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Abstract The key role of APP in the pathogenesis of
Alzheimer disease is well established. However, postna-
tal lethality of double knockout mice has so far precluded
the analysis of the physiological functions of APP and
the APLPs in the brain. Previously, APP family proteins
have been implicated in synaptic adhesion, and analysis
of the neuromuscular junction of constitutive APP/APLP2
mutant mice showed deficits in synaptic morphology and
neuromuscular transmission. Here, we generated animals
with a conditional APP/APLP2 double knockout (cDKO)
in excitatory forebrain neurons using NexCre mice.
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Electrophysiological recordings of adult NexCre cDKOs
indicated a strong synaptic phenotype with pronounced
deficits in the induction and maintenance of hippocampal
LTP and impairments in paired pulse facilitation, indicat-
ing a possible presynaptic deficit. These deficits were also
reflected in impairments in nesting behavior and hippocam-
pus-dependent learning and memory tasks, including defi-
cits in Morris water maze and radial maze performance.
Moreover, while no gross alterations of brain morphology
were detectable in NexCre cDKO mice, quantitative anal-
ysis of adult hippocampal CA1l neurons revealed promi-
nent reductions in total neurite length, dendritic branch-
ing, reduced spine density and reduced spine head volume.
Strikingly, the impairment of LTP could be selectively
rescued by acute application of exogenous recombinant
APPsa, but not APPsf, indicating a crucial role for APPsa
to support synaptic plasticity of mature hippocampal
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synapses on a rapid time scale. Collectively, our analysis
reveals an essential role of APP family proteins in excita-
tory principal neurons for mediating normal dendritic
architecture, spine density and morphology, synaptic plas-
ticity and cognition.

Keywords Alzheimer - Amyloid precursor protein -
APPsa - Learning and memory - Synaptic plasticity - LTP -
Hippocampus

Introduction

The loss of cognitive ability in Alzheimer disease (AD)
is caused by impairments in synaptic function that occur
already at early stages of AD. Loss of synapses is highly
correlated with disease severity and cognitive decline [50,
57]. In contrast, deposition of the B-amyloid peptide A in
extracellular plaques, a major hallmark of AD, develops
only at later stages of AD. Thus, deciphering the mechanism
underlying these early synaptic changes is of crucial impor-
tance. The prevailing view of AD pathogenesis is that aber-
rant proteolytic processing of the amyloid precursor protein
APP leads to the accumulation of AP oligomers and fibrils
that trigger a detrimental synapto- and neurotoxic cascade.
To date, however, AD pathogenesis is still incompletely
understood, despite enormous efforts focusing on AP gen-
eration and AP-induced neurotoxicity, including numerous
studies on transgenic APP overexpressing mice. One impor-
tant aspect that is still not resolved is the natural in vivo
function of APP for brain physiology and whether the loss
of APP-mediated functions contributes to AD pathogenesis,
either directly or by a shift in proteolytic processing. Thus,
it is essential to elucidate the in vivo function(s) of APP
and its various proteolytic fragments, including their roles
not only for synapse formation and maintenance, but also
for the modulation of synaptic plasticity in the adult brain,
required for newly formed declarative memory.

AB is generated by sequential cleavage of APP by pB- and
y-secretase. In the competing and physiologically predomi-
nant non-amyloidogenic pathway a-secretase cleavage of
APP occurs at a membrane-proximal site within the Af
region [33, 46]. Thus, a-secretase processing precludes
the formation of AP peptides and also liberates the solu-
ble, neuroprotective ectodomain APPsa, which is secreted
into the extracellular space in a process coupled to neuronal
and synaptic activity [24, 25]. Consistent with a protective
function of APPsa, a mutation associated with late-onset
AD has been identified within the gene encoding the major
a-secretase huADAMI10 (a disintegrin and metalloprotease,
ADAM) that attenuated ADAMI10 activity [55]. Inter-
estingly, APPsa can also affect APP processing directly,
by reducing P-secretase (BACE-1) activity in AD model
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mice [43]. Moreover, there is a large body of evidence that
implicates APPsa in neuroprotection against excitotoxicity,
growth factor deprivation, proteasomal stress or traumatic
brain injury in vivo [7, 29, 41].

APP belongs to a gene family including the amyloid pre-
cursor-like proteins, APLP1 and APLP2, in mammals [4].
Although APLP1 and APLP2 lack the AP region, they are
similarly processed by a-, B-, and y-secretases [60]. APP and
APLP2 show widespread expression throughout the brain,
which is particularly high in pyramidal cells of the cortex
and hippocampus [34]. APP and APLP2 have been localized
to synaptic sites, including the presynaptic active zone [31,
64]. In addition to the neuroprotective functions of APPsa,
APP has been implicated in several biological processes
including cell adhesion, gene transcription, neuronal differ-
entiation, migration, neurite outgrowth, and synaptogenesis
[4, 42]. Of note, for the majority of these proposed functions,
direct in vivo evidence by genetic loss-of-function studies is
still missing. These studies have been hampered by partially
redundant functions within the gene family, with mice lack-
ing individual family members being fully viable and show-
ing only subtle phenotypes, whereas combined APP/APLP2
double knockout (DKO) and APLP1/APLP2-DKO mice die
perinatally [21, 22, 35, 48]. Previous studies from us and
others revealed that lethality of DKO mice is due to essen-
tial functions of APP family proteins at the neuromuscular
junction, with APP/APLP mutants exhibiting abnormal neu-
romuscular morphology and impaired transmitter release
including reductions in quantal content, readily releasable
pool, and the ability to sustain vesicle release [6, 28, 61, 62].
Until now, the perinatal lethality of APP/APLP2-DKO mice
precluded the analysis of APP/APLP2-mediated functions in
the adult nervous system.

To circumvent lethality, we generated mice with a con-
ditional APP/APLP2 double knockout (¢cDKO) in excita-
tory forebrain neurons using the NexCre driver line. Nex-
Cre cDKO mice showed severely impaired short-term and
long-term synaptic plasticity associated with impairments
in hippocampus-dependent tasks. In addition, hippocampal
neurons of cDKO mice revealed pronounced reductions in
neurite length, dendritic branching, spine density and spine
head size, related to synaptic strength. Our mechanistic
analysis revealed an acute function of secreted APPsa to
modulate adult central nervous system (CNS) synapses and
rescue on a rapid time scale defects in synaptic plasticity.

