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AB-dependent reduction of NCAM2-mediated
synaptic adhesion contributes to synapse loss
in Alzheimer's disease
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Lars M. Ittner?3 & Vladimir Sytnyk'

Alzheimer's disease (AD) is characterized by synapse loss due to mechanisms that remain
poorly understood. We show that the neural cell adhesion molecule 2 (NCAM?2) is enriched
in synapses in the human hippocampus. This enrichment is abolished in the hippocampus of
AD patients and in brains of mice overexpressing the human amyloid-f (AB) precursor
protein carrying the pathogenic Swedish mutation. A binds to NCAM?2 at the cell surface of
cultured hippocampal neurons and induces removal of NCAM2 from synapses. In AD
hippocampus, cleavage of the membrane proximal external region of NCAM?2 is increased
and soluble extracellular fragments of NCAM2 (NCAM2-ED) accumulate. Knockdown of
NCAM?2 expression or incubation with NCAM2-ED induces disassembly of GluR1-containing
glutamatergic synapses in cultured hippocampal neurons. AB-dependent disassembly of
GluR1-containing synapses is inhibited in neurons overexpressing a cleavage-resistant mutant
of NCAM2. Our data indicate that AB-dependent disruption of NCAM2 functions in AD
hippocampus contributes to synapse loss.
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earning and memory processes depend on the number and

correct functioning of synapses in the brain. Cell adhesion

molecules are enriched in the pre- and postsynaptic
membranes. These molecules physically connect synaptic mem-
branes, providing mechanical stabilization of synaptic contacts! 3,
are necessary for the formation of new synapses during neuronal
development*?, and maintain and regulate synaptic plasticity in
adults®10,

Alzheimer’s disease (AD) is a neurodegenerative brain
condition predominantly of the aging poplaulation. One of the
earliest signs of AD is the loss of synapses'!, which can at least
partially be linked to the toxicity mediated by Ap'2-14, a peptide
that accumulates in the brains of AD patients. The impact of AD
on synaptic adhesion and the role of synaptic cell adhesion
molecules in the progression of the disease remains poorly
understood.

The neural cell adhesion molecule 2 (NCAM2), sometimes
designated OCAM, belongs to the immunoglobulin superfamily
of cell adhesion molecules. NCAM?2 participates in homophilic
trans-interactions'>!®. During human embryonic development,
NCAM?2 is expressed in several tissues, including lung, liver, and
kidney with the highest expression in the brain!”. The expression
level of NCAM2 peaks around postnatal day 21 and remains high
during adulthood!®, suggesting that the protein is necessary both
during development and in adult brains. Accordingly, studies
with cultured neurons and in NCAM2 deficient mice show that
NCAM2 is important for the development of the brain, and the
olfactory system in particular'®1°,

The NCAM?2 gene is located on chromosome 21 in humans
and NCAM?2 overexpression has been suggested to be one of the
factors contributing to the symptoms of Down syndrome!’,
which presents with early-onset AD pathology. Single-nucleotide
polymorphisms in the NCAM?2 gene have been reported as a risk
factor related to the progression of AD in the Japanese
population?’, A recent genome-wide association study has
found an association between single-nucleotide polymorphisms
in the NCAM?2 gene and levels of AP in the cerebrospinal fluid in
humans, suggesting that NCAM?2 is involved in the pathogenic
pathway to the senile plaques that concentrate in AD brains?!.
Since genetic association studies indicate a link between NCAM2
and AD, we have analysed whether AD pathology influences
levels of NCAM2 in synapses. Our results indicate that the
synaptic adhesion mediated by NCAM2 is highly susceptible to
AP toxicity and that proteolytic fragments of NCAM2 generated
in an AP-dependent manner can directly contribute to the
induction of synapse disassembly.

Results
Synaptic NCAM2 is reduced in the hippocampus in AD. To
analyse whether functions of NCAM2 are affected in AD, frozen
post-mortem brain tissue of AD patients and non-affected con-
trols (n =10 each) was analysed by western blot with antibodies
against NCAM2. The detailed demographic data for the subjects
analysed are presented in Supplementary Table 1. Total levels of
NCAM2 were slightly increased in the hippocampus, but not
significantly affected in the cerebellum or superior temporal
cortex in AD (Supplementary Fig. 1). In contrast, levels of
VGLUT1, a presynaptic marker-protein of excitatory synapses,
were reduced in AD hippocampus (Supplementary Fig. 1), indi-
cating a loss of excitatory synapses. Levels of VGAT, a pre-
synaptic marker-protein of inhibitory synapses, were not
significantly affected in any brain region analysed (Supplemen-
tary Fig. 1).

Changes in the protein levels in brain homogenates do not
necessarily reflect changes in the protein levels in synapses. To

2

analyse whether the synaptic function of NCAM2 is affected in
AD, we compared the enrichment of NCAM?2 in synaptosomes
isolated from the brain tissue of individuals with AD and non-
affected controls by western blot analysis of synaptosomes and
total homogenates of the brains used for synaptosome prepara-
tions. Equal total protein amounts from each probe were applied
to the gels to compensate for any possible differences in the yield
of synaptosomes because of the synapse loss observed in AD.
Western blot analysis with antibodies against actin, VGLUT1,
VGAT, synaptophysin (a general presynaptic marker-protein),
and PSD95 (a postsynaptic marker-protein), showed that these
proteins were enriched to similar levels in synaptosomes from AD
and control brains, indicating similar purities of intact synapto-
some isolations (Fig. 1a). Western blot analysis showed that in
control individuals NCAM2 was highly enriched in synaptosomes
from the hippocampus and to a lower degree in synaptosomes
from the temporal cortex and cerebellum (Fig. lab). This
synaptic enrichment of NCAM2 was significantly reduced in
synaptosomes from AD hippocampi (Fig. la,b). The synaptic
enrichment of NCAM2 was slightly lower in the AD versus
control cerebellum, however the difference was not statistically
significant (Fig. 1a,b).

NCAM2 is a membrane protein (Fig. 2a). Its proteolysis results
in the release of the free, non-membrane-attached soluble
fragments®2. To investigate whether a reduction in the synaptic
levels of NCAM2 is accompanied by changes in NCAM?2
proteolysis, soluble protein fractions were isolated from the
cerebellum, superior temporal cortex and hippocampus of control
and AD brains. Western blot analysis of these fractions showed
enrichment of the soluble marker-protein GAPDH as well as
NCAM2-positive bands (Fig. 1c), which were detected at a lower
molecular weight compared with NCAM2-positive bands in
synaptosomes (Fig. 1c). Since the antibodies used in our analysis
were against the extracellular domain of NCAM2 (NCAM2-ED),
the ~100-kDa NCAM2 fragment detectable in the soluble
protein fractions likely represented NCAM2-ED. In agreement,
the molecular weight of recombinant NCAM2-ED was also
~100kDa (Fig. 3a).

The levels of the soluble NCAM2 fragments relative to the
NCAM2 levels in synaptosomes were significantly increased in
AD hippocampus (Fig. 1c,d). Similar results were obtained when
the levels of NCAM2 in the soluble protein fraction were
normalized to the levels of GAPDH (Fig. 1le). The levels of the
soluble NCAM2 were not statistically significantly different in the
temporal cortex and cerebellum in AD brains (Fig. 1c-e). These
results suggested increased proteolysis of NCAM2 and release of
NCAM2-ED from the synaptic plasma membrane in the
hippocampus in AD brains.

Cleavage of NCAM2aa682-701 is increased in AD brains. To
confirm that amino acid sequences within NCAM?2, which are
proximal to the extracellular leaflet of the membrane, can be
cleaved in the brain tissue, peptides corresponding to the amino
acid sequences within this region of NCAM2 (Fig. 2a) were
analysed in a cleavage assay (Fig. 2b). In this assay, peptides
labelled with FITC and biotin at the N- and C-terminus,
respectively, were incubated with lysates of homogenates or
synaptosomes from control or AD hippocampus. Non-cleaved
peptides were removed using streptavidin beads. Levels of FITC
groups released by the peptide cleavage were analysed by mea-
suring FITC fluorescence (Fig. 2b). This analysis showed that the
release of FITC groups from the most membrane proximal
NCAM2aa682-701 fragment was significantly higher than from
the adjacent NCAM?2aa666-685 fragment (Fig. 2¢), indicating that
this sequence is susceptible to cleavage. Cleavage efficiency of
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Figure 1| Synaptic accumulation of NCAM2 is reduced in the hippocampus of AD-affected individuals. (a) Western blot analysis of homogenates
and synaptosomes prepared using brain tissue from cerebellum, temporal cortex and hippocampus of control and AD individuals. Note enrichment of
synaptophysin, PSD95, actin, VGLUT and VGAT in synaptosomes indicating efficient synaptosome isolation. NCAM?2 is highly enriched in synaptosomes
versus homogenates from the hippocampus in control but not in AD individuals. Full-length versions of the western blots are shown in Supplementary
Figs 6 and 7. (b) Graphs show the ratio of the respective protein levels in synaptosomes to homogenates for individual cases and mean + s.e.m.
(n=10 control and n=10 AD cases were analysed). *P=0.0039, Mann-Whitney test. (¢) Western blot analysis of the soluble protein fractions and
synaptosomes prepared using brain tissue from the cerebellum, temporal cortex and hippocampus of control and AD individuals. Total protein
concentration in synaptosomes was kept at 25% of that in the soluble protein fraction to improve visualization of the protein bands in both fractions on one
blot. Probes were analysed with antibodies against the extracellular domain of NCAM2 and GAPDH, which served as a loading control. Note increased
levels of soluble ~100-kDa NCAM2 fragments in the soluble protein fraction from the hippocampus and temporal cortex of the AD individuals. Full-length
versions of the western blots are shown in Supplementary Fig. 8. (d,e) Graphs show NCAM2 levels in the soluble protein fraction normalized to NCAM2
levels in synaptosomes (d) and NCAM2 levels in the soluble protein fraction normalized to GAPDH levels in homogenates (e) for individual cases and
mean = s.e.m. (n=10 control and n=10 AD cases were analysed). *P<0.05, Mann-Whitney test.
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Figure 2 | Cleavage of the membrane-adjacent extracellular fragment of NCAM2 is increased in AD brains. (a) Diagram showing the structure of
NCAM2. Ig, immunoglobulin-like domain; Fn, fibronectin type Ill domain. Peptides used in the cleavage assay and corresponding to aa682-701
(NCAM2aa682-701) and aa666-685 (NCAM2aa666-685) of human NCAM?2 are shown below. Asparagine 689 and aspartic acid 693 exchanged to
alanine in the cleavage assay shown in ¢ are highlighted in bold. (b) Scheme of the peptide cleavage assay. Peptides labelled with FITC and biotin at the
N- and C-terminus, respectively, were incubated either with the total brain lysate or lysate of synaptosomes. Non-cleaved peptides and biotin-containing
fragments of the cleaved peptides were removed using streptavidin-coated beads. The remaining FITC fluorescence was used as an estimate of peptide
cleavage. (¢) Graphs show the efficiency of the peptide cleavage (mean+ s.e.m.) with the fluorescence signals for NCAM2aa682-701 in controls set to
100%. Lysates from eight controls and eight AD patients were analysed. Note that the efficiency of NCAM2aa682-701 cleavage is higher in AD cases and
particularly in synaptosomes. NCAM2aa682-701 cleavage is reduced by mutating aspartic acid 693. *P<0.05 (compared as indicated), "P<0.05
(compared with NCAM2aa682-701 cleavage in AD) analysis of variance with Tukey's multiple comparisons test.

