Education
2009-present

2005-2009

Honors
2016-17
2016

2015

2015
2013-present
2013-14
2013-14
2011-12
2009

2005-9

Tuo Peter Li
tuo.p.li@gmail.com

M.D., Ph.D. candidate

University of Maryland School of Medicine MSTP

Graduate Program in Life Sciences, Program in Neuroscience
Baltimore, MD

Bachelor of Science in Biomedical Engineering
Focus in Imaging Science
The Johns Hopkins University, Balitmore, MD

Nataro MD-PhD scholarship

Authored the cover art for an issue in the Journal of Neuroscience (13 April
2016; volume 36 issue 15)

Student poster award, 3" place in the Cellular and Molecular category, the
Greater Baltimore Chapter of Society for Neuroscience Meeting, hosted by the
University of Maryland, Baltimore

The Glaser Prize in Imaging, Department of Physiology, University of Maryland,
Baltimore

National Research Service Award of NIMH (F30MH102891) for project on "The
Influence of Binding and Crowding on Synaptic Protein Mobility"

The Leslie B. Barnett Memorial Medical Student Research Fellowship,
University of Maryland School of Medicine

Siddique Award for Medical Student Research, University of Maryland School
of Medicine

Program in Neuroscience Institutional Training Grant 5T32NS063391-09,
University of Maryland Baltimore

Richard J. Johns Award for Academic Excellence in Biomedical Engineering,
Johns Hopkins University

Dean’s List, The Johns Hopkins University

Advanced learning

2014
2014

Teaching
2014-15

2014-15

Physics of Living Cells Summer School, Urbana-Champagne, lllinois.
Workshop on Computational Methods for Spatially Realistic Microphysiological
Simulations in the Pittsburgh Supercomputing Center, Pittsburgh, Pennsylvania

Teaching assistant/student mentor for Proseminar, graduate level class proper
methods of scientific inquiry. Program in Neuroscience of the Graduate Program
in the Life Sciences at the University of Maryland, Baltimore

Teaching assistant for an advanced microscopy course, contributed to planning
and leading imaging demonstrations, Graduate Program in the Life Sciences at
the University of Maryland, Baltimore



Professional affiliations

2014-present
2014

Society for Neuroscience
American Society for Cell Biology

Conferences attended

2016

2015
2015

2014
2014
2013
2011

2011

Molecular Mechanisms in the Synapse: Experiments and Modeling. Janelia
Research Campus of Howard Hughes Medical Institute, Ashburn, VA
Annual Meeting of the Society for Neuroscience. Chicago, IL

Gordon Research Seminars and Conference: Excitatory Synapses & Brain
Function. Newport, RI

Annual Meeting of the American Society for Cell Biology. Philadelphia, PA
Annual Meeting of the Society for Neuroscience. Washington D.C.

Annual Meeting of the Society for Neuroscience. San Diego, CA

Advanced Course on the Pathophysiology of Basal Ganglia, Cortona, Tuscany,
Italy

Annual Meeting of the Society for Neuroscience. Washington D.C.

Service to community, volunteer work, and mentorship

2014-15

2013

2012-14

2010-11

Promoted neuroscience research for Brain Awareness Week to local high school
students. Baltimore, MD

Student Panelist for National Research Service Award Workshop, University of
Maryland School of Medicine, Baltimore, MD

MSTP Student Mentorship Program: Student mentor to an incoming MD/PhD
student throughout their first year to provide support and advice through regular
meetings.

A Bridge to Academic Excellence. Tutor for disadvantaged primary school
children. University of Maryland School of Pharmacy. Baltimore, MD

Committee appointments

2014

2013

2011-13
2011-12

Selection committee for selecting potential speakers for Stephen Max Memorial
Lecture, University of Maryland School of Medicine MSTP, Baltimore, MD
Student judge of oral presentations at the MSTP Summer Research Symposium,
where pre-graduate MSTP students presented the results of their summer rotations
Interviewer for University of Maryland School of Medicine MSTP

Student Council Member, University of Maryland School of Medicine Medical
Scientist Training Program

Selected abstracts

Li TP, Yu S, Blanpied TA, Raghavachari S. “Postsynaptic crowding can impede the escape of
membrane proteins.” Conference on the Molecular Mechanisms in the Synapse:
Experiments and Modeling. Janelia Research Campus of Howard Hughes Medical
Institute. Ashburn, Virginia. May 2016.

Moreira TH, Li TP, Jafri MS, Krause GB, Tang CM. A high resolution, 3D atlas of the fiber tracts
near the human STN based on optical anisotropy. Program No. 51.12. 2011
Neuroscience Meeting Planner. Washington, DC: Society for Neuroscience, 2011.

Zhuo J, Mullins J, Hazelton J, Simon J, Xu S, Li T, Fiskum G, Gullapalli R. Diffusion Kurtosis -
A sensitive marker for Traumatic Brain Injury (TBI). Proc. Intl. Soc. Mag. Reson. Med.
19 (2011). 703.



Selected oral presentations

Li TP. “Super-resolved neuroscience: light microscopy at the smallest possible scales.” A 15-
minute talk in a newly implemented one-hour series named New Methods in
Neuroscience, at Program in Neuroscience annual retreat. Baltimore, MD. June 2015.

Li TP. “Anisotropic Scattering Imaging: an approach to map the human connectome.” Award
reception talk for the Barnett and Siddique research awards. Baltimore, MD. June 2014.

Li TP, Yu S, Raghavachari S, Blanpied TA. "The influence of binding and crowding on synaptic
protein mobility." Poster presentation at the Society for Neuroscience annual regional
meeting, Baltimore, MD, November 2013.

Li TP. "The influence of binding and crowding on synaptic protein mobility." Oral presentation at
the MSTP annual retreat, Baltimore, MD, August 2013.

Li TP, Kvarta MD, Wied H, Wilson K. "Surviving and thriving in graduate school: on selecting
lab and applying for NRSA." [Panel discussion for MSTP medical students who are
transitioning into graduate school]. MSTP annual retreat, Baltimore, MD, August 2013

Li TP, Kvarta MD. “Transitioning from medical school to graduate school” [Presentation].
UMSOM 3" Annual MSTP Retreat. Baltimore, MD, 2012

Li TP, Kvarta MD. “MS1 Survival Guide” [Presentation]. UMSOM 3" Annual MSTP Retreat.
Baltimore, MD, 2011

Li TP. “A novel approach to mapping human brain connectivity.” The MSTP Research
Symposium, University of Maryland School of Medicine, Baltimore, MD, August
2011.

Publications

Li TP, Blanpied TA (2016). Control of transmembrane protein diffusion within the postsynaptic
density assessed by simultaneous single-molecule tracking and localization microscopy.
Frontiers in Synaptic Neuroscience (in press).

Tang AH, Chen H, Li TP, Metzbower SR, MacGillavry HD, Blanpied TA (2016). A transsynaptic
nanocolumn aligns neurotransmitter release to receptors. Nature (in press).

Li TP, Song Y, MacGillavry HD, Blanpied TA, Raghavachari S (2016). Protein crowding within
the postsynaptic density can impede the escape of membrane proteins. The Journal of
Neuroscience, 36(15), 4276-95.

Shin RK, Qureshi RA, Harris NR, Bakar D, Li TP, Jafri MS, Tang CM (2014). Wilbrand’s knee.
Neurology, 82(5), 459-60.

Kvarta M, Li TP (2013). MSTP matches coast-to-coast for residency training. Dual Decree (the
periodic newsletter of UMSOM MSTP). Vol IV:2.

Gehlbach PL, Benson BC, Cortes HM, Davenport MS, Harrison RM, Hwang K, Kapp GM, Lee
CY, Lerman JA, Li T, Wong JC (2008). Multifuncitonal neck brace. US Patent
Application Publication. Pub. No. 2008/0004556 Al. Jan 2008.



Abstract

Title of dissertation: The influence of binding and crowding on the mobility and
organization of transmembrane proteins within the synapse

Tuo Peter Li, Doctor of Philosophy, 2016

Dissertation directed by Thomas A. Blanpied, Associate Professor, Department of
Physiology and Program in Neuroscience

Postsynaptic transmembrane proteins are important elements of synapses. Positioning and
mobility of each member of this large class of proteins dictate their individual function at
the synapse. One critical example is that the position of glutamate receptors within the
postsynaptic density (PSD) strongly modulates their function by aligning or misaligning
them with sites of presynaptic vesicle fusion. However, factors that control receptor
mobility and spatial organization within the synapse are not well understood. Scaffold
proteins in the PSD are abundant receptor binding partners, and electron microscopy
suggests that the PSD is highly crowded, potentially restricting the diffusion of receptors
regardless of binding. I complemented computational approaches with empirical data to
test the effect of synaptic crowding on receptor movement and positioning in rat
hippocampal neurons. Simulation of receptor diffusion in synapses containing previously
measured distribution of scaffold proteins predicted that the variation of receptor size and
the organization of scaffold proteins each strongly influences the positioning and mobility
of receptors within the synapse. Using high-resolution and super-resolution imaging of
custom-designed transmembrane (TM) probes, | found that a single-pass TM protein with
a single PDZ binding motif was more mobile than the much larger AMPAR. Moreover,
either the single binding motif or an increase in bulk slowed the synaptic movement of the

small TM probe, suggesting that both crowding and binding can limit the escape of



AMPARSs from the synapse. By measuring synaptic architecture and TM protein movement
simultaneously, | found that the TM probe that does not bind PSD-95 could be as stabilized
as the binding variant in regions of high PSD-95 density, suggesting that crowding by
scaffold molecules and perhaps other proteins is sufficient to stabilize receptors even in the
absence of binding. Interestingly, single-molecule mapping showed that excitatory
neurotransmitter release preferentially occurs over these regions. Using a deterministic
computer modeling approach, | found that this type of release-receptor alignment can
modulate the synapse potency by 20-30%. Altogether these results demonstrate that tight
protein packing within the PSD may organize TM proteins within the synapse by

modulating their dwell times, thereby tuning synaptic strength.
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Preface

Neuropsychiatric disorders are the leading cause of disability in the United States.
In fact, neurological disorders, mental, and behavioral disorders combined account for
nearly a fifth of the disability burden in the U.S. quantified by the counting the total number
of years lost to illness, disability, or premature death (Murray et al., 2013). The
neuropsychiatric disorders that are severely debilitating affect about 6 percent of the adult
U.S. population, and are very costly to society. In fact, a conservative estimate of the costs
due to disability benefits, health care expenditures, and earnings lost exceeds $300 billion
dollars per year for the U.S.A. (NIMH, 2002). International estimates including both the
adult and pediatric populations is even graver. Sadly, medications do not exist to treat the
core symptoms of, much less cure, many of these disorders.

Neuropsychiatric disorders manifest in many different forms. They are believed to
result from poorly wired connections among neurons in the developing brains, or from
disrupted connections in the matured brains. In fact, before macroscopic changes in brain
morphology or slightly more subtle alterations like brain cell loss and cell death can be
observed, many types of neuropsychiatric disorders are associated with microscopic
changes such as alterations in the number and function of brain connections (Glantz et al.,
2006; Hutsler and Zhang, 2010; Penzes et al., 2011). Further supporting this theory, genetic
studies have shown that genes encoding proteins important to the functions of brain
connections are altered in neurological and psychiatric disorders (Betancur et al., 2009;
Hall et al., 2015). Thus, these diverse forms of disorders could involve a common
microscopic feature that is fundamentally important in brain circuit performance: the
microscopic juxtapositions between brain cells, also known neuronal synapses. It is
possible that altered synaptic structure and function contributes to abnormalities in specific
brain circuits, which in turn may underlie the symptoms characteristics in the patients
suffering from these disorders.

| believe that understanding the normal synapse structure and function is
indispensable before diving into the more complex and diverse realm of
abnormalities. Sadly, mechanisms that regulate these structures are still poorly understood
even in healthy synapse assembly. This dissertation is an attempt to unravel a few but
important aspects of how synapses are put together with their many molecular components
that are critically important for synapse function. An ultimate aim of my career is to
identify subtle synaptic pathology when it occurs, and develop ways to intervene.

The project had a tortuous beginning, but at least one unifying theme: biomedical
imaging. In the summer of 2012, | completed the first two years of medical school and
began graduate training in neuroscience. | wanted to approach neuroscience research using
imaging techniques as | had long been fascinated by the beauty of the central nervous
system and the technologies that can capture it. As | rotated through labs that employed
macroscopic imaging techniques such as magnetic resonance imaging or a finer-scale
imaging approach that could trace out the pathway of axons, | had initially envisioned
mapping out the brain better than my predecessors had. However, | soon realized that the
goal was overly ambitious and | lacked the resources for such a large undertaking. Most
importantly, | realized that a map is only as useful as how well we understand the structure
and function of the elements within it. Fortunately, 1 was guided into a more manageable
project in which | employed exciting and informative imaging techniques.



Significance statement

Small alterations to the distribution of key transmembrane proteins within
individual neural synapse can dramatically change the strength of synaptic transmission.
Indeed, many diseases are thought to unbalance neural circuit function in this manner.
However, processes that regulate this in healthy synapses are unclear. By combining
computer simulations with imaging methods that examined protein organization and
dynamics at multiple scales in space and time, we showed that both steric effects and
protein-protein binding each regulate the distribution and mobility of transmembrane
proteins in the synapse. Our findings extend our knowledge of the synapse as a crowded
environment that counteracts molecular diffusion, and support the idea that both molecular
collisions and biochemical binding can be involved in the regulation of neural circuit
performance.
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Chapter 1
General introduction

The proper execution of complex human behaviors such as learning is mediated by
exquisitely regulated performance of neural circuits. Changes in the strength of synaptic
connections was first speculated to be the mechanism underlying learning and memory
more than a century ago (Ram&n Y Cajal, 1894) (as interpreted by Jones (1994) and
Berlucchi and Buchtel (2009)). More concrete synaptic models were proposed decades
later (Konorski, 1948; Hebb, 1949), but it was not until the discovery of long-term
potentiation (LTP) (Bliss and Lomo, 1973), in which a brief high frequency synaptic
stimulation results in a long lasting increase in synaptic strength, that this model was
supported by empirical evidence. Since then, a large number of studies have been devoted
to clarifying the mechanisms that mediate and modulate synaptic strength.

At the synapses, or near-physical contacts between brain cells, electrical signals
from one neuron are converted to chemical signals when chemical neurotransmitters
released from the presynaptic terminal diffuse across the cleft to activate receptors on the

postsynaptic neuron. The neurotransmitters open postsynaptic receptor channels which

A Presynaptic bouton
vesicles y
Glutamate . \
receptors {4
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Figure 1.1. Functionally important elements of an excitatory synapse.

(A) Cartoon illustrating the release of glutamate (yellow) from a presynaptic terminal onto postsynaptic
receptors (green) in the postsynaptic density (grey) on a dendritic spine. A typical excitatory postsynaptic
current (EPSC) response. (B) Electron micrograph (EM) of an excitatory synapse in a rat hippocampus
(Kristen Harris). (C) Cartoon illustrating transmembrane proteins such as adhesion molecules (white), ion
channels (yellow), and neurotransmitter receptors (blue) superimposed on an EM of a synapse.
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allow the passage of ions and propagate the electrical signal in the postsynaptic neuron
(Fig. 1.1A,B). Changing the number or the conductance of postsynaptic receptor channels
tunes the synaptic strength (Benke et al., 1998; Malinow and Malenka, 2002; Song and
Huganir, 2002). However, it is becoming increasingly clear that synaptic strength is the net
result of numerous factors; an important general principle is that transmembrane (TM)
proteins establish the basis for this function. Adhesion molecules link the pre- and post-
synaptic membranes; ion channels on each side of the synapse initiate and control signaling;
neurotransmitter receptors gate both chemical and electrical responsiveness (Fig. 1.1C).
Thus, in an important sense, the precise architectural organization of TM proteins at a
single synapse determines how the synapse will operate (Sheng and Hoogenraad, 2007).
Indeed, mutations of many of these TM proteins have been identified as causes of autism
spectrum disorder, Tourette’s syndrome, learning disability, and schizophrenia (Bear et al.,
2004; Sudhof, 2008).

The excitatory synapses are arguably the best characterized among many types in
the mammalian brain. They play critical roles in information processing and experience-
dependent plasticity which are believed to underlie many forms of learning and memory
(Martin and Morris, 2002; Kessels and Malinow, 2009). This type of plasticity involves
increases in the strength of synaptic connections, and this potentiation can last any duration
from tens of minutes up to a year (Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973;
Abraham et al., 2002). In this way, long-lasting synaptic plasticity at excitatory synapses
are believed to convert experiences into stored information that can be retrieved later.

The association between persistent potentiation in synaptic strength and the

formation of a kind of memory is best understood in the hippocampus (Squire, 1992)



Neuropsychological studies of the patient H.M. who became amnesic after the surgical
removal of both medial temporal lobes (Scoville and Milner, 1957) preceded a number of
studies on the hippocampus and its connected regions. Further studies in rodents with
hippocampal lesions (Hirsh, 1974) and patients with hippocampal damage (Squire, 1982)
indicate that the hippocampus is essential for a type of memory. Two important studies
strongly support that LTP in the hippocampus mediates spatial memory formation and
retrieval. Firstly, Whitlock et al. (2006) found that rats which were conditioned to avoid a
specific chamber by electric shock developed a specific set of potentiated synapses as
measured by in vivo electrical recordings; importantly, a LTP induction protocol which
could normally boost synaptic strength failed to further increase the synaptic strength in
these synapses, suggesting that the learning-induced potentiation and the electrically
stimulated potentiation utilize the same pathway. Secondly, studies from the group of Todd
Sacktor (Pastalkova et al., 2006; Tsokas et al., 2016) showed that injecting a peptide
inhibitor into the hippocampus which abolishes LTP was sufficient to reverse the shock-
conditioned memory in rats that learned to avoid a section of a moving platform. These
data indicate that changes in synaptic strength play a causal role in hippocampal learning
and memory.

Given the clinical and fundamental importance of excitatory synaptic transmission
and plasticity, intensive efforts have been devoted to understanding their mechanisms of
action and regulation. Nonetheless, many aspects of how synapses perform chemico-
electrical conversion of information remain poorly understood, even in the absence of

plasticity during basal synaptic transmission. Particularly, it remains for the most part



unclear precisely how critically important transmembrane proteins get to the synapse, and
once there how they are retained and positioned appropriately.

One reason for the slow progress was due the lack of tools to study the precise
movement and spatial organization of individual proteins, in living neurons. However,
there has been a renaissance of synaptic neuroscience as more advanced imaging methods
have enabled us to see the internal structure of the living synapse and test how it can
influence the organization of transmembrane proteins.

In this general introduction, | will highlight major findings related to how the
internal architectural structure of excitatory synapses could modulate synaptic function. |
will also focus on how the organization of transmembrane proteins and its regulation within
the synapse are less well understood. | will argue that the spatial organization of a protein
IS just as important as its number or composition in modulating synaptic strength. This
introduction sets the stage for the results of this dissertation in advancing the current
knowledge on the mechanisms that regulate the mobility and positioning of TM proteins

within the synapse and its implications in regulating synaptic transmission and plasticity.

The role of synaptic structure in its function

Excitatory synapses in the mammalian brain form at specialized plasma membrane
compartments at the tip of femtoliter (Lm?®) sized protrusions called dendritic spines (Fig.
1.1A,B). In the adult brain many mature spines resemble the shape of a bulbous mushroom.
This type of morphology supports the autonomy of individual synapses by promoting the
retention of intracellular signaling molecules (Koch and Zador, 1993; Bloodgood and
Sabatini, 2005; Tonnesen et al., 2014) and transmembrane proteins (Ashby et al., 2006;

Simon et al., 2014) within the spine head. The compartmentalizing function of the spine



structure has motivated much investigation on the relationship between spine size and
synaptic strength. In fact, multiple independent groups have found—by uncaging a photo-
sensitive glutamate directly over spines while measuring synaptic strength via whole-cell
patch clamp recording—that there was a robust, direct association between spine size and
synaptic strength (Matsuzaki et al., 2001; Beique et al., 2006; Noguchi et al., 2011).
Furthermore, this relationship is supported by studies on opposing forms of synaptic
plasticity. Diverse protocols of LTP induction lead to a concomitant increase in the spine
size and the amplitude of AMPAR-mediated synaptic transmission (Lang et al., 2004;
Matsuzaki et al., 2004; Kopec et al., 2006). The converse was true for low-frequency
stimulation protocols of long-term depression (Okamoto et al., 2004; Zhou et al., 2004).
Importantly, however, exceptions have been reported where synaptic strength can change
in the absence of morphological change in the spine structure (Bagal et al., 2005; Sdrulla
and Linden, 2007; Wang et al., 2007). Altogether, the evidence suggests there might be a
more consistently reliable structural correlate of synaptic strength.

Within the synapse, critically important transmembrane proteins such as glutamate
receptors accumulate at the postsynaptic plasma membrane and are kept in register with
the presynaptic terminal through association with a proteinaceous structure called the
postsynaptic density (PSD). In electron micrographs, PSDs appear as electron-dense
material at the tip of the spine or on the shaft of the dendrite (Fig. 1.1B), and they are on
average disk-shaped, measuring 300-400 nm in the lateral plane (Harris and Stevens, 1989)
and 20-30 nm in the axonal-dendritic axis (Valtschanoff and Weinberg, 2001). The range
of sizes and shapes, however, are remarkably variable (Spacek and Hartmann, 1983; Harris

et al., 1992). An individual PSD can be oval or amorphous, and can contain perforations



where protein density is low (Fig. 1.2). In addition to concentrating TM proteins at the
synapse, the PSD connects postsynaptic signaling molecules, kinases and phosphatases in
close proximity to their substrates, positions trans-synaptic adhesion complexes that bridge
the cleft between communicating neurons.

Given central role of PSD in compartmentalizing proteins and keeping pre- and
post-synaptic components in register, its size and structure were hypothesized to correlate
with synaptic strength much more reliably than spine size. In fact, PSD diameter correlates
with the number of synaptic AMPARs (Harris and Stevens, 1989; Takumi et al., 1999);
PSD surface area correlates with the area of apposed presynaptic AZ and the number of
glutamate vesicles docked there (Schikorski and Stevens, 1997); and the LTP induction
protocols increased the fraction of complex and perforated PSDs (Stewart et al., 2005;
Connor et al., 2006). Therefore, the PSD structure is tightly correlated with synaptic
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Figure 1.2. The PSD structure is diverse.

(A) A serial electron micrograph representative of a perforated postsynaptic density. (B) 3D reconstruction
of PSD on a mushroom spine from serial thin sections in the CA1 region of a mouse hippocampus. Three
categories of PSDs located on mushroom spines: (C) perforated PSDs, (D) segmented PSDs (dashed lines
separate PSDs from separate spines), and (E) macular PSDs. Every scale = 500 nm. Adapted from Stewart
et al. (2005) with permission from the publisher Wiley-Blackwell.
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strength, likely because different architectural organizations within the PSD dictate
distributions of glutamate receptors and other important TM proteins that either boost or

reduce response to pre-synaptic glutamate release.

