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The APP Intracellular Domain Is Required for Normal
Synaptic Morphology, Synaptic Plasticity, and
Hippocampus-Dependent Behavior
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The amyloid precursor protein family (APP/APLPs) has essential roles for neuromuscular synapse development and for the formation
and plasticity of synapses within the CNS. Despite this, it has remained unclear whether APP mediates its functions primarily as a cell
surface adhesion and signaling molecule or via its numerous proteolytic cleavage products. To address these questions, we followed a
genetic approach and used APPACT15 knockin mice lacking the last 15 amino acids of APP, including the highly conserved YENPTY
protein interaction motif. To circumvent functional compensation by the closely related APLP2, these mice were bred to an APLP2-KO
background to generate APPACT15-DM double mutants. These APPACT15-DM mice were partially viable and displayed defects in
neuromuscular synapse morphology and function with impairments in the ability to sustain transmitter release that resulted in muscular
weakness. In the CNS, we demonstrate pronounced synaptic deficits including impairments in LTP that were associated with deficits in
spatial learning and memory. Thus, the APP-CT15 domain provides essential physiological functions, likely via recruitment of specific
interactors. Together with the well-established role of APPs« for synaptic plasticity, this shows that multiple domains of APP, including
the conserved C-terminus, mediate signals required for normal PNS and CNS physiology. In addition, we demonstrate that lack of the
APP-CT15 domain strongly impairs A3 generation in vivo, establishing the APP C-terminus as a target for A3-lowering strategies.
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Synaptic dysfunction and cognitive decline are early hallmark features of Alzheimer’s disease. Thus, it is essential to elucidate the
in vivo function(s) of APP at the synapse. At present, it is unknown whether APP family proteins function as cell surface receptors,
or mainly via shedding of their secreted ectodomains, such as neurotrophic APPsa. Here, to dissect APP functional domains, we
used APP mutant mice lacking the last 15 amino acids that were crossed onto an APLP2-KO background. These APPACT15-DM
mice showed defects in neuromuscular morphology and function. Synaptic deficits in the CNS included impairments of synaptic
plasticity, spatial learning, and memory. Collectively, this indicates that multiple APP domains, including the C-terminus, are
required for normal nervous system function. j

ignificance Statement

plaque deposition, AD is characterized by diminished synaptic
contacts that are correlated with cognitive deficits. It is therefore
crucial to elucidate the normal in vivo role of APP at the synapse

Introduction

The amyloid precursor protein (APP) is central to the pathogen-
esis of Alzheimer’s disease (AD), as APP processing gives rise to
AP peptides accumulating in the brains of AD patients. Preceding
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and to assess whether loss of physiological APP functions con-
tributes to AD pathogenesis.

APP belongs to a gene family that comprises, in addition to
APP, the two amyloid precursor-like proteins, APLP1 and
APLP2. Although the AB domain is unique for APP, APLPs un-
dergo similar processing by a-, B-, and y-secretases (Aydin et al.,
2012). APP and APLPs are highly expressed in brain, including
hippocampus, and are localized to postsynaptic and presynaptic
sites both at the neuromuscular junction (Wang et al., 2009;
Caldwell et al., 2013; Klevanski et al., 2014) and at CNS synapses
(LaBBek et al., 2013; Wilhelm et al., 2014). APP family proteins
have been implicated in numerous processes, including tran-
scription, neuronal differentiation and migration, neurite out-
growth, and synaptogenesis. Presently, it is not clear whether APP
family proteins mainly function as surface-bound synaptic sig-
naling receptors and/or adhesion molecules (Wang et al., 2009;
Baumbkatter et al., 2014; Bourdet et al., 2015) or act through their
shedded ectodomains, such as APPsa, that have well-established
functions in neuroprotection (Kogel et al., 2012) and in synaptic
plasticity (Taylor et al., 2008; Korte et al., 2012; Hick et al., 2015).
The APP C-terminus contains highly conserved protein interac-
tion domains, notably the YENPTY motif that mediates APP
internalization and was reported to regulate APP trafficking, pro-
cessing, and likely signaling (Aydin et al., 2012; van der Kant and
Goldstein, 2015). Moreover, this motif binds numerous cytosolic
proteins, including Dab1, Shc, Grb, Mint/X11 proteins, and Fe65
family proteins (Aydin et al., 2012; van der Kant and Goldstein,
2015). The in vivo relevance of conserved APP domains, however,
including the relevance of the multitude of interactors has re-
mained challenging to dissect, as APP functions may be compen-
sated by APLPs. Mice lacking single APP family members are
viable, whereas APP/APLP2 double knock-out (DKO) or APLP1/
APLP2-DKO mice die perinatally (Magara et al., 1999; Heber et
al., 2000; Herms et al., 2004) due to impaired neuromuscular
transmission (Wang et al., 2005; Weyer et al., 2011; Caldwell et
al., 2013; Klevanski et al., 2014). Recently, we generated condi-
tional DKO mice (cDKO mice) lacking APP in excitatory
forebrain neurons (Hick et al., 2015). These fully viable cDKO
mice revealed a crucial role of APP family proteins for dendritic
length and branching, spine density, synaptic plasticity, and
hippocampus-dependent behavior (Hick et al.,, 2015). While
these studies corroborated essential in vivo functions of APP/
APLP2 also in the CNS, crucial questions remained: which APP
domain(s) or proteolytic fragments are required to mediate these
functions and which signaling pathways are involved? To dissect
APP functional domains, we previously generated C-terminally
truncated APP knockin (KI) alleles: APPsa-KI mice produce only
APPsa, whereas APPACT15-KI mice lack the last 15 amino acids,
including the YENPTY motif (Ring et al., 2007). Interestingly,
both KI lines showed a WT-like phenotype and lacked the im-
pairments in LTP and behavior seen in APP-KO mice. These and
other studies (Hornsten et al., 2007; Wentzell et al., 2012) sug-
gested that APP functions are primarily mediated by the secreted
fragment APPsa. However, analysis of APPsa-DM (double mu-
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tants) obtained by crossing APPsa-KI with APLP2-KO mice re-
vealed a more complex picture (Weyer et al., 2011). To test
whether C-terminal APP domains may be required for APP func-
tions, we now generated double mutant mice (APPACT15-DM)
that lack APLP2 and the last 15 amino acids of APP. Similarly to
APPsa-DM mice, APPACT15-DM mice proved partially viable
and showed aberrant morphology of neuromuscular synapses,
defective transmitter release, and muscular weakness. Pro-
nounced synaptic deficits in the CNS included impairments of
synaptic plasticity and hippocampus-dependent behavior. Col-
lectively, this indicates that the APP-CT15 domain provides es-
sential functions, likely via recruitment of specific proteins
mediating signals required for normal PNS and CNS physiology.

Materials and Methods

Mice. APP-KO (Li et al., 1996), APPACT15-KI (Ring et al., 2007),
APLP2-KO mice (von Koch et al., 1997), and APP/APLP2-DKO mice
(Heber et al., 2000) were described previously. Briefly, APPACT15-KI
mice expressing a truncated form of APP that lacks the last 15 C-terminal
amino acids were generated by inserting a stop codon into the terminal
part of APP exon 18. APP /“APLP2 /" (APP/ALP2-DKO) and
APPA/AAPLP2 '~ (APPACT15-DM) mice were generated by inter-
crossing APP*/“APLP2 '~ or APP**APLP2 ™/~ mice, respectively.
APPACT15-DM mice were genotyped using primers reported previously
(Ring et al., 2007). Survival of APPACT15-DM and APP/APLP2-DKO
mice backcrossed to C57BL/6 animals either once (R1) or at least six
times (R6) was determined at weaning. To assess the genotype distribu-
tion, x 2 test was applied. Mice used for phenotyping were backcrossed to
C57BL/6 animals for at least six generations (R6).

Measurement of AB. Mice were killed by CO, euthanasia and immedi-
ately perfused transcardially with PBS (0.1 M, pH 7.4). The brain was
dissected, the olfactory bulbs and the cerebellum were removed, and both
hemispheres were separated. The tissue was shock-frozen in liquid nitro-
gen and kept at —80°C until use. For brain homogenates, a Tris-buffered
saline-based lysis buffer (20 mm Tris-base, pH 7.4, 150 mm NaCl, 1%
Triton X-100) containing protease (Complete, Roche) and phosphatase
inhibitors (PhosSTOP, Roche) was used. Mouse brain hemispheres were
homogenized using a Potter homogenizer and centrifuged at 15,700 X g
for 20 min. Supernatant was used for further analysis. Total protein was
determined using BCA method, and homogenates were adjusted to 10
mg protein per milliliter. Mouse brain AB,, and AB,, levels were mea-
sured by electrochemiluminescence using the V-Plex A Panel kit from
Meso Scale Discovery. The assay was performed as outlined by the man-
ufacturer’s instructions. Statistical significance was calculated using one-
way ANOVA followed by Tukey’s multiple-comparison test. Number of
animals: WT, n = 5; APLP2-KO, n = 6; APPDCT15-DM, n = 6. Age at
analysis: 5-6 months, all male.

