372 - The Journal of Neuroscience, January 6, 2010 - 30(1):372-381

Neurobiology of Disease

Many Neuronal and Behavioral Impairments in Transgenic
Mouse Models of Alzheimer’s Disease Are Independent of
Caspase Cleavage of the Amyloid Precursor Protein
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Previous studies suggested that cleavage of the amyloid precursor protein (APP) at aspartate residue 664 by caspases may play a key role
in the pathogenesis of Alzheimer’s disease. Mutation of this site (D664A) prevents caspase cleavage and the generation of the C-terminal
APP fragments C31 and Jcasp, which have been proposed to mediate amyloid-f3 (A3) neurotoxicity. Here we compared human APP
transgenic mice with (B254) and without (J20) the D664A mutation in a battery of tests. Before A3 deposition, hAPP-B254 and hAPP-]20
mice had comparable hippocampal levels of AS3,_,,. At 2-3 or 5-7 months of age, hAPP-B254 and hAPP-]20 mice had similar abnormal-
ities relative to nontransgenic mice in spatial and nonspatial learning and memory, elevated plus maze performance, electrophysiological
measures of synaptic transmission and plasticity, and levels of synaptic activity-related proteins. Thus, caspase cleavage of APP at
position D664 and generation of C31 do not play a critical role in the development of these abnormalities.

Introduction

Alzheimer’s disease (AD) is the most frequent neurodegenerative
disorder and cause of dementia in the elderly. Despite more than
100 years of investigation, no effective treatments are available to
prevent, halt, or reverse the disease. A major reason is likely the
complex etiology of the condition, which appears to involve a
variety of genetic and environmental factors (Blennow et al,,
2006). Key among these factors is the amyloid precursor protein
(APP). APP is cleaved by at least four types of proteases, a-, 3-,
y-secretases, and caspase(s), resulting in metabolites with diverse
biological activities (Berger-Sweeney et al., 1999; Gao and Pimp-
likar, 2001; Miiller et al., 2008; Nikolaev et al., 2009). The most
studied among these is the amyloid-B (AB) peptide, released
from APP through sequential cleavage by - and y-secretases.
Because a compelling body of data supports the hypothesis that
AP plays a causal role in the pathogenesis of AD, many investiga-
tional treatments in clinical trials aim to reduce AB production or
aggregation or to promote its clearance from the brain (Roberson
and Mucke, 2006).
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More recent lines of evidence have raised the possibility that
APP metabolites other than A3 may contribute to AD pathogen-
esis. APP can be cleaved at three sites to generate four proapop-
totic peptides: SAPPB, A3, Jcasp, and C31 (Bredesen, 2009). The
Jeasp and C31 C-terminal fragments are generated by caspase
cleavage at aspartate residue 664 in human APP (D664; hAPP s
numbering) (Gervais et al., 1999; Weidemann et al., 1999;
Bertrand et al., 2001). Both fragments can induce cell death in vitro
(Lu et al., 2000; Bertrand et al., 2001; McPhie et al., 2001), al-
though recent evidence suggests that C31 is more toxic than Jcasp
(Park et al., 2009). Interestingly, A can bind its cognate domain
on APP, facilitating homo-oligomerization of APP and subse-
quent caspase cleavage at D664, producing C31 (Lu et al., 2000;
Shaked et al., 2006). These findings raised the intriguing possibil-
ity that C31 could be a key mediator of AB-dependent deficits.

To assess the importance of caspase cleavage of APP in vivo,
transgenic mice expressing hAPP without a functional caspase
cleavage site were generated (Galvan et al, 2006). Blocking
caspase cleavage of APP did not alter AB production but was
reported to prevent loss of presynaptic terminals, dentate gyrus
(DG) atrophy, reductions in baseline synaptic transmission strength
and long-term potentiation (LTP), and deficits in learning and
memory in hAPP mice (Galvan et al., 2006, 2008; Saganich et al.,
2006).

We aimed to confirm and extend these findings in indepen-
dent groups of mice from hAPP transgenic lines analyzed in
the original studies: line J20 (Mucke et al., 2000) and line B254
(Galvan et al., 2006). The hAPP-B254 transgene encodes the ad-
ditional D664A mutation, which prevents C31 and Jcasp release
by caspases (Weidemann et al., 1999). In regards to AD-related
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histopathological, electrophysiological, and behavioral abnor-
malities, hAPP—J20 and hAPP-B254 mice analyzed in the current
study were similarly affected in most tests, suggesting that these
abnormalities do not require caspase cleavage of hAPP and are
not caused by C31 or Jcasp.

Materials and Methods

Animals. The hAPP transgenic mouse lines J20 (Rockenstein et al., 1995;
Mucke et al., 2000) and B254 (Galvan et al., 2006) have been described
previously. The presence of the D664A mutation in the B254 line was
verified by genomic sequencing. Briefly, a 480 bp PCR product was am-
plified from genomic DNA with the following primers (5'-3"): forward,
AACACAGAAAACGAAGTT and reverse, CCGATGGGTAGTGAAGCA.
The same primers were then used to sequence the PCR product (sequencing
done by Elim Biopharmaceuticals). Both transgenic lines were on the
C57BL/6] background and were maintained by crossing heterozygous
transgenic mice with nontransgenic (NTG) C57BL/6] breeders (The
Jackson Laboratory). The Institutional Animal Care and Use Committee
of the University of California, San Francisco, approved all experiments.

Behavioral tests. Only male mice were analyzed to reduce variability in
behavioral performance. One cohort of mice was behaviorally evaluated
at 2-3 months of age. Two additional, independent cohorts of mice were
evaluated at 5-7 months. Each cohort contained four groups: hAPP mice
and NTG littermates from each transgenic line. For the elevated plus
maze, open field, Y-maze, and novel object recognition tests, data from
the older cohorts were pooled. For the Morris water maze, data were
analyzed separately for each cohort.

Elevated plus maze. The elevated plus maze consisted of two open
(without walls) and two enclosed (with walls) arms elevated 63 cm above
the ground (Hamilton-Kinder). Mice were allowed to habituate in the
testing room under dim light for 1 h before testing. During testing, mice
were placed at the junction between the open and closed arms of the plus
maze and allowed to explore for 5 min. The maze was cleaned with 70%
alcohol after testing of each mouse. Total distance traveled and time
spent in both the open and closed arms were calculated based on infrared
photobeam breaks.

