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Despite its key role in Alzheimer pathogenesis, the physio-

logical function(s) of the amyloid precursor protein (APP)

and its proteolytic fragments are still poorly understood.

Previously, we generated APPsa knock-in (KI) mice

expressing solely the secreted ectodomain APPsa. Here,

we generated double mutants (APPsa-DM) by crossing

APPsa-KI mice onto an APLP2-deficient background and

show that APPsa rescues the postnatal lethality of the

majority of APP/APLP2 double knockout mice. Surviving

APPsa-DM mice exhibited impaired neuromuscular

transmission, with reductions in quantal content, readily

releasable pool, and ability to sustain vesicle release that

resulted in muscular weakness. We show that these defects

may be due to loss of an APP/Mint2/Munc18 complex.

Moreover, APPsa-DM muscle showed fragmented post-

synaptic specializations, suggesting impaired postnatal

synaptic maturation and/or maintenance. Despite normal

CNS morphology and unaltered basal synaptic transmis-

sion, young APPsa-DM mice already showed pronounced

hippocampal dysfunction, impaired spatial learning and

a deficit in LTP that could be rescued by GABAA receptor

inhibition. Collectively, our data show that APLP2 and

APP are synergistically required to mediate neuromuscular

transmission, spatial learning and synaptic plasticity.
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Introduction

Synaptic dysfunction, cognitive decline, and deposition of the

b-amyloid peptide Ab, derived by proteolytic processing from

the amyloid precursor protein (APP), are hallmark features of

Alzheimer’s disease (AD). Despite biochemical and genetic

evidence that put Ab as a central trigger for AD pathogenesis,

the physiological role of APP and the question of whether

a loss of its functions contributes to AD are still unclear.

Interestingly, the neuroprotective secreted ectodomain APPsa

is reduced in both familial and sporadic AD (e.g. Lannfelt

et al, 1995; and references in Ring et al (2007)) and loss of

APPsa-mediated functions may thus contribute to AD patho-

genesis. Thus, it is essential to elucidate the in vivo func-

tion(s) of APP and its various proteolytic fragments,

including their roles for synapse formation and function, as

well as learning and memory.

APP processing is initiated by a-secretase cleavage within

the Ab region or by b-secretase (BACE) cleavage at the

N-terminus of Ab, leading to the secretion of large soluble

ectodomains, termed APPsa and APPsb, respectively. Subse-

quent processing by g-secretase generates Ab and the APP

intracellular domain (AICD).

APP belongs to a gene family including the amyloid

precursor-like proteins, APLP1 and APLP2, in mammals

(Anliker and Müller, 2006). Although APLP1 and APLP2

lack the Ab region, they are similarly processed by

a-, b-, and g-secretases (Walsh et al, 2007). APP and APLP2

are highly expressed in neurons and peripheral tissue includ-

ing skeletal muscle, are axonally transported (Szodorai et al,

2009), and have been localized to peripheral neuromuscular

junction (NMJ) and central synapses.

Our analysis of APP knockout (KO) mice revealed deficits

in body and brain weight, a deficit in grip strength and in

aged mice also impairments in learning and memory asso-

ciated with a deficit in LTP (Ring et al, 2007). Combined

knockouts indicated functional complementation within the

APP gene family and revealed a key physiological role of

APLP2. Indeed, APP�/�APLP1�/� mice are viable, whereas
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APP�/�APLP2�/� and APLP1�/�APLP2�/� mice die within

24 h after birth, likely due to impaired neuromuscular trans-

mission (Heber et al, 2000; Herms et al, 2004; Wang et al,

2005). Whereas brain morphology of newborn double

mutants was normal, triple KO mice showed cortical neuronal

ectopias, indicating a role of the APP family for neuronal

positioning (Herms et al, 2004). At the NMJ, APP and APLP2

have a redundant and essential role for synapse formation and

function, as APP/APLP2 double knockout (DKO) mice exhibit

widening of the endplate band and severely impaired neuro-

transmission (Wang et al, 2005). More recently, a study with

selective gene knockout either in nerve or in muscle suggested

a requirement of APP/APLP2 at both pre- and post-synaptic

sites (Wang et al, 2009). Nonetheless, a detailed understanding

of the specific function(s) of APP family members at the

synapse and the role of the various proteolytic fragments

remain unclear.

Knockout of the C. elegans orthologue APL-1 disrupts

molting and morphogenesis and results in larval lethality.

Interestingly, this lethality could be rescued by neuronal

expression of the secreted extracellular domain (Hornsten

et al, 2007). To dissect domains important for APP function in

mice, we previously generated APPsa knock-in (KI) mice

expressing only secreted APPsa. When compared with comple-

tely APP-deficient animals, APPsa-KI mice displayed a wild-

type-like phenotype suggesting that APPsa (similar to secreted

APL-1) is sufficient to rescue all abnormalities previously

observed in adult APP-KO animals (Ring et al, 2007).

Surprisingly, however, recently generated APPsb-KI mice proved

unable to rescue the perinatal lethality of APP/APLP2-DKOmice

(Li et al, 2010), raising the question whether different secreted

APP fragments may perform distinct functions.

Until now, the perinatal lethality of APP/APLP2-DKO pre-

cluded the analysis of APP/APLP2-mediated functions in the

adult nervous system. To test whether APPsa, as opposed to

APPsb, may rescue the lethality and neuromuscular deficits

of APP/APLP2-DKO mice, we crossed APPsa-KI mice onto an

APLP2-deficient background. The majority of these APPsa-

DM mice survive into adulthood revealing a complex pheno-

type with deficits both in synaptic transmission in the adult

PNS and CNS and in learning and memory.