Western blot analysis. For Western blot analysis, specific antibodies
directed against full-length APP and APPsa (M3.2; 1:1000; kind gift from
Paul Mathews), the APP C-terminus (C1/6.1; 1:1000; provided by Paul
Mathews), APPsf (IBL, #JP18957), and 3-tubulin (MAB3408; 1:10,000;
Millipore) were used. Brain dissection was done as described above.
Mouse brain hemispheres were homogenized in tissue homogenization
buffer (20 mm Tris-HCI, pH 7.4, 250 mm sucrose, 1 mm EDTA, 1 mm
EGTA), including phosphatase and protease inhibitors (Roche) using a
Potter homogenizer. After homogenization, a brief low-speed spin
(5000 X g, 5 min) was performed to remove remaining tissue fragments.
For the detection of the soluble fragments APPsa and APPsf, a high-
speed centrifugation step (60 min at 100,000 X g) was performed, and
membrane-free supernatant was used for further analysis. Total brain
homogenate (30 ug protein) or supernatant (20 ug protein) was used for
SDS-PAGE using 4—12% Bis-Tris gels (Novex). For the detection of APP
B-CTFs, the membrane pellet of the high-speed centrifugation (60 min at
100,000 X g) was solubilized in 1% Triton X-100. Proteins were sepa-
rated by PAGE using 10-20% Tris-Tricine gradient gels (Novex, Invit-
rogen). After blocking in 5% nonfat milk powder in PBS-T for 1 h,
membranes were incubated with primary antibodies at 4°C overnight.
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M3.2 was used to detect full-length APP, APPsq, and B-CTFs. Western
blot signals were detected by enhanced chemiluminescence (Super Signal
West Pico, Pierce or for 3-CTFs with SignalFire, Synaptic Systems) and
imaged using the ChemiDoc Imaging System (Bio-Rad). For quantifica-
tion, all images were analyzed with the ImageLab software (Bio-Rad).

Immunohistochemistry and microscopy. Diaphragms of adult (2
months old) WT, APLP2-KO, and APPACT15-DM mice were obtained
and stained as previously described (Weyer et al., 2011). To avoid tissue
stretching, the following procedures (up to the permeabilization step)
were performed when the diaphragm muscle was still present within the
dissected costal arch. Briefly, tissue was incubated in 1 mg/ml Type IA
collagenase (Sigma-Aldrich) in PBS supplemented with 0.036 mm CaCl,
for 15 min at room temperature (RT), rinsed in PBS, and fixed in 1%
formaldehyde/PBS for 1 h at RT. After applying 0.1 M glycine blocking
solution overnight at 4°C, tissue was permeabilized in 1% Triton X-100/
PBS (6 h at RT). Subsequently, the diaphragm muscle was excised along
the border of the costal arch, and tissue was permeabilized (1% Triton
X-100/PBS) and incubated with synaptophysin antibody (1:50; rabbit
polyclonal, Invitrogen) in 2% BSA/PBS at 4°C for 48 h. After three
washing steps in PBS, the diaphragm was stained with MFP-488-
conjugated goat a-rabbit antibody (1:100; Molecular Biotechnology)
and rhodamine-conjugated a-bungarotoxin (1:500; Invitrogen) in 2%
BSA/PBS at 4°C. For newborn mice, a modified protocol was used
(Klevanski et al., 2014). The costal arch containing the diaphragm muscle
was dissected from PO mice and fixed for 15 min in 1% formaldehyde/
PBS solution at RT. Tissue was briefly rinsed in PBS and incubated for
2.5hin 0.1 M glycine blocking solution at RT. The diaphragm muscle was
dissected from the costal arch, permeabilized with 1% Triton X-100/PBS
for 10 min at RT, and incubated with the primary antibody solution (see
above) overnight at 4°C. The diaphragm was rinsed in PBS, and the
solution containing the secondary antibody and the labeled bungaro-
toxin was applied overnight at 4°C. After the staining procedure, dia-
phragms from both adult and newborn mice were washed in PBS and
mounted in Mowiol 4—88 (Carl Roth). Images were obtained with a
Nikon A1l laser scanning confocal microscope.

Quantification of synapse distribution. The endplate analysis was per-
formed as described previously (Klevanski et al., 2014). As a baseline for
further quantitative analyses, we determined the left-right (Ir) extension
of the diaphragm. For this, we acquired nonconfocal overview images in
the channel used for synaptophysin (newborn pups) or neurofilament
staining (adult animals). For the subsequent determination of the precise
position of the synapse band relative to the inner border of the muscle, we
also acquired overview images in the bungarotoxin channel (AChRs).
Subsequently, the confocal maximum projection of the synapse band was
superimposed onto the nonconfocal overview images (bungarotoxin
channel) using well-discernible synapses as guideposts. The Ir extension
parameter corresponds to the distance between the inner muscle border
of the diaphragm and the regression line of the synapse band (see below).
Confocal image stacks were obtained in the bungarotoxin channel using
a20X objective (NA: 0.7; z-step: 1.5 wm) for tissue from PO mice or 10X
objective (NA: 0.45; z-step: 2 wm) for adult mice and projected into one
plane. Multiple maximum intensity projections were merged to one large
image using ImageJ (National Institutes of Health) software. For the
analysis of newborn mice, we selected a 728 wm high region within the
left hemidiaphragm (S2), located ~550 wm ventral to the entry point of
the phrenic nerve (see also Klevanski et al., 2014). To obtain a compara-
ble area in adult mice, the region was scaled and positioned accordingly.
The coordinates of individual synapses were determined and imported to
Excel software (Microsoft). A regression line describing the backbone of
the synapse band was determined using a least squares linear fit. To
quantify the area covered by AChR clusters, the region selected for anal-
ysis was subdivided into 8 segments oriented perpendicularly to the syn-
apse band regression line. Subareas were calculated within each segment
as a product of the segment height and the width determined by the most
distal synapses within each segment. Total synapse band area was calcu-
lated as the sum of the 8 resulting subareas. Synapse density was calcu-
lated as number of synapses per subarea. To determine the width of the
synapse band, 8 equidistant narrow segments (height: ~1/5th of the
height used for the subarea determination) were positioned perpendic-
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ularly to the regression line of the synapse band. The width was deter-
mined by the most distant synapses within each segment. The average
band width was calculated from these 8 segments. At least 4—7 mice were
examined per genotype. To account for differences in diaphragm size, all
data were normalized according to the diaphragm extension parameters
described above. Comparison of group means was performed using one-
way ANOVA with Bonferroni post hoc test.

Quantification of synapse morphology. Morphological analysis of indi-
vidual synapses was performed within the ventral part of the right hemi-
diaphragm (S3) as previously described (Klevanski et al., 2014). In brief,
confocal image stacks (z-step: 0.25 wm) were obtained using a 60X oil-
immersion objective (NA: 1.4) and merged into maximum intensity pro-
jections. Only en face images of endplates were used to determine the
area of presynaptic and postsynaptic specializations. Area of AChR clus-
ters was measured using the “Particle Analyzer” tool of ImageJ. Synap-
tophysin area was quantified within the border of the AChR-occupied
region. Degree of synaptophysin-AChR colocalization was determined
using Manders’ overlap coefficient described by Dunn et al. (2011) using
the “Colocalization Analysis” tool of ImageJ. At least 10-20 synapses
were analyzed from each mouse, and 4-7 animals were examined per
genotype. Comparison of group means was performed using one-way
ANOVA with Bonferroni post hoc test.

