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Balanced synaptic inhibition, controlled by multiple synaptic adhe-
sion proteins, is critical for proper brain function. MDGA1 (meprin,
A-5 protein, and receptor protein-tyrosine phosphatase mu [MAM]
domain-containing glycosylphosphatidylinositol anchor protein 1)
suppresses synaptic inhibition in mammalian neurons, yet the
molecular mechanisms underlying MDGA1-mediated negative reg-
ulation of GABAergic synapses remain unresolved. Here, we show
that the MDGA1 MAM domain directly interacts with the exten-
sion domain of amyloid precursor protein (APP). Strikingly,
MDGA1-mediated synaptic disinhibition requires the MDGA1
MAM domain and is prominent at distal dendrites of hippocampal
CA1 pyramidal neurons. Down-regulation of APP in presynaptic
GABAergic interneurons specifically suppressed GABAergic, but
not glutamatergic, synaptic transmission strength and inputs onto
both the somatic and dendritic compartments of hippocampal CA1
pyramidal neurons. Moreover, APP deletion manifested differen-
tial effects in somatostatin- and parvalbumin-positive interneurons
in the hippocampal CA1, resulting in distinct alterations in inhibi-
tory synapse numbers, transmission, and excitability. The infusion
of MDGA1 MAM protein mimicked postsynaptic MDGA1 gain-of-
function phenotypes that involve the presence of presynaptic APP.
The overexpression of MDGA1 wild type or MAM, but not MAM-
deleted MDGA1, in the hippocampal CA1 impaired novel object-
recognition memory in mice. Thus, our results establish unique
roles of APP–MDGA1 complexes in hippocampal neural circuits,
providing unprecedented insight into trans-synaptic mechanisms
underlying differential tuning of neuronal compartment-specific
synaptic inhibition.

MDGA1 j amyloid precursor protein j synaptic inhibition j neural circuit j
hippocampus

The spatial segregation of synapses and compartment-
specific signaling pathways in neurons permits the encoding

of input-specific synaptic plasticity, a fundamental feature of
neural information processing in the central nervous system
(CNS) (1). The neurochemical and functional consequences of
synaptic inhibition in the hippocampus depend on differential
innervation patterns, which in turn are dictated by various
GABAergic interneurons (2–5). These distinct inhibition modes
determine neuronal computation by controlling postsynaptic
electrogenesis (6). The mechanisms of perisomatic and den-
dritic inhibition are highly diverse and heterogeneous, relying
on the recruitment of different fast or non–fast-spiking inter-
neurons (5). The proper establishment of this inhibition is
essential for the operation of neural circuits, and its failure is
linked to a number of neurodevelopmental disorders (7, 8).

Anatomical and electrophysiological distinctions between peri-
somatic and dendritic inhibition are well defined. Remarkably,
however, the molecular underpinnings of these distinctions across

brain areas have slowly unraveled. Neuroligin-2 (Nlgn2), a key
GABAergic synapse-specific adhesion protein (9), and its binding
proteins, gephyrin, collybistin, and GABAA receptor subunits (10,
11), form a select molecular apparatus in postsynaptic neurons
that promotes perisomatic, but not dendritic, inhibition (12).
Intriguingly, MDGA1 (meprin, A-5 protein, and receptor protein-
tyrosine phosphatase mu [MAM] domain-containing glycosylphos-
phatidylinositol anchor protein 1) was recently proposed as a
suppressive factor that contributes to perisomatic disinhibition (13).

MDGA1 is part of a two-member family of glycosylphosphati-
dylinositol-anchored proteins that plays a critical role at early
steps in CNS development (13–15). MDGA1 cis interacts directly
with and inhibits Nlgn2 by preventing its binding to presynaptic
neurexins (Nrxns) (16, 17). Structural studies have elucidated key
features underlying how MDGA1 negatively modulates Nlgn/
Nrxn synaptic adhesion pathways (18–20), revealing that
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MDGA1-binding interfaces in Nlgns largely overlap with Nrxn-
binding interfaces. Although MDGA1 localization in neurons was
not clearly defined, the resolved MDGA1/Nlgn2 complex struc-
ture identified plausible cis interactions with Nlgn2, suggesting the
postsynaptic localization of MDGA1 (20). In addition, results
from MDGA1-knockout (KO) mice showed that MDGA1 dele-
tion specifically increases perisomatic inhibition but suppresses
long-term potentiation in hippocampal CA1 pyramidal neurons
(21). Despite these intriguing observations obtained using consti-
tutive MDGA1-KO mice, these prior studies have not demon-
strated whether MDGA1 directly targets Nlgn2 to negatively
regulate synaptic inhibition in vivo. To address this question, we
sought to isolate additional MDGA1-binding proteins, identifying
amyloid precursor protein (APP). To demonstrate a role for
MDGA1–APP complexes in regulating the properties of
GABAergic neural circuits of the hippocampal CA1, we per-
formed MDGA1 gain-of-function and APP loss-of-function analy-
ses. Collectively, our evidence suggests that MDGA1 “tunes”
APP-mediated synaptic inhibition in the dendritic, but not
somatic, compartment of hippocampal CA1 pyramidal neurons
and targets APP (but not Nlgn2) in GABAergic neural circuits of
the hippocampal CA1 in vivo.

Results
MDGA1 Directly Interacts with APP. To identify additional ligand(s)
for MDGA1 in vivo, we performed affinity chromatography of
adult (postnatal day 42 [P42]) mouse brain synaptosomes using
recombinant MDGA1-Fc purified from supernatants of human
embryonic kidney 293T (HEK293T) cells transfected with an
expression vector encoding MDGA1 extracellular domains fused
to human Fc (SI Appendix, Fig. S1A) followed by mass spectrome-
try (MS) analyses (Fig. 1 A–C). In addition to various peptides
encoding Nlgn isoforms, APP was identified among many identi-
fied peptides (SI Appendix, Table S1). To validate these MS
results, we performed cell-surface–binding assays to assess the
binding of recombinant MDGA1-Fc to HEK293Tcells expressing
hemagglutinin (HA)-tagged APP family members (APP, amyloid
precursor-like protein 1 [APLP1], and APLP2) (Fig. 1 D and E).
MDGA1-Fc, but not Fc alone (negative control), robustly bound
to APP- or APLP2-expressing, but not APLP1-expressing, cells
(Fig. 1 D and E). MDGA1 bound to APP in an extracellular
Ca2+-dependent manner as evidenced by the treatment with the
Ca2+ chelator ethylene glycol tetraacetic acid (10 mM) (SI
Appendix, Fig. S1 G and H). The coimmunoprecipitation analyses
using lysates from cultured hippocampal neurons or detergent-
solubilized juvenile (P14) or adult (P70) mouse membrane frac-
tions with APP antibodies (clone Y188) showed the formation of
an APP–MDGA1 complex in vivo (Fig. 1F; see SI Appendix, Fig.
S1 B–F for validation of MDGA antibodies). However, MDGA2-
Fc did not bind to APP in HEK293T or brain pull-down assays
(SI Appendix, Fig. S1 I and J). To exclude the possibility that inter-
mediate(s) expressed in HEK293Tcells might bridge indirect asso-
ciations of MDGA1 with APP and show that His-HA-APP binds
directly to recombinant MDGA1, we performed binding assays
using purified recombinant His-HA-APP and MDGA1-Fc (Fig.
1G). To this end, we expressed full-length HA-APP on the surface
of HEK293T cells, incubated these cells (or control HEK293T
cells) with increasing amounts of MDGA1-Fc, measured cell-
surface–bound proteins using horseradish peroxidase–tagged sec-
ondary antibodies, and performed Scatchard analyses to calculate
binding affinity. These analyses yielded an apparent dissociation
constant (Kd) of 84.74 nM for MDGA1-Fc toward APP expressed
on the cell surface (Fig. 1H). Taken together, these results indicate
that MDGA1 binds selectively to APP with nanomolar affinity.