Results

Viable APPsa-DM mice show muscular weakness and

deficits in challenging neuromotor tasks

In APPsa-KI mice, we inserted a stop codon behind the

a-secretase cleavage site of the endogenous APP locus. Thus,

APPsa-KI mice express only secreted APPsa (Supplementary

Figure S1A). To test whether the apparent absence of pheno-

typic abnormalities in APPsa mice is due to functional

complementation by APLP2, we crossed APPsa-KI mice

with APLP2-deficient mice. Resulting APPsa-DM double

mutant mice were born at normal Mendelian frequencies

(w2 F(2)¼ 1.4056ns). Remarkably, about half of these com-

bined APPsa-DM mutants survived into adulthood

(Supplementary Figure S1B) showing a reduction in body

weight (Supplementary Figure S1C). Thus, expression of

APPsa was sufficient for rescuing to a large extent the lethality

of APP/APLP2-DKO mice that die shortly after birth. This

viability allowed us to assess postnatal functions mediated

by APP and APLP2. We focused our analysis on the NMJ,

hippocampal formation, and behavioural tests of learning and

memory.

Previously, we had demonstrated a deficit in grip strength in

adult APP-KO mice (Ring et al, 2007), whereas both APPsa-KI

mice and APLP2-KO mice were normal. On the accelerating

rotarod, that assesses motor coordination and muscle fatigue,

APPsa-DM mice performed poorly, falling off much earlier

than APLP2-KO controls (Figure 1A showing female mice and

Supplementary Figure S8A for animals of both sexes). In

addition, APPsa-DM mice exhibited pronounced muscular

weakness in the grip strength test (Figure 1B; Supplementary

Figure S8B). Whereas all control mice were able to hang for

at least 60 s from an inverted cage lid, APPsa-DM mice fell off

immediately or after a few seconds (Figure 1C; Supplementary

Figure S8C). As a baseline for subsequent cognitive tests, we

also assessed activity in the home cage and the open field

(Supplementary Figure S2A–C). Basal activity in the home cage

was increased (Supplementary Figure S2A). In the novel open

field arena overall activity, velocity and acceleration were not

reduced in APPsa-DMmice (Supplementary Figure S2B and C).

These data indicate that in the absence of APLP2, APPsa is not
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Figure 1 APPsa-DM mice show muscular weakness. (A) Rotarod testing. Time to fall during trials 1–5 of the accelerating rotarod test, max.
time 300 s. APPsa-DM mice showed variable performance and were overall impaired (genotype F(1,20)¼ 17.0 Po0.0005, trial F(4,80)¼ 3.6
Po0.0092, trial� genotype F(4,80)¼ 0.5 ns). APPsa-DM n¼ 10, APLP2-KO n¼ 14, all female. (B) Grip test. Average grip force during two
5-trial testing sessions. APPsa-DM mice were strongly impaired (genotype F(1,20)¼ 168.6 Po0.0001, session F(1,20)¼ 8.5 Po0.0086,
session� genotype F(1,20)¼ 2.2 ns). APPsa-DM n¼ 10, APLP2-KO n¼ 14, all female. (C) Cage lid hang test. APPsa-DM mice were strongly
impaired (Mann–Whitney genotype U¼ 140 Po0.0001). APPsa-DM n¼ 10, APLP2-KO n¼ 14, all female.
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sufficient to mediate motor function needed for sustained high

contraction forces, while basal locomotion is not impaired.

Impaired neuromuscular transmission: reduction in

quantal content, readily releasable pool, and ability

to sustain vesicle release

To examine whether the muscle weakness of APPsa-DM mice

is a consequence of impaired NMJ function, we first studied

spontaneous synaptic transmission. Miniature endplate po-

tential (MEPP) frequency in both APLP2-KO and APPsa-DM

muscle fibres was in the normal range of 0.5–1/s (Figure 2A).

However, the distribution of frequencies was sharply

altered in the APPsa-DM fibres with a high proportion

of fibres showing very low frequency responses and some

fibres with higher than normal MEPP frequencies (3–5/s;

Figure 2B). Overall, this resulted in a significant decrease of

mean MEPP frequency in double mutants (Figure 2A). Mean

MEPP amplitudes, however, were increased by about 29% in

APPsa-DM mice (Figure 2C), possibly due to post-synaptic

changes that were not investigated in more detail. Evoked

responses were recorded to study a potential defect in trans-

mitter release. Single action potentials in the pre-synaptic

axon produce the coordinated exocytosis of 50–100 synaptic

vesicles (termed quantal content). We observed a dramatic

reduction (by 45%) in quantal content in APPsa-DM muscles

(29±1.7) compared with APLP2-KO littermate control

muscles (52.9±3.3; Figure 2D; Supplementary Figure S3C).

Short-term synaptic plasticity, assessed by paired-pulse-facil-

itation (PPF), was not significantly different (Supplementary

Figure S3A and B).

The reduced quantal content could be due to a smaller

readily releasable pool (RRP) and/or a smaller probability of

release. The APLP2-KO muscle had a greater initial quantal

content (Figure 2D) and released B2.5-fold more vesicles

during the 2 s stimulation (1610 versus 652; arrowheads in

Supplementary Figure S3C). The RRP (determined according

to Elmqvist and Quastel (1965)) in APPsa-DM muscles

(298±31) was about 30% of that of the APLP2-KO muscles

(1004±109; Figure 2E). Surprisingly, the probability of re-

lease from motoneurons (calculated as quantal content of the

first response divided by the RRP) in the APPsa-DM muscles

was twice as large as in the APLP2-KO muscles (0.1 versus

0.05; Figure 2F). Thus, the smaller quantal content in the

APPsa-DM muscles was solely due to the reduction in RRP.