NCAM2aa682-701 was markedly increased in AD samples with
the strongest effect observed in the lysates of synaptosomes when
compared with the total homogenate lysate (Fig. 2c). Cleavage of
NCAM2aa682-701 was reduced when aspartic acid 693 was
changed to alanine, but not after mutating asparagine 689 to
alanine (Fig. 2c). Thus, we found that the extracellular region of
NCAM2 is cleaved at amino acids 685-701, with aspartic acid at
position 693 being essential. Furthermore, the cleavage rate at this
site is increased in synapses of AD hippocampus.

NCAM?2 binds to AP in vitro. In search for possible mechanisms
of the increased proteolysis of synaptic NCAM2 in AD, we
determined whether purified recombinant NCAM2-ED (Fig. 3a)
binds to AP;_4, in vitro using ELISA. AB; 4, bound to NCAM2-ED
immobilized on plastic in a concentration-dependent manner

(Fig. 3b). No binding to bovine serum albumin (BSA) used as a
negative control was observed. Hence, NCAM2 can directly
associate with AP, _g,.

To further understand the nature of the complexes formed by
NCAM2-ED and A,_4;, the sizes of the protein particles formed
by NCAM2-ED or AP,_4, alone or when NCAM2-ED and AP, 4,
were incubated together were measured by using dynamic light
scattering. This analysis showed that AP, 4, formed particles with
the hydrodynamic diameter of ~ 140 nm (Fig. 3¢), as previously
reported for AB oligomers?. In agreement, SDS-polyacrylamide
gel electrophoresis (PAGE) and western blot analysis of the AB; 4,
preparation with human Ap-specific antibodies (6E10, Covance)
showed a band at ~18kDa corresponding to A, 4, tetramers and
a minor band at ~4.5kDa corresponding to AfB; 4, monomers but
no higher molecular weight bands (>40kDa) corresponding to

4 NATURE COMMUNICATIONS | 6:8836 | DOI: 10.1038/ncomms9836 | www.nature.com/naturecommunications
© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

12 3 b
260 KD 0.5+ NCAM2-ED
o
110kD = #j« NCAM2-ED < 044
80 kD = T 03.
— . c -
60 kD Gel: " os
1-Marker < Y4
- -~ BSA
30kD 2-NCAM2-ED 3 0.14
B e e —
WB: 0.0
10 KD — 8-NCAM2 0 100 200 300
AB, nM
(o] d o e
20 20 : :
® 15 ® 15 ! ?%2
2 AB - LomoAB &
% 10 s 10 1 |
5 S 1 1
- - 1 1
£ 5 £ 5 1 1
0 0 1 1
0.03125 1 1,024 32,768 003125 1 132 11,024 32,768 250 KD
Diameter, nm ! 1 Diameter, nm =
50 20 - 150 kD —
' ' 100 kD =
® 40 2 15 i 75 kD
- 30 NCAM2ED % | 1% BSA 50 kD =
Z 4 G 10 I 37 kD=
£ 2 H i 25 kD
5 1 1 —
= ‘g = AN 20 kD =
0 t T 15 kD ==
0.03125 1 1,024 32,768 003125 1 1 321 1024 32768 10 KD ™
Diameter, nm ! ! Diameter, nm
15 15 BSA H
° 9 &
2 10 NCAM2ED % A1 1%BSA+AB
-‘5; + AB 'ﬁ 1 1
S 5 S 5 o
E E | 1e”P
0 A 0 : A_A
003125 1 32 111,024 32,768 003125 1 132 11,024 32,768
111 Diameter, nm ! ! Diameter, nm
f Coomassie stained gel g
1 2 3 WB: NCAM2
NCAM2-ED [ 100 1 2 3
NeAMZEDRC] 80 150kD =g M NCAM2-ED/AB
60 100 kD —. P2 e
NCAM2-ED

i
o
nv ‘Aususiul

250 kD~
150 kD NCAM2-ED/AB
1(7)g EB Rl o2 o oS [ 4 4 4 L2
i NCAM2-ED e 2¢ 150 kD
50 kD = ==
37 kD o B o~ 100 kD
25 kD
20 kDM AB e
15 kD 1-NCAM2-ED;
10kD 2-NCAM2-ED/AB;
3-AB

1-NCAM2-ED; 2-NCAM2-ED/AB; 3-AB

Figure 3 | The extracellular domain of NCAM2 binds to Ap. (a) Recombinant extracellular domains of NCAM2 (NCAM2-ED) analysed by silver staining
and western blot with antibodies against the extracellular domain of NCAM2. (b) NCAM2-ED immobilized on the plastic surface of 96-well plates was
assessed by ELISA for its ability to bind increasing concentrations of AB;_4,. Mean + s.e.m. (n=3) OD values from a representative experiment are shown.
Note that ABy.4> binds to NCAM2-ED but not to BSA in a concentration-dependent manner. The experiment was performed five times with the same
effect. (¢) DLS analysis of the hydrodynamic diameters of the protein particles in the solutions containing AB;.4, oligomers alone, NCAM2-ED alone or a
mixture of ABy.42 oligomers and NCAM2-ED. Note that the particle size peaks (marked by black dashed lines) are shifted to a larger hydrodynamic
diameter (grey dashed line) in the solution containing a mixture of AB;_4, oligomers and NCAM2-ED when compared with solutions containing AB;.4,
oligomers or NCAM2-ED alone. (d) DLS analysis of the hydrodynamic diameters of the protein particles in the solutions containing AB;.4, oligomers alone,
BSA alone or a mixture of ABy_4, oligomers and BSA. Note that the particle size peaks (marked by dashed lines) are not shifted when AB;_4, oligomers are
incubated with BSA. The experiment in ¢,d was performed twice with the same effect and a representative experiment is shown. (e) Western blot analysis
of the APy_4, oligomer preparation used in this study. (fg) PAGE (f) and western blot (g) analyses of the probes containing NCAM2-ED, NCAM2-ED
incubated with ABy.42, or ABy.4> performed under non-reducing conditions. Dashed lines and arrows indicate the position of the peaks in the labelling
density determined by the densitogram analysis. A fragment of the densitogram covering 75-150 kDa range is shown in f. Note that the density peak in
the NCAM2 band in the probes incubated with ABy_45 is shifted to the higher molecular weight (grey arrows) when compared with the NCAM2 band
in the absence of A4, (black arrows). Full-length versions of the western blots are shown in Supplementary Fig. 9. OD, optical density. AU, arbitrary units.
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Figure 4 | NCAM2 accumulates in excitatory synapses of cultured hippocampal neurons. (a) Low-magnification image of a cultured hippocampal neuron
labelled by indirect immunofluorescence with antibodies against NCAM2, synaptophysin and MAP2. Note expression of NCAM2 along MAP2 positive
dendrites. NCAM?2 is also expressed in astrocytes (marked a) which are present in these cultures. Scale bar, 20 um. (b) High-magnification image of
dendrites of neurons co-labelled with antibodies against NCAM2, synaptophysin and MAP2. Arrows show clusters of NCAM?2 partially overlapping with
synaptophysin accumulations. NCAM2-negative synapses are also observed (arrowheads). Scale bar, 10 pm. (¢) High-magnification image of a dendrite of
a cultured hippocampal neuron labelled with antibodies against NCAM2, synaptophysin and PSD95. NCAM2 clusters partially overlap with accumulations
of PSD95 and synaptophysin (arrows). Scale bar, 10 um. Three-dimensional analysis of the co-localization within the outlined area is on the right. Z-stack
has been acquired with 0.15 um steps. The xz and yz sections along the dashed lines on the xy image are shown. Note co-localization of the NCAM2 cluster
with synaptic markers. (d) Negative control, that is, labelling performed without primary antibodies, is shown. Scale bar, 10 pm.

protofibrils (Fig. 3e)24. The hydrodynamic diameter of the particles
formed by NCAM2-ED was ~260nm (Fig. 3c). NCAM2-ED
incubated with AP;_4, oligomers formed larger protein particles
with the hydrodynamic diameter of ~440 nm (Fig. 3¢), indicating
binding of NCAM2 to A, 4. In contrast, incubation of AB; 4,
oligomers with BSA did not induce any shift in the size indicating
no particles were formed by BSA and AP, 4, (Fig. 3d).

To confirm the dynamic light scattering data, NCAM2-ED
incubated with or without AP, 4, oligomers was analysed by
PAGE under non-reducing conditions. Analysis of the densito-
grams of the Coomassie-stained gels showed that incubation with
AB;_4 resulted in a slight ~15-20kDa shift of the NCAM2-ED
band to the upper molecular weight with no higher molecular
complexes observed (n =3 experiments; Fig. 3f). A similar shift
was observed when the probes were analysed by western blot with
antibodies against NCAM2 (Fig. 3g). Furthermore, western blot
analysis with antibodies against AP confirmed that the shifted
band was also positive for AP (Fig. 3g). Since the shift
corresponded to the molecular weight of the tetrameric AP, 4,
oligomers (Fig. 3e), our data indicate that AP 4, oligomers bind
to NCAM2.

To analyse whether NCAM2 can also associate with Af; 4
oligomers at the cell surface of neurons, we used cultured mouse
hippocampal neurons. First, we confirmed synaptic localization of
NCAM2 in these neurons by using immunofluorescence labelling.
Labelling with antibodies against NCAM2 showed that it was
distributed along dendrites that stained for the dendritic marker-
protein MAP2 (Fig. 4a). Higher magnification visualized clusters
of NCAM2 co-localizing with the presynaptic marker synapto-
physin (Fig. 4b). Interestingly, NCAM2 was enriched in a subset
of synapses (Fig. 4b). Co-labelling with antibodies against the
postsynaptic marker of excitatory synapses, PSD95, showed that
NCAM2 co-localized with PSD95-positive synapses (Fig. 4c,
Pearson’s correlation coefficient for NCAM2 and PSD95 labelling
was 0.752 £ 0.008, n =23 neurons analysed). These observations
indicate that similarly to its distribution in human brain, NCAM2
is enriched in synapses of mouse hippocampal neurons.