Materials and methods
Mice

Experiments on animals were performed in accordance
with the guidelines and regulations set forth by the German
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Animal Welfare Act and the Regierungsprisidium Karlsruhe,
Germany. Generation and genotyping of mouse lines were as
described previously: APPflox [36]; APLP2-KO [59]; NexCre
[20]. The three strains were crossbred and final matings were
APPIVIXAPL P2~/= . APPIOVIX AP P2~""NexCre™" to
obtain 50 % NexCre cDKOs and 50 % APLP2-KO littermate
controls (see also mating scheme Fig. S1d).

LacZ staining, in situ hybridization, CNS
immunohistochemistry, Western blot analysis, monoclonal
antibody production, transfection of HEK293T cells,

and brain stereology

See Electronic Supplementary Material (ESM).
Behavioral analysis

A total of 17 NexCre cDKOs (9 males, 8 females) and 15
littermate controls (7 males, 8 females) were tested, a sam-
ple size recommended in the literature [10].

Mice were analyzed in a blinded manner in the follow-
ing order of tests: home cage activity (age 9-13 weeks),
open field (11-15 weeks), grip test (11-15 weeks), water
maze (12-16 weeks), nesting (13-17 weeks), and radial
maze (14-18 weeks). All behavioral procedures were
approved by the Veterinary Office of the Canton of Zurich
(License 2012/29).

Grip strength, home cage activity, open field, water maze
place navigation, radial maze, nesting test and statistics

See ESM.
Neuronal morphology, spine density and spine morphology

In brief, CA1 pyramidal cells were visualized by postfix-
ation filling with Alexa 568 in 200 wm horizontal brain
sections of 11- to 13-week-old mice. For iontophoretic
filling of CA1 pyramidal neurons, one brain slice at a
time was placed in a custom-made chamber filled with
cold PBS and visualized on an Olympus BX51WI fixed
stage upright microscope. Sharp quartz glass electrodes
(Sutter instruments, Quartz electrodes with filament;
0.D: 1.0 mm, I.D.: 0.7 mm; 10 cm length) were pulled
using the Sutter P-2000 Laser Puller. The tip of the elec-
trode was loaded with 5 mM Alexa 568 dye dissolved in
distilled water and backfilled with 0.1 M LiCl, dissolved
in distilled water. Using a motorized 3D micromanipula-
tor, the electrode was lowered into the hippocampal CAl
region under visual control using a Calcium Crimson fil-
ter cube (HQ580/20x, U-Q595LP (339038), HQ630/60m)
while applying a negative voltage pulse (—1 V, 1 Hz)
to the electrode via a silver wire in line with a 500 M

resistor. When piercing of a cell body was observed, the
cell was filled by application of a negative 1 Hz current
pulse (~5 nA) to the electrode. Filling was for 10 min or
until no further filling was observed. Afterwards, slices
were fixed for 2 days in 4 % PFA at 4 °C, washed three
times in cold PBS and finally mounted in Mowiol. Upon
imaging neurons were manually reconstructed using Neu-
rolucida software (MicroBrightField, Williston, USA)
blind to genotype. Morphometric Sholl analysis, spine
density counts and spine morphology analysis were per-
formed as described [63]. For details including statistics
see ESM.

Extracellular recordings in acute hippocampal slices, patch
clamp analysis

Extracellular recordings for basal synaptic properties, LTP
and PPF analysis were performed in acute hippocampal
slices from 16- to 23-week-old NexCre cDKO and APLP2-
KO littermate control mice. For patch clamp electrophysi-
ology, 19- to 22-week-old mice were used. Electrophysio-
logical recordings were performed as previously described
[53, 62] and detailed in ESM.

LTP recordings in the presence of recombinant APPsa
and APPsp peptide

The peptide concentrations (for purification of recAPPsa
and recAPPsp see ESM) were set to 10 nM for the recHis-
APPsa and 50 nM for recHis-APPsp in a total volume of
30 ml of carbogented ACSF, circulating in a closed-loop
perfusion system. The boiled peptides (20 min at 95 °C)
served as negative control. To circumvent sticking to the
surface, silicone tubings (Pharmed® Ismaprene, Ismatec)
were used. For electrophysiological recordings the perfu-
sion rate in the recording chamber was kept at 1.5 ml/min.
All slices were pre-incubated with the respective peptide
for 60 min at room temperature and were transferred to
the recording chamber for investigating the basal synaptic
properties and studying the LTP.

Group means were compared using a two-tailed Stu-
dent’s ¢ test, level of significance was set at p < 0.05. Data
are presented as mean = SEM.

Results

Generation of NexCre-driven APP/APLP2 conditional
double knockout mice in excitatory forebrain neurons

To circumvent lethality of APP/APLP2 double KO mice

and to elucidate the role of APP and APLP2 in the adult
CNS we generated animals with a conditional CNS specific

@ Springer
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APP/APLP2 double knockout (cDKO). To this end, we
crossed APP1¥19X/ AP P2_KO mice to NexCre mice [20]
expressing Cre prenatally (from about E11.5 onwards)
in postmitotic neuronal progenitor cells as confirmed by
crosses to Cre reporter mice (see Fig. Sla; [20]), leading
to APP gene deletion selectively in excitatory forebrain
neurons of the cortex and hippocampus. NexCre cDKO
mice lacking APP in excitatory forebrain neurons on a
global constitutive APLP2-KO background had normal
brain and bodyweight, as compared to APLP2-KO litter-
mate controls (Fig. S1b, c). NexCre cDKO mice lacking
APP only in brain while retaining APP expression at the
neuromuscular junction proved fertile and fully viable (see
also Fig. S1d) up to at least 1 year of age. This further sup-
ports the view that the perinatal lethality of constitutive
global APP/APLP2-DKO mice is primarily due to deficits
in neuromuscular transmission [62]. APP gene deletion was
assessed by in situ hybridization (Fig. S2a) and Western
blot analysis, and confirmed efficient abrogation of APP
expression to about 10 % of wild-type (WT) level in both
cortex and hippocampus (Fig. S2b—d). To validate the APP
gene knockout at cellular resolution we employed immu-
nohistochemistry (IHC). As most commercial APP anti-
bodies show high levels of unspecific staining or crossreact
with the highly related APLPs in IHC on tissue sections
we used a newly developed mouse monoclonal antibody
(JRD32) that is directed against the extracellular APP-E1
domain and detects APP in Western blot and IHC with high
specificity, as demonstrated by using APP-KO brain as a
negative control (see Fig. S3). JRD32 staining of littermate
control sections showed a particularly high APP immuno-
reactivity in pyramidal neurons within the hippocampal
CA3-CAl region, whereas staining of granule cells of
the dentate gyrus was much weaker (Fig. S2e), consistent
with specific but low-intensity signals obtained by in situ
hybridization (Fig. S2a). JRD32 staining of NexCre cDKO
brain sections further confirmed APP deletion in excitatory
forebrain neurons of the cortex and hippocampus includ-
ing CA3 and CA1 pyramidal cells (Fig. S2e), whereas APP
expression remained detectable in interneurons (Fig. S2f).