Since APPsa-DM mice are unable to maintain their grip

upside down on a wire mesh (Figure 1C) for longer than

5–10 s, we stimulated the phrenic nerve for 10 s with either

20 or 40Hz trains of action potentials (Figure 2G and H;

Supplementary Figure S3D). Within the first second of

stimulation, EPP size (normalized to the first response) in

APPsa-DM muscles was B20% smaller than in APLP2-KO

muscles. A large deficit (15%) in APPsa-DM muscles was

also observed for 40Hz stimulation (Supplementary Figure

S3D and E). Overall, these data suggest that neuromuscular

weakness of APPsa-DM mice is likely due to both a reduction

in quantal content, as well as impaired ability to maintain

sustained transmitter release. Of note, this pre-synaptic defect

in transmitter release seems to be specific for peripheral

cholinergic neuromuscular synapses since no alterations in

basal synaptic transmission or evoked pre-synaptic stimula-

tion were detectable for glutamatergic CA3/CA1 excitatory

synapses within the hippocampus (see Supplementary Figure

S11B and C).

Mint2 binding to APP provides a link to Munc18-1

Our data suggest that holo-APP/APLP2 may be required for

organizing the molecular complex for exocytosis and/or in

positioning the release ready vesicles at the NMJ (Neher and

Sakaba, 2008). In this regard, it is striking that Mint/X11

family members are known to bind the cytoplasmic domain

of APP. Neuronal Mint1, 2 (X11a, b) both bind Munc18-1,

which in turn binds the SNARE complex (Rogelj et al, 2006).

Thus, we wondered whether members of the Mint/X11 family

might link APP and Munc18-1. To test this hypothesis, we

co-transfected HEK293 cells with APP, Mint2 and Munc18-1

and performed immunoprecipitations followed by western

blotting (Figure 3A). Indeed, both Mint2 and APP could be

co-immunoprecipitated with Munc18-1.

To explore the interaction of APP/Mint2/Munc18-1 in

living cells, we employed the BiFC assay (Kerppola, 2008)

by introducing APP-VC and Munc18-YN fusion proteins

either alone or together with Mint2 (Figure 3B and C). As

expected, expression of APP-VC together with Munc18-YN

did not lead to an appreciable fluorescent BiFC signal in

co-transfected cells. In contrast, significant fluorescence was

detectable in triple-transfected cells expressing Mint2 in

addition to APP-VC and Munc18-YN, suggesting that Mint2

serves as a scaffold that brings APP and Munc18-1 in close

proximity. Importantly, formation of this tripartite complex

critically depends on the APP C-terminus, as APPDCT-VC

constructs lacking the YENPTY interaction motive for Mint2,

failed to yield fluorescence, despite readily detectable expres-

sion (as shown by immunocytochemistry) of transfected

proteins (Figure 3C, middle).

APPsa-DM mice exhibit a widened endplate band

To assess whether deficits in synaptic transmission are asso-

ciated with abnormal NMJ morphology, as seen in newborn

DKO mutants (Wang et al, 2005), we studied the diaphragm

from young adults (4 and 8 weeks of age). In APPsa-DM mice

endplates visualized by bungarotoxin (BTX)-rhodamine

staining appeared scattered and distributed over a much

wider muscle territory, which was reflected by an increase

in endplate band area of about 50% compared with APLP2-

KO (Figure 4A–C). For quantification, the lateral distance and

density of individual endplates from the medial tendon

insertion was measured. When fitted with a Gaussian, the

half-maximal width of the distribution in APPsa-DM muscle

(450±20mm) was significantly increased by about 1.3-fold

compared with muscles of APLP2-KO controls (346±27 mm,

Po0.05, t-test; Figure 4C). Widening of the endplate band

was paralleled by a pronounced increase in secondary nerve

branching in APPsa-DM mice (Figure 4D). Although the

precise branching pattern varies between individual mice,

abnormalities were obvious in all mutants (data not shown).

APP/APLPs are necessary for NMJ synapse maturation

and maintenance

Closer examination of synapses revealed several striking

abnormalities in APPsa-DM mutants: (1) reduced size of

pre- and post-synaptic specializations, (2) defective apposi-

tion of pre- and post-synaptic elements, and (3) abnormal

topology of post-synaptic structures. In APPsa-DM mice, both

APP and APLP2 synergize for synaptic function
SW Weyer et al
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the area covered by AChRs and the area of synaptophysin-

immunoreactive pre-synaptic specializations were consider-

ably reduced (Figure 5A–C). In addition, APPsa-DM revealed

reduced coverage of the pre-synaptic marker synaptophysin

with post-synaptic AChRs (Figure 5D). Interestingly, whereas

all post-synaptic sites were innervated, we found in

APPsa-DM animals several isolated synaptophysin-positive

patches indicating pre-synaptic specializations that lacked

any BTX staining (Figure 5E), suggesting either postnatal

nerve terminal sprouting or more likely, persistence of pre-

synaptic structures at sites at which post-synaptic specializa-

tions had been lost.

