ridgill MP, Seward E (2007) International
Patent Application WO2007/125364, pending], with respect to their
behavioral and neurochemical effects in both APP-transgenic
(Tg2576) and wild-type (WT) mice.

Materials and Methods
Drugs. LY450139, BMS-708163, and GSM-2 were synthesized at Astellas
Pharma, Inc. (Tsukuba, Japan), according to the literature (Pu et al.,
2008; Gillman et al., 2010) or patent application (Garcia et al., 2007). The
chemical structures of the drugs are shown in Figure 1.

Cellular APP processing assay. H4 human glioma cells stably overex-
pressing human wild-type APP695 were maintained in DMEM supple-
mented with 10% fetal bovine serum and penicillin/streptomycin. Cells
were cultured in 96- or 6-well plates overnight, and then treated with
each drug at various concentrations for 24 h. Levels of A�1-42, A�1-40,
and A�1-38 in the media were measured using separate ELISA kits (A�1-
42; Wako; A�1-40 and A�1-38; IBL).

To quantify �-CTF, cells were lysed with RIPA buffer (25 mM Tris, 150
mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS; pH 7.6)
containing Complete protease inhibitor mixture (Roche Diagnostics)
and applied to a human �-CTF ELISA kit (IBL) at 1:20 dilution. Aliquots

of the cell lysate were also used for CellTiter-Glo Luminescent Cell Via-
bility Assay (Promega). The cell lysate from the six-well plate was sub-
jected to Western blot analysis.

Cellular Notch signaling assay. The expression vector of the constitu-
tively active form of Notch (Notch�E), encoding bases 1– 60 and 5193–
6657 of the human Notch1 coding region (NM_017617), was
constructed into a pcDNA3.1 vector as described previously, with a se-
quence modification from mouse to human (Kopan et al., 1996). Notch
signaling activity was evaluated using Cignal RBP-Jk Reporter Assay kit
(SA Biosciences). RBP-Jk protein [CSL/CBF1/Su(H)/Lag1] is a tran-
scription factor activated with Notch intracellular domain produced by
�-secretase. H4 cells were transiently transfected with the human
Notch�E expression vector and the RBP-Jk-responsive luciferase con-
struct using Lipofectamine 2000 (Invitrogen), and then exposed to vari-
ous concentrations of each drug for 16 h. Notch signaling was measured
based on luciferase activity in the cell lysate using the Dual-Glo Luciferase
Assay System (Promega).

Animals. Female Tg2576 mice expressing human APP695 with the
Swedish mutation (K670N/M671L) were used (Hsiao et al., 1996). Male
transgenic mice were procured through Mayo Foundation for Medical
Education and Research (Rochester, MN) and crossbred with female
B6SJLF1/J mice at Charles River Laboratories. The offspring of this
breeding were then transferred to Astellas Pharma, Inc., and housed in an
American Association for Accreditation of Laboratory Animal Care
(AAALAC)-approved facility in a temperature- and humidity-controlled
colony room (maintained at 23 � 3°C and 55 � 15%, respectively) under
a 12 h light/dark cycle with water and laboratory chow supplied ad libi-
tum. All in vivo experimental procedures were performed during the light
cycle.

Procedures involving animals and their care were conducted in accor-
dance with AAALAC guidelines and Astellas Pharma, Inc., guidelines for
the care and use of animals under approved protocols from the Institu-
tional Animal Care and Use Committee of Astellas Pharma, Inc.

Y-maze test. Spatial working memory in mice was evaluated by record-
ing spontaneous alternation behavior in the Y-maze task (Hsiao et al.,
1996). The maze was made of gray polyvinylchloride, with three arms
converging at equal angles. Arm dimensions were 40 cm in length, 13 cm
in height, and 3 and 10 cm in width at the bottom and top, respectively.
Each drug was dissolved or suspended in 0.5% methyl cellulose and
orally administered once daily for 8 d. Three hours after administration
on either or both days 1 and 8, each animal was placed at the end of one
arm and allowed to freely explore the apparatus for 8 min. The sequence
and number of all arm entries were recorded for each animal throughout
the period. The sequence triads, in which all three arms were represented
(ABC, ACB, BAC, BCA, CAB, and CBA), were calculated as successful
alternations to evaluate the normal cognition and working memory of
the last arm entered. Alternation rate was defined as entries into all three
arms on consecutive occasions using the following formula: Alternation
rate (%) � Number of alternations/(Number of total arm entries � 2) �
100. Data were eliminated in cases in which the number of total arm
entries was �10.

Quantitation of hippocampal A� and �-CTF levels. Immediately after
the Y-maze test, animals were decapitated, and the hippocampus was
isolated on ice followed by snap freezing with liquid nitrogen and storage
at �80°C until use. Frozen samples were homogenized in an ultrasonic
homogenizer with a 10-fold volume of TBS (25 mM Tris, 137 mM NaCl,
2.68 mM KCl; pH 7.4) containing Complete protease inhibitor mixture
(Roche Diagnostics) on ice followed by ultracentrifugation (100,000 � g,
1 h, 4°C). Levels of A�x-42 and A�x-40 in the supernatant were mea-
sured using ELISA kits (Wako). To quantify human �-CTF in Tg2576
mice, aliquots of the homogenate were solubilized with 2% SDS and
applied to a human �-CTF ELISA kit (IBL) at 1:730 dilution. Mouse
endogenous �-CTF in WT mice was also quantified using the human
�-CTF ELISA kit at 1:5 dilution. Recombinant mouse �-CTF provided
by IBL was used to generate a standard curve instead of the recombinant
human �-CTF attached to the kit. SDS was added to the standard samples
so that the final SDS concentration (0.33%) was the same as that in the
diluted WT mouse samples. Although this concentration of SDS reduced
assay performance by �30%, quantification was successfully achieved

