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Functional Neuroligin-2-MDGA1
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synaptic GABA,Rs and cytosolic gephyrin
aggregation
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Neuroligin-2 (NIgn2) is a key synaptic adhesion protein at virtually all GABAergic synapses, which
recruits GABAARs by promoting assembly of the postsynaptic gephyrin scaffold. Intriguingly, loss of
NIgn2 differentially affects subsets of GABAergic synapses, indicating that synapse-specific
interactors and redundancies define its function, but the nature of these interactions remain poorly
understood. Here we investigated how NIgn2 function in hippocampal area CA1 is modulated by two
proposed interaction partners, MDGA1 and MDGAZ2. We show that loss of MDGA1 expression, but not
heterozygous deletion of MDGA2, ameliorates the abnormal cytosolic gephyrin aggregation, the
reduction in inhibitory synaptic transmission and the exacerbated anxiety-related behaviour
characterizing Nign2 knockout (KO) mice. Additionally, combined Nign2 and MDGA1 deletion causes
an exacerbated layer-specific loss of gephyrin puncta. Given that both Nign2 and the MDGA1 have
been correlated with many psychiatric disorders, our data support the notion that cytosolic gephyrin
aggregation may represent an interesting target for novel therapeutic strategies.

Information flow in the brain is critically shaped by synapses, specialized
contact sites between neurons that are not mere passive relays but actively
contribute to information processing and network output. Accordingly, the
molecular machinery that mediates synaptic connectivity and neuro-
transmission plays a central role in regulating cognition and behavior, and
alterations in this machinery, e.g. due to genetic or environmental causes,
feature prominently in the pathophysiology of psychiatric and neurodeve-
lopmental disorders' ™. Therefore, defining the molecular logic that governs

the establishment and maintenance of synaptic function represents a pro-
blem of utmost importance in the development of new therapeutic strategies
for these disorders.

Of particular interest in this respect are alterations in the function of y-
aminobutyric acidergic (GABAergic) inhibitory neurons and synapses,
which contribute to a plethora of computational network processes in health
and disease. Fast GABAergic neurotransmission is mediated GABA type-A
receptors (GABAARs), whose postsynaptic localization and function are

"Department of Molecular Neurobiology, Max Planck Institute for Multidisciplinary Sciences, 37075 Géttingen, Germany. ?Institute of Anatomy, University Medical
Center of the Johannes Gutenberg-University Mainz, 55128 Mainz, Germany. *Géttingen Graduate School for Neurosciences, Biophysics, and Molecular Bios-
ciences (GGNB), Georg-August-University Géttingen, 37077 Géttingen, Germany. “Focus Program Translational Neurosciences (FTN), University Medical Center
of the Johannes Gutenberg-University Mainz, 55128 Mainz, Germany. *Departamento Biomedico, Facultad de Ciencias de la Salud, Universidad de Antofagasta,
1240000 Antofagasta, Chile. ®Department of Psychiatry and Psychotherapy, University Medical Center of the Georg-August-University Géttingen Mainz, 37075
Géttingen, Germany. “German Center for Neurodegenerative Diseases (DZNE), 37075 Goettingen, Germany. ®Neurosciences and Signaling Group, Institute of
Biomedicine (iBIMED), Department of Medical Sciences, University of Aveiro, Aveiro, Portugal. °Present address: Department of Pathology and Experimental
Therapy, Institute of Neurosciences, University of Barcelona, and Bellvitge Biomedical Research Institute (IDIBELL), 08907L’Hospitalet de Llobregat,
Barcelona, Spain. °These authors contributed equally: Tommaso Zeppillo, Heba Ali. "'These authors jointly supervised this work: Sowbarnika Ravichandran,
Tamara C. Ritter. »< e-mail: dkruegerburg@uni-mainz.de

Communications Biology | (2024)7:1157 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06789-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06789-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06789-z&domain=pdf
http://orcid.org/0000-0003-1821-0316
http://orcid.org/0000-0003-1821-0316
http://orcid.org/0000-0003-1821-0316
http://orcid.org/0000-0003-1821-0316
http://orcid.org/0000-0003-1821-0316
http://orcid.org/0000-0002-0778-4106
http://orcid.org/0000-0002-0778-4106
http://orcid.org/0000-0002-0778-4106
http://orcid.org/0000-0002-0778-4106
http://orcid.org/0000-0002-0778-4106
http://orcid.org/0000-0001-9776-2690
http://orcid.org/0000-0001-9776-2690
http://orcid.org/0000-0001-9776-2690
http://orcid.org/0000-0001-9776-2690
http://orcid.org/0000-0001-9776-2690
http://orcid.org/0000-0003-1492-5330
http://orcid.org/0000-0003-1492-5330
http://orcid.org/0000-0003-1492-5330
http://orcid.org/0000-0003-1492-5330
http://orcid.org/0000-0003-1492-5330
http://orcid.org/0000-0003-3186-3231
http://orcid.org/0000-0003-3186-3231
http://orcid.org/0000-0003-3186-3231
http://orcid.org/0000-0003-3186-3231
http://orcid.org/0000-0003-3186-3231
http://orcid.org/0000-0001-5597-6287
http://orcid.org/0000-0001-5597-6287
http://orcid.org/0000-0001-5597-6287
http://orcid.org/0000-0001-5597-6287
http://orcid.org/0000-0001-5597-6287
mailto:dkruegerburg@uni-mainz.de
www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06789-z

Article

regulated by a complex machinery of scaffolding and cell adhesion
proteins™. A key component of this GABAergic postsynaptic protein
machinery is the cell adhesion protein Neuroligin-2 (Nlgn2), which binds
trans-synaptically to presynaptic neurexins (Nrxns), and intracellularly to
gephyrin and collybistin to establish and regulate GABAergic synaptic
transmission”*. Accordingly, deletion of Nlgn2 in mice results in a loss of
gephyrin and GABA 4R subunits from postsynaptic sites, and in a reduction
in the frequency and/or amplitude of miniature inhibitory postsynaptic
currents (mIPSCs)”"™.

An intriguing and as yet unexplained feature of Nlgn2 function at
GABAergic synapses is its apparent synapse subtype specificity. Despite
being present at virtually all inhibitory synapses in the brain, as assessed by
immunohistochemical co-localization with gephyrin, deletion of Nlgn2 in
mice selectively affects a distinct subset of GABAergic synapses, most
notably perisomatic, likely parvalbumin-positive synapses onto principal
neurons®™"". Given that GABAergic neurons are highly diverse, with dif-
ferent subtypes playing distinct roles in shaping network function and
behavioral output'*™"’, understanding the molecular mechanisms under-
lying the striking synapse-type specificity of Nlgn2 function is key for elu-
cidating its role in network function and information processing in health
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Fig. 1 | Nlgn2 and MDGAL1 colocalization in hippocampal CA1 layers in

WT mice. a Simplified model for the putative interaction between MDGAs and
Nlgn2 in the synaptic cleft. Note that MDGA1 and MDGA2 have both been reported
to bind to Nlgn2, but not at the same time. b Schematic representation of the dorsal
hippocampus showing the layers of area CAl in which images were acquired:
Stratum oriens (S.0.), Stratum pyramidale (S.P.), Stratum radiatum (S.P.) and
Stratum lacunosum-moleculare (S.L.M). ¢ Photomicrograph showing a low mag-
nification overview of the dorsal hippocampus of a WT mouse labelled with anti-
bodies against Nlgn2 (red) and MDGAL1 (green). Scale bar 500 pm.

d Photomicrographs showing an overview of hippocampal area CA1 of a WT mouse
labelled with DAPI (blue) and with antibodies against Nlgn2 (red) and MDGA1

and disease. A likely explanation lies in the differential interaction of Nlgn2
with other synaptic adhesion proteins that differentially localize to
GABAergic synapse subtypes. In recent years, multiple new organizer
proteins were identified at GABAergic synapses, but the mechanisms by
which these might contribute to the differential formation and function of

5,20

GABAergic synapse subtypes are still largely unknown’

Among the newly described postsynaptic interaction partners of Nlgn2
are the MAM-domain containing glycosylphosphatidylinositol anchor
(MDGA) family proteins MDGA1 and MDGA2*"**. MDGAs were pro-
posed to negatively regulate Nlgn2 function by blocking the interaction
between Nlgn2 and its presynaptic partner Nrxn, thereby potentially
impairing the assembly of GABAergic synapses” ™’ (Fig. 1a). Intriguingly,
MDGAL1 was recently shown to selectively regulate the formation of
GABAergic synapses onto distal dendrites, but not proximal dendrites or
somata, of hippocampal area CA1 pyramidal neurons through an interac-
tion with presynaptic amyloid precursor protein (APP)*. These findings
support the notion that MDGAs can contribute to the diversity of
GABAergic synapse function, but whether they also differentially modulate
Nlgn2 function at different synapse subtypes remains unknown. Moreover,
there is substantial controversy over whether MDGA1**" or MDGA2"—
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(green). Scale bar 50 um. e High magnification photomicrographs obtained from
each layer showing Nlgn2 (red) and MDGAI1 (green) labeling. Scale bar 5 um.

f-i Histograms showing the frequency distribution of MDGA1 fluorescence
intensity in arbitrary units) within Nlgn2-labelled puncta in each layer. Bars in blue
represent Nlgn2-labeled puncta with above-threshold MDGA1 fluorescence
intensity (see Methods section for threshold determination). Doughnut chart insets
display the percentage of Nlgn2-labelled puncta with an above-threshold MDGA1
fluorescence intensity (in blue, percentage values are given in the center of the
doughnut chart). High magnification photomicrograph insets show examples of
MDGA -colocalized Nlgn2 puncta for each hippocampal layer. Scale bar 2 pm.
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Fig. 2 | Immunohistochemical characterization of pre- and postsynaptic markers
in layers S.P. and S.R. of the adult hippocampal CA1 region. a Photomicrographs
showing an overview of layers S.P. and S.R. in a WT mouse labelled with antibodies
against gephyrin (left), GABA sRy2 (middle), and VIAAT (right). Scale bar 50 pum.
b Schematic representation of the four genotypes analyzed in this study. ¢ High
magnification photomicrographs of layer S.P. in a WT mouse labeled with anti-
bodies against gephyrin (left), GABAsRy2 (middle), and VIAAT (right). Scale bar
5 um. d, e Quantification of the number and size of gephyrin, GABA,Ry2, and
VIAAT synaptic puncta in the S.P. f High magnification photomicrographs of layer

S.R.in a WT mouse labeled with antibodies against gephyrin (left), GABAARy2
(middle), and VIAAT (right). Scale bar 5 um. g, h Quantification of the number and
size of gephyrin, GABA sRy2, and VIAAT synaptic puncta in the S.R. Statistically
significant ANOVA comparisons are marked in gray at the top of panels and are
listed in Table 1. For all other ANOVA comparisons, F < 1. Post-hoc analysis
(Tukey’s multiple comparison test): *p < 0.05, **p < 0.01, ***p < 0.001. Error bars
represent SEM, and each circle represents an experimental animal (n = 7-8 for
gephyrin; 8-9 for GABA 4Ry2, 6-8 for VIAAT).

or neither”—are the most relevant MDGAs for Nlgn2 regulation at
GABAergic synapses. We addressed these questions by investigating the
function and layer-specific composition of GABAergic synapses in hippo-
campal area CA1 of Nlgn2/MDGA1 double KO and Nlgn2 KO/MDGA2
heterozygous KO mice. Given that variants of both Nlgn2"***" and the
MDGAs™*** have been linked to schizophrenia, autism spectrum dis-
orders, and other brain disorders, our findings not only have important
implications for understanding the basic biology of GABAergic synapses,
but may also advance our knowledge on neuropsychiatric disorders linked
to dysfunction of GABAergic inhibition.