PNS electrophysiology. Electrophysiological recordings were per-
formed as previously described (Ring et al., 2007; Weyer et al., 2011).
Briefly, the diaphragm with 5-10 mm of the attached phrenic nerve was
dissected from adult mice (67 weeks old), mounted in a Sylgard-lined
dish, and superfused with oxygenated (95% O,, 5% CO,) modified Ty-
rode’s solution (in mm as follows: 125 NaCl, 5.37 KCl, 24 NaHCO;, 1
MgCl,, 1.8 CaCl,, 11 glucose, pH 7.4) for at least 1 h before recording.
Recordings were obtained from the left hemidiaphragm in region S2. A
tight-fitting glass suction electrode was used for nerve stimulation (stim-
ulus duration 0.1 ms, amplitude 0.1-1 V). Intracellular muscle fiber
recordings were made at room temperature (20°C—22°C) with 20—-30 m{}
resistance glass microelectrodes filled with 3 M potassium acetate. Mus-
cles were paralyzed with p-conotoxin (1 uMm; Bachem) to block skeletal
muscle but not axonal voltage-gated sodium channels. Data were ac-
quired with custom-written MATLAB (The MathWorks) programs and
digitized at 5 kHz with DAQCard-1200 (National Instruments). Data
were analyzed with Clampfit 9 (Molecular Devices) and Origin 6.1
(OriginLab). Endplate potentials (EPPs) and quantal content were cor-
rected for nonlinear summation (McLachlan and Martin, 1981). EPPs
were not corrected for extracellular field potentials sometimes generated
by neighboring muscle fibers. Spontaneous activity was typically re-
corded for 1 min, except for those fibers with very low spontaneous
release, for which recordings were made for 2—3 min. Quantal content
was calculated from the average of 50—100 EPPs at a stimulation rate of
0.5 Hz. Because of the pulse-to-pulse variability in the EPP amplitude
during trains of 20 Hz stimuli, the EPP amplitude during rundown ex-
periments (data not shown) was calculated as the average of five EPPs
closest to each data point (equivalent to an average response within a
window duration of 200 ms). Comparison of group means was per-
formed using Student’s ¢ test or one-way ANOVA with Bonferroni post
hoc test.

CNS electrophysiology. Acute hippocampal slices were prepared from
9- to 12-month-old APPACT15-DM mice and APLP2-KO littermate
controls as previously described (Weyer et al., 2011; Hick et al., 2015). In
brief, mice were anesthetized and decapitated; the brain was quickly
transferred into ice-cold carbogenated (95% O,, 5% CO,) ACSF for 3
min. The ACSF used for electrophysiological recordings contained 125
mM NaCl, 2.5 mm KCl, 1.25 mm NaH,PO,, 2 mm MgCl, 26 mm
NaHCO;, 2 mum CaCl,, and 25 mu glucose. Hippocampi were cut with a
vibrating microtome (VT 1200S; Leica) into 400-um-thick transversal
slices. Recordings were performed at 32°C.

After placing the slices in a submerged recording chamber, field EPSPs
(fEPSPs) were recorded in the stratum radiatum of the CA1 region with
a glass micropipette (resistance: 3—15 M(}) filled with 3 M NaCl at a depth
of ~150-200 wm. Monopolar tungsten electrodes were used for stimu-
lation of Schaffer collaterals at a frequency of 0.1 Hz. Stimulation was set
to elicit an fEPSP with a slope of ~40% of maximum for LTP recordings.
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After 20 min of baseline stimulation, LTP was induced by applying theta-
burst stimulation (TBS), in which a burst consisted of 4 pulses at 100 Hz,
which were repeated 10 times in a 200 ms interval (5 Hz). Three such
trains were used to induce LTP at 0.1 Hz. Basic synaptic transmission and
presynaptic properties were analyzed via input—output (IO) measure-
ments and paired-pulse facilitation. The IO measurements were per-
formed by application of a defined value of current (25-250 pA in steps
of 25 nA). Paired-pulse facilitation was performed by applying a pair of
two stimuli spaced by different interstimulus intervals ranging from 10,
20, 40, 80, to 160 ms. Data were collected, stored, and analyzed with
LABVIEW software (National Instruments). The initial slope of fEPSPs
elicited by stimulation of the Schaffer collaterals was measured over time,
normalized to baseline, and plotted as average = SEM. Statistical analyses
were performed using Student’s ¢ test.

Behavior. Behavioral analysis was performed according to the proto-
cols previously published (Weyer et al., 2011). All behavioral procedures
were approved by animal welfare authorities. A total of 34 mice of both
sexes were analyzed in a blinded manner: APPACT15,n = 17 (11 female,
6 male); APLP2-KO controls, n = 17 (11 female, 6 male). The mice were
transferred to single cages before the beginning of the experimental
period and tested under dim light (~12 lux) during the dark phase of
the cycle (lights on between 8:00 P.M. and 8:00 A.M.). Standard mouse
chow, water, and nesting material were available ad libitum. The home
cage rack was brought to the test room at least 30 min before each exper-
iment. Mice at the age of 5.5-7 months were analyzed over 4 weeks in the
following order of tests: home cage activity, open field, grip strength,
rotarod, T-maze, nesting, burrowing, and the radial maze. Criteria for
postexperiment exclusions before statistical comparisons are run were
technical failures, aberrant nonperformant behavior, and data values 3
SDs above mean (applies to all behavioral experiments). T-maze: one
female APPACT15-DM was excluded as nonperformer (no choices).
Radial maze: one female APLP2-KO was excluded as nonperformer (too
many bait and arm neglects).

Grip strength. Forepaw grip strength was measured as described previ-
ously (Ring et al., 2007) using a Newton meter (maximum force: 300 g)
that was positioned horizontally and attached to a metallic ring of 5.5 cm
diameter and 3 mm thickness. Mice were held by the tail and allowed to
grasp the ring with both forepaws. They were then gently pulled back
until they released the ring. Five measurements were obtained each on 2
consecutive days and averaged.

Home cage activity. Home cage activity was recorded as described pre-
viously (Madani et al., 2003) using a cage rack equipped with one passive
IR sensor per mouse (ActiviScope, New Behavior). The sensors detected
any locomotion and remained silent only when the mice were sleeping or
grooming. Recording started after a habituation period of at least 18 h,
and circadian profiles were calculated by averaging data from at least 4
recording days.

Open field. Activity was tested as described previously (Madani et al.,
2003). In brief, the open field was a dimly lit circular arena (150 cm diameter)
in which the mice were observed and tracked using Noldus EthoVision 3.1
software (Noldus Information Technology) for 10 min each on 2 consecu-
tive days. The arena was divided into a wall zone (18% of surface, 7 cm wide),
a center zone (50%), and a transition zone in between.

Radial maze. The working memory procedure on the 8-arm radial
maze was performed as described previously (Hick et al., 2015). The
apparatus was constructed of gray polyvinyl chloride. Eight arms (7 X 38
cm) with clear Perspex sidewalls (5 cm high) extended from an octagonal
center platform (diameter: 18.5 cm, distance between platform center
and end of arm: 47 cm). It was placed 38 cm above the floor in a dimly lit
room (4 X 40 W bulbs, 12 lux) rich in salient extramaze cues (same room
as for water-maze testing). Small cereal pellets (~6 mg) were placed as
baits in small metal cups (3 cm diameter, 1 cm deep) at the end of each
arm, in such a way that the mouse could not see them without completely
entering the arm. A reversed box of clear Perspex served to confine the
mouse on the center platform before each test session during which the
mice were allowed to move freely in the maze. Mice were gradually re-
duced to and maintained at 85% of their free-feeding body weight using
apremeasured amount of chow each day. Water was available ad libitum.
Mice performed one trial per day lasting maximally 10 min or until the
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animal had collected all pellets. They began with two habituation sessions
during which they were accustomed to collect pellets from the maze that
were distributed all over the maze. During the following 10 training trials,
each cup was baited only with one pellet. While trials were video-tracked
using a Noldus EthoVision 3.1 system (www.noldus.com), consumption
of each pellet was registered by pressing a designated key on the keyboard.
Using this information, we calculated the number of correct choices
among the first eight, as well as the number of reentry errors as a function
of trial and of baits already collected.

T-maze. Spontaneous alternation on the T-maze was assessed as de-
scribed previously (Deacon and Rawlins, 2006). The T-maze was made of
gray PVC. Each arm measured 30 X 10 cm. A removable central partition
extended from the center of the back goal wall of the T to 7 cm into the start
arm. This totally prevented the mouse from seeing or smelling the noncho-
sen arm during the sample run, thus minimizing interfering stimuli. The
entrance to each goal arm was fitted with a guillotine door. Each trial con-
sisted of an information-gathering sample run, followed immediately by a
choice run. For the sample run, a mouse was placed in the start arm, facing
away from the choice point with the central partition in place. It was allowed
to choose a goal arm and confined there for 30 s by lowering the guillotine
door. Then the central partition was removed, the mouse replaced to the
start arm, and the guillotine door was raised. Alternation was defined as
entering the opposite arm to that entered on the sample trial (whole body,
including tail). Three trials were run per day with an intertrial interval of ~60
min. Each mouse received 6 trials in total; and for data analysis, the percent-
age of correct choices was calculated.