Intriguingly, whereas AChRs at APLP2-KO control NMJs

(8 weeks of age) displayed a mature ‘pretzel’-like pattern,

with continuous and elaborately branched AChR clusters

(Figure 5A), many endplates in APPsa-DM mutants appeared

fragmented with AChRs arranged into numerous small

discontinuous islands (Figure 5A and H). Quantification by

either computer assisted image analysis (Figure 5F) or count-

ing of fragments (data not shown) yielded an about two-fold

increase in the mean degree of fragmentation for double

mutants. Moreover, we noted a significant increase in the

frequency of plaque-like endplates, a topology characteristic

of neonatal NMJ (Figure 5G and H). These topological

abnormalities could reflect a role of APP/APLP2 in the

formation, maturation, or maintenance of NMJs. We, there-

fore, examined endplates from P21 to 28, a stage at which the

early period of synapse elimination is complete (Sanes and

Lichtman, 1999). At this stage, synaptic topology of double

mutants was similar to APLP2-KO revealing no significant

difference in the frequency of plaque-like or fragmented

synapses (data not shown). Thus, these findings suggest

that APP/APLP family members are important not only for

synapse formation (as inferred from the widened endplate
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band) but also in addition required for synapse maturation

and/or maintenance. Muscle morphology of APPsa-DM

diaphragm revealed no reduction in fibre number or fibre

diameter, nor signs of fibre degeneration (absence of central

myonuclei) excluding the possibility that defects in NMJ

function and morphology were secondary to muscle damage

(data not shown).

APPsa-DM mice reveal no alterations in hippocampal

structure, neuronal morphology, and spine density of

CA1 neurons

Histopathological analysis (as assessed by Nissl, Calbindin,

Parvalbumin, and GFAP staining at 12 months) did not

show any apparent abnormalities of cortical or hippocampal

architecture in APPsa-DM compared with APLP2-KO
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mice (Supplementary Figure S4 and data not shown). Trans-

cellular adhesion of APP family proteins may promote sy-

naptogenesis, as APP overexpression in HEK cells induced

pre-synaptic specialization in co-cultured neurons (Wang

et al, 2009). Since APPsa-DM mice lack cell surface APP/

APLP2, we asked whether this may lead to impaired synap-

togenesis and stained hippocampal sections for the dendritic

marker MAP2 or the synaptic marker synaptophysin. APPsa-

DM mice revealed a pattern that was indistinguishable from

APLP2-KO control mice and quantification of synaptophysin-

positive clusters failed to reveal significant differences (Figure

6A–H), excluding major alteration in synaptic density.

Several studies implicated APP in the control of neurite

outgrowth and branching (Perez et al, 1997; Young-Pearse

et al, 2008). We therefore analysed neuronal morphology in

organotypic hippocampal cultures (OTCs). Quantitative ana-

lysis revealed unaltered neurite length (Figure 6I) and den-

dritic branching in APPsa-DM CA1 neurons (Supplementary

Figure S4I–K). In addition, no significant alteration in spine

density was detectable in the mid-distal portion of apical

dendrites, corresponding roughly to the region in which CA3

axons terminate on CA1 dendrites (Figure 6J). Overall, these

data suggest that lack of transmembrane APP/APLP2 iso-

forms does not affect dendritic structure and spine density of

CA1 hippocampal pyramidal neurons.

APPsa-DM mice show strong deficits in hippocampus-

dependent learning and memory

Because of their reduced muscle strength, spatial learning of

APPsa-DM mice was not tested in the water-maze, but in dry

mazes, a T-maze and on the 8-arm radial-maze. When given a

free choice between the two arms during repeated exposures

to a T-shaped maze with a delay of 30 s, normal mice show

a strong tendency to choose the arm not visited during

the previous trial. This spontaneous alternation was strongly

reduced in APPsa-DM mice (Figure 7A; Supplementary

Figure S8F).

When collecting eight baits from the eight freely accessible

arms of the radial-maze, APPsa-DM mice entered arms from

which they had already collected the bait more often than

APLP2-KO controls and failed to improve during 10 days of

training (Figure 7B). In both groups, the number of errors

increased with the number of baits already collected, reflect-

ing the increasing challenge of working memory, but in

APPsa-DM this increase was significantly steeper than in

APLP2-KO mice (Figure 7C). Taken together, the deficits in

these two tasks are indicative of a spatial working memory

deficit in APPsa-DMmice. APPsa-DMmice were also tested for

two hippocampus-dependent species-typical behaviours, nest-

ing behaviour, and burrowing behaviour. Both were massively

impaired (Supplementary Figures S5 and S8G and H).
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In order to assess learning in an environment that mini-

mizes challenges on motor function and exposure to novelty,

APPsa-DM mice were transferred to the IntelliCage (IC), a

large home cage that permits automated behavioural testing

of individual mice in a social context (see Supplementary

Figure S6 for an overview of tests). In four learning corners,

water can be accessed by making a nose poke. After an

adaptation phase (Supplementary Figure S7), access to

water was blocked by doors that could be opened with a

nose poke, first at any time of the day, later only during two

daily drinking sessions (11–12 h and 16–17 h). In order to test

spatial learning, each mouse was assigned a single corner

where it had to obtain its water. APPsa-DM mice were even

more efficient than APLP2-KO controls at directing their visits

to the rewarded corner (Figure 7D), demonstrating that they

could master the sensory and motor demands of this type

of task despite their muscular weakness and hyperactivity.