The Extension Domain of APP Binds to MDGA1. To determine
which APP domains interact with MDGA1, we performed

cell-surface–binding assays using constructs expressing various
functional APP domains (Fig. 1I). We utilized the APP695

spliced isoform because it is a predominant neuronal form
expressed in the CNS (22). Remarkably, MDGA1-Fc bound
robustly to the surface of cells expressing the extension domain
(ExD) of APP but did not exhibit significant binding to cells
expressing the E1 domain (composed of the growth factor–like
domain and copper-binding domain), the acidic region (AcD),
the E2 domain, or the juxtamembrane region (Fig. 1 J and K).
We also investigated whether mutations in APP linked to Alz-
heimer’s disease (AD) affect interactions with MDGA1, ran-
domly selecting a subset of AD-associated APP variants
(S198P, A201V, A673T [Icelandic], E693G [Arctic], D694N
[Iowa], and I716V [Florida]) for examination (archived from
ALZFORUM; https://www.alzforum.org). We found that none
of the tested APP mutations affected binding to MDGA1 (SI
Appendix, Fig. S2), in keeping with the fact that pathogenic
APP mutations are near β- and γ-secretase cleavage sites (23).
Moreover, the S198P mutation located in the APP ExD
(APPS198P), found in people afflicted with AD (24), did not
affect binding to MDGA1 (SI Appendix, Fig. S2). We further
subdivided the APP ExD into Ex1 and Ex2 to map the minimal
MDGA1-binding site, noting that a 24–amino acid sequence
encompassing Ex2 residues is responsible for binding to the
sushi domain of γ-aminobutyric acid type B receptor subunit 1a
(GABABR1a) (25, 26) (Fig. 1 I, Inset). Given that other APP
family members (APLP1 and APLP2) are reported to lack a
defined ExD domain (27), the fact that MDGA1-Fc bound to
APLP2 suggests that domain(s) other than those involved in
binding of MDGA1 to APP may contribute to APLP2 binding
to MDGA1. Indeed, MDGA1-Fc bound to the E2 domain as
well as the AcD of APLP2 (SI Appendix, Fig. S3 A–C), which is
∼54.6% similar to APPAcD (including ExD, which is uniquely
present in APP) but only shows ∼17.8% similarity to APLP1
AcD (27). The coimmunoprecipitation analyses of P14 and P70
mouse membrane fractions showed nondetectable APLP2–
MDGA1 complexes in vivo (SI Appendix, Fig. S3D). Taken
together, our results suggest that MDGA1 preferentially forms
complexes with APP compared with APLP2 in vivo.

A Short Peptide within the APP ExD Binds to Both MDGA1 and
GABABR1. To further identify the minimal binding region within
APP Ex2, we produced various APP-Fc proteins that collec-
tively entirely covered the Ex2 region (designated APP Ex2-1
to APP Ex2-9; SI Appendix, Fig. S4A) and tested whether they
bound to cells expressing HA-MDGA1 or the HA-GABABR1a
sushi 1 domain (SI Appendix, Fig. S4 B and C). APP Ex2-1
(amino acids [aa] 204 to 220 of APP695) and APP Ex2-3 [aa 204
to 212; previously identified to bind to GABABR1a (26)] also
bound to MDGA1, whereas APP Ex2-2 (aa 221 to 227) and
APP Ex2-4 (aa 213 to 220) failed to bind both MDGA1 and
GABABR1a (SI Appendix, Fig. S4 B and C). Further analyses
with APP Ex2-5 (aa 204 to 216), APP Ex 2-6 (aa 208 to 220),
APP Ex2-8 (aa 204 to 207), and APP Ex2-9 (aa 217 to 220) sug-
gested that the “VWWGGADTD” sequence is necessary and
sufficient for binding of APP to both MDGA1 and GABABR1a
(SI Appendix, Fig. S4). Further deletion of the C-terminal
“ADTD” sequence (APP Ex 2-7; aa 208 to 212) drastically
diminished but did not entirely eliminate APP binding to both
MDGA1 and GABABR1a (SI Appendix, Fig. S4). Overall, these
results suggest that MDGA1 binds to a specific peptide
sequence within APP ExD that completely overlaps with the
reported GABABR1a-binding site.