Nesting test. Nest building was studied as described previously (Dea-
con, 2006b). At the beginning of the dark phase, mice were placed in
individual testing cages (Type II, 267 X 207 X 140 mm), containing
regular bedding and a Nestlet of 3 g compressed cotton (Ancare). After
24 h, the nests were assessed on a rating scale of 1-5: 1 = Nestlet >90%
intact; 2 = Nestlet 50-90% intact; 3 = Nestlet mostly shredded but no
identifiable nest site; 4 = identifiable but flat nest; 5 = crater-shaped nest.

Burrowing test. Burrowing was studied as described previously (Dea-
con, 2006a). A gray plastic tube (inner diameter: 6.3 cm; length: 18.2 cm)
was filled with 350 g standard diet food pellets (Kliba Nafag 3430, Pro-
vimi Kliba; ~3 g each) and placed at a slight angle into a large standard
transparent mouse cage (Type I1I, 425 X 266 X 155 mm). The lower end
of the tube was closed, resting on the cage floor. The open end was
supported 3.5 cm above the floor by two metal bolts. The cage floor was
covered with fresh standard bedding material, and a cardboard environ-
mental enrichment tube was also placed in the test cage. At the beginning
of the dark period, mice were placed individually in test cages and left in
their familiar animal room for an observation period of 4 h after which
the amount of nondisplaced food was measured. This was followed by a
second observation period of 20 h. Water was available ad libitum during
the entire period. It was assumed that the amount of food eaten per
mouse (2 = 0.5 g) was a very small portion of the 350 g available and
approximately equal across the groups.

Data were analyzed using mixed ANOVA models with genotype
(APPACT15-DM, APLP2-KO control) as between-subject factor and
within-subject factors to explore the dependence of genotype effects on
place, time, or response type. Sex factor is not reported because there
were no genotype X sex interactions. Significant interactions and, where
necessary, significant main effects were further explored by Tukey-
Kramer’s post hoc tests or by splitting the ANOVA model, as appropriate.
One-sample ¢ tests were used for follow-up comparisons against chance
levels. Variables known to produce strongly skewed distributions and/or
frequent outliers were subjected to a log(1 + x) transformation before
ANOVA as indicated. The significance threshold was set at p = 0.05. The
false discovery rate control procedure of Hochberg was applied to groups
of conceptually related variables within single tests to correct significance
thresholds for multiple comparisons.

Results

APPACT15 only partially rescues the postnatal lethality of
APP/APLP2 double knock-out mice

To assess in more detail the specific role of the APP C-terminus
for early postnatal development and in the adult CNS, we crossed
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Figure1.  Analysis of APP processing in APPACT15-DM mice. A, Scheme depicting APP, WT, and APPACT15 truncation. A stop codon was inserted into APP exon18 leading to the deletion of the
last 15 amino acids, including the YENPTY interaction motif. The APPACT15 variant is expressed under the control of the endogenous APP promoter. APPACT15-DM mice were generated by crossing
APPACT15 knockin (KI) mice with APLP2-KO mice; for final heterozygous intercrosses, APP A APLP2-KO mice were used. APLP2-KO mice served as internal littermate controls. B, Expression of APP
and antibody specificity was analyzed in brain homogenates from APLP2-KO littermate controls, APPACT15-DM, WT, and APP-KO mice. No signal is detected using (1/6.1 antibody directed against
the APP C-terminus (top; for antibody epitopes, see A). M3.2 antibody detects both APP-WT and APPACT15, whereas no signal is obtained in APP-KO brain. B-tubulin staining served as a loading
control. C, Western blot of total APP (M3.2 antibody) in adult mouse brain homogenates (left). Quantification (right) showed slightly reduced total APP levels (Figure legend continues.)
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Table 1. Genotype distribution and survival of APPACT15-DM and APP/APLP2-DKO mice at weaning

Matings (genetic background) Genotype (expected frequency) Total offspring Obtained (frequency) Obtained of expected X test
AP ANPLP2 T R) APP/AApLP2 ~/~ (25%) 66 (11.3%) 45.3%

APP+/SpPLP2 ~/~ (50%) 583 329 (56.4%)

APP+/+ APLP2 ~/~ (25%) 188 (32.2%)

Exd

AP/~ APLP2 '~ R1) APP ~/APLP2 '~ (25%) 39 (4.8%) 19.2%

APP+/=APLP2 ~/~ (50%) 813 467 (57.4%)

APP +/+APLP2 ~/~ (25%) 307 (37.8%)
AP/ AAPLP2 ~/~ (R6) AP/ AppLPY /= (25%) 80 (6.7%) 269%

APP +/AAPLP2 —/= (50%) 1189 699 (58.8%)

APP+/+ APLP2 '~ (25%) 410 (34.5%)
APP /= APLP2 '~ (R6) AP APLP2 ™ (25%) 1 0.8%) 7%

APP /= APLP2 '~ (50%) 798 485 (60.8%)

APPACT15-DM and APP/APLP2-DKO mice were obtained from heterozygous APP */“APLP2 ~/~ and APP */~ APLP2 /™ intercrosses. The survival rate of mutant mice varied depending on the genetic background. Mice with a mixed
genetic background (R1 = 129/0la X (57BL/6) showed a higher survival rate than mice backcrossed at least 6 times to C57BL/6 (R6). Depending on the genetic background, ~27% (R6) to ~45% (R1) of expected APPACT15-DM mice
were obtained at weaning (P21-P28), whereas only 7% (R6) to ~19% (R1) of APP/APLP2-DKO mice were viable. Statistical significance was calculated using x? test with regard to the expected Mendelian genotype distribution (***p <

0.001) for each of the given matings; data not shown) or between the different genotypes.

APPACT15-KI mice lacking the last 15 amino acids of APP with
APLP2-deficient mice. Double mutants (designated APPACT15-
DM) were obtained from heterozygous APP*'*APLP2 /™ inter-
crosses (Fig. 1A; Table 1). For comparison, DKOs were generated
in parallel by intercrossing heterozygous APP ~/*APLP2 '~
mice (Table 1). As the genetic background may influence the
penetrance and severity of knock-out phenotypes (Wolfer and
Lipp, 2000; Aydin et al., 2011), we also investigated whether the
genetic background may affect survival rates. To this end, we
compared genotype distributions in animals of mixed genetic
background (129/0OLA X C57BL/6) that had been backcrossed
only once to C57BL/6 (designated R1) and animals backcrossed
to C57BL/6 for >6 generations (designated R6; Table 1). New-
born homozygous APPACT15-DMs showed a Mendelian-like
genotype distribution (x* test, p = 0.238, R1 background, n =
244 newborns) similarly as previously shown for APP/APLP2-
DKO mice (von Koch et al., 1997; Heber et al., 2000), thus
excluding prenatal lethality. At weaning, we obtained a consider-
able proportion of surviving homozygous APPACT15-DM mice,
however, significantly (x> test, p < 0.001) less than expected
from Mendelian frequency: ~45.3% of expected homozygous
APPACT15-DM mice survived on mixed (R1) background (66 of
583 total offspring), whereas we found a lower survival rate of
26.9% of expected (80 of 1189 total offspring) on backcrossed
C57BL/6 (R6) background (Table 1). Earlier studies reported a
small number of surviving APP/APLP2-DKO “escape” mutants
(von Koch et al., 1997; Heber et al., 2000). Here, we analyzed

<«

(Figure legend continued.)  in APPACT15-DM mice (~89.6% of APLP2-KO set as 100%). D,
AB,oand AB,, were quantified by ELISA. AB,, and A3, levels were similar in APLP2-KO and
WT mice. In contrast, AB3,, and A3, were severely reduced in APPACT15-DM mice. AB,,:
ANOVA, F 5 14 = 99,37; p < 0.0001 with Tukey's post hoc test; AB,,: ANOVA, F, 15 = 119.3;
p << 0.0001 with Tukey's post hoc test; WT, n = 5; APLP2-KO, n = 6; APPACT15-DM, n = 6.E,
B-CTF is detected in membrane fractions obtained from cortices of adult APLP2-KO littermate
and WT mice using antibody M3.2 directed against the N-terminus of the A 3-region. No 3-CTFs
were detectablein APPACT15-DM mice or APP-KO mice that served as a negative control. Short
exposure of the same gelis shown for detection of full-length APP (top), long exposure (bottom)
for B-CTF detection. F, Analysis of soluble APP fragments indicated highly reduced APPs3
(14.4% of APLP2 control mice) but only nonsignificant, minor reduction of APPscx (93.2%).
Dotted line indicates that samples were run on the same gel but not in adjacent lanes. C, F,
APLP2-KO, n = 6; APPACT15-DM, n = 6. Values are mean == SEM. ****p << 00001 (¢ test).
**p << 0.01 (t test). *p << 0.05 (t test). n.s., Not significant.

survival more systematically in a large set of offspring (cumulating
data over several years) and found that either 19.2% of the expected
DKOs (R1) or only 7% of backcrossed DKOs (R6) survived (Table
1). Importantly, however, for both genetic backgrounds (R1 and
R6), the percentage of surviving APPACT15-DM mice was signifi-
cantly and considerably higher (~2.3- to 3.8-fold) than the percent-
age of viable DKO animals ( X test, p < 0.001; Table 1). Together,
these data clearly indicate that the APPACT15 allele is able to only
partially rescue the lethality of DKO mutants and that genetic back-
ground modulates postnatal survival rates of APP/APLP mutants.
To avoid potentially confounding effects of background alleles, the
subsequent phenotypic analysis of surviving adult APPACT15-DM
mice was performed in backcrossed (R6) animals.