Results

MDGA1 co-localizes with Nign2 predominantly in dendritic, but
not perisomatic, regions of CA1 pyramidal neurons

To determine how MDGAs may interact differentially with Nlgn2 in the
regulation of GABAergic synapse function, we first used immunolabeling to
assess the co-localization of MDGAs and Nlgn2 in WT mice. We initially
focused on area CAl in the hippocampus of adult (8-12 week old) mice
(Fig. 1a, b) due to the high expression level and known synaptic function of
both Nlgn2 and the MDGA proteins in this region'"*****"*. Moreover, the
layered structure and the precisely defined pattern of connectivity of
GABAergic interneurons in area CA1 make this region uniquely suited for
the study of the molecular diversity at GABAergic synapses™. Since we were
unable to identify a good antibody against MDGA2, we focused on the
analysis of MDGAL1 using a recently reported antibody”. Specificity of
antibodies against MDGAI and Nign2 was confirmed using Nlgn2/
MDGAI1 double KO (dKO) mice as a control (Supplementary Fig. 1a,b). A
strong expression of both MDGA 1 and Nlgn2 was observed in hippocampal
regions CAl, CA2 and CA3 (Fig. 1c), consistent with previous reports”.

Detailed immunolabeling analysis in CA1 revealed a prominent but rela-
tively diffuse distribution of MDGAL1 in the Stratum oriens (S.0.), Stratum
radiatum (S.R.) and Stratum lacunosum moleculare (S.L.M.), but only low
levels in the Stratum pyramidale (S.P.) (Fig. 1d, e and Supplementary
Fig. 1cf, green signal). In contrast, Nlgn2 localization was punctate and
strongest in S.P. and S.L.M.,, and slightly weaker in S.O. and S.R. (Fig. 1d, e
and Supplementary Fig. 1c—f, red signal). To investigate the co-localization
of MDGA1 with Nlgn2 puncta in the different layers, the intensity of the
MDGAL signal within Nlgn2 puncta was calculated and plotted as a his-
togram showing the number of Nlgn2 puncta at each MDGALI signal
intensity (Fig. 1f-i). In order to compare the number of Nlgn2 puncta that
contained strong MDGAI immunolabeling in each layer, an empirically
determined threshold (signal intensity 10-fold above MDGA1 KO signal)
was applied and the percentage of total Nlgn2 puncta with above-threshold
MDGA1 immunolabeling was determined (Fig. 1f-i, pie charts). Consistent
with the expression intensity of MDGAL1, the greatest degree of colocali-
zation with Nlgn2 was observed in S.R. and S.0., less in S.L.M. and very little
in S.P. Taken together, these findings indicate that MDGA1 is present
primarily in dendritic but not perisomatic compartments of CA1 pyramidal
neurons, and that functional interactions with Nlgn2 are likely to take place
in both apical and basal dendrites of these neurons.

To further validate our mouse models and exclude a possible com-
pensatory upregulation of MDGA2 expression following MDGA1 loss and
vice versa, we quantified MDGA1 and MDGA2 mRNA levels in both
MDGA1 KO and MDGA2 Het mice by qRT-PCR (Supplementary Fig.
1g-i). As expected, no MDGA1 mRNA was detected in MDGA1 KO mice,
confirming the validity of our KO model, whereas MDGA2 Het mice
showed WT-like levels of MDGA1 mRNA (Supplementary Fig. 1g). Simi-
larly, MDGA2 mRNA levels were reduced by approximately 50% in
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Table 1 | Two-way ANOVA comparisons for Figs. 2-6

Fig. MDGA1 x NIgn2 interaction Main effect of Nign2 KO Main effect of MDGA1 KO
F-value p-value F-value p-value F-value p-value

2d Gephyrin Fa08<1 0.929 F,08=7.4 0.011 Fi,08<1 0.767
2d GABAARY2 Faan=12 0.293 Fu,31)=9.5 0.004 Fi1,31)=6.4 0.017
2d VIAAT Faa<1 0.335 Fi,04<1 0.435 Fa4<1 0.061
2e Gephyrin Faon=14 0.247 Faon<1 0.641 Faon<1 0.519
2e GABAARy2 Fraz <1 0.502 Fa=15.7 <0.001 Fiaz=42 0.047
2e VIAAT Fri2g <1 0.990 Fr2 <1 0.728 Fog=12 0.276
2g Gephyrin Fa,on<1 0.607 Fa.27=9.5 0.005 Fa27=8.2 0.008
2g GABAARY2 Fi1,32=6.4 0.016 F(1,32=8.8 0.006 F1,32=2.6 0.116
2g VIAAT Fa,on<1 0.383 Faon<1 0.570 F,27=6.3 0.019
2h Gephyrin Fa,06<1 0.549 F1,26)=10.0 0.004 Fi1,000=4.2 0.052
2h GABAARY2 Fa,30=7.3 0.012 F(1,30=20.4 <0.001 Fi1,309=5.2 0.030
2h VIAAT Fa08<1 0.830 F1,08 <1 0.429 F1,08=17.6 <0.001
3d Fa6 <1 0.529 F1,06)=25.7 <0.001 Fi1,00=22.7 <0.001
3e Fa06<1 0.296 F1,06)=17.8 <0.001 F1,06=20.7 <0.001
4d F1,73=3.6 0.064 F,73=5.8 0.025 Fa,73=13,7 <0.001
af Fa, 69)=7-1 0.01 Fir. 69)=43.2 <0.0001 F(1, 69)=4.2 0.044
4h Fai, 5= 3.9 0.055 Fo. s9=21.7 <0.0001 Fr.54)=0.7 0.422
4 Fa, 69=12.1 0.001 Fu, 68y=55.0 <0.0001 Fi1, 68y=0.1 0.711
40 mIPSC (All) F, 54=92 0.004 F @, 54=57.2 <0.0001 F 54=78 0.007
40 mIPSC (Fast) F 1, 54=5.1 0.029 F 1, 54=63.1 <0.0001 F 4, 54=6.7 0.012
40 mIPSC (Slow) F, s9=123 0.001 F 1, 54=29.6 <0.0001 Fa s9=74 0.0086
6d Fay<1 0.485 F(1,34=23.8 <0.001 Fi1,34=13.4 <0.001
6e Fassy=1.3 0.257 Fo,34=15.4 <0.001 Fa,34=75 0.010
6f F1,34=3.5 0.069 Foa4=4.2 0.048 Faay<1 0.391

MDGA?2 Het mice as expected, but no differences in MDGA2 mRNA levels
were observed between WT and MDGA1 KO mice (Supplementary Fig. 1i).
Immunoblotting analysis of MDGA1 protein levels also revealed no dif-
ferences between WT and MDGA?2 Het mice (Supplementary Fig. 1j-k).
Together, our data indicate that there is no compensatory upregulation of
either MDGA family protein following the loss of the other in the mouse
models used in the current study.

MDGAT1 differentially co-localizes with Nign2 in different sub-
regions of the amygdala

Since our previous work showed that Nlgn2 also plays a key role in med-
iating synaptic and behavioral functions in the amygdala™**, we addi-
tionally assessed the colocalization of MDGAL1 and Nlgn2 in different
subregions of the amygdala of WT mice. While Nlgn2 expression was
observed throughout the amygdala (Supplementary Fig. 2a), MDGALl
expression was most pronounced in the ventromedial intercalated cell
cluster and the centromedial amygdala (Supplementary Fig. 2b). Accord-
ingly, colocalization of Nlgn2 and MDGA1 was highest in these areas, and
lower (but not absent) in the centrolateral and basolateral amygdala (Sup-
plementary Fig. 2¢, e, f). These findings indicate that functional interactions
between Nlgn2 and MDGA1 may occur across multiple brain regions.
However, since it is substantially more challenging to study subcellular
connection specificity in a non-layered structure such as the amygdala, we
focused the rest of our study on functional Nlgn2-MDGA interactions in the
layered structure of hippocampal area CA1.

MDGA1 and Nign2 functionally interact to regulate GABAergic
synapses in layer S.R. of hippocampal area CA1

While the interaction between Nlgn2 and MDGAs has been extensively
investigated at the structural level”***, its direct functional consequences

for GABAergic postsynaptic sites in intact neuronal circuits are poorly
understood. To address this question, we investigated the composition of
GABAergic postsynapses in hippocampal area CAl in Nlgn2/MDGAL1
dKO mice compared to WT, Nlgn2 KO and MDGA1 KO mice
(Fig. 2a, b). We used immunolabeling to identify layer-specific alterations
in the inhibitory synapse-specific postsynaptic scaffolding protein
gephyrin and the GABA 4R subunit y2 (Fig. 2a), which were both shown
to be reduced in Nlgn2 KO mice in a synapse subtype-specific manner'".
Accordingly, we observed a reduction in the number and/or size of
gephyrin and GABA 4Ry2 puncta in Nlgn2 KO mice which covered layer
S.P. (Fig. 2c-e, grey bars, and Table 1), but surprisingly extended to layer
S.R. (Fig. 2f-h, grey bars, and Table 1) and, to a lesser degree, to layer S.O.
(Supplementary Table 2). In contrast, MDGA1 KO affected gephyrin and
GABA ARy2 staining most prominently in layer S.R. (Fig. 2f-h, dark blue
bars, and Table 1), in keeping with our observation that MDGA1 is
localized most strongly in this layer (Fig. 1d, e). In particular, MDGA1
KO mice displayed a trend toward a reduction in the number of gephyrin
puncta specifically in layer S.R. (Fig. 2f-h, dark blue bars, and Table 1),
and this trend was strongly exacerbated in the Nlgn2/MDGA1 dKO mice
(Fig. 2f-h, light blue bars, and Table 1). No effect of the MDGA1 KO or
its interaction with the Nlgn2 KO was observed in any other layer
(Fig. 2c-e and Supplementary Table 2). Similarly, MDGA1 KO most
strongly, albeit not exclusively, affected GABA,Ry2 puncta in layer S.R.
(Fig. 2f-h, dark blue bars, and Supplementary Table 2). A reduction in
both the number and size of GABA,Ry2 puncta was observed in
MDGA1 KO mice, which matched the reduction observed in Nlgn2 KO
mice and was not further exacerbated in the Nlgn2/MDGA1 dKO mice.
More subtle effects of MDGAL1 deletion were observed in layers S.P. and
S.L.M., with a reduction of the number and size of GABA,Ry2 puncta in
layer S.P. and of the number of GABA,Ry2 puncta in layer S.L.M.
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Fig. 3 | MDGALI regulates the formation of Nlgn2
KO-related cytoplasmic gephyrin aggregates.

a Schematic diagram of the dorsal hippocampus
showing the region at the border between S.P. and
S.0. in which gephyrin aggregates were detected.

b Schematic representation of the four genotypes
analyzed in this study. ¢ Photomicrographs of the
border region between S.P. and S.O. labelled with
DAPI (blue) and anti-gephyrin antibody (green) in
WT and Nlgn2 KO mice. Scale bars 25 um. d High
magnification photomicrographs of gephyrin
aggregates in WT, Nlgn2 KO, MDGA1 KO and
Nlgn2/MDGA1 dKO mice. Scale bar 5 pm.

e, f Quantification of the number and total area of
gephyrin aggregates, expressed as percentage of WT.
g High magnification photomicrographs of
gephyrin aggregates (green) showing the degree of
co-localization with MDGA1 puncta (yellow) when
no puncta, 1 punctum and 2 < 6 puncta were
detected and counted. h Schematic representation of
the degree of co-localization of MDGALI puncta in
gephyrin aggregates in WT and Nlgn2 KO mice
expressed as percentage of puncta detected. Statis-
tically significant ANOVA comparisons are marked
in gray at the top of panels and listed in Table 1. For
all other ANOVA comparisons, F < 1. Post-hoc
analysis (Tukey’s multiple comparison test):

*p <0.05, ¥*p < 0.01, ***p < 0.001. Error bars
represent SEM, and each circle represents an
experimental animal (n = 7-8).
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(Fig. 2c-e, dark blue bars, and Supplementary Table 2, respectively).
Together, these findings highlight that MDGAI deletion most promi-
nently affects GABAergic postsynapses in layer S.R. of hippocampal area
CA1, and that functional interactions between the effects of MDGA1 and

Nlgn2 are largely restricted to this layer.

To clarify whether Nlgn2 and/or MDGAL selectively regulate the
composition of postsynaptic sites, or whether they also play a role at pre-
synaptic terminals, we performed immunohistochemical analysis for the
presynaptic vesicular inhibitory amino acid transporter (VIAAT). Con-

sistent with previous reports™', deletion of Nlgn2 did not alter size or
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number of VIAAT puncta (Fig. 2c-h, grey bars, and Supplementary
Table 2). In contrast, deletion of MDGAI resulted in a small but significant
decrease in the size of VIAAT puncta, most prominently in layers S.R., and
S.0., to a lesser extent in layer S.L.M., but not in layer S.P. (Fig. 2c-h, dark
blue bars, and Supplementary Table 2). This pattern is highly consistent
with the differential expression of MDGALI in these hippocampal layers.
Together, our findings indicate that Nlgn2 and MDGA1 mediate largely
distinct and layer-specific effects at GABAergic synapses in hippocampal
area CA1, which reflect their differential expression in the respective layers.
Interactions between Nlgn2 and MDGA1 function at postsynaptic sites are
limited to layer S.R., where the highest degree of colocalization of Nlgn2 with
MDGAL is observed.

MDGA2 and Nign2 functionally interact to regulate GABAAR
abundance in area CA1

While most evidence indicates that MDGAL, but not MDGA2, plays an
important role at hippocampal GABAergic synapses™”’, MDGA2 was also
reported to be present at GABAergic synapses in dissociated neuron
cultures”. Unfortunately, the lack of a suitable antibody prevented us from
assessing Nlgn2-MDGA2 colocalization in situ. To nevertheless determine
whether MDGA2 modulates Nlgn2 functions at GABAergic synapses in
hippocampal area CAl, we immunohistochemically assessed gephyrin,
GABA,Ry2 and VIAAT in Nlgn2 KO/MDGA?2 heterozygous KO mice
(since homozygous MDGA2 KO is lethal™®). Intriguingly, MDGA2 Het mice
displayed a reduction of the number and size of GABA ,RY2 puncta that was
most prominent in the S.P., and that was exacerbated in Nlgn2 KO/MDGA2
Het mice (Supplementary Table 3). No relevant effects on gephyrin or
VIAAT were observed. Although it is difficult to interpret the reduction in
GABA sRY2 puncta without knowing in which layers MDGA?2 is expressed,
it is conceivable that MDGA2 functionally replaces MDGALI in layer S.P.,
from which MDGAL is mostly absent.

MDGAT1 regulates the formation of Nign2 KO-related extra-
synaptically-located gephyrin aggregates

Beyond the effects of Nlgn2 KO on GABAergic synapses, a striking and
robust observation in Nlgn2 KO mice is the presence of prominent cyto-
plasmic gephyrin aggregates that are found at the border between layers S.P.
and S.O.". These aggregates were proposed to result from a loss of
nucleation sites for GABAergic postsynapses in the absence of Nlgn2,
leading to disrupted gephyrin transport to synaptic sites'', but whether other
molecules are involved in the regulation of cytoplasmic gephyrin aggregates
remains to be determined.

To investigate an involvement of MDGAs in this process, we tested
whether MDGA1 or MDGA2 alone engage in the formation of these
gephyrin aggregates, and whether they influence aggregate formation in
Nlgn2 KO mice (Fig. 3a, b). As expected based on previous reports'’, a
robust increase in the number and in the total area of extrasynaptic cyto-
plasmic gephyrin aggregates was observed in putative CA1 pyramidal cell
dendrites at the border between layers S.P. and S.O. in Nlgn2 KO mice
(Fig. 3c—f, grey bars, and Table 1). Strikingly, this increase was completely
absent in Nlgn2/MDGA1 dKO mice, which showed exactly the same
number and total area of aggregates as WT mice (Fig. 3c—f, light blue bars,
and Table 1), indicating that deletion of MDGAL reverses the effect of Nlgn2
deletion on gephyrin aggregation. In contrast, MDGA2 heterozygous
deletion had no effect on gephyrin aggregation, and Nlgn2 KO/MDGA2
Het mice showed the same number and total area of aggregates as Nlgn2 KO
mice (Supplementary Fig. 3a—c, and Supplementary Table 7).

To establish whether MDGAL1 is localized to gephyrin aggregates,
where it may actively modulate their formation and extrasynaptic locali-
zation, we quantified the degree of co-localization between MDGAL1 and
gephyrin aggregates (Fig. 3g, h). In both WT and Nlgn2 KO mice,
approximately 35% of gephyrin aggregates contained no MDGA1 puncta,
30-35% contained one MDGAI punctum, and the remainder contained
two or more MDGAL puncta (Fig. 3h). No difference was observed between
WT and Nlgn2 KO mice. These data indicate that while MDGA1 may be

present in some gephyrin aggregates, its presence is not required to retain
gephyrin in these aggregates, and that it must therefore act through another
as yet unknown mechanism.

Loss of MDGA1 expression perturbs GABAergic synaptic trans-
mission in CA1 pyramidal neurons

To determine whether the observed alterations in gephyrin and GABA 4Ry2
puncta affect inhibitory synaptic transmission in hippocampal area CA1, we
performed whole-cell patch-clamp recordings in pyramidal neurons
of acute hippocampal slices obtained from adult (6-8 week old)
mice (Fig. 4a).

CAl pyramidal neurons were identified based on their location,
morphology and firing pattern (Fig. 4b). Their resting membrane potential
and passive membrane properties were similar in all genotypes (Supple-
mentary Table 4). While action potential (AP) firing threshold, AP ampli-
tude, and AP half width were unchanged (Supplementary Table 4), CAl
pyramidal cells in Nlgn2/MDGA1 dKO mice showed a surprising tendency
towards higher AP frequency in response to injection of depolarizing cur-
rent steps as compared to other genotypes (Fig. 4c, light blue trace). Analysis
of AP kinetics revealed a slightly increased maximal rate of rise in CAl
pyramidal cells of Nlgn2/MDGA1 dKO mice (Fig. 4d, light blue bars, and
Table 1). No differences in passive membrane properties and discharge
behavior were detected in CAl pyramidal cells in MDGA2 Het mice
(Supplementary Fig. 3d-f, and Supplementary Table 4).

In line with previous observations', the frequency and amplitude of
spontaneously occurring inhibitory postsynaptic currents (sIPSCs;
recorded in the absence of TTX) and miniature inhibitory postsynaptic
currents (mIPSCs; recorded in the presence of TTX) were strongly
reduced in CA1 pyramidal cells of Nlgn2 KO mice (Fig. 4e-1, grey traces,
Supplementary Fig. 4a-d and Table 1). Surprisingly, we also observed a
significant reduction of mIPSC amplitude in CAl pyramidal cells of
MDGA1 KO mice (Fig. 41, Supplementary Fig. 4c, Supplementary Fig. 4b,
and Table 1), in contrast to previous studies reporting augmentation
of GABAergic inhibition following MDGA1 KO®. Interestingly, sIPSC
frequency and amplitude partially rescued to near WT-like levels in CA1l
pyramidal cells of Nlgn2/MDGA1 dKO mice (Fig. 4e-h, Supplementary
Fig. 4a, b, light blue traces and bars, and Table 1). In contrast, loss of a
single MDGA2 allele had no major effects on GABAergic transmission
(Supplementary Fig. 3f-k, dark green bars, and Supplementary Table 7),
nor did it rescue the functional deficits observed in Nlgn2 KO mice
(Supplementary Fig. 3f-k, light green, and Supplementary Table 7).
Together, these findings indicate that loss of MDGA1 expression, but not
heterozygous expression of MDGA?2, slightly reduces GABAergic
synaptic transmission, while combined loss of MDGA1 and Nlgn2
partially reverses the profound defects of GABAergic synaptic trans-
mission observed after Nlgn2 KO.

Given the preferential localization of MDGAL to layer S.R. compared
to layer S.P. and the fact that MDGA1 deletion affected GABAergic synapse
markers most prominently in layer S.R, it is conceivable that synaptic
transmission may also be differentially affected in a layer-specific manner.
To determine whether mIPSCs arising at different synaptic locations are
differentially affected by MDGAL1 loss, we took advantage of the fact that
mIPSCs arising at proximal synapses, including perisomatic GABAergic
contacts in layer S.P., are expected to have faster kinetics compared to those
arising at distal dendritic synapses, such as those in layer SR, We,
therefore, selectively analyzed mIPSCs separated by their rise times
(Fig. 4m-o0). Comparison of rise-time histograms obtained from recordings
in mutant vs WT mice (Fig. 4m) revealed a shift towards slower rising
mIPSCs in Nlgn2 KO and Nlgn2/MDGA1 dKO mice, consistent with a
preferential loss of fast rising mIPSCs (<400 s rise time). Such a shift in the
distribution of mIPSC rise times was not observed in MDGA1 KO mice. We
then quantified changes in mIPSC amplitude for fast rising (<400 ps rise
time; Fig. 4n) and slowly rising (>400 ps rise time; Fig. 40) mIPSCs. Con-
sistent with the Nlgn2 loss-induced changes to mIPSC rise-time histograms,
Nlgn2 KO mice showed a more pronounced amplitude reduction of fast
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Fig. 4 | Loss of MDGAL expression perturbs spontaneous GABAergic trans-
mission in hippocampal CA1 pyramidal neurons. a Schematic diagram of the
experimental paradigm for recording sIPSCs and mIPSCs in CA1 pyramidal neu-
rons of the adult dorsal hippocampus. b Representative firing pattern of a CA1
pyramidal neuron. ¢ Mean frequency of action potentials (APs) in response to steps
of injected current. d Bar graphs and scatter plots showing means and individual
values, respectively, for the maximal rate of AP rise in CA1 pyramidal neurons of
WT, Nlgn2 KO, MDGAL1 KO, Nlgn2/MDGA1 dKO mice. e Representative sSIPSCs
recorded in the four genotypes, color-coded as in c. f Bar graphs and scatter plots
showing means and individual values, respectively, for sIPSC frequency. g Empirical
probability density functions (PDFs) of individual sIPSC amplitudes in CA1 pyr-
amidal neurons of mutant (light gray or blue) in comparison to WT (dark gray)
mice. h Bar graphs and scatter plots showing grand averages and mean values for
individual CA1 neurons, respectively, for sSIPSC amplitudes. i Representative
mIPSCs recorded in the four genotypes color-coded as in c. j Bar graphs and scatter
plots showing means and individual values, respectively, for mIPSC frequency.

k Empirical PDFs of individual mIPSC amplitudes in CA1 pyramidal neurons of
mutant (light gray or blue) in comparison to WT (dark gray) mice. 1 Bar graphs and
scatter plots showing grand averages and mean values for individual CA1 neurons,
respectively, for mIPSC amplitudes. m Empirical PDFs of individual mIPSC rise
times in CA1 pyramidal neurons of mutant (light gray or blue) in comparison to WT
(dark gray) mice. n Average waveforms (left) and mean amplitudes of mIPSCs
(right) with rise times <400 ps, arising at putative proximal inputs including peri-
somatic GABAergic contacts. o Average waveforms (left) and mean amplitudes of
mIPSCs (right) with rise times >400 ps, arising at putative distal dendritic inputs.
Error bars represent SEM. Each circle in d, f, h, j, 1, n and o represents data from one
CA1 pyramidal neuron. Statistically significant ANOVA comparisons are marked in
gray at the top of panels and listed in Table 1. For all other ANOVA comparisons,
F < 1. Post-hoc analysis (Tukey’s multiple comparison test): *p < 0.05, **p < 0.01,
*#%p < 0.001. In bar graphs, each circle represents a single cell (n = 14-24 cells for
APs and rate of rise; 14-20 cells for sIPSC recordings; 14-16 cells for mIPSC
recordings; four animals per genotype).

rising mIPSCs compared to those with slow rise times, supporting the
notion of a preferential effect of Nlgn2 on perisomatic synapses. However,
amplitudes of fast and slowly rising mIPSCs were similarly affected in
MDGA1 KO mice, indicating that MDGAL1 does not result in layer-specific
alterations in synaptic transmission when assayed by separating mIPSCs by
their rise times.

Loss of MDGA1 expression does not affect excitatory synapses
in area CA1

Given the surprising controversies among previous reports about whe-
ther MDGAL1 primarily modulates the function of inhibitory”"' or
excitatory ™ synapses, we next tested the effect of MDGAI loss on
excitatory synapses in the CAl region of the adult hippocampus.
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Fig. 5 | Loss of MDGAL1 expression does not affect excitatory neurotransmission
in area CAl. a Photomicrographs showing an overview of layers Stratum pyrami-
dale (S.P.) and Stratum radiatum (S.R.) in a hippocampal section of a WT mouse
labelled with antibodies against PSD-95 (left) and vGluT1 (right). Scale bar 50 um.
b Schematic representation of the two genotypes tested (WT and MDGA1 KO) and
high magnification photomicrographs of layer S.P. and S.R. stained for PSD-95 and
vGluT1. Scale bar 5 um. ¢ Bar graphs and scatter plots showing means and individual
values, respectively, for the number of PSD-95 and vGluT1 puncta in S.P. and S.R.
d Bar graphs and scatter plots showing means and individual values, respectively, for
the size of PSD-95 and vGluT1 puncta in S.P. and S.R. e Schematic diagram of the
experimental paradigm for recording mEPSCs in CA1 pyramidal neurons of the
adult dorsal hippocampus. f Representative average waveforms of mEPSCs recorded
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in CA1 pyramidal neurons of WT (black traces) and MDGA1 KO (blue traces) mice.
g Four consecutive mEPSC recording sweeps shown superimposed for WT (black)
and MDGA1 KO (blue) recordings. Same cells as shown in f. h Average cumulative
distributions of individual mEPSC amplitudes. Inset: Bar graphs and scatter plots
showing grand averages and individual values, respectively, for mEPSC mean
amplitudes. i Average cumulative distributions of individual mEPSC inter-event
intervals. Inset: Bar graphs and scatter plots showing grand averages and individual
values, respectively, for mEPSC mean frequencies. Statistical differences were
assessed with unpaired t-tests Error bars represent SEM, each circle represents an
experimental animal in ¢, d, and a single-cell in h, i. Differences were not significant
in any comparison.

Immunohistochemical analysis for the excitatory synapse-specific scaf-
folding protein PSD-95 and the presynaptic vesicular glutamate trans-
porter vGluT1 revealed no significant differences between WT and
MDGA1 KO mice with respect to the number or size of PSD-95 and
vGluT1 puncta in layers S.R., S.P., and S.L.M. (Fig. 5a-d and supple-
mentary Table 5). Interestingly, a small increase in the size of vGluT1
puncta, but not PSD-95 puncta, was observed in layer S.O., indicating
either minor effects on a small subset of excitatory synapses or com-
pensatory changes (Supplementary Table 5). Functional analysis of
excitatory synaptic transmission revealed no significant changes in the
amplitude or frequency of spontaneously occurring miniature excitatory
postsynaptic currents (mEPSCs) (Fig. 5e-i). Taken together, our data
demonstrate that loss of MDGAL expression has virtually no effect on
spontaneous excitatory synaptic transmission, but selectively affects
inhibitory GABAergic synapses in the CAIl subfield of the adult
hippocampus.

MDGAT1 deletion ameliorates abnormal anxiety-related avoid-
ance behavior in female Nign2 KO mice

Finally, in light of the role of both Nlgn2 and MDGA1/2 in the pathophy-
siology of psychiatric disorders™*, we assessed how the functional inter-
action between Nlgn2 and MDGAs might influence psychiatrically relevant
behaviors. Nlgn2 KO in mice was shown to cause a profound increase in
anxiety-related avoidance behaviors in several tests, including the open field
test, the elevated plus maze, and the light/dark box™**"', which at least
partially originates from altered connectivity in hippocampal-amygdala-
prefrontal circuits®. In the present study, we used an open field task to test
whether this anxiety phenotype is modulated in Nlgn2/MDGA1 dKO or
Nlgn2 KO/MDGA?2 Het mice (Fig. 6a-c, Supplementary Fig. 5a-c). Strik-
ingly, but consistent with the amelioration of the defects in gephyrin
aggregation and sIPSC frequency and amplitude, female, Nlgn2/MDGA1

dKO mice showed an amelioration of the profound Nlgn2 KO anxiety
phenotype as indicated by a normalization of the time spent in the center of
the open field chamber (Fig. 6d, light blue bars vs. grey bars, and Supple-
mentary Table 7). Surprisingly, however, male Nlgn2 KO mice in this
experiment did not display the anxiety phenotype previously observed,
likely due to complex interactions with strain background or parental
behavior of the Nlgn2 Het/MDGA1 Het breeders (Supplementary Fig. 5d, e
and Supplementary Table 7). Accordingly, we were unable to determine
whether the anxiety phenotype of Nlgn2 KO mice is also ameliorated in
male Nlgn2/MDGA1 dKO mice. No amelioration of the Nlgn2 KO anxiety
phenotype was observed in male or female Nlgn2 KO/MDGA2 Het mice
(Supplementary Fig. 5f-h and Supplementary Table 7), consistent with the
lack of an effect of MDGA2 Het on gephyrin aggregation and GABAergic
synaptic transmission (Supplementary Fig. 5a—-c and Supplementary
Table 7).

Taken together, our observations indicate functional interactions
between MDGA1 and Nlgn2 KOs, but not between MDGA2 and Nlgn2
KOs, in modulating the neuronal circuits that regulate anxiety-related
avoidance behaviors. Further, our data reveal an anxiolytic effect of MDGAL1
deletion in Nlgn2 KO mice, raising the intriguing possibility that the
MDGA1-NIgn2 functional interaction may serve as a novel target for
anxiolytic therapeutic strategies.

Discussion

In the present study, we sought to determine how the schizophrenia- and
autism-associated synaptic adhesion proteins Nlgn2 and MDGAs func-
tionally interact in vivo to regulate GABAergic synapses. We report that
Nlgn2 and MDGA 1 show distinct distribution patterns in hippocampal area
CAL, with Nlgn2 localized in a punctate pattern that was most prominent in
layers S.P. and S.L.M., and MDGAL distributed diffusely throughout this
region, most strongly in layers S.R. and S.O. Using immunolabeling,
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Fig. 6 | MDGAL1 deletion ameliorates abnormal a
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electrophysiological and behavioral analysis in Nlgn2/MDGA1 dKO mice,
we found that the combined loss of Nlgn2 and MDGAL1 leads to an exa-
cerbated reduction of gephyrin puncta specifically in layer S.R. At the same
time, a normalization of cytoplasmic gephyrin aggregates at the S.P.-S.O.
boundary was observed in Nlgn2/MDGA1 dKO mice, accompanied by a
partial normalization of defects in sIPSC characteristics in CA1 pyramidal
neurons and of the anxiety-related behavior in an open field test. Impor-
tantly, loss of MDGAL1 selectively affected inhibitory but not excitatory
synapses, with virtually no differences observed in PSD-95 and vGluT1
puncta or in the amplitude or frequency of mEPSCs. Heterozygous KO of
MDGA?2 in Nlgn2 KO mice had only very subtle effects on GABAergic
synapses, indicating that either a single MDGA2 allele suffices or that
MDGA2 plays a minor role in modulating Nlgn2 function. Together, our
experimental data indicate that the key function of the interaction between
Nlgn2 and MDGAI1 bidirectionally regulates gephyrin aggregation in the
intact hippocampal area CA1 network, which in turn determines the effects
of these proteins on GABAergic synapse assembly and function and on
anxiety-related behavior.

While extensive structural data document a molecular interaction
between Nlgn2 and MDGA:ss in vitro, it has to date remained unknown to
which extent and where these proteins colocalize in situ. Here we report that
in hippocampal area CA1 of adult mice, MDGA1 shows a relatively diffuse
staining pattern, which is most prominent in layers S.R. and S.0., and to a
lesser extent in layer S.L.M., while it is largely absent from layer S.P. In
contrast, Nlgn2 is present in a punctate pattern, consistent with previous
reports', with a particularly prominent staining in layers S.P. and S.L.M.
and a lesser, albeit still strong, staining in layers S.O. and S.R. Accordingly,
the strongest colocalization of Nlgn2 with MDGAL1 is observed in layer S.R.,
as well as in layers S.0. and S.L.M., while very little colocalization was
observed in layer S.P. Consistent with their expression, the most pro-
nounced effects of MDGA1 KO and Nlgn2/MDGA1 dKO were observed in
the S.R., with a significant reduction of GABA ,Ry2 in both MDGA1 KO

and Nlgn2/MDGA1 dKO mice, and an exacerbation of gephyrin loss in the
Nlgn2/MDGA1 dKO. Whether this potentiation of the loss of gephyrin
clusters in Nlgn2/MDGA1 dKO mice results from a direct molecular
interaction of the two proteins, or whether it reflects independent regulatory
pathways, cannot easily be distinguished. Nevertheless, our findings identify
layer S.R. as one of the primary sites of the combined function of Nlgn2 and
MDGAL1 at GABAergic synapses in area CA1. Layer S.R. consists primarily
of dendritic arborizations of pyramidal neurons with a cell body in layer S.P.,
and this layer is the primary area of excitatory input from area CA3 through
the Schaffer collateral pathway, placing the Nlgn2-MDGA1 functional
interaction in an ideal position to modulate the flow of information through
this pathway. A number of different GABAergic neuron subtypes target the
dendritic tree of CA1 pyramidal neurons specifically in layer S.R,, including
parvalbumin-positive bistratified cells, neuropeptide Y-positive Ivy cells,
and cholecystokinin-positive Schaffer collateral-associated and apical
dendrite-innervating cells*. Whether Nlgn2 and/or MDGA1 loss selectively
or predominantly affects any of these inputs remains to be determined.

A second striking effect of the Nlgn2/MDGA1 dKO is the normal-
ization of the number of the cytoplasmic gephyrin aggregates that occur
upon Nlgn2 KO at the boundary between layers S.P. and S.O". This
extrasynaptic cytoplasmic gephyrin aggregation is thought to result from
the loss of the gephyrin-collybistin-Nlgn2 triad, which is necessary for
Nlgn2-mediated recruitment of gephyrin to GABAergic synapses and the
consequent somatic gephyrin accumulation''. However, it is unknown
whether these aggregates consist exclusively of gephyrin, and why they are
localized so specifically at the boundary between layers S.P. and S.O. rather
than being distributed throughout the cytoplasm of CA1 pyramidal cells.
Moreover, our data from Nlgn2/MDGA1 dKO mice indicate that the
presence of these cytoplasmic gephyrin aggregates appears to be unrelated to
the localization of gephyrin and GABA 5Ry2 at synapses, since the number
of gephyrin aggregates is normalized in these mice (Fig. 3c—e), while the loss
of synaptic gephyrin and GABA,Ry2 clusters in S.R. is exacerbated
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(Fig. 2f-h). The normalization of the cytoplasmic gephyrin aggregates
correlates well with the partial normalization of sIPSC frequency and
amplitude, as well as with the partial normalization of the anxiety behavior
in the female Nlgn2/MDGA1 dKO mice. These data lead to the fascinating
conclusion that it is this reduction of gephyrin aggregates, rather than the
exacerbation of the loss of gephyrin from layer S.R, that dominates the
functional consequences of combined deletion of Nlgn2 and MDGA1. The
mechanistic link between the cytoplasmic gephyrin aggregates and the
functional consequences at the cellular and behavioral level, as well as the
reason for the apparent discrepancy between gephyrin aggregate formation
and loss of synaptic gephyrin, remains to be established. Thus, it will be
interesting to determine whether the pathophysiological consequences of
gephyrin aggregation may stem from a gain-of-function mechanism of the
aggregates themselves, or whether normalization of the aggregates may
result in the correct integration of GABAergic synapse components other
than the ones assessed in our immunohistochemical analysis. Regional
differences in the expression of gephyrin splice forms™ or the differential
recruitment and trafficking of GABAAR subunits other than GABA sRy2
may also play a role.

Our findings additionally raise the intriguing question as to how
MDGAL differentially regulates the number of synaptic gephyrin and
GABA ARY2 clusters vs. the cytoplasmic gephyrin aggregates. Co-staining of
Nlgn2 and MDGA1 indicates that MDGA 1 is not strictly localized to Nlgn2-
positive clusters, but rather displays a relatively diffuse distribution that
partially overlaps with Nlgn2. This is consistent with recent findings in
neuronal cultures indicating that MDGAs are homogeneously distributed
over the cell surface and exhibit fast diffusion throughout the dendritic
membrane, where they interact with Nlgnl extrasynaptically and prevent
Nlgn1 and AMPARSs from entering nascent glutamatergic synapses”. Based
on our immunolabeling analysis, it is plausible that a similar mechanism
holds true for the Nlgn2-MDGAL interaction, and that direct molecular
interactions primarily take place extrasynaptically to regulate the trafficking
of GABAergic synapse components to synaptic sites. At the same time, it
was recently shown that Nlgn2 is not the only target of MDGALI, and that a
transsynaptic interaction between MDGA1 and APP regulates synapse
function independently of Nlgn2 at GABAergic synapses formed by oriens-
lacunosum moleculare (O-LM) interneurons onto the distal dendrites of
pyramidal neurons in layer S.L.M". It is conceivable that the additive effects
of Nlgn2/MDGAL1 dKO in layer S.R. results from the loss of an MDGA1
interaction with an unidentified additional synaptic partner, independently
of Nlgn2. In contrast, the normalization of gephyrin aggregation in the
Nlgn2/MDGA1 dKO mice likely results from the loss of a direct antagonistic
interaction between these two proteins. Our observation that not all cyto-
solic gephyrin aggregates contain MDGAL1, and that loss of Nlgn2 does not
affect the degree of co-localization between MDGA1 and gephyrin aggre-
gates, indicates that MDGAL is not directly involved in the retention of
gephyrin in extrasynaptic aggregates. Rather, it may bind to and sequester
other proteins that contribute to the membrane trafficking and synaptic
localization of gephyrin. Since MDGAL1 can also bind to Nlgnl® and
potentially other Nlgns, it is possible that additional KO of MDGAL in the
Nlgn2 KO mice releases an excess pool of another Nlgn isoform, which can
then substitute for the absent Nlgn2 in disassembling gephyrin aggregates.

A further aim of this study was to establish whether MDGAI and
MDGA? differ in their importance for the regulation of inhibitory trans-
mission, since the relative effect of the two MDGAs on GABAergic synapse
function has been controversially discussed. One set of studies on the hip-
pocampal area CAl indicated that deletion of MDGA1 causes an increase in
mIPSC frequency but not in mEPSC frequency, and an increase in the
number of symmetric but not asymmetric synapses identified in
electronmicrographs™, while heterozygous deletion of MDGA2 causes
morphological and functional alterations at glutamatergic but not
GABAergic synapses””. These data led to the conclusion that MDGAL1 and
MDGA2 must be specific to inhibitory and excitatory synapses, respectively.
In contrast, a proteomics study on cortical neuron cultures detected
MDGALI and MDGA?2 in the excitatory and inhibitory synaptic clefts,

respectively”’, resulting in the opposite conclusion. Recent data from dis-
sociated hippocampal cultures and organotypic slices cultures indicated no
change in mIPSC frequency or amplitude following deletion of either
MDGA1 or MDGA2", leading the authors to conclude that during early
development, neither MDGA protein plays a role at inhibitory synapses. In
contrast, another recent report using dissociated hippocampal cultures from
conditional MDGA knockout mice supported the original notion that
MDGA1 and MDGA? specifically suppress the formation of inhibitory and
excitatory synapses, respectively”’. Moreover, the same group found that
overexpression of WT MDGA1 and Nlgn2 binding-deficient MDGAL, but
not APP binding-deficient MDGA 1, causes a reduction in mIPSC frequency
in hippocampal area CAl, while conditional deletion of MDGAL1 in area
CAL1 had no effect on mIPSC frequency’'. Most recently, a report using
epitope-tagged knock-in mice proposes that MDGA2, but not MDGAL,
regulates GABAergic inhibitory synapses, while both MDGAs regulate
glutamatergic excitatory synapses™. These findings indicate that the effects
of the MDGA s appear to depend on the experimental conditions, poten-
tially due to differences in the ratio of MDGAs to Nlgns and other binding
partners as shown previously”. These inconsistencies indicate an urgent
need for further investigation of the synapse specificity of MDGA1 and
MDGA2. Here we report subtle and layer-specific effects on GABA,Ry2
localization in both MDGA1 KO and MDGA?2 Het mice, but the most
prominent effects on gephyrin aggregates, sSIPSC and mIPSC frequency,
were found almost exclusively in Nlgn2/MDGA1 dKO but not Nlgn2 KO/
MDGA?2 Het mice. Surprisingly, deletion of only MDGAL1 resulted in a
modest reduction in mIPSC amplitude as well as in a decreased size of
VIAAT and GABAARY2 puncta size, in stark contrast to the increase in
mIPSC frequency and symmetric synapse density previously reported in
area CA1%. The reason for this discrepancy most likely lies in differences in
the strain background (C57BL/6JRj in our study, mixed C57BL/6Nx] in
Connor et al.”>.), which has previously been shown to modulate both
MDGA? function™ and GABA Ra2 expression™. Importantly, our findings
of a reduction of GABAergic synapse markers are consistent with the
smaller mIPSC amplitudes measured in this study, and our observation of a
prominent reduction of sSIPSC and mIPSC frequency and amplitude, as well
as gephyrin and GABA 4Ry2 staining intensity in the Nlgn2 KO, are con-
sistent with previous findings'', validating our technical approach. More-
over, consistent with Connor et al.’., we observed no effects on the number
and function of glutamatergic excitatory synapses. Together, our data
indicate that in the hippocampal area CA1 of adult mice, (i) only MDGA1,
but not MDGAZ2, functionally interacts with Nlgn2, (ii) MDGA1 deletion
results in a weakening, rather than a strengthening, of GABAergic synapses,
and (iii) MDGA1 deletion alone does not affect excitatory glutamatergic
neurotransmission in area CAl.

The ultimate objective of our study was the identification of key
mechanisms by which Nlgn2 and MDGAs contribute to relevant phenotypes
of psychiatric disorders they have been linked to, such as anxiety, autism and
schizophrenia****, and to determine how such mechanisms can be tar-
geted to ameliorate pathophysiological behaviors. We show that combined
deletion of Nlgn2 and MDGA1 results in a partial reversal of the prominent
anxiety phenotype observed in female Nlgn2 KO mice, consistent with the
normalization of gephyrin aggregates and the partial normalization of sSIPSC
frequency in CA1 pyramidal neurons. Given this correlation, it is conceivable
that the formation of these gephyrin aggregates contributes to the anxiety
phenotype in the Nlgn2 KO mice, and that reversing gephyrin aggregate
formation may ameliorate this behavior. A further detailed understanding of
how Nlgn2 and MDGAL differentially regulate gephyrin aggregation, and
how these aggregates affect GABAergic synapse function, may therefore be
relevant towards identifying pathophysiological mechanisms in Nlgn2- and
MDGA1-related psychiatric disorders.

Methods

Experimental subjects

Neuroligin-2 knockout (Nlgn2 KO) mice™ were generated in our laboratory
at the Max Planck Institute for Multidisciplinary Sciences (formerly Max
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Planck Institute of Experimental Medicine) and were maintained on a
C57BL/6]Rj background (Janvier Labs). MDGA1 knockout” and MDGA2
heterozygous knockout™ mice on a C57BL6 background were generously
provided by Tohru Yamamoto, and they were imported to the Max Planck
Institute for Multidisciplinary Sciences via the laboratory of Ann Marie
Craig, University of British Columbia. The mouse lines were crossed to
generate Nlgn2/MDGAL1 Het or Nign2/MDGA2 Het mice, and they were
then backcrossed an additional 5-6 generations to a C57BL6/JRj back-
ground. For experiments involving MDGA1, Nlgn2/MDGA1 double Het
parents were crossed to generate experimental cohorts consisting of litter-
mates of four genotypes, i.e. WT, Nlgn2 KO, MDGA1 KO and Nlgn2/
MDGA1 dKO mice. For experiments involving MDGA?2, the breeding
strategy needed to be adjusted, since homozygous deletion of MDGA2 is
lethal™. Therefore, one Nlgn2 Het/MDGA?2 Het parent was crossed with
one Nlgn2 Het/MDGA2 WT parent to generate experimental cohorts
consisting of littermates of four genotypes, i.e. WT, Nlgn2 KO, MDGA?2 Het
and Nlgn2 KO/MDGA?2 Het mice. Animals were group-housed (2-4 mice
per cage) and maintained on a 12 h light/dark cycle, with food and water ad
libitum, and all experiments were performed during the light cycle. Male
and female mice were used for all experiments in strict sets of four sex-
matched mice, one of each experimental genotype, that were strictly pro-
cessed together as a set from initiation of data acquisition to completion of
data analysis. An ANCOV A analysis revealed no effect of sex as a co-variate
for immunohistochemistry and electrophysiology experiments, while sig-
nificant effects of sex as a co-variate were observed in the behavioral
experiments. Therefore, behavior data, but not immunohistochemistry and
electrophysiology data, were analyzed separately for male and female mice.
For immunohistochemistry and behavior experiments, mice were
8-12 weeks old at the beginning of the experiment, while for electro-
physiology experiments, mice were 6-8 weeks old. Experimenters were
blind to genotype during all stages of data acquisition and analysis. All
procedures were approved by the state of Niedersachsen (Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit, license number 33.19-
42502-04-18/2957) and followed the guidelines of the welfare of experi-
mental animal use issued by the federal government of Germany and the
Max Planck Society. We have complied with all relevant ethical regulations
for animal use.

Immunohistochemistry

Adult mice (8-12 weeks old) were anesthetized with isoflurane,
decapitated, and their brains were rapidly dissected and immersed in
isopentane at —35 to —38 °C for approximately 30 s. Brains were stored
in the cryostat (Leica CM 30508, Leica Biosystems, Germany) for 30 min
at —20 °C, after which 14-18 um thick coronal brain sections were cut
and mounted on glass slides. Brain sections were arranged in experi-
mental sets containing sex-matched mice of all four genotypes that were
processed together throughout the experiment, and they were mounted
such that each glass slide contained exactly one section from each of the
four experimental genotypes. Sections were dried at RT for 30 min and
then fixed using one of two protocols, either methanol fixation or par-
aformaldehyde (PFA) post-fixation, depending on the antibody used.
For methanol fixation (used for anti-Nlgn2, anti-MDGAI, anti-
gephyrin and anti-GABA ,Ry2 antibodies), sections were immersed in
methanol pre-cooled to —20 °C for 5 min, followed by 3 x 10 min washes
with PBS. For PFA post-fixation (used for the anti-VIAAT, PSD-95, and
vGluT1 antibodies), sections were incubated in 4% PFA in 0.1 M Sor-
ensen’s phosphate buffer (pH 7.5) for 10 min at RT, followed by
2 x 10 min washes with PBS and 1 x 10 min wash with sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween-20, pH 8.0). They were then
subjected to an antigen retrieval procedure, in which they were incu-
bated in sodium citrate buffer at 95 °C for 30 min, followed by a cooling
period of 20 min and subsequently 2 x 10 min washes with PBS at RT.
After either methanol fixation or PFA post-fixation, sections were
incubated for 1h in blocking buffer (3% bovine serum albumin, 10%
goat serum and 0.3% Triton-X) at RT. Afterwards, sections were

incubated overnight at 4 °C in primary antibody in blocking buffer. The
following primary antibodies, all from Synaptic Systems (Gottingen,
Germany), were used: guinea pig anti-Nlgn2 (1:1000, Cat# 129205);
rabbit anti-MDGA1 (1:2000, Cat# 421002); mouse anti-gephyrin
(1:2000, Cat. # 147111); rabbit anti-GABA,Ry2 (1:2000, Cat#
224003); mouse anti-VIAAT (1:2000, Cat# 131011), rabbit anti-PSD-95
(1:500, Cat# 124003); mouse anti-vGluT1 (1:2000, Cat# 135511).). On
the next day, sections were washed 3 x 10 min with PBS and then
incubated for 2h with the following secondary antibodies (all from
ThermoFisher Scientific, USA) in blocking buffer at RT: goat anti-guinea
pig, A555 (1:1200, Cat # A21435); goat anti-rabbit A488 (1:1200, Cat #
A11008), goat anti-rabbit A555 (1:1200, Cat # A21429), goat anti-mouse
A488 (1:1200, Cat # A11029),, goat anti-mouse A633 (1:600, Cat #
A21052), goat anti-mouse A555 (1:600, Cat# A21422), goat anti-rabbit
A647 (1:600. Cat# A32733). Sections were then washed 2 x 10 min with
PBS, incubated 10 min with DAPI (0.1 pg/ml, in PBS), washed
2 x 10 min PBS, and stored overnight at 4 °C to dry. Finally, they were
coverslipped using Aqua-Poly/Mount mounting medium (Polysciences,
Inc, USA).

Image acquisition and processing for analysis of Nign2 and
MDGA1 colocalization

Image acquisition for analysis of Nlgn2 and MDGA1 colocalization was
conducted using a Leica TCS-SP8 laser scanning confocal microscope (Leica
microsystems, Germany) equipped with a white light laser (WLL) and
hybrid detectors (HyD). A 63x oil immersion objective with a numerical
aperture of 14 was used to obtain single plane micrographs at
1024 x 1024 spatial resolution and pixel spacing of xy = 45.09 nm. Laser
power was optimized to ensure that the detected fluorescence intensity is
within the dynamic range of detection. All imaging parameters were kept
constant for images acquired from WT and Nlgn2/MDGA1 dKO mouse
brain sections and also for all images acquired from different HPC layers.
Images were then subjected to deconvolution using the Lightning function
of the Leica LAS X software (global mode). Tiled overview images of the
hippocampus were acquired using the 20x oil immersion objective of the
Leica SP8 (numerical aperture 0.75) where the navigator function of the
LAS-X software (Leica microsystem, Germany) was used to acquire and
stitch the tiles. Tiled overview images of the CA1 were acquired using the
63x objective.

Composite two-channel images of Nlgn2 and MDGAI labelling
acquired from different hippocampus layers were split and further pro-
cessed using FIJI software (National Institute of Health, USA). Images of the
Nign2 channel were binarized and subjected to noise despeckle and
watershed segmentation in FIJI to retain clearly defined Nlgn2 puncta. The
threshold value used for binarization of Nlgn2 images was calculated as
follows: Threshold = 20xaverage intensity of images acquired from the KO
sample mounted on the same slide as the WT sample used in the analysis.
Binary images were then subjected to segmentation using the ‘analyze
particles’ algorithm of FIJI using a size filter of 0.03-1.5 um” and were added
to the ROI manager where the average intensity for every Nlgn2 punctum
was measured inside the MDGA1 channel by using the ‘Measure’ command
while redirecting the measurement settings to the MDGAL image. Fre-
quency distribution histograms of MDGAL intensity inside Nlgn2 puncta
across all images acquired (8 images per layer) were generated. Total area
imaged per layer was 17060.74 pm’. High magnification photomicrographs
in Fig. 1 and Supplementary Fig. 1 were processed by being subjected to
contrast enhancement and smoothing (1x). The same minimum and
maximum brightness range for every channel was used for all images taken
from WT and dKO samples and for all images across hippocampus layers to
allow for comparison. In order to calculate the percentage of Nlgn2 puncta
colocalized with MDGAL for every layer, a threshold of MDGAL average
fluorescence intensity was applied, defined as 10x the average intensity
measured in images acquired from KO samples. The number of Nlgn2
puncta containing mean MDGAL intensity above threshold was considered
as colocalized and was then calculated as a percentage of the total number of
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Nlgn2 puncta detected per hippocampal layer and plotted as a doughnut
chart using GraphPad Prism (GraphPad software, La Jolla, CA, USA).

Image acquisition and processing for quantification of gephyrin,
GABA,Ry2, VIAAT, PSD-95, and vGIuT1 puncta

Images of synaptic markers were obtained using the Leica TCS- SP8 laser
scanning confocal microscope (Leica microsystems, Germany) equipped
with a white light laser (WLL) and hybrid detectors (HyD), 63x oil
immersion objective and 4x digital zoom at spatial resolution of
(1024 x 1024 pixels). Within each set of four mice, sections were anato-
mically matched and settings for laser power, gain and offset were kept
constant during image acquisition. For each animal, 12 z-stacks, each
containing 4-5 optical sections, were obtained from each layer of the dorsal
hippocampus CA1 region.

For analysis of Gephyrin, GABARy2 and VIAAT puncta in hippo-
campal CALl layers S.0., S.R. and SL.M., images were binarized using a
threshold value that was applied to all images obtained from the same
experimental set of four mice. To determine the threshold value for each set,
background intensity for every image was manually measured and averaged
across all images belonging to the same set, and the threshold for the entire
set was defined at 3x background intensity for gephyrin, GABAsRy2, and
VIAAT puncta, 2x background intensity for PSD-95 and vGluT1, and 10x
background intensity for gephyrin aggregates. Binarized images were then
subjected to noise despeckle and watershed segmentation algorithms in FIJI
to reduce noise and improve segmentation to puncta. Next, images were
subjected to “Analyze Particles” segmentation algorithm using a size filter of
0.04-1 um* for gephyrin puncta, 0.8-infinity for gephyrin aggregates,
0.04-3.25 ym’ for GABA 4 R y2 puncta, and 0.03 to 1.5 um” for PSD-95 and
vGluT1 puncta. Total number, size and total intensity of puncta for every
image were measured and average values were calculated per each experi-
mental group and plotted for each hippocampal layer.

To quantify perisomatic synapses in layer S.P., the perisomatic area was
manually identified by tracing the perimeter of the cell body (defined as a
circular area devoid of immunofluorescence signals). The perimeter was
then expanded by 1.4 um in each direction for quantification of puncta in
the perisomatic region of the outlined cell body. Synaptic puncta were
quantified in the selected area using the “analyze particles” algorithm in FIJI.
Number and total area of particle were normalized by the perimeter length
of the cell.

Image acquisition and processing for analysis of colocalization of
MDGA1 and gephyrin aggregates

Image acquisition for the analysis of MDGA1 and gephyrin aggregates was
performed using a Leica SP8 Confocal microscope (Leica microsystems,
Germany), equipped with Photomultiplier tube (PMT) and Hybrid (HyD)
detectors. A 63X oil immersion objective with a numerical aperture of 1.4
was used to obtain single plane micrographs at 1024 x 1024 spatial reso-
lution. Images were obtained from the interface of S.0. and S.P and the
settings for laser power, gain and offset were kept constant for images
acquired from WT and Nlgn2 KO mice.

To determine the threshold value for each set, background intensity for
every image was manually measured and averaged across all images (WT
and KO) belonging to the same set. The threshold for the entire set was
defined at 2.5x background intensity for MDGA1 puncta and 2x back-
ground intensity for gephyrin aggregates. After setting the threshold,
binarized images of the MDGA1 channel were subjected to noise despeckle
and watershed segmentation in FIJI. Images were then subjected to the
“Analyze Particles” segmentation algorithm using a filter size of 0.01-1.75
um’ for MDGAL1 puncta. The quantified MDGA1 puncta were super-
imposed with threshold-adjusted gephyrin aggregates, and colocalization of
MDGAL1 puncta and gephyrin aggregates was quantified manually.

Quantitative real-time PCR
Hippocampi from WT, MDGA1 KO and MDGA?2 Het mice were dissected,
rapidly frozen in liquid nitrogen, and stored at —80°C. Tissue

homogenization was performed by cryomortar pulverization in liquid
nitrogen. Total RNA was extracted from the hippocampal tissue powder
using the RNeasy Mini Kit (Qiagen, Cat # 74104), following manufacturer’s
instructions. Complementary DNA (cDNA) synthesis was carried out from
500 ng of total RNA using the iScript™ cDNA Synthesis Kit (Bio-Rad, Cat #
1708890), according to manufacturer’s guidelines. Quantitative gene
expression analysis was performed using the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad). The following primers for MDGA1, MDGA2,
and GAPDH were designed using the Clone Manager 9 software:
MDGA1_Forward: GCCCATGTACCCATTAACCC, MDGA1_Reverse:
GGACACTCTCCCTTCTTCAG; MDGA2_Forward: CAACGTGAAGC-
CAAGAGAAG; MDGA2 Reverse: CAGCACTCGTATTGGATAGG,
GAPDH Forward: TGAAGCAGGGATCTGAGGG; GAPDH reverse:
CGAAGGTGGAAGAGTGGGAG). Each gRT-PCR reaction contained
7.5 uL Power SYBR Green PCR Master Mix (Applied Biosystems, Cat #
4368577), 1.5 uL ¢cDNA, and 1 pL primer master mix (0.1 pM). PCR con-
ditions for all primer sets were are follows: Initial denaturation for 4 min at
95 °C, followed by 41 cycles of 15 s at 95 °C, 20 s at 60 °C, and 30 s at 72 °C.
Data analysis was performed using the mean Cycle Quantification (Cq)
values of duplicate measurements. Cq values for MDGAI and MDGA2
were normalized to the respective Cq values for GAPDH, relative expression
was calculated using the AACq method, and final results are expres-
sed as % WT.

Immunoblotting

Hippocampi from WT and MDGA2 Het mice were dissected, rapidly
frozen in liquid nitrogen, and stored at —80 °C. They were homogenized in
Syn-PER™ Synaptic Protein Extraction Reagent (Thermo Scientific, Cat #
87793) with protease inhibitors (Thermo scientific Halt™) using a Kimble
dounce homogenizer. Total protein concentration was determined using a
BCA assay (Pierce, Cat # 23225), and 2.5 pg protein per sample was loaded
for SDS-PAGE. Prior to loading, samples were heated to 95 °C in Laemmli
buffer (1% SDS, 62.5 mM Tris, 10% glycerol, 1% B-mercaptoethanol, 0.01%
bromophenol blue, pH 6.8) for 5 min. Samples were resolved on Mini-
PROTEAN® TGX™ Precast Gels (Bio-Rad, Cat # 4561086) and transferred
onto trans-blot turbo mini 0.2 um nitrocellulose transfer packs (Bio-Rad,
Cat # 1704158) following the manufacturer guidelines. After protein
transfer, the membranes were stained for total protein loading using a
Revert™ 700 Total Protein Stain kit (LI-COR, Cat # 926-11016). Subse-
quently, they were blocked in 3% Milk in 1X TBS containing 0.1% Tween®
20 detergent (TBST) for 1 hr and incubated with anti-MDGALI antibody
(Synaptic Systems, Cat # 421002, 1:1000 dilution in 3% Milk in 1X TBST) at
4 °C overnight. After washing for 3 x 5 min with 1X TBST, the membranes
were incubated with a secondary antibody (IRDye® 800CW (LI-COR) Goat
anti-Rabbit IgG, 1:10,000 dilution in 3% Milk in 1X TBS) 1 h at room
temperature. Blots were washed and scanned on an Odyssey Infrared
Imager (LI-COR Biosciences). Signal intensity for each sample was quan-
tified using the image studio Ver 5.2 software. Each sample intensity value
was divided by the total protein loading value for the corresponding lane,
and normalized to the average sample value of all lanes on the same blot to
correct for blot-to-blot variance. Data are expressed as a percentage of the
WT average.

Slice electrophysiology

Young adult mice (6-8 weeks old), arranged in sex-matched sets of four
genotypes, were used for experiments within a few days of each other. Mice
were anesthetized with Avertin (2,2,2-Tibromoethanol, Sigma) and subse-
quently transcardially perfused for 100s with ice-cold artificial cere-
brospinal fluid (aCSF) containing (in mM): 64 NaCl, 2.5 KCl, 25 NaHCO;,
1.25 NaH,PO, and supplemented with (in mM) 7 MgCl,, 0.5 CaCl,, 10
Glucose, and 120 Sucrose®. Mice were decapitated, and brains were rapidly
dissected. Two coronal cuts were performed to isolate the hippocampal
regions, which were then transferred to a chamber filled with the ice-cold
sucrose-aCSF. Subsequently, tissue blocks containing the hippocampal
formation were mounted and 300 pM thick coronal sections for sIPSC and
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mIPSC recordings and approx. 300 uM thick coronal sections for mEPSC
were cut on a vibratome (Leica VT1000, Leica, Germany). Slices containing
the dorsal hippocampal CA1 were placed in a chamber filled with normal
aCSF containing (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH,PO,,
25 Glucose, 2 CaCl, and 1 MgCl, (continuously bubbled with 95% O, and
5% COy; pH = 7.3, osmolarity = 300 mOsm). Slices were allowed to recover
for 30 min at 35 °C and maintained at room temperature (RT) for up to
4.5 h. Chemicals were obtained from Tocris Bioscience (Bristol, Uk) and
Sigma Aldrich (Darmstadt, Germany).

Whole-cell patch-clamp recordings were conducted at RT (~22 °C).
During recordings, slices were continuously perfused with normal aCSF ata
rate of 1.5-2 ml/min. Hippocampal CA1 pyramidal neurons were visually
identified using an upright microscope equipped with infrared video
microscopy and a 60x objective. Patch pipettes (2.5-4.55 MQ open tip
resistance) were pulled from borosilicate glass (GB150-8P Science Product,
Hotheim, Germany). The holding potential was set to —65 mV and spon-
taneous inhibitory postsynaptic currents (sIPSCs) and miniature inhibitory
postsynaptic currents (mIPSC) were recorded under voltage clamp with
patch pipettes filled with an internal solution containing in (mM): 135 KCl,
15 K-gluconate, 10 EGTA, 10 HEPES, 2 MgCl,, 2 Na,-ATP (osmolarity =
332 mOsm). To pharmacologically isolate GABAergic postsynaptic cur-
rents, 2 UM 6-cyano-7-nitroquinoxaline-2,3-dione (NBQX, Cat# HB0443,
Hello Bio, Bristol, UK) and 2 pM (R)-3-(2-Carboxypiperazin-4-yl)-propyl-
1-phosphonic acid ((R)-CPP, Cat#0330, Hello Bio, Bristol, UK) were added
to the bath to block AMPARs and NMDARSs, respectively. During sIPSC
recordings, 2mM 4N-(2,6-Dimethylphenylcarbamoylmethyl) triethy-
lammonium bromide (QX314, Cat # HB1030, Hello Bio, Bristol, UK) was
added to the pipette solution to block voltage-activated Na' currents.
During mIPSC recordings, 1 pM tetrodotoxin (TTX, Cat#T-550, Alomone
Lab), was added to the bath solution to block voltage-activated Na* currents
and suppress action potential (AP) firing. To record miniature excitatory
postsynaptic currents (mEPSCs), the holding potential set at -70 mV and
recordings were conducted using patch pipettes filled with internal solution
containing (in mM) 100 Cs-gluconate, 30 TEA-CI, 30 CsCl, 10 HEPES, 5
EGTA, 2 Na-phosphocreatine, 4 ATP-Mg, 0.3 GTP (CsOH was used to
adjust pH value to 7.2, CsCl was used to adjust osmolarity to 330 mOsm). To
pharmacologically isolate mEPSCs, 1 uM tetrodotoxin (TTX, Cat#T-550,
Alomone Lab) and 20 uM bicuculline (Cat#0130, Tocris-Cookson, Ellisville,
MO) were added to the bath.

Membrane resistance and cell capacitances were estimated from current
transients recorded under voltage clamp in response to 10 mV depolarizing
voltage steps from a holding potential of —70 mV, and calculated by assuming
a simplified two-compartment equivalent circuit model™. AP firing threshold
was estimated with a ramp protocol under current clamp by injecting
depolarizing current increasing from 0 pA up to 100 pA, 200 pA or 300 pA.
AP phase-plane plots were constructed from the responses to the lowest
depolarization exceeding AP firing threshold. During voltage clamp, a variable
fraction of series resistance compensation was applied in order to maintain a
residual uncompensated series resistance of 6.25 M(). Recordings with an
initial uncompensated series resistance of >12.5 MQ were discarded. The
series resistance before compensation was allowed to change by no more than
20% during recordings. Recordings with a leak current >300 pA were dis-
carded. The identity of visually identified CA1 pyramidal cells was confirmed
based on their passive membrane properties and their discharge behaviour in
response to depolarizing current steps. Patch-clamp data were acquired using
an EPC-10 amplifier and Pulse or Patchmaster software (HEKA Elektronik,
Germany), using a low-pass Bessel filter with at a cut-off frequency of 5 kHz
and digitized at 50 kHz. All offline analyses were performed with IgorPro
(Wavemetric, USA). Spontaneously occurring postsynaptic currents (SIPSCs,
mIPSCs, mEPSCs) were detected using a sliding template-matching algo-
rithm implemented in IgorPro® after additional offline filtering using a
Gaussian low-pass filter with a cut-off frequency of 1kHz. Amplitudes of
individual sIPSCs, mIPSCs and mEPSCs were obtained from the respective
template scaling factors. Amplitudes of individual mIPSCs were additionally
estimated as the difference between the locally defined baseline and their peak

values obtained within appropriately defined time windows. Because template
scaling factor-based and peak measurement-based mIPSC amplitude esti-
mates were similar, they were averaged. Rise times of individual mIPSCs were
estimated by the steepest slope values obtained from moving linear regressions
fitted over a time window of 440 ps corresponding to 22 sampling intervals.
Using the individual mIPSC amplitudes, the steepest slope values were sub-
sequently converted to 20-80% rise time values, which assumes a nearly linear
rise from 20% to 80% peak amplitude. Additionally, individual mIPSC rise
times were estimated from the time points of the respective amplitude
intersections during the mIPSC rising phase. Since both rise-time estimates
resulted in similar values, they were averaged. The cut-off threshold to dis-
tinguish fast mIPSCs putatively arising at proximal inputs from slow IPSCs
putatively arising at distal inputs was set to 400 ps*'. On average, a total of 1596
mIPSCs were analysed for each CAl pyramidal neuron (minimum 568
events, maximum 2961 events) of which on average 78 events were discarded
due to contamination with excessive noise or because of a superposition of
multiple events. The fraction of fast mIPSCs (rise times <400 us) was on
average 57% for WT recordings.

Behavioral analysis

Adult mice (8-12 weeks old), arranged in sex-matched sets of four geno-
types that were tested on the same day, were assessed for anxiety-related
behaviors in an open field test (OF) as previously described™*. The OF was
performed in a square arena (50 x 50 cm) made of white plastic, with a 25 x
25 cm center defined during analysis. Mice were placed in one corner and
were permitted to explore the arena for 10 min. Performance was recorded
using an overhead camera system and scored automatically using the
Viewer software (Biobserve, St. Augustin, Germany). Between each mouse,
the arena was cleaned thoroughly with 70% ethanol followed by water to
eliminate any odors left by the previous mouse.

Statistical analysis

Statistical analysis was performed using Prism (GraphPad Software, La
Jolla, CA, USA) and IgorPro (Wavemetric, USA). Outliers were identified
and removed using the Mean and Standard Deviation Method with a
threshold value of 2, and data were subjected to two-way ANOVA with
Nlgn2 genotype and MDGA genotype as the two factors. Significant main
effects of Nlgn2 and/or MDGA genotype, and/or significant Nlgn2 x
MDGA interactions, are reported as light grey texts with asterisks above the
corresponding graphs, and all effects are reported in Table 1 (Figs. 2-6) or
Supplementary Table 7 (Supplementary Fig. 3/4). Post-hoc analysis was
conducted using Tukey’s test for multiple comparisons between groups,
and significant differences are indicated with asterisks above the corre-
sponding comparison. Unpaired ¢-tests were used to compare parameters
obtained from the comparison of WT and MDGA 1 KO mice in Fig. 5 where
differences were not statistically significant. All effects are reported in
Supplementary Tables 5 and 6 (Fig. 5).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All source data are available online in the files Supplementary Data 1 (main
figures) and Supplementary Data 2 (Supplementary Figs.). Further infor-
mation is available from the corresponding author upon request.

Received: 6 December 2022; Accepted: 27 August 2024;
Published online: 17 September 2024

References

1. Sudhof, T. C. Neuroligins and neurexins link synaptic function to
cognitive disease. Nature 455, 903-911 (2008).

2. Sudhof, T. C. The cell biology of synapse formation. J. Cell Biol. 220,
202103052 (2021).

Communications Biology | (2024)7:1157

13


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06789-z

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Mele, M., Costa, R. O. & Duarte, C. B. Alterations in GABAA-Receptor
Trafficking and Synaptic Dysfunction in Brain Disorders. Front Cell
Neurosci. 13, 77 (2019).

Luo, J., Norris, R. H., Gordon, S. L. & Nithianantharajah, J.
Neurodevelopmental synaptopathies: Insights from behaviour in
rodent models of synapse gene mutations. Prog.
Neuropsychopharmacol. Biol. Psychiatry 84, 424-439 (2018).
Krueger-Burg, D., Papadopoulos, T. & Brose, N. Organizers of inhibitory
synapses come of age. Curr. Opin. Neurobiol. 45, 66-77 (2017).

Ko, J., Choii, G. & Um, J. W. The balancing act of GABAergic synapse
organizers. Trends Mol. Med. 21, 256-268, (2015).

Ali, H., Marth, L. & Krueger-Burg, D. Neuroligin-2 as a central organizer
of inhibitory synapses in health and disease. Sci. Signal 13,
eabd8379 (2020).

Varoqueaux, F., Jamain, S. & Brose, N. Neuroligin 2 is exclusively
localized to inhibitory synapses. Eur. J. Cell Biol. 83, 449-456, (2004).
Babaev, O. et al. Neuroligin 2 deletion alters inhibitory synapse
function and anxiety-associated neuronal activation in the amygdala.
Neuropharmacology 100, 56-65 (2016).

Jedlicka, P. et al. Increased dentate gyrus excitability in neuroligin-2-
deficient mice in vivo. Cereb. Cortex 21, 357-367 (2011).
Poulopoulos, A. et al. Neuroligin 2 drives postsynaptic assembly at
perisomatic inhibitory synapses through gephyrin and collybistin.
Neuron 63, 628-642 (2009).

Hoon, M. et al. Neuroligin 2 controls the maturation of GABAergic
synapses and information processing in the retina. J. Neurosci. 29,
8039-8050 (2009).

Gibson, J. R., Huber, K. M. & Sudhof, T. C. Neuroligin-2 deletion
selectively decreases inhibitory synaptic transmission originating
from fast-spiking but not from somatostatin-positive interneurons. J.
Neurosci. 29, 13883-13897 (2009).

Chubykin, A. A. et al. Activity-dependent validation of excitatory
versus inhibitory synapses by neuroligin-1 versus neuroligin-2.
Neuron 54, 919-931 (2007).

Marin, O. Interneuron dysfunction in psychiatric disorders. Nat. Rev.
Neurosci. 13, 107-120 (2012).

Kepecs, A. &Fishell, G. Interneuron cell types are fit to function. Nature
505, 318-326, (2014).

Favuzzi, E. & Rico, B. Molecular diversity underlying cortical excitatory
and inhibitory synapse development. Curr. Opin. Neurobiol. 53,
8-15(2018).

Huang, Z. J. & Paul, A. The diversity of GABAergic neurons and neural
communication elements. Nat. Rev. Neurosci. 20, 563-572 (2019).
Melzer, S. & Monyer, H. Diversity and function of corticopetal and
corticofugal GABAergic projection neurons. Nat. Rev. Neurosci. 21,
499-515 (2020).

Favuzzi, E. et al. Distinct molecular programs regulate synapse
specificity in cortical inhibitory circuits. Science 363, 413-417
(2019).

Wang, R. et al. A negative regulator of synaptic development: MDGA
and its links to neurodevelopmental disorders. World J. Pediatr. 15,
415-421 (2019).

Connor, S. A, Elegheert, J., Xie, Y. & Craig, A. M. Pumping the brakes:
suppression of synapse development by MDGA-neuroligin
interactions. Curr. Opin. Neurobiol. 57, 71-80 (2019).

Gangwar, S. P. et al. Molecular Mechanism of MDGA1: Regulation
of Neuroligin 2:Neurexin Trans-synaptic Bridges. Neuron 94,
1132-1141.e1134 (2017).

Elegheert, J. et al. Structural Mechanism for Modulation of Synaptic
Neuroligin-Neurexin Signaling by MDGA Proteins. Neuron 95,
896-913.e810 (2017).

Connor, S. A. et al. Loss of Synapse Repressor MDGA1 Enhances
Perisomatic Inhibition, Confers Resistance to Network Excitation, and
Impairs Cognitive Function. Cell Rep. 21, 3637-3645 (2017).

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Connor, S. A. et al. Altered Cortical Dynamics and Cognitive Function
upon Haploinsufficiency of the Autism-Linked Excitatory Synaptic
Suppressor MDGA2. Neuron 91, 1052-1068 (2016).

Kim, S. et al. MDGAs perform activity-dependent synapse type-
specific suppression via distinct extracellular mechanisms. Proc. Nat/
Acad. Sci. Usa. 121, €2322978121 (2024).

Pettem, K. L., Yokomaku, D., Takahashi, H., Ge, Y. & Craig, A. M.
Interaction between autism-linked MDGAs and neuroligins
suppresses inhibitory synapse development. J. Cell Biol. 200,
321-336, (2013).

Lee, K. etal. MDGAs interact selectively with neuroligin-2 but not other
neuroligins to regulate inhibitory synapse development. Proc. Nat/
Acad. Sci. Usa. 110, 336-341 (2013).

Kim, J. A. et al. Structural Insights into Modulation of Neurexin-
Neuroligin Trans-synaptic Adhesion by MDGA1/Neuroligin-2
Complex. Neuron 94, 1121-1131.e1126 (2017).

Kim, J. et al. MDGA1 negatively regulates amyloid precursor protein-
mediated synapse inhibition in the hippocampus. Proc. Nat! Acad.
Sci. Usa. 119, e2115326119 (2022).

Loh, K. H. et al. Proteomic Analysis of Unbounded Cellular
Compartments: Synaptic Clefts. Cell 166, 1295-1307.e1221 (2016).
Toledo, A. et al. MDGAs are fast-diffusing molecules that delay
excitatory synapse development by altering neuroligin behavior. Elife
11, 75233 (2022).

Hamanaka, K. et al. Large-scale discovery of novel neurodevelopmental
disorder-related genes through a unified analysis of single-nucleotide and
copy number variants. Genome Med 14, 40 (2022).

Shillington, A. et al. Case Report: Is Catatonia a Clinical Feature of the
Natural Progression of NLGN2-Related Neurodevelopmental
Disorder? J. Autism Dev. Disord. 51, 371-376 (2021).

Parente, D. J. et al. Neuroligin 2 nonsense variant associated with
anxiety, autism, intellectual disability, hyperphagia, and obesity. Am.
J. Med. Genet. A 173, 213-216 (2017).

Sun, C. et al. Identification and functional characterization of rare
mutations of the neuroligin-2 gene (NLGN2) associated with
schizophrenia. Hum. Mol. Genet. 20, 3042-3051 (2011).

Kathuria, A. et al. Synaptic deficits in iPSC-derived cortical
interneurons in schizophrenia are mediated by NLGN2 and rescued
by N-acetylcysteine. Transl. Psychiatry 9, 321 (2019).

Heshmati, M. et al. Cell-type-specific role for nucleus accumbens
neuroligin-2 in depression and stress susceptibility. Proc. Natl Acad.
Sci. Usa. 115, 1111-1116 (2018).

Li, J. etal. The MDGA1 gene confers risk to schizophrenia and bipolar
disorder. Schizophr. Res. 125, 194-200 (2011).

Kahler, A. K. et al. Association analysis of schizophrenia on 18 genes
involved in neuronal migration: MDGA1 as a new susceptibility gene. Am.
J. Med. Genet. B Neuropsychiatr. Genet. 147B, 1089-1100 (2008).
Bucan, M. et al. Genome-wide analyses of exonic copy number
variants in a family-based study point to novel autism susceptibility
genes. PLoS Genet 5, e1000536 (2009).

Riazuddin, S. et al. Exome sequencing of Pakistani consanguineous
families identifies 30 novel candidate genes for recessive intellectual
disability. Mol. Psychiatry 22, 1604-1614 (2017).

Pelkey, K. A. et al. Hippocampal GABAergic Inhibitory Interneurons.
Physiol. Rev. 97, 1619-1747 (2017).

Cruces-Solis, H. et al. Altered theta and beta oscillatory synchronyina
genetic mouse model of pathological anxiety. FASEB J. 35, €21585
(2021).

Babaev, O. et al. IgSF9b regulates anxiety behaviors through effects
on centromedial amygdala inhibitory synapses. Nat. Commun. 9,
5400 (2018).

Miles, R., Téth, K., Gulyas, A. |., Hajos, N. & Freund, T. F. Differences
between Somatic and Dendritic Inhibition in the Hippocampus.
Neuron 16, 815-823, (1996).

Communications Biology | (2024)7:1157

14


www.nature.com/commsbio

https://doi.org/10.1038/s42003-024-06789-z

Article

48. Wierenga, C. J. & Wadman, W. J. Miniature Inhibitory Postsynaptic
Currents in CA1 Pyramidal Neurons After Kindling Epileptogenesis. J.
Neurophysiol. 82, 1352-1362, (1999).

49. Soltesz, |., Smetters, D. K. & Mody, I. Tonic inhibition originates from
synapses close to the soma. Neuron 14, 1273-1283 (1995).

50. Bemben, M. A. et al. Contrasting synaptic roles of MDGA1 and
MDGA?2. bioRkxiv, (2023).

51. Blundell, J. et al. Increased anxiety-like behavior in mice lacking the
inhibitory synapse cell adhesion molecule neuroligin 2. Genes Brain
Behav. 8, 114-126 (2009).

52. Reis, R.D. et al. Complex regulation of Gephyrin splicing is a determinant
of inhibitory postsynaptic diversity. Nat Commun., 13, 3507 (2022).

53. Wang, X. et al. MDGA2 Constrains Glutamatergic Inputs Selectively
onto CA1 Pyramidal Neurons to Optimize Neural Circuits for Plasticity,
Memory, and Social Behavior. Neurosci Bull 40, 887-904 (2024).

54. Fertan, E., Wong, A. A., Purdon, M. K., Weaver, |. C. G. & Brown, R. E.
The Effect of Background Strain on the Behavioural Phenotypes of the
MDGAZ2(+/-) Mouse Model of Autism Spectrum Disorder. Genes Brain
Behav. 20, 12696 (2020).

55. Mulligan, M. K. et al. Identification of a Functional Non-coding Variant
inthe GABAA Receptor a2 Subunit of the C57BL/6J Mouse Reference
Genome: Major Implications for Neuroscience Research. Front.
Genet. 10, 188 (2019).

56. Varoqueaux, F. et al. Neuroligins determine synapse maturation and
function. Neuron 51, 741-754 (2006).

57. lIshikawa, T. et al. IgSF molecule MDGA1 is involved in radial migration
and positioning of a subset of cortical upper-layer neurons. Dev. Dyn.
240, 96-107 (2011).

58. Espinoza, C., Guzman, S. J., Zhang, X. & Jonas, P. Parvalbumin(+)
interneurons obey unique connectivity rules and establish a powerful
lateral-inhibition microcircuit in dentate gyrus. Nat. Commun. 9, 4605
(2018).

59. Mennerick, S., Que, J., Benz, A. & Zorumski, C. F. Passive and
synaptic properties of hippocampal neurons grown in microcultures
and in mass cultures. J. Neurophysiol. 73, 320-332, (1995).

60. Clements, J. D. & Bekkers, J. M. Detection of spontaneous synaptic
events with an optimally scaled template. Biophysical J. 73, 220-229,
(1997).

61. Hammer, M. et al. Perturbed hippocampal synaptic inhibition and y-
oscillations in a neuroligin-4 knock-out mouse model of autism. Cell
Rep. 13, 1-8 (2015).

Acknowledgements

This study was supported by the Deutsche Forschungsgemeinschaft
(Heisenberg Grant, D.K-B.; EXC2067/1-390729940, N.B.), the Volkswagen
Foundation (Experiment! Grant, D.K-B.), and the German Federal Ministry of
Education and Research (ERA-NET Neuron Synpathy, N.B.). T.Z. and S.R.
were funded by the Focus Program Translational Neurosciences (FTN). H.A
was a student of the Géttingen Graduate School for Neurosciences,
Biophysics, and Molecular Biosciences (GGNB). J.S. was supported by the
MINEDUC-UA project, code ANT 1855, Chile. Tohru Yamamoto (Kagawa
University) generously provided access to the MDGA1 and MDGA2 mutant
mouse lines, and Ann Marie Craig (University of British Columbia) provided
breeding pairs for both mouse lines. The authors are grateful to Miso Mit-
kovski and the MPI-NAT Light Microscopy Facility for assistance with ana-
lysis of immunolabeling images, and to Fritz Benseler, the AGCT Lab, and
the MPI-NAT Animal Facility for excellent technical support.

Author contributions

D.K.-B. and N.B. conceived the current study. D.K-B. and H.A. designed
immunohistochemical experiments, and H.A., S.W. and S.R. performed and
analyzed immunohistochemical data with assistance from T.Z. and J.S.. D.K.-
B. and S.R. designed immunoblotting and gPCR experiments, and S.R.
performed and analyzed immunoblotting and gPCR experiments with
assistance from T.Z. H.T., T.Z. and T.R. designed brain slice electrophysiology
experiments, and T.Z. and T.R. conducted and analyzed slice
electrophysiological recordings with assistance from H.T. and F.J.L.-M. E.G.
performed pilot experiments with the help of J.S.R. H.T. analyzed
electrophysiological data and provided software routines for analysis. D.K.-B.
designed and analyzed behavioral experiments, and S.W. performed
behavioral experiments with assistance from D.K.-B. and J.S. N.B., D.K-B.,
J.W. and M.S. provided funding and equipment. D.K.-B., T.Z. and H.A. wrote
the manuscript, N.B., H.T., S.R. and T.R. edited the manuscript, and all authors
approved its final version.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06789-z.

Correspondence and requests for materials should be addressed to
Dilja Krueger-Burg.

Peer review information Communications Biology thanks Andrea Barberis
and the other, anonymous, reviewer(s) for their contribution to the peer review
of this work. Primary Handling Editors: Eliana Scemes and Joao Valente.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Biology | (2024)7:1157

15


https://doi.org/10.1038/s42003-024-06789-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Functional Neuroligin-2-MDGA1 interactions differentially regulate synaptic GABAARs and cytosolic gephyrin aggregation
	Results
	MDGA1 co-localizes with Nlgn2 predominantly in dendritic, but not perisomatic, regions of CA1 pyramidal neurons
	MDGA1 differentially co-localizes with Nlgn2 in different subregions of the amygdala
	MDGA1 and Nlgn2 functionally interact to regulate GABAergic synapses in layer S.R. of hippocampal area CA1
	MDGA2 and Nlgn2 functionally interact to regulate GABAAR abundance in area CA1
	MDGA1 regulates the formation of Nlgn2 KO-related extrasynaptically-located gephyrin aggregates
	Loss of MDGA1 expression perturbs GABAergic synaptic transmission in CA1 pyramidal neurons
	Loss of MDGA1 expression does not affect excitatory synapses in area CA1
	MDGA1 deletion ameliorates abnormal anxiety-related avoidance behavior in female Nlgn2 KO mice

	Discussion
	Methods
	Experimental subjects
	Immunohistochemistry
	Image acquisition and processing for analysis of Nlgn2 and MDGA1 colocalization
	Image acquisition and processing for quantification of gephyrin, GABAARγ2, VIAAT, PSD-95, and vGluT1 puncta
	Image acquisition and processing for analysis of colocalization of MDGA1 and gephyrin aggregates
	Quantitative real-time PCR
	Immunoblotting
	Slice electrophysiology
	Behavioral analysis
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