APP Binds to the MAM Domain of MDGA1. Next, to determine
which MDGA1 domains interact with APP, we performed cell-
surface–binding assays using constructs expressing various func-
tional MDGA1 domains (Fig. 1L). Strikingly, APP ExD-Fc
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Fig. 1. APP is a putative binding protein for MDGA1. (A) Total ion chromatogram of tryptic digests of Ig-MDGA1–bound eluates separated by liquid
chromatography (LC) and extracted ion chromatograms of m/z 1,058.02 ion and 687.83 ion generated from mouse APP. Coomassie blue-stained gel show-
ing recombinant Ig-control and Ig-MDGA1 fusion proteins used for affinity chromatography (Left) and distinct bands corresponding to proteins purified
on immobilized MDGA1 and subjected to MS (Right). An asterisk indicates a specific band unique to the Ig-MDGA1–bound fraction. (B and C) Spectra of
two double-charged peptides unique to mouse APP at m/z 1,058.02 (36.94 min) and 687.83 (30.88 min), respectively, obtained by LC-MS/MS and identified
by y-ions as peptides with the aa sequences TTSTATTTTTTTESVEEVVR (aa 268 to 288) and VESLEQEAANER (aa 438 to 450). (D) Cell-surface–binding assays.
HEK293T cells expressing HA-APP, HA-APLP1, HA-APLP2, or HA-Nlgn2 were incubated with control IgC, Ig-MDGA1, or Ig-MDGA2 and analyzed for
Ig-fusion proteins (red) and HA (blue) by immunofluorescence imaging. (E) Quantification of cell-surface–binding in D. (F) Analysis of complex formation
of APP with MDGA1, Nlgn2, and TrkC by coimmunoprecipitation using lysates of cultured hippocampal neurons (Left) or hippocampal lysates from P14
(Middle) or P70 (Right) mice. Input, 1%. (G) Direct binding assays using purified Ig-MDGA1, HA-APP, and HA-Nlgn2 proteins. (H) Saturation binding of
Ig-MDGA1 to HEK293T cells expressing HA-APP. (Inset) Scatchard plot generated by linear regression of the data; Kd was calculated from three indepen-
dent experiments. (I) Diagrams of APP deletion variants used in cell-surface–binding assays. (J) Cell-surface–binding assays. HEK293T cells expressing the
indicated HA-APP variants were incubated with control IgC or Ig-MDGA1 and analyzed for Ig-fusion proteins (red) and HA (blue) by immunofluorescence
imaging. (K) Quantification of cell-surface binding in J. (L) Diagrams of MDGA1 deletion variants used in cell-surface–binding assays. (M) Cell-
surface–binding assays. HEK293T cells expressing the indicated HA-MDGA1 variants were incubated with control IgC or Ig-APP-ExD and analyzed for
Ig-fusion proteins (red) and HA (blue) by immunofluorescence imaging. (N) Quantification of cell-surface–binding in M. Error bars denote SEM. P values
determined by Kruskal–Wallis test followed by Dunn’s multiple comparison test (E, K, and N). See Dataset S1 for additional statistics.
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bound to the surface of cells expressing the MAM domain of
MDGA1 but not to those expressing Ig domains or FNIII
repeat (Fig. 1 M and N). The measurement of binding affinity
between MDGA1 MAM-Fc and APP revealed a Kd of 41.28
nM (SI Appendix, Fig. S5A), similar to the binding affinity
between MDGA1-Fc and APP (Fig. 1H). Pull-down assays
using APP ExD-Fc against lysates from HEK293T cells and
detergent-solubilized mouse membrane fractions showed that
APP ExD-Fc captured MDGA1 but not MDGA2 (SI Appendix,
Fig. S5 B and C). Thus, APP ExD is necessary and sufficient
for MDGA1 binding. Consistent with this, the recombinant
MDGA1 MAM domain fused to Fc (MDGA1 MAM-Fc)
bound to cells expressing HA-APP or HA-APLP2 but not to
those expressing HA-Nlgn2 (SI Appendix, Fig. S5 D and E). In
keeping with the observed absence of MDGA2 binding to APP
(SI Appendix, Fig. S1), there is only ∼55.8% identity between
the human MDGA1 MAM domain and human MDGA2
MAM domain and no clear sequence similarity with the MAM
domains of other proteins (SI Appendix, Fig. S5 F and G). The
MAM domain generally contains four conserved cysteine resi-
dues, also present in MDGA1 and MDGA2, that are often
involved in forming disulfide-linked oligomers (28, 29). Small-
angle X-ray scattering analyses showed that the MDGA1
MAM domain is monomeric, unlike other MAM domains
(30–32) (SI Appendix, Fig. S5 H–J), and structural modeling
revealed that these MDGA1 MAM mutations might disrupt
the monomeric structure (SI Appendix, Fig. S5K). Thus, we
tested whether the mutation of these cysteine residues in the
MDGA1 MAM domain to alanine affects APP binding and
found that APP ExD-Fc failed to bind to the MDGA1 MAM
(C754A/C762A/C834A/C917A) mutant (SI Appendix, Fig. S5 L
and M). We also found that β-site APP cleaving enzyme 1
–mediated cleavage of the MDGA1 MAM domain did not
influence APP binding (33) (SI Appendix, Fig. S5 N and O).
Taken together, our results indicate that the MDGA1 MAM
domain is necessary and sufficient for binding to APP ExD.

MDGA1 Negatively Regulates GABAergic Synapse Maintenance
through Binding to APP. We next assessed whether MDGA1
exerts its negative regulation of GABAergic synapse mainte-
nance through binding to ligands (e.g., Nlgn2 or APP). We
chose the hippocampal CA1 GABAergic circuits for this pur-
pose for two reasons. First, hippocampal GABAergic neural
circuits have been most extensively studied and established in
the CA1 region (34). Second, key observations from MDGA1
gain-of-function and loss-of-function studies were obtained
from experiments using either hippocampal cultures or hippo-
campal CA1 pyramidal neurons (16, 17, 21, 35). To determine
cell-autonomous, postsynapse-specific effects of MDGA1 over-
expression, we employed biolistic transfection of organotypic
hippocampal slices (36). This approach allows for pairwise,
internally controlled comparisons of the consequences of
MDGA1 manipulations that are restricted to postsynaptic CA1
pyramidal neurons. We transfected neurons in hippocampal
CA1 slice cultures with MDGA1 wild type (WT) or either of
two MDGA1 mutants: MDGA1 ABC Mut, which introduces a
subset of point mutations that abolish Nlgn2 binding (18), and
MDGA1 ΔMAM, a MAM domain-deleted construct; we then
conducted two-photon imaging and electrophysiology experi-
ments (Fig. 2). Consistent with prior reports performed in dis-
sociated cultured neurons (16, 17), the overexpression of
MDGA1 WT attenuated gephyrin puncta density by ∼30% in
the distal dendrites of transfected hippocampal CA1 neurons
without affecting excitatory synapses (Fig. 2 A–E). Surprisingly,
the overexpression of MDGA1 ABC Mut effectively decreased
gephyrin puncta density by ∼20% in the distal dendrites of the
transfected neurons, whereas the overexpression of MDGA1
ΔMAM failed to do so (Fig. 2B), indicating that MDGA1