Next, neurons were treated with 0.5 UM AP, 4, oligomers or
equivalent volume of the neuronal culture medium used to dilute
oligomers for 30 min or 24 h. Neurons were then subjected to a
proximity ligation (PL) assay using antibodies against AB; 4, (sc-
28365; Santa Cruz Biotechnology) and antibodies against the
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Figure 5 | Ap,.42 oligomers bind to NCAM2 at the cell surface of neurons. Representative images of cultured hippocampal neurons, which were either
mock-treated or incubated with ABy_4; oligomers for 30 min or 24 h. ABi.42/NCAM2 complexes at the cell surface were detected by PL using antibodies
against A4, and the extracellular domain of NCAM2 applied to detergent non-permeabilized neurons. Neurons were then co-labelled with antibodies
against ABs.4> and synaptophysin used to visualize neurons. Differential interference contrast images (DIC) and inverted grey scale fluorescence images
are shown. Note endogenous APP labelling in mock-treated neurons and increased levels of ABy_4, immunoreactivity and NCAM2/AR;_4, proximity ligation
reaction products along neurites of neurons treated with APy42 oligomers for 30 min. NCAM2/AB;.42 proximity ligation reaction products and ABy.42
oligomers were observed along neurites and also adsorbed to the substrate around neurons treated with A4, oligomers for 24 h. A dead neuron with
disrupted morphology of the soma, fragmented dendrites and highly positive for ABy.4> is marked with an arrow. Graphs show levels of AB;.4, and
synaptophysin immunoreactivity and ABy.42/NCAM?2 proximity ligation products measured along neurites and randomly sampled areas around neurons
(mean + s.e.m., n>50 neurons analysed in each group). P<0.05, analysis of variance with uncorrected Fisher's least square difference test. The
experiment was performed twice with the same effect. Scale bar, 40 um.

extracellular domain of NCAM2 (ref. 19) to detect complexes of presented with a strong punctuated A immunoreactivity along
NCAM2 and AP;_4,. Neurons were co-labelled for synaptophysin ~ dendrites partially overlapping with synaptophysin accumula-
and AP; 4 to visualize synapses and neuronal morphology. tions (Fig. 5), indicating that AP, 4, oligomers bound to the cell
Proximity ligation produced a weak reaction in mock-treated surface at synapses, as described previously!3. This was
control neurons (Fig. 5), suggesting that NCAM2 associates with  accompanied by a significant increase in the NCAM2/Af; 4, PL
endogenous APP present in cultured hippocampal neurons (see signal (Fig. 5). Interestingly, the NCAM2/AB, 4, PL products
also Fig. 8f). Neurons incubated with AB; 4, oligomers for 30min  were observed not only along neurites but also on the substrate in
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neurite-free areas (Fig. 5). In neurons incubated with AP, 4,
oligomers for 24h, levels of NCAM2/AP, 4, ligation products
adsorbed to the substrate around neurons were increased as
compared to neurons incubated with AP, 4, for 30 min (Fig. 5).
This increase in the substrate-bound ligation products was
accompanied by a reduction in levels of A4
immunoreactivity along neurites in neurons incubated with
AB;_4, oligomers for 24h as compared with neurons incubated
with AP, 4 oligomers for 30min (Fig. 5), suggesting that
prolonged incubation with AP; 4 oligomers resulted in the
dissociation of NCAM2/AB, 4, complexes from the cell surface
and subsequent adsorption to the substrate. Dead neurons
containing high levels of AP immunoreactivity, probably
representing intracellular accumulations of Af, were also
observed in cultures treated with Af; 4, oligomers for 24h
(Fig. 5), in accordance with previous reports showing that
intraneuronal accumulation of AP, 4, precedes neuronal death?.
Omission of one of the antibodies abolished the PL signal
indicating the specificity of the reaction (Fig. 5). Taken together,
our data suggest that AB; 4, oligomers form complexes with
NCAM?2 that progressively dissociate from synaptic sites into the
medium.

AP removes NCAM?2 from synapses of hippocampal neurons.
To confirm that exposure to AP; 4, oligomers affects levels of
NCAM2 at synapses, we analysed levels of NCAM?2 in synapto-
somes isolated from control mock-treated cultured hippocampal
neurons and neurons treated with AP, 4, oligomers for 24h.
Western blot analysis of synaptosomes showed that NCAM2 was
highly enriched in synaptosomes isolated from control neurons
(Fig. 6a), in agreement with immunocytochemical analysis
(Fig. 4) and observations with human brain tissue (Fig. 1a). The
synaptic enrichment of NCAM?2 was significantly reduced in
synaptosomes from neurons treated with A; 4, oligomers
(Fig. 6a). Levels of synaptophysin were similar in synaptosomes
isolated from AP;4- and mock-treated neurons, indicating
similar isolation efficiency (Fig. 6a).

The fact that levels of NCAM2 were not significantly affected
in the temporal cortex of AD-affected individuals (Fig. 1a)
prompted us to analyse the effect of AP, 4, oligomers on NCAM2
levels in synapses of cortical neurons. Synaptosomes isolated from
cultured cortical neurons showed NCAM2 enrichment in
synapses, albeit at lower levels as compared with hippocampal
neurons (Fig. 6a). Interestingly, but in line with our findings in
human temporal cortex (Fig. la), levels of NCAM2 in synapto-
somes were not reduced by exposure of cortical neurons to AB;_4,
for 24 h (Fig. 6a). Western blot analysis of the cell culture lysates
showed that in hippocampal and cortical neurons incubated with
AB; 4, oligomers the overall levels of NCAM2 were increased
when compared with NCAM?2 levels in mock-treated neurons
(Fig. 6a), indicating a similar compensatory reaction in both types
of neurons. It is therefore possible that cortical neurons are more
efficient in compensating for the AB-dependent loss of NCAM2
because levels of NCAM2 in synapses of these neurons are lower.

To confirm that AB,_4, induces removal of NCAM2 from the
cell surface of cultured hippocampal neurons, we compared levels
of the soluble proteolytic products of NCAM2 in the cell culture
medium collected from control mock-treated neurons and
neurons treated with AP, 4, oligomers for 24h. Western blot
analysis showed that levels of soluble NCAM2 with the molecular
weight of ~100kDa were significantly increased in culture
medium from AP, 4-treated hippocampal neurons (Fig. 6b),
further indicating that A, 4, induces removal of NCAM?2 off the
neuronal cell surface. In contrast, levels of the soluble proteolytic
products of CHL1, another synaptic cell adhesion molecule of the
immunoglobulin superfamily?®?’, were not changed in the
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culture medium from A, 4-treated hippocampal neurons
(Fig. 6b). Incubation with AP;,, did not increase levels of
soluble NCAM?2 in the culture medium from cortical neurons
(Fig. 6b), suggesting that cortical neurons are more resistant to
AB;_4p-dependent NCAM?2 proteolysis.

AP binds to and removes NCAM2 from synapses in APP23
mice. Next, we used AB-forming human mutant APP-expressing
APP23 mice to analyse whether AP interacts with NCAM2 in the
brain in vivo. Immunolabelling of brain slices with antibodies to
NCAM2 showed widespread NCAM?2 expression in hippocampi
of both wild-type and APP23 mice of different age (Fig. 7a,
Supplementary Figs 3 and 4). Antibodies against human AP
(6E10, Covance) stained neurons in the hippocampus of APP23
mice (Fig. 7a, Supplementary Fig. 3). NCAM2 and AP partially
co-localized along dendrites of the neurons in 9-month-old
APP23 mice (Fig. 7d), which did not show overt plaques (Fig. 7a),
in small A aggregates probably representing nascent plaques in
12-month-old APP23 mice (Supplementary Figs 3 and 4), and in
small AP aggregates and around mature plaques in 24-month-old
APP23 mice (Supplementary Figs 3 and 4). No labelling was
observed when primary antibodies were omitted (Fig. 7b,c).

To analyse whether increased levels of AP influence synaptic
accumulation of NCAM2 in vivo, we compared synaptic
enrichment of NCAM2 in brains of APP23 mice and wild-type
littermates. Western blot analysis showed that NCAM2 was
highly enriched in synaptosomes from the hippocampus of wild-
type mice in all ages tested (Fig. 8a). Enrichment of NCAM2 in
hippocampal synaptosomes was significantly reduced in APP23
mice at all ages analysed (Fig. 8a,b). NCAM2 was also highly
enriched in synaptosomes isolated from the cortex of 5-9- and
12-month-old wild-type mice (Fig. 8a). This enrichment of
NCAM2 progressively declined in APP23 mice with the
difference reaching statistical significance at 12 months of age
(Fig. 8a,c). Interestingly, synaptic levels of NCAM2 in the cortex
of 15-month-old wild-type mice declined to the level of APP23
mice, possibly reflecting ageing. Synaptic enrichment of NCAM2
in the cerebellum was not different between genotypes in mice of
all ages tested (Fig. 8a,d), consistent with absence of transgene
expression in the cerebellum of APP23 mice®®. A decline in
synaptic levels of NCAM2 was accompanied by an increase in
soluble NCAM?2 fragments in the hippocampus of APP23 mice
(Fig. 8e; ratio of soluble NCAM2 to full-length synaptic NCAM2
levels in synaptosomes was 0.11+0.02 in the hippocampus of
wild-type animals versus 0.24 £0.05* in the hippocampus of
APP23 mice, n=>5, *P<0.05, paired #-test), indicating increased
proteolysis of NCAM2.

Although co-localization data (Fig. 7) suggests that NCAM?2
and AP interact, it does not exclude that NCAM?2 co-localize with
full-length APP or its fragments containing epitopes present in
A and recognized by 6E10 antibodies. To confirm that NCAM2
interacts with AP, co-immunoprecipitation experiments were
performed. Immunoprecipitation of NCAM2 from APP23 brain
extracts co-immunoprecipitated AP species of ~20-37kDa
detectable with antibodies against human AR (6E10, Covance)
(Fig. 8f). Co-immunoprecipitation efficiency was stronger in the
hippocampus when compared with cortex (Fig. 8f). NCAM2
immunoprecipitates from the cortex and hippocampus of APP23
mice also contained full-length APP and ~75kDa products
possibly representing APP proteolytic fragments containing
epitopes present in AP and detectable with 6E10 antibody
(Fig. 8f). To confirm that AP;4, associates with NCAM?2,
NCAM2 immunoprecipitates were also analysed with the rabbit
monoclonal antibody (D3E10, Cell Signaling) recognizing A, 45,
but not full-length APP or other AP species. Labelling with this
antibody also showed immunoreactivity at ~20-37kDa in
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Figure 6 | Levels of NCAM2 are reduced in synaptosomes of cultured hippocampal neurons treated with Ap,_4, oligomers. (a) Western blot analysis of
homogenates and synaptosomes isolated from cultured hippocampal or cortical neurons either mock treated or incubated with A4, oligomers for 24 h.
Blots were probed with antibodies against NCAM2 and synaptophysin used as a loading control. Note that NCAM?2 is enriched in synaptosomes versus
homogenates in hippocampal neurons and this enrichment is reduced in hippocampal neurons treated with ABy_45. Levels of NCAM2 in synaptosomes from
cortical neurons are not reduced in response to ABy.42. NCAM2 levels are increased in homogenates of neurons treated with ABy_4> versus mock-treated
neurons. Graphs show mean + s.e.m. fold change in NCAM2 levels in cell culture homogenates with levels in mock-treated neurons set to 1 (left panels),
and mean + s.e.m. of the synaptic enrichment of NCAM2 defined as a ratio of NCAM?2 levels in synaptosomes to homogenates (right panels) from n=5
independent experiments. *P<0.05 paired t-test. (b) Western blot analysis of the cell culture media collected from the hippocampal and cortical neurons
either mock-treated or incubated with AB;_4, oligomers for 24 h. Blots were probed with antibodies against the extracellular domain of NCAM2. Note that
levels of the soluble ~100kDa extracellular fragments of NCAM2 are increased in the culture media from cultured hippocampal neurons treated with
ABq.42. Graphs show quantification of the blots (mean + s.e.m., n=3 independent experiments for hippocampal neurons, n= 6 independent experiments
for cortical neurons) with levels in mock-treated cultures set to 1. *P<0.05 paired t-test. For a,b, full-length versions of the blots are shown in
Supplementary Fig. 10.

