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Abstract
Background  Formation of protein complexes across synapses is a critical process in neurodevelopment, having direct impli-
cations on brain function and animal behavior. Here, we present the understanding, importance, and potential impact of a 
newly found regulator of such a key interaction.
Data sources  A systematic search of the literature was conducted on PubMed (Medline), Embase, and Central-Cochrane 
Database.
Results  Membrane-associated mucin domain-containing glycosylphosphatidylinositol anchor proteins (MDGAs) were 
recently discovered to regulate synaptic development and transmission via suppression of neurexins–neuroligins trans-
synaptic complex formation. MDGAs also regulate axonal migration and outgrowth. In the context of their physiological 
role, we begin to consider the potential links to the etiology of certain neurodevelopmental disorders. We present the gene 
expression and protein structure of MDGAs and discuss recent progress in our understanding of the neurobiological role of 
MDGAs to explore its potential as a therapeutic target.
Conclusion  MDGAs play a key role in neuron migration, axon guidance and synapse development, as well as in regulating 
brain excitation and inhibition balance.
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Introduction

Neural circuits are considered to made up of all synapses 
which act as the connections or nodes for neurons through-
out a vast network [1]. Following neuronal migration and 
axonal outgrowth, synaptic connections between the cells 
of a circuit are established with exceptionally high precision 
in the development and continuous reconstruction of synap-
tic circuits during the lifetime of an animal. The regulation 
of these processes is dependent on cell adhesion molecules 
[1, 2]. Membrane-associated mucin (MAM) domain-con-
taining glycosylphosphatidylinositol (GPI) anchor proteins 
(MDGAs) belong to the immunoglobulin superfamily (IgSF) 

of cell adhesion molecules and are known to be expressed 
in many vertebrates, notably humans [3]. Previous studies 
have revealed the involvement of MDGAs in fundamental 
and central events in the nervous system: neuron migration, 
axon guidance and synapse development [4–11]. Moreover, 
there is accumulating evidence emphasizing their patho-
physiological significance based on their roles in synapse 
development and then neural circuit formation [4, 9, 11].

MDGAs have been reported, in multiple recent inde-
pendent studies, to be susceptibility genes for neurological 
and neuropsychiatric disorders, specifically schizophrenia 
[12–14], bipolar disorder [13], epileptic encephalopathy 
[15], intellectual disability [16], neuroticism [17] and autism 
spectrum disorders (ASDs) [18] (Table 1). Meta-analysis of 
genome-wide linkage scans in patients with schizophrenia 
connected MDGA1 to schizophrenia and bipolar disorder 
both in Scandinavian and Chinese Han population [12–14], 
Consistently, some cognitive deficits (i.e., impaired long-
term potentiation, altered hippocampus-dependent spatial 
learning and memory) were seen in MDGA1−/− mice [4]. 
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Meanwhile, MDGA2 was identified as a new candidate gene 
for epileptic encephalopathy [15], intellectual disability [16] 
and neuroticism [17] by genetic association analysis in a 
large number of samples. Additionally, MDGA2 was demon-
strated to be associated with autism through ten independent 
and otherwise unrelated cases [18]. While, an autism-like 
behavior phenotype were also seen in MDGA2+/− mice, 
including impaired long-term potentiation, motor stereotypy 
and deficits in social interaction and hippocampus-depend-
ent learning and memory [9]. In general, MDGA expression 
has functional consequences which, in animal models, are 
related to brain excitation and behavioral states that are asso-
ciated with certain psychiatric disorders [4, 9]. Enhancing 
understanding of MDGAs regulation in synapses of differ-
ent cell types and then brain circuits appears to be critical 
in revealing pharmaceutical targets for clinical intervention.

MDGA genes and proteins

There are two MDGA gene homologues, MDGA1 and 
MDGA2, that encode two respective proteins. The human 
MDGA1 gene, is located in 6p21.2, consists of 18 exons, 

and encodes the 955 amino acids long membrane-associated 
MDGA1 protein [3]. MDGA1 was identified as the genomic 
organization of the human ortholog of Ig6M from cDNAs 
isolated from human cells, and was named GPIM (GPI and 
MAM protein) [3]. It is now more universally referred to as 
MDGA1. The human MDGA2 gene spans 835 kb of DNA 
on the reverse strand of chromosome 14q21.3. It has 23 
exons and is predicted to be comprised of two alternative 
first exons that give rise to two similarly sized mRNA iso-
forms [19].

The two homologous MDGA proteins, MDGA1 and 
MDGA2, possess a characteristic domain organization 
composed of a N-terminal signal peptide followed by six 
Ig domains, a MAM domain, and a C-terminal contain-
ing cleavage site for GPI to anchor to the cell membrane 
(Fig. 1) [8, 19]. There is a stretch of amino acids in MDGA1 
with weak homology to an FNIII domain, while the corre-
sponding stretch in MDGA2 lacks any such similarity but 
has a 47% identity to MDGA1 [19]. More than 40% of the 
amino acids within the structure of MDGA1 and MDGA2 
are identical with more than 85% being conserved. MDGA 
characteristics are highly conserved across multiple verte-
brate species, including mouse, rat, chicken, medaka and 

Table 1   The MDGAs and associated disorders with genetic mutation

Gene Associated disorders Species Genetic category References Note

MDGA1 Schizophrenia Human Genetic association analysis [14] From Scandinavian population
[13] From Chinese Han population

Bipolar disorder Human Genetic association analysis [13] From Chinese Han population
Cognitive deficits Mouse Gene mutation—homozygous 

MDGA1−/−
[4]

MDGA2 Epileptic encephalopathy Human Genetic association analysis [15]
Intellectual disability Human Genetic association analysis [16] From Pakistani population
Neuroticism Human Genetic association analysis [17] From a US national sampling frame and 

available from the National Institute of 
Mental Health genetics repository

Autism Human Genetic association analysis [18]
Autism-like behavior Mouse Gene mutation—heterozygous 

MDGA2+/−
[9]

Fig. 1   Domain structure of MDGA1 and MDGA2 proteins. Domains of MDGAs are highlighted by distinct colors. Ig immunoglobulin domain, 
FNIII fibronectin type 3 repeat, MAM membrane-associated mucin domain, GPI glycosylphosphatidylinositol
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zebrafish [3, 7, 19–21]. Importantly, for the study of disease 
through rodent models, there is a 94.5% and 97.9% equiva-
lency between human and mouse MDGA1 and MDGA2 
respective structures.

Studies have shown that each component in the structure 
of MDGAs plays a role in their function. The MAM domain 
of MDGA1 and MDGA2 is a specialized protein structure on 
the cell-surface that interacts with its environment to medi-
ate protein dimerization [8]. Fujimura et al. [20] reported 
such an interaction in axonal rich regions and suggested a 
role of MDGA in synapse-selectivity during development. 
Membrane attachment via a GPI anchor makes MDGAs 
unique among all MAM-containing proteins as offering it 
the capability to interact directly with key synapse-organiz-
ing proteins and wherein it can modulate specific synaptic 
events [8]. MDGA1, via the GPI anchor, is localized to lipid 
rafts to mediate the chemotropic guidance of nerve growth 
cones [22]. Similarly to other GPI-anchored proteins, the 
extracellular domain of MDGAs can shed to extracellular 
space (unpublished data), this suggests it may act like other 
adhesion molecules (e.g., neuroligin-1 and calsyntenin-3), 
plays a role in modulation of synaptic function [23, 24]. The 
presence of six Ig domains and an FNIII-like domain gives it 
a structural similarity to IgSFs, the largest families of axon 
guidance molecules that are involved in various aspects of 
the formation and maintenance of neural circuits [25]. This 
is functionally in accordance with other genes responsible 
for formation of Ig and/or FNIII domains such as CADM1 
[26], IL1RAPL1, LRFN5 [27], and PTPRD [28] which are 
linked to neurological disorders. Three seminal studies of 
the six Ig domains and the FNIII-like domains revealed 
that these structures are connected into a compact triangu-
lar arrangement to mediate MDGAs binding to neuroligins 
(NLs) [8, 29, 30]. Our initial understanding of MDGA1 and 
MDGA2 has shown their involvement in synaptic formation 
[4, 9, 10]. However, there remains a plethora of undiscov-
ered information regarding specific biochemical interaction 
critical to understand synaptic formation and neurodevelop-
mental disorders.

MDGAs: cell adhesion regulates neuronal 
migration and axonal outgrowth 
during nervous development