Open field. Spontaneous locomotor activity in an open field arena was
measured in an automated Flex-Field/Open Field Photobeam Activity
System (San Diego Instruments). Before testing, mice were transferred to
the testing room and acclimated for atleast 1 h. Mice were tested in a clear
plastic chamber (41 X 41 X 30 cm) for 15 min, with two 16 X 16
photobeam arrays detecting horizontal and vertical movements. The ap-
paratus was cleaned with 70% alcohol after testing of each mouse. Total
movements in the open field were recorded for additional data analysis.

Novel object recognition. Mice were transferred to the testing room and
acclimated for at least 1 h. Two- to 3-month-old mice were tested in a
white round plastic chamber 35 cm in diameter. On the first day, mice
were habituated to the testing arena for 30 min. On the second day, two
identical objects were placed into the same chamber, and mice were
allowed to explore the objects and the chamber for 10 min. Four hours
later, the objects were replaced with one exact replica of the original
object and a novel object of different shape and texture. Mice were then
allowed to explore the objects and the chamber for 10 min. Positions of
the familiar and novel objects in the chamber were changed semi-randomly
between testing of different mice but were kept constant between training
and test sessions for any given mouse. Five- to 7-month-old mice were
evaluated in a slightly different paradigm. They were trained and tested in
a white rectangular Plexiglas chamber (20 X 40 cm). The entire proce-
dure consisted of four 5-min trials with an intertrial interval of 15 min.
During the first three trials, mice were presented with two identical ob-
jects that were evenly spaced in the chamber and placed opposite of the
mouse drop location. For the fourth trial, one of the two objects was
replaced with a novel object that had a different shape but a similar
texture. Behavior was recorded with a video tracking system (Noldus).
Frequency of interactions with the objects and time spent exploring each
object were recorded for subsequent data analysis, and recognition mem-
ory was assessed in the final trial. Arenas and objects were cleaned with
70% ethanol after testing of each mouse.
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Figure 1.  hAPP levels are higher in hAPP—B254 mice than in hAPP—J20 mice. 4, The PDGF-
hAPP transgene in the hAPP-J20 line carries the Swedish and Indiana familial AD mutations
(Mucke et al., 2000). An additional mutation was introduced into this transgene at the D664
caspase cleavage site to generate the hAPP—B254 line (Galvan et al., 2006). Genomic DNA was
amplified and sequenced in both forward and reverse directions to verify that the D664A mu-
tation was indeed present in the hAPP—B254 mice analyzed in this study. An A-to-C nucleotide
substitution was identified, resulting in a D-to-A amino acid change at the correct position (data
not shown). B, Cortical homogenates from 7- to 10-month-old transgenic mice were analyzed
by Western blotting and densitometric analysis of hAPP signals. Tubulin served as a loading
control. hAPP levels were ~1.2-fold higher in hAPP—B254 than hAPP—J20 mice. n = 11 mice
per genotype, *p << 0.05 versus J20,  test. Bar graph shows mean = SEM.

Morris water maze. The water maze consisted of a pool (122 cm diam-
eter) filled with water (21 = 1°C) made opaque with nontoxic white
tempera paint powder. The pool was located in a room surrounded by
distinct extramaze (spatial) cues. Preceding hidden platform training,
mice were given four pretraining trials in which they had to swim in a
rectangular channel (15 X 122 cm) and mount a platform hidden 1.5 cm
below the water surface in the middle of the channel. Mice that did not
mount the platform within 90 s were gently guided to it and allowed to sit
onit for 10 s before they were removed by the experimenter. The day after
pretraining, mice were trained in the circular water maze. For hidden
platform training, the platform (14 X 14 cm) was submerged 1.5 cm
below the water surface. The platform location remained the same
throughout hidden platform training, but the drop location varied semi-
randomly between trials. Mice received two training sessions with 3 h
intersession intervals for 5 consecutive days. Each session consisted of
two (first cohort) or three (second cohort) trials with 10 min intertrial
intervals. Mice that did not find the platform within 60 s were guided to
itand allowed to sit on it for 10 s. In spatial probe trials, the platform was
removed, and mice were allowed to swim for 60 s before they were re-
moved. The drop location was 180° from where the platform was placed
during hidden platform training. The same drop location was used for all
spatial probe trials. The first cohort of mice was given a probe trial 24 h
after completion of the hidden platform training. The second cohort of
mice received an additional probe trial 48 h after the beginning of the
hidden platform training. After the final probe trial, mice were allowed to
rest for 1 d, followed by cued platform training. In this task, the platform
was marked with a visible cue (15 cm tall, black and white striped pole
placed on top of the platform). Mice received two training sessions per
day with 3—4 h intertrial intervals. Each session consisted of two training
trials with 10 min intertrial intervals. For each session, the platform was
moved to a new location, and the drop location varied semi-randomly
between trials. Trials were aborted after 60 s. Behavior was recorded with
a video tracking system (Noldus). Escape latencies, distance traveled,
swim paths, swim speeds, percentage time spent in each quadrant, and
platform crossings were recorded for subsequent analysis.