NCAM2 immunoprecipitates from APP23 hippocampus (Fig. 8f).
Taken together, our results suggest that AP binds to NCAM2
particularly in the hippocampus and may induce removal of
NCAM2 from synapses in vivo.

Disruption of NCAM?2 adhesion promotes synapse dis-
assembly. Soluble NCAM2-ED contains amino acid sequences
normally involved in mediating NCAM2-NCAM2 homophilic
adhesion'®, NCAM2-ED may therefore bind to membrane-
localized NCAM?2 and affect its interactions and functions. Since
NCAM2-ED accumulates in AD brains (Fig. lc-e) and is
generated in response to AP;4 (Fig. 6b), we determined
whether application of NCAM2-ED affects synapse integrity in
cultured hippocampal neurons. Neurons were incubated with
recombinant NCAM2-ED (2.5 pgml — 1) for 24 h or mock-treated

with equivalent volume of the neuronal culture medium used to
dilute NCAM2-ED. To visualize synapses, neurons were labelled
with antibodies against the extracellular domain of the GluR1
subunit of AMPA receptors applied before permeabilization of
membranes with detergent and co-labelled with antibodies
against synaptophysin applied after permeabilizing membranes
with detergent. Confocal microscopy analysis showed that in
mock-treated neurons over 80% of cell surface GluR1 clusters
overlapped with synaptophysin accumulations and were thus
identified as synaptic (Fig. 9a,b). The number of synaptic GluR1
clusters was significantly reduced in neurons incubated with
NCAM2-ED (Fig. 9a,b). This reduction was accompanied by a
reduction in the numbers of synaptophysin accumulations along
dendrites and by an increase in the numbers of extra-synaptic
GluR1 clusters identified as clusters that did not overlap with
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Figure 7 | NCAM2 co-localizes with A4 in brains of APP23 transgenic mice. Low-magnification confocal images of the hippocampus (a) and high-
magnification images of the CA1 region of the hippocampus (d) of 9-month-old wild-type (wt) and APP23 mice (APP23) are shown. Brain sections were
immunolabelled with antibodies to NCAM2 and AB and counter stained with DAPI. Lower panel in d shows a blow-up of the area outlined with dashed
lines. Note accumulations of AP co-localizing with clusters of NCAM2 along dendrites of neurons. Negative controls (labelling performed without primary
antibodies) are shown in b,c. Scale bar =200 um (a-c), 40 um (d), 10 um (d, blow-up image).

synaptophysin accumulations (Fig. 9a,b). Since NCAM2-ED can
bind not only to the membrane bound NCAM2 but possibly also
to other binding partners of NCAM2 at the cell surface, we also
analysed whether synapse integrity is affected by antibodies,
which bind specifically to the extracellular domain of NCAM?2
(ref. 19, Supplementary Fig. 2). Incubation of neurons with the
antibodies against the extracellular domain of NCAM2
(2.5ugml 1) for 24h also resulted in reduced density of GluR1-
positive synapses along dendrites (Fig. 9a,b). A similar effect was
observed in neurons incubated with AP, 4, oligomers (0.5 uM) for
24h (Fig. 9a,b), in agreement with previous reports!>. Incubation
with NCAM2-ED, antibodies against the extracellular domain of
NCAM2 or AP;_4, oligomers also resulted in reduced numbers of
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synapses positive for the NR1 subunit of the NMDA receptor and
an increase in numbers of extra-synaptic NR1 clusters along
dendrites of neurons (Fig. 9¢). Our observations thus indicate that
disruption of NCAM2 functions at the cell surface results in the
disassembly of glutamatergic synapses.

Since the actin cytoskeleton plays a central role in anchoring of
the receptors in the postsynaptic density, we determined whether
exposure to NCAM2-ED influences actin at synapses. In mock-
treated control neurons, accumulations of F-actin visualized
with  fluorophore-labelled  phalloidin  co-localized  with
synaptophysin clusters (Fig. 9d). Numbers of synaptic phalloidin
clusters and overall phalloidin intensity along dendrites were
reduced in neurons treated for 24h with NCAM2-ED or
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Figure 8 | NCAM2 binds to Ap and its synaptic accumulation is reduced in the hippocampus of APP23 transgenic mice. (a) Western blot analysis of the
homogenates (hom.) and synaptosomes (synapt.) prepared using hippocampus, cortex and cerebellum from wild-type and APP23 transgenic (APPtg)
mice. Probes were analysed with antibodies against NCAM2 and synaptophysin used as a loading control. Note reduced synaptic enrichment of NCAM2 in
the hippocampus of APP23 transgenic mice. Full-length versions of the western blots are shown in Supplementary Fig. 11. (b-d) Graphs show synaptic
enrichment of NCAM2 defined as a ratio of NCAM2 levels in synaptosomes and homogenates (mean + s.e.m., samples from four 5-9-month-old, four
12-month-old and two 15-month-old pairs of littermates were analysed twice by western blot). *P<0.05 paired t-test. (e) Western blot analysis of the
soluble protein fraction and synaptosomes prepared using hippocampus, cortex and cerebellum from wild-type and APP23 transgenic mice. Probes were
analysed with antibodies against NCAM2. Note reduced synaptic enrichment of NCAM2 in the hippocampus of APP23 mice (short exposure) and higher
levels of soluble NCAM2 fragments in the hippocampus of APP23 mice when compared with wild-type hippocampus revealed after prolonged exposure
of the blot (long exposure). Full-length versions of the western blots are shown in Supplementary Fig. 12. (f) Western blot analysis of NCAM2
immunoprecipitates (IP) from the cortex and hippocampus of wild-type and APP23 mice. Mock IP with non-immune immunoglobulins (Ig) served as
control. Membranes were analysed with antibodies to NCAM2, human APP and AB (6E10, Covance), or ABy4» (D3ET0, Cell Signaling). Note full-length
APP and AB immunoreactivity in NCAM2 immunoprecipitates from APP23 mice. A band representing the heavy chain of the immunoglobulins (Ig-HC)
used for immunoprecipitation and recognized by the secondary antibodies is also observed. Labelling with antibodies to NCAM2 shows NCAM?2
immunoprecipitation efficiency. Full-length versions of the western blots are shown in Supplementary Fig. 13.

antibodies against the extracellular domain of NCAM2 dendrites of neurons treated with NCAM2-ED or antibodies
(Fig. 9d,e). This effect was accompanied by the increased against NCAM2 (Fig. 9d), resulting in an increased ratio of
appearance of non-synaptic filopodia and lamellipodia along dendrite area-to-length (Fig. 9e). A similar effect was observed in
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neurons treated for 24h with AP, 4, oligomers (Fig. 9d.e), as
described previously'.

Cleavage-resistant NCAM2 reduces AB-dependent synapse loss.
Since A; 4, induces removal of NCAM2 from synapses, we
determined whether knockdown of NCAM2 expression by
transfection of neurons with targeted miRNA (NCAM2miR)
alters synapse numbers. Immunofluorescence analysis of trans-
fected neurons showed that numbers of synaptic cell surface
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increase numbers of extra-synaptic GluR1 clusters any further
(Fig. 10a,b), indicating that the effects of NCAM2 knockdown
and AP;_4, are not additive. Transfection with NCAM2miR did
not significantly reduce the effect of AB; 4, on the overall num-
bers of synaptophysin-positive synaptic boutons along dendrites
(Fig. 10c).

To analyse whether overexpression of NCAM2 changes the
responsiveness of neurons to AP, neurons were transfected with
DNA coding for non-mutated human NCAM2 or cleavage-
resistant NCAM2 with aspartic acid 693 in the cleavage site
mutated to alanine (NCAM2D693A). Transfection with both
NCAM2 constructs resulted in expression of the NCAM2
proteins recognized with the NCAM?2 antibodies at the expected
molecular weight (Supplementary Fig. 2C). In neurons trans-
fected with non-mutated NCAM2, the percentage of non-
synaptic GluR1 clusters was increased when compared with
neurons transfected with green fluorescent protein (GFP) only
(Fig. 10d), possibly due to cleavage of overexpressed NCAM2 and
therefore increased levels of NCAM2-ED, which affects numbers
of GluR1-containing synapses (Fig. 9b). In agreement, the neurite
area/length ratio was increased in NCAM2- versus GFP-
transfected neurons (Fig. 10f), as observed for neurons treated
with NCAM2-ED (Fig. 9d, e). Furthermore, these effects were
blocked in neurons transfected with NCAM2D693A (Fig. 10d,1),
indicating that cleavage of NCAM?2 is required. In neurons
transfected with NCAM2D693A, the A, 4,-dependent increase
in numbers of extra-synaptic GluRl clusters was blocked
(Fig. 10d), and AP, 4-dependent reduction in the overall
numbers of synaptic accumulations along dendrites was partially
inhibited (Fig. 10e).

Because overexpression of non-mutated NCAM2 induced
changes obscuring the effects of AP, we also analysed whether
responsiveness to AP is restored in neurons, in which human
NCAM2 was expressed on the NCAM2-negative background
achieved by knockdown of expression of mouse NCAM2 using
mouse NCAM2-specific NCAM2miR. Analysis of the immuno-
fluorescence images of transfected neurons labelled with anti-
bodies against NCAM2 showed that in neurons transfected with
NCAM2miR only the levels of NCAM2 were reduced to
254%2.1% of NCAM2 levels in control neurons. By testing
different concentrations of DNAs, we found that in neurons co-
transfected with DNAs coding for NCAM2miR and non-mutated
human NCAM2 or human NCAM2D693A at 1:1 ratio the levels
of NCAM2 immunofluorescence were increased to 72.9 £5.5%
and 62.8 £ 6.4% of the levels in control neurons, respectively. The
percentage of non-synaptic GluR1 clusters was reduced in
neurons co-transfected with NCAM2miR and non-mutated

NCAM2 or NCAM2D693A when compared with neurons
transfected with NCAM2miR only (Fig. 10g). Application of
AB; 4, for 24h induced an increase in the percentage of non-
synaptic GIuR1 clusters (Fig. 10g) and an increase in the neurite
area/length ratio (Fig. 10h) in neurons co-transfected with non-
mutated NCAM2. This effect was, however, blocked in neurons
co-transfected with NCAM2D693A (Fig. 10g,h).

Taken together, our results indicate that AP affects the
numbers of GluRl-containing glutamatergic synapses in a
NCAM2-dependent manner.

