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Abstract 

MDGA2, an autism-linked synapse organizer, restricts excitatory synaptogenesis by 

inhibiting neurexin-neuroligin adhesion complexes and BDNF/TrkB signaling. Mdga2+/- mice, 

modeling autism-associated mutations, show increased excitatory synapse density and 

hyperexcitation in adulthood, resulting in altered hippocampus-dependent cognition and 

plasticity. Despite the critical role of synapse organizers in development, the effects of Mdga2 

reduction on synaptogenesis, synaptic pruning, and long-term depression (LTD) remain unclear. 

To address this gap, this study investigated synaptic weakening via LTD induction, spine 

development across postnatal stages via Golgi-Cox staining, and proteomic alterations in the 

hippocampus of Mdga2+/- mice. Results reveal that Mdga2 reduction induces premature synapse 

maturation and enhanced synaptogenesis in the dorsal hippocampus, alongside deficits in 

NMDAR-dependent LTD. Proteomic analyses uncovered dysregulation of signaling, ion 

homeostasis, ubiquitination, translation, oxidative stress, and neuroinflammation pathways. 

These findings suggest that Mdga2 loss disrupts early synaptic development and circuit 

refinement, contributing to autism-like phenotypes and persistent alterations in synaptic 

signaling. 
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Chapter 1: General Background 

1.1 Introduction 

Autism spectrum disorder (ASD) is a highly heterogeneous neurodevelopmental disorder 

characterized by impaired social interactions, communication deficits, sensory sensitivities, 

stereotypy, and/or restricted interests (Landa, 2008; Public Health Agency of Canada, 2016; L. 

Wang et al., 2023). There has been a notable increase in the prevalence of autism spectrum 

disorder in Canadian children, rising from just 0.1% reported in the country’s first 

epidemiological study in 1988 to 2.0% by 2019 (Bryson et al., 1988; Public Health Agency of 

Canada, 2022). Worldwide, the pooled point-prevalence of ASD increased from approximately 

0.25% (1994–1999) to nearly 1% by 2023, with higher rates reported in high-income countries 

where access to diagnostic services is greater (Talantseva et al., 2023). This increase in 

prevalence is driven primarily by broader diagnostic criteria, improved screening and earlier 

identification, and increased awareness and reduced stigma rather than a true rise in the number 

of new autism cases or an epidemic caused by environmental or genetic changes (Pearson, 

2025; Zeidan et al., 2022). This makes research, policy, and healthcare surrounding ASD 

critically important because early identification and intervention can significantly improve 

developmental outcomes and quality of life for individuals with autism. 

The highly heterogeneous nature of ASD adds complexity to ASD research; there is a 

lack of a clear unifying cause of ASD, with a multitude of potential environmental and genetic 

contributing factors, including approximately 1000 identified risk genes associated with ASD in 

the Simons Foundation Autism Research Initiative gene database as of 2021 (Sauer et al., 2021). 

A growing body of research suggests that mutations in genes encoding synapse organizer 

proteins (SOPs), which play crucial roles in synapse development, differentiation, and support 
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(Siddiqui & Craig, 2011), contribute to the development of syndromic ASD in part by disrupting 

the excitation-inhibition (E/I) ratio of synaptic activity (Bourgeron, 2009; J. Chen et al., 2014; E. 

Lee et al., 2017). Recent advancements in genetic mouse models of ASD have greatly enhanced 

our understanding of the disorder's potential underlying pathology. These models involve 

targeted mutations in genes known to be associated with ASD, allowing the study of how the 

reduction or elimination of their associated proteins impacts brain development, neural circuitry, 

and behavior. In addition, they provide construct validity by replicating genetic risk factors 

identified in humans and face validity through exhibiting ASD-relevant behaviors such as social 

deficits, indicated by sniffing and social grooming behaviors, and repetitive actions, such as 

rearing and self-grooming (Kazdoba, Leach, & Crawley, 2016; Kazdoba, Leach, Yang, et al., 

2016). As an early-onset neurodevelopmental disorder, exploring the effects of mutations in 

ASD risk genes during post-natal neural development in animal models is critical to investigate 

how they disrupt key processes, such as synapse formation and neural circuit 

maturation/refinement, which can have both immediate and long-lasting effects on cognition 

and behaviour. This approach offers valuable insights into identifying the best timing for 

interventions and targeting therapies that address the fundamental causes of ASD, rather than 

merely managing symptoms later in life. 

1.2 Critical Periods and Plasticity in Neurodevelopment 

The developing brain undergoes dynamic phases in which neural circuits are highly 

sensitive to environmental input and internal firing patterns. These critical periods mark 

windows of heightened plasticity where sensory and cognitive networks are sculpted through 

both genetic instructions and experience-dependent mechanisms. Disruptions during these 

developmental windows can have lasting consequences for circuit structure and function. One of 
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the hallmark features of critical periods is the rapid formation and refinement of synaptic 

connections; During early development, synaptogenesis involves the overproduction of 

synapses, with excessive potential connections. Following this phase, activity-dependent 

mechanisms guide the pruning of excess synapses, leaving behind more refined and efficient 

networks that reflect meaningful patterns of activity and experience. This balance ensures the 

efficient wiring of sensory and cognitive circuits and is critical in developing the proper 

excitation/inhibition (E/I) balance (Tau & Peterson, 2010). 

In humans, synaptogenesis rapidly occurs in gestation, with a peak growth spurt 

occurring at approximately 36-40 weeks in gestation with overall peak synaptic density peaking 

around 2 years of age, with areas used for advanced cognitive processes, such as the prefrontal 

cortex (PFC), peaking slightly later in infancy and early childhood. Pruning and circuit 

refinement occur most rapidly between 2-16 years of age, with pruning continuing into the mid-

20s in the PFC as complex behaviours and cognitive processes continue to develop (Semple et 

al., 2013; Tau & Peterson, 2010). Mice, on the other hand, have a peak brain growth spurt 

around post-natal day (P) 7-10, with the peak synaptic density occurring at approximately P20-

P21. Synaptic pruning then follows until approximately P35-49 (Semple et al., 2013; Tau & 

Peterson, 2010). Mice have a much more condensed neural developmental time-line, making 

them an ideal model system to study this entire process in a relatively short amount of time. This 

makes murine genetic models of neurodevelopmental disorders, such as ASD, especially useful 

as researchers can track interaction between the genetic mutation of interest and time through 

development. 

Closely tied to pruning is circuit refinement, a process that integrates both activity-

dependent mechanisms and inhibitory signaling to fine-tune connections. Through this 
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refinement process, redundant or noisy inputs are eliminated while meaningful circuits for 

perception, cognition, and behavior are strengthened. The principal mechanism through which 

circuits are refined is synaptic plasticity, the capacity of synapses to strengthen or weaken in 

response to activity which is often referred to as Hebbian plasticity. In 1949, the Canadian 

psychologist Donald Hebb introduced a transformative theory of synaptic plasticity and proposed 

that when the axon of one neuron (cell A) is close enough to activate another neuron (cell B) and 

consistently participates in triggering it, a growth process or metabolic change occurs in one or 

both cells. This change increases the efficiency of cell A in activating cell B (Hebb, 1949). 

About two decades later, in 1973, neuroscientists Tim Bliss and Terje Lømo experimentally 

confirmed Hebb’s theory by showing that brief high-frequency stimulation of neurons can 

induce a sustained increase in synaptic excitability in the dentate area of an anesthetized rabbit, a 

phenomenon now known as long-term potentiation (LTP) (Bliss & Lomo, 1973). LTP enhances 

synaptic strength, typically by stimulating N-methyl-D-aspartate receptors (NMDARs) to allow 

the rapid influx of calcium. The increase in intracellular calcium triggers a signaling cascade 

involving various kinases (CaMKII, PKA) and cyclic adenosine monophosphate (cAMP) that 

leads to increased α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) 

expression in the post-synaptic membrane, enhancing post-synaptic ionic current in response to 

the same pre-synaptic release of glutamate (Lüscher & Malenka, 2012). In 1978, Thomas 

Dunwiddie and Gary Lynch first discovered activity-dependent long-term depression (LTD), the 

counter of LTP, in which they were able to reduce synaptic efficacy in the Schaeffer-collateral 

pathway within hippocampal slices from a rat by applying 1Hz low-frequency stimulation 

(LFS), while high frequency stimulation (HFS) of 5-100Hz resulted in potentiation (Dunwiddie 

& Lynch, 1978). Although they did not know it at the time, the LTD they discovered as a result 
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of 1Hz LFS was also a result of NMDAR activation, a fact that would not be discovered until 

around two decades later (Dudek & Bear, 1992). LFS results in a more prolonged and reduced 

flux of calcium through NMDARs compared to HFS and activates a different signaling cascade 

involving calcium-calmodulin complexes and various phosphatases (PP1, PP2B) resulting in 

AMPAR internalization from the post-synaptic membrane as opposed to insertion (Pinar et al., 

2017). During development, LTP-like processes are known to drive the transformation of 

immature, NMDA-receptor-based synaptic contacts into mature, conducting AMPAR/NMDAR 

synapses (Durand et al., 1996), increase formation of dendritic spines, and enlarge/strengthen 

existing synapses (Watson et al., 2016), all of which act in a competitive mechanism to 

selectively stabilize synapses (De Roo et al., 2008a). On the other hand, immature synapses that 

experience relatively lower firing rates or lower coincidence rates with synaptic partners undergo 

LTD-like processes making them likely targets for synaptic pruning. In fact, LTD and synaptic 

pruning share common molecular pathways, ultimately resulting in the phosphorylation and 

internalization of AMPARs with LTD being a potential initial step in activity-dependent synaptic 

pruning (Heynen et al., 2003; Piochon et al., 2016). Therefore, during critical periods, the 

balance between LTP and LTD is crucial; disruptions in plasticity at this stage can encode 

maladaptive patterns of connectivity, effectively “locking in” aberrant circuit structures that 

persist into adulthood. 

1.3 The Role of Synapse Organizer Proteins 

Synapse organizer proteins (SOPs) play a central role in the formation, maturation, and 

specialization of chemical synapses during brain development. These proteins function as 

molecular bridges that span the synaptic cleft as adhesion complexes, connecting presynaptic and 

postsynaptic membranes, or as secreted factors that enhance synaptogenesis by activating 
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intracellular signaling cascades (Siddiqui & Craig, 2011). In an adhesion complex, the 

extracellular domains of pre- and post-synaptic proteins bind together to provide structural 

stability and bidirectional signaling required for synaptic differentiation. There are a vast number 

of SOPs expressed throughout the brain that often have multiple isoforms and binding partners, 

which determine the strength and type of synapse that will develop (Table 1.1, Figure 1.1). 

Table 1.1 Major synapse organizer proteins and binding partners. Adapted from A. K. Lee 
et al., 2020, and Siddiqui & Craig, 2011. 

 

Synapse Organizer Function Major Binding 
Partners 

EphrinB–EphB 
complex 

Bidirectional signaling molecules 
controlling dendritic spine morphogenesis 
and synaptic maturation 

PDZ-domain 
scaffolds, syntenins, 
CASK 

Cerebellin 1 (Cbln1) Secreted synaptic organizers connecting 
presynaptic NRXN and postsynaptic 
GluD2 receptors in cerebellum and cortex 

NRXNs, GluD2, PSD- 
95 via GluD2 

Synaptic Cell 
Adhesion Molecules 
(SynCAMs) 

Homophilic immunoglobulin-like 
adhesion molecules mediating excitatory 
synapse formation, specifically post-
synaptic differentiation, as well as axon 
guidance and myelination 

SynCAMs 
(homophilic), MUPP1, 
CASK, syntenins 

Pre-synapic 

Neurexins (NRXN) Organize both excitatory and inhibitory 
synapses by forming trans-synaptic 
complexes; regulate neurotransmission 
and synaptic structure 

NLGNs, LRRTMs, 
Cbln, GluD2 

Leukocyte Common 
Antigen-Related 
Receptor Tyrosine 
Phosphatase (LAR-
RPTPs; LAR, PTPσ, 
PTPδ) 

Presynaptic receptor phosphatases 
binding multiple postsynaptic partners; 
organize both excitatory and inhibitory 
synapses 

NGL-3, TrkC, Slitrks, 
Interleukin-1 receptor 
accessory protein 
(IL1RAPL1, 
IL1RAcP) 

Post-synaptic 

Neuroligins (NLGN) Postsynaptic adhesion molecules that 
induce presynaptic differentiation; specify 
synapse type (e.g., NLGN1 at excitatory, 
NLGN2 at inhibitory synapses) 

NRXN, MAGUK 
Scaffolds, Gephyrin 
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Leucine-rich Repeat 
Transmembrane 
Neuronal Proteins 
(LRRTMs) 

Promote excitatory synapse formation via 
trans-synaptic signaling; regulate 
AMPAR recruitment 

NRXN, MAGUK 
Scaffolds, AMPARs 

Netrin-G Ligands 
(NGL) 

Postsynaptic adhesion molecules 
mediating bidirectional signaling during 
synaptogenesis 

LAR-RPTPs, 
MAGUK Scaffolds 

Slit and Trk-like 
family (Slitrks) 

Postsynaptic organizers of inhibitory 
(Slitrk1-3) and excitatory (Slitrk1/2) 
synapses 

LAR-RPTPs (PTPσ/δ) 

Membrane-Associated 
Guanylate Kinase 
Homologs Scaffolds 
(MAGUK; PSD-95, 
SAP97, PSD-93) 

Postsynaptic scaffold proteins anchoring 
receptors and adhesion molecules; 
organize postsynaptic density (PSD) 

NMDARs, AMPARs, 
NLGNs, LRRTMs, 
Shank, Homer 
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Figure 1.1. Major synaptic adhesion complex pre- and post-synaptic binding partners. 
Adapted from Siddiqui & Craig, 2011, and Lee et al., 2020. Symbols show the extracellular 
domains and binding partners of synapse organizer proteins that form synaptic adhesion 
complexes. Abbreviations: NRXN, neurexin; LAR-RPTP, leukocyte common antigen-related 
receptor tyrosine phosphatase; SynCAM, synaptic cell adhesion molecules; EphB, ephrin type-B 
receptor; NLGN, neuroligin; GluD2, glutamate receptor, ionotropic, delta-2; LRRTM, leucine-
rich repeat transmembrane protein; NGL, netrin-G ligand; TrkC, tropomyosin receptor kinase 
C/neurotrophic receptor tyrosine kinase 3; IL1RAPL1, interleukin 1 receptor accessory protein-
like 1; IL1RAcP, interleukin 1 receptor accessory protein; Slitrks, slit and TRK-like family. 
Made with Biorender.com. 
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Presynaptic differentiation is locally triggered by presynaptic organizers, including 

neurexins (NRXNs) and leukocyte common antigen-related receptor tyrosine phosphatases 

(LAR-RPTPs). These proteins, along with synaptic adhesion partners, aggregate on axonal 

surfaces to nucleate protein-protein interaction networks that recruit and assemble synaptic 

vesicles and active zone machinery. NRXNs cluster on presynaptic membranes and mediate 

intracellular interactions with active zone proteins, such as calcium/calmodulin-dependent serine 

protein kinase (CASK) and MINT (Munc 18 interacting protein), and members of the actin-

nucleating Arp2/3 complex. These interactions coordinate the assembly of neurotransmitter 

release sites and drive cytoskeletal remodeling essential for synaptic vesicle clustering and 

stable neurotransmission (Chia et al., 2013; Y. Jin & Garner, 2008; H. Y. Kim et al., 2021; A. K. 

Lee et al., 2020; Schaan Profes et al., 2024). Similarly, LAR-RPTPs promote presynaptic 

differentiation by interacting with intracellular scaffolding proteins such as liprin-α, which 

functions as a pivotal organizer of presynaptic architecture required for neurotransmitter release 

(Bomkamp et al., 2019; Chia et al., 2013; Y. Jin & Garner, 2008; A. K. Lee et al., 2020). These 

protein complexes collectively establish the molecular framework essential for synaptic vesicle 

trafficking, vesicle docking, and regulated neurotransmitter release at developing synapses. This 

recruitment is driven primarily by high-affinity binding interactions rather than enzymatic 

catalysis (Siddiqui & Craig, 2011). Postsynaptic differentiation similarly relies on aggregation of 

postsynaptic organizers such as neuroligins (NLGNs), leucine-rich repeat transmembrane 

neuronal proteins (LRRTMs), and netrin-g ligands (NGLs), which recruit core scaffold proteins 

(PSD-95, Shank, Homer) and glutamate or GABA receptor subunits. These organizers often 

terminate in PDZ domain binding sites, enabling stable binding in the postsynaptic region 

(Siddiqui & Craig, 2011). Together, adhesion complexes and scaffolding organizers orchestrate 

synapse formation, maturation, and the reliable transmission of neuronal signals. 
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SOPs, particularly NRXN, NLGN, LRRTMs, and SHANK (SH3 and multiple ankyrin 

repeat domains protein) family scaffolds, are key determinants of synapse formation, function, 

and plasticity, and their disruption has been strongly linked to ASD. Human genetic studies have 

identified rare, highly penetrant mutations in genes encoding NRXN1, NLGN3, NLGN4X, 

SHANK2, and SHANK3 in individuals diagnosed with ASD (Bucan et al., 2009; J. Chen et al., 

2014). For example, deletions or loss-of-function point mutations in NRXN1 have been 

repeatedly observed in ASD patients, with deletion carriers exhibiting profound synaptic deficits, 

neurodevelopmental delay, and social impairment (Onay et al., 2016). Similarly, missense 

mutations in NLGN3 (such as R451C) and NLGN4X (such as R87W or frameshifts) have been 

identified in cases of ASD and X-linked intellectual disability, with mouse models recapitulating 

these mutations exhibiting alterations in inhibitory or excitatory synaptic transmission, impaired 

social interaction, and repetitive behaviors (El-Kordi et al., 2013; Etherton et al., 2011; Fuccillo 

et al., 2014; Jamain et al., 2003, 2008). SHANK family mutations, especially in SHANK3, are 

associated with Phelan-McDermid syndrome and ASD, producing synaptic spine abnormalities 

and perturbed glutamatergic signaling (X. Wang et al., 2011). Additional variants in genes 

encoding LRRTMs (LRRTM3 and LRRTM4), CNTNAP2 (contactin-associated protein-like 2, 

another neurexin superfamily member), and other synaptic organizers have also been implicated 

in ASD (Bucan et al., 2009; Wright & Washbourne, 2011; J. Chen et al., 2014). These findings 

support the notion that synapse organizer protein dysfunction disrupts neuronal circuit 

development and synaptic homeostasis, leading to the core cognitive, social, and behavioral 

symptoms characteristic of autism. 

1.4 The Role of MDGA Proteins 

In 2001, a novel brain-derived immunoglobulin protein was first identified by differential 

display polymerase chain reaction (PCR) screen used to investigate secreted transmembrane 

proteins in the basilar pons of rat, and was dubbed 1g6M as it contained six immunoglobulin 
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domains and a single meprin, A-5 protein, receptor protein-tyrosine phosphatase mu (MAM) 

domain (Gesemann et al., 2001). A year later, the genetic organization of the gene encoding this 

Ig6M protein in humans was characterized and was found to contain a 

glycosylphosphatidylinositol (GPI) anchor in addition to a MAM domain, and was thus referred 

to as a GPIM protein, although the function of the protein was still unknown (De Juan et al., 

2002). Finally, in 2004, this novel protein, previously referred to as Ig6M and GPIM, was cloned 

by the same group that initially conducted the differential display PCR, and referred to the 

protein by its current name, MAM domain-containing GPI anchor 1 protein (MDGA1) (Litwack 

et al., 2004). Interestingly, the same study identified a second closely related homologue, 

MDGA2; MDGA1 and MDGA2 share the same structural organization with 40% identical 

amino acids and 85% conserved amino acids, and were both confirmed to contain six Ig 

domains, one fibronectin type III (FnIII) type domain, one MAM domain, and a GPI anchor 

(Figure 1.2). (Litwack et al., 2004). MDGA protein expression was found to be specific to the 

central and peripheral nervous system during embryonic and early post-natal development 

(examined to P7) with the authors suggesting the proteins having a role in developmental 

processes such as cell migration, and axon outgrowth and guidance (Litwack et al., 2004). 

Further studies supported this idea, suggesting a role of MDGA proteins in initial brain 

development including in neuronal migration, cortical lamination, and cell adhesion (Ishikawa et 

al., 2011; Joset et al., 2011; Takeuchi et al., 2007). Even before the specific protein-protein 

interactions and cellular mechanisms of MDGA proteins were elucidated, MDGA1/2 mutations 

began to be implicated in neurological disorders; MDGA1 was identified as a risk gene for 

schizophrenia and bipolar disorder (Kähler et al., 2008; J. Li et al., 2011), and in 2009, Bucan 

and colleagues classified MDGA2 as an ASD risk gene after identifying truncation loss-of-

function mutations in eight unrelated cases of ASD (Bucan et al., 2009). It was not until 2013 
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that Lee and colleagues published their findings that MDGA1 and MDGA2 specifically bind to 

NLGN2 via their three terminal Ig domains, inhibiting the formation of NLGN-NRXN adhesion 

complexes, thereby negatively regulating inhibitory synapse formation and function (K. Lee et 

al., 2013). One limitation of this study was that surface binding assays, overexpression assays, 

and artificial synapse-formation assays were conducted exclusively with MDGA1 and not 

MDGA2 proteins or manipulations, leading to a generalization of MDGA protein functions. It 

was later shown that both MDGA proteins can bind to all NLGNs with different affinities with 

the binding site I of MDGA proteins overlapping with the NLGN-NRXN interface, preventing 

their interaction via steric hindrance and forming a tetrameric MDGA-NLGN complex (Figure 

1.2) (Connor et al., 2016; Elegheert et al., 2017; J. A. Kim et al., 2017);. MDGA1 preferentially 

binds NLGN2 to repress inhibitory synapse development, and MDGA2 preferentially binds 

NLGN1 and NLGN2; however, the localization of MDGA2 has been a bit more contentious 

with conflicting reports from various model types, including in vivo reduction (Mdga2+/-), 

reduction and overexpression in culture, and co-expression models (Bemben et al., 2023; 

Connor et al., 2016; Loh et al., 2016; Pettem et al., 2013; D. Zhao et al., 2025). 
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Figure 1.2. MDGA protein structure and interactions. MDGA proteins contain six 
immunoglobulin (Ig) domains, a fibronectin type III (FnIII) domain, a meprin, A-5 protein, 
receptor protein-tyrosine phosphatase mu (MAM) domain, and a C-terminus 
glycosylphosphatidylinositol (GPI) anchor. The three terminal Ig domains of bind the 
cholinesterase-like (ChE-like) domain of post-synaptic neuroligins to prevent the formation of 
transynaptic neuroligin-neurexin adhesion complexes. The MAM domain of MDGA2 proteins 
binds to the IgG2/d5 domain of tropomyosin receptor kinase B (TrkB) competitively with brain-
derived neurotrophic factor (BDNF) to reduce TrkB-BDNF signaling. Together, these 
interactions repress synapse formation and development. 
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The current working model is that MDGA2 acts to repress both excitatory and inhibitory 

synaptic development and the observation that a reduction of MDGA2 in vivo (Mdga2+/- mice) 

still leads to reported normal levels of inhibitory synaptic activity and development (Connor et 

al., 2016), may be due to the ability of MDGA1 to compensate for the reduction in MDGA2, 

although this hypothesis requires additional exploration (Connor et al., 2016, 2019). Taken with 

the fact that MDGA protein expression peaks at approximately P14 (Toledo et al., 2022; Zhao et 

al., 2025), the MDGA shielding of Nlgn suggests that during the stage of neurite extension, 

MDGAs act to prevent early axon-dendrite contact and excess synaptogenesis. 

Very recently, MDGA2 has been found to also bind to competitively with tropomyosin 

receptor kinase B (TrkB) receptors. Immunoprecipitation assays confirmed the binding of TrkB 

receptor’s IgG2/d5 domain with MDGA2’s MAM domain with the removal of either domain 

abolishing this interaction (D. Zhao et al., 2025). In culture, neurons with a reduction or 

knockout of MDGA2 have increased phosphorylation of TrkB receptors when induced by BDNF 

in a dose dependent manner, providing functional evidence that MDGA2 suppresses BDNF 

signaling (D. Zhao et al., 2025). TrkB-BDNF signaling drives neuronal development through 

three key pathways: MAPK/ERK, PI3K-AKT, and PLCγ-Ca²⁺/CaMKII, which regulate survival, 

differentiation, and synaptic plasticity (W. Jin, 2020; Schirò et al., 2022). Upon BDNF binding, 

TrkB autophosphorylation recruits adaptor proteins to activate MAPK/ERK, enhancing CREB-

dependent transcription for neurogenesis and dendrite arborization (Pradhan et al., 2019; Revest 

et al., 2014; Schirò et al., 2022), while PI3K-AKT promotes neuronal survival and axon growth 

(W. Jin, 2020). PLCγ triggers intracellular Ca²⁺ release, activating CaMKII which 

phosphorylates CREB and modulates synaptic strength (Pradhan et al., 2019; Schirò et al., 

2022), with TrkB also regulating presynaptic glutamate release and postsynaptic receptor 

clustering (e.g., AMPARs/NMDARs) to stabilize neural circuits (Pradhan et al., 2019; C. S. 
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Wang et al., 2022). Therefore, similar to its interaction with NLGN, MDGA2 reduces TrkB-

BDNF signaling to repress these effects, providing a second mechanism of synaptic 

development repression. 