Immunohistochemistry. After behavioral testing, mice were anes-
thetized with Avertin (tribromoethanol, 250 mg/kg) and transcardi-
ally perfused with 0.9% saline. One hemibrain was drop-fixed in 4%
paraformaldehyde for 48 h, and the other hemibrain was immediately
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frozen at —70°C. Coronal sections (30 pwm) A B (o
were preparefi with a s}ldlng microtome and & 500+ [0B254 o 175+ 'L,l 0.4 #it
collected for immunohistochemistry. Primary 3 T W J20 2 1504 H
antibodies used were rabbit anti-calbindin (1: £ 400+ = 2 3l
20,000; Swant), rabbit anti-Fos (1:10,000; = S 2 1259 ¢
. . . 9 - € 100 x
Ab-5; Oncogene), rabbit anti-neuropeptide Y = - = X 0.2d
(NPY) (1:8000; Immunostar), mouse biotinyl- % 2004 % 75+ §.
ated anti-A 3 (1:400; 3D6; Elan Pharmaceuticals), ;' 100- : 50 % 0.1-
mouse anti-synaptophysin (1:1000; Roche = Y 254 <
Dlggnostlcs), and mouse aqtl—MAP—Z (1:4'10; < 0- o Sam < 0- ™ 34m 0.0 > B
Millipore Corporation). Sections labeled with
anti-synaptophysin or anti-MAP-2 were incu- D E
bated with FITC-conjugated horse anti-mouse Vs % = 4.5+ e
IgG secondary antibody (1:75; Vector Labora- 3 3(5):
tories) and mounted onto slides for analysis 2 3.04
with a laser-scanning confocal microscope B 2.54
(MRC1024; Bio-Rad). Binding of the other X § 2.0+
primary antibodies was detected with biotinyl- N 1.54
ated donkey anti-rabbit or anti-mouse (1:1000; Lo § (1) g:
Jackson ImmunoResearch), followed by incu- N 0 0.0
bation with avidin—biotin complex (Vector B254 J20
Laboratories). Diaminobenzidine was used as F G H
the chromagen. 1.2+ S 124
Fos, calbindin, NPY, and AB immunoreac- T 4o & 104
tivities were quantified as described previously 3 e
(Palop et al., 2003, 2005, 2007; Chin et al., g} 857 < 08
2005). For calbindin and NPY immunoreactiv- MAPP = :? 0.6 £ 06
ities, the integrated optical density (I0D) was AB*56—> < 044 & 0.4
determined with the BioQuant Image Analysis short exposure %‘; 0.2 .f';’ 0.2
system (R & M Biometrics) in two sections of hAPP = el el sl Bl 5 B o4 S
. 0.0 r 0.0
the dentate gyrus 300 wm apart. Relative levels B254 20 B254 J20
were expressed as the IOD ratio of the molec-
ular layer or mossy fibers over the stratum ra-  Figure2. A levelsin hAPP-B254 and hAPP—J20 mice. A-C, AB,_, and A3, _,, levels were measured in cortical lysates from

diatum in the same section. The average ratio
in NTG animals was defined as 1.0. The burden
of AB deposition (plaque load) was deter-
mined by measuring the percentage area of the
hippocampus covered with 3D6 immunoreac-
tivity in four sections each 300 wm apart. The
relative numbers of Fos-immunoreactive cells
was determined by counting positive granule
cells in every 10th serial coronal section
throughout the entire rostrocaudal axis of the
dentate gyrus. Confocal images of synaptophy-
sin and MAP-2 immunoreactivity were ana-
lyzed with NIH Image software, essentially as
described previously (Mucke et al., 1995; Chin et al., 2004). For each
mouse, the frontal cortex and outer molecular layer of the dentate gyrus
were analyzed in a total of three sections, and, for each section, an average
of 10 fields was examined. The area occupied by fluorescent immunore-
activity of defined signal intensity was quantified and expressed as a
percentage of the total image area. All sections were blind coded for
analysis.

AB ELISAs and immunoblotting. For AB measurements, snap-frozen
hippocampal samples were homogenized in 5 M guanidine buffer. Total
AB,_, and AB,_,, were quantified by ELISA as described previously
(Johnson-Wood et al., 1997; Mucke et al., 2000). Total hAPP levels were
assessed by Western blotting in cortical samples homogenized on ice in
buffer containing 320 mm sucrose, 10 mm Tris-HCI, pH 7.4, 10 mm
EDTA, 10 mm EGTA, 1% deoxycholate, 1 mm phenylmethylsulfonyl
fluoride (PMSF), phosphatase inhibitor cocktails I and II (Sigma), and
protease inhibitors (Roche). The samples were sonicated and centri-
fuged at 10,000 rpm for 10 min. Protein concentrations were deter-
mined using the Bradford assay. Equal amounts of protein were
separated on 4-12% Bis-Tris gels and transferred to nitrocellulose
membranes. Membranes were incubated with anti-hAPP (1:1000; 8E5;
Elan Pharmaceuticals) or anti-tubulin (Sigma) overnight at 4°C. Primary
antibodies were detected with HRP-conjugated anti-mouse secondary
antibody (1:10,000; Calbiochem), and bands were visualized by ECL.

the two transgenic lines at 2 and 3—4 months by ELISA. At 2 months, AB3,_, (4), but not AB,_,, (B), was significantly higher in
hAPP—B254 than hAPP-J20 mice. By 3—4 months, both AS3,_, and Af3,_,, levels in hAPP—B254 mice were higher than in
age-matched hAPP—J20 mice and higher than in 2-month-old hAPP-B254 mice. AB3,_,,/AB,_, ratios (C) in hAPP-B254 and
hAPP-J20 mice did not differ at 2 months but were significantly higher in hAPP—B254 mice at 3—4 months. n = 47 mice per
genotypeandage; *p << 0.05, **p << 0.005 versus J20, ttest; *p << 0.005 by ANOVA and Tukey's post hoc test. D, Immunostaining
for AB with the 3D6 antibody at 7-10 months of age revealed a greater level of hippocampal A3 deposition in hAPP—B254 than
hAPP—J20 mice. E, The percentage area covered by 3D6-immunoreactive A3 deposits was quantified to determine “plaque loads.”
n=11pergenotype; **p << 0.005 versus J20, ttest. F, Levels of the A3*56 oligomer were measured in cortical homogenates from
7-to 10-month-old transgenic mice by Western blotting. G, Densitometric quantitation of Western blot signals revealed compa-
rable levels of A3*56 in the two transgenic lines. H, A3*56/hAPP ratios were lower in hAPP—B254 than hAPP—J20 mice.n = 11
per genotype; ***p << 0.0005 versus J20, ¢ test. All bar graphs show mean == SEM.

Densitometry measurements of the bands were acquired from scanned
images with Quantity One software (Bio-Rad).