Lack of the APP C-terminus impairs A3 generation in
APPACT15-DM mice

We then investigated the role of the APP C-terminus for endog-
enous APP processing in vivo (Fig. 1). As a baseline for further
experiments, we confirmed the lack of the APP C-terminus in
APPACT15-DM mice by Western blot analysis (Fig. 1A, B) using
a C-terminus specific antibody (C1/6.1) and APP-KO mice as a
negative control. Expression of total APPACT15 was slightly re-
duced (89.6% of control, p = 0.0411; Fig. 1C) due to somewhat
reduced expression at the mRNA level in KI mice (Ring et al.,
2007). Previously, we had shown in APPACT15-KI single mu-
tants (Ring et al., 2007) that lack of the APP-CT15 domain, which
contains the YENPTY consensus motif for clathrin-mediated en-
docytosis, enhances APP cell surface expression and reduces cel-
lular APP turnover, likely via reducing endosomal 3/y-secretase
processing (Perez et al., 1999). Consistent with our previous anal-
ysis of APP mutants (Ring et al., 2007), AB40 levels (determined
by a sensitive electrochemiluminescence ELISA) were highly re-
duced (to ~21.3 * 2.2% of littermate control levels; Fig. 1D) in
cortical brain lysates of APPACT15-DM mice. Similarly, while
APB42 was readily detectable in littermate controls, AB42 levels
were close to the detection limit in APPACT15-DM brain (Fig.
1D). Likewise, although we could detect B-CTFs (B-secretase
generated C-terminal fragments) in membrane-enriched frac-
tions of wild-type mice and littermate controls, we failed to detect
them in APPACT15-DM mice (Fig. 1E). Next, we assessed
whether lack of the APP-CT15 domain affects APPs ectodomain
shedding (Fig. 1F). Consistent with reduced AB and B-CTF lev-
els, we detected also a pronounced reduction of soluble APPsf3
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(to 14.4% of control, p = 0.0022, Student’s ¢ test; Fig. 1F),
whereas APPsa levels (93.2% of control; p = 0.2381, Student’s ¢
test) were not significantly different in APPACT15-DM mice.
Together, these data indicate that lack of the APP-CT15 domain
in APPACT15-DM mice strongly impairs amyloidogenic APP
processing in vivo, whereas APPsa levels are similar to littermate
controls.

APPACT15-DM mice exhibit a widened endplate band with
smaller and fragmented neuromuscular synapses

Previously, aberrant neuromuscular synaptic morphology was
found in newborn lethal APP/APLP2-DKO mice (Wang et al., 2005;
Klevanski et al., 2014) and also in adult APPsa-DM mice lacking
transmembrane APP and expressing solely APPsac (Weyer et al.,
2011). To investigate whether the APP-CT15 domain is required for
proper neuromuscular junction (NMJ) morphology, we studied the
diaphragm from surviving young adult APPACT15-DMs compared
with APLP2-KO littermates and WT controls (Fig. 2). Endplate to-
pology was visualized by bungarotoxin rhodamine staining of
AChRs. In adult (2-month-old) APPACT15-DM mice, endplates
were distributed over a much larger muscle area (Fig. 2A), although
the size of the diaphragm along the left—right body axis was not
altered in mutant mice (Fig. 2B). Quantification of synapse distribu-
tion also showed a significant increase of endplate band width (Fig.
2C) and a concomitant reduction in synapse density with no change
in the total synapse number (Fig. 2D, E). To assess the severity of
endplate widening, we also studied diaphragms of newborn
APPACT15-DM compared with lethal DKO mice (Fig. 2F—J). The
synapse band widths of newborn APPACT15-DM and DKO mice
were significantly increased to a similar extent compared with
controls (Fig. 2 F, H-]). This was also associated with a similar
degree of nerve terminal sprouting in mice of both genotypes
(Fig. 2G). Next, we studied the morphology of individual syn-
apses at high magnification (Fig. 3). In adult surviving
APPACT15-DM mice, we found that both the postsynaptic
area covered by AChRs and the size of synaptophysin-
immunoreactive presynaptic specializations were significantly
reduced compared with APLP2 and WT controls (Fig. 3A-C).
Interestingly, we also noted a gradual, significant reduction
already in APLP2-KO single mutants compared with WT (Fig.
3A-C). In addition, many endplates of APPACT15-DM mice
appeared fragmented, consisting of several small discontinu-
ous islands contrasting with the typical “pretzel”-like pattern
found in adult WT mice (Fig. 3A). Computer-assisted quanti-
fication confirmed a highly increased degree of fragmenta-
tion in APPACT15-DM mice (Fig. 3D). Again, we asked
whether the phenotype might be similar or ameliorated in
APPACT15-DM mice compared with completely APP/
APLP2-deficient DKOs. Analysis of newborn mice (Fig.
3E-H) indicated significantly reduced presynaptic and post-
synaptic area in both APPACT15-DM and DKO mutants (Fig.
3F,G), with a slightly more pronounced reduction in DKO
mice that did, however, not reach statistical significance. In
addition, presynaptic and postsynaptic apposition was found
to be significantly reduced to a similar extent in synapses of
APPACT15-DM and DKO pups, as evidenced by Manders’
overlap coefficients (Fig. 3H). These data indicate that, al-
though a proportion of APPACT15-DM mice survive up to
weaning, NMJ morphology is compromised and closely re-
sembles that of lethal DKO mice, suggesting a crucial role of
the last 15 amino acids for NMJ formation and maintenance.

Klevanski et al. ® Role of the APP C-Terminus for Synaptic Function

Impaired neuromuscular transmission and motor
performance in surviving APPACT15-DM mice

Next, we examined whether impaired neuromuscular morphol-
ogy is associated with functional deficits. APP and APLPs have
been localized to presynaptic and postsynaptic compartments at
the NMJ (Wangetal., 2005; Klevanski et al., 2014) and in the CNS
to the presynaptic active zone (Laflek et al., 2013). Moreover,
biochemical studies had indicated that APP binds via the
YENPTY motif to several adaptors, including Fe65 and Mint pro-
teins that, in turn, bind to Munc18 and may thus link APP to the
vesicle release machinery (Weyer et al., 2011). Spontaneous
transmitter release recorded from the diaphragm was, however,
not affected in adult APPACT15-DM mice, as evidenced by lack
of significant differences in miniature endplate potential (MEPP)
frequency or amplitudes (Fig. 4A,B). We also studied potential
differences in evoked transmitter release. Although quantal con-
tent (e.g., the response to a single action potential) was unaffected
(Fig. 4C), APPACT15-DM mice revealed a significantly reduced
readily releasable pool (Fig. 4D) determined according to
Elmqvist and Quastel (1965), which implies a reduction in the
number of presynaptic release sites and is consistent with the
decrease in presynaptic area shown in Figure 3. The probability of
synaptic vesicle release was increased (Fig. 4E), which may ex-
plain why the quantal content was unchanged (Fig. 4C; quantal
content is the product of the readily releasable pool and the prob-
ability of release). Short-term plasticity was studied by measuring
paired-pulse facilitation and was normal (data not shown). No-
tably, when stimulating the phrenic nerve for 10 s with 20 Hz
trains of action potentials, APPACT15-DM mice displayed sig-
nificant deficits to sustain transmitter release over prolonged pe-
riods of stimulation (Fig. 4F ). Consistent with these findings, we
observed a pronounced grip strength deficit in APPACT15-DM
mice (Fig. 4G). As a baseline for subsequent cognitive tests, we
studied spontaneous locomotor activity in a familiar home cage
where APPACT15-DM mice showed increased activity (Fig. 4H ). In
the open field that assesses locomotor and exploratory behavior in a
novel environment, APPACT15-DMs displayed increased locomo-
tion and lacked habituation observed in APLP2-KO littermate con-
trols (Fig. 4I). In addition, APPACT15-DMs showed significantly
reduced avoidance of the center field (Fig. 4]). This, together with
the highly abnormal time course of activity in the home cage and the
open field, is likely related to hippocampal dysfunction (see also
below). Together, our data indicate that, whereas APPACT15-DM
mice show deficits in demanding motor tasks involving sustained
muscle contraction, basal locomotion is not impaired.