1.5. Mdga2+/- Mouse Model of ASD 

To model the truncation loss-of-function mutation of MDGA2 found in various 

ASD cases (Bucan et al., 2009), Mdga2+/- mice were developed and used to investigate the 

effects of Mdga2 reduction on neurophysiology and behavior (Connor et al., 2016; Fertan et al., 

2021). Two key types of validity are essential for effective animal models: face validity and 

predictive validity. Face validity concerns how well the animal's behavioral symptoms and 

neurological markers mimic those seen in human disorders, ensuring superficial similarity. 

Predictive validity assesses the model's ability to accurately predict the response to treatments or 

interventions used in humans (Belzung & Lemoine, 2011; van der Staay et al., 2009). Currently, 

the Mdga2+/- model demonstrates high face validity, and although some studies have shown 

potential rescue of certain phenotypes, its predictive validity has yet to be established. In 2016, 

Connor and colleagues first demonstrated the electrophysiological and behavioural implications 

of a heterozygous loss-of-function mutation in Mdga2 with the Mdga2+/- mouse model (Connor 

et al., 2016). First, they confirmed that in co-immunoprecipitation assays, NLGN2 co-

precipitated with MDGA1, while both NL1 and NL2 co-precipitated with MDGA2, suggesting 

MDGA2 would suppress both inhibitory and excitatory synaptic transmission as previously 

discussed. 

This was confirmed as overexpression of MDGA2 in culture resulted in reduced inhibitory and 

excitatory synaptic density and signaling. Interestingly, in adult Mdga2+/- mice, only excitatory 

synapses showed changes in activity, density, and structure, while inhibitory synapses remained 

unchanged compared to wild-type (WT) mice. This included an increased density of 

asymmetric (excitatory) synapses in the hippocampal Cornu Ammonis 1 (CA1) region; elevated 
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levels of excitatory synaptic proteins such as post-synaptic density protein 95 (PSD-95) in both 

the PFC and CA1, and neuroligin-1 (NL1) specifically in CA1; higher amplitude and frequency 

of miniature excitatory post-synaptic currents (mEPSCs); and an increased ratio of AMPA 

receptor to NMDA receptor-mediated currents (Connor et al., 2016), which have since been 

confirmed by other groups (X. Wang et al., 2024; D. Zhao et al., 2025). This is supported by 

findings that Mdga2+/- mice exhibit enhanced excitatory synaptic transmission driven by 

abnormal activation of BDNF/TrkB signaling, as evidenced by increased levels of BDNF, 

elevated phosphorylation of TrkB receptors, and hyperphosphorylation of downstream signaling 

molecules detected in hippocampal synaptoneurosomes. Collectively, these processes drive 

increased AMPA receptor-mediated excitatory activity and disrupt neural circuit balance (D. 

Zhao et al., 2025). In addition, Mdga2+/- hippocampal slices have altered LTP profiles with 

enhanced early LTP (E-LTP), which is protein-synthesis independent, and impaired late LTP 

(L-LTP), which is protein-synthesis dependent (Baltaci et al., 2019; Connor et al., 2016). 

Therefore, although Mdga2 appears to repress both inhibitory and excitatory synaptic 

development, a reduction of Mdga2 in this model only affects excitatory synaptic development, 

indicating that Mdga1 expression is sufficient to maintain normal inhibitory synapse density and 

signaling when Mdga2 is reduced. Hyperexcitability is known to be a neurological biomarker of 

ASD, and an increase in excitatory synaptic density and signaling without any change in 

inhibitory signaling would result in an elevated E/I ratio, demonstrating how a reduction of 

MDGA2 could contribute to hyperexcitability-related ASD phenotypes such as social deficits, 

repetitive behaviors, and impaired cognitive function. 

ASD diagnosis is based on behavioral symptoms such as persistent deficits in social 

communication and interaction, restricted, repetitive patterns of behavior, interests, or 

activities—such as stereotyped movements – sensory responses, and difficulties with learning 
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and memory. Although biomarkers such as alterations in E/I balance, neurotransmitter 

imbalance, neuroinflammation, and oxidative stress have been supported, only behavioural 

symptoms are used in diagnostics (American Psychiatric Association, 2013; DiCicco-Bloom et 

al., 2006; Goldani et al., 2014; Landa, 2008). Therefore, to have face validity, ASD animal 

models must display behavioural phenotypes akin to ASD symptoms. Altered behaviour in 

Mdga2+/- pups can be seen as early as P3-P21; pups have an earlier onset of the acoustic startle 

response, and reduced ultrasonic vocalizations, open-field activity, and exploration behaviour 

(Fertan et al., 2023). In adulthood, Mdga2+/- mice display behavioral phenotypes akin to ASD 

symptoms, including increased repetitive behaviours (ex., grooming), deficits in memory, and 

decreased social affiliation, sociability, and social novelty preference (Connor et al., 2016; 

Fertan et al., 2021; X. Wang et al., 2024; D. Zhao et al., 2025). The alterations in E/I ratio and 

behavioural phenotypes validate Mdga2+/- mice as a model of ASD, making them a valuable 

tool to probe the potential mechanisms and development for therapeutics related to ASD 

pathology. 

To have predictive validity, the Mdga2+/- model must accurately predict the response to 

treatments or interventions in humans. Although predictive validity has not yet been established, 

Zhao and colleagues, and Huo and colleagues have successfully attenuated ASD-like behavioural 

phenotypes in Mdga2+/- mice by targeting two distinct mechanisms. Published in the same report 

that first described the interaction between Mdga2 and TrkB receptors, Zhao and colleagues 

demonstrated that bilateral injection of an MDGA2-derived peptide containing part of the MAM 

domain (MDGA2-P2) into the hippocampus reduced sociability and social novelty deficits by 

binding TrkB receptors in vivo (D. Zhao et al., 2025). This demonstrated that blocking BDNF-

TrkB interaction may have therapeutic benefits in ASD caused by a reduction in MDGA2; 

however, it is important to note that MDGA2-P2 administration did not improve repetitive self-
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grooming or novel location recognition, which were used as measures of repetitive 

behaviour/stereotypy and cognitive function, respectively (D. Zhao et al., 2025). Huo and 

colleagues took a different approach; instead of introducing an MDGA2 alternative peptide, they 

elucidated and targeted the lysosomal pathway that degrades MDGA2 proteins. They discovered 

that the lysosomal degradation pathway was mediated by sortilin 1 (SORT1) and that ribosomal 

protein S23 retrogene 1 (RPS23RG1) prevents this degradation by competing with SORT1 for 

MDGA2 binding (Huo et al., 2025). A knockdown of SORT1 increased MDGA2 levels, while 

loss of RPS23RG1 decreased MDGA2 and lead to ASD-like behaviours in mice, such as social 

deficits and increased repetitive behaviors (Huo et al., 2025), similar to those seen in Mdga2+/-

mice (Connor et al., 2016; X. Wang et al., 2024; D. Zhao et al., 2025). Based on these 

interactions, Huo and colleagues developed and intravenously administered a peptide derived 

from the extracellular domain of RPS23RG1 (RPS23RG1-P2) that binds to MDGA2. 

RPS23RG1-P2 was able to restore MDGA2 levels and mEPSC frequency and amplitude in 

Mdga2+/- mice to WT levels, and rescue social affiliation, sociability, and social novelty 

preference deficits (Huo et al., 2025); however, similarly to the MDGA2-P2 peptide, the 

RPS23RG1-P2 peptide was unable to attenuate repetitive grooming behaviours. Taken together, 

targeting the overactive pathways and degradation pathways shows immense potential as 

therapeutics in cases of ASD related to a reduction of MDGA2. 

1.6 Review of the Hippocampus 

The hippocampus is a brain structure within the limbic system located within the medial 

temporal lobe in humans, best known for its roles in forming and retrieving memories, emotional 

processing, and spatial navigation (Knierim, 2015). Structurally, the hippocampus is composed 

of several interconnected regions forming the classic trisynaptic circuit first described by 

Santiago Ramón y Cajal in his 1893 work and later in his 1911 book (Cajal, 1911): the dentate 
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gyrus (DG), cornu ammonis 3 (CA3), and cornu ammonis 1 (CA1). The granule cells of the DG 

received input mainly by from layer II of the entorhinal cortex (EC) through the perforant 

pathway (synapse one) and sends projections to the pyramidal neurons of the CA3 via the mossy 

fiber pathway (synapse two). The CA3 then projects to other pyramidal neurons of the CA1 

(synapse three) to complete the trisynaptic circuit as well as sending projections to other CA3 

pyramidal neurons. The CA1 completes the circuit loop with outputs projecting back to layers 

V/VI of the EC (Figure 1.3) (Basu & Siegelbaum, 2015). In additional to the principal excitatory 

neurons, there are many classes of inhibitory interneurons which regulate activity both locally 

(within the same hippocampal region) and from long-range, such as inhibitory projections from 

the DG to CA3 and reciprocal inhibitory connections between the CA1 and EC (Basu & 

Siegelbaum, 2015). The EC acts as the principal integrative hub for the hippocampus, serving as 

both its major input and output gateway. Layer II and III neurons of the EC receive highly 

processed, multimodal sensory and associative information from the perirhinal and postrhinal 

cortices, parahippocampal regions, olfactory cortex, amygdala, and subcortical structures like the 

thalamus and septum. After processing within the hippocampus, the EC redistributes this 

hippocampally processed information to widespread cortical and subcortical targets, including 

sensory, associative, and limbic areas (Hernández-Frausto & Vivar, 2024). 
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Figure 1.3. The Trisynaptic circuit of the hippocampus. Adapted from Neves et al., 2008. 
Abbreviations: DG, Dentate Gyrus; CA, Cornu Ammonis. Made with Biorender.com. 
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The hippocampus is essential for forming, organizing, and retrieving memories, as well 

as converting short-term experiences into long-term declarative memory. One of the landmark 

studies involving hippocampal function in humans involves the case of patient H.M., who 

experienced severe memory loss following surgical removal of his hippocampi in 1953 in an 

attempt to treat drug-resistant epilepsy. Following the surgery, H.M. experienced severe 

anterograde amnesia, in which he was unable to form new episodic memories, but his capacity 

for motor and semantic learning, and recalling older, long-term memories was spared (Scoville 

& Milner, 1957; Squire, 2009). This emphasized the hippocampus's critical role in episodic 

memory formation rather than procedural memory, along with introducing the concept of 

systems consolidation—the gradual process through which memories initially dependent on the 

hippocampus become increasingly stabilized in neocortical networks over time. Through this 

consolidation process, older memories eventually rely less on the hippocampus and more on 

distributed cortical storage sites, allowing them to persist even after hippocampal damage 

(McClelland et al., 1995; Müller & Pilzecker, 1900; Scoville & Milner, 1957; Squire et al., 

2015). In addition, the hippocampus plays a critical role in emotional processing by interacting 

closely with structures like the amygdala and anterior cingulate cortex to connect memories 

with emotional responses. It helps to recall emotional memories and regulate emotions, 

particularly in social and affective contexts, by supporting the integration of episodic memory 

with emotional salience and self-related processing (Brown et al., 2015; Zhu et al., 2019). The 

hippocampus is also strongly involved in spatial navigation, supported by the discovery of 

“place cells” in 1971 by John O'Keefe and John Dostrovsky in the hippocampus of rats 

(O’Keefe & Dostrovsky, 1971). Place cells refer to pyramidal neurons that fire selectively 

when an animal occupies a specific location, forming a map-like representation of the 

environment known as a cognitive map. These cells are primarily located in the CA1 and CA3 
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regions and are sensitive to local and distal spatial cues, such as visual landmarks, olfactory 

signals, and boundaries (O’Keefe & Dostrovsky, 1971; O’Keefe & Conway, 1978; Humphreys 

et al., 1998). Functional imaging experiments and lesion studies have confirmed the role of the 

hippocampus in spatial navigation and memory in humans, supporting the work done in rats 

(Maguire, Burke, et al., 1996; Maguire, Frackowiak, et al., 1996; Kessels et al., 2001). Overall, 

the hippocampus serves as a crucial brain structure for forming and consolidating new 

declarative memories, integrating spatial and emotional information to create a cohesive 

representation of experience, while supporting memory retrieval and navigation within 

contextual environments. 

Plasticity in the hippocampus is fundamental for learning and memory because it allows 

the strength and efficacy of synaptic connections between neurons to be dynamically modified 

in response to experience, and for this reason, the hippocampus is one of the most plastic 

regions in the brain with plasticity persisting beyond development and into adulthood (Leuner & 

Gould, 2010). For this reason, many plasticity studies use the hippocampus to investigate LTP 

and LTD, including the pioneering work of Bliss and Lømo in 1973 regarding LTP, and of 

Dunwiddie and Lynch in 1978 regarding LTP and LTD (see section 1.2 Critical Periods and 

Plasticity in Neurodevelopment). LTP and LTD serve as the cellular basis for learning and 

memory and forgetting respectively, which was directly demonstrated by Nabavi and colleagues 

in 2014 when they successfully engineered the deactivation and subsequent reactivation of a fear 

conditioned memory through optical delivery of LTD and LTP (Nabavi et al., 2014). This 

dynamic capacity for synaptic change and circuit remodeling underlies the hippocampus's 

crucial role in acquiring, storing, and adapting memories throughout life (Leuner & Gould, 

2010). 

The hippocampus is anatomically and behaviorally divided along its dorsal-ventral 
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(posterior-anterior in primates) axis. The dorsal hippocampus (posterior in primates) is especially 

important for spatial memory and navigation, is rich in place cells and specialized for processing 

cognitive maps, and for episodic memory. The ventral hippocampus (anterior in primates) is 

more involved in regulating emotional memory and cognition (Broadbent et al., 2004; A.-R. Lee 

et al., 2017; Okuyama et al., 2016; Phillips et al., 2019; Harland et al., 2021). The magnitude of 

synaptic plasticity also exhibits regional heterogeneity along the dorsal-ventral axis. Transient 

heterosynaptic depression, in which activation of one group of synapses leads to a transient 

reduction in the efficacy of neighboring, inactive synapses, and group I metabotropic glutamate 

receptor (mGluR) dependent LTD is enhanced in the ventral region of the hippocampus, while 

NMDAR LTD is not significantly different between the dorsal and ventral regions (Tidball et 

al., 2017; Dubovyk & Manahan-Vaughan, 2018; Trompoukis & Papatheodoropoulos, 2020). On 

the other hand, LTP is enhanced and the degree and range of paired-pulse facilitation – a short-

term synaptic plasticity phenomenon where the second of two closely spaced synaptic stimuli 

produces a larger postsynaptic response than the first – was larger in the dorsal hippocampus 

(Maruki et al., 2001; Kouvaros & Papatheodoropoulos, 2016; Papatheodoropoulos & Kouvaros, 

2016; Dubovyk & Manahan-Vaughan, 2018). Counterintuitively, there is an inverse relationship 

between the magnitude of synaptic plasticity and the expression levels of plasticity-related 

neurotransmitter receptors along the hippocampal dorsoventral axis. Although the ventral 

hippocampus shows higher expression of receptors such as NMDA (GluN2B, GluN1), 

metabotropic glutamate, GABAB, and dopamine D1 receptors, the capacity for synaptic 

plasticity is elevated in the dorsal hippocampus, where these receptor levels are lower (Dubovyk 

& Manahan-Vaughan, 2018). Therefore, in assays of synaptic plasticity, it may be beneficial to 

distinguish between the dorsal and ventral hippocampus during analysis. Taken together, the 

features discussed highlight the hippocampus as a structurally and functionally heterogeneous 
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brain region whose specialized circuitry and plasticity mechanisms support a wide array of 

cognitive and emotional processes, making it a highly useful region to investigate plasticity and 

development. For this reason, along with MDGA2 having high expression in this region, all 

assays in this thesis were conducted in the CA1 region of the hippocampus. 

1.7 Objectives and Hypotheses 

Critical periods in brain development, such as those marked by synaptogenesis and 

synaptic pruning, are crucial for the establishment of appropriate neural circuits and the balance 

of E/I activity. Synaptic plasticity plays a pivotal role during these periods, allowing for activity-

dependent refinement of circuits through mechanisms like LTP and LTD (Stampanoni Bassi et 

al., 2019). While alterations in LTP have been observed in adult Mdga2+/- mice, the impact of 

MDGA2 reduction on LTD and synaptic development during critical periods remains 

unexplored. Altered LTD is a common theme in mouse models of ASD, with alterations 

observed in models such as Fmr1 KO, Nlgn3 KO, Syngap+/-, Tsc2+/-, and eIF4E transgenic mice, 

which has renewed interest in potential dysregulation of synapse maturation and pruning in ASD 

models (Baudouin et al., 2012; Piochon et al., 2016). LTD and synaptic pruning share common 

molecular pathways, ultimately resulting in the phosphorylation and internalization of AMPARs 

with LTD being a potential initial step in activity-dependent synaptic pruning (Heynen et al., 

2003; Piochon et al., 2016). Moreover, when synaptic density is observed to be altered in 

adulthood in a genetic ASD model, it cannot be determined if it is due to alterations in 

synaptogenesis or synaptic pruning processes; therefore, it is vital to conduct time-course 

experiments during critical periods of development. This can provide insight into the origin of 

synaptic density changes in adulthood and can suggest ideal times and targets for therapeutic 

intervention. Thus, I aimed to probe the development of excitatory synaptic spines in the CA1 

region of the hippocampus by investigating potential alterations in NMDAR and mGluR 
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mediated LTD using Mdga2+/- mice during the critical period of synaptic pruning (P28-P42) 

(Chapter 2) and analyzing spine morphology and density during periods of synaptogenesis and 

synaptic pruning (P14-P42) (Chapter 3). In addition, I probed alterations in protein expression 

and phosphorylation states in hippocampal synaptoneurosomes preparations to elucidate 

dysregulated pathways or processes that may be involved in synaptic development and plasticity 

(Chapter 4). The hypothesis posits that MDGA2 reduction will impair LTD due to premature 

synapse maturation, reducing the susceptibility of synapses to activity-dependent weakening. 

Furthermore, it is hypothesized that the disinhibition of excitatory synapse development by a 

reduction of Mdga2 will lead to excessive synaptogenesis and/or impaired synaptic pruning 

leading to elevated excitatory post-synaptic density in adolescence. This work will help create an 

early neurodevelopmental profile in Mgda2+/- mice, which may provide insights into the 

development of adult phenotypes and targets for early-life therapeutic intervention. 
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Chapter 2: The Effect of Mdga2 Reduction on Synaptic Long-Term Depression 

2.1. Introduction 

 
2.1.1. Overview 

Synaptic LTD in the hippocampus plays a crucial role in maintaining synaptic balance 

and supporting information storage by selectively weakening specific synaptic connections in an 

activity-dependent manner. This process is important for preventing the saturation of synaptic 

potentiation produced by LTP, thereby enabling continued learning and new memory formation 

and ensuring proper E/I balance. LTD is not merely a passive counterpart to LTP but has distinct 

physiological relevance: it enables the fine-tuning of neural circuits underlying spatial learning 

and contributes to the pruning of less active or unreliable synapses (Shinoda et al., 2010; Piochon 

et al., 2016; Stacho & Manahan-Vaughan, 2022). At the cellular level, LTD involves receptor 

trafficking (such as AMPAR endocytosis) and structural remodeling, leading to activity-

dependent weakening or elimination of depressed synapses, allowing for the stabilization of 

more persistent connections (Lüscher et al., 1999; Nägerl et al., 2004; Zhou et al., 2004). In fact, 

LTD is believed to be a critical first step in synaptic elimination (pruning), which is an essential 

process during post-natal development to refine neural circuits, as repetitive induction of LTD 

leads to synaptic shrinkage and loss (Shinoda et al., 2010; Henson et al., 2017; Piochon et al., 

2016). Overall, LTD is critical for multiple processes in the hippocampus, including synaptic and 

circuit refinement, learning and memory, and maintaining proper E/I balance. 

2.1.2. Molecular Pathways of LTD 

Post-synaptic LTD can be induced in distinct ways in CA1 pyramidal neurons (Oliet et 

al., 1997); the most studied, as previously mentioned, is NMDAR-dependent and was described 

in the early work of Thomas Dunwiddie and Gary Lynch (Dunwiddie & Lynch, 1978). This 

form of LTD relies on persistent, moderate calcium influx into the post-synapse through 
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NMDARs. This leads to the formation of calcium-calmodulin complexes, which activate the 

phosphatases calcineurin/protein phosphatase 2B (PP2B) and protein phosphatase 1 (PP1). PP1 

dephosphorylates the subunit GluA1, which causes the lateral diffusion and endocytosis of the 

AMPA receptor (Figure 2.1) (Pinar et al., 2017). Conversely, Group I metabotropic glutamate 

receptor (mGluR)-dependent LTD at Schaffer collateral (CA3)–CA1 synapses is a postsynaptic 

form of plasticity mediated by group 1 mGluR (mGluR1 and mGluR5) activation. Upon 

stimulation, these Gq-coupled receptors activate phospholipase Cβ (PLCβ), leading to the 

production of inositol 1,4,5-trisphosphate (IP₃) and diacylglycerol (DAG). IP₃ induces the 

release of calcium from internal stores, while DAG activates protein kinase C (PKC) and other 

downstream signaling cascades (Figure 2.1) (Lüscher & Huber, 2010; Pinar et al., 2017). This 

moderate, localized calcium elevation and PKC activation trigger dephosphorylation of the 

GluA2 subunit of AMPA receptors through the striatal-enriched protein tyrosine phosphatase 

(STEP), promoting AMPA receptor internalization and diminishing synaptic strength (Y. Zhang 

et al., 2008; Pinar et al., 2017). In hippocampal CA1 neurons, mGluR-LTD also requires rapid 

local dendritic protein synthesis and activation of the mitogen-activated protein kinase kinase 

(MEK1/2) - extracellular signal-regulated kinase (ERK1/2) pathway which promotes 

phosphorylation of transcription factors such as cyclic AMP-responsive element-binding protein 

(CREB) and ETS transcription factor (Elk-1), driving immediate early gene expression (ex. 

Arc/Arg1.3) required for LTD expression (Huber et al., 2000; Y. Wang et al., 2009; Mango & 

Ledonne, 2023). 

Concurrently, phosphoinositide 3-kinase (PI3K) – protein kinase B (Akt) – mammalian target of 

rapamycin (mTOR) pathway signaling enhances dendritic translation of plasticity-related 

proteins, supporting sustained AMPA receptor removal and structural remodeling (Figure 2.1) 

(Hou & Klann, 2004; Mango & Ledonne, 2023). mGluR-LTD requires this local protein 
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synthesis for maintenance beyond its initial induction, distinguishing it from NMDA receptor-

dependent LTD, which usually does not require new protein synthesis for early phases. 

Ultimately, both NMDAR and mGluR pathways involve clathrin-mediated endocytosis of 

AMPARs, but there are pathway specific triggers (Anggono & Huganir, 2012). Therefore, 

although the end result is similar, it is possible that the intracellular signalling cascades are 

affected differently by Mdga2 reduction. On the other hand, it is possible that the reduction of 

Mdga2 could cause increased AMPAR-PSD-95 anchoring (Connor et al., 2016; D. Zhao et al., 

2025), leading to impairments in AMPAR internalization in both pathways. 
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Figure 2.1. Simplified schematic of NMDAR-dependent and mGluR-dependent LTD 
pathways. Adapted from Pinar et al., 2017, and Mango & Ledonne, 2023. NMDAR-dependent 
LTD is triggered by a moderate, prolonged increase in intracellular calcium, leading to the 
activation of calcineurin and protein phosphatase 1 (PP1), which ultimately causes the 
phosphorylation and internalization of AMPARs from the post-synaptic membrane. mGluR-
dependent LTD is triggered by the activation of group 1 mGluRs (mGluR1/5), resulting in the 
activation of several pathways. Phospholipase C beta (PLCβ) activates the phosphatidylinositol 
4,5-bisphosphate (PIP2)- inositol trisphosphate (IP3)- diacylglycerol (DAG) pathway, leading to 
the release of calcium from internal stores and the activation of protein kinase C, and AMPAR 
internalization. The activation of mGluR1/5 also activates several pathways that lead to protein 
synthesis, including the mitogen-activated protein kinase kinase (MEK1/2)- extracellular signal-
regulated kinase (ERK1/2), and the phosphoinositide 3-kinase (PI3K) – protein kinase B (Akt) – 
mammalian target of rapamycin (mTOR) pathway, which are critical for mGluR-LTD 
expression. Made with Biorender.com. 
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2.1.3 LTD Diminishes with Synapse Maturity 

Although plasticity in the hippocampus is critical for learning and memory beyond the 

period of synaptic pruning and maturation, it becomes considerably more difficult to induce LTD 

in mature synapses. Mature synapses demonstrate a reduced capacity for plasticity, partially 

predicated on a lower proportion of NR2B/GluN2B-containing receptors, which alters the 

temporal dynamics of calcium influx required for NMDAR-dependent LTD induction (X. Zhao 

et al., 2009; Brigman et al., 2010; Cui et al., 2013). Mature synapses also have larger, more 

stable postsynaptic densities (PSDs) with increased concentrations of scaffolding proteins like 

PSD-95, which anchor AMPA receptors more firmly, limiting their lateral mobility and 

internalization during LTD induction (X. Chen et al., 2015; Kaizuka & Takumi, 2024). The 

coupling efficiency between mGluRs or NMDARs and downstream signaling pathways, 

including phosphatase activation and receptor endocytosis machinery, also diminishes with 

maturity, raising the threshold for LTD induction (Lohmann & Kessels, 2014). Taken altogether, 

while NMDAR- and mGluR-dependent LTD share a common outcome—activity-dependent 

AMPAR internalization—the molecular pathways leading to this depression are distinct and are 

influenced by synaptic maturity in the hippocampus. 

2.1.4. Link to Hippocampal-Dependent Cognitive Processes and ASD 

NMDAR- and mGluR-dependent LTD in the hippocampus are also implicated in 

behavioral/cognitive functions such as novelty detection, spatial learning, and memory flexibility 

(Kemp & Manahan-Vaughan, 2004; Ashby et al., 2021; Stacho & Manahan-Vaughan, 2022). 

Together, LTD and LTP interplay allow for the flexible updating of neural representations during 

novelty detection and spatial navigation. LTD acts as a system for resolving conflicting 

information by weakening older synaptic traces, which is essential for learning new 

environments and behavioral flexibility, while LTP is able to form new traces representing the 

updated information (Stacho & Manahan-Vaughan, 2022; Hagena & Manahan-Vaughan, 2024). 
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Overall, NMDAR and mGluR LTD pathways maintain synaptic homeostasis and fine-tune 

circuit plasticity, supporting the hippocampus' role in learning-dependent behavioral adaptations 

and episodic memory formation. These processes have significant implications for ASD; 

Disruptions in LTD can lead to impaired spatial and social learning and memory, which have 

been observed in models of ASD alongside alterations in LTD profiles (Table 2.1). Therefore, 

disruptions in LTD can have significant implications for both circuit regulation and cognitive 

function. 

Table 2.1. Autism spectrum disorders with altered LTD profiles and associated behaviours. 
Several animal models of ASD have alterations in NDMAR or mGluR-dependent LTD that co-
occur with alterations in hippocampal LTD-dependent cognitive processes. 

 

Model NMDAR-LTD mGluR-LTD Linked Behaviour Reference 

 
Nlgn1+/- 

 
Impaired 

 
Enhanced 

Deficits in contextual fear 
memory; impaired social 

memory 

(Dang et al., 
2018) 

 
Fmr1 KO 

 
Impaired or no 

change 

 
Enhanced 

 
Impairments in cognitive 

flexibility 

(Huber et 
al., 2002; 

Tian et al., 
2017) 

Shank3 
mutants 

(R87C, R375C, InsG) 

No change Impaired Impaired spatial memory 
(K. Lee et 
al., 2019) 

Tsc2+/− No change Impaired 
Impaired contextual fear 

conditioning 
(Auerbach 

et al., 2011) 
 

 
2.1.5 Objective and Hypothesis 

Although LTP has been studied in Mdga2+/- mice, LTD has yet to be studied. Therefore, 

the objective of this chapter is to investigate the potential effect of Mdga2 reduction on synaptic 

LTD in the Shaffer-Collateral pathway terminating in the CA1 of the hippocampus. There are 

several points of evidence in the synaptic physiology of Mdga2+/- mice that indicate there may be 

potential disruptions in synaptic LTD. NMDAR-mediated E-LTP is enhanced in the CA1 of 

adult Mdga2+/- mice (Connor et al., 2016), which may suggest a potential shift in NMDAR-
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mediated LTP-LTD balance. Moreover, Mdga2+/- adult mice have increased PSD-95 expression, 

which may limit the mobility and internalization of AMPAR as previously discussed (Connor et 

al., 2016; D. Zhao et al., 2025). From a theoretical standpoint, the interactions between Mdga2 

and Nlgn, and Mdga2 and TrkB receptors are known to repress synaptic development, therefore 

a reduction of Mdga2 would likely result in disinhibition of excitatory synaptic development and 

maturation during early postnatal development critical periods such as synaptogenesis and 

synaptic pruning surrounding the time when Mdga2 expression peaks (~P14) (Connor et al., 

2016; D. Zhao et al., 2025). It is hypothesized that this disinhibition will lead to early synapse 

maturation, increased recruitment of PSD proteins, and potential biases towards LTP over LTD, 

resulting in LTD deficits during postnatal neural development. It is predicted that NMDAR-

dependent LTD and/or mGluR-dependent LTD will be impaired in the CA1 in Mdga2+/- mice 

relative to WT controls aged P28-P42. 

2.2 Materials and Methods 

2.2.1 Mice 
The mutant Mdga2 allele was generated by replacing exon 1 with a LacZ-pA-PGK-Neo-

pA cassette, preventing transcription of the Mdga2 mRNA, as described in Connor et al., 2016 

(Connor et al., 2016). Mice were harem bred in-house on a C57BL/6J background by breeding 

an Mdga2+/- (HET) male with two Mgda2+/+ C57BL/6J wild-type (WT) females to produce HET 

and WT littermates. The female breeders were either bred in-house in a pure C57BL/6J line or 

obtained from Jackson Laboratories. Pups were weaned at P28 ± 1 day unless used for 

experimentation before that date. Ear notches were taken to be used as identifiers and to conduct 

genotyping via polymerase chain reaction (PCR) and gel electrophoresis. Same-sex littermates 

were housed together after weaning on a 12-hour light/dark cycle and were provided food and 

water ad libitum 
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2.2.2 Slice Preparation 

WT and HET mice were selected between P28-P42. Following swift cervical dislocation and 

decapitation, the brains were removed from the skull and submerged in 4ºC artificial 

cerebrospinal fluid (aCSF) (Table 2.2). Brains were hemi-dissected, and the hippocampi were 

removed and sliced in 400µm thick transverse sections using a manual tissue chopper. Four 

slices were taken from each ventral and dorsal end, for a total of 16 slices per animal (Figure 

2.2A). For NMDAR LTD experiments, slices recovered on a nylon mesh within an interface 

recording chamber heated to 30-31ºC for at least two hours before recording. For mGluR LTD 

experiments, the CA3 region was removed before slices were transferred to a submerged 

recovery chamber with RT oxygenated aCSF. The temperature of the aCSF was gradually 

increased to 30.5ºC over 30 minutes, and the slices were left to recover for at least two hours 

before recording. 

Table 2.2. Artificial cerebrospinal fluid for hippocampal slice preparation and 
electrophysiological recordings. The following components were dissolved in double-distilled 
water to achieve an osmolality of 300-320, and then bubbled with 95% O2/5% CO2 to adjust the 
pH to 7.4. 

 

Component Molarity (mM) Molecular Weight (g/mol) Amount per 1L ddH20 (g) 
NaCl 124 58.44 14.5 
KCl 4.4 74.55 0.656 
MgSO4 1.3 120.37 0.312 
NaH2PO4 1.0 119.98 0.240 
NaCHO3 26.3 84.01 4.42 
CaCl2 2.5 110 (1M solution) 2.5ml 
D-glucose 10 180.16 3.6 
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2.2.3 Electrophysiology Rig Set-up 

For all recordings, slices were held in a dual interface and submerged chamber (Scientific 

Systems Design Inc, BSC1-2) and continually perfused with oxygenated aCSF through gravity-

fed lines. A nylon mesh was inserted into the chamber to convert from submerged recording to 

interface recording. Extracellular excitatory postsynaptic fields were elicited by applying a 

100µs current from a constant current isolated stimulator (Digitimer Ltd, model DS3) through a 

bipolar nichrome stimulation electrode. Cellular responses were recorded with a glass 

microelectrode filled with aCSF (R=1-4MΩ). Excitatory post-synaptic field potentials (fEPSPs) 

were recorded using an Axon Instruments AxonTM Digidata®1550 digitizer and MultiClamp 

700B amplifier with Clampex 11.3 and MultiClamp 700B Commander software. 

2.2.4 NMDAR LTD Recording 

Electrodes were placed on the surface of the CA1 stratum radiatum (SR) for interface 

recording to record fEPSPs from the Schaffer-Collateral pathway (Figure 2.2B). The aCSF flow 

rate was set to 2-3mL/min. The stimulus intensity was set to elicit 50-60% of the maximum 

fEPSP, which was required to have a minimum amplitude of 1.0mV. To obtain a baseline, 

fEPSPs were recorded once per minute for 20 minutes (total of 20 sweeps) prior to LTD 

induction. NMDAR LTD was induced by 15 minutes of 1Hz low-frequency stimulation (LFS) 

(total of 900 sweeps). Following induction, recordings were taken once per minute for 60 

minutes to determine the degree and maintenance of LTD. A maximum of one ventral and one 

dorsal recording was taken from each animal. 

2.2.5 mGluR LTD Recording 

Following recovery, a single hippocampal slice was transferred from the recovery 

chamber to a submerged recording chamber and was held in place with a harp. The stimulation 

and recording electrodes were embedded into the SR of the CA1 (Figure 2.2B). The flow rate of 

aCSF was set to 2mL/min. The stimulus intensity was set to elicit 50-60% of the maximum 



35  

fEPSP, which was required to have a minimum amplitude of 1.0mV. Ten minutes before the 

start of baseline recording, 50µM DL-2-Amino-5-phosphonopentanoic acid (AP5) (HelloBio, 

batch E2043-2-8) was bath applied to the slice to block NMDARs. AP5 was continuously 

applied during the baseline recording of one stimulation per minute for 20 minutes (total of 20 

sweeps) before LTD induction. Following the 20-minute baseline, 100µM of S-3,5-

dihydroxyphenylglycine (DHPG) (HelloBio, batch E1163-5-4) was bath applied for 5 minutes at 

a rate of 2mL/min (total of 10mL) while the slice was continually stimulated once per minute. 

The DHPG was then washed out, and recordings continued at one sweep per minute for 60 

minutes. 

2.2.6 Statistical Analysis 

WinLTP 3.00 Reanalysis(W. W. Anderson & Collingridge, 2007) was used to measure 

the slope of the recorded fEPSPs (Figure 2.2C). Statistical analyses using T-tests and ANOVAs 

were conducted using GraphPad Prism 9, and linear mixed-effect models were conducted using 

RStudio (Posit team, 2025). 
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Figure 2.2. Representative images of hippocampal preparation and recording. 

(A) Representative image of hippocampus sectioning. A small amount of tissue was removed 
from each end of the hippocampus before four 400 µm-thick transverse sections were taken. 
Four slices were taken from the dorsal (left) end and four from the ventral (right) end. Created 
with BioRender.com. 
(B) Representative illustration of electrode placement in the Schafer collateral pathway and CA1 
region. For NMDAR LTD experiments, the electrodes were placed at the surface for interface 
recording. For mGluR LTD experiments, electrodes were embedded into the tissue for 
submerged recordings. RE: recording electrode. SE: stimulating electrode. DG: dentate gyrus. 
Created with BioRender.com. 
(C) Example excitatory post-synaptic field potential (fEPSP) recording. A 100µs current is 
applied, resulting in a stimulation artifact (*) followed by the presynaptic fiber volley (*) and the 
post-synaptic field potential (*). The highlighted yellow area represents the slope of the fEPSP 
measured for analysis. The y-axis represents the potential in millivolts (mV) and the x-axis 
represents time in milliseconds (ms). 
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2.2.6.1 Linear Mixed Effect Modeling 

The last 10 minutes of the 60-minute post-stimulation recordings for both NMDAR-

dependent and mGluR-dependent LTD were analyzed using a linear mixed effects model 

implemented in R (version 4.5.0) with the packages lmerTest, emmeans, ggplot2, and dplyr. The 

model tested the fixed effects of Genotype (WT, HET), Region (Dorsal, Ventral), Time 

(continuous), and their interactions on the fEPSP slope, while accounting for repeated 

measurements within a single recording/slice via a random intercept for SliceID [i.e., (1 | 

SliceID)] to account for its random effect. 

model <- lmer(fEPSP ~ Genotype * Region * Time + (1| SliceID), data=ImportedCSV) 

 
Model parameters were estimated using restricted maximum likelihood (REML). A model 

summary was generated to provide estimates, standard errors, degrees of freedom, t-values, and 

p-values for fixed effects. To further evaluate the overall significance of fixed effects and their 

interactions, a Type III analysis of variance (ANOVA) table based on Satterthwaite's 

approximation was generated. This ANOVA partitioned the variation explained by each fixed 

effect term and tested whether the variability attributed to these terms was statistically significant 

when accounting for random effects (i.e. variation within a single recording). Estimated marginal 

means (EMMs) for the genotype-by-region interaction were computed to facilitate pairwise post 

hoc comparisons within and between groups using the Sidak method for multiple comparisons. 

Predictions and confidence intervals from the fixed effects were generated over the observed 

time range and visualized using ggplot2. Residual diagnostics included residual scatterplots and 

histograms to visualize the fit of the model. 

2.3. Results 

2.3.1. NMDA Receptor-Dependent Long-Term Depression Induction and Maintenance Are 
Impaired in the Hippocampus of Mdga2+/- Mice 

Recording from the CA1 of acute hippocampal slices from WT and HET mice 
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was conducted to investigate the effects of Mdga2 reduction on NMDAR-dependent LTD 

(Figure 2.3). Following induction of LTD via 1Hz LFS, the degree of LTD was evaluated at two 

time points – the first 10 minutes following LFS, representing the induction phase, and the last 

10 minutes of the 60-minute post-stimulation recording, representing the maintenance phase. In 

both the induction and maintenance phases, there were no significant differences in the fEPSP 

slopes between the dorsal and ventral slices within either genotype, suggesting LTD induction 

and maintenance are not dependent on hippocampal region in either genotype. However, the 

average fEPSP slopes in both the induction and maintenance phases were significantly higher in 

HET slices, indicating impairments in NMDAR-dependent LTD following stimulation (First 10 

minutes, WT dorsal 67.38%±4.23%, WT ventral 61.94%±5.26%, HET dorsal 82.28%±2.52%, 

HET ventral 78.96%±1.64%; Two-way ANOVA, region F(1,28)=1.405 and p=0.8745, genotype 

F(1,28)=18.68 and p=0.0006, interaction F(1,28)=0.08261 and p=0.8572; WT dorsal-WT ventral and 

HET dorsal-HET ventral p>0.80, WT dorsal-HET dorsal p=0.0139, WT ventral-HET ventral 

p=0.0075, by Tukey’s multiple comparisons test; n=8 per group; Last 10 minutes, WT dorsal 

57.52%±3.88%, WT ventral 68.52%±5.52%, HET dorsal 83.39%±3.52%, HET ventral 

84.75%±2.37%; Two-way ANOVA, region F(1,28)=0.02540 and p=0.2458, genotype F(1,28)=15.14 

and p=0.0002, interaction F(1,28)=0.03300 and p=0.7759; WT dorsal-WT ventral and HET dorsal-

HET ventral p>0.30, WT dorsal-HET dorsal p=0.0081, WT ventral-HET ventral p=0.0029, by 

Tukey’s multiple comparisons test; n=8 per group) (Figure 2.3A-C). 

T-tests and ANOVAs are commonly used to analyze electrophysiological experiments 

with an ongoing time component, such as LTD and LTP experiments, by averaging data points 

across time points for each experiment to produce a single data point per experiment. While this 

is a powerful analysis to determine overall changes in fEPSP size or slope, it removes the time 

component of the experiment from the analysis. Additionally, it does not consider variation 



39  

between measurements in the overall recording, which can represent the stability of the 

recording, or any changes in field size as a function of time, which can represent growing or 

decaying synaptic responses. Therefore, an additional analysis using a linear mixed effect model 

(LMM) was conducted in addition to the ANVOA for the last 10 minutes of the 60-minute post 

stimulation recording (Figure 2.3D-E). An LMM allows the analysis to incorporate both fixed 

effects—such as genotype and region, which reflect systematic differences between groups—

and random effects, such as variation between slices, which account for repeated measures and 

random variation in the field size within a recording. By modeling these repeated measurements 

within the same slice as random effects, the LMM corrects for non-independence and retains all 

information about how the data change over time and between groups (Yu et al., 2022) (refer to 

the Methods section for information regarding the model). 

In the fixed effects estimates, the genotype HET coefficient indicated an estimated 

increase in fEPSP slope of 11.14% compared to WT (REML; estimate =11.14, t = 1.95, p = 

0.061). The Genotype-by-Time interaction also showed a trend towards increasing slope over 

time in HET slices (REML, t = 1.96, p = 0.051), however it is worth noting that this change was 

very marginal at 0.3832% per minute. The ANOVA with Satterthwaite's method revealed a 

significant effect of genotype (Type III ANOVA; genotype F=8.6772, p=0.006247). There was 

no significant main effect of region or time, nor were there any significant interactions. Post hoc 

EMM testing revealed trending higher fEPSP slopes in HET compared to WT in the dorsal 

region (estimate = 12.9, p = 0.060 with Sidak’s method) and a significant difference in the 

Ventral region (estimate = 13.4, p = 0.049, Sidak’s method) (Figure 2.3D-E). For the full output 

of the NMDAR-dependent LTD LMM see Appendix A. Taken together with the results of the 

two-way ANOVA, it can be concluded that a reduction of Mdga2 impairs the induction and 

maintenance phase of NMDAR-dependent LTD in a manner which is independent of CA1 
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location along the dorsal-ventral axis. 
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Figure 2.3. NMDAR-dependent LTD induction and maintenance are impaired in Mdga2+/- (HET) 
slices compared to Mdga2+/+ wild-type (WT) controls. 

(A) fEPSP slopes (% of baseline) 20 minutes before and 60 minutes following LTD induction 
via low frequency stimulation (LFS; 1Hz for 15mins) in HETS and WT controls. Data 
represent pooled dorsal and ventral slices (n=16). Inset traces represent example fEPSPs 
showing the degree of depression (darker trace) relative to baseline (lighter trace) in the last 
ten minutes of the one-hour post-stimulation recording. 

(B) There is a strong main effect of genotype, and no effect of hippocampal CA1 region, nor any 
interaction between factors during the induction phase (first 10 minutes) following 
stimulation (WT dorsal 67.38%±4.23%, WT ventral 61.94%±5.26%, HET dorsal 
82.28%±2.52%, HET ventral 78.96%±1.64%; Two-way ANOVA, region F(1,28)=1.405 and 
p=0.8745, genotype F(1,28)=18.68 and p=0.0006, interaction F(1,28)=0.08261 and p=0.8572; 
**p<0.01 by Tukey’s multiple comparison test). 

(C) There is a strong main effect of genotype, and no effect of hippocampal CA1 region, nor any 
interaction between factors during the maintenance phase (last 10 minutes) following 
stimulation (WT dorsal 57.52%±3.88%, WT ventral 68.52%±5.52%, HET dorsal 
83.39%±3.52%, HET ventral 84.75%±2.37%; Two-way ANOVA, region F(1,28)=0.02540 
and p=0.2458, genotype F(1,28)=15.14 and p=0.0002, interaction F(1,28)=0.03300 and 
p=0.7759; *p<0.05, **p<0.01 by Tukey’s multiple comparison test). 

(D) Linear mixed effect modeling of the last 10 minutes (minutes 50-60) following 15 minutes 
of LFS demonstrating a main effect of genotype on fEPSP slope independent of 
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hippocampal CA1 location along the dorsal-ventral axis. Highlighted area represents 95% 
confidence intervals (Type III ANOVA; genotype F=8.6772, **p=0.006247). 

(E) Residual plot (left) and histogram of z-score standardized residuals (right) showing a normal 
distribution of residuals with a majority of residuals within 2-3 standard deviations, 
indicating that the linear mixed effect model is a good fit. 
Error bars indicate SEM. 
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2.3.2. NMDAR Activation Via Low-Frequency Stimulation Does Not Depress Mdga2+/-

Synapses to Wild-Type Levels 

To further investigate the impairment of NMDAR-dependent LTD in HET slices, the 

responses during the 15-minute 1Hz LFS were analyzed. Both groups showed the initial rapid 

potentiation during the first minute, followed by progressive depression over the course of the 

LFS (Figure 2.4). When binned into one-minute intervals, it was found that the average fEPSPs 

were significantly higher in the HET group starting at minute two, with the difference in 

magnitude continuing to grow until minute 15 (Multiple unpaired t-tests with two-stage step-up 

Benjamini, Krieger, and Yekutieli method, FDR(Q)=0.05, min 1-6 #q<0.05, min 7-15 ##q<0.01; 

n=16) (Figure 2.4B). To ensure that any effect was not lost due to averaging over large, 1-minute 

bins (60 sweeps), analysis was also run with 5-second bins (5 sweeps) (Figure 2.4A, C-E). It was 

found that there was no significant difference in the maximum potentiation between WT and 

HET slices (WT, 117.5% ± 1.67%, HET, 121.3% ± 3.76%; Welch’s t-test, t20.6=0.909, p=0.374; 

n=16) (Figure 2.4C). The fEPSPs plateaued 17.03% ± 5.65% higher in the HET slices by the end 

of the LSF relative to WT slices (WT, 70.1% ± 4.76%, HET, 87.1% ± 3.05%; Welch’s t-test, 

t25.5=3.01, p=0.0058; n=16) (Figure 2.4D) and the overall depression of the fEPSPs from peak 

potentiation to the plateau was 13.26% ± 5.23% lower in HET slices (WT, 47.4% ± 4.72%, HET 

34.2% ± 2.26%; Welch’s t-test, t21.5=2.53, p=0.0191; n=16) (Figure 2.4E). Both the 1-minute 

and 5-second bins confirm that both WT and HET slices potentiate initially to the same degree, 

but the HET slices show impaired depression during the 15-minute 1Hz LFS, indicating that it is 

an induction deficit causing impairments in NMDAR-dependent LTD. 
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Figure 2.4. 15 min 1Hz low frequency stimulation to activate NMDA receptors does not 
depress synapses in Mdga2+/- (HET) slices to the same level as Mdga2+/+ (WT) slices. 
(A) fEPSP slopes (% of baseline) in 5-second bins during the 15 minutes of 1Hz LFS in HETs 

and WT controls. Data represent pooled dorsal and ventral slices (n=16). 
(B) Mdga2 HETs display larger fEPSP slopes during 15 minutes of 1Hz LFS from minute 2-15. 

Each data point represents the mean of 1-minute bins (60 sweeps) from each animal. 
(Multiple unpaired t-tests with two-stage step-up Benjamini, Krieger, and Yekutieli method, 
FDR(Q)=0.05, #q<0.05, ##q<0.01; n=16). 

(C) The peak of the fEPSP slopes (% of baseline) did not differ between WT and HET 5-second 
bins (WT, 117.5% ± 1.67%, HET, 121.3% ± 3.76%; Welch’s t-test, t20.6=0.909, p=0.374; 
n=16). 

(D) The minimum (trough) of the fEPSP slopes (% of baseline) is significantly larger in the HET 
group than the WT group (5-second bins) during 15 minutes of 1Hz LFS, indicating that the 
HET synaptic responses do not decay to the same level as WT (WT, 70.1% ± 4.76%, HET, 
87.1% ± 3.05%; Welch’s t-test, t25.5=3.01, **p=0.0058; n=16). 

(E) The total range of the fEPSP slopes (% of baseline) from the maximum to the minimum is 
significantly smaller in the HET group than the WT group (5-second bins) during the 15 
minutes of 1Hz LFS (WT, 47.4% ± 4.72%, HET 34.2% ± 2.26%; Welch’s t-test, t21.5=2.53, 
*p=0.0191; n=16). 
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2.3.3. mGluR-dependent LTD Remains Intact in Mdga2+/- Slices but Reduced Dorsal-Ventral 
Distinction in the Maintenance Phase 

To determine if the deficits observed in NMDAR-dependent LTD in Mgda2+/- slices is 

pathway specific or if LTD deficits were universal and independent from induction pathway, mGluR 

LTD was tested via application of 100µm S-DHPG (Figure 2.5). Similar to the analysis of the 

NMDAR-dependent LTD, the degree of mGluR-dependent LTD was evaluated at two time points – 

the first 10 minutes following the 5-minute application of S-DHPG and a 5-minute washout, 

representing the induction phase, and the last 10 minutes of the 60-minute recording following S-

DHPG application, representing the maintenance phase. In line with previously established patterns, 

mGluR-dependent LTD was significantly enhanced in WT ventral slices relative to WT dorsal slices 

in both the induction and maintenance phases (Tidball et al., 2017). Interestingly, this pattern was 

observed only in the induction phase of HET slices, with no significant difference in field size 

between HET dorsal and HET ventral slices during the maintenance phase. Unlike the NMDAR-

dependent LTD, there was no difference in LTD induction or maintenance between genotypes within 

each region (First 10 minutes, WT dorsal 78.88%±2.48%, WT ventral 57.66%±3.83%, HET dorsal 

72.17%±3.52%, HET ventral 58.19%±5.58%; Two-way ANOVA, region F(1,28)=19.24 and 

p=0.0001, genotype F(1,28)=0.5947 and p=0.4471, interaction F(1,28)=0.8147 and p=0.3744; WT 

dorsal-WT ventral p=0.0008, HET dorsal-HET ventral p=0.0202, WT dorsal-HET dorsal p=0.2465, 

WT ventral-HET ventral p=0.9266, by Tukey’s multiple comparisons test; n=8 per group; Last 10 

minutes, WT dorsal 77.52%±1.89%, WT ventral 63.48%±3.36%, HET dorsal 72.27%±3.00%, HET 

ventral 65.46%±3.26%; Two-way ANOVA, region F(1,28)=12.60 and p=0.0014, genotype 

F(1,28)=0.3111 and p=0.5815, interaction F(1,28)=1.515 and p=0.2286; WT dorsal-WT ventral 

p=0.0021, HET dorsal-HET ventral p=0.1123, WT dorsal-HET dorsal p=0.2164, WT ventral-HET 

ventral p=0.6377, by Tukey’s multiple comparisons test; n=8 per group) (Figure 2.5A-C). The results 

of the LMM analysis were consistent with the two-way ANOVA analysis; In the fixed effects 
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estimates, the coefficient for region indicated a significant decrease in fEPSP slope in ventral slices 

compared to dorsal (REML; estimate = -12.80, t = -2.96, p = 0.0057). There was no significant effect 

of genotype, time, or any interaction terms on fEPSP slope. The coefficient for the genotype HET 

was not significant, showing a small estimated decrease of 4.17 percent compared to WT (REML; t 

= -0.96, p = 0.34). The Genotype-by-Region interaction term also failed to reach significance 

(REML; t = 1.04, p = 0.31). The ANOVA with Satterthwaite's method revealed a significant effect 

of region (Type III ANOVA; region F = 9.89, p = 0.0035), confirming that fEPSP slopes were 

different between ventral and dorsal slices. Genotype, time, and all interaction terms were not 

significant in the ANOVA. Post hoc EMM testing found a significant difference in fEPSP slope 

between WT slices in the dorsal and ventral regions (estimate = 14.04, p = 0.0043 with Sidak’s 

method), while the HET ventral versus HET dorsal comparison was not significant (estimate = -6.81, 

p = 0.21, Sidak’s method) (Figure 2.5D-E). 

For the full output of the mGluR-dependent LTD LMM, see Appendix B. Overall, it can be 

concluded that mGluR-LTD is not impaired when Mdga2 is reduced. However, the regional 

difference in LTD seen in WT slices—with stronger depression in ventral than dorsal 

hippocampus—appears to be diminished in Mdga2+/- slices during the maintenance phase. These 

findings indicate that, unlike NMDAR-dependent LTD, mGluR-dependent LTD does not exhibit 

genotype-dependent deficits, but may display subtle alterations in the pattern of regional synaptic 

plasticity when Mdga2 is reduced. 
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Figure 2.5. mGluR-dependent LTD is intact in Mdga2+/- (HET) slices, but loses distinction 
in amplitude between dorsal and ventral regions in the maintenance phase. 

(A) fEPSP slopes (% of baseline) 20 minutes before and 60 minutes following LTD induction 
via 100µm S-DHPG in the dorsal and ventral region of WT and HET hippocampal slices. 
Inset traces represent example fEPSPs showing the degree of depression (darker trace) 
relative to baseline (lighter trace) in the last ten minutes of the one-hour post-drug 
administration recording. 

(B) There is a main effect of CA1 hippocampal region (dorsal vs ventral) but no main effect 
of genotype nor any interaction between factors during the induction phase (first 10 mins 
following 5 min washout) following drug application. (WT dorsal 78.88%±2.48%, WT 
ventral 57.66%±3.83%, HET dorsal 72.17%±3.52%, HET ventral 58.19%±5.58%; Two-
way ANOVA, region F(1,28)=19.24 and p=0.0001, genotype F(1,28)=0.5947 and 
p=0.4471, interaction F(1,28)=0.8147 and p=0.3744; *p=0.0202, ***p=0.0008, n=16) 

(C) There is a main effect of CA1 hippocampal region (dorsal vs ventral) but no main effect 
of genotype nor any interaction between factors during the maintenance phase (last 10 
minutes) of recording following drug application (WT dorsal 77.52%±1.89%, WT ventral 

63.48%±3.36%, HET dorsal 72.27%±3.00%, HET ventral 65.46%±3.26%; Two-way 
ANOVA, region F(1,28)=12.60 and p=0.0014, genotype F(1,28)=0.3111 and p=0.5815, 
interaction F(1,28)=1.515 and p=0.2286; **p=0.0021, n=16). 

(D) Linear mixed effect modeling of the last 10 minutes (minutes 50-60) following 15 minutes 
of LFS. Highlighted area represents 95% confidence intervals (ANOVA with Sidak 
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method; **p<0.01). 
(E) Residual plot (left) and histogram of z-score standardized residuals (right) showing a 

normal distribution of residuals with a majority of residuals within 2-3 standard 
deviations, indicating that the linear mixed effect model is a good fit. 
Error bars represent SEM. 
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2.4. Discussion 

Overall, NMDAR-dependent LTD induction is impaired in the CA1 of Mdga2+/- acute slices. 

In contrast, mGluR-dependent LTD induction via DHPG remains intact, but with a potential loss 

of the dorsal-ventral distinction in the amplitude of LTD maintenance. The WT controls showed 

a robust increase in the degree of mGluR-dependent LTD in the ventral CA1 relative to the 

dorsal CA1, demonstrating that the loss of dorsal-ventral distinction in the Mdga2+/- slices was 

due to the reduction of Mdga2 and not the slicing, induction, or recording methodology. 

The deficit in NMDAR-LTD induction but not mGluR-LTD induction or expression 

indicates that a reduction in Mdga2 selectively impairs NMDAR-related activity or intracellular 

signaling and does not reflect an overall inability of the synapses to undergo activity-dependent 

weakening or associated AMPAR internalization. Taken together with enhanced NMDAR-

dependent E-LTP in acute hippocampal slices from Mdga2+/- mice (Connor et al., 2016), 

impaired NMDAR-LTD is likely due to a shift in NMDAR LTD-LTP balance rather than a 

global decrease in NMDAR activity or signaling. Both NMDAR-LTD and LTP are driven by an 

increase in post-synaptic intracellular calcium concentrations ([Ca+2]i); however, the temporal 

dynamics and amplitude of [Ca+2]i dictate the direction of plasticity (Mizuno et al., 2001), Brief, 

high-amplitude [Ca+2]i transients favor activation of calcium/calmodulin-dependent protein 

kinase II (CaMKII) and other kinases that promote AMPAR insertion and LTP induction. In 

contrast, prolonged but moderate [Ca+2]i elevation activates protein phosphatases such as 

calcineurin and PP1, leading to AMPAR dephosphorylation and internalization underlying LTD 

(Mulkey et al., 1993; Cummings et al., 1996; S.-N. Yang et al., 1999). This is mimicked in most 

electrical stimulation induction protocols of early LTD and LTP, with high-frequency 

stimulation of 50-100Hz for 1 minute being commonly used to induce LTP and low-frequency 

stimulation of 1-3Hz for 5-15 minutes being used to induce LTD (Lüscher & Malenka, 2012). 
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In Mdga2+/- mice, alterations in NMDAR subunit composition — particularly increasing 

GluN2A-containing NMDARs — likely change calcium influx profiles. GluN2B-containing 

receptors, which have slower deactivation kinetics and higher calcium permeability, are critical 

for the prolonged [Ca+2]i elevations needed for LTD induction, whereas GluN2A-containing 

receptors exhibit fast activation and deactivation kinetics, leading to brief but high-amplitude 

calcium influx into postsynaptic neurons, primarily associated with LTP induction (Bartlett et 

al., 2007; L. Liu et al., 2004; Iacobucci & Popescu, 2018). An increased GluN2A/GluN2B ratio 

could favor faster but shorter calcium transients, thus biasing synapses towards LTP over LTD, 

which is consistent with the finding that cultured hippocampal slices lacking Mdga2 and acute 

hippocampal slices from Mdga2 cKO mice have an increased expression of GluN2A subunits 

with no change in GluN2B subunits (S. Kim et al., 2024). This potential mechanism is 

consistent with mGluR-LTD remaining intact in the presence of the NMDA antagonist AP5; in 

contrast to NMDAR-LTD, mGluR-LTD does not rely on extracellular influx of calcium, but on 

the release of calcium from intracellular stores such as the endoplasmic reticulum (Pinar et al., 

2017). Therefore, changes in ionotropic receptor kinetics would have minimal effects on the 

induction or maintenance of NMDAR-independent mGluR-LTD. To test this new hypothesis 

and to serve as a potential rescue, experiments involving non-saturating levels of a GluN2A 

antagonist, such as NVP-AAM077, could be used during NMDAR-LTD experiments to 

determine if partial blockage of GluN2A restores NMDAR-LTD in Mdga2+/- slices to WT 

levels. 

Hippocampal-dependent behaviours observed in Mdga2+/- mice can also be linked to 

impairments in NMDAR-LTD. NMDAR-LTD is critical for the consolidation, but not the initial 

acquisition, of contextual fear conditioning (X. Liu et al., 2014). This is consistent with the 

observed impairments in Mdga2+/- mice during foot-shock contextual fear conditioning tasks, 
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where the initial learning of the foot-shock and location pairing is intact, but deficits in 

contextual fear memory are evident 24 hours later and persist up to seven days after training 

(Connor et al., 2016; X. Wang et al., 2024). NMDAR-LTD, but not LTP, is critical for spatial 

memory consolidation in the Morris water maze test (Ge et al., 2010). Although Mdga2+/- mice 

can improve latency to a hidden platform within a few trials, this spatial memory is impaired 

when probed three days after training (Connor et al., 2016). Overall, Mdga2+/- hippocampal 

slices from both the dorsal and ventral region demonstrate deficits in NMDAR-LTD induction 

which may contribute directly to select cognitive impairments and is consistent with enhanced 

NMDAR-dependent E-LTP observed in Mdga2+/- mice. 

mGluR-LTD can be robustly induced by DHPG in both dorsal and ventral CA1 regions in 

Mdga2+/- mice, indicating normal function of group I mGluR signaling and core downstream 

effectors; however, the regional difference is abolished in the maintenance phase, with the dorsal 

CA1 of Mdga2+/- mice having slightly, but not significantly, enhanced mGluR LTD than WT 

controls. Although there was a significant difference between the dorsal and ventral regions in 

Mdga2+/- slices in the induction phase, this difference was abolished in the maintenance phase. In 

WT animals, the ventral hippocampus has a significantly higher expression of mGluR1, but not 

mGluR5, in both the SR and the stratum lacunosum-moleculare (SLM) (Dubovyk & Manahan-

Vaughan, 2018). It is possible that a reduction in Mdga2 could result in this difference being 

abolished as excitatory synaptic development is disinhibited, or that there is an effect on 

intracellular signaling cascades or protein translation pathways required for mGluR-LTD. 

However, it is worth noting that there is a higher level of variance in experiments from ventral 

slices of Mdga2+/- mice relative to other groups, and it is possible that this increase in variance is 

occluding a potential true difference between regions in Mdga2+/- slices. It may be beneficial to 

increase the sample sizes in each group before making definitive conclusions. 
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Chapter 3: Characterization of Hippocampal CA1 Synaptic Spine Density and Morphology 
Through Postnatal Development 

3.1 Introduction 

3.1.1 Biological Function, Structure, and Development of Synaptic Spines 

Most excitatory inputs onto pyramidal neurons in the hippocampal CA1 are located on 

small protrusions of dendrites called synaptic/dendritic spines (Megías et al., 2001; von Bohlen 

Und Halbach, 2009). Synaptic spines were first identified as a structure on neurons by Santiago 

Ramon y Cajal in 1888 by utilizing the Golgi staining technique developed by Camillo Golgi, 

which contributed to Cajal and Golgi receiving the Nobel Prize for Physiology and Medicine in 

1906 (García-López et al., 2007; Nobel Prize in Physiology or Medicine 1906, n.d.). Since their 

discovery, an abundance of research has been conducted relating to the function and dynamic 

modulation of synaptic spines, along with their connection to functional and structural plasticity. 

Synaptic spines are actin-rich protrusions that are generally composed of a head region 

containing the post-synaptic density (PSD) and a narrow neck region that connects to the 

dendritic shaft allowing for a greater area on the dendrite for synaptic input and for the 

compartmentalization of biochemical and electrical signals within individual synapses (Figure 

3.1)(Nimchinsky et al., 2002; Arellano et al., 2007). This structural compartmentalization allows 

individual excitatory synapses to undergo plasticity independently, which supports the fine-

tuning of synaptic strength and input specificity during integration (Yuste & Denk, 1995; 

Nimchinsky et al., 2002). In contrast, inhibitory synaptic inputs are often located directly on 

dendritic shafts or the soma in CA1 pyramidal neurons (Megías et al., 2001), where they can 

exert shunting or hyperpolarizing effects that influence the integration of multiple excitatory 

inputs by reducing membrane resistance or directly opposing depolarization (Villa & Nedivi, 

2016; Boivin & Nedivi, 2018). The balance and interaction between excitation on spines and 

inhibition on shafts allow neurons to integrate and filter synaptic inputs with high spatial and 
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temporal precision, shaping synaptic plasticity and modulating neuronal output in a branch-

specific manner to maintain circuit stability and support complex computations (Villa & Nedivi, 

2016; Boivin & Nedivi, 2018; Horton et al., 2024). 

During development, dendritic spine morphology undergoes significant changes that 

reflect the maturation of synaptic circuits. In the early postnatal period, neurons predominantly 

display dendritic filopodia, which are thin, highly dynamic protrusions lacking a defined spine 

head that actively sample the local environment for presynaptic partners. These filopodia 

frequently transform into immature spines upon establishing contact with axonal boutons, 

initiating synaptogenesis (Ziv & Smith, 1996; Fiala et al., 1998). As synaptic spines continue to 

mature and develop, they begin to retract close to the dendritic shaft and form a well-defined 

head and narrow neck (Zito et al., 2009; Gipson & Olive, 2017). The classification of spines 

according to their length and head width is commonly used to gauge their maturity; spine types 

range from least to most mature as filopodia, thin, stubby, mushroom, and branched spines, 

respectively (Nimchinsky et al., 2002; Risher et al., 2014) (Figure 3.1). During dendritic spine 

maturation, immature filopodia-like protrusions transform into stable, mushroom-shaped spines 

through coordinated signaling that reorganizes the actin cytoskeleton and expands the PSD by 

recruiting and clustering scaffolding proteins (e.g., PSD-95), receptors (AMPA and NMDA), 

and signaling complexes (Nimchinsky et al., 2002; Ethell & Pasquale, 2005; Nourbakhsh & 

Yadav, 2021). In addition to changes during development, synaptic spines exhibit dynamic 

morphological changes that correspond closely with both LTP and LTD. During LTP, spine 

heads typically undergo rapid expansion and enlargement, accompanied by actin polymerization 

and increased PSD size (Lin et al., 2005; Y. Yang et al., 2008). Conversely, LTD is associated 

with spine shrinkage or reduction in spine volume through the depolymerization of filamentous 

actin and autophagy-mediated degradation of PSD-95 (Zhou et al., 2004; Compans et al., 2021). 
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Overall, synaptic spines are highly dynamic structures whose morphology and molecular 

composition closely correlate with development and plasticity. Their maturation involves 

coordinated extracellular signaling, intracellular cascades, actin remodeling, and expansion of the 

postsynaptic density, all of which contribute to spine growth and stabilization. These processes 

enable individual spines to independently regulate synaptic strength, supporting the fine-tuning 

of neuronal circuits essential for learning, memory, and cognitive flexibility. 
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Figure 3.1. Illustration of a synaptic spine and the different subcategories. Synaptic spines 
typically consist of an actin-rich bulbous head region connected to the dendrite by a narrow neck, 
allow for chemical and electrical compartmentalization. The head region contains the post 
synaptic density (PSD) which includes various scaffolding proteins which anchor post-synaptic 
receptors and proteins like AMPAR and NMDARs. As spines mature, their morphology changes 
as the spine retracts closer to the dendrite, the head width enlarges, and the neck becomes more 
defined. Synaptic spines are often classified as filipodia, (long) thin, stubby, mushroom, and 
branched to indicate their gross morphology and maturity. Adapted from Gipson & Olive, 2017 
and made with Biorender.com. 
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3.1.2. Synaptogenesis and Synaptic Pruning 

Synaptogenesis and synaptic pruning are fundamental, complementary processes that 

collectively refine neural circuits by balancing surplus synapse formation with the selective 

elimination of redundant or weak connections. During early development, the overproduction of 

synapses generates a surplus of potential connections, providing a scaffold for diverse neural 

inputs that can be selectively stabilized or removed (Sakai, 2020). Synaptic pruning refines this 

initially imprecise wiring through activity-dependent mechanisms governed largely by Hebbian 

plasticity principles (Piochon et al., 2016; Faust et al., 2021), with an initial rapid period of 

elimination followed by a decrease in elimination rate, which optimizes the efficiency of 

networks (Navlakha et al., 2015). The interplay of synaptogenesis and pruning enhances circuit 

specificity, efficiency, and computational capacity by ensuring that only appropriately patterned 

synaptic connections persist. This refinement improves signal-to-noise ratio within neural 

networks, promoting functional segregation and integration necessary for precise information 

processing (Faust et al., 2021). 

In the CA1 region of the mouse hippocampus, synaptogenesis begins during the early 

postnatal period and continues into adolescence. Excitatory synapses begin to rapidly form 

around P5–7, coinciding with the emergence of dendritic spines on CA1 pyramidal neurons. By 

P10–P15, the density of spines increases sharply as axons from Schaffer collateral inputs of CA3 

neurons establish functional glutamatergic synapses (Collin et al., 1997; Lohmann & Kessels, 

2014). During this time, spines are mostly thin and filopodia-like, serving as exploratory 

structures that sample presynaptic partners (Ziv & Smith, 1996; Zito et al., 2009). Early synapse 

formation depends on cell-adhesion molecules such as neuroligins, neurexins, and SynCAMs, 

which align pre- and postsynaptic specializations (Craig & Kang, 2007; Krueger et al., 2012; Qi 

et al., 2022). Synaptic density peaks at approximately P21, and as spines begin to mature through 
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P15–P30, there is a transition from motile filopodia to stable, mushroom-shaped spines with 

expanded PSDs and compartmentalized calcium signaling (Ethell & Pasquale, 2005; Semple et 

al., 2013; Y. Yang et al., 2024). Maturation involves the coordinated regulation of the actin 

cytoskeleton by small Rho GTPases such as Rac1, RhoA, and Cdc42, which are activated 

downstream of NMDARs, TrkB–BDNF signaling, and EphB–ephrinB interactions (Nimchinsky 

et al., 2002; Ethell & Pasquale, 2005; Nourbakhsh & Yadav, 2021).. These pathways promote 

the assembly of scaffolding proteins (e.g., Homer, Shank, SAPAP) and receptor clustering, 

strengthening synaptic transmission and spine stability (Ethell & Pasquale, 2005). Concurrently, 

glial-derived cues, such as astrocytic thrombospondins and cholesterol, further promote synapse 

maturation, while microglia begin to survey and refine connections (Akinlaja & Nishiyama, 

2024). 

Following the burst of synaptogenesis, synaptic pruning refines the CA1 network by 

eliminating weak or redundant synapses. This process peaks around P30–P45 in mice, coinciding 

with the end of adolescence, and results in a net decrease in spine density as mature circuitry is 

established (Semple et al., 2013; Faust et al., 2021). Activity-dependent pruning is largely 

mediated by microglia through the complement system (C1q–C3–CR3), which tags less-active 

synapses for removal (Paolicelli et al., 2011; Gomez-Arboledas et al., 2021). NMDAR activity 

and calcium-dependent phosphatases such as calcineurin contribute to the selective weakening of 

spines destined for elimination, often through LTD-like mechanisms that cause AMPA receptor 

internalization and spine shrinkage (Zhou et al., 2004; Ethell & Pasquale, 2005; Piochon et al., 

2016). Conversely, spines that experience strong, correlated pre- and postsynaptic activity are 

stabilized through LTP-dependent signaling, reinforcing Hebbian refinement (De Roo et al., 

2008b; Ethell & Pasquale, 2005). 
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3.1.3. Link to ASD 
Human and animal model research increasingly indicates that atypical synaptic density 

and altered synaptogenesis or synaptic pruning may contribute to the pathophysiology of ASD. 

Recent studies using advanced brain imaging techniques have revealed that individuals with 

ASD often exhibit reduced synaptic density across multiple brain regions which correlates 

strongly with the severity of social and communication deficits characteristic of the disorder 

(Matuskey et al., 2024). Conversely, postmortem human studies have also demonstrated cases of 

excessive synaptic density linked to impaired pruning mechanisms mediated by pathways such 

as mTOR signaling (Tang et al., 2014). The resulting synaptic overabundance or deficit likely 

alters the E/I balance and impairs circuit refinement, possibly contributing to altered network 

connectivity and functional hyper- or hypo-connectivity observed in autistic brains (Rubenstein 

& Merzenich, 2003; Nomi & Uddin, 2015; Canitano & Palumbi, 2021). Alterations in synaptic 

density and deficits in spine maturation, synaptogenesis, and pruning have been found in a 

multitude of rodent models of ASD, including FMR1 KO, Shank3 InsG3680, Tsc2+/-, and 

Cntnap2 KO, supporting the findings in limited human studies (G. R. Anderson et al., 2012; 

Comery et al., 1997; C. Huang et al., 2023; Shimada & Yamagata, 2022) . Overall, Disruptions 

to spine maturation, synaptogenesis, and/or pruning can cause E/I imbalance as a deficit in 

excitatory spine density can lead to hypo-activity, while an excess of excitatory spine density can 

cause hyper-activity and an increase noise-to-signal ratios, which is consistent with the 

neuropathology of ASD (Gatto & Broadie, 2010; Limon & Corona-Moreno, 2025). 

3.1.4 Objective and Hypothesis 

In the Mdga2+/- model of ASD, there is an increase in excitatory synaptic density in the 

CA1 SR in adulthood but no alterations in spine length, width, or PSD area (Connor et al., 2016; 

D. Zhao et al., 2025). Interestingly, there is still a selective increase in excitatory synapse density 

in the stratum oriens (SO), SR, and SLM of the CA1 6-7 weeks following Mdga2 conditional 
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knock out in CA1 pyramidal neurons at 5-6 weeks of age suggesting an ongoing role of Mdga2 

in maintaining excitatory synaptic density beyond the period of synaptogenesis (X. Wang et al., 

2024). This is accompanied by an increase in excitatory signaling in both Mdga2+/- and Mdga2-

cKO models (Connor et al., 2016; X. Wang et al., 2024; D. Zhao et al., 2025), again pointing to 

hyperactivity contributing to alteration in E/I balance. Studies involving Mdga2 models provide 

evidence from adulthood that there is a dysregulation of excitatory synaptic development, 

however, it is unclear if this is due to excessive synaptic formation or a deficit in synaptic 

pruning, both of which would contribute to increased synaptic density in adulthood. Moreover, it 

is possible that although there is no difference in synaptic width or PSD area in adulthood, there 

are transient differences in spine morphology during development that could indicate pre-mature 

maturation of spines, which would be consistent with disinhibition of excitatory synaptic 

development.  

Determining the time in development when differences begin to manifest can provide 

valuable insight into optimal periods for intervention, which is especially useful in 

neurodevelopmental disorders that manifest early in life, such as ASD. Therefore, the objective 

of this chapter is to investigate the effect of Mdga2 reduction on synaptic spine density and 

morphology is the SR of the CA1 throughout the period of synaptogenesis and pruning using 

Golgi-Cox staining at ages P14, P21, P28, and P42. It is hypothesized that the disinhibition of 

excitatory synaptic development caused by a reduction in Mdga2 will lead to pre-mature spine 

maturation, which may lead to deficits in pruning, as well as excessive synaptogenesis. The 

predictions that accompany this hypothesis include: (a) an increase is spine width and higher 

proportion of mature spine classifications (mushroom, branched) and less immature 

classifications (filipodia, thin) early in development (P14-P28); (b) a higher peak synaptic 

density at P21; (c) a persistent increase in spine density during the period of synaptic pruning 
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following peak synaptic density (P28-P42); and (d) partial or complete normalization of spine 

length and width by P42, indicating a shift in maturation as opposed to a global change in spine 

morphology into adulthood. 

3.2 Materials and Methods 

3.2.1 Golgi-Cox Preparation 

Golgi-cox staining was conducted with HET and WT littermates sacrificed at P14, P21, 

P28, and P42. Three mice per age and genotype were used, with the three mice per group from 

different litters to reduce litter effects and maximize genetic diversity. The mice were sacrificed 

via cervical dislocation and decapitation, followed by rapid removal of the brain. Extracted 

brains were rinsed and hemi-dissected, with the exception of the P14 brains, which remained 

intact. The brains were processed as per the instructions of the FD Rapid GolgiStain™ Kit, 

which included treatment with an impregnation solution containing potassium dichromate, 

potassium chromate, and mercuric chloride, followed by a tissue-protectant solution. Brains were 

coated with tissue-freezing medium (TFMTM, Electron Microscopy Sciences) and flash-frozen 

with -70ºC isopentane and stored at -80ºC until sectioning. 

3.2.2 Tissue Sectioning and Slide Preparation 

Treated brains were cryosectioned with a Microm HM525 NX cryostat at a chamber 

temperature of -23°C. Coronal brain sections were cut sequentially from the caudal (posterior) 

end of the mouse brain, moving rostrally (toward the anterior) with a thickness of 100µm, which 

facilitates high-quality imaging of neuronal spines. The Allen Mouse Brain Atlas (Allen 

Institute for Brain Science, 2004) and Allen Reference Atlas – Mouse Brain (Allen Institute for 

Brain Science, 2011) were used as references to identify slices containing the hippocampus, 

which were collected and mounted onto gelatin-coated slides (FD Neurotechnologies) (Figure 

3.2A). Slides were dried overnight and then stained in accordance with the FD Rapid 

GolgiStainTM Kit (information regarding the specific chemical identity of the staining solution is 
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withheld as a trade secret by FD neurotechnologies). Slides were then serially dehydrated with 

ethanol and cleared with xylene before cover slipping. 

3.2.3 Brightfield Microscopy Imaging 

Images of secondary and tertiary proximal apical dendrites of CA1 pyramidal neurons 

were taken via brightfield microscopy with a Zeiss Axio Observer.Z1/7 microscope utilizing an 

Alpha Plan-Apochromat 100x/1.46 Oil DIC (UV) M27 objective lens. Dendrites were selected if 

they were attached to an intact primary apical dendrite and soma, and had a minimum length of 

30µm (Figure 3.2). Z-stacks were taken of each dendritic segment with an optical slice thickness 

of 0.500µm, an exposure time of 478ms, and a light intensity of 75.7% from the transmitted light 

LED source. Images were acquired using an AxioCam MR R3 camera with ZEN 2.6 blue edition 

software. 

3.2.4 Image Analysis 

Images were imported into ImageJ as hyperstacks. The brightness and contrast were 

automatically adjusted by ImageJ, followed by the application of the unsharp mask filter with a 

radius of 5 pixels and a mask weight of 0.6. Hyperstacks were then converted to RGB color and 

exported as an image sequence. These image sequences were then imported into Reconstruct 

1.1.0.0. A 20-30µm section of dendrite was selected in each sequence, and the spines on the 

segment were used to evaluate spine morphology and density. Head width (HW) and spine 

length (SL) were measured to classify spines as described in Risher et al. (2014) (Risher et al., 

2014) in hierarchical order as, branched (spine contains two or more heads, manually entered), 

filipodia (SL>2µm), mushroom (HW>0.6µm), long-thin (SL>1µm), thin (SL/HW>1µm), or 

stubby (SL/HW≤1) (Figure 3.2B). Five images per animal were analyzed, for a sample size of 15 

images per group. Statistical analysis was run in GraphPad Prism 9. 
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Figure 3.2. Representative images of Golgi-Cox-stained sections with CA1 pyramidal neuron 
isolation and dendrite selection. 

(A) Reference slice from the Allen Mouse Brain Atlas and Allen Reference Atlas – Mouse 
Brain, anatomical annotations. The dark purple section indicates the target area, stratum 
radiatum of the CA1. 

(B) To scale illustration of different spine types. Filopodia: longer than 2 µm; long thin spines: 
shorter than 2 µm and head width <0.6µm; thin spines shorter than 1 µm and head width 
<0.6µm; stubby spines: head width <0.6 µm and length-to-width ratio <1; mushroom spines: 
head width greater than 0.6µm; branched spines: containing two or more heads. Made with 
Biorender.com. 

(C) Representative Golgi-Cox images taken with the Zeiss Axio Observer.Z1/7 microscope. Top 
left: Representative Golgi-Cox-stained slice using 10X magnification and tiling to 
encompass the entire slice. The area outlined in red represents the area of the slice shown in 
all images. Scale bars=1000µm (1mm). Top right: Representative image containing 
pyramidal neurons in the dorsal CA1 at 10X magnification. Neurons were selected if they 
had an intact soma and primary apical dendrite. Scale bars=100µm. Bottom left: 
Representative image indicating secondary and tertiary proximal apical dendrite (arrow) 
selected for analysis at 20X magnification. Dendrites were selected if they had a clear, 
unbroken origin on the primary apical dendrite and were located in the stratum radiatum. 
Branching patterns of the primary apical dendrite and distance from the soma were used to 
indicate the transition from the stratum radiatum to the stratum lacunosum-moleculare. Scale 
bars=100µm. Bottom right: Representative image of a secondary and tertiary segment of a 
proximal apical dendrite used for analysis at 100X magnification. 20-30µm was selected for 
analysis of spine density and morphology. Image corresponds with the area highlighted by 
the arrow in D. Scale bars=10µm. 
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3.3 Results 

Spine density and morphology were analyzed from proximal apical dendrites of CA1 

pyramidal neurons at P14, P21, P28, and P42 to create a spine developmental profile in the HET 

animals relative to WT controls. Images were taken from the dorsal and ventral hippocampus 

and were analyzed separately to avoid any possible confounding effects. 

3.3.1 Differences in Synaptic Spine Morphology and Density in the Dorsal Hippocampus 
During Post-Natal Development 

In the dorsal hippocampus, spine density for both WT and HET animals peaked at 

P21 with density in the HETs decreasing significantly again at P28, while the WT density 

trended downwards at P28 and P42 but did not meet significance after adjusting for multiple 

comparisons (One-way ANOVA; WT: F=3.028, p=0.0369; HET: F=14.16, p<0.0001; WT P14-

WT P21, p= 0.0369, WT P21-WT P28, p= 0.2406, WT P21-WT P42, p= 0.1812, HET P21-All 

Het, p<0.0001 by Tukey’s multiple comparisons test; n=15) (Figure 3.3A-B). Spine density was 

trending higher in HETs than WT at P14 (WT P14, 1.255±0.0425 spine/µm, HET P14, 

1.382±0.0723 spine/µm; Unpaired t-test, t28=1.506, p=0.143; n=15) and was significantly higher 

at P21 (WT P21, 1.599±0.0895 spine/µm, HET P21, 1.832±0.0671 spine/µm; Unpaired t-test, 

t28=2.99, p=0.0058; n=15) (Figure 3.3C). Regarding morphology, at P14, HET slices had a 

significantly smaller percentage of long thin (LT) spines (WT P14 LT, 31.37%±2.31%, HET 

P14 LT, 18.75% ±2.27%; Unpaired t-test, t28=3.891, p=0.0006; n=15) and a larger percentage of 

mushroom (mush) spines (WT P14 mushroom, 22.79%±3.22%, HET P14 stubby, 35.90% 

±2.86%; Unpaired t-test, t28=3.043, p=0.0051; n=15) relative to WT slices (Figure 3.3D). This 

trend switches at P21, with HETs having a higher proportion of LT (WT P21 LT, 

29.68%±3.88%, HET P21 LT, 44.56%±3.19%; Unpaired t-test, t28=2.966, p=0.0061; n=15), and 

a smaller proportion of mush spines (WT P21 mush, 26.41%±4.76%, HET P21 mush, 

10.49%±2.44%; Unpaired t-test, t28=2.976, p=0.0060; n=15) and branched spines (WT P21 
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branched, 4.03%±1.17%, HET P21 branched, 0.651%±0.291%; Unpaired t-test, t28=2.805, 

p=0.0090; n=15) relative to WT (Figure 3.3E). The HETs maintain an elevated proportion of LT 

relative to WT at P28 (WT P28 LT, 26.76%±3.16%, HET P28 LT, 38.35%±3.16%; Unpaired t-

test, t28=2.599, p=0.0148; n=15) (Figure 3.3F), however by P42, there were no significant 

differences in spine types between genotypes (Figure 3.3G). 

Spine length and head diameter (HD) can also provide insights into synaptic spine 

maturation, as spines transition from thin, elongated protrusions to shorter, bulbous structures 

(increased head diameter) as they mature. Following the maturation pattern observed in the spine 

types, the average head diameter at P14 was significantly larger in HET (WT P14 HD, 

0.525µm±0.0147µm, HET P14 HD, 0.582µm±0.00876µm; Unpaired t-test, t28=3.317, p=0.0025; 

n=15) (Figure 3.3H) but smaller at P21 relative to WT levels (WT P21 HD, 0.552µm±0.0247µm, 

HET P21 HD, 0.441µm±0.0138µm; Unpaired t-test, t28=3.921, p=0.0005; n=15) (Figure 3.3I). 

No other significant differences in spine length or head diameter were observed at any age 

(Figure 3.3J-K). Overall, spine maturity appears to be increased in HETs at P14, followed by a 

dramatic increase in spine density and a decrease in immature spines at P21 relative to WT, 

followed by a normalization in maturation and density by P28-P42. 
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Figure 3.3. Synaptic density and morphology in the Mdga2+/+ (WT) and Mdga2+/- (HET) 
dorsal hippocampus during postnatal development. 

(A-B) Synaptic density (spine/µm) of pyramidal proximal apical dendrites in the stratum 
radiatum within the dorsal hippocampal CA1 in (A) WT and (B) HET mice at P14, P21, 
P28, and P42. Synaptic density peaks in both WT and HET at P21 (One-way ANOVA; A 
(WT): F=3.028, p=0.0369; B (HET): F=14.16, p<0.0001; *p<0.05, ***p<0.0001 by 
Tukey’s multiple comparisons test; n=15). 

(C)  Synaptic density (spine/µm) is significantly higher at P21 in HET slices compared to WT 
slices (WT P21, 1.599±0.0895 spine/µm, HET P21, 1.832±0.0671 spine/µm; Unpaired t-
test, t28=2.99, **p=0.0058; n=15). 

(D-G) Proportion of spine types (%) in WT and HET slices at (D) P14, (E) 21, (F) 28, and (G) 
42 (Unpaired T-tests with each spine type per age, *p<0.05, **p<0.01, ***p<0.001; n=15 
per group) 

(H-K) Average spine length and head diameter (µm) at (H) P14, (I) P21, (J) P28, and (K) P48 
(Unpaired t-test, **p=0.0025, ***p=0.0005; n=15) 
Error bars represent SEM. 
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3.3.2 Synaptic Spine Morphology and Density in the Ventral Hippocampus During Post-Natal 
Development 

In the ventral hippocampus, there were very few to no significant differences in synaptic 

density and morphology – a stark contrast to the findings in the dorsal hippocampus. Across 

ages, neither the WT nor HET slice had a significant change in synaptic spine density from P14-

P28 (One-way ANOVA; WT: F=0.4744, p=0.7014; HET: F=2.205, p=0.0976) (Figure 3.4A-B), 

nor were there any differences in density between genotype at any ages (Figure 3.4C). The only 

significant difference in morphology found was an increase in branched spines in HET slices at 

P21 (WT P21 branched, 0.2151%±0.2151%, HET P21 branched, 2.584%±0.840%; Unpaired t-

test, t28=2.732, p=0.0108; n=15), although this effect was primarily driven by the relatively low 

number of samples that contained branched spines, with only one sample in WT and 8 samples 

in HET groups out of 30 (Figure 3.4D-G). Although not reaching statistical significance, there 

were trends in morphology for HET samples at P28 including trends towards an increased 

percentage of filipodia (filo) spines (WT P28 filo, 3.406%±0.865%, HET P28 filo, 

5.966%±0.921%; Unpaired t-test, t28=2.030, p=0.0519; n=15) and a decreased percentage of thin 

spines (WT P28 thin, 34.43%±4.99%, HET P28 thin, 24.93%±2.46%; Unpaired t-test, t28=1.721, 

p=0.0963; n=15) relative to WT controls (Figure 3.4F). However, the trend in thin spines was 

reversed at P42, with a trend towards HET slices having an increased percentage of thin spines 

relative to WT slice (WT P42 thin, 22.66%±2.76%, HET P42 thin, 29.78%±2.40%; Unpaired t-

test, t28=1.943, p=0.0621; n=15) (Figure 3.4G). Despite a few trends in morphological 

classification of spines based on maturation, the gross measures of spine maturity of spine length 

and head width was not significantly different between WT and HET at any age range (Unpaired 

t-tests, p>0.05, n=15) (Figure 3.4H-K) suggesting there was no effect of Mdga2 reduction on 

spine maturation, morphology, or density in the ventral hippocampus. 
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Figure 3.4. Synaptic density and morphology in the Mdga2+/+ (WT) and Mdga2+/- (HET) 
ventral hippocampus during postnatal development. 
(A-B) Synaptic density (spine/µm) of pyramidal proximal apical dendrites in the stratum 

radiatum within the hippocampal CA1 in (A) WT and (B) HET mice at P14, P21, P28, 
and P42. No significant differences were found between ages, with WT slices trending 
towards peaking at P21. (One-way ANOVA with Tukey’s multiple comparisons test; 
n=15). 

(C) No significant differences in synaptic density (spine/µm) were found between WT and 
HET slices. (Unpaired t-test, n=15). 

(D-G) Proportion of spine types (%) in WT and HET slices at (D) P14, (E) 21, (F) 28, and (G) 
42 (Unpaired T-tests with each spine type per age; †p<0.1, *p<0.05; n=15 per group) 

(H-K) No significant differences were found in average spine length and head diameter (µm) 
between WT and HET at (H) P14, (I) P21, (J) P28, and (K) P48 (Unpaired t-test; n=15) 
Error bars represent SEM. 
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3.4. Discussion 

In the dorsal SR of the CA1, as predicted, Golgi-Cox staining revealed an increase in 

mature stubby spine density and a decrease in less mature long-thin spines at P14 relative to 

wild-type. This was accompanied by a larger head width in spines, which is also indicative of 

increased spine maturation (Borczyk et al., 2019). Accordingly, a reduction of Mdga2 may lead 

to increased spine maturity by disrupting its role as a synaptic suppressor at glutamatergic 

synapses. Mdga2 normally constrains excitatory synapse formation and function by inhibiting 

neuroligin-neurexin interactions, which are critical for synaptogenesis (Connor et al., 2019; 

Elegheert et al., 2017; Krueger et al., 2012; Pettem et al., 2013). When Mdga2 is deficient, this 

suppression is lifted, resulting in upregulated excitatory synapse density and enhanced AMPAR 

recruitment and currents (Connor et al., 2016; X. Wang et al., 2024, p. 20; D. Zhao et al., 2025).  

The corresponding increase in synaptic activity and glutamate release may drive 

excessive activity-dependent maturation of spines, characterized by increased AMPAR levels 

and stabilization of postsynaptic components, such as PSD-95, which is a scaffolding protein 

known to be elevated in Mdga2+/- mice in adulthood (C.-C. Chen et al., 2014; Connor et al., 

2016; X. Wang et al., 2024; D. Zhao et al., 2025). Concurrently, MDGA2 loss aberrantly 

activates BDNF/TrkB signaling, promoting actin cytoskeleton reorganization (via Rac1/Cdc42), 

which can enlarge spine heads (Costa et al., 2020), consistent with the increased head diameter 

seen at P14. At P21, there is a higher density of synaptic spines which suggests that 

synaptogenesis is disinhibited; however, unexpectedly, there is a higher proportion of immature 

spines in HETs relative to WT controls. This is likely due to the influence of the excessive 

growth of new spines that is occluding the influence of the more mature spines that began 

developing at P14. This effect can be explained by distinguishing two populations of spines that 

are differentiated by their pattern of development.  
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Here, it is proposed that at P14, we observe the first population of spines, which follows 

the expected pattern of increased maturation in HETs. Between P14 and P21, which is known to 

be during the period of peak synaptogenesis in the mouse hippocampus (Semple et al., 2013), 

there is an emergence of a second population of newly formed, immature synapses that are 

generated at a much higher frequency due to the reduction of Mdga2. Therefore, although the 

first population of more mature spines is still present, the explosion of new synaptic spines 

drives the overall percentage to be more immature while concurrently driving the overall 

synaptic density to a much higher level than observed in the WT controls at P21. Overall, 

increased mature spines at P14 and increased density and immature spines at P21 in HET 

animals can be accounted for by a reduction of Mdga2 in the hippocampus (Figure 3.5). 

Following the peak density at P21, the morphology and density of spines do appear to 

normalize by P28-P42, countering the initial prediction that synaptic pruning would be impaired 

by a reduction of Mdga2 due to premature synapse maturation. However, the increase in synaptic 

spine density at P21 suggests that there would be an increase in glutamatergic signaling and 

inputs, which in turn likely drives activity-dependent recruitment of astrocytes and coordinated 

pruning mechanisms. Elevated synaptic activity at P21 likely increases ATP release and calcium 

signaling in astrocytes, prompting them to secrete transforming growth factor-beta (TGF-β), 

which induces neuronal C1q expression to tag excess synapses for pruning (Faust et al., 2021; 

Gomez-Arboledas et al., 2021; Kouser et al., 2015). This homeostatic mechanism may 

compensate for the excessive synapses formed at P21 to return the overall density to WT levels. 

This can also be connected to the hypothesis of dual spine populations; it is more likely that the 

excessive immature spines, previously referred to as population two, are the spines being 

primarily pruned (C.-C. Chen et al., 2014), as immature spines are preferentially pruned due to 

structural instability and higher levels of C1q/C3 complement tagging compared to mature spines 
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because their low synaptic activity (reduced AMPAR/NMDAR signaling) fails to suppress 

complement activation (Faust et al., 2021). This would allow the more mature synapses observed 

at P14 to continue to be strengthened in an activity-dependent manner, while the newer, less 

mature synapses observed at P21 are pruned at a higher rate. This is consistent with findings that 

stable spines formed before adolescence remain in adulthood, while newly formed spines are 

more likely to be eliminated (C.-C. Chen et al., 2014).  

It is worth noting that the normalization of density by P42 does not align with some 

studies that have observed increased excitatory synaptic density in adulthood via electron 

microscopy and immunohistochemistry (Connor et al., 2016; D. Zhao et al., 2025). This could be 

due to differences in technique, where spine density on an individual dendrite was analyzed as 

opposed to synaptic density per square area. An increase in dendritic arborization may lead to 

increases in cross-sectional density as opposed to linear density, which is supported by the 

finding that Mdga2 KO in cultured hippocampal neurons leads to a significant increase in 

dendritic branching (S. Kim et al., 2024). To confirm if this is the case in Mdga2+/- mice, Sholl 

analysis should be conducted to determine if there is an increase in branch intersections in the SR 

during development and adulthood. On the other hand, increased synaptic density has been 

observed in Mdga2 condition knockout (cKO) models at 11-13 weeks, followed by cKO in 

excitatory CA1 neurons at 5-6 weeks (X. Wang et al., 2024). This suggests that Mdga2 reduction 

can cause a transient increase in synapse density following the critical periods of synaptogenesis 

and pruning, which may cause a re-emergence of the phenotype when microglial pruning is less 

active. This could be investigated by the addition of mice at ~12 weeks of age in the Golgi-Cox 

analysis. 
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Figure 3.5. Proposed synaptic spine development model in the dorsal hippocampus of 
Mdga2+/- (HET) mice and Mdga2+/+ (WT) controls. Orange spins represent newly formed 
spines, grey spines represent pruned spines, and arrows indicate maturation events of spines. 
Made with Biorender.com. 
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Unexpectedly, there were no significant differences in synaptic density or notable 

differences in morphology in the ventral CA1. In fact, although there was a slight trend of 

increased synaptic density at P14, there were no significant differences in synaptic density in the 

WT control group between any ages, and there was no observable trend of synaptogenesis or 

pruning in the Mdga2+/- SR. Although there is no literature directly comparing synaptogenesis 

and pruning in the dorsal and ventral hippocampus, there are some studies that can point to 

possible contributions to these observations. A study by Lee et al. (2017) conducted RNA-seq-

based transcriptomic analysis of developing rat hippocampi at postnatal days P14, P28, and P45 

and found differential expression of genes involved in synaptic function. They report that genes 

associated with LTP and glutamatergic synapses are more highly expressed in the dorsal 

hippocampus, while genes related to GABAergic and cholinergic synapses are enriched in the 

ventral hippocampus during these developmental stages. This implies region-specific 

developmental timing or mechanisms of synapse development along the dorsal-ventral axis, and 

that glutamatergic synapses, which are primarily located on synaptic spines, may be enriched in 

the dorsal hippocampus (A.-R. Lee et al., 2017). This may partly explain why the pattern of 

synaptogenesis is more apparent in the dorsal hippocampus.  

Moreover, a related process, neurogenesis, is enhanced in the dorsal hippocampus 

relative to ventral in canines (Lowe et al., 2015), and is selectively impaired in the ventral and 

not dorsal hippocampus in Iqsec2 KO and Nlgn3-R451C KI mouse models of ASD (Sun et al., 

2024). Both synaptogenesis and neurogenesis share a common final signaling pathway mediated 

by phosphorylation of the transcription factor cyclic-AMP Response Element Binding Protein 

(CREB), which increases BDNF levels which is crucial for both processes (Tchantchou et al., 

2009). Therefore, enhanced neurogenesis in the dorsal hippocampus may suggest enhanced 

synaptogenesis-linked processes as well. It is peculiar that a reduction of Mdga2 leads to such a 
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pronounced increase in synaptic density in the dorsal, but not the ventral hippocampus as P21, 

and requires additional lines of investigation. This should include elucidating dorsal-ventral 

expression patterns of Mdga2 in the hippocampus and comparative analysis of genes or proteins 

which are differentially expressed in the hippocampus of Mdga2+/- mice that are also 

differentially expressed across the dorsal-ventral axis. Overall, a reduction of Mdga2+/- enhances 

excitatory synaptogenesis and early spine maturation selectively in the dorsal hippocampus from 

P14-P21, which then normalizes by P42, indicating that there are transient effects of Mdga2 

reduction in early postnatal neural development. 
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Chapter 4: Characterizing Proteomic and Phosphoproteomic Profiles of Hippocampus 
CA1 Synaptoneurosomes 

4.1 Introduction 

4.1.1. Synaptoneurosome Proteomic and Phosphoproteomic Application 

Synaptoneurosome isolation and peptide mass spectrometry (MS) enable researchers to 

investigate the protein composition of intact pre- and postsynaptic structures from harvested 

brain tissues. This preparation method involves homogenizing brain tissue and separating it 

using a mesh filter during centrifugation to preserve sealed synaptic terminals while removing 

nuclei and large cellular debris (Dieterich & Kreutz, 2016). Because synaptoneurosomes contain 

both presynaptic boutons loaded with vesicles and postsynaptic densities anchored to dendritic 

membranes, they provide a comprehensive view of bidirectional communication across the 

synapse. It is worth noting that this preparation is derived from the whole neuropil (complete 

network of neurons and glial cells); therefore, there is likely inclusion of a small proportion of 

astrocytic and glial components that closely interact with neuronal synapses, such as astrocyte 

end feet, although this proportion is much less than the approximately 50% that would be 

included in a whole tissue homogenate (Gulyássy et al., 2020). 

Mass spectrometry–based proteomics has become a valuable tool for profiling large-scale 

protein alterations within such synaptic fractions. Unlike targeted biochemical assays, 

proteomics offers an unbiased, discovery-driven approach that does not rely on pre-defined 

targets or candidate molecules (Dieterich & Kreutz, 2016). This is particularly valuable in ASD 

research, where multiple cellular and molecular pathways may converge to alter synaptic 

structure and function, and there have been a multitude of dysregulated processes linked to ASD 

pathology, including oxidative stress, protein synthesis and degradation, synaptogenesis and 

pruning, E/I imbalance, neuroinflammation, lipid metabolism, and more (E. Lee et al., 2017; 

Anashkina & Erlykina, 2021; X. Liu et al., 2022; Leisman & Melillo, 2025). By quantitatively 



77  

measuring thousands of synapse-enriched proteins simultaneously, mass spectrometry provides a 

systems-level map of protein expression changes that can reveal unanticipated molecular 

mechanisms or signaling networks disrupted in ASD models (Dieterich & Kreutz, 2016; 

Oostrum et al., 2023). By identifying pathways and biological processes that are consistently 

altered across different ASD models, this approach can highlight shared molecular mechanisms 

and potential therapeutic targets that extend beyond mutation-specific forms of the disorder 

(Carbonell et al., 2023). 

Proteomics complements transcriptomic approaches such as RNA sequencing by directly 

measuring the translated products that ultimately carry out cellular function. While mRNA 

abundance can suggest transcriptional regulation, it does not necessarily reflect protein 

expression, stability, or turnover. Many transcripts undergo post-transcriptional regulation, local 

translation, or degradation that decouple mRNA levels from protein abundance (Schwanhäusser 

et al., 2011). Thus, proteomic data provide a more accurate picture of which molecules are 

present and functional at the synapse, particularly in conditions like ASD where translational 

control and protein degradation pathways are often dysregulated (Leisman & Melillo, 2025). 

Combining global proteomic data with phosphoproteomic analyses adds another 

dimension by capturing dynamic post-translational modifications that regulate signaling at the 

synapse. Phosphorylation modulates protein activity, subcellular localization, and protein–

protein interactions, making it a key regulator of synaptic plasticity and neurotransmission 

(Schulman, 1995; Zhong et al., 2023). Phosphoproteomic enrichment strategies enable 

identification of phosphorylated residues across thousands of proteins, revealing coordinated 

changes in kinase and phosphatase activity that may underlie altered synaptic signaling 

(Gerritsen & White, 2021). In eukaryotic systems, phosphorylation predominantly occurs on 

serine (~86%), threonine (~12%), and tyrosine (~2%) residues, owing to the hydroxyl groups in 
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their side chains that serve as substrates for protein kinases (Zhong et al., 2023). These three 

amino acids are routinely detected and quantified in mass spectrometry workflows, which can 

reveal activation states of pathways that may not have over- or under-expressed proteins, making 

it a very complementary analysis to proteomic expression level analysis. 

Together, the integration of synaptoneurosome isolation with advanced mass 

spectrometry–based proteomics and phosphoproteomics provides a powerful, unbiased 

framework for dissecting the molecular architecture of the synapse. In the context of 

neurodevelopmental disorders such as ASD, this approach enables identification of protein- and 

pathway-level alterations that cannot be inferred from transcriptomic data alone, ultimately 

offering a clearer understanding of how synaptic signaling, structure, and plasticity become 

dysregulated. 

4.1.2. Objective 

As discussed, proteomic and phosphoproteomic analyses provide a robust data set that 

can indicate dysregulated proteins and pathways in neural tissue. Therefore, the purpose of this 

chapter is to utilize synaptoneurosome preparations in combination with liquid-chromatography 

and mass spectrometry to identify up- and down-regulated as well as hyper- and hypo-

phosphorylated proteins in the CA1 of Mdga2+/- mice. The objective of this analysis is to use this 

data to identify pathways and cascades that may be dysregulated and that may contribute to the 

alterations in LTD (see chapter 2) and excitatory synapse development (see chapter 3), and 

identify other biomarkers of ASD that may be present in the Mdga2+/- mouse model. 
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4.2 Materials and Methods 

4.2.1. CA1 Tissue Collection 

P14, P21, P28, and P42 WT and HET mice were selected for CA1 tissue harvesting. Three mice 

per age and genotype were used, with the three mice per group from different litters to reduce litter 

effects and maximize genetic diversity. 400 µM transverse hippocampal slices were obtained as 

described in Chapter 3, methods, slice preparation. The CA1 was isolated via microdissection in a 

petri dish containing 4ºC aCSF. Eight ventral and eight dorsal CA1 sections were isolated per 

animal. Samples were flash-frozen with dry ice and ethanol in 1.5mL centrifuge tubes and stored at -

80ºC. Ventral and dorsal samples were stored and processed separately. 

4.2.2. Hippocampal Synaptoneurosome Isolation 

The CA1 hippocampal tissue was homogenized in chilled 1X Krebs buffer (pH 7.4) using 

a glass homogenizer, followed by dilution and incubation on ice to facilitate gravity separation of 

nuclear material. The homogenate was filtered through a pre-wetted 5.0µm filter and centrifuged 

at 20,000g for 15 minutes at 4°C. The synaptoneurosome fraction (pellet) was then re-suspended 

in 6M urea/50mM Tris-HCl (pH 8). Protein reduction was performed by adding dithiothreitol to 

a final concentration of 5mM, followed by incubation at 37°C for 30 minutes. Alkylation was 

achieved by adding iodoacetamide to a final concentration of 15mM and incubating at room 

temperature in the dark for 30 minutes. For protease digestion, 10µL samples were diluted with 

Tris-HCl buffer (50mM, pH 8) and incubated overnight at 37°C in the presence of Trypsin/Lys-

C mix (~25:1 protein-to-protease ratio). Digestion was terminated with 10% trifluoroacetic acid 

(TFA) to a final concentration of 1%, followed by centrifugation at 16,000g for 10 minutes at 

room temperature. The supernatant containing peptides was collected and stored at –20°C until 

peptide clean-up. Peptide cleanup was performed using C18 ZipTips. Tips were pre-wetted with 

acetonitrile, equilibrated with 0.1% TFA, and peptides were bound by repeated aspiration and 
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dispensing of 0.1% TFA. Bound peptides were washed and eluted with 50% acetonitrile/0.1% 

TFA. The eluate was diluted with LC-MS water and stored at –80°C. Peptide recovery was 

estimated to be 50–75%, yielding a final concentration of 0.5–1 µg/µL (Figure 4.1). 
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Figure 4.1. Synaptoneurosome preparation overview. Micro-dissected CA1 tissue underwent 
synaptosome isolation via homogenization and centrifugation. Proteins were reduced, alkylated, 
and digested to generate peptide fragments. Peptide cleanup was performed with C18 ZipTips. 
Diluted samples were sent out for liquid chromatograph-mass spec analysis. 
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4.2.3. TimsTOF Mass Spectrometry and Protein Detection  

Samples were sent to the YSCi Core Mass Spectrometry Facility, Department of 

Chemistry, Faculty of Science at York University for mass spectrometry analysis. Samples 

underwent liquid chromatography–mass spectrometry (LC-MS) using a timsTOF Pro 2 system 

with a 50cm column and a 90-minute gradient. Two technical replicates were performed per 

sample. Peptide fragment identification was carried out in Bruker Proteoscape by matching 

acquired spectra against an in-house spectral library that was previously generated in the 

Connor lab with mouse CA1 hippocampal synaptoneurosomes. A false discovery rate of 0.05 

was set for precursor, peptide, and protein detection/integration. Data reports containing 

protein-level outputs were received from the YSCi Core Mass Spectrometry Facility, where the 

numerical values for each protein were reported as integrated chromatographic peak areas 

inferred from the detected peptides. These peptide peak areas were aggregated to generate a 

single area value per protein, providing an estimate of its relative abundance in the sample. In 

cases where peptide origin was ambiguous (i.e., the sequence could be assigned to more than 

one protein), the output reported a list of all plausible protein matches for that peptide. These 

fragments were excluded from the analysis to avoid misidentification of up- or down-regulated 

proteins. Two analyses were run – one analysis identified peptide fragments regardless of post-

translational modifications (proteomic analysis), and one analysis identified peptides with 

phosphorylated serine, threonine, and/or tyrosine (STY) residues (phosphoproteomic analysis). 

While the proteomics analysis provides insight into basal translation and functional protein 

levels, phosphoproteomic analysis can provide additional insight into the activation states of 

proteins and pathways, as phosphorylation is a common mechanism of protein activation and 

deactivation.  
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4.2.4. Data Analysis 
The peptide peak areas per protein of the two technical replicates for each sample were averaged for 

analysis. Metaboanalyst 6.0 (Pang et al., 2024) was used to identify up- and down-regulated (proteomic), and 

increased and decreased levels of phosphorylated proteins in HET samples relative to WT in each age group, with 

a minimum threshold of a 1.5X fold change (FC) and p-value of 0.05. The proteomic and phosphoproteomic data 

were normalized using logarithmic transformation with base 10. Next, proteins unique to the phosphoproteomic 

dataset—those absent from the total proteome analysis—were identified, as these represent an increase in 

phosphorylation rather than global protein upregulation. This protein list was then used in the phosphorylation 

analysis, reflecting proteins that were either more commonly phosphorylated or dephosphorylated in the HET 

samples compared to WT controls. Gene ontology (GO) analysis was run using the Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) (D. W. Huang et al., 2009b, 2009a) to identify biological 

processes associated with the up- and down-regulated proteins (proteomics analysis) and proteins with altered 

phosphorylation states (phosphoproteomic analysis). GO enrichment was performed for Biological Process (BP) 

terms using a “FAT” (filtered) GO category to remove broad, non‑specific terms. The Expression Analysis 

Systematic Explorer (EASE) threshold was set at 0.05 (conservative modified Fisher's exact p-value) with a 

minimum gene (protein) count of 3 for robust enrichment with adequate representation by multiple proteins per 

term. Due to small protein lists, a false discovery rate correction could not be applied. To remove redundancy in 

the presented results and figures, for each data set, GO terms that shared identical protein lists and had high 

semantic similarity (ex. intracellular monoatomic ion homeostasis and monoatomic ion homeostasis) were filtered 

such that only the term with the strongest statistical support (lowest adjusted p-value) was retained. Moreover, as 

proteins have multiple functions at different developmental periods and locations in the body, GO terms that 

involve other areas of the body not relevant to the hippocampus (ex. spermatid development) or terms relating to 

prenatal time periods (ex. in utero embryonic development) were excluded from figures and the results section. 

The full outputs of the GO analyses, including the excluded and filtered terms, are included in Appendix C and 

Appendix D Horizontal bar plots to visualize GO analysis results were created in Excel. 
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4.3. Results 

4.3.1. Differential Protein Expression and Phosphorylation in the CA1 

Proteomic analysis was conducted in dorsal and ventral regions of the CA1 hippocampus from 

WT and HET mice across four developmental time points (P14, P21, P28, and P42) using LC-

timsTOF MS. Representative images illustrate the transverse hippocampal slices used for 

regional analysis, with the increased size of ventral CA1 tissue highlighted (Figure 4.2A). 

Quantification revealed no significant differences in the number of unique protein groups 

detected between dorsal and ventral CA1 within each genotype at any age. However, ventral 

CA1 consistently exhibited a greater total number of proteins than dorsal CA1 at all ages, which 

likely reflects the larger tissue volume present in ventral slices (Two-way ANOVA, region 

p<0.0001, genotype p>0.2; Tukey’s multiple comparison test, dorsal-ventral p<0.001, dorsal-

dorsal and ventral-ventral p>0.5; n=6 per group) (Figure 4.2). Therefore, it is permissible to 

compare protein expression and phosphorylation between genotypes within a hippocampal 

region, but not across regions, due to significant differences in protein group detection between 

the dorsal and ventral CA1. Quantification of Mdga2 confirmed a significant reduction in 

expression in both dorsal and ventral CA1 from P14 to P42 in HET mice at all ages, validating 

the reduction in Mdga2 at the time points investigated (Table 4.1). 
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Figure 4.2. Quantity of unique protein groups detected in the ventral and dorsal CA1 by LC-
timsTOF MS in the proteomic analysis in WT and HET groups at P14, P21, P28, and P42. 

(A) Representative illustrations of a ventral and a dorsal transverse hippocampal slice with 
the CA1 highlighted in yellow to demonstrate the increased amount of CA1 tissue in 
ventral slices. 

(B) There are no differences in the number of protein groups detected within regions (dorsal 
vs. ventral) at any age. There are significantly more protein groups detected in the ventral 
CA1 than the dorsal CA1 at all ages, likely due to an increase in CA1 size. Samples 
include two injections per preparation (Two-way ANOVA, region p<0.0001; n=6 per 
group, Tukey’s multiple comparison test, ***p<0.001, ****p<0.0001). 
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Table 4.1. MDGA2 is significantly reduced in the dorsal and ventral CA1 from P14-P42 in 
Mdga2+/- mice when quantified by LC-timsTOF MS. Fold change is defined as expression in 
Mdga2+/- CA1 tissue divided by expression in Mdga2+/+ CA1 tissue. Calculations ran in 
Metaboanalyst 6.0. 
 

Age CA1 Region Fold Change p-value 

P14 
Dorsal 0.564 0.00440 
Ventral 0.651 0.00689 

P21 
Dorsal 0.633 0.0115 
Ventral 0.673 0.0138 

P28 
Dorsal 0.542 0.00787 
Ventral 0.580 0.00105 

P42 
Dorsal 0.601 0.0260 
Ventral 0.689 8.96E-05 
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Quantitative analysis identified considerable changes in both protein and phosphorylation 

states in HET tissue relative to WT controls. The threshold for inclusion was set at a minimum 

fold-change of 1.5 to ensure biological relevance. Across all ages and regions, the number of 

down- and up-regulated proteins was variable, with ventral CA1 generally presenting a greater 

degree of differential expression relative to dorsal CA1, although this was again likely due to the 

difference in protein group detection. Interestingly, there was a general trend of more up-

regulated proteins in the dorsal CA1 and more down-regulated proteins in the ventral CA1 across 

ages (Table 4.2). Analysis of phosphorylation states revealed distinct patterns of phosphorylation 

across regions and ages. Notably, ventral CA1 exhibited a more robust change in 

phosphorylation states of proteins than dorsal CA1, particularly at earlier timepoints (Table 4.3). 

Table 4.2. Quantity of up- and down-regulated proteins in Mdga2+/- CA1 tissue relative to 
Mdga2+/+ CA1 tissue. Proteins included have a minimum fold-change of 1.5 and a p-value ≤0.05. 
Analysis run in Metaboanalyst 6.0. 

 

Proteins 

Age 
Dorsal CA1 Ventral CA1 

Down Up Down Up 

P14 13 37 84 36 

P21 23 15 49 36 

P28 9 25 25 21 

P42 21 40 22 15 

 
Table 4.3. Quantity of proteins that have an increased expression in their phosphorylated 
(up) and dephosphorylated (down) state in Mdga2+/- CA1 tissue relative to Mdga2+/+ CA1 
tissue. Proteins included have a minimum fold-change of 1.5 and a p-value ≤0.05. Proteins that 
were also up- or down-regulated with a fold-change of at least 1.5X are excluded. Analysis run in 
Metaboanalyst 6.0. 
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Phosphorylation 

Age 
Dorsal CA1 Ventral CA1 

Down Up Down Up 

P14 8 20 33 34 

P21 10 15 25 32 

P28 8 19 23 5 

P42 12 34 14 14 

4.3.2. Gene Ontology Analysis of Biological Processes 

To determine the biological relevance of up- and down-regulated and changes in 

phosphorylation, GO analyses were run using the DAVID functional annotation tool at all ages 

for dorsal (Figure 4.3-4.4) and ventral tissues (Figure 4.5-4.6). Relevant GO terms are presented 

in Figure 4.3-4.6; for the full output of the DAVID GO analyses, see Appendix C and Appendix 

D. The output for these analyses provided a robust set of GO terms. For interpretation, the 

following themes are outlined below: (1) ion & protein transport and homeostasis, (2) cellular 

structure and development, (3) synaptic signaling, (4) oxidative stress and inflammation/damage 

response, (5) ubiquitination and protein catabolism, and (6) protein translation and modification. 

Please note that this list does not strictly include all GO terms presented within the figures.  

Ion & protein transport homeostasis GO terms 

Results of the GO analyses suggest an early onset of ion dysregulation in the dorsal 

hippocampus of Mdga2+/-
 mice. Ion-related GO terms were recurrently enriched in the dorsal 

CA1 (Figure 4.3). At P14 dorsal CA1, there was a significant up-regulation of proteins and 

phosphorylation of proteins associated with ion transport (ex. monoatomic ion transport, 

regulation of membrane potential, etc.) and regulation of overall ion homeostasis (Figure 4.3A, 

4.4A). Additionally, proteins associated with protein handling processes, such as establishment 

of protein localization and intracellular protein transport, are down-regulated, with this effect 
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persisting through P21 in the dorsal CA1 (Figure 4.3A-B). Together, these results indicate that a 

reduction in Mdga2 may affect ion and protein-handling pathways in a regionally specific 

manner, with early alterations manifesting specifically in the dorsal CA1. 

Cellular structure and development  

Results of the GO analyses reveal progressive disruptions in cellular architecture and neuronal 

development across ages and regions in Mdga2+/- mice. In the dorsal CA1, increases in 

phosphorylated proteins were associated with regulation of developmental growth and negative 

regulation of organelle organization at P14 (Figure 4.4A). By P21, down-regulated proteins 

prominently featured structural terms within broader contexts, including regulation of cellular 

component organization and cellular localization, among others (Figure 4.3B), and at P28, down-

regulated proteins were broadly associated with cell development (Figure 4.3C). At P42, the trend of 

changes in structural development and dysregulation continued, with increases in phosphorylated 

proteins associated with terms such as regulation of neuron projection development and regulation 

of cell projection organization (Figure 4.4D). 

The ventral hippocampus exhibited sustained developmental remodeling. At P14, up-regulated 

proteins were associated with neuron projection morphogenesis, cell morphogenesis involved in 

neuron differentiation, nervous system development, and regulation of cell development (Figure 

4.5A), while proteins with decreased phosphorylation levels were associated with organelle 

organization (Figure 4.6A). At P21, down-regulated proteins were associated with cell 

morphogenesis involved in neuron differentiation (Figure 4.5C), and an increase in phosphorylation 

of proteins associated with microtubule cytoskeleton organization (Figure 4.6B). At P28, up-

regulated proteins were involved in neuron development, neuron projection development, cell 

morphogenesis involved in neuron differentiation, and plasma membrane-bound cell projection 

organization (Figure 4.5C). At P42, down-regulated proteins were associated with cytoskeleton 
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organization, plasma membrane bounded cell projection organization, regulation of organelle 

organization, negative regulation of cellular component organization, and organelle organization 

(Figure 4.5B). Together, these findings demonstrate that a reduction of Mdga2 impairs neuronal 

morphogenesis, organelle instability, and general dysregulation of cellular development processes.  

Synaptic signaling 

Results of the GO analyses reveal progressive disruptions in synaptic organization and 

transmission across ages and regions in Mdga2+/- mice. In the dorsal CA1, up-regulated proteins at 

P14 were associated with anterograde trans-synaptic signaling, regulation of membrane potential, 

regulation of exocytosis, and regulation of secretion by cell (Figure 4.3A). At P21, there is a shift to 

a down-regulation of proteins associated with positive regulation of signaling and intracellular 

signaling cassette (Figure 4.3B). At P42, additional down-regulated proteins were associated with 

vesicle docking, anterograde trans-synaptic signaling, chemical synaptic transmission, and cell-cell 

signaling (Figure 4.3D). Overall, in the dorsal hippocampus, there is a shift from an upregulation to 

a later downregulation of proteins involved in synaptic signaling, suggesting dynamic dysregulation 

of these processes across development.  

The ventral hippocampus exhibited later changes in synaptic organization. At P21, down-

regulated proteins were associated with regulation of neuronal synaptic plasticity, regulation of 

synapse organization, regulation of synaptic plasticity, synapse organization, learning or memory, 

and circadian rhythm, among others (Figure 4.5C). At P42, down-regulated proteins continued to 

show associations with plasma membrane bounded cell projection organization within structural 

contexts (Figure 4.5B). Together, these findings demonstrate that a reduction of Mdga2 

compromises trans-synaptic communication through early dorsal transmission and ventral plasticity 

and organizational impairments. 
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Oxidative stress and inflammation/damage response 

Results of the GO analyses reveal early activation of stress pathways that intensify across 

development in Mdga2+/- mice. In the dorsal CA1, there was an upregulation of proteins at P14 

involved in aerobic respiration and an increase in phosphorylated proteins associated with response 

to oxidative stress, cellular response to chemical stimulus, and intracellular monoatomic cation 

homeostasis (Figure 4.4A). At P21, down-regulated proteins were associated with regulation of 

inflammatory response, cellular response to nitrogen compound, and response to nitrogen 

compound (Figure 4.3B). The ventral hippocampus showed progressive stress engagement. At P14, 

up-regulated proteins were associated with cellular response to stress, and down-regulation of 

proteins associated with programmed cell death and apoptotic processes (Figure 4.5A). At P21, up-

regulated proteins continued associations with cellular response to stress and response to stress 

(Figure 4.5C), and at P42, there was a decrease in phosphorylation of proteins associated with 

cellular response to stress (Figure 4.5B). Together, these findings demonstrate that a reduction of 

Mdga2 triggers acute dorsal oxidative stress and chronic dysregulation of ventral damage responses.  

Ubiquitination and protein catabolism 

Results of the GO analyses reveal compensatory or dysregulated protein degradation pathways 

across development in Mdga2+/- mice. In the dorsal CA1, down-regulated proteins at P21 were 

associated with protein polyubiquitination and protein modification process (Figure 4.3B). At P42, 

this shifted to an up-regulation of proteins associated with protein K48-linked ubiquitination, protein 

polyubiquitination, and protein modification by small protein conjugation or removal (Figure 4.3D). 

The ventral hippocampus activated catabolic pathways earlier and more robustly. At P14, up-

regulated proteins were associated with protein K48-linked ubiquitination, while down-regulated 

proteins showed ERAD pathway associations (Figure 4.5A). At P21, up-regulated proteins were 

associated with proteasome-mediated ubiquitin-dependent protein catabolic process, protein 
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modification by small protein conjugation, and protein ubiquitination (Figure 4.5C). At P42, up-

regulated proteins continued associations with post-translational protein modification and protein 

modification process (Figure 4.5B). Together, these findings demonstrate that a reduction of Mdga2 

upregulates degradation pathways, potentially as compensation for proteome stress.  

Protein translation and modification GO terms 

Results of the GO analyses reveal translational and modification adjustments supporting 

proteome adaptation or dysregulation in Mdga2+/- mice. In the dorsal CA1, up-regulated proteins at 

P28 were associated with tRNA processing, regulation of mRNA splicing via spliceosome, and 

regulation of mRNA metabolic process (Figure 4.3B). At P42, up-regulated proteins showed 

associations with protein modification by small protein conjugation or removal (Figure 4.3D). The 

ventral hippocampus exhibited prominent translational signatures from early development. At P14, 

down-regulated proteins were associated with cytoplasmic translation and peptidyl-tyrosine 

phosphorylation (Figure 4.5A). At P21, up-regulated proteins showed protein modification process 

associations (Figure 4.5C). At P42, up-regulated proteins were strongly associated with post-

translational protein modification, protein modification process, and positive regulation of 

macromolecule metabolic process (Figure 4.5B). Together, these findings demonstrate that a 

reduction of Mdga2 drives translational changes at synapses, potentially to compensate for disrupted 

protein homeostasis and maintain synaptic structure and function in the face of ongoing cellular 

stress, or due to aberrantly increased activation of synaptic translation pathways.  
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Figure 4.3. Significantly enriched gene ontology (GO) biological process associated with 
differentially expressed proteins in Mdga2+/- dorsal CA1 tissue relative to Mdga2+/+ dorsal CA1 
tissue at (A) P14, (B) P21, (C) P28, and (D) P42. Up- and down-regulated proteins were identified 
by Metaboanalyst 6.0, and GO analysis was run with DAVID Functional Annotation Tool. Inset 
numbers represent the number of proteins associated with each term. Select terms are included. For 
a full table of all terms in DAVID GO analysis output, see Appendix C. 
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Figure 4.4. Significantly enriched gene ontology (GO) biological process associated with 
differentially phosphorylated proteins in Mdga2+/- dorsal CA1 tissue relative to Mdga2+/+ 

dorsal CA1 tissue at (A) P14, (B) P21, and (C) P42. Proteins with an increase in phosphorylated 
states and dephosphorylated states were identified by Metaboanalyst 6.0, and GO analysis was run 
with DAVID Functional Annotation Tool. There were no significantly enriched terms at P28. Inset 
numbers represent the number of proteins associated with each term. Select terms are included. For 
a full table of all terms in DAVID GO analysis output, see Appendix C. 
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Figure 4.5. Significantly enriched gene ontology (GO) biological process associated with 
differentially expressed proteins in Mdga2+/- ventral CA1 tissue relative to Mdga2+/+ ventral 
CA1 tissue at (A) P14, (B) P21, (C) P28, and (D) P42. Up- and down-regulated proteins were 
identified by Metaboanalyst 6.0, and GO analysis was run with DAVID Functional Annotation 
Tool. Inset numbers represent the number of genes/proteins associated with each term. Select 
terms are included. For a full table of all terms in DAVID GO analysis output, see Appendix D. 
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Figure 4.6. Significantly enriched gene ontology (GO) biological process associated with 
differentially phosphorylated proteins in Mdga2+/- ventral CA1 tissue relative to Mdga2+/+ 

ventral CA1 tissue at (A) P14, (B) P21, and (C) P42. Proteins with an increase in 
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phosphorylated states and dephosphorylated states were identified by Metaboanalyst 6.0, and GO 
analysis was run with DAVID Functional Annotation Tool. There were no significantly enriched 
terms at P28. Inset numbers represent the number of genes/proteins associated with each term. 
Select terms are included. For a full table of all terms in DAVID GO analysis output, see 
Appendix D. 
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4.4. Discussion 

Recent advances in synaptoneurosome proteomic and phosphoproteomic analysis provide an 

unbiased assessment of molecular alterations underpinning neurodevelopmental disorders such as ASD. 

Using this approach, a reduction in Mdga2 was found to cause major alterations in both the proteome 

and phosphoproteome at synapses within the dorsal and ventral CA1, linked to ion & protein transport 

and homeostasis cellular structure and development, synaptic signaling, oxidative stress and 

inflammation/damage response, ubiquitination and protein catabolism, and protein translation and 

modification. The threshold for including proteins in these analyses was set relatively stringent 

threshold, requiring at least a 1.5X FC to detect large and consistent differences across multiple ages. 

However, this means that other important biological processes or signaling pathways could still be 

affected in the Mdga2+/- model, even if their protein expression or phosphorylation changes do not reach 

this 1.5X FC cutoff. Therefore, if a biological process was not identified in this analysis, it does not 

necessarily mean it is unchanged or unaffected by a reduction in Mdga2. It is also noteworthy that many 

of the specific GO terms were limited to a gene count of 3-5, suggesting that the results should be 

interpreted with caution. In the future, it may be beneficial to reduce the FC threshold closer to 1.25X, 

which would still reflect a 25% change relative to WT levels. With a reduced threshold for protein 

inclusion, the threshold for GO term inclusion could be maintained or increased while being able to use 

the BP_direct to determine which specific biological processes are directly linked to up- and down-

regulated or phosphorylated proteins without having to use more broad parent terms. 

As discussed in Chapter 2, NMDAR-dependent LTD in the CA1 is impaired in Mdga2+/-mice from 

P28-P42. This is consistent with the dysregulation of ion homeostasis and synaptic signaling in the 

dorsal and ventral hippocampus elucidated by the proteomic and GO analyses. These pathways are 

integral to NMDAR-LTD induction, where controlled calcium influx through persistent trans-synaptic 

signaling and NMDAR activation triggers downstream phosphatase activity leading to AMPAR 
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internalization (Pinar et al., 2017). For long-term maintenance of plasticity, including LTD and LTP, 

local synaptic translation of proteins is required; therefore disruption in the regulation of mRNAs and 

transcription may lead to expression impairments in these forms of plasticity, which should be 

investigated in future experiments. Additionally, the GO analyses revealed dysregulation of proteins in 

the ventral hippocampus at P21 directly related to plasticity, as reflected in terms such as regulation of 

neuronal synaptic plasticity, regulation of synapse organization, and regulation of synaptic plasticity. 

As discussed in Chapter 3, there are significant changes in spine morphology and density, specifically in 

the dorsal CA1 during early post-natal development. This aligns with significant changes in proteins 

related to the regulation of cytoskeleton organization, neuronal projection, and nerve/cell development 

which manifested from P14 throughout to P42, which would correspond with the increase in synaptic 

density at P21 and subsequent increase in pruning required to return synaptic density to WT levels. 

Moreover, altered pathways involved in protein ubiquitination suggest enhanced synaptic protein 

turnover, potentially contributing to synaptic pruning and spine shape remodeling observed during 

development. Taken together, these findings indicate that the loss of Mdga2 perturbs calcium signaling 

and cytoskeletal organization, which may influence the development of synaptic structure and the 

induction of NMDAR-dependent LTD in the hippocampus. 

Throughout development in both regions, multiple enriched GO terms are related to oxidative 

stress and inflammation-related pathways. Recent evidence indicates that both oxidative stress and 

neuroinflammation are interconnected contributors to the pathophysiology of ASD. Children and adults 

with ASD frequently show elevated markers of oxidative damage (e.g., increased lipid peroxidation, 

lower glutathione levels) alongside signs of immune activation and elevated pro-inflammatory cytokines 

(Bjørklund et al., 2020; L. Chen et al., 2021; X. Liu et al., 2022). Oxidative stress can trigger 

inflammatory pathways, while inflammation itself can promote reactive oxygen species production and 

mitochondrial dysfunction, thereby creating a self-reinforcing cycle of redox/immune dysregulation 
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(Usui et al., 2023). These dysregulated processes appear especially relevant during neurodevelopment, 

for example via maternal immune activation (MIA) (Usui et al., 2023), and may disrupt synaptic 

development and plasticity, thus contributing to the neural connectivity and circuit abnormalities 

characteristic of ASD (Pangrazzi et al., 2020). Therefore, dysregulation of proteins and pathways 

involved in oxidative stress, neuroinflammation, and mitochondrial function may contribute to ASD-like 

phenotypes observed in Mdga2+/- mice, and may be a promising novel line of investigation. 

Protein ubiquitination and K48-linked ubiquitination – in which a polymer of ubiquitin linked by 

lysine (K) residues at position 48 is attached to a protein to target it for degradation – were prevalent GO 

terms associated with dysregulated proteins across ages in both regions of the CA1 in Mdga2+/- tissue. 

This could have a couple of implications, including either excessive degradation of synaptic proteins or a 

compensatory mechanism for potential overproduction of synaptic proteins, both of which suggest an 

imbalance in the ubiquitin-proteasome system (UPS). Alterations in the UPS have also been increasingly 

recognized as a contributing factor to the molecular pathology of ASD (Kasherman et al., 2020; Louros 

& Osterweil, 2016). The UPS regulates neuronal protein homeostasis by tagging specific substrates with 

ubiquitin for targeted degradation or recycling, thereby maintaining the precise balance of synaptic 

proteins required for proper synapse development and plasticity, which is often disrupted in models of 

ASD (Cajigas et al., 2010; Hamilton & Zito, 2013). Human genetic studies have identified mutations 

and copy number variations in UPS-related genes (Glessner et al., 2009), and proteomic analyses of 

human ASD brain tissue have revealed enrichment of pathways involved in “ubiquitination & 

proteasome degradation” (Nomura et al., 2021), similar to the results seen here from Mdga2+/- tissue, 

reflecting altered protein turnover and synaptic maintenance. Therefore, dysregulation of the UPS may 

contribute to synaptic dysfunction in Mdga2+/- mice.  

In summary, evidence of dysregulation of biological processes involving ion homeostasis, cellular 

structure and projection, cell signaling, ubiquitination and protein catabolism, oxidative stress and 
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inflammation, and transcription and protein modifications was found in the synaptoneurosomes from the 

CA1 of Mdga2+/- tissue, which provides insight into potential mechanisms by which Mdga2 reduction 

may contribute to synaptic dysfunction and ASD-related biomarkers. The proteomic and 

phosphoproteomic analyses of Mdga2+/- synaptoneurosomes provide valuable insights into synaptic 

protein composition and phosphorylation states, but have limitations. These include potential 

contamination from non-neuronal cells, reliance on fold change cutoffs that may miss subtle changes, 

and limited gene ontology interpretation due to low gene counts. Additionally, these analyses lack 

resolution to detect localized or cell-type-specific regulation, which is important to consider as Mdga2 is 

expressed in both parvalbumin-positive interneurons and pyramidal neurons in the hippocampus 

(Connor et al., 2016). Therefore, these results should be interpreted with caution, but do provide a 

starting point and new potential targets for investigation in the Mdga2+/- model. 
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Chapter 5: Concluding Remarks and Future Directions 

5.1 Summary and Synthesis 

This is the first study to investigate the effects of Mdga2 reduction on synapse 

development throughout early post-natal development and the first to investigate the effects of 

Mdga2 reduction on LTD. It was hypothesized that a reduction in Mdga2 would lead to 

impairments in LTD and synaptic pruning, and an enhancement in synaptogenesis due to the 

disinhibition of excitatory synapse development and premature synapse maturation (Connor et 

al., 2019). This would ultimately result in hyperexcitation in mature circuitry, which is consistent 

with the observation of increased excitatory density and glutamatergic signaling observed in 

adulthood in CA1 of Mdga2+/- mice (Connor et al., 2016; D. Zhao et al., 2025). The results 

presented here partly support this hypothesis; NMDAR-LTD, but not mGluR LTD, was impaired 

in the dorsal and ventral CA1 in Mdga2+/- mice aged P28-P42. This reflects pathway-specific 

impairments and not an overall inability for the excitatory synapses to be depressed in an 

activity-dependent manner to the same degree as WT individuals. Instead, this observation 

suggests a shift in the NMDAR-dependent LTP-LTD balance, which is supported by the 

observation of enhanced NMDAR-dependent E-LTP in adulthood and increased GluN2A 

receptors in cultured tissue with Mdga2 knockdown (Connor et al., 2016; S. Kim et al., 2024). 

LTP-LTD balance relies on the dynamics of calcium influx and signaling, and the proteomic 

analysis suggests that these processes may be dysregulated in the CA1, further supporting this 

interpretation (S.-N. Yang et al., 1999; Mizuno et al., 2001; Lüscher & Malenka, 2012). 

In regard to the development of excitatory synaptic spines, the hypothesis was partly 

supported as enhancements in synaptogenesis were observed, with a significant increase in the 

peak synaptic density at P21 and early maturation of spines at P14, but this was limited to the 

dorsal hippocampus. Unexpectedly, synaptic density and morphology returned to WT levels by 
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P42. This suggests that synaptic pruning mechanisms remain intact, and are possibly enhanced, 

in order to correct the excessive production of immature spines at P21. This was unexpected, as 

an increase in cross-sectional excitatory density has been repeatedly reported in the SR of the 

CA1 in Mdga2+/- mice and cKO models (Connor et al., 2016; X. Wang et al., 2024; D. Zhao et 

al., 2025). As previously mentioned, this inconsistency could be due to alterations in dendritic 

branching, as cultured neurons with Mdga2 KO have increased dendritic arborization, which 

could lead to an increase in synaptic density per area (S. Kim et al., 2024). This could be 

confirmed by conducting Sholl analysis in CA1 tissue from Mdga2+/- mice and WT littermates. 

Moreover, NDMAR-LTD and synaptic pruning share molecular pathways, with weakening of 

synapses by LTD-like mechanisms being a first step in activity-dependent removal (Shinoda et 

al., 2010; Piochon et al., 2016; Faust et al., 2021); therefore, impairments in NMDAR-LTD 

would suggest potential deficits in synaptic pruning, but this was not observed. There are a 

couple of possible explanations for this observation; firstly, as the dual-population of synaptic 

spines hypothesis explained in Chapter 3 suggests, early maturation of spines at P14 in the dorsal 

CA1, followed by the emergence of excessive immature spines by P21, likely led to the selective 

removal of the less mature spines produced by P21 (C.-C. Chen et al., 2014).  

In contrast, the more mature spines expressed at P14 continue to be strengthened and are 

persistent at P28 and P42. These remaining spines would have accelerated maturation and 

increased stability and would therefore be more resistant to NMDAR-dependent LTD. An 

alternative explanation is an occlusion effect: if excessive pruning occurred between P21 and 

P28 to restore synaptic spine density to WT levels, LTD pathways may have saturated. Overall, 

these results suggest that Mdga2 reduction contributes to early synapse production and 

maturation in the dorsal CA1 and leads to an increase in the E/I ratio that results in a shift in 

LTP-LTD balance across the hippocampus. In addition to synaptic development and plasticity 
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effects, proteomic and phosphoproteomic analyses suggest that a reduction in Mdga2 may 

contribute to oxidative stress and neuroinflammation, and alterations in the UPS. These are 

additional biomarkers of ASD and may be novel candidates for exploration in this model 

(Kasherman et al., 2020; Usui et al., 2023). 

5.2 Limitations 

There are several limitations to acknowledge in this study, including a lack of female 

representation due to time restrictions and the addition of confounding variables. Male mice were 

selected for this study as unpublished data from the Connor lab suggests that synaptic 

abnormalities are enhanced in males relative to females. Further experiments should explore 

possible sex differences in the observed results. In addition, while the present findings suggest an 

association between changes in synapse development and alterations in LTD, a direct causal 

relationship cannot be established from these data. The interpretation that abnormal spine 

maturation contributes to LTD impairments remains inferential. There are also limitations to 

each set of experiments. In the LTD experiments, it is worth noting that NMDAR-LTD and 

mGluR-LTD were induced in distinct ways; NMDAR-LTD was induced electrically via 1Hz 

LFS, and mGluR-LTD was induced chemically via bath application of DHPG. It is possible that 

the chemical induction of mGluR-LTD was too robust to reveal subtle group differences. Bath 

application DHPG activates LTD mechanisms across a broad population of synapses and can 

produce near-saturating depression, potentially masking mild impairments in LTD signaling. In 

contrast, electrically induced LTD engages activity-dependent pathways in a synapse-specific 

and graded manner, which may be more sensitive to detecting subtle alterations in synaptic 

plasticity mechanisms (Huber et al., 2001). Attempts to induce mGluR-LTD via paired-pulse 
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LFS in the presence of NMDAR antagonists were unsuccessful, and although this method is 

often used to probe mGluR-LTD, some results show that induction of LTD via this method is not 

inhibited by group I mGluR blockers (Volk et al., 2006). Golgi–Cox staining, while 

advantageous for visualizing overall density and spine morphology, has several limitations. 

These include potential sampling and observer bias, and the inherent restriction of 2D imaging 

for 3D structures, which can lead to underestimation of spine density or inaccurate categorization 

of spine types due to the occlusion of part of the spine by the dendrite. Moreover, this technique 

provides no information about the functional status of spines or dynamic changes, limiting the 

interpretation of how observed morphological changes relate to synaptic function. Lastly, 

proteomic and phosphoproteomic limitations included small sample sizes and low gene counts 

associated with some GO terms. Moreover, while proteomic analysis revealed several candidate 

pathways that may be dysregulated following Mdga2 reduction, this data does not provide 

directional or causal information. Increases or decreases in protein abundance or phosphorylation 

may represent either compensatory or pathological changes, and further functional validation is 

required to determine their significance. 

5.3 Future Directions 

Future studies should aim to build upon the present findings and address some of the 

limitations discussed above. One key direction will be to further dissect the cellular and 

molecular mechanisms underlying the selective impairment of NMDAR-LTD observed in 

Mdga2+/- mice. Since these effects coincided with evidence of enhanced GluN2A expression (S. 

Kim et al., 2024) and altered synaptic calcium signaling pathways from the proteomic analysis, it 

will be important to determine whether changes in NMDAR subunit composition or calcium-

dependent signaling cascades directly contribute to the LTD deficit. Follow-up experiments 

using pharmacological tools to manipulate GluN2A and GluN2B activation in ex vivo 
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electrophysiological recordings, or utilizing patch-clamp and while simultaneously monitoring 

calcium dynamics during LTD and LTD induction with the use of fluorescent calcium indicators 

and two-photon microscopy (X.-H. Li et al., 2017), could help clarify how Mdga2 reduction 

shifts the LTP–LTD balance in CA1 pyramidal neurons. 

Another important avenue of exploration involves the relationship between LTD and 

synaptic pruning. Given the role of NMDAR-dependent LTD-like processes in spine elimination 

(Piochon et al., 2016), a key question is why pruning appeared to normalize spine density in the 

dorsal CA1 despite LTD impairment. To distinguish if more mature synapses that are detected at 

P14 are persistent by P28-P42, contributing to LTD deficits due to increased maturation and 

stability, longitudinal imaging of dendritic spines across postnatal development would allow 

direct measurement of spine formation and elimination rates in vivo. Advancements in imaging 

technology have allowed researchers to conduct long-term imaging in subcortical structures, 

such as the hippocampus, by utilizing glass microperiscopes. This technique has been used to 

successfully analyze spine morphogenesis in the CA1 region and allowed for the tracking of 

dendritic spines over multiple days from the same dendritic arbor (Redman et al., 2022). 

Moreover, the recovery of normal spine density by P42 also underscores the need to examine 

overall dendritic structure, as increased dendritic arborization could contribute to a higher total 

number of excitatory contacts without altering local density. Future studies incorporating three-

dimensional reconstructions or Sholl analysis of CA1 neurons will help clarify whether changes 

in dendritic complexity accompany the initial wave of excessive synapse formation at P21. 

Lastly, there is a growing body of literature supporting molecular and functional 

differences across the dorsal-ventral axis of the hippocampus (A.-R. Lee et al., 2017; Dubovyk & 

Manahan-Vaughan, 2018; Trompoukis & Papatheodoropoulos, 2020), leading to the 

differentiation between the regions in the current study. Only the dorsal hippocampus displayed a 
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robust enhancement of synaptogenesis and enhanced synapse maturation in Mdga2+/- mice; 

therefore, future studies should aim to elucidate potential differences in Mdga2 expression 

patterns along the dorsal-ventral axis. There are currently no antibodies validated for Mdga2 

binding for immunohistochemistry, which makes localization studies difficult. Alternative 

approaches include knocking in an epitope-flagged Mdga2 gene to express an epitope tag such as 

FLAG or HA, or a fluorescent protein such as GFP. This would allow for the use of highly 

specific and validated antibodies or direct fluorescence for the detection of Mdga2 under 

standard immunohistochemistry or imaging protocols while retaining native expression patterns 

(Z. Zhang, 2023). In addition to elucidating dorsal-ventral expression patterns, this technique 

would allow for the validation of synaptic localization and temporal distribution that has thus far 

only been accomplished with endogenous Mdga1 (Toledo et al., 2022). Together, these proposed 

directions will deepen our understanding of how Mdga2 regulates synaptic plasticity and circuit 

maturation during postnatal development, and how its dysregulation may contribute to the 

pathophysiology of neurodevelopmental disorders such as ASD. 
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Appendices 

Appendix A. Full statistical analysis of the last 10 minutes of NMDAR-dependent LTD 
using a linear mixed effect model. 

Table A1. Variance components attributed to random effects (SliceID) and residual error. 
 

Random effects:   

Groups Variance Std.Dev. 
SliceID 125.92 11.221 
Residual 12.66 3.558 

 
Table A2. Statistical breakdown of the fixed effects from the reference genotype (WT) and 
region (Dorsal). 

 

Fixed effects:      

 Estimate Std. Error df t value Pr(>|t|) 
(Intercept) 73.3217 4.0356 29.3831 18.169 <2e-16*** 
GenotypeHET 11.1381 5.7072 29.3831 1.952 0.0606 
RegionVentral -4.8212 5.7072 29.3831 -0.845 0.4051 
Time -0.2531 0.1385 284 -1.828 0.0687 
GenotypeHET:RegionVentral 1.4994 8.0712 29.3831 0.186 0.8539 
GenotypeHET:Time 0.3832 0.1959 284 1.957 0.0514 
RegionVentral:Time 0.2625 0.1959 284 1.34 0.1813 
GenotypeHET:RegionVentral:Time -0.2242 0.277 284 -0.809 0.4189 

 
Table A3. Correlation of fixed effects. 

 

 (Intr) GntHET RgnVnt Time GnHET:RV GHET:T RgnV:T 
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GenotypeHET -0.707       

RegionVntrl -0.707 0.5      

Time -0.154 0.109 0.109     

GntypHET:RV 0.5 -0.707 -0.707 -0.077    

GntypHET:Tm 0.109 -0.154 -0.077 -0.707 0.109   

RgnVntrl:Tm 0.109 -0.077 -0.154 -0.707 0.109 0.5  

GntHET:RV:T -0.077 0.109 0.109 0.5 -0.154 -0.707 -0.707 

 
Table A4. Full type III analysis of variance table with Satterthwaite's method. 

 

 Sum Sq Mean Sq NumDF DenDF F value Pr(>F) 
Genotype 109.846 109.846 1 29.383 8.6772 0.006247** 
Region 12.885 12.885 1 29.383 1.0179 0.321265 
Time 0.495 0.495 1 284 0.0391 0.843398 
Genotype:Region 0.437 0.437 1 29.383 0.0345 0.853902 
Genotype:Time 48.52 48.52 1 284 3.8328 0.051237 
Region:Time 14.922 14.922 1 284 1.1788 0.278523 
Genotype:Region:Time 8.294 8.294 1 284 0.6552 0.418933 

 
Table A5. Summary of post-hoc testing using Sidak’s method. 

 

contrast estimate SE df t.ratio p.value 
WT-Dorsal vs HET-Dorsal 12.9 5.64 28 2.281 0.0598 
WT-Ventral vs HET-Ventral 13.4 5.64 28 2.368 0.0494* 

 
Table A6. Summary of scaled residuals in the LMM. 

 

Min 1Q Median 3Q Max 
-3.1852 -0.5305 0.0719 0.5501 2.9389 

 
Appendix B. Full statistical analysis of the last 10 minutes of mGluR-dependent LTD using 
a linear mixed effect model. 

Table B1. Variance components attributed to random effects (SliceID) and residual error. 
 

Random effects:   

Groups Variance Std.Dev. 
SliceID 66.54 8.157 
Residual 24.35 4.935 
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Table B2. Statistical breakdown of the fixed effects from the reference genotype (WT) and 
region (Dorsal). 

 

Fixed effects:      

 Estimate Std. Error df t value Pr(>|t|) 
(Intercept) 76.7290 3.0608 33.0385 25.068 < 2e-16 *** 
GenotypeHET -4.1676 4.3287 33.0385 -0.963 0.34265 
RegionVentral -12.8015 4.3287 33.0385 -2.957 0.00569 ** 
Time 0.1763 0.1921 284.0000 0.918 0.35960 
GenotypeHET:RegionVentral 6.3519 6.1217 33.0385 1.038 0.30699 
GenotypeHET:Time -0.2410 0.2716 284.0000 -0.887 0.37569 
RegionVentral:Time -0.2748 0.2716 284.0000 -1.012 0.31262 
GenotypeHET:RegionVentral:Time 0.1949 0.3842 284.0000 0.507 0.61225 

 
Table B3. Correlation of fixed effects. 

 

 (Intr) GntHET RgnVnt Time GnHET:RV GHET:T RgnV:T 
GenotypeHET -0.707       

RegionVntrl -0.707 0.500      

Time -0.282 0.200 0.200     

GntypHET:RV 0.500 -0.707 -0.707 -0.141    

GntypHET:Tm 0.200 -0.282 -0.141 -0.707 0.200   

RgnVntrl:Tm 0.200 -0.141 -0.282 -0.707 0.200 0.500  

GntHET:RV:T -0.141 0.200 0.200 0.500 -0.282 -0.707 -0.707 

 
Table B4. Full type III analysis of variance table with Satterthwaite's method. 

 

 Sum Sq Mean Sq NumD 
F 

DenDF F value Pr(>F) 

Genotype 2.556 2.556 1 33.038 0.1050 0.747989 
Region 240.809 240.809 1 33.038 9.8895 0.003505 ** 
Time 2.858 2.858 1 284.000 0.1174 0.732136 
Genotype:Region 26.216 26.216 1 33.038 1.0766 0.306988 
Genotype:Time 13.600 13.600 1 284.000 0.5585 0.455475 
Region:Time 20.749 20.749 1 284.000 0.8521 0.356740 
Genotype:Region:Time 6.270 6.270 1 284.000 0.2575 0.612254 

 
Table B5. Summary of post-hoc testing using Sidak’s method. 

 

contrast estimate SE df t.ratio p.value 
WT_Dorsal_vs_WT_Ventral 14.04 4.15 28 3.381 0.0043** 
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HET_Ventral_vs_HET_Dorsal -6.81 4.15 28 -1.640 0.2119 

 
Table B6. Summary of scaled residuals in the LMM. 

 

Min 1Q Median 3Q Max 
-3.2297 -0.4991 0.0139 0.5547 4.1038 

 
Appendix C. Full gene ontology (GO) analysis output from the DAVID functional 
annotation tool for dorsal CA1 tissue collected from Mdga2+/- mice and WT littermates 
from P14-P42 using BP_FAT (filtered biological processes) with an EASE threshold of 
0.05 and protein count threshold of 3. 

Table C1. Biological processes GO terms associated with up-regulated proteins in 
Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at P14. 
 

Term Count % PValue List Total Fold Enrichment 

regulation of localization 12 32.43243 4.17E-04 35 3.320662 

regulation of biological quality 12 32.43243 0.010876 35 2.215662 

regulation of transport 10 27.02703 0.001589 35 3.389373 

transmembrane transport 7 18.91892 0.011613 35 3.504006 

monoatomic ion transport 7 18.91892 0.003852 35 4.415728 

carbohydrate derivative metabolic process 6 16.21622 0.010819 35 4.279316 

monoatomic cation transport 6 16.21622 0.007924 35 4.619025 

regulation of secretion 6 16.21622 0.006894 35 4.777521 

regulation of secretion by cell 6 16.21622 0.004501 35 5.28963 

monoatomic ion transmembrane transport 5 13.51351 0.034696 35 3.900017 

regulation of growth 5 13.51351 0.018491 35 4.742649 

monoatomic cation transmembrane transport 5 13.51351 0.017875 35 4.791614 

carbohydrate derivative biosynthetic process 5 13.51351 0.009056 35 5.864105 

regulation of membrane potential 4 10.81081 0.047108 35 4.777521 

synaptic signaling 4 10.81081 0.034662 35 5.403267 

trans-synaptic signaling 4 10.81081 0.024212 35 6.217635 

anterograde trans-synaptic signaling 4 10.81081 0.020764 35 6.596374 

chemical synaptic transmission 4 10.81081 0.020764 35 6.596374 

aerobic respiration 3 8.108108 0.049884 35 8.121786 

regulation of exocytosis 3 8.108108 0.048043 35 8.29459 

negative regulation of secretion 3 8.108108 0.047314 35 8.365788 

negative regulation of secretion by cell 3 8.108108 0.039238 35 9.282041 

proton transmembrane transport 3 8.108108 0.021384 35 12.9088 

 
Table C2. Biological processes GO terms associated with down-regulated proteins in Mdga2+/- 
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dorsal CA1 synaptoneurosomes relative to WT littermates at P14. 
Term Count % PValue List Total Fold Enrichment 

establishment of protein localization 4 30.76923 0.025721 12 5.473165 

intracellular transport 4 30.76923 0.021275 12 5.880786 

intracellular protein transport 3 23.07692 0.027604 12 10.37454 

regulation of mitotic cell cycle 3 23.07692 0.025487 12 10.82905 

regulation of cell cycle phase transition 3 23.07692 0.020227 12 12.25269 

regulation of mitotic cell cycle phase transition 3 23.07692 0.011916 12 16.19729 

nuclear transport 3 23.07692 0.007881 12 20.08922 

 
Table C3. Biological processes GO terms associated with proteins with increased 
phosphorylation levels in Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at 
P14. 

Term Count % PValue List Total Fold Enrichment 

macromolecule localization 6 30 0.031035 18 3.055354 

cellular response to chemical stimulus 6 30 0.028689 18 3.118196 

cellular localization 6 30 0.018106 18 3.504546 

nitrogen compound transport 6 30 0.00544 18 4.685002 

homeostatic process 5 25 0.037426 18 3.597349 

monoatomic ion transport 4 20 0.039187 18 4.906365 

monoatomic cation transport 4 20 0.023482 18 5.987625 

cellular homeostasis 4 20 0.018256 18 6.58873 

intracellular monoatomic ion homeostasis 3 15 0.048876 18 7.912665 

intracellular monoatomic cation homeostasis 3 15 0.046878 18 8.098647 

organic anion transport 3 15 0.039719 18 8.876269 

regulation of metal ion transport 3 15 0.038543 18 9.024206 

response to oxidative stress 3 15 0.037712 18 9.132932 

regulation of developmental growth 3 15 0.036233 18 9.335386 

negative regulation of organelle organization 3 15 0.030713 18 10.21608 

nucleobase-containing compound transport 3 15 0.013375 18 15.92507 

 
Table C4. Biological processes GO terms associated with down-regulated proteins in 
Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at P21. 

Term Coun
t 

% PValue List 
Total 

Fold 
Enrichment 

regulation of biological quality 8 34.7826087 0.04269
7 

23 2.247773 

regulation of cellular component 
organization 

7 30.4347826
1 

0.04201
6 

23 2.515876 

cellular localization 7 30.4347826
1 

0.01442
7 

23 3.199803 
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nitrogen compound transport 7 30.4347826
1 

0.00355
7 

23 4.277611 

positive regulation of signaling 6 26.0869565
2 

0.04864
4 

23 2.791734 

intracellular protein localization 6 26.0869565
2 

0.04143
2 

23 2.916635 

regulation of transport 6 26.0869565
2 

0.03320
7 

23 3.094645 

establishment of localization in cell 6 26.0869565
2 

0.02600
8 

23 3.299463 

macromolecule modification 6 26.0869565
2 

0.01186
9 

23 4.02199 

response to endogenous stimulus 6 26.0869565
2 

0.01067
1 

23 4.128347 

cell motility 6 26.0869565
2 

0.00735
1 

23 4.518229 

protein modification process 6 26.0869565
2 

0.00718
9 

23 4.542446 

response to nitrogen compound 5 21.7391304
3 

0.02931 23 3.986851 

cell migration 5 21.7391304
3 

0.01683
5 

23 4.721772 

intracellular signaling cassette 4 17.3913043
5 

0.04847
7 

23 4.60414 

membrane organization 4 17.3913043
5 

0.04073
7 

23 4.937524 

cellular response to nitrogen compound 4 17.3913043
5 

0.03088
1 

23 5.508296 

regulation of inflammatory response 4 17.3913043
5 

0.00822
1 

23 9.071001 

taxis 3 13.0434782
6 

0.04640
5 

23 8.285523 

chemotaxis 3 13.0434782
6 

0.04594 23 8.332071 

protein polyubiquitination 3 13.0434782
6 

0.03492
1 

23 9.693521 

tissue homeostasis 3 13.0434782
6 

0.02569
3 

23 11.45258 

anatomical structure homeostasis 3 13.0434782
6 

0.02569
3 

23 11.45258 

cell chemotaxis 3 13.0434782
6 

0.02026
2 

23 13.00973 

 
Table C5. Biological processes GO terms associated with proteins with reduced phosphorylation 
levels in Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at P21. 

Term Count % PValue List Total Fold Enrichment 

regulation of biological quality 5 50 0.0376 10 3.231174 

monoatomic cation transport 3 30 0.04165 10 8.083294 

monoatomic ion transmembrane transport 3 30 0.040663 10 8.190036 

metal ion transport 3 30 0.02935 10 9.774069 

monoatomic cation transmembrane transport 3 30 0.027805 10 10.06239 
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Table C6. Biological processes GO terms associated with up-regulated proteins in 
Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at P28. 

Term Count % PValue List Total Fold Enrichment 

RNA metabolic process 9 36 0.029906 24 2.215608 

macromolecule catabolic process 6 24 0.0077 24 4.490719 

regulation of catabolic process 5 20 0.02047 24 4.469536 

regulation of mRNA metabolic process 4 16 0.004738 24 11.11486 

regulation of RNA splicing 3 12 0.017736 24 14.00308 

tRNA metabolic process 3 12 0.016922 24 14.35669 

regulation of mRNA processing 3 12 0.010631 24 18.33952 

tRNA processing 3 12 0.008627 24 20.45054 

regulation of mRNA splicing, via spliceosome 3 12 0.007472 24 22.03585 

 
Table C7. Biological processes GO terms associated with down-regulated proteins in 
Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at P28. 

Term Count % PValue List Total Fold Enrichment 

cell development 4 44.44444 0.047406 8 3.963228 

regulation of cellular component biogenesis 3 33.33333 0.044566 8 7.480592 

cell activation 3 33.33333 0.026664 8 9.870226 

pattern specification process 3 33.33333 0.009235 8 17.22803 

 
Table C8. Biological processes GO terms associated with proteins with decreased 
phosphorylation levels in Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at 
P28. 

Term Count % PValue List Total Fold Enrichment 

cell projection organization 4 50 0.003857 7 9.437079 

plasma membrane bounded cell projection organization 4 50 0.003417 7 9.844589 

positive regulation of cellular component organization 3 37.5 0.044891 7 7.230076 

 
Table C9. Biological processes GO terms associated with up-regulated proteins in 
Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at P42. 

Term Coun
t 

% PValue List Total Fold Enrichment 

protein metabolic process 14 33.33333 0.001881 38 2.467097514 

organelle organization 11 26.19048 0.031533 38 2.0211609 

regulation of localization 9 21.42857 0.032346 38 2.293878329 

protein modification by small protein 
conjugation or removal 

5 11.90476 0.043898 38 3.631355391 

protein modification by small protein 
conjugation 

5 11.90476 0.027661 38 4.208490636 

protein ubiquitination 5 11.90476 0.02123 38 4.568300522 

protein polyubiquitination 5 11.90476 0.001496 38 9.778551772 
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regulation of transmembrane transport 4 9.52381 0.037837 38 5.238051365 

regulation of RNA stability 3 7.142857 0.046147 38 8.508730357 

regulation of mRNA catabolic process 3 7.142857 0.045365 38 8.590153614 

regulation of mRNA stability 3 7.142857 0.03675 38 9.65237691 

protein K48-linked ubiquitination 3 7.142857 0.01431 38 16.02984023 

 
Table C10. Biological processes GO terms associated with down-regulated proteins in 
Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at P42. 

Term Count % PValue List Total Fold Enrichment 

cellular localization 6 28.57143 0.035748866 21 3.003897 

establishment of localization in cell 6 28.57143 0.017458737 21 3.613698 

cell-cell signaling 5 23.80952 0.003554518 21 7.316924 

regulation of trans-synaptic signaling 4 19.04762 0.029176485 21 5.589186 

modulation of chemical synaptic transmission 4 19.04762 0.029079777 21 5.596407 

synaptic signaling 4 19.04762 0.00820199 21 9.005445 

trans-synaptic signaling 4 19.04762 0.005570837 21 10.36272 

anterograde trans-synaptic signaling 4 19.04762 0.004726355 21 10.99396 

chemical synaptic transmission 4 19.04762 0.004726355 21 10.99396 

membrane docking 3 14.28571 0.002628527 21 37.34154 

organelle localization by membrane tethering 3 14.28571 0.002014117 21 42.74624 

vesicle docking 3 14.28571 0.001099856 21 58.01276 

 
Table C11. Biological processes GO terms associated with proteins with increased 
phosphorylation levels in Mdga2+/- dorsal CA1 synaptoneurosomes relative to WT littermates at 
P42. 

Term Coun
t 

% PValue List 
Total 

Fold 
Enrichment 

monoatomic ion transport 5 14.7058823
5 

0.044974 31 3.561071 

regulation of cell projection organization 5 14.7058823
5 

0.020975 31 4.528276 

regulation of plasma membrane bounded 
cell projection organization 

5 14.7058823
5 

0.019647 31 4.619525 

response to growth factor 4 11.7647058
8 

0.042532 31 4.948267 

regulation of neuron projection 
development 

4 11.7647058
8 

0.041294 31 5.007376 

cellular response to growth factor stimulus 4 11.7647058
8 

0.036528 31 5.258643 

negative regulation of protein localization 3 8.82352941
2 

0.045288 31 8.530008 
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Appendix D. Full gene ontology (GO) analyses output from the DAVID functional 
annotation tool for ventral CA1 tissue collected from Mdga2+/- mice and WT littermates 
from P14-P42 using BP_FAT (filtered biological processes) with an EASE threshold of 
0.05 and protein count threshold of 3. 
 

Table D1. Biological processes GO terms associated with up-regulated proteins in Mdga2+/- 
ventral CA1 synaptoneurosomes relative to WT littermates at P14. 

Term Coun
t 

% PValue List Total Fold 
Enrichment 

cellular component biogenesis 13 36.11111 0.00928402
2 

34 2.131149 

cellular component assembly 13 36.11111 0.00538442 34 2.278587 

nervous system development 8 22.22222 0.04855256
4 

34 2.27501 

cellular response to stress 7 19.44444 0.03865946
7 

34 2.661723 

sexual reproduction 7 19.44444 0.02226512
9 

34 3.026484 

mitotic cell cycle process 6 16.66667 8.57E-04 34 7.717534 

cell cycle 6 16.66667 0.02090199
5 

34 3.615421 

regulation of cell cycle 6 16.66667 0.02090199
5 

34 3.615421 

cell cycle process 6 16.66667 0.01032410
3 

34 4.319825 

cell morphogenesis 6 16.66667 0.00656517
8 

34 4.823459 

mitotic cell cycle 6 16.66667 0.00141531
7 

34 6.895391 

cell division 6 16.66667 0.00103175
1 

34 7.404276 

embryo development ending in birth or 
egg hatching 

5 13.88889 0.04266692
8 

34 3.64299 

chordate embryonic development 5 13.88889 0.04013457 34 3.71585 

regulation of cell cycle process 5 13.88889 0.02553414
4 

34 4.287519 

in utero embryonic development 5 13.88889 0.00964736
8 

34 5.746159 

plasma membrane bounded cell 
projection morphogenesis 

4 11.11111 0.04903405
2 

34 4.693705 

neuron projection morphogenesis 4 11.11111 0.04777612
6 

34 4.743638 

cell morphogenesis involved in neuron 
differentiation 

4 11.11111 0.03831160
8 

34 5.184907 

regulation of chromosome organization 3 8.333333 0.04976282
8 

34 8.12372 

mitotic nuclear division 3 8.333333 0.02603496
1 

34 11.59861 

protein K48-linked ubiquitination 3 8.333333 0.01149028
7 

34 17.9157 
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Table D2. Biological processes GO terms associated with down-regulated proteins in 
Mdga2+/- ventral CA1 synaptoneurosomes relative to WT littermates at P14. 

Term Count % PValue List Total Fold Enrichment 

protein metabolic process 25 29.41176 4.51E-04 81 2.066792 

tissue development 14 16.47059 0.02778406
5 

81 1.901569 

phosphorus metabolic process 12 14.11765 0.00522020
9 

81 2.621819 

phosphate-containing compound 
metabolic process 

12 14.11765 0.00513064 81 2.627954 

embryo development 11 12.94118 0.01674094
1 

81 2.348505 

programmed cell death 10 11.76471 0.01955038
6 

81 2.43921 

cell death 10 11.76471 0.01955038
6 

81 2.43921 

apoptotic process 9 10.58824 0.03846044
6 

81 2.30756 

regulation of cell development 9 10.58824 0.02344795
1 

81 2.54203 

embryonic organ development 8 9.411765 0.00374258 81 3.975265 

tissue morphogenesis 7 8.235294 0.03806064
4 

81 2.783671 

mitotic cell cycle 7 8.235294 0.01668632
8 

81 3.376755 

response to xenobiotic stimulus 6 7.058824 0.03565075
3 

81 3.258256 

regulation of hemopoiesis 6 7.058824 0.02505552
4 

81 3.584082 

regulation of leukocyte differentiation 5 5.882353 0.04436826
8 

81 3.713665 

cytoplasmic translation 4 4.705882 0.03151537
4 

81 5.759038 

negative regulation of myeloid cell 
differentiation 

3 3.529412 0.04505518
4 

81 8.773534 

ERAD pathway 3 3.529412 0.04338116
2 

81 8.960205 

cardiac septum morphogenesis 3 3.529412 0.03850525
9 

81 9.571128 

lung alveolus development 3 3.529412 0.02596800
2 

81 11.86281 

peptidyl-tyrosine modification 3 3.529412 0.00751523
3 

81 22.76376 

peptidyl-tyrosine phosphorylation 3 3.529412 0.00712515
6 

81 23.39609 

embryonic hemopoiesis 3 3.529412 0.00498726
2 

81 28.07531 

 
Table D3. Biological processes GO terms associated with proteins with increased 
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phosphorylation levels in Mdga2+/- ventral CA1 synaptoneurosomes relative to WT littermates at 
P14. 

Term Count % PValue List Total Fold Enrichment 

regulation of RNA metabolic process 10 29.41176 0.045725 30 1.963308 

negative regulation of macromolecule 
metabolic process 

9 26.47059 0.036487 30 2.193666 

negative regulation of biosynthetic 
process 

9 26.47059 0.022706 30 2.396312 

negative regulation of macromolecule 
biosynthetic process 

9 26.47059 0.018971 30 2.475435 

regulation of transcription by RNA 
polymerase II 

8 23.52941 0.044368 30 2.295332 

negative regulation of nucleobase-
containing compound metabolic process 

8 23.52941 0.004643 30 3.569315 

negative regulation of RNA metabolic 
process 

8 23.52941 0.002968 30 3.867517 

negative regulation of RNA biosynthetic 
process 

8 23.52941 0.001886 30 4.188029 

negative regulation of DNA-templated 
transcription 

8 23.52941 0.001857 30 4.199631 

negative regulation of transcription by 
RNA polymerase II 

6 17.64706 0.009129 30 4.407171 

chromatin organization 5 14.70588 0.026726 30 4.192662 

cellular process involved in 
reproduction in multicellular organism 

4 11.76471 0.044822 30 4.835938 

germ cell development 4 11.76471 0.038519 30 5.139209 

spermatid differentiation 4 11.76471 0.013234 30 7.754817 

spermatid development 4 11.76471 0.012173 30 8.000352 

 
Table D4. Biological processes GO terms associated with proteins with reduced phosphorylation 
levels in Mdga2+/- ventral CA1 synaptoneurosomes relative to WT littermates at P14. 

Term Count % PValue List Total Fold Enrichment 

regulation of cell communication 12 36.36363636 0.010992 32 2.186074 

regulation of signaling 12 36.36363636 0.010908 32 2.188318 

organelle organization 11 33.33333333 0.008955 32 2.400129 

regulation of signal transduction 10 30.3030303 0.025914 32 2.182605 

macromolecule localization 9 27.27272727 0.015727 32 2.577955 

intracellular protein localization 9 27.27272727 0.004901 32 3.144497 

regulation of protein localization 7 21.21212121 0.002798 32 4.67098 

protein localization to organelle 5 15.15151515 0.021593 32 4.497824 

localization within membrane 4 12.12121212 0.049137 32 4.67537 

negative regulation of DNA metabolic 
process 

3 9.090909091 0.01536 32 15.3379 

protein-containing complex 
localization 

3 9.090909091 0.008035 32 21.53504 
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Table D5. Biological processes GO terms associated with up-regulated proteins in Mdga2+/- 
ventral CA1 synaptoneurosomes relative to WT littermates at P21. 

Term Count % PValue List Total Fold Enrichment 

response to stress 11 30.55556 0.032975 33 1.978166 

protein metabolic process 10 27.77778 0.040169 33 2.029214 

regulation of cellular component organization 9 25 0.033215 33 2.254486 

positive regulation of RNA metabolic process 8 22.22222 0.016441 33 2.840273 

positive regulation of RNA biosynthetic 
process 

8 22.22222 0.011155 33 3.062761 

positive regulation of DNA-templated 
transcription 

8 22.22222 0.01109 33 3.066168 

cellular response to stress 7 19.44444 0.033763 33 2.742381 

negative regulation of cell communication 7 19.44444 0.02537 33 2.930649 

protein modification process 6 16.66667 0.034293 33 3.165947 

regulation of organelle organization 6 16.66667 0.029463 33 3.297231 

post-translational protein modification 5 13.88889 0.033051 33 3.946857 

protein modification by small protein 
conjugation or removal 

5 13.88889 0.027507 33 4.181561 

DNA damage response 5 13.88889 0.026975 33 4.207089 

negative regulation of cell population 
proliferation 

5 13.88889 0.020906 33 4.551659 

protein modification by small protein 
conjugation 

5 13.88889 0.01701 33 4.846141 

protein ubiquitination 5 13.88889 0.012933 33 5.260467 

proteasomal protein catabolic process 4 11.11111 0.046781 33 4.77727 

DNA repair 4 11.11111 0.037515 33 5.220615 

proteasome-mediated ubiquitin-dependent 
protein catabolic process 

4 11.11111 0.030101 33 5.695217 

chromosome organization 4 11.11111 0.0254 33 6.084956 

bone development 3 8.333333 0.043378 33 8.760015 

DNA replication 3 8.333333 0.034199 33 9.987264 

glycerolipid biosynthetic process 3 8.333333 0.030657 33 10.60186 

 
Table D6. Biological processes GO terms associated with down-regulated proteins in Mdga2+/- 
ventral CA1 synaptoneurosomes relative to WT littermates at P21. 
 

Term Count % PValue List Total Fold Enrichment 

cellular component biogenesis 16 32.65306 0.009556 46 1.938704 

cellular component assembly 15 30.61224 0.012938 46 1.943277 

regulation of biological quality 15 30.61224 0.006375 46 2.107287 

organelle organization 15 30.61224 0.003133 46 2.276802 

positive regulation of response to stimulus 11 22.44898 0.025302 46 2.128401 

cellular localization 10 20.40816 0.023924 46 2.285574 

tissue development 10 20.40816 0.018325 46 2.391725 
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establishment of localization in cell 9 18.36735 0.023335 46 2.474597 

homeostatic process 9 18.36735 0.020551 46 2.533785 

nitrogen compound transport 9 18.36735 0.013089 46 2.749893 

positive regulation of gene expression 8 16.32653 0.021098 46 2.771518 

vesicle-mediated transport 8 16.32653 0.016506 46 2.912339 

programmed cell death 8 16.32653 0.007028 46 3.436105 

cell death 8 16.32653 0.007028 46 3.436105 

plasma membrane bounded cell projection 
organization 

7 14.28571 0.044481 46 2.621657 

intracellular transport 7 14.28571 0.040355 46 2.684707 

apoptotic process 7 14.28571 0.020129 46 3.160353 

chemical homeostasis 7 14.28571 0.016498 46 3.305241 

positive regulation of response to external 
stimulus 

6 12.2449 0.011046 46 4.330244 

cell junction organization 6 12.2449 0.00855 46 4.613091 

regulation of response to biotic stimulus 5 10.20408 0.039883 46 3.779584 

regulation of establishment of protein 
localization 

5 10.20408 0.038764 46 3.81458 

positive regulation of defense response 5 10.20408 0.022536 46 4.527194 

cell morphogenesis involved in neuron 
differentiation 

5 10.20408 0.018746 46 4.790403 

synapse organization 5 10.20408 0.009639 46 5.843612 

positive regulation of response to biotic 
stimulus 

5 10.20408 0.009408 46 5.885352 

regulation of synapse organization 4 8.163265 0.049885 46 4.719519 

cognition 4 8.163265 0.049016 46 4.753554 

regulation of synaptic plasticity 4 8.163265 0.044513 46 4.943696 

establishment of protein localization to 
organelle 

4 8.163265 0.03997 46 5.163129 

positive regulation of innate immune response 4 8.163265 0.03997 46 5.163129 

learning or memory 4 8.163265 0.036666 46 5.344536 

sensory organ morphogenesis 4 8.163265 0.030957 46 5.715255 

rhythmic process 4 8.163265 0.027435 46 5.992358 

alcohol metabolic process 4 8.163265 0.026174 46 6.103328 

ear development 4 8.163265 0.019635 46 6.818891 

circadian rhythm 3 6.122449 0.049893 46 8.193971 

establishment of vesicle localization 3 6.122449 0.047942 46 8.379145 

ear morphogenesis 3 6.122449 0.040435 46 9.211855 

regulation of type I interferon production 3 6.122449 0.035132 46 9.95375 

positive regulation of type I interferon 
production 

3 6.122449 0.019371 46 13.73249 

nerve development 3 6.122449 0.019036 46 13.86083 

mechanoreceptor differentiation 3 6.122449 0.016135 46 15.13376 

regulation of neuronal synaptic plasticity 3 6.122449 0.01071 46 18.77353 

neuromuscular junction development 3 6.122449 0.005132 46 27.46498 
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Table D7. Biological processes GO terms associated with proteins with increased phosphorylation 
levels in Mdga2+/- ventral CA1 synaptoneurosomes relative to WT littermates at P21. 

Term Count % PValue List Total Fold Enrichment 

regulation of localization 10 32.25806 0.00109 28 3.459023 

regulation of transport 8 25.80645 0.005892 28 3.389373 

regulation of protein localization 7 22.58065 0.00132 28 5.338263 

chemical homeostasis 6 19.35484 0.007101 28 4.654318 

monoatomic ion transport 5 16.12903 0.032015 28 3.942614 

monoatomic cation transport 5 16.12903 0.016753 28 4.811484 

cellular homeostasis 5 16.12903 0.012152 28 5.294515 

metal ion transport 5 16.12903 0.008806 28 5.817898 

regulation of cellular localization 5 16.12903 0.007217 28 6.162205 

regulation of establishment of protein 
localization 

5 16.12903 0.006807 28 6.26681 

regulation of protein transport 5 16.12903 0.004255 28 7.162069 

positive regulation of protein localization 5 16.12903 0.0033 28 7.691085 

regulation of cell activation 4 12.90323 0.048948 28 4.64766 

monoatomic cation transmembrane transport 4 12.90323 0.045398 28 4.791614 

regulation of system process 4 12.90323 0.045067 28 4.80579 

intracellular chemical homeostasis 4 12.90323 0.040252 28 5.028969 

regulation of leukocyte activation 4 12.90323 0.039786 28 5.052433 

microtubule cytoskeleton organization 4 12.90323 0.035137 28 5.308357 

monoatomic ion homeostasis 4 12.90323 0.029853 28 5.659781 

inorganic ion homeostasis 4 12.90323 0.019394 28 6.684597 

intracellular monoatomic ion homeostasis 4 12.90323 0.018669 28 6.782285 

positive regulation of establishment of protein 
localization 

4 12.90323 0.009773 28 8.640198 

positive regulation of protein transport 4 12.90323 0.006673 28 9.934906 

regulation of peptide transport 3 9.677419 0.047868 28 8.23154 

regulation of peptide secretion 3 9.677419 0.04729 28 8.287536 

regulation of peptide hormone secretion 3 9.677419 0.045857 28 8.430919 

regulation of blood circulation 3 9.677419 0.045289 28 8.489671 

regulation of insulin secretion 3 9.677419 0.033998 28 9.945044 

regulation of carbohydrate metabolic process 3 9.677419 0.029798 28 10.68656 

regulation of carbohydrate biosynthetic 
process 

3 9.677419 0.0113 28 17.9157 

 
Table D8. Biological processes GO terms associated with up-regulated proteins in Mdga2+/- ventral 
CA1 synaptoneurosomes relative to WT littermates at P28. 

Term Count % PValue List Total Fold Enrichment 

cell development 10 47.61905 1.33E-04 19 4.171819 

cell projection organization 5 23.80952 0.020689 19 4.346023 
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plasma membrane bounded cell projection 
organization 

5 23.80952 0.017974 19 4.533692 

neuron development 4 19.04762 0.045706 19 4.639127 

hemopoiesis 4 19.04762 0.029738 19 5.496646 

cell morphogenesis 4 19.04762 0.02642 19 5.754302 

neuron projection development 4 19.04762 0.026174 19 5.775125 

cell morphogenesis involved in neuron 
differentiation 

4 19.04762 0.007353 19 9.278254 

hematopoietic progenitor cell differentiation 3 14.28571 0.00699 19 22.44178 

 

 
Table D9. Biological processes GO terms associated with up-regulated proteins in Mdga2+/- 
ventral CA1 synaptoneurosomes relative to WT littermates at P42. 

Term Count % PValue List Total Fold Enrichment 

regulation of cell communication 9 60 8.36E-04 15 3.497719 

regulation of signaling 9 60 8.30E-04 15 3.501309 

protein metabolic process 7 46.66667 0.011257 15 3.12499 

regulation of localization 7 46.66667 0.001736 15 4.51979 

negative regulation of metabolic process 6 40 0.043897 15 2.710489 

positive regulation of macromolecule 
metabolic process 

6 40 0.043848 15 2.711297 

regulation of signal transduction 6 40 0.039118 15 2.793735 

negative regulation of macromolecule 
metabolic process 

6 40 0.032771 15 2.924887 

macromolecule modification 5 33.33333 0.010432 15 5.139209 

protein modification process 5 33.33333 0.006813 15 5.804237 

regulation of protein metabolic process 4 26.66667 0.049451 15 4.381696 

regulation of organelle organization 4 26.66667 0.038572 15 4.835938 

regulation of cellular component biogenesis 4 26.66667 0.030209 15 5.319532 

regulation of protein localization 4 26.66667 0.025312 15 5.694147 

post-translational protein modification 4 26.66667 0.014948 15 6.946468 

cell projection morphogenesis 3 20 0.048404 15 7.828227 

plasma membrane bounded cell projection 
morphogenesis 

3 20 0.046766 15 7.979298 

regulation of cytoskeleton organization 3 20 0.046619 15 7.993322 

negative regulation of protein metabolic 
process 

3 20 0.046029 15 8.049912 

neuron projection morphogenesis 3 20 0.045882 15 8.064184 

cell morphogenesis involved in neuron 
differentiation 

3 20 0.039048 15 8.814341 

 
Table D10. Biological processes GO terms associated with down-regulated proteins in Mdga2+/- 
ventral CA1 synaptoneurosomes relative to WT littermates at P42. 

Term Count % PValue List Total Fold Enrichment 

organelle organization 11 50 2.77E-04 22 3.491096 
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regulation of cellular component organization 9 40.90909 0.002148 22 3.381729 

negative regulation of cellular component 
organization 

6 27.27273 6.43E-04 22 7.840823 

regulation of organelle organization 6 27.27273 0.004904 22 4.945846 

cell projection organization 5 22.72727 0.035059 22 3.753384 

plasma membrane bounded cell projection 
organization 

5 22.72727 0.030636 22 3.915461 

cytoskeleton organization 5 22.72727 0.028954 22 3.984895 

regulation of cell projection organization 4 18.18182 0.037135 22 5.104602 

regulation of plasma membrane bounded cell 
projection organization 

4 18.18182 0.035306 22 5.207465 

regulation of neuron projection development 4 18.18182 0.016027 22 7.055849 

negative regulation of organelle organization 3 13.63636 0.04545 22 8.358613 

taxis 3 13.63636 0.04262 22 8.662138 

chemotaxis 3 13.63636 0.042191 22 8.710802 

 
 

Table D11. Biological processes GO terms associated with proteins with increased 
phosphorylation levels in Mdga2+/- ventral CA1 synaptoneurosomes relative to WT littermates at 
P42. 

Term Count % PValue List Total Fold Enrichment 

cellular response to stress 4 28.57143 0.047642 12 4.309456 

embryonic organ development 3 21.42857 0.029213 12 10.06239 

DNA repair 3 21.42857 0.025759 12 10.76752 

DNA recombination 3 21.42857 0.007095 12 21.21362 

double-strand break repair 3 21.42857 0.005142 12 25.04515 

 
 

Table D12. Biological processes GO terms associated with proteins with reduced 
phosphorylation levels in Mdga2+/- ventral CA1 synaptoneurosomes relative to WT littermates at 
P42. 
 

Term Count % PValue List Total Fold Enrichment 

multicellular organismal reproductive process 4 28.57143 0.046361 14 4.456398 

negative regulation of RNA biosynthetic process 4 28.57143 0.045565 14 4.487174 

negative regulation of DNA-templated 
transcription 

4 28.57143 0.045249 14 4.499604 

developmental process involved in reproduction 4 28.57143 0.037864 14 4.827213 

gamete generation 4 28.57143 0.03282 14 5.104029 

male gamete generation 4 28.57143 0.011676 14 7.53762 

spermatogenesis 4 28.57143 0.010883 14 7.735034 

cellular process involved in reproduction in 
multicellular organism 

4 28.57143 0.004852 14 10.36272 

germ cell development 4 28.57143 0.004092 14 11.01259 

spermatid differentiation 4 28.57143 0.001269 14 16.61746 
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spermatid development 4 28.57143 0.00116 14 17.14361 

 