Receptor distribution within the synapse dictates synaptic strength

Several landmark studies in synaptic physiology were indispensable for our current
understanding of the factors that could determine the amplitude of synaptic response. In
1950, Fatt and Katz first reported the existence of ‘biological noise’ when recoding the
endplate potential at the amphibian neuromuscular junction with an intracellular micro
electrode. They, and other groups of investigators, later gave more detailed accounts of
these “miniature potentials,” showing that evoked compound postsynaptic responses were
the summation of multiple simultaneous miniature events and that these quantal miniature
events could be detected action potential blockade (Del Castillo and Katz, 1954; Boyd and
Martin, 1956; Liley, 1956). These observations motivated the use of quantal analysis and
subsequently its application to study excitatory synapses in the mammalian central nervous
system. Thus, numerous experiments have asked what determines the amplitude of the
postsynaptic response at these synapses (quantal size). Until the turn of the 21% century, it
remained to be determined—even in the case of a single release event—whether the
limiting factor which determines the amplitude of the postsynaptic response was the
number of postsynaptic receptors available for activation or whether the vesicular
glutamate content is limiting. Asked differently, does glutamate release saturate the
number of available receptors on the postsynaptic membrane? The short answer is no, and
thus the total number of receptors within a synapse does not determine the synaptic strength.

The support comes from numerical modeling and empirical evidence.



Known biophysical parameters of the synapse, when considered together, support
the notion that not all receptors within the synapse are activated and the synaptic strength
can be modulated by either tuning the amount of glutamate released or the density of
receptors encountered by the glutamate released. When glutamate is released from a
presynaptic vesicle, glutamate concentration within the synaptic cleft rises up to 1-3 mM
constrained to narrow spatial distribution (<200 nm) (Clements et al., 1992) and dissipates
substantially due to diffusion and buffering within ~100 psec (Diamond and Jahr, 1997,
Bergles et al., 1999). Importantly, the concentration of glutamate required for half-
maximally activating AMPARs is at most 2 mM (Traynelis et al., 2010), and thus
receptors displaced a small distance from the site of release likely cannot open due to

insufficient glutamate concentration. Indeed, numerical modeling which incorporates these
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“weaker synapse” “stronger synapse” Figure 1.3. Synaptic strength can be modulated
by changing the organization of AMPARSs without
changing the total number of receptors

e ® o ©® (A) Presynaptic release of glutamate onto a region
of two AMPARs produces a small excitatory
postsynaptic current (EPSC)

(B) Release onto a highly dense region of receptors
can enhance EPSC.
Adapted from MacGillavry et al. (2011) and
printed with permission from the publisher.
Vo V
parameters indicate that while AMPARs directly across from the site of release open with
fairly high probability (~0.5-0.6), receptors laterally displaced by even 50 nm are much
less likely to open (Xie et al., 1997; Franks et al., 2003; Raghavachari and Lisman, 2004).
This translates to as little as 25% of receptors activated by single release within a medium
to large synapse (Lisman and Raghavachari, 2006; Lisman et al., 2007). Importantly, this

model assumed that receptors were uniformly spaced on the lateral face of the PSD.

Heterogeneity in receptor distribution could enhance or limit AMPAR activation



depending the density of receptors directly across from the site of release. Thus, not just
the total number of AMPARS in a synapse, but also the local density of AMPARS within
synapse subdomains may determine the efficiency of synaptic transmission (Fig 1.3).
Multiple empirical studies were designed to test whether glutamate receptors at
excitatory synapses are saturated by glutamate release following a single action
potential. At the calyx of Held in acute brainstem slices, in which both the presynaptic
terminal and the postsynaptic neuron are amenable to patch-clamp electrophysiology
recordings, adding exogenous glutamate via presynaptic patch pipette further increases the
postsynaptic response to spontaneous vesicle fusion (Yamashita et al.,, 2009),
demonstrating that the concentration of glutamate in the presynaptic terminal is limiting.
However, the multi-active-zone structure of this large compound synapse may differ in
important ways from other excitatory synapses composed of single active zones. Further
evidence of receptor non-saturation was also demonstrated at cerebellar mossy fiber—
granule cell connections which, like hippocampal excitatory synapses, contain a single
release site. At this synapse, receptors appear well below saturation, and the quantal
variance is very high (Sargent et al., 2005). While the situation for hippocampal excitatory
synapses has been somewhat more difficult to dissect, there is good evidence that many
synapses of this type operate below AMPAR saturation during quantal transmission. One
approach has been to compare postsynaptic currents in dissociated hippocampal neurons
evoked by local electrical stimulation with those resulting from direct application of
glutamate to that identified synapse by iontophoresis. In these studies, the amplitude was
greater for iontophoretically evoked responses even while the variance was lower (Liu et

al., 1999; McAllister and Stevens, 2000). This suggests that when vesicular glutamate is



released at hippocampal synapses during synaptic transmission it is not saturating. Instead,
quantal release stochastically activates a subset of synaptic AMPARSs giving rise to the
high variability in responses. It is conceivable that this variance could arise because of
continual adjustment postsynaptic AMPAR distribution with respect to presynaptic release
location. As a result, an important first step is to understand how receptors are positioned
within the synapse and whether these processes are dynamic in living synapses.
Historically, the best available approach to measure receptor distribution has been
electron microscopy following immunogold labeling of AMPARSs. As informative as it is,
a major disadvantage with this approach is that the very high spatial precision requires
limiting the density of antibody labeling in order to maintain specificity. Consequently,
this approach can only be used across a population of synapses to determine population-
averaged views of synaptic AMPAR distribution. Nevertheless, this approach has revealed
that with excitatory synapses of neocortical tissue and striatum AMPARSs tend to be located
more peripherally (Bernard et al., 1997; Kharazia and Weinberg, 1997). This is
particularly striking when compared with the distribution of NMDARs in the same
neocortical synapses where there distribution is opposite, tending to be centrally
concentrated (Kharazia and Weinberg, 1997). In another study, Somogyi et al. (1998)
performed similar experiments focused on CA1 pyramidal excitatory synapses and found
additional evidence for a central concentration of NMDARSs but only a uniform distribution
of AMPARs measured as the single dimensional distance from the PSD center. Again,
while this approach has suggested trends in AMPAR distribution across synapse
populations, the interpretation of the results from these studies is limited by the necessity

of averaging across synapses.
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Several technological developments have advanced the ability to map the entire
receptor population within individual synapses without averaging, improving the ability to
map these receptors fully in two dimensions. First, an alternative preparation method for
EM called SDS-digested freeze-fracture replica labeling (SDS-FRL) has been applied to
several excitatory synapse types by the Shigemoto lab. The special tissue preparation
involved in this method allows for high-density, stoichiometric, immunogold labeling of
synaptic receptors. In cerebellum, an initial study of immature Purkinje cells (climbing
fiber to Purkinje cell synapses) indicated a uniform distribution of AMPARSs within
synapses (Tanaka et al., 2005). An additional study with more mature tissue, where
Purkinje cells have an additional type of excitatory synapses, showed that the climbing
fiber synapses maintained a uniform receptor distribution consistent with the previous
study (Masugi-Tokita et al., 2007). However, AMPAR distribution on the parallel fiber
synapses onto Purkinje cells had a much more variable density (comparing different
synapses), and within any individual synapse AMPARs appeared in irregularly organized
clusters. This indicates that complex organization of synaptic AMPARSs is certainly
possible and can even be a characteristic feature of certain synapse types.

Two additional approaches offered the possibility to map receptor distribution
within single synapses with the additional advantage of simultaneously mapping the
distribution of other synaptic proteins. First, EM tomography is yet another refinement of
EM-based approaches. In this case, like other forms of tomography, a series of images are
made to virtually section through the tissue. These tomographic images can then be used
to reconstruct a 3-dimensional representation of electron dense synaptic constituents at a

level that can resolve the general shape of individual proteins and receptors. Utilizing this
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approach the Reese lab has identified the relative distribution of AMPARs and NMDARS
based on the particular electron-dense profiles of each and found the distribution of
AMPARSs to be considerably more peripheral than NMDARs (Chen et al., 2008; Chen et
al., 2011). Though the results of this approach are compelling, it should be noted that
technological limitations still restrict these experiments to one or a few synapses per
study. Many receptors of each type were associated with “vertical filaments” which were
identified as MAGUK family members, prominently PSD-95 (more on these in the next
section. These vertical structures are then interlinked by horizontal structures which are
presumably GKAP and Shank molecules, though a more confident identification of
horizontal filaments remains to be completed. From these early studies, it is clear that EM
tomography will be a powerful approach to pursue a more comprehensive understanding
synapse organization in the future.

Complimentary to EM tomography, super-resolution light imaging approaches
called STORM (stochastic optical reconstruction microscopy) (Dani et al., 2010) and
PALM (photoactivated localization microscopy) (Betzig et al., 2006) utilize fluorescence-
conjugated antibody labels or expressible proteins fused to photoswitchable fluorescent
proteins to resolve the precise locations of multiple synaptic proteins simultaneously within
the synapse. Briefly, after labeling fixed tissue or cells, low-level excitation of fluorphores
is used to stochastically excite limited numbers of labeled proteins, and their precise
position in 2-D or 3-D space; this process is repeated until a large population of synaptic
proteins has been sampled (Huang et al., 2008). Using STORM, Dani et al. found a broad
range of distribution patterns for AMPARs and NMDARSs in excitatory synapses in the

accessory olfactory bulb (Dani et al., 2010). In some cases, they found a central
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concentration of NMDARs and peripheral AMPARs (even tending toward perisynaptic
enrichment) while in other cases they found very uniform receptor distributions which were
uniformly organized across PSDs labeled by Shank or Homer antibodies. Further studies
by multiple groups found that the AMPARSs are often arranged non-uniformly in multiple
dense regions across the lateral face of an individual synapse (Nair et al., 2013) and these
dense receptor regions co-localize with dense regions of PSD-95 (MacGillavry et al., 2013).
This application of superresolution light imaging is powerful in mapping synaptic proteins
in two and three dimensions and at high density within single synapses. Together these
data suggest the possibility that receptor organization could be quite diverse among
synapses and highlights the need for further investigation including the development of
live-cell imaging approaches to study how the organizations of AMPARs and other TM

proteins are controlled.

Receptor trafficking

AMPAR content within the synapse results from multiple steps that regulate
subunit synthesis, forward trafficking from intracellular compartments to the plasma
membrane, and lateral diffusion from the location of exocytosis to synapses. Messenger
RNAs coding for AMPAR subunits are present throughout the neuron, in the dendrite and
the nucleus (Huang et al., 2006; Irier et al., 2009). Quality control in the endoplasmic
reticulum ensures proper folding and tetramer assembly and association with auxiliary
subunits such as Stargazin, which promotes export (Tomita et al., 2003; VVandenberghe et
al., 2005), permitting passage to the Golgi and subsequent packaging into intracellular

storage vesicles.
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In the endosomal storage pool, AMPARs become subject to regulated cycling
between intracellular compartments and the plasma membrane. GluA2-containing
AMPARSs constitutively cycle between these two pools via rounds of endocytosis and
exocytosis. The rate of reinsertion and degradation can be regulated by activity (Ehlers,
2000; Lee et al., 2004). In fact, increased AMPAR endocytosis mediates long-term
depression (Man et al., 2000; Ashby et al., 2004; Lin and Huganir, 2007), and increased
exocytosis mediates long-term potentiation (Lledo et al., 1998; Hayashi et al., 2000; Park
et al., 2004). Thus, AMPAR content within the synapse is subject to constitutive and
activity-dependent trafficking between intracellular and surface membrane compartments.

The simplest model for changing AMPAR content in the synapse would be direct
endocytosis or exocytosis of receptors at the synapse. However, all experimental evidence
so far suggests that receptors are delivered to extrasynaptic locations. Exocytosis can occur
at the cell body, the dendritic shafts (Yudowski et al., 2007; Lin et al., 2009; Makino and
Malinow, 2009), or in the spine head (but still outside the synapse) (Kennedy, 2010; Park,
2006). Similarly, endocytosis takes place at specialized sites called endocytic zones away
from the synapse (Blanpied et al., 2002; Racz et al., 2004). Between 15 and 50 AMPARs
(Yudowski et al., 2007; Tao-Cheng et al., 2011) are packaged into each exocytic vesicle
(~0.15 pm measured by Racz et al. (2004)); fewer AMPARS (1-2) are immunolabeled by
at individual endocytic zones (Petralia et al., 2003; Tao-Cheng et al., 2011). These results

indicate that additional steps are needed for AMPARs to travel between synapses and
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locations of membrane trafficking in order to populate synapses with the appropriate

number of AMPARSs (Fig 1.4).

( O o ) Figure 1.4. Both membrane trafficking
and lateral diffusion determine synaptic
AMPAR content.
The diffusion of AMPARSs within the plasma
Lateral membrane facilitates the exchange between

synaptic and extrasynaptic pools of
receptors. Receptor endocytosis and
exocytosis occur outside the synapse and
& determine the AMPAR content in the

Internalization Insertion  extrasynaptic pool.

diffusion

As demonstrated by techniques that measured the diffusion of receptors on the
plasma membrane (to be discussed shortly), AMPARs are mobile on the lateral plane of
the plasma membrane. And this mobility allows AMPARs to explore large area on the
dendritic plasma membrane, to enter and exit dendritic spines, and most importantly to
encounter synpases where they can become incorporated. However, factors that control
synaptic incorporation and organization of receptors remain poorly understood and will be

addressed by experiments presented in this dissertation.
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Factors that could control the distribution of receptors and other TM proteins in the
PSD

Given that the PSD is highly abundant in the brain and that it can be enriched by a few
steps of centrifugation, the composition of the PSD has been studied extensively by
biochemical analysis. Within the PSD, the most common class of proteins are the multi-

domains scaffolding proteins. These provide means of retaining TM proteins within the

Figure 1.5. Multiple protein-
protein interactions at the PSD.
AMPARs (green) directly bind to
TARPs (dark grey), which
TARPS/ interact directly with PSD-95
S1argazin- (plack), which interacts with
multiple layers of scaffolding
PSD-95 proteins (light grey), and they
ultimately interact with the actin
cytoskeleton.

synapse. Among these, the MAGUKS
AMPAR

are the best characterized. Of four

members in this family, PSD-95 is ;
particularly relevant for regulating the
accumulation, retention, and
organization of TM proteins, as it lies
closest to the postsynaptic membrane
by associating with the membrane through N-terminal palmitoylation, and thus well
positioned as a scaffold to interact with TM proteins that contain sizable cytoplasmic
protein domains (Fig. 1.5). The structure of some synapses can be maintained over a time
of days, weeks, and even years, although the lifetime of a receptor or TM protein is at most
on the order of days. The fixed snapshot of postsynaptic membrane through biochemical
or electron-microgrpahic analysis cannot account for the rapid structural modifications. An
increasing amount of experimental evidence in living synapses has demonstrated the role
of PSD-95 as a PSD-resident protein binding partner in regulating the trafficking of TM

proteins to the synapse and accumulation within it.

16



The most studied role of PSD-95 as a binding partner is in the regulation of the
number of postsynaptic AMPARSs (Malinow and Malenka, 2002; Granger et al., 2013) and
their distribution across the face of the postsynaptic density (PSD) (Kennedy, 2000;
MacGillavry et al., 2011). At excitatory synapses, AMPARs are concentrated in the PSD,
but diffuse laterally throughout the surface of the neuronal membrane, and they enter and
exit the PSD via this mechanism (reviewed by Opazo et al. (2012)). Thus, in order to
sustain or tune synaptic strength at rest or during activity, the synapse must capture
receptors and slow their mobility in order to retain them. However, despite intensive efforts,
the mechanisms that govern intrasynaptic AMPAR mobility and organization remain
surprisingly unclear. My general contention is that some of these mechanisms will be

receptor-specific, but others may hold very broadly for a large number of TM proteins.

Techniques to measure transmembrane protein diffusion

Particles suspended in a liquid are pushed in different random directions owing to their
collision with thermally agitated surrounding molecules (e.g. water). Brown (1828) first
observed this phenomenon while look through a microscope at particles trapped inside
pollen grain cavities suspended in water; the precise mechanism of Brownian motion was
elegantly described later by Einstein (1905) and confirmed empirically by (Perrin, 1909).
In a similar process, transmembrane (TM) proteins in a typical cell membrane undergo
Brownian or free diffusion, but also exhibit motions that cannot be described by this
process alone. Many techniques to measure protein diffusion have been developed to
understand additional factors that could control protein motion in the plasma membrane of
living cells, including fluorescence recovery after photobleaching (FRAP) and single

particle tracking (SPT). Results so far suggest that the motion TM proteins could be

17



influenced by physical obstacles and reversible biochemical interactions (Kusumi et al.,

2005).

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) (Axelrod et al., 1976) has been used
for measuring two-dimensional lateral mobility of fluorescent particles. In this technique,
a small region containing fluorescent molecules is irreversibly, photochemically bleached
by a brief intense pulse of light (Fig. 1.6) (Reits and Neefjes, 2001; Chen et al., 2006). The

rate of exchange in and out of the bleached region is determined by measuring the rate of

; Figure 1.6. Schematic of fluorescence recovery
after photobleaching experiment.

) First, the fluorescence F(t<0) in a region of
interest (e.g. tip of a dendritic spine) is measured
to establish that fluorescence change due to
imaging alone does not substantially bleach
fluorescence over time. Second, an intense pulse
of laser is applied on the same region to bleach

area is recorded as a function of time. Green
ovals represent fluorescent TM proteins, black
ovals the bleached proteins.

o fluorescence in that region. Then, the
S fluorescence F(0) in the same region is measured
@ F(«) again and this is defined as time zero. Last, the
g § 2" [F(=)-F(0)] recovery of the fluorescence within the bleached
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fluorescence recovery from naive fluorescent parts of the membrane. The proportion of
receptors that are exchangeable in a given area can be estimated by quantifying the extent
of recovery. The transmembrane proteins of interest are commonly tagged with a
fluorophore (e.g. green fluorescent protein, GFP) to enable FRAP (Ashby et al., 2004;
Ashby et al., 2006; Kopec et al., 2006; Park et al., 2006; Heine et al., 2008).

FRAP provides information on the ensemble of many proteins as a whole, yielding

the estimate of protein mobility as the movements of hundreds or thousands of molecules

are averaged. It can uncover the difference in movement of two different proteins in the
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same kind of environment or the same kind of protein in different kinds of environment. A
slow rate and extent of fluorescence recovery of a tagged TM protein can indicate the
presence of physical barriers, reversible chemical interactions, restricted membrane

geometry, or both (Kusumi et al., 1993; Ashby et al., 2006; Choquet and Triller, 2013).

Single particle tracking

Single particle tracking (SPT) is a powerful tool to distinguish the movement TM proteins
with high temporal and spatial resolution. The major advantage of SPT is capability to
measure the diffusion of individual TM proteins as opposed to the ensemble measurement
in FRAP. This enables the investigation of the diffusion and organization of a
subpopulation of TM proteins within submicron confines of the plasma membrane, ideally
suited for the questions at hand.

SPT employs sub-micron-sized particles that can bind to the protein of interest
through ligands that recognize the receiving extracellular domain on the protein. The
particle is distinguishable by increased light contrast through various means (e.g.
differentially scattered visible light or fluorescence). The ligands can be made of latex (0.1
to 1 um in diameter) (Meier et al., 2001; Borgdorff and Choquet, 2002), gold (40 nm at the
smallest), quantum dots (8-20 nm), or organic dyes (< 1 nm). Colloidal gold is a strong
light scatterer that acts as a light sink rather than a light source. After background
subtraction and contrast enhancement, the label appears darker than the surrounding image.
Particles are deposited onto cells by passive incubation or are directly placed onto specific
cell areas with laser tweezers. The movement, and therefore TM protein diffusion, is then

imaged by video-enhanced differential interference microscopy or fluorescence imaging.
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The use of latex beads and gold beads in neurons limited SPT study to extra
synaptic receptors, as the size of the particles prevents access to receptors in the synaptic
cleft (~20 nm). An improvement of latex bead tracking was the use of antibodies
conjugated to organic dyes (e.g., Cy3, Cy5). The smaller size of organic dyes allows for
optical tracking of receptor diffusion in more restricted regions. The experimental results
have demonstrated that extra-synaptic AMPA receptors exchange laterally in and out of
the PSD and are less mobile within the PSD (Tardin et al., 2003). The major limitation of
using organic dyes is their fast photobleaching, which is limited to short (<< 1 sec)
recording particle trajectories, limiting the precision of estimating diffusion coefficients.

The introduction of semiconductor quantum dots has circumvented many of the
limitations (Dahan et al., 2003). Quantum dots are nanometre-sized semiconductor
fluorescent particles that practically do not photobleach (Michalet et al., 2005; Triller and
Choquet, 2005). However, the smallest quantum dot made so far, when combined a
nanobody, is ~14 nm (Cai et al., 2014), still close to the average size of a synaptic cleft gap.
These ligands likely preferentially label TM proteins that exit or hover near the periphery
of the PSD, making difficult the precise interpretation of their location in relation to the
synapse. In some SPT experiments of this study, | used a nanobody conjugated to a highly
stable organic dye, which is small enough to access the synapse easily but also bright

enough to enable second-long tracking of diffusion.
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The goal of SPT data analysis is to sort trajectories into various modes of motion
and to quantify metrics characterizing the motion, such as the diffusion coefficient and
confinement area. Both of these parameters can be determined by fitting characterizing the
mean squared displacement (MSD) over time, which is an estimate of the area explored of
the diffusing protein over time. The instantaneous diffusion coefficient can be calculated

from the initial linear slope of the MSD curve, and the confinement area can be calculated
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Figure 1.7. Different modes of diffusion detectable by single particle tracking.

(A) AMPAR trajectories within synaptic and extrasynaptic area. Examples 2-5 are trajectories from tracking
single Cy5-anti-GIuR2 on living dendrites. The trajectories within synaptic domain are labeled green and
those in extrasynaptic area red. Track 1 was an immobilized antibody fixed onto a coverslip as control. Track
2 and 3 remained within synaptic sites, track 4 remained in the extrasynaptic site, and track 5 begain in the
extrasynaptic area and entered into synaptic region, where it appeared more confined.

(B) Mean squared displacement (MSD) curves plots corresponding to tracks shown in (A). Track 2 and 3 in
the synaptic regions showed varying degrees of confinement and were less mobile than track 4.

Both panels adapted from Newpher and Ehlers (2008), with permission from the publisher Elsevier Inc.

from the end point of MSD curves if they plateau (for more theoretical and mathematical
treatment of these calculations, please see Saxton and Jacobson (1997). A few modes of
motion have been observed on the plasma membrane: Brownian diffusion and varying
degrees of confined diffusion (Fig. 1.7). A major result of this technique is that motion in

the membrane is not limited to pure Brownian diffusion.
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Receptor dynamics within individual synapses

The diffusion of proteins on the plasma membrane has received increasing attention, not
only due to the availability of experimental methods to study the diffusion process but also
given that this motion can influence the function of neurons and heterologous cells.
Decades ago, Axelrod et al. (1976) examined the fluorescence recovery after
photobleaching (FRAP) of acetylcholine receptors at the surface of cultured muscle cells
and found distinct pools of mobile and immobile receptors. Further experiments by Young
and Poo (1983) showed that AChRs rapidly diffuse on the muscle membrane outside of
neuromuscular junctions, and they first proposed that the nerve contacts serve as a trap for
rapidly diffusing receptors in the membrane. By monitoring the motion of individual
receptors using single-molecule tracking techniques, Daniel Choquet and colleagues
(Borgdorff and Choquet, 2002; Tardin et al., 2003) elegantly demonstrated that excitatory
synapses can confine the diffusion of AMPARSs, indicating that, similar to neuromuscular
junctions, central synapses can also stabilize the motion of receptors.