requires MAM domain-mediated interactions with APP for its
negative action in hippocampal CA1 GABAergic synapses. In
addition, the overexpression of MDGA1 WT or ABC Mut, but
not MDGA1 ΔMAM, potently suppressed frequency of minia-
ture inhibitory postsynaptic currents (mIPSCs) (Fig. 2 F–I).
Similar MDGA1 overexpression effects were observed for
evoked inhibitory postsynaptic currents (eIPSCs) with MDGA1
WTor ABC Mut, but not MDGA1 ΔMAM, negatively regulat-
ing inhibitory synaptic strength (Fig. 2 J–O). Notably, MDGA1-
mediated suppressive effects on eIPSCs were confined to the
distal dendritic, but not the somatic or proximal dendritic, com-
partment in hippocampal CA1 pyramidal neurons (Fig. 2 J–O).
We next attempted to determine whether conditional deletion
of MDGA1 exerts anatomical and/or functional effects on
mature GABAergic synapses in hippocampal CA1 neurons (SI
Appendix, Fig. S6). Unexpectedly, and in stark contrast to the
results obtained from MDGA1 constitutive KO mice (21), we
found no alterations in mIPSCs and somatic eIPSCs in hippo-
campal CA1-specific Mdga1-cKO (conditional knockout) mice
(SI Appendix, Fig. S6 H–P). However, the puncta density of
vesicular GABA transporter (VGAT), a marker for presynaptic
GABAergic nerve terminals, was significantly increased in the
stratum lacunosum-moleculare (SLM) layer of young adult
Mdga1-cKO mice (SI Appendix, Fig. S6 D–G). In agreement
with this anatomical phenotype, the distal dendritic IPSC
amplitudes were also increased in young adult Mdga1-cKO
mice (SI Appendix, Fig. S6 Q–S). These results suggest that
postsynaptic MDGA1 negatively regulates GABAergic synap-
ses on distal dendrites of pyramidal neurons, an action that
requires interactions with APP via the MAM domain.