Figure 1. Chemical structures of LY450139, BMS-708163, and GSM-2.
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with a log-log linear-fitting standard curve (r � 0.99). The basal levels of
A�x-42, A�x-40, and �-CTF measured with the procedure described
above were 1.9 � 0.1, 11.6 � 0.6, and 21.2 � 2.5 pmol/g tissue, respec-
tively, in Tg2576 mice (mean � SEM for nine independent experiments),
and 0.12 � 0.00, 0.72 � 0.02, and 0.48 � 0.03 pmol/g tissue, respectively,
in WT mice (mean � SEM for six independent experiments). Aliquots of
the homogenate from Tg2576 mice were subjected to Western blot
analysis.

Quantitation of Notch-target gene expression in vivo. Three hours after
orally administering each drug to Tg2576 mice, the hippocampus and
thymus were isolated and stored at �80°C until use. Tissues were ho-

mogenized in lysis buffer and processed for total RNA extraction using
the QIAGEN RNeasy 96-well plate technology with on-column DNase I
treatment. Total RNA from each sample was used to generate cDNA
using a SuperScript III (Invitrogen) with random primers. Hes1 and
Hey1 mRNA levels were quantified via SYBR Green quantitative PCR
assay, and results were normalized using an endogenous reference gene,
�-actin. The sequences of the primers used in the SYBR Green assay were
as follows: Hes1, forward primer: CCAGCCAGTGTCAACACGA; Hes1,
reverse primer: AATGCCGGGAGCTATCTTTCT; Hey1, forward prim-
er: GCGCGGACGAGAATGGAAA; Hey1, reverse primer: TCAGGTGA
TCCACAGTCATCTG; �-actin, forward primer: CGTGAAAAGATGAC
CCAGATC; �-actin, reverse primer: GCCTGGATGGCTACGTACATG.
The oligonucleotides and Power SYBR Green PCR Master Mix were
purchased from Invitrogen and Applied Biosystems, respectively.

Western blot analysis. The following antibodies were used for
immunoblotting: anti-A� N-terminal-specific mouse monoclonal
antibody (diluted 1:100; clone 82E1; IBL), anti-A�1-16 mouse mono-
clonal antibody (diluted 1:1000; clone 6E10; Covance), anti-APP
C-terminal rabbit polyclonal antibody (diluted 1:1000 or 5000;
A8717; Sigma-Aldrich), anti-N-cadherin mouse monoclonal anti-
body (diluted 1:200; 610920; BD Biosciences), anti-EphA4 mouse
monoclonal antibody (diluted 1:200; clone 6H7; Merck Chemicals),
and anti-�-tubulin mouse monoclonal antibody (1:1000 or 5000;
clone AA2; Millipore).

Either the cell lysate or brain homogenate described above was mixed
with Laemmli buffer and boiled for 5 min, and then separated by SDS-
PAGE on 15% gels. Proteins were transferred to PVDF membranes and
labeled with the antibodies listed above, followed by incubation with
HRP-conjugated secondary antibodies. Bands were visualized using ECL

Figure 2. Drug effects on APP processing and Notch signaling in cells. A, APP-overexpressing H4 cells were exposed to various concentrations of each drug for 24 h in 96-well plates. A�42, A�40,
and A�38 secreted in the culture medium (left axis) and �-CTF in the cell lysate (right axis) were measured via ELISA. B, The cells were exposed to 3.2, 16, 80, 2000, and 10,000 nM LY450139 for 24 h
in a six-well plate and analyzed by Western blotting with 82E1, 6E10, and anti-APP C-terminal antibody (APP-C). APP-FL, Full-length APP. C, H4 cells transfected with Notch�E and RBP-Jk-
responsive luciferase were exposed to various concentrations of each drug for 16 h. Activity in the Notch signal transduction pathway was measured as luminescence in the cell lysate. Data in A and
C are presented as mean � SEM of three independent experiments. IC50, EC50, or ECmax values are presented in Table 1.

Table 1. Drug effects on APP processing and Notch signaling in cells

LY450139 (nM) BMS-708163 (nM) GSM-2 (nM)

A�42
IC50 10.9 � 0.6 0.79 � 0.15 65.2 � 2.3

A�40
IC50 12.1 � 0.5 0.78 � 0.09 �2000

A�38
IC50 12.0 � 0.3 0.66 � 0.02 —
EC50 — — 81.3 � 6.0

�-CTF
ECmax

a 16.0 � 0.0 0.80 � 0.00 No change
Notch

IC50 14.1 � 2.5 20.6 � 1.3 �3000
Notch/A�42 1.3 26 �46

Values are shown as mean � SEM for three independent experiments.
aConcentration at which maximum increases in �-CTF were observed.
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and quantitated densitometrically with Quantity One 4.6.5 software
(Bio-Rad).

Immunofluorescence study. The following antibodies were used for im-
munostaining: anti-A� N-terminal-specific mouse monoclonal anti-
body (diluted 1:200; clone 82E1; IBL), anti-APP C-terminal rabbit
polyclonal antibody (diluted 1:2000; A8717; Sigma-Aldrich), anti-
synaptophysin rabbit monoclonal antibody (diluted 1:500; clone YE269;
Millipore), and anti-drebrin A rabbit polyclonal antibody (diluted 1:200;
28023; IBL).