To test reversal learning, availability of water was shifted to

the opposite corner. APPsa-DM mice adapted more slowly

(Figure 7D) because they persisted in visiting the previously

correct corner (data not shown). The mice were then tested in

a patrolling task in which access to water changes to the next

clockwise corner after each rewarded visit. APPsa-DM mice

were strongly impaired in learning this rule (Figure 7E).

In summary, IC testing further corroborated defects in

hippocampal function in APPsa-DM.

To gain further mechanistic insight into which domains/

proteolytic fragments are crucial for hippocampal APP/

APLP2-mediated functions, we first examined potential trans-

criptome changes, as AICD may regulate transcription in

a Notch-like manner (Cao and Sudhof, 2001). However,

microarray analysis of hippocampi and cortices from APPsa-

DM and APLP2-KO controls failed to reveal any genotype-

related transcriptional differences (Supplementary Figure S10;

Supplementary Tables S1 and S2). Expression differences

between cortex and hippocampus were, however, readily

detectable (Supplementary Figure S10).

APPsa-DM mice exhibit impaired LTP, yet normal basal

synaptic transmission and short-term plasticity

In APP-KO mice, LTP and behavioural deficits only develop in

aged mice (Seabrook et al, 1999; Ring et al, 2007). In contrast,

young adult APPsa-DM mice already showed deficits in

T-maze performance. We therefore explored the possibility

that LTP deficits in the CA3-CA1 Schaffer collateral pathway

in hippocampal slices can be observed in young APPsa-DM

mice. We induced LTP by an application of theta-burst stimula-

tion (TBS) in either young adult (3–5 months old; Figure 8A)
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split by genotype: APPsa-DM F(2,6)¼ 1.1 ns, APLP2-KO F(2,8)¼
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or aged (10–13 months; Supplementary Figure S11A) APPsa-

DM, APLP2-KO or WT mice after baseline recording. At both

ages, APPsa-DM slices showed already a lower LTP during

the induction phase, which resulted in a significant difference

55–60min after TBS compared with APLP2-KO littermate

controls or WT slices. The average potentiation in APPsa-

DM slices (3–5 months old; Figure 8A) was 129±5.1%

(n¼ 10), whereas APLP2-KO slices showed a potentiation

of 158±6.2%, (n¼ 8), 55–60min after the TBS (P¼ 0.014,

t-test). Highly similar results were obtained in aged mice

(Supplementary Figure S11A). APLP2-KO mice showed no

LTP phenotype different from WT at any age tested.

To investigate whether the defect in LTP in APPsa-DM mice

is due to changes in pre-synaptic components necessary to

support LTP, we examined short-term plasticity by measuring

PPF. However, no significant differences at any interstimulus
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interval tested (Supplementary Figure S11B), nor differences

in basal synaptic properties (as assessed by input–output

curves; Supplementary Figure S11C) were detectable. Thus,

in contrast to peripheral synapses of the NMJ, pre-synaptic

defects in transmitter release were absent in glutama-

tergic hippocampal CA3/CA1 synapses. APP-KO mice have

an increased susceptibility to kainite-induced seizures

(Steinbach et al, 1998) and their LTP deficit could be rescued

by inhibition of GABAA receptors (Fitzjohn et al, 2000).

Therefore, we tested for a potential inhibitory GABAergic

contribution to the potentiation defect in APPsa-DM mice.

In acute slices picrotoxin (20mM) was added 10min after

baseline recording and a TBS was applied 10min later

(Figure 8B). The average potentiation was now statistically

indistinguishable between APPsa-DM slices (151.9±8.7%,

n¼ 16) or APLP2-KO controls (147.1±9.8%, n¼ 21; P¼ 0.44,

t-test). Thus, GABAA-R-mediated inhibition is likely altered in

APPsa-DMmice and may thus contribute to reduced ability to

induce and maintain LTP.

Functional role of APP/APLP2 domains

Next, we studied more closely the specific role of APPsa for

LTP and asked whether inhibition of a-secretase-mediated

release of APPsa in APLP2-KO mice (or APLP2sa release in

APP-KO mice) would affect LTP. As short-term a-secretase

inhibition had no effect on LTP in acute slices, we switched

to OTCs that were treated with the ADAM10 inhibitor

GI254023X for 5 days. Indeed, inhibitor treatment of

APLP2-KO OTCs resulted in a significant reduction in LTP

(Figure 8C). The average potentiation in APLP2-KO cultures

(control, treated with 0.01% DMSO) was 123.4±6.2%

(n¼ 11), whereas cultures treated with the ADAM10 inhi-

bitor showed no LTP (93.3±5.1%; n¼ 11; P¼ 0.034, t-test;

35–40min after TBS). This implies that a transient increase in

APPsa or another ADAM10 substrate is required for LTP. Due

to less cooperativity in thin OTCs the overall potentiation was

lower than in acute slices. To our surprise, when recording

from APPsa-DM cultures, which readily express APPsa (and

APLP1 as another ADAM10 substrate), we were unable to

detect any residual LTP even without inhibitor treatment

(Figure 8D: average potentiation of 90.2±4.1%; n¼ 10;

P¼ 0.031; 35–40min after TBS). Responses were statistically

indistinguishable from ADAM10 inhibitor-treated APLP2-KO

cultures (P¼ 0.65). No additional effect on APPsa-DM

cultures was detectable upon inhibitor treatment (data not

shown). Surprisingly, the blockade of a-secretase-mediated

APPsa release in APLP2-KO mice has the same effect as the

genetic modification in APPsa-DM mice, for which all APP

is soluble APPsa. Thus, although APPsa-DM mice still

produce APPsa, this constitutive APPsa secretion may not

be sufficient for normal LTP responses (see Discussion).