NexCre cDKO mice show pronounced deficits
in hippocampus-dependent learning and memory tasks,
but normal motor behavior

Previously, we had demonstrated that APP-KO mice show
muscular weakness [48]. Moreover, our analysis of APPsa-
DM mice, a line of double mutant mice (DM) that lack trans-
membrane APP and expressed solely the secreted APPsa
fragment on an APLP2-KO background, showed impaired
neuromuscular transmission that was associated with pro-
nounced deficits in neuromotor tasks [62]. In contrast, Nex-
Cre cDKO mice showed no muscular weakness as evidenced

@ Springer

Fig.1 NexCre cDKOs show deficits in hippocampus-dependent p
memory tasks. a—e Place navigation in the Morris water maze. a
Swim speed during acquisition and reversal learning is unaffected by
the mutation (each point represents a bin of 3 trials, with 6 trials per
day). b During acquisition learning and reversal, NexCre cDKOs show
an overall reduced performance compared to littermate controls. ¢, d
Measurements of swim path length confirms the training performance
deficit, although due to poor scores in female controls this effect is
contributed by males (see ANOVA table, Fig. S5e). e In the probe trial
mutants spend significantly less time in the target zone and fail to pre-
fer it significantly over control zones in adjacent quadrants. f-h Spatial
working memory analysis in the radial arm maze. f NexCre cDKOs are
less efficient in collecting the baits leading to a smaller number of cor-
rect among the first 8 choices. g, h Mutants make more reentry errors
during training. g Reentry errors per collected bait plotted as function
of trial (averaged across bait numbers), h Reentry errors per collected
bait plotted as function of bait number (averaged across trials). Error
rate increases more strongly with the number of baits already collected
during a trial than in controls, indicative of greater sensitivity to mem-
ory load. i NexCre cDKOs show a significantly reduced nest score.
Age of animals: water maze 12—16 weeks; nesting 13—17 weeks; radial
maze 14-18 weeks. a—e n = 15 NexCre cDKOs, n = 12 littermate con-
trols. f—i n = 17 NexCre cDKOs, n = 15 littermate controls. *p < 0.05,
**p < 0.01. Error bars SEM. Dashed lines represent chance level. Data
were analyzed using mixed ANOVA models with genotype (NexCre
c¢DKO vs. control) as between subject factor and within subject fac-
tors to explore the dependence of genotype effects on place, time, or
response type. Separate evaluation of male and female data is only pre-
sented where the ANOVA model indicated a significant sex x genotype
interaction. See Fig. S5e for full ANOVA data

by normal grip strength (Fig. S4a). We also assessed basal
locomotor activity and exploratory behavior. Monitoring of
the diurnal activity profile in a familiar home cage revealed
no significant differences (Fig. S4b). Likewise, we failed to
detect any alteration of activity or center field avoidance in
the open field, which assesses locomotor activity and explor-
atory behavior in a novel environment (Fig. S4c, d).

Having established that NexCre ¢cDKO mice show nor-
mal muscle strength, motor behavior and exploration,
we went on to assess their performance in hippocampus-
dependent tasks. Spatial learning and memory of NexCre
c¢DKO mice was first tested in the water maze place navi-
gation task. Our previous analysis of APP-KO mice had
indicated impaired Morris water maze performance only
in aged (9- to 12-month-old) mice [48]. While swim speed
was normal (Fig. la), we observed overall impaired per-
formance during acquisition and reversal training already
in young adult (12- to 16-week-old) NexCre cDKO mice
(n = 15 NexCre cDKO and n = 12 littermate controls, bal-
anced proportion of males and females), pointing toward
an important role of APLP2 in addition to APP. While
both groups of mice did show learning, escape latencies
(Fig. 1b) of NexCre cDKO mice and in males also swim
path lengths (Fig. 1c) were significantly increased, espe-
cially during the last trials of acquisition learning and at
the beginning of reversal learning. Post hoc analyses (see
ANOVA table, Fig. S5e) revealed that the absence of a
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significant difference in swim path length between NexCre
c¢DKO females and control females (Fig. 1d) was due to
poor performance of female controls. Female controls had
significantly longer swim paths than male controls, with
no sex difference in the NexCre cDKO group (see ANOVA
table, Fig. S5e). Detailed analysis of swim paths revealed
reduced goal orientation of NexCre ¢cDKO mice, as evi-
denced by increased cumulative search error (Fig. S5¢) and
in male NexCre cDKOs also increased Whishaw’s error,
especially at the end of acquisition (Fig. S5a). As observed

for swim path length, post hoc analyses (see ANOVA table,
Fig. S5e) revealed that female controls had earned poorer
scores than male controls. Thigmotaxis decreased strongly
in both groups during the early training phase (Fig. S5d)
but was overall slightly increased in NexCre cDKO mice.
During the probe trial (first trial after platform reloca-
tion), NexCre cDKO mice spent significantly less time
in the target zone and as a group failed to show a signifi-
cant preference for the trained target (Fig. le), indicating
a deficit in spatial reference memory. Impaired probe trial

@ Springer
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Fig. 2 NexCre cDKOs show no alterations in hippocampal and
cortical morphology but slightly reduced hippocampal volume. a
Giemsa-stained, glycolmethacrylate-embedded brain sections dis-
play no abnormal necrotic or overt apoptotic cell death, and no overt
disruption of nuclear or cortical laminar cytoarchitecture in cortex

performance was clearly independent of sex (see Fig. S5e,
genotype x sex X place: F(1,23) = 0.2 p = 0.639, ns).

To assess spatial working memory, mice underwent testing
in an 8-arm fully baited radial maze. Whereas littermate con-
trols learned the task very well, achieving on average 7—8 cor-
rect choices at the end of training, NexCre cDKO mice were
clearly impaired (Fig. 1f). When collecting 8 baits from the 8
freely accessible arms of the radial maze, NexCre cDKO mice
entered arms from which they had already collected the bait
more often than controls, resulting in significantly increased
reentry errors (Fig. 1g). In both groups, the number of reentry
errors increased with the number of baits already collected,
reflecting the increasing challenge of working memory, but
in NexCre cDKO mice this increase was significantly steeper
than in littermate control mice (Fig. 1h). Finally, animals were
tested in nesting behavior, a hippocampus-dependent species-
typical behavior, where NexCre ¢cDKO mice proved to be
strongly impaired as compared to littermate controls (Fig. 11).
Importantly, all impairments in radial maze and nesting were
independent of sex (see Fig. S5e). Taken together NexCre
c¢DKO mice showed impairments in three independent hip-
pocampus-dependent tasks indicating that APP/APLP2 are
required for spatial reference and working memory, as well as
normal nesting behavior.