Discussion
Alzheimer’s disease is characterized by loss of sgfnapses, which is
the strongest correlate of cognitive decline!**-32 and possibly
one of the earliest events in AD pathogenesis3°’33. Synapses are
long lasting contacts between neurons, which are stabilized by a
number of cell adhesion molecules that concentrate in pre- and
postsynaptic membranes>>. Cell adhesion molecules play an
essential role in maintaining synapse functionality and stability.
Although cell adhesion molecules of many families are required
for the synapse integrity®!’, elimination of even one type of
synaptic cell adhesion molecule is often sufficient to induce
abnormalities in  synapse ultrastructure and protein
composition®’. In the present study, we show that levels of the
synaptic cell adhesion molecule NCAM?2 are markedly reduced in
hippocampal synapses in AD brains and AB-forming APP23
mice. Our observations that disruption of NCAM?2 interactions at
the cell surface, knockdown of NCAM2 expression and A
exposure result in reduced numbers of glutamatergic synapses in
hippocampal neurons suggest that abnormalities in NCAM2-
mediated synaptic adhesion contribute to synapse loss in AD.
Although the mechanisms of synapse disassembly in AD remain
poorly understood, previous studies indicated that synapse loss can
be linked to AB-induced toxicity!>**3, Our observations showing
that synaptic levels of NCAM?2 are similarly reduced in APP23
mice and in cultured hippocampal neurons from wild-type mice
exposed to AP argue in favour of AB-dependent mechanisms in
the disruption of NCAM2-mediated synaptic adhesion. We
however do not exclude that other factors, such as disrupted
trafficking of NCAM2 to synapses, may also contribute to the
reduction of NCAM2 levels at synapses. Strikingly, the effects of
AP on synaptic targeting of NCAM2 were particularly strong in
hippocampal but not cortical or cerebellar neurons. The enhanced
susceptibility of synaptic NCAM2 to Af-dependent proteolysis
may therefore contribute to selective vulnerability of the
hippocampus to AD.

Figure 9 | Disruption of NCAM2 functions at the neuronal cell surface promotes glutamatergic synapse disassembly. (a-e) Cultured hippocampal
neurons were either mock-treated or incubated with the recombinant soluble extracellular domains of NCAM2 (NCAMZ2-ED), antibodies against the
extracellular domain of NCAM2 (NCAM2mADb), or AB;-4; oligomers. In a,b, neurons were labelled with antibodies against the extracellular domain of GIuR1
before permeabilization of membranes with detergent, and co-labelled with antibodies against synaptophysin after permeabilization of membranes with
detergent. Representative images of dendrites are shown (a). Note co-localization of cell surface GIuR1 accumulations with synaptophysin clusters in mock-
treated neurons, and increased levels of non-synaptic cell surface GIuR1 accumulations in neurons treated with NCAM2-ED, NCAM2mAb or ABy.42. Graphs
(b) show the percentage of synaptic and non-synaptic GIuR1 clusters relative to total number of GIuR1 clusters along dendrites and numbers of
synaptophysin accumulations per dendrite length (mean+s.e.m.). *P<0.0001 (analysis of variance with Dunnett's multiple comparison test, n>80
dendrites from 20 neurons were analysed in each group). In ¢, neurons were labelled with antibodies against the extracellular domain of NR1 before
permeabilization of membranes with detergent, and co-labelled with antibodies against synaptophysin after permeabilization of membranes with detergent.
Graphs show the percentage of synaptic and non-synaptic NR1 clusters relative to total number of NR1 clusters along dendrites (mean + s.e.m.).
*P<0.0001 (analysis of variance with Dunnett’s multiple comparison test, n> 85 dendrites from 20 neurons were analysed). In d,e, neurons were
co-labelled with fluorescent phalloidin and synaptophysin antibodies. Representative images of dendrites are shown in d. Note higher labelling intensity and
co-localization with synaptophysin of the phalloidin-labelled polymerized actin accumulations in control neurons versus neurons treated with ABy.4,,
NCAM2-ED or NCAM2mADb. Note increased numbers of filopodia and lamellipodia in neurons treated with AB.45, NCAM2-ED or NCAM2 mAb. Graphs
(e) show ratio of the dendrite area-to-length and phalloidin labelling intensity of dendrites of neurons. Mean values + s.e.m. are shown. *P<0.0001
(analysis of variance with Dunnett's multiple comparison test, n =50 dendrites from 20 neurons were analysed in each group). Scale bar, 10 um (in a,d).
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Figure 10 | AB;.4> reduces the number of GluR1-containing synapses in the NCAM2-dependent manner. (a) Representative images of dendrites of
cultured hippocampal neurons transfected either with control negative miRNA (negative miR) or NCAM2miR and either mock-treated or incubated with
ABi-42. Transfected neurons were identified by fluorescence of GFP, which is co-expressed together with miRNA. Neurons were co-labelled with antibodies
against cell surface GIuR1 and synaptophysin. Note that the number of synaptic GIuR1 clusters is reduced and the number of non-synaptic GIuR1 clusters is
increased in neurons transfected with NCAM2miR. Scale bar, 10 um. (b,e) Graphs show mean + s.e.m. percentage of synaptic and non-synaptic GIuR1
clusters relative to the total number of GIuR1 clusters along dendrites (b) and numbers of synaptophysin accumulations per dendrite length normalized to
the mean number in mock-treated neurons (c) for neurons described in (a). (d-f) Graphs show mean + s.e.m. percentage of synaptic and non-synaptic
GIuR1 clusters relative to the total number of GIuR1 clusters along dendrites (d), number of synaptophysin accumulations per dendrite length normalized to
the mean number in mock-treated neurons (e), and area/length ratio (f) in cultured hippocampal neurons transfected either with GFP alone or co-
transfected with GFP and non-mutated NCAM2 (NCAM2WT) or NCAM2D693A mutant and either mock-treated or incubated with ABy_4,. (g,h) Graphs
show mean + s.e.m. percentage of non-synaptic GIuR1 clusters relative to the total number of GIuR1 clusters along dendrites (g) and area/length ratio (h)
in cultured hippocampal neurons co-transfected with NCAM2 miR and either GFP, non-mutated NCAM2 (WT) or NCAM2D693A mutant (D693A) and
either mock-treated or incubated with AB_4,. In b-h, *P<0.01 (compared as indicated), "P<0.01 (compared with mock-treated neurons transfected with
negative miR (b), GFP (d-f) or co-transfected with NCAM2miR and GFP (g-h)), analysis of variance with Tukey's multiple comparison test, n>50
dendrites from 20 neurons were analysed in each group.
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Our observations that NCAM2 directly interacts with synthetic
APBi.4, that AP, 4, forms a molecular complex with NCAM2 at
the neuronal cell surface and that complexes of NCAM2 and
oligomers of AP can be isolated from APP23 mouse brains,
indicate that NCAM2 may function as a previously unrecognized
receptor for A at the neuronal cell surface. Previous studies have
shown that AP can also bind to other cell adhesion molecules at
the neuronal cell surface, among which are the prion protein’®
and L1¥. In addition, a number of cell adhesion molecules have
been shown to interact with APP, including the neural cell
adhesion molecule 1 (NCAM1)38 and TAGI (ref. 39). It remains
to be investigated whether the NCAM2/AB complex comprises
other adhesion molecules and cell surface proteins. Interestingly,
NCAM], a homologue of NCAM2, binds to prion protein®® and
L1 (ref. 41). However, in spite of homology to NCAM2, NCAM1
binds to a region of APP which is different to the AB-containing
region’s.

The fact that NCAM?2 directly binds to A suggests that this
event may predispose NCAM?2 to proteolysis and shedding of its
extracellular domain. APB-derived diffusible ligands, a form of
AP, 4> used in our study, have been previously shown to attach to
the postsynaptic sites of excitatory synapses and induce removal
of cell surface proteins!®. How exactly AB induces NCAM2
proteolysis remains to be investigated, but interestingly, we could
show site-specific cleavage of NCAM2 is enhanced in AD
synapses. Importantly, Af has been shown previously to inhibit
shedding of another synaptic cell adhesion molecule,
N-cadherin??, an observation which indicates that AP does not
induce overall degradation of the synaptic cell adhesion machinery
but rather target-specific components, including NCAM2.

Notably, we found that extracellular domains of NCAM2
accumulate in brains of AD patients. In addition to enhanced
proteolysis, an increase in the levels of soluble NCAM2 may also
be related to overall increased expression of NCAM?2 triggered by
exposure to AP. A similar increase in levels of expression were
observed for cellular prion protein, another key player in AP
toxicity>®, expression of which is increased in response to
incubation with AP*3. Our observation that incubation of
cultured hippocampal neurons with recombinant extracellular
domains of NCAM?2 results in a reduction of the numbers of
glutamatergic synapses suggests that proteolytic products of
NCAM2 may exacerbate the effect of AP by interfering with
NCAM2-mediated homophilic interactions and promoting
further disassembly of synaptic contacts. In addition to
the disruption of NCAM2-mediated adhesion, binding of the
extracellular domains of NCAM2 may influence the intracellular
cytoskeleton by activating intracellular signalling, which can be
induced by other members of this family of cell adhesion
molecules in response to extracellular ligand binding**.

Taken together, we show that Af induces synaptic loss and
proteolysis of NCAM?2 in cell culture and APP transgenic mouse
models, providing a mechanistic explanation for synaptic
NCAM2 changes in AD brains. The detrimental effects of
proteolyically cleaved extracellular NCAM2 on synapses may
augment the A toxicity in the pathogenesis of AD. The exact
molecular mechanisms underlying AB-induced NCAM2 changes,
and to which degree it contributes to onset and progression of
disease remains to be established. Nevertheless, our data reveal a
new role of NCAM2 in AD that warrants further investigation.

Methods

Antibodies. Rat monoclonal antibodies against the extracellular domain of
NCAM2 (MAB778; R&D Systems) were used at 2.5 pgml ~! for immunocy-
tochemistry (IC) and in experiments aimed to disrupt NCAM2 functions in live
cultured hippocampal neurons. Goat polyclonal antibodies against the extracellular
domain of NCAM2 (sc-51336; Santa Cruz Biotechnology) were used at 4 pgml ~ !

for IC, immunohistochemistry (IH) and in the PL assay. Mouse monoclonal
antibodies against the extracellular domain of NCAM?2 (sc-136328; Santa Cruz
Biotechnology) were used for IC (2 pgml 1), Western blot (WB, 1 pgml 1),
immunoprecipitation (IP, 7 ug per 1 mg of total protein) and to immobilize
NCAM?2 for ELISA (10 pgml ~ ). Goat antibodies against the extracellular domain
of CHLI1 (AF2147; R&D systems) were used for WB (1 pgml ~1); goat polyclonal
and mouse monoclonal antibodies against synaptophysin (sc-7568, sc-17750; Santa
Cruz Biotechnology) were used for WB (1 pgml ~ lyand IC (4 pgml ™~ 1); mouse
monoclonal antibodies against actin (sc-8432; Santa Cruz Biotechnolog}l;
1pgml ™ 1), VGLUTI (sc-377425; Santa Cruz Biotechnology; 1 pgml~ ") and
VGAT (sc-393373; Santa Cruz Biotechnology; 1 pgml ~!) were used for WB;
mouse monoclonal antibodies against PSD95 (clone K28/86, Millipore) were used
for WB (0.1 pgml ~1) and IC (1 pgml ~!); mouse monoclonal antibodies against
MAP2 (M4403; Sigma; 1:100) were used for IC; mouse monoclonal antibodies
against AP (sc-28365; Santa Cruz Biotechnology) were used for WB (1 pgml ™~ b,
IC 2pgml ™ 1), PL (2 pgml~ 1); rabbit polyclonal antibodies against AP (pre-
diluted AB42 detection antibody; KHB3441 ELISA kit; Life Technologies) were
used for ELISA; human-specific mouse monoclonal antibodies against Ap (6E10)
(Covance) were used for IH (1:100) and WB (1:1,000); rabbit monoclonal anti-
bodies against AB;_4, (D3E10, Cell Signaling Technology; 1:200) were used for WB;
rabbit polyclonal (A5060) and mouse monoclonal antibodies against actin (Sigma)
were used for WB (1:1,000); rabbit polyclonal antibodies against the extracellular
epitope of the GluR1 subunit of AMPA receptors (AGC-004; Alomone Labs, Jer-
usalem, Israel) were used for IC (1:100); and rabbit polyclonal antibodies against
the extracellular epitope of the NR1 subunit of NMDA receptors (AGC-001;
Alomone Labs) were used for IC (1:100). We also used secondary antibodies
coupled to Cy2 (for IC, 1:400), Cy3 (for IC, 1:400) or Cy5 (for IC and IH, 1:400), or
horseradish peroxidase (HRP) (for WB, 1:25,000) from Jackson Immunoresearch,
and Alexa 555 coupled secondary antibodies (for IH, 1:1,000) from Life
Technologies.

