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Abstract 

Title of dissertation: Protein organization and NMDA receptor activation at individual 
hippocampal synapses. 
 
Sarah Metzbower, Doctor of Philosophy, 2019  
 
Dissertation directed by Thomas A. Blanpied, Associate Professor, Department of 
Physiology and Program in Neuroscience  

 

Protein organization and receptor activation coordinate to maintain synaptic efficacy at 

individual synapses. Therefore, it is important to explore both mechanisms that impact 

how proteins are arranged and factors that influence receptor activation. Transsynaptic 

cleft proteins are important for synaptogenesis and synapse function but little is known 

about how they are organized within the cleft. One such transsynaptic protein is Synaptic 

Cell Adhesion Molecule 1 (SynCAM 1), which has been shown to be important for 

synaptogenesis and synapse maintenance but its subsynaptic organization had not been 

explored. Using a combination of high-resolution imaging approaches, including 

cryoelectron tomography and super-resolution imaging, it was determined that not only 

does SynCAM 1 form peri-synaptic puncta, but also that the presence of SynCAM 1 is 

required for normal protein density distribution within the synaptic cleft. Thus supporting 

the idea that the synapse is organized into nano-compartments and that SynCAM 1 may 

be important for this subsynaptic organization. Additionally, NMDA receptor (NMDAR) 

activation is critical for maintenance and modification of synapse strength. Specifically, 

NMDAR activation by spontaneous glutamate release has been shown to mediate some 

forms of synaptic plasticity, as well as synaptic development. Interestingly, there is 

evidence that within individual synapses each release mode may be segregated such that 



 
 
 
 

postsynaptically there are distinct pools of responsive receptors. In order to examine 

potential regulators of NMDAR activation due to spontaneous glutamate release in 

cultured hippocampal neurons, I utilized GCaMP6f imaging at single synapses in concert 

with confocal and super-resolution imaging. Using these single-spine approaches, I found 

that Ca2+ entry activated by spontaneous release tends to be carried by GluN2B-

NMDARs. The amount of NMDAR activation varies greatly both between synapses and 

within synapses, and is unrelated to spine and synapse size, but does correlate loosely 

with synapse distance from the soma. Despite the critical role of spontaneous activation 

of NMDARs in maintaining synaptic function, their activation seems to be controlled by 

factors other than synapse size or synapse distance from the soma. It is most likely that 

NMDAR activation by spontaneous release influenced variability in subsynaptic receptor 

position, release site position, vesicle content, and channel properties.  
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CHAPTER 1: Introduction 

Section 1. Introduction to synapses and synaptic plasticity 

 
Why synapses?  

In the nervous system, the point of contact between two neurons, where 

neurotransmission occurs is the synapse. Synaptic communication is essential at all levels 

of nervous system function from signaling within an individual synapse to circuit 

dynamics to animal behavior. Because synapses are the main mediators of neuronal 

communication, understanding their function is a critical part of neuroscience. It has been 

believed for over 100 years that changes in synaptic strength underlie learning and 

memory (Cajal, 1894), and there is now an extensive body of evidence that both synaptic 

structure and function are modified during development and by activity (Malenka and 

Bear, 2004; Turrigiano and Nelson, 2004; Huganir and Nicoll, 2013). However, the 

factors that impact synaptic function and modifications by activity are highly complex 

and are still the ongoing focus of much work in the field or neuroscience.  

In addition to the integral role of synapses in normal brain function, synaptic 

dysfunction is implicated many disease states, including depression, addiction, 

Alzheimer’s disease (van Spronsen and Hoogenraad, 2010). This highlights the 

importance of these small structures in the nervous system. Because synapse structure 

and function underlie all aspects of behavior, it is necessary to explore mechanisms that 

maintain and modify synapses, as well as their essential components.  
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What makes up a synapse? 

At electrochemical synapses, the electrical impulse from one neuron is converted to a 

chemical signal that travels the space between the two cells in order to initiate an 

electrical impulse in the next cell. The basic structure of a synapse consists of three main 

compartments: the presynaptic terminal with an active zone (AZ) where vesicles fuse to 

release neurotransmitter, the synaptic cleft between the two sides of the synapse which 

contains critical transsynaptic proteins, and the postsynaptic density (PSD) where 

neurotransmitter receptors are positioned to be activated by the neurotransmitter. Despite 

being composed of the same basic elements, throughout the brain and even within a 

single neuron, there are distinct types of synapses that can function dramatically 

differently. Even within the same type of synapse, there is a high degree of variability in 

synaptic function. Presynaptic, postsynaptic, and coordinated pre- and postsynaptic 

changes alter synaptic efficacy and underlie information encoding in the brain (Malenka, 

1994; Malenka and Bear, 2004; Davis, 2013). Therefore, understanding the elements that 

comprise synapses and how they are maintained and modified is a central ongoing 

endeavor in the field of neuroscience.  

 

Main postsynaptic elements 

The large majority of excitatory synapses form on dendritic spines. Dendritic spines 

are specialized small (0.1-0.8 μm3 in volume) protrusions from dendrites that contain the 

PSD and anchor glutamate receptors (Harris, 1999; Chen et al., 2008).  The presence of 

synapses within these distinct cellular compartments allows for retention of important 

proteins and signaling molecules near the synapse (Koch and Zador, 1993; Harris, 1999; 
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Bloodgood and Sabatini, 2005; Ashby et al., 2006; Simon et al., 2014; Tonnesen et al., 

2014).  

At excitatory synapses, there are three principal types of postsynaptic glutamate 

receptors: AMPA receptors (AMPARs), NMDA receptors (NMDARs), and metabotropic 

glutamate receptors (mGluRs) (Nicoll et al., 1990; Dingledine et al., 1999). AMPARs 

activate quickly when glutamate binds and deactivate rapidly when glutamate dissociates, 

thus leading to rapid membrane depolarization and mediating the fast component of the 

excitatory postsynaptic potential (EPSP) (Collingridge et al., 1983b; Keinanen et al., 

1990; Tang et al., 1991). NMDARs on the other hand, have much slower kinetics. 

Importantly, they are permeable to Ca2+, which AMPARs typically are not (Collingridge 

et al., 1983b; Mayer and Westbrook, 1985; Lester et al., 1990). Because of their 

differences in kinetics and ion conductance, AMPARs and NMDARs serve different 

functions within the synapse despite both being primarily ionotropic glutamate receptors. 

mGluRs on the other hand are metabotropic receptors, and do not pass ions upon 

glutamate binding, but instead are coupled to G-proteins which can initiate signaling 

pathways in the PSD (Pin and Duvoisin, 1995). mGluRs are required for some forms of 

synaptic plasticity and synapse maintenance, and therefore play an important role in 

synapse function (Bhattacharyya, 2016). 

The PSD itself is quite small, only 200-400 nm in diameter and 2-30 nm thick, but is 

easily observable using electron microscopy (EM) due its high density of protein (Harris 

and Stevens, 1989). This interconnected network of scaffolding proteins, cell adhesion 

molecules, receptors, and signaling molecules that form the PSD coordinate to allow for 
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synaptic transmission and are responsible for many modifications of synaptic efficacy 

(Sheng and Hoogenraad, 2007). 

Aside from neurotransmitter receptors, the PSD contains a vast multitude of 

scaffolding proteins that are incredibly numerous and diverse. These proteins, through 

multi-protein interactions, serve to anchor receptors, position signaling molecules, and 

provide structural stability to the PSD. There are many different families and unique 

scaffolding proteins that facilitate distinct interactions, have distinct developmental 

profiles, and can be modulated by synaptic plasticity (Renner et al., 2008; Sheng and 

Kim, 2011; Xu, 2011; Choquet and Triller, 2013). Of these, the membrane-associated 

guanylate kinase (MAGUK) family protein PSD-95 is perhaps the best studied. It 

interacts directly with NMDAR c-terminal domains and indirectly with AMPARs via 

transmembrane AMPAR regulatory proteins (TARPs) (Sprengel et al., 1998; Sumioka et 

al., 2011). Loss of PSD-95 and other MAGUKs, including PSD-93 and SAP102, results 

in decreased synapse size and a drastic reduction in the number of AMPARs and 

NMDARs anchored at synapses (Chen et al., 2015). Thus highlighting their critical role 

in maintaining synaptic transmission. These proteins are not only critical for maintaining 

synaptic function, but actively participate in synaptic remodeling (El-Husseini et al., 

2000; Sun and Turrigiano, 2011).  

 Finally, a major class of essential PSD proteins is the signaling molecules. Like 

scaffolding proteins, these are incredibly numerous and diverse within the PSD. While 

membrane depolarization by ionotropic receptor activation is essential for propagation of 

electrochemical signaling between neurons, synaptic receptor activation also initiates 

complex signaling cascades within the PSD. These signaling cascades serve to maintain 
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and modify synaptic function. Signaling molecules are well studied in synaptic plasticity 

where they play a critical role in the initiation and expression of changes in synaptic 

strength (Malenka and Bear, 2004; Mayford, 2007). For instance, the most abundant of 

these signaling molecules, Ca2+/calmodulin kinase II (CaMKII), can be activated by Ca2+ 

influx into the PSD, typically via NMDAR activation, and phosphorylate AMPARs and 

other targets in order to alter synaptic strength (Lisman et al., 2002; Lisman et al., 2012).  

Together, receptors, scaffolding proteins, and signaling molecules all interact within the 

PSD to maintain and modify synaptic function.  

 

        

Figure 1.1. Diagram interaction of receptors, scaffolding proteins, and CaMKII within 
the PSD from (Kennedy, 2000). 
 

Main presynaptic elements 

On the presynaptic side, the active zone contains all of the components necessary to 

facilitate neurotransmitter exocytosis. These include active zone organizing proteins, 

Ca2+ channels, Ca2+ sensors, and the vesicle release machinery (Südhof, 2013). RIM, 

by almost 20 nm (25), each receptor-bound
holoenzyme could, in theory, rapidly phos-
phorylate several nearby substrate proteins,
including other signaling molecules in the
PSD (32), as well as AMPA receptors, which
are up-regulated by phosphorylation by
CaMKII after NMDA receptor activation (8,
9).

PSD-95. Another central component of
the NMDA receptor signaling complex is the
scaffold protein PSD-95 (also referred to as
SAP-90). The PSD-95 family comprises four
closely related proteins (sometimes called
MAGUK proteins), each of which contains
five protein-binding domains (15). Three
amino-terminal PDZ (PSD-95, Discs-large,
ZO-1) domains are followed by an SH3 do-
main and a GuK domain homologous to yeast
guanylate kinase but lacking enzymatic activ-
ity. The first and second PDZ domains bind
tightly to the tails of the NR2 subunits of the
NMDA receptor (33, 34). The three PDZ
domains each have slightly different binding
specificities and can interact with a variety of
different neuronal membrane proteins (35). It
remains unclear how interactions with the
PDZ domains are regulated during synaptic
development and which of their possible in-
teractions predominate in glutamatergic syn-
apses. Nevertheless, the tight colocalization
of NMDA receptors and PSD-95 at synapses
and the abundance of both proteins in the
PSD fraction suggest that in the forebrain,

many synaptic NMDA receptors are attached
to the PDZ domains of PSD-95 or one of its
family members (15).

At least three other synaptic proteins can
interact with the remaining PDZ domains of
PSD-95: neuronal nitric oxide synthase (nNOS)
(36), neuroligin (37), and SynGAP (32, 38). Of
these three, the evidence is strongest that Syn-
GAP is associated with PSD-95 in many gluta-
matergic synapses on forebrain pyramidal neu-
rons. SynGAP is a synaptic ras GTPase-activat-
ing protein (rasGAP), with a GAP domain ho-
mologous to that of the canonical rasGAP p120
(39). SynGAP is specifically expressed in neu-
rons and is highly concentrated at synaptic sites
in hippocampal neurons, where it is tightly
colocalized with PSD-95 (32, 38, 40). SynGAP
is almost as abundant in the PSD fraction as
PSD-95 itself (32), suggesting that many syn-
aptic PSD-95 molecules are bound to at least
one copy of SynGAP.

The function of rasGAPs is to accelerate
the intrinsic guanosine triphosphatase
(GTPase) activity of ras, thus accelerating the
rate of inactivation of the GTP-bound form of
ras (39). Because the most common down-
stream effect of GTP-ras is activation of the
MAP kinase (ERK 1 and ERK 2) cascade,
rasGAPs can be thought of as brakes on the
MAP kinase pathway. How might the func-
tion of SynGAP be linked to the NMDA
receptor? The rasGAP activity is strongly
inhibited by phosphorylation of SynGAP by

CaMKII, an early target of calcium flowing
through the NMDA receptor (32). Hence,
activation of the NMDA receptor may lead
directly to inhibition of SynGAP and release
of the brake on the MAP kinase pathway. An
important missing link in this scheme is the
nature of signaling pathways at glutamatergic
synapses that can activate ras. Possible can-
didates include src or fyn, which can activate
ras through the N-Shc adaptor protein (41), or
the BDNF (42) and Ephrin/EPH pathways
(43). Postulated dendritic targets for regula-
tion by MAP kinase include A-type K! chan-
nels that modulate the sizes of EPSPs and of
back-propagating action potentials (10) and
MAP2, which may mediate cellular remodel-
ing (44).

Neuronal NOS, a Ca2!-activated form of
NOS, can bind to PSD-95 through a class III
PDZ domain interaction in which its own
amino-terminal PDZ domain binds to a PDZ
domain of PSD-95 (45). Neuronal NOS is not
abundant in the PSD fraction and is not
expressed at high levels in pyramidal neu-
rons. However, it is highly expressed in cer-
tain "-aminobutyric acid–containing neurons,
which also express members of the PSD-95
family (46). Therefore, PSD-95 may concen-
trate nNOS near the NMDA receptor at
postsynaptic sites in these neurons.

Neuroligin is an adhesion molecule that is
present throughout the soma and dendrites of
many neurons and has been localized to the
synaptic cleft and the postsynaptic density of
some neurons (47). It has not been detected
in substantial amounts in the PSD fraction
(32, 48); thus, its association with PSD-95
may be transient, or more easily disrupted,
than that of other proteins by extraction with
detergent during purification of the PSD frac-
tion. Alternatively, it may associate with
PSD-95 in a relatively small proportion of
synapses. The recent finding that expression
of neuroligin in heterologous cells can induce
clustering of presynaptic vesicles in contact-
ing axons suggests that neuroligin may help
to induce synapse formation at potential
postsynaptic sites that contain NMDA recep-
tor–associated signaling complexes (49).

The Homer/Shank Complex
A third class of glutamate receptors present
at many excitatory synapses is the metabo-
tropic or heterotrimeric GTP-binding protein-
linked glutamate receptors (mGluRs). Sub-
types mGluR1 and mGluR5 are concentrated
around the outer rim of glutamatergic PSDs
as well as in decreasing concentration in the
spine membrane as a function of distance
from the PSD (50). Their activation by glu-
tamate leads to production of inositol tris-
phosphate and the consequent release of cal-
cium through the IP3 receptor from internal
membrane stores into the cytosol. Many
spines contain membrane vesicles that store

Fig. 2. Cartoon of two hypothetical signaling machines in the PSD. One comprises the NMDA
receptor, CaMKII, PSD-95, and SynGAP. The other links the mGluR to the IP3 receptor and to the
NMDA receptor complex via a scaffold assembled from Homer and Shank. The structures of these
synaptic proteins have not been determined in their entirety; however, structures of several
homologous domains are in the GenBank database and have been used here to portray the relative
sizes and positions of contact among the proteins (74). Where no homologous structure is available
(GKAP, portions of Shank, portions of SynGAP, and the cytosolic tail of the NMDA receptor),
proteins are represented by beaded lines or forms depicting their approximate size estimated from
their molecular weight. The structure of the CaMKII holoenzyme was determined to # 30 Å
resolution by cryo–electron microscopy (25). The holoenzyme is positioned behind the NMDA
receptor and PSD-95 for clarity. It would extend approximately 20 nm into the space behind the
plane of the diagram. The individual catalytic domains are depicted as stippled structures extending
from the central core.
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RIM-BP, Munc13, α-liprins, and ELKS together form the core organizing complex 

within the active zone. They bring together other critical active zone proteins, as well as 

aid in docking and priming of synaptic vesicles (Sudhof, 2012). To initiate exocytosis of 

neurotransmitter, vesicles that have been docked at the membrane are primed for release 

by interaction with SNARE protein and Munc18 machinery. Within a synapse, there are 

distinct vesicle pools that are differentiated by where in the release process they are. The 

~5-8 vesicles that are primed at the active zone membrane make up the readily releasable 

pool and are the first to be released upon an action potential. The larger (~20 vesicles) 

recycling pool contains vesicles that replenish the readily releasable pool following 

release. Finally, the resting pool, with ~150 vesicles, contains vesicles that are not 

recruited by evoked release and may play different roles in the synapse (Alabi and Tsien, 

2012). In evoked release, an action potential (AP) invades the active zone (Katz and 

Kuffler, 1946; Redman, 1990) and this rapid membrane depolarization leads to opening 

of voltage-gated Ca2+ channels that allow influx of Ca2+ into the terminal (Katz and 

Miledi, 1967; Borst and Sakmann, 1996). The Ca2+ ions bind to the Ca2+ sensor protein, 

synaptotagmin (Zhou et al., 2015), which causes a conformation change in the SNARE 

complex that facilitates exocytosis. Sometimes, in evoked release more than one vesicle 

fuses following a single action potential. This is termed multivesicular release, and there 

is some debate about its prevalence (Tong and Jahr, 1994; Oertner et al., 2002; Christie 

and Jahr, 2006). However, when multivesicular release occurs, there is a higher 

concentration of glutamate in the cleft than if only one vesicle underwent exocytosis. In 

AP-independent (spontaneous) release, the SNARE machinery has to either overcome a 

large energy barrier to release vesicles in the absence of Ca2+ or there is Ca2+ from 
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another source that can initiate the final step of vesicle exocytosis without the 

involvement of the typical voltage-gated Ca2+ channels. The distance between Ca2+ 

channels and the docked vesicles is a major factor that influences release probability 

within a synapse (Eggermann et al., 2011), thus highlighting the tight relationship 

between the spatial organization of synaptic elements and synaptic function. Altogether, 

these components coordinate to maintain neurotransmitter release probability based on 

the activity level and history of each synapse.  

 

 

Figure 1.2. Diagram of the interaction between active zone organizing proteins, vesicle 
release machinery, and synaptic vesicles (Biederer et al., 2017). 

 

Following synaptic vesicle fusion, glutamate diffuses from the site of vesicle release 

across the synaptic cleft where it can bind to and activate receptors positioned within the 

PSD. Synaptic vesicles contain an extremely high concentration of glutamate, >2000 

molecules per vesicle (Burger et al., 1989). However, postsynaptic receptors do not 

experience this high concentration of glutamate (60-210 mM) due to rapid diffusion of 

glutamate away from the fusion pore (Clements et al., 1992). Computational modeling 

revealed that the spatiotemporal profile of glutamate concentration in the cleft is 

Tong and Jahr, 1994), but not others (Christie and Jahr, 2006;
Tang et al., 2016), will substantially alter the glutamate concen-
tration transient and likely increase response amplitude (Freche
et al., 2011; Raghavachari and Lisman, 2004; Xu-Friedman and
Regehr, 2004). This effect may also play a particularly important
role during presynaptic facilitation. Despite these useful insights,
it is important to note that synapses of differing function may
control response amplitude through different mechanisms. For
instance, at two ‘‘relay’’ synapses in the dorsal lateral geniculate
nucleus where plasticity is not prominent in adulthood, modeling
suggests that the number of receptors present establishes
response amplitude (Tarusawa et al., 2009).

Overall, modeling approaches suggest that the location of
vesicular release relative to receptors may be a critical determi-
nant of synaptic strength, and experimental data support this hy-
pothesis. We will now review the structural organization of each
synaptic compartment that may make this possible before we
discuss evidence and propose potential mechanisms for align-
ment among them.

Relevant Structures and Their Patterning in the Three
Synaptic Compartments
Molecular and Functional Organization of
Neurotransmitter Release
Exocytosis of synaptic vesicles does not occur evenly spread
over the surface of a nerve terminal but is restricted to small
membrane domains and a subset of vesicles called readily
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Figure 1. The Machines of the Synapse
(A) Overview of an excitatory synapse with the
active zone material (green), synaptic cleft material
(orange), and PSD (blue) highlighted in a color code
that is maintained throughout the article.
(B) Patterning (top) and molecular components
(bottom; adapted from Kaeser et al., 2011) of the
presynaptic active zone area.
(C) 3D tomogram of the protein complexes in side
view (top; adapted from Perez de Arce et al., 2015)
and its molecular components (bottom) of the syn-
aptic cleft. Individual cleft proteins are discussed in
the text. Notably, proteinaceous material within the
cleft is distinctly distributed, with the highest density
in the outer ring.
(D) Lateral patterning of the PSD in side and top view
(top) and patterned molecular components of a
single cluster (bottom) of the PSD. The PSDmaterial
including receptors is organized in !2–3 distinct
clusters per synapse and is also layered vertically
into functionally relevant zones.

releasable vesicles (Kaeser and Regehr,
2017). These vesicles fuse at active zones,
exocytotic areas that are restricted to the
presynaptic membrane opposed to the
PSD (Couteaux and Pécot-Dechavassine,
1970; S€udhof, 2012). For the purpose of
this review, we use the term active zone
to describe the molecular machinery con-
sisting of proteins and lipids that mediates
fusion at the membrane opposed to the
PSD and that contains one or multiple sites

for exocytosis of synaptic vesicles (Figures 1A and 1B). A long-
standing interest in synaptic neuroscience has been to under-
stand the molecular nanoarchitecture and function of the active
zone. First insights came from electron microscopic studies of
small central nervous synapses, where upon fixation, the presyn-
aptic membrane is decorated with proteinaceous material that
forms dense projections in a hexagonal grid (Bloom and Aghaja-
nian, 1966; Pfenninger et al., 1969; but also see Gray, 1975). It
was proposed that this matrix provides several distinct sites
for vesicle docking and fusion. Detailed and compelling work
at the frog neuromuscular junction has built on these studies
and found that the presynaptic plasma membrane is connected
with docked synaptic vesicles through stereotyped, repetitive el-
ements that extend from the plasma membrane as pegs, ribs,
and beams (Harlow et al., 2001). Although the same stereotypy
has not been described at small central synapses, the funda-
mental elements (transmembrane proteins, dense proteina-
ceous bodies that project into the cytoplasm, and filaments
and tethers that connect to vesicles) are also present (Fernán-
dez-Busnadiego et al., 2010; Luci"c et al., 2005; Nagwaney
et al., 2009; Siksou et al., 2007).
Electron microscopy and high-resolution, live-cell imaging

have recently allowed for the localization of functional vesicle
fusion sites within hippocampal synapses. Analysis of putative
fusion events at synapses that are fixed with high-pressure
freezing within !10 ms of optogenetic stimulation and analyzed
by electron microscopy have revealed a tendency for release
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extremely steep and brief, which restricts postsynaptic receptor activation, especially in 

the case of single-quantum release. Peak concentration of glutamate, >1 mM, only occurs 

within a small, spatially restricted area ~100 nm away from the exocytosis site for as little 

as 100 μs, after which the glutamate concentration drops steeply (Clements et al., 1992; 

Holmes, 1995; Franks et al., 2002; Raghavachari and Lisman, 2004).  

The spatiotemporal profile of glutamate in the cleft can have a large impact on the 

proportion of receptors activated by a release event, as receptors that are outside of the 

area of highest glutamate concentration of glutamate are less likely to open. Neither 

AMPARs nor NMDARs at the synapse are saturated by single vesicle release events 

(Holmes, 1995; Liu et al., 1999; Mainen et al., 1999; McAllister and Stevens, 2000; 

Franks et al., 2002) and therefore there are varying amounts of receptor activation 

between events. It is estimated that AMPARs as close as 200 nm away from the site of 

release are only 10-40% as likely to be activated as those directly apposing the release 

site (Raghavachari and Lisman, 2004) and that open probability of GluN2B containing 

NMDARs decreases from 0.5 directly across from the site of release to 0.3 at 100 nm 

away (Santucci and Raghavachari, 2008). Additional modeling revealed that AMPARs 

directly across from the release site have an open probability of 0.4, and that the open 

probability drops steeply as a function of distance from the release site. Receptors 100 

nm from the release site have only an open probability ~0.1 and receptors that are more 

than 300 nm from the site of release open extremely rarely (Franks et al., 2003). For 

synapses with the same number of receptors, simulations demonstrate that receptor 

activation is highest when the receptors are clustered and directly apposed to the release 

site compared with being spread throughout the synapse (Freche et al., 2011; 
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MacGillavry et al., 2013). In response to multivesicular release, AMPAR and GluN2B-

NMDARs tend to increase in open probability linearly while GluN2A-NMDARs, which 

have a higher open probability are less impacted by multivesicular events due to a large 

percentage of receptors already activated but single release events (Raghavachari and 

Lisman, 2004; Santucci and Raghavachari, 2008). Variations in the distance dependence 

can be explained by slight variations in the models used; however, there is consensus 

among models that glutamate receptor activation is highly dependent on distance from 

the site of the release. Thus the transsynaptic alignment between vesicle fusion sites and 

postsynaptic receptors can have a large impact on the efficacy of synaptic transmission.  

 

Transsynaptic and cleft proteins 

The 20 nm synaptic cleft between the pre and postsynaptic sides of the synapse 

contains a complex interconnected network of cell adhesion proteins that link the two 

sides of the synapse (Lucic et al., 2005). These transsynaptic molecules are anchored in 

the pre- or postsynaptic membrane and have binding partners across the cleft to form 

physical connections and are critical for synapse formation and maintenance (Missler et 

al., 2012; de Wit and Ghosh, 2016). Well studied amongst these proteins are neuroligin, a 

postsynaptically anchored cell adhesion molecule, and its presynaptic partner neurexin. 

Their transsynaptic interaction is involved in synapse formation (Scheiffele et al., 2000; 

Akins and Biederer, 2006), synapse maintenance, and synaptic plasticity (Liu et al., 2016; 

Wu et al., 2019). While neuroligin/neurexin is a well-studied transsynaptic pair, there are 

many more cell adhesion proteins that are integral within synapses.  
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One such family of cell adhesion molecules is Synapse Cell Adhesion Molecules 

(SynCAMs) (Biederer et al., 2002; Frei and Stoeckli, 2016). SynCAMs are found both 

pre- and postsynaptically and bind each other across the cleft to form transsynaptic 

complexes (Biederer et al., 2002). On both sides of the synapse they interact with 

proteins critical for synaptic organization (Biederer et al., 2002; Hung and Sheng, 2002; 

Shingai et al., 2003; Montgomery et al., 2004; Kakunaga et al., 2005; Oliva et al., 2012), 

leading to SynCAMs playing a significant role both in maintaining synapse structure and 

synaptogenesis (Biederer et al., 2002; Sara et al., 2005a; Biederer, 2006; Robbins et al., 

2010). Importantly, SynCAMs are one of the few transsynaptic cell adhesion molecules, 

along with neuroligin, LRRTMs, and neurexin, that have been shown to induce formation 

of artificial synapses on non-neuronal cells (Biederer et al., 2002; Sara et al., 2005a), 

highlighting their role in synapse formation. Presynaptically, SynCAMs interact with 

proteins that are involved in vesicle release, and loss of SynCAM alters active zone 

organization and decreases the size of the recycling pool of synaptic vesicles (Biederer et 

al., 2002). On the postsynaptic side, loss of SynCAM 1 reduces the density of synapses in 

vivo; SynCAM 1 thus plays a role in influencing the number of synapses (Robbins et al., 

2010; Korber and Stein, 2016; Park et al., 2016). Additionally, it interacts with key 

postsynaptic scaffolding proteins including CASK and protein 4.1B (Biederer et al., 

2002; Jeyifous et al., 2009), which are involved in NMDAR recruitment to the synapse. 

Taken together, SynCAM is well suited to play a critical role not just in synaptic function 

but in the structural coordination that occurs transsynaptically.  
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Transsynaptic coordination  

In order for these three distinct synaptic compartments to work together to maintain 

synaptic efficacy there must be coordination across the cleft. Indeed, structurally, there is 

tight coupling between the pre- and postsynaptic sides of the synapse through interactions 

between cell adhesion molecules. Electron microscopy (EM) of the synapse revealed that 

the size of the active zone is highly correlated with the size of the PSD (Schikorski and 

Stevens, 1997; Bourne and Harris, 2008). Importantly, when synapses are modified, such 

as during synaptic plasticity, the transsynaptic structural relationship is maintained (Bell 

et al., 2014; Meyer et al., 2014). Under basal conditions, in addition to transsynaptic 

structural coordination at a gross level, there is now evidence that this structural 

coordination extends to synaptic nanostructure. Postsynaptic nanodomains of receptors 

and scaffolds are aligned with presynaptic nanodomains containing release machinery 

(Tang et al., 2016b). This morphological transsynaptic synchronization may be critical 

for normal synaptic transmission and an important mechanism for modifying synaptic 

transmission. Thus, mechanisms that underlie maintenance and modification not just of 

synaptic structure, but also of the transsynaptic structural coordination, are important to 

explore. 

 

Evoked versus spontaneous release 

There are several types of neurotransmitter vesicle release that can occur. The two 

main types of release at most synapses are evoked and spontaneous. Evoked release 

depends on an AP depolarizing the synaptic terminal membrane to allow Ca2+ influx via 

voltage-gated Ca2+ channels, which leads to neurotransmitter release. However, in 
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spontaneous release there is no AP-induced Ca2+ influx required for vesicle fusion. 

Spontaneous release was first described at neuromuscular junction synapses in 1954 

when it was discovered that postsynaptic currents could be detected even in the absence 

of presynaptic stimulation (Fatt and Katz, 1950, 1952). This early work also revealed that 

these spontaneous release events represent a single unit of neurotransmitter release, a 

quantum, and led to the development of the quantal theory that all release is made up of 

units of neurotransmitter that correspond to the size of the spontaneous release event (Del 

Castillo and Katz, 1954). Since then, spontaneous release is used most often as a tool for 

monitoring changes in pre- and postsynaptic function. Because spontaneous release 

represents a single vesicle release event, the amplitude of miniature excitatory 

postsynaptic currents (mEPSCs) varies depending on the density of the postsynaptic 

receptors and is often used to assess changes in receptor number. However, it is possible 

that other synaptic changes lead to variability in mEPSC amplitude; including the 

subsynaptic organization or posttranslational modifications of receptors. The frequency 

of mEPSCs measured by whole-cell patch clamping is used as a proxy for changes in 

presynaptic release probability or synapse density. While spontaneous release has been 

used and studied for several decades, the regulation of spontaneous release is still not 

clearly understood.  

Importantly, the question remains whether spontaneous release has its own regulation 

mechanisms distinct from evoked release, or is essentially chance release of vesicles in 

the absence of an AP. The answer to this is rather controversial and there is some support 

for independent regulation of each release mode. There is abundant evidence that 

spontaneous release is independent of extracellular Ca2+ influx because unlike evoked 
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release, it is typically insensitive to changes extracellular Ca2+ concentration (Fatt and 

Katz, 1952). However, there are some reports that spontaneous release may be partially 

mediated by extracellular Ca2+ (Smith et al., 2012; Ermolyuk et al., 2013). Additionally, 

there is evidence that intracellular sources of Ca2+ may mediate AP-independent release 

(Emptage et al., 2001; Nizami et al., 2010), thus suggesting that while this release type is 

AP-independent, it is not entirely Ca2+-independent. There are some reports that 

probability of evoked release and spontaneous release are not correlated with each other 

within individual synapses (Melom et al., 2013; Reese and Kavalali, 2016), which would 

suggest separate mechanisms of release. However, some studies have shown the opposite, 

that the probability of the two types of release are correlated at individual synapses 

(Prange and Murphy, 1999). Overall, these data suggest that there are some independent 

mechanisms regulating each mode of release due to differences in Ca2+ source, but it is 

still not entirely clear how distinct these mechanisms are. 

If spontaneous and evoked release are independent of each other, then what distinct 

proteins and release machinery control each release mode? While both types of vesicle 

release of likely share some of the same overall machinery there is evidence that some 

presynaptic proteins are more specifically involved in spontaneous release than evoked 

release. Specifically, loss of the v-SNARE Vamp7 (Hua et al., 2011; Bal et al., 2013) or 

the Ca2+ sensor Doc2 (Groffen et al., 2010; Pang et al., 2011; Ramirez et al., 2017) reduce 

spontaneous release without impacting evoked release. Experimentally labeling vesicles 

after each type of release revealed that vesicles released by one mode were less likely to 

be released by the other mode (Sara et al., 2005b); thus it is possible that there are two 

distinct vesicle pools within the active zone (Fredj and Burrone, 2009; Andreae et al., 



 
 
 
 

14 

2012). However, although this evidence is compelling, there are also demonstrations that 

this segregation of release mode may not actually exist. Using similar vesicle labeling 

approaches as above, neither the neuromuscular junction (NMJ) nor cultured 

hippocampal neurons revealed any difference in vesicle pools (Hua et al., 2010; Wilhelm 

et al., 2010). More recently, localization of individual vesicle release sites demonstrated 

that evoked release tends to be clustered within a small area of the active zone while 

spontaneous release occurs more randomly throughout the entire active zone (Tang et al., 

2016b). Overall, it appears that there is some distinct and shared release machinery with 

perhaps some mixing of vesicle pools, but it is likely that differential presynaptic 

regulation between spontaneous and evoked release, may vary between synapse types. 

Despite murkiness as to the origin of spontaneous versus evoked vesicles 

presynaptically, there is firmer evidence that the two release modes exert different 

signaling effects postsynaptically. NMDAR activation by spontaneous release is 

associated with phosphorylation of the kinase eEF2, which suppresses local dendritic 

protein synthesis (Sutton et al., 2007a), while activation of NMDARs by evoked release 

is associated primarily with CaMKII signaling (Sanhueza and Lisman, 2013). 

Suppression of evoked release alone produces an increase in synaptic strength on the time 

scale of days, while blockade of NMDAR activation by spontaneous release leads to an 

increase in synaptic strength within hours (Sutton et al., 2006a). Thus, each release mode 

can initiate distinct postsynaptic signaling. 

There are several factors that could lead to these different postsynaptic effects by 

spontaneous versus evoked release. It could be due to different magnitudes of receptor 

activation, since evoked release is more likely to occur in trains that lead to fusion of 
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many vesicles or be multivesicular (Christie and Jahr, 2006), resulting in more receptor 

activation. It is also possible that either there are different synapses responding to evoked 

versus spontaneous release, or distinct subsynaptic receptor pools within synapses that 

are tuned to each release mode. Because the concentration of glutamate decreases sharply 

as a function of distance, receptors as close as 100 nm away from the site of release are 

significantly less likely to be activated than those aligned with the release site 

(Raghavachari and Lisman, 2004; Santucci and Raghavachari, 2008). Therefore, within 

single synapses there could be spatially segregated pools of receptors that respond to each 

type of neurotransmitter release. Indeed, for both AMPARs and NMDARs, there is 

evidence there are distinct pools of receptors (Atasoy et al., 2008; Sara et al., 2011). Bath 

application of MK801, an NMDAR open channel blocker, during spontaneous release 

leads to an elimination of spontaneous NMDAR activation but not evoked activation and 

vice versa (Atasoy et al., 2008). Experiments utilizing an AMPAR-specific open channel 

blocker produced analogous results (Sara et al., 2011). It is not explicitly clear from the 

evidence whether this segregation of receptor pools is due to distinct release modes 

occurring at different synapses or subsynaptic separation of the receptors. However, there 

is now significant evidence that receptors, including NMDARs, are arranged into 

subsynaptic nanodomains within individual synapses (MacGillavry et al., 2013; 

Kellermayer et al., 2018). Therefore, it is possible that there are subgroups of 

postsynaptic receptors whose function and signaling may be distinct due to their 

subsynaptic positioning.  
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What is synaptic plasticity? 

Changes in synaptic strength, synaptic plasticity, is a fundamental process that is 

essential for development, learning, memory, and overall neuronal function. This ability 

of synapses to be plastic and adapt to changes in activity, first proposed by Ramon y 

Cajal more than a century ago (Cajal, 1894), has been extensively studied for decades. 

Not only is synaptic plasticity critical for normal nervous system function, but 

dysfunction of synaptic plasticity is implicated in numerous neurological disorders (van 

Spronsen and Hoogenraad, 2010). Therefore, uncovering the mechanisms that control 

and modulate synaptic strength, at the level of the single synapse, is essential to our 

understanding of synaptic function, nervous system function, and, in many cases, disease.  

The main forms of plasticity throughout the brain include Hebbian, anti-Hebbian and 

homeostatic. Hebbian plasticity, first proposed by Donald Hebb in 1949 (Hebb, 1949), 

occurs at individual synapses in which coordinated high frequency synaptic activation 

leads to long-term potentiation (LTP), while low frequency activation leads to long-term 

depression (LTD) (Bliss and Lomo, 1973; Huganir and Nicoll, 2013). For LTP and LTD 

there are several mechanisms by which plasticity is initiated, but the expression of 

plasticity is typically through changes in AMPAR number at the synapse (Huganir and 

Nicoll, 2013). In the early phase of LTP, the initial increase in synaptic strength is 

mediated by enhancement of AMPAR conductivity (Andrásfalvy and Magee, 2004; 

Herring and Nicoll, 2016) due to phosphorylation of AMPARs by CaMKII (McGlade-

McCulloh et al., 1993; Soderling and Derkach, 2000; Esteban et al., 2003; Lee et al., 

2003; Boehm et al., 2006), as well as lateral diffusion of additional AMPARs into the 

synapse (Allison et al., 1998; Esteban, 2003; Ehlers et al., 2007; Anggono and Huganir, 
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2012). Sustained LTP over the time course of hours, days, and beyond requires protein 

synthesis (Frey et al., 1988; Malenka and Bear, 2004) and insertion of new AMPARs into 

the synapse (Barria et al., 1997a; Barria et al., 1997b; Hayashi et al., 2000). This is 

accompanied by structural plasticity, where the dendritic spine grows to accommodate 

the increase in receptors (Stein et al., 2003; Matsuzaki et al., 2004; Okamoto et al., 2004; 

Bosch and Hayashi, 2012; Fortin et al., 2012). This is in contrast to LTD, which is 

characterized by a decrease in synaptic AMPARs. In LTD, changes in AMPAR 

phosphorylation decrease conductivity of the channel, and marks them for internalization 

(Lee et al., 1998; Song and Huganir, 2002). This leads to a reduction in AMPAR 

activation at individual synapses (Lee et al., 1998) and a weakening of synaptic strength. 

Together these two forms of plasticity mediate many activity-dependent synaptic 

changes.  

Throughout the brain, and well studied particularly in the cortex, it has been shown 

that spike-timing dependent plasticity (STDP) mediated LTP and LTD are important 

processes that mediate synaptic changes to shape circuitry (Caporale and Dan, 2008; 

Koch et al., 2013). STDP is induced by precise timing between presynaptic and 

postsynaptic activation. The timing and the order of the pre- and postsynaptic excitation 

control not just the magnitude of the synaptic plasticity, but also the direction of the 

plasticity (Abbott and Nelson, 2000; Caporale and Dan, 2008). Thus, in addition to 

producing Hebbian plasticity wherein synapses that have coordinated activation are 

strengthened, STDP can also produce anti-Hebbian plasticity in which correlated synaptic 

activation leads to a decrease in synaptic efficacy (Sjostrom and Hausser, 2006). Because 

STDP occurs in many diverse brain areas with distinct synapse types, not all plasticity 
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conforms to the typical hippocampal LTP and LTD mechanisms outlined above (Bender 

et al., 2006; Caporale and Dan, 2008). In fact, some STDP is actually expressed by 

presynaptic changes in neurotransmitter release and is mediated by metabotropic 

receptors rather than ionotropic glutamate receptors (Atwood et al., 2014).  Despite the 

diversity in STDP mechanisms throughout the brain, there is abundant evidence that for 

some types, NMDAR activation is still a requirement (Bi and Poo, 1998; Feldman, 2000; 

Sjostrom et al., 2003). However, it is important to keep in mind that the changes in 

synaptic efficacy that are so critical for learning, memory, and molding circuitry 

throughout the brain are mediated by a diverse and complex multitude of mechanisms.  

Homeostatic plasticity, on the other hand, occurs when there have been changes in 

synaptic strength at some synapses and serves to maintain overall synaptic strength 

throughout a network (Turrigiano and Nelson, 2000). An overall decrease in synaptic 

activity will result in increased synaptic AMPARs in order to compensate (O'Brien et al., 

1998; Turrigiano et al., 1998). Conversely, high levels of synaptic activity will over time 

lead to a reduction in synaptic AMPARs in order to scale down synaptic activity. 

Together, LTP, LTD, and homeostatic plasticity coordinate to modify individual 

synapses while maintaining overall network activity levels.  

There is evidence in vivo that synaptic plasticity underlies information encoding and 

can influence behavior. Rodents who perform learning tasks show synaptic changes in 

the hippocampus that mimic the changes seen in LTP, including increased synaptic 

transmission and receptor phosphorylation (Whitlock et al., 2006). Importantly, this 

learning occludes further potentiation of these synapses, suggesting that the same 

mechanism that occurs ex vivo is occurring in vivo. More recently, in vivo imaging of 
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AMPARs revealed that synaptic AMPAR content increases following physiological 

activity, in this case due to whisker stimulation (Zhang et al., 2015). Additionally, 

pharmacological blockade of plasticity during learning tasks in rodent prevents learning 

of the task (Morris et al., 1986; Tsokas et al., 2016), thus indicating that changes in 

synaptic strength at individual synapses mediates forms of learning and memory.    
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Section 2. NMDA receptors 

 
NMDA receptor function 

NMDARs were first characterized in the hippocampus in 1983 when it was observed 

that a slow component of the EPSC was increased by application of NMDA and 

significantly reduced by APV application (Collingridge et al., 1983b, a). Before their 

characterization in the hippocampus, NMDA-sensitive channels were identified in the 

spinal cord (Davies et al., 1981; McLennan, 1983). It was this early work that identified 

NMDARs as important mediators of synaptic plasticity, when it was observed that 

application of APV prevented activity-induced increases in synaptic strength 

(Collingridge et al., 1983b, a).  

Exploration into the key properties of NMDARs revealed that they are Ca2+ 

permeable (MacDermott et al., 1986; Ascher and Nowak, 1988) and that the ion pore is 

blocked by Mg2+ ions at resting membrane potential of -60 mV (Ault et al., 1980; Mayer 

et al., 1984; Nowak et al., 1984; Ascher and Nowak, 1988). Once the membrane is 

depolarized, the Mg2+ ion is more likely to exit the pore so the channel can pass ionic 

current, thus, ion flux through NMDARs only occurs when both the ligand is bound and 

the membrane is depolarized, typically by activation of AMPARs. Finally, in addition to 

glutamate, NMDARs must have a co-agonist bound, either glycine or D-serine, in order 

for the channel to open (Johnson and Ascher, 1987; Kleckner and Dingledine, 1988; 

Hirai et al., 1996). These properties together enable the NMDAR to function as a 

coincidence detector, as it can only pass current when there is both glutamate present and 

there has been sufficient membrane depolarization to relieve the Mg2+ block. 



 
 
 
 

21 

Additionally, because NMDAR-mediated EPSPs are longer than those initiated by 

AMPARs, there can be temporal summation of signals that occur close together. 

Therefore, the amount and pattern of synaptic activity can tune the magnitude of 

NMDAR activation such that different downstream signaling events occur depending on 

the activity level at that synapse. Together these essential properties of the NMDARs 

have made it the gatekeeper for synaptic plasticity as well as synaptogenesis and synapse 

maintenance.  

In addition to the NMDAR’s well-characterized ionotropic functions, more recently 

non-ionotropic signaling through NMDARs has been uncovered. NMDAR-mediated 

LTD, as well as other NMDAR-mediated synaptic changes, can persist in the absence of 

ion flux through the NMDAR (Vissel et al., 2001; Nong et al., 2003; Nabavi et al., 2013c; 

Stein et al., 2015; Ferreira et al., 2017). This suggests that NMDARs must have a second, 

non-ionotropic signaling mechanism. FRET imaging of the NMDAR c-tails following 

glutamate binding, but in the absence of channel opening, revealed that glutamate binding 

alone is sufficient to induce a conformational change in the NMDAR c-terminus (Dore et 

al., 2015). This conformational change can lead to changes in phosphatase activity within 

the PSD, which mediates downstream signaling. Thus indicating that NMDARs are 

capable of metabotropic signaling (Aow et al., 2015) in addition to ionotropic signaling. 

It is interesting to ask which of the many well-documented NMDAR functions may be 

mediated not by Ca2+ influx but via metabotropic signaling.  

 



 
 
 
 

22 

NMDA receptor subunits 

Accurately describing NMDAR properties is not possible without taking into account 

subunit differences. NMDARs are heterotetramers formed of two GluN1 subunits and 

two GluN2 subunits that can be either are two GluN2A (GluN2A-NMDARs), two 

GluN2B (GluN2B-NMDARs), or one of each type of GluN2 subunit (GluN2A/B-

NMDARs, referred to as triheteromers) (Rauner and Köhr, 2011; Tovar et al., 2013b; 

Hansen et al., 2014). Each of these subunits have the same basic structure which consists 

of a large extracellular N-terminal domain, three transmembrane segments, a re-entrant 

pore loop, an extracellular loop between the 3rd and 4th transmembrane segments, and a 

cytoplasmic c-terminal tail (Dingledine et al., 1999). Besides these more common subunit 

compositions, there are also GluN2C, GluN2D, GluN3 subunits, as well as multiple 

isoforms of the GluN1 subunit; however, these types are not found at significant levels 

within the hippocampus. The GluN1 subunit binds glycine, while the GluN2 subunit 

contains the glutamate binding site (Kuryatov et al., 1994). In addition to their distinct 

ligands, the GluN1 and GluN2 subunits also have different allosteric sites as well as 

unique intracellular interactions due to c-tail differences (Paoletti, 2011). These NMDAR 

subunit differences contribute to the high functional diversity between NMDA receptor 

types.  
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Figure 1.3. Diagram of NMDAR structure from (Paoletti and Neyton, 2007; Lee et al., 
2014). 
 

Key biophysical differences 

GluN2A-, GluN2B-, and GluN2A/B-NMDARs have biophysical differences in 

glutamate affinity, channel open time, and decay kinetics that lead to differences in open 

probability and their overall channel kinetics (Erreger et al., 2005; Santucci and 

Raghavachari, 2008; Paoletti et al., 2013b; Shipton and Paulsen, 2014). These most 

common receptor types have similar Mg2+ voltage-sensitivities (IC50: ~15 μM at -70 

mV) and channel conductance (~50 pS), while some of the other less common subtypes 

do show differences in these properties. Between NMDAR types, GluN2A-NMDARs 

and GluN2B-NMDARs have very different characteristics, while triheteromeric 

NMDARs have properties that are intermediate between the two diheteromers. Of the 

three main receptor types, GluN2A-NMDARs have the lowest affinity for glutamate with 

an EC50 of 4 μM, GluN2B-NMDARs have an EC50 of 2 μM, and GluN2A/B-NMDARs 

are intermediate (Paoletti, 2011; Stroebel et al., 2018a). In addition, GluN2A-NMDARs 

with the bacterial glutamine-binding protein and contains
the agonist binding site. Activation of NMDARs requires
the simultaneous binding of two co-agonists: glutamate
and glycine (or D-serine). The agonist binding domain
(ABD) binds glycine in NR1 and NR3, whereas NR2
ABDs bind glutamate [9!,10!].

The presence of a re-entrant loop in the transmembrane
region of iGluR subunits, together with a probable tetra-
meric quaternary structure, has favoured the hypothesis
that iGluR ionic pores are homologous to an inverted
potassium channel [11]. The sequences of the regions
lining the pore are highly conserved in NR2 subunits
and, accordingly, permeation properties (i.e. single-
channel conductance, ionic selectivity), as well as affinity
for the pore blocker Mg2+, vary little among the different
NR1/NR2 receptor subtypes. By contrast, incorporating
the NR3 subunit markedly decreases single-channel

conductance, Ca2+ permeability and Mg2+ block [4].
The NR3 pore loop significantly diverges from that of
other subunits, most prominently around the Q/R/N site
that forms the selectivity filter of iGluRs. The sequence at
this locus is Asn–Ser in NR1, Asn–Asn in NR2 and Gly–Arg
in NR3. The presence of a positively charged amino acid in
NR3 is likely to be responsible for the specific permeation
properties of NR3-containing receptors [12].

Structural aspects of NMDAR activation
The crystallographic studies of Gouaux and colleagues [13]
on the ABD of GluR2 (an a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor [AMPAR] subunit) have
markedly improved our understanding of the initial steps
in iGluR activation. The available structures, which now
include NR1 and NR2A ABDs, have fully confirmed the
predicted structural and functional homologies between
bacterial glutamine-binding protein and iGluR ABDs

40 Neurosciences

Figure 1

Potential sites for ligand binding at NMDARs. Most NMDAR are believed to assemble as tetramers, associating two NR1 and two NR2
subunits in a ‘dimer of dimers’ quaternary architecture. For clarity, only one of the two NR1/NR2 heterodimers is shown. The extracellular region of
each subunit is made up of a tandem of bilobate ‘Venus-flytrap’ domains, the NTD and the ABD. In the extracellular region, the subunits dimerize at the
level of the ABDs and probably also at the level of the NTDs. The NR2 ABD binds glutamate, whereas the NR1 ABD binds the co-agonist glycine
(or D-serine). White arrows indicate binding sites for competitive agonists and antagonists. Thick orange arrows indicate sites known to bind allosteric
modulators such as endogenous zinc (NR2A and NR2B NTDs) or ifenprodil-like compounds (NR2B NTDs), both acting as non-competitive antagonists.
The ion-channel domain also forms binding sites for pore blockers such as endogenous Mg2+, MK-801, memantine or ketamine, acting as
uncompetitive antagonists. Thin orange arrows indicate putative modulatory sites, which can bind either positive or negative allosteric modulators. The
only known NMDAR antagonists that display strong subunit selectivity are the NR2 NTD ligands Zn2+, which selectively inhibits NR2A-containing
receptors at nanomolar concentrations, and ifenprodil-like compounds, which selectively inhibit NR2B-containing receptors.

Current Opinion in Pharmacology 2007, 7:39–47 www.sciencedirect.com

Extended Data

Extended Data Figure 1. Summary of Xenopus laevis NMDA crystallization constructs
a, b, Cartoon representation of amino terminal domain (ATD), ligand binding domain 
(LBD) and transmembrane domain (TMD) for (a) GluN1 Δ2 and (b) GluN2B Δ2 subunit 
constructs. Location of point mutations are highlighted in white circles. Location of 
deletions are highlighted with a yellow wedge. Mutated glycosylation sites are not shown 
and are listed in Extended Data Table 1. c, d, Select amino acid sequences of constructs used 
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have the highest peak open probability of the three main types (~0.5), while GluN2A/B-

NMDARs are intermediate, and GluN2B-NMDARs have the lowest open probability 

(~0.1) (Chen et al., 1999; Erreger et al., 2005; Paoletti, 2011; Stroebel et al., 2018a). 

Importantly, due to variability in the off-rate of glutamate, GluN2A-NMDARs have the 

fastest decay of the NMDAR subtypes with a time constant of ~40 ms, while GluN2B-

NMDARs have a decay time constant of 300 ms, and triheteromeric NMDARs once 

again have an intermediate decay time constant (Paoletti, 2011; Stroebel et al., 2018a). 

Logically, it seems possible that this increase in decay time could also lead to increased 

Ca2+ influx through GluN2B-NMDARs compared to the other subtypes, however, it is 

also possible that the low channel open probability of this subtype actually leads to a 

similar total charge transfer as GluN2A-NMDARs (Santucci and Raghavachari, 2008). 

Because of their higher affinity for glutamate, but lower open probability, GluN2B-

NMDARs are better suited for detecting ambient concentrations of glutamate in the cleft 

than GluN2A-NMDARs, which open more reliably and thus may be more sensitive to 

rapid glutamate transients within the cleft (Santucci and Raghavachari, 2008). 

In case of metabotropic signaling through NMDARs, there is evidence that both 

NMDAR subtypes are of capable of non-ionotropic signaling (Wong and Gray, 2018), 

however it is not clear whether signaling by either type has any differences or leads to 

unique downstream signaling cascades. Overall, these key biophysical differences lead to 

wide functional diversity in NMDAR activation, and have important consequences for 

receptor signaling, synaptic function, and synapse modification.   
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Downstream signaling differences 

In addition to their biophysical differences, differences in their c-terminal domains 

cause the NMDAR subtypes to have distinct protein-protein interactions within the PSD. 

These can gate unique downstream signaling pathways and influence receptor positioning 

(Sprengel et al., 1998; Paoletti et al., 2013b; Sanz-Clemente et al., 2013; Shipton and 

Paulsen, 2014). GluN2B-NMDARs associate more strongly with CaMKII, an important 

regulator of synaptic plasticity, than GluN2A-NMDARs. This leads to GluN2B-

NMDARs potentially being a critical mediator of synaptic plasticity and synapse 

maturation (Barria and Malinow, 2005; Shipton and Paulsen, 2014). Thus, distinct 

interactions within the PSD can lead to GluN2B-NMDARs and GluN2A-NMDARs 

playing different roles in synaptic plasticity and maintenance (Hendricson et al., 2002; 

Williams et al., 2003).  

In addition to differences in associations with signaling molecules, there are also 

different associations with postsynaptic scaffolding proteins; however, the evidence for 

this is mixed. GluN2B-NMDARs seem to have a preferential interaction with SAP102, a 

postsynaptic scaffold that is enriched in early development (Zheng et al., 2010), whereas 

GluN2A-NMDARs are found associated with PSD-95 (Sans et al., 2000; van Zundert et 

al., 2004). However, both NMDAR subtypes have been shown to interact with PSD-95 

and SAP102 by co-immunopreciptiation assays, indicating that both GluN2B- and 

GluN2A-NMDARs are capable of interacting with each scaffold protein (Al-Hallaq et al., 

2007). Regardless of the ambiguity in the data, differences in associations with the 

synaptic scaffold proteins may underlie differences in their position within individual 

synapses, which can impact not only their ability to be activated by glutamate, but also 
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which signaling molecules they are associated with within the PSD. Interestingly, it has 

been long believed the GluN2B-NMDARs are enriched extrasynaptically while GluN2A-

NMDARs are found within the synapse, because of increased GluN2B-NMDAR 

activation following strong presynaptic stimulation or treatment with glutamate reuptake 

inhibitors, both of which lead to spillover of glutamate from the synapse (Petralia et al., 

2010). However, there is extensive evidence that not only are both receptor types present 

and functional within individual synapses, but they are actually organized into different 

nanoscale domains within single synapses (Kellermayer et al., 2018). Thus it is possible 

that their unique c-termini can lead to distinct signaling within the PSD both by 

controlling interactions with signaling molecules directly and by positioning them 

differentially.  

 

Developmental/spatial differences 

Throughout the brain and across development there are differences in the distribution 

of NMDAR subtypes. For instance, in the visual cortex, there is a distinct decrease in 

GluN2B-NMDAR activity and an increase in GluN2A-NMDAR-mediated events at the 

close of the visual critical period (Sheng et al., 1994; Chen et al., 2000; Philpot et al., 

2001; Yashiro and Philpot, 2008). However, in the hippocampus, while this 

developmental switch has been studied extensively and does appear to occur, it is less 

pronounced than for some areas of the cortex. For decades it has been believed that there 

is a clear development shift in synaptic NMDAR subunit composition from 

predominately GluN2B to predominantly GluN2A-NMDARs. The evidence for this is 

based largely on differences in NMDAR subtype protein and mRNA levels across 
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development (Sans et al., 2000; Ritter et al., 2002), as well as electrophysiological 

recording in the presence of subtype-specific antagonists (Kirson and Yaari, 1996). 

However, more recently, studies with single synapse resolution revealed that GluN2B-

NMDARs contribute significantly to spontaneous NMDAR activation in more mature 

neurons (Sinnen et al., 2016; Walker et al., 2017); there is growing evidence that 

GluN2B-NMDARs are present (Kellermayer et al., 2018) and active (Gray et al., 2011; 

Xiao et al., 2016; Levy et al., 2018) in mature hippocampal neurons. Additionally, in 

some of the studies mentioned above, the only release mode utilized was spontaneous 

release, whereas earlier work uses primarily on evoked release. Therefore, it is also 

possible that the developmental switch from GluN2B-NMDARs to GluN2A-NMDARs 

may have been over estimated due to a focus on evoked release and a lack of methods to 

probe single synapses.  

 

Triheteromeric NMDARs 

As mentioned above, triheteromeric NMDARs tend to have properties that are 

intermediate between GluN2A- and GluN2B-NMDARs. However, because of difficulty 

isolating triheteromeric NMDARs at synapses they are not well studied in physiological 

conditions. Most work characterizing their properties has been based on recordings of 

expressed receptors in oocytes. Despite the difficulty in isolating triheteromeric receptors, 

it is estimated that at least as many as 50% of NMDARs in the hippocampus and cortex 

are triheteromeric (Sheng et al., 1994; Luo et al., 1997; Al-Hallaq et al., 2007; Rauner 

and Kohr, 2011; Tovar et al., 2013a). How these NMDARs impact synaptic function is 

not well understood. While many of their biophysical properties are intermediate between 
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GluN2A-NMDARs and GluN2B-NMDARs, it not known whether one subunit dominates 

trafficking or intracellular interactions with PSD proteins. Therefore, it is hard to predict 

how expression of triheteromeric receptors impacts other properties that are divergent 

from diheteromeric receptors, including NMDAR trafficking, positioning, mobility, or 

signaling within the PSD. 

 

NMDAR trafficking 

Differences in NMDAR function and organization due to subtype variability make it 

difficult to discuss NMDAR properties more generally, however some of the earlier 

studies of NMDAR trafficking and positioning within the synapse do not take subunit 

differences into account. Therefore, here I will discuss NMDAR recruitment and synaptic 

organization more generally and contrast between NMDAR subtypes when possible.  

NMDARs are recruited to synapses early in synaptic development and often are 

found at synapses before AMPARs, giving rise to so-called silent synapses (Isaac et al., 

1995; Liao et al., 1995; Washbourne et al., 2002). Surface expression of NMDARs at 

synapses depends both on insertion of new NMDARs and lateral diffusion of NMDARs 

from extrasynaptic sites (Tovar and Westbrook, 2002; Wenthold et al., 2003; Groc et al., 

2006; Newpher and Ehlers, 2008; Stephenson et al., 2008; Bard et al., 2010; Bard and 

Groc, 2011). NMDAR trafficking begins in the ER where NMDARs form a complex 

with SAP102 (Sans et al., 2003; Zheng et al., 2010), before they are trafficked in vesicles 

to the dendrite surface (Washbourne et al., 2004). Interaction of NMDARs with the 

MAGUK family of scaffold proteins including PSD-95, PSD-93, SAP102, and SAP97 is 
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important for both receptor trafficking and receptor stability within the synapse (Bard and 

Groc, 2011).  

Despite interactions with scaffold proteins within the PSD, NMDARs are relatively 

mobile (Tovar and Westbrook, 2002; Groc et al., 2007; Bard and Groc, 2011). And not 

surprisingly, there are subtype differences in receptor mobility. GluN2B-NMDARs tend 

to be more mobile and more likely to exit the synapse than GluN2A-NMDARs (Groc et 

al., 2006). Additionally, this mobility is activity-regulated: following LTP induction, 

GluN2B-NMDARs become more mobile and more likely to exit the synapse, thus in 

some cases allowing GluN2A-NMDARs to contribute more to synaptic events for LTP 

induction (Dupuis et al., 2014). This difference in mobility may reflect different 

interactions with stabilizing proteins within the PSD due to c-terminal domain differences 

between the receptor subtypes.  

 

Role of NMDA receptors in synaptic plasticity 

Long-term potentiation 

Of the numerous forms of synaptic plasticity that occur throughout the brain, many 

are NMDAR-dependent. In the hippocampus, LTP was the first type of plasticity in 

which NMDARs were implicated (Collingridge et al., 1983b). In LTP, persistent strong 

coordinated synaptic activation leads to a high level of NMDAR activation and causes 

the PSD to be flooded with Ca2+. This NMDAR-mediated Ca2+ influx initiates signaling 

cascades that result in increased surface AMPARs, thus increasing the strength of that 

synapse (Malenka and Bear, 2004). In fact, elevation of Ca2+ within the PSD alone is 

sufficient to mimic LTP and preventing this Ca2+ rise with Ca2+ chelators abolishes LTP 
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(Malenka et al., 1988). Within the PSD, Ca2+ ions will bind to and activate 

Ca2+/calmodulin, which in turn activates CaMKII, as well as leading to activation of PKA 

(Silva et al., 1992a; Silva et al., 1992b; Pettit et al., 1994; Hayashi et al., 2000; Lisman et 

al., 2002; Lisman et al., 2012). Both CaMKII and PKA can directly phosphorylate 

AMPARs to increase their conductance, while PKA is required for insertion of new 

AMPARs into the synapse (Benke et al., 1998; Ehlers, 2000). Thus NMDAR- dependent 

activation of these kinases initiates signaling cascades that result in increased surface 

AMPARs and spine enlargement to achieve a long-lasting increase in synaptic strength.   

 

Long-term depression 

 Like LTP, LTD is also dependent on NMDAR activation (Kandler et al., 1998). 

While LTP initiation depends mainly on kinase activation, LTD induction is mediated by 

activation of phosphatases including calcineurin, protein phosphatase 1 (PP1)/protein and 

phosphatase 2 (PP2) (Lisman, 1989; Mulkey et al., 1993; Mulkey et al., 1994 {Lisman, 

1989 #1387; Morishita et al., 2005). These phosphatases lead to dephosphorylation of 

AMPARs in order to decrease their conductance and mark them for endocytosis (Lee et 

al., 1998; Carroll et al., 2001). Therefore, LTD signaling cascades initiated by NMDAR 

activation ultimately result in a decrease in the number of synaptic AMPARs and spine 

shrinkage (Carroll et al., 1999; Beattie et al., 2000; Zhou et al., 2004).  
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Figure 1.4: Model of LTP and LTD induction with important players. From	 Luscher and 
Malenka (2012). 
 

It has long been believed that a difference in the amount of Ca2+ entry through 

NMDARs is the principal parameter determining the direction of plasticity (Malenka, 

1994; Berberich et al., 2007). However, the amount of Ca2+ entry per NMDAR is not 

likely to change between events, and it not well described how differences in the amount 

of Ca2+ influx due to different stimulation patterns lead to such dramatic differences in 

intracellular signaling. It is possible that either the events that occur in close enough 

succession allow for Ca2+ accumulation within the PSD or build-up of Ca2+ mediated 

signaling that reaches a threshold sufficient for LTP. While in LTD, this Ca2+ influx or 

signaling cannot reach the LTP threshold and instead leads to a reduction in synaptic 

transmission. Whereas Ca2+ in the PSD is required for both LTP and LTD, there is 

evidence that Ca2+ influx specifically through NMDARs is not in fact required for LTD 

(Mayford et al., 1995; Nabavi et al., 2013b). This is surprising because it suggests that 

is controversial (Adesnik and Nicoll 2007). Of
particular interest are members of the TARP
family, which interact with all AMPA receptor
subunits and control not only membrane inser-
tion but also lateral redistribution (Chen et al.
2000; Tomita et al. 2005; see Blakely and Ed-
wards 2012). If interactions with scaffolding
proteins are manipulated through genetic inter-
ventions or the perfusion of dominant-negative
proteins, LTP and LTD can be blocked (Lüscher

et al. 1999; Lüthi et al. 1999; Collingridge and
Isaac 2003).

SIGNALING CASCADES FOR TRIGGERING
LTP AND LTD

We have briefly reviewed the mechanisms un-
derlying the induction of LTP and LTD, as well
as their expression mechanisms. Appropriate
coincident activity of the pre- and postsynaptic
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Figure 3. Postsynaptic expression mechanisms of LTP and LTD. (A) Weak activity of the presynaptic neuron leads
to modest depolarization and calcium influx through NMDA receptors. This preferentially activates phospha-
tases that dephosphorylate AMPA receptors, thus promoting receptor endocytosis. Strong activity paired with
strong depolarization triggers LTP in part via CaMKII, receptor phosphorylation, and exocytosis. (B) When
endocytosis is blocked with a dynamin dominant-negative peptide, LTD is inhibited. Conversely, blocking
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panel: W Morishita and RC Malenka, unpubl.)
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Ca2+ influx through the channel is not the only way that NMDARs can lead to changes in 

synaptic strength.  

Metabotropic signaling by NMDARs may be the initiator of LTD. As detailed earlier, 

glutamate binding to NMDARs can lead to a conformational change in the receptor c-

termini in the absence of ion flux and lead to signaling within the PSD (Doré et al., 

2014). Studies looking at the change in synaptic strength through metabotropic NMDAR 

signaling found that in the absence of ion flux through the receptor, normal LTD can still 

proceed. Interestingly, it was also discovered that LTP induction protocols given when 

the NMDAR channel is blocked actually produce LTD (Nabavi et al., 2013a; Aow et al., 

2015). This suggests that the Ca2+ influx through NMDARs can actually overcome or 

mask metabotropic signaling in order to produce LTP under conditions where the ion 

channel is open. Glutamate binding leads to a conformation change in the NMDAR c-

termini and increases the distance between the NMDAR and PP1. This freeing of PP1 

may allow it to access targets that it could not when the NMDAR was in its unbound 

conformation enabling signaling cascades that produce LTD (Aow et al., 2015). This 

indicates not just that NMDARs are capable of producing synaptic changes in the 

absence of ion flux, but that ion flux may actually be critical in determining the direction 

of plasticity. It is possible that weak activation of NMDARs leads to metabotropic 

signaling that functions to suppress synaptic transmission; however, when there is also 

sufficient Ca2+ influx, this signaling can be overcome and LTP can proceed.  

NMDAR subunit differences may be involved in the induction of LTP or LTD, 

although the evidence for one NMDAR type controlling plasticity specifically is varied. 

Some studies have revealed, based on NMDAR subtype-specific knockouts or 
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pharmacological blockade, that GluN2A-NMDARs are required or preferentially 

involved in LTP, while GluN2B-NMDARs are preferentially involved in induction of 

LTD across different brain areas including the hippocampus (Paoletti et al., 2013b). 

However, there is also abundant contradictory evidence that supports the hypothesis that 

in fact GluN2B-NMDARs are required for LTP induction, but not LTD. This is 

specifically based on the importance of the interaction between GluN2B-NMDARs and 

CaMKII. The discrepancy could be due to differences in synapse maturation and thus 

reflect different roles for each subunit type in plasticity during different stages of 

development or due in part to issues with the experimental paradigms. For instance, 

knockout of one type of receptor or the other could lead to compensation or non-

physiological roles of the remaining receptor. Additionally, many of the NMDAR 

subtype-specific antagonists, especially GluN2A-NMDAR blockers, are notoriously non-

specific, and therefore it is hard to interpret data based on them. One option that could 

reconcile these divergent results is that both NMDAR subtypes are actually required for 

LTP induction (Foster et al., 2010), but perhaps play different roles in the induction 

process. Since GluN2A-NMDARs open more reliably than GluN2B-NMDARs, they 

might be mediating the majority of the Ca2+ influx, whereas GluN2B-NMDARs interact 

with important signaling molecules including CaMKII and recruit them to the necessary 

location within the synapse (Foster et al., 2010; Halt et al., 2012). This is in agreement 

with extensive evidence that the interaction between GluN2B-NMDARs and CaMKII is 

required for LTP induction (Barria and Malinow, 2005; Miwa et al., 2008; Gardoni et al., 

2009; Halt et al., 2012; Lisman et al., 2012). Additionally, the requirement for each 

NMDAR subtype in synaptic plasticity may be complicated by the significant presence of 
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triheteromeric NMDARs which open more reliably than GluN2B-NMDARs, yet still 

may retain their association with CaMKII through c-tail interactions. Overall, although it 

is abundantly clear that NMDARs are required for LTP and LTD, it is not entirely 

apparent how subunit differences influence induction and expression of these forms of 

plasticity.     

 

Homeostatic plasticity 

Aside from the acute plasticity described above, there are also long-term synaptic 

changes that are induced by fluctuations in network activity levels. Like LTP and LTD, 

this type of plasticity can also be impacted strongly by NMDAR activation (Lissin et al., 

1998; Sutton et al., 2004). Interestingly, in the case of homeostatic plasticity, treatment 

with APV to block NMDARs along with TTX does not prevent homeostatic scaling up of 

the synapses but actually accelerates the kinetics of the synaptic changes (Sutton et al., 

2006b). This finding suggests that NMDAR activation by spontaneous release, in the 

absence of APs, actually opposes the increase in synaptic strength triggered by a loss of 

AP signaling. In fact, exploration into possible mechanisms for this NMDAR-dependent 

synaptic downscaling revealed that NMDAR activation by spontaneous release 

suppresses the protein synthesis required for homeostatic scaling via phosphorylation of 

eEF2 (Sutton et al., 2007b). Interestingly, spontaneous activation of NMDARs can lead 

to increased surface trafficking of NMDARs even in the absence of ion flux (Barria and 

Malinow, 2002); thus activation of NMDARs by spontaneous release can potentially 

bidirectionally impact synaptic transmission. This is interesting to consider in view of the 

role of non-ionotropic signaling in the initiation of LTD. What if spontaneous release of 
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glutamate is not sufficient to reliably depolarize the membrane enough for ion flow 

through the NMDARs? If this was the case then metabotropic, rather than ionotropic, 

signaling may mediate the suppression of protein synthesis, as well as NMDAR 

trafficking. Overall, it is clear that NMDAR signaling, specifically due to spontaneous 

activation, plays a critical role in maintenance of synaptic strength and homeostatic 

plasticity. 

 

NMDARs in other forms of plasticity 

Outside of canonical forms of plasticity, NMDARs are also involved in some forms 

of plasticity with mechanisms that deviate from those described above. Specifically, in 

some cases presynaptic NMDARs have been shown to be critical for initiation or support 

of STDP LTD (tLTD) (Atwood et al., 2014; Banerjee et al., 2016).  In the cortex, 

blockade of NMDARs in the presynaptic cell by intracellular loading of the open channel 

blocker MK801 prevents tLTD induction (Rodriguez-Moreno and Paulsen, 2008). 

Additionally, presynaptic NMDAR activation is also required for associative LTP in the 

amygdala (Humeau et al., 2003), as well as BNDF-dependent LTP at corticostriatal 

synapses (Park et al., 2014). Thus, while forms of plasticity and synapse modification are 

diverse and multifaceted, and there are some mechanisms that are independent of 

NMDAR activation, it is clear that NMDARs are important mediators of synaptic 

plasticity throughout the brain.  

 

What controls NMDAR activation at individual synapses? 

Receptor Number 
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Because NMDAR activation plays such a critical role in synaptic transmission, it is 

important to understand how their activation is controlled and modulated at individual 

synapses. The number of receptors activated by either spontaneous or evoked release 

determines the amount of Ca2+ influx into the spine. It is has been difficult to directly 

assess the number of NMDARs activated at a single synapse since most approaches for 

measuring receptor activation make measurements from the cell body, which sums 

electrical signals from many synapses at once. mEPSCs, which do tend to come from 

single synapses, are quite small (3-20 pA) and variable (Bekkers and Stevens, 1989; 

Prybylowski and Wenthold, 2004; Watt et al., 2004; Prybylowski et al., 2005), and 

therefore hard to use for estimates of NMDAR number. Despite these technical hurdles, 

much effort has been devoted to studying the magnitude of NMDAR activation. 

Currently, there is a range of estimates of the number of receptors activated by 

presynaptic glutamate release. Field stimulation in hippocampal slices paired with 

postsynaptic Ca2+ imaging allowed quantification of NMDAR-mediated Ca2+ influx 

following evoked release. Using this approach, researchers were able to use mathematical 

modeling to estimate the number of receptors activated per release event based on the 

synaptic failure rate in the absence and presence of CPP, a high-affinity NMDAR 

antagonist. They estimated that on average ~3 NMDARs opened per evoked release 

event, with a range of 0 to 10 (Nimchinsky et al., 2004a). Additional estimates have been 

derived from comparing the single-channel conductance of an NMDAR to the size of the 

measured electrical events. Using cerebellar granule cells which are small and electrically 

tight, and thus easier to measure small events from, it was estimated that about 5 

NMDARs are activated per spontaneous mEPSC (Silver et al., 1992). Additionally, 
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glutamate pulses that were titrated to mimic EPSCs delivered directly to spines, lead to 

estimates of 5-30 NMDARs activated per pulse based on the total current measured and 

NMDAR conductance (Spruston et al., 1995).  In cortical non-pyramidal cells using local 

focal stimulation to evoke release, it was estimated that 1-10 NMDARs were activated 

based on the amplitude of the response (Stern et al., 1992). Altogether, while there is a 

fair range in the number of activated NMDARs estimated across the different studies, 

there does seem to be agreement that there are a relatively few NMDARs activated per 

release event.  

The small number of NMDARs likely to be activated per release event is in contrast 

to the total number of NMDARs estimated to be present at the synapse. EM studies 

typically indicate ~20 NMDARs present at individual synapses (Racca et al., 2000; Chen 

et al., 2015). Accordingly, measurement of NMDAR activation following consecutive 

presynaptic stimulation has revealed that NMDARs are not saturated by single release 

events (Mainen et al., 1999) and therefore, only a subset of NMDARs are activated by 

each presynaptic release event. What factors restrict NMDAR activation and lead to 

differences in the amount of NMDAR activation are important to explore.  

 

Synapse Size 

For AMPARs, receptor number at the synapse and the amount of activation is highly 

correlated with synapse size (Matsuzaki et al., 2001; Chen et al., 2015). Following 

induction of synaptic plasticity, AMPARs and the spines change together (Matsuzaki et 

al., 2004) such that the relationship between AMPAR number, AMPAR activation, and 

synapse size is maintained. However, there is evidence that for NMDARs there is not this 
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same relationship between receptors and spine or synapse size. EM of NMDARs at 

individual synapses has revealed little to no relationship between PSD size and the 

number of NMDARs (Kharazia et al., 1999; Takumi et al., 1999; Shinohara et al., 2008; 

Chen et al., 2015). However, one report found that the number of NMDARs per synapse 

did weakly correlate with synapse size (Racca et al., 2000). Interestingly, NMDAR 

activation also appears to be largely independent of spine size. Using Ca2+ imaging at 

single synapses to estimate the number of activated NMDARs revealed a weak positive 

correlation with spine size (Nimchinsky et al., 2004b) while similar approaches actually 

revealed a weak negative correlation between NMDAR-mediated Ca2+ influx and spine 

size that is likely due to limitations of the Ca2+ imaging (Sobczyk et al., 2005). However, 

this does raise an interesting question, if NMDAR number is independent of synapse size, 

would there be less NMDAR activation at larger synapses due to the decrease in overall 

receptor density? A possible explanation is that there is subsynaptic nano-organization 

such that even as the overall density of NMDARs is decreasing, they are still able to form 

nano-clusters and release events are able to activate the same number of NMDARs.  

Aside from the number of receptors present at the synapse, modifications made 

directly to the NMDARs can impact their function. Phosphorylation of NMDARs at 

different residues can alter their trafficking as well as their channel gating (Wang and 

Salter, 1994; Salter and Kalia, 2004; Skeberdis et al., 2006; Chen and Roche, 2007). 

Specifically, phosphorylation of the GluN2B subunit at serine 1480 disrupts GluN2B 

interaction with PSD-95 or SAP102 and leads to increased receptor internalization 

(Chung et al., 2004). Additionally, NMDAR phosphorylation can modify receptor 

function (Wang and Salter, 1994; Salter and Kalia, 2004; Skeberdis et al., 2006; Chen 
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and Roche, 2007).  Protein tyrosine phosphorylation increases NMDAR channel gating, 

which leads to an increase in single channel activity and thus enhances NMDAR-

mediated current (Wang et al., 1996). Because of differences in their c-terminal domains, 

GluN2A-NMDARs and GluN2B-NMDARs may be susceptible to different forms of 

posttranslational modifications (Lau and Huganir, 1995; Sanz-Clemente et al., 2010; 

Paoletti et al., 2013a). Thus receptor phosphorylation can alter NMDAR subtype 

trafficking and function. 

 

Subsynaptic position/nanoscale organization 

NMDAR position within the PSD could also influence receptor activation. Because 

the profile of glutamate in the cleft is relatively narrow, receptors that are displaced from 

the site of release are less likely to be activated. EM and super-resolution imaging of 

NMDARs at synapses has revealed that NMDARs tend to be found towards the center of 

the synapse (Kharazia and Weinberg, 1997; Racca et al., 2000; Perez-Otano et al., 2006; 

Chen et al., 2008; Dani et al., 2010). In addition, there is now evidence that NMDARs are 

not positioned randomly within the synapse, but in fact are enriched in nanodomains, 

which may control NMDAR activation (MacGillavry et al., 2013; Kellermayer et al., 

2018). Since the invention of super-resolution microscopy, it has become possible to 

explore the nanoscale organization of proteins within small compartments such as 

synapses. Using these approaches, it was first discovered that synaptic proteins are not 

arranged randomly but instead form subsynaptic nanodomains that have a higher density 

of protein (MacGillavry et al., 2013; Nair et al., 2013; Fukata et al., 2015; Tang et al., 

2016b). Critical postsynaptic scaffolding proteins including PSD-95, shank, and homer 
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all have this nanodomain organization. Importantly for synaptic function, AMPARs as 

well as GluN2B-containing NMDARs are actually enriched within these scaffold protein 

nanodomains (MacGillavry et al., 2013; Nair et al., 2013; Fukata et al., 2015; Tang et al., 

2016a). Within the active zone, presynaptic proteins also organize into subsynaptic 

nanodomains which are associated with evoked vesicle release site (Tang et al., 2016a). 

Critically, these presynaptic nanodomains are aligned with the postsynaptic nanodomains 

thus leading to the formation of a transsynaptic nanocolumn. Interestingly, while there is 

evidence that evoked release preferentially occurs within the nanocolumn, spontaneous 

release appears to occur more randomly across the active zone (Tang et al., 2016a), thus 

suggesting that while evoked release may be positioned directly across from a high 

density of receptors, spontaneous release is not.  

The organization of the synapse into transsynaptic nanocolumns could have important 

implication for receptor function. Modeling has revealed that organization of AMPARs 

into nanodomains increases receptor activation and that this is enhanced further by 

alignment between the postsynaptic receptor cluster and the presynaptic release site 

(MacGillavry et al., 2013). And interestingly, because of their distinct biophysical 

properties, modeling data has revealed that GluN2B-NMDARs are more sensitive to their 

position with respect to the site of glutamate release than GluN2A-NMDARs. 

Specifically, GluN2B-NMDARs are 3 times more likely to open when 44 nm away from 

the site of release than when 228 nm away, whereas for GluN2A-NMDARs there was 

less than a 10% difference in open probability between near and far receptors (Santucci 

and Raghavachari, 2008).  This suggests that not only is there differential regulation of 

receptor positioning between types, perhaps mediated by preferences for different 
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scaffolding proteins, but that organization of GluN2B-NMDARs within the synapse may 

be a factor that regulates their activation. Thus it is important to explore the relationship 

between receptor activation and synaptic structure.  

In this thesis, I combined single-synapse Ca2+ imaging with confocal and super-

resolution microscopy to explore the relationship between NMDAR activation due to 

spontaneous single vesicle exocytosis and morphological features of individual synapses. 

I found that NMDAR activation by spontaneous release is mediated primarily through 

GluN2B-NMDARs. The amount of NMDAR-mediated Ca2+ influx was not correlated 

with spine or synapse size, and only weakly correlated with synapse position. However, 

the magnitude of activation was highly variable at individual synapses. Thus, the high 

degree of variability of spontaneous NMDAR activation is most likely dominated by 

stochastic channel fluctuations and by nanoscale intrinsic properties of the synapse 

including receptor position, release site position, and the glutamate concentration profile 

following each release event.  
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CHAPTER 2: Methods 

Section 1. Calcium imaging using GCaMP6f 

Studying neuronal activity using optical tools requires the use of fluorescent sensors 

that can be introduced into the cells. Because NMDAR activation leads to Ca2+ influx, a 

Ca2+ sensor is the ideal tool to studying NMDAR activation at individual synapses. There 

are two main types of Ca2+ indicators, dyes that need to be introduced to the cells, and 

genetically encoded Ca2+ indicators (GECIs) that are proteins expressed by the cell. Both 

of these approaches have numerous advantages and disadvantages. Ca2+ indicator dyes 

are often more sensitive, brighter, and can be ratiometric, allowing more accurate 

detection of Ca2+ changes (Rochefort and Konnerth, 2008). However, because they are 

not expressed, they need to be delivered into the cell, which is often done either by 

injection via a glass pipette or by incubation with an AM-ester of the indicator. Filling the 

cell via a pipette can be time consuming, potentially harm the cell, and lead to uneven 

filling of dye throughout different compartments of the cell. Because of these issues, 

using a dye that needed to be introduced into the cell would not have been feasible. When 

using the AM-esters of indicator dyes, a lot of the issues of filling are avoided because 

the AM ester is membrane-permeant. However this results in all cells, regardless of type, 

filling with dye. In a relatively dense neuronal culture that also contains non-neuronal 

cells, indiscriminant loading makes it difficult to discern individual dendritic spines. In 

addition to issues with delivery of dyes, they can lead to photodamage when imaging for 

extended periods of time, as is necessary when capturing miniature spontaneous Ca2+ 

transients (mSCaTs) at individual synapses. Overall, I concluded that a GECI would be 

more appropriate for this study.  



 
 
 
 

43 

GECIs are made from a combination of a fluorescent protein and a Ca2+ sensitive 

domain. The most commonly used GECI is GCaMP which is made from circularly 

permuted EGFP and the M13 segment of calmodulin (CaM) on the N-terminus and CaM 

on the C-terminus. Ca2+ binding to the attached CaM leads to a conformational change 

that increases the fluorescence intensity of the EGFP (Nakai et al., 2001). GCaMP was 

first developed in 2001 and since then has been improved several times via mutations and 

modifications to the linkers between the EGFP and CaM to optimize brightness, 

sensitivity, and response kinetics. The variant that I employed here, GCaMP6f, is highly 

sensitive to Ca2+, similar to a commonly used dye, Oregon-Green BAPTA, and is the 

GCaMP variant with the fastest kinetics; these characteristics make it ideal for studying 

spontaneous events, which are only a few milliseconds in duration (Chen et al., 2013). 

However, there are several limitations of GCaMP6f that must be taken into account 

when interpreting my data. For one, it is not a ratiometric GECI, which are indicators that 

have two fluorescent proteins or emit in two different spectra, one that is sensitive to Ca2+ 

and one that is not. The advantage of using ratiometric indicators is that a change in the 

fluorescence of the Ca2+-sensitive fluorophores is normalized to the Ca2+-insensitive 

fluorophore so that variations in fluorescence that are not due to changes in Ca2+ 

concentration are eliminated. In my thesis, it is possible that small fluctuations in spine 

volume could lead to changes in the GCaMP6f signal that are independent of Ca2+ 

changes. For future studies using this approach, a second Ca2+ insensitive fluorophore 

will be used in combination in order to avoid this potential complication. Secondly, 

changes in Ca2+ concentration ([Ca2+]) do not cause proportional changes in GCaMP6f 

intensity. Based on dose-response curves for the change in fluorescence versus Ca2+ 
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concentration, GCaMP6f highly sensitive to changes in [Ca2+] from ~100 nM to ~1 μM 

[Ca2+] (Fig. 2.1) (Badura et al., 2014). Estimates of resting Ca2+ and Ca2+ influx within 

individual spines vary from study to study; however most agree that resting [Ca2+] is only 

50-250 nM and that following sustained synaptic activation [Ca2+] can rise to as high as 

1.2 μM (Muller and Connor, 1991). Thus it is reasonable to assume that for these 

experiments, the GCaMP6f is mostly within the dynamic range for the sensor, despite 

GCaMP6f being unable to linearly report changes in [Ca2+].  

 

 

 Figure 2.1. GCaMP6f structure, kinetics, and sensitivity. 
A. GCaMP6 structure (Chen et al., 2013) 
B. Ca2+ sensor response to 1 AP  (top) or 10 AP train (bottom) (Chen et al., 2013)  
C. Dose response curve for different Ca2+ sensors at different Ca2+ concentrations 

(Badura et al., 2014). 
 

Ca2þ (KD), and the cooperativity (Hill coefficient, nH ). The cal-
cium-binding affinities of the novel variants were comparable to
their Fast-GCaMP3 counterparts and the fluorescence dynamic
ranges were almost as great as GCaMP6f (Table 1).

3.2 Fast-GCaMP6f Variants Retain
the Brightness of GCaMP6f

A key feature of GCaMP6 variants is that they have much
greater brightness at saturating calcium (Fmax) than GCaMP3.4

Both Fast-GCaMP6f-RS06 and Fast-GCaMP6f-RS09 retained
the per-molecule brightness of the GCaMP6f probe: Fmax

values were comparable to GCaMP6f and exceeded that of
GCaMP3. The brightness at low calcium (Fmin) was not signifi-
cantly different from GCaMP6f [Fig. 3(b)]. Similar to our
previous report,2 Fmax and Rf values were strongly correlated
[Fig. 3(c)].

3.3 Fast-GCaMP6f Variants Show Improved
Off-Responses to Decreases in Calcium

We used stopped-flow fluorimetry to characterize the response
kinetics of the two novel hybrid variants to an instantaneous
drop in Ca2þ concentration from 10 μM to zero [less than
10 nM; Fig. 4(a)]. Like GCaMP3 and Fast-GCaMP3, the
Fast-GCaMP6f variants responded with a double exponential
time course, in contrast with the OGB-1 single exponential fit.
We compared the half-decay-time off-response (t1∕2 decay) at
room temperature (25°C) and mammalian physiological temper-
ature (37°C) to the t1∕2 decay of GCaMP3, GCaMP6f, and OGB-1
at 37°C [Fig. 4(b)]. Both Fast-GCaMP6f-RS06 and Fast-
GCaMP6f-RS09 showed significantly faster off-responses
when compared to GCaMP6f (Table 1; at 25°C: Fast-
GCaMP6f-RS06 ¼ 68 ms, Fast-GCaMP6f-RS09 ¼ 50ms and
GCaMP6f ¼ 198 ms; at 37°C: Fast-GCaMP6f-RS06¼32ms,
Fast-GCaMP6f-RS09 ¼ 20 ms, and GCaMP6f ¼ 71 ms). We
did not find a reciprocal relationship between KD and
t1∕2 decay [Fig. 4(c); at 25°C]. This stands in contrast to small-
molecule calcium indicators as well as Fast-GCaMP variants
with modified CaM EF-hand loop domains. Here, the mutations
to the CaM and RS20 interference introduced in Fast-
GCaMP6f-RS06 and Fast-GCaMP6f-RS09 dramatically accel-
erated the decay responses yielding a 3- and 4-fold increase in
the t1∕2 decay over that of the GCaMP6f, respectively. Taken
together, these measurements indicate that response kinetics
depend not only on affinity as regulated by the calcium binding
site but also on intramolecular conformational changes down-
stream of calcium binding.

3.4 Fast-GCaMP6f Variants Allow Rapid
Monitoring of Activity in Brain Slices

To assess the performance of the novel GECIs in mammalian
neurons, we performed calcium imaging of L2/3 cortical neu-
rons in acutely cut brain slices [Fig. 5(a)] using two-photon
microscopy. Following in utero electroporation of GCaMP6f,
Fast-GCaMP6f-RS06 or Fast-GCaMP6f-RS09 at embryonic

(a) (b) (c)

Fig. 3 Fast-GCaMP6f variants retain the brightness of GCaMP6f. (a) Ca2þ titration curves of the small-
molecule dye Oregon green BAPTA-1, and various GCaMP variants. Solid curves represent fits to the
Hill equation. (b) Bar graphs depict high-calcium brightness (Fmax) and minimum low-calcium brightness
(Fmin) of Fast-GCaMP6f-RS06, Fast-GCaMP6f-RS09, and GCaMP6f relative to GCaMP3 measured at
25°C (pH 7.20). (c) Dynamic range and maximum brightness of Fast-GCaMP6f-RS06, Fast-GCaMP6f-
RS09, and GCaMP6f relative to the previously described Fast-GCaMP3 series.2

Table 1 Biophysical properties of novel Fast-GCaMP6f variants and
previously described GCaMP variants. KD (nM) was measured at 25°
C (pH 7.20) and decay t1∕2 (ms) was measured at 25°C and 37°C.

GECI Rf KD (nM) nH

t1∕2 (ms)

25°C 37°C

OGB-1 14.0 250 1.00 5 4

GCaMP3 12.0 287 2.52 424 147

GCaMP6f 29.2 290 2.70 198 71

Fast-GCaMP3-RS06 6.5 310 2.40 63 34

Fast-GCaMP3-RS09 9.5 690 2.50 51 25

Fast-GCaMP6f-RS06 18.7 320 3.00 68 32

Fast-GCaMP6f-RS09 25.0 520 3.20 50 20

Neurophotonics 025008-5 Oct–Dec 2014 • Vol. 1(2)

Badura et al.: Fast calcium sensor proteins for monitoring neural activity

ARTICLE
doi:10.1038/nature12354

Ultrasensitive fluorescent proteins for
imaging neuronal activity
Tsai-Wen Chen1, Trevor J. Wardill1{, Yi Sun1, Stefan R. Pulver1, Sabine L. Renninger2, Amy Baohan1,3, Eric R. Schreiter1,
Rex A. Kerr1, Michael B. Orger2, Vivek Jayaraman1, Loren L. Looger1, Karel Svoboda1 & Douglas S. Kim1

Fluorescent calcium sensors are widely used to image neural activity. Using structure-based mutagenesis and neuron-based
screening, we developed a family of ultrasensitive protein calcium sensors (GCaMP6) that outperformed other sensors in
cultured neurons and in zebrafish, flies and mice in vivo. In layer 2/3 pyramidal neurons of the mouse visual cortex, GCaMP6
reliably detected single action potentials in neuronal somata and orientation-tuned synaptic calcium transients in individual
dendritic spines. The orientation tuning of structurally persistent spines was largely stable over timescales of weeks.
Orientation tuning averaged across spine populations predicted the tuning of their parent cell. Although the somata of
GABAergic neurons showed little orientation tuning, their dendrites included highly tuned dendritic segments (5–40-mm
long). GCaMP6 sensors thus provide new windows into the organization and dynamics of neural circuits over multiple spatial
and temporal scales.

Neural activity causes rapid changes in intracellular free calcium1–4. Cal-
cium imaging experiments have relied on this principle to track the acti-
vity of neuronal populations5,6 and to probe excitation of small neurons
and neuronal microcompartments2,7–10. Genetically encoded protein sen-
sors can be targeted to specific cell types2,9,11,12 for non-invasive imaging
of identified neurons and neuronal compartments8,13–15 over chronic
timescales6.

Calcium indicator proteins include the single fluorophore sensor
GCaMP (refs 11, 16, 17) and several families of Förster resonance
energy transfer based sensors18–22. However, none of these protein-
based indicators have yet surpassed the sensitivity and speed of commonly

used synthetic calcium indicators (for example, Oregon Green Bapta-1-
AM, OGB1-AM). Therefore, depending on the experimental goals, inves-
tigators choose between sensitive synthetic indicators delivered by invasive
chemical or physical methods, or less sensitive protein sensors delivered
by genetic methods.

Multiple rounds of structure-guided design have made GCaMPs the
most widely used protein calcium sensors11,16,17. But past efforts in
optimizing GCaMPs and other indicators of neuronal function were
limited by the throughput of quantitative and physiologically relevant
assays. Because neurons have unusually fast calcium dynamics and
low peak calcium accumulations4, sensors designed to probe neuronal

1Janelia Farm Research Campus, Howard Hughes Medical Institute, 19700 Helix Drive, Ashburn, Virginia 20147, USA. 2Champalimaud Neuroscience Programme, Champalimaud Centre for the Unknown,
Avenida Brası́lia, Doca de Pedrouços, 1400-038, Lisbon, Portugal. 3Department of Neurobiology, University of California Los Angeles, Los Angeles, California 90095, USA. {Present address: Marine
Biological Laboratory, Program in Sensory Physiology and Behavior, 7 MBL Street, Woods Hole, Massachusetts 02543, USA.

R392G

K78H

A317E

M378G
T381R S383T

K379S
M13
Linker 1
cpEGFP
Linker 2
CaM

0 1 2 3
0

5

a b

c

0

0.3
1 action 
potential

10 action
potentials

5G

OGB1

6f
6m
6s

GCaMP3

cpEGFP CaM
GCaMP5G K78 A317 M378 K379 T381 S383 R392
GCaMP6s K78H T381R S383T R392G
GCaMP6m M378G K379S T381R S383T R392G
GCaMP6f A317E T381R S383T R392G

ΔF
/F

0
ΔF

/F
0

1 10 1000.1

1

10

S
N

R
(fo

ld
 o

f G
C

aM
P

3)e

1 10 100
0

1

2

3

D
ec

ay
 ti

m
e,

 t 1/
2 

(s
)

f

1 10 100
0.1

1

10

d

(fo
ld

 o
f G

C
aM

P
3)

ΔF
/F

0

1 10 1000

0.2

0.4

0.6g

Number of action potentials

R
is

e 
tim

e,
 t pe

ak
 (s

)

Time (s)

Resting fluorescence F0

1 action potential ΔF/F0

1AP
10AP

160AP

5G
OGB1

5G

OGB1

5G
3

3

3

P-value

10–510–5
Less

NS
More Decay time, t1/2  (10 action potentials)

Figure 1 | GCaMP mutagenesis and screening in
dissociated neurons. a, GCaMP structure27,51 and
mutations in different GCaMP variants relative to
GCaMP5G. b, Responses averaged across multiple
neurons and wells for GCaMP3, 5G, 6f, 6m, 6s, and
OGB1-AM. Top, fluorescence changes in response
to 1 action potential. Bottom, 10 action potentials.
c, Screening results, 447 GCaMPs. Top,
fluorescence change in response to 1 action
potential (vertical bars, DF/F0; green bar, OGB1-
AM, left; black bars, single GCaMP mutations; red
bars, combinatorial mutations; blue, GCaMP6
indicators) and significance values for different
action potential stimuli (colour plot). Middle, half
decay time after 10 action potentials. Bottom,
resting fluorescence, F0 normalized to nuclear
mCherry fluorescence. Red line, GCaMP3 level;
green line, GCaMP5G level; blue line, OGB1-AM
level. AP, action potential. d–g, Comparison of
GCaMP sensors and OGB1-AM as a function of
stimulus strength (colours as in b). d, Response
amplitude. e, Signal-to-noise ratio (SNR). f, Half
decay time. g, Time to peak (after stimulus offset).
Error bars correspond to s.e.m (n 5 300, 16, 8, 11,
13 and 11 wells for GCaMP3, GCaMP5G, OGB1-
AM, 6f, 6m and 6s, respectively).
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Section 2. Super-resolution imaging 

  In order to explore organization of proteins within the synapse, high-resolution 

imaging is required. In conventional light microscopy, resolution is limited by the 

diffraction limit of the light and cannot exceed ~250 nm resolution even with confocal 

microscopy. Thus two emitters that are within 250 nm of each other cannot be 

distinguished and appear as a blur. This resolution limit of light microscopy was first 

characterized more than 100 years ago (Abbe, 1873), but is only in the past few decades 

that advances in light microscopy approaches are overcoming this limit. Because the 

diameter of the typical central synapse is only 100-500 nm and structures within the 

synapse cannot be resolved with a resolution of 250 nm, super-resolution microscopy is 

required to study the subsynaptic organization of proteins. There are several different 

approaches to achieve subsynaptic resolution. Electron microscopy (EM) has very high 

resolution but requires intensive processing and reconstruction, can only be performed on 

fixed samples, has issues with protein labeling, and ultimately does not allow for a large 

sample size. Thus while it is the highest resolution option, it is not always feasible. 

Super-resolution microscopy includes Stimulated Emission Depletion microscopy 

(STED), Structured Illumination Microscopy (SIM), and the single molecule localization 

approaches, Photoactivation Light Microscopy (PALM) and Stochastic Optical 

Reconstruction Microscopy (STORM) (Huang et al., 2010). These techniques all have 

significantly higher resolution than conventional light microscopy and are able to avoid 

many of the drawbacks of EM.  

STED and SIM both utilize excitation light patterns in order to increase resolution.  In 

STED, depletion excitation light is used in a ring around the excitation light so that 
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fluorophores outside the narrow excitation area are pushed into a ground state and cannot 

emit (Hell and Wichmann, 1994). This excitation donut scans over the area of interest to 

produce a super-resolution image of the sample. In principle, the resolution of the image 

is determined by the size of the excitation spot in the center of the donut, however, this 

size is limited by available optics and ultimately the best lateral resolution using STED 

microscopy on biological samples is 30-50 nm (Meyer et al., 2008) and the axial 

resolution is 30-600 nm (Schmidt et al., 2009; Wildanger et al., 2009; Maglione and 

Sigrist, 2013). SIM uses two interfering light beams to create patterned excitation. The 

emission therefore is a combination of the excitation pattern and the sample. This is used 

to reconstruct a super-resolution image of the sample (Gustafsson, 2000). SIM is 

typically capable of producing images with 100 nm lateral resolution (Kner et al., 2009) 

and <300 nm axial resolution (Gustafsson et al., 2008). Ultimately, while both of these 

approaches provide huge improvements in resolution, they both require complicated 

optics and other approaches can offer higher resolution mapping of protein distribution; 

therefore, I relied on STORM imaging for my thesis work.   

In single molecule localization microscopy, image acquisition is designed such that 

only a sparse subset of fluorescent proteins emit per frame (Huang et al., 2010). This 

allows separation of individual sources of light, and by fitting the point spread function 

(PSF) produced by each fluorophore with a Gaussian fit the location of each emitter can 

be estimated with high accuracy (Thompson et al., 2002; Yildiz et al., 2003). The 

localization precision, or degree of uncertainty in the location for each emitter, scales 

with the number of photons collected (Thompson et al., 2002). Thus, brighter 

fluorophores and more sensitive detectors increase the overall resolution. Over time all of 
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the molecules in the field can be individually detected and mapped. PALM utilizes 

expressed fluorophores that are tagged to proteins of interest. These fluorophores are 

either photoactivatable or photoconvertible by 405 nm light and can be stochastically 

activated/converted for detection under low intensity illumination (Betzig et al., 2006). 

STORM works similarly, but instead employs dye molecules that are pushed into a dark 

state by high intensity laser illumination in the presence of an oxygen scavenging buffer, 

and then stochastically blink back into a emitting state briefly before becoming dark 

again (Rust et al., 2006). In both PALM and STORM the result is sparse activation of the 

fluorophores so that individual PSFs can be fit. Because PALM does not require 

immunolabeling or toxic buffers, it can be performed on live cells. However, the 

fluorescent proteins typically emit fewer photons than the dyes used with STORM 

imaging. This leads to a slightly lower resolution image with PALM. In order to achieve 

3D single molecule imaging using STORM, an astigmatic lens is placed in the light path, 

which leads to stretching of the PSFs produced by the fluorophores. The direction of the 

stretch switches above and below the focal plane and the degree of this stretching can be 

used to calculate the molecule’s z-position (Huang et al., 2008).  

For this thesis I utilized 2D and 3D-STORM imaging to examine protein organization 

within the synapse. This approach was ideal because STORM allowed me to utilize dyes 

that are brighter than the fluorophores available for PALM, thus allowing for 3D 

detection. The drawback of relying on STORM is that it requires antibody labeling, 

which can be inconsistent and depends on availability of reliable antibodies for proteins 

of interest. In this case, it would have been ideal to directly image NMDARs. However, 



 
 
 
 

48 

antibodies for NMDAR labeling are notoriously inconsistent, and therefore I had to turn 

to labeling of synaptic scaffolding proteins.  
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Section 3. General methods for Chapter 3 

 
Cell culture and GCaMP6f expression 

Dissociated hippocampal cultures were prepared from E18 rats of both sex and plated 

on glass coverslips coated with poly-L-lysine. A subset of cells was infected with 

pAAV.CAG.GCaMP6f.WPRE.SV40 (Penn Vector Core) at DIV0 and plated along with 

uninfected cells so that on each coverslip there is a mix of infected and uninfected cells. 

This allowed us to vary the ratio of infected cells to uninfected cells plated based on the 

requirement of the experiment. For most experiments 10,000-15,000 infected cells were 

plated with 40,000 uninfected cells to have a total density ~50,000/well. For correlative 

Ca2+ imaging and super-resolution experiments I used 1,000 infected cells plated with 

30,000 uninfected cells per well. Transfections were performed using lipofectamine at 

DIV18 with either GCaMP6f or tdTomato, and constructs were allowed to express for 

three days, followed by imaging on DIV21. All animal procedures were performed in 

accordance with the University of Maryland, Baltimore animal care and use committee’s 

regulations.   

 

Ca2+ imaging 

Ca2+ imaging was performed on three very similar spinning disk confocal systems. 

The first was a CSU-22 confocal (Yokagawa) with a Zyla 4.2 sCMOS camera (Andor) 

mounted on the side port of an Olympus IX-81 inverted microscope, using a 60×/1.42 

oil-immersion objective. The second system utilized the same camera, microscope, and 

objective as above but the CSU-22 confocal was replaced with a Dragonfly multimodal 
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system (Andor). All time-lapse images were acquired at 20 Hz controlled by IQ3 

software (Andor). Following time-lapse acquisition, a z-stack of the field was acquired 

using 50-200 ms frames and 0.5 µm steps between planes. Coverslips were imaged in 

ACSF containing 0 mM Mg2+, 139 mM NaCl, 2.5 mM KCl, 1.5 mM CaCl2, 10 mM 

glucose, and 10 mM HEPES, pH adjusted to 7.4 with NaOH, 1 μM TTX (Enzo), 10 μM 

DNQX (Sigma), 20 μM ryanodine (Tocris), 1 μM thapsigargin (Sigma) and 5 μM 

nifedipine (Sigma). All experiments were performed using an objective heater to 

maintain bath temperature near 37°C. In order to maintain the plane of focus, autofocus 

was performed every minute using an Olympus ZDC2 drift compensator. For 

experiments with a treatment (adding blockers, ifenprodil, raising Ca2+, and raising 

Mg2+), baseline imaging of 4-6 minutes was followed by application of either drugs or 

vehicle (ACSF or DMSO, depending on drug) and then by an additional 4-6 minutes of 

imaging. The third spinning disk confocal system was a Nikon W1 equipped with a 

40´/1.3 oil immersion objective and Hamamatsu Flash4.2 camera, mounted on a Ti2 

microscope. This was used for imaging the larger dendritic trees in Figure 3.14, and 

images were acquired using otherwise the same parameters and conditions as above. For 

experiments in Figure 3.13, experiments using transfected cells, as well as D-serine 

experiments were performed on a Nikon Ti2 equipped for widefield fluorescence imaging 

using a 40´/1.3 oil immersion objective and a Zyla 4.2 sCMOS camera. Autofocus was 

maintained continuously, and acquisition parameters were otherwise the same as above. 
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Ca2+ Imaging Analysis 

In order to analyze the Ca2+ imaging data, averages of the first 50-100 frames were 

generated either in Matlab or MetaMorph. On each averaged image, a circular region of 

interest (ROI) was drawn around every single spine that was in focus, distinct from the 

dendrite, and unobstructed, regardless of activity level, as well as a background ROI. 

Mean intensity within each region was measured for every frame using custom Matlab 

scripts. Background subtraction was done by subtracting the average intensity of the 

background ROI from the average intensity of each spine ROI per frame. In order to 

calculate ΔF/F, Fbaseline was determined for each spine ROI every minute by averaging 

fluorescence intensity every 10 frames, and finding the lowest positive value within every 

minute interval of imaging. Then for each frame (Fframe − Fbaseline)/ Fbaseline was calculated. 

In order to detect and measure peaks, the ∆F/F values were then fed into Clampex (Axon 

Instruments) where mSCaTs were detected using a template search that identified peaks 

based on an average shape profile. For measurements normalized to baseline, only spines 

that had at least three mSCaTs at baseline were included, typically ~23-55% of all spines 

imaged. For measurements that are not normalized, all spines are included for frequency 

data and spines with at least one mSCaT were used for amplitude data. 

 

Spine and cell morphological analysis 

Spine area was measured using maximum projections of the post-Ca2+ imaging 

GCaMP6f z-stacks in MetaMorph. Within each spine ROI, an intensity-based threshold 

was used to calculate area. In order to measure synapse distance from the soma and 
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branch depth, GCaMP6f z-stacks were imported into Imaris (Bitplane) for semi-

automatic dendrite and spine detection. Spines identified in Imaris were matched to Ca2+ 

imaged spines using custom Matlab scripts. 

 

Immunocytochemistry 

For immunocytochemistry, cultured hippocampal neurons were fixed in 4% 

paraformaldehyde (PFA) and 4% sucrose directly following Ca2+ imaging for 20 minutes 

at room temperature (RT). Following fixation, coverslips were washed with Phosphate 

buffered saline (PBS) + Glycine and permeabilized in PBS+ 0.3% Triton X-100 for 20 

minutes at RT. Next, cells were incubated in blocking buffer containing 10% Donkey 

Serum (DS) (Sigma) and 0.2% Triton X-100 for 1 hour at room temperature. For labeling 

of Shank, cells were incubated in 1:200 anti-Shank primary (NeuroMab; 

RRID:10672418), 5% DS and 0.1% Triton X-100 for 3 hours at RT. Followed by 

incubation with 1:200 Alexa-647 conjugated goat anti-mouse secondary antibody 

(Jackson) for 1 hour at RT. Finally, cells were post-fixed in 4% PFA and 4% sucrose for 

10 minutes. 

 

Super-resolution imaging 

dSTORM imaging was performed on the Olympus IX-81 inverted microscope, using 

a 60´/1.42 oil-immersion objective along with Dragonfly multimodal system (Andor) 

and an iXon+ 897 EM-CCD camera (Andor). Cells that had undergone Ca2+ imaging 

were first located by eye in PBS, which was then replaced with STORM imaging buffer 

containing 50 mM Tris, 10mM NaCl, 10% glucose, 0.5 mg/ml glucose oxidase (Sigma), 
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40 µg/ml catalase (Sigma), and 0.1 M cysteamine (Sigma) before imaging. Acquisition 

was performed at 20 Hz, for a total of 70,000 frames while autofocusing every 1000 

frames. Imaging was carried out in widefield mode using a power density of 4 to 

concentrate the excitation beam. This allowed more efficient bleaching of the Alexa-647 

molecules.  

 

Super-resolution imaging analysis 

All dSTORM analysis was done using custom Matlab (Mathworks) scripts that fit 

peaks with an elliptical 2D Gaussian function to a 5 by 5 pixel array. The fitted peaks 

were used to determine x and y coordinates of the molecules. Molecules with a 

localization precision less than 20 nm were used for analysis. PSD detection was 

performed using custom Matlab scripts. Briefly, following localization detection and drift 

correction, the image was re-rendered with 14.75 nm pixels, and clusters of localizations 

exceeding the density cutoff of 1 localization per 217.6 nm2 were identified. Clusters 

with areas less than 0.02 μm2, the bottom of the range reported for synapses imaged with 

super-resolution (MacGillavry et al., 2013), were rejected. Spine Ca2+ data was matched 

to individual PSDs by overlaying super-resolved PSDs on the GCaMP6f z-stack and 

manually matching spines between the post-STORM z-stack and the Ca2+ imaging time-

lapse. For assessment of subsynaptic nanodomains, I utilized the autocorrelation analysis 

as described in Tang et. al, 2016. Briefly, it measures density correlations by calculating 

the probability of finding a localization within a radius from another localization (Veatch 

et al., 2012; MacGillavry et al., 2013; Tang et al., 2016a). This function is normalized 
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such that a random distribution will have an autocorrelation value of 1 and that anything 

above that is clustered non-randomly.  

 

Immunoblotting 

Hippocampal neuron cultures were prepared as described, infected on DIV0 with 

AAV vectors, and plated at ~100,000 cells per well in 12-well plate. Neurons were 

matured as described and on DIV12 or DIV19, neuronal cell homogenates were prepared 

in preheated buffer containing 1% SDS, 50 mM NaF, 1 mM sodium orthovanadate, and 

Phosphatase Inhibitor Cocktail I (Sigma) and Phosphatase Inhibitor Cocktail III (Sigma) 

supplemented with protease inhibitors (Roche cOmplete, EDTA-free). Homogenates 

were collected into microcentrifuge tubes, sonicated using manual ultrasonication probe, 

and heated at 65C for 10 min. Protein concentration was determined by BCA assay 

(Pierce) and equal amounts of total protein (10 micrograms) from each sample were 

resolved by SDS-PAGE and transferred to PVDF membranes for detection by near-

infrared fluorescence. Total protein stain was performed on all membranes (REVERT, 

LI-COR Biosciences). Immunoblot images were obtained on Odyssey Imaging System 

and quantitated using Image Studio 4.0 software (LI-COR Biosciences). NMDAR 

subunit protein levels were normalized against total protein signal for each lane. 

Quantitative plots were constructed using normalized mean values from 6 samples 

collected from each condition on each maturation day from a single culture. Data 

represent mean values ± standard error of the mean (SEM).  Statistical analyses were 

conducted on quantitated values using GraphPad software. 
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Antibodies 

Membranes were blotted with primary antibodies including rabbit polyclonal anti-

GluN1 C-terminus (1:2000, Sigma-Aldrich Cat# G8913, RRID:AB_259978), rabbit 

polyclonal anti-GluN2A N-terminus (1:500, JH6097 gift from R. Huganir), mouse 

monoclonal anti-GluN2B C-terminus (1:2000, Millipore Cat# 05-920, 

RRID:AB_417391), and mouse monoclonal anti-α Tubulin (1:2000, Sigma-Aldrich Cat# 

T6074, RRID:AB_477582). Near-infrared conjugated secondary antibodies were used to 

detect signal for GluN1 or GluN2A: Donkey anti-Rabbit 680RD (1:10,000, LI-COR 

Biosciences Cat# 926-68073, RRID:AB_10954442), GluN2B: Donkey anti-Mouse 

800CW (1:10,000, LI-COR Biosciences Cat# 926-32212, RRID:AB_621847), and α-

Tubulin: Goat anti-Mouse 680RD (1:10,000 LI-COR Biosciences Cat# 926-68070, 

RRID:AB_10956588). 

 

Experimental Design and Statistical Analysis 

Unless otherwise stated, the number of spines was greater than 200; however, 

treatment with ifenprodil or Mg2+ reduced event frequency so that there were fewer 

spines to use for mSCaT amplitude measurements post-treatment and unless otherwise 

stated these came from at least 3 separate culture preparations. Statistical analysis was 

performed using GraphPad Prism. Data are shown as mean ± SEM. Kruskal-Wallis 

analysis followed by Dunn’s test for multiple comparisons were used for experiments that 

had more than two groups, otherwise Student’s t-test was used to compare means at 

p<0.05. For experiments comparing the effect of a treatment between groups, post-

treatment parameters were normalized to each spine’s own baseline in order to assess the 
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impact of the treatment. For correlations, Pearson’s correlation coefficients were used to 

assess the strength of the relationship. When noted, data was binned into 8 bins so that 

pattern in the data could be observed more clearly; however no statistics were performed 

on binned data. Additionally, for data represented by violin plots, outliers were removed 

using the ROUT method of identifying outliers. However, all statistics were performed 

on the raw data before outlier removal. 
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Section 4. General methods for Chapter 4 

Tomography  

Cerebral cortex homogenates from mice were subjected to differential centrifugation, 

followed by Percoll gradient purification of synaptosomes. Synaptosomes were vitrified 

and placed onto a holey carbon copper grid. Tilt series were collected using a Polara 

electron microscope (FEI), reconstructed, and segmented. Cleft columns were defined as 

concentric columns based on the position between the center (set to 0) and the cleft edge 

(set to 1) with bin values of 0.25, 0.5, 0.75 and 1. Clefts were in addition separated into 

four layers of equal thickness parallel to the synaptic membranes.  

Immuno‐EM.  

Acute hippocampal slices were prepared, and CA1 samples were frozen and freeze‐ 

substituted. After embedding, 60 nm sections were stained using uranyl acetate and lead 

citrate. Grids were blocked, incubated with a monoclonal anti‐SynCAM 1 antibody (MBL 

Laboratories, clone 3E1; 1:50) and labeled with Protein A gold. Grids were observed 

with a FEI Tecnai Biotwin electron microscope.  

Neuronal culture. 

 Hippocampal neurons were cultured from E18 rat embryos for STORM imaging and 

confocal co‐localization. Hippocampal cultures from P1 rats were used for STED imaging 

and LTD studies. Chemical LTD was induced at 14 DIV by treating neurons for 3 min 

with 20 �M NMDA, followed by SynCAM 1 surface labeling and PSD‐95 staining as 

described below.  
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Confocal imaging. 

 Non‐permeabilized neurons were subjected at 14 DIV to surface labeling using 

antibodies against the extracellular domain of SynCAM 1 (MBL, 3E1; 1:000) and EphB2 

(R&D Systems, AF467; 1:100). Homer was immunodetected after permeabilization 

(Synaptic Systems, 160 003; 1:500), as was PSD‐95 (NeuroMab, clone K28/43; 1:500). A 

Leica TCS SPE DM2500 microscope was used for confocal imaging.  

STED imaging.  

Non‐permeabilized neurons were subjected to surface staining of SynCAM 1 or 

EphB2 followed by detection of Homer and PSD‐95 as described above. Imaging was 

performed on a custom built gated detection, beam scanning, all pulsed laser STED 

system with a 100X oil objective (UPLAPO 100XO/PSF, Olympus). Fluorescence was 

detected by a single photon counting avalanche photodiode (SPCM‐ARQ‐13‐FC, Perkin 

Elmer).  

STORM imaging. 

 Non‐permeabilized neurons were subjected to surface staining of SynCAM 1 or 

EphB2 followed by detection of Homer as described above. Imaging was performed on 

an Olympus IX81 ZDC2 microscope with a 100X/1.49 TIRF oil objective using 

simultaneous excitation with 647 nm and 561 nm lasers, and stochastic blinking was 

detected with an iXon+ 897 EM‐CCD camera (Andor). An astigmatic lens was added and 

Z‐axis positions of localized molecules were deduced post hoc.  
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Statistical analyses. 

 Data were acquired and quantified blind to condition. Data were analyzed using 

GraphPad Prism 6 and custom ImageJ (confocal) and MATLAB (Mathworks) (STED, 

STORM) scripts. * denotes t‐test p<0.05; ** p<0.01; *** p<0.001.  

Animal procedures. 

 All animal procedures undertaken in this study were approved by the Institutional 

Animal Care and Use Committees and were in compliance with NIH guidelines.  
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CHAPTER 3: Properties of individual hippocampal synapses 

influencing NMDA-receptor activation by spontaneous 

neurotransmission. 

NMDARs are critical mediators of synaptogenesis, synaptic plasticity, and 

synapse maintenance. Therefore, understanding factors that control their activation and 

subsequent Ca2+ influx at the level of the individual synapse is of the utmost importance. 

In order to explore possible parameters that may influence NMDAR activation I 

examined two hypotheses.  

Hypothesis 1: GluN2B-NMDARs contribute to NMDAR activation by 

spontaneous release. Though NMDAR subtype changes throughout development in many 

brain areas, recently, there is evidence that GluN2B-NMDARs continue to be present 

(Kellermayer et al., 2018) and functional at more mature hippocampal synapses (Gray et 

al., 2011; Sinnen et al., 2016; Xiao et al., 2016; Walker et al., 2017; Levy et al., 2018). To 

assess this hypothesis I tested two predictions: Prediction 1. Application of GluN2B-

NMDAR selective antagonists will drastically reduce mSCaT amplitude and frequency, 

and Prediction 2. GluN2B-NMDARs will be present in mature hippocampal neurons.  

Hypothesis 2: GluN2B-NMDAR activation is controlled by their subsynaptic 

position. There is abundant evidence that proteins, including GluN2B-NMDARs, are 

arranged into high-density nanodomains within individual synapses (MacGillavry et al., 

2013; Kellermayer et al., 2018). Modeling data has suggested that this organization can 

have a large impact on GluN2B-NMDA activation due to the narrow profile of glutamate 

in the cleft and activation kinetics of the receptor itself (Santucci and Raghavachari, 
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2008). To assess this hypothesis I tested two predictions: Prediction 1. mSCaT amplitude 

will not correlate with synapse size. There is evidence that NMDAR number does not 

scale with synapse size (Kharazia et al., 1999; Takumi et al., 1999; Shinohara et al., 

2008; Chen et al., 2015); thus, one would predict that a decrease in overall NMDAR 

density would lead to overall smaller responses. However, if NMDARs are organized 

into nanodomains, then local density would be preserved within subsynaptic domains and 

receptor activation will not be impacted by synapse size. And secondly: Prediction 2. the 

degree of organization of a key scaffolding protein, Shank, into subsynaptic nanodomains 

would correlated with mSCaT amplitude and CV. However, I did not thoroughly test this 

hypothesis in this thesis and in my discussion I further elaborate on how I would test this 

hypothesis in the future.  
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Section 1. Measuring NMDAR-mediated Ca2+ transients with GCaMP6f at 

individual synapses.  

To assess NMDAR-activation by spontaneous neurotransmitter release, I sparsely 

infected dissociated rat hippocampal neurons at the time of plating and imaged neurons at 

19-22 DIV (unless otherwise noted) in ACSF containing 0 mM Mg2+, and TTX (1 μM) to 

block APs. Clear miniature spontaneous Ca2+ transients (mSCaTs) were detected in 

individual spines (Fig. 3.1A) that were well isolated within spines, with no corresponding 

increases in [Ca2+] in dendrites (Fig. 3.1B). Though Ca2+ influx through NMDARs can 

lead to Ca2+ release from intracellular stores (Reese and Kavalali, 2015), I found that 

mSCaT amplitude in spines were unaffected when ryanodine and thapsigargin were used 

to prevent Ca2+-induced Ca2+ release (CICR) from internal stores (vehicle: 0.8164 ± 0.032 

ΔF/F, n=277 spines/7 neurons; blockers: 0.9206 ± 0.055 ΔF/F, mean ± SEM, n=239/6; 

p= 0.095, unpaired t-test) (Fig. 3.1C, D). Despite this, in order to ensure isolation of the 

NMDAR component of spine Ca2+ changes, all experiments were done in the presence of 

DNQX to block AMPARs, nifedipine to block L-type Ca2+ channels, as well as CICR 

blockers. Application of the NMDAR antagonist APV nearly eliminated all events (post-

treatment event frequency normalized to baseline: vehicle: 0.936 ± 0.032, n=495/10, 

APV: 0.055 ± 0.009, n=197/5; p<0.0001, unpaired t-test) (Fig. 3.1E, F), confirming that 

the observed Ca2+ transients were NMDAR-mediated. 
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Figure 3.1: mSCaTs measured by GCaMP6f imaging reflect NMDAR activation at 
individual synapses following spontaneous single vesicle release.  
A. Cultured hippocampal neuron infected with AAV-GCaMP6f. Left panel: GCaMP6f average 

(green), middle panel: ΔF calculated by subtracting GCaMP6f average from GCaMP6f 
maximum projection (magenta), right panel: merge of GCaMP6f average (green) and ΔF 
(magenta). Bottom panels: Zoom in of boxed spine from cell in top left. First panel is 
GCaMP6f average, the 2nd through 4th panels are individual frames showing a single mSCaT 
at 0 msec, 400 msec, and 800 msec respectively. Red circles indicate ROIs for data traces 
shown in B.  
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B. ΔF/F traces from spine and dendrite regions circled in red in A.  
C. Representative GCaMP6f traces demonstrating that treatment with ryanodine, thapsigargin, 

DNQX, and nifedipine (Blockers) did not alter mSCaT amplitude compared to vehicle 
treatment. 

D. Quantification of effect of blockers on mSCaT amplitude compared to vehicle treatment 
revealed that blockade of non-NMDAR sources of Ca2+ did not impact mSCaT amplitude. 

E. Representative GCaMP6f traces demonstrating that treatment with APV eliminated mSCaTs 
compared to vehicle treatment. 

F. Treatment with APV eliminates 94% of events. 
 
 

 

In order to confirm that our measurement is sensitive to changes in NMDAR 

activation, I tested the dynamic range of GCaMP6f imaging at individual synapses. I 

reasoned that if the indicator is not near saturation then increases in extracellular Ca2+ 

will produce approximately proportional increases in fluorescence intensity (F), 

otherwise very large Ca2+ influx will saturate the indicator and result in a 

disproportionately low ΔF/F. To test this, I raised the concentration of Ca2+ in the ACSF 

from 1.5 mM to 1.88 mM and measured mSCaT amplitude. I observed a significant 

increase in the average mSCaT amplitude (vehicle: 1.138 ± 0.031 ΔF/F, n=611/17; 1.88 

mM Ca2+: 1.56 ± 0.051 ΔF/F, n=377/4; p<0.0001, Kruskal-Wallis) (Fig. 3.2A, B), 

confirming that under our experimental conditions the dynamic range of the indicator was 

sufficient to detect larger mSCaTs. To probe for sensitivity to smaller responses, and 

establish a lower limit to our detection, I added extracellular Mg2+ to block NMDAR 

channels, which I predicted would decrease the amplitude of mSCaTs. The IC50 of Mg2+ 

at a typical resting potential of -60 mV is ~20 μM for NMDARs (Kuner and Schoepfer, 

1996). Increasing the extracellular Mg2+ concentration from 0 to 30 μM caused a 

significant decrease of close to 50% in the range of mSCaT amplitudes, as expected 

(vehicle: 1.138 ± 0.031 ΔF/F, n=611/17; 30μM: 0.697 ± 0.046 ΔF/F, n=122/7; p<0.0001, 
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Kruskal-Wallis) (Fig. 3.2A, B), confirming that there is sufficient sensitivity to detect 

smaller mSCaTs. Additionally, the sensitivity of the events to [Mg2+] further confirms 

that mSCaTs reflect the amount of NMDAR activation. In order to evaluate the lower 

limit of mSCaT detection, I raised the Mg2+ concentration again, to 100 μM and 1 mM. 

Both concentrations decreased mSCaT amplitude (100 μM: 0.513 ± 0.049 ΔF/F, n=66/5; 

1 mM: 0.31 ± 0.057 ΔF/F, n=20/4; p<0.0001, Kruskal-Wallis (Fig. 3.2A, B) and 

decreased mSCaT frequency (Hz) (vehicle: 0.04 ± 0.002, n=414/3; 100 μM: 0.005 ± 

0.0001, n=132/5; 1 mM: 0.0004 ± 0.0002, n=89/4; p<0.0001, Kruskal-Wallis). 

Interestingly, while the above Mg2+ experiments were performed in the absence of 

DNQX, I observed the same effects of Mg2+ in the presence of DNQX (Fig 3.2C). There 

does appear to be a small further attenuation of mSCaT amplitude with DNQX treated 

synapses compared to the no DNQX group. It is not clear what might cause this effect 

and whether is it just due to normal variability in the mSCaT amplitude, it is possible that 

the larger events that persist in the no DNQX synapses with Mg2+ elevation are facilitated 

by AMPAR-mediated depolarization. Together this suggests that under more 

physiological conditions, AMPAR activation after spontaneous release does not alone 

cause sufficient depolarization to relieve the Mg2+ block on the NMDARs. This decrease 

in mSCaT frequency suggests that either a subset of events are too small to detect when 

Mg2+ is present, or that some synaptic NMDARs are effectively entirely blocked by Mg2+ 

at these concentrations.  Measuring the distribution of individual mSCaTs in elevated 

Mg2+ revealed a lower ΔF/F limit of 0.1 ΔF/F, the amplitude of the smallest events 

observed, below which mSCaTs cannot be reliably detected. While I cannot deduce the 

true amount of Ca2+ influx from the GCaMP6f ΔF/F due to the nonlinearities inherent in 
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the imaging approach, these data taken together indicate a large dynamic range of the 

reporter, and suggest it provides an acceptable readout of the strength of NMDAR 

activation at individual synapses. In order to ensure that NMDARs were minimally 

blocked, all other experiments were performed in the absence of added Mg2+. 
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Figure 3.2: GCaMP6f has sufficient dynamic range to detect events as they get smaller 
or larger at single synapses.  
A. Example mSCaT traces from raising Ca2+ and raising Mg2+. 
B. Raising extracellular Ca2+ causes increased mSCaT amplitude, while application of 30 μM, 

100 μM, and 1 mM Mg2+ reduce mSCaT amplitude, in the absence of DNQX. Heavy dashed 
lines represent median and light dashed lines represent quartiles.  

C. Raising [Mg2+] to 30 μM, 100 μM, and 1 mM  reduces mSCaT amplitude, in the presence of 
DNQX. Heavy dashed lines represent median and light dashed lines represent quartiles. 
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I observed that mSCaT amplitudes and frequencies were highly variable between 

synapses (Fig. 3.3A, B) with population inter-spine CVs of 0.64 and 0.99 respectively. 

Interestingly, the mean within-spine CV for event amplitude was also quite high, nearly 

at the level as what was observed between spines (0.57 ± 0.01 n=700/10, at least 3 events 

per spine). This variability was not due to differences in co-agonist availability, as 

treatment with 100 μM D-serine actually increased intra-spine mSCaT variability (mean 

CV normalized to baseline: vehicle: 1.05 ± 0.05, n=159/4; D-serine: 1.28 ± 0.05, 

n=252/4; p=0.002, unpaired t-test; Fig. 3.3E). I therefore asked what synaptic or receptor 

properties could underlie this high degree of variability in receptor activation by 

spontaneous release both within and between synapses. 
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Figure 3.3: mSCaTs measured by GCaMP6f imaging are highly variable 
A. Frequency histogram of mSCaT amplitude for individual synapses across 923 spines from 8 

cells.   
B. Frequency histogram of mSCaT frequency for individual synapses across 923 spines from 8 

cells.   
C. mSCaT amplitude increased with D-serine compared to vehicle treatment (Veh: 1.02 

± 0.041, n=4/159; D-serine: 1.26 ± 0.038, n=4/252; p<0.0001, unpaired t-test). 
D. mSCaT frequency increased with D-serine compared to vehicle treatment (Veh: 0.97 

± 0.082, n=4/159; D-serine: 1.69 ± 0.076, n=4/252; p<0.0001, unpaired t-test). 
E. mSCaT CV increased with D-serine compared to vehicle treatment (Veh: 1.05 ± 

0.046, n=4/159; D-serine: 1.28 ± 0.05, n=4/252; p=0.002, unpaired t-test). 
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Section 2. GluN2B-NMDARs mediate the majority of the NMDAR-dependent Ca2+ 

influx by spontaneous release.  

A critical regulator of NMDAR function and downstream signaling is the 

composition of its GluN2 subunit. Specifically, GluN2B-NMDARs are important players 

of synaptic plasticity following evoked release (Foster et al., 2010; Sanhueza et al., 2011; 

Shipton and Paulsen, 2014), which makes them good candidates for mediating the 

plasticity induced by changes in spontaneous NMDAR activation. Therefore, I asked 

what proportion of mSCaTs in mature synapses is attributable to GluN2B-NMDARs 

activation. To address this, I imaged GCAMP6f before and after bath application of the 

GluN2B-specific antagonist ifenprodil (6 μM), or vehicle (Fig. 3.4A, B). Ifenprodil at 

this concentration is expected to nearly completely block GluN2B-NMDARs, block 

~20% of GluN2A/B-NMDARs, and have almost no effect on GluN2A-NMDARs 

(Stroebel et al., 2014). In our cells, treatment with ifenprodil caused ~35% reduction in 

mSCaT amplitude (normalized amplitude: vehicle: 0.977 ± 0.015, n=1204/20; ifenprodil: 

0.622 ± 0.017, n=572/10; p<0.0001, Kruskal-Wallis) (Fig. 3.4C, D, G). Interestingly, I 

observed a dramatic reduction in mSCaT frequency following application of ifenprodil, 

with ~50% of synapses completely silenced by ifenprodil application and an ~81% 

reduction in overall mSCaT frequency (normalized frequency: vehicle: 0.82 ± 0.022, 

n=961/20; ifenprodil (3 wk): 0.138  ± 0.006, n=788/10; p<0.0001, Kruskal-Wallis) (Fig. 

3.4E, F, H). The dramatic drop in event frequency along with complete blockade of 

events at half of the synapses suggests a significant portion of mSCaTs are entirely 

GluN2B-NMDAR mediated, and that GluN2A-NMDARs contribute very little to 

NMDAR-mediated Ca2+ influx in response to spontaneous release. 
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Additionally, because GluN2B-NMDAR levels are developmentally regulated in 

some brain areas (Chen et al., 2000; Barth and Malenka, 2001; Ritter et al., 2002; Yashiro 

and Philpot, 2008), I imaged neurons at 5 weeks, to assess whether the large effect of 

ifenprodil on mSCaT frequency was due to the age of the cells. I found a significant 

reduction in amplitude and frequency with ifenprodil in 5-week cells (normalized 

amplitude (5 wk): 0.608  ± 0.049, n=94/9; normalized frequency (5 wk): 0.196 ± 0.022, 

n=130/9; p<0.0001, Kruskal-Wallis), and no difference between the effects of ifenprodil 

on 3 week or 5 week old neurons (amplitude: p= 0.546, Kruskal-Wallis; frequency: 

p=0.0247, Kruskal-Wallis) (Fig. 3.4C, D, E, F), indicating that GluN2B-NMDARs 

contribute significantly to spontaneous events in mature cultured hippocampal neurons of 

different ages.  
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Figure 3.4: GluN2B-NMDARs mediate the majority of response to spontaneous 
glutamate release. 

A. Average projection of GCaMP6f (green) at baseline and following treatment with 
vehicle or ifenprodil.  Active synapse shown in magenta. Following treatment 
with ifenprodil there is a clear reduction in the number of active spines compared 
to baseline (scale bar: 10 μm).  

B. Example traces from spines treated with either vehicle (black) or ifenprodil (red).  
C. Ifenprodil treatment leads to a reduction in mSCaT amplitude at both 3 and 5 

weeks. Outliers removed for data display. Solid line represents median and 
dashed lines indicate 1st and 3rd quartile. 

D. Cumulative probability for amplitude normalized to baseline for ifenprodil and 
vehicle treated cells at 3 and 5 weeks.  

E. Ifenprodil treatment leads to a reduction in mSCaT frequency at both 3 and 5 
weeks. Outliers removed for data display. Solid line represents median and 
dashed lines indicate 1st and 3rd quartile.  

F. Cumulative probability for frequency normalized to baseline for ifenprodil and 
vehicle treated cells at 3 and 5 weeks. Treatment with ifenprodil reduces mSCaT 
frequency with a portion of spines completely blocked.  
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G. Post-treatment mSCaT amplitude versus baseline mSCaT amplitude has a slope of 
0.6167 ± 0.033 for vehicle treated cells and 0.327 ± 0.025 for ifenprodil treated 
cells and these slopes are significantly different (p<0.0001).  Post-treatment 
mSCaT amplitude is correlated with baseline amplitude for both vehicle treated 
synapses (R2=0.42, p<0.0001) and ifenprodil treated synapses (R2=0.22, 
p<0.0001).  

H. Baseline mSCaT frequency versus post treatment mSCaT frequency reveals that 
nearly all synapses show a reduction in event number with ifenprodil treatment 
(vehicle: slope= 0.798 ± 0.024; ifenprodil: slope= 0.108 ± 0.005; p<0.0001). 
Post-treatment mSCaT amplitude is correlated with baseline amplitude for both 
vehicle treated synapses (R2=0.56, p<0.0001) and ifenprodil treated synapses 
(R2=0.31, p<0.0001). 

 

 

 

I also observed that synapses with larger mSCaTs at baseline were associated with a 

greater effect of ifenprodil on mSCaT amplitude (R2= 0.089, p<0.0001, n=544/10) (Fig. 

3.5A), and spines with higher mSCaT frequency at baseline tended to have a larger 

portion of events blocked with ifenprodil (R2= 0.012, p=0.003, n=751/10) (Fig. 3.5B). 

Thus, more active synapses, with more NMDAR activation, have a larger contribution of 

GluN2B-containing NMDARs to their events. Because GluN2B-NMDARs have longer 

open times and lower open probability than GluN2A-NMDARs, it is likely that there is 

increased variability in Ca2+ influx through GluN2B-NMDARs (Santucci and 

Raghavachari, 2008). Indeed, I observed that mSCaT amplitude variance was slightly 

reduced following ifenprodil treatment (baseline CV: 0.633 ± 0.02; post-ifenprodil CV: 

0.495 ± 0.016; n=225, p<0.0001, paired t-test, Fig. 3.5C); however this could at least be 

partially due to the large reduction in the number of events. Overall, NMDAR subtype 

may contribute to the high degree of variability in NMDAR-mediated Ca2+ influx. Taken 

together, these results not only indicate that GluN2B-NMDARs contribute to events at 
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these synapses, but also that a significant portion of mSCaTs are largely GluN2B-

NMDAR mediated. 

 

 

 

Figure 3.5: GluN2B-NMDARs mediate majority of response to spontaneous glutamate 
release.  

A. Normalized amplitude after ifenprodil treatment is negatively correlated with 
baseline amplitude. 

B. Normalized mSCaT frequency after ifenprodil treatment is negatively correlated 
with baseline mSCaT frequency.  

C. Within spine CV decreases following ifenprodil treatment. 
 

 

 
It is conceivable that expression of GCaMP6f, by chronic alteration of Ca2+ buffering 

in the cell, could lead to abnormal expression of GluN2 subunits and prevent the typical 

developmental shift in the ratio of GluN2B:GluN2A subunits (Yashiro and Philpot, 

2008). To test this, we examined subunit expression levels at DIV 12 and 19 in control 

cultures, or in cultures that had been infected with GCaMP6f or GFP with help from the 

Benavides Lab. In uninfected cultures, we observed the expected decrease in the ratio, 
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and this decrease was unaltered in either virus-infected condition (Fig 3.6C, D). I then 

examined ifenprodil sensitivity in neurons that were only transiently transfected with 

GCaMP6f, rather than infected. I found that neurons that expressed GCaMP6f from DIV 

18-21 showed the same high ifenprodil sensitivity as those chronically expressing via 

virus infection (Normalized amplitude: Veh-infected: 0.98 ± 0.016, n=1204/20; Ifen-

Infected: 0.622 ± 0.017, n=572/10; Veh-transfected: 1.07 ± 0.035, n=103/4; Ifen-

transfected: 0.633 ± 0.051, n=81/4; p<0.0001, one-way ANOVA; Normalized frequency: 

Veh-infected: 0.82 ± 0.022, n=961/20; Ifen-Infected: 0.137 ± 0.006, n=788/10; Veh-

transfected: 0.855 ± 0.063, n=110/4; Ifen-transfected: 0.20 ± 0.048, n=142/4; p<0.0001, 

one-way ANOVA) (Fig. 3.6A, B). These observations demonstrate that chronic 

GCaMP6f expression does not alter subunit expression. 
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Figure 3.6: Chronic expression of GCaMP6f does not alter GluN2B-NMDAR 
contribution to mSCaTs or GluN2B developmental shift.  
A. Ifenprodil has the same effect on mSCaT amplitude for transiently transfected cells as 

infected cells (Normalized amplitude: Veh-infected: 0.98 ± 0.016, n=1196/20; Ifen-
Infected: 0.622 ± 0.017, n=565/10; Veh-transfected: 1.07 ± 0.035, n=103/4; Ifen-
transfected: 0.633 ± 0.051, n=81/4; p<0.0001, one-way ANOVA). 

B. Ifenprodil has the same effect on mSCaT frequency for transiently transfected cells as 
infected cells (Normalized frequency: Veh-infected: 0.82 ± 0.022, n=961/20; Ifen-
Infected: 0.137 ± 0.006, n=788/10; Veh-transfected: 0.855 ± 0.063, n=110/4; Ifen-
transfected: 0.20 ± 0.048, n=142/4; p<0.0001, one-way ANOVA). 

C. Hippocampal neurons were infected with AAV-GFP or AAV-GCaMP6f on DIV0 and 
harvested on DIV12 or DIV19. Representative immunoblots for GluN1, GluN2A, 
GluN2B, and �-Tubulin are shown. Molecular weight markers (kD) indicated for 
each immunoblot. Sample from adult rat hippocampus (HC) included as positive 
control. 

D. Quantitation shows decrease in GluN2B/GluN2A ratio from DIV12 to DIV19. Graph 
depicts normalized mean GluN2B/GluN2A ratios ± SEM (DIV factor: p<0.0001; 
Infection factor p=0.5009; Interaction: p=0.812; two-way ANOVA). 
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Additionally, because 6 μM ifenprodil can minimally block triheteromeric NMDARs 

and potentially even have an effect on GluN2A-NMDARs (Hatton and Paoletti, 2005; 

Hansen et al., 2014; Stroebel et al., 2018b), I also tested the effect of a different 

GluN2B-specific antagonist, Ro 25-6981 (Ro 25), on mSCaT amplitude and frequency. 

Ro 25 has a higher specificity for GluN2B-NMDARs over GluN2A-NMDARs than 

ifenprodil (Fischer et al., 1997), which decreases the likelihood that any GluN2A-

NMDARs will be affected. However, it is not clear to what extent Ro 25 can impact 

GluN2A/B-NMDARs because it has not been directly tested. Because it has such a high 

IC50 for GluN2A-NMDARs, it is possible that this translates to a reduction in the effect 

of Ro 25 on triheteromeric receptors. Bath application of 1 μM Ro 25 led to a large 

reduction in mSCaT frequency, similar to what was observed with ifenprodil application 

(normalized frequency: vehicle: 0.69 ± 0.035, n=435/17; Ro 25-6981: 0.283 ± 0.027, 

n=547/18; p<0.0001, unpaired t-test; Fig. 3.6A, B). Interestingly, mSCaT amplitude was 

less impacted by Ro 25 than ifenprodil with ~10% reduction in mSCaT amplitude 

compared to ~40% reduction in amplitude for ifenprodil treated synapses (normalized 

amplitude: vehicle: 1.013 ± 0.025, n=367/17; Ro 25-6981: 0.917 ± 0.025, n=232/18; 

p=0.009, unpaired t-test; Fig. 3.6C, D). There are two possible explanations for this 

difference. One is that the effect seen on mSCaT amplitude with 6 μM ifenprodil is due to 

blockade of GluN2A/B and GluN2A-NMDARs, which is not occurring with the Ro 25 

treatment. However, because it is not known how Ro 25 impacts triheteromers, the 

second possibility is that the reduction of the amplitude effect is due to use-dependence 

of the Ro 25. Ro 25 blockade increases following NMDAR activation (Fischer et al., 

1997), which could allow some events to occur before the NMDARs are blocked and 
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explain the reduction in amplitude effect. Ultimately, ifenprodil has similar activity-

dependence as Ro 25 (Fischer et al., 1997), which supports the first option that the 

difference in mSCaT amplitude effects is due to some non-specific blockade by 

ifenprodil. Since the effects on mSCaT frequency are consistent, the Ro 25 treatment 

supports the conclusion that mSCaTs are largely mediated by GluN2B-NMDARs.  

In order to bolster my conclusion that GluN2B-NMDARs contribute significantly to 

mSCaTs at individual synapses, I attempted to block GluN2A-NMDARs with the 

selective antagonist TCN-201. GluN2A-NMDAR antagonists are often not very selective 

for GluN2A-NDMARs but TCN-201 is among the most selective (Hansen et al., 2014). 

However, in our cultured neurons, treatment with TCN-201 produced a rather surprising 

increase in both mSCaT amplitude (Posttreatment normalized to baseline within spine: 

Veh: 0.93 ± 0.029, n=302/11; TCN-201 (1 μM): 0.99 ± 0.020, n=407/7; TCN-201 (10 

μM): 1.08 ± 0.027, n=376/8; p=0.0003, one-way ANOVA; Fig 3.7F) and frequency 

(Posttreatment normalized to baseline within spine: Veh: 0.82 ± 0.029, n=310/11; TCN-

201 (1 μM): 1.36 ± 0.048, n=412/7; TCN-201 (10 μM): 1.79 ± 0.059, n=376/8; p<0.0000, 

one-way ANOVA; Fig 3.7G). I repeated this experiment several times under various 

conditions and found this effect to consistent. It is not clear why this effect was so strange 

or consistent. There are other GluN2A-NMDAR blockers, including zinc, but since those 

tend to be less specific, I decided to focus instead on just the blockade of GluN2B-

NMDARs.  

Finally, there is some evidence that GluN2B-NMDARs are found presynaptically and 

may alter vesicle release (Siegel et al., 1994; McGuinness et al., 2010; Dore et al., 2017). 

In order to rule this out as a possible cause of the decreased mSCaT frequency that I 
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observed, I used whole-cell patch clamp to record AMPAR-mediated mEPSCs from cells 

before and after treatment with ifenprodil. If ifenprodil was impacting presynaptic release 

rates, then this should be reflected in a decrease in mEPSC frequency. However, I saw no 

effect of ifenprodil treatment on mEPSC amplitude (Posttreatment normalized to baseline 

within cell: Veh: 0.94 ± 0.032, n=13 cells; ifen: 0.99 ± 0.056, n=9 cells; p=0.4002, 

unpaired t-test; Fig 3.7H) or frequency (Posttreatment normalized to baseline within cell: 

Veh: 0.95 ± 0.032, n=13 cells; ifen: 0.96 ± 0.048, n= 9 cells; p=0.834, unpaired t-test; Fig 

3.7G) indicating that ifenprodil is not affecting presynaptic NMDARs to alter release 

parameters.  
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Figure 3.7: Impact of subtype specific antagonists on mSCaTs. 
A. Ro 25-6891 treatment leads to a reduction in mSCaT frequency. 
B. Cumulative probability plot of effect on frequency by vehicle or Ro 25-6981 
C. Ro 25-6891 treatment leads to a reduction in mSCaT amplitude. 
D. Cumulative probability plot of effect on amplitude by vehicle or Ro 25-6981 
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E. Treatment with TCN-201 increases mSCaT frequency at both 1 μM and 10 
μM. 

F. Treatment with TCN-201 increases mSCaT amplitude at 10 μM. 
G. Treatment with ifenprodil does not impact mEPSC frequency. 
H. Treatment with ifenprodil does not impact mEPSC amplitude. 
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Section 3: Very few NMDARs are activated by spontaneous release.  

I next wanted to estimate the number of NMDARs activated by spontaneous release. I 

predicted that if many NMDARs are activated by spontaneous release, then a modest 

concentration of a high-affinity antagonist would lead to a reduction in mean mSCaT 

amplitude without impacting the frequency of events. I tested this by bath application of 

0.5 μM of the high affinity NMDAR antagonist, CPP, a concentration that blocked ~70% 

of NMDAR-EPSC amplitude. If only 1 NMDAR is activated on average, then I predict 

that mSCaT amplitude would be not change but there would be a large reduction in 

mSCaT frequency. I observed a reduction in amplitude by 50% (vehicle: 0.948 ± 0.015, 

n=689/6; CPP: 0.511 ± 0.021, n=354/4; p<0.0001, t test) (Fig. 3.8B), and additionally a 

significant large decrease (~76%) in the frequency of mSCaTs (vehicle: 0.915 ± 0.026, 

n=689/6; CPP: 0.239 ± 0.015, n=354/4; p<0.0001, t test), with ~20% of spines 

completely blocked (Fig. 3.8B,C). These results are not entirely consistent with activation 

restricted to just 1 NMDAR activated for every event nor with many NMDARs activated, 

however, the dramatic drop in frequency does suggest that for a large portion events, they 

are mediated by just 1 NMDAR. Therefore, I conclude that on average it is most likely 

that 1-2 NMDARs are activated per release event. However, further experiments or 

modeling data would in the future help support this conclusion.  
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Figure 3.8: Few NMDARs are activated per release event. 
A. Subsaturating concentration of NMDAR antagonist reduces average peak 

dF/F.  Two populations are apparent, spines that have an amplitude reduction 
of 50% and spines that no longer show any events. 

B. CPP addition leads to large reduction in event number, which is expected 
only if there are very few NMDARs activated with each release event.  

C. Most spines show a reduction in event frequency. 
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Section 4: NMDAR activation is independent of spine and synapse size.  

While GluN2B-NMDARs contribute to variability of mSCaT amplitude within 

synapses, other parameters may contribute to variability between synapses. While there is 

evidence that the number of NMDARs present in the PSD (Kharazia et al., 1999; Takumi 

et al., 1999; Shinohara et al., 2008; Chen et al., 2015) as well as the magnitude of their 

activation by evoked release is not related to spine size (Nimchinsky et al., 2004b), there 

is a strong relationship between spine size and the amount of activation of other receptor 

types, particularly AMPARs (El-Husseini et al., 2000; Masanori Matsuzaki et al., 2004; 

Araki et al., 2015). Since NMDAR activation by spontaneous release may be regulated 

distinctly from NMDAR activation by evoked release, I tested the relationship between 

mSCaTs and spine size. I measured spine area at individual synapses based on post-Ca2+ 

imaging z-stacks (Fig. 3.9A, B). Spine area ranged from 0.163 μm2 to 1.411 μm2 with a 

mean spine area of 0.639 ± 0.009 μm2. By matching spine area to mSCaT data for each 

synapse, I found that mean mSCaT amplitude per spine was weakly negatively correlated 

with spine area for spontaneous release events (R2=0.008, p=0.028, n=628/10). A similar 

result was seen with binned spine area data to reduce overpowering the analysis 

(R2=0.256, p=0.023, n=20/10 (Fig. 3.9C). However, this negative correlation is likely due 

to smaller proportional Ca2+ influx in larger spines rather than differences in the amount 

of NMDAR activation (Nimchinsky et al., 2004a). Overall, this suggests that NMDAR 

activation does not substantially scale with spine size. 

GluN2B-NMDARs have been shown to exit synapses that have undergone LTP 

(Dupuis et al., 2014) and those synapses tend to be larger (Matsuzaki et al., 2001; 

Malenka and Bear, 2004; Matsuzaki et al., 2004). Therefore, it is possible there is a 
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smaller contribution of GluN2B-NMDARs at larger spines. To address this, I examined 

the correlation between the effect of ifenprodil on mSCaTs at individual synapses and 

spine area. I found that spine area did not correlate with the magnitude of ifenprodil 

blockade on amplitude or frequency of mSCaTs (normalized amplitude: raw: R2=0.006, 

p=0.388, n=127/6; binned: R2=0.050, p=0.342, n=20/6; normalized frequency: R2=0.012, 

p=0.109, n=221/6; binned: R2=0.059, p=0.298, n=20/6) (Fig. 3.9D). These data suggest 

that the contribution of GluN2B-NMDARs per synapse is not related to spine area.  
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Figure 3.9: NMDAR activation is independent of spine area.  
A. Example stretch of dendrite from post-Ca2+ imaging GCaMP6f z-stack (scale bar 10 

μm).  
B. Zoom in of spines indicated by white arrowheads from A paired with their respective 

Ca2+ traces (scale bar 1 μm).  
C. mSCaT amplitude weakly, negatively correlates with spine area.  
D. Effect of ifenprodil on amplitude (light red) and frequency (dark red) does not 

correlate with spine area.  
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between the two fluorophores (GCaMP6f: 0.702 ± 0.022; tdTomato: 0.704 ± 0.022; 

p=0.906, n=2/191, paired t-test) (Fig 3.10B, C). Therefore, GCaMP6f is an appropriate 

cell fill to use to measure spine area. 

Additionally, because the z-stack used to assess spine area was acquired at the end of 

the imaging session, it is possible that spine area changes during the 10 minutes of 

GCaMP6f imaging and that spine area measured at the end of the acquisition may not 

accurately reflect spine for the duration of the imaging. In order to address this concern, I 

compared the spine area measured from an initial z-stack with one taken 10 minutes later. 

Spine area at 0 minutes was significantly correlated with spine area 10 minutes later 

(R2=0.552, p<0.0001, n=2 cells/224 spines; Fig. 3.10E), indicating that spine area is not 

changing significantly during the 10 minutes of imaging. However, the correlation is not 

perfect, suggesting that there is some small amount of variability in spine area during the 

course of imaging. There was a slight reduction in spine area at 10 minutes observable in 

the correlation, which may be due to cell damage or mild photobleaching due to the 

initial z-stack. However, there was not a significant difference in spine area measured 

before compared to spine area at 10 minutes (10 min: 0.829 ± 0.023; 0 min: 0.846 ± 

0.024; p=0.336, n=2/224, paired t-test) (Fig 3.10F, G), and therefore, I am confident that 

measuring spine area at the end of the imaging session provides an accurate readout of 

spine area.  
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Figure 3.10: NMDAR activation is independent of spine area.  
A. Spine area measured with GCaMP6f is correlated to spine area measured with 

tdTomato (R2=0.699, p<0.0001, n=2 cells/191 spines). Linear regression shown in 
solid black (slope=0.85) and dashed line is slope=1 for comparison. 

B. Spine area at measured with GCaMP6f is not different from spine area measured by 
tdTomato (GCaMP6f: 0.702 ± 0.022; tdTomato: 0.704 ± 0.022; p=0.906, n=2/191, 
paired t-test). 

C. Spine area at measured with GCaMP6f is not different from spine area measured by 
tdTomato. 

D. Spine area measured by GCaMP6f normalized within spine to spine area measured 
with tdTomato revealed that spines area was not different when measured using 
tdTomato or GCaMP6f (mean= 1.04 ± 0.024, n=2/191).  

E. Spine area at 10 minutes is correlated to spine area at 0 minutes (R2=0.552, 
p<0.0001, n=2 cells/224 spines). Linear regression shown in solid black (slope=0.71) 
and dashed line is slope=1 for comparison. 

F. Spine area at 10 minutes is not different from spine area at 0 minutes (10 min: 0.829 ± 
0.023; 0 min: 0.846 ± 0.024; p=0.336, n=2/224, paired t-test). 

G. Spine area at 10 minutes is not different from spine area at 0 minutes  
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H. Spine area at 10 minutes normalized within spine to spine area at 0 minutes revealed 
that spines area is not changing over 10 minutes (mean= 1.02, SEM= 0.021, 
n=2/224). 
 
 
 

Even though spine size is often related to synapse size (Harris et al., 2014), the PSD is 

much smaller than the spine itself, and is a highly dynamic structure that is strongly 

correlated to the size of the active zone across the cleft (Harris and Stevens, 1989; 

Schikorski and Stevens, 1997; Inoue and Okabe, 2003; MacGillavry et al., 2013). Thus, 

to measure the area of the PSD itself using super-resolution microscopy, I turned to 

dSTORM imaging of the postsynaptic protein Shank. I matched mSCaT data to super-

resolved PSDs for 47 synapses from 6 neurons that were subjected to live GCaMP6f 

imaging followed by fixation and anti-Shank immunocytochemistry and dSTORM 

imaging (Fig. 3.11 A, B, C, D). The mean PSD area was 0.060 μm2 ± 0.006, which is 

near the mean reported by electron microscopy of hippocampal synapses (mean ~0.069 

μm2) (Harris and Stevens, 1989; Schikorski and Stevens, 1997; Shinohara et al., 2008). I 

found that mSCaT amplitude was not correlated with PSD area (R2=0.013, p=0.452, n= 

47/6) (Fig. 3.11E). 
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Figure 3.11: NMDAR activation is independent of synapse area.  
A. GCaMP6f max projection acquired directly following Ca2+ imaging (scale bar 

is 20 μm) of dSTORM imaged neuron. White box indicates area where super-
resolution imaging was performed. 

B. Magnified region from A. Max projection of GCaMP6f stack acquired at time 
of STORM imaging (white) (scale bar is 5 μm). Super-resolved Shank 
localizations are shown in red. Right is a magnified view of the Shank 
localizations from the spine indicated with the yellow arrowhead. 

C. Magnified view of a mSCaT in the spine indicated by yellow arrowhead in B.  
D. Ca2+ trace from spine indicated by yellow arrowhead in B. 
E. mSCaT amplitude does not correlate with PSD area. 

 

 

Taken together, this set of observations indicates that the size of the activated pool of 

NMDARs at individual synapses is independent of synapse size and that variability in the 

magnitude of NMDAR activation observed between synapses for spontaneous release 

events is controlled by factors other than the size of the synapse itself. I will delve into 

possible parameters influencing NMDAR activation in the discussion.  
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Section 4: mSCaTs are not impacted by synaptic scaffold nanostructure 

  If NMDAR nano-clusters are apposed to sites of spontaneous vesicle exocytosis, 

then I would expect to see an increase in mSCaT amplitude at more organized synapses 

compared to more randomly arranged synapses. Therefore, I next asked whether 

organization of the synapse into nanodomains is a factor that influences mSCaT 

amplitude. However, because there is evidence that spontaneous release occurs more 

randomly across the active zone than evoked release, which is clustered within the 

nanocolumn, it is likely that spontaneous release is not specifically positioned to activate 

receptors that are within the nanocolumn. Modeling data has suggested that even with 

release that is occurring randomly with respect to the receptor nanodomain, there is still 

an overall increase in event amplitude and inter-event variability compared to random 

release across from randomly arranged receptors, due to the possibility that some portion 

release events occur across from the high density of receptors (MacGillavry et al., 2013). 

Using the same nanoscale maps of Shank that were generated for measuring PSD area, I 

was able to assess synaptic nanostructure at synapses on which I also performed Ca2+ 

imaging. In order to quantify how nanoclustered a synapse is, I used a measurement 

based on the autocorrelation function The radius at which the Shank localization 

distribution goes from non-random to random (autocorrelation=1) corresponds to the 

diameter of the subsynaptic nanodomains (Fig. 3.12A). Therefore, this radius represents 

the extent of clustering. This analysis revealed no correlation between synaptic nano-

organization and mSCaT amplitude (R2=4.95e-008, p=0.9987, n= 58/6; Fig. 3.12B), 

frequency (R2=0.0005, p=0.8586, n= 58/6; Fig. 3.11C), or CV (R2=0.008, p=0.4901, n= 

58/6; Fig. 3.12D).  Suggesting that organization of the synapse into nanodomains does 
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not actually impact NMDAR activation by spontaneous release. However, this was a 

relatively small number of synapses and data analysis was not ideal, therefore this 

experiment needs to be refined and repeated in the future. Future work exploring the 

impact of synaptic nanostructure on AMPAR activation by spontaneous release and 

glutamate receptor activation by evoked release will be required to determine the role of 

nanostructure in synaptic transmission.  
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Figure 3.12: NMDAR activation by spontaneous release is independent of Shank 
nanostructure.  
A. Nanostructure was assessed using the radius at which the protein distribution goes 

from non-random to random. This corresponds to the diameter of subsynaptic 
nanodomains.  

B. mSCaT frequency does not correlate with nanodomain radius (R2=0.0005, p=0.8586, 
n= 58/6) 

C. mSCaT amplitude does not correlate with nanodomain radius ((R2=4.95e-008, 
p=0.9987, n= 58/6). 

D. mSCaT CV does not correlate with nanodomain radius (R2=0.008, p=0.4901, n= 
58/6). 
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Section 5: mSCaT amplitude is correlated with synapse distance from the soma.  

Another potential source of variability in mSCaT amplitude and frequency is the 

position of the synapse within the dendritic tree. In fact, NMDAR-mediated Ca2+ influx is 

increased in synapses further from the cell body (Walker et al., 2017). I asked whether 

NMDAR activation by spontaneous glutamate release varies throughout the dendritic 

arbor as a function of distance from the soma or the number of branch points away from 

the soma (branch depth). I mapped neuronal morphology and identified spines along 

dendrites from z-stacks of GCaMP6f-expressing neurons using semi-automatic neuron 

tracing and spine detection in Imaris (Fig. 3.13A, B) and identified spines in the traced 

image that had been Ca2+ imaged (Fig 3.13C).  
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Figure 3.13: Imaris tracing examples 
A. Max projection of GCaMP6f stack taken following GCaMP6f imaging. Magnification 

of white box is on the right. Scale bars are 30 μm. 
B. Semi-automatic spine detection on max projection of GCaMP6f. Blue spines are 

spines that do not have Ca2+ imaging data while spines in red do. Magnification of 
white box is on the right. Scale bars are 30 μm. 

C. Semi-automatic dendrite and spine detection in Imaris detects dimensions of cell 
features based on fluorescence.  

A 

B 

C 
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Mean mSCaT amplitude per spine was significantly correlated with distance from 

the soma (R2=0.014, p=0.036 n=316/9) (Fig. 3.14C), as expected (Walker et al., 2017). 

Interestingly, even though branch depth was correlated with distance from the soma 

(R2=0.022, p<0.0001; data not shown), mean mSCaT amplitude did not correlate with 

branch depth (raw data: R2= 0.0007, p=0.649, n=287/9) (Fig. 3.14G). In order to compare 

spines that are farther than ~200 μm away from the soma, I repeated these experiments 

using a lower power objective to increase the field of view. This allowed for a larger field 

of view and measurement of distances up to ~450 μm away from the soma. I observed 

that even at these longer distances, there was a slight correlation between mSCaT 

amplitude and distance from soma (R2=0.041, p<0.0001 n=746/6) (Fig. 3.14D, E). 

Interestingly, when mSCaT amplitude was compared to branch depth at longer distances 

there was a correlation between mSCaT amplitude and branch depth (R2=0.018, 

p=0.0002 n=746/6) (Fig. 3.14H, I). These results demonstrate the amount of NMDAR 

activation following spontaneous single vesicle release is related to the synapse distance 

from soma, and branch depth at more distal branches. Though the strength of the 

relationship implies that synapse distance, while correlated, is not a major determinant of 

NMDAR activation. 

I then further asked whether GluN2B-NMDAR content varied based on synapse 

position. I found no correlation between the magnitude of the effect of ifenprodil with 

either distance from the soma (normalized frequency: raw data: R2=0.007, p=0.237, 

n=209/9; binned data: R2=0.036, p=0.422, n=20/9; normalized amplitude: raw data: 

R2=0.006, p=0.367, n=132/9; binned data: R2=0.034, p=0.434, n=20/9) (Fig. 3.14F) or 
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branch depth (normalized frequency: raw data: R2=0.005, p=0.315, n=209/9; binned data: 

R2=0.007, p=0.721, n=209/9; normalized amplitude: raw data: R2=0.0009, p=0.729, 

n=20/9; binned data: R2=0.00004, p=0.978, n=20/9) (Fig. 3.14J). Therefore, the amount 

of GluN2B-NMDAR activation is independent of synapse position within the dendritic 

arbor.  
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Figure 3.14: Mapping synapse position and mSCaT characteristics with Imaris. 
A. Ca2+ imaged spines along traced dendrite from Imaris. Scale bar is 30 μm. First 

panel shows distance from soma, second panel shows branch depth, and third 
panel shows mSCaT amplitude. Colors are warmer as spines that are farther from 
the cell body, have higher branch depth, or have larger mSCaT mean amplitudes 
respectively. Further details on tracing and spine identification can be seen in 
Extended Data Figure 3.13.  

B. Zoom-in of boxed areas from A.  
C. mSCaT amplitude did correlate with distance from soma for proximal spines 

(R2=0.014, p=0.036 n=316/9).  
D. mSCaT amplitude did correlate with distance from soma when distal spines are 

included (R2=0.041, p<0.0001 n=746/6). 
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E. Binned data from D demonstrating relationship between spine distance from the 
soma and mSCaT amplitude 

F. Magnitude of ifenprodil effect on mSCaT amplitude (light red) and frequency 
(dark red) does not correlate with distance from the soma (normalized frequency: 
raw data: R2=0.007, p=0.237, n=209/9; normalized amplitude: raw data: 
R2=0.006, p=0.367, n=132/9). 

G. mSCaT amplitude did not correlate with the number of branch points away from 
the soma the synapse is (branch depth) for proximal spines (R2= 0.0007, 
p=0.649, n=287/9).  

H. mSCaT amplitude does correlate with branch depth when distal spines are 
included (R2=0.018, p=0.0002 n=746/6).  

I. Mean mSCaT amplitude at each branch depth. 
J. Magnitude of ifenprodil effect on mSCaT amplitude (light red) and frequency 

(dark red) did not correlate with branch depth (normalized frequency: raw data: 
R2=0.005, p=0.315, n=209/9; normalized amplitude: raw data: R2=0.0009, 
p=0.729, n=20/9).  
 

Overall, synapse position did loosely correlate with mSCaT amplitude, whereas 

spine and synapse size did not. Furthermore, the GluN2B component of mSCaTs is also 

independent of synapse size and position. Therefore, it likely that there are other factors 

besides size or position that are responsible for the dramatic variability in spontaneous 

NMDAR activation between synapses.  
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CHAPTER 4: Topographic Mapping of the Synaptic Cleft into 

Adhesive Nanodomains. 

This work was done in collaboration with the Biederer Lab at Tufts University. In 
order to present a complete story I am including figures and text that were not generated 
by me and will make it clear when doing so.  

 
SynCAM 1 is a cell adhesion protein found at excitatory synapses that can form 

complexes across the synaptic cleft. It has already been shown to involved in 

synaptogenesis, axon guidance, and synapse maintenance (Biederer et al., 2002; Sara et 

al., 2005a; Biederer, 2006; Robbins et al., 2010). However, little is known not just about 

how SynCAM 1 is organized within the synapse, but how cleft proteins in general are 

organized. Considering the highly organization synaptic nanostructure that has been 

uncovered pre and postsynaptically (MacGillavry et al., 2013; Nair et al., 2013; Tang et 

al., 2016a), it is highly likely that the cleft has a similar non-uniform organization. Here 

we examined the hypothesis that cleft proteins, including specifically SynCAM 1, are 

organized into distinct subdomains within the synaptic cleft and that this organization can 

be altered by synaptic activity. In order to assess this hypothesis we tested three main 

predictions. The first prediction was that the distribution of proteins within the cleft is not 

homogenous. Secondly, if SynCAM 1 is not arranged randomly throughout the cleft, then 

we expected to observed subdomains of SynCAM 1 that are spatially distinct from other 

cell adhesion molecules. And the final prediction is that altering synaptic transmission, 

through inducing synaptic plasticity, will alter organization of SynCAM 1. In order to test 

these predictions we utilized a combination of high-resolution imaging approaches to 

map SynCAM 1 and other cleft protein distribution in within the synaptic cleft.  
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Section 1. Structural organization of the synaptic cleft 

Adapted from (Perez de Arce et al., 2015) 
 

Cryoelecton tomography (cryo‐ET) of synaptosomes enables high‐resolution 

imaging of the entire cleft in a fully hydrated, physiologically relevant state (Lucic et al., 

2013). We recorded tomograms of neocortical synaptosomes from adult mice (Fig. 4.1A). 

All analyzed synapses were asymmetric with a defined postsynaptic density (PSD) and 

likely corresponded to excitatory synapses. The mean cleft width of wild‐ type (WT) 

synapses was 22.0±0.5 nm, consistent with previous studies (Rees et al., 1976). 

Numerous complexes spanning the cleft that often assumed the shape of a laterally 

extended, net‐like density were observed (Fig. 4.1A), in agreement with earlier data 

(Lucic et al., 2005). Trans complexes and net‐like structures were seen in all analyzed 

tomograms.  

Observation of tomograms from synapses indicated an increased central density in the 

cleft, appearing closer to the postsynaptic side (Figure 4.1B). To measure whether this 

density is off‐set from the middle, we separated the cleft into an even number of parallel 

layers. Four layers were chosen, counting from post‐ to pre‐synaptic membrane (Figure 

1C). This separation gave the most robust results with low noise. Further, each cleft was 

divided into four concentric columns to apply the same separation as for the layers, 

placing columns with even radii from center to edge (Figure 4.1C). Lower cryo‐ET 

greyscale values correspond to higher protein density, and mean greyscale values 

exhibited a minimum, i.e. highest protein density, in the second layer of WT synapses 

(Figure 4.1D,E). This increased central density closer to the postsynaptic membrane was 
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measured when layer values were averaged for all four columns (layer 2 vs. 1/3/4; paired 

t‐test, p=0.0007/0.015/0.0001; N=7 WT synapses) and when only the outermost column 

was analyzed (Figure 4.1E, left; layer 2 vs. 1/3/4; paired t‐test, p=0.015/0.019/0.0003; 

N=7 WT synapses). Protein densities of the four WT cleft columns were 

indistinguishable (not shown).  

 

 

 

 

 
 

 
 

Figure 1.  The synaptic cleft is a structurally organized compartment and SynCAM 1 shapes the edge.
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Figure 4.1. The synaptic cleft is a structurally organized compartment and SynCAM 1 
shapes the edge.  
A. Top, side view of the laterally connected structures in a completely segmented 

synaptic cleft. Bottom, cleft segmentation rotated for en face view. 
B. Tomographic slice from a synaptosome, depicting the cleft. Top, cleft density is 

visible as broken horizontal line, closer to the postsynaptic (lower) side. Bottom, net‐
like laterally connected structures determined by automated segmentation are marked 
in red. The asterisks marks a gold particle for tomogram alignment. The tomogram is 
shown at 4 voxels depth (9.2 nm). Scale bar, 50 nm.  

C. Definition of cleft layers 1‐4 from post‐to pre‐synaptic side and of four concentric 
columns within the cleft. Dashed lines mark columns. The outermost column in shown 
in grey.  

D. Representative cleft images from tomograms of WT (top) and SynCAM 1 KO (bottom) 
synaptosomes. The less dense area of the central density towards the edge of the KO 
cleft is marked by arrowheads. Tomograms are shown at 4 voxels depth (9.2 nm). 
Scale bar, 50 nm.  

E. Cleft density profile. Greyscale values of the four layers of the outermost cleft column 
are shown, with lower values corresponding to higher electron densities. Mean 
values of individual layers were calculated in each tomogram and averaged over all 
synapses for each genotype. Black bars on the y‐axis indicate the location of pre‐ and 
post‐synaptic membranes. Highest density with lowest grayscale value was recorded 
in layer 2 both in WT (left) and SynCAM 1 KO synapses (right) (N=7 WT, 8 KO 
synapses).  

F. SynCAM 1 KO synapses have a higher grayscale value differential and hence lower 
relative protein density in the outermost column compared to the three central 
columns. For normalization, cleft mean was set to 1 while membrane mean was kept 
at 0 (N=7 WT, 8 KO synapses). 

G. Representative cleft images from tomograms of transgenic control littermates (top) 
and SynCAM 1 overexpressor (OE) (bottom) synaptosomes. The elevated central cleft 
density of the control is barely visible in OE synapses. Tomograms are shown at a 
depth of 4 voxels (9.2 nm). Scale bar, 50 nm.  

H. Flat cleft density profile of SynCAM 1 OE synaptosomes. Greyscale values across the 
four layers of the outermost cleft column are shown. Mean values of individual layers 
were calculated as in (E) for control (left) and OE synapses (right) (N=5 synapses 
each transgenic controls and OE). (I, J) Layer differences in were determined by 
subtracting grayscale values of volumes depicted in lighter gray from darker gray 
volumes. SynCAM 1 OE synapses have higher density in layer 2 relative to layer 1 in 
the outermost cleft column compared to controls. Normalization as in (F) (N=5 
synapses each).  
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Section 2. The edge of the synaptic cleft is shaped by the adhesion protein SynCAM 

1  

Adapted from (Perez de Arce et al., 2015) 

We next tested whether SynCAM 1 affects the makeup of the synaptic cleft, 

choosing this immunoglobulin adhesion protein due to its expression across excitatory 

synapses in the forebrain, the high content of SynCAMs in synaptic membranes, and the 

ability of SynCAM 1 to promote excitatory synapse number in cultured neurons and the 

brain (Biederer et al., 2002; Fogel et al., 2007; Robbins et al., 2010). Neocortical 

synaptosomes from adult SynCAM 1 knock‐out (KO) mice had the same cleft width as 

WT synapses (Figures 4.1D). Loss of SynCAM 1 did not alter the layer density profile 

when data were averaged across all columns (data not shown) and at the edge (Figure 

4.1E). The apparent difference in grayscale values, with higher values in the SynCAM 1 

KO layers, could not be interpreted with certainty as lower total cleft protein amounts in 

the KO because of the inability to determine absolute values with cryo‐ET. However, 

using normalized values, relative greyscale changes in layer profiles can be robustly 

compared. This analysis showed that synapses lacking SynCAM 1 exhibited a loss of 

relative protein density, i.e. an increased grayscale differential, in the outermost cleft 

column compared to the three more central columns (Figure 1F; t‐test, p=0.037; N=7 WT 

and 8 KO synapses). Loss of SynCAM 1 therefore results in a density inversion at the 

synaptic edge.  

Because SynCAM 1 loss preserved the highest density in layer 2, other trans‐synaptic 

complexes likely establish this profile. We asked whether those interactions can be 

imbalanced by elevating SynCAM 1. We recorded cryo‐ET images of synaptosomes from 
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transgenic mice overexpressing (OE) SynCAM 1 in excitatory neurons and from 

littermates that did not overexpress SynCAM 1 (transgenic controls) (Figure 4.1G). Cleft 

width was unaffected by elevated SynCAM 1.Control synapses showed the layer profile 

(Fig. 4.1H, left) expected from WT synapses (Fig. 4.1E, left). In contrast, the profile of 

OE synapses was flat (Fig. 4.1H, right). To gain sub‐synaptic insights, we analyzed the 

profiles for each of the four columns. This determined an inverted difference (higher 

density in layer 1 than in layer 2) in the outermost column of OE synapses, different from 

controls (t‐test, p=0.0044; N=5 synapses each) (Fig. 4.1I,J). This inversion only occurred 

in the outermost column of the OE cleft (data not shown). Elevated SynCAM 1 therefore 

disrupts both the density distribution within the cleft and the profile of the outermost 

column at the postsynaptic side, possibly through increased expression of this protein at 

the postsynaptic boundary. Together, both the loss and overexpression of SynCAM 1 

induce structural aberrations at the synaptic edge, indicating that this adhesion protein 

selectively organizes the outer sub‐compartment of the cleft.  
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Section 3. SynCAM 1 localizes to the postsynaptic edge of excitatory synapses  

Adapted from (Perez de Arce et al., 2015) 

We next localized endogenous SynCAM 1 using immuno‐EM of high‐pressure frozen 

hippocampal slices from adult mice. Tissue was vitrified, followed by freeze substitution 

and post‐embedding immuno‐EM (Fig. 4.2A). Analyzing CA1 stratum radiatum, anti‐

SynCAM 1 immuno‐gold particles labeled most frequently excitatory synapses. This 

robust synaptic expression of SynCAM 1 was expected from a previous immuno‐EM 

study that used antibodies detecting SynCAM 1/2/3 equally well (Biederer et al., 2002) 

and from the strong biochemical enrichment of SynCAM 1 in synaptic membranes (Fogel 

et al., 2007). Synaptic labeling was reduced by 84±4% in SynCAM 1 KO sections, 

validating antibody specificity. At WT CA1 synapses, gold particles were most 

commonly observed at postsynaptic membranes (46±6% of total synaptic labeling) (Fig. 

4.2B). Less labeling was also found within the pre‐ and post‐synaptic cytomatrix and at 

presynaptic membranes. To map the postsynaptic distribution of SynCAM 1, we 

measured distances of gold particles at the postsynaptic membrane relative to the PSD 

center (Fig. 4.2C). This determined that postsynaptic SynCAM 1 is preferentially found 

at the cleft edge (Fig. 4.2D). The less abundant SynCAM 1 particles at presynaptic 

membranes were distributed as two populations, one more centrally in the cleft and the 

other at peri‐synaptic sites. These results support an enrichment of postsynaptic SynCAM 

1 at the edge of excitatory synapses.  
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Figure 4.2. Postsynaptic SynCAM 1 marks the perimeter of the excitatory synaptic cleft 
and EphB2 is enriched deeper within the postsynaptic area. 
A. Immunogold EM localization of SynCAM 1 in the adult hippocampal CA1 region 

after high pressure freezing. Arrows indicate 10 nm gold particles labeling SynCAM 
1 at the postsynaptic membrane edge of an asymmetric synapse.  

B. A majority of synaptic SynCAM 1 localizes to postsynaptic membranes (N=97 
micrographs, 3 mice).  

C. Postsynaptic distance distributions as quantified in (D). 0 marks the PSD center and 
1 the edge. 

D. Postsynaptic SynCAM 1 is enriched at the PSD edge. For each analyzed synapse, 
SynCAM 1 particle distances to the PSD center were measured. Distances were 
normalized as depicted in (C), with a value of 1 corresponding to the PSD radius 
(N=97 micrographs, 3 mice).  

 

 

 

 
 

 

Figure 2.  Postsynaptic SynCAM 1 marks the perimeter of the excitatory synaptic cleft  
and EphB2 is enriched deeper within the postsynaptic area. 
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Section 4. EphB2 and SynCAM 1 complexes mark distinct subsynaptic areas  

Adapted from (Perez de Arce et al., 2015) 

The extent to which synapse‐organizing proteins colocalize at synapses remains to be 

defined, and this information is important to interpret their sub‐synaptic distributions. A 

second key player is the postsynaptic receptor tyrosine kinase EphB2, which promotes 

excitatory synaptogenesis during the rapid phase of synapse addition before neurons 

mature (Kayser et al., 2008; Sheffler‐Collins and Dalva, 2012). This distinct functional 

role from SynCAM 1, which first induces and then maintains excitatory synapses 

(Robbins et al., 2010), may be reflected in a different sub‐synaptic localization. We thus 

co‐ immunostained endogenous surface SynCAM 1 and surface EphB2 by labeling non‐

permeabilized hippocampal neurons at 14 days in vitro (DIV) with antibodies against the 

extracellular domain, and used confocal microscopy to compare their distribution relative 

to the excitatory postsynaptic marker Homer (Fig. 4.3A). SynCAM 1 and EphB2 were 

detected at comparable density along dendrites (data not shown). Applying an automated 

three‐channel co‐localization analysis, we measured that 74±9% of Homer puncta in these 

maturing neurons contained SynCAM 1, EphB2 or both, and that 88±1% of synaptic 

SynCAM 1 puncta were also positive for EphB2, while all detected synaptic EphB2 

puncta co‐ localized with SynCAM 1 (N=69 dendritic segments from 3 independent 

experiments). Applying the same surface labeling method, we analyzed the sub‐synaptic 

distribution of SynCAM 1 and EphB2 using STED super‐resolution microscopy (Fig. 

4.3B, C). This showed that SynCAM 1 localizes to the border of the PSD while EphB2 

resides preferentially within the bounds of the PSD proper (Fig. 4.3D). Trans‐ synaptic 

complexes can therefore define distinct synaptic zones on a nanoscale.  
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Figure 4.3. Postsynaptic SynCAM 1 marks the perimeter of the excitatory synaptic cleft 
and EphB2 is enriched deeper within the postsynaptic area. 
A. Non‐permeabilized hippocampal neurons at 14 days in vitro (DIV) were first 

subjected to immunostaining for surface SynCAM 1 (blue) and surface EphB2 
(green), followed by permeabilization and staining for postsynaptic Homer (red) and 
imaging by confocal microscopy. The box marks the synapse enlarged in the insets. 
Scale bar, 5 μm.  

B. Dissociated hippocampal neurons at 14 DIV were subjected to sequential 
immunostaining for surface SynCAM 1 (magenta) and PSD‐95 (green) PSD borders 
calculated based on STED localizations are shown in the center and right panels. 
Scale bars, 400 nm. 

C.  Surface EphB2 (magenta) and Homer (green), and imaged by 2‐channel STED 
microscopy. PSD borders calculated based on STED localizations are shown in the 
center and right panels. Scale bars, 400 nm.  

D. Surface SynCAM 1 and EphB2 localizations were determined in STED images as in 
(B,C) and distances were measured from the PSD border defined by PSD‐95 and 
Homer localizations, respectively. SynCAM 1 localization density (red) reached a 
maximum at the border of the PSD (green). SynCAM 1 localizations within the PSD 
were rare. EphB2 (blue) exhibited the most prominent localizations within the PSD 
and a minor peak at the border. Localization densities were normalized to the highest 

 

 

 
 

 

Figure 2.  Postsynaptic SynCAM 1 marks the perimeter of the excitatory synaptic cleft  
and EphB2 is enriched deeper within the postsynaptic area. 
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value. SynCAM 1 data were from 696 PSDs in 86 imaging fields and EphB2 data 
from 111 PSDs in 10 fields.  
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Section 5. 3D localization of EphB2 and SynCAM complexes shows their differential 

distribution and reveals cloud‐like SynCAM ensembles  

Adapted from (Perez de Arce et al., 2015) 

Contributed by me 

What is the three‐dimensional distribution of synapse‐organizing proteins in the 

cleft? To address this question we turned to 2‐color 3D dSTORM and analyzed cultures 

of dissociated hippocampal neurons at 14 DIV (Huang et al., 2008; van de Linde et al., 

2011). Super‐resolved localization of the scaffolding protein Homer defined the PSD 

border (Dani et al., 2010; Hayashi et al., 2009; MacGillavry et al., 2013). Endogenous, 

surface‐expressed SynCAM 1 and EphB2 and postsynaptic Homer were visualized 

through sequential indirect immunocytochemistry and imaged by 3D dSTORM (Fig. 

4.4A, B). SynCAM 1 and EphB2 were found along dendrites, including near Homer‐

positive PSDs. The three‐dimensional border of each PSD was defined with a convex 

hull, and SynCAM localization density was determined within this border and outside it 

in 50 nm shells (Fig. 4.4C). This revealed a prominent peak of SynCAM 1 density 

between 100 nm and 200 nm from the PSD border. This agrees with the immuno‐EM and 

STED localizations, though differences of synapses formed in vivo and by cultured 

neurons, maturation stage, as well as differences of 2D and 3D imaging by different 

superresolution approaches need to be considered. We consider it unlikely that this 

restricted localization is due to issues of antibody penetration, as post‐embedding 

immuno‐EM that is not expected to be affected by access issues showed similarly 

restricted labeling (Fig. 4.2D). In contrast to SynCAM 1, EphB2 localizations by 3D 

STORM were most prominently enriched deeper within the postsynaptic area, with a 
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smaller peak of EphB2 localizations apparent between 100 nm and 200 nm from the PSD 

border (Figure 4.4 B,C)  

Of all PSDs in these cultured hippocampal neurons, 79% had SynCAM surface 

localizations within 500 nm of the PSD border and a subset of SynCAM 1 localizations 

appeared in large macromolecular ensembles (Fig. 4.4D). To characterize these grouped 

localizations using an automated analysis, we applied area and density criteria to select 

ensembles that likely consisted of multiple SynCAM 1 molecules (Fig. 4.4E and 4.5). 

The volume of these SynCAM 1 ensembles varied widely, with an average of 8.4x106 

nm3 but a standard deviation of 6.6x106 nm3. The median volume was 3.9x106 nm3, 

approximately 1/3 the volume of Homer‐defined PSDs (median 9.4±1.5x106 nm3). 21% 

of PSDs had such SynCAM 1 ensembles within 500 nm of their border, suggesting that 

they belonged to a unique synapse subpopulation. To determine whether the presence of 

SynCAM 1 ensembles correlated with postsynaptic structural features, we measured 

Homer clusters in further detail (Fig. 4.4F). This showed that synapses lacking SynCAM 

1 ensembles had an average Homer volume of 7.2±0.8 x106 nm3 (N=120), while Homer 

clusters had almost twice the volume when marked by SynCAM 1 ensembles (13.1±2.3 

x106 nm3; N=31; t‐test, p=0.003). These ensembles reveal a novel macromolecular 

feature of synaptic adhesion complexes.  
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Figure 4.4. Separate 3D distribution of EphB2 and SynCAM complexes and formation of 
SynCAM 1 macromolecular ensembles around the cleft. 
A, B Left, dissociated hippocampal neurons at 12‐14 DIV were subjected to sequential 
immunostaining for surface SynCAM 1 (A) or EphB2 (B) using antibodies against 
extracellular epitopes (red) and for intracellular Homer (green), and imaged by 2‐
channel 3D STORM. Right panels show a representative enlarged PSD with the 
calculated border outlined. Scale bar overview, 1 μm; enlarged panels, 400 nm.  
C.  Surface SynCAM 1 and EphB2 localizations were determined in 3D from STORM 

 

 

 
 
 

Figure 3.  Separate 3D distribution of EphB2 and SynCAM complexes and formation of SynCAM 1 
macromolecular ensembles around the cleft. 
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images as in (A,B) and distances from the PSD border defined by Homer localizations 
were measured. SynCAM 1 localization density (red) reached a maximum around the 
edge of the PSD (green). SynCAM 1 localizations within Homer hulls were rare. EphB2 
(blue) exhibited prominent localizations within the area demarcated by the PSD and a 
smaller peak around the edge. SynCAM 1 data were calculated from 178 PSDs in 11 
imaging fields and EphB2 data from 446 PSDs in 31 fields.  
D. Two 3D views of a Homer‐defined PSD (green; boxed in A) showing adjacent 
ensembles of SynCAM 1 (red). PSD borders were generated as convex hulls. Scale bars, 
200 nm in each axis.  
E. Distribution of SynCAM 1 ensemble volumes detected at different density and area 
thresholds within 500 nm of the PSD. Gray graph, putative single molecules detected at 
low thresholds. Red graph, localizations at the threshold excluding putative single 
molecules to show the volume distribution of SynCAM 1 ensembles.  
F. Spines marked by SynCAM 1 ensembles are larger. Cumulative frequency distribution 
of super‐ resolved Homer volumes in spines lacking SynCAM 1 ensembles (grey) or 
containing at least one SynCAM 1 ensemble (red) within 500 nm of the Homer hull. 
Ensembles were identified using the same threshold as in (E) (N=120 spines lacking 
SynCAM 1 ensembles, 31 spines with ensembles from 11 fields of imaging; Mann‐
Whitney test, p=0.026).  
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Figure 4.5. Approach to identify the borders of SynCAM 1 ensembles. 
To develop appropriate criteria for the analysis in Figure 4.4, we compared the number 
of clusters detected with varying thresholds for density and area in each plane (x‐y, x‐z, 
and y‐z) for the SynCAM 1 STORM data and for PSD‐95 staining over a field with no 
synapses, where all localizations likely arise from repetitive switching of single 
molecules. In a reconstructed x‐y distribution map with a pixel size of 5 nm, at relatively 
low density and area thresholds (0.3 localizations per pixel and 6 pixels, respectively), 
there was significant overlap in the distribution of cluster volumes between the SynCAM 
1 data and the single molecule data. However, when thresholds were raised to 1 
localization per pixel and an area of 10 pixels, single molecule clusters were no longer 
detected and the distribution of cluster volumes in the SynCAM data showed little overlap 
with the single molecule cluster volumes detected at the lower threshold (Figure 4.4). 
This suggests that the clusters of SynCAM 1 we measure with these criteria are molecule 
assemblies of clustered molecules rather than artifacts of imaging or immunostaining.  
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Supplemental  Figure  S3,  related  to  Figure  3.    Approach  to  identify  the  borders  of  SynCAM 1 
ensembles. 
To  develop  appropriate  criteria  for  the  analysis  in  Figure  3E, we  compared  the  number  of  clusters 
detected with varying thresholds for density and area in each plane (x‐y, x‐z, and y‐z) for the SynCAM 1 
STORM data and  for PSD‐95  staining over a  field with no  synapses, where all  localizations  likely arise 
from repetitive switching of single molecules. In a reconstructed x‐y distribution map with a pixel size of 
5 nm, at relatively low density and area thresholds (0.3 localizations per pixel and 6 pixels, respectively), 
there was significant overlap in the distribution of cluster volumes between the SynCAM 1 data and the 
single molecule data. However, when thresholds were raised to 1 localization per pixel and an area of 10 
pixels, single molecule clusters were no  longer detected and the distribution of cluster volumes  in the 
SynCAM  data  showed  little  overlap with  the  single molecule  cluster  volumes  detected  at  the  lower 
threshold  (Figure 3E). This suggests  that  the clusters of SynCAM 1 we measure with  these criteria are 
molecule assemblies of clustered molecules rather than artifacts of imaging or immunostaining. 
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Section 6. The synaptic cleft is a dynamic compartment  

Adapted from (Perez de Arce et al., 2015) 

Neuronal activity and synaptic plasticity regulate the trafficking of N‐cadherin and 

its interactions with b-catenins (Hirano and Takeichi, 2012). Can the distribution of 

synaptogenic proteins also change in an activity‐dependent manner? SynCAM 1 was well‐

suited to test this question as the position of SynCAM complexes at the synaptic edge 

may allow for them to be readily dispersed. We addressed this using an LTD protocol, 

choosing this manipulation because SynCAM 1 overexpression and loss regulate LTD in 

vivo (Robbins et al., 2010). Chemical LTD was induced by treating dissociated 

hippocampal neurons at 14 DIV for 3 min with 20 μM NMDA, followed by rapid 

medium exchange and incubation for 60 min prior to immunodetection. Immunolabeling 

for surface SynCAM 1 was performed first, followed by staining for the postsynaptic 

marker PSD‐95, and their immunostaining was analyzed by confocal microscopy (Fig. 

4.6A). To analyze the synaptic fraction of SynCAM 1, we restricted our analysis to 

surface‐labeled SynCAM 1 within 0.8 �m of the center of the nearest PSD‐95 punctum. 

We chose this distance to analyze SynCAM 1 puncta located within approximately one 

PSD diameter, which in our confocal microscopy analysis was on average 0.65±0.02 �m 

(N=41 neurites). Chemical LTD treatment enlarged the area of synaptic SynCAM 1 

puncta by 27±5% (t‐test, p<0.0001; N=41 neurites each). Frequency distribution analysis 

supported an enlargement of SynCAM 1 puncta after chemical LTD across all area 

ranges (Fig. 4.6B). Synaptic SynCAM 1 proteins can therefore undergo dynamic changes 

in their surface distribution.  
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Figure 4.6. Activity‐dependent area changes of synaptic SynCAM 1 complexes.  
A. Hippocampal neurons at 14 d.i.v. were subjected to a chemical LTD protocol by 
applying 20 μM NMDA for 3 min, followed by medium exchange. Surface SynCAM 1 was 
immunolabeled (red), followed by staining for postsynaptic PSD‐95 (green) and imaging 
by confocal microscopy. Three representative images are shown each for control 
synapses (top) or after chemical LTD treatment (bottom). Scale bar, 0.8 �m; applies to 
all panels.  
B. Chemical LTD treatment enlarges the area of synaptic SynCAM 1 puncta. The graph 
shows the cumulative frequency distribution of the areas of SynCAM 1 puncta located 
within 0.8 �m of a PSD‐95 punctum (Mann‐Whitney test, p<0.0001; N=41 neurites 
each).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 
 

 
 
 
 
 
 
 

Figure 4. Activity‐dependent area changes of SynCAM 1 complexes. 
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Section 7. Discussion  

This study reports five key findings about the cleft of excitatory synapses. First, the 

cleft is comprised of subcompartments defined by protein densities. Second, synapse‐

organizing proteins occupy distinct zones within the cleft, with SynCAM 1 marking the 

edge and EphB2 central areas. Third, SynCAM 1 shapes the outermost column of the 

cleft. Fourth, SynCAM 1 proteins can form cloud‐like ensembles at the postsynaptic edge, 

a novel macromolecular feature of trans‐synaptic complexes. Fifth, synaptogenic proteins 

can undergo activity‐dependent changes in their surface distribution. 

Previous studies showed that the synaptic cleft contains proteinaceous particles that 

form net‐like filaments (Burette et al., 2012; High et al., 2015; Lucic et al., 2005; Zuber et 

al., 2005). Our cryo‐ET analysis now supports that the cleft of excitatory synapses can be 

stratified into layers based on protein densities. We find a high central density in the 

second of four layers from the postsynaptic side, reminiscent of the previously reported 

intra‐cleft line (Gray, 1959; Hajos, 1980) that is prominent after phosphotungstic acid 

staining (Bloom and Aghajanian, 1968). These results support the notion that clusters of 

adhesion molecules can be repetitively organized. Future studies may uncover differential 

effects of maturation stage and brain regions on the cleft structure of excitatory synapses. 

The layer profile of the outermost cleft column is shaped by SynCAM 1, consistent 

with its localization to the postsynaptic edge. We regularly observed in our immuno‐EM 

micrographs synaptic vesicles opposite the SynCAM 1‐positive PSD edge, and hence 

consider this zone unlikely to be puncta adhaerentia (Palay, 1967) but rather part of 

synaptic junctions. It is conceivable that SynCAM 1 participates in the conversion of 

nascent zones, specialized edge regions, into active zones (Bell et al., 2014; Spacek and 
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Harris, 1998). Most postsynaptic sites have surface SynCAM 1 localizations in their 

vicinity, and a subset of PSDs in cultured neurons even carries large SynCAM 1 

ensembles. They may be nucleated by extracellular SynCAM assembly in cis (Fogel et 

al., 2011). It can now also be determined whether intracellular scaffolds position 

SynCAM 1 at the cleft edge. 

SynCAM 1 loss and overexpression selectively disrupt the layer profile at the cleft 

edge, supporting the notion that relative expression differences of adhesion proteins 

between individual synapses can be an important factor in shaping them. The central 

density is unaffected by SynCAM 1 and this structural property is hence likely 

established by other proteins. Neuroligins/b-neurexins form sheets at non‐ neuronal cell 

contacts with higher density closer to neuroligin (Tanaka et al., 2012) and they may make 

up the central density along the synaptic cleft. Indeed, our data allow proposing that one 

reason for the diversity of adhesion systems at excitatory synapses may be that they 

occupy distinct cleft nanodomains to instruct different characteristics of synapses. 

EphB2, which acts during the initial period of synapse formation (Kayser et al., 2008), 

and SynCAM 1, which induces excitatory synapses and is then required to maintain them 

(Robbins et al., 2010), are localized to areas deeper within the postsynaptic area and 

around the PSD border, respectively. It is conceivable that synaptogenic signaling starts 

within the center of a nascent synapse and that the stabilization of synapses involves 

interactions across the edge. Specifically, it is possible that trans‐synaptic SynCAM 1 

complexes frame the postsynaptic membrane via cytoskeletal links (Cheadle and 

Biederer, 2012), consistent with the shortened PSDs and active zones in SynCAM 1 KO 

mice (Robbins et al., 2010) and with our result that PSDs with SynCAM 1 ensembles are 
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substantially larger than those without. Moreover, the density of the cleft’s edge could 

control access of extra‐synaptic neurotransmitter receptors (Choquet and Triller, 2013) 

through presentation of binding sites or via macromolecular crowding (Santamaria et al., 

2010). The differential distribution of trans‐ synaptic proteins may also define 

functionally distinct zones of synaptic membranes such as proposed for neurotransmitter 

release (Kavalali, 2015) and may affect trans‐synaptic signaling. The density profile of 

the cleft likely is of high relevance, too, as the geometry of the cleft is predicted to shape 

synaptic currents (Savtchenko and Rusakov, 2007). 

Synapses are structurally dynamic, and their remodeling presumably involves a re‐

organization of the cleft. It is thus of interest that SynCAM 1 surface complexes occupy a 

larger postsynaptic area after LTD, possibly due to extracellular dispersion or 

intracellular loss of scaffold interactions. Such dispersion may prime synapses for 

remodeling and it can now be determined whether the enhanced LTD in SynCAM 1 KO 

mice (Robbins et al., 2010) is due to a higher potential to disengage pre‐ and post‐ 

synaptic sites. Because PSD size correlates with basal synaptic strength (Harvey et al., 

2008), it is also conceivable that the presence of SynCAM 1 ensembles is regulated by 

the activity history of each synapse. In contrast to SynCAM 1, neuroligin 1 is rapidly 

internalized upon LTD (Schapitz et al., 2010) and cleaved (Peixoto et al., 2012). Synapse‐

organizing proteins hence exhibit distinct activity‐dependent dynamics, adding to the 

molecular diversity of the cleft. 

Together, our study provides evidence that the synaptic cleft is topographically 

organized into molecularly defined sub‐compartments. This introduces the concept of 

nanodomains to the cleft and expands recent insights into the organization of active zones 
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and postsynaptic specializations (Choquet and Triller, 2013; MacGillavry et al., 2013; 

Sigrist and Sabatini, 2012). Differences in the nanodomain organization and dynamics of 

the cleft may therefore be novel parameters that specify synaptic properties.  
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CHAPTER 5: Discussion 

Section 1. NMDAR activation at individual synapses 

Results summary 

In the present study, I used an all-optical approach to characterize NMDAR 

activation following AP-independent (spontaneous) vesicle exocytosis at individual 

synapses of cultured hippocampal neurons. While GCaMP6f has previously been used to 

measure mSCaTs (Andreae and Burrone, 2015; Sinnen et al., 2016; Tang et al., 2016a; 

Walker et al., 2017), I clarified that it offers a large dynamic range and permits detailed 

analysis of the magnitude of NMDA receptor activation. Using this approach, I found 

that at nearly all synapses in this preparation, GluN2B-NMDARs are the major NMDAR 

subtype activated during spontaneous synaptic transmission. Additionally, I observed a 

surprising degree of variability in mSCaT amplitude and frequency both between and 

within synapses. In fact, the variation in mSCaT amplitude at single spines was 

comparable to the between-spine variation, which suggests that Ca2+ influx through the 

receptor may be surprisingly independent of synapse-specific features such as the number 

of receptors present at the synapse. If synapse features mediate the variability, then one 

would expect the inter-spine variability to be dominant. Indeed, I demonstrated that spine 

size, PSD area, and synapse position have a relatively small impact on mSCaTs. 

Therefore, this high degree of variability is likely to be dominated by differences in 

release position, variations in the amount of glutamate per vesicle, and random 

fluctuations in the total open time of activated channels.  
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Does spontaneous NMDAR activation lead to metabotropic signaling?  

I found that even in the absence of an AMPAR antagonist, application of 1 mM 

Mg2+, which is the physiological concentration, nearly eliminates all observable mSCaTs. 

This suggests that under normal conditions, and in the absence of other evoked activity, 

activation of AMPARs by spontaneous release does not consistently lead to sufficient 

membrane depolarization to relieve the Mg2+ block on NMDARs, and thus result in little 

or no Ca2+ influx. This is interesting to consider in light of recent evidence demonstrating 

that glutamate binding to NMDARs leads to metabotropic signaling even in the absence 

of ion flux (Nabavi et al., 2013; Dore et al., 2016; Dore et al., 2017). Importantly, this 

type of NMDAR activation can mediate LTD (Kessels et al., 2013; Aow et al., 2015a; 

Dore et al., 2015; Stein et al., 2015; Wong and Gray, 2018). Taken together with the 

distinct effects that NMDAR activation by spontaneous release can have on the synapse 

including changes in protein synthesis and synaptic plasticity (Sutton et al., 2004; Sutton 

et al., 2006a) it is possible that this type of NMDAR activation may be exerting its 

downstream effects via metabotropic signaling. Thus, our data suggest that under 

physiological conditions, effects of NMDAR activation by single-vesicle release events 

could be mediated principally by non-ionotropic functions rather than via Ca2+ influx. 

Therefore, this is a possible mechanism for the differences in effects of NMDAR 

activation by spontaneous versus evoked release.  

 

Implications of spontaneous release preferentially activating GluN2B-NMDARs 

My data demonstrate that GluN2B-NMDARs contribute significantly to 

spontaneous events at essentially all synapses in these hippocampal cultures. Indeed, at 
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roughly half of synapses, they are the primary NMDAR type mediating Ca2+ influx by 

spontaneous release. This was somewhat surprising given the prevailing notion that 

GluN2B-NMDARs are not present at synapses after early development (Chen et al., 

2000; Barth and Malenka, 2001; Ritter et al., 2002; Yashiro and Philpot, 2008). However, 

this is consistent with other reports (Sinnen et al., 2016; Walker et al., 2017) and a large 

and growing amount of evidence suggests that GluN2B-NMDARs are found at mature 

hippocampal synapses (Kellermayer et al., 2018) and contribute significantly to synaptic 

events (Gray et al., 2011; Xiao et al., 2016; Levy et al., 2018). Thus, while it is clear that 

in some brain areas a developmental switch in NMDAR subtype is pronounced, in the 

hippocampus it is not as prominent. Spontaneous NMDAR activation has specialized 

functions within the synapse (Sutton et al., 2004; Sutton et al., 2006; Kavalali et al., 

2011; Andreae and Burrone, 2015), and it is possible that these functions are specifically 

driven by GluN2B-NMDAR activation, rather than NMDAR activation in general. It will 

be important to assess whether GluN2B-NMDARs are required for the downstream 

signaling induced by spontaneous release.  

I observed not only a large contribution of GluN2B-NMDARs to mSCaTs, but 

also a striking lack of Ca2+ influx mediated by GluN2A-NMDARs. Data regarding the 

contribution of NMDAR subtype to synaptic responses to spontaneous glutamate release 

is mixed. In previous reports, knockout of GluN2A-NMDARs reduced or eliminated 

NMDA-mEPSCs in mature midbrain synapses (Townsend et al., 2003; Zhao and 

Constantine-Paton, 2007), thus suggesting the GluN2A-NMDARs are the principal 

responders to spontaneous release. This may be a region-specific effect, or, since 

GluN2A-NMDARs are essential for normal development of synapses in many brain 
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regions (Gambrill and Barria, 2011; Gray et al., 2011; Kannangara et al., 2014), it is 

possible that global GluN2A knockout alters synapses in other, unexpected ways.  

While GluN2A-NMDARs did not contribute significantly to mSCaTs here, they 

are present at hippocampal synapses in culture and function in evoked neurotransmission 

(MacGillavry et al., 2013; Xiao et al., 2016; Kellermayer et al., 2018). Why are they less 

activated by spontaneous release? One possibility is that there is segregation of NMDARs 

such that the receptors activated by spontaneous release form a distinct pool, either a 

subset of or separate from those activated by evoked release. As discussed in the 

introduction, there is evidence to support this idea of distinct receptor pools that respond 

to one type of release versus the other (Atasoy et al., 2008; Reese and Kavalali, 2016), as 

well as evidence that NMDAR subtypes are found in spatially segregated nanodomains 

within individual synapses (Kellermayer et. al., 2018). Given this evidence, it is possible 

that GluN2B-NMDARs are positioned within the synapses so as to be preferentially 

activated by spontaneous release. Another option is that synapses in neurons cultured in 

the absence of typical circuitry may for some unknown reason still be functionally 

immature, even at the 3 and 5 week time points I examined. However, immunoblots 

examining GluN2A and GluN2B protein levels in these synapses confirmed that by three 

weeks there was the expected shift in GluN2A:GluN2B ratio, thus suggesting that they 

are maturing as expected. And it should be stressed that primary neuron culture has 

provided a valuable model system that recapitulates many aspects of neuronal and 

synaptic development.  Nevertheless, I cannot rule out the possibility that these cultured 

synapses are different in this key respect from synapses in vivo. Overall, though, it seems 
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at least equally likely that the role of GluN2B-NMDARs in synaptic transmission in 

mature synapses may have been underestimated due to a focus on evoked release. 

In addition to GluN2B-NMDARs and GluN2A-NMDARs, there is also a 

significant population of triheteromeric receptors (GluN2A/B-NMDARs) thought to be at 

mature hippocampal synapses (Rauner and Köhr, 2011; Paoletti et al., 2013; Tovar et al., 

2013a; Stroebel et al., 2018). Unfortunately, these are difficult to study in situ due to a 

lack of specific pharmacological agents. Based on dose-inhibition curves for ifenprodil 

for the different receptor subtypes, the ifenprodil concentration utilized here blocked 

nearly all GluN2B-NMDAR activation (IC50: 0.15 µM), but also ~20% of any 

GluN2A/B-NMDAR-mediated response. This concentration is expected to have had no 

impact on GluN2A-NMDARs (IC50: >20 µM) (Paoletti, 2011b; Hansen et al., 2014; 

Stroebel et al., 2014). Though it is difficult with existing reagents to specify how 

prominent their role is, triheteromeric receptors thus probably contribute to some 

spontaneous events. It is possible the reduction in amplitude observed at unblocked 

synapses is due to a reduction in the amount of triheteromeric NMDAR activation. 

Interestingly, Ro 25-6891 treatment had a similar effect on mSCaT frequency with a 

much smaller reduction in mSCaT amplitude, which would be due to a reduction in the 

blockade of triheteromeric receptors. However, it is not known whether or not Ro 25-

6891 blocks triheteromers at the concentration I utilized, and therefore this conclusion 

remains tentative. However, overall, based on the dramatic reduction in the number of 

events with ifenprodil and Ro-25-6891 treatment, it is likely that GluN2B-NMDARs 

mediate the majority of the Ca2+ influx due to spontaneous release.   
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In order to more rigorously test whether GluN2B-NMDARs mediate the majority 

of the response to spontaneous release, it would have been ideal to compare the GluN2B-

specific antagonists to a similar GluN2A-NMDAR-specific antagonist. Interestingly, 

when I tried the most popular and seemingly most selective GluN2A-NMDAR blocker, 

TCN-201, I observed an increase in mSCaT frequency. This was quite unexpected and 

rendered the experiment impossible. It did raise the question of whether either drug was 

having presynaptic effects. To rule out any possible presynaptic effects on release by 

ifenprodil, I patched cells and recorded AMPAR mEPSCs before and after ifenprodil 

treatment. In these experiments I saw no effect of ifenprodil on mEPSC frequency and 

therefore am confident that the reduction in mSCaT frequency represents a postsynaptic 

effect. Because the large effect on frequency with both ifenprodil and Ro 25-6891 was so 

clear and compelling, I did not try other approaches to isolate GluN2B-NMDARs. One 

option would have been to use zinc, which does block GluN2A-NMDARs, or a genetic 

knockout of either receptor type. However, zinc cannot block more than 50% of the 

evoked GluN2A-NMDAR response and at concentrations required to get that level of 

blockade, GluN2B-NMDARs and triheteromeric receptors are also blocked by 10-20% 

(Hansen et al., 2014). Thus it would be hard to interpret the effects of zinc on mSCaTs. 

Additionally, with genetic knockouts, I was concerned that compensation by the 

remaining receptor type might mask any subtype specific contributions to spontaneous 

events.  
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Very few NMDARs are activated by spontaneous vesicle fusion  

 These data suggest that only 1-2 NMDARs open per spontaneous single-vesicle 

release event. While I do not have the ability to directly quantify the number of activated 

NMDARs, the effect of the sub-saturating CPP experiment indicates that there cannot 

possibly be many NMDARs activated due to the large decrease in event frequency at the 

majority of synapses. Otherwise, if on average there were a large number of NMDARs 

opening during each mSCaT, blocking only a subset of them would not alter mSCaT 

frequency but only reduce mSCaT amplitude. Few NMDARs activated is consistent with 

some earlier work which utilized local field at individual synapses along with CPP 

application and modeling, to determine that on average ~3 NMDARs are activated with a 

range of 1-10 NMDARs activated per event (Nimchinsky et al. 2004). Our estimate of 

NMDAR number activated may be lower since I focused only on spontaneous release, 

which are almost exclusively single-quantum events, whereas evoked responses under 

some conditions involve fusion of more than one vesicle (Christie and Jahr, 2006). In 

addition, as I will detail below, differences in receptor position with respect to release site 

may play a role in controlling the number of receptors activated.  

 

NMDAR-mediated Ca2+ influx is highly variable between and within synapses 

I observed a high degree of variability in mSCaT amplitude both between and 

within synapses. Differences in the number of receptors activated per event or the 

NMDAR subtype activated could underlie variability in mSCaT amplitude between 

synapse. If the number of NMDARs activated per event were dominating this inter-event 

variability, then it is easy to imagine that synapses with more NMDARs or a higher 
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NMDAR density would on average have larger events than synapses with fewer 

receptors. One consequence of this would be that the variability within single synapses 

would be smaller than the variability between synapses. However, I observed a similar 

amount of mSCaT amplitude variability within synapses as between synapses, and thus a 

difference between synapses in the number of NMDARs able to be activated is not likely 

the dominant source of variability. GluN2B-NMDARs have longer open times and longer 

burst duration than GluN2A-NMDARs but have a much lower open probability, 

suggesting that they may contribute more to variability in the amount of Ca2+ influx per 

event (Santucci and Raghavachari, 2008). In fact, in single-channel recordings, ifenprodil 

reduces variability of NMDAR total open time (Pina-Crespo and Gibb, 2002). Consistent 

with this prediction, I observed there was a decrease in mean CV of mSCaT amplitude 

from 0.6 to 0.5 following ifenprodil treatment. This suggests that variability in Ca2+ 

influx through GluN2B-NMDARs substantially contributes to the differences in mSCaT 

amplitude between events, and that Ca2+ influx through activated GluN2A-NMDARs is 

less variable.  

 

The relationship between spine/synapse morphology and spontaneous NMDAR Ca2+ 

transients 

Spine size was not substantially correlated with the amount of Ca2+ influx per event. 

Similarly, NMDAR activation does not scale with spine size following glutamate 

uncaging (Sobczyk et al., 2005a; Takasaki and Sabatini, 2014) or evoked release 

(Nimchinsky et al., 2004b). Together, these observations indicate that the amount of 

NMDAR activation is independent from spine size for both release modes. Another spine 
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feature that may alter mSCaT amplitude and contribute to variability is spine neck 

diameter, since this could alter Ca2+ retention in the spine (Svoboda et al., 1996) 

Additionally, while I did not measure a strong correlation between spine size and mSCaT 

amplitude, it is nevertheless possible that small fluctuations in spine area during the 

course of the experiment could contribute slightly to the variability observed in mSCaT 

amplitude. Measurements of spine size before and after 10 minutes on the microscope 

were strongly correlated with each other, but there was clearly some small amount of 

variability in spine area within spine during the course of imaging. Furthermore, PSD 

size measured with correlative super-resolution imaging was also unrelated to NMDAR 

activation. I did observe a weak negative correlation between spine size and mSCaT 

amplitude; however, I suspect that this is due to a decrease not in actual Ca2+ influx, but 

in the ratio of Ca2+ influx to total GCaMP6f in the compartment (that is, very large spines 

have a large basal F).  

 

The relationship between synaptic nanostructure and spontaneous NMDAR Ca2+ 

transients  

I found that for activation of NMDARs by spontaneous release there was no 

relationship between NMDAR-mediated Ca2+ influx and Shank nanostructure. The 

degree of nanoscale Shank clustering within a synapse was not correlated with mSCaT 

amplitude, frequency or CV. This was somewhat surprising because there is evidence that 

GluN2B-NMDARs are found within scaffold protein nanodomains (MacGillavry et al., 

2013), and because of their biophysical properties, GluN2B-NMDARs are especially 

likely to be sensitive to their positioning with respect to the site of release. Receptors 
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within ~50 nm of the site of release are three times more likely to open than those located 

~200 nm from the site of release (Santucci and Raghavachari, 2008). Therefore, I had 

predicted that GluN2B activation following spontaneous release would be highly related 

to synaptic nanostructure.  

There are several possible explanations for the lack of relationship between 

spontaneous NMDAR activation and synaptic nanostructure. First is that mapping of 

release sites during spontaneous and evoked release revealed that these release modes 

display distinct subsynaptic spatial patterns within the active zone, with evoked release 

occurring within presynaptic protein nanodomains and spontaneous release occurring 

over a larger area (Tang et al., 2016). Thus, it is possible, rather than spontaneous release 

occurring randomly throughout the active zone, that it is actually excluded from the 

transsynaptic nanocolumn, and that receptor activation by spontaneous release may in 

fact be insensitive to the presence of nanodomains whereas receptor activation by evoked 

release is not. Alternatively, rather than simply having GluN2B-NMDARs receptors 

positioned outside of the nanocolumn, there could be distinct nanostructure that 

specifically positions them aligned with presynaptic sites of spontaneous release. In this 

model, AMPARs and each NMDAR subtype are positioned to tune their responsiveness 

to different release event types. This degree of organization could also serve to spatially 

separate intracellular signaling cascades mediated by NMDARs following each type of 

release.  

While there is evidence that GluN2B-NMDARs are part of the transsynaptic 

nanocolumn, the enrichment of GluN2B in postsynaptic PSD-95 nanodomains was 

relatively weak, most importantly compared to the enrichment of AMPARs (MacGillavry 
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et al., 2013). It is possible that GluN2B may be more enriched in other areas of the 

synapse. In fact, there is evidence that GluN2B-NMDARs and GluN2A-NMDARs form 

distinct nanodomains within individual synapses (Kellermayer et al., 2018), and perhaps 

the distribution of Shank does not reflect the distribution of GluN2B-NMDARs. In order 

to address this, identifying scaffolding proteins that better align with GluN2B-NMDAR 

distribution or mapping both subtypes of NMDARs at once would provide a better 

readout of NMDAR nanostructure to compare to NMDAR activation.  

This organization of receptors into distinct subdomains based on subunit composition 

could have a large impact on receptor activation. Further studies measuring transsynaptic 

alignment of NMDARs with presynaptic proteins as well as assessing the relationship 

between synaptic nanostructure and NMDAR activation by evoked release will help 

clarify the role of synaptic nanostructure in NMDAR activation. It is worth highlighting 

this novel combination of super-resolution imaging with functional measures at 

individual synapses. Nanoscale protein organization is hypothesized to control many 

aspects of synaptic function and signaling (Bourne and Harris, 2012; Choquet and Triller, 

2013; Biederer et al., 2017; Chamma and Thoumine, 2018), so this correlative approach 

will be important for continuing to explore of how NMDAR activation is impacted by 

other nanoscale synaptic features, such as the presence of subsynaptic scaffold 

nanoclusters (Fukata et al., 2013; MacGillavry et al., 2013; Nair et al., 2013; Broadhead 

et al., 2016; Tang et al., 2016a). Rapidly improving and diversifying sensors for 

neurotransmitters and intracellular messengers (Marvin et al., 2013; Mehta et al., 2018; 

Ross et al., 2018) also suggest that it will be possible to more directly measure the link 

between synapse nanostructure and both the ionotropic and non-ionotropic activity of the 
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receptor. Conversely, synaptic function can alter subsynaptic protein distributions, 

potentially mediating aspects of functional plasticity (Glebov et al., 2017; Chen et al., 

2018). I anticipate the correlative approach will be integral for exploration of dynamic 

synaptic signaling. 

 

The relationship between synapse position within dendritic tree and spontaneous 

NMDAR Ca2+ transients 

In another series of experiments, I asked whether synapse distance from the soma or 

degree of branch complexity plays a role in variability in the amount of NMDAR 

activation. Differences in NMDAR activation throughout the dendritic tree could have 

important implications for the establishment or function of circuitry. Additionally, 

dendritic integration of signals from individual synapses is an important mechanism by 

which information is transmitted from the synapses to the cell body and differences in 

NMDAR activation may be important for efficient integration. Previous work has 

suggested that NMDAR-mediated Ca2+ influx is larger at synapses further away from the 

soma (Walker et al., 2017). Our data were consistent with this finding and revealed a 

statically significant correlation of mSCaT amplitude with the distance of the synapse 

from the soma, but not with branch complexity. However, there is evidence that spine 

size is correlated with distance from the soma and that more distal synapses tend to be 

smaller than those more proximal (Katz et al., 2009; Walker et al., 2017). Therefore, the 

relationship between spine distance and event amplitude may in part arise simply from a 

larger proportional Ca2+ influx at a subset of distal spines that are much smaller than 

proximal spines. However, if this is not the case and the correlation between synapse 
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position and mSCaT amplitude reflects an increase in NMDAR-mediated Ca2+ influx at 

more distal spines, it possible that this reflects difference in receptor number or 

distribution throughout the dendritic tree. Increased Ca2+ influx at spines farther from the 

cell body may lead to differences in NMDAR mediated signaling at these spines, 

including changes in plasticity induction or increased suppression of protein synthesis by 

spontaneous NMDAR activation, which could causes distal spines to be more plastic. It is 

not clear from these data whether this correlation would persist for NMDAR activation 

by evoked release. Additionally, I found that the amount of blockade with ifenprodil was 

unrelated to synapse position, thus it does not appear that GluN2B-NMDAR content 

varies across the dendritic tree. Overall, I conclude that despite a slight correlation 

between synapse position and mSCaT amplitude, synapse position is not a primary 

modulator of NMDAR-mediated Ca2+ influx between synapses.  

 

Synapse-independent sources of variability in NMDAR-mediated Ca2+ influx due to 

spontaneous release 

Major remaining options for the source of variability in NMDAR activation are 

phosphorylation state of NMDARs, presynaptic changes in the amount of glutamate 

released between events, or finally, random variation in channel open time. 

Phosphorylation of the NMDAR can modify channel conductance and lead to changes in 

Ca2+ influx (Wang and Salter, 1994; Salter and Kalia, 2004; Skeberdis et al., 2006; Chen 

and Roche, 2007). These changes can occur on the timescale of minutes (Wang and 

Salter, 1994), which while not completely incompatible with our average mSCaT 

frequency of ~2 events per minute, is unlikely to have contributed substantially to within-
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synapse variance in our experiments. However, preventing receptor phosphorylation 

alters basal transmission (Wang and Salter, 1994; Skeberdis et al., 2006), which suggests 

that there is some basal level of NMDAR phosphorylation ongoing that can modify 

NMDAR properties. Thus, while it is unclear whether NMDAR receptor phosphorylation 

would be sufficient to account for the large amount of variability observed within 

synapses, it appears able to play a role in distinguishing NMDAR-mediated Ca2+ influx 

between synapses.  

Differences in the amount of glutamate release per event have long been thought 

to be a major contributor to variability in the amount of receptor activation by 

spontaneous release (Bekkers et al., 1990; Liu et al., 1999; McAllister and Stevens, 2000; 

Hanse and Gustafsson, 2001; Franks et al., 2003). Modeling the amount of AMPAR 

activation with varying quantal size has demonstrated an increase in the number of 

activated receptors as glutamate molecules per vesicle is increased (Franks et al., 2003). 

Despite the likely small number of NMDARs activated per event (Nimchinsky et al., 

2004b), it is possible that there is variability in the number of NMDARs activated that is 

in part due to differences in the amount of glutamate released at each event. In addition to 

the amount of glutamate per vesicle, the release site position with respect to receptor 

position could also underlie variability in the amount of receptor activation. Modeling 

receptor activation due to glutamate release at different distances from the highest density 

of receptors has suggested that release site position could play a large role in the 

variability in response amplitude (Uteshev and Pennefather, 1996; MacGillavry et al., 

2013; Savtchenko and Rusakov, 2013). Especially in the case of spontaneous release 

which may occur more randomly across the active zone than evoked release (Tang et al., 
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2016a), release position may play a role in inter-event variability since receptors are 

clustered more densely in particular subregions of the PSD. Finally, another likely source 

of variability in Ca2+ influx per event is stochastic channel open-close transitions (Franks 

et al., 2003). GluN2B-NMDARs have a relatively low open probability (Chen et al., 

1999), which coupled with their longer open times could produce large essentially 

random changes in the amount of Ca2+ influx per event (Yeung et al., 2004; Zeng and 

Holmes, 2010). Especially in this case where there are very few NMDARs activated per 

event, these random fluctuations could dominate the variability.  

Overall, I conclude that the high degree of variability in the amount of Ca2+ influx 

through spontaneous activated NMDARs is not primarily due to synapse-specific features 

including the number of available receptors, NMDAR subtype, synapse size, shank 

nanostructure, or synapse position within the dendritic tree. Rather, the high degree of 

variability of spontaneous NMDAR activation is most likely dominated by nanoscale 

intrinsic properties of the synapse that influence receptor activation probability, including 

receptor position, release site position, and the glutamate concentration profile following 

each release event, and by the highly varying open time of the channels that do become 

activated. 

 

 



 
 
 
 

137 

Section 2: General discussion 

What is the functional impact of this high degree of variability and apparent randomness 

of NMDAR activation? 

NMDARs are not the only receptor at the synapse activated by spontaneous 

release and it of future interest to understand not just what factors mediate variability in 

AMPAR responses, but how AMPAR and NMDAR activation in response to 

spontaneous release interact. AMPAR-mediated mEPSCs are also highly variable 

(Bekkers et al., 1990; Franks et al., 2003; Raghavachari and Lisman, 2004), although a 

lack of synapse-specific approaches leads to ambiguity about whether this variability is 

between synapses, within synapses or both. Interestingly, my data demonstrate that 

AMPAR activation by spontaneous release does not produce sufficient depolarization to 

reliably lead to NMDAR opening in the presence of Mg2+ as it does in the case of evoked 

release. This suggests that spontaneous AMPAR and NMDAR activation may actually 

play unique roles at the synapse. Interestingly, application of TTX and CNQX to block 

AMPARs revealed that elimination of AMPAR mEPSCs leads to an increase in protein 

synthesis. TTX treatment with CNQX and APV together produces an even larger 

increase in protein synthesis that may suggest that AMPAR and NMDAR activation by 

spontaneous release each contribute to suppression of protein synthesis at individual 

synapses (Sutton et al., 2004). While activation of AMPARs alone is not likely to initiate 

signaling pathways within the PSD, they can lead to sufficient depolarization to cause 

activation of voltage-gated Ca2+ channels (Miyakawa et al., 1992; Magee et al., 1995). 

This can lead to Ca2+ influx in the absence of NMDARs and potentially facilitate 

signaling within the PSD. The relatively high degree of variability in spontaneous 
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receptor activation of each type may be important so that protein synthesis is not 

chronically suppressed at individual synapses.  

Additionally, because this work relied on Ca2+ imaging, there is no way to know 

whether synapses that did not show mSCaTs were experiencing spontaneous release in 

the absence of NMDAR activation. It would therefore be informative to combine 

GCaMP6f imaging with a glutamate sensor, such as GluSnFr (Hires et al., 2008), in order 

to compare spontaneous glutamate release to NMDAR activation. This would allow 

identification of synapses that have spontaneous release but no NMDAR activation as 

well as a measurement of postsynaptic failure rate at individual synapses.  

  
The synapse as a collection of nano-compartments 

Importantly, this work highlights the need to look at the synapse not as its own 

discrete compartment, but instead as a combination of many distinct and interconnected 

nano-compartments that are both highly organized and dynamic. Segregation of 

presynaptic release events by release type may be coordinated with segregation of 

receptor type postsynaptically in order to dynamically control synaptic function. Does 

this mean that different synaptic functions can be independently regulated? Does the 

existence of a nanocolumn supporting primarily evoked transmission provide the synapse 

a means to alter evoked neurotransmission through changes in protein density or release 

probability without impacting spontaneous neurotransmission? In fact, the evidence that 

GluN2B-NMDARs contribute less to evoked transmission in mature synapses while still 

responding to spontaneous release, as well as measurements of disparate release 

probabilities between spontaneous and evoked release at the same synapse (Melom et al., 
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2013; Reese and Kavalali, 2016), supports this idea of independent regulation between 

compartments. However, future experiments that test the impact of alterations to synaptic 

nanostructure on synaptic transmission, perhaps by untethering of receptors from their 

synaptic scaffold, will be needed to explore this idea.  

 Other than alignment between receptors and release sites, there are additional 

ways that nano-organization could impact synaptic function. For one, it is well 

established that the distance between Ca2+ channels and synaptic vesicles presynaptically 

is a major determinant of release probability (Adler et al., 1991; Neher, 1998; Augustine 

et al., 2003), which indicates that Ca2+ gradients within the active zone can alter 

signaling. In the PSD, it is possible that there is a similar distance-dependent relationship 

between the site of Ca2+ influx and signaling molecules such that sources of Ca2+ from 

different positions within the synapse can lead to different downstream signaling. This 

not only could underlie the difference in signaling cascades between evoked and 

spontaneous release as noted above, but could alter induction of other types of synaptic 

plasticity. Additionally, receptors and scaffolds are both subject to post-translational 

modifications within the PSD that can impact receptor function and conductance (Lussier 

et al., 2015), which may be differently regulated between nano-compartments. Finally, 

receptor mobility within the synaptic cleft is dependent both on binding interactions and 

protein crowding, both of which can vary between nanodomains within the PSD (Li et 

al., 2016). This receptor mobility is in many cases activity-dependent (Penn et al., 2017) 

and in the case of GluN2B-NMDARs, their mobility increases following LTP induction 

(Dupuis et al., 2014), suggesting that movement between areas of the synapse is regulated 

by activity and intracellular signaling. Movement of receptors between nanodomains 
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could alter not just receptor density with nanodomains but also influx of new receptors 

into an area can reduce receptor desensitization and alter synaptic transmission.  

 Since organization of proteins in the synapse is highly likely to impact synaptic 

transmission and signaling, it is also of great interest to ask what are the mechanisms that 

lead to this complex nanostructure. Ongoing work in the Blanpied lab is exploring the 

role of cell adhesion molecules, AMPARs, and active zone elements in maintaining and 

establishing the transsynaptic nanocolumn. However, because NMDARs play such a 

critical and unique role in the synapse, I think that it is of the utmost important to explore 

what factors dictate their subsynaptic positioning and potential alignment with 

presynaptic elements. Because of their distinct c-termini, GluN2B and GluN2A-

NMDARs have different preferential interactions with postsynaptic scaffolding proteins, 

with GluN2B-NMDARs favoring interactions with SAP102 and GluN2A-NMDARs 

interacting with PSD-95 (Müller et al., 1996; Chen et al., 2012). These distinct 

interactions could produce the differences in the synaptic nanostructure between the two 

subtypes observed by Kellermayer et al. in 2018. Multicolor super-resolution imaging of 

receptors and different scaffolding proteins would reveal whether or not there are 

structural proteins in the PSD that are enriched with one receptor subtype or the other. 

Additionally, there is clear developmental regulation of these NMDAR subtypes during 

synapse maturation that does correspond to similar developmental regulation of SAP102 

and PSD-95, with SAP102 levels decreasing during synaptic maturation and PSD-95 

levels rising. This suggests that it is possible that nano-organization of NMDARs could 

be developmentally regulated. In fact, it is possible that reorganization of NMDAR 

subtypes such that GluN2B-NMDARs move farther from the site of release may 
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contribute to the decrease in GluN2B-NMDAR activation during development. Further 

studies exploring NMDAR subtype nano-organization and associated scaffolding proteins 

during the course of development would therefore be very informative. It is likely that 

developmental changes in synaptic scaffolding proteins, including PSD-95 and SAP102 

may mediate organization and reorganization of NMDAR subtypes during synapse 

maturation.  

The discovery that the synaptic cleft is also organized into nano-compartments 

rather than a random array of proteins is interesting and complements the pre- and 

postsynaptic nanostructure that has been uncovered. The data suggest that SynCAM 1 

plays an important role in maintaining this organization, specifically at the outer edge of 

the synapse, as knockout of SynCAM 1 reduces protein density in this outer region. 

However, this is the area of the cleft that we also demonstrate contains SynCAM 1, and 

therefore it is possible that this change in protein at the edge of the synapse is simply due 

to the loss SynCAM 1 molecules in this synaptic nano-compartment. Further experiments 

assessing the impact of SynCAM 1 loss not just on protein density but on the distribution 

of other known cleft proteins would help clarify whether SynCAM 1 is organizing other 

proteins in the cleft. How possible rearrangement of cleft protein impacts synaptic 

transmission is also not well understood. Cell adhesion proteins are notoriously hard to 

study because of redundancy and compensation; therefore, acute removal of SynCAM 1 

may prevent compensation and allow assessment of synaptic function at affected 

synapses that could clarify the role in cleft nanostructure in synaptic transmission.  

Mapping of SynCAM 1 to the perimeter of the synaptic cleft demonstrates that 

there is nano-organization of proteins that are not directly involved in alignment of 
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release machinery with receptors. This leads to the questions of what roles SynCAM 1 is 

playing at the edge of the synapse and what interactions maintain its nanoscale 

positioning. While our data suggest that SynCAM 1 helps maintain cleft organization, it 

is also possible that it plays a role in maintaining the integrity of the boundary between 

the synaptic and perisynaptic space. Using an acute approach to disrupt SynCAM 1 

transsynaptic interactions, such as expressing a thrombin cleavable form of the protein as 

was done for neuroligin (Peixoto et al., 2012), would allow assessment of the role of 

SynCAM 1 without compensation by other transsynaptic proteins. Work by others and in 

the lab have shown that thrombin application does effectively lead to acute loss of 

thrombin cleavable cell adhesion molecules and that this is a powerful approach for 

acutely disrupting transsynaptic interactions. Measuring synaptic protein mobility, 

specifically of receptors, following acute loss of SynCAM 1 would test whether 

SynCAM 1 plays a role in confining important proteins to the synapse. We also showed 

that LTD leads to an increase in SynCAM 1 puncta area, suggesting that organization of 

SynCAM 1 may be dynamically regulated by synaptic activity, or that as synapses size 

changes, such as seen in LTD, SynCAM 1 puncta also change. Synapses with SynCAM 1 

clouds associated with them tend to be larger than those that lack SynCAM 1, which does 

suggest that in LTD, the increase in SynCAM 1 puncta area is not due purely to changes 

in synapse size. To determine whether SynCAM 1 plays an active role in synapse 

reorganization during plasticity, it would be informative to monitor SynCAM 1 puncta in 

live neurons during LTP expression, to observe whether they change in size before, 

concurrently, or after synapse size has grown.  
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How all of these nano-compartments within the synapse influence each other and 

interact will also inform how we think about synaptic function and structure. It remains to 

be seen if there is a master organizer that coordinates all synaptic structure, however, 

given the diversity of compartments this seems unlikely. More likely, is that there are 

several central organizing proteins for different nano-compartments of the synapse. In the 

case of NMDARs, because different subtypes form distinct nanodomains and have been 

shown to have different scaffolding protein interactions, it suggests that there is no single 

protein that is determining all NMDAR subsynaptic organization. Testing the impact of 

loss or mutations of key synaptic organizing proteins, such as PSD-95, on nanostructure 

of various compartments of the synapse would help identify possible proteins whose role 

in establishing synaptic nanostructure extends beyond the compartment of the synapse 

that they are associated with. If there is a single protein that is required for maintenance 

of synaptic nanostructure throughout multiple subsynaptic compartments, that would 

raise the question of whether such a protein is playing a structural role in maintaining 

nanostructure that was established by distinct mechanisms, or if it is involved in 

controlling subsynaptic organization. Additionally, many proteins in the synapse, 

especially cell adhesion molecules, can compensate for each other. Thus identifying a 

master organizer may be complicated by compensation by other synaptic proteins. 

Therefore, in order to rigorously test the impact of synaptic proteins on maintenance of 

synaptic nano-compartments, a combination of chronic and acute approaches for protein 

disruption would be required.  

Receptors are mobile within the synapses (Choquet and Triller, 2013). Previous 

work has demonstrated that AMPARs slow down when they enter PSD-95 nanodomains 
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suggesting that they can become transiently trapped within these high density areas, yet 

they are not retained there and can still ultimately diffuse out (Li et al., 2016). This 

suggests that perhaps several synapse organizing proteins can create areas within the 

synapse that are able to trap other more mobile proteins through a combination of specific 

binding interactions and protein crowding to temporarily retain them within their synaptic 

nanodomains. It is possible that in the case of SynCAM 1, loss of SynCAM 1 from the 

perisynaptic area leads to increased mobility of cleft proteins that will have normally 

been trapped in nano-compartments defined by SynCAM 1.  

The options that I have focused on above for preservation of subsynaptic 

compartments are mainly structural; however, it is possible that there are also signaling 

mechanisms that contribute to establishment and maintenance of nanostructure. For 

instance, phosphorylation of receptors and scaffolding proteins can impact their 

trafficking and stability. Therefore, local kinase or protein phosphatase nanodomains in 

the synapse, perhaps impacted by receptor activation, may also play a role in stabilizing 

synaptic components within distinct nano-compartments. Additionally, it has already 

been shown the palmitoylation of PSD-95 is actually critical for its organization into 

subsynaptic nanodomains and that synaptic activity can alter the palmitoylation cycle 

(Fukata et al., 2013). Thus suggesting that there is not only an interplay between synaptic 

signaling and formation of nanodomains, but that signaling proteins may actually be 

critical for creating and maintaining synaptic nanostructure.  

Overall, thanks to the development of super-resolution imaging approaches, we 

are now able to explore synaptic structure at a level that was never possible before with 

conventional imaging. This has led to discovery of the complex nano-organization of the 
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synapse. Now it is time to thoroughly investigate how this complex, previously hidden 

structure impacts what we know about synaptic transmission, synaptic plasticity, and 

circuit formation.  
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