Presynaptic APP Is Required for GABAergic Synapse Maintenance in
the Hippocampal CA1, Independent of MDGA1 Binding to APP ExD.
APP is strongly expressed in both excitatory and inhibitory neu-
rons (37–39), whereas MDGA1 is primarily expressed in excit-
atory neurons of the hippocampal CA1 region (16, 21).
Although an APP deficiency is known to impact GABAergic
synapse signaling (40, 41), the mechanism regulating APP-
mediated synaptic inhibition has not been well elucidated. To
investigate the function of APP–MDGA1 complexes at
GABAergic synapses, we first generated lentiviral constructs
expressing short hairpin RNA (shRNA) targeting APP (APP
shRNA) and validated its efficacy in the specific knockdown
(KD) of APP levels in mouse cultured hippocampal neurons
(SI Appendix, Fig. S7 A–C). APP shRNA decreased APP pro-
tein levels by ∼83% and App messenger RNA levels by 85%
without affecting Aplp1 or Aplp2 levels (SI Appendix, Fig. S7
A–C). Moreover, immunohistochemistry experiments consis-
tently confirmed this KD efficacy in mouse brains (SI Appendix,
Fig. S7 D and E). To determine whether APP deletion affects
GABAergic synapse formation/development, we employed an
organotypic slice culture system (36). Using two-photon laser-
scanning microscopy, we analyzed the number and size of
gephyrin puncta along dendrites of CA1 pyramidal neurons in
organotypic slices ∼3 wk after viral infection with adeno-
associated viruses (AAVs) expressing short hairpin APP
(shAPP) (Fig. 3A). Strikingly, the density but not size of
gephyrin puncta was significantly reduced on the distal den-
drites of CA1 pyramidal neurons in APP-deficient hippocampal
slices (Fig. 3 C–E). Two-photon imaging combined with meas-
urements of two-photon GABA uncaging-evoked IPSCs con-
firmed the absence of structural and functional alterations of
individual inhibitory synapses on CA1 pyramidal neurons (Fig.
3 F and G). Electrophysiological recordings of mIPSCs revealed
that APP deletion specifically decreased the frequency but not
amplitude of mIPSCs (Fig. 3H). To discriminate the locus of
APP deletion effects (i.e., pre- versus postsynaptic neurons), we
employed the biolistic transfection of shAPP in organotypic
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Fig. 2. MDGA1 negatively regulates dendritic inhibition via the APP-binding MAM domain. (A) Two-photon images of dendritic segments from hippo-
campal CA1 pyramidal neurons expressing the indicated MDGA1 variants, tdTomato, and gephyrin intrabody-GFP. (B–E) Quantitative analysis of gephyrin
puncta density (B) and size (C) and spine density (D) and size (E) from proximal, distal, and all dendrites of CA1 pyramidal neurons at EP21–25. (F) Differ-
ential inteference contrast image of an organotypic hippocampal slice culture showing a whole-cell recording from a hippocampal CA1 pyramidal neuron
transfected with a specific MDGA1 variant (indicated by a gold bullet) and its neighboring nontransfected control neuron. Each cell is delineated by a
dotted circle. (G–I) Representative mIPSC traces from nontransfected cells (Top) and cells transfected with the indicated MDGA1 construct (Bottom) (G).
Scatter plots showing the frequency (G) and amplitude (H) of mIPSCs from pairs of specific MDGA1 construct-transfected and control cells. Quantitative
analysis (I) of the frequency (Left) and amplitude (Right) of mIPSCs compared with controls at EP19–24. (J) Representative somatic eIPSC trace, average
eIPSC I-O curve (Left), and average eIPSC I-O slope (Right) for hippocampal CA1 pyramidal neurons from mice expressing control (gray), MDGA1 WT
(green), MDGA1 ΔMAM (deep green), or MDGA1 ABC Mut (light green). (K) Representative somatic eIPSC paired-pulse ratio (PPR) traces and average
PPR. (L) Representative proximal dendritic eIPSC traces, average eIPSC I-O curve (Left), and average eIPSC I-O slope (Right). (M) Representative proximal
dendritic PPR traces and average PPR. (N) Representative distal dendritic eIPSC traces, average eIPSC I-O curve (Left) and average eIPSC I-O slope (Right).
(O) Representative distal dendritic PPR traces and average PPR. Error bars denote SEM. P values determined by Student’s two-tailed t test (B–E and G–I) or
Kruskal–Wallis test followed by Dunn’s multiple comparison test (J–O). See Dataset S1 for additional statistics. NS, not significant.
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Fig. 3. Presynaptic APP in hippocampal CA1 GABAergic interneurons is required for synaptic inhibition. (A) Schematic showing AAV–shAPP infection at EP4–5
and imaging and recording from hippocampal organotypic slices at EP21–25. (B) Schematic showing DIO–shAPP in vivo injection into the hippocampal CA1 and
recording at CA1 pyramidal neurons with different locations of the stimulating electrode. (C) Two-photon images of dendritic segments of tdTomato and
gephyrin intrabody-GFP cotransfected CA1 pyramidal neurons in AAV-shCtrl– or AAV-shAPP–expressing hippocampal slices. (D and E) Quantitative analysis of
gephyrin puncta density (D) and size (E) in proximal, distal, and all dendrites at EP21–25. (F) Two-photon images of dendrites showing gephyrin puncta on CA1
pyramidal neurons in AAV-shCtrl– or AAV-shAPP–expressing hippocampal slices. Individual gephyrin puncta were exposed to two-photon GABA uncaging test
pulses (blue crosses, 8 to 10 trials at 0.1 Hz). (G) Uncaging-evoked IPSCs (uIPSCs) evoked by GABA uncaging, measured in whole-cell voltage-clamp mode at +10
mV. Arrowheads indicate onset of GABA uncaging. uIPSC amplitude plotted against gephyrin puncta size from shCtrl and shAPP groups. (H) Traces of mIPSCs
measured by whole-cell patch-clamp recordings in AAV-shCtrl–expressing (gray) or AAV-shAPP–expressing (red) slices. Quantitative analyses of the frequency
and amplitude of mIPSCs. (I and J) mIPSC traces (I) in AAV-shCtrl–expressing (gray), AAV-shAPP–expressing (red), +AAV-APP WT–expressing (blue), or +AAV-APP
ΔExD–expressing (green) slices. Quantitative analyses (J) of the mIPSC frequency and amplitude of each group compared with their respective controls. (K–N)
mEPSCs traces (K) measured by whole-cell patch-clamp recordings at �65 mV in AAV-shCtrl–expressing (gray) or AAV-shAPP–expressing (red) slices. Quantitative
analyses (K) of the frequency and amplitude of mEPSCs. Summary graphs of spine density (L), spine size (M), and length/width ratio (N) from proximal, distal,
and all dendrites of CA1 pyramidal neurons. (O and P) Representative somatic eIPSC traces, average eIPSC I-O curve (O), and average eIPSC I-O slope (P) from
hippocampal CA1 pyramidal neurons from Slc32a1-Cre mice expressing DIO–shCtrl (gray), DIO–shAPP (red), DIO–shAPP + DIO–APP WT (blue), or DIO–shAPP +
DIO–APP ΔExD (green). (Q) Representative somatic eIPSC PPR traces and average PPR. (R and S) Representative proximal dendritic eIPSC traces, average eIPSC
I-O curve (R) and average eIPSC I-O slope (S). (T) Representative proximal dendritic eIPSC PPR traces and average PPR. (U and V) Representative distal dendritic
eIPSC traces, average eIPSC I-O curve (U), and average eIPSC I-O slope (V). (W) Representative distal dendritic eIPSC PPR traces and average PPR. Error bars
denote SEM. P values determined by two-tailed Student’s t test (D, E, G, H, K, L, and N) or Kruskal–Wallis test followed by Dunn’s multiple comparison test (J, P,
Q, S, T, V, and W). See Dataset S1 for additional statistics. NS, not significant.
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hippocampal slices and found no effects on either GABAergic
or glutamatergic synapses on pyramidal neurons (SI Appendix,
Fig. S8 A–F), indicating a more pronounced presynaptic func-
tion of APP in inhibitory synapse maintenance. Neither func-
tional nor structural alterations were observed at excitatory
synapses of CA1 pyramidal neurons in APP-deficient hippo-
campal slices (Fig. 3 K–N), suggesting a specific role of APP at
GABAergic synapses in the hippocampal CA1 area. We then
asked whether the decrease in the mIPSC frequency could be
reversed by the expression of APP WT or the ExD-deleted
APP mutant (APP ΔExD). To this end, we superinfected
shAPP-expressing hippocampal slices at EP6–7 with AAV–APP
WT or AAV–APP ΔExD and measured mIPSCs. We found
that both APP WT and APP ΔExD rescued the decreased
mIPSC frequency without affecting mIPSC amplitude (Fig. 3 I
and J). We next infused AAVs expressing Cre-dependent APP
shRNA (AAV–double-floxed inverse open reading frame
[DIO]–shAPP) into the hippocampal CA1 area of Vgat
(Slc32a1)-ires-Cre mice (SI Appendix, Fig. S8 G and H; see SI
Appendix, Fig. S7 F and G for validation of AAV–DIO–
shAPP). The selective deletion of APP in GABAergic inter-
neurons of the hippocampal CA1 markedly attenuated VGAT
puncta density in all layers of the hippocampal CA1 area (SI
Appendix, Fig. S8 G and H). The introduction of either APP
WTor APP ΔExD completely rescued VGAT puncta, restoring
VGAT puncta density to control levels (SI Appendix, Fig. S8 G
and H). To corroborate these observations, we recorded eIPSCs
monosynaptically in hippocampal CA1 pyramidal neurons
receiving projections from either APP-deficient GABAergic ter-
minals or control terminals (Fig. 3 B and O–W). APP deletion
in hippocampal CA1 GABAergic interneurons significantly
decreased both somatic and distal dendritic inhibition in pyra-
midal neurons (Fig. 3 O–W). Remarkably, the reduced ampli-
tudes of distal dendritic but not somatic or proximal dendritic
eIPSCs in CA1 neurons receiving projections from APP-
deficient terminals were rescued by selective expression of APP
WT or APP ΔExD (Fig. 3 O–W). The deletion of APLP2 in
hippocampal CA1 GABAergic interneurons did not alter the
density or size of VGAT puncta (SI Appendix, Fig. S3 E and F).
These results suggest that APP contributes to the regulation of
synaptic inhibition in both somatic and distal dendritic com-
partments of hippocampal CA1 pyramidal neurons, and APP
ExD is not required for the execution of GABAergic synaptic
functions; this latter finding contrasts with the critical role of
APP ExD in regulating GABABR1a function in modulating
“excitatory” synaptic transmission (26).