Human brain tissue. Analysis of the human brain tissue was approved by the
Human Research Ethics Committee of the University of New South Wales (permit
HREC 09301). Brain tissues from ten cases per group (AD-affected individuals
versus non-affected individuals with no pathology, similar age) were obtained from
the Sydney Brain Bank. Cases met current diagnostic criteria for either AD or
neuropathological control*®. Case details are given in Supplementary Table 1.

Brain tissue homogenates. Brain tissue homogenates (10%, w/v) were prepared
in HOMO-A buffer: HOMO buffer (1 mM MgCl,, 1 mM CaCl,, 1 mM NaHCO;,
5mM Tris, pH 7.4) containing 0.32 M sucrose, EDTA-free complete inhibitors
(Roche) and 1 mM PMSF (Sigma).

Soluble protein fractions and synaptosomes from brain tissue. Homogenates
were used for synaptosome isolation as described?”46. All steps were performed at
4°C. Briefly, homogenates were centrifuged at 1,400 g for 10 min. The supernatant
and pellet were resuspended in HOMO-A buffer and centrifuged for 10 min at
700 g. The resulting supernatants were combined and centrifuged at 17,500 g for
15 min. The supernatant was centrifuged at 200,000 g for 1h and used as the
soluble fraction. The 17,500 g pellet was resuspended in HOMO-A buffer and
applied on the top of a step gradient with interfaces of 0.65, 0.85, 1 and 1.2 M
sucrose in HOMO buffer. The 700-g pellets were combined, adjusted to 1 M
sucrose in HOMO bulffer and layered on 1.2 M sucrose in HOMO buffer. HOMO-
A buffer was applied on the top of the gradient. The crude synaptosomal fractions
were collected at the 1 M/1.2 M interface after centrifugation for 2h at 100,000g
and combined. The crude synaptosomal fraction was again adjusted to 1 M sucrose
and layered on the top of the 1.2 M sucrose. HOMO-A buffer was applied on the
top of the gradient. After centrifugation for 2h at 100,000¢, synaptosomes were
collected at the 1 M/1.2 M interface, resuspended in HOMO-A buffer, pulled down
by centrifugation for 30 min at 100,000¢ and resuspended in HOMO-A buffer.

Mice. Extraction of brain tissues from mice was approved by the Animal Care and
Ethics Committee of the University of New South Wales (permit 12/135B). Brain
tissues from one- to three-day-old wild-type C57BL/6] mice (Australian BioR-
esources (Moss Vale, NSW, Australia)) of either sex were used for cell culture
preparation. APP23 mice express human APP under control of the murine Thyl
promoter and were as described?®. The breeding colony of APP23 mice was
maintained in the Biological Resources Center at the University of New South
Wales. Brain tissue from wild-type and APP23 transgenic littermates of different
ages (as indicated in the text) and either sex were used for biochemical
experiments.

Cultures of hippocampal and cortical neurons. Cultures of hippocampal and
cortical neurons were prepared as described?”*4, Neurons were maintained in
Neurobasal A medium supplemented with 2% B-27, Glutamax and 2 ngml ~ !
bFGF-2 (all reagents from Life Technology) on glass coverslips coated with poly-p-
lysine (100 pg ml ~ 1, Sigma). When indicated neurons were treated for 24 h with
0.5 uM of AB;_4, peptide (AbcamBiochemicals, Cambridge, UK) in the form of
AB-derived diffusible ligand prepared as described previously!34748, and
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monoclonal antibodies against the extracellular domain of NCAM2 (2.5 ugml ~1;
R&D systems), or recombinant extracellular domains of NCAM2 (2.5 pgml ~ D)
applied in the cell culture medium.

Immunofluorescence labelling of cultured neurons. Indirect immuno-
fluorescence labelling was performed essentially as described previously!. Unless
otherwise stated, all steps were performed at room temperature. Neurons on glass
coverslips were fixed in 4% formaldehyde in phosphate-buffered saline (PBS) for
15 min, and then washed three times with PBS. We have shown previously that this
procedure does not affect the integrity of cell surface membranes!. To label cell
surface AMPA and NMDA receptors, neurons were then blocked in 1% BSA in
PBS for 20 min. Antibodies against extracellular epitopes of GluR1 or NR1 (in 0.1%
BSA in PBS) were applied to fixed but non-permeabilized cells for 1h and detected
with fluorochrome-coupled secondary antibodies applied for 45 min. The neurons
were then post-fixed for 5 min in 2% formaldehyde in PBS and washed three times
with PBS. To label other proteins indicated in the text, neurons were permeabilized
with 0.25% Triton X-100 in PBS for 5 min, blocked with 1% BSA in PBS for 20 min,
and incubated with respective primary antibodies applied in 0.1% BSA in PBS
overnight at 4 °C. Neurons were then washed in PBS and incubated with
corresponding fluorochrome-conjugated secondary antibodies applied for 45 min
in 0.1% BSA in PBS at room temperature. When indicated, neurons were then co-
labelled with Alexa Fluor 546-coupled phalloidin (Life Technologies) applied for
30min in 0.1% BSA in PBS at room temperature. Cells were washed four times
with PBS and embedded in Aqua-Poly/Mount (Polysciences, Eppelheim,
Germany). Immunofluorescence images were acquired at room temperature using
a confocal laser scanning microscope Clsi, NIS Elements software and oil Plan Apo
VC X 60 objective (numerical aperture 1.4), all from Nikon Corporation (Tokyo,
Japan). Numbers of synaptic and non-synaptic clusters of AMPA and NMDA
receptors were quantified in Image] (National Institutes of Health, USA). Clusters
were automatically outlined using a threshold function of Image], and clusters in
which at least one pixel overlapped with a synaptophysin accumulation were
counted as synaptic. Length and area of dendrites were measured in Image] by
automatically outlining phalloidin-labelled dendrites using the threshold function
of Image].

Immunofluorescence labelling of mouse brain slices. Immunofluoresecence
staining was done as previously described®’. Briefly, 9-month-old male wild-type
and APP23 mice were anaesthetized and transcardially perfused with PBS followed
by 4% paraformaldehyde in PBS. Brains were extracted and fixed in 4%
paraformaldehyde/PBS overnight at 4 °C. Brains were then processed in a Excelsior
tissue processor (Thermo), embedded in paraffin, cut into 3-pm thick sections and
slide mounted. Sections were dewaxed, rehydrated to water and underwent heat-
mediated antigen retrieval with citrate buffer pH6.0 using a microwave vacuum
histoprocessor (Milestone). Nonspecific binding sites were blocked in a solution of
PBS with 3% normal horse serum and 2% BSA, and then incubated in a cocktail of
mouse monoclonal antibodies against AP (1:100), goat polyclonal antibodies
against NCAM2 (1:50) and rabbit polyclonal antibodies against synaptophysin
(1:100) at 4 °C overnight. Sections were rinsed four times in PBS and incubated in a
cocktail of fluorescent secondary antibodies (donkey anti-mouse Cy5, donkey anti-
goat Alexa 555, donkey anti-rabbit Cy2, 1:250) and DAPI (1:3,000) at room
temperature for 1h. Following incubation, sections were rinsed four times in PBS,
coverslipped with Prolong gold anti-fade reagent (Life Technologies) and sealed
with nail polish. Images were acquired using a confocal laser scanning microscope
Clsi, NIS Elements software and oil Plan Apo x 10 (numerical aperture 1.4) and
Plan Apo VC X 60 objective (numerical aperture 1.4), all from Nikon Corporation
(Tokyo, Japan).

Proximity ligation assay. Proximity ligation experiments were performed
essentially as described previously*#*°. Cultured neurons were fixed in 4%
formaldehyde in PBS, washed with PBS and blocked with 1% BSA in PBS for

20 min. Antibodies against the extracellular domain of NCAM2 and AP were
applied to the cells in 0.1% BSA in PBS overnight at 4 °C. Further steps were
performed using secondary antibodies conjugated with oligonucleotides (PLA
probes, Olink Bioscience, Uppsala, Sweden) and Duolink II fluorescence kit (Olink
Bioscience) in accordance with the manufacturer’s instructions. Fluorescence
images were acquired at room temperature using a confocal laser scanning
microscope Nikon Clsi, NIS Elements software and oil Plan Apo VC X 60
objective (numerical aperture 1.4), all from Nikon Corporation (Tokyo, Japan).
Fluorescence intensities of PL products, and synaptophysin and A, 4, labelling
along neurites and in neurite-free areas were measured in Image].

Co-immunoprecipitation. Samples containing 1 mg of total protein were lysed
with lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM Na,P,0;, 1 mM
NaF, 2mM Na3VOy,, 1% (v/v) Triton X-100, 1 mM PMSF, EDTA-free protease
inhibitor cocktail (Roche)) for 1h at room temperature. Lysates were centrifuged
for 15 min at 20,000g at 4 °C. Supernatants were cleared with protein A/G-agarose
beads (Santa Cruz Biotechnology) for 3 h, and beads were removed by cen-
trifugation at 600g for 5min. The supernatant was incubated with the mouse
monoclonal antibodies against the extracellular domain of NCAM2 or non-

16

immune mouse IgG overnight, followed by precipitation with protein A/G-agarose
beads for 3 h. The beads were pelleted and washed four times with the lysis buffer
and three times with TBS. All steps were carried out at 4 °C. The proteins were
finally eluted from beads with 5 x SDS sample buffer (310 mM Tris-HCI, pH 6.8,
25% (v/v) glycerol, 10% (w/v) SDS, 4.5% (v/v) B-mercaptoethanol, 0.015% (w/v)
bromophenol blue) by incubating samples at 70 °C for 10 min and analysed by
western blot. To eliminate detection of the bands corresponding to the light chains
of the immunoglobulins used for immunoprecipitation, biotin-coupled secondary
antibodies specific to Fc fragments of the primary antibodies (Sigma) were used.
Signals were developed using NeutrAvidin-HRP protein conjugate (Pierce).

Homogenates and synaptosomes from cultured neurons. Neurons maintained
in culture for 20 days and treated as indicated in the text were placed on ice and
washed two times with ice-cold PBS. Neurons were then scrapped in 200 pl of
HOMO-A buffer and homogenized usin§ a Potter homogenizer. Synaptosomes
were prepared as described previously?®>. Briefly, the homogenate was centrifuged
for 10 min at 700g. The supernatant was collected and centrifuged at 15,000¢ for
15 min. The pellet was then resuspended in 5 volumes of 0.1 M K,-tartrate (pH 7.3)
and centrifuged at 5,000¢ for 5min. The pellet collected, resuspended again in 5
volumes of 0.1 M K,-tartrate (pH 7.3) and centrifuged at 5,000¢ for 5min. The
pellet containing synaptosomes was resuspended in HOMO-A buffer.