Impaired synaptic plasticity and hippocampus-dependent
behavior

As we have previously shown an impairment in synaptic plasti-
city in aged APP-KO mice, we explored whether lack of the
APP-CT15 domain may affect LTP. LTP induction by TBS led to
an overall increase in synaptic strength in both APPACT15-DMs
and APLP2-KO littermate controls (Fig. 5A). APPACT15-DMs
revealed significantly decreased potentiation already at early time
points after TBS during the induction phase of post tetanic po-
tentiation (Fig. 5A). This defect proceeded into the maintenance
phase of the LTP, showing a significant reduction of average po-
tentiation at 55—-60 min after TBS of 129 *= 6.0% (n = 15/4
corresponding to 15 slices from 4 mice) for APPACT15-DM mice
compared with 160 = 9.7% (n = 16/5) for littermate controls
(Fig. 5B; p = 0.015, t test). To assess whether this defect persists
also at later phases of protein synthesis-dependent LTP (termed
late-LTP), responses were recorded 3 h after TBS, and the mean
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Figure2.  Widening of the endplate band and excessive branching of the phrenic nerve in APPACT15-DM mice. A, Representative images of whole-mount bungarotoxin staining of diaphragm
muscles from adult (2-month-old) mice. B, Left—right (Ir) extension of the diaphragm was measured as distance of synapse band from muscle border. The Ir extension was not altered in mutant mice.
(-E, Quantitative analysis of endplate distribution. C, The width (w) of the synapse band was calculated from 8 equidistantly positioned endplate-containing segments. Note the widening of the
endplate band in adult APPACT15-DM mice. D, Total synapse numbers (1) quantified from 8 band subareas are unaffected among all genotypes analyzed. E, Synapse density calculated as synapse
number (shown in C) per subarea (n/A) is significantly reduced in APPACT15-DM adult mice compared with WT. F-J, Analysis of endplate distribution in newborn (P0) mice. F, Whole-mount
bungarotoxin staining revealed widening of the endplate band already in newborn APPACT15-DMs to an extent similar to newhborn APP/APLP2-DKO mice. G, Exemplary panels demonstrating
excessive nerve terminal branching, visualized by synaptophysin immunostaining (green), in both APPACT15-DM and APP/APLP2-DKO newhorns. Quantification of synapse band parameters
reveals that both APPACT15-DM and APP/APLP2-DKO PO mice exhibit a significantly increased synapse band width (H) accompanied by a reduced synapse density (/) while the total number of
synapses per comparable area was equal for the genotypes analyzed (/). Number of mice analyzed in C~E (age: 2 months): WT,n = 5; APLP2-KO, n = 7; APPACT15-DM, n = 4;in H-J (age: P0):
WT, n = 5; APLP2-KO, n = 8; APPA(T15-DM, n = 5; APP/APLP2-DKO, n = 5. Error bars indicate mean == SEM. One-way ANOVA with Bonferroni post hoc test: ***p << 0.001, **p < 0.01, *p <
0.05, n.s., not significant. Scale bars: 4, F, 100 pem; G, 200 m.
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Figure 3.  APPACT15-DM mice show abnormal synaptic morphologies and deficits in presynaptic/postsynaptic apposition. A, Synaptic morphology of adult mice. Postsynaptic AChRs were
labeled by bungarotoxin (red), presynaptic specializations by synaptophysin staining (Syn, green). Quantitative analysis indicates a significant reduction of both the area covered by AChRs (B) as well
as the synaptophysin-occupied area (€) in APPACT15-DM mice. Representative images of bungarotoxin-stained AChR clusters (see A) and computer-based quantification (D) reveal that endplates
of adult APPACT15-DM mice appear fragmented, consisting of a significantly increased number of islands, whereas WT synapses show a typical pretzel-like shape. E, F, Morphological NM)
abnormalities in newborn APPACT15-DM mice are similar to those observed in APP/APLP2-DKOs. E, White boxes highlight presynaptic and postsynaptic specializations. Arrows indicate nerve
terminal overgrowth in APPACT15-DM and APP/APLP2-DKO animals. Quantification reveals significantly reduced areas of presynapses (F) and postsynapses (G) in both newborn APPACT15-DM
and APP/APLP2-DKO mice and (H) a significantly reduced colocalization between AChR- and Syn-positive areas. Total number of synapses and number of mice analyzed in B-D (age: 2 months): WT,
n = 213/5 (corresponding to 213 synapses from 5 mice); APLP2-KO, n = 218/6; APPACT15-DM, n = 106/4; in F-H (age: P0): WT, n = 119/6; APLP2-KO, n = 80/5; APPACT15-DM, n = 75/4;
APP/APLP2-DKO, n = 75/4. Bars represent mean == SEM. One-way ANOVA with Bonferroni post hoc test: ***p << 0.001, **p << 0.01, *p << 0.05. Scale bars: D, 10 wm; E, 15 pm.
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Figure 4.  Impaired neuromuscular transmission and motor performance in APPACT15-DM mice. Mean MEPP frequency () and amplitude (B) reflecting spontaneous vesicle release are not
affected in surviving APPACT15-DM mice compared with APLP2-KO littermate controls. C—F, Evoked vesicle release. €, Quantal content of APPACT15-DM mice is not significantly altered. However,
APPACT15-DM:s display a significantly decreased pool of readily releasable vesicles (ves.) (D) paralleled by an increased probability of vesicle release (E). E, Probability of release was calculated as
the ratio of the quantal content of the first response of a train divided by the readily releasable pool of that synapse. F, Endplate potentials were measured at six time points (1,2, 4, 6,8, and 10s)
during a total stimulation period of 10 (at 20 Hz). For each data point, five responses occurring during a 200 ms window were averaged. The evoked postsynaptic responses in APPACT15-DM mice
were significantly (p << 0.05) reduced between 4 and 10 s of stimulation. Total number of myofibers and number of mice analyzed in A: APLP2-KO, n = 49/5 (corresponding to 49 myofibers from
5mice); APPACT15-DM, n = 54/5;in B: APLP2-KO, n = 50/5; APPACT15-DM, n = 54/5;in C: APLP2-KO, n = 30/5; APPACT15-DM, n = 54/5;in D, E: APLP2-KO, n = 29/3; APPACT15-DM, n =
47/5; in F: APLP2-KO, n = 29/3; APPACT15-DM, n = 46/5. G, Significantly decreased grip strength of APPACT15-DMs indicates impaired muscular performance. H, Home cage activity of
APPACT15-DM mice was significantly increased during the dark but unaltered during the light phase. /, Exploratory behavior of mice was tested in a circular open field. In a new environment, the
locomotion activity of APPACT15-DM animals increased during 2 consecutive days, which differs from the habituation behavior of APLP2-KO controls. J, In contrast to the WT-like zone preference
of APLP2-KOs, APPACT15-DM mice showed significantly reduced avoidance of the center and the transition (trans) zone. Number of mice analyzed in G: APLP2-KO, n = 17; APPACT15-DM, n =
15;and in H-J: APLP2-KO, n = 17; APPACT15-DM, n = 17. Bars, circles, and squares represent mean == SEM. Statistical analysis was performed using Student’s t test in A—F or ANOVA, genotype,
Fir,28 = 59.3,p < 0.0001 (G), phase X genotype, F; 35, = 50.7, p << 0.0003 (H), time XX genatype, F 5 o) = 40.4,p < 0.0001 (I}, zone X genotype, F, 5 = 31.1,p < 0.0001 (J) with Tukey’s
post hoc testin G—J: ***p < 0.001, **p << 0.01, n.s., not significant. Age at analysis: A—F, ~6— 8 weeks; and G—J, 5.5—-7 months.
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Figure5.  APPA(T15-DM mice display impaired synaptic plasticity. A, After 20 min of baseline recording, LTP was successfully induced by TBS (arrow). After TBS application, LTP is significantly
impaired in APPACT15-DMs (red circles) compared with littermate controls (black circles). B, Average fEPSP values for the last 5 min of LTP recording. With a mean of 129 = 6.0%, APPACT15-DMs
show significantly lower potentiation levels than littermate controls with 160 == 9.7% (p = 0.015, Student’s t test). €, Recording time was prolonged to 3 h after TBS to investigate protein
synthesis-dependent late-LTP. Progression of late-LTP displayed a trend comparable with LTP recordings. D, However, no significant difference was observed between mean fEPSP values of
APPACT15-DMs and of littermate controls for the last 5 min of recording (p = 0.215, Student’s ¢ test). E, APPACT15-DM mice show significantly reduced input ouput (I0) strength at defined
stimulus intensities of 100 A (p = 0.046), 125 A (p = 0.042), and 150 A (p = 0.048, Student’s ¢ test). F, The fEPSP slope of APPACT15-DM animals was significantly steeper than that of
APLP2-KO mice at a fiber volley amplitude of 0.2 mV (p = 0.007, Student’s t test). G, APPACT15-DMs show unaffected paired-pulse facilitation. A, €, Insets, Original traces of representative
individual experiments. Calibration: vertical, 1 mV; horizontal, 5 ms. Error bars indicate == SEM. Age at analysis: ~9—12 months.
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of the last 5 min was analyzed. Indeed, a similar trend was ob-
served for APPACT15-DM with 121 * 13.0% (n = 4/3) and
littermate control with 151 = 11.9% of potentiation (n = 3/3),
although it did not reach significance (Fig. 5C,D; p = 0.215, ¢
test). To test whether the defect is accompanied by an altered
basal synaptic transmission, we also measured input ouput (10)
strength. The correlation of the fEPSP slope to defined stimulus
intensities (Fig. 5E) revealed a larger fEPSP slope in double mu-
tants than in controls, which was significant at currents ranging
from 100 A (p = 0.046, t test), 125 pA (p = 0.042), to 150 pA
(p = 0.048). Comparable results were obtained when measuring
the slope size at given fiber volley amplitudes (Fig. 5F). Again, the
slope size was increased in relation to values from littermate con-
trols over the complete measurement, although this difference
became only significant for a fiber volley amplitude of 0.2 mV
(p = 0.007, t test). As a second approach, the presynaptic function-
ality and short-term plasticity were probed by the paired-pulse facil-
itation paradigm. To this end, two pulses with defined interstimulus
intervals were applied, and the ratio of the second to first slope was
calculated, revealing no significant difference (Fig. 5G). Overall, this
points to a postsynaptic, but not presynaptic defect, which might in
turn affect LTP induction and maintenance.