NexCre cDKO leads to reduced neurite length
and impaired dendritic branching

Histopathological analysis of the brain of adult NexCre
cDKO mice using Giemsa-stained glycolmethacrylate
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and hippocampus. b Stereological evaluation showed reductions of
hippocampal volume by about 10 % (Student’s ¢ test, p = 0.033). ¢
Cortical volume was unaffected (Student’s 7 test, p = 0.18, ns). n = 3
brains/genotype (age of animals: 16-19 weeks). Error bars SD. Scale
bars overview 500 um; CA1, Cortex 50 pm

sections revealed neither gross abnormalities, nor abnor-
mal necrotic or apoptotic cell death (Fig. 2a). In contrast to
previously generated APP/APLP1/APLP2 triple knockout
mice that showed neuronal ectopias in the marginal zone
of the cerebral cortex [22], we observed no overt disrup-
tions of the cortical laminar cytoarchitecture or ectopias
in NexCre ¢cDKO mice. We used serial frontal sectioning
to estimate the volume of the hippocampus and neocortex
(Fig. 2b, c). This way, we observed a small reduction in
hippocampal volume (9.3 + 0.4 vs. 8.3 + 0.3 mm?, Stu-
dent’s 7 test, p = 0.033; Fig. 2b) that is most likely due to
reductions in dendritic complexity of NexCre cDKO neur-
ites (see Fig. 3 and results below).

Conditional CaMKIICre-driven knockout of the major
a-secretase ADAM10 (cADAM10-KO) has recently been
reported. As the cADAMI10-KO 1led to a drastic reduc-
tion in APPsa levels that was associated with pronounced
cortical and hippocampal gliosis [45], this prompted us to
assess potential gliosis in cDKO mice. Using GFAP stain-
ing we did not detect, however, any significant astrogliosis
in NexCre ¢cDKO mice as compared to littermate controls,
neither in young (12 weeks) nor aged (1-year-old) mice
(Fig. S6), indicating that selective lack of APP/APLP2 does
not induce astrogliosis.

Previously, we and others have shown that APP family
proteins are involved in trans-cellular adhesion [51], and
that lack of APP/APLP2 in mice results in impaired synap-
togenesis at the neuromuscular junction [61, 62]. Prompted
by the absence of gross anomalies in brain architecture we
asked whether defects in hippocampal function might be
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Fig.3 Neurons of NexCre cDKO mice exhibit impaired den-
dritic complexity and reduced total neurite length. a Representative
3D-reconstructions of CA1l pyramidal neurons from littermate con-
trol (left) and NexCre cDKO mice (right). b Schematic representa-
tion of parameters assessed. ¢ Sholl analysis reveals a significant
overall genotype effect on apical dendritic morphology that was most
prominent in proximal regions (repeated measures ANOVA: genotype
F(1,20) = 9.818, p = 0.0052, with post hoc Bonferroni multiple com-
parison test, *p < 0.05). d NexCre cDKO neurons display a signifi-
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branching. f Sholl analysis reveals a significant overall genotype
effect on basal dendritic morphology (repeated measures ANOVA:
genotype F(1,19) = 4.710, p = 0.043, with post hoc Bonferroni mul-
tiple comparison test, *p < 0.05 **p < 0.01). g NexCre cDKO neu-
rons display a significantly reduced total basal dendritic length and
h dendritic branching. n = number of neurons analyzed (from 5 ani-
mals/genotype, age: 11-13 weeks). Error bars SEM
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related to compromised morphology of hippocampal neu-
rons. We focused on CAl neurons because this region is
highly vulnerable in AD, is one of the best studied brain
regions with regard to synaptic plasticity, and our previ-
ous analyses indicated LTP defects at CA3/CAl synapses
in APP mutant mice [48, 62]. To visualize neuronal archi-
tecture, we performed iontophoretic postfixation filling of
mature hippocampal CA1l pyramidal cells in brain slices
from adult (11- to 13-week-old) mice with a fluorescent
dye. CA1 neurons of NexCre cDKO mice displayed distinct
alterations of neuronal architecture, including considerably
reduced dendritic branching, that were already apparent
when visually inspecting reconstructed images (Fig. 3a).
In view of their different morphology and connectivity, we
analyzed apical and basal dendrites of CA1 neurons sepa-
rately. Performing morphometric Sholl analysis, we plotted
the dendritic length measured within circles centered on the
soma against the distance from the cell body (see scheme in
Fig. 3b). For the measurement of dendritic complexity the
complete apical dendritic arbor was analyzed. This detailed
analysis revealed significant reductions in dendritic length
and complexity in proximal as well as distal regions of api-
cal dendrites (Fig. 3c). Overall this resulted in a highly sig-
nificant reduction (on average by about 21 %) in total den-
dritic length of apical dendrites (Fig. 3d) of NexCre cDKO
CA1 neurons, while the maximal extension of the longest
apical neurite was unaffected (data not shown). We also
observed a prominent reduction in total dendritic branch-
ing (Fig. 3e) in cDKO neurons in comparison to littermate
controls. Similar to our findings in apical dendrites, also
the basal tree of NexCre cDKO CA1l neurons showed an
impaired morphology (Fig. 3f), a significant reduction (on
average by about 20 %) in basal dendritic length (Fig. 3g),
and reduced dendritic branching (Fig. 3h).