Analysis of proteolytic products of NCAM2 in culture medium. Media from
neurons maintained in culture for 20 days and treated as indicated was collected
and centrifuged at 200,000g for 1h at 4 °C. The supernatant was then collected,
diluted with the same volume of 20% trichloroacetic acid, and incubated for 30 min
on ice to precipitate proteins. Precipitates were washed twice with ice-cold acetone
and used for western blot analysis.

Enzyme-linked immunosorbent assay (ELISA). To immobilize recombinant
extracellular domains of NCAM2, the plastic surface of MaxiSorp 96-well plates
(Nunc, Roskilde, Denmark) was coated with antibodies against the extracellular
domain of NCAM2 (10 pg per well) applied overnight at 4 °C in PBS. Wells were
then washed three times with PBS containing 0.05% Tween 20, blocked with 1%
BSA in PBS for 1h at room temperature, and incubated overnight at 4 °C with
recombinant extracellular domains of NCAM2 (25nM) or BSA (25nM) in PBS
containing 0.05% Tween 20 and 0.1% BSA. Wells were washed three times with
PBS containing 0.05% Tween 20 and incubated with different concentrations of
AB;_4> (7.8-250 nM) diluted with 0.05% Tween 20 and 0.1% BSA. Wells were
washed three times with PBS containing 0.05% Tween 20. AB;_ 4, bound to
NCAM2 was detected with antibodies against AP;_4, followed by HRP-conjugated
secondary antibodies. Protein binding was visualized by detecting HRP with the
OPD reagent (Pierce, Rockford, IL, USA) that resulted in a coloured product. The
amount of coloured product was quantified using an ELISA reader at 406 nm.

Dynamic light scattering. Dynamic light scattering (DLS) measurements were
performed at room temperature using Zetasizer Nano ZS (Malvern, Malvern, UK)
in accordance with the manufacturer’s instructions.

Production of the extracellular domains of NCAM2. DNA coding for the
extracellular domain of mouse NCAM2 (amino acids 1-698) was amplified from
the mouse brain cDNA library using forward 5'-CACCATGAGCCTCCTCCT
CTCCTTCTACC-3' and reverse 5'-TTCGCTTCACAGCAATTATCTTTAATAA
TGTTGGGTTTT-3' primers, cloned into pEF5/FRT/V5 directional expression
vector (Life Technologies) and transfected into CHO cells (American Type Culture
Collection, CHO-K1, ATCC CCL-61). Cells stably transfected with the construct
were selected with Hygromycin B (Life Technology) and maintained in culture in
Ham’s F-12 culture medium (PAA Laboratories) with 5% foetal bovine serum (Life
Technologies). Cell culture media containing the extracelluar domain of NCAM2
secreted by the cells was collected and centrifuged for 15 min at 5,000¢ at 4 °C to
remove cell debris. The protein was concentrated with 40% ammonia sulphate,
desalted and purified using a continuous-elution electrophoresis cell (Model 491
Prep Cell, Bio-Rad) according to the manufacturer’s instructions. The purity of the
protein was controlled by SDS-PAGE electrophoresis with subsequent silver
staining and western blot analysis.

Peptide cleavage assay. Hippocampal tissue or synaptosomes containing 1 mg of
total protein were lysed with lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl,
1 mM Na,P,07, 1 mM NaF, 1% (v/v) Triton X-100, protease inhibitor cocktail (set
111, Merck)) for 30 min at room temperature. Lysates were centrifuged for 15 min at
20,000g at 4 °C. Peptides corresponding to amino acids 682-701 (NCAM2aa682-
701) and 666-685 (NCAM2aa666-685) of human NCAM2, and mutated NCA-
M2aa682-701 peptides with aspartic acid 693 exchanged to alanine or asparagine
689 exchanged to alanine were purchased from Peptide 2.0 (Chantilly, VA, USA).
The peptides contained FITC and biotin at the N- and C-termini, respectively.
Peptides (250 ngml ~ ! final concentration) were mixed with lysates of hippo-
campal tissue or synaptosomes (20 pig of total protein in 1 ml of TBS) and
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incubated for 1h at room temperature. Non-cleaved peptides and biotin-con- 18. Walz, A., Mombaerts, P., Greer, C. A. & Treloar, H. B. Disrupted

taining fragments of cleaved peptide were removed by incubating lysates with compartmental organization of axons and dendrites within olfactory glomeruli

hydrophilic streptavidin magnetic beads (New England BioLabs) for 1h at room of mice deficient in the olfactory cell adhesion molecule, OCAM. Mol. Cell.

t'emperatur'e.' Flu'orescence o'f FITC groups attached to fragments of cleaved pep- Neurosci. 32, 1-14 (2006).

tides remaining in the solution was measured using POLARstar Omega plate 19. Sheng, L., Leshchyns'ka, I & Sytnyk, V. Neural cell adhesion molecule 2

reader (BMG Labtech). promotes the formation of filopodia and neurite branching by inducing

submembrane increases in Ca* levels. J. Neurosci. 35, 1739-1752 (2015).

R . . 20. Kimura, R. et al. The DYRKI1A gene, encoded in chromosome 21 Down
Transfection of neurons. The NCAM2 miR expression vector was developed syndrome critical region, bridges between beta-amyloid production and tau
using the BLOCK-iT Polll miR RNAI expression vector kit (I‘Jlfe Technologies) and phosphorylation in Alzheimer disease. Hum. Mol. Genet. 16, 15-23 (2007).
designed to co-express NCAM2-specific miRNA together with emerald GFP. The 51 1121 "M R. Schellenbere. G. D. & Wang. L. S. Genome-wide association reveals
following oligonucleotides were inserted into the BLOCK-iT Polll miR RNAi Lo & > 8 - 5 . . S

. genetic effects on human Abeta42 and tau protein levels in cerebrospinal fluids:

expression vector: a case control study. BMC Neurol. 10, 90 (2010)
top: 5'-TGC TGT TAA GGT CAT CTC TTC TCC TCG TTT TGG CCA CTG 2. S R.E G B &F - A’ E 1 LON' 1l adhesi lecul

ACT GAC GAG GAG AAG ATG ACC TTA A-3 - Sanz, R, Ferraro, G. B. & Fournier, A. E. Ig cell adhesion molecules are
bottom: 5'-CCT GTT AAG GTC ATC TTC TCC TCG TCA GTC AGT GGC shed from the cell surface of cortical neurons to promote neuronal growth.

CAA AAC GAG GAG AAG AGA TGA CCT TAA C-3. J. Biol. Chem. 290, 43304342 (2015).

Negative control miR vector was from Life Technologies. Inmunocytochemical ~ 23- Bitan, G. ef al. Amyloid beta -protein (Abeta) assembly: Abeta 40 and Abeta 42
labelling confirmed that transfection with the NCAM2 miR vector resulted in an oligomerize through distinct pathways. Proc. Natl Acad. Sci. USA 100, 330-335
over 80% reduction in expression of NCAM2 in cultured hippocampal neurons at (2003).
24h after transfection (Supplementary Fig. 5). 24. Ahmed, M. et al. Structural conversion of neurotoxic amyloid-beta(1-42)

DNA coding for the full-length transmembrane human NCAM2 and NCAM2 oligomers to fibrils. Nat. Struct. Mol. Biol. 17, 561567 (2010).
with aspartic acid 693 exchanged to alanine (NCAM2D693A mutant) was 25. Eimer, W. A. & Vassar, R. Neuron loss in the 5XFAD mouse model of
synthesized using the GeneArt Gene Synthesis service (Life Technologies) and Alzheimer’s disease correlates with intraneuronal Abeta42 accumulation and
subcloned into the pcDNA3 vector. Both constructs contained an HA tag inserted Caspase-3 activation. Mol. Neurodegener. 8, 2 (2013).
at the N-terminus of the protein. The expression of both constructs was confirmed  26. Leshchyns’ka, I. et al. The adhesion molecule CHLI regulates uncoating of
by western blot and immunocytochemistry (Supplementary Fig. 2). clathrin-coated synaptic vesicles. Neuron 52, 1011-1025 (2006).

Hippocampal neurons were transfected before plating by electroporation using ~ 27. Andreyeva, A. et al. CHLI is a selective organizer of the presynaptic machinery
the Neon transfection system (Life Technologies). chaperoning the SNARE complex. PLoS ONE 5, €12018 (2010).

28. Sturchler-Pierrat, C. et al. Two amyloid precursor protein transgenic mouse
models with Alzheimer disease-like pathology. Proc. Natl Acad. Sci. USA 94,

References 13287-13292 (1997).

1. Sytnyk, V. et al. Neural cell adhesion molecule promotes accumulation of TGN~ 29. Terry, R. D. et al. Physical basis of cognitive alterations in Alzheimer’s disease:
organelles at sites of neuron-to-neuron contacts. J. Cell Biol. 159, 649-661 synapse loss is the major correlate of cognitive impairment. Ann. Neurol. 30,
(2002). 572-580 (1991).

2. Chua, J. ], Kindler, S., Boyken, J. & Jahn, R. The architecture of an excitatory ~ 30. Masliah, E. et al. Synaptic and neuritic alterations during the progression of
synapse. J. Cell Sci. 123, 819-823 (2010). Alzheimer’s disease. Neurosci. Lett. 174, 67-72 (1994).

3. Benson, D. L. & Huntley, G. W. Synapse adhesion: a dynamic equilibrium 31. Masliah, E., Hansen, L., Albright, T., Mallory, M. & Terry, R. D.
conferring stability and flexibility. Curr. Opin. Neurobiol. 22, 397-404 (2012). Immunoelectron microscopic study of synaptic pathology in Alzheimer’s

4. Dityatev, A. et al. Polysialylated neural cell adhesion molecule promotes disease. Acta Neuropathol. 81, 428-433 (1991).
remodeling and formation of hippocampal synapses. J. Neurosci. 24, 9372-9382  32. Selkoe, D. J. Alzheimer’s disease is a synaptic failure. Science 298, 789-791 (2002).
(2004). 33. Masliah, E. et al. Altered expression of synaptic proteins occurs early during

5. Gerrow, K. & El-Husseini, A. Cell adhesion molecules at the synapse. Front. progression of Alzheimer’s disease. Neurology 56, 127-129 (2001).

Biosci. 11, 2400-2419 (2006). 34. Tanzi, R. E. The synaptic Abeta hypothesis of Alzheimer disease. Nat. Neurosci.
6. Sytnyk, V., Leshchyns’ka, L, Nikonenko, A. G. & Schachner, M. NCAM 8, 977-979 (2005).

promotes assembly and activity-dependent remodeling of the postsynaptic 35. Nistico, R., Pignatelli, M., Piccinin, S., Mercuri, N. B. & Collingridge, G.

signaling complex. J. Cell Biol. 174, 1071-1085 (2006). Targeting synaptic dysfunction in Alzheimer’s disease therapy. Mol. Neurobiol.