As APPACT15-DMs exhibit reduced muscle strength, we
used dry mazes (instead of the Morris water maze) to study
hippocampus-dependent behavior. To assess spatial working
memory, mice underwent testing in the 8-arm radial maze (Fig.
6A—C). Whereas APLP2-KO littermate controls learned the test
well and made on average 7 correct among the first 8 choices at
the end of training, APPACT15-DMs showed a significantly re-
duced performance with only 5 or 6 correct choices (Fig. 6A) after
10 d of training. Likewise, when collecting baits from the arms of
the maze, the number of reentry errors into previously visited
arms was much higher for APPACT15-DMs (Fig. 6B). In both
groups, the number of reentry errors increased with the number
of baits already collected, reflecting the increasing working mem-
ory load, but in APPACT15-DM mice this increase was signifi-
cantly steeper (Fig. 6C). To examine whether performance of
APPACT15-DM mice on the radial maze was compromised by
hyperactivity, we evaluated three error measures, which we ex-
pected to be increased as a result of hyperactive behavior: non-
choices (partial arm entries without the mouse placing all 4 paws
into the arm), aborted choices (arm entries with the animal re-
turning before reaching the bait area), and procedural errors
(complete entries of a still baited arm without consuming the
bait). These errors occurred in very low numbers mainly during
the first 2 d and were not more frequent in APPACT15-DM mice
(data not shown). Nonchoices were even slightly more numerous
in APLP2-KO controls (ANOVA genotype, F, 5 = 11.15,
p < 0.0023) (data not shown). Also, in the T-maze, which asses-
ses spontaneous alternation between two T-shaped arms,
APPACT15-DMs were severely impaired (Fig. 6D) and per-
formed only at chance level. Finally, mice underwent testing in
two species-typical hippocampus-dependent behaviors (nesting
behavior and burrowing behavior), which have previously been
shown to be severely impaired by hippocampal lesions (Deacon
etal., 2002). In both tests, APPACT15-DMs were drastically im-
paired (Fig. 6 E,F). Together, we are providing converging evi-
dence from four independent behavioral tests (T-maze, radial
maze, and the tests for species specific behavior) for impairments
in hippocampus-dependent behavior in APPACT15-DM mice.
Collectively, these data indicate that lack of the APP-CT15 do-
main severely impairs synaptic plasticity and is associated with
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impairments in spatial working memory and hippocampus-
dependent behavior.

Discussion

The vast majority of studies of APP biology have focused on its role
for AD pathogenesis. Accumulating evidence indicates, however,
thatloss of physiological APP-mediated functions may contribute to
the clinical symptoms of disease, most notably synaptic dysfunction
and loss of cognitive abilities (Taylor et al., 2008; Suh et al., 2013;
Hick et al., 2015). As such, it is crucial to dissect which APP do-
main(s) and/or fragments mediate its various functions in the
developing and adult nervous system. Here, we used a genetic
approach and demonstrate that lack of the APP-CT15 domain
on an APLP2-KO background affects postnatal viability and
leads to defective neuromuscular synapse development and
function. Moreover, we also demonstrate a crucial role of the
APP-CT15 domain for postnatal PNS and CNS physiology,
with APPACT15-DM mice exhibiting synaptic deficits, in-
cluding impaired LTP and behavioral deficits that indicate
hippocampal dysfunction.

The analysis of large cohorts of offspring allowed us to clearly
distinguish rescue effects due to expression of C-terminally trun-
cated APP in APPACT15-DM mice compared with the significantly
lower survival rates of complete DKO mice. Depending on the ge-
netic background, between ~27% and 45% of APPACT15-DM
mice survived into adulthood. These survival rates closely resemble
those of previously generated APPsa-DM mice (Weyer et al., 2011)
and thus identify the APP-CT15 domain as the crucial domain for
proper neuromuscular function, which is a prerequisite for survival.
Indeed, morphological defects of newborn APPACT15-DM and
APP/APLP2-DKO mice were remarkably similar with comparable
degrees of endplate widening, nerve terminal sprouting, reductions
in presynaptic and postsynaptic area, and reduced apposition
of presynaptic and postsynaptic specializations. Surviving adult
APPACT15-DM mice exhibited a large number of fragmented syn-
apses, indicating a role of the APP-CT15 domain for postnatal NMJ
maintenance, consistent with similar findings in APPsa-DM mice
(Weyer et al., 2011). Recordings of synaptic transmission at the dia-
phragm of adult APPACT15-DM mice revealed deficits in the
readily releasable pool and impaired sustained transmitter release
upon repetitive stimulations that were also reflected in reduced
grip force. Interestingly, electrophysiological impairments of
APPACT15-DM mice were less pronounced compared with
APPsa-DM mice that showed, in addition, severely reduced quantal
content and altered MEPP frequencies, suggesting that other motifs
(e.g., more membrane proximal regions or transmembrane APP
anchoring) are also required for normal physiology. Overall, our
studies indicate a requirement of the C-terminus for both early
stages (synaptic patterning and nerve growth) of neuromuscular de-
velopment and postnatal NMJ maturation and function.

What might be the mechanism how lack of the APP-CT15
domain leads to PNS and CNS deficits? Lack of the APP-CT15
domain may abolish the binding of and signaling mediated by
interactors of the YENPTY motif, including Dabl, Shc, Grb,
Mint/X11 proteins, and most notably Fe65 family proteins (Ay-
din et al.,, 2012; van der Kant and Goldstein, 2015), which may
provide a link to Ena/VASP proteins involved in actin organiza-
tion. In this regard, it is striking that Fe65/Fe65L1-DKO mice
exhibit remarkably similar neuromuscular deficits characterized
by reduced size and apposition of presynaptic and postsynaptic
elements, fragmented synapse topology in adult mice, and grip
strength deficits (Kins et al., 2015; S. Kins, personal communica-
tion), suggesting that an APP/APLP2/Fe65L1 complex may be
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Figure 6.