NexCre cDKO dendrites show reduced spine density
and fewer mushroom-type spines

Next we assessed spine density as a correlate of excitatory
synapses. Numerous studies have demonstrated that over-
expression of APP, e.g., in transgenic AD model mice leads
to reduced spine density in the cortex and hippocampus,
presumably due to detrimental effects of Af accumula-
tion and oligomerization (reviewed in [27, 52]). Previous
in vitro studies using dissociated APP-deficient neurons
obtained conflicting results with an increase in functional
synapses found in low-density autaptic cultures of APP-
KO neurons [44] contrasting with reports of reduced
spine counts in high-density APP-KO cultures or upon
APP knockdown [32, 58]. In vitro systems, however, are
prone to high experimental variability and may fall short
of mimicking physiological concentrations of soluble fac-
tors and neuronal connectivity. To determine whether lack
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of APP/APLP2 affects spine counts in the adult brain in
vivo, we performed a detailed analysis of spine density in
three-dimensional high-magnification z-stacks of midapi-
cal portions of apical dendrites and in basal dendrites.
Importantly, we detected in both apical and basal dendrites
of NexCre cDKO CAl neurons a prominent reduction in
spine density (Fig. 4a, b). Next, we asked whether deficits
in spine density are associated with differences in spine
size and morphology, which in turn might impact elec-
trophysiological properties of synapses including synap-
tic strength that has been correlated with spine head size.
Three major spine types can be distinguished by morpho-
logical criteria: stubby, thin and mushroom spines. This
classification is based on measurements of spine length
and additionally the ratio between the spine head and spine
neck diameter providing objective criteria (see Fig. 4c).
Spine type analysis revealed that NexCre cDKO CAl
neurons show significantly fewer mushroom-type spines
(82.7 £ 1.1 vs. 76.7 £ 1.9 %; Student’s ¢ test, p = 0.010,
Fig. 4d) and a corresponding increase in stubby spines
(13.6 £ 0.9 vs. 20.1 £ 1.8 %; Student’s ¢ test, p = 0.0032,
Fig. 4d). Detailed analysis indicated a significant shift
toward smaller spine head diameters in NexCre cDKOs
(Fig. 4e, f), while the average spine length was not signifi-
cantly different (0.90 & 0.33 vs. 0.87 £ 0.32 um, Student’s
t test, p = 0.23, ns, data not shown). Taken together our
findings indicate that APP and APLP2 are required for the
maintenance of dendritic spine numbers and morphology,
suggesting a reduction of active synapses in NexCre cDKO
mice.

NexCre cDKO mice exhibit impaired synaptic function
including deficits in paired pulse facilitation and long-term
potentiation

Having established that NexCre ¢cDKO mice exhibit pro-
nounced deficits in hippocampus-dependent learning tasks
and changes in the morphology of CAl neurons, we went
to the functional network level of neurons and analyzed
whether these deficits are also represented in a defect of
activity-dependent synaptic plasticity in NexCre cDKO
mice. After 20 min of baseline activity recording we
induced long-term potentiation (LTP) by application of
theta burst stimulation (TBS) in acute hippocampal slices
from adult NexCre cDKO mice or APLP2-KO littermate
controls (16-23 weeks old). Importantly, our previous
analysis [62, 67] did not show any significant difference in
potentiation of APLP2-KOs compared to wild-type mice.
Enlargement of fEPSP was recorded for either 60 min fol-
lowing TBS in order to cover the phase of protein synthe-
sis-independent LTP (E-LTP, Fig. 5a) or for 180 min after
TBS for analyzing protein synthesis dependent events
(Late-LTP, Fig. S7a). In both cases, a pronounced defect
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synaptic transmission after TBS stimulation. The average
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of mushroom spines (82.7 & 1.1 vs. 76.7 £+ 1.9 %) and a concomitant
increase in stubby spines (13.6 £ 0.9 vs. 20.1 + 1.8 %). The propor-
tion of thin spines is unaltered. e Spine head diameters of all evalu-
ated spines of the two genotypes plotted as cumulative frequency.
The distribution is significantly shifted toward smaller spine heads
in NexCre cDKOs (Kolmogorov—Smirnov (K-S) test, p < 0.0001). f
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(n = 31), whereas NexCre cDKOs revealed a significantly
reduced potentiation of 127 £ 2.3 % (n = 26) 55-60 min
after TBS (Fig. 5a (right), p < 0.0001, Student’s ¢ test) in
LTP recordings. Reduced potentiation was observed, even
though less pronounced, also in long-term recordings
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(Fig. S7a). In order to investigate whether the observed
LTP defect is also reflected in disturbed basal synaptic
properties we examined pre- and postsynaptic functionality.
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Comparing the fEPSP size at defined stimulus intensities
revealed no significant difference between both genotypes
(Fig. 5b). Furthermore, we also failed to detect any defect
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4 Fig. 5 NexCre cDKOs show deficits in LTP and PPF, while basal
synaptic transmission is unchanged. a Littermate controls (white cir-
cles) show a robust and stable potentiation of 161 £ 6.0 % for the
last 5 min of recording (#75-80). NexCre cDKO mice (red circles)
show a highly significant defect in LTP induction and maintenance
compared to the control group (127 & 2.3 %). {75-80: Student’s 7 test
p < 0.0001, right. Insets show original traces of representative experi-
ments 5 min before the TBS and 55 min after the TBS (vertical scale
bar 1 mV, horizontal scale bar 5 ms). b, ¢ Input—output strength was
unaltered. d At shorter interstimulus intervals (ISIs), NexCre ¢cDKO
mice revealed a pronounced and highly significant presynaptic defect
compared to the littermate controls tested by a PPF paradigm (Stu-
dent’s ¢ test: 10 ms p = 0.0039; 20 ms p = 0.0065). n = number
of slices/number of animals (age of animals: 16-23 weeks). Error
bars SEM. e-h Recordings of mEPSCs frequencies and amplitudes
in CAl pyramidal cells revealed no differences between littermate
control and NexCre ¢cDKO mice. e Quantification of AMPA mEPSC
frequencies recorded in the presence of APV (left) and representa-
tive traces of mEPSC recordings (right). Vertical scale bar 20 pA,
horizontal scale bar 1 s. f-h Quantification of median amplitudes of
mEPSCs. f In the ACSF condition (Mg-free) events include NMDA
and AMPA currents. g In the ACSF + APV condition, events are pre-
sumably pure AMPA currents due to blockage of NMDARs. h Aver-
aged mEPSC traces of all analyzed events for both groups before
(continuous line) and after (dashed line) wash-in of the NMDAR
blocker APV (30 uM). Vertical scale bar 10 pA, horizontal scale
bar 10 ms. i Relative contribution of APV-sensitive NMDA receptor-
mediated current components, calculated as 1 (values recorded in the
presence of APV/values recorded in ACSF). There were no statisti-
cal differences detected (Student’s 7 test; p > 0.05); test for normal-
ity passed; n = 6 cells from 5 animals/genotype (age of animals: 16—
19 weeks) error bars SEM. j Western blot analysis and quantification
of PSD95. Control and ¢cDKO lysates were run on the same gel.
Membranes were processed and incubated together with the antibod-
ies indicated. The dashed line indicates where membranes were cut
to allow incubation with PSD95 or anti-B-tubulin antibody, respec-
tively. Note the pronounced reduction of PSD95 in NexCre cDKO
hippocampus and cortex (Student’s ¢ test, p = 0.0063 and p = 0.0035,
respectively) n = 4 mice/genotype (age of animals: 16-19 weeks).
Error bars SD