Measurement of the AB*¥56 oligomer. AB*56 was detected essentially as
described previously (Lesné et al., 2006; Cheng et al., 2007). Briefly,
cortical samples were homogenized in NP-40 lysis buffer (50 mm Tris-
HCI, 150 mm NaCl, 2 mm EDTA, and 0.1% SDS). Protease inhibitor
cocktail, phosphatase inhibitor cocktails 1 and 2 (Sigma), 100 mm PMSF
in ethanol, and 20 mm phenanthrolene monohydrate in methanol were
all added just before use. Homogenized cortical samples were immuno-
precipitated overnight at 4°C with the anti-APP/A antibody 6E10 (Sig-
net) and protein G magnetic beads (Thermo Fisher Scientific). Samples
were separated on 4—12% Bis-Tris gels and transferred to nitrocellulose
membranes. Western blotting was done using biotinylated 6E10 anti-
body and ExtrAvidin (1:5000; Sigma). Levels of AB*56 were normalized
to hAPP values on the same membranes.

Acute slice preparation. Two- to 3-month-old hAPP-]20, hAPP-B254,
and NTG control mice were anesthetized with Avertin and decapitated.
Each brain was quickly removed and placed in ice-cold solution contain-
ing the following (in mm): 2.5 KCl, 1.25 NaPO,, 10 MgSO,, 0.5 CaCl,, 26
NaHCO;, 11 glucose, and 234 sucrose, pH ~7.4 (305 mOsmol), condi-
tions favorable for acute slices from aged mice (Aghajanian and Rasmus-
sen, 1989). A block of brain containing hippocampus was fastened to the
stage of a Vibratome-3000 with cyanoacrylate (Krazy Glue), and 400 um
horizontal slices were cut and collected in the above solution. To allow



Harris et al. @ (37 Is Not Necessary for Many AD-Like Deficits

slices to recover from slicing, they were incubated for 30 min in standard
artificial CSF (ACSF) (30°C) containing the following (in mm): 2.5 KCl,
126 NaCl, 10 glucose, 1.25 NaH,PO,, 1 MgSO,, 2 CaCl,, and 26 NaHCO,
(290 mOsmol; when gassed with a mixture of 95% O,-5% CO,, the pH
was ~7.4). Subsequently, slices were maintained at room temperature
for at least another 30 min before recording. No recordings were made
from slices >5 h after dissection. Individual slices were transferred to a
submerged recording chamber where they were maintained at 30°C and
perfused with ACSF at a rate of 2 ml/min.

Electrophysiological recordings. Field EPSPs (fEPSPs) were recorded
with glass electrodes (~3 M) tip resistance) filled with 1 M NaCl and 25
mM HEPES, pH 7.3, and evoked every 20 s with a bipolar tungsten elec-
trode (FHC). Recordings were filtered at 2 kHz (—3 dB, eight-pole
Bessel), digitally sampled at 20 kHz with a Multiclamp 700A amplifier
(Molecular Devices), and acquired with a Digidata-1322A digitizer and
pClamp 9.2 software. Data were analyzed offline with pClamp9 software
and OriginPro 8.0 (OriginLab). For recordings performed in CAl, the
stimulating electrode was placed in the stratum radiatum at the border of
CA3 and CA1l, and the recording electrode was placed ~150 wm away in
CALI stratum radiatum. For recordings performed in the DG, the stimu-
lating electrode was placed in the medial perforant path (MPP) in the
dorsal blade of the DG, and the recording electrode was also placed in
the MPP ~150 pwm closer to CA3 than the recording electrode. fEPSPs in
the DG were recorded in the presence of 50 um picrotoxin (Tocris Bio-
science). Measures of synaptic strength and plasticity assessed in each
slice consisted of input—output (I-O) relationships, paired-pulse ratios,
and LTP; these measures were recorded in each brain region in the order
listed. Synaptic transmission strength in both the DG and CAl were
assessed by generating I-O curves for fEPSPs; input was the peak ampli-
tude of the fiber volley, and the output was the initial slope of the fEPSP.
For each slice, we measured the fiber volley amplitude and initial slope of
the fEPSP responses to a range of stimulation from 25 to 800 wA, and a
response curve was generated for both values. Stimulus strength was then
adjusted to be ~30% of the maximal fEPSP response for recordings that
followed. Paired-pulse ratios were determined by evoking two fEPSPs 50
ms apart and dividing the initial slope of the second fEPSP by the initial
slope of the first fEPSP (fEPSP,/fEPSP,). After a 15 min stable baseline
was established, LTP was induced in CA1 by high-frequency stimulation
(four 100-Hz trains of 100 stimuli every 20 s). After a 15-min stable
baseline was established, LTP was induced in the DG by theta burst
stimulation (a set of 10 bursts repeated 10 times every 15 s; each burst,
consisting of four pulses at 100 Hz, was repeated at 5 Hz).

Statistical analyses. Statistical analyses were conducted with GraphPad
Software Prism version 4.0 or 5.0. Differences between means were ana-
lyzed by two-tailed Student’s  test or one-way ANOVA with Tukey’s post
hoc tests. Statistical significance was determined by repeated measures
ANOVA with Tukey’s post hoc tests for the acquisition curves in the water
maze, [-O relationships, and LTP. Data were considered significant
when p < 0.05.