While under isoflurane anesthesia, 10 mM PBS, pH 7.4, was per-
fused into the left ventricle of each animal. The brain was quickly

hemisected and immersion-fixed in 4% paraformaldehyde/phos-
phate buffer for 2 d at 4°C, and then placed in 16% sucrose/phosphate
buffer for 2 d at 4°C. The brain was frozen and cut into 20-�m-thick
coronal sections with a cryostat. One section per mouse between
�1.70 and �1.94 mm from the bregma was selected and incubated
with the antibodies listed above free-floating for 16 h at room tem-
perature. Antibodies were detected with Alexa Fluor 488-conjugated
anti-mouse IgG or Alexa Fluor 546-conjugated anti-rabbit IgG (In-
vitrogen) using an ECLIPSE 80i microscope (Nikon) equipped with
an ORCA-ER digital camera (Hamamatsu). Double-stained sections
were observed using an LSM5Pascal confocal laser scan microscope

Figure 3. Acute and subchronic drug effects on cognitive deficits in Tg2576 mice (Experiment 1). A, Each drug was orally administered to Tg2576 mice (aged 5.5 months) for 8 d, and Y-maze tests
were conducted on days 1 and 8. LY450139 and BMS-708163 significantly ameliorated cognitive deficits in Tg2576 mice on day 1, but not on day 8. In contrast, GSM-2 caused significant
improvements on both days 1 and 8. Dotted lines, Chance level of alternation behavior. B, Hippocampal A� and �-CTF on days 1 and 8 were measured via ELISA. LY450139 and BMS-708163
significantly increased �-CTF, whereas GSM-2 did not. The effects of each drug on A� and �-CTF levels were similar between days 1 and 8. ##p � 0.01 by Student’s t test. *p � 0.05; **p � 0.01
compared with vehicle group by Dunnett’s test. All data are presented as mean � SEM (n � 7 or 8).
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(Carl Zeiss). Immunofluorescence intensity in the following areas
(16 � 750 �m each, except dentate hilus) was quantified using NIH
ImageJ 1.44p: the stratum pyramidale, radiatum, and lacunosum-
moleculare of the CA1b region; the distal side of the stratum oriens of
the CA1c region; the stratum pyramidale and lucidum of the CA3a to
3b region; the stratum granulare and moleculare; and the whole area
of dentate hilus. Immunofluorescence intensity in each area was nor-
malized with that in the CA3 stratum pyramidale of the same section
as an internal control to minimize nonspecific variations in signal
intensity (Palop et al., 2011). Absolute intensity in the CA3 stratum
pyramidale was not altered by drug treatment.

Plasma and brain concentration of LY450139. Plasma and brain sam-
ples were collected at 3 h after drug administration and stored at �80°C
until use. LY450139 concentrations in plasma and brain were quantified
via HPLC/mass spectrometry assay. Briefly, aliquots of plasma samples
and brain homogenates were treated by protein precipitation with ace-
tonitrile containing appropriate internal standard followed by centrifu-
gation. The supernatant was injected onto a LaChrom Elite HPLC system
coupled to a NanoFlontier LD linear ion trap time-of-flight mass spec-
trometer (Hitachi High-Technologies). The HPLC column was an
ODS-3 column (2.0 � 50 mm, 5 �m; GL Sciences). The mobile phase was
a gradient mixture of 0.1% formic acid and acetonitrile.

Statistical analysis. Data are presented as mean � SEM, and all
statistical analyses were conducted using SAS software (SAS Insti-
tute). Dunnett’s multiple-comparison test was used to compare mul-
tiple doses in the drug-treated groups with the vehicle-treated group.
An unpaired Student’s t test was used to compare the single-dose
drug-treated group with the vehicle-treated group, and the Tg2576
group with the WT group. For all tests, a value of p � 0.05 was
considered statistically significant.

Results

Drug effects on APP processing and Notch signaling in
cultured cells
To characterize drug effects on APP processing in vitro, we used
H4 cells stably overexpressing human wild-type APP. LY450139
and BMS-708163 reduced the secretion of A�42, A�40, and
A�38 in 96-well-cultured media and increased �-CTF in cell ly-
sates as expected, although this increase was unexpectedly atten-
uated at high concentrations (Fig. 2A). In contrast, GSM-2 only
decreased A�42, while inversely increasing A�38 and having no
effect on �-CTF levels. A�40 levels were only slightly decreased at
high concentrations. No drug affected cell viability at any of the
tested concentrations (data not shown). IC50, EC50, and ECmax

values are shown in Table 1.
The biphasic �-CTF response to LY450139 was also found in

Western blot analysis of six-well-cultured cells using two anti-
bodies, 82E1 and 6E10, which recognize the N-terminal region of
A�. In contrast, �-CTF detected with an anti-APP C-terminal
antibody showed a simple upward sigmoid response (Fig. 2B).
We were unable to conduct �-CTF analysis with this antibody
due to interference by the strong �-CTF band.

Drug effects on Notch signaling were evaluated using the
Notch intracellular domain reporter gene assay system with hu-
man Notch�E-transfected H4 cells. LY450139 and BMS-708163
inhibited Notch signaling at similar potencies, while GSM-2 had
no effect (Fig. 2C). While LY450139 showed minimal Notch-
sparing selectivity (Notch IC50/A�42 IC50), BMS-708163 and

Figure 4. Subchronic drug effects on cognitive deficits in Tg2576 mice at high doses that robustly reduce hippocampal A� levels (Experiment 2). A, Each drug was orally administered to Tg2576
mice (aged 5.5 months) for 8 d, and Y-maze tests were conducted on day 8. Only GSM-2 ameliorated the cognitive deficit in Tg2576 mice. B, All three drugs robustly reduced hippocampal A�42
levels. GSM-2 did not affect �-CTF levels even at the highest dose. ##p � 0.01 by Student’s t test. *p � 0.05; **p � 0.01 compared with vehicle group by Dunnett’s test. All data are presented as
mean � SEM (n � 7 or 8).
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GSM-2 demonstrated 26- and �46-fold
selectivity, respectively (Table 1).