Interestingly, ADAM10 inhibition in APP-KO organotypic

slices also showed lower LTP induction rates. On average,

APP-KO cultures showed a potentiation of 120.7±8.1%,

n¼ 8, whereas inhibitor-treated APP-KO cultures showed

almost no potentiation (Supplementary Figure S11D; 102.3±

7.9%; n¼ 9; P¼ 0.02, two-way ANOVA (11–40min, including

all post-TBS values; or P¼ 0.069, assessed by t-test;

35–40min after TBS), suggesting that APLP2sa release may

contribute to normal LTP responses.

Discussion

Here, we report on several novel synaptic functions of APP

family proteins in both PNS and CNS. The first key finding is

that expression of the secreted ectodomain APPsa is sufficient

to circumvent the postnatal lethality of the majority of APP/

APLP2-DKO mice. Surviving APPsa-DM mice are, however,

not normal but represent a very informative hypomorph

with an intermediate phenotype as compared with lethal

DKO mice or viable single KOs and wild-type mice (see

Supplementary Table S3 for summary). Phenotypic aspects

of APPsa-DM mice that are ameliorated compared with DKO

mice (lacking holo-APP, APLP2 and all proteolytic fragments

derived from them) indicate a functional rescue due to APPsa

expression. Conversely, abnormalities in APPsa-DM mice not

observed in either APLP2-KO or APP-KO mice (lacking holo-

APP, APPsa, APPsb, Ab, CTFs, and AICD), are likely due to a

lack of redundant functions mediated synergistically by APP

and APLP2 that had been masked in single mutants and could

not be assessed in double mutants due to perinatal death.

NMJ phenotype

Here, we show that APLP2 and specific domains of APP are

essential for several key steps in NMJ development. As both

APPsa-DM and DKO mice (Supplementary Table S3) exhibit

widened endplate bands and excessive nerve growth, it

appears that APPsa expression is not sufficient to compensate

for these early developmental defects. In contrast, impair-

ments of neurotransmission in adult APPsa-DM mice (highly

variable frequency of spontaneous MEPPs, a reduction in

quantal content of evoked responses, a smaller RRP of

vesicles) were much milder than those of perinatal lethal

DKO mice (with over 50% of fibres completely lacking

MEPPs and 25% of fibres lacking evoked responses; Wang

et al, 2005). Thus, APPsa ameliorates the pre-synaptic defect

in transmitter release of DKO mice to a level sufficient for

survival of the majority of animals. We hypothesize that a

more severe defect in neurotransmission underlies the loss of

about 40% of APPsa-DM animals at around birth. Our

findings contrast with the failure of APPsb-KI mice to rescue

the lethality of APP/APLP2-DKO mice (Li et al, 2010) and

suggest distinct physiological functions of secreted APP ecto-

domains. Consistent with our results, APPsb has previously

been found far less potent in neuroprotection (Furukawa et al,

1996; Copanaki et al, 2010), and has recently even been linked

with degenerative processes (Nikolaev et al, 2009).

APP and APLP2 are cell surface proteins expressed by

motoneurons, as well as post-synaptic muscle cells.

Although our data do not rule out an adhesive function

of APP/APLPs during initial stages of NMJ synaptogenesis,

they challenge the concept that lack of APP/APLP mediated

trans-synaptic adhesion is the primary cause of synaptic

dysfunction and perinatal lethality of DKO mice (Wang

et al, 2009). Instead our findings highlight the importance

of APPsa as a secreted signalling factor required for synaptic

function. Interestingly, upon differentiation of aneural

cultures of C2C12 myoblasts large amounts of APPsa are

secreted (Supplementary Figure S1E). It is well established

that secreted molecules (e.g., FGF, GDNF and ECM compo-

nents) can regulate pre-synaptic differentiation including

transmitter release (reviewed in Wu et al (2010)). As APPsa

has previously been shown to modulate ion channel activity
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(including NMDA receptors; Furukawa and Mattson, 1998;

Taylor et al, 2008), it is tempting to speculate that APPsa may

modulate transmitter release, via binding to an as yet

unknown pre-synaptic cell surface receptor. Alternatively,

APPsa may function by interacting with basal lamina com-

ponents within the synaptic cleft.

The impaired transmitter release in APPsa-DM mice is

consistent with their severe muscular weakness in demand-

ing neuromotor tasks. The NMJ normally has a large safety

factor since EPP depolarization is typically 2–5-fold greater

than threshold for generation of a muscle action poten-

tial (Wood and Slater, 1997). Thus, the 45% reduction in

quantal content for a single stimulus in APPsa-DM muscles

(Figure 2D) is not expected to compromise synaptic transmis-

sion for basal locomotion (Hennig and Lomo, 1985). When a

large force needs to be maintained, however, the combination

of (1) low initial quantal content, (2) small RRP, and (3)

reduced replenishment of the RRP is likely to produce failure

of synaptic transmission and muscle weakness (Figure 1A–C).