AMPARS on the plasma membrane diffuse laterally at a high rate (~0.02 pm?/s) as
measured by SPT (Ehlers et al., 2007; Groc et al., 2007). FRAP of fluorescently tagged
GIuA2 subunits of AMPARs on the plasma membrane showed that in both intact
hippocampi and cultured neurons, 30% of spine and 60% of shaft-localized AMPARSs are
exchangeable (Heine et al., 2008). Reducing the mobility of these receptors by antibody-
mediated cross-linking impaired the fidelity of synaptic transmission during high
frequency stimulation (Heine et al., 2008), indicating that rapid exchange of glutamate

receptors on the plasma membrane provides the basis of acute changes in synaptic strength.
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The movement of rapidly diffusing receptors and other TM proteins must be slowed
down and stabilized to permit synapses to accumulate and arrange these proteins for proper
response to neurotransmitter release. However, mechanisms that stabilize TM protein
diffusion within the synapse are poorly understood. The rapid lateral diffusion of various
transmembrane proteins critical for synaptic function can be interrupted by periods of
stability at synaptic sites as previously demonstrated using single-molecule tracking studies
(Borgdorff and Choquet, 2002; Biermann et al., 2014; Schneider et al.; Chamma et al.,
2016). The constraints on the diffusion of membrane dynamics have been first studied in
non-neuronal cell types. In the model proposed by Singer and Nicolson (1972), the
membrane is considered as a two-dimensional solution of integral membrane proteins
embedded in a viscous phospholipid bilayer solvent. However, this model cannot explain
the later findings as the measured diffusion coefficients in the biological membranes were
found to be more than one order of magnitude lower than those predicted from theory or
from measurements in reconstituted lipid bilayers (Saxton and Jacobson, 1997), indicating

that the structure of the membrane is quite complex.
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The great variability in diffusion exhibited by TM proteins on the cell surface
suggested that the plasma membrane is composed of diverse micro-domain architectures
that can hinder TM protein diffusion (Edidin et al., 1991; Jacobson et al., 1995; Simson et
al., 1998; Kusumi et al., 2014). Extensive studies of glutamate receptor dynamics in the
PSD have inspired a few conceptual models (Fig. 1.8).\ One class of models, arguably the

most investigated, considers PSD-95 as slots which stabilize receptors by binding to them
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Figure 1.8. Three conceptual models for receptor diffusion within the synapse.

The slot model proposes that receptors within synapses are strongly bound and stabilized by slot proteins
(e.g. PSD-95). In the corral model, receptors diffuse within the synapse, can bind to scaffolds and have
narrow escapes frequently. In the crowded model, receptor diffusion is confined due to obstacles and
receptors can also bind to scaffolds.

(Opazo et al., 2012). This scaffold protein contains multiple protein interaction domains
(Cho et al., 1992; El-Husseini Ael et al., 2002), the most relevant of which are the PDZ
domains. PSD-95 interacts with AMPARs via their auxiliary subunits known as TM
AMPAR regulatory proteins (TARPS) (Chen et al., 2000) through PDZ-mediated binding
(Schnell et al., 2002; Xu et al., 2008; Hafner et al., 2015). TARPs not only promote surface
expression of AMPARSs (Tomita et al., 2004), but their interaction with PSD-95 is required
for synaptic enrichment of AMPARs (Tomita et al., 2005). Furthermore, overexpression
or acute knockdown of PSD-95 respectively increases or decreases synaptic AMPAR
content (El-Husseini et al., 2000). These results suggest that changes in PSD-95 content

determine alterations in synaptic AMPAR numbers during synaptic plasticity, but there is
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no clear evidence for an increase in synaptic PSD-95 during induction of long-term
potentiation, the well-studied cellular model of learning.

On the other hand, activity-dependent phosphorylation of the cytoplasmic tail of
the TARP stargazin (Stg) by CaMKIla increases AMPAR interaction with PSD-95 and
augments the ability of AMPARs to accumulate in the synapse (Opazo et al., 2010;
Sumioka et al., 2010). These results suggest that disrupting the interaction between PSD-
95 and TARPs would prevent the synaptic retention of most receptors. However, results of
experiments to test this prediction have been equivocal. Overexpression of Stg with its
PDZ-binding c-terminus deleted reduces the fraction of immobilized AMPARs within the
synapse, but only by 50% (Bats et al., 2007). Similarly, direct interference of the Stg-PSD-
95 interaction with carefully optimized peptides that interfere with PDZ binding at both
PDZ1-2 does reduce EPSC amplitude, but only by 25% (Sainlos et al., 2011). Thus, though
binding may be required for a subset of AMPARS to be slowed in the synapse, the plentiful
remaining receptors suggest that it may not be the only mechanism for synaptic
immobilization of receptors. Remarkably, many critically important proteins other than
AMPARSs contain forms of PDZ binding ligands at their cytoplasmic domains which can
bind to PSD-95 as well. In Chapters 2 and 3, | test whether a specific form of PDZ binding
is sufficient to slow and dictate the organization of a TM protein representative within the
synapse by using single-molecule tracking.

A second class of models treats the synapse as a corral with a gate that opens and
closes to permit the entry and escape of receptors (Sako and Kusumi, 1995; Sheets et al.,

1997; Simson et al., 1998; Fujiwara et al., 2002). However, this model quickly lost steam
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as the candidates for the “fence” and “gate” have yet to be identified despite intensive

search.

Retaining synaptic proteins through steric hindrance
Mounting evidence suggests that another binding-independent mechanism may
complement binding to regulate mobility of receptors or TM proteins in general within the
synapse. Single-particle tracking demonstrated that receptors explored only an area smaller
than the synapse (Ehlers et al., 2007). Moreover, a high-resolution FRAP study found that
most AMPARs do not freely diffuse within the synapse and exchange minimally within
the PSD (Kerr and Blanpied, 2012). These data suggest a more complex picture of receptor
trapping, in which the spatial organization of the PSD can influence the stability of
receptors. The role of synaptic spatial organization in the regulation of TM protein mobility
and retention is addressed by both simulation and experiments presented in this dissertation.
The PSD accumulates so many protein in such a small volume (Husi et al., 2000;
Sheng and Hoogenraad, 2007) that PSD-native proteins could influence the mobility of
AMPARs by acting as a series of physical barriers to sterically hinder lateral diffusion
within the synapse. The idea that structural proteins sitting just below the plasma
membrane can serve as barriers and impede the TM protein motion has been proposed long
ago (Jacobson et al., 1995). The extent of this effect was first quantified through
computational modeling, in which PSDs densely packed with protein obstacles retained
receptors for minutes or even hours, even in the absence of binding interactions
(Santamaria et al., 2010). In support of this view, tomographic electron microscopy (EM)
of synapses indicates that PSDs are likely highly crowded (Fig take from Chen et al 2008

Xiaobin) (Chen et al., 2008). The presence of large numbers of high molecular weight
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proteins significantly restrict protein diffusion within cells, a process known as
macromolecular crowding (Ryan et al., 1988; Saxton, 1994; Minton, 2006). Single-
molecule tracking studies in living neurons support this view by revealing that not just
receptors but also membrane lipids display confinement and reduced diffusion within the
synapse (Renner et al., 2009). However, these limited findings are difficult to interpret,
because they used a variety of molecules (lipids or their protein ligands which, though
conveniently available, have strongly different characteristics that fundamentally alter
diffusion through membrane which contains heterogeneous distributions of other lipids
(Lajoie et al., 2009)). In addition, more direct mobility measures of AMPARs themselves
have been carried out via many other tags, ranging from antigen-binding antibody fragment
to full antibodies carrying synthetic dyes, quantum dots, or beads as reviewed by Opazo et
al. (2012). But these labeled AMPARs by definition are much larger than the receptors
themselves, and so are of unclear relevance to the synaptic steric mechanism that may
govern receptor mobility. Thus, whether the size of the TM protein itself influence mobility
and the positioning of the TM proteins is poorly understood. The role of TM protein size
in the regulation of TM protein mobility and retention is addressed by both simulation and
experiments presented in this dissertation.

The advent of super-resolution imaging methods have made it possible to visualize
protein distribution within the PSD with nanometer precision (Fukata et al., 2013;
MacGillavry et al., 2013; Nair et al., 2013). These studies have revealed a heterogeneous
and nonuniform distribution of scaffold proteins and receptors within the PSD, consistent
with EM studies (Chen et al., 2008). EM studies further made it possible to discern the

specific orientations of scaffold proteins such as PSD-95 within the PSD (Chen et al 2011).
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Together these spatial maps of PSD-95 within the synapse make it possible to investigate
how the size of the TM proteins and the organization of scaffold proteins can control the
mobility and positioning of TM proteins.

| hypothesize that macromolecular crowding in the PSD and receptor-scaffold
interactions act together to facilitate the retention and to modulate the distribution TM
proteins within the synapse. One key goal of this project is to test empirically the
predictions generated by computer models which incorporate measured aspects of PSD
organization. The other key goal is to simulate the functional consequence of the
experimental data and motivate further studies to test the impact of macromolecular

crowding on synaptic function.
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Chapter 2: Protein crowding within the postsynaptic density can impede the escape of
membrane proteins?

Abstract

Mechanisms regulating lateral diffusion and positioning of glutamate receptors within the
postsynaptic density (PSD) determine excitatory synaptic strength. Scaffold proteins in the
PSD are abundant receptor binding partners, yet electron microscopy suggests that the PSD
is highly crowded, potentially restricting the diffusion of receptors regardless of binding.
However, the contribution of macromolecular crowding to receptor retention remains
poorly understood. We combined experimental and computational approaches to test the
effect of synaptic crowding on receptor movement and positioning in Sprague Dawley rat
hippocampal neurons. We modeled AMPA receptor diffusion in synapses where the
distribution of scaffold proteins was determined from photoactivated localization
microscopy experiments, and receptor-scaffold association and dissociation rates were
adjusted to fit single-molecule tracking and fluorescence recovery measurements.
Simulations predicted that variation of receptor size strongly influences the fractional
synaptic area the receptor may traverse, and the proportion that may exchange in and out
of the synapse. To test the model experimentally, | designed a set of novel transmembrane
(TM) probes. A single-pass TM protein with one PDZ binding motif concentrated in the
synapse as do AMPARs, yet was more mobile there than the much larger AMPAR.
Furthermore, either the single binding motif or an increase in cytoplasmic bulk through

addition of a single GFP slowed synaptic movement of a small TM protein. These results

LLiTe, Song Y, MacGillavry HD, Blanpied TA, Raghavachari S (2016) Protein Crowding within the
Postsynaptic Density Can Impede the Escape of Membrane Proteins. The Journal of Neuroscience, 36:4276-
4295,
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suggest that both crowding and binding limit escape of AMPARs from the synapse.
Moreover, tight protein packing within the PSD may modulate the synaptic dwell time of

many TM proteins important for synaptic function.

Introduction

Synaptic strength is modulated by both the density and positioning of AMPARs within the
synapse (Xie et al., 1997; Franks et al., 2003; Raghavachari and Lisman, 2004; Lisman et
al., 2007; Kessels and Malinow, 2009), so determining the mechanisms that establish their
synaptic entry, exit, and distribution is of great interest. We argue here that key mechanisms
controlling AMPAR dynamics in the synapse are likely also to apply to the many other
transmembrane (TM) proteins that establish synapse structure and function.

Receptors and other critical synaptic TM proteins are highly mobile in the dendritic
plasma membrane (Meier et al., 2001; Borgdorff and Choquet, 2002; Serge et al., 2002;
Breillat et al., 2007; Biermann et al., 2014; Chamma et al., 2016). This mobility is generally
sufficient to permit TM proteins to explore large expanses of the dendrite on the time scale
of minutes, to enter and exit spines efficiently, and perhaps most importantly, to encounter
numerous synapses where they may be incorporated (Giannone et al., 2010; Masson et al.,
2014). It is now well-established in particular that AMPARS enter and exit the synapse via
lateral diffusion (Borgdorff and Choquet, 2002; Heine et al., 2008). Given this, it is widely
expected that synapses maintain steady state enrichment of receptors by presenting binding
sites that slow receptor diffusion (Gerrow and Triller, 2010). Indeed, a large fraction of
AMPARSs within the synapse are highly constrained and nearly immobile (Ehlers et al.,
2007; Kerr and Blanpied, 2012; Choquet and Triller, 2013). In addition, PDZ-mediated

interactions between transmembrane AMPAR regulatory proteins (e.g. Stargazin) and the
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major synaptic scaffolding protein PSD-95 play a key role in reducing the lateral mobility
of AMPARSs at synapses (Bats et al., 2007). However, peptides that acutely disrupt their
binding decrease synaptic currents by only 20 to 50% (Sainlos et al., 2011). This suggests
that Stargazin-PSD-95 binding cannot solely determine AMPAR number and mobility at
the synapse.

Macromolecular crowding could be a key mechanism that complements receptor-
scaffold interactions to regulate the mobility of TM proteins in the synapse. The density of
proteins in the PSD is extremely high near the cell membrane (Husi et al., 2000; Sheng and
Hoogenraad, 2007; Burette et al., 2012), likely imposing a series of physical barriers to
hinder lateral diffusion of TM proteins (Trimble and Grinstein, 2015). Indeed, diffusion of
extracellularly labeled lipids in the synapse is affected by the extent of the protein bulk
used for labeling (Renner et al., 2009), suggesting a role for excluded volume interactions
in regulating molecular mobility. However, because lipids can preferentially sample
membrane regions not accessible by most TM proteins and extracellularly labeled lipids
are most likely not influenced by the cytosolic environment, it is unclear whether these
observations apply in general to TM proteins containing extended intracellular domains.
Computational modeling of receptor diffusion in crowded PSDs showed that even in PSDs
devoid of receptor-binding proteins, synaptic receptors could be retained for minutes or
even hours merely because hindrance by transmembrane and membrane-proximal proteins
reduced their mobility (Santamaria et al., 2010). Furthermore, proteins in the PSD are not
just densely packed but are heterogeneously distributed with notable clustering

(MacGillavry et al., 2013; Nair et al., 2013) that may accentuate steric effects. Despite
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these observations, the influence of intracellular protein bulk in determining synaptic
mobility of TM proteins has not been directly tested.

To address this, we distilled a receptor to its barest essence, a single-pass
transmembrane domain and a cytosolic tail that can bind to PSD-95. This probe
accumulates in synapses yet is dramatically smaller than AMPARs, allowing us to
manipulate protein bulk and binding capacity independently. Combining dynamic imaging
with theoretical modeling, we show that mobility of these probes within the PSD is affected
in a size-dependent manner by both steric effects and biochemical binding. Our results
suggest that steric effects may regulate the mobility of a large diversity of synaptic TM

proteins, with implications for synaptic transmission and plasticity.

Materials and Methods

For simulations

Synapse geometry. We approximated the PSDs as convex hulls, the boundaries of which
were extracted from the PSD-95 coordinates directly measured with PALM imaging
(MacGillavry et al., 2013). The PSD area ranged from 0.02 to 0.53 um? (n = 100). The
density of PSD-95 inside each PSD was kept to about 3,000/um? (Chen et al., 2011). The
PSD-95 molecules acted as obstacles to receptor diffusion. Adhesion molecules, NMDA-

type glutamate receptors, and other proteins were also added to the system (Table 2.1).
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Table 2.1. Simulation parameters.

Value Study
PSD-95 radius 2.5nm Chen et al. (2008)
NMDAR radius 8 nm Chen et al. (2008)
Adhesion molecules, radii 3-8 nm This work?
Other immobile proteins, radii 5-10 nm This work®?
NMDAR number 20 Cheng et al. (2006)
Adhesion molecule number 48 Cheng et al. (2006)
Other immobile protein number 15 Cheng et al. (2006)
Diameter of PSD 140-400 nm MacGillavry et al. (2013)
AMPAR number within a synapse 100 Matsuzaki et al. (2001)
AMPAR diffusion constant 0.2 um?/s Ehlers et al. (2007)

@Radii of assumed unstructured conformations were deduced from total counts of amino acids based on
the radius of gyration estimates of peptide chains by Kohn et al. (2004).

Two-dimensional percolation for receptors within PSD. We adapted methods from
computational geometry that were recently used to study percolation (Saxton, 2010).
Briefly, transmembrane and juxta-membrane proteins (such as PSD-95) were modeled as
disks distributed on a plane. Given the set of points representing the centers of the disks,
the Voronoi diagram divides the plane into polygons, each containing a single point. The
dual of the Voronoi diagram, known as the Delaunay triangulation, is a set of triangles that
tiles the plane, with the vertices at the different points and the edge lengths, Dj; representing
the distance between the points i and j. The region of polygon belonging to one point is
closer to that point than any other point. If a tracer’s diameter, dirac is Smaller than Dij-ri-r;
(the edge length minus the radii of the two points), then the tracer can move across the edge
between the two particles. The edge connecting the particle centers i and j is then labeled
a “conducting edge.” Thus, given a distribution of differently-sized disks on a plane, all
the conducting edges can be identified for a given tracer diameter. If a tracer can enter,
traverse, and exit a distribution of disks at distinct points, then a percolation path exists for

those particles.
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To investigate the effects of PSD molecular crowding and receptor-scaffolding
binding on AMPAR concentration, we considered the two-dimensional movement of a
tracer particle in the presence of a set of effectively immobile molecules, such as PSD-95,
NMDA receptors, and adhesion molecules. We first placed PSD-95 molecules based on
coordinates estimated by PALM experiments (MacGillavry et al., 2013), and then
randomly placed a set of transmembrane proteins without spatial overlap within the PSD
border. These include AMPA receptors, NMDA-receptors, adhesion molecules, and other
ion channels; their numbers were prescribed based on density estimated by EM and mass
spectrometry experiments (Sheng and Hoogenraad, 2007). NMDARs and the initial
locations of AMPARs were distributed relative to PSD-95 by matching the number
distribution of PSD-95 neighbors as determined from measured two-color localizations
(MacGillavry et al., 2013) while also ensuring that individual molecules did not overlap.
While the other non-PSD-95 proteins were randomly placed, the constraint of non-
overlapping spatial arrangement yielded non-random distributions in which most of these
proteins were more likely to be excluded from the highly dense PSD-95 regions and thus
relatively enriched toward the edge of the synapse. Nevertheless, the occupied volume of
these molecules is far less than that of the receptors and PSD-95 combined and would
therefore have a smaller effect on receptor mobility. We set the radius of PSD-95 to be 2.5
nm as estimated by EM tomography (Chen et al., 2008). We set the extracellular and
transmembrane radii of the AMPAR complex to be 8 and 5 nm, respectively, as estimated
by single-particle EM (Nakagawa et al., 2005). To model the yet to be crystallized
intracellular bulk of the AMPAR complex, we used estimates from single-particle EM of

GIuKz2 intracellular domain and a mathematical estimate of Stargazin C-tail size based on
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its residue count. Schauder et al. (2013) showed that the putative intracellular domain of a
full length GIuK2 receptor is around 10 nm in width and 5 nm in height. TARP proteins
have not been crystallized, but the intracellular tail (N~120 amino acids) of the most
studied TARP representative Stargazin is estimated to be around 3 nm in radius assuming

an unstructured globule, as calculated from the radius of gyration of a random polymer
R; = %Nﬁ/Sb2 (Kohn et al., 2004), where N is the number of amino acids and b is a

constant that is a function of the persistent length of the polymer. Given the residue count
of GIluK2 cytoplasmic portion is intermediate between that of GIuAl and that of GIuA2
and that full AMPARs can contain anywhere from 1 to 4 Stargazin subunits (Hastie et al.,
2013), we conservatively modeled the intracellular radius of the AMPAR complex to be 8
nm. The radii of adhesion molecules were taken from a random distribution ranging from
3 to 8 nm. The sizes of other immobile proteins (e.g. ion channels) were taken from a
random distribution ranging from 5 to 10 nm. The Voronoi diagram was computed in
MATLAB (Mathworks). Poisson distributions of PSD-95 were generated by first drawing
a convex hull to mark the boundary around the measured positions of PSD-95, and then
randomly placing the particles within the hull, while ensuring that two randomly placed
particles did not overlap.

The percolation paths were found based on the diameter of the diffusing tracer and
the boundaries between the mentioned molecules. We evaluated the conducting area
numerically as the area of the VVoronoi regions that had at least one conducting edge for
different measured PSD configurations used in the percolation calculations. We calculated
the conducting area fraction as the ratio of area with conducting paths divided by total PSD

area at different tracer sizes.
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Simulating AMPAR diffusion and binding. To simulate AMPAR diffusion within
the PSD and the surrounding extrasynaptic space, we used Monte Carlo simulations of
Brownian dynamics with a discretization time step of 2 ps. For sufficiently small time

interval At, each time step is simulated based on the following equations:

Ax = V2DAtE,
Ay = V2DAtS,

where ¢&,, ¢, are Gaussian-distributed white noise. The AMPAR diffusion coefficient
outside synapses was chosen to be in the range of 0.2 um?/s, based on single-particle-
tracking data by Ehlers et al. (2007) and current data. The diffusion space was chosen as a
circular domain of 400 nm radius with a central region occupied by the PSD. At each time
step, trial position (X, y) coordinates of AMPARs were incremented by the distances (AX,
Ay); however, whether a receptor could diffuse to the new position depended on several
rules: 1) whether it bound to PSD-95 upon collision, and 2) whether it collided with nearby
immobile obstacles. Once it bound to PSD-95, the particle stopped lateral diffusion but
underwent rotational diffusion, which determined its subsequent position of dissociation.
A bound receptor molecule could dissociate from a PSD-95 molecule according to a first-
order reaction. Receptors underwent free diffusion in extrasynaptic space, which was
treated as devoid of any obstacles. Although the PSD is a complex network of scaffold
proteins, we pooled all binary and unitary reactions into two first-order Kinetic rates, Kon
and Kofr. Altogether this model of receptor dynamics accounts for 1) association with
scaffolding molecules, 2) dissociation from scaffolding molecules, 3) collision with
obstacles when diffusing, and 4) free diffusion outside the PSD. Given that scaffold
molecules at the synapse are in excess compared to the number of AMPARs (Sheng and

Kim, 2011), we kept Kon constant. The dissociation rate Ko was taken as the inverse of
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mean dwell time of AMPARSs within postsynaptic density. Simulation parameters were

chosen based on estimates of other studies (Table 2.1).

Simulating full and partial synapse FRAP. Diffusible particles were labeled as
fluorescent, and randomly placed in the PSD and in a bigger domain (circle R) surrounding
the PSD. The circle R radius was set to 400 nm. Particles were allowed to reach steady
state before photobleaching. In case of full PSD bleaching, all particles within the convex
hull of the PSD were set to be non-fluorescent while the ones outside remained marked as
fluorescent. The number of fluorescent particles within the convex hull of the PSD were
recorded as a function of time to calculate the FRAP curve. In case of partial synapse FRAP,
particles within half the convex hull of the PSD were considered as bleached. While in
simulations in Figs. 2.1-2, the total number of receptors was fixed, FRAP simulations
needed to account for the exchange of receptors between the synaptic/perisynaptic region
and the rest of the spine. To account for this exchange, a third parameter, Ksip, was
introduced. Ksip was defined as the rate at which photobleached receptors get replaced by
fluorescent receptors when they hit the outside boundary circle R. We tried different values
of Kon and Kofr and Ksiip to fit experimental FRAP recovery curves, and we chose the values

that fit the experimental FRAP with the least squared error.

For experiments

Neuron culture and transfection. Dissociated hippocampal neuron cultures were prepared
from embryonic day 18 rats of both sexes as previously described (Frost et al., 2010). For
PALM and uPAINT experiments, cells were plated onto coverslips that were cleaned and
coated as reported by MacGillavry et al. (2013). Cells were grown 2-3 weeks in culture

and transfected 36-48 h before experiments (unless stated otherwise). Individual coverslips
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were transfected with 0.5-1.0 pg of cDNA for each expression construct using

Lipofectamine 2000 (Invitrogen).