Results

Amyloid precursor protein and Af3 levels in hAPP-B254 and
hAPP-J20 mice

To determine the extent to which the D664A mutation can pre-
vent the development of AD-related abnormalities in hAPP mice,
we compared transgenic and NTG mice from lines hAPP-B254
and hAPP-J20. The presence of the D664A mutation in hAPP—
B254 mice was confirmed by sequencing of genomic DNA. In
addition to the Indiana and Swedish mutations in both hAPP—
B254 and hAPP—J20 lines, we identified an A — C nucleotide
substitution in hAPP-B254 mice, resulting in the D — A substi-
tution at the caspase cleavage site at amino acid residue 664 (Fig.
1A). Therefore, the original report of a G-to-C substitution en-
coding the D664A mutation in this construct (Galvan et al., 2006)
was likely in error. However, consistent with the report by Galvan
and colleagues, cortical levels of hAPP were ~20% higher in
hAPP-B254 mice than in hAPP-J20 mice (Fig. 1 B).
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Figure 3.  The D664A mutation does not prevent behavioral abnormalities in the elevated
plus maze or hyperactivity in an open field arena. Groups of transgenic and NTG mice from lines
B254 and J20 were analyzed in the indicated behavioral paradigms at 2—3 or 5-7 months of
age. A, In the elevated plus maze, hAPP—B254 mice and hAPP—J20 mice spent more time in the
open arms than NTG controls. B, In the open field, hAPP—B254 mice and hAPP—J20 mice were
hyperactive compared with their NTG controls. In both paradigms, hAPP—B254 trended toward
impairments at 2—3 months of age, but the differences only reached significance in the 5- to
7-month-old group. n = 9 mice per group (at 2—-3 months); n = 11-15J20 mice per group and
22-23 B254 mice per group (at 5—7 months). *p < 0.05, **p << 0.005, ***p << 0.0005 versus
NTG, ¢ test. All bar graphs show mean == SEM.
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Figure4. The D664A mutation does not prevent deficits in nonspatial recognition memory.
Groups of transgenic and NTG mice from lines B254 and J20 were analyzed in the novel object
recognition test at 2-3 or 5—7 months of age. hAPP—B254 mice and hAPP—J20 mice did not
spend more time with a novel than with a familiar object in test sessions, in contrast to NTG
controls. n = 9 mice per group (at 2-3 months); n = 11-15 J20 mice per group and 22-23
B254 mice per group (at 5—7 months). *p < 0.05, **p << 0.005 novel versus familiar object or
as indicated by brackets, ANOVA with Tukey’s post hoc test. All bar graphs show mean = SEM.

AB,_, levels were also ~20% higher in hAPP—B254 mice than
the hAPP—J20 mice when measured at 2 months of age (Fig. 2A),
before AB deposition is detectable in the J20 line (Mucke et al.,
2000). AB;_y, levels did not differ significantly between the two
lines at 2 months, although hAPP-B254 showed a trend toward
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higher levels (Fig. 2B). The ratios of Af3,_ A B
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The D664A mutation does not prevent deficits in spatial learning and memory. Two independent cohorts of 5- to

hAPP-J20 mice, their ratios of AB*56/
hAPP were significantly lower than those
of hAPP-J20 mice (Fig. 2 H).

The D664A mutation may delay but
does not prevent hAPP/A 3-dependent
behavioral alterations in the elevated
plus maze and the open field

Next, we tested both transgenic lines in a

7-month-old hAPP—B254 mice, hAPP—J20 mice, and NTG controls were trained in the Morris water maze for 5 d. A, In the first
cohort, hAPP—B254 and hAPP—J20 mice both had longer latencies to find a hidden platform than NTG controls ( p << 0.0001,
repeated measures ANOVA). Total distances of the swim paths to reach the platform were also analyzed and showed similar results
as latency to platform (data not shown). B, Similar to the first cohort, a second, independent cohort of hAPP—B254 and hAPP-J20 mice
also hadimpaired learning in the hidden platform component of the task ( p << 0.0001, repeated measures ANOVA). €, In the first cohort of
mice, a probe trial 24 h after the hidden task training was completed showed that all groups of mice remembered the location of the
platform, spending more time in the target quadrant compared with the other quadrants of the pool. D, In the second cohort, an
earlier probe trial was given 2 d after the start of hidden platform training. This probe trial revealed memory deficits in both
hAPP—B254 and hAPP—J20 mice, whereas the NTG littermates from both lines already showed a significant preference for the
target quadrant. n = 6 -9 mice per group (cohort 1; 4, €); n = 5-13 mice per group (cohort 2; B, D). *p << 0.05, **p << 0.005,
*¥¥p <0.0005, percentage time in target quadrant versus other quadrants by ¢ test. Graphs show mean = SEM.

number of behavioral assays that detect
abnormalities in hAPP—J20 mice. Behav-
ior in the elevated plus maze is commonly used as a measure of
anxiety (Belzung and Griebel, 2001). Several lines of hAPP mice,
including hAPP-J20 mice, spend more time in the open arms of
this maze than NTG controls, suggesting lower levels of anxiety
or disinhibition (Chin et al., 2005; Ognibene et al., 2005; Cheng et
al., 2007; Roberson et al., 2007; Meilandt et al., 2009). In agree-
ment with these results, hAPP—J20 mice spent more time in the
open arms than NTG controls when tested at 2—3 or 5-7 months
of age (Fig. 3A). At 5-7 months, hAPP-B254 mice also spent
more time in the open arms than NTG mice, whereas at 2-3
months, they only showed a trend in this direction (Fig. 3A).
There were no significant differences between transgenic mice
at either age.

Another behavioral phenotype shared by several lines of hAPP
transgenic mice is hyperactivity in different arenas, including the
open field (Chin et al., 2005; Kobayashi and Chen, 2005; Og-
nibene et al., 2005; Cheng et al., 2007; Roberson et al., 2007;
Meilandt et al., 2009). As expected based on previous results,
hAPP-J20 mice were hyperactive in the open field at 2-3 and 5-7
months relative to NTG controls (Fig. 3B). hAPP-B254 mice
were also significantly more active than NTG controls at the older
age but showed only a trend toward hyperactivity at the younger
age (Fig. 3B). There were no significant differences in locomotor
activity in the open field between transgenic mice at either age.
Thus, the D664A mutation does not prevent behavioral abnor-

malities in the elevated plus maze and the open field but may
delay their development.

The D664A mutation does not prevent hAPP/A 3-dependent
deficits in novel object recognition

To test for deficits in nonspatial memory, mice were first allowed
to explore two objects during training sessions. Memory for a
familiar object was then tested by replacing one of the original
objects with a novel object. If mice successfully form memories of
the object they previously explored, they will prefer exploring the
novel object in the test session (Ennaceur and Delacour, 1988). As
expected, NTG mice of both lines and ages spent significantly
more time with the novel object than the familiar object during
the test session (Fig. 4). In contrast, hAPP-B254 and hAPP-J20
mice at both ages did not show a preference for the novel object,
indicating that hAPP mice with or without a functional caspase
cleavage site have impaired object recognition learning/memory.