Acute and subchronic drug effects on
cognitive deficits in Tg2576 mice
(Experiment 1)
To identify drug effects on cognitive func-
tion, we conducted four different experi-
ments. The objective of Experiment 1 was to
elucidate acute and subchronic drug effects
on cognitive deficits in Tg2576 mice. Each
drug was orally administered to 5.5-month-
old Tg2576 mice for 8 d. Y-maze tests were
conducted to evaluate spatial working
memory 3 h after administration on days 1
and 8. Vehicle-treated Tg2576 mice demon-
strated significantly lower spontaneous al-
ternation rates than WT mice in the Y-maze
test, suggesting deficits in spatial working
memory. On day 1, 1 mg/kg LY450139, 1
mg/kg BMS-708163, and 0.1–0.3 mg/kg
GSM-2 significantly ameliorated these cog-
nitive deficits (acute effects). On day 8, how-
ever, the GSI effects disappeared, whereas
GSM-2 retained its significant effects (sub-
chronic effects) (Fig. 3A).

Mice were killed immediately after the
Y-maze test on day 8, when hippocampal
levels of A�42, A�40, and �-CTF were de-
termined by ELISA. LY450139 was found to
decrease both A�42 and A�40 at 10 mg/kg
(22–23% reduction; p � 0.01) and in-
crease �-CTF at 0.3–10 mg/kg in a dose-
dependent manner (15–162% elevation;
p � 0.01 at 1–10 mg/kg). BMS-708163 de-
creased neither A�42 nor A�40 up to 10
mg/kg but increased �-CTF at 1–10 mg/kg
(11–50% elevation; p � 0.01 at 3–10 mg/
kg). GSM-2 decreased A�42 at 0.1–3 mg/kg
(5–18% reduction; p � 0.05 at 0.3 mg/kg,
p � 0.01 at 1–3 mg/kg) without affect-
ing A�40 or �-CTF levels (Fig. 3B). Given
the distinct difference in behavioral effects between acute and sub-
chronic GSI dosing, the three drugs were acutely administered into
another set of Tg2576 mice that were killed on day 1, and A� and
�-CTF levels in these animals were compared with those in the sub-
chronic study. No apparent differences were observed between the
two days.

Subchronic drug effects on cognitive deficits in Tg2576 mice
at doses that robustly reduce hippocampal A� (Experiment 2)
To confirm that subchronic GSI dosing was not effective against
cognitive deficits in Tg2576 mice, Y-maze tests were conducted
again, this time using a dose range that robustly reduces hip-
pocampal A� levels. LY450139 and BMS-708163 were adminis-
tered to 5.5-month-old Tg2576 mice for 8 d at 3–30 and 6 – 60
mg/kg, respectively. On day 8, Y-maze tests were conducted 3 h
after administration, followed by killing and neurochemical mea-
surements. Hippocampal A�42 and A�40 levels were markedly
decreased, with maximum reductions of 36 and 41% with
LY450139, and 43 and 56% with BMS-708163, respectively. Even
then, both GSIs failed to restore cognitive deficits in the Y-maze
test (Fig. 4). It should be noted that this lack of efficacy was not

due to potential worsening of general body condition after mul-
tiple dosing with high doses of the GSIs, as we noted no marked
differences in the number of total arm entries, body weights, or
apparent general condition between the vehicle- and drug-
treated groups (data not shown).

High doses of GSM-2 were also tested. GSM-2 was adminis-
tered to Tg2576 mice at 0.03–30 mg/kg in 10-fold increments for
8 d. The broad dose range was chosen because of the shallow slope
of the A�-lowering dose– efficacy curve compared with that of
GSIs. A robust reduction in hippocampal A�42 with a maximum
decrease of 51% was observed, but not so for A�40. GSM-2 sig-
nificantly ameliorated cognitive deficits in the Y-maze test at
0.3–30 mg/kg (Fig. 4).

Finally, hippocampal �-CTF levels were increased dose-
dependently with LY450139 and BMS-708163 administration,
with maximum increases of 194 and 149%, respectively; in con-
trast, values were unchanged with GSM-2 dosing.

Acute and subchronic effects of GSIs on normal cognitive
function in younger Tg2576 mice (Experiment 3)
To explore why subchronic treatment with the GSIs failed to
restore cognitive deficits, we examined the effect of the GSIs on

Figure 5. Acute and subchronic effects of GSIs on normal cognitive function in younger Tg2576 mice (Experiment 3). A, Each
drug was orally administered to Tg2576 mice (aged 3 months) for 8 d, and Y-maze tests were conducted on days 1 and 8. Both GSIs
significantly and dose-dependently impaired normal cognitive function on day 8 but not on day 1. B, GSI-treated mice showed
significant and dose-dependent increases in hippocampal �-CTF levels on day 8. *p � 0.05; **p � 0.01 compared with vehicle
group by Dunnett’s test. All data are presented as mean � SEM (n � 7 or 8).
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normal cognitive function in younger
Tg2576 mice that had yet to show cogni-
tive deficits. LY450139 or BMS-708163
was administered to 3-month-old Tg2576
mice for 8 d, with Y-maze tests conducted
on days 1 and 8. No significant differences
were found in the alternation rate be-
tween the vehicle-treated Tg2576 mice
and WT mice, suggesting that spatial
working memory was not impaired at this
age. While neither GSI affected the nor-
mal alternation rate on day 1, both GSIs
significantly and dose-dependently re-
duced the rate on day 8 (p � 0.01 at 3
mg/kg LY450139; p � 0.05 at 10 mg/kg
BMS-708163), indicating that subchronic
treatment with GSIs impairs spatial work-
ing memory (Fig. 5A). This result may ex-
plain why subchronic treatment with the
GSIs failed to restore cognitive deficits in
5.5-month-old Tg2576 mice.