Expression constructs. cDNAs were obtained or produced as follows (with original
sources): SEP-GIUA2 (R. Huganir); mEos3-GluA2 and PSD-95-mEos2 (MacGillavry et
al., 2013). SEP-TM and mEos3-TM were constructed by subcloning SEP from SEP-GIuA2
and mEos3.1 from mEos3.1-N1 (S. McKinney), respectively, into the pDisplay vector
(Invitrogen) at Xmal-Sacll; SEP-TM-Bind and mEos3-TM-Bind were constructed by
subcloning TM-StgCtail into SEP-TM and mEos3-TM at Sacll-Xhol. TM-StgCtail was
bought as a single dsDNA segment (gBlocks Gene Fragments, Integrated DNA
Technologies), in which the TM was derived from the pDisplay vector, and the StgCtail
derived from residues D203-V323 of Stargazin peptide sequence (UniProt ID O88602);
multiple cloning sites flanking the TM-StgCtail were introduced to facilitate further
customization: added features include Agel and Mlul upstream, as well as Mlul and a stop
codon downstream. Homerlc-mCh was prepared by subcloning Homerlc from Homerlc-
GFP (P. Worley) to Nhel-Agel sites of mCh-N1 (R.Y. Tsien).

SEP-TM-Cerulean and mEos3-TM-Cerulean were made by removing StgCtail
from SEP-TM-Cerulean-StgCtail and mEos3-TM-Cerulean-StgCtail using Mlul-mediated
restriction and self-ligation. SEP/mEos3-TM-Cerulean-StgCtail was made by PCR
extracting mCerulean3 from mCerulean3-C1 (M.A. Rizzo) and subcloning into
SEP/mEo0s3-TM-StgCtail at Agel. Xbal and Nhel were added immediately up- and down-
stream of mCerulean3, respectively, during PCR extraction for two purposes: 1) to
facilitate verification of the correction orientation of insertion, and 2) to facilitate addition

of multiple mCerulean3’s in tandem as Xbal and Nhel have overlapping sticky ends and
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thus a Xbal-Nhel-digested mCerulean3 can be cloned into either Xbal or Nhel site of a
plasmid that contains both, which can be done multiple times without requiring additional
restriction sites (adapted from iDimerize protocol of Clontech). However, SEP-TM-
Cerulean-StgCtail and SEP-TM fused to multiple mCerulean3’s on the intracellular
domain, when expressed in neurons, did not show detectable fluorescence under neutral
pH but fluoresced in ammonium-chloride-based alkaline bath (Park et al., 2006), indicating
that the constructs do not traffic to the surface plasma membrane.

To generate SEP-FKBP-TM-Bind/Nonbind, FKBP was inserted into Sacll site of
SEP-TM-Bind/Nonbind. To generate TagBFP-FRB-TM-Bind/Nonbind, mTagBFP2-FRB
was substituted for the SEP domain in SEP-TM-Bind/Nonbind between restriction sites
Xmal and Sacll. FKBP and mTagBFP2-FRB flanked by the appropriate restriction enzyme
recognition sites were purchased as gBlock dsDNA segments (IDT). The mTagBFP2
sequence was derived from pBAD-mTagBFP2, a kind gift from Vladislav Verkhusha
(Addgene plasmid #34632). The monomeric FKBP and FRB sequences were derived
from pC4sM-F2E and pCs-RHE, respectively (Ariad Pharmaceuticals), now available as

pHet-Mem1 and pHet-1 (Clontech). All constructs were confirmed by sequencing.

Live-cell imaging conditions. Cells expressing the indicated constructs were
imaged in extracellular imaging solution containing the following (in mM): 120 NaCl, 3
KCI, 2 CaCly, 2 MgCly, 10 glucose, 10 HEPES, pH adjusted to 7.35 with 1N NaOH. Cells
remained at 25 €€ for no more than one hour per imaging session. In experiments where
rapalog (AP21967 or A/C Heterodimerizer, Clontech) was applied, 100 pL of 10X

treatment solution was added to the 0.9 mL bath. Rapalog was supplied in ethanol; it was
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diluted to 10 pM in the extracellular imaging solution from a 500X stock solution. Thus

each application of rapalog resulted in a final concentration of 0.2 % ethanol.

Fluorescence recovery for up to 11 minutes after photobleaching. Short-term
FRAP experiments were performed on a spinning disk confocal system using software
acquisition control by iQ (Andor Technology) similar to what has been previously
described (Lu et al., 2014); however, it was modified to use a SCMOS camera (Zyla, Andor
Technology) and a computer-steered, galvo-scanning laser delivery system (FRAPPA,
Andor Technology). Imaging was performed with a 100X 1.45 numerical aperture (NA)
oil-immersion objective, yielding a final effective pixel size of 65 nm. For recovery up to
140 seconds after photobleaching, images were single optical sections acquired every 2 s
for 40 frames (20 before and 20 after bleaching) and subsequently every 5 s for 20 frames.
Z stability was maintained by ZDC2 (Olympus) feedback positioning system. For recovery
of 11 min after full and partial synapse photobleaching, images were 5-section Z-stacks
(0.4 pm / section) acquired four times at variable delays after bleaching (5s, 1 min5s, 6
min5s,and 11 min 5s).

Photobleaching of synaptic SEP-tagged proteins was achieved via the FRAPPA
unit using 405 nm laser excitation. (488 nm laser was avoided as it bleached both SEP and
mCherry fluorescence regardless of bleaching power, dwell time, or iterations). Bleaching
was executed in all cases with 60 us dwell time, 2 iterations at 40-50% of the available 405
nm laser power. Bleaching parameters were adjusted at the beginning of each experiment
to minimize mCherry bleaching. Time = 0 image acquisition followed directly after
photobleaching. For full-synapse photobleaching, a rectangular bleaching region was

placed around an entire synapse or spine. In contrast for partial synapse photobleaching, a
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small rectangular region was placed near the edge of synapses. This resulted in 6732%
bleached for the half of the synapse close to the bleaching spot and 4044% bleached for
the opposite half in the case of SEP-GIuA2; 6742% for half targeted for bleaching and
36244% for the opposite half in the case of SEP-TM-Bind. On average, 5043% of the total
synaptic SEP fluorescence was lost during partial synapse bleaching. Each experiment
contained some synapses that were targeted for partial synapse photobleaching while others

were fully bleached.

Fluorescence recovery for 52 minutes after photobleaching. Longer recordings of
FRAP to measure the near-equilibrium states were performed on a Zeiss LSM710 laser
scanning confocal systemusing a 20X/1.0 Plan-Apochromat water immersion
objective and software acquisition control by Zen. SEP was excited with a 488 nm Ar ion
laser, and mCherry with a 561 nm DPSS laser. Selected Homerlc-mCherry containing
spines were bleached with 2 scans of the 488 nm laser at elevated power, which
achieved 50-70% reduction in synaptic SEP fluorescence with minimal bleaching of
mCherry fluorescence. Images were 5-section Z-stacks (1.0 m / section) acquired 7 times
at variable delays after bleaching (1, 2, 7, 12, 22, 32, and 52 min). Pinhole size was set to

2-3 Airy units, and a 4X optical zoom was used, yielding a pixel size of 104 nm.

FRAP image analysis. Image processing and analysis was performed in ImageJ
after export from 1Q or Zen. Values measured in ImageJ were output to Prism (Graphpad
Software), in which statistics and graphing were done. Image z-stacks at all time points
were maximally projected in the z dimension. Values measured in ImageJ were background
subtracted before analysis. Baseline fluorescence intensity was normalized to 1.0 and

FRAP recovery was calculated as the fluorescence increase between t = 0 (immediately
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after SEP photobleaching) and the indicated time point. Rectangular regions were drawn
to enclose individual spines or synapses while excluding the parent dendrite and
minimizing background contribution. In partial synapse photobleaching experiments, the
SEP intensity of nine to fifteen randomly selected spines in each field not targeted for
bleaching were quantified at each time point; in longer recordings of FRAP, two spines not
targeted for bleaching were randomly selected. The SEP signal in unbleached spines served
as a control for the bleaching that occurred during imaging acquisition. The recovery
curves of the bleached spines were normalized to a linear fit of the average intensity of the
unbleached spines over time.

For full synaptic photobleaching, a single region was drawn around the entire
synapse using the Homerlc-mCherry image. Averaged fluorescence intensity of SEP-
tagged protein was quantified at each time. For partial synaptic photobleaching, two
regions were drawn. The bleached region was drawn based on where the original bleaching
region of interest was targeted. An additional control region of similar size was placed on
the opposite side of the synapse. StackRegJ (Jay Unruh, Stowers Institute for Medical
Research in Kansas City, MO) a plugin of ImageJ was used to correct for XY drift.
StackRegJ aligns the mCherry channel timelapse based on the first time point in most cases,
and then applies the same transformation to the SEP channel.

Synapses that were improperly bleached were discarded from further analysis.
Synapses targeted for partial photobleaching could be improperly bleached for several
reasons. For example, a single-pixel offset between the bleaching laser and the synapse
before bleaching occurs can result in over- or under-bleaching. In addition, synapses can

morph so much within a few minutes after photobleaching that the bleached spot cannot
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be relocated reliably. To avoid these, we excluded the following cases from further analysis:
1) synapses of which partial bleaching regions were <60% bleached with respect to
baseline fluorescence intensity, 2) synapses targeted for partial photobleaching that
inadvertently resulted in decreased fluorescence over >3/4 of the synaptic area, and 3)
synapses, of which morphology changed so considerably within the 11-minute experiment
that analysis regions could not be repositioned with confidence. Using these criteria, 30 of
61 synapses targeted for partial photobleaching were excluded from further analysis.

We measured the areas of individual synapses by counting the image pixels of the
Homerlc-mCherry cluster after thresholding the background-subtracted image at the half
the peak fluorescence intensity of the PSD. We measured spine enrichment of each SEP-
tagged protein by first drawing a rectangular region to enclose the entire spine head with
minimal contribution from the background, and then drawing a polygonal region (~3X the
width of the spine region) to enclose the parent dendritic segment immediately near the
spine. The dendritic region was occasionally offset laterally to avoid dendritic hot spots of
Homerlc-mCherry. SEP and Homerlc-mCherry (or TagBFP-FRB-TM-Bind) fluorescence
in spines and dendrites were measured as averaged green and red (or blue) fluorescence
after background subtraction. Spine enrichment was defined as (Gspine / Rspine) / (Gpendrite /
Rpendrite), Where Gspine and Gpendrite represent the spine and dendritic SEP fluorescence, and
Rspine and Rpendrite the spine and dendritic mCherry (or TagBFP) fluorescence. This method

was used as a relative, not absolute, means of comparing enrichment levels.

Single-molecule tracking (smt). SmtPALM was performed using a custom-built
setup as described previously (Lu et al., 2014). Imaging was conducted at 50 Hz, with 4

ms laser pulses for 5,000-10,000 frames. To account for lateral drift, a 3-plane z-stack (1.5
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um thick) of PSDs marked by fluorescently tagged Homerlc was taken once before and
after each single-molecule acquisition, a cross-correlation was calculated on
maximum intensity projected images of the two sets, and experiments that yielded a lateral
shift of more than one pixel (100 nm) were discarded from further analysis.
Single-molecule tracking method uPAINT was applied as reported by (Giannone
et al., 2010). FKBP- and FRB-containing proteins were cross-linked using 1 uM rapalog
(AP21967 or A/C Heterodimerizer, Clontech). Neurons were pre-incubated in full culture
medium at 37 € for 1-2 hours with rapalog, and subsequent imaging was performed at 25
€ in extracellular imaging solution. ATTO647N-conjugated anti-GFP nanobodies
(GFPBooster-647N, Chromotek) were bath applied to a final concentration of 300-500
pM once the first stretch of synapses was identified for each coverslip. BSA (A7030,
Sigma Aldrich) was bath applied to a final concentration of 0.5% to ameliorate nonspecific
interactions of nanbodies with untransfected cells and the coverslip surface. A two-color
single-molecule imaging setup that splits the emission of red and far-red bands was used
as described by MacGillavry et al. (2013), in order minimize mechanical vibration after
acquiring the first and before acquiring the last Z-stack of PSDs. To image subsequent

fields of the same cell or coverslip, the bound nanobodies were photobleached first.

Single-molecule localization, tracking analysis, and diffusion coefficient
calculation. All data analysis was performed offline using custom routines in Matlab
(Mathworks). Algorithms for determining molecule locations and criteria for filtering
molecules to be considered in further analysis were applied as described previously
(MacGillavry et al., 2013). Criteria for defining a track were described by Lu et al. (2014).

Using a tracking radius of 500 nm permitted monitoring of molecules with diffusion
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coefficients up to 3 um?/s, the upper bound for AMPARSs as estimated by other groups
(Bats et al., 2007; Hoze et al., 2012; Nair et al., 2013). Synaptic tracks were defined as
tracks or periods of tracks that were within the border of the PSD, defined as in (Lu et al.,
2014). Nonsynaptic tracks were defined as tracks or periods of tracks that were within a
neuronal border but outside enriched regions or clusters as defined by a VVoronoi-based
segmentation program, SR-Tesseler (Levet et al., 2015). Briefly, each imaging field was
subdivided into a number of polygonal regions centered on the localizations detected in
smtPALM or uPAINT. A density metric 6% was computed for each localization, defined
as the localization density within the total area composed of the polygon surrounding the
localization and the immediate edge-sharing polygons. Localizations within the neuron
were defined by thresholding the localizations with 6% > 26, where §; is the average
localization density in the whole imaging field. Localizations within clusters were defined
by the threshold 6% > 2Jn, where dn is the average localization density of neuronal
localizations. In general, some of the clustered localizations colocalized with the synaptic
marker Homerlc but some did not. Potential contributions include synapses with low
Homer1C expression, regions with a high density of endocytic adaptor molecules, sites of
plasma membrane-ER apposition, or zones of dense cortical cytoskeleton. Since the precise
origins of the clustered nonsynaptic localizations were outside the scope of this study and
difficult to distinguish, we discarded them from further analysis. Nonsynaptic tracks were
formed from unclustered neuronal localizations.

For PALM, the effective diffusion coefficient (Defr) was calculated for tracks that
persisted at least 4 frames on a weighted linear fit of the first four points of the mean square

displacement (MSD) plots as described by Lu et al. (2014). For uPAINT in which tracks
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are typically longer and MSD plots are linear up to 8-10 frames, D was calculated for tracks
that persisted at least 8 frames. Mean squared displacement curves of synaptically located
molecules in UPAINT experiments were determined from whole tracks or periods of tracks
that spent at least 30 contiguous frames within the PSD borders. Statistical comparisons
were done on MSD(t = 30 * 20 ms) as a relative, not absolute, means of comparing

the explored areas.

Statistics. Where means are presented, the accompanying errors are the standard
error of the mean; additionally, these data were normally distributed according to the
Shapiro-Wilk normality test. Where box-and-whisker plots are presented, the middle bar
represents the median, the upper and lower limit of the boxes denote the interquartile range,
and the whiskers extend to 5% and 95% of the distribution; additionally, these data were
not normally distributed according to the Shapiro-Wilk normality test. Different sets of
statistical tests were used for normally and non-normally distributed data. Pairwise
statistical tests were performed using unpaired t test with Welch’s correction for normally
distributed data; they were performed using Mann-Whitney U test for non-normally
distributed data. For experiments with more than two conditions, one-way ANOVA was
used to test for overall differences among means of normally distributed data, whereas
Kruskal-Wallis one-way ANVOA was used to test for overall differences among medians
of non-normally distributed data. For partial and full synapse FRAP experiments, two-way
ANOVA was used. For all omnibus tests, a Bonferroni correction was used for post-hoc
pairwise comparisons. Kolmogorov-Smirnov tests were applied for cumulative frequency
distributions. In all cases, means (or medians) were considered significantly different if the

test reported p < 0.05.
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Results

Transmembrane protein size influences its access to areas within the PSD

Emerging data demonstrate that PSD-95, the most abundant of synaptic scaffolding
proteins, can be arranged in multiple well-defined, 80-nm wide clusters within the
excitatory synapse (MacGillavry et al., 2013; Nair et al., 2013). To predict how this type
of arrangement can influence the mobility and retention of critically important
transmembrane proteins, we first developed a minimalist model of the PSD, which
incorporated coordinates of PSD-95 molecules (Fig. 2.1A blue dots) measured by PALM
(MacGillavry et al., 2013). In addition to PSD-95 molecules, the model PSD map contained
a random placement of other abundant synaptic proteins (i.e. NMDARs, adhesion
molecules, and other relatively immobile proteins such as potassium channels), the relative
concentrations of which were based on mass-spectroscopy estimates (Cheng et al., 2006).
We modeled the AMPARs to be hour-glass shaped, its external, transmembrane, and
internal radii consistent with sizes measured using EM tomography (Chen et al., 2008) and
single-particle EM (Nakagawa et al., 2005). Details on the shapes and sizes of AMPARS,
PSD-95, and other components of the PSD model can be found in the Materials and
Methods. We calculated the possible diffusion trajectories of AMPARSs within the PSD by
using two independent modeling methods: Monte Carlo simulation of Brownian dynamics
and geometric modeling of potential diffusion paths using percolation theory (see Materials
and Methods for programming details). Geometric modeling showed that a significant
fraction of the PSD map was excluded from receptor passage (Fig. 2.1A gray lines). Monte
Carlo simulation of receptor diffusion showed that a single AMPAR initiated within the

PSD can sometimes be trapped (Fig. 2.1A cyan region). Regions of trapped diffusion
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overlapped with regions that lacked percolation paths, even in the absence of binding. This
initial observation predicted that the PSD could trap receptors even in the absence of
receptor-scaffold interaction.

To test this prediction, we allowed receptor concentration to reach steady state
through receptor-scaffolding binding, and then turned off the binding interaction (Kon = 0).
In the PSD map shown in Fig. 2.1A, we found that majority (~75%) of AMPARS remained
in the PSD, one minute after abolishing receptor-scaffold binding (Fig. 2.1B black curve),
consistent with the small reduction in mEPSC amplitude measured in the presence of a
peptide that disrupted the interaction between AMPAR and PSD-95 (Sainlos et al., 2011).
To investigate whether the retention of AMPARs can be influenced by the protein bulk
alone, we repeated the simulation using a “small receptor,” with an intracellular domain
radius of 5 nm as opposed to 8 nm in the full AMPAR complex. We found that a much
smaller fraction of small receptors remained in the synapse than AMPARs did in the
absence of binding (Fig. 2.1B magenta curve). This effect was robust in a randomly
selected subset of PSD maps (n = 9 maps; mean and s.e.m. of small receptor 20 £0.9%;
large receptor 68 +1.9%; p = 0.0039; Fig. 2.1C-D). In a model of cylindrical tracer
diffusion on two-dimensional membrane, Saffman and Delbruck (1975) predicted that
lateral diffusion coefficient is directly proportional to log(1/R), where R is the radius of the
cylindrical tracer. This relation suggests a weak dependence of diffusion coefficient on
particle size, which was experimentally shown by Kucik et al. (1999). The difference of
synaptic retention between small and large tracers observed here was larger than what

could be explained by obstacle-independent change in diffusion on 2-D membrane,
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suggesting that PSD-95 crowding can regulate the mobility and retention of AMPARS and
other critically important transmembrane proteins based on the sizes of their protein bulks.

To investigate whether macromolecular crowding can influence the positioning of
receptors based on protein size, we estimated all possible moving paths of differently sized
cylindrical tracers in measured PSD-95 maps based on Voronoi methods used to study
percolation (Saxton, 2010). We found that the smaller the tracer, the larger the synaptic
region it was able to traverse (Fig. 2.1E-F), which suggests that the distribution of receptors
within the synapse can be regulated in a manner dependent on the sizes of the diffusing

proteins.
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Figure 2.1. Synaptic crowding can retain membrane proteins in a size-dependent manner.

(A) Single example of simulated AMPAR-sized tracer diffusion (cyan) in a measured map of PSD-95
molecules (black) (MacGillavry et al., 2013). Conducting (red line segments) and blocked paths (gray line
segments) of diffusion are predicted through percolation theory and Voronoi tessellation of PSD-95 occupied
regions. (B) Synaptic level of large (black) and small (magenta) receptor before and after acutely abolishing
receptor-scaffolding protein binding (Kon = 0) in a single measured PSD-95 map. (C) Same simulation as
(B) performed for multiple measured PSD-95 maps (n = 9). (D) Paired statistical comparison of synaptic
levels of large and small receptors one minute after turning off binding in multiple measured PSD-95 maps
(n = 9 synapses; Wilcoxon matched-pairs signed rank test, **p = 0.0039). (E) Conducting area (white)
estimated by Voronoi tessellation, predicting all possible paths a tracer of increasing size was allowed to
take in an environment filled with PSD-95 molecules measured from PALM, along with other abundant
proteins whose relative numbers were estimated from mass-spectroscopy (Cheng et al., 2006). (F)
Cumulative likelihood of conducting area fraction of differently sized tracers in 100 measured PSD-95 maps.
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We next considered whether the conservative retention of AMPARS is specific to
the heterogeneous arrangement of PSD-95 molecules. To test this in the model, we allowed
the receptor concentration to reach steady state either in a map of measured PSD-95
locations or in a boundary-matched map of randomly distributed PSD-95 locations (Fig.
2.2A), and then we measured receptor concentrations after turning off receptor-scaffold
binding (Fig. 2.2B). Interestingly, receptors escaped quicker and to a larger extent from

PSDs with randomized distribution of PSD-95 molecules than from PSDs with measured
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Figure 2.2. The arrangement of PSD-95 molecules can prolong the retention of synaptic AMPAR.

(A) Single examples of AMPAR-sized tracer diffusion in a measured distribution PSD-95 molecules (left),
and in a random distribution of PSD-95 molecules (right) (MacGillavry et al., 2013). (B) Synaptic receptor
level before and after acutely abolishing receptor-scaffolding protein binding (Kon = 0) in @ measured PSD-
95 map (black) and its convex-hull matched Poisson distributed PSD-95 map (blue). (C) Simulation as done
in (B) repeated for multiple measured PSD-95 maps (n = 9) and their convex-hull-matched Poisson
distributed PSD-95 maps (n = 9). (D) Paired statistical comparison of synaptic receptor levels one minute
after turning off binding in measured PSD-95 maps and their hull-matched Poisson PSD-95 maps (n = 9
synapses; Wilcoxon matched-pairs signed rank test, **p = 0.0039).
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distribution of PSD-95 molecules (Fig. 2.2C-D). This result suggests the PSD can tune the

density of membrane proteins by modulating the arrangement of PSD-95 molecules.

Transmembrane protein mobility depends on protein size in living synapses

To examine systematically the influence of protein size on protein mobility in synapses of
live neurons, | first created a single-pass transmembrane probe molecule containing a
superecliptic pHIluorin (SEP) on the extracellular domain and the cytoplasmic tail of
Stargazin (SEP-TM-Bind) (Fig. 2.3A). Akin to the AMPAR, this minimal probe was
prominently trafficked to synapses marked by co-transfected Homerlc tagged with
mCherry (Fig. 2.3B). Synaptic accumulation required the Stargazin C-tail, as a second
probe lacking this domain (SEP-TM) trafficked with a nearly uniform distribution across
the neuronal surface (Fig. 2.3B). More specifically, synaptic accumulation required the
PDZ ligand on the Stargazin C-tail, as a third probe (SEP-TM-Nonbind) containing a single
point mutation on threonine at position -2 (TTPV to TEPV) trafficked with a uniform
distribution across the cell surface as well (Fig. 2.3B bottom), consistent with previous
reports which demonstrated that the same mutation abolished the binding between
Stargazin and PSD-95 (Chetkovich et al., 2002; Choi et al., 2002). To test the model
prediction that transmembrane protein mobility within the synapse depends on protein size,
| first measured fluorescence recovery of the small transmembrane probe and AMPAR
after photobleaching single spines (Fig. 2.3C-D). SEP-GIUAZ2 recovered on average 21%
after 140 sec, similar to previous reports (Ashby et al., 2006; Kerr and Blanpied, 2012);
however, SEP-TM-Bind recovered nearly twice this amount (Fig. 2.3E). Both proteins
recovered similar amounts in the dendritic shaft (Fig. 2.3E). As it could be the case that

smaller synapses correlate with faster recovery, | examined the PSD areas within the
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bleached spines by measuring the width of the Homerlc-mCherry image. The PSD areas
were not different (Fig. 2.3F), the recovery of SEP-TM-Bind at 140 sec after bleaching was
weakly negatively correlated with PSD area (r> = 0.17, p = 0.0064, n = 42), and the
recovery of SEP-GIuA2 at 140 sec after bleaching was not correlated with PSD area (r? <<
0.001, p=0.97, n = 37), suggesting that a difference in synapse size cannot account for the
recovery difference in spines between the two groups.

It is possible that the difference of recovered fractions in spines between SEP-
GluA2 and SEP-TM-Bind could be explained by a potential difference in affinity for PSD-
95. To examine this notion formally, I turned to computer modeling (and see also Fig. 2.9).
The kinetic rates of the model (i.e. Kos: receptor-scaffold binding affinity, and Ksip: the
likelihood to reset photobleached receptors back to fluorescence when they hit the
boundary of simulated spine head area) were initialized by minimizing the difference
between the simulated and the measured recovery curves (Fig. 2.3G). Varying Kos by 2
orders of magnitude had negligible influence on the time-course and steady state of
simulated recoveries, but changing the tracer size by a factor of two yielded a consistent
difference in recovery for a large range of Kofs values (Fig. 2.3H). This suggests that the
size of the receptor protein is more likely than the receptor-scaffold binding affinity to
influence receptor mobility. Altering Knip by 2 orders of magnitude yielded notable change
in the recovery speed of the small tracer, but had negligible influence on the steady state
of the recovery for both the large and the small tracer (Fig. 2.31). Ksip crudely accounts for
factors like spine geometry and synaptic-extrasynaptic protein concentration gradient, and
thus the result suggests these factors are unlikely to explain the difference in the mobile

fraction after 2 min of exchange. Importantly, tracers that were no more than four times
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smaller than the AMPAR recovered more than twice as much after 2 min (Fig. 2.3J),
suggesting that membrane protein size can be a major determinant of mobility.

Figure 2.3. Small and large membrane proteins exchange differently on the surface membrane of
dendritic spines.

(A) Schematic of AMPAR crystal structure and minimalist membrane protein (SEP-TM-Bind) drawn to scale.
SEP-TM-Bind is a fusion protein of three parts: SEP a pH-sensitive GFP protein, TM the transmembrane
domain of PDGFR, and the binding component which is the cytoplasmic tail of Stargazin. (B) The SEP-TM-
Bind was trafficked to the synapse (top and second row) in dissociated hippocampal cultured neurons; the
SEP-TM which lacks any intracellular domain was expressed with uniform distribution across dendritic
surface (second to last row); and the SEP-TM-Nonbind (in which Thr at the -2 position is mutated to be Glu)
was trafficked with uniform surface distribution as well (last row). (C) An example of FRAP to assess the
mobility of SEP-TM-Bind on spines. (D) Averaged recovery curves *standard error of the mean for small
and large membrane proteins in spines (n = 42/11/2 ROIs/neurons/cultures for SEP-TM-Bind, 37/10/2 for
SEP-GIuA2). (E) Recovered fractions at 140 sec in spines (p < 0.0001 unpaired t-test, n = 42/11/2 for SEP-
TM-Bind, 37/10/2 for SEP-GIuA2) and dendritic segment (p = 0.31, n = 27/9/2 for SEP-TM-Bind, 33/10/2
for SEP-GIuA2). (F) Areas determined from confocal images of Homerlc-mCherry co-expressed with either
SEP-TM-Bind or SEP-GIUA2 in FRAPed spines (p = 0.18 Mann-Whitney test, n = 42/11/2 for SEP-TM-Bind,
37/10/2 for SEP-GIuA2). (G) Simulated FRAP to fit parameters of Koff, diffusion, anything else in a
measured PSD-95 map. (H) Changing binding dissociation rate (Koff) by 2 orders of magnitude did not
remarkably alter the simulated FRAP spines containing either small (r = 5 nm) or large tracer (r = 8 nm).
(1) Changing Kflip by 2 orders did not significantly alter spine FRAP. (J) Changing the receptor size within
one order of magnitude significantly altered spine FRAP. (Corresponding figure shown on the proceeding
page)
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In further experiments, | found that this difference persisted at longer periods
following photobleaching (Fig. 2.4A,B). The small binding probe recovered more fully
than AMPARSs both transiently (2 min after bleaching) and near steady-state (52 min after
bleaching) (Fig. 2.4C), suggesting that compared to the larger AMPARs, the small probe
diffuses faster and has a smaller proportion stabilized in the spine.

To address whether the spine-to-dendrite concentration gradient or an altered
synapse size induced by probe expression might contribute to these observed differences
in mobility, | measured the PSD area and spine enrichment (defined in Methods) in the
same spines that were followed for FRAP. The PSD areas were not different between
spines expressing SEP-TM-Bind and SEP-GIuA2 (Fig. 2.4D). The recovered fraction of
the small probes 2 min after bleaching was weakly inversely proportional to PSD area (r?
=0.26), and that of AMPARSs was not correlated with PSD area (Fig. 2.4E). Fifty-two min
after bleaching, the recovered fractions of both proteins were not correlated with PSD areas
(Fig. 2.4F), indicating that the fraction of molecules exchanging in and out of the spine was
unaffected by synapse size. The spine enrichment was not different between spines
expressing the small probes and AMPARs (Fig. 2.4G). The transient and steady-state
recovery levels were not correlated with the spine enrichment in spines expressing either
protein (Fig. 2.4H,1). Altogether, both simulated and experimental FRAP results support
the notion that receptor size is a prominent factor in limiting receptor mobility in the

dendritic spine.
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Figure 2.4. The surface mobility of AMPAR in spines is unrelated to synapse size or spine-dendritic
concentration gradient; that of the small probe is weakly related to synapse size.

(A) Representative FRAP images of DIV20-21 hippocampal neurons co-transfected with Homerlc-mCherry,
and either SEP-TM-Bind or SEP-GIuA2. Bracketed spines were photobleached. (B) Recovery curves of
bleached SEP-TM-Bind (n = 35 spines/5 neurons) and SEP-GIuA2 (n = 20/3) from 3 separate cultures. (C)
Recovered SEP fractions of SEP-TM-Bind and SEP-GIUA2 in spines after 2 and 52 min (p < 0.0001). (D)
PSD areas of bleached SEP-TM-Bind and SEP-GIUA2 (p = 0.0732). (E) The PSD area and transient (2 min)
recovery level of each bleached SEP-TM-Bind (circles, r? = 0.26, **p = 0.0038) and SEP-GIuA2 (squares,
r>=0.0051, p = 0.77). (F) The PSD area and near-steady-state (52 min) recovery level of bleached SEP-
TM-Bind (r? = 0.091, p = 0.10) and SEP-GIUA2 (r?> = 0.090, p = 0.77). (G) Spine enrichment of bleached
SEP-TM-Bind and SEP-GIuA2 (p = 0.255). (H) The spine enrichment and transient (2 min) recovery of
bleached SEP-TM-Bind (r> = 0.0018, p = 0.83) and SEP-GIuA2 (r? < 0.001, p = 0.91). (I) The spine
enrichment and near-steady-state (52 min) recovery of bleached SEP-TM-Bind (r> = 0.011, p = 0.60) and
SEP-GIuA2 (r? = 0.086, p = 0.21). Color-coding in D-I same as in C. Data in B-D, G shown as mean =
s.e.m, statistical test was unpaired t-test.
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Small and large membrane proteins traverse the PSD at different rates in live neurons
Spine geometry will influence recovery after photobleaching the entire spine and synapse
together (Ashby et al., 2006; Simon et al., 2014). To assess mobility within synapses, I first
utilized photobleaching by targeting just part of single synapses and monitoring recovery
within this subregion of the PSD (Kerr and Blanpied, 2012) (Fig. 2.5A). Fully bleached
synapses will recover fluorescence via exchange with the extrasynaptic unbleached
population. However, in the targeted region of partially bleached synapses, recovery will
proceed more quickly than this only if mobility of the probe within the synapse
(subsynaptic mobility) is substantial enough to permit the synaptic unbleached pool to
distribute to the bleached region.

To formalize our expectations on the subsynaptic mobility of large and small
membrane proteins, we first modeled this experiment. To simulate membrane protein
dynamics, we modeled tracer diffusion by Monte Carlo simulations of Brownian dynamics
(see Materials and Methods) within a measured PSD-95 distribution and in surrounding
extrasynaptic space. In the case of full synaptic bleaching, all particles within the convex
hull of the measured PSD-95 molecules (synaptic region) were set to be non-fluorescent
while ones outside remained marked as fluorescent. The number of fluorescent particles
within the synaptic region were recorded as a function of time to calculate the full synapse
FRAP curve (Fig. 2.5B, solid lines). In the case of partial synaptic bleach, particles within
half of the synaptic region were considered bleached. The number of fluorescent particles
within the bleached half were recorded over time to calculate the half synapse FRAP curve
(Fig. 2.5B, dotted lines). The recovery dynamics of AMPAR-sized tracers (r = 8 nm) were

nearly identical after half-synapse bleaching and after full synapse bleaching (17-18% after
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40 seconds; Fig. 2.5B, black lines). On the other hand, the smaller tracers (r = 5 nm)
recovered more after half-synapse bleaching than after full synapse bleaching (45% and
39% at 40 seconds after half and full synapse bleach, respectively; Fig 2.5B blue curves).

This result is useful to consider because recovery after photobleaching in synapses depends
on several factors. The rate of recovery will depend on the extrasynaptic probe enrichment
as well as extrasynaptic mobility. In addition, an important parameter is how quickly
synaptic receptors explore the PSD to find an exit route compared to how fast exited
receptors get replaced. In this simulation, several key variables that could influence the
recovery were kept identical for both tracers: the PSD-95 distribution, the binding affinities,
the true diffusion coefficient (D) of the molecule in the synapse, and the total number of
tracers. In addition, the enrichment ratio of both tracers at the equilibrated state before
photobleaching reached the same value of ~4:1 (inside:outside the PSD). The only
difference was the diameters of the tracers, which thus could access different fractional
areas within the synapse. Therefore, the simulated subsynaptic bleaching results indicate
that the conduction area or routes of passage within the synapse can contribute significantly

to intrasynaptic recovery.
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Figure 2.5. Small membrane probe has higher subsynaptic mobility than AMPAR.

(A) Partial synaptic FRAP can assess mobility of membrane proteins within the confine of a synapse. (B)
Simulated partial synaptic and full FRAP for small (r = 5 nm) and large tracer (r = 8 nm). (C) Example
synapses expressing SEP-TM-StgCtail or SEP-GIuA2 and Homerlc-mCherry where all or part of the
synaptic SEP was photobleached. (D) (Top) SEP-TM-StgCtail or SEP-GIUA2 fluorescence recovery in
synapses targeted for full or partial synapse photobleaching, mean +s.e.m. Experiments were interleaved in
neurons co-expressing either SEP-TM-StgCtail or SEP-GIuA2. (E) SEP-TM-StgCtail or SEP-GIuA2
fluorescence recovery at 5 sec and 11 min after photobleaching. nsigctail, 1 =27 PSDs/9 neurons/2 cultures,
NstgCtail, partial = 18/9/2, Nguaz un =15/7/2, Noluaz, partiat = 13/6/2. TwWo-way ANOVA with Bonferroni’s multiple
comparisons tests was performed **p = 0.0012, *p = 0.037 for 5 sec; *p = 0.032, ns not significant p >
0.999 for 11 min. (F) (Left) The PSD area and recovered fraction 11 minutes after partially or fulling
bleaching SEP-GIUA2 in each synapse (ns p = 0.14 for partial, p = 0.81 full); (Right) after partially or fully
bleaching SEP-TM-Bind in each synapse (ns p = 0.33 for partial, *p = 0.026 full).
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To test this in living synapses, | performed partial synaptic photobleaching in
neurons expressing either SEP-GIUA2 or SEP-TM-Bind (Fig. 2.5C). Following full
synapse photobleaching, | detected little fluorescence recovery after 5 seconds (3.2 £0.7%
SEP-GIuA2, 2.3 +=0.4% SEP-TM-Bind; n = 15 synapses in 7 neurons SEP-GIuA2, 27
synapses in 9 neurons SEP-TM-Bind; Fig. 2.5D), suggesting that the rapidly exchanging
populations of both large and small membrane proteins were very small in these synapses.
After 11 min, 35.6 £4.6% of synaptic AMPAR fluorescence was recovered, consistent
with previous reports (Ashby et al., 2006; Sharma et al., 2006; Frischknecht et al., 2009;
Arendt et al., 2010; Kerr and Blanpied, 2012), whereas 58.7 £3.8% of synaptic membrane
probe was recovered. These relative recovery fractions were as expected based on full-
spine photobleaching (Fig. 2.2).

Following partial synapse photobleaching (performed during the same time series
on neighboring synapses), recovery of AMPAR within the bleached subregion of the
synapse was slightly higher after 5 seconds but not different after 11 min compared to fully
bleached synapses (6.7 +1.6% and 34.0 +6.2% for partial; n = 13 synapses in 6 neurons;
p = 0.037 and 0.98 compared with fully bleached synapses; Fig. 2.5E). However, recovery
of the small probe SEP-TM-Bind was higher after 5 seconds than in fully bleached
synapses (6.5 +1.1% for partial; n = 18 synapses in 9 neurons; p = 0.0012 compared to
fully bleached synapses; Fig. 2.5E left). Importantly, it remained higher after 11 min (77.5
+1.7% for partial; p = 0.031 compared to fully bleached synapses; Fig. 2.5E right).

Image acquisition itself caused minimal photobleaching, as fluorescence intensity
in neighboring unbleached synapses remained nearly constant (94.5 +4.3% of baseline for

SEP-GIuA2, 99.2 +1.8% for SEP-TM-Bind after 11 min). | assessed the bleached fraction
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in the synaptic subregion not targeted for photobleaching. It was determined first by
outlining the entire synapse excluding the half targeted for bleaching and then calculating
the fluorescence lost immediately after photobleaching. I calculated this because the
confocal laser spot inevitably affects part of the synapse unintended for bleaching, and |
reasoned that the fraction of unbleached proteins could influence the recovery within the
bleached region. However, | found that the bleached fractions in regions unintended for
photobleaching were not different for both proteins (mean *£s.e.m.: 40 +4% for SEP-
GluA2, 36 £4% for SEP-TM-Bind; unpaired t-test p = 0.17). Bleached fractions in the
synaptic subregion targeted for photobleaching were also not different (mean +s.e.m.: 67
*+2% for SEP-GIuUA2, 67 2% for SEP-TM-Bind; unpaired t-test p = 0.88). It is possible
that this modest difference in bleached fractions between two subregions of the synapse
resulted in a dynamic range that was insensitive to a significant subpopulation of AMPARS
that exchanged laterally on the order of minutes within the synapse. Nonetheless, the
difference in recovery between the two proteins was robust on a minute timescale (Fig.
2.5D,E).

It is possible that AMPARS were overall less mobile within the larger-than-average
PSDs required to perform partial synaptic FRAP reliably. However, the synaptic areas were
not different for the two proteins (Homerlc-mCherry area median [interquartile range] pm?:
0.18 [0.14-0.31] SEP-GIuA2, 0.21 [0.14-0.28] SEP-TM-Bind, Mann-Whitney U test p =
0.63). Furthermore, the recovery fraction of SEP-GIuA2 was uncorrelated with PSD area
in both partial and full synapse bleaching schemes (r?> = 0.19, p = 0.14, n = 13 PSDs for
partial; r> = 0.005, p = 0.81, n = 15 full; Fig. 2.5F left). Moreover, the recovery fraction of

the small binding probe was uncorrelated with PSD area in the partial synapse bleaching
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case, and negatively but weakly correlated with PSD area in the full synapse bleaching case
(r> =0.061, p = 0.33, n = 18 PSDs for partial; r> = 0.19, p = 0.026, n = 27 full; Fig. 2.5F
right). Thus, the difference in recovery between the two proteins as measured by partial
synapse photobleaching was likely not caused by the selective use of large synapses.

In the partial bleaching assay, this difference in recovery between probes of two
sizes could arise from a difference in the ratio of their diffusion coefficients in versus out
of the synapse, or from their differential interactions with the PSD interior milieu that slow
overall mobility (e.g. differential access to percolation routes within the synapse). | cannot
disentangle these possibilities based on experimental data. However, our modeling

suggests that at least some of the difference may be due to steric effects.
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Mobility of small and large membrane proteins within the living synapse

To obtain higher resolution of protein mobility within the synapse, | turned to single-
molecule tracking PALM (smtPALM). | replaced the SEP in each probe with mEos3.1
(Zhang et al., 2012), a green fluorescent protein that can be converted to red fluorescence
with UV exposure. After co-transfection with Homerlc-GFP, weak UV irradiation
prompted appearance of sparse, well-isolated, red molecules that could be tracked over
time either within or outside the border of the synapse (Schneider et al., 2015). The average
trajectory persisted for 6 frames before disappearing (n = 28320 tracks for all conditions in
Fig. 2.6). Given the relative short length of tracks, | obtained the instantaneous, effective
diffusion coefficient (Deff) as the best weighted linear fit of the MSD curve for every track

that persisted for at least 4 frames (see Materials and Methods) as this method optimally
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Figure 2.6. Diffusion of small membrane protein and AMPAR within and near the excitatory synapse.
(A) Tracked motion of mEos-GIuA2 (blue tracks) on PSDs marked by Homerlc-GFP. Green and red circles
indicate start and end of individual tracks. (B) Tracks of receptor (B, left panel) or smaller probe (B, right
panel) on representative single PSDs marked by Homerlc-GFP. (C) Cumulative frequency plot of synaptic
diffusion coefficients (Nmeoss-cluaz = 2065 tracks/239 PSDs/13 neurons/2 cultures, Nmgoss-TM-8ind =
2403/284/12/2). (D) Cumulative frequency plot of nonsynaptic diffusion coefficients (Nmeoss-cluaz = 3177
tracks/13 neurons/2 cultures, Nmeoss-Tm-gind = 4044/12/2) (E) Areas of Homerlc-GFP puncta that contained
tracks (Nmeoss-cluaz = 239 PSDS, Nimeosa-tm-Bind = 284). Statistics for C-E: Mann-Whiney U test (****p < 0.0001
for C, p =0.058 D, p = 0.055 E), K-S test (p < 0.0001 for C, D).
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separated distributions of nearly immobile molecules from more mobile ones (Lu et al.,
2014).

To determine whether the small transmembrane probe and the large receptor diffuse
differently within the synapse, | segregated the tracks into two groups. Tracks that were
within the full-width at half maximum border of Homerlc-GFP puncta were considered
synaptic; the remaining tracks were classified as nonsynaptic only if they were within the
neuronal border and outside of dendritic clusters of unknown origin defined by a robust,
automatic segmentation program, SR-Tesseler (Levet et al., 2015) (see Materials and
Methods). A typical reconstruction of the individual moving mEos3-GluA2-containing
AMPARSs or mEos3-tagged membrane probe (Fig. 2.6A,B) showed that the displacements
were heterogeneous inside individual synapses. The synaptic mEos3-GluA2 and mEo0s3-
TM-Bind had identical distributions of Dett below 0.015 pm?/s (Fig. 2.6C), which suggests
that a fraction of synaptic membrane proteins, could be so tightly bound to scaffolds or
tightly packed such that they could not diffuse distinguishably regardless of protein size.
On the faster end of the diffusion spectrum (>0.15 pm?/s), the small transmembrane probe
diffused on average faster than the large receptor (Fig. 2.6C), which suggests the existence
of a subpopulation that can traverse the PSD more readily, consistent with partial synapse
photobleaching results. The distribution of nonsynaptic D was in general shifted towards
larger mobility compared to that of synaptic D for both proteins (Fig. 2.6C,D). The
nonsynaptic Detr of the AMPARs and the small binding probe had nearly identical
distributions and their medians were not different (Fig. 2.6D). The synaptic areas as
estimated by taking the full-width half-maximum of the Homerlc-GFP puncta that

contained tracks were not different on average for the two membrane proteins (Fig. 2.6E),
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suggesting that the difference in mobility is independent of the difference in synaptic size.
Indeed, the averaged Desr within each PSD was not correlated with PSD size (r? << 0.001,
p=0.91, n = 239 PSDs for mE0s3-GIuA2; r> = 0.006, p = 0.24, n = 284 mE0s3-TM-Bind).
Altogether, results of simulation, partial bleaching, and single-molecule tracking show that
the small transmembrane probe moves more freely than the AMPAR within the PSD.
These observations provide support for the hypothesis that steric hindrance within the PSD
can be a prominent factor that impedes the movement of transmembrane proteins, and

suggests that the synapse selectively restricts protein distribution based on protein size.

PDZ-mediated binding was only partially responsible for stabilizing the synaptic
mobility of the small membrane probe

To test directly the influence of binding to synaptic scaffold on the mobility of the
membrane probe, | made a nonbinding variant of the transmembrane probe (TM-Nonbind)
by mutating threonine in the -2 position of the Stargazin C-tail to glutamate (T321E), a
point mutation that has been shown by previous studies to abolish the binding between
Stargazin and PSD-95 (Chetkovich et al., 2002; Choi et al., 2002). | examined fluorescence
recovery 140 seconds after photobleaching (Fig. 2.7A,B), and also measured the near-
equilibrium recovery within 52 min of photobleaching (Fig. 2.7C). The early recovery
kinetics of nonbinding probe (SEP-TM-Nonbind) lay intermediate between the binding
probe (SEP-TM-Bind) and the probe that lacked intracellular residues (SEP-TM) (Fig.
2.7B,C). At 30 seconds after bleaching the whole spine, the fluorescence of SEP-TM-
Nonbind recovered less than that of SEP-TM and more than that of SEP-TM-Bind (mean
*+s.em.: 50.1 +£2.4% TM, 33.0 £3.1% TM-Nonbind, 20.0 +=1.8% TM-Bind; n = 28

synapses/10 neurons TM, 27/3 TM-Nonbind, 42/11 TM-Bind; p < 0.0001 ANOVA; Fig.
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2.7D), suggesting that binding to PSD-95 is required for maximally stabilizing the mobility
of fast exchanging receptors. At 140 seconds, the spine fluorescence recovery extents of
SEP-TM and SEP-TM-Nonbind were not different (mean %s.e.m.: 73.8 £3.5% TM, 67.8
+3.1% TM-Nonbind; p = 0.23), but they were both higher than that of SEP-TM-Bind (38.5
+3.0%; p < 0.0001 compared with TM or TM-Nonbind; Fig. 2.7E). At 52 min, the
recovered spine fractions of all three probes were not statistically different (Fig. 2.7F),
indicating that a single PDZ binding motif is not sufficient to regulate the relative
proportions of mobile and immobile TM proteins in the spine. The fluorescence recovery
of all three probes were not different following photobleaching the dendritic shaft (mean +
s.e.m.: 67.1 £2.1% TM, 73.5 £3.8% TM-Nonbind, 75.2 +3.4% TM-Bind; n = 21 dendritic
shaft segments/9 neurons TM, 18/3 TM-Nonbind, 27/9 TM-Bind; p = 0.18; Fig. 2.7G).
The spine enrichment of SEP-TM-Bind was the highest of the three probes,
essentially identical to Homer 1C, whereas SEP-TM or SEP-TM-Nonbind were strikingly
less enriched and not different from one another (Fig. 2.71). Thus, the PDZ-binding motif
was necessary and sufficient for accumulating the TM probe in the spine. The PSD areas
of the photobleached spines were not different for all three probes (Fig. 2.7H). The
recovered fraction of SEP-TM-Bind in individual spines was negatively correlated with the
size of the synapse at 30 and 140 seconds, although the correlation was weak as the
variation in synapse size could only explain 15-17% of the variation in recovery; there was
no correlation at 52 min after bleaching (Table 2.2). There was no correlation between the
recovered fraction and synapse size for SEP-TM and SEP-TM-Nonbind at any time after
bleaching (Table 2.2). In addition, there was no correlation between the recovered fraction

and spine enrichment for any of the three probes (Table 2.2). Altogether, these results
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indicate that the reduction TM probe mobility by the addition of the non-binding Stg C-tail
did not arise due to a difference in synapse sizes or in concentration gradients of molecules
between the spine head and dendrite, but instead reflects the effect of the added intracellular
bulk.

Kinetics of recovery after photobleaching an entire spine are influenced not only
by diffusion within the synapse but also by mobility on the spine head and dynamics of
transit across the spine neck to the dendritic shaft. To measure directly the diffusion of TM
probes in the synapse, | applied smtPALM (Fig. 2.7J). Outside the synapse, the three TM
probes showed nearly identical diffusion distributions (Fig. 2.7K right), consistent with the
notion that TM protein diffusion is only weakly dependent on protein size in the relative
absence of obstacles. However, within the synapse, mEos3-TM-Nonbind diffused faster
than mEos3-TM-Bind but more slowly than mEos3-TM (Fig. 2.7K left). This indicates that
while PDZ-mediated binding can limit protein motion in the synapse, it is not the only
factor in stabilizing the synaptic diffusion of the membrane probe.

As it could be the case that introducing exogenous PSD-95-binding motifs could
alter the interior landscape of the PSD and thus indirectly influence diffusion of the
expressed probe, | examined PSD-95 distribution using PALM (MacGillavry et al., 2013).
I knocked down endogenous PSD-95, rescued expression with a knock-down resistant
PSD-95-mEos2 (MacGillavry et al., 2013) (Fig. 2.7L), and co-expressed in the same
neurons one of the three SEP-tagged probes. After 3-4 days of co-expression, the nano-
organization of PSD-95 (i.e. PSD area, nanodomain size, and molecular density within

nanodomain) was on average not different for cells expressing any of the three probes (Fig.
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2.7M, N). Taken together, these results support a model in which protein-protein binding

is not the only factor in stabilizing the synaptic diffusion of transmembrane proteins.

Figure 2.7. PDZ-mediated binding is partly responsible for stabilizing the synaptic mobility of a small
membrane probe.

(A) Representative examples of FRAP in spines of neurons co-expressing Homerlc-mCherry and one of the
SEP-tagged transmembrane probes: TM, TM-Nonbind, or TM-Bind. (B) Recovery curves of 140-sec FRAP
on spines (SEP-TM n = 28 ROIs/10 neurons/2 cultures, SEP-TM-Nonbind 27/7/2, SEP-TM-Bind 42/11/2).
(C) Recovery curves of 52-min FRAP on spines (SEP-TM n = 12 ROIs/3 neurons/3 cultures, SEP-TM-
Nonbind 14/3/3, SEP-TM-Bind 19/3/3). (D) Recovered fractions in the spine at 30 sec, (E) at 140 sec, and
(F) at 52 min. (G) Recovered fractions in the dendrite at 140 sec (SEP-TM n = 25 ROIs/10 neurons/2
cultures, SEP-TM-Nonbind 23/7/2, SEP-TM-Bind 27/11/2). (H) The PSD areas and (I) spine enrichment in
spines that were targeted for bleaching in B and C. (J) Representative smtPALM tracks (cyan segments,
green and red dots indicate where localizations appeared and disappeared) superimposed on individual
synapses marked by Homerlc-GFP. (K) Cumulative frequency plots of instantaneous diffusion coefficients
(Desr) inside Homerlc-GFP-marked synapses (left, mEos3-TM-Bind n = 918 tracks/132 PSDs/10 neurons/2
cultures, mEos3-TM-Nonbind 1269/178/10/2, mEos3-TM 686/180/13/2) and outside synapses (right, mEos3-
TM-Bind n = 3553 tracks, mEos3-TM-Nonbind 6247, mEos3-TM 6156). Statistics on synaptic Desi: K-S test
and Mann-Whitney U test ****p < 0.0001 (mEos3-TM-Bind vs. mEos3-TM-Nonbind, or mEos3-TM-
Nonbind vs. mEos3-TM). (L) Representative nanoscale map of mEos2-tagged shrPSD-95 co-expressed with
one of the three probes: SEP-TM-Bind, SEP-TM-Nonbind, and SEP-TM. Local density calculated as in
(MacGillavry et al., 2013). (M) Relative proportion of PSDs with 0, 1, or more PSD-95 nanodomains in cells
expressing SEP-TM-Bind, SEP-TM-Nonbind, or SEP-TM (SEP-TM-Bind n = 110 PSDs/8 neurons/2
cultures, SEP-TM-Nonbind 59/7/2, SEP-TM 128/5/2). (N) PSD area, PSD-95 nanodomain radius, and PSD-
95 molecular density in nanodomain (SEP-TM-Bind n = 110 PSDs/79 nanodomains, SEP-TM-Nonbind
59/44, SEP-TM-Bind 128/79) with statistics: Kruskal-Wallis ANOVA ns (p = 0.23 for PSD area, p = 0.35
nanodomain radius, and p = 0.24 nanodomain density). Statistics for D-1: one-way ANOVA (p < 0.0001 for
D, E, and I, ns not significant p = 0.10 F, p = 0.18 G, p = 0.27 H) with Bonferroni-corrected post hoc
pairwise comparisons (****p < 0.0001, ***p = 0.0004, ns p = 0.68 for E, ns p > 0.99 I).
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Intracellular protein bulk can influence the synaptic mobility of the small
transmembrane probe

The PSD consists of a large number of high molecular weight proteins (Husi et al., 2000;
Sheng and Hoogenraad, 2007; Burette et al., 2012), which include submembranous
scaffold proteins typified by PSD-95. The dense assembly of these scaffolding proteins

could sterically interact with transmembrane proteins like receptors through their
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cytoplasmic domains. However, it is unclear whether and how steric hindrance proximal
to the inner face of the postsynaptic membrane influences protein diffusion. To examine
the effect of intracellular protein bulk on the mobility of the membrane probe, | fused the
GFP variant Cerulean3 to the cytoplasmic terminus of the TM probe (SEP-TM-Cerulean),
and examined recovery after photobleaching spines. SEP-TM-Cerulean and SEP-TM-
Nonbind recovered similarly slower than SEP-TM at 30 seconds after bleaching (Fig.
2.8A,B,D), indicating that intracellular protein bulk can influence the lateral mobility of a
TM protein on the spine surface membrane. Near the equilibrium state, the recovered
fractions of the three probes were not different in the spine (Fig. 2.8C,E,F) or dendrite (Fig.
2.8G), indicating as expected that the reduced mobility was not associated with lower
fractional exchange, but an increased retention time in the synapse. The PSD areas and the
spine enrichment of the three probes in the photobleached spines were not different (Fig.
2.8H,1) and importantly there was no correlation between the recovered spine fraction and
either the synapse size or spine enrichment for any of the three probes (Table 2.2) .
Altogether, these results indicate TM protein mobility is reduced by added intracellular

bulk. This is not due to a difference in synapse size or an altered concentration gradient

Table 2.2. Correlation between FRAP and either PSD area or spine enrichment of various TM probes.

Recovered fraction (t) vs. Recovered fraction (t) vs.
PSD area spine enrichment
Probe 30s 140 s 52 min 30s 140 s 52 min

SEP-TM ns,p=010 ns,p=014 ns,p=027 ns,p=092 ns,p=019 ns,p=0.095
n=62/15/5 n=62/15/5 n=12/3/3 n=62/15/5 n=62/15/5 n=12/3/3

SEP-TM- ns,p=046 ns,p=076 ns,p=038 ns,p=024 ns,p=044 ns,p=0.12
Nonbind n=46/11/5 n=46/11/5 n=14/3/3 n=46/11/5 n=46/11/5 n=14/3/3

SEP-TM- p=0.011 p =0.0064 ns,p=0.66 ns,p=016 ns,p=0.92 ns, p=0.66

Bind r=-0.39 r=-041 n=19/3/3 n=42/11/2 n=42/11/2 n=19/3/3
n=42/11/2 n=42/11/2

SEP-TM- ns,p=0.074 ns,p=011 ns,p=058 ns,p=017 ns,p=025 ns,p=0.57

Cerulean n = 43/6/3 n = 43/6/3 n=17/3/3 n=43/6/3 n = 43/6/3 n=17/3/3

Statistics of linear regression analyses for recovered fraction at various time points and either PSD area or
spine enrichment ratio of various TM probes. ns: not significant. Sample number n is shown in number of
spines / neurons / cultures.
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between the spine head and its parent dendrite, but most likely arises from reduced
diffusibility in the crowded environment of the synapse.

To examine this directly, | applied smtPALM on cells expressing each of the
mEos3-tagged probes while co-expressing a PSD-marking protein Homerlc-GFP (Fig.
2.8J). Within the synapse, both mEos3-TM-Nonbind and mEos3-TM-Cerulean diffused
slower than mEos3-TM (Fig. 2.8K left). Interestingly, the effect of added Cerulean was not
as great as that of the non-binding Stg C-tail, which suggests that factors other than total
bulk can influence mobility within the synapse, perhaps tertiary structure. Outside of the
synapse, the three probes exhibited nearly identical distributions of Defs (Fig. 2.8K right).
Altogether, these results indicate that the bulk of the intracellular domain alone can

influence the mobility of a transmembrane protein within the synapse, consistent with the
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notion that dense and irregular environment of the PSD provides substantial steric

hindrance to the movement of receptors and other synaptic TM proteins.
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Figure 2.8. Intracellular protein bulk can influence the mobility of small membrane protein.

(A) Representative examples of FRAP in spines of neurons co-expressing Homerlc-mCherry and one of the
SEP-tagged transmembrane probes: TM, TM-Cerulean, or TM-Nonbind. (B) Recovery curves of 140-second
FRAP on spines (SEP-TM n = 34 ROIs/5 neurons/3 cultures, SEP-TM-Cerulean 43/6/3, SEP-TM-Nonbind
19/4/3). (C) Recovery curves of 52-min FRAP on spines (SEP-TM n = 12 ROIs/3 neurons/3 cultures, SEP-
TM-Cerulean 17/3/3, SEP-TM-Nonbind 14/3/3). (D) Recovered fractions in the spine at 30 sec, (E) at 130
sec, and (F) at 52 min. (G) Recovered fractions in the dendrite at 140 sec (SEP-TM n = 34 ROIs/5 neurons/3
cultures, SEP-TM-Cerulean 34/6/3, SEP-TM-Nonbind 15/4/3). (H) Areas of Homerlc-mCherry puncta and
(1) spine enrichment in spines that were targeted for bleaching. (J) Representative SmtPALM tracks (cyan
segments, green and red dots indicate where localizations appeared and disappeared) superimposed on
individual synapses marked by Homerlc-GFP. (K) Cumulative frequency plots of instantaneous diffusion
coefficients (D) inside Homerlc-GFP-marked synapses (left, mEos3-TM-Nonbind n = 3283 tracks/423
PSDs/14 neurons/3 cultures, mEos3-TM-Cerulean 3645/602/20/3, mEos3-TM 2500/265/10/3) and outside
synapses (right, mEos3-TM-Nonbind n = 8024 tracks, mEos3-TM-Cerulean 10439, mEos3-TM 5816).
Statistics on synaptic D: K-S test and Mann-Whitney U test ****p < 0.0001 (mEos3-TM-Nonbind vs. mE0s3-
TM-Cerulean, or mEos3-TM-Cerulean vs. mEos3-TM). Statistics for D-1: one-way ANOVA (p < 0.0001 for
D, ns not significant p=0.054 E, p=0.24 F,p=0.92 G, p = 0.53 H, p = 0.26 I) with Bonferroni-corrected
post hoc pairwise comparisons (****p < 0.0001, **p = 0.0028, ns p = 0.16 for D).
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Divalent PDZ-binding interactions within the synapse can stabilize the mobility of
transmembrane proteins more than monovalent interactions can

AMPA receptors could bear multiple TARPs capable of binding PSD scaffold molecules
(Hastie et al., 2013). To test the role of divalent receptor-scaffold interactions on receptor
mobility in the synapse, | developed a chemically inducible heterodimerization strategy
that would permit us to acutely convert our typical monovalent binding probe to one with
divalent PDZ-binding capacity. To do this, | added to our TM probes either FKBP or FRB,
protein domains which can be crosslinked via the small molecule rapalog (Fig. 2.9A). By
crosslinking one binding probe to a second probe either carrying a second binding motif or
not, the additional effect of divalent binding could be assessed as well as distinguished
from the effect of added bulk. To avoid potential off-target effects of lengthening the
binding C-tail via insertion in the cytoplasmic domain, I inserted the dimerization motifs
in the extracellular domain, and created four fusion proteins: SEP-FKBP-TM-Bind (FKBP-
Bind), SEP-FKBP-TM-Nonbind (FKBP-Nonbind), TagBFP-FRB-TM-Bind (FRB-Bind),

and TagBFP-FRB-TM-Nonbind (FRB-Nonbind).
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| tested the dimerization assay in neurons co-expressing FKBP-Nonbind and FRB-
Bind. In the absence of rapalog, FKBP-Nonbind was on average 37% as enriched as FRB-
Bind in spines; incubation with 1 uM rapalog resulted in an increase in the spine
enrichment of FKBP-Nonbind which plateaued on average to 79% after 40 min, whereas
incubation with the vehicle resulted in no change (Fig. 2.9B-D). Thus, rapalog can induce

dimerization between TM probes containing extracellular FKBP and FRB domains.

Figure 2.9. Divalent PDZ-binding motifs can stabilize TM proteins within the synapse more than
monovalent binding can.

(A) Cartoon illustrating the strategy to induce dimerization and translocation of TM probes into dendritic
spines using Rapalog (Rap). (B) A DIV 16 hippocampal neuron expressing SEP-FKBP-TM-Nonbind (FKBP-
Nonbind) and TagBFP-FRB-TM-bind (FRB-Bind) for 2 days, before (Pre) and 40 min after (Post) bath
incubation with 1 pM Rap. (C) Time-lapse of the highlighted region drawn in B. (D) Enrichment of FKBP-
Nonbind (mean *s.e.m.) at dendritic spines containing FRB-Bind (n = 34 spines/3 fields/3 cultures for
Rapalog, 28/3/3 vehicle) before and after Rapalog or vehicle (0.2% ethanol) application. (E) The first
(green) and last (red) localized positions of FKBP-Bind (SEP-FKBP-TM-Bind) molecules tracked for > 8
frames, superimposed on a typical dendritic segment co-expressing Homerlc-mCherry as a synaptic marker.
(F) Cartoon representing the FKBP-Bind the monomeric binding probe (left), and typical tracks in synapses
co-expressing this probe (B) and Homerlc-mCherry (right). (G) Cartoon representing the FKBP-Bind and
FRB-Nonbind (TagBFP-FRB-TM-Nonbind) dimerized into a monovalent binding probe in the presence of
Rapalog (left), and typical synaptic tracks in cells co-expressing these two probes (B+N) and Homerlc-
mCherry (right). (H) Cartoon representing the FKBP-Bind and FRB-Bind (TagBFP-FRB-TM-Bind)
dimerized into a divalent binding probe in the presence of Rapalog (left), and typical synaptic tracks in cells
co-expressing these two probes (B+B) and Homerlc-mCherry (right). (1) Mean squared displacement over
time within synapses (n = 352 tracks/3 cultures for B, 174/3 B+N, 251/3 B+B). Kruskal-Wallis ANOVA (p
< 0.0001) post hoc comparisons by Mann-Whitney U test, *p = 0.0194 (B vs. B+N), 0.0395 (B+N vs. B+B),
****p < 0.0001 (B vs. B+B). (J) Cumulative frequency distributions of Des within synapses (left; n = 1982
tracks/231 PSDs/7 cells/3 cultures for B+B, 868/201/9/3 B+N, 1415/273/7/3 B). Kruskal-Wallis ANOVA (p
< 0.0001) post hoc comparisons by K-S test ***p = 0.0004 (B+B vs. B+N), **p = 0.0021 (B+N vs. B), and
by Mann-Whitney U test p = 0.0053 (B+B vs. B+N), p = 0.0003 (B+N vs. B). (K) Cumulative frequency
distributions of Des outside of synapses (right; n = 3621 tracks for B+B, 3465 B+N, 5750 B).
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| then co-transfected three groups of cultured neurons, obtaining distinct
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populations expressing only FKBP-Bind (a monomeric binding probe) (Fig. 2.9F cartoon),
FKBP-Bind and FRB-Nonbind (which can dimerize to form a monovalent binding probe)
(Fig. 2.9G cartoon), or FKBP-Bind and FRB-Bind (which can dimerize to form a divalent
binding probe) (Fig. 2.9H cartoon). To measure the surface mobility of the probes, I
employed uPAINT single-molecule tracking of fluorescently conjugated nanobodies
recognizing SEP but not TagBFP (Fig. 2.9E). | measured the mean squared displacement
and effective diffusion coefficients of FKBP-Bind in these groups of neurons after a 1- to
2-hour pre-incubation with 1 uM rapalog (Fig. 2.9F-H right). The Dess distributions of these
three probes outside of the synapse were nearly identical (Fig. 2.9K), consistent with the
notion that diffusion coefficient is only weakly dependent on particle size in membrane
regions with few obstacles. Within the crowded environment of the synapse, however, they
behaved differently. The monomeric probe explored a larger area (Fig. 2.91) and diffused
faster (Fig. 2.9J) in synapses than both dimeric probes, indicating that dimerization even
without adding an extra receptor-scaffold binding motif can reduce TM protein mobility
within the synapse. As expected, the divalent binding probe explored even less area (Fig.
2.91) and more slowly (Fig. 2.9J) than the dimeric but monovalent binding probe, indicating
that polyvalent receptor-scaffold binding interactions can confine TM proteins more
effectively than monovalent binding can within the synapse. Altogether, these results
support the hypothesis that both steric and binding interactions can stabilize the mobility

of TM proteins within the synapse.

Discussion
Combining simulations and live-cell imaging methods, we examined the influence of

protein-protein binding and of protein steric hindrance within the postsynaptic density on
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the mobility of synaptic membrane proteins. Measurements of molecular mobility across
the lateral extent of the synapse and dendritic spines revealed that the dynamics of a
receptor-like TM probe strongly depended on two features of the intracellular domain: the
presence of protein bulk and the capacity for protein-protein binding. By simulating
receptor diffusion within a model incorporating the measured positions of the critical
postsynaptic scaffold macromolecule PSD-95, our simulations suggest that the nanoscale
heterogeneous organization of PSD-95 alone can alter the dwell time of synaptic receptors
or any other intracellularly bulky membrane protein. We propose that the nanoscale
organization of scaffold proteins in the PSD shapes the mobility and distribution of
synaptic membrane proteins through two mechanisms: steric effects and establishing the
position and density of binding partners in the synapse. These steric effects will depend on
the size of the diffusing protein. Overall, the interplay between these mechanisms will
likely regulate the spatial distribution and dynamics not just of neurotransmitter receptors,
but of numerous critical transmembrane proteins such as ion channels and adhesion
molecules.

A previous study has suggested that the PSD could act as a size-exclusion
environment akin to the synaptic cleft, demonstrated by using lipids tagged by differently
sized bulks in the extracellular domain (Renner et al., 2009). Our results extend this picture
of the sieve-like synapse in several key ways. First, they demonstrate that this idea applies
to transmembrane proteins. Second, they indicate that the larger the intracellular bulk of
the membrane protein, the smaller the synaptic area it could explore. This was
demonstrated by simulations and deduced from photobleaching within individual synapses

that showed a size-dependence in protein mobility. Finally, they suggest that the dense
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crowding of synaptic scaffolding proteins limits the escape of mobile membrane proteins
from the PSD (and consequently their incorporation as well). This was demonstrated in
simulations which showed that PSDs modeled with the measured distributions of
scaffolding proteins retained receptors longer than those with randomized distributions.
More support of this notion comes from the experimental results that added intracellular
bulk slowed down the exchange of the small TM probe.

It is well known that the PDZ-mediated binding motif of Stargazin plays a
prominent role in stabilizing the mobility of AMPARs (Chen et al., 2000; Bats et al., 2007;
Sainlos et al., 2011), and here we showed that it could also stabilize even minimal synthetic
transmembrane proteins. However, our results further demonstrated that intracellular bulk
could have substantial influence on the lateral mobility of transmembrane proteins, as well
as their positioning within subdomains of the synapse. This influence may have significant
impact on excitatory synaptic transmission in diverse situations. In particular, the physical
bulk of an AMPAR complex is ultimately determined by multiple classes of proteins
(Tomita et al., 2003; Cho et al., 2007; Milstein et al., 2007; Schwenk et al., 2009; Soto et
al., 2009; Kalashnikova et al., 2010; von Engelhardt et al., 2010) that additionally associate
with the GIuA tetramer. In fact, biochemically isolated, native AMPAR complexes are
20% to 120% larger than the GIuA tetrameric core (Schwenk et al., 2012). We speculate
that differently sized AMPAR subcomplexes can have dramatic impact on function not
only due to their diverse binding motifs and channel gating kinetics, but also because of
their differences in protein bulk.

Given this, it is possible that a significant fraction of synaptic receptors which

remain following disruption to receptor-scaffold binding (Bats et al., 2007; Sainlos et al.,
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2011) are retained in the synapse by steric effects. In an interesting further example,
desensitization-driven dissociation of AMPARs from Stargazin (Tomita et al., 2004;
Constals et al., 2015) not only alters binding to PSD-95 but also reduces their size. Each of
these effects may contribute to the observed increase in mobility of desensitized receptors
(Constals et al., 2015). Together, these considerations suggest that protein-size dependent
regulation of protein mobility and dwell times could be a mechanism regulating the
synaptic distribution of AMPARSs.

A notable aspect of steric interactions is that they are agnostic to molecular identity,
and so will influence synaptic distribution of ion channels, adhesion proteins, or any
transmembrane protein. A recent study showed that synaptic accumulation of receptors can
occur regardless of the type of receptor (Granger et al., 2013). It is tempting to speculate
that macromolecular crowding offers a mechanism to explain how the synapse can retain
TM proteins, regardless of specific protein-protein binding motifs. Note that molecular
crowding alone cannot account for the synaptic enrichment of receptors, but in combination
with binding presents an efficient way to accumulate and retain membrane proteins at the
synapse (Holcman and Triller, 2006; Haselwandter et al., 2011; Masson et al., 2014). Thus,
we suggest a two-step process that can distribute receptors throughout the synapse interior.
TM proteins first need binding partners to accumulate at the periphery of the PSD (Bats et
al., 2007; Opazo and Choquet, 2011). Indeed, we found that a PDZ-binding motif was
necessary and sufficient to drive spine enrichment of the TM probes. Secondly, even
proteins that have unbound from scaffolds can be non-selectively incorporated to the

interior by the minute-scale morphing of the PSD (Blanpied et al., 2008; Kerr and Blanpied,

80



2012) as well as molecular positional dynamics and exchange of synaptic scaffolding
proteins (Gray et al., 2006; MacGillavry et al., 2013; Chazeau et al., 2014).

Our simulations assumed that, other than the mobile probe molecules, PSD-resident
proteins were held in stable positions. Consistent with this assumption, the turnover of
endogenous PSD-95 at the synapse is extremely slow, as FRAP of PSD-95 bearing a Venus
tag in a knock-in mouse exchanges only about 10% in 60 min (Fortin et al., 2014).
Exchange of overexpressed PSD-95 is elevated compared to this but still slow, with time
constants of 30 to 100 minutes in hippocampus (Gray et al., 2006; Sharma et al., 2006;
Blanpied et al., 2008), depending on age (Gray et al., 2006). These observations suggest
that within the short time frame of our simulations, such exchange will be of minimal
impact and PSD-95 can be considered immobile. However, ongoing spine actin
polymerization alters PSD morphology over minutes (Kuriu et al., 2006; Kerr and
Blanpied, 2012; Ziv and Fisher-Lavie, 2014), the nanoscale organization of the PSD is
temporally dynamic (Nair et al., 2013) and activity-dependent (MacGillavry et al., 2013),
and single-molecule tracking has revealed that a substantial proportion of PSD-95
molecules (at least when overexpressed) is mobile within the synapse (Chazeau et al.,
2014). As a preliminary attempt to investigate the role of a dynamic PSD, we explored in
several models the potential effects of these various forms of PSD molecular dynamics. As
expected, if PSD-95 scaffold molecules were permitted to diffuse, a larger subset of
receptors could escape compared to the static case because the pattern of PSD-95 drifted
towards randomized (data not shown). Other models incorporating less diffusion or other
forms of motion that recapitulated the observed maintenance of PSD-95 density patterns

could produce large, moderate, or negligible effects. Thus, dynamics within the PSD can
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alter the relative contribution of steric effects on receptor retention. However, detailed
effects of this morphological plasticity depend very strongly on parameters that have not
yet been deduced experimentally. Therefore, it will be important to gain more quantitative
understanding of PSD molecular dynamics in order to gauge the time course over which
these dynamics permit escape of sterically trapped receptors, or the trapping of proteins
newly incorporated to the PSD.

It is tempting to speculate that such synaptic scaffold protein dynamics may play
an important role in functional synaptic plasticity. Supporting this notion, molecular
destabilization of the PSD is prominent during induction of LTP and LTD (Steiner et al.,
2008; Xu et al., 2008), suggesting that periods of plasticity involve enhanced re-
organization or disassembly of internal scaffold distribution. These observations are
consistent with the model that synaptic potentiation could result from reorganization and
restabilization of scaffolds to favor retention of bulky membrane proteins. On the other
hand, synaptic depression could arise from homogenization and mobilization of scaffold
positions, favoring dispersion of receptors. Thus, identifying mechanisms that govern the
positional dynamics of synaptic scaffolding proteins themselves will be crucial to
understanding the synaptic modifications that underlie learning, memory, and

neuropsychiatric disorder.
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Chapter 3: Control of transmembrane protein diffusion within the postsynaptic density
assessed by simultaneous single-molecule tracking and localization microscopy?

Abstract
Postsynaptic transmembrane proteins are critical elements of synapses, mediating trans-

cellular contact, sensitivity to neurotransmitters and other signaling molecules, and flux of
Ca and other ions. Positioning and mobility of each member of this large class of proteins
is critical to their individual function at the synapse. One critical example is that the
position of glutamate receptors within the postsynaptic density (PSD) strongly modulates
their function by aligning or misaligning them with sites of presynaptic vesicle fusion. In
addition, the regulated ability of receptors to move in or out of the synapse is critical for
activity-dependent plasticity. However, factors that control receptor mobility within the
boundaries of the synapse are not well understood. Notably, PSD scaffold molecules
accumulate in domains much smaller than the synapse. Within these nanodomains, the
density of proteins is considerably higher than that of the synapse as a whole, so high that
steric hindrance is expected to reduce receptor mobility substantially. However, while
numerical modeling has demonstrated several features of how the varying protein density
across the face of a single PSD may modulate receptor motion, there is little experimental
information about the extent of this influence. To address this critical aspect of synaptic
organizational dynamics, we performed single-molecule tracking of transmembrane
proteins using UPAINT over PSDs whose internal structure was simultaneously resolved
using PALM. The results provide important experimental confirmation that PSD scaffold

density protein strongly influences the mobility of transmembrane proteins. Tracking a

2 Li TP, Blanpied TA (2016) Control of Transmembrane Protein Diffusion within the Postsynaptic Density
Assessed by Simultaneous Single-Molecule Tracking and Localization Microscopy. Frontiers in Synaptic
Neuroscience.
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protein with a cytosolic domain that does not bind PSD-95 still was slowed in regions of
high PSD-95 density, suggesting that crowding by scaffold molecules and perhaps other
proteins is sufficient to stabilize receptors even in the absence of binding. Because
numerous proteins thought to be involved in establishing PSD structure are linked to
disorders including autism and depression, this motivates further exploration of how PSD
nanostructure is created. The combined application PALM and uPAINT should be
invaluable for distinguishing the interactions of mobile proteins with their nano-

environment both in synapses and other cellular compartments.

Introduction
Transmembrane proteins such as receptors diffuse on the cell surface to reach their sites of
action. In doing so, they must make their way through complex environments typified by
varying densities of obstacles and potential binding partners. The average behavior of
proteins moving through such environments has been well characterized (Frick et al., 2007).
However, on small spatial scales or within small compartments, the local organization of
potential interactors will dominate the influence on receptor motion paths (Kusumi et al.,
2014). For instance, locally high concentrations of steric obstacles create a phenomenon
called macromolecular crowding (Ryan et al., 1988) that can slow mobility and result in
anomalous diffusion (Saxton, 1994; Santamaria et al., 2010). Thus, high resolution
information about the distribution of even non-binding obstacles is necessary to understand
motion trajectories of transmembrane proteins on small scales.

Perhaps the most complex compartment of the plasma membrane in neurons is the
postsynaptic density (PSD). The PSD of glutamatergic synapses concentrates numerous

receptor types aligned to the presynaptic active zone. Despite the small size of the average
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PSD (~0.08 pm? x 50 nm) (Harris and Weinberg, 2012), roughly 500 species of proteins
can be found in this compartment (Husi et al., 2000; Sheng and Hoogenraad, 2007).
Because of the high local density of transmembrane proteins, receptor-binding proteins
such as PSD-95, and juxtamembrane cytosolic molecules, protein motion within the
membrane at the synapse is likely extremely obstructed (Santamaria et al., 2010). This
complicated environment is critical to understand, because protein organization in the PSD
directly regulates synaptic transmission in many ways. The number of glutamate receptors
present in the PSD sets an upper limit on the strength of the synapse (Huganir and Nicoll,
2013), and receptors exchange continuously by diffusion between the PSD and the
perisynaptic plasma membrane (Opazo and Choquet, 2011; Choquet and Triller, 2013).
Further, alterations to the PSD are a critical component of activity-driven plasticity
mechanisms regulating receptor number (Inoue and Okabe, 2003; Bosch et al., 2014). Thus,
understanding mechanisms within the PSD that control motion of glutamate receptors is
critical for determining how receptor number is modulated during plasticity.

Even beyond the clear importance of the number of receptors, however, their
distribution within the synapse in the plane of the membrane is a vital regulator of synaptic
strength (MacGillavry et al., 2011). This is because when glutamatergic vesicles fuse with
the presynaptic plasma membrane, the result is a highly concentrated but narrow spike of
released neurotransmitter. The rapid dissipation of this spike by glutamate diffusion means
that receptors laterally displaced from the site of fusion even by less than 100 nm often fail
to activate (Xie et al., 1997; Raghavachari and Lisman, 2004; Santucci and Raghavachari,
2008; Freche et al., 2011). Amplifying this effect, receptors in the PSD are concentrated in

~80 nm subdomains (MacGillavry et al., 2013; Nair et al., 2013) where the principle
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receptor-binding scaffold PSD-95 is also concentrated (Fukata et al., 2013; MacGillavry et
al., 2013). In previous work, we modeled diffusion within PSDs where the heterogeneous
distribution of PSD-95 was measured, and found that the clustered nature of this scaffold
had the capability of strongly limiting the ability of transmembrane proteins to enter (or
escape) the crowded regions of the PSD (Li et al., 2016). Thus, nanoscale regional variation
in protein composition within a single PSD may have strong impact on synaptic
transmission by controlling the subsynaptic distribution of receptors.

A major impediment to further understanding of this issue is the technical challenge
of simultaneously measuring the nanoscale distribution of the protein environment while
simultaneously measuring protein motion through it. To address this, |1 developed a
combined single-molecule imaging approach that uses smtPALM (Manley et al., 2008) to
map the positions of PSD-95 molecules within the synapse (MacGillavry et al., 2013),
while simultaneously tracking the motion of proteins in the plasma membrane by uPAINT
(Giannone et al., 2010). Using this strategy, | could directly investigate the influence of
both obstacle density and protein binding on motion through the PSD. The results provide
direct experimental confirmation that macromolecular crowding within the PSD can
strongly limit the motion of even small transmembrane proteins, likely helping to establish
the distribution and dynamic exchange characteristics of glutamate receptors and other

molecules.

Materials and Methods
Neuronal culture and transfection. Dissociated hippocampal neuron cultures were
prepared from E18 rat embryos as described previously (Frost et al., 2010). Prior to plating

the cells on coverslips, the coverslips were first cleaned as reported previously
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(MacGillavry et al., 2013), subsequently coated with lateral-drift tracking, yellow-green
fluorescent 100-nm beads (F8803; Thermo Fischer Scientific) diluted 1:25,000 in 100%
ethanol (dried within 25 minutes in the hood), and then coated overnight with poly-L-lysine
(Sigma). Cells were transfected at DIV10-13 using Lipofectamine 2000 (Thermo Fischer
Scientific) and imaged 72-96 hours later (unless stated otherwise). Individual coverslips

were transfected with 0.5-0.75 pg of cDNA for each expression construct.

Expression constructs. Plasmid cDNAs were obtained as follows (with original
sources): the binding and nonbinding probes, SEP-TM-Bind and SEP-TM-Nonbind (Li et
al., 2016), the PSD-95-mEos2 replacement plasmid shrPSD-95-mEos2 (MacGillavry et al.,

2013).

Two-color single-molecule imaging. PALM-PAINT, a combination of uPAINT
(Giannone et al., 2010) and PALM (Betzig et al., 2006; Hess et al., 2006), was performed
simultaneously through a Photometrics DV2 on an Olympus 1X81 ZDC2 inverted
microscope that was described by MacGillavry et al. (2013). Cells expressing the indicated
constructs were imaged in a previously described extracellular buffer (Li et al., 2016).
Super ecliptic phluorin (SEP)-containing probes were labeled with ATTO647N-conjugated
anti-GFP nanobodies (GFPBooster-647N, Chromotek), bath applied to a final
concentration of 0.5 to 2 nM once the first stretch of synapses was identified for each
coverslip. Cells remained at 25 <€ for no more than 30 minutes per imaging session.

| imaged the red and far red bands by interleaving excitation at 561 and 640 nm.
Imaging was conducted at 29 Hz, with 10-ms duration excitation per frame for 5,000 to
20,000 frames. The two channels were overlaid based on calibration images of TetraSpeck

beads (100 nm; Thermo Fischer Scientific) deposited on an acellular coverslip as described
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by MacGillavry et al. (2013). 100-nm yellow-green beads ethanol-diluted and dried onto
the coverslips prior to plating the cells (F8803; Thermo Fischer Scientific) were excited
and captured once every 1000 frames to monitor lateral drift. To correct lateral drift, |
localized fiducials post hoc from images of the yellow-green beads. | screened for spurious
localizations by the duration of fluorescence and mobility. Namely, the bead ought to be
present on the first frame, persist for as long as each imaging session, and displace < 100
nm (1 pixel) per 1,000 frames. Such a filtering process provided a list of localizations that
correspond to fiducials. From this list | calculated the sample lateral drift as the weighted
average of the displacements of all fiduciary localizations between each set of 1000 frames.
For weights, | used the inverse of the estimated localization uncertainty (Thompson et al.,
2002) of each fiducial. The single linear correction in drift | applied to each subset of 1000
frames was the average correction obtained from the estimates of 2-10 fiducials in the field

of view.

Single-molecule localization, tracking analysis, and PSD nanostructure analysis.
All data analysis was performed offline using custom routines in MATLAB (The
MathWorks). The algorithms for determining molecule location and criteria for filtering
molecules to be considered for further analysis were applied as previously described
(MacGillavry et al., 2013). In addition to filtering by localization precision, elliptical form,
and brightness, | also utilized a VVoronoi-based segmentation program SR-Tesseler (Levet
et al., 2015) to filter out spurious localizations outside of putative neuronal border. Criteria
for defining a track were described by Li et al. (2016). Instantaneous effective diffusion
coefficients (Defr) at individual track time points were calculated for tracks that persisted

at least 8 frames (the duration in which the mean MSD was linear; a more detailed
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description can be found in Lu et al. (2014)). For comparing diffusion inside and outside
of PSDs, tracks that entered or exited the PSD were divided into two portions, a synaptic
and an extrasynaptic subtrack, the Derr Oof which were calculated by averaging the
instantaneous Dess for the tracked localizations therein. For the rare tracks that entered and
exited PSDs multiple times, synaptic Dess was determined by averaging the instantaneous
Ders Of all the tracked locations inside the PSD border; vice versa to calculate the
extrasynaptic Defr. T calculate the Desr of subtracks in other cases (i.e. particular range of
PSD-95 regional density, or below the detection limit of De), | calculated the average of
instantaneous Desr of localizations therein. The lower detection limit of Defr was determined
conservatively by calculating the Des Of a theoretical immobile particle displaced as much
as the average trajectory error ~30 nm (Savin and Doyle, 2005; Lu et al., 2014) per time
frame, which amounted to 0.003 pm?/s.

Briefly, the PSD-95 localizations appearing in consecutive frames separated by no
more than 200 nm were considered one molecule, and their positions were taken from the
first frame they appeared. To estimate the density of PSD-95 molecules surrounding each
position of a tracked probe molecule, | counted the number of PSD-95 molecules within a
30 nm radius (the average trajectory error) per position; to calculate the regional density of
PSD-95 surrounding the probe at each position, | calculated the forward running average
of regional densities for 8 frames (as long as the number of frames used to estimate
instantaneous diffusion coefficient), which reduced the noisy fluctuations particularly for
fast moving probes. The PALM PSD border was determined by taking the convex hull of
the PSD-95 molecular positions. To determine the Gaussian-blurred border of each PSD, |

first constructed a 2-dimensional molecular density map of 25x25nm subpixels from PSD-
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95 molecules for each PSD. | then convolved it with a constant-amplitude Gaussian image
profile (o = 125 nm, image width = 900 nm) that is similar to an ideal microscope point-
spread function with a full-width at half max (FWHM) of ~ 250 nm. To determine the
FWHM border of the blurred PSD, | thresholded the convolved image at half-maximum

intensity. To determine the 95%-border, | thresholded it at 5% of the maximum intensity.

Statistics. Where means are presented, the accompanying errors are the standard
error of the mean; additionally, these data were normally distributed according to the
Shapiro-Wilk normality test. Where box-and-whisker plots are presented, the middle bar
represents the median, the upper and lower limit of the boxes denote the interquartile range,
and the whiskers extend to 5% and 95% of the distribution; additionally, these data were
not normally distributed according to the Shapiro-Wilk normality test. Different sets of
statistical tests were used for normally and non-normally distributed data. Pairwise
statistical tests were performed using unpaired t test with Welch’s correction for normally
distributed data; they were performed using Mann-Whitney U test for non-normally
distributed data. Where two-way ANOVA was used, a Bonferroni correction was used for
post-hoc pairwise comparisons. Kolmogorov-Smirnov tests were applied for cumulative
frequency distributions. In all cases, means (or medians) were considered significantly
different if the test reported p < 0.05. Most statistical tests and all graphing were done using

Prism (GraphPad Software). Two-way ANOVA was done in MATLAB (The MathWorks).

Results
To perform single-molecule tracking during superresolution imaging of the PSD, I co-
transfected 13-17 DIV hippocampal neurons with two cDNA constructs. The first encoded

a single-pass transmembrane (TM) protein composed of an extracellular SEP, the TM

90



domain, and the intracellular carboxy terminus of stargazin, which enables this protein to
bind PSD-95. Thus, | refer to it as SEP-TM-Bind (Li et al., 2016). This was co-transfected
with shrPSD-95-mEos2, which expresses ShRNA targeting PSD-95 along with an RNAI-
resistant, mEos2-tagged PSD-95 (MacGillavry et al., 2013). To track motion of SEP-TM-
Bind at the cell surface, | used uPAINT (Giannone et al., 2010) and applied anti-GFP
nanobodies carrying Atto647N in the chamber to a final concentration of 0.5 to 2 nM.
Concurrently, | localized the positions of PSD-95-mEos2 using conventional smtPALM
methods (Fig. 3.1A).

The SEP-TM-Bind probe exhibited clearly different mobility inside and outside of

the PSD (Fig 1A right), as expected based on the behavior of AMPA-type glutamate

Figure 3.1. PALM-PAINT, single-molecule
shrPSD-95-mEc tracking during PALM imaging.

: (A) (Left) SEP-TM-Bind molecules tracked for
at least 8 frames super-imposed on molecules
of shrPSD-95, accumulated from 5,000-
20,000 frames. (Right) A typical example of
tracked probes superimposed on positions of
shrPSD-95 molecules. The first and last

; localized positions are indicated as filled and
— Synaptic open circles, respectively. (B) Mean squared
Extrasynaptic  displacement over time of connected sub-
segments of tracks (subtracks) that are lasted
at least 15 frames (n = 156 synaptic and 2907
extrasynaptic tracks/113 PSDs/13 fields/11
cells/3 cultures). (C) Cumulative frequency
distributions of Des for subtracks that are at
least 8 frames long (n = 654 synaptic and 3349
extrasynaptic tracks/113/13/11/3).
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receptors (Bats et al., 2007; Hoze et al., 2012), neuroligin (Chamma et al., 2016), and
NMDA-type glutamate receptors (Dupuis et al., 2014). | compared the diffusion patterns
of molecules inside and outside of the PSD, when the PSD border was defined by the

convex-hull border of PSD-95 positions. Probes outside of the PSD displayed near-free
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diffusion as evidenced by an almost linear MSD plot (Fig. 3.1B). However, probes within
the PSD showed a much slower mobility and appeared highly confined in their motion, as
evidenced by saturation of the relationship between mean-squared displacement and time.
This curve approached a plateau of 104 35 nm?, suggesting confinement within <60 nm
diameter regions of the PSD (Ehlers et al., 2007). The effective diffusion coefficients (Defr)
of the synaptic subtracks were ~2 orders of magnitude slower than those of the
extrasynaptic subtracks (Fig. 3.1C).

The improved resolution of the PSD border obtained by imaging the positions of
individual PSD-95 molecules as opposed to using widefield or confocal microscopy should

improve discrimination of which molecules are within the synapse. The average PSD area

Border of PSD-95 molecules Figure 3.2. Better discrimination of PSD
border reveals strong reduction of mobility
within synapses.
95% border of Gaussian-blurred PSD (A) Typical tracks of the binding probe
(magenta) and positions of shrPSD-95 (black
N circles) super-imposed. Convex hull border of
PSD-95 positions (solid line), full-width half
max (FWHM) border of Gaussian-blurred
shrPSD-95 positions (dashed line), and full-
width 5% max (95%) border (dotted lines). (B)
Cumulative frequency distribution of synaptic
(black lines) and extrasynaptic (gray lines)

FWHM border of Gaussian-blurred PSD

p * I ; tracks segregated using the synaptic borders of
e ' J PSDs determined using PALM’ed shrPSD-95
- (solid lines), FWHM of Gaussian-blurred
300 nm ' shrPSD-95 positions (dashed lines), or full-

width 5% max (95% border) of the Gaussian-
blurred shrPSD-95 positions (dotted lines) (n =
654 synaptic/3349 extrasynaptic tracks for
PALM’ed PSDs, 658/3345 FWHM, 1197/3125
95% border; 113 PSDs, 11 cells, 3 cultures).

B Synaptic (type of PSD)
-  PALM
==« FWHM of blurred
95% border of blurred

-
o
1

/" Extrasynaptic (type of PSD)
—  PALM

£ FWHM of blurred
P 95% border of blurred

Cumulative frequency
o
a
]

0.0+ -
105 10+ 10* 102 10

Dyt of SEP-TM-Bind (un/s)

92



(0.085 #0.006 pm?, n = 263 PSDs/21 neurons) was within the ranges as previously
detected by PALM (MacGillavry et al., 2013; Nair et al., 2013) and by electron microscopy
(Harris and Stevens, 1989; Schikorski and Stevens, 1997; Shinohara et al., 2008). To test
whether diffraction-limited PSD borders could perform as well as PALM of PSDs at
segregating synaptic and extrasynaptic probes, | simulated diffraction by blurring the PSD-
95 molecular density maps with a Gaussian point-spread function. Taking the full-width
half maximum of this intensity distribution as the border of the diffraction-blurred PSDs,
aswas done by Li et al. (2016) (or see Chapter 2), performed nearly as well as the PALM’ed
PSD border in segregating synaptic and extrasynaptic probe movements. Taking the 95%
border of the blurred PSDs diminished the difference between synaptic and extrasynaptic
Dest (Fig. 3.2). Thus, how the PSD border is defined in diffraction-limited approaches can
influence the accuracy of segregating diffusing molecules in different sub-compartments

of the cell.

Synaptic TM protein diffusion is not influenced by PSD size or whole-synapse PSD-
95 density

Interestingly, the Defs distribution within different synapses varied widely, and individual
molecules exhibited Defs spanning more than 5 orders of magnitude. We reasoned that this
broad range may arise because the diffusion environment within the PSD might vary based

on synaptic size or geometry, or because the density of binding sites could influence how

A s B e Figure 3.3. PSD size and density do not
ki A _ y correlate with intrasynaptic mobility.
S 10 e r=00081 1074, (A) PSD area and median Deg within each of
B 107 10~ the PSDs; linear regression test (n = 113
%Em-ﬁ m 102l gu o 0oy PSDs/11 cells/3 cultures). (B) PSD-95 density
8 1o+ ?'3“ «* 104 ""‘."‘- . and median Dex within each of the PSDs;
é . . linear regression test (n = same as in A).
104 T T 10° T T
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likely a probe is able to be bound at any given time. To test this, | first examined the
relationship between the area of the PSD and the median Dest of probes found within it.
Based on linear regression analysis, | found no statistically significant correlation (Fig.
3.3A). However, our previous study found that the fluorescence recovery of these probes
after photobleaching spines was negatively correlated with PSD area (Li et al., 2016).
Combined with this finding, this suggests that the size of the synapse correlates with the
rate with which these probes enter and exit the spine, but does not influence their diffusion
within the synapse. To determine whether overall PSD-95 density within the synapse can
determine the diffusion of the binding probes, | examined the relationship between the
density of PSD-95-mEos2 localizations and the synaptic median Desr of probes in each PSD.
The absolute density of localizations in all calculations was adjusted by the average
expected number of blinks (one) of mEos2 in our experimental conditions (Annibale et al.,
2011; MacGillavry et al., 2013). It should be noted that this measure of density does not
incorporate the unknown fraction of total PSD-95 molecules that were mapped, and also
ignores the numerous other binding partners of SEP-TM-Bind that may not correlate with
the measured density of PSD-95-mEos2 as well as the likelihood of slight overexpression
compared to endogenous protein level (~1.6x, see MacGillavry et al. (2013)). Nevertheless,
| found no statistically significant correlation (Fig. 3.3B), suggesting that, given these
caveats, the overall density of PSD-95 within the PSD does not influence the median

diffusion of binding TM proteins in the synapse.