APP Is Required for Excitability in Parvalbumin and Somatostatin
Interneurons and Controls Neurotransmitter Release. APP is
reported to be highly expressed in a variety of GABAergic
interneurons in the hippocampal CA1 region (39). Consistent
with this, we observed a high endogenous expression of APP in
both somatostatin (SST)+ and parvalbumin (PV)+ interneurons
(SI Appendix, Fig. S7 H–J). We next assessed the effects
of knocking down APP by stereotactically injecting AAV–
DIO–shAPP into Sst–ires–Cre (SST–Cre) mice or Pvalb–Cre
(PV–Cre) and quantifying the total density of VGAT+ or
GABAARγ2+ puncta in all layers of the hippocampal CA1 region
(SI Appendix, Figs. S9 A–C and S10 A–C). Strikingly, we observed
a profound decrease in the density of VGAT+ or GABAARγ2+
synaptic puncta in the SLM layer of SST–Cre mice injected with
AAV–DIO–shAPP compared to control mice injected with AAVs
expressing nontargeting shRNAs (SI Appendix, Fig. S9 A–C).
There were no alterations in the density of VGAT+ or
GABAARγ2+ synaptic puncta in any examined hippocampal CA1
layers of PV–Cre mice injected with AAV–DIO–shAPP (SI
Appendix, Fig. S9 A–C), suggesting that APP is specifically
required for the maintenance of selective synaptic inputs derived

from SST+ interneurons (but not those from PV+ interneurons).
To test whether the loss of APP in GABAergic interneurons
impairs specific synaptic properties, we sought to selectively mark
and manipulate SST+ or PV+ neurons (SI Appendix, Figs. S9 D
and I and S10 D and I). We delivered AAV–DIO–shAPP–
mCherry and AAV–DIO–ChR2–enhanced green fluorescent pro-
tein (EGFP) into the hippocampal CA1 in SST–Cre mice (SI
Appendix, Fig. S9 D and I) or PV–Cre (SI Appendix, Fig. S10 D
and I). We identified SST+ or PV+ neurons expressing both
AAVs (yellow, reflecting overlapping expression of mCherry and
EGFP) in the hippocampal CA1 area 2 wk postinjection (SI
Appendix, Figs. S9 D and I and S10 D and I). The targeted photo-
stimulation of optical fibers revealed optically evoked IPSCs
(oIPSCs) in the indicated GABAergic interneurons in acute brain
slices from SST–Cre and PV–Cre mice. In response to current
injections, the patched SST+ neurons exhibited low-threshold
spiking, whereas PV+ neurons exhibited fast-spiking properties
(SI Appendix, Figs. S9J and S10J). We found that oIPSCs elicited
by the stimulation of APP-deficient SST+ or PV+ neurons were
decreased by ∼58 and ∼53%, respectively (SI Appendix, Figs. S9
E and F and S10 E and F). However, paired-pulse ratios were sig-
nificantly enhanced in APP-deficient SST+ neurons, increasing by
∼10%, but were not changed in APP-deficient PV+ neurons (SI
Appendix, Figs. S9 G and H and S10 G and H). Moreover, latency
of oIPSCs were significantly slower in APP-deficient SST+ neu-
rons (SI Appendix, Figs. S9F and S10F). Intrinsic neuronal excit-
ability was markedly reduced in APP-deficient SST+ and PV+

neurons without changes in resting membrane potential. Indeed,
the minimal current that elicited an action potential (i.e., rheo-
base) was significantly increased (SI Appendix, Figs. S9 K–M and
S10 K–M). Consistent with prior results from APP-deficient hip-
pocampal CA1 slices (Fig. 3 C–E), there was a specific reduction
in gephyrin puncta density at CA1 pyramidal neuron synapses
formed by APP-deficient SST+ or PV+ neurons in organotypic sli-
ces (SI Appendix, Figs. S9 N–S and S10 N–S). The absence of
robust phenotypes in APP-deficient PV+ neurons would appear
to be inconsistent with the strong phenotypes in APP-deficient
GABAergic interneurons (Fig. 3). However, it is possible that
APP expressed in other interneurons (e.g., CCK+ interneurons)
could provide somatic inhibition in the hippocampal CA1 (5).
Taken together, these results demonstrate that APP deficiency in
hippocampal CA1 interneurons leads to differential alterations in
inhibitory synaptic strength and release probability, resulting in a
lower density of inhibitory synapses on pyramidal neurons.

MDGA1 MAM Suppresses GABAergic Synaptic Transmission and
Synapse Stabilization. APP Ex2-3 (also known as APP 17-mer)
was reported to suppress both excitatory and inhibitory syn-
aptic transmission in a GABABR activity-dependent manner
in mature cultured hippocampal neurons (26) and was found
to bind to both GABABR1a and MDGA1 (SI Appendix, Fig.
S3). Thus, instead of using the APP 17-mer, we employed
the purified MDGA1 MAM protein as a tool for probing the
role of APP–MDGA1 complexes in controlling GABAergic
synapse properties in hippocampal CA1 neurons. We first
tested whether MDGA1 MAM could alter the GABAergic
synaptic transmission in acute hippocampal CA1 slices (Fig.
4A and SI Appendix, Fig. S11A). The application of MDGA1
MAM (750 nM and 1 μM) significantly reduced the mIPSC
frequency in a concentration-dependent manner (Fig. 4 B
and C and SI Appendix, Fig. S11A). Moreover, treatment
with 1 μM MDGA1 MAM did not affect the miniature excit-
atory postsynaptic current (mEPSC) frequency; the applica-
tion of the same concentration of MDGA2 MAM did not
alter either the mEPSC or mIPSC frequency (Fig. 4 B and C
and SI Appendix, Fig. S11 A–D). In line with these results,
the interaction of APP with MDGA1 in hippocampal
CA1 slices was slightly decreased by treatment with 1 μM
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MDGA1 MAM, whereas the interaction of APP with GABA-

BR1a was not affected (Fig. 4D), implying that MDGA1
MAM at this concentration preferentially binds to MDGA1-
or GABABR1a-unoccupied APP proteins. MDGA2 MAM (1
μM) had no effect on the interaction of APP with MDGA1
or GABABR1a (Fig. 4E). For technical reasons, we were
unable to perform coimmunoprecipitation assays to analyze
the interactions of APP with GABABR1; thus, we employed
APP ExD-Fc for pull-down assays. Strikingly, pretreatment
with the GABABR antagonist CGP55845 (5 μM) failed to
prevent the MDGA1 MAM–induced reduction in the mIPSC
frequency (SI Appendix, Fig. S11 E–G). Furthermore, this
effect was compromised in hippocampal CA1 neurons inner-
vated by APP-deficient GABAergic interneurons (Fig. 4
F–H). However, treatment with MDGA1 MAM significantly
reduced the mIPSC frequency in Nlgn2-deficient hippocam-
pal CA1 neurons (SI Appendix, Fig. S11 H–J), suggesting
that MDGA1 MAM specifically targets APP at GABAergic
synapses, likely ruling out potential ceiling effects. We next
used dual-color time-lapse two-photon microscopy to assess
how MDGA1 MAM influences GABAergic synaptic struc-
tures on CA1 pyramidal neurons. Intriguingly, we found that
the bath application of MDGA1 MAM (1 μM; < 2 h) signifi-
cantly increased the elimination rate of preexisting gephyrin
puncta in a GABABR-independent manner without affecting
excitatory synapses (Fig. 4 I–L). Moreover, the MDGA1
MAM–mediated elimination of gephyrin puncta was abol-
ished in APP-deficient hippocampal slices (Fig. 4 I and J).
Together, these observations demonstrate that MDGA1
MAM can bind to and inhibit presynaptic APP function,
resulting in impaired GABAergic synaptic transmission in
the hippocampal CA1 region.

MDGA1 MAM Impairs Novel Object Recognition. Previous studies
showed that the perturbation of APP (and/or APLPs) induces
severe cognitive deficits in mice (42, 43). Specifically, forebrain
GABAergic neuron-specific APP/APLP2 double-cKO mice
exhibit impaired hippocampus-dependent spatial learning and
memory (42). Hence, we tested whether MDGA1-induced
inhibition of APP function and/or accelerated GABAergic
synapse elimination in hippocampal CA1 neurons impacts
mouse behavior (Fig. 5). We stereotactically expressed
MDGA1 WT, MDGA1 MAM, or ΔMAM in the hippocampal
CA1 region of adult mice and performed a battery of
behavioral tests 4 wk after injections (Fig. 5 A and B). Both
MDGA1 WT– and ΔMAM-expressing mice exhibited
comparable anxiety/exploration-related behavior, working
memory, object-location memory, and contextual fear memory
(SI Appendix, Fig. S12). However, in the novel object-
recognition test, in which mice were exposed to two identical
objects on the first day (training) and given a new object that
replaced one of the two familiar objects on the second day
(testing), the discrimination index decreased in MDGA1 WT–
or MAM– expressing mice compared with control or MDGA1
ΔMAM– expressing mice (Fig. 5 C–F). These results
underscore the significance of MDGA1 MAM in compromising
object-recognition memory.

Fig. 4. MDGA1 MAM facilitates GABAergic synapse elimination in hippo-
campal CA1 neurons. (A) Representative mIPSC traces from hippocampal
CA1 pyramidal neurons treated with 1 μM Fc protein (gray), 1 μM MDGA1
MAM (red), or 1 μM MDGA2 MAM (beige) for 1 h. (B and C) Average
mIPSC frequency (B) and amplitude (C). (D and E) Effects of the indicated
concentrations of MDGA1 MAM (D) or MDGA2 MAM (E) on complex for-
mation of APP with MDGA1 or GABABR1a in the hippocampal CA1. Input,
1%. (F) Representative mIPSC traces from hippocampal CA1 pyramidal
neurons from Appf/f (ΔCre; Top Left), Appf/f (Cre; Top Right), Slc32a1CRE::-
FLEX–shCtrl (Bottom Left), or Slc32a1CRE::FLEX–shAPP (Bottom Right) mice.
(G and H) Average mIPSC frequency (G) and amplitude (H). (I) Two-photon
time-lapse images of gephyrin puncta and spines on tdTomato and
gephyrin intrabody-GFP coexpressing CA1 pyramidal neurons left
untreated or treated with 1 μM MDGA1 MAM, treated with 1 μM MDGA1

MAM in APP-deficient hippocampal slices, or cotreated with 1 μM MDGA1
MAM + 5 μM CGP55845. (J) Quantitative analysis of gephyrin puncta elimi-
nation rates across conditions at different time points. Filled arrows indi-
cate stable gephyrin clusters, while open arrows show eliminated gephyrin
puncta. (K and L) Average spine density (K) and size (L) from control and
MDGA1 MAM–treated groups. Error bars denote SEM. P values deter-
mined by Kruskal–Wallis test followed by Dunn’s multiple comparison test
(B, C, G, and H) or two-tailed Student’s t test (J, K, and L). See Dataset S1
for additional statistics. NS, not significant.
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Discussion
APP has been a keen focus in the Alzheimer’s research fields.
Despite extensive studies for more than three decades, the
physiological significance of APP remains enigmatic. Our study
showed that APP primarily functions at presynaptic neurons in
mediating synaptic inhibition in the hippocampal CA1 region.
Surprisingly, the loss of APP did not affect glutamatergic syn-
aptic transmission or spine density, implying possible redun-
dancy with other closely related APP homologs (22, 44, 45).
However, the deletion of APP, but not APLP2, in hippocampal
GABAergic interneurons decreased GABAergic synaptic inputs,

suggesting that APP might perform a unique/nonoverlapping
physiological role in regulating specific neural circuit properties
(see also ref. 42). Our results showed that both cellular and synap-
tic functions of APP control GABAergic synapse development.
APP KD in GABAergic interneurons reduced intrinsic excitability
and release probability, resulting in lower GABA release and
thereby decreasing the inhibitory synapse density and strength.
This impaired inhibitory synaptic function was rescued by the
overexpression of both WT APP and ExD-deleted APP. These
results show a cellular role for APP in controlling GABAergic
synapse development and further suggest that the inhibitory

Fig. 5. MDGA1 MAM impairs novel object-recognition memory. (A) Schematic diagram of mouse behavioral analyses. The CA1 region of the hippocampus of
∼6-wk-old mice was bilaterally injected with AAVs expressing the indicated MDGA1 variants. Injected mice were subjected to various behavioral tasks 4 wk
after the injections. CFC, contextual fear conditioning; NOR, novel object-recognition test; OF, open-field test. (B) Expression of AAV–MDGA1 variants in the
hippocampal CA1 region of injected mice. (C–F) Novel object-recognition test. Design of experiments measuring novel object-recognition memories in injected
mice (C). Two identical objects (O1 and O2) were used for the training phase, and one familiar object (O1) and one novel object (O3) were used for the testing
phase. Exploration time (D and E) and discrimination index (F) were measured. (G) Model showing how postsynaptic MDGA1 trans-synaptically tunes presynap-
tic APP, which is required for GABAergic synapse stabilization. Error bars denote SEM. P values determined by nonparametric Mann–Whitney U test (D and E)
or one-way ANOVA with Bonferroni post hoc test (F). See Dataset S1 for additional statistics. NS, not significant.
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synaptic alterations are likely mediated by reduced activity-
dependent synaptogenesis, as local GABA release drives the for-
mation of inhibitory synapses (36). However, our data strongly
suggest that the effect of APP on postsynaptic inhibitory synapses
is not simply mediated by regulating intrinsic excitability of
GABAergic interneurons, which could be controlled by other
APP-binding proteins (22, 44, 45). We previously demonstrated
that the local GABA release on dendrites is both sufficient and
necessary for inhibitory and excitatory synaptogenesis (36), yet we
found that the structure and function of excitatory synapses are
intact in APP-deficient hippocampal CA1 slices. Strikingly, our
study revealed an unanticipated mechanism by which presynaptic
APP trans-synaptically regulates the postsynaptic properties of
GABAergic synapses, showing that postsynaptic MDGA1 likely
tunes the trans-synaptic function of presynaptic APP. This is evi-
denced by the absence of a change in mIPSC frequency in
MDGA1 ΔMAM–expressing neurons and by the reduced
gephyrin elimination rate following MDGA1 MAM treatment in
APP-deficient slices. Together, our data show that MDGA1 tunes
APP-mediated synaptic inhibition by facilitating the elimination of
inhibitory synapses via a trans-synaptic action of presynaptic APP.
Intriguingly, we found that MDGA1 protein levels were down-
regulated in the hippocampus and cerebellar cortex of adult mice
subjected to rotarod exercise (SI Appendix, Fig. S13). These obser-
vations suggest the possibility that the MDGA1–APP complex
can be finely tuned in vivo in response to changes in network
activities, in line with the previous finding that MDGA1 tran-
scripts are up-regulated upon chronic synaptic activity blockade
(46) and in the human–mouse chimeric model of AD (47).