Hippocampal A� levels in young
Tg2576 mice were not affected at 3 mg/kg
LY450139 but were reduced at 10 mg/kg
BMS-708163. Hippocampal �-CTF levels
were dose-dependently increased at 1–3
mg/kg LY450139 (21–62% elevation) and
3–10 mg/kg BMS-708163 (18–63% eleva-
tion), appearing to correlate with the de-
crease in alternation rate (Fig. 5B). The
�-CTF-increasing efficacy of the GSIs was
almost the same as that observed in 5.5-
month-old mice in Experiment 1.

Effects of GSIs on Notch signaling and
processing of other �-secretase
substrates in vivo
To address the relationship between GSI-
induced cognitive impairment and Notch
signaling inhibition, the effects of the GSIs
on Notch-target gene expression were ex-
amined in vivo. Acute dosing with 30 mg/kg
LY450139 to Tg2576 mice (aged 4 months)
significantly decreased Hes1 and Hey1
mRNA levels in the thymus, indicating sig-
nificant Notch signaling inhibition in the
thymus. However, we noted no change in
mRNA levels of either protein in the hip-
pocampus (Fig. 6). Furthermore, the same
dosage of BMS-708163 had no effect on
mRNA levels in either the thymus or hip-
pocampus. These findings suggest that the
observed GSI-induced cognitive impair-
ment was not due to the inhibition of Notch
signaling.

In addition to Notch, the effects of
LY450139 on the processing of two
other �-secretase substrates were exam-
ined by Western blotting. The CTF lev-
els of N-cadherin and EphA4 were
clearly increased in the LY450139-
treated APP-H4 cells, confirming these
proteins were �-secretase substrates.

Figure 6. EffectsofGSIsonNotch-targetgeneexpression invivo.HippocampusandthymussampleswerecollectedfromTg2576micetreated
witheachdrug(30mg/kg),andHes1andHey1mRNAlevelswerequantifiedbyquantitativeRT-PCR.LY450139significantlyreducedmRNAlevelsof
both proteins in the thymus but not in the hippocampus. BMS-708163 did not affect either mRNA level in the thymus or hippocampus. *p�0.05;
**p�0.01comparedwithvehiclegroupbyStudent’s t test.Dataarepresentedasmean�SEM(n�6or7).

Figure 7. Effects of LY450139 on the processing of N-cadherin and EphA4 in vivo. Hippocampus samples from Tg2576 mice
treated with LY450139 (30 mg/kg) for 8 d were analyzed by Western blotting with antibodies for the C-terminal region of
N-cadherin, EphA4, or APP. LY450139 significantly increased the CTF levels of APP but not N-cadherin or EphA4. LY450139 (2
�M)-treated APP-H4 cell lysate was loaded as a positive control. FL, Full length; CTF, C-terminal fragment. **p � 0.01 compared
with vehicle group by Student’s t test. Data are presented as mean � SEM (n � 7 or 8).
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However, no increase in either CTF was
noted in hippocampus samples from
Tg2576 mice treated with 30 mg/kg
LY450139 for 8 d (the same animals as in
Experiment 2), although basal levels of
both CTFs were much higher than in the
cell samples (Fig. 7). This finding dif-
fered distinctly from findings for APP-
CTFs, for which we noted a significant
increase in LY450139-treated mice. To-
gether, these results suggest that the
GSI-induced cognitive impairment is
also unlikely due to the inhibition of
processing other substrates, or at the
very least not N-cadherin or EphA4.

Acute and subchronic drug effects on
normal cognitive function in WT mice
(Experiment 4)
We next examined whether or not
LY450139 could impair cognitive function
in nontransgenic mice. Just as in 3-month-
old Tg2576 mice, subchronic but not acute
treatment with LY450139 significantly and
dose-dependently decreased the alternation
rates in WT mice (p � 0.01 at 30 mg/kg);
however, this effect required a 10-fold
higher dose than that administered to
Tg2576 mice (Fig. 8A). This difference in
potency was not due to differing pharmaco-
kinetics, since the brain concentration at 10
mg/kg LY450139 was the same between the
two strains (5.8 � 0.7 and 5.9 � 2.2 ng/g
tissue in Tg and WT, respectively; mean �
SEM; n � 4). These findings therefore
suggest that LY450139 impairs cognitive
function through an APP-dependent path-
way, likely involving �-CTF accumulation.
In contrast, neither acute nor subchronic
treatment with GSM-2 affected normal cog-
nitive function in WT mice (Fig. 8A). We
noted no marked differences in the number
of total arm entries, body weights, or appar-
ent general condition between the vehicle- and drug-treated groups
(data not shown).