Hippocampus-related cognitive deficits and impaired species-typical behavior in APPACT15-DM mice. Spatial working memory evaluated in the radial maze (A—C). A, APPACT15-DM

animals made fewer correct choices and showed less improvement during consecutive testing intervals. B, To evaluate learning progress, reentry errors per collected bait were averaged within days
and analyzed as a function of time. Double mutants made more errors per bait during days 3—10. C, To evaluate the impact of memory load on error number, reentry errors per collected bait were
averaged across days and analyzed as a function of bait number. With increasing number of already collected baits, double mutant mice showed progressively higher error rates than control animals,
indicating working memory deficits. D, APPACT15-DMs show abolished spontaneous alternation in the T-maze, with 50% being the chance level. Alternation is calculated as the average percentage
from 6 trials per genotype. E, The ability to build nests was significantly impaired in APPACT15-DMs. Scale: worst (1) to best (5) performance. F, APPACT15-DMs removed substantially less pellets
than APLP2-KO after 5 and 24 h of testing. Number of mice analyzed in A-C: APLP2-KO, n = 16; APPACT15-DM, n = 17;in D: APLP2-KO, n = 17; APPA(T15-DM, n = 16;in E, F: APLP2-KO, n =
17; APPACT15-DM, n = 17. Bars and circles represent mean * SEM. Statistical analysis was performed using ANOVA, genotype f; 5o = 30.6,p <<0.0001 (A), genotype F; 5, = 60.4,p << 0.0001
(B), genotype f; 5o, = 93.9,p <<0.0001(C), F(; 59y = 45.7,p < 0.0001 (D), F; 30 = 147,p << 0.0001 (E), genotype F ; 3 = 20, p << 0.0001 (F). Tukey’s post hoc test: ***p << 0.001, **p < 0.01.

Age at analysis: ~5.5-7 months.

crucially involved in APP transmembrane signal transduction.
Consistent with this model, APPY**2¢ knockin abrogates Fe65
binding and newborn APP Y**2SAPLP2-KO mice exhibited defi-
cits in neuromuscular morphology (Barbagallo et al., 2011). It is
also clear, however, that lack of Fe65 signaling alone cannot fully
account for APP/APLP2 functions at the NM]J as lethality of APP/
APLP2-DKO mice is highly penetrant (e.g., 93% on C57BL6
background), whereas the majority of Fe65/Fe65L1-DKO mice
proved viable (Guénette et al., 2006). In turn, this implicates

other interactors and/or APP domains as being required for
proper NMJ function. Consistent with this, we and others have
previously shown that APP binds Mint/X11 proteins, which
may provide a functional link to Munc18 and thus the machinery
for transmitter release (Weyer et al., 2011). Of note, the recently
identified cytoplasmic G, binding site that links APP to Akt sig-
naling (Deyts et al., 2012; Ramaker et al., 2013; Milosch et al.,
2014) is still present in APPACT15 mutants, excluding a role of
this pathway for NM]J deficits.
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Partial viability of DM mice also allowed us to investigate CNS
functions. Although APPACT15-KI single mutants exhibit a
WT-like phenotype (Ring et al., 2007), we show here that, in the
absence of APLP2, the APPACT15 variant is not sufficient to
confer normal synaptic plasticity and behavior; this highlights
again the importance of APLP2, which is often neglected in the
AD field. The behavioral phenotype of APPACT15-DMs with
defects in spatial working memory (impairments in T-maze and
radial maze performance) indicates hippocampal dysfunction
(Deacon and Rawlins, 2006), which is further supported by im-
paired species-typic behaviors (nesting and burrowing) that are
highly sensitive to hippocampal lesions (Deacon et al., 2002).
This notion is further supported by hyperactivity and lack of
habituation in the open field (Roberts et al., 1962). Although
basal synaptic transmission was largely normal, impaired
hippocampus-dependent behaviors were also reflected in im-
pairments in both the induction and maintenance of LTP. Nor-
mal short-term plasticity, assessed by paired-pulse facilitation,
indicated that presynaptic functions, including transmitter re-
lease are normal, implicating postsynaptic defects as the major
underlying cause of LTP deficits in APPACT15-DM mutant
mice. Recently, we observed impairments in paired-pulse facili-
tation (that may indicate a deficit in the control of presynaptic
Ca’") in NexCre cDKO mice completely lacking APP and APLP2
(Hicketal., 2015), suggesting that also extracellular and/or mem-
brane domains of APP contribute to its presynaptic function. In
addition, an upregulation of presynaptic L-type Ca®" channels
(Ca,, ,) and altered short-term plasticity were found in GABA-
ergic striatal APP-KO neurons (Yang et al., 2009). Thus, it ap-
pears that APP family proteins mediate crucial presynaptic and
postsynaptic functions at both PNS and CNS synapses.

Overall, the phenotype of APPACT15-DM mice closely re-
sembles that of previously generated APPsa-DM mice, which
suggests an important role of APP transmembrane signaling for
synaptic function. Consistently, recent analysis of Fe65-KO,
Fe65L1-KO, and Fe65/Fe65L1-DKO mice also revealed similar
CNS phenotypes, including defects in learning tasks and most
notably LTP (Kins et al., 2015; S. Kins personal communication),
strongly supporting the view that APP and Fe65 family proteins
function in a common signaling pathway.

However, lack of the APP-CT15 domain not only abolishes
binding of interactors, such as proteins of the Fe65 family, but
also may indirectly affect APP physiology via altering the
amounts/ratio of APP fragments being produced. Here, we un-
equivocally show that lack of the APP-CT15 domain strongly
impairs Af3 generation in vivo, establishing the APP C-terminus
as a target for AP lowering strategies. Our findings of reduced
amyloidogenic processing contrasts with previous studies of
APP/hAB/mutC knockin mice with C-terminal APP truncations
(Li et al., 2010b) that were, however, confounded due to the
cointroduction of three FAD-related mutations (Swedish, Arctic,
and London), including the Swedish double mutation known to
lead to highly elevated A levels. Given that young adult APP-KO
mice lacking AB production are normal and that APPsf3 cannot
rescue the lethality of APP/APLP2-DKO mice (Li et al., 2010a)
and may even be neurotoxic (Nikolaev et al., 2009), we doubt
that insufficient amyloidogenic APP processing causes the ob-
served phenotypic abnormalities. The importance of the APP
C-terminus for APP processing is also evident from APP ***¢-KI
mice (that can no longer bind Fe65), which produce highly ele-
vated APPsa levels (Barbagallo et al., 2010). Whereas young an-
imals were normal, aged APP Y**2S-KI mice developed impaired
cognitive function and spine loss (Matrone et al., 2012), which
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may indicate a dominant negative role of the APP Y**2< mutation

or that massive chronic overproduction of APPsa might have
adverse effects.

Here, we show that APPsa production in APPACT15-DM
mice is not significantly altered compared with the phenotypi-
cally normal littermate controls, thus excluding potentially ad-
verse effects due to APPsa overexpression. It is also conceivable,
however, that the precise regulation of APPsa secretion at the
synapse that occurs correlated with synaptic activity (Hoey et al.,
2009; Hoe et al,, 2012) may be lost in the absence of the
APP-CT15 domain (and similarly also in APPsa-DM mice). Sev-
eral findings indicated that secreted APPsa is crucially involved
in synaptic functions (Ishida et al., 1997; Meziane et al., 1998;
Bour et al., 2004; Bell et al., 2008; Prox et al., 2013; Weyer et al.,
2014). Notably, intracerebral infusion of APPsa-specific anti-
bodies or pharmacological inhibition of a-secretase impaired
LTP in adult rats (Taylor et al., 2008). Recently, to circumvent
lethality due to neuromuscular impairments, we generated
forebrain-specific APP/APLP2 double knock-out (¢cDKO) mice
that exhibited reduced spine density, impaired LTP and
hippocampus-dependent behaviors (Hick et al., 2015). Strik-
ingly, the impairment of LTP of adult cDKO mice could be res-
cued by acute application of nanomolar amounts of recombinant
APPsa (but not APPsf), indicating a crucial role for APPsa to
support synaptic plasticity on a rapid time scale in adult brain
(Hick et al., 2015). Clearly, more work, in particular the identifi-
cation of the still elusive APPsa receptor, is needed to fully
understand the precise synaptic role of the APP gene family. Con-
sistent with our data, a recent study from Drosophila implicated
both secreted APPLs (the fly homologs of APP) and a noncleav-
able transmembrane APPL isoform in memory formation (Bour-
det et al.,, 2015). Collectively, these studies and our present
analysis of APPACT15-DM mice show the complex and multi-
faceted nature of APP/APLP physiological functions and indicate
that not only secreted APPsa but also transmembrane APP sig-
naling is required for normal PNS and CNS function, which
needs to be taken into account when studying the pathophysiol-
ogy of APP with respect to Alzheimer’s disease.
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