in input-output strength at given fiber volley amplitudes
(Fig. 5c). To assess whether presynaptic components are
altered and thus contributing to the observed LTP defi-
cit we investigated short-term plasticity using the paired
pulse facilitation (PPF) paradigm. Compared to littermate
controls NexCre cDKO mice revealed a highly significant
impairment at shorter interstimulus intervals (ISI) of 10
and 20 ms (Fig. 5d, Student’s ¢ test, p < 0.01). As APP has
been shown to interact with NMDARs [8, 9], we also per-
formed patch clamp recordings of CA1 pyramidal cells in
acute slices and recorded spontaneous synaptic miniature
mEPSCs. These experiments revealed no significant dif-
ferences between the cDKO and control mice (Fig. Se—i).
Despite the reduction in spine densities in basal and api-
cal dendrites of cDKO mice we found no significant dif-
ferences of mEPSC frequencies (controls 0.4 £+ 0.06 Hz
vs. cDKO 0.5 £ 0.07 Hz; Fig. 5e). Amplitudes of mixed
(AMPA + NMDA) mEPSCs were —42.99 + 3.36 pA
for controls and —41.32 £+ 1.64 pA for NexCre cDKOs

(Fig. 51, h). Likewise, isolated AMPA mEPSCs recorded in
the presence of 30 uM APV had similar amplitudes (con-
trols: —35.84 + 2.73 pA vs. cDKO: —33.69 £ 1.24 pA;
Fig. 5g, h). The calculated NMDA component of mEPSCs
was also unaltered with NMDA components of 0.16 £ 0.04
in control animals and 0.18 % 0.03 in the NexCre cDKOs
(Fig. 5i). We also determined kinetic parameters that
might indicate possible differences in subunit composi-
tion of postsynaptic receptors. Again, no significant differ-
ences were found for mEPSC rise or decay times (data not
shown). To complement our electrophysiological and mor-
phological analysis we used Western blotting to assess the
expression of the postsynaptic density marker PSDO9S that
is concentrated in spines. Consistent with our finding of
reduced spine density and more spines with a smaller head
diameter in hippocampal neurons of NexCre cDKO mice
(Fig. 4e, f), a pronounced reduction of PSD95 expression
was found in both cortical and hippocampal brain extracts

(Fig. 5).

Impaired synaptic function of NexCre cDKO mice is
rescued by acute application of recombinant APPsa but not
APPsp

Our findings of structural alterations in NexCre cDKO
neurons raise the question of whether APP and APLP2
are primarily needed during the development (e.g., to
specify basal neuronal morphology and circuit forma-
tion) or whether they are also required in the adult CNS
to modulate dynamic properties of synapses such as syn-
aptic plasticity (LTP), e.g., via secretion and signaling of
APPsa in an activity-dependent manner. We therefore stud-
ied whether synaptic deficits of NexCre cDKO mice can
be rescued by acute application of exogenous recombinant
APPsa. Native His-tagged APPsa and His-tagged APPsB
were affinity-purified from the supernatants of stably trans-
fected HEK cells. Acute slices of NexCre cDKO mice were
pre-incubated for 60 min at room temperature either with
native 10 nM recombinant His-APPsa (recHis-APPsa),
50 nM recHis-APPsP, or the corresponding boiled pep-
tides that served as negative control. Again, after 20 min of
stable baseline recording TBS-induced LTP was recorded
for 60 min. During the whole measurement, the respective
peptides diluted in ACSF were circulating in a closed-loop
system. Strikingly, and consistent with our hypothesis that
APPsa is required for mediating synaptic plasticity, we
found that the application of recHis-APPsa is sufficient to
largely rescue the PTP and LTP defects observed in Nex-
Cre cDKO slices. The potentiation was 143 £+ 5.1 % for
t75-80 after TBS, whereas NexCre cDKO treated with
the boiled recHis-APPsa peptide only reached potentia-
tion levels of 130 £ 2.3 % (Fig. 6a, b), levels similar to
the defect observed before in naive slices (compare Fig. 5a,
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Fig. 6 Acute application of recAPPsa, but not recAPPsf, rescues
the LTP defect of NexCre cDKOs. a, b Treatment of NexCre cDKO
slices with recAPPsa (green circles) partially restored the LTP defect
(compare Fig. 5a, b) to a potentiation level of 143 + 5.1 % (#75-80,
p = 0.029, Student’s ¢ test). NexCre cDKO mice treated with boiled
recAPPsa (control, white circles) revealed a stable, but significantly
smaller potentiation of 130 £ 2.3 % for #75-80 min, reflecting the
LTP defect observed in Fig. 5a. ¢, d NexCre cDKO slices treated

for basal synaptic transmission see Fig. S7b—d). Having
shown that APPsa is sufficient to restore synaptic plastic-
ity defects observed in slices of NexCre cDKO mice we
next asked whether the slightly shorter fragment APPs@
generated by p-secretase cleavage of APP might have simi-
lar properties. Interestingly, we found that LTP induction
and maintenance are still compromised in the presence of
recHis-APPsf (even at 5 times higher molar concentration
of 50 nM; £75-80: 126 £ 4.5 vs. 119 + 3.9 %) irrespec-
tive of whether native or boiled recHis-APPsf peptide was
applied to NexCre cDKO slices (Fig. 6¢, d; for basal syn-
aptic transmission see Fig. S7e—g). These findings suggest
a selective role of APPsa but not APPsB as a mediator of
activity-dependent synaptic plasticity in the mature nervous
system.
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with recAPPsp (orange circles) revealed a stable potentiation of
126 + 4.5 % for £75-80 min which is indistinguishable from the LTP
of NexCre cDKO slices treated with boiled recAPPsB (white circles,
175-80: 119 £+ 3.9 %, p = 0.28, ns, Student’s ¢ test). Insets show orig-
inal traces of representative experiments 5 min before the TBS and
55 min after the TBS (vertical scale bar 1 mV, horizontal scale bar
5 ms). n = number of slices/number of animals (age of animals: 16—
23 weeks). Error bars SEM