While LY450139 increased hippocampal endogenous A�40 in
WT mice at 10 mg/kg (15% elevation; p � 0.05), it decreased
endogenous A�40 and A�42 at 30 mg/kg (35 and 34% reduction;
p � 0.01). Furthermore, LY450139 increased hippocampal en-
dogenous �-CTF at 3–30 mg/kg in a dose-dependent manner
(18 –176% elevation; p � 0.01 at 10 –30 mg/kg), appearing to
correlate with the decrease in alternation rate (Fig. 8B). In con-
trast, GSM-2 had no effect on endogenous �-CTF levels despite a
robust reduction in endogenous A�42 (56% reduction at 30 mg/
kg; p � 0.01).

Localized accumulation of �-CTF by LY450139 in presynaptic
terminals of hippocampal mossy fibers
To determine the sites of �-CTF accumulation in response to
LY450139, immunofluorescence of anti-human A�/�-CTF
N-terminal-specific antibody (82E1) was applied to hippocampal
slices from Tg2576 mice. Three-month-old Tg2576 mice were
administered 3 mg/kg LY450139 for 8 d, with the brain fixed 3 h

after the last administration. We noted that 82E1 immunoreac-
tivities were localized to the stratum lucidum and dentate hilus in
both vehicle- and LY450139-treated mice (Fig. 9A). When im-
munofluorescence intensities in these regions were normalized
with that in the CA3 stratum pyramidale of the same slice,
LY450139-treated mice showed significantly higher relative im-
munoreactivity compared with the vehicle-treated mice (Fig.
9B). We also noted an increased relative immunoreactivity by
LY450139 in the distal side of the stratum oriens in the CA1c
region. These immunoreactivities are suspected to be due to
�-CTF and not A�, since we detected no immunofluorescence of
anti-A�40 C-terminal specific antibody (1A10) in these regions
(data not shown).

To clarify whether or not �-CTF accumulation occurs in syn-
aptic compartments, hippocampal slices of LY450139-treated
mice were coimmunostained with 82E1 and synaptic marker an-
tibodies and observed using a confocal microscope. The 82E1
immunofluorescence in the stratum lucidum showed abundant
colocalization with immunofluorescence of synaptophysin (a
presynaptic marker) but limited colocalization with that of dre-

Figure 8. Acute and subchronic drug effects on normal cognitive function in WT mice (Experiment 4). A, Each drug was orally
administered to WT mice for 8 d, and Y-maze tests were conducted on days 1 or 8. LY450139 significantly impaired normal
cognitive function in WT mice on day 8 but not on day 1. This effect required a 10-fold higher dose than was required in Tg2576
mice. GSM-2 did not affect normal cognitive function. B, LY450139 significantly increased hippocampal mouse endogenous �-CTF
levels on day 8, whereas GSM-2 did not despite a robust reduction in mouse endogenous A�42. *p � 0.05; **p � 0.01 compared
with vehicle group by Dunnett’s test. All data are presented as mean � SEM (n � 7 or 8).
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brin A (a postsynaptic marker) (Fig. 10A). The abundant colo-
calization with synaptophysin was also observed in the dentate
hilus (Fig. 10B). These findings suggest that the �-CTF accumu-
lation caused by LY450139 mainly occurred on the large presyn-
aptic terminals of the mossy fibers. No clear colocalization with
either synaptophysin or drebrin A was detected in the distal side
of the stratum oriens (data not shown).

To confirm the localization of the �-CTF accumulation, hip-
pocampal slices were also immunostained with an anti-APP
C-terminal antibody. In contrast to 82E1 staining, strong immu-
noreactivity was observed in pyramidal cells in both vehicle- and
LY450139-treated mice, reflecting the expression of full-length
APP. While immunoreactivities in the stratum lucidum and den-

tate hilus were moderate, relative intensities were significantly
higher in LY450139-treated mice than in the vehicle-treated mice
(Fig. 11). Increased relative intensity by LY450139 was also found
in the distal side of the stratum oriens in the CA1c region, all
results which are consistent with those for 82E1 staining.

Anti-APP C-terminal immunostaining was also applied to hip-
pocampal slices from WT mice. The immunoreactivity distribution
pattern was similar to that observed in Tg2576 mice, although a
longer exposure time was needed because of lower endogenous APP/
�-CTF expression. Relative immunoreactivities in the stratum luci-
dum, dentate hilus, and distal side of the stratum oriens were
significantly increased in LY450139 (30 mg/kg)-treated mice but not
in GSM-2 (30 mg/kg)-treated mice (Fig. 12).

Figure 9. Localized accumulation of human �-CTF in Tg2576 mouse hippocampus following GSI treatment. Brain slices from Tg2576 mice (aged 3 months) were prepared after subchronic
treatment with LY450139 (3 mg/kg) and immunostained with 82E1 antibody. A, Representative microscopic images of the hippocampal slices. LY450139 increased immunofluorescence in the
stratum lucidum, dentate hilus, and the distal side of the stratum oriens (arrows). Scale bars: Top, 200 �m; bottom, 30 �m. B, Quantitative analysis of human �-CTF immunoreactivity in each
hippocampal region. Data are presented as relative immunofluorescence intensity normalized with the intensity of the CA3 pyramidale in the same slice. *p � 0.05; **p � 0.01 compared with
vehicle group by Student’s t test. Data are presented as mean � SEM (n � 7 or 8).
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Discussion
Here, we investigated the effects of GSIs and a GSM on cognitive
function in mice using the Y-maze task, demonstrating following
novel findings: subchronic treatment with the GSIs induced cog-
nitive impairment, this impairment was due not to Notch signal-
ing inhibition but more likely to �-CTF accumulation localized
in the presynaptic terminals of hippocampal mossy fibers, and
acute and subchronic A�42 reduction without A�40 reduction
by the GSM did ameliorate cognitive deficits in APP-transgenic
mice.