The D664A mutation does not prevent spatial learning and
memory deficits in hAPP mice

Spatial learning and memory of mice was examined in the Morris
water maze at 5-7 months of age. Mice received two training
sessions per day, each consisting of two trials, to learn to use
spatial cues outside of the maze to navigate to a hidden platform.
The mice were trained in this task for 5 consecutive days. NTG
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The D664A mutation does not prevent alterations in synaptic activity-related proteins in the dentate gyrus. A—D, Representative photomicrographs show brain sections from 7- to

10-month-old mice immunostained for calbindin (A), Fos (B), or NPY (C, D). Arrows indicate the molecular layer (€) and mossy fiber terminals in CA3 (D). E-H, Protein levels of calbindin (E) and NPY
(G, H) were quantified by densitometry of immunoreactivities. Fos expression (F) was quantified by counting granule cellsimmunoreactive for Fos. Compared with NTG controls, both hAPP—B254
and hAPP-J20 mice had significant reductions in calbindin (E) and Fos (F). hAPP—B254 mice had significantly less calbindin expression than hAPP—J20 mice. Transgenic mice of both lines had
comparable increases in NPY in the molecular layer of the dentate gyrus (G) and the mossy fiber pathway (H).n = 11 per genotype; *p << 0.05, **p << 0.005, ***p << 0.0005 versus NTG from the

same line, ttest; *p < 0.005 by ANOVA and Tukey's post hoc test. Graphs show mean = SEM.

mice from the two different lines did not differ in their ability to
learn this task (Fig. 5A). Relative to these controls, hAPP-B254
and hAPP-]20 mice showed comparable deficits in acquiring this
task (Fig. 5A4) (repeated measures ANOVA, p < 0.0001). Because
this result contradicted previous reports (Galvan et al., 2006,
2008), we repeated the test in an independent cohort of age-
matched mice. For the second cohort, the training was modified
slightly so that mice received three trials per sessions in two ses-
sions per day. hAPP-B254 and hAPP-J20 mice again showed
similar learning deficits relative to NTG controls (Fig. 5B) (re-
peated measures ANOVA, p < 0.0001). Swim speeds during the
hidden platform training were not different among all groups of
mice, and all groups performed equally well in the cued version of
the task (data not shown).

Memory retention was assessed by removing the platform for
a probe trial. In probe trials conducted 24 h after the last day of
hidden platform training, all groups of mice spent more time in
the target quadrant of the water maze in which the platform was

previously located than in the other quadrants, indicating good
memory retention (Fig. 5C and data not shown). Because pro-
longed training can obscure differences in memory retention, we
administered an earlier probe trial after 2 d of hidden platform
training in the second cohort of mice. In this probe trial, both
groups of NTG controls already showed significant preference for
the target quadrant, whereas hAPP-B254 and hAPP-J20 did not,
although there was a trend toward better memory retention in
hAPP-B254 mice (Fig. 5D).

The D664A mutation does not prevent alterations in

calcium- and synaptic activity-related proteins in the

dentate gyrus of hAPP mice

Deficits in learning and memory in hAPP-J20 mice strongly cor-
relate with depletions of calbindin-D,g and Fos in granule cells
of the dentate gyrus (Palop et al., 2003; Chin et al., 2005; Cheng et
al., 2007; Roberson et al., 2007; Meilandt et al., 2008). Ectopic
expression of NPY in mossy fibers and increased levels of NPY in
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Figure7. TheD664A mutation does not preventloss of synaptophysin and MAP-2.A-D, The

percentage area of immunostained sections covered by synaptophysin (4, B) or MAP2 (C, D)
immunoreactivity was quantified in the frontal cortex and outer molecular layer of the dentate
gyrus. hAPP—B254 mice and hAPP—J20 mice showed comparable reductions in synaptophysin
and MAP-2 in both regions. n = 9—11 mice per group. **p < 0.005, ***p << 0.0005 versus
NTG from the same line, t test. Graphs show mean = SEM.

the molecular layer of the dentate gyrus are also observed in
hAPP-J20 mice and other hAPP transgenic mice and likely rep-
resent a response to AB-induced aberrant network excitability
(Palop et al., 2007). To determine whether caspase cleavage of
hAPP is required for the development of these molecular alter-
ations, we analyzed all three biomarkers in mice that previously
underwent behavioral testing. Both hAPP-B254 and hAPP-]20
mice had significant depletions of calbindin and Fos relative to
NTG controls (Fig. 6A,B,E,F). In addition, both hAPP-B254
and hAPP-]20 mice displayed increased expression of NPY in the
molecular layer and ectopic expression of NPY in mossy fibers
(Fig. 6C,D,G,H). Of note, calbindin levels were significantly
worse in hAPP-B254 mice when directly compared with hAPP—
J20 mice (Fig. 6 E). All other molecular alterations were not sig-
nificantly different between hAPP-B254 and hAPP-]20 mice.

The D664A mutation does not prevent presynaptic and
dendritic loss in the frontal cortex and dentate gyrus

Loss of synaptic terminals is a characteristic feature of AD pathol-
ogy and strongly correlates with the degree of cognitive decline in
humans (Terry et al.,, 1991; Sze et al,, 1997). Reduction in
synaptophysin-immunoreactive presynaptic terminals (SIPTs) is
also found in transgenic mouse models of AD, including hAPP—
J20 mice (Mucke et al., 2000; Chin et al., 2004; Galvan et al.,
2006). The percentage area covered by SIPTs in the frontal cortex
(Fig. 7A) and outer molecular layer of the dentate gyrus (Fig. 7B)
was significantly less in hAPP-B254 and hAPP-J20 mice than in
NTG controls. In addition to presynaptic degeneration, hAPP
mice and patients with AD also show loss of dendrites and den-
dritic spines (Games et al., 1995; Moolman et al., 2004; Jacobsen
et al., 2006; Rockenstein et al., 2007; Knobloch and Mansuy,
2008). The percentage area occupied by the dendritic marker

Harris et al. @ (37 Is Not Necessary for Many AD-Like Deficits

MAP-2 in the frontal cortex (Fig. 7C) and dentate gyrus (Fig. 7D)
was also significantly lower in both lines of hAPP mice.