Discussion

In this study, we provide direct in vivo evidence from
genetic loss-of-function studies for an essential role of
APP and the close homologue APLP2 for adult brain
physiology. Our analysis of NexCre cDKO mice lack-
ing APP selectively in excitatory forebrain neurons on a
global APLP2-KO background revealed several important
new findings: (1) lack of APP/APLP?2 resulted in impaired
synaptic plasticity (LTP and PPF) and was associated with
defects in hippocampus-dependent learning and memory
tasks; (2) lack of APP/APLP2 led to compromised neu-
ronal morphology of adult CA1 neurons characterized by
reduced neurite length, impaired dendritic branching and
a reduction in spine density and spine head diameter; (3)
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mechanistic studies showed that LTP defects can be res-
cued by application of nanomolar amounts of recombinant
APPsa, while APPsp was ineffective. This novel key find-
ing suggests an acute and specific function of endogenous
APPsa in the adult brain to support the propensity of neu-
ronal networks to adjust their synaptic strength on a rapid
time scale according to changes in neuronal activity.
Previously, early postnatal lethality of APP/APLP2-
DKO mice precluded the investigation of the presumably
partially redundant functions of APP and APLP2 in the
adult CNS. The analysis of neuronal morphology in the
cortex and hippocampus of adult APP-KO mice indicated
reduced dendritic branching and spine densities only in
neurons from aged (12-14 month old) mice [49, 58]. No
abnormalities were found in either young or aged APLP2-
KO mice [40, 63]. Using a genetic approach, we now cir-
cumvented lethality and show pronounced defects in neu-
ronal architecture of CA1 pyramidal cells already in young
adult mice. Thus, our findings from NexCre cDKO mice are
in clear contrast to the age-dependent deficits of APP-KO
mice and to the largely unaltered phenotype of APLP2-KO
mice, suggesting functional complementation by APLPs
in young APP-KO mice. CA1 pyramidal cells of NexCre
c¢DKO showed highly significant reductions of dendritic
complexity and neurite length. Consistently, hippocam-
pal volume of cDKO mice was slightly, but significantly
decreased. Apical dendrites of NexCre cDKO neurons
showed reduced complexity that was most prominent in the
proximal and in the distal dendritic segments. Interestingly,
our findings in mature adult CA1 neurons of NexCre cDKO
mice fully confirm our recent analysis in organotypic hip-
pocampal cultures (OHCs) from viable constitutive APP-
KO, APLP2-KO and lethal constitutive APP/APLP2-DKO
mice [63]. Similar to the in vivo analysis of adult mice con-
ducted in this study, CA1 neurons from OHCs of APLP2-
KOs showed normal morphology, whereas APP-KO neu-
rons revealed a reduced dendritic complexity in distal
dendrites. Importantly, OHCs of combined APP/APLP2-
DKO mutants showed an additional branching defect in
proximal apical dendrites, thus unmasking a function of
APLP2 likely compensated by APP in single mutants [63]
and closely resembling defects of fully mature, adult Nex-
Cre ¢cDKO neurons. Taken together our results corroborate
that both APP and APLP2 are required for normal neuronal
morphology in vivo. A dual (potentially redundant) role of
APP and APLP2 for neuronal complexity also suggests that
conserved domains residing in the N- and C-termini likely
mediate this effect, consistent with previous data from
the neuromuscular junction in the peripheral nervous sys-
tem [28, 61, 62] and in vitro studies [2, 13, 19, 23, 66]. In
addition to deficits in dendritic complexity, we observed in
mature neurons of NexCre cDKO mice a marked deficit in
spine density and a significant shift toward smaller spine

head size, which is corroborated by a reduced PSD95 level.
Most interestingly, we also saw a reduction in the propor-
tion of mushroom spines in 11- to 13-week-old NexCre
c¢DKO mice, the spine type which is thought to represent
mature synapses. Our data thus now establish a clear in
vivo role of APP family members for the formation and/or
maintenance of central synapses, in addition to their previ-
ously recognized role at the NM1J.

To investigate the underlying mechanisms of the
observed defects, we studied hippocampal synaptic plas-
ticity, which is considered to represent the cellular basis
of newly formed declarative memories. Despite normal
basal synaptic transmission, young adult NexCre cDKO
mice showed pronounced deficits in the induction and
maintenance phase of LTP. Again, these findings contrast
with age-dependent LTP and learning defects of APP-
single mutant mice [11, 48], and absence of alterations
even in aged APLP2-KO mice [62]. These data suggest
a combined role of APP and APLP2 for synaptic plastic-
ity and hippocampus-dependent behaviors now unmasked
by the combined knockout in NexCre cDKO mice. Inter-
estingly, we also found a robust and highly significant
impairment in paired pulse facilitation, especially at the
important short interstimulus intervals, which may indi-
cate a possible presynaptic deficit that could contribute to
the reduced ability to induce LTP in NexCre cDKO mice.
As APP and APLP2 are expressed both at pre- and post-
synaptic sites [25, 31] APP/APLP-mediated function(s)
in either or both compartments are conceivable. Consist-
ent with a presynaptic role of APP, we previously found a
reduction in quantal content and readily releasable pool at
neuromuscular synapses of APP/APLP2 mutant mice, and
biochemical interaction studies on HEK293 cells indicated
that the cytoplasmic domain of APP may form a trimeric
complex with Mint/Munc18 proteins involved in transmit-
ter release [62]. In addition, an upregulation of presynaptic
L-type Ca*" channels (Ca,1.2) and altered short-term plas-
ticity were found in GABAergic striatal APP-KO neurons
[65]. Previous immunoprecipitation studies indicated that
APP can bind to GluN1/GluN2 NMDARs [8, 9]. To inves-
tigate if LTP deficits of NexCre cDKO mice arise due to
impaired basal NMDAR levels we performed patch clamp
recordings. Our analysis of spontaneous mEPSCs revealed,
however, no significant differences in current amplitudes,
kinetics or NMDA component of mixed EPSCs. Thus, we
have no indication of any major alteration in postsynaptic
glutamate receptor expression or composition, respectively.
This also excludes that impaired PPF responses at very
short interstimulus intervals are due to a reduced number of
postsynaptic receptors. In apparent contrast to the reduction
in synapse number, analysis of mEPSC frequency failed to
reveal significant differences between control and cDKO
mice. However, mEPSC frequency is a highly variable
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parameter and might not be sensitive enough to reflect the
10-16 % reduction in spine density in basal and apical den-
drites, respectively. While these findings indicate normal
excitatory synaptic function, they do not rule out, however,
a pre- or postsynaptic function of APP or one of its frag-
ments, e.g., APPsa, during phases of activity-dependent
synaptic plasticity. Indeed, exogenously applied APPsa
has been shown to potentiate tetanically evoked NMDAR
currents in rat brain slices in vitro, whereas AMPAR cur-
rents were not affected [56]. Taken together, a dual role of
APP and APLP2 at both pre- and postsynaptic sites appears
likely (see also below).