Before conducting the behavioral studies, we examined the
cellular activity of these drugs in APP-overexpressing H4 cells.
LY450139 and BMS-708163 showed potent activities with reduc-
ing A� levels and increasing �- and �-CTF levels, as expected,
although the elevation of �- but not �-CTF was unexpectedly
attenuated at higher concentrations (Fig. 2). This attenuation
may be due to a shift from �-cleavage to �-cleavage of APP, as the
concurrent increase in sAPP� and decrease in sAPP� in the me-
dia were seen by ELISA (data not shown). Alternatively, en-
hanced cleavage of �-CTF by �-secretase could also be a possible
explanation (Beher et al., 2002; Cook et al., 2010; Portelius et al.,
2011).

While numerous reports have shown that GSIs reduce A� levels
in vivo, few have studied the behavioral effects of these compounds.
Acute administration with DAPT or GSI-953 (5-chloro-N-[(1S)-
3,3,3-trifluoro-1-(hydroxymethyl)-2-(trifluoromethyl)propyl]th-
iophene-2-sulfonamide) was found to improve cognitive deficits in
Tg2576 mice in the contextual fear-conditioning task (Comery et al.,
2005; Martone et al., 2009), but neither the chronic nor subchronic
effects were examined. In the present study, we investigated both

acute and subchronic GSI effects, observing acute cognition
improvements with LY450139 and BMS-708163 in the Y-maze
task (Fig. 3). Even though hippocampal A� reduction was
observed only at higher doses, the cognition improvements
may be due to a local A� reduction in the synaptic cleft or lipid
raft (Cirrito et al., 2003; Kawarabayashi et al., 2004; Rush-
worth and Hooper, 2010), which was difficult to detect with
the total homogenate samples. More importantly, the acute
effects disappeared after subchronic administration for 8 d
(Fig. 3). This finding may be explained by our observation that
subchronic treatment with either GSI significantly impaired
normal cognition in 3-month-old Tg2576 mice (Fig. 5). In
other words, the beneficial effects of A� reduction may be
cancelled out by the detrimental effects of GSIs.

Notch signaling has been reported to play a key role in mem-
ory function (Costa et al., 2003; Wang et al., 2004; Alberi et al.,
2011). However, we may conclude that GSI-induced cognitive
impairment does not involve Notch signaling inhibition, since
either GSI exerted no inhibition on Notch-target gene expression
in the hippocampus (Fig. 6). Differing effects of LY450139 be-
tween the hippocampus and the thymus could be due to low
brain penetration of the compound (brain/plasma ratio, 0.07) or
less contribution of �-secretase to Notch signaling in the adult
brain.

�-Secretase is known to have many type 1 transmembrane
protein substrates in addition to APP and Notch (Kopan and
Ilagan, 2004; McCarthy et al., 2009), and in some cases, the pro-
cessing of these substrates, including N-cadherin and EphA4, is
assumed to be relevant to memory function (Marambaud et al.,
2003; Inoue et al., 2009; Allison et al., 2011; Bot et al., 2011).

Figure 10. Presynaptic accumulation of human �-CTF in the stratum lucidum and dentate hilus in Tg2576 mouse hippocampus following GSI treatment. Hippocampal slices prepared from the
same brain samples as in Figure 9 were coimmunostained with 82E1 and synaptic marker antibodies. A, Confocal microscopic images in the stratum lucidum showed abundant colocalization of
�-CTF with synaptophysin (syn) (presynaptic marker) but limited colocalization with drebrin A (postsynaptic marker). B, Confocal microscopic images in the dentate hilus also showed abundant
colocalization of �-CTF with synaptophysin. Scale bars, 30 �m.
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However, on Western blot analysis, LY450139 appeared to in-
hibit neither N-cadherin nor EphA4 processing in vivo (Fig. 7),
although we cannot exclude the possibility that the reduction in
functional intracellular domain released from CTFs could not be
detected with the methods used here.

APP �-CTF accumulation as a result of suppressing �-secretase
activity may also be a potential cause of memory impairment (De-
wachter et al., 2002; Saura et al., 2005; Bittner et al., 2009). If
GSI-induced cognitive impairment was due to �-CTF accumu-
lation, we hypothesized that this effect should be attenuated in
non-APP transgenic mice. This was in fact the case, as we were
only able to achieve a similar cognition-impairing effect in WT
mice administered LY45013 by delivering a dose 10 times that
needed in Tg2576 mice (Fig. 8). Furthermore, an apparent cor-
relation was observed between the reduction in Y-maze alterna-
tion rate and elevation in hippocampal �-CTF in both Tg2576
and WT mice. These findings indicate that �-CTF accumulation
is likely the cause of GSI-induced cognitive impairment, although
the causality has not been conclusively proven. Future studies
such as usage of APP-knock-out mice or coadministration with a
�-secretase inhibitor that reduces �-CTF would be useful for
obtaining such proof.

GSI cognition-impairing effects have also been observed in hu-
mans. Interim results of phase III trials recently showed that, rather
than improving cognition scores in AD patients, LY450139 actually

worsens them (http://newsroom.lilly.com/
releasedetail.cfm?releaseid�499794). Ac-
cording to a phase II report, LY450139
plasma concentration reached 1000 ng/ml
(Fleisher et al., 2008), exceeding the 336
ng/ml that induced significant cognitive im-
pairment in WT mice at 30 mg/kg in the
present study. More recently, phase III
follow-up study has revealed that the wors-
ened cognition due to LY450139 adminis-
tration did not return to placebo group
levels even 32 weeks after stopping drug
treatment (Siemers et al., 2011), indicating
presence of irreversible neuronal damage
and providing implications for future stud-
ies whether longitudinal �-CTF accumula-
tion ultimately results in such damage.