Our finding of severely reduced RRP is consistent with

EM studies showing smaller active zones containing fewer

docked vesicles in newborn APP/APLP2-DKO animals (Yang

et al, 2005). The smaller pre-synaptic area (Figure 5C) of

APPsa-DM is, however, not enough to account for the

reduced quantal content or RRP. In addition, APPsa-DM

NMJ synapses show an impaired ability to maintain

sustained vesicle release, suggesting a more direct role of

APP/APLP2 for exocytosis. What pre-synaptic molecules

might interact with the cytoplasmic domains of APP and

APLP2 to mediate this effect? Among known APP interactors

Mint2 (and to a lesser extent Mint1) is highly expressed

in rodent spinal cord (Ho et al, 2003) and motoneurons

(Yao et al, 2011) and the single drosophila homologue dX11

has been implicated in the formation of new synapses at the

drosophila NMJ (Ashley et al, 2005). Here, we show by

immunoprecipitation and BiFC analysis in living cells that

binding of Mint2 to the APP C-terminus can recruit Munc18-1

into a tripartite complex, which may thus link APP to the

NMJ exocytic machinery (reviewed by Rizo and Rosenmund

(2008) and Neher and Sakaba (2008)). Overall, our data

suggest that lack of APP/APLP2 transmembrane isoforms in

APPsa-DM mice abolishes APP/Mint2/Munc18 complex

formation and may thus perturb the organization and/or

regulation of the NMJ exocytic complex. Future experiments

will be required to demonstrate that the tripartite complex is

required for normal replenishment of vesicles for exocytosis.

Another novel finding of our study is that APP and APLP2

are essential for postnatal maturation and maintenance of

neuromuscular synapses. This was evident from the signifi-

cant increase in fragmented endplates and persistence of

immature plaque-like post-synaptic specializations in adult

APPsa-DM. Notably, this phenotype emerged in young adult

animals (aged 8 weeks) whereas juvenile APPsa-DM were

not affected. Similar phenotypes were observed in mice

deficient for muscle proteins or ECM components (e.g.,

Gonzalez et al, 1999; Kong and Anderson, 1999; Fox et al,

2007, 2008). Collectively, our data identify APP and APLP2 as

key molecules required (1) during early stages of nerve

growth and synaptic pattern formation, (2) from around

birth onwards to mediate efficient and sustained transmitter

release, and (3) postnatally for the maturation and/or

maintenance of the post-synaptic apparatus.

CNS phenotype

The viability of APPsa-DM mice made it possible for the first

time to study the physiological role of APP and APLP2 for the

adult central nervous system. In contrast to the morphologi-

cal defects observed for peripheral neuromuscular synapses,

APPsa-DM mice showed no gross alterations in cortical or

hippocampal architecture and no detectable difference in

neurite and synaptic cluster density. Moreover, APPsa-DM

mice showed unaltered morphology of pyramidal neurons

without significant alterations in neurite length, dendritic

branching, or spine density in apical aspects of hippocampal

CA1 dendrites. We therefore conclude that, at least with

regard to the morphological aspects tested here, cell surface

APP/APLP2 isoforms are not essential, and hippocampal

synapse formation proceeds normally in the absence of

APP/APLP2-mediated adhesion. Although we could not

detect any upregulation of APLP1 (Supplementary Figure S1D),

we cannot formally exclude APLP1-mediated compensatory

effects.

Consistent with this, APPsa-DM mice showed normal

basal synaptic transmission between CA3/CA1 pyramidal

cells, unaltered short-term plasticity and thus, no alterations

in pre-synaptic transmitter release. Despite this, we observed

severe hippocampus-dependent behavioural deficits that

were associated with a pronounced impairment in the induc-

tion and maintenance of LTP, already in young adult APPsa-

DM mice. The comparison of young APLP2-KO with wild-

type animals showed that APLP2 deficiency on its own does

not result in LTP defects (Supplementary Figure S11A).

To delineate the underlying mechanisms of the LTP deficit,

we could exclude impaired AICD-mediated transcriptional

responses. We next considered mechanisms depending on

membrane attachment such as adhesion and/or trans-cellular

signalling mediated by APP homo-dimers or via binding to

other cell surface molecules. Strikingly, treatment of APLP2-

KO OTCs with an ADAM10 inhibitor completely impaired LTP.

Thus, given that inhibition of APP ectodomain shedding will

increase APP cell surface isoforms, our finding that a-secre-

tase inhibition leads to impaired LTP argues against a major

role of transmembrane APP signalling for LTP induction and

maintenance. Another possibility that we cannot rule out is

that the effect of the ADAM10 inhibitor is mediated by

inhibition of substrates other than APP. Previously, we

showed that APPsa is produced and secreted in APPsa-KI

brains at high levels and is readily detectable in supernatants

of mouse embryo fibroblasts (Ring et al, 2007). However, the

finding that APPsa expression from the KI allele leads to the

same LTP deficit as ADAM10 inhibition in APLP2-KO slices

(see Figure 8C and D) suggests that unregulated/constitutive

APPsa expression may lead to insufficient local amounts or

abnormal timing of APPsa release at the synapses during LTP

induction. We are also aware that infusion of high amounts of

recAPPsa into rat brain may inhibit LTP (Taylor et al, 2008).

However, as APPsa-KI single mutants displayed a wild-type-

like phenotype without LTP impairment (Ring et al, 2007), we

consider insufficient APPsa production in APPsa-DM mice

more likely than a transdominant inhibitory effect.