Among the dozens of known APP-binding proteins, GABA-

BR1a is responsible for APP-mediated inhibition of glutamate
release from excitatory presynaptic terminals (26), a process
that likely contributes to the dampening of excessive network
activity (48, 49). We found that MDGA1 MAM–driven regula-
tory mechanisms that act on APP at GABAergic presynaptic
terminals are mediated by the GABABR1a-binding ExD of
APP but do so in a GABABR1-independent manner. This iden-
tifies MDGA1 as a “tuner” of APP functions in GABAergic
synaptic transmission and suggests that it does not compete
with GABABR1a, which is primarily expressed at presynaptic
neurons, where it inhibits glutamate release (50). Although
more work is required, we propose that APP might modulate
synaptic inhibition in the hippocampal CA1 via two indepen-
dent pathways: 1) GABABR-dependent inhibition involving
GABABR1a and 2) GABABR-independent disinhibition involv-
ing MDGA1. These data suggest that APP might orchestrate
specific synaptic/circuit properties in a context-dependent man-
ner by utilizing intrinsically disordered regions to undergo dis-
tinct extracellular phase separation (51, 52). Taken together,
our data suggest a model in which postsynaptic MDGA1 exerts
a profound destabilizing influence on GABAergic synapses and
reduces postsynaptic GABAAR-mediated responses, likely by
binding to presynaptic APP (Fig. 5G). This model posits a
unique trans-synaptic action of APP distinct from that of other
presynaptic adhesion molecules (e.g., Nrxns or Protein tyrosine
phosphatase-σ) in controlling different postsynaptic receptor
responses (53). It remains to be determined which postsynaptic
proteins directly transduce the trans-synaptic signals produced
by presynaptic APP. Although the cis- and/or trans-dimerization
of APP via the E1 domain facilitates synaptic adhesion (22, 44,
45), whether APP-mediated trans-synaptic functions involve an
identical mechanism remains to be determined.

A number of our findings obtained using conditional Mdga1-
KO mice are in stark contrast to prior results obtained using
either MDGA-KD approaches or constitutive Mdga1-KO mice
(16, 17, 21) as follows: 1) postnatal deletion of postsynaptic
MDGA1 in hippocampal CA1 neurons does not alter basal
GABAergic synaptic transmission; 2) MDGA1 overexpression

decreases GABAergic synaptic transmission and density at the
dendritic, but not somatic, compartment of hippocampal CA1
neurons; and 3) MDGA1 targets APP, but not Nlgn2, at least at
hippocampal CA1 GABAergic neural circuits. However, it is
equally plausible that MDGA1 is involved in negative regula-
tion of Nlgn2-mediated somatic inhibition during the early
stages of GABAergic synapses in the hippocampus and/or
other synapse types. These apparently puzzling observations
may be reconciled by positing that MDGA1 acts as a factor
that modulates specific context- and activity-dependent feed-
back inhibition rather than as a mandatory factor for GABAer-
gic synapse formation per se. Future studies are warranted to
address a number of important unresolved questions raised by
the current study. For example, it remains to be determined
whether MDGA1 interacts with both soluble and membrane-
anchored APP protein species and if MDGA1 can influence
APP proteolytic processing in vivo. Moreover, how APP differ-
entially regulates excitability in GABAergic interneurons com-
pared with excitatory neurons (54) should be scrutinized.
Importantly, a better understanding of the MDGA1-mediated
dismantling of GABAergic synapses across different neural cir-
cuits requires knowing when and how the up-regulation of
MDGA1 is achieved.

Given the strong association of APP with AD and MDGA1
with late-onset AD (23, 55), it is plausible that dysfunctions in
the MDGA1–APP complex are linked to AD pathogenesis.
However, accumulating evidence also points to a possible asso-
ciation of APP with autism spectrum disorders or schizophrenia
(56–58) and the association of MDGA1 with schizophrenia
(59). Future studies should systematically examine how the dys-
regulation of the MDGA1–APP complex elicits different mani-
festations during postnatal development.

APP ExD was recently proposed as a potential therapeutic
agent for related neuropsychiatric disorders associated with the
GABABR complex (26, 39, 60, 61). However, given the promis-
cuous nature of the APP ExD, which binds to GABABR1a,
MDGA1, and possibly other unidentified ligands, alternative
therapeutic strategies for modulating specific APP interac-
tome(s) should be considered. The determination of the struc-
ture of the MDGA1–APP complex will pave the way for future
efforts to modulate the multiple APP ExD-mediated interac-
tions and control intrinsic neuronal excitability at specific
GABAergic neural circuits.

Materials and Methods
Animals, expression vectors, and antibodies are described in SI Appendix, SI
Materials and Methods. Also see SI Appendix, SI Materials and Methods for
details of the generation of Mdga2 conditional mice, affinity chromatogra-
phy, in-gel digestion and liquid chromatography–MS/MS analysis, production
of recombinant Ig fusion proteins from HEK293T cells, cell-surface–binding
assays, pull-down assays, coimmunoprecipitation assays, qRT-PCR, expression
and purification of APP and MDGA1 proteins for biophysics experiments,
small-angle X-ray scattering, biophysical characterization, affinity measure-
ment using a cell-based enzyme-linked immunosorbent assay, preparation of
cultured hippocampal neurons, virus generation, stereotaxic surgery and virus
injection, immunocytochemistry, organotypic slice preparation and transfec-
tion, viral infections of organotypic hippocampal slice cultures, two-photon
imaging, quantification of dendritic spines, quantification of gephyrin puncta,
electrophysiology, behavioral analyses, and statistical analyses.

Data Availability. All study data are included in the article and/or supporting
information.
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