7. Puchkov, D., Leshchyns’ka, 1., Nikonenko, A. G., Schachner, M. & Sytnyk, V. 46, 572-587 (2012).

NCAM/spectrin complex disassembly results in PSD perforation and 36. Um, J. W. et al. Alzheimer amyloid-beta oligomer bound to postsynaptic prion

postsynaptic endocytic zone formation. Cereb. Cortex 21, 2217-2232 (2011). protein activates Fyn to impair neurons. Nat. Neurosci. 15, 1227-1235 (2012).
8. Dalva, M. B,, McClelland, A. C. & Kayser, M. S. Cell adhesion molecules: 37. Djogo, N. et al. Adhesion molecule L1 binds to amyloid beta and reduces

signalling functions at the synapse. Nat. Rev. Neurosci. 8, 206-220 (2007). Alzheimer’s disease pathology in mice. Neurobiol. Dis. 56, 104-115 (2013).

9. Dityatev, A., Bukalo, O. & Schachner, M. Modulation of synaptic transmission ~ 38. Chen, K. P. & Dou, F. Selective interaction of amyloid precursor protein with
and plasticity by cell adhesion and repulsion molecules. Neuron Glia Biol. 4, different isoforms of neural cell adhesion molecule. J. Mol. Neurosci. 46,
197-209 (2008). 203-209 (2012).

10. Sudhof, T. C. Neuroligins and neurexins link synaptic function to cognitive 39. Ma, Q. H. et al. A TAG1-APP signalling pathway through Fe65 negatively
disease. Nature 455, 903-911 (2008). modulates neurogenesis. Nat. Cell Biol. 10, 283-294 (2008).

11. Scheff, S. W. & Price, D. A. Synaptic pathology in Alzheimer’s disease: a review  40. Santuccione, A., Sytnyk, V., Leshchyns’ka, I. & Schachner, M. Prion protein
of ultrastructural studies. Neurobiol. Aging 24, 1029-1046 (2003). recruits its neuronal receptor NCAM to lipid rafts to activate p59fyn and to

12. Wilcox, K. C., Lacor, P. N., Pitt, J. & Klein, W. L. Abeta oligomer-induced enhance neurite outgrowth. J. Cell Biol. 169, 341-354 (2005).
synapse degeneration in Alzheimer’s disease. Cell. Mol. Neurobiol. 31, 939-948  41. Kadmon, G., Kowitz, A., Altevogt, P. & Schachner, M. Functional cooperation
(2011). between the neural adhesion molecules L1 and N-CAM is carbohydrate

13. Lacor, P. N. et al. Abeta oligomer-induced aberrations in synapse composition, dependent. J. Cell Biol. 110, 209-218 (1990).
shape, and density provide a molecular basis for loss of connectivity in 42. Uemura, K. et al. Amyloid beta inhibits ectodomain shedding of N-cadherin via
Alzheimer’s disease. J. Neurosci. 27, 796-807 (2007). down-regulation of cell-surface NMDA receptor. Neuroscience 145, 5-10 (2007).

14. Pham, E. et al. Progressive accumulation of amyloid-beta oligomers in 43. Caetano, F. A. et al. Amyloid-beta oligomers increase the localization of prion
Alzheimer’s disease and in amyloid precursor protein transgenic mice is protein at the cell surface. J. Neurochem. 117, 538-553 (2011).
accompanied by selective alterations in synaptic scaffold proteins. FEBS J. 277,  44. Li, S,, Leshchyns’ka, I, Chernyshova, Y., Schachner, M. & Sytnyk, V. The neural
3051-3067 (2010). cell adhesion molecule (NCAM) associates with and signals through

15. Yoshihara, Y. et al. OCAM: a new member of the neural cell adhesion molecule p21-activated kinase 1 (Pakl). J. Neurosci. 33, 790-803 (2013).
family related to zone-to-zone projection of olfactory and vomeronasal axons. ~ 45. Montine, T. J. et al. National Institute on Aging-Alzheimer’s Association
J. Neurosci. 17, 5830-5842 (1997). guidelines for the neuropathologic assessment of Alzheimer’s disease: a

16. Kulahin, N. et al. Structural model and trans-interaction of the entire practical approach. Acta Neuropathol. 123, 1-11 (2012).
ectodomain of the olfactory cell adhesion molecule. Structure 19, 203-211 46. Shetty, A. et al. The neural cell adhesion molecule promotes maturation of the
(2011). presynaptic endocytotic machinery by switching synaptic vesicle recycling from

17. Paoloni-Giacobino, A., Chen, H. & Antonarakis, S. E. Cloning of a novel adaptor protein 3 (AP-3)- to AP-2-dependent mechanisms. J. Neurosci. 33,
human neural cell adhesion molecule gene (NCAM?2) that maps to 16828-16845 (2013).
chromosome region 21q21 and is potentially involved in Down syndrome. 47. Lambert, M. P. et al. Vaccination with soluble Abeta oligomers generates
Genomics 43, 43-51 (1997). toxicity-neutralizing antibodies. J. Neurochem. 79, 595-605 (2001).

| 6:8836 | DOI: 10.1038/ncomms9836 | www.nature.com/naturecommunications 17

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

48. Klein, W. L. Abeta toxicity in Alzheimer’s disease: globular oligomers (ADDLs)
as new vaccine and drug targets. Neurochem. Int. 41, 345-352 (2002).

49. Ittner, L. M. et al. Dendritic function of tau mediates amyloid-beta toxicity in
Alzheimer’s disease mouse models. Cell 142, 387-397 (2010).

50. Tian, N. et al. Lipid raft-dependent endocytosis of close homolog of adhesion
molecule L1 (CHL1) promotes neuritogenesis. J. Biol. Chem. 287, 44447-44463
(2012).

. Maycox, P. R, Link, E., Reetz, A., Morris, S. A. & Jahn, R. Clathrin-coated
vesicles in nervous tissue are involved primarily in synaptic vesicle recycling.
J. Cell Biol. 118, 1379-1388 (1992).

5

—

Acknowledgements

Tissues were received from the Sydney Brain Bank at Neuroscience Research Australia
which is supported by the National Health and Medical Research Council of Australia
(NHMRC), University of New South Wales, and Neuroscience Research Australia. The
study was supported by National Health and Medical Research Council (V.S.) and The
Rebecca L Cooper Medical Research Foundation (V.S., I.L.). G.M.H. is a NHMRC Senior
Principal Research Fellow and L.M.L is a NHMRC Senior Research Fellow. The funders
had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Author contributions
LL., GM.H,, LM.I and V.S. designed the study and prepared the manuscript. L. and
V.S. performed experiments and analysed the data. I.L. and H.T.L. performed ELISA

experiments. C.S. performed selection of the control and AD cases for analysis and
provided case details. Y.D.K. provided brain tissue of APP23 mice and control
littermates. C.H.S. performed immunohistochemistry. V.S. and I.L. supervised

the study.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Leshchyns’ka, 1. et al. AP-dependent reduction of NCAM2-

mediated synaptic adhesion contributes to synapse loss in Alzheimer’s disease.

Nat. Commun. 6:8836 doi: 10.1038/ncomms9836 (2015).

This work is licensed under a Creative Commons Attribution 4.0
BY International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:8836 | DOI: 10.1038/ncomms9836 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Synaptic NCAM2 is reduced in the hippocampus in AD
	Cleavage of NCAM2aa682-701 is increased in AD brains

	Figure™1Synaptic accumulation of NCAM2 is reduced in the hippocampus of AD-affected individuals.(a) Western blot analysis of homogenates and synaptosomes prepared using brain tissue from cerebellum, temporal cortex and hippocampus of control and AD indivi
	NCAM2 binds to Abeta in™vitro

	Figure™2Cleavage of the membrane-adjacent extracellular fragment of NCAM2 is increased in AD brains.(a) Diagram showing the structure of NCAM2. Ig, immunoglobulin-like domain; Fn, fibronectin type III domain. Peptides used in the cleavage assay and corres
	Figure™3The extracellular domain of NCAM2 binds to Abeta.(a) Recombinant extracellular domains of NCAM2 (NCAM2-ED) analysed by silver staining and western blot with antibodies against the extracellular domain of NCAM2. (b) NCAM2-ED immobilized on the plas
	Figure™4NCAM2 accumulates in excitatory synapses of cultured hippocampal neurons.(a) Low-magnification image of a cultured hippocampal neuron labelled by indirect immunofluorescence with antibodies against NCAM2, synaptophysin and MAP2. Note expression of
	Figure™5Abeta1-42 oligomers bind to NCAM2 at the cell surface of neurons.Representative images of cultured hippocampal neurons, which were either mock-treated or incubated with Abeta1-42 oligomers for 30thinspmin or 24thinsph. Abeta1-42solNCAM2 complexes 
	Abeta removes NCAM2 from synapses of hippocampal neurons
	Abeta binds to and removes NCAM2 from synapses in APP23 mice
	Disruption of NCAM2 adhesion promotes synapse disassembly

	Figure™6Levels of NCAM2 are reduced in synaptosomes of cultured hippocampal neurons treated with Abeta1-42 oligomers.(a) Western blot analysis of homogenates and synaptosomes isolated from cultured hippocampal or cortical neurons either mock treated or in
	Figure™7NCAM2 co-localizes with Abeta1-42 in brains of APP23 transgenic mice.Low-magnification confocal images of the hippocampus (a) and high-magnification images of the CA1 region of the hippocampus (d) of 9-month-old wild-type (wt) and APP23 mice (APP2
	Figure™8NCAM2 binds to Abeta and its synaptic accumulation is reduced in the hippocampus of APP23 transgenic mice.(a) Western blot analysis of the homogenates (hom.) and synaptosomes (synapt.) prepared using hippocampus, cortex and cerebellum from wild-ty
	Cleavage-resistant NCAM2 reduces Abeta-dependent synapse loss

	Discussion
	Figure™9Disruption of NCAM2 functions at the neuronal cell surface promotes glutamatergic synapse disassembly.(a-e) Cultured hippocampal neurons were either mock-treated or incubated with the recombinant soluble extracellular domains of NCAM2 (NCAM2-ED), 
	Figure™10Abeta1-42 reduces the number of GluR1-containing synapses in the NCAM2-dependent manner.(a) Representative images of dendrites of cultured hippocampal neurons transfected either with control negative miRNA (negative miR) or NCAM2miR and either mo
	Methods
	Antibodies
	Human brain tissue
	Brain tissue homogenates
	Soluble protein fractions and synaptosomes from brain tissue
	Mice
	Cultures of hippocampal and cortical neurons
	Immunofluorescence labelling of cultured neurons
	Immunofluorescence labelling of mouse brain slices
	Proximity ligation assay
	Co-immunoprecipitation
	Homogenates and synaptosomes from cultured neurons
	Analysis of proteolytic products of NCAM2 in culture medium
	Enzyme-linked immunosorbent assay (ELISA)
	Dynamic light scattering
	Production of the extracellular domains of NCAM2
	Peptide cleavage assay
	Transfection of neurons

	SytnykV.Neural cell adhesion molecule promotes accumulation of TGN organelles at sites of neuron-to-neuron contactsJ. Cell Biol.1596496612002ChuaJ. J.KindlerS.BoykenJ.JahnR.The architecture of an excitatory synapseJ. Cell Sci.1238198232010BensonD. L.Huntl
	Tissues were received from the Sydney Brain Bank at Neuroscience Research Australia which is supported by the National Health and Medical Research Council of Australia (NHMRC), University of New South Wales, and Neuroscience Research Australia. The study 
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