Our data are consistent with a model (Figure 9) in which

regulated cleavage of APP to form endogenous APPsa during

synaptic activity is required to enhance NMDA-R signalling

during LTP. Indeed, APPsa secretion has been shown to be

enhanced by neuronal depolarization (Gakhar-Koppole et al,
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2008), high frequency stimulation (Mills and Reiner, 1999;

Fazeli et al, 1994), and by activation of metabotropic gluta-

mate receptor, or muscarinic AChRs (Nitsch et al, 1992,

1998). Consistent with our data, Taylor et al (2008) showed

that hippocampal infusion of APPsa-specific antibodies or

a-secretase inhibitors not only impaired LTP but also reduced

tetanically evoked NMDA receptor currents. APPsa signalling

involving NMDA receptor activation is also well in agreement

with our finding that GABAA-R inhibition, that facilitates

post-synaptic depolarization (Figure 9), rescued the LTP

deficit of APPsa-DM mice. Alternatively, it cannot be

excluded that APPsa might also directly regulate GABAergic

inhibition (Figure 9). Although neuromuscular synapses and

hippocampal CA3/CA1 synapses are both excitatory, they

also exhibit clear differences, e.g., regarding the number/

structure of release sites and quantal content, with a much

higher demand on transmitter release at the NMJ (Neher and

Sakaba, 2008). Thus, while pre-synaptic release at glutama-

tergic CA3/CA1 synapses is unaffected in APPsa-DM

mice, network properties of hippocampal circuits might be

compromised by lack of APP/APLP2, as suggested by the

increased kainite susceptibility of APP-KO mice (Steinbach

et al, 1998).

Previously, we showed that on an APLP2 wild-type back-

ground APPsa-KI mice are phenotypically normal (Ring

et al, 2007). Given that learning and LTP deficits in APP-KO

mice emerged only upon aging (suggesting compensation by

APLP2) and that constitutive APPsa release may become

insufficient in the absence of APLP2, our findings indicate

that APLP2 (likely via secretion of APLP2sa; Eggert et al,

2004; Endres et al, 2005; see Supplementary Figure S11D) is

synergistically required in addition to APP for LTP, learning,

and memory. Here, we show that APPsa-DM mice exhibited a

defect in spatial working memory, as evidenced by impair-

ments in T-maze alternation (Deacon and Rawlins, 2006) and

in the radial-maze (Olton et al, 1978; Rossi-Arnaud et al,

1991). Also, the deficit in the patrolling task of IC can be

interpreted along these lines because the mice must remem-

ber in which corner they last obtained reward in order to

learn the correct response pattern. In addition, APPsa-DM

mice displayed behavioural changes typical for rodents with

hippocampal dysfunction, notably the impairments in the

nesting and burrowing test (Deacon et al, 2002), impaired

exploration and habituation in the open field and IC (Roberts

et al, 1962; Colacicco et al, 2009), and perseverative beha-

viour (Hirsh, 1970). This requirement of APP and APLP2

for normal CNS function contrasts with the normal differ-

entiation and electrophysiological properties of cultured neu-

rons lacking all three APP family members (Bergmans et al,

2010) and highlights the importance to study APP family

functions in the living organism.

Collectively, our study identifies APP and APLP2 as essen-

tial for both peripheral and central nervous system functions.

As reduced levels of APPsa have been suggested to contribute

to the cognitive impairment and pathogenesis of AD, our data

warrant the study of potential alterations of APLP2 expres-

sion and processing during AD pathogenesis and aging. Our

data also imply that care must be taken when developing

pharmacotherapy for AD to avoid compromising endogenous

APP/APLP2 functions.

Materials and methods

Mice
APPsa-KI and APLP2-KO were mated to obtain APPsa/wt/APLP2�/�

mice that were further intercrossed to obtain APPsa-DM (APPsa/sa/
APLP2�/�) and the corresponding APLP2-KO littermate controls
(see Supplementary data).

Western blot analysis and CNS immunostaining
See Supplementary data.

NMJ immunohistochemistry
Diaphragms were dissected, incubated in 1mg/ml type-IA collage-
nase (Sigma) in PBS supplemented with 0.036mM CaCl2 for 15min
at room temperature (RT), rinsed in PBS, and fixed in 1%
formaldehyde/PBS for 1 h at RT. Tissue was permeabilized (1%
Triton X-100/PBS) and incubated with the following antibodies:
neurofilament (1:500, rabbit polyclonal, Chemicon) or against
synaptophysin (1:50, rabbit polyclonal, Invitrogen) in 2% BSA/
PBS at 41C for 48 h followed by staining 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 41C and mounted in Mowiol 4-88 (Carl Roth).
Images were obtained with a Nikon A1R CLSM. For details see
Supplementary data.

Electrophysiology
The diaphragm with 5–10mm of the attached phrenic nerve was
dissected from adult mice (7–8 weeks old), mounted in a Sylgard-
lined dish, and superfused with oxygenated (95% O2/5%
CO2) modified Tyrode’s solution (in mM: 125 NaCl, 5.37 KCl, 24
NaHCO3, 1 MgCl2, 1.8 CaCl2, 11 glucose, pH 7.4) for at least 1 h
before recording. Hippocampal slices were prepared from APPsa-
DM, APLP2-KO mice, or wild-type mice according to standard
procedures. Electrophysiological recordings were performed as
previously described (Ring et al, 2007) and detailed in Supplemen-
tary data.

Behaviour
All behavioural procedures were approved by animal welfare
authorities. A total of 31 mice (six times backcrossed to C57BL/6,
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APPsa-DM n¼ 13: 10 female, 3 male; APLP2-KO controls: n¼ 18, 14
female, 4 male), distributed over two cohorts (cohort 1: all female;
cohort 2: males and females), were analysed in a blinded manner.
For several parameters females of cohorts 1 and 2 were pooled. In
addition, we also analysed animals of both sexes (cohort 2) to show
that behavioural alterations are independent of sex (Supplementary
Figure S9). For details see Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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