Defects of activity-dependent synaptic plasticity in
NexCre ¢cDKO mice were not only reflected in lower
LTP levels, lower spine densities and a reduced number
of mushroom spines, but are also reflected in significant
impairments of hippocampal function in processes of learn-
ing and memory in vivo. Using the Morris water maze par-
adigm we found clear deficits in place navigation learning
in NexCre CDKO mice. For two training parameters, swim
path and Whishaw’s error, a genotype-dependent effect
was only found in male mice. This was in part explained
by the fact that female controls had earned poorer scores
than male controls. The rapid decrease of thigmotaxis
within the first day of water maze training in both groups
indicates that NexCre cDKO were able to overcome their
initial orientation toward the sidewalls and rapidly learned
that there was no way of escape at the pool border. It fur-
ther suggests that the modest overall increase of their thig-
motaxis scores is secondary to the inefficient navigation as
revealed by cumulative search error and Whishaw’s error.
Of note, careful and thorough examination of motor and
exploratory behaviors excluded potential confounding
effects. Results of the open field test show that the reac-
tion of NexCre cDKO mice to a novel aversive environ-
ment is normal and thus excludes that deficits of NexCre
c¢DKO mice in learning tests are due to emotional factors.
Importantly, NexCre cDKO mice also showed, independent
of sex, impaired long-term memory, with severely impaired
probe trial performance. Moreover, radial maze analysis
of NexCre ¢cDKO mice showed highly significant impair-
ments in spatial working memory, that were unaffected by
sex. These deficits in hippocampus-dependent learning and
memory were further corroborated by pronounced deficits
in nest building, a species-specific test highly sensitive to
hippocampal lesions [12]. In summary, we provide con-
verging evidence for a cognitive deficit in NexCre cDKO
mice that is based on three tests: water maze place naviga-
tion, radial maze and the nesting test.

In principle, deficits of NexCre cDKO mice can be due
to the lack of either full length APP, APLP2 or any of their
proteolytic fragments. Indeed, previous work from us and
others implicated APPsa in synaptic plasticity [11, 16,
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26, 48, 49, 56]. Our surprising findings that LTP defects
of NexCre cDKO mice can be rescued by acute applica-
tion of low amounts of recAPPsa are intriguing in several
ways. First, they indicate that defects in neuronal mor-
phology and possible impairments in circuit formation
arising during development are unlikely to be the primary
cause of LTP defects in adult mice. In fact, we consider
it more likely that the reduced expression of PSD95 and
the reduction in mushroom-type mature spines result from
a reduced ability to undergo activity-dependent synaptic
plasticity that is known to increase the size of postsynap-
tic densities (see e.g., [54]). Even more importantly, these
novel findings suggest an endogenous role of APPsa for
acutely modulating on a rapid time scale the properties of
synapses in the adult brain. High-frequency stimulation,
neuronal depolarization and synaptic NMDA receptor
activation have been shown to stimulate a-secretase pro-
cessing of APP [16, 19, 25]. Indeed, the major a-secretase
ADAMI10 has been localized at synaptic sites [37] and a
recent conditional ADAM10-KO led to impairments in
spine morphology, LTP and behavior [45]. This suggests
that APPsa release needs to occur in a highly regulated
fashion by synapses undergoing LTP [16]. In this regard,
we previously showed LTP deficits in APPsa knockin mice
that constitutively express only APPsa (in the absence
of transmembrane APP) on an APLP2-KO background
(APPsa-DM, [62]). We hypothesize that in these mutants,
unregulated constitutive APPsa expression may have lead
to insufficient local amounts or abnormal timing of APPsa
release. Moreover, we should also consider that APLP2
may contribute to plasticity processes. As APP is a very
complex molecule, having established that APPsa can res-
cue the LTP deficits of NexCre cDKO mice does by no
means rule out further synaptic roles of other APP domains
including the conserved APP C-terminus known to bind
a number of adaptor proteins (reviewed in [4]) including
Mint, Fe65, Dabl, Grb and Shc that may link APP to vari-
ous intracellular signaling pathways (see e.g., [38, 62]).
Future studies are needed to investigate whether defects in
neuronal morphology and behavior of NexCre cDKO mice
may also be rescued by specific APP (or APLP2) domains
or fragments.

Recent studies implicated Af as an endogenous modu-
lator of presynaptic release [1, 47] functioning via bind-
ing to presynaptic APP homodimers [17]. APPsa, on the
other hand, was able to rescue synaptic plasticity deficits of
NexCre ¢cDKO mice, indicating that the still elusive recep-
tor of APPsa-mediating plasticity must be distinct from
either APP or APLP2. A further very intriguing finding was
the differential effect of purified recAPPsa that was able
to rescue LTP deficits while recAPPsp was inefficient, as
this may indicate that the critical domain is encoded by
the unique last 17 aa of APPsa or that the presence of this
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sequence may alter the conformation of APPsa in a criti-
cal way. The finding that APPsf is unable to substitute for
APPsa in synaptic plasticity has important implications
for AD pathogenesis, as there is a shift toward pB-secretase
processing during AD and insufficient amounts of APPsa
might thus contribute to defects in synaptic plasticity and
cognitive function in AD patients. Differential effects of
APPsa and APPsP have also been reported for other para-
digms, most notably in assays of neuroprotection in which
APPsp has been reported by several studies as being far
less effective (see e.g., [7, 18, 41] and review by [29]). Our
data are in line with and further extend previous results
from Taylor et al. [56] who reported impaired in vivo LTP
in the dentate gyrus of rats upon intra-hippocampal infu-
sion of antibodies directed against the APPsa C-terminus,
whereas antibodies recognizing other epitopes were inef-
fective. Clear interpretation of these data was, however,
hampered by the fact that these APPsa targeted antibodies
also recognized AP and transmembrane APP [56]. In line
with our data, the pharmacological inhibition of a-secretase
lead to LTP defects and could be partially rescued selec-
tively by APPsa, but not APPsp [56].

Collectively, our data provide compelling evidence
for an essential role of both APP and APLP2 for neuronal
and synaptic morphology as well as hippocampal func-
tion. They also suggest an acute and specific function of
endogenous APPsa to facilitate synaptic plasticity. AD is
characterized by a shift toward amyloidogenic APP pro-
cessing, and reduced levels of APPsa or ADAMI10 were
reported in patients with amyloid deposits and AD ([14,
30], reviewed in [15]). Further, poor memory performance
was correlated with reduced APPsa in the CSF of aged rats
[3]. Thus, together with the well-established neuroprotec-
tive role of APPsa and evidence that infusion of APPsa is
able to enhance memory performance in wild-type mice
[5, 39] our data further support the concept of enhancing/
restoring APPsa levels as a potential strategy to alleviate
AD-related symptoms and synaptic impairments especially
during early stages of disease.
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