The formation of functional neuronal circuits is dependent 
on accurate neuronal migration, proper axonal outgrowth 
and synaptic connection; this relies on adhesive interactions 
mediated by extracellular matrix molecules such as MDGAs. 
Study of the time course and localization of MDGA expres-
sion is critical for understanding formation of neural cir-
cuits. High levels of MDGA1 and MDGA2 expression, as 
found through examination of mRNA, are mainly restricted 

to central and peripheral nervous system [19]. MDGA2 in 
zebrafish is expressed in a subset of motor neurons, notably 
in the cranial, trigeminal and facial nerves; its knockdown 
resulted in migration defects in trigeminal neurons, aberrant 
axonal growth and defasciculation of facial branchiomotor 
axons [31]. In rats, MDGA1-positive cells were found in 
the pontine migratory stream from the dorsal raphe nucleus 
to the basilar pontine nuclei and in a subpopulation of 
dorsal spinal interneurons as they migrate ventrolaterally 
away from the roofplate [19]. MDGA1 knockdown in mice 
blocked radial migration of superficial layer cortical neurons 
[7] and MDGA2 knockdown in chicken-induced strong axon 
outgrowth phenotypes in MDGA2-expressing commissural 
interneurons [32]. These observations demonstrate how 
MDGA1 and MDGA2, each with their distinct functions, are 
necessary for proper neuron migration and axon outgrowth.

MDGAs: the suppressors of synapse 
development

Recently MDGAs were identified as binding partners of 
NLs, competing directly with neurexins (NRXs) (Fig. 2) [4, 
8–10]. NRXs and NLs are pre-synaptic and post-synaptic 
adhesion molecules that form trans-synaptic complexes 
which promote development and function of the synapse 
[1]. NRXs and NLs are arguably the most extensively stud-
ied synaptic adhesion molecules being fundamental synaptic 
organizers in the central nervous system [1, 33]. Importantly, 
the disfunction of NRXs and NLs is strongly associated with 
neurodevelopmental disorders [33]. There are four NLs in 
rodents (NL1–NL4) that have unique synaptic localizations 
and function [1]; MDGAs bind to all four NLs but with a 
distinct affinity [4, 5, 8–10]. NL1 is found in excitatory syn-
apses [34] and NL2 in inhibitory, cholinergic, and dopa-
minergic synapses [35–38]. NL3 is localized in both excita-
tory and inhibitory synapses [39, 40], and NL4 is found in 
glycinergic synapses [40]. MDGAs bind in a cis configura-
tion with high affinity to NL1 and NL2 and to NL3 and 
NL4 with a 10- to 20-fold lower affinity [8], giving unique 
modes for regulating different neuronal populations during 
synaptic development and in normal synaptic transmission 
[4, 5, 9–11].

MDGAs were initially reported to bind to NL2 at a site 
where they would compete with NRXs to thereby suppress 
inhibitory synapse development [5, 10]. MDGA1 binds 
selectively and directly to NL2 through Ig domains; no cell 
adhesion has been observed between cells expressing NL2 
and MDGA1, suggesting a cis configuration binding between 
MDGA1 and NL2 [5, 10]. RNAi-mediated knockdown of 
MDGA1 increased the amount of inhibitory synapses cul-
tured from rat hippocampal neurons without affecting the 
number of excitatory synapses, and MDGA1 overexpression 
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led to opposite results [5, 10]. Connor et al. [9] proposed that 
MDGA2 binds to both NL1 and NL2 and selectively inhibits 
excitatory synapse development. This idea comes from the 
observation that MDGA2+/− mice have increased excitatory 
synapse density and excitatory transmission with no changes 
in inhibitory synapses [9].

Recent proteomic study showed contrary results, where 
MDGA1 was detected in the excitatory synaptic cleft and 
MDGA2 was found in the inhibitory synaptic cleft of 
cultured cortical neurons [11]. Imaging of recombinant 
MDGAs expressed in cortical neuron showed the recombi-
nant MDGA2 in inhibitory synapses [11], while the recom-
binant MDGA1 was found in both excitatory and inhibitory 
synapses [11, 24]. The discrepancy between findings in the 
proteomic study and recombinant MDGA imaging study 
could be due to the incomplete coverage of the inhibitory 
proteome in the proteomic study [11]. Overall, MDGA1 is 
likely localized to both inhibitory and excitatory synapses, 
while MDGA2 is specific to inhibitory synapses [11]. Addi-
tionally, the study also found, based on the synaptogenic 
activity of NL2, when MDGA1 was co-overexpressed with 
NL2, the NL2-enhanced recruitment of both inhibitory and 
excitatory vesicles were suppressed; however, co-overex-
pression of MDGA2 selectively suppressed excitatory vesi-
cle recruitment [11]. Reaffirming the above observations, 
MDGA1 knockdown by shRNA increased immunocyto-
chemical signals for the vesicular GABA transporter [5, 
11]. Conversely, MDGA2 knockdown had no notable effects, 
but when combined with MDGA1 knockdown it caused an 

increase in immunocytochemical signals for both glutamic 
acid decarboxylase and vesicular GABA transporter [11]. 
This is analogous to the effects of attenuated NL2 activity 
[41, 42]. These results showed that MDGA2 functions to 
downregulate excitatory vesicle recruitment.

Similarly to MDGAs, γ-protocadherin physically inter-
acts with NL1 via their ectodomains to disrupt NL1 binding 
to NRX1β [43]. This process is competitive with MDGAs, 
given they have similar protein structure [8, 43]. Nuanced 
interpretation of slight discrepancies among all these find-
ings along with the discovery of other regulatory genes (i.e., 
γ-protocadherin) suggests a complex, unexplored, and mul-
tifaceted role for MDGAs in synapse development.

The structure of MDGA–NL complexes

Crystal structure of MDGA1–NL1 and MDGA1–NL2 
complexes shows sites for MDGAs and NLs interactions 
and reveals how MDGAs can suppress NRX–NL interac-
tions [8]. Elegheert et al. described the crystal structure of 
MDGA1–NL1 complex along with a comprehensive series 
of descriptive biochemistry and cell biology data [8]. The 
long MDGA1 ectodomain is constrained into a compact tri-
angular arrangement locked up by intramolecular interac-
tions between Ig1 and FNIII-like domain (Fig. 3). Two of 
these triangular assemblies cradle an entire NL1 dimer in 
cis on the post-synaptic membrane. There are two separate 
interaction sites (site I and II) that bind MDGA1 to NL1, site 

Fig. 2   The function of MDGAs in synaptic development
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I is the exact location that NRX1β interacts with NL1; from 
this we can infer a binding competition between MDGA1 
and NRXs. In accordance with this, Gangwar et al., and 
Kim et al., independently described crystalline complexes 
of the MDGA1 Ig1–Ig2 tandem or Ig1–Ig2–Ig3 triplet 
with the NL2 ectodomain [29, 30], with high similarity to 
MDGA1–NL1 complex. Interestingly, although the binding 
affinity between MDGA1 and NL1 or NL2 showed only mild 
discrepancy investigated using surface plasmon resonance 
(SPR) assays [8], MDGA1 was shown, using tagged pull 
down assays in the mouse brain, to selectively form com-
plexes with NL2 and not with NL1 [29]. This evidence fur-
ther supports the existence of a specific in vivo mechanism 
that inhibits the formation of MDGA1–NL1 complexes. Col-
lectively, the study of MDGA structure supports its role in 
negatively modulating synaptic development by disrupting 
previously characterized NRX–NL interactions.

Conclusions

MDGAs are a newly discovered family of synaptic adhe-
sion proteins that regulate and interact directly with 
NRX–NL synaptic complexes. MDGAs are essential to 
synaptic function with the full knockout of MDGA2 in 
mice being perinatally lethal and with constitutive deletion 

of MDGA1 resulting in cognitive deficits [9]. To explore 
the function of MDGAs in nervous system, one must 
perturb the system selectively at different developmen-
tal stage. Moreover, double knockout of MDGA1 and 
MDGA2 could be used to study the function of MDGAs 
without functional compensation from each other that pos-
sibly occurred in single knockout mouse lines, particu-
larly in the brain regions where express both MDGA1 and 
MDGA2 (e.g., hippocampal CA1 [4, 9]). NL point muta-
tion [8] knock in mice could be used to selectively inter-
rupt MDGA–NL without affecting other potential function 
of MDGA that could be resulted from MDGA knockout. 
Given that MDGAs selectively control inhibitory and 
excitatory synapse development [4, 9–11], one could tune 
the excitation and inhibition balance in the brain by devel-
oping small molecules or peptides to specifically interfere 
the interaction of MDGAs and NLs. Moreover, MDGA 
expression is synaptic and cell-type specific [4, 9, 11], thus 
MDGAs conditional KO mice can be crossed with specific 
Cre-driver lines (e.g., PV-Cre/VGAT-Cre or CamKII-Cre) 
to explore the contribution of MDGAs on formation of 
specific neuronal circuits. MDGAs bind to NLs mainly via 
their Ig1–Ig2 tandem or Ig1–Ig2–Ig3 triplet [8, 10], and 
other large interaction domains suggesting they have addi-
tional unexplored functions. The involvement of MDGAs 
in relating growth processes of neurons in the mammal is 

Fig. 3   Structure of MDGA and MDGA–NL complex. Schematic rep-
resentation of MDGA and NL–MDGA complex. The Ig1 and FNIII-
like domain are linked by intramolecular interactions to form the spe-

cific triangular pattern. The MDGA triangle binds to the NL dimer 
in a cis-interaction between their post-synaptically anchored ectodo-
mains
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far reaching and not well understood, and offers an addi-
tional avenue of study for the development of treatments 
to related neurodevelopmental disorders.
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