Immunofluorescence studies revealed
that �-CTF was localized to the stratum
lucidum and dentate hilus in the hip-
pocampus (Figs. 9 –12), which well agrees
with the localization of �-secretase (Laird
et al., 2005). These regions have also been
reported to show strong immunoreactiv-
ity of presenilin 1 (PS1) as well as GSI-
binding (Lee et al., 1996; Yan et al., 2004).
GSI-generated �-CTF accumulation in
the present study was focally detected in
large presynaptic terminals of these re-
gions (Fig. 10), implying that presynaptic
function in the mossy fiber pathway but
not in the Schaeffer collateral pathway
may be affected by GSI activity. This may
subsequently explain the apparent dis-
crepancy between our behavioral findings
and the electrophysiological findings of a
previous report, which showed that 7 d
administration with MRK-560 (N-[cis-4-

[(4-chlorophenyl)sulfonyl]-4-(2,5-difluorophenyl)cyclohexyl]-
1,1,1-trifluoromethanesulfonamide), another GSI, improved
LTP impairment in the Schaeffer collateral pathway of Tg2576
mice (Townsend et al., 2010). The presynaptic accumulation of
APP-CTFs has also been reported in conditional PS1-knock-out
APP-transgenic mice at the hippocampal stratum radiatum
(Saura et al., 2005), where no accumulation was found in our
GSI-treated mice. This discordance may be due to differences
between the long-term genetic inactivation of PS1 and the short-
term pharmacological inactivation of �-secretase as well as due to
our using a different strain of APP-transgenic mice. While an-
other intriguing finding in the present study is that �-CTF accu-
mulation was also observed in the distal side of the stratum
oriens, further studies are needed to clarify the implications of
this finding.

How the accumulated �-CTF exerts synaptotoxicity remains
to be elucidated. One possible mechanism is its physical propen-
sity to form nonselective cation channels (Kim and Suh, 1996;
Kim et al., 1999), as its subchronic intrahippocampal injection
induces working memory impairment and focal apoptosis in the
mossy fiber pathway in rats (Jinno et al., 2009). More recently, the
elevation of �- but not �-CTF was shown to induce morpholog-
ical and functional endocytic abnormalities in fibroblasts, similar
to those found in patients with AD or Down syndrome, suggest-
ing relevance to neuronal dysfunction (Jiang et al., 2010).

Figure 11. Localized accumulation of APP-CTFs in Tg2576 mouse hippocampus following GSI treatment. Hippocampal slices
prepared from the same brain samples as in Figure 9 were immunostained with anti-APP C-terminal antibody. A, Representative
microscopic images of the hippocampal slices. LY450139 increased immunofluorescence in the stratum lucidum, dentate hilus, and
the distal side of the stratum oriens (arrows). Scale bars: Top, 200 �m; bottom, 30 �m. B, Quantitative analysis of APP-CTF
immunoreactivity in each hippocampal region. Data are presented as relative immunofluorescence intensity normalized with the
intensity of the CA3 pyramidale in the same slice. **p � 0.01 compared with vehicle group by Student’s t test. Data are presented
as mean � SEM (n � 7 or 8).
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In contrast to the GSIs, GSM-2 showed a
potent ability to reduce A�42 levels without
significant effects on A�40 or �-CTF levels,
both in vitro and in vivo. Furthermore, both
acute and subchronic administration with
GSM-2 significantly ameliorated the cogni-
tive deficits in Tg2576 mice (Figs. 3, 4) and
had no effect on normal cognition in WT
mice (Fig. 8). Although previous studies
demonstrated that chronic treatment with
first-generation GSMs for 4 or 6 months im-
proved cognitive deficits in APP mice, the
relationship to soluble A�42 has been un-
clear, as reductions in A� deposits were not
accompanied by any changes in soluble
A�42 levels (Kukar et al., 2007; Imbimbo et
al., 2009). To our knowledge, the present
study is the first to demonstrate that an
acute decrease in soluble A�42 without any
change in A�40 level is sufficient to improve
cognitive deficits in APP mice. This effect is
likely due to a reduction in synaptic A�42
that is secreted in a neuronal activity-
dependent manner and depresses synaptic
function (Kamenetz et al., 2003; Cirrito et
al., 2005; Wei et al., 2010). Another observa-
tion of note is that the cognition improve-
ment caused by GSM-2 showed a bell-shaped
dose–response in the acute study, a find-
ing similar to that noted with the GSIs, but
not in the subchronic study. This is likely
because the acute overreduction of synap-
tic A�42 caused an imbalance in neuronal
activities, thereby counteracting cognition-
improving effects, which was restored
under subchronic conditions by synap-
tic reconstitution.

In conclusion, we demonstrated a clear
difference between GSI and GSM in ef-
fects on functional consequences. Sub-
chronic treatment with the GSIs caused
cognitive impairment, likely due to pre-
synaptic accumulation of �-CTF in the
hippocampal mossy fibers, an effect that
offsets any benefit to reducing A� levels. In contrast, GSM-2
successfully improved cognitive deficits in APP-transgenic mice,
suggesting the potential utility of a GSM as a candidate for AD
therapeutic regimens.
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