The D664A mutation does not prevent electrophysiological
deficits in CA1 and the dentate gyrus

We previously identified brain-region-specific electrophysiolog-
ical deficits in hAPP-J20 mice (Palop et al., 2007). Here, we con-
firmed differences between synapses in CAl and the dentate
gyrus in hAPP-J20 mice and found them to be present also in
hAPP-B254 mice. Extracellular recordings of fEPSPs at the
Schaffer collateral to CA1 pyramidal cell synapse in acute hip-
pocampal slices revealed reductions in baseline synaptic trans-
mission strength in 3-month-old hAPP-B254 and hAPP-J20
mice (Fig. 8A, B). Baseline synaptic transmission strength in the
dentate gyrus along the medial perforant pathway to granule cell
synapse was normal in both hAPP lines (Fig. 8C,D). Induction of
LTP and paired-pulse ratios in CAl were also normal in both
groups of transgenic mice and NTG controls (Fig. 94-C). In
contrast, LTP at the medial perforant pathway synapse on dentate
gyrus granule cells was depressed in both hAPP-B254 and hAPP—
J20 mice relative to NTG controls (Fig. 9D, E). At this synapse,
paired-pulse ratios, which reflect short-term plasticity, were also
depressed in both hAPP lines compared with NTG controls (Fig.
9F). Thus, the pattern and severity of electrophysiological synap-
tic alterations in the hippocampus of hAPP mice were not altered
by the D664A mutation.

Discussion

Our study demonstrates that caspase cleavage at D664 in hAPP is
not required for the development of deficits in learning and
memory, related alterations in calcium- and synaptic activity-
dependent proteins, synaptic dysfunction, and synaptodendritic
loss in hAPP transgenic mice. Because many of these abnormal-
ities are absent or much less severe in transgenic mice expressing
wild-type hAPP at approximately comparable levels (Mucke et
al., 2000; Palop et al., 2003, 2007), it is unlikely that they are
caused by the hAPP holoprotein itself. In addition, a substantial
body of positive evidence supports the conclusion that these ab-
normalities are caused by pathogenic assemblies of A (Walsh
and Selkoe, 2007; Selkoe, 2008; Sun et al., 2008). Although con-
tributions by several other APP metabolites, or caspase cleavage
of different substrate molecules, have not yet been rigorously
excluded, our results make it unlikely that C31 or Jcasp plays a
critical role in the pathogenesis of the AD-related abnormalities
examined here.

Because several of our findings are at odds with previously
published reports (Galvan et al., 2006, 2008; Saganich et al.,
2006), it is important to discuss potential methodological differ-
ences and to highlight the steps we took to ensure the reliability of
our data. To exclude the possibility that the transgenic mice in
our hAPP-B254 colony had lost the D664A mutation, we con-
firmed its presence by genomic sequencing. We also confirmed
that expression levels of hAPP and A had not inadvertently
changed in either of the lines we analyzed. This confirmation
is important because the biological effects of hAPP/AS are
clearly dose dependent. For example, transgenic mice from line
hAPP-J9 carry the same transgene construct as hAPP—J20 mice,
but their expression levels of hAPP and A are approximately half
of those found in hAPP-J20 mice (Mucke et al., 2000), likely
reflecting differences in genomic integration sites and related po-
sitional effects on transgene expression. Consistent with their
lower levels of hAPP/Af3, behavioral and histopathological ab-
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Figure 8.  The D664A mutation does not prevent deficits in baseline synaptic transmission strength in CA1. Acute hippocampal slices

were obtained from 2- to 3-month-old mice and analyzed electrophysiologically. A, B, The input— output relationship along the Schaffer
collateral—CA1 synapse was impaired in both hAPP—B254 mice and hAPP—J20 mice relative to NTG controls ( p << 0.005, Tukey's post hoc
analysis on repeated measures ANOVA; n = 6 slices from 3 mice per genotype). €, D, In contrast, synaptic strength at the medial perforant
path synapses onto granule cells of the dentate gyrus was not affected in either hAPP—B254 or hAPP—J20 mice (n = 6slices from 3 mice per
genotype). Insets show example fEPSP traces for different levels of stimulation. Calibration: 10 ms, 0.5 mV.
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Figure 9. The D664A mutation does not prevent deficits in synaptic plasticity in the dentate gyrus. Acute hippocampal slices

were obtained from 2- to 3-month-old mice and analyzed electrophysiologically. LTP and paired-pulse ratios were analyzed at
synapses in (AT and the DG. 4, B, LTP was not impaired at the Schaffer collateral—CA1 synapse in either hAPP—B254 (4) or
hAPP-J20 (B) mice compared with NTG controls (n = 6 —7 slices from 3 mice per genotype). €, Paired-pulse ratios at the Schaffer
collateral-CA1 synapse were also unimpaired in both hAPP transgenic lines relative to NTG controls (n = 6 slices from 3 mice per
genotype). D, E, LTP at the medial perforant path synapse on granule cells of the dentate gyrus was depressed in both hAPP—B254
(D) and hAPP—J20 (E) mice relative to NTG controls ( p << 0.005, Tukey's post hoc analysis on repeated measures ANOVA; n = 6 -7
slices from 3 mice per genotype). F, Paired-pulse ratios at the medial perforant pathway were also reduced in both hAPP—B254 and
hAPP-J20 mice relative to NTG controls (***p << 0.0005 vs NTG, t test; n = 6—7 slices from 3 mice per genotype). Insets show
example fEPSP traces before (black line) and after (gray line) LTP induction stimuli. Calibration: 10 ms, 0.5 mV.

normalities are much more subtle in hAPP—J9 mice than in
hAPP-J20 mice (Chin et al., 2005).

In agreement with previous reports (Galvan et al., 2006; Sa-
ganich et al., 2006), the levels of hAPP, AB,_,, and plaque loads
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were higher in hAPP-B254 than hAPP-
J20 mice. Because of the dose dependence
of hAPP/AP effects (see above), this dif-
ference might lead one to predict that ab-
normalities should be worse in hAPP-
B254 mice than in hAPP-J20 mice, if the
D664A mutation had no beneficial effects.
However, behavioral, histopathological,
and electrophysiological abnormalities in
hAPP-B254 and hAPP-J20 mice were
quite similar. At least three interpreta-
tions are possible. (1) The D664A muta-
tion may have had a protective effect after
all, making hAPP-B254 mice relatively re-
sistant against higher levels of hAPP/A.
(2) The dose-response curve of Af-
induced abnormalities may plateau above
a certain level, and this level may have al-
ready been reached in the hAPP-]20 line.
(3) Other measurements may be more rel-
evant to phenotypic abnormalities than
plaque loads and levels of hAPP and
AB,_, Indeed, abnormalities in hAPP
mice are more closely related to levels of
soluble A, _,, and specific AB oligomers
than to plaque loads and levels of hAPP
and AB,_, (Hsia et al., 1999; Mucke et al.,
2000; Lesné et al., 2006; Cheng et al., 2007;
Meilandt et al., 2009). Consistent with the
similarity in their phenotypes, hAPP—
B254 and hAPP-]20 mice showed no sig-
nificant differences in their levels of
AP, _4, before plaque deposition or of the
AB*56 oligomer, which causes memory
deficits in rodents (Lesné et al., 2006).
Thus, the D664A mutation does not ap-
pear to protect hAPP mice against adverse
effects of soluble AB,_,, and AB*56.

Did we obtain any evidence for a protec-
tive effect of the D664A mutation? We only
observed trends in this direction that did not
reach statistical significance. hAPP-B254
and hAPP-J20 mice showed mostly simi-
lar abnormalities at 5-7 months of age,
whereas some differences between trans-
genic and NTG mice reached statistical
significance already at 2 months of age in
hAPP-J20 mice but not in hAPP-B254
mice. This included disinhibition in the
elevated plus maze and hyperactivity in an
open field. Thus, it remains possible that
the D664A mutation has subtle effects on
the speed with which AB-dependent ab-
normalities develop in hAPP mice. How-
ever, it should be noted that there were no
statistically significant differences between
hAPP mice from the two transgenic lines at
2 months. We also observed a trend toward
better memory retention in hAPP-B254

mice probed at an early stage during training to a hidden platform in
the Morris water maze.

Can methodological differences explain the discrepancies be-
tween our study and the previous reports? In the previous studies,
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D664A-mutant hAPP mice performed as well as NTG controls
during training to locate a hidden platform in a Morris water
maze. Both the moderate expressor hAPP—B21 line at 3—4 and
7-12 months (Galvan et al., 2006; Saganich et al., 2006) and the
high expressor hAPP-B254 line at 7-13 months did not differ
significantly from NTG controls, although a trend toward poorer
learning was noted in hAPP-B254 mice at 13 months (Galvan et
al., 2006, 2008; Saganich et al., 2006). In these studies, cued plat-
form training preceded hidden platform training, whereas the
opposite sequence was used in our study. Our protocol is likely to
be more challenging and, thus, may be more sensitive to spatial
learning deficits, which were evident and of similar severity in
hAPP-B254 and hAPP-J20 mice at 5-7 months of age. At the
same time, a more challenging protocol could be less sensitive to
subtle improvements in spatial learning that might occur in
hAPP-B254 mice (Zhang et al., 2009).

We also used a more widely used paradigm to assess nonspa-
tial learning and memory than that used by Galvan et al. (2006),
who used unfamiliar mouse pups instead of inanimate objects.
Their version of this task likely explores social behavioral do-
mains, whereas the novel object recognition task we used focuses
more squarely on nonspatial learning and memory, which did
not differ between hAPP-B254 and hAPP-J20 mice. To examine
potential differences in their social behaviors, we also compared
the amount of time hAPP-B254 and hAPP-]20 mice spent with
an unfamiliar pup; in our hands, both transgenic groups inter-
acted with the pup as much as NTG controls (data not shown).

Synaptic function is clearly affected in diverse lines of hAPP
transgenic mice (Chapman et al, 1999; Hsia et al., 1999;
Moechars et al., 1999; Fitzjohn et al., 2001; Dewachter et al., 2002;
Oddo et al., 2003; Palop et al., 2007). Interestingly, whether basal
synaptic transmission strength, LTP, or short-term plasticity (as
reflected in paired-pulse ratio measurements) is disrupted in
hAPP mice depends, in part, on the particular synapse analyzed.
At the perforant pathway to granule cell synapse, both LTP and
paired-pulse ratios were impaired in hAPP-B254 and hAPP-]20
mice, whereas baseline synaptic transmission strength was unaf-
fected. At the Schaffer collateral to CA1 pyramidal cell synapse,
baseline synaptic transmission strength was reduced in hAPP—
B254 and hAPP-J20 mice, whereas LTP and paired-pulse ratios
were unaffected. These results are consistent with those obtained
by us (Hsia et al., 1999; Palop et al., 2007; Sun et al., 2008) and
others (Fitzjohn et al., 2001) in hAPP—J20 mice and other hAPP
lines lacking the D664A mutation. Some groups identified LTP
deficits at the Schaffer collateral synapse in hAPP transgeniclines,
including line J20 (Moechars et al., 1999; Dewachter et al., 2002;
Saganich et al., 2006). The reasons for this discrepancy in the
literature remain unclear. We were unable to confirm the LTP
rescue observed by Saganich et al. (2006) at the Schaffer collateral
synapse in hAPP—B254 mice because we elicited robust LTP at
this synapse in both hAPP-B254 and hAPP-]20 lines.

In addition to the electrophysiological analyses of synaptic
functions, we also measured biochemical markers that reflect
synaptic activity and the density of synaptic elements. Alterations
in neuronal expression of Fos, calbindin, and NPY in hAPP mice
likely result from imbalances between excitatory and inhibitory
synaptic activity (Palop et al., 2003, 2007; Roberson et al., 2007;
Palop and Mucke, 2009) and were either comparable between
hAPP-B254 and hAPP-J20 mice or worse in the D664A-mutant
group. Losses in the somatodendritic marker MAP-2 and the
presynaptic terminal marker synaptophysin were also compara-
ble between both transgenic lines.
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In conclusion, our study demonstrates that most behavioral,
histopathological, biochemical, and electrophysiological abnor-
malities in hAPP mice with high levels of AB,_,, are independent
of caspase cleavage of hAPP at D664 and, thus, are not likely
mediated by C31 or Jcasp. Inhibiting this cleavage of hAPP may
therefore be of lesser therapeutic benefit than inhibiting the gen-
eration or accumulation of pathogenic Af,_,, assemblies.
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