The control of TM protein diffusion by binding and steric hindrance within the PSD
Though the overall measured density of PSD-95 did not correlate with the diffusion

coefficient of SEP-TM-Bind, it would be surprising if this key scaffolding protein did not
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affect the mobility of its binding partners at all. We thus considered that the distribution of
PSD-95 molecules is highly heterogeneous within single synapses (Fukata et al., 2013;
MacGillavry et al., 2013; Nair et al., 2013; Broadhead et al., 2016) and can display multiple
regions of high density within the synapse. Namely, two synapses of the same PSD-95
density can have very different arrangement of PSD-95 molecules, an organization that
could obscure the effect that PSD-95 molecular density can have on the diffusion of probes
when measured at the level of the entire synapse. Consistent with this notion, computer
modeling has demonstrated that measured arrangements of PSD-95 molecules can prevent
a larger fraction of TM proteins from escaping the synapse than homogeneously distributed
PSD-95 molecules, without changing the overall density of PSD-95 (Li et al., 2016).

To test whether the density of PSD-95 immediately surrounding the probe can
influence its diffusion within the synapse, | defined a subsynaptic metric, termed regional
PSD-95 density, to be the number of PSD-95 molecules surrounding a tracked probe
position. | measured the regional density using a fixed radius based on the average
positional error of the tracked molecules (30 nm, see methods). However, the results of the

following analyses depended only very weakly on the radius over the range of 15 to 80 nm
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Figure 3.4. Nanoscale regional density of PSD-95 within the synapse correlates with probe diffusion
coefficient.

(A) Typical example of tracks and PSD-95 positions. Inter-frame segments of tracks pseudo-colored by Deg,
PSD-95 positions pseudo-colored by regional density. (B) Cumulative frequency distributions of probe Des
binned in increasing regional densites of PSD-95 surrounding the subtracks (n = 448 subtracks in 0-5 PSD-
95, 281 in 5-10, 159 in 10-15, 106 in 15-20, 59 in 20-25, 22 in 25-30, 24 in 30+). (C) PSD-95 regional
density and the median D of the binding probe; relationship tested by linear regression.

(data not shown). I subdivided tracks into subsegments (subtracks) based on the regional
PSD-95 density at each of their positions, and plotted the Dess for subtracks based on their
regional density. This analysis revealed that the higher the regional PSD-95 density, the
slower the diffusion coefficients of the subtracks in that area of the PSD (Fig. 3.4A, B). In
fact, the median probe Dess with the synapse was strongly correlated with the regional

density of PSD-95 (Fig. 3.4C).

The control of TM protein diffusion by steric hindrance alone within the PSD

At a first glance, this result may not be surprising, as it supports the idea that the more
scaffold binding partners there are in the synapse, the more likely the probe will be bound
and thus immobilized before diffusing further. However, this effect is more difficult to
interpret as PSD-95 not only binds this probe, but can serve as a steric obstacle. In fact,
PSD-95 is a hub for binding many other proteins that can serve as additional obstacles
which can, without binding the probe, hinder its diffusion. To isolate the effect of steric
hindrance from the combined effect of steric hindrance and probe-scaffold binding, |

performed PALM-PAINT on a probe variant which cannot bind to PSD-95 (SEP-TM-
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Figure 3.5. A non-binding transmembrane protein enters and slows within the synapse, but not as much
as if it can bind PSD-95.

(A) Typical examples of tracked probes (purple) superimposed on shrPSD-95 positions (pseudo-colored on
a scale of regional density same as Fig. 4A; binding probe SEP-TM-Bind (left), nonbinding probe SEP-TM-
Nonbind (right). (B) Cumulative frequency distributions of the binding probe and nonbinding probe Des
within PSDs (n = 654 tracks/113 PSDs/11 cells/3 cultures for SEP-TM-Bind, 519/91/10/3 SEP-TM-
Nonbind). (C) Cumulative frequency distributions of the binding probe and nonbinding probe D outside of
PSDs (n = 3349 tracks for SEP-TM-Bind, 4470 SEP-TM-Nonbind). (D) (Left) PSD area and median Des
within each of the PSDs; linear regression test (n = 91 PSDs/10 cells/3 cultures of SEP-TM-Nonbind, same
as in Fig. 3 for SEP-TM-Bind). (Right) Overall synaptic PSD-95 density and median Des within each of the
PSDs; linear regression test (n = as in left panel).

Nonbind from Li et al. (2016)). Interestingly, SEP-TM-Nonbind still entered synapses and
diffused within them, but did not enrich within the PSD nearly as greatly as SEP-TM-Bind
(Fig 3.5A and see also Li et al. 2016). Importantly, diffusion of this nonbinding probe
within the synapse was dramatically faster than that of the binding probe (Fig. 3.5B).
Importantly, the extrasynaptic diffusion of the nonbinding probe was not different from
that of the binding probe (Fig. 3.5C). Intriguingly, the shoulder-like shape of the

cumulative Dess distribution suggests that probes undergo multiple influences on their
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diffusion within the synapse. However, neither PSD area nor whole-synapse PSD-95
density correlated with probe diffusion within the PSD (Fig. 3.5D).

| considered whether the regional density of PSD-95 immediately surrounding the
nonbinding probe can sterically control the probe diffusion. To test this, I first subdivided
the tracks into subtracks and binned them into increasing regional densities of PSD-95
molecules, as in Fig 4B. This revealed that despite the lack of a PSD-95-binding motif, the
probe still diffused more slowly within higher density regions of the PSD (Fig. 3.6A). The
effect appeared to saturate at low Dess Since the mobility of these slowly moving molecules

is below our detection limit (0.003 pm?/s).
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Figure 3.6. Subsynaptic regional density of PSD-95 influences the mobility of a probe that does not bind
PSD-95.

(A) Cumulative frequency distributions of the nonbinding probe Des binned in increasing regional densites
of PSD-95 surrounding the subtracks (n = 480 subtracks in 0-5 PSD-95, 204 in 5-10, 148 in 10-15, 81 in 15-
20, 32in 20-25, 12 in 25-30, 13 in 30+). (B) Fraction of subtracks in different regional densities of PSD-95.
(C) PSD-95 regional density and the median D of the nonbinding probe. (D) Fraction of tracks with
subsegments that were slowed below the detection limit per PSD (n = 113 PSDs for SEP-TM-Bind, 91 SEP-
TM-Nonbind; *p = 0.0123 Mann-Whitney U test). (E) (Left) Cartoon highlighting the PSD-95 molecules
surrounding subtrack durations that diffused below the detection limit. The open and closed purple circles
indicate the beginning and end of a track, the circles pseudo-colored by regional density were within 30 nm
of sub-detection limit subtracks. We calculated the median regional density of PSD-95 of all subtrack
durations that diffused below the detection limit with every PSD. (Right) Median regional density of PSD-95
surrounding subtracks that were below the detection limit (n same as in panel D; *p = 0.0325 K-S test). (F)
Median regional density of PSD-95 surrounding subtracks that above the detection limit (n same as in panel
D; ns Not significant p = 0.158 K-S test).

98



If steric obstruction influences probe mobility, it may influence the overall pattern
of probe position within the synapse. | thus compared the fraction of subtracks found in
different regional PSD-95 densities (Fig. 3.6B). Interestingly, though the binding and the
nonbinding probes were distributed similarly through most density values, the nonbinding
probes appeared to be preferentially excluded from the highly dense subregions (i.e. >25
regional molecules) of the synapse. Because of the small number of subtracks in these bins,
however, this difference was not significant. Note also that the distribution of tracked
molecules may not completely faithfully represent the total steady-state distribution of
probe molecules, since molecules immobilized in the synapse for long periods are less
likely to be recognized by a nanobody and be tracked by UPAINT.

It appeared that regional densities of PSD-95 higher than 10 had minimal effect on
diffusion of the nonbinding probe in the Des range below our detection limit (Fig. 3.6C);
whereas the regional density of PSD-95 linearly correlated with the diffusion of the binding
probe (Fig. 3.4B, C). Thus | wondered whether the two probes required different degrees
of steric hindrance in order to be stabilized. To test this, | first considered only the subtracks
with Defr below the detection limit within the synapse. A higher fraction of these sub-
detection-limit trajectory portions were found for SEP-TM-bind than SEP-TM-Nonbind
(Fig. 3.6D), indicating that the binding probes were more often slowed down in the synapse
than were the non-binding probes. If steric hindrance slows mobility of the both the binding
and non-binding probes, but only binding is able to slow SEP-TM-bind, then SEP-TM-
Bind would be expected to show a greater tendency to slow its mobility in relatively less
dense PSD subregions; that is, even sparse binding partners can capture and immobilize

SEP-TM-Bind whereas higher concentrations of molecules would be required to sterically
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obstruct SEP-TM-Nonbind. Consistent with this, when | analyzed the sub-detection-limit
portion of the nonbinding probe subtracks, | found that these were found in locales of
higher regional density of PSD-95 compared those of the binding probes (Fig. 3.6E).
Interestingly, the fraction of the subtracks above the detection limit did not show any
difference in regional PSD-95 density (Fig. 3.6F), with a trend to the opposite relationship.

Altogether, these results suggest that

A O  SEP-TM-Nonbind
_ 107y ' SEPTIHE crowding by scaffold molecules and perhaps other
R YN U R N " -
;%% ) ]; 1 I is - proteins is sufficient to stabilize TM proteins in the
?“E :4 111111 ' i absence of binding. How dense does the molecular
o 10 20 3 environment have to be in order to slow the TM

PSD-95 regional density
Figure 3.7. Estimating how dense PSD-g5  Probes  sterically as much as the combined

is when protein mobility is slowed

sterically. influence of steric hindrance and probe-scaffold
(A) Dett of SEP-TM-Nonbind and of SEP-
TM-Bind within synaptic subregions of
different PSD-95 densities (n of SEP-TM-
Nonbind same as in Fig. 6 B; that of SEP- . . o o
TM-Bind same as in Fig. 4B; two-way compared the diffusion coefficients of the binding
ANOVA, effect of binding F1s = 15.27 p

<0.001, effect of regional PSD-95 density  and nonbinding probes within increasing regional
Fie = 13.53 p <0.0001, post hoc
Bonferroni multiple comparisons tests
between probes in increasing regional
densities *p < 0.05, ns Not significant).

binding? To estimate an answer to this question, |

densities of PSD-95 (Fig. 3.7). As expected based
on Figs 4 and 6, the synaptic Des of both probes
decreased gradually with increasing PSD-95 regional density. However, the Defr of SEP-
TM-Nonbind decreased precipitously over the range of 0 to 15 yet did not decrease further
at higher densities. Further, the Det of SEP-TM-Nonbind plateaued at the Dest value
displayed by SEP-TM-Bind at very low PSD-95 densities. Thus, by this analysis, ~15 PSD-
95 molecules per region of 30-nm radius (~5,000 molecules/um?) is the threshold beyond

which the steric hindrance is as strong as both steric and binding influences combined.
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Discussion

Using simultaneous single-molecule tracking and localization microscopy enabled by
UPAINT and PALM, we demonstrated that the subsynaptic regional density of a scaffold
protein PSD-95 can stabilize the surface membrane diffusion and positional organization
of a single-pass transmembrane protein probe. The denser the regional density of PSD-95,
the slower was the diffusion of the TM probe. This influence was apparent even in the
absence of probe-scaffold binding, indicating steric hindrance by macromolecular
crowding can complement protein-protein binding interactions in organizing TM proteins

within the synapse.

The roles of receptor-scaffold binding and macromolecular crowding in subsynaptic
organization.

The mobility of AMPARS in the synapse is increased when the binding of their accessory
subunit Stargazin to PSD-95 is disrupted (Bats et al., 2007; Sainlos et al., 2011), providing
strong evidence that receptors are acutely stabilized by PSD-95 binding. However, even in
these conditions some stabilization of receptors in the synapse occurs, and our results
indicate specifically that even small probes carrying a cytosolic tail unable to bind PSD-95
is still slowed substantially in the synapse. What controls this stabilized fraction even in
the absence of binding has been a mystery. Mechanisms such as additional binding
interactions have been proposed, which is not unlikely considering that AMPARs have
numerous auxiliary subunits (Tomita et al., 2003; Cho et al., 2007; Soto et al., 2009;
Kalashnikova et al., 2010; von Engelhardt et al., 2010; Erlenhardt et al., 2016) that can
bind to various scaffolding proteins. However, even a cytosolic domain composed of just

a GFP-type molecule is slowed within the synapse (Li et al., 2016). Thus, we propose a
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more general mechanism that likely applies not only to glutamate receptors but also to
other TM proteins critically important for synaptic function. In this model, receptor-
scaffold binding is a ticket to entry and exit; PSD morphing redistributes even bound
receptors within the synapse; and macromolecular crowding in combination with binding
stabilizes the receptors at subsynaptic domains highly packed with other proteins important
for synaptic transmission.

A density of 5,000 proteins/pm? translates to an average ~14 nm inter-PSD-95
distance, very similar to the mean nearest-neighbor distance of ~13 nm between the
“vertical filaments” corresponding to PSD-95 as measured in EM tomography (Chen et al.,
2008). The similarity between these values suggests that rather subtle variations in scaffold
density could change TM protein mobility substantially. This high density packing is
similar to what has been measured for AMPA receptors (e.g. 2000 to 4000/um?, see Levet
et al. (2015)). Indeed, receptor-scaffold binding may facilitate the assembly of this tight
packing. Though the fractional time synaptic AMPARSs spend bound to PSD-95 is not
known, macromolecular crowding is likely to augment maintenance of this architecture
once assembled, because receptors in crowded areas that dissociate from scaffolds will face

a longer escape time from the region and thus are more likely to rebind PSD-95.

Advantages and disadvantages of PALM-PAINT

PALM of the PSD border improves discrimination of those molecules definitively within
the synapse proper. However, we suspect that the effect of crowding may have been
underestimated in our analysis because spatial and temporal alignment of the uPAINT and
PALM data was subject to residual errors that may have diminished a larger underlying

effect. The two color channels faced an alignment error of ~6 nm, which would somewhat
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blur our measurement of regional PSD-95 density around individual tracked locations. In
addition, the uPAINT data is subject to error stemming from the finite precision of
individual localizations. The Atto647N we used for tracking is a relatively bright organic
dye and helps to maximize this precision and thus minimize error in the estimate of Defr.
However, brighter, longer-lasting fluorophores could be advantageous. Nanobody-labeled
small quantum dots (Wang et al., 2014) have been used to track AMPARSs in and around
synapses, and have the additional advantage of being so bright as to facilitate tracking in
3D (Cai et al., 2014). However, 3D mapping of the PSD would require high localization
numbers and longer imaging durations (Legant et al., 2016) (and see below), and the z
resolution normally obtainable without 4pi detection is usually worse than 100 nm for
fluorescent proteins, making this difficult to implement.

In our application of PALM-PAINT, there was only limited temporal relationship
between individual tracks (generally lasting <1 sec) and the PALM map (aggregated over
the imaging session of generally 4 to 6 min). Though lateral drift was corrected during this
time (to an error we estimated as <10 nm), ongoing morphing and internal reorganization
of the PSD (Kerr and Blanpied, 2012; MacGillavry et al., 2013) presumably degraded
many details of the PSD-95 distribution in our final images. The reduced precision in
capturing the true regional density of PSD-95 molecules would diminish the difference we
saw between probes in different regional densities, and also reduce the difference between
binding and nonbinding probe. Further, probes in a similar subsynaptic space but tracked
early vs late in the mapping might have not truly experienced the same degree of steric
hindrance. However, the differences we observed were robust even in the face of these

errors. ldeally, to capture the true effect size, one would need to monitor lateral drift
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continuously (Bon et al., 2015) and achieve more rapid mapping (Huang et al., 2013).
However, in structures with low protein copy number, a large fraction of the proteins must
be mapped to achieve statistical reliability (MacGillavry et al., 2013; Legant et al., 2016),
which may precludes time-lapse imaging except if the protein exchange rate is high
compared to the photobleaching rate induced by imaging.

We hope the combined approach of PALM-PAINT will help answer many key
questions regarding synapse architecture and plasticity. One key issue is what mechanisms
assemble the particular organization of PSD-95, a pattern that appears to dictate receptor
number and position (Opazo et al., 2012). One possibility is that the more deeply positioned
multi-domain proteins in the PSD, such as the Shank and GKAP families (Valtschanoff
and Weinberg, 2001; Dani et al., 2010), may establish a platform of loose spacing with
which the more superficial proteins such as PSD-95 may interact (Chen et al., 2008).
Interestingly, in this case, a close interaction of the deeper PSD with cytoskeleton (Frost et
al., 2010; MacGillavry et al., 2016) may thus provide a link between activity-dependent
plasticity of spine and PSD structure. Alternatively, cleft-resident adhesion molecules have
distinct organizational patterns (Perez de Arce et al., 2015; Chamma et al., 2016), that may
guide intracellular protein organization in both the presynaptic and postsynaptic cells.
Dissecting these possibilities, which require nanoscale resolution of position and mobility

of multiple proteins, may be aided by future PALM-PAINT applications.
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Chapter 4: Quantifying the effect of sub-synaptically aligned neurotransmitter release and
receptors on synaptic strength®

Abstract

The spatial alignment between the site of neurotransmitter release and the enriched
postsynaptic region of receptors is a key determinant of synaptic strength. However, the
precise architecture of this type of alignment and how it can influence synaptic
transmission is poorly understood. By using localization microscopy we found that key
proteins mediating vesicle priming and fusion are co-enriched in regions smaller than the
presynaptic active zone. Using a newly developed method to map positions of vesicle
fusion within individual synapses, we found that fusion preferentially occurred in these
subsynaptic regions of enhanced local density of RIM proteins. By using two-color 3D
localization microscopy, we found that these presynaptic RIM nanoclusters are frequently
aligned with concentrated regions of postsynaptic receptors and scaffolding proteins. Using
computer modeling, | found that this type of preferential alignment of release sites and
receptors can boost the synaptic strength by 20-30%. Importantly, the nano-columnar
alignment is mutable in various forms of induced synaptic plasticity. Together with results
shown in Chapter 2 and 3, these data suggests that a simple and efficiently mutable
architectural organization within the synapse—supported in part by postsynaptic

macromolecular crowding—can modulate the strength of synaptic transmission.

Introduction
Synaptic transmission is maintained by a delicate, subsynaptic molecular architecture, and

even mild alterations in synapse structure drive functional changes during experience-

3 Part of a bigger manuscript (Tang A-H, Chen H, Li TP, Metzbower SR, MacGillavry HD, Blanpied TA
(2016) A transsynaptic nanocolumn aligns neuotransmitter release to receptors. Nature.)
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dependent plasticity and pathological disorder (Zoghbi and Bear, 2012; Fromer et al., 2014;
Volk et al., 2015). Key to this architecture is how the distribution of presynaptic vesicle
fusion sites corresponds to the position of receptors in the postsynaptic density (Xie et al.,
1997; Lisman et al., 2007). The notion that this spatial relationship modulates synaptic
strength has been suggested long ago by numerical modeling incorporating AMPAR
channel kinetics, glutamate diffusion and reuptake, and known spatial and temporal
distribution of glutamate concentration per vesicular fusion event (Franks et al., 2003;
Raghavachari and Lisman, 2004). However, a major limitation to these modeling studies
was that they assumed that the release event always occurred centrally and that the
postsynaptic receptors are uniformly distributed on the lateral face of the synapse. Thus, it
was unclear whether the nonuniform organization of postsynaptic receptors or the location
of release event within individual synapse could influence synaptic strength. The recent
discovery that AMPARs are distributed heterogeneously within the synapse (Fukata et al.,
2013; Nair et al., 2013) motivated additional numerical modeling to predict the influence
of such an organization on synaptic function. The results demonstrate that glutamate
releases directly and near dense local regions of AMPARSs produce stronger synaptic
response than release occurring elsewhere in the synapse (MacGillavry et al., 2013; Nair
etal., 2013). However, it remained unclear whether the location of glutamate release could
change over the lifetime of a synapse, and how the possible variation in release locations

could influence synaptic function.

106



& B > 16 —e— Measured (n = 265) 16 or+ Measured (n = 272)
i BT Rand. RIM out of NC s 38 Rand. PSD out of NG
ol coqa Rand RIM NC @14 Rand. PSD NG
&‘:/ . 2 % \+ Fully rand. RIM Ll Fully rand, PSD
N P o "
S E12 N £12 %y
S EH . S=he RV
PSD-05 o Z10 ey i PSD ’ ®Z1.0 i o
A, - e o o
‘ ¢ é.’ - 0 40 80 120 0 40 80 120
- o l+" % Distance to PSD-95 NC (nm) Distance to RIM NC (nm)
~— .
‘, a -
- . RIM1 &'
o et 10 e Measured
; "‘.‘?‘- e %70 Randomized ¥ A
...:g *e]a %, Q_‘.' § EZ a O
G D ey : 3
- A 52% | & 2
TR B A = g
| (Ut 4 LB
LT z 2
y Nanocolumns
0 pHUSE localizations 40 120 200 Lo o 1 2 3
P Nearest pHuse (nm} T RIM1 normalized &'

—vGpH 10AP bouton outline

Figure 4.1. Sites of glutamate release preferentially align with regions of high PSD-95 density

(A) Side and en-face views of a synaptic RIM1/2 and PSD-95 pair as the distribution of localizations
(left) and with identified nanoclusters (NC) highlighted (right), scale 200 nm. Filled arrows indicate
aligned NCs, open arrows non-aligned NCs.

(B) RIM1/2 protein enrichment as a function of distance from translated PSD-95 NC centers (left, filled
points) and PSD-95 enrichment relative to RIM1/2 NCs (right, open points).

(C) Tessellated RIM1-mEos and pHuse (phluorin-vGlut uncovering sites of exocytosis) localizations over
the same boutons, scale 200 nm. See Tang et al., 2016 (in press) for more details.

(D) Tesseler first-rank density (61) for RIM1 measured vs randomized distributions as a function of
distance from pHuse localizations.

(E) Comparison within boutons of average o' for RIM1 localizations within 40 nm to a pHuse localization
VS not.

(F) Average nearest pHuse distance as a function of RIM1 Py

(G) Cartoon summarizing the organization of docked vesicles of glutamate (gold) with respect to dense
regions of RIM1/2 (red) and PSD-95 (blue). AZ = active zone; PSD = postsynaptic density.

D-E, n = 26/13 *p < 0.05, **p < 0.01, ***p < 0.001. n given in synapses/experiments.

Using localization microