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Abstract 

The crucial ability to remember and learn from past experiences depends on dynamic rewiring 

of neural circuitry in response to environmental stimuli. This reshaping of synaptic connectivity 

occurs through a combination of strengthening and weakening of structural units on neuronal 

branches called dendritic spines where majority of excitatory connections occur. Long-term 

potentiation (LTP) of synapses allow for strengthening and growth of dendritic spines, whereas 

long-term depression (LTD) of synapse instead lead to weakening and shrinkage of spines. The 

molecular signaling pathway that mediates both LTP and LTD associated changes of spine 

volume is initiated through the activation of N-methyl-D-aspartate receptors (NMDARs). Ion flux 

through the receptor pore is a crucial factor for induction of LTP and spine growth, whereas 

emerging studies point to an ion flux-independent signaling of NMDARs in mediating LTD and 

spine shrinkage. Driven by glutamate binding to the receptor, non-ionotropic NMDAR signaling 

involves conformational change of the receptor that then requires the activity of p38 MAPK to 

drive synaptic weakening and shrinkage. 

 Because non-ionotropic NMDAR signaling is activated through glutamate binding to the 

receptor and results in shrinkage and elimination of dendritic spines, this function of NMDARs 

may play a role in the development of schizophrenia. Associated with decreased spine density, 

reduced levels of D-serine, and disinhibition of excitatory synapses, increased binding of 

glutamate alone would likely activate non-ionotropic NMDAR signaling to promote shrinkage 

and loss of dendritic spines. Thus, investigation of the molecular pathway of non-ionotropic 

NMDAR signaling would not only help elucidate the mechanism that drives learning and 

memory formation, but could also further our understanding of how brain disorders develop. 

 Chapter 1 will be a review of our current understanding of the non-ionotropic NMDAR 

signaling pathway and its role in structural plasticity of dendritic spines, as well as other 

processes such as excitotoxicity and endocytosis of NMDARs. As non-ionotropic NMDAR 
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signaling is activated by glutamate binding, Chapter 2 will detail published work in which we 

identify ion flux-independent signaling of NMDARs to be a crucial part for the induction of LTP 

associated spine growth. Chapter 3 explores the potential role of non-ionotropic NMDAR 

signaling in reduced spine density associated with schizophrenia. Here I detail experiments 

using serine racemase knockout (SRKO) mice to observe changes in structural plasticity of 

spines and enhanced non-ionotropic NMDAR activation. Chapter 4 will be a reflection on my 

scientific contribution to the field of structural plasticity, non-ionotropic NMDAR signaling, and 

schizophrenia. Lastly, the Appendix describes experiments in which a molecule required for 

non-ionotropic NMDAR signaling is identified, as well as a closer look to if and how dendritic 

spines or biochemical modifications and interactions are altered in SRKO mice. 
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Chapter 1: Diverse roles of non-ionotropic NMDAR signaling in the 

nervous system 

Introduction: 

 The innate ability to form memories allows us to learn from past experiences and is 

invaluable for survival of many organisms. This crucial process involves dynamic rewiring of 

neural circuitry that is achieved through both short-term and long-lasting modifications of 

synaptic connections between neurons. As the majority of excitatory synaptic connections 

occurring on small protrusions of neuronal branches called dendritic spines, activity or 

experience-dependent modification integral for memory development can be readily studied by 

observing both functional and structural changes in spines. 

 Although a majority of dendritic spines are stable, both new spine outgrowth and 

elimination of spines in the mammalian cortex occur in response to new experience (Holtmaat et 

al 2005, Trachtenberg et al 2002), the dynamics of which are crucial for memory formation 

(Hayashi-Takagi et al 2015, Li et al 2017, Xu et al 2009, Yang et al 2009). Activity-dependent 

changes that result in new spine outgrowth, stabilization, and enlargement also lead to a 

functional increase in synaptic strength, or long-term potentiation (LTP) (Hill & Zito 2013, Kwon 

& Sabatini 2011, Matsuzaki et al 2004). In contrast, spine shrinkage and elimination are 

associated with decrease in synaptic strength, or long-term depression (LTD) (Oh et al 2013, 

Zhou et al 2004). 

 The ability of dendritic spines to change its structure and synaptic strength involves the 

modification of F-actin dynamics of the spine cytoskeleton that has the dual role of acting as a 

scaffold and providing structural support for the spine itself (Honkura et al 2008, Nakahata & 

Yasuda 2018). Actin modifying proteins such as Arp2/3 and cofilin that mediate F-actin 

assembly or breakdown are downstream of signaling pathways such as small GTPases and 

CaMKII that control its activity. These signaling cascades have been observed to be activated 



 2 

by Ca2+ influx through a type of glutamate receptor called N-methyl-D-aspartate receptor 

(NMDAR) present on the surface of dendritic spines. 

 NMDARs are tetrameric channels that, upon the binding of glutamate and co-agonist, 

are permeable to Na+, K+, and Ca2+ ions when the magnesium block of the receptor pore is 

relieved with depolarization. Being one of the main sources of Ca2+ influx into dendritic spines, 

NMDARs are important for triggering calcium dependent signaling pathway critical for synaptic 

plasticity. Strong Ca2+ influx through the NMDAR activates kinases such as CaMKII that are 

required for the insertion of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPARs) and spine growth associated with LTP (Nakahata & Yasuda 2018). Weak Ca2+ influx 

through the NMDAR is widely accepted to instead activate phosphatases such as PP1 that 

results in LTD through endocytosis of AMPARs and shrinkage of spines. 

 Within the hippocampus, NMDAR are composed of two obligatory GluN1 subunits and 

two subunits that are either GluN2A, GluN2B, or a combination of both, depending on the 

developmental period and location within a dendritic spine (Paoletti et al 2013). Each NMDAR 

subunit has a long intracellular C-terminal tail that can be modified and interact with various 

molecules that are essential for synaptic targeting and mediating NMDAR-dependent processes 

such as excitotoxicity. Ca2+ influx through the receptor pore, although crucial, is not the sole 

function of several NMDAR-mediated processes; a growing number of studies that suggest 

NMDARs have an ion flux-independent role, potentially through conformational changes and 

interactions at the C-terminal tail. Specifically, studies have shown that non-ionotropic NMDAR 

signaling is critical for the induction of LTD and spine shrinkage (Nabavi et al 2013, Stein et al 

2015), which goes against the dogma that synaptic weakening and shrinkage is mediated by 

weak NMDAR-mediated Ca2+ influx (Volianskis et al 2015). Not much is known about this novel, 

ion flux-independent signaling of NMDARs that mediates LTD and associated spine shrinkage 

and, as discussed in the later sections, other processes such as excitotoxicity and Alzheimer’s 

disease. Investigation delineating the key players of the non-ionotropic signaling pathway 
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required for spine shrinkage (Stein et al 2020) is partly discussed in the Appendix. A novel 

discovery that non-ionotropic NMDAR signaling is also crucial for LTP-associated spine growth 

is discussed in Chapter 2 and Appendix. Lastly, the possible contribution of non-ionotropic 

signaling in loss of dendritic spines associated with schizophrenia is addressed in Chapter 3. 

 

Non-ionotropic NMDAR signaling mediates LTD: 

In contradiction to the long-accepted model that NMDAR-mediated Ca2+ influx is an essential 

component of synaptic plasticity, LTD can occur independently of ion flux through the receptor 

pore (Carter & Jahr 2016, Nabavi et al 2013, Stein et al 2015, Wong & Gray 2018). NMDAR 

inhibitors such as co-agonist blocker 7CK or channel pore blocker MK-801 that allow for 

glutamate binding while obstructing ion flux through the pore fails to prevent LTD. The only 

pharmacological manipulation observed to block LTD is the glutamate antagonist APV, 

indicating that LTD is activated through glutamate binding and that Ca2+ influx through the 

receptor pore is not required. Further highlighting the requisite for only glutamate binding is that 

high frequency stimulations that normally induce LTP can instead be ‘converted’ into LTD by 

blocking ion flux during glutamate binding to the NMDAR (Nabavi et al 2013, Stein et al 2020). 

 Despite the differences between GluN2A and GluN2B in their expression time, synaptic 

location, protein modifications, and interactions at the C-tail (Paoletti et al 2013), there seems to 

be some common factor between the two GluN2 subunits that allows for LTD to occur upon 

agonist binding, as there is no subunit specificity for this ion flux-independent synaptic plasticity 

(Wong & Gray 2018). Downstream of glutamate binding, p38 MAPK has been shown to 

increase in activity and also be required for LTD (Nabavi et al 2013, Stein et al 2020), 

demonstrating that there is activation of an intracellular signaling pathway in an ion flux 

independent manner. Although Ca2+ influx may not be required, basal level of intracellular 

calcium is critical to maintain AMPAR-mediated neurotransmission via basal level of calcineurin 

activity restricting insertion of AMPARs to the synapse (Nabavi et al 2013). 
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 Although other ion channels such as AMPARs (Bai et al 2002, Hayashi et al 1999, Wang 

et al 1997) and voltage-gated calcium channels (VGCCs) (Li et al 2016a) have also been 

observed to have non-ionotropic mechanisms, there is still scrutiny as to whether induction of 

NMDAR-LTD is truly independent of Ca2+ influx (Babiec et al 2014, Sanderson et al 2016, 

Volianskis et al 2015). Namely, there are concerns of calcium leak through the NMDAR being 

sufficient to mediate LTD. Indeed, intracellular application of MK801 does not completely block 

the receptor pore (Sun et al 2018), but co-agonist blockers such as 7CK or L689 that have been 

used in non-ionotropic studies do not allow for any detectable level of ion flux while still allowing 

for LTD  (Nabavi et al 2013, Stein et al 2015, Wong & Gray 2018). Additionally, alternate 

sources of calcium such mGluR5s or VGCCs have also been demonstrated to not play a role in 

non-ionotropic NMDAR-LTD (Nabavi et al 2013, Stein et al 2020).  

 

Non-ionotropic NMDAR signaling involves conformational change of the receptor: 

If the binding of agonist to the NMDAR allows for activation p38 MAPK in an ion flux 

independent manner (Nabavi et al 2013), there must be some conformational change of the 

receptor, as seen in VGCCs (Li et al 2016a), that serves to activate the intracellular signaling 

pathway. Based on findings that suggest ligand binding to NMDAR induces a conformational 

state that precedes the opening of the receptor pore for ion flux (Durham et al 2020, Gibb et al 

2018, Kazi et al 2013), this intermediate conformational state of the receptor may be essential 

for initiating non-ionotropic signaling. The use of FRET biosensors of NMDARs suggest that 

agonist binding to the GluN2 subunit causes GluN1 C-tails to move away from each other (Aow 

et al 2015, Dore et al 2015, Ferreira et al 2017), a particular conformational change that is 

independent of receptor pore opening (Dore et al 2015) and necessary for non-ionotropic LTD 

(Aow et al 2015). Agonist-binding driven conformational change also causes the GluN1 C-tail to 

move away from both PP1 and CaMKII, and, interestingly, the movement between the GluN1 C-

tail and CaMKII is driven by PP1 activity and delayed by several minutes following ligand 
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binding (Aow et al 2015). It is unclear whether the relative movements between the GluN1 C-

tails and PP1 and CaMKII are critical for non-ionotropic NMDAR signaling, but does provide 

insight as to what may be occurring near the NMDAR C-tail during non-ionotropic activation. 

 

Non-ionotropic NMDAR activation also mediates spine shrinkage: 

As decrease in synaptic strength occurs concurrently with structural decrease in spine volume 

(Oh et al 2013, Zhou et al 2004), non-ionotropic NMDAR signaling was also observed to induce 

shrinkage of stimulated dendritic spines (Stein et al 2015, Stein et al 2020, Thomazeau et al 

2020). In addition to the increase in activity and requirement of p38 MAPK for non-ionotropic 

NMDAR-LTD and spine shrinkage, the signaling pathway for spine shrinkage has been further 

revealed to require the activity of neuronal nitric oxide synthase (nNOS) (Stein et al 2020), 

which sits close to NMDAR through its interaction to PSD-95 (Li et al 2013). NMDAR-nNOS 

signaling is mediated through the active recruitment of adaptor protein NOS1AP to nNOS (Li et 

al 2013, Zhu et al 2014), the interaction of which is also critical for non-ionotropic spine 

shrinkage (Stein et al 2020). Through its interaction to nNOS, NOS1AP can recruit certain 

substrates like p38 MAPK close to nNOS for modification (Li et al 2013) and potentially acts as 

a link between the two components of non-ionotropic signaling that was previously identified – 

NMDAR activation and p38 MAPK activity. Downstream target of p38 MAPK, MK2, and actin 

depolymerizing protein, cofilin, were also demonstrated to be essential players of non-ionotropic 

NMDAR-dependent spine shrinkage (Stein et al 2020). CaMKII, which has been well observed 

in LTP, spine growth, and LTD (Coultrap et al 2014, Halt et al 2012, Lee et al 2009) was also 

observed to be required for non-ionotropic NMDAR-dependent spine shrinkage. While the 

proposed model for spine shrinkage suggests a relatively linear signaling pathway starting from 

nNOS down to cofilin, it is unclear as to whether the role of CaMKII is upstream near the 

NMDAR (Aow et al 2015) or downstream at the actin cytoskeleton (Kim et al 2015). Additionally, 

mTORC1 activity, which is important for protein synthesis, is required for non-ionotropic spine 
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shrinkage, though it is not yet clear if it is directly downstream of any of the other identified 

signaling molecules of the non-ionotropic pathway for spine shrinkage (Thomazeau et al 2020). 

As functional and structural changes of synaptic plasticity generally occur together (Oh et al 

2013, Zhou et al 2004), it poses a question as to whether LTD and spine shrinkage are, for the 

most part, mediated through the same non-ionotropic signaling pathway and if spine shrinkage 

can also occur independent of NMDAR subunit composition (Wong & Gray 2018). 

 

Non-ionotropic NMDAR activation is required for spine growth: 

Although non-ionotropic NMDAR activation leads to LTD and spine shrinkage, it shares a 

common factor with LTP and spine growth in that they also require glutamate binding to the 

receptor. This leads to a question as to what the role of non-ionotropic NMDAR signaling is 

during induction of LTP and associated spine growth (Fig. 1A). The results of the investigation 

that probes the importance of non-ionotropic NMDAR signaling in spine growth will be 

discussed in Chapter 2. 

 Outside of glutamate binding induced conformational signaling, the binding of co-agonist 

to the NMDAR has also been observed to affect synaptic strength. Particularly, glycine binding 

to GluN2A containing NMDAR complexes increases AMPAR strength through ERK1/2 

activation in an ion flux-independent manner (Li et al 2016b), although It is not yet determined if 

ERK1/2 fits within the identified non-ionotropic NMDAR signaling pathway for AMPAR 

potentiation after it branches out somewhere between nNOS and p38 MAPK (Fig. 1B, C). 

 

Non-ionotropic NMDAR signaling regulates spontaneous glutamate release:  

 The effects of non-ionotropic NMDAR signaling is not limited to just the postsynaptic 

terminal, as there are also reports of spontaneous release of glutamate being mediated in an 

ion flux-independent mechanism. One study demonstrated that ligand binding to NMDAR 

activates Src kinase and ion channel pannexin-1, which have previously been demonstrated to 
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form a complex with the NMDAR (Bialecki et al 2020, Weilinger et al 2016). The opening of 

pannexin-1 controls the extracellular levels of AEA, an endogenous ligand for presynaptically 

located TRPV1 channels that regulate the spontaneous release of glutamate (Fig.1C) (Bialecki 

et al 2020). This type of trans-synaptic signaling has been proposed to be a homeostatic 

mechanism in which decreased spontaneous release of glutamate is corrected when reduced 

non-ionotropic NMDAR signaling at the postsynaptic terminal ultimately increases the frequency 

of spontaneous release by indirectly increasing presynaptic TRPV1-mediated Ca2+ influx. In 

contrast to this finding, which is specific to synapses that express presynaptic TRPV1, another 

study demonstrated that glycine binding to GluN2A increases the frequency of mEPSCs in an 

ion flux-independent manner (Fig. 1C) (Li et al 2016b).  

 Presynaptic NMDARs have also been observed to mediate spontaneous release of 

glutamate in layer 5 pyramidal cells of the visual cortex in an ion flux-independent manner, 

although not much is known about how this particular signaling pathway (Abrahamsson et al 

2017). These few studies on the presynaptic terminal bring attention to the fact that non-

ionotropic NMDAR signaling is not limited to the postsynaptic sites, or dendritic spines, and the 

molecular mechanism may vary widely across different types of synapses.   

 

Role of non-ionotropic NMDAR signaling in excitotoxicity and Alzheimer’s disease: 

 In addition to its role in spontaneous neurotransmitter release and activity-dependent 

changes of the dendritic spine, non-ionotropic NMDAR signaling has also been observed to play 

role in excitotoxicity. In the context of sustained release of glutamate that occurs with transient 

cerebral ischemia, ligand binding to the NMDAR activates a non-ionotropic signaling pathway 

that involves opening of intracellular calcium stores that leads to phosphorylation of eEF-2 that 

then inhibits protein synthesis (Fig. 2A) (Gauchy et al 2002). Interestingly, calcium release from 

the endoplasmic reticulum plays a role in the inhibition of protein synthesis, whereas calcium 
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release from the mitochondria does not, which suggests a possible calcium nanodomain 

requirement for the non-ionotropic NMDAR-mediated inhibition of protein synthesis. 

 Another study demonstrated that both agonist and co-agonist binding to the NMDAR 

triggers a non-ionotropic signaling pathway in which Src kinase is activated and promotes 

pannexin1-mediated Ca2+ influx (Fig. 2A) (Weilinger et al 2016). Ca2+ influx through pannexin1, 

but not through NMDAR, is required for mitochondrial dysfunction and cell death, suggesting 

that this non-ionotropic NMDAR pathway for excitotoxicity also depends on the calcium 

nanodomain of pannexin1 despite the close association between NMDAR, Src, and pannexin1. 

As Src is specifically known to bind to NMDAR indirectly through NADH dehydrogenase 2, 

conformational change of the NMDAR may be sufficient to bring Src kinase in close proximity of 

Y308 on C-tail of pannexin1 for modification that is essential for cell death. 

 In addition to inhibition of protein synthesis and calcium dysregulation, non-ionotropic 

NMDAR signaling is also required for NOX2-mediated superoxide production (Minnella et al 

2018). Triggered by glutamate binding alone, the regulatory subunit for PI3K, p85, interacts with 

the GluN2B C-tail (Fig. 2A). This change in interaction allows for activated PI3K to play a role in 

NOX2-mediated superoxide production that leads to cell death. Although Ca2+ influx, in 

conjunction with PI3K activity, is still required for NOX2-mediated superoxide production, there 

is no specific requirement for where the calcium comes from. Based on the different ligand 

binding and calcium nanodomain requirements, it is difficult to say if inhibition of protein 

synthesis, mitochondrial dysfunction, and superoxide production all occur simultaneously 

NMDAR activation. 

 Non-ionotropic NMDAR signaling is also implicated in Alzheimer’s disease as it mediates 

amyloid beta-induced synaptic depression (Kessels et al 2013, Tamburri et al 2013) and spine 

loss (Fig. 2B) (Birnbaum et al 2015). As the effects of amyloid beta depend on the glutamate 

binding site of the NMDAR and is mediated by p38 MAPK, there is a possibility that there is at 

least some overlap in the signaling cascade that mediates non-ionotropic NMDAR synaptic 
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plasticity (Fig. 1A, B) and Alzheimer’s disease (Fig. 2B) (Birnbaum et al 2015, Dore et al 2015, 

Kessels et al 2013, Stein et al 2015, Stein et al 2020, Tamburri et al 2013). One difference, 

however, between non-ionotropic mechanisms of LTD and amyloid beta induced synaptic 

depression is that the former does not have subunit specificity (Wong & Gray 2018) while the 

latter is specific to the GluN2B subunit containing complexes (Kessels et al 2013, Tamburri et al 

2013). In addition to inducing synaptic dysfunction, amyloid beta has been observed to activate 

ion-flux independent metaplasticity of the NMDARs where GluN2Bs subunit containing 

complexes are switched out for those with GluN2A (Kessels et al 2013). As the subunit switch 

from GluN2B to GluN2A during development can be mediated by D-serine binding, which 

induces a different conformational change of the NMDAR than when glutamate binds (Ferreira 

et al 2017), it would be informative as to what type of conformational change amyloid binding 

induces to mediate both LTD, spine shrinkage, and NMDAR subunit switch. 

 

Non-ionotropic NMDAR signaling from co-agonist binding: 

 As glutamate binding alone to the NMDAR has been shown to modulate synapses 

independently of ion flux through the receptor, it does not seem surprising that co-agonist 

binding also activates its own non-ionotropic signaling pathway. In one of the earliest studies 

demonstrating non-ionotropic NMDAR signaling, it was shown that NMDAR activation leads to 

dephosphorylation of Y842 on GluN2A subunits, independent of ion flux through the receptor 

(Fig. 2C) (Vissel et al 2001). This modification negatively affects Src interaction, but not AP2, 

and results in use-dependent downregulation of NMDARs via dynamin-mediated endocytosis. 

This signaling pathway for priming the NMDAR for internalization may be due to co-agonist 

binding to the receptor, as another study has shown that co-agonist binding alone primes the 

NMDAR for use-dependent endocytosis that involves clathrin and dynamin (Nong et al 2003). 

The binding of co-agonist to the A714 residue of the obligatory GluN1 subunit results in 

recruitment of adaptin β2 subunit of AP2 to the NMDAR (Han et al 2013). Additionally, as co-
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agonist binding to GluN2A subunit has been demonstrated to activate Akt in an ion flux-

independent manner to promote cell survival (Fig. 1C) (Chen et al 2017, Hu et al 2016), it is 

possible that these non-ionotropic effects of co-agonist binding to NMDAR all work together as a 

neuroprotective mechanism by simultaneous activating a signaling cascade for cell survival 

while promoting endocytosis of NMDARs to prevent over-activation of the receptor that could 

result in excitotoxicity  (Fig. 2A). 

 Further demonstration of non-ionotropic NMDAR activation that depends on the co-

agonist binding site of NMDARs is NYX-2925. A partial agonist to the glycine-binding site, NYX-

2925 has a dose-dependent effect in non-ionotropic NMDAR activation (Bowers et al 2020). 

Picomolar concentration of NYX-2925 in the presence of glutamate increases synaptic 

enrichment of GluN2B via a non-ionotropic NMDAR signaling pathway that involves inhibition of 

endocytosis, EIF2, mTOR, and PKA. Interestingly, increasing the concentration of NYX-2925 to 

nanomolar range instead activates EIF2, mTOR, and PKA, resulting in enhancement of LTP 

and endocytosis (Bowers et al 2020, Khan et al 2018). 

 These non-ionotropic NMDAR signaling pathways specific to co-agonist binding is likely 

due to the different conformational states of the receptor that are unique from glutamate binding 

(Dore et al 2015, Ferreira et al 2017). While glutamate binding causes the GluN1 C-tails to 

move away from each other, D-serine causes an opposite effect in which the C-tails instead 

move closer (Ferreira et al 2017). Interestingly, glycine binding does not cause any noticeable 

movement of the GluN1 C-tails, although it may be that there is no net difference in the distance 

between the GluN1 C-tails or that the conformational state instead involves movement of the 

GluN2 C-tails. As glycine binding to GluN2A has been observed to increase AMPAR strength 

and frequency of glutamate release through non-ionotropic activation of ERK1/2 (Li et al 2016b), 

it warrants further investigation as to whether the different conformational changes of NMDARs 

between glycine and D-serine binding activate different non-ionotropic signaling pathways. 
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Non-ionotropic NMDAR activation in non-neuronal cells: 

Non-ionotropic NMDAR signaling is not limited to neurons, as astrocytes have been observed to 

contain functional NMDARs that activates tyrosine kinases in an ion flux-independent manner 

for opening of intracellular calcium stores (Montes de Oca Balderas & Aguilera 2015, Montes de 

Oca Balderas et al 2020). This particular mechanism is activated by H+, which implicates a 

potential role of acidic conditions in eliciting a similar non-ionotropic NMDAR signaling pathway 

in other cell types. 

 Outside of synapses, endothelial cells that make up the blood-brain barrier have also 

been reported to have non-ionotropic NMDAR signaling. Tissue plasminogen activator (tPA) 

interacts with GluN1 NTD to affect surface dynamics of neuronal extrasynaptic NMDARs 

(Lesept et al 2016). tPA with either agonist or co-agonist activates non-ionotropic NMDAR 

signaling of ROCK-mediated phosphorylation of MLC to increase permeability of the blood brain 

barrier (Mehra et al 2020). 

 

Controversy of non-ionotropic NMDAR signaling: 

 Despite multiple independent observations of non-ionotropic NMDAR signaling in 

various types of cells and processes, the finding that an ionotropic glutamate receptor can 

signal in an ion flux-independent manner is still controversial. In particular, studies on non-

ionotropic NMDAR signaling have contradicted the long-accepted dogma of Ca2+ influx 

mediating LTD and spine shrinkage, while other studies directly argue that LTD depends on 

calcium flux (Babiec et al 2014, Sanderson et al 2016, Volianskis et al 2015). Although the main 

reason for such discrepancy between various studies is still unclear, there are a couple potential 

variables that are worthwhile addressing. It has been proposed that higher expression of PSD95 

observed in older animals blocks non-ionotropic NMDAR-LTD by obstructing the critical 

glutamate-binding induced conformational change of the GluN1 C-tails, but not ionotropic 

NMDAR-LTD (Dore & Malinow 2020), which could why explain non-ionotropic NMDAR-LTD 
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cannot be observed in older mice (Babiec et al 2014). However, if there needs to be a sufficient 

amount of PSD95 for specific substrates like nNOS to be in close proximity to the NMDAR, low 

PSD95 expression early in development (Dore & Malinow 2020) could explain the lack of non-

ionotropic NMDAR-LTD in very young animals (Sanderson et al 2016). Additionally, other 

discrepancies that may contribute to the lack of non-ionotropic NMDAR-LTD in other studies is 

the use of a different chemical LTD treatment (Babiec et al 2014, Thomazeau et al 2020), lower 

concentrations of MK-801 and picrotoxin (Babiec et al 2014, Sanderson et al 2016, Thomazeau 

et al 2020), and washout of MK-801 after LFS (Babiec et al 2014). Further investigations are 

warranted to unravel this discrepancy between studies, and the findings could help better 

understand the physiological conditions in which non-ionotropic NMDAR signaling occurs. 

 

Schizophrenia 

In addition to its potential role in mediating synaptic changes associated with Alzheimer’s 

disease, non-ionotropic NMDAR signaling could also be implicated in schizophrenia as well. 

Schizophrenia affects 1% of the world population and manifests a host of symptoms in early 

adulthood that include hallucinations and cognitive deficit (Penzes et al 2011). These debilitating 

symptoms are likely due to neuroanatomical changes that are observed with schizophrenia, as 

imaging studies reveal decreased spine density (Garey et al 1998, Glantz & Lewis 2000, 

Konopaske et al 2014, Rosoklija et al 2000, Sweet et al 2009) and brain volume (Cahn et al 

2009, Haijma et al 2013, Takayanagi et al 2011, van Erp et al 2016, van Haren et al 2008, 

Zhang et al 2015) in various structures such as the hippocampus or the prefrontal cortex that 

relates to the specific neurological deficits of the disorder. 

 Based on clinical and preclinical studies on schizophrenia and mouse models of the 

disease that will be discussed below, the observed loss of synaptic connections associated with 

the disorder may be due to enhanced non-ionotropic NMDAR signaling. 
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Potential role of altered NMDAR signaling in the development schizophrenia: 

Clinical studies have shown that NMDAR antagonists such as PCP and ketamine produce a 

variety of symptoms characteristic to schizophrenia in healthy patients while exacerbating 

symptoms specific to the individual for those with the disorder (Javitt & Zukin 1991, Krystal et al 

1994, Lahti et al 2001, Newcomer et al 1999). Further highlighting the potential role of altered 

NMDAR function in schizophrenia are adjunctive therapies that increases NMDAR co-agonist 

binding improved various symptoms in patients better than dopamine-targeting anti-psychotics 

alone (Heresco-Levy et al 2005, Lane et al 2010, Singh & Singh 2011, Tsai et al 1998). 

 Dysfunctional NMDAR signaling may be due to decreased levels of D-serine as 

observed in CSF (Bendikov et al 2007, Hashimoto et al 2005) and serum (Calcia et al 2012, El-

Tallawy et al 2017, Hashimoto et al 2003a) of patients with schizophrenia. This is potentially a 

consequence of both decreased expression of D-serine producing enzyme, serine racemase, 

and increased expression of catabolizing enzyme, D-amino acid oxidase (Bendikov et al 2007, 

Burnet et al 2008, El-Tallawy et al 2017, Madeira et al 2008, Verrall et al 2007). As 

schizophrenia is also associated with increased levels of kynurenic acid, an endogenous 

NMDAR co-agonist blocker (Plitman et al 2017), decreased bioavailability and increased 

antagonistic effect against co-agonist binding would work together towards altering NMDAR 

function. 

 Variety of studies that mimic NMDAR hypofunction in animals through either chronic 

drug treatment or genetic manipulation add further weight to the potential role of this glutamate 

receptor in the development of schizophrenia. For example, chronic treatment of uncompetitive 

NMDAR antagonist in rodents causes deficits in spatial learning, novel object recognition, visual 

attention, and decreased brain volume (Barnes et al 2014, Karasawa et al 2008, Latysheva & 

Raevskii 2003, Li et al 2011, Schobel et al 2013, Wu et al 2016). Grin1D481N KI mice in which 

mutation of the GluN1 subunit decreases co-agonist binding causes deficits in spatial learning 

(Ballard et al 2002). Decreasing NMDAR co-agonist levels by chronic treatment of serine 
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racemase inhibitor, phenazine methosulfate, leads to deficits in paired-pulse inhibition (PPI) 

(Hagiwara et al 2013). And, lastly, genetic deletion of serine racemase in mice results in severe 

reduction of D-serine, which then leads  to increased ventricular size and glutamate levels, 

decreased spine density, and behavioral deficits such as impaired spatial learning and fear 

conditioning (Balu & Coyle 2014, Balu et al 2013, Basu et al 2009, DeVito et al 2011, Puhl et al 

2015), as well as a deficit for LTP, a cellular mechanism integral for learning and memory 

(Hayashi-Takagi et al 2015, Hill & Zito 2013, Kwon & Sabatini 2011). All these aforementioned 

schizophrenia-like cognitive deficits and neuroanatomical changes can be rescued with D-serine 

treatment, suggesting that altered NMDAR signaling may be a major, underlying factor for the 

development of this debilitating psychiatric disease. 

 In addition to decreased co-agonist binding to the NMDARs, reduced D-serine levels 

may also affect inhibitory neurons. Due to its high sensitivity to NMDAR antagonists, GABAergic 

interneurons will have been greatly impacted in the aforementioned clinical and preclinical 

studies, resulting in disinhibition of excitatory neurons (Grunze et al 1996, Homayoun & 

Moghaddam 2007) and thus could explain the observed increase in glutamate levels in patients 

with schizophrenia (Gallinat et al 2016, Kraguljac et al 2013, Lorrain et al 2003, van Elst et al 

2005). The combination of disinhibition of excitatory neurons and decreased NMDAR co-agonist 

binding creates a scenario in which glutamate is more likely to bind to the NMDAR by itself. 

 

Enhanced non-ionotropic NMDAR signaling may contribute to spine loss associated with 

schizophrenia: 

With all the studies demonstrating that there is increased release of glutamate and reduced 

levels of D-serine associated with schizophrenia, these two factors can be synergistic to create 

a condition in which there is a bias for non-ionotropic NMDAR signaling at glutamatergic 

synapses. As glutamate binding alone is sufficient to trigger non-ionotropic NMDAR signaling 

(Nabavi et al 2013, Stein et al 2015), excessive ion flux-independent signaling would result in 
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shrinkage of spines while also disrupting LTP necessary for spines growth and stabilization (Hill 

& Zito 2013). Over time, this bias towards spine shrinkage and destabilization due to non-

ionotropic NMDAR signaling may contribute to the decrease in spine density, and subsequently 

cognitive deficit, observed in patients with schizophrenia.  

 As NMDAR activation is crucial for both growth and shrinkage of dendritic spines, there 

is a possibility that the decreased spine density associated with schizophrenia is either due to 

deficit in new spine outgrowth and stabilization or excessive shrinkage and elimination of 

spines; however, longitudinal studies suggest the latter. Imaging of high risk individuals who 

later develop psychosis shows normal development of gray matter that later declines prior to 

onset of symptoms, while white matter volume does not differ from healthy cohorts (Gogtay et al 

2011). With little evidence of neurodegeneration in schizophrenia, the observed loss in gray 

matter may be due to a combination of decreased spine density, neuron size, neuropil, and 

number of inhibitory interneurons (Arnold 2000, Benes et al 1998, Benes et al 1991, Heckers et 

al 1991, Lieberman et al 2018, Moyer et al 2015, Roeske et al 2020, Zhang & Reynolds 2002). 

Thus, we hypothesize that enhanced non-ionotropic NMDAR signaling due to the combination 

of increased glutamate release and decreased D-serine levels creates a bias for spine 

shrinkage and elimination that then eventually culminates into spine loss that is observed with 

schizophrenia. This novel hypothesis of the potential role of non-ionotropic NMDAR signaling in 

schizophrenia will be further discussed in Chapter 3. 
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Figure legends and figures 

  



 17 

Figure 1. Non-ionotropic NMDAR signaling mediates synaptic plasticity and glutamate 

release  

(A) Glutamate binding to the NMDAR results in conformational change of the receptor in which 

the GluN1 C-tails move away from each other. This conformational change induces shrinkage of 

the dendritic spine through the interaction of nNOS-NOS1AP and activities of CaMKII, nNOS, 

p38 MAPK, MK2, and cofilin to modify the actin cytoskeleton. The shrinkage of dendritic spine 

also requires new protein synthesis through the activity of mTORC1. The actin-modifying 

signaling pathway is also a critical component of spine growth, but requires a simultaneous 

strong influx of calcium to activate calcium signaling that acts together with non-ionotropic 

signaling to mediate growth instead of shrinkage. (B) Long-term depression requires the activity 

of p38 MAPK. As CaMKII and nNOS have been shown to be required for both LTP and LTD, 

but p38 MAPK is not necessary for LTP, the signaling pathway for LTP may diverge from the 

non-ionotropic NMDAR signaling cascade at nNOS. (C) Ligand binding to postsynaptic 

NMDARs activates Pannexin1 channels through the activity of Src. Opening of Pannexin1 

allows for clearance of AEA from the synaptic cleft that acts as a ligand for presynaptic TRPV1. 

With decreased binding of AEA, TRPV1 closes, reducing calcium signaling that is required for 

spontaneous release of glutamate. In contrast, co-agonist binding to GluN2A subunit containing 

postsynaptic NMDAR complexes results in activation of ERK1/2 that increases both the 

spontaneous release of glutamate and synaptic strength. Presynaptic NMDARs also play a role 

in spontaneous release of glutamate in an ion flux-independent manner, although it is not yet 

known how. 
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Figure 2. Non-ionotropic NMDAR signaling mediates excitotoxicity and endocytosis of 

NMDARs  

(A) Although calcium influx is a critical factor of excitotoxicity, it does not have to through 

NMDARs. In an ion flux-independent manner, ligand binding to the NMDAR mediates opening 

of intracellular calcium stores, that then results in obstruction of protein synthesis through 

inhibition of eEF-2. Additionally, glutamate and co-agonist binding to the NMDAR leads to 

activation of Src that then modifies Pannexin1 channels to open. The resulting Pannexin1-

mediated Ca2+ influx, but not NMDAR-mediated Ca2+ influx, is a necessary component of 

mitochondrial dysfunction that then contributes to excitotoxicity. Ligand binding to GluN2B 

subunit containing NMDAR complexes increases binding of p85 to GluN2B C-tail, a movement 

that removes the PI3K regulatory domain so that PI3K can activate NOX2. PI3K activity and 

strong influx of calcium, which can come from any source, results in NOX2-mediated superoxide 

production that results in excitotoxicity. (B) Synaptic dysfunction that is associated with 

Alzheimer’s disease can be mediated through non-ionotropic NMDAR signaling that is induced 

through amyloid binding to the receptor. Amyloid beta binding to GluN2B subunit containing 

NMDAR complexes results in activation of p38 MAPK and tyrosine phosphatases that results in 

elimination of dendritic spines and depotentiation, respectively. The peptide binding also leads 

to modification of the NMDARs that they bind to, as GluN2B subunit complexes are removed 

and replaced GluN2A subunit containing complexes. (C) Ligand binding to the NMDAR causes 

dephosphorylation of GluN2 Y842 and decreased interaction with Src that, in an ion flux-

independent manner, primes the receptor for clathrin-adaptor protein AP2 mediated use-

dependent endocytosis. This signaling pathway may overlap another observation of AP2, 

clathrin, and dynamin-dependent internalization of the NMDAR that is induced through co-

agonist binding to the receptor, for which the co-agonist must bind to A714 residue of the 

obligatory GluN1 subunit to recruit adaptin β2 subunit of AP2 to the NMDAR. 
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Chapter 2: Non-ionotropic NMDA receptor signaling gates 

bidirectional structural plasticity of dendritic spines 

 

Preface 

The following chapter was submitted as a manuscript titled “Non-ionotropic NMDA receptor 

signaling gates bidirectional structural plasticity of dendritic spines” to Cell Reports on August 

24th, 2020 and was accepted for publication on January 26, 2021. Aside from layout changes to 

fit the guidelines of the thesis, the chapter is the accepted version of the manuscript. The 

authors of the manuscript are Ivar S. Stein, Deborah K. Park, Nicole Claiborne, and Karen Zito. 

Ivar S. Stein tested the role of p38 MAPK and MK2 for spine growth. Nicole Claiborne tested the 

role of nNOS activity in spine growth. Ivar S. Stein and I collaborated to test CaMKII inhibitor 

KN62, artificially drive spine growth by combining non-ionotropic NMDAR signaling with VGCC-

mediated Ca2+ influx, test role of CaMKII in the artificial spine growth, and calcium imaging 

during artificial spine growth. Jennifer Jahncke and Lorenzo Tom prepared and maintained 

hippocampal slice cultures. Karen Zito, Ivar S. Stein, and I wrote the manuscript. All authors 

contributed comments on the manuscript.  
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Abstract 

Experience-dependent refinement of neuronal connections is critically important for brain 

development and learning. Here, we show that ion-flow-independent NMDA receptor (NMDAR) 

signaling is required for the long-term dendritic spine growth that is a vital component of brain 

circuit plasticity. We find that inhibition of p38 mitogen-activated protein kinase (MAPK), which is 

downstream of non-ionotropic NMDAR signaling in long-term depression (LTD) and spine 

shrinkage, blocks long-term potentiation (LTP)-induced spine growth but not LTP. We 

hypothesize that non-ionotropic NMDAR signaling drives the cytoskeletal changes that support 

bidirectional spine structural plasticity. Indeed, we find that key signaling components down- 

stream of non-ionotropic NMDAR function in LTD-induced spine shrinkage are also necessary 

for LTP- induced spine growth. Furthermore, NMDAR conformational signaling with coincident 

Ca2+ influx is sufficient to drive calcium/calmodulin-dependent protein kinase II (CaMKII)-

dependent long-term spine growth, even when Ca2+ is artificially driven through voltage-gated 

Ca2+ channels. Our results support a model in which non-ionotropic NMDAR signaling gates the 

bidirectional spine structural changes vital for brain plasticity. 
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Introduction 

Dynamic alternations in neuronal connectivity are critical for the experience-dependent 

modification of brain circuits throughout development and during learning. In particular, the 

bidirectional structural plasticity of dendritic spines is a vital process in the refinement of 

synaptic circuits in the mammalian cortex (e.g. (Hayashi-Takagi et al 2015, Lai et al 2018). 

Increases in synaptic strength, as through the induction of long-term potentiation (LTP), are 

associated with spine enlargement and new spine formation (Matsuzaki et al 2004, Nishiyama & 

Yasuda 2015), while decreases in synaptic strength, as through the induction of long-term 

depression (LTD), are associated with spine shrinkage or loss (Stein & Zito 2019, Zhou et al 

2004). Notably, activation of the NMDA-type glutamate receptor (NMDAR) is required for both 

the spine growth associated with LTP and the spine shrinkage associated with LTD.  

Recent studies have demonstrated that LTD (Carter & Jahr 2016, Nabavi et al 2013, 

Wong & Gray 2018) and dendritic spine shrinkage (Birnbaum et al 2015, Stein et al 2015, 

Thomazeau et al 2020) can occur independent of ion flux through the NMDA receptor. These 

findings have supported a model in which glutamate binding leads to conformational changes in 

the NMDAR that drive spine shrinkage and synaptic weakening. Indeed, imaging studies using 

FRET reporters have shown that NMDA or glutamate binding triggers conformational changes 

in the NMDAR intracellular domains, and changes its interaction with calcium/calmodulin-

dependent protein kinase II (CaMKII) and protein phosphatase 1 (PP1) (Aow et al 2015, Dore et 

al 2015, Ferreira et al 2017). p38 MAPK has been identified as a key component of the 

molecular pathway downstream of NMDAR conformational signaling (Birnbaum et al 2015, 

Nabavi et al 2013, Stein et al 2015), and a recent study further identified nNOS, nNOS-NOS1AP 

interactions, MAPK-activated protein kinase 2 (MK2) and cofilin as part of this signaling pathway 

(Stein et al 2020).  

Here, we made the surprising discovery that ion flow-independent NMDAR signaling is 

required for the long-term spine growth associated with synaptic strengthening. We show that 
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p38 MAPK, an essential signaling component for LTD and spine shrinkage, is required for spine 

growth, but not LTP, suggesting that non-ionotropic NMDAR signaling is a vital component of 

bidirectional spine structural plasticity. Indeed, we further show that key components of ion flux-

independent NMDAR signaling, including interaction between NOS1AP and nNOS, MK2, 

nNOS, and CaMKII activity are all required for LTP-induced spine growth. Importantly, we also 

demonstrate that, when combined with non-ionotropic NMDAR signaling, long-term spine 

growth can be driven by Ca2+ influx through voltage-gated Ca2+ channels. Our findings support a 

model whereby non-ionotropic NMDAR signaling leads to disruption of the spine F-actin 

network, which drives spine shrinkage unless coincident Ca2+-influx converts F-actin remodeling 

to instead promote spine growth.  
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Materials and Methods 

Animals. C57BL/6J or GFP-M (Feng et al 2000) mice and Sprague-Dawley rats of both sexes 

were used for the preparation of acute hippocampal slices at postnatal day 16-20 (P16-20) and 

organotypic hippocampal slice cultures at P6-8. All experimental protocols were approved by 

the University of California Davis Institutional Animal Care and Use Committee. 

 

Preparation and transfection of organotypic hippocampal slice cultures. Organotypic 

hippocampal slices were prepared from P6-P8 Sprague-Dawley rats or C57BL/6J mice of both 

sexes, as described (Stoppini et al 1991). Cultures were transfected 1-2 d (EGFP) or 2 d 

(GCaMP6f) before imaging via biolistic gene transfer (180 psi), as previously described (Woods 

& Zito 2008). 10-15 µg of EGFP-n1 or 5 μg GCaMP6f (gift from Lin Tian and Karel Svoboda; 

(Chen et al 2013)) and 10 μg pCAG-CyRFP1 (Laviv et al 2016) were coated onto 6-8 mg of 

1.6 µm gold beads. 

 

Preparation of acute hippocampal slices. Acute hippocampal slices were prepared from P16-

P20 GFP-M mice (Feng et al 2000) of both sexes in C57BL/6J background. Coronal 400 µm 

slices were cut (Leica VT100S vibratome) in cold choline chloride dissection solution containing 

(in mM): 110 choline chloride, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 1.3 NaH2PO4, 11.6 

sodium ascorbate, 3.1 sodium pyruvate, and 25 glucose, saturated with 95% O2/5% CO2. Slices 

were recovered first at 30˚C for 45 min and then at room temperature for an additional 45 min, 

in oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM): 127 NaCl, 25 NaHCO3, 

1.25 NaH2PO4, 2.5 KCl, 25 glucose, 2 CaCl2, and 1 MgCl2, before imaging experiments were 

initiated. 

 

Time-lapse two-photon imaging. Transfected CA1 pyramidal neurons [14-18 days in vitro (DIV)] 

at depths of 10-50 µm were imaged using a custom two-photon microscope (Woods et al 2011) 
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controlled with ScanImage (Pologruto et al 2003). Image stacks (512 × 512 pixels; 0.02 µm per 

pixel) with 1-μm z-steps were collected. For each neuron, one segment of secondary or tertiary 

basal dendrite was imaged at 5 min intervals at 29-30 °C in recirculating artificial cerebral spinal 

fluid (ACSF; in mM: 127 NaCl, 25 NaHCO3, 1.2 NaH2PO4, 2.5 KCl, 25 D-glucose, aerated with 

95%O2/5%CO2, ∼310 mOsm, pH 7.2) with 1 μM TTX, 0 mM Mg2+, and 2 mM Ca2+, unless 

otherwise stated.  

10 μM L-689,560 (L-689, 15 mM stock in DMSO), 100 μM 7CK (100 mM stock in H2O), 2 µM 

SB203580 (4 mM stock in DMSO), 100 µM NG-Nitro-L-arginine (L-NNA, 200 mM stock in 0.25 

N HCL), 10 µM Bay-K (10 mM stock in DMSO), 50 µM (RS)-CPP (50 mM stock in H2O), 50 µM 

NBQX (10 mM stock in H2O); 10 µM MK2 inhibitor III (20 mM stock in DMSO); and 5 µM TAT-

CN21 (5 mM stock in H2O; (Vest et al 2007)) and 5 µM TAT-SCR (5 mM stock in H2O) were 

included, as indicated. Slices were pre-incubated for at least 30 min with the drug or vehicle 

control before glutamate uncaging. Peptides were obtained from GenicBio: L-TAT-GESV: NH2-

GRKKRRQRRRYAGQWGESV-COOH, L-TAT-GASA: NH2-GRKKRRQRRRYAGQWGASA-

COOH. Slices were pre-incubated with 1 µM (2 mM stock in H2O) peptide for at least 60 min 

before stimulation. 

 

Photolysis of MNI-caged glutamate with HFU and HFU+ stimulation. High-frequency uncaging 

(HFU) consisted of 60 pulses (720 nm; 2 ms duration, ∼7-10 mW at the sample; adjusted to 

evoke an average response of ~10 pA at the soma) at 2 Hz, delivered in ACSF containing (in 

mM): 2 Ca2+, 0 Mg2+, 2.5 MNI-glutamate, and 0.001 TTX. The beam was parked at a point ∼0.5-

1 μm from the spine at the position farthest from the dendrite. HFU+ stimulation was designed 

to increase Ca2+-influx through voltage-gated calcium channels. HFU+ consisted of 60 pulses 

(720 nm; 8 ms duration, ∼7 mW at the sample) at 6 Hz, delivered in ACSF containing (in mM): 

10 Ca2+, 0 Mg2+, 5 MNI-glutamate, and 0.001 TTX. Healthy and stimulus responsive cells were 
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selected based on a test HFU stimulus onto a test spine on a test dendrite before the 

application of pharmacological reagents. Only cells on which the test dendritic spine displayed 

transient growth in response to HFU were used for experiments. Spines targeted for HFU 

stimulation during experimental data collection were on a different dendrite than the test spine, 

and were well-isolated and of an average size and that did not fluctuate during baseline 

imaging. All remaining isolated spines within the region of interest were analyzed as 

unstimulated neighbors. 

 

Electrophysiology. Whole-cell recordings (Vhold = −65 mV; series resistance 20-40 MΩ) were 

obtained from visually identified CA1 pyramidal neurons in slice culture (14-18 DIV, depths of 

10-50 µm) at 25°C in ACSF containing in mM: 2 CaCl2, 1 MgCl2, 0.001 TTX, 2.5 MNI-glutamate. 

2 μM SB203580 was included, as indicated. Recording pipettes (~5-7 MΩ) were filled with 

cesium-based internal solution (in mM: 135 Cs-methanesulfonate, 10 Hepes, 10 Na2 

phosphocreatine, 4 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 3 Na L-ascorbate, 0.2 Alexa 488, and ∼300 

mOsm, ∼pH 7.25). For each cell, baseline uncaging-evoked excitatory postsynaptic currents 

(uEPSCs) were recorded from two spines (2-12 μm apart) on secondary or tertiary basal 

branches (50-120 μm from the soma). The high-frequency glutamate uncaging stimulus (720 

nm, 1 ms duration, 8-10 mW at the sample) was then applied to one spine, during which the cell 

was depolarized to 0 mV. Following the HFU stimulus, uEPSCs were recorded from both the 

target and neighboring spine at 5 min intervals for 25 min. 

 

Calcium imaging. CA1 pyramidal neurons (13-18 DIV) in slice culture co-expressing GCaMP6 

and CyRFP1 were imaged in line-scan mode (500 Hz) to assess if they were healthy and 

responsive using a test stimulation of a single glutamate uncaging pulse at a dendritic spine. 

Using a different dendritic segment than the test spine, responsive CA1 neurons were then 
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imaged in frame-scan mode (64 pixels per line, 7.8 Hz) before and after glutamate uncaging 

(720 nm, 60 pulses, 8 ms duration at 6 Hz, ~7 mW at sample) adjacent to the spine head at 27 

°C in ACSF containing the following (in mM): 10 Ca2+, 0 Mg2+, 5 MNI-glutamate, and 0.001 TTX. 

Neurons with high baseline GCaMP6f and neurons that exhibited large calcium transients 

extending across the dendritic shaft were excluded. 

 

Quantification and statistical analysis. Data analysis was performed blind to the experimental 

condition. Cells for each condition were obtained from at least three independent preparations 

of either hippocampal acute slices or slice cultures, and only one cell per slice was imaged for 

any experimental condition. 

 

Quantification of data from imaging experiments. For spine structural plasticity experiments, 

stimulated spine volume was estimated from background-subtracted green fluorescence using 

the integrated pixel intensity of a boxed region surrounding the spine head, as previously 

described (Woods et al 2011). Previous studies comparing the results from this method to those 

obtained from electron microscopy have shown that the use of integrated fluorescence intensity 

to be a valid method for estimating spine volume (Holtmaat et al 2005). For calcium imaging 

experiments, Ca2+ transient peak amplitude (∆F/F0) was measured from background-subtracted 

green fluorescence in the spine as the ratio of fluorescence during HFU (of specified windows 

after HFU) to basal fluorescence (2.4 s window before uncaging). All images are maximum 

projections of three-dimensional (3D) image stacks after applying a median filter (3 × 3) to the 

raw image data.  

 

Quantification of data from electrophysiology experiments. uEPSC amplitudes from individual 

spines were quantified as the average of 5-6 test pulses at 0.1 Hz) from a 2 ms window 
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centered on the maximum current amplitude within 50 ms following uncaging pulse delivery 

relative to the baseline.  

 

Statistical analysis. All data are represented as mean ± standard error of the mean (SEM). All 

statistics were calculated across cells. Statistical significance was set at p < 0.05 (ANOVA). 

Data in the bar graphs of Fig 1-4 and Fig S3 were analyzed using two-way ANOVA with Tukey’s 

multiple comparison test. Data in the line graphs of Fig 1-4 and Fig S3 were analyzed using two-

way repeated measure ANOVA with Dunnett’s post hoc test for comparison of HFU stimulation 

at each time point to baseline. Data in Fig S1 C, E were analyzed using two-way repeated 

measure ANOVA with Bonferroni’s multiple comparison test and for Fig S1 F using one-way 

ANOVA with Tukey’s multiple comparison test. Data were analyzed for Fig S2 A-F using 

unpaired t-test and for Fig S2 G using one-way ANOVA with Tukey’s multiple comparison test. 

All p and n values are presented in the figure legends. 
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Results 

p38 MAPK activity is required for LTP-induced spine growth, but not for LTP-induced 

synaptic strengthening 

Glutamate binding to NMDARs initiates a signaling cascade that drives synaptic weakening 

(LTD) and the shrinkage of dendritic spines (sLTD), even when ion flow is blocked 

pharmacologically (Carter & Jahr 2016, Nabavi et al 2013, Stein et al 2015, Wong & Gray 

2018). Furthermore, in the absence of ion flux, patterns of glutamatergic stimulation that would 

normally drive LTP and spine growth, instead drive LTD and spine shrinkage (Nabavi et al 2013, 

Stein et al 2020, Stein & Zito 2019). Because the non-ionotropic NMDAR signaling pathway 

should also be activated with glutamate binding when ion flow through the receptor is not 

blocked, we wondered whether it plays a role in bidirectional synaptic plasticity. We 

hypothesized non-ionotropic NMDAR signaling could function as part of a built in synaptic 

regulatory mechanism to fine tune structural rearrangement and prevent spine overgrowth 

during LTP induction.  

Intriguingly, inhibition of p38 MAPK activity by SB203580 (Cuenda et al 1995, Davies et 

al 2000) did not lead to excessive high frequency uncaging (HFU)-induced spine growth, but 

instead blocked persistent spine enlargement following HFU stimulation (Fig. 1A-C; veh: 220 ± 

18%; SB: 117 ± 11%). As p38 MAPK activation previously only had been implicated in LTD and 

not LTP (Zhu et al 2002), we examined next whether expression of HFU-induced single spine 

LTP was normal during inhibition of p38 MAPK activity. HFU stimulation under vehicle 

conditions successfully induced LTP of the target spine that lasted for at least 25 min following 

stimulation but did not increase the uncaging-evoked excitatory postsynaptic current (uEPSC) 

amplitude of the unstimulated neighboring spine (Fig. 1D, F; target: 153 ± 11%; neighbor: 93 ± 

7%). Unlike spine enlargement, functional LTP induction was not blocked by SB203580 and 

was indistinguishable from LTP during vehicle conditions (Fig. 1E, F; target: 157 ± 6%; 
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neighbor: 98 ± 9%). SB203580 did not alter baseline spine volume (Fig. S1A). These results 

support a specific role for p38 MAPK signaling in structural, but not functional LTP. 

 

Non-ionotropic NMDAR signaling pathway is required for LTP-induced spine growth 

The requirement of p38 MAPK for spine growth, but not for LTP, and the previously implicated 

role of p38 MAPK in non-ionotropic signaling during LTD and spine shrinkage led us to the 

unexpected hypothesis that non-ionotropic NMDAR signaling might be required for bidirectional 

spine structural plasticity. We have previously shown that non-ionotropic NMDAR-dependent 

spine shrinkage is dependent on the interaction between NOS1AP and nNOS, which during 

NMDAR-mediated excitoxicity is required for p38 MAPK activation (Li et al 2013), and the p38 

MAPK substrate MK2, NOS activation, and cofilin (Stein et al 2020). We therefore set out to test 

whether these molecules are also required for LTP-induced spine growth.  

We tested whether NOS1AP binding to nNOS, MK2 activity, and nNOS activity, like p38 

MAPK activation, are also required for persistent structural LTP. Indeed, we found that inhibition 

of NOS1AP binding to nNOS using L-TAT-GESV (Li et al 2013) impaired persistent HFU-

induced structural LTP (Fig. 2A-C; 110 ± 13%) compared to the inactive L-TAT-GASA control 

peptide (Fig. 2A-C; 173 ± 17%). Spine size of the unstimulated neighboring spines was not 

changed (Fig. 2A-C; L-TAT-GASA: 101 ± 4%; L-TAT-GESV: 107 ± 6%). In addition, HFU-

induced spine enlargement was significantly reduced in the presence of MK2 inhibitor III 

(Anderson et al 2007, Fiore et al 2016) compared to vehicle conditions (Fig. 2D-F; veh: 241 ± 

34%; MK2 inhibitor III: 152 ± 24%), and no change in the size of the unstimulated neighboring 

spines was observed (Fig. 2D-F; veh: 109 ± 6%; MK2 inhibitor III: 109 ± 7%). Furthermore, in 

the presence of the NOS inhibitor, L-NNA (Pigott et al 2013, Reif & McCreedy 1995), HFU-

induced spine enlargement was significantly reduced compared to vehicle conditions (Fig. 2G-I; 

veh: 201 ± 28%; L-NNA: 136 ± 14%), and no change in the size of the unstimulated neighboring 

spines was observed (Fig. 2G-I; veh: 105 ± 5%; L-NNA: 110 ± 6%). L-TAT-GESV, MK2 inhibitor 
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III, and L-NNA did not alter baseline spine volume (Fig. S1B-D). Our findings strongly support a 

role for the non-ionotropic NMDAR signaling pathway in LTP-induced spine growth. 

  

Non-ionotropic NMDAR signaling in combination with VGCC-mediated Ca2+-influx is 

sufficient to drive LTP-induced spine growth 

Our results support a model in which non-ionotropic NMDAR signaling leads to the p38 MAPK- 

and cofilin-dependent disruption of the F-actin network, which, in the absence of strong Ca2+-

influx, drives spine shrinkage, but during LTP provides new actin filament nucleation and 

branching points for subsequent spine enlargement by Ca2+-dependent actin modifying and 

stabilizing proteins. Based on this model, we hypothesized that it should be possible to drive 

spine growth through a combination of non-ionotropic NMDAR signaling with NMDAR-

independent Ca2+-influx (Fig. 3A).  

In order to drive non-ionotropic NMDAR signaling together with voltage-gated calcium 

channel (VGCC)-mediated Ca2+-influx, we used the co-agonist binding site NMDAR antagonist, 

L-689,560  (Leeson et al 1992), which blocks all current through the NMDAR (Stein et al 2020, 

Wong & Gray 2018), along with the L-type Ca2+ channel agonist Bay K 8644 (Hess et al 1984). 

Furthermore, to ensure sufficient L-type VGCC-mediated Ca2+-influx into the stimulated spine 

during glutamate uncaging, we increased extracelluar Ca2+ and we increased the intensity and 

frequency of our high-frequency uncaging protocol (HFU+; see STAR Methods) to facilitate 

stronger AMPAR-dependent depolarization of the target spine. Remarkably, HFU+-stimulation 

in the presence of L-689 and Bay K induced long-term spine growth (Fig. 3B-D; L-689 + Bay K: 

147 ± 12%). Importantly, adding the glutamate binding site NMDAR antagonist, CPP (Davies et 

al 1986, Lehmann et al 1987) to inhibit non-ionotropic NMDAR signaling, blocked HFU+-

induced long-term spine growth (Fig. 3B-D; L-689 + Bay K + CPP: 102 ± 7%) without affecting 

the magnitude of VGCC-mediated Ca2+-influx (Fig. S2). Size of unstimulated neighboring spines 

(Fig. 3B-D; L-689 + Bay K: 104 ± 6%; L-689 + CPP + Bay K: 89 ± 3%) and baseline spine 



 33 

volume (Fig S1E) were unaffected by Bay K, excluding acute and activity-independent effects of 

Bay K alone on spine morphology.  

In order to confirm that our modified HFU+ stimulation paradigm still drives non-

ionotropic NMDAR signaling induced spine shrinkage in acute hippocampal slices from mice, 

we replaced Bay K with NBQX (Sheardown et al 1990) to block uncaging-induced AMPAR-

driven spine depolarization and VGCC activation, and tested whether the same stimulation now 

in the absence of Ca2+-influx drives dendritic spine shrinkage. Indeed, HFU+ stimulation in the 

presence of L-689 and NBQX resulted in non-ionotropic NMDAR-dependent spine shrinkage 

(Fig. 3E-G; L-689 + NBQX: 55 ± 9%), which was inhibited if glutamate binding and thus 

conformational non-ionotropic NMDAR signaling was blocked with CPP (Fig. 3E-G; L-689 + 

CPP + NBQX: 94 ± 8%). Spine size of unstimulated neighbors (Fig. 3E-G; L-689 + NBQX: 92 ± 

3%; L-689 + CPP + NBQX: 89 ± 10%) and baseline spine volume (Fig. S1F) were unaffected.  

Our results confirm the generalizability of ion flux-independent NMDAR signaling in driving 

dendritic spine shrinkage across slice preparations and species, which is further confirmed in 

studies of ion flux-independent LTD, which showed consistent results across species, slice 

preparations, and dissociated rat cultures (Aow et al 2015, Nabavi et al 2013, Wong & Gray 

2018). These results strongly support our model that non-ionotropic NMDAR signaling primes 

the actin cytoskeleton for bidirectional structural plasticity.  

 

CaMKII activity is required for long-term spine growth, independent of calcium source 

CaMKII is a Ca2+-dependent kinase that has been extensively studied in LTP induction (Bayer & 

Schulman 2019) and is required for the long-term spine growth associated with LTP (Matsuzaki 

et al 2004, Murakoshi et al 2011) (Fig. S3). Notably, disruption of interaction of CaMKII with the 

C terminus of the NMDAR interferes with LTP (Barria & Malinow 2005, Halt et al 2012, 

Sanhueza et al 2011) and long-term spine stabilization (Hill & Zito 2013), suggesting that the 
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local calcium microdomains produced by calcium flow through the NMDAR may be critical in 

activating CaMKII during LTP-induced structural and functional plasticity.  

We tested whether Ca2+/CaMKII-dependent signaling is also required for long-term spine 

growth driven by NMDAR-independent Ca2+ influx through VGCCs using acute hippocampal 

slices from mice. We found that when Ca2+ is supplied through VGCCs and not through the 

NMDAR under our HFU+ stimulation conditions, long-term spine growth (Fig. 4A-C; L-689 + 

Bay K + TAT-SCR: 173 ± 17%) was also blocked in the presence of KN-62 (Hidaka & Yokokura 

1996, Tokumitsu et al 1990) (Fig. 4A-C; L-689 + Bay K + KN-62: 106 ± 11%) or TAT-CN21 

(Fig. 4A-C; L689 + Bay K + TAT-CN21: 102 ± 15%), a CaMKII specific peptide inhibitor (Vest et 

al 2007). Size of unstimulated neighboring spines (Fig. 4A-C; L-689 + Bay K + TAT-SCR: 87 ± 

3%; L-689 + Bay K + KN-62: 97 ± 10%; L-689 + Bay K + TAT-CN21: 100 ± 7%) and baseline 

spine volume (Fig.S1G) were not affected. Our results demonstrate the requirement of CaMKII 

for LTP-induced long-term spine growth, regardless of calcium source.  
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Discussion 

Non-ionotropic NMDAR signaling drives bidirectional spine structural plasticity 

Ion flow-independent NMDAR signaling has been implicated by many independent studies in 

spine shrinkage and synaptic weakening (Aow et al 2015, Birnbaum et al 2015, Carter & Jahr 

2016, Nabavi et al 2013, Stein et al 2015, Stein et al 2020, Thomazeau et al 2020, Wong & 

Gray 2018). Here, we made the unexpected discovery that this non-ionotropic NMDAR signaling 

pathway is also required for spine growth during synaptic strengthening. It may appear 

contradictory that the same signaling pathway could support both spine shrinkage and spine 

growth; however, it is notable that cofilin activation, which has been implicated in spine 

shrinkage during LTD (Hayama et al 2013, Stein et al 2020, Zhou et al 2004) is also important 

for long-term spine growth during LTP (Bosch et al 2014). We propose a model for spine 

structural plasticity (Fig. 4D), whereby non-ionotropic NMDAR signaling leads to the p38 MAPK- 

and cofilin-dependent destabilization of the F-actin network, which in the absence of Ca2+ influx 

drives spine shrinkage, but with Ca2+-influx instead provides new actin filament nucleation and 

branching points for subsequent spine enlargement by Ca2+-dependent actin modifying and 

stabilizing proteins. Indeed, the Ca2+- and CaMKII-dependent activation of small Rho GTPases 

has been shown to drive LIMK-dependent phosphorylation and inactivation of cofilin and to 

promote Arp2/3-mediated actin branching activity (Bosch et al 2014, Murakoshi et al 2011, 

Nakahata & Yasuda 2018). Our model highlights ion flux-independent NMDAR signaling as a 

vital component for the bidirectional structural plasticity of dendritic spines. 

 

Role of p38 MAPK in LTP-induced spine growth, but not synaptic strengthening 

Our studies support an unexpected role for p38 MAPK, a classical LTD molecule implicated in 

non-ionotropic NMDAR signaling during both LTD and spine shrinkage (Nabavi et al 2013, Stein 

et al 2015), in spine growth during LTP. Notably, we found that inhibition of p38 MAPK blocked 

spine growth but not synaptic strengthening during LTP, at least not in the short-term. Our 
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results are in line with previous studies reporting no role for p38 MAPK in tetanus- or pairing-

induced NMDAR-dependent LTP (Zhu et al 2002). In addition, MK2, a p38 MAPK substrate 

identified as part of the non-ionotropic NMDAR signaling pathway in spine shrinkage (Stein et al 

2020), is required for spine growth but not for LTP (Privitera et al 2019) and NOS signaling, 

presumably upstream of p38 MAPK in non-ionotropic NMDAR signaling (Stein et al 2020), is 

required for both spine growth and LTP (Lu et al 1999, O'Dell et al 1994). Because inhibition of 

p38 MAPK and MK2 lead to a pharmacological dissociation of spine growth and LTP, which are 

normally tightly linked (Matsuzaki et al 2004), our results suggest that these molecules are 

downstream of a branch point in signaling that drives synaptic strengthening and spine growth 

during LTP. 

 

Role of CaMKII in bidirectional spine structural plasticity 

During LTP-induced spine growth, Ca2+-influx through the NMDAR leads to activation of 

CaMKII, which then activates small Rho GTPases, whose concerted activity drives spine 

enlargement via the actin regulatory proteins LIMK and Arp2/3, promoting actin polymerization 

and branching and spine growth (Bosch et al 2014, Hedrick et al 2016, Kim et al 2013, Lee et al 

2009, Murakoshi et al 2011, Nakahata & Yasuda 2018, Okamoto et al 2004, Saneyoshi et al 

2019). Our results surprisingly show that the Ca2+ influx that drives LTP-induced spine growth 

does not need to enter the spine through the NMDAR, instead it can be supplied by VGCCs, as 

long as non-ionotropic NMDAR signaling is intact. Although it has been shown that specific local 

signaling microdomains are important for independently driving LTP and LTD (Zhang et al 

2018), our results suggest that local calcium microdomains produced by ion flow through the 

NMDAR are not critical for driving LTP-induced spine growth. 

CaMKII has been extensively studied in LTP induction (Bayer & Schulman 2019) and 

LTP-induced spine growth (Nishiyama & Yasuda 2015); however, lately CaMKII also has been 

implicated in LTD (Coultrap et al 2014, Woolfrey et al 2018) and spine shrinkage driven by non-
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ionotropic NMDAR signaling (Stein et al 2020). A key question is whether and how CaMKII 

carries out multiple roles in bidirectional spine structural plasticity. It is possible that the kinase 

mediates ion-flux dependent and independent signaling pathways sequentially during spine 

structural plasticity. Such a situation has been shown for VGCCs, in which ion flux prior to 

conformational signaling drives nuclear transcription (Li et al 2016a). Another possibility is that 

CaMKII acts simultaneously in the two pathways through different populations, perhaps one 

Ca2+/CaM bound and the other not. Indeed, synaptic activity has been proposed to activate 

different populations of CaMKII (Pi et al 2010, Yasuda et al 2003), which could then have 

different substrate specificities, as shown for Ca2+-bound versus autonomous CaMKII activity 

during LTP and LTD (Coultrap et al 2014, Woolfrey et al 2018). 
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Figure legends and figures 
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Figure 1. p38 MAPK activity is required for LTP-induced spine growth, but not for 

synaptic strengthening 

(A) Images of dendrites from DIV14-18 EGFP-expressing CA1 neurons from rat organotypic 

slices before and after HFU stimulation (yellow cross) at individual dendritic spines (yellow 

arrowhead) with and without p38 MAPK inhibitor SB203580 (SB, 2 µM). (B, C) Inhibition of p38 

MAPK with SB (black filled circles/bar; 11 spines/11 cells) reduced HFU-induced spine growth 

compared to vehicle (red filled circles/bar; 11 spines/11 cells). Volume of unstimulated 

neighbors (open circles/bars) was unaffected. (D, E) Top, average traces of uEPSCs from a 

target spine and an unstimulated neighbor on CA1 neurons from mouse organotypic slices 

before (gray) and 25 min after HFU stimulation during vehicle conditions (target, red; neighbor, 

dark gray) or in the presence of SB (target, black; neighbor, dark gray). Bottom, HFU-induced 

increases in uEPSC amplitude in vehicle (red; 8 spines/8 cells) were unaffected by p38 MAPK 

inhibition with SB (black; 9 spines/9 cells). uEPSC amplitudes of unstimulated neighboring 

spines (gray) were unaffected. (F) HFU induced a long-lasting uEPSC amplitude increase (red 

filled bar) compared to baseline, which is unaffected by p38 MAPK inhibition (black filled bar). 

Two-way ANOVA with Tukey’s test used in (C, F) and two-way RM ANOVA with Dunnett’s test 

to baseline used in (B, D, E). Data are represented as mean  SEM. *p < 0.05; **p < 0.01, ***p < 

0.001. 
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Figure 2. Non-ionotropic NMDAR signaling pathway is required for LTP-induced spine 

growth 

(A, D, G) Images of dendrites from EGFP-expressing CA1 neurons from rats (A, D) and mice 

(G) organotypic slices at DIV14-18 before and after HFU stimulation (yellow cross) of individual 

spines (yellow arrowhead) in the presence of L-TAT-GESV (1 µM) and the L-TAT-GASA control 

peptide (1 µM), during vehicle conditions and in the presence of MK2 inhibitor III (10 µM) or the 

NOS inhibitor, L-NNA (100 µM). (B, C) Disruption of the NOS1AP/nNOS interaction with L-TAT-

GESV (black filled circles/bar; 9 spines/9 cells), but not application of the inactive L-TAT-GASA 

control peptide (red filled circles/bar; 9 spines/9 cells) inhibited persistent spine growth following 

LTP induction. Volume of the unstimulated neighbors (open circles/bars) was unchanged. (E, F) 

Inhibition of MK2 activity (black filled circles/bar; 11 spines/11 cells) prevented HFU-induced 

persistent spine enlargement (red filled circles/bar; 12 spines/12 cells). Volume of the 

unstimulated neighbors did not change (open circles/bars). (H, I) Inhibition of NOS activity 

(black filled circles/bar; 11 spines/11 cells) prevented HFU-induced persistent spine 

enlargement (red filled circles/bar; 12 spines/12 cells). Volume of the unstimulated neighbors 

did not change (open circles/bars). Two-way ANOVA with Tukey’s test used in (C, F, I) and two-

way RM ANOVA with Dunnett’s test to baseline. Data are represented as mean  SEM. *p < 

0.05; **p < 0.01, ***p < 0.001. 
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Figure 3. Non-ionotropic NMDAR signaling with Ca2+-influx through voltage-gated 

calcium channels is sufficient to drive LTP-induced spine growth 

(A) Left: Proposed model whereby activity-induced spine growth requires both non-ionotropic 

and ionotropic NMDAR signaling. Middle: Schematic of experiment to test proposed model. 

Non-ionotropic NMDAR signaling is activated with glutamate while calcium influx through the 

NMDAR is blocked with L-689. Instead, calcium influx is driven through VGCCs with the 

stronger HFU+ conditions in the presence of Bay K to favor opening of VGCCs. Right: Control 

experiments block non-ionotropic NMDAR signaling by blocking glutamate binding to the 

NMDAR with CPP. (B) Images of dendrites from CA1 neurons of acute slices from P16-20 GFP-

M mice before and after HFU+ stimulation (yellow cross) of individual spines (yellow arrowhead) 

in the presence of L-689 (10 µM) and Bay K (10 µM) or in combination with CPP (50 µM). (C, D) 

HFU+ stimulation drives spine growth in the presence of Bay K, even when ion flow through the 

NMDAR is blocked with L-689 (red filled circles/bar; 9 spines/9 cells), but not when non-

ionotropic NMDAR signaling is blocked with CPP (black filled circles/bar; 10 spines/10 cells). 

Volume of the unstimulated neighbors (open circles/bars) was unchanged. (E) Images of 

dendrites under experimental conditions in B-D, except blocking the influx of calcium through 

VGCCs by removing Bay K and adding NBQX (50 µM). (F, G) HFU+ stimulation in the presence 

of L-689 and NBQX (blue filled circles/bar; 7 spines/7 cells) led to spine shrinkage, which was 

blocked when non-ionotropic NMDAR signaling was inhibited with the presence of CPP (black 

filled circles/bar; 6 spines/6 cells). Volume of the unstimulated neighbors (open circles/bars) did 

not change. Two-way ANOVA with Tukey’s test used in (D, G) and two-way RM ANOVA with 

Dunnett’s test to baseline. Data are represented as mean  SEM. *p < 0.05; **p < 0.01, ***p < 

0.001. See also Figure S2. 
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Figure 4. CaMKII activity is required for LTP-induced spine growth, independent of 

calcium source 

(A) Images of dendrites from CA1 neurons of acute slices from P16-20 GFP-M mice before and 

after HFU+ stimulation (yellow cross) of individual spines (yellow arrowhead) in the presence of 

L-689 (10 µM) and Bay K (10 µM) or in combination with TAT-SCR (5 µM), TAT-CN21 (5 µM), 

or KN-62 (10 µM). (B, C) HFU+-induced spine growth in the presence of Bay K and L-689 is 

blocked by TAT-CN21 peptide (black filled circles/bar; 6 spines/ 6 cells) or KN-62 (gray filled 

circles/bars; 6 spines/6 cells), but not in the presence of control TAT-SCR peptide (red filled 

circles/bar; 6 spines/ 6 cells). Volume of the unstimulated neighbors (open circles/bars) was 

unchanged. Two-way ANOVA with Tukey’s test used in (C) and two-way RM ANOVA with 

Dunnett’s test to baseline. Data are represented as mean  SEM. *p < 0.05; **p < 0.01, ***p < 

0.001. (D) Proposed model. Plasticity-inducing glutamatergic stimulation activates non-

ionotropic NMDAR signaling, driving cofilin-dependent severing of the actin cytoskeleton, which 

in the absence of strong Ca2+-influx leads to spine shrinkage. On the other hand, during the 

strong Ca2+-influx associated with LTP induction, severed actin filaments serve as new starting 

points for actin filament nucleation and branching by the Ca2+- and CaMKII-dependent actin 

modifying proteins to expand the F-actin cytoskeleton and drive spine growth. 
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Figure S1, related to Figures 1-4: Drug incubation does not alter baseline spine volumes. 

(A) No difference in baseline volume of spines between vehicle (red bar; 11 spines/11 cells) 

and SB203580 (2 μM) (black bar;11 spines/11 cells) after incubation for 30 min. (B) No 

difference in baseline volume of spines between 1 μM L-TAT-GASA (red bar; 9 spines/9 cells) 

and 1 μM L-TAT-GESV (black bar; 9 spines/9 cells). (C) No difference in baseline volume of 

spines between vehicle (red bar; 12 spines/ 12 cells) and 10 μM MK2 inhib III (black bar;11 

spines/11 cells). (D) No difference in baseline volume of spines between vehicle (red bar; 11 

spines/11 cells) and 100 μM L-NNA (black bar;12 spines/12 cells). (E) No difference in baseline 

volume of spines between 10 μM Bay-K + 10 μM L-689 (black bar; 9 spines/9 cells) and those 

also with 50 μM CPP (black bar; 10 spines/10 cells). (F) No difference in baseline volume of 

spines between L-689 and 50 μM NBQX (blue bar; 7 spines/7 cells) and those also with 50 μM 

CPP (black bar; 6 spines/6 cells). (G) No difference in baseline volume of spines between 10 

μM Bay-K + 10 μM L-689 + 5 μM TAT-SCR (red bar; 6 spines/6 cells), Bay-K + L-689 + 5 μM 

TAT-CN21 (black bar; 6 spines/6 cells), and Bay-K + L-689 + KN62 (10 μM) (grey bar; 6 

spines/6 cells). Two-tailed t-test in (A-F), and one-way ANOVA with Tukey’s test in (G). Data are 

represented as mean +/- SEM. *p < 0.05; **p < 0.01, ***p < 0.001.  
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Figure S1, related to Figures 1-4: Drug incubation does not alter baseline spine volumes.

(A) No difference in baseline volume of spines between vehicle (red bar; 11 spines/11 cells) and 

SB203580 (2 µM) (black bar;11 spines/11 cells) after incubation for 30 min. (B) No difference in baseline 

volume of spines between 1 µM L-TAT-GASA (red bar; 9 spines/9 cells) and 1 µM L-TAT-GESV (black 

bar; 9 spines/9 cells). (C) No difference in baseline volume of spines between vehicle (red bar; 12 spines/
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Figure S2, related to Figure 3: Blocking non-ionotropic NMDAR signaling with CPP does 

not affect the magnitude of Ca2+ influx during HFU+ stimulation. 

(A) Images of dendrites from CA1 neurons of organotypic slices expressing both CyRFP and 

GCaMP6f at DIV13-18 before, during, and after HFU+ at individual spines in the presence of L-

689 (10 μM) and Bay K (10 μM), in combination with CPP (50 μM) alone or with CPP (50 μM) 

and NBQX (50 μM). Middle images in each row show bleed through of uncaging laser 

stimulation. (B, C) HFU+ led to comparable levels of calcium influx into spines in the presence 

of L-689 and Bay K (red filled circles/bar; 11 spines/11 cells) and in combination with CPP 

(black filled circles/bar; 12 spines/11 cells). Calcium influx through VGCCs is blocked by 

inhibition of AMPARs with NBQX (gray filled circles/bar; 10 spines/9 cells). (D, E) Small, 

delayed calcium influx is observed in dendrite during HFU+ in the presence of L689 and Bay K 

(red filled circles/bar; 11 spines/11 cells) or in combination with CPP (black filled circles/bar; 12 

spines/11 cells) or NBQX (gray filled circles/bar;10 spines/9 cells). (F) Left: No difference in 

baseline volume of spines in Bay K, L-689, and CPP (red; 8 spines/8 cells); and Bay K, L-689, 

CPP, and NBQX (gray; 5 spines/5 cells) relative to those exposed to Bay K and L-689 alone 

(black; 8 spines/8 cells). Right: No difference in baseline GCaMP6 fluorescence of spines in 

Bay K, L-689, and CPP (red; 8 spines/8 cells); and Bay K, L-689, CPP, and NBQX (gray; 5 

spines/ 5 cells) relative to that for Bay K and L-689 alone (black; 8 spines/8 cells). Two-way RM 

ANOVA with Bonferroni test was used in (C) and (E), and one-way ANOVA with Dunnett’s test 

was used in (F). Data are represented as mean +/- SEM. *p < 0.05; **p < 0.01, ***p < 0.001.  
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Figure S3, related to Figure 4: Inhibition of CaMKII blocks LTP-induced long-term spine 

growth (A) Images of dendrites from CA1 neurons of acute slices from P16-20 GFP-M mice 

before and after HFU stimulation (yellow cross) of individual spines during vehicle conditions 

and in the presence of the CaMKII inhibitor KN-62 (10 μM). (B, C) HFU-induced dendritic spine 

growth (vehicle, red filled circles/bar; 8 spines/8 cells) was prevented by KN-62 (black filled 

circles/bar; 6 spines/6 cells). Volume of the unstimulated neighbors did not change (open bars). 

Two-way repeated measure ANOVA with Dunnett’s test used in (B) and two-way ANOVA with 

Tukey’s test used in (C). Data are represented as mean +/- SEM. *p < 0.05; **p < 0.01.  
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Figure S3, related to Figure 4: Inhibition of CaMKII blocks LTP-induced long-term spine growth 

(A) Images of dendrites from CA1 neurons of acute slices from P16-20 GFP-M mice before and after 

HFU stimulation (yellow cross) of individual spines during vehicle conditions and in the presence of the 

CaMKII inhibitor KN-62 (10 µM). (B, C) HFU-induced dendritic spine growth (vehicle, red filled 

circles/bar; 8 spines/8 cells) was prevented by KN-62 (black filled circles/bar; 6 spines/6 cells). Volume 

of the unstimulated neighbors did not change (open bars). Two-way repeated measure ANOVA with

Dunnett’s test used in (B) and two-way ANOVA with Tukey’s test used in (C). Data are represented as

mean +/- SEM. *p < 0.05; **p < 0.01. 
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Chapter 3: Non-ionotropic NMDA receptor signaling alters structural 

plasticity of dendritic spines in a mouse model of schizophrenia 

 

Preface 

 The following chapter was submitted as a manuscript titled “Non-ionotropic NMDA 

receptor signaling alters structural plasticity of dendritic spines in a mouse model of 

schizophrenia” to bioRxiv on March 5th, 2021 (https://doi.org/10.1101/2021.03.04.434016) and is 

pending submission for peer review. Aside from layout changes to fit the guidelines of the 

thesis, the chapter is the submitted version of the manuscript. The authors of the manuscript are 

Deborah K. Park, Ivar S. Stein, Eden V. Barragan, John A. Gray, and Karen Zito. Ivar S. Stein 

developed the initial hypothesis and experimental design of the research. Eden V. Barragan 

contributed electrophysiological data. Karen Zito and I wrote the manuscript. All authors 

contributed comments on the manuscript. 

  



 54 

Abstract  

Schizophrenia is a psychiatric disorder that affects over 20 million people globally. Notably, 

schizophrenia is associated with decreased density of dendritic spines and decreased levels of -

serine, a co-agonist required for opening of the N-methyl-D-aspartate receptor (NMDAR). 

Hypofunction of NMDARs is thought to play a role in the pathophysiology of schizophrenia. We 

hypothesized that the lowered D-serine levels associated with schizophrenia would enhance ion 

flux-independent signaling by the NMDAR, which drives spine destabilization and loss, and 

eventually lead to the spine loss associated with schizophrenia. We tested our model using a 

schizophrenia mouse model lacking the enzyme for D -serine production (serine racemase 

knock out; SRKO). We show that activity-dependent spine growth is inhibited in SRKO mice of 

both sexes but can be acutely rescued by exogenous D -serine. When examining a wider range 

of stimulus strengths, we observed activity-dependent spine growth at higher stimulus strengths, 

but overall found a strong bias toward spine shrinkage in the SRKO mice as compared to wild-

type littermates. We demonstrate that enhanced ion flux-independent signaling through the 

NMDAR contributes to this bias toward spine shrinkage, which is exacerbated by an increase in 

synaptic NMDARs in hippocampal synapses of SRKO mice. Our results support a model in 

which the lowered D-serine levels associated with schizophrenia lead to increased ion flux-

independent NMDAR signaling and a bias toward spine shrinkage and destabilization. 
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Introduction  

Experience-dependent growth and long-term stabilization of dendritic spines are critical for 

learning and memory formation (Hayashi-Takagi et al 2015, Xu et al 2009, Yang et al 2009). 

These spine structural changes are tightly associated with long-term potentiation (LTP) 

(Matsuzaki et al 2004) and long-term depression (LTD) (Oh et al 2013, Zhou et al 2004) of 

synaptic strength and are mediated through N-methyl-d-aspartate receptors (NMDARs). 

NMDARs open to allow influx of calcium upon the binding of glutamate and co-agonist, glycine 

or D-serine, and they also signal in an ion flux-independent manner upon the binding of 

glutamate alone (Dore et al 2015, Nabavi et al 2013, Stein et al 2015, Wong & Gray 2018). 

Notably, ion-flux independent (non-ionotropic) NMDAR signaling mediates LTD and spine 

shrinkage, and is also critical for LTP-induced spine growth (Stein et al 2021). 

 Dysfunctional NMDAR signaling is thought to contribute to the etiology of schizophrenia, 

a psychiatric disorder that affects up to 1% of the global population and is characterized by a 

variety of symptoms such as hallucinations and cognitive deficits (Coyle 2017). These 

debilitating symptoms may be linked to synaptic and neuroanatomical changes in the brain, 

such as decreased spine densities (Rosoklija et al 2000, Sweet et al 2009). As NMDARs 

mediate bidirectional structural plasticity and stabilization of spines (Hill & Zito 2013, Stein et al 

2021), alterations in NMDAR function influence spine densities and impact the ability to learn 

and form memories (Alvarez et al 2007, Brigman et al 2010, Kannangara et al 2015, Ultanir et al 

2007). Notably, patients have decreased levels of D-serine (Bendikov et al 2007, Hashimoto et 

al 2003a) and elevated levels of the endogenous NMDAR co-agonist blocker, kynurenic acid 

(Plitman et al 2017), and the enzyme for D-serine production is a risk gene for schizophrenia 

(Coyle 2017). Importantly, animal studies that mimic NMDAR hypofunction by reducing co-

agonist binding or ion flux produce both cognitive deficits and decreased spine density similar to 

those associated with schizophrenia (Barnes et al 2014, Basu et al 2009, Latysheva & Raevskii 

2003, Schobel et al 2013, Wu et al 2016). 
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 We hypothesized that the decreased D-serine level associated with schizophrenia 

promotes ion flux-independent NMDAR signaling (Nabavi et al 2013, Stein et al 2015), creating 

a bias for spine shrinkage and ultimately leading to decreased spine density. To test our 

hypothesis, we used a schizophrenia mouse model, serine racemase knockout (SRKO) (Basu 

et al 2009), which lacks the enzyme required for D-serine production. Similar to patients with 

schizophrenia, these mutant mice have decreased levels of D-serine, decreased spine densities 

and cognitive deficits (Balu et al 2013, Basu et al 2009). We found that SRKO mice have 

impaired activity-dependent spine growth, and that activity-dependent spine structural plasticity 

is biased toward spine shrinkage. Furthermore, we observed increased numbers of synaptic 

NMDARs, reduced CaMKII activation, and increased non-ionotropic NMDAR signaling at 

hippocampal synapses of SRKO animals. Our study supports a model in which decreased D-

serine levels lead to increased ion flux-independent NMDAR signaling that promotes spine 

shrinkage and drives decreased spine densities associated with schizophrenia. 
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Materials and methods 

Animals. SRKO (Basu et al 2009) and GFP-M (Feng et al 2000) mice in a C57BL/6J 

background were crossed to generate serine racemase knockout and wild-type mice with a GFP 

cell fill in a subset of CA1 hippocampal pyramidal neurons. All experimental protocols were 

approved by the University of California Davis Institutional Animal Care and Use Committee. 

 

Two-photon imaging and image analysis. Acute hippocampal slices were prepared from P14-21 

WT and SRKO littermates of both sexes as described (Stein et al 2021). GFP-expressing CA1 

pyramidal neurons at depths of 10-50 µm were imaged using a custom two-photon microscope 

(Woods et al 2011). For each neuron, image stacks (512 × 512 pixels; 0.02 µm per pixel; 1-μm 

z-steps) were collected from one segment of secondary or tertiary basal dendrite at 5 min 

intervals at 27-30 °C in recirculating artificial cerebral spinal fluid (ACSF; in mM: 127 NaCl, 25 

NaHCO3, 1.2 NaH2PO4, 2.5 KCl, 25 D-glucose, aerated with 95%O2/5%CO2, ∼310 mOsm, pH 

7.2) with 1 μM TTX, 0.1 mM Mg2+, and 2 mM Ca2+, unless otherwise stated. Cells were pre-

incubated for at least 10 min with 10 μM D-serine or for at least 30 min with 10 μM L-689,560 (L-

689) and 10 µM Bay-K (all from Tocris), which were included as indicated. Images are 

maximum projections of three-dimensional image stacks after applying a median filter (3 × 3) to 

raw image data. Estimated spine volume was measured from background-subtracted green 

fluorescence using the integrated pixel intensity of a boxed region surrounding the spine head, 

as described (Woods et al 2011).  

 

Glutamate uncaging. High-frequency uncaging (HFU) consisted of 60 pulses (720 nm; 2 ms 

duration, 7-11 mW at the sample) at 2 Hz delivered in ACSF containing (in mM): 2 Ca2+, 0.1 

Mg2+, 2.5 MNI-glutamate, and 0.001 TTX. The beam was parked at a point 0.5-1 μm from the 

spine at the position farthest from the dendrite. HFU+ stimulation consisted of 60 pulses (720 



 58 

nm; 8 ms duration, 6-10 mW at the sample) at 6 Hz, delivered in ACSF containing (in mM): 10 

Ca2+, 0.1 Mg2+, 5 MNI-glutamate, and 0.001 TTX. For experiments using HFU+ stimulation, 

healthy and stimulus responsive cells were selected as described (Stein et al 2021). 

 

Electrophysiology. Modified transverse 300 µm slices of dorsal hippocampus were prepared 

from P15–P19 mice anesthetized with isoflurane (Bischofberger et al 2006), and mounted cut 

side down on a Leica VT1200 vibratome in ice-cold sucrose cutting buffer containing (in mM): 

210 sucrose, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 7 glucose, 7 MgCl2, and 0.5 CaCl2. Slices 

were recovered for 1 h in 32°C ACSF solution containing (in mM): 119 NaCl, 26.2 NaHCO3, 11 

glucose, 2.5 KCl, 1 NaH2PO4, 2.5 CaCl2, and 1.3 MgSO4. Slices were perfused in ACSF at RT 

containing picrotoxin (0.1 mM) and TTX (0.5 μM) and saturated with 95%O2/5%CO2. mEPSCs 

were recorded from CA1 pyramidal neurons patched with 3–5 MΩ borosilicate pipettes filled 

with intracellular solution containing (in mM): 135 cesium methanesulfonate, 8 NaCl, 10 HEPES, 

0.3 Na-GTP, 4 Mg-ATP, 0.3 EGTA, and 5 QX-314 (290 mOsm, pH 7.3). Series resistance was 

monitored and not compensated. Cells were discarded if series resistance varied by more than 

25%. Recordings were obtained with a MultiClamp 700B amplifier (Molecular Devices), filtered 

at 2 kHz, digitized at 10 Hz. Miniature synaptic events were analyzed using Mini Analysis 

software (Synaptosoft) using a threshold amplitude of 5 pA for peak detection. To generate 

cumulative probability plots for amplitude and inter-event time interval, events from each CA1 

pyramidal neuron (>100 per cell) were pooled for each group. The Kolmogorov-Smirnov two-

sample test (KS test) was used to compare the distribution of events between WT and SRKO. 

Statistical comparisons were made using Graphpad Prism 8.0. 

 

Biochemistry. Hippocampi of P20 mice of either sex were homogenized with 1% deoxycholate. 

For immunoprecipitation, 50 μL of Protein G Dynabeads (Invitrogen) were pre-incubated with 

2.4 μg of either CaMKIIα (Leonard et al 1998, Leonard et al 1999, Lu et al 2007) or mouse IgG 
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antibody (sc-2025, Santa Cruz Biotechnology) at RT for 10 min, washed with 0.05% TBS-tween, 

incubated with 1000-1500 μg of protein lysate for 30 min at RT, washed four times with 0.01% 

TBS-triton, and then eluted. For PSD isolation, lysates were fractionated by centrifugation and 

sucrose gradient, and extracted with Triton X-100, as described (Dosemeci et al 2006). Protein 

samples were run on a SDS-PAGE gel at 30 mA and transferred to 0.45 um PVDF membrane 

for 210 min at 50 V. Blots were stained for total protein with Revert 700 Total Protein Stain Kit 

(LICOR). Membranes were blocked with TBS Odyssey Blocking Buffer (LICOR) and incubated 

overnight at 4°C with primary antibodies for GluN2B, GluN2A, GluN1, CaMKIIα (Leonard et al 

1998, Leonard et al 1999, Lu et al 2007), pT286 CaMKIIα (sc-12886R, Santa Cruz), 

synaptophysin (Sigma S5768), or serine racemase (sc-365217, Santa Cruz). Secondary 

antibody (IRDye; LICOR) incubation was for 1 h at RT and the blots scanned and analyzed 

using Odyssey CLx and Image Studio.  

 

Experimental Design and Statistical analysis. Cells for each condition were obtained from at 

least 3 independent hippocampal acute slices preparations of both sexes. Data analysis was 

done blind to the experimental condition. All statistics were calculated across cells and 

performed in GraphPad Prism 8.0. Student’s unpaired t-test was used for all experiments. 

Details on ‘n’ are included in the figure legends. All data are represented as mean ± standard 

error of the mean (SEM). Statistical significance was set at p < 0.05 (two-tailed t test). 
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Results 

LTP-associated growth of dendritic spines is impaired in SRKO mice  

NMDAR-dependent LTP and associated spine growth, mediated by simultaneous binding of 

glutamate and synaptic co-agonist, D-serine, is an important cellular process for memory 

formation and maintenance of spine density. Based on the requirement for robust calcium influx 

during NMDAR-dependent spine growth and stabilization, we hypothesized that reduced 

bioavailability of D-serine observed in patients with schizophrenia (Bendikov et al 2007, 

Hashimoto et al 2003a) would obstruct LTP-associated spine growth and instead result in spine 

destabilization and the reduced spine density associated with the disorder (Rosoklija et al 2000, 

Sweet et al 2009). 

 To test our hypothesis, we crossed the SRKO mouse model of schizophrenia (Basu et al 

2009) with the GFP-M (Feng et al 2000) mouse line to obtain D-serine deficient mice that have 

sparse neuronal GFP expression in the hippocampus allowing visualization of dendrites and 

spines. High-frequency uncaging (HFU) of glutamate at single dendritic spines on basal 

dendrites of CA1 neurons resulted in long-term growth of WT, but not SRKO spines (Fig. 1A-C; 

WT: 168 ± 17%; KO: 103 ± 7%). Notably, the lack of long-term spine growth in SRKO was 

rescued with acute treatment of 10 µM D-serine (Fig. 1D-F; WT: 201 ± 23%; KO: 169 ± 16%), 

demonstrating that the deficit in long-term spine growth is not due to chronic alterations in the 

SRKO animals or a role for serine racemase other than its role in synthesis of D-serine. Thus, 

LTP-associated spine growth is impaired in SRKO mice, as expected, and in line with the 

previously reported observation of LTP deficit in these mice (Basu et al 2009). 

 

Structural plasticity curve is shifted to favor spine shrinkage in SRKO mice 

Upon observing a complete block of activity-dependent spine growth in the SRKO mice, we 

wondered whether this result was indicative of a complete inability to support spine structural 

plasticity in the SRKO, or whether a stronger stimulus might be sufficient to overcome the 
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impairment of LTP-associated spine growth in the SRKO. To test this, we increased the 

extracellular Ca2+ concentration to 5 mM in order to strengthen the influx of Ca2+ in response to 

HFU stimulation. We found that HFU in 5 mM CaCl2 led to long-term spine growth for both WT 

and SRKO (Fig. 2A, B; WT: 192 ± 30%; KO: 178 ± 20%), demonstrating that the signaling 

mechanisms downstream of Ca2+ influx that support long-term spine growth are intact in SRKO. 

We next wondered whether SRKO mice exhibit an overall bias for spine shrinkage across a 

broad range of stimulus strengths. Notably, although HFU normally leads to spine growth, this 

LTP-inducing stimulation can instead lead to spine shrinkage in the absence of co-agonist 

binding and strong influx of Ca2+, due to glutamate-induced, ion flux-independent signaling of 

the NMDAR  (Stein et al 2015). By delivering HFU across a broad range of CaCl2 

concentrations, we probed for bias in the direction of spine structural plasticity in SRKO mice 

relative to WT. Plotting the spine volume change at various CaCl2 concentrations should 

produce an S-shaped plasticity curve that depicts spine shrinkage turning into growth as the 

CaCl2 concentration increases. A bias for growth should result in the structural plasticity curve of 

SRKO shifting leftward relative to the WT, whereas a bias for shrinkage would result in a shift to 

the right. 

 We found that HFU in 3 mM CaCl2 also causes spines of both WT and SRKO to undergo 

growth as non-ionotropic NMDAR signaling is still paired with sufficient amount of Ca2+ influx for 

growth to occur (Fig. 2C, D; WT: 187 ± 25%; KO: 193 ± 35%). In contrast, HFU in 1.5 mM 

CaCl2 leads to spine shrinkage in SRKO while WT does not undergo any structural change (Fig. 

2E, F; WT: 109 ± 5%; KO: 76 ± 5%). Finally, HFU in 0.3 mM CaCl2 causes both WT and SRKO 

spines to undergo shrinkage as non-ionotropic NMDAR signaling occurs with minimal amounts 

of calcium influx (Fig. 2G, H; WT: 69 ± 7%; KO: 82 ± 3%). Plotting this data together with our 

results from Figure 1, we observe that both genotypes have similar S-shaped plasticity curves, 

but the SRKO structural plasticity curve is shifted to the right (Fig. 2I). The rightward shift in the 
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plasticity curve of SRKO mice supports that there is a bias for spine shrinkage in the SRKO as 

compared to WT. 

 

Increased synaptic NMDARs and decreased CaMKII activation in SRKO  

Because elevated NMDAR expression has been observed in SRKO (Balu & Coyle 2011, 

Mustafa et al 2010), we wondered if this was also the case in the hippocampus in young mice 

and thus, in combination with the reduction in D-serine levels, would allow for even more non-

ionotropic NMDAR signaling during glutamatergic signaling. We hypothesized that the bias for 

spine shrinkage in SRKO may be due to the combination of reduced D-serine levels and 

increased expression of NMDARs available for non-ionotropic NMDAR signaling. 

 To investigate whether SRKO mice have more NMDARs at dendritic spines within the 

hippocampus, we isolated PSD fractions of P20 SRKO mice. We found an increased band 

intensity in SRKO for obligatory subunit GluN1, suggesting greater number of synaptic NMDARs 

in SRKO animals (Fig. 3A, B; KO: 141 ± 11%). Interestingly, we also observed increased 

synaptic enrichment (Fig. 3A, B; KO: 237 ± 15%) and total expression (Fig. 3C, D; KO: 122 ± 

3%) of GluN2B in SRKO relative to WT. Despite the greater number of NMDARs, we expected 

disrupted calcium-dependent downstream signaling due to reduced co-agonist binding and thus 

reduction of calcium influx through the NMDAR. Indeed, when we probed CaMKII-GluN2B 

interaction by immunoprecipitation and for phosphorylation of CaMKII at the T286 

autophosphorylation site, which are both integral for LTP and indicative of strong calcium influx 

(Halt et al 2012, Lee et al 2009), we found that basal levels of CaMKII-GluN2B interaction and 

pT286 are both decreased in SRKO (Fig. 3E, F; KO CaMKII-GluN2B: 68 ± 6%; KO pT286: 89 ± 

1%), despite no change in CaMKII expression or enrichment levels in SRKO (Fig. 3A, B; KO 

CaMKII expression: 112 ± 4%; KO synaptic enrichment: 114 ± 15%), supporting decreased 

NMDAR calcium-dependent downstream signaling in these mutant mice. 
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Enhanced non-ionotropic NMDAR signaling in SRKO mice  

Our observations of increased number of synaptic NMDARs in mice with reduced D-serine 

levels support that altered structural plasticity in SRKO could be due to increased non-ionotropic 

NMDAR signaling driven by glutamate binding to the increased number of NMDARs, in the 

absence of co-agonist binding (Stein et al 2020). Notably, non-ionotropic NMDAR signaling is 

required not only for spine shrinkage, but also for spine growth, which occurs in the presence of 

strong Ca2+ influx (Stein et al 2021). Because there is no direct means of measuring the relative 

amount of non-ionotropic signaling, we set out to probe the relative contribution of non-

ionotropic NMDAR signaling to spine structural plasticity between the SRKO and WT in an 

assay that combines non-ionotropic signaling through the NMDAR with independently increased 

calcium influx through voltage-gated calcium channels (VGCCs) to drive spine growth (Fig. 4A). 

We speculated that we would see enhanced spine growth in the SRKO due to the enhanced 

numbers of NMDARs driving more glutamate-induced non-ionotropic NMDAR signaling.  

To isolate non-ionotropic NMDAR signaling in SRKO mice, we used the NMDAR co-agonist site 

inhibitor L-689,560 (L-689) to mimic the absence of co-agonist and thus block NMDAR-

mediated Ca2+ influx following glutamate binding. We combined this with the L-type Ca2+ 

channel agonist Bay K 8644 (Bay K) to promote Ca2+ influx through voltage-gated calcium 

channels (VGCCs). A modified HFU paradigm (HFU+) of higher frequency and longer duration 

stimuli was used to ensure strong AMPAR-dependent depolarization of the spine for VGCC 

opening, adjusted to induce a smaller, non-saturated increase in long-term spine size in WT 

(Fig. 4B-D). Remarkably, this same HFU+ stimulation drove a robust increase in spine growth in 

SRKO mice (Fig. 4B-D; WT: 122 ± 4%; KO: 171 ± 11%). This enhancement in spine growth 

was not due to increased AMPAR function in SRKO mice, as the amplitude of miniature 

excitatory postsynaptic currents (mEPSCs) was not different between WT and SRKO (Fig. 4E; 

WT: 10 ± 0.6 pA; KO: 9.3 ± 0.3 pA). As the amount of AMPAR-mediated depolarization and thus 

VGCC opening between the two genotypes should be of comparable level, we interpret the 
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greater amount of spine growth in SRKO to be indicative of a higher level of non-ionotropic 

NMDAR signaling. These results support our model (Fig. 4F) in which increased synaptic 

NMDARs in conditions of reduced D-serine levels in SRKO lead to more non-ionotropic NMDAR 

signaling that creates a bias toward spine shrinkage and loss. 
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Discussion 

Lowered D-serine levels create a bias towards spine shrinkage 

It has been widely reported that schizophrenia is associated with a reduction in dendritic spine 

density that is thought to contribute to cognitive deficits. As changes in spine density and gray 

matter volume mirror each other (Bennett 2011), and longitudinal MRI studies of high risk 

individuals report normal increase in gray matter during childhood that then declines in 

adolescence (Job et al 2005, Pantelis et al 2003, Thompson et al 2001), a time when spine 

pruning increases (Penzes et al 2011), it has been suggested that excessive spine elimination, 

rather than a deficit in new spine outgrowth, is the potential cause of decreased spine density in 

schizophrenia (Glausier & Lewis 2013).  

 Here, we show a disruption of long-term spine growth and a bias toward activity-induced 

spine shrinkage in the SRKO mouse model of schizophrenia, which is reported to have 

decreased spine density at older ages (Balu et al 2013). Although we observed a shift in the 

plasticity curve for the SRKO, we were able to induce both spine shrinkage and growth, and it 

has been demonstrated that spine density can be rescued in these mice with D-serine treatment 

(Balu & Coyle 2014). Thus, our studies support that serine racemase, the enzyme that produces 

d-serine and observed to interact with various synaptic structural proteins such as PSD95 (Lin 

et al 2016, Ma et al 2014), is itself not required for structural plasticity of spines. Notably, D-

serine has been shown to promote spine stability (Lin et al 2016), likely through increased 

incidence of simultaneous glutamate and co-agonist binding to the NMDAR for Ca2+ influx 

required for stabilization (Hill & Zito 2013). As glutamate binding alone to the NMDAR drives 

spine shrinkage in an ion-flux independent manner (Stein et al 2015), we propose that the 

enhancement of non-ionotropic NMDAR signaling due to the decreased levels of D-serine 

biases toward spine shrinkage in the SRKO mice and may subsequently drive the spine loss 

associated with schizophrenia. 
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Enhanced levels and altered composition of synaptic NMDARs in SRKO mice 

Our observation of increased synaptic enrichment of NMDARs relative to WT within the 

hippocampus is expected based on previous studies on SRKO mice showing increased 

expression of GluN1 (Balu & Coyle 2011, Mustafa et al 2010) and GluN2B (Basu et al 2009, 

Wong et al 2020). These changes in the overall number and composition of NMDARs are likely 

to be the consequence of lack of D-serine, as prior studies have demonstrated the role of co-

agonist binding in priming of the NMDAR for endocytosis, with D-serine specifically acting on 

GluN2B subunits (Ferreira et al 2017, Nong et al 2003). In addition, we found that this increase 

in the number of NMDARs led to an increase in the magnitude of non-ionotropic signaling in 

SRKO, which would be expected to drive enhanced spine loss (Stein et al 2021). 

Notably, despite the enhancement of NMDAR levels at the synapse, we observed decreased 

CaMKII-GluN2B interaction and decreased autophosphorylation of CaMKII in SRKO mice, 

which we attribute to the lack of strong Ca2+ influx required for increasing both CaMKII activity 

and interaction to GluN2B (Goodell et al 2017). This altered downstream CaMKII signaling likely 

contributes to NMDAR hypofunction in schizophrenia (Banerjee et al 2015).  

 

Enhanced non-ionotropic NMDAR signaling in SRKO mice 

We made several observations that support our hypothesis that there is increased ion flux-

independent NMDAR signaling driving spine destabilization in the SRKO mice. First, we 

observed that stimulation protocols which normally induce spine growth in WT mice can instead 

drives spine shrinkage in SRKO. Second, we found increased NMDARs at hippocampal 

synapses in the SRKO mice, which, in combination with the reduced D-serine levels, would 

further bias NMDARs toward ion flux-independent signaling. Finally, we showed that 

supplementing non-ionotropic NMDAR activation with Ca2+ influx from voltage-gated Ca2+ 

channel leads to more spine growth in SRKO than in WT, supporting increased ion flux-
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independent NMDAR signaling in these animals. This enhanced non-ionotropic NMDAR 

signaling would be expected to drive enhanced spine shrinkage and eventual spine elimination. 

 Notably, studies in which uncompetitive antagonists of NMDARs produce schizophrenia 

like symptoms in healthy individuals and exacerbate them in patients with the disorder helped 

give rise to the NMDAR hypofunction hypothesis (Javitt & Zukin 1991, Krystal et al 1994, Lahti 

et al 2001, Newcomer et al 1999). Due to high sensitivity of inhibitory GABAergic neurons to 

NMDAR blockers (Grunze et al 1996, Homayoun & Moghaddam 2007), decreased expression 

of interneurons (Hashimoto et al 2008, Hashimoto et al 2003b, Mellios et al 2009), and 

GABAergic markers (Glausier & Lewis 2017, Gonzalez-Burgos et al 2011, Lewis et al 2008, 

Lewis et al 1999), NMDAR hypofunction caused by reduced D-serine levels in schizophrenia 

may lead to disinhibition of excitatory neurons and result in glutamate spillover (Gallinat et al 

2016, Kraguljac et al 2013, Lorrain et al 2003, van Elst et al 2005). Indeed, SRKO mice have 

been observed to have decreased PV expression and altered excitatory/inhibitory balance from 

GABAergic dysfunction (Jami et al 2020, Ploux et al 2020, Steullet et al 2017). This disinhibition 

should result in greater release of glutamate at dendritic spines that, when paired with reduced 

D-serine levels, would increase the amount of non-ionotropic NMDAR activation even further to 

promote spine shrinkage (Stein et al 2020) and decrease in spine density in the SRKO and 

schizophrenia (Balu et al 2013, Rosoklija et al 2000, Sweet et al 2009). 

 Here we show that the SRKO mouse model of schizophrenia displays altered dendritic 

structural plasticity that biases toward spine shrinkage. We further report an increased number 

of synaptic NMDARs in the hippocampus of the SRKO mice and increased ion flux-independent 

NMDAR signaling at hippocampal spines. Taken together, our findings support a model in which 

NMDAR hypofunction brought on by lack of D-serine, promotes increased NMDAR expression 

and excessive non-ionotropic NMDAR signaling that drives a bias towards spine shrinkage and 

likely contributes to decreased spine density associated with schizophrenia.  
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Figure Legends and Figures 
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Figure 1. LTP-associated growth of dendritic spines is impaired in SRKO mice.  

(A, D) Representative images of basal dendrites of CA1 pyramidal neurons in acute 

hippocampal slices from of P14-21 WT and SRKO mice. Individual spines (yellow arrow) are 

stimulated with HFU of MNI-glutamate (yellow crosshair) during vehicle condition and in the 

presence of D-serine (10 µM). (B, C) HFU leads to growth in WT (black filled circles/bar; n=7 

cells/7 mice; p=0.004) but not in SRKO (red filled circles/bar; n=9 cells/8 mice; p=0.63). Volume 

of unstimulated neighboring spines were not affected (open circles/bars). (E, F) Supplementing 

D-serine in SRKO (black filled circles/bar; n=6 cells/5 mice; p=0.007) rescues HFU-induced 

growth (red filled circles/bar; n=8 cells/7 mice; p=0.005). Data are represented as mean +/- 

SEM. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 2. Structural plasticity is shifted to favor spine shrinkage in SRKO mice.  

(A, B) HFU in 5 mM CaCl2 shows spine growth is saturated to comparable levels between WT 

(black filled circles/bar; n=7 cells/3 mice; p=0.022) and SRKO (red filled circles/bar; n=6 cells/2 

mice; p=0.010). (C, D) HFU in 3 mM CaCl2 allows for spine growth in both WT (black filled 

circles/bar; n=7 cells/5 mice; p=0.013) and SRKO (red filled circles/bar; n=9 cells/3 mice; 

p=0.020). (E, F) HFU in 1.5 mM CaCl2 does not lead to any spine volume change in WT (black 

filled circles/bar; n=6 cells/6 mice; p=0.13) while shrinkage already occurs in SRKO (red filled 

circles/bar; n=8 cells/5 mice; p=0.001). (G, H) HFU in ACSF of 0.3 mM CaCl2 leads to spine 

shrinkage in both WT (black filled circles/bar; n=7 cells/4 mice; p=0.0061) and SRKO (red filled 

circles/bar; n=8 cells/5 mice; p=0.0002). (I) Structural plasticity curve of SRKO mice is shifted to 

the right, demonstrating a bias for spine shrinkage over growth. Data are represented as mean 

+/- SEM. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3. Increased synaptic NMDARs and decreased CaMKII activation in SRKO.  

(A, B) PSD signals from P20 SRKO hippocampi (n=4 preps/12 mice) shows increased levels of 

GluN2B (p=0.003) and GluN1 (p=0.033) relative to WT. There is no change in GluN2A (p=0.49) 

and CaMKII (p=0.41). (C, D) Total homogenate (n=4 preps/4 mice) signal shows increased 

levels of GluN2B (p=0.004) relative to WT. There is no change in GluN2A (p=0.41), GluN1 

(p=0.50), and CaMKII (p=0.074). (E, F) Immunoprecipitation of CaMKII from P20 SRKO 

hippocampi (n=3 preps/ 3 mice) shows decreased CaMKII-GluN2B interaction (p=0.034) and 

pT286 levels of CaMKII (p=0.010) relative to WT. Data are represented as mean +/- SEM. 

*p<0.05; **p<0.01; ***p<0.001. 

  



 74 

 

  

B
WT
SRKO

C
aM

K
IIɑ

N
o

rm
a
li

z
e

d
 p

ro
te

in
 l

e
v

e
l

1

0

3

2

**

G
lu

N
2A

G
lu

N
1

G
lu

N
2B

*

Figure 3

D WT
SRKO

N
o

rm
a

li
z
e

d
 p

ro
te

in
 l

e
v

e
l

1

0

0.5

1.5

*

C
aM

K
IIɑ

G
lu

N
2A

G
lu

N
1

G
lu

N
2B

E

GluN2B

pT286

CaMKIIɑ

SR

WT SRKOWT SRKOMix
- 250 kDa

- 50 kDa

- 50 kDa

- 37 kDa

InputCaMKIIɑ IPCtl F WT
SRKO

pT28
6/

C
aM

K
IIɑ

N
o

rm
a
li

z
e

d
 s

ig
n

a
l

1

0

0.5

1.5

*

G
lu

N
2B

/C
aM

K
IIɑ

*

A WT SRKO

GluN2B

GluN1

CaMKIIɑ

- 250 kDa

- 100 kDa
- 50 kDa

Synaptophysin - 37 kDa

- 250 kDa
GluN2A

PSD

C

CaMKIIɑ

GluN2B

GluN1

GluN2A

Synaptophysin

WT SRKO

- 100 kDa
- 50 kDa

- 250 kDa

- 250 kDa

- 37 kDa

Total



 75 

Figure 4. Enhanced non-ionotropic NMDAR signaling in SRKO mice.  

(A) Left: model of the components required for spine growth. Right: schematic of experiment in 

which the critical components of spine growth that originate from NMDARs are split and Ca2+ 

influx instead comes from VGCCs to observe relative amount of non-ionotropic NMDAR 

signaling between WT and SRKO. (B) Images of spines (yellow arrowhead) before and after 

HFU+ stimulation (yellow crosshair) in the presence of L689 (10 µM) and Bay K (10 µM) for 

non-ionotropic NMDAR activation and VGCC-mediated Ca2+ influx, respectively. (C, D) HFU+ 

stimulation drives spine growth in WT (black filled circles/bar; n=5 cells/5 mice; p=0.005) and 

SRKO (red filled circles/bar; n=6 cells/4 mice; p=0.001), but the amount of growth is larger in 

SRKO than WT (p=0.006). (E) Amplitude of mEPSCs of P15-19 CA1 pyramidal neurons are not 

changed in SRKO (WT: black line/bar; n=20 cells/3 mice; SRKO red line/bar: n=17 cells/3 mice; 

p=0.26). (F) Proposed model. Coincident binding of glutamate and D-serine allows for both non-

ionotropic NMDAR signaling and calcium influx required for spine growth. In contrast, reduced 

levels of D-serine in schizophrenia mouse model SRKO results in glutamate binding alone to 

more NMDARs in the absence of D-serine that allows for strong non-ionotropic NMDAR 

activation with small calcium influx that promotes spine shrinkage. Data are represented as 

mean +/- SEM. *p<0.05; **p<0.01; ***p<0.001. 
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Chapter 4: Concluding Remarks 

Contributions to the field 

 In a field where NMDARs were long thought to mediate synaptic plasticity by controlling 

calcium influx into the dendritic spine, the emergence of studies that demonstrated a novel, ion-

flux independent mechanism of NMDARs emphasized that the molecular mechanism important 

for learning and memory is still largely unknown. Even more so is the fact that, for several years, 

our understanding of non-ionotropic NMDAR-dependent synaptic plasticity was limited to the 

requirement of glutamate-binding induced conformational change of the NMDAR and activity of 

p38 MAPK (Dore et al 2015, Nabavi et al 2013). In an effort to shed light on the molecular 

mechanism of non-ionotropic NMDAR signaling pathway responsible for shrinkage of dendritic 

spines, I first established that this ion-flux independent shrinkage of dendritic spines can be 

observed in acute slices and later identified CaMKII as a key molecule of the signaling pathway, 

which greatly expands the signaling cascade required for non-ionotropic NMDAR spine 

shrinkage (Appendix). 

 As glutamate binding to the NMDAR is sufficient to induce ion-flux independent signaling 

of the receptor, we next investigated the possible role of this signaling pathway during the 

induction of spine growth, which requires the binding of both glutamate and co-agonist to the 

receptor (Chapter 2). As inhibition of the key molecules of non-ionotropic NMDAR signaling 

cascade obstructed activity-dependent growth of spines, and spine growth could be artificially 

driven through the combination of non-ionotropic NMDAR activation with VGCC-mediated 

calcium influx, we demonstrated that non-ionotropic NMDAR signaling cascade is required for 

spine growth. With these surprising findings, we were able to further define the molecular 

mechanism of spine growth to involve both non-ionotropic and calcium-dependent signaling 

pathways, instead of only the latter. Our experimental design of driving spine growth by 

combining non-ionotropic NMDAR activation with VGCC-mediated calcium influx also suggests 
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that calcium nanodomains are not crucial for structural plasticity of spines. Another key finding 

in these experiments was that while p38 MAPK is required for spine growth, it is not necessary 

for LTP. Although both functional and structural changes of spines occur concurrently but are 

not completely mediated by the same signaling pathway, as previously observed that PP1 is 

required for LTD but not spine shrinkage (Zhou et al 2004), our study helps identify a similar 

divergence in the mechanism for LTP and spine growth. 

 We also explored the possibility that this ion-flux independent NMDAR signaling is 

implicated in schizophrenia (Chapter 3). A psychiatric disorder characterized by decreased 

spine density and reduced levels of NMDAR co-agonist, D-serine, we tested a novel hypothesis 

that decreased D-serine binding to NMDAR would create conditions in which non-ionotropic 

activation would be favored and thus block spine growth and stabilization that would eventually 

lead to decreased spine density associated with schizophrenia (Bendikov et al 2007, Hashimoto 

et al 2003a, Rosoklija et al 2000, Sweet et al 2009). To address this question, we used serine 

racemase knockout mice (SRKO) that lacks the enzyme required for D-serine production, 

resulting in reduced D-serine levels, decreased spine density, attenuated LTP, and cognitive 

deficits (Balu et al 2013, Basu et al 2009). By demonstrating that these SRKO mice have a bias 

for spine shrinkage over growth, our study provided a first look at the effects reduced D-serine 

levels has on the structural plasticity of dendritic spines. Our further experiments that 

demonstrate greater enrichment of synaptic NMDARs and greater structural plasticity of spines 

of SRKO mice when non-ionotropic NMDAR activation is combined with VGCC-mediated 

calcium influx suggest this change in structural plasticity of SRKO mice is due to enhanced non-

ionotropic NMDAR signaling. Altogether, our research demonstrates a novel, potential role of 

non-ionotropic NMDAR signaling in the development of connectivity issues associated with 

schizophrenia. 

 In conclusion, I believe my thesis work has helped contribute to elucidating the 

molecular pathway that drives both shrinkage and growth of dendritic spines, as well as probing 
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the potential cause of dendritic spine loss observed with schizophrenia. Although the work 

discussed in the thesis advances our understanding of the molecular mechanisms of memory 

formation and development of schizophrenia, there is still a variety of unanswered questions 

that, if addressed, could further benefit the field of synaptic plasticity and development. 

 

Future directions 

 Although our work has identified various key molecules to be critical components of the 

non-ionotropic NMDAR signaling pathway, it is not yet clear whether basal activity or change in 

activity level of these molecules is sufficient for mediating non-ionotropic NMDAR spine 

shrinkage. Due to the well-observed calcium-dependent activities of CaMKII and nNOS, it would 

be highly informative to observe if activation of non-ionotropic NMDAR signaling leads to 

increased activity of these enzymes, as observed with p38 MAPK during non-ionotropic cLTD 

(Nabavi et al 2013). The use of photoactivatable CaMKII inhibitor would also provide a look as 

to exactly when CaMKII activity is required for non-ionotropic NMDAR signaling (Murakoshi et al 

2017). Additional investigation includes if nNOS-NOS1AP interactions that is crucial for non-

ionotropic NMDAR signaling undergoes any active changes in an environment that does not 

involve strong influx of calcium (Li et al 2013, Stein et al 2020). 

 The involvement of CaMKII in both non-ionotropic and calcium-dependent signaling 

pathways is quite fascinating based on its already identified roles in synaptic plasticity. As 

studies have shown that LTP requires CaMKII-GluN2B interaction and release of CaMKII-actin 

interaction (Halt et al 2012, Kim et al 2015), but LTD requires the kinase to have a different 

substrate specificity and its interaction to GluN2B to be blocked (Coultrap et al 2014, Goodell et 

al 2017), investigating the possible mechanism of how CaMKII can mediate both spine 

shrinkage and growth can shed light on the fine mechanistic details of non-ionotropic NMDAR 

signaling. Based on observations that there is no change in CaMKII-GluN2B interaction during 

non-ionotropic cLTD (Aow et al 2015), lack of necessity for CaMKII-GluN2B during LTD 
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(Goodell et al 2017), and our result that calcium nanodomain is not required for spine growth, it 

is possible that non-ionotropic NMDAR signaling does not require any kinase or structural role 

of CaMKII near the NMDAR. As our model proposes that non-ionotropic NMDAR signaling 

culminates to cofilin acting on the actin skeleton, and it has been observed that CaMKII must 

dissociate from f-actin to make room for cofilin and other actin binding proteins for LTP and 

spine growth (Kim et al 2015), I hypothesize that non-ionotropic NMDAR signaling involves the 

release of CaMKII-actin interaction, which can be probed through the use of CaMKII-actin FRET 

sensor or mutant constructs of CaMKII that cannot dissociate from actin.  

 Although we demonstrated that spine growth requires both non-ionotropic NMDAR 

activation and strong calcium influx, we do not yet know the temporal requirements of these two 

factors relative to each other. As studies suggest that the agonist binding to the NMDAR leads 

to a conformational state that precedes opening of the pore (Durham et al 2020, Gibb et al 

2018, Kazi et al 2013), non-ionotropic signaling and ion flux-dependent signaling may occur one 

after the other. The importance of the order at which ion flux-dependent and independent 

signaling occur has been observed in VGCC. VGCC-mediated gene transcription was 

demonstrated to be optimal when conformational change of the channel follows calcium influx, 

and reversing this order blocks gene transcription (Kobrinsky et al 2003, Li et al 2016a, Servili et 

al 2018). If the strong increase of intracellular calcium is not simultaneous to non-ionotropic 

NMDAR activation, would spine growth still occur? Would a sufficient delay of calcium influx 

lead to spine shrinkage? These questions could be addressed by timing non-ionotropic NMDAR 

signaling with calcium influx, whether through VGCC or uncaging of calcium. Delineating the 

temporal requirements of calcium signaling and non-ionotropic NMDAR activation required for 

LTP and spine growth would help provide further insight into how NMDARs mediate 

bidirectional structural plasticity of spines. 

 As evidenced by the different conformational changes of the NMDAR induced whether 

glutamate, glycine, or D-serine binds to the receptor (Dore et al 2015, Ferreira et al 2017), the 
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binding of co-agonists is capable of activating unique signaling pathways (Hu et al 2016, Li et al 

2016b, Nong et al 2003) that can potentially be implicated in LTP and spine growth. For 

example, are LTP-associated surface diffusion and endocytosis of NMDARs (Dupuis et al 2014, 

Ferreira et al 2017) mediated by the non-ionotropic effects of co-agonist binding to the receptor, 

given that co-agonist binding primes the NMDAR for endocytosis (Nong et al 2003)? This could 

be investigated through the comparison of NMDAR surface diffusion between spine growth and 

‘artificial’ growth in which NMDAR co-agonist binding is blocked and calcium influx is 

supplemented through an alternative source. And given that non-ionotropic NMDAR signaling is 

required for LTP-associated growth (Dupuis et al 2014), does this signaling pathway also 

depend on surface diffusion of NMDARs that is integral for LTP? Would crosslinking NMDARs 

with the use of antibodies obstruct non-ionotropic NMDAR signaling? 

 In contrast to the potential role enhanced non-ionotropic NMDAR signaling induced by 

glutamate binding in schizophrenia that was discussed in Chapter 3, ion flux-independent 

NMDAR signaling induced by the binding of both glutamate and co-agonist may be reduced and 

subsequently contribute to the bias toward shrinkage of dendritic spines. Non-ionotropic 

NMDAR signaling induced by both agonist and co-agonist binding has been shown to activate 

Src kinase (Weilinger et al 2016), which may have reduced activity in people with schizophrenia 

(Banerjee et al 2015). Because Src kinase alters NMDAR function, reduced kinase activity could 

contribute to decreased ion flux through the NMDAR in people with schizophrenia (Salter & 

Pitcher 2012). Thus, decreased levels of D-serine associated with the disorder (Bendikov et al 

2007, Hashimoto et al 2003a) not only decreases the chance of pore opening that occurs when 

there is simultaneous binding of glutamate and co-agonist, but Src kinase would also not be 

activated through co-agonist binding induced non-ionotropic signaling (Weilinger et al 2016) and 

subsequently reduce ion flux through the NMDAR for when the pore does open. The 

combination of decreased D-serine levels (Bendikov et al 2007, Hashimoto et al 2003a), 

increased levels of endogenous co-agonist blocker kynurenic acid (Plitman et al 2017), and 
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decreased ion flux-independent activation of Src kinase can all work in a synergistic way of 

promoting shrinkage of elimination of spines through enhanced non-ionotropic NMDAR 

signaling in the absence of NMDAR-mediated calcium influx. This could be investigated with the 

use of SRKO mice and probing for possible changes in NMDAR-Src interaction and 

phosphorylation level of Src Y419 and Y530 associated with kinase activity (Banerjee et al 

2015, Weilinger et al 2016). 

 Our understanding of ion-flux independent processes and signaling of NMDAR have 

rapidly expanded over the last several years. My thesis research has contributed to this recent 

advancement and can hopefully act as a stepping stone for others in further elucidating the 

complicated pathways of the various non-ionotropic NMDAR signaling cascades that dictate 

various processes ranging from synaptic plasticity to excitotoxicity. 
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Appendix: Identification of CaMKII in non-ionotropic NMDAR 

signaling and further look at the changes in molecular signaling and 

dendritic spines of SRKO mice 

 

Preface 

The following chapter contains a figure from published data titled “Molecular Mechanisms of 

Non-ionotropic NMDA Receptor Signaling in Dendritic Spine Shrinkage” that was accepted in 

JNeurosci on April 5th, 2020. It also contains unpublished data on SRKO that are related to the 

contents of Chapter 3 in investigating how non-ionotropic NMDAR-dependent structural 

plasticity is altered in these mutant mice and contributes to spine loss associated with 

schizophrenia. Ivar S. Stein and I collaborated with testing the role of CaMKII activity during 

non-ionotropic NMDAR-dependent spine shrinkage. Samuel Petshow assisted with the analysis 

of spine density of SRKO mice. 
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Abstract 

Activity-dependent modification of dendritic spines is a crucial process for both proper 

development of the brain and formation of memories. In particular, the shrinkage of dendritic 

spines depends on ion flux-independent signaling of N-methyl-d-aspartate receptors (NMDARs) 

that is activated by glutamate binding to the receptor. Not only are the downstream signaling 

molecules that mediate this novel signaling pathway largely unknown, but this non-ionotropic 

signaling of NMDARs may also contribute to the loss of dendritic spines that is associated with 

schizophrenia. Here, we identify the activity of CaMKII to be a key player in mediating non-

ionotropic NMDAR-dependent spine shrinkage. With the use of schizophrenia mouse model that 

lacks the enzyme for D-serine production (SRKO), we show that spine shrinkage occurs 

normally in physiological levels of Mg2+. Spine dynamics and density of young mice are not 

significantly changed compared to wild-type littermates. While phosphorylation level of GluA1 

S845 is not altered, we demonstrate that nNOS-NOS1AP interaction that is crucial for non-

ionotropic NMDAR signaling to be elevated in male SRKO mice, but not females. 

  



 85 

Introduction 

Activity-dependent remodeling of neural circuitry is a critical cellular process thought to underlie 

learning and memory (Hayashi-Takagi et al 2015, Xu et al 2009, Yang et al 2009). Dynamic 

modifications of dendritic spines, which includes long-term potentiation (LTP) and long-term 

depression (LTD) and associated growth and shrinkage of spines, respectively (Matsuzaki et al 

2004, Oh et al 2013), that are required for memory formation is mediated through the activation 

of N-methyl-d-aspartate receptors (NMDARs). Although LTP and associated growth of dendritic 

spines depend on ion flux through the receptor pore, NMDARs can also signal in an ion flux-

independent manner to induce LTD and associated shrinkage of dendritic spines (Nabavi et al 

2013, Stein et al 2015). Glutamate binding alone is sufficient to cause a conformational change 

that activates non-ionotropic signaling of the NMDAR (Dore et al 2015), but not much else is 

known about the molecular signaling pathway that occurs downstream of the receptor 

conformational change. As CaMKII has been implicated in LTD despite its calcium-dependent 

activity (Coultrap et al 2014), we investigated if this kinase would be a key player in non-

ionotropic NMDAR-dependent spine shrinkage. 

 Additionally, this novel non-ionotropic NMDAR signaling is also potentially implicated in 

the development of schizophrenia. A psychiatric disorder with debilitating symptoms, patients 

have been observed to have decreased spine density (Rosoklija et al 2000, Sweet et al 2009) 

and decreased levels of D-serine (Bendikov et al 2007, Hashimoto et al 2003a), a co-agonist of 

NMDARs. As ion flux through the NMDAR requires simultaneous binding of glutamate and co-

agonist to the receptor, we hypothesize that decreased levels of D-serine observed with 

schizophrenia promotes non-ionotropic NMDAR signaling that then creates a bias for shrinkage 

of dendritic spines that eventually culminates into decreased spine density associated with the 

disorder. To test this hypothesis, we used a schizophrenia mouse model, serine racemase 

knockout (SRKO), that lacks the enzyme required for D-serine production and thus has reduced 
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D-serine levels in addition to decreased spine density and cognitive deficits (Balu et al 2013, 

Basu et al 2009). 

 We demonstrate that CaMKII is a key molecule of the non-ionotropic NMDAR signaling 

cascade. We also show that non-ionotropic NMDAR-dependent spine shrinkage occurs 

normally in SRKO at physiological levels of Mg2+. Biochemical characterization of SRKO mice 

reveal that while there is no change in the phosphorylation level of GluA1 S845, there is 

increased nNOS-NOS1AP interaction that is observed only in male mutant mice. Although 

previously observed to have reduced spine density at older ages, we demonstrate that SRKO 

mice have unaltered spine dynamics and densities at younger ages. 
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Materials and methods 

Animals. SRKO (Basu et al 2009) and GFP-M (Feng et al 2000) mice in a C57BL/6J 

background were crossed to generate serine racemase knockout and wild-type mice with a GFP 

cell fill in a subset of CA1 hippocampal pyramidal neurons. All experimental protocols were 

approved by the University of California Davis Institutional Animal Care and Use Committee. 

 

Two-photon imaging and image analysis. Acute hippocampal slices were prepared from P14-21 

WT and SRKO littermates of both sexes as described (Stein et al 2021). GFP-expressing CA1 

pyramidal neurons at depths of 10-50 µm were imaged using a custom two-photon microscope 

(Woods et al 2011). For each neuron, image stacks (512 × 512 pixels; 0.02 µm per pixel; 1-μm 

z-steps) were collected from one segment of secondary or tertiary basal dendrite at 5 min 

intervals at 27-30 °C in recirculating artificial cerebral spinal fluid (ACSF; in mM: 127 NaCl, 25 

NaHCO3, 1.2 NaH2PO4, 2.5 KCl, 25 D-glucose, aerated with 95%O2/5%CO2, ∼310 mOsm, pH 

7.2) with 1 μM TTX, 0.1 mM Mg2+, and 2 mM Ca2+, unless otherwise stated. Cells were pre-

incubated for at least 30 min with 10 μM L-689,560 (Tocris), 10 μM KN-62 (Tocris) or 5 μM TAT-

CN21 (purchased from Ulli Bayer). Images are maximum projections of three-dimensional 

image stacks after applying a median filter (3 × 3) to raw image data. Estimated spine volume 

was measured from background-subtracted green fluorescence using the integrated pixel 

intensity of a boxed region surrounding the spine head, as described (Woods et al 2011).  

 

Glutamate uncaging. High-frequency uncaging (HFU) consisted of 60 pulses (720 nm; 2 ms 

duration, 7-11 mW at the sample) at 2 Hz delivered in ACSF containing (in mM): 2 Ca2+, 0.1 

Mg2+, 2.5 MNI-glutamate, and 0.001 TTX. The beam was parked at a point 0.5-1 μm from the 

spine at the position farthest from the dendrite. HFU+ stimulation consisted of 60 pulses (720 
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nm; 8 ms duration, 6-10 mW at the sample) at 6 Hz, delivered in ACSF containing (in mM): 10 

Ca2+, 0.1 Mg2+, 5 MNI-glutamate, and 0.001 TTX. 

 

Biochemistry. Hippocampi of P20-26 mice of either sex were homogenized with 1% 

deoxycholate. For immunoprecipitation, 50 μL of Protein G Dynabeads (Invitrogen) were pre-

incubated with 4 μg of either nNOS (sc-5302, Santa Cruz Biotechnology) or mouse IgG antibody 

(sc-2025, Santa Cruz Biotechnology) at RT for 10 min, washed with 0.05% TBS-tween, 

incubated with 1000-1500 μg of protein lysate for 30 min at RT, washed four times with 0.01% 

TBS-triton, and then eluted. Protein samples were run on a SDS-PAGE gel at 30 mA and 

transferred to 0.45 um PVDF membrane for 210 min at 50 V. Membranes were blocked with 

TBS Odyssey Blocking Buffer (LICOR) and incubated overnight at 4°C with primary antibodies 

for GluA1 (Leonard et al 1998, Leonard et al 1999, Lu et al 2007), pS845 GluA1 (ab76321, 

Abcam), nNOS (sc-5302), NOS1AP (sc-374504), or serine racemase (sc-365217). Secondary 

antibody (IRDye; LICOR) incubation was for 1 h at RT and the blots scanned and analyzed 

using Odyssey CLx and Image Studio.  

 

Experimental Design and Statistical analysis. Cells for each condition were obtained from at 

least 3 independent hippocampal acute slices preparations of both sexes. Data analysis was 

done blind to the experimental condition. All statistics were calculated across cells and 

performed in GraphPad Prism 8.0. Student’s unpaired t-test was used for all experiments. 

Details on ‘n’ are included in the figure legends. All data are represented as mean ± standard 

error of the mean (SEM). Statistical significance was set at p < 0.05 (two-tailed t test).  
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Results 

We first tested if non-ionotropic NMDAR-dependent spine shrinkage can also be observed in 

acute slices, in addition to what has been previously observed in organotypic slices (Stein et al 

2015). High-frequency uncaging (HFU) of glutamate at single dendritic spines in the presence of 

NMDAR co-agonist blocker, L689, led to spine shrinkage, as expected (Fig. 1A-C). After 

confirming that non-ionotropic NMDAR spine shrinkage can be induced in acute slices, we then 

questioned what molecule could be mediating this ion flux-independent signaling of NMDARs. 

Based on studies that demonstrated CaMKII to be critical for LTD and also associated with 

conformational change of the NMDARs required for non-ionotropic NMDAR LTD (Aow et al 

2015, Coultrap et al 2014, Dore et al 2015), we next investigated if CaMKII activity was required 

for non-ionotropic NMDAR spine shrinkage. The presence of either CaMKII inhibitors, KN-62 or 

TAT-CN21, blocked spine shrinkage (Fig. 1A-C). This suggests that CaMKII activity is a key 

component of non-ionotropic NMDAR signaling which mediates shrinkage of dendritic spines. 

 Because structural plasticity of serine racemase knockout mice (SRKO) is altered to bias 

spine shrinkage over growth, as shown and discussed in Chapter 3, we next questioned if this 

resulted in altered formation and elimination of dendritic spines. Time-lapse imaging of acute 

slices show that the rate of both spine formation and elimination are not different between WT 

and SRKO (Fig. 2A-C). In line with the lack of change in spine dynamics, we observed that 

spine density and spine length were also not significantly altered in SRKO (Fig. 3A-C). 

 As the imaging experiments are done in 0.1 mM Mg2+, we investigated if non-ionotropic 

NMDAR spine shrinkage could occur at a more physiological level of Mg2+ in SRKO without the 

presence of any co-agonist blockers. HFU in 1 mM Mg2+ leads to spine shrinkage in both SRKO 

and WT (Fig. 4A-C). 

 With our hypothesis that there is more non-ionotropic NMDAR signaling in SRKO and 

the nNOS-NOS1AP interaction being an important component of this ion-flux independent 

signaling cascade (Stein et al 2020), we then investigated if the basal level of nNOS-NOS1AP 
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interaction in SRKO was different from WT littermates. Based on observation that nNOS-

NOS1AP interaction increases with strong influx of calcium (Li et al 2013), which may be 

reduced significantly in SRKO (Balu et al 2013, Basu et al 2009), it was expected that the 

nNOS-NOS1AP interaction would be reduced in SRKO. When nNOS was immunoprecipitated 

from hippocampi of P20 animals, we observed that the nNOS-NOS1AP interaction to be 

increased in SRKO males but not in SRKO females (Fig. 5A-C).  

 As non-ionotropic NMDAR activation leads to LTD (Nabavi et al 2013), we then 

questioned if SRKO would have decreased synaptic strength. To address this question, we took 

both the cortex and hippocampus of P22-26 and P60 mice and probed for pS845, a site on 

GluA1 subunit of AMPARs that is associated with LTD (Lee et al 1998). For both the cortex and 

hippocampus of younger and older animals, we observed no difference in the phosphorylation 

level of S845 (Fig. 6A, B). This lack of change in pS845 matches our observation of no 

difference in amplitude of mEPSC between WT and SRKO as shown in Chapter 3. 
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Discussion 

Lack of changes in spine density and dynamics in SRKO mice 

Although we demonstrate that HFU at 1 mM Mg2+ in SRKO and WT both lead to comparable 

levels of non-ionotropic NMDAR-dependent spine shrinkage, and, as discussed in Chapter 3, 

that the non-ionotropic signaling pathway may be enhanced in SRKO mice, we surprisingly did 

not observe any changes to dynamics or density of dendritic spines at P14-21. As SRKO mice 

are reported to have decreased spine density at older ages (Balu et al 2013), the lack of change 

in younger mice potentially mirrors the human longitudinal imaging studies of high risk 

individuals that show normal development of gray matter during childhood that declines later on 

(Job et al 2005, Pantelis et al 2003, Thompson et al 2001), suggesting excessive spine 

elimination as the cause of loss in synaptic connectivity observed with schizophrenia (Glausier 

& Lewis 2013). Thus, enhanced non-ionotropic NMDAR signaling in SRKO may promote 

excessive pruning of spines later on in the developmental period of the animal. 

 

nNOS-NOS1AP expression is altered only in male SRKO mice 

The unexpected increase in interaction between nNOS and NOS1AP may be due to increased 

expression of the latter; as D-serine decreases NOS1AP expression in male rodents, but not in 

females (Svane et al 2018), lack of D-serine in SRKO could instead lead to an increase in 

NOS1AP expression and subsequently drive basal level of interaction with nNOS only in male 

SRKO mice. Although there are mixed reports as to whether there is an association between 

NOS1AP and schizophrenia, NOS1AP may at least be linked to depression phenotypes in male 

patients of schizophrenia (Cheah et al 2015). Although the onset of the disorder occurs slightly 

earlier in males, it is also not quite clear if there is a sex difference with regards to the extent of 

neuroanatomical changes associated with schizophrenia (Adriano et al 2012, Gogtay et al 2011, 

Haijma et al 2013). However, the role of NOS1AP in structural plasticity of dendritic spines 

(Stein et al 2020) and the influence of D-serine on NOS1AP expression both suggest that 
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NOS1AP may play a role in the loss of dendritic spines associated with schizophrenia in a sex-

dependent manner. 
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Figure legends and figures 
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Figure 1. CaMKII activity is required for spine shrinkage driven by non-ionotropic NMDAR 

signaling 

(A) Images of dendrites from CA1 neurons of acute slices from P16-20 GFP-M mice before and 

after HFU (yellow cross) at single spines (yellow arrowhead) in the presence of L-689, L-689 

with 10 μM KN-62 or L-689 with 5 μM TAT-CN21. (B, C) Inhibition of CaMKII activity with KN-62 

(red filled circles/bar; 9 spines/9 cells) or TAT-CN21 (gray filled circles/bar; 9 spines/9 cells) 

blocked spine shrinkage induced by HFU in the presence of L-689 (black filled circles/bar; 8 

spines/8 cells). Volume of unstimulated neighboring spines (open bars) was not changed. *p < 

0.05, ***p < 0.001, paired two-tailed T-Test compared to baseline and calculated across cells. 

(D) Proposed model for the non-ionotropic NMDAR signaling pathway that drives spine 

shrinkage. Glutamate binding to the NMDAR induces conformational changes that drive 

dendritic spine shrinkage through NOS1AP-nNOS interactions, and the activities of nNOS, p38, 

MAPK, MK2, CaMKII, and cofilin-dependent severing of the actin cytoskeleton. 
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Figure 2. Spine dynamics and density are not altered in young SRKO mice. (A) 

Representative images of dendritic spine elimination in CA1 pyramidal neurons of P14-21 WT 

and SRKO acute hippocampal slices. (B) Representative images of new spine outgrowth in WT 

and SRKO. (C) Rate of spine formation and elimination are not different between WT (n=11) 

and SRKO (n=11). (D) Representative images of dendritic spines of CA1 pyramidal neurons of 

P14-21 WT (n=21) and SRKO (n=19) acute hippocampal slices. (E, F) Spine volume and length 

of WT and SRKO are not significantly different from each other. Data are represented as mean 

+/- SEM. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3. HFU in 1 mM magnesium leads to shrinkage of spines in SRKO mice. (A) 

Representative images of dendritic spines of CA1 pyramidal neurons of P14-21 WT and SRKO 

acute hippocampal slices. (B, C) Spine volume of WT and SRKO decrease at different rates 

upon HFU in 1 mM magnesium. Data are represented as mean +/- SEM. *p<0.05; **p<0.01; 

***p<0.001. 
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Figure 4. nNOS-NOS1AP interaction is increased in male SRKO mice. (A, B) 

Representative blot images of nNOS immunoprecipitation prepared from male and female 

hippocampal tissue of P20 WT and SRKO mice. (C) nNOS-NOS1AP interaction is increased in 

male SRKO (n=5) relative to WT, while there is no difference in female SRKO (n=4). Data are 

represented as mean +/- SEM. *p<0.05; **p<0.01; ***p<0.001. 
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Figure 5. pS845 level is not different in SRKO mice. (A) Representative blot image of pS845 

and GluA1 signals in P22-26 and P60 WT and SRKO mice. (B) pS845 is not changed in SRKO 

(n=3) relative to WT regardless of age and brain structure. Data are represented as mean +/- 

SEM. *p<0.05; **p<0.01; ***p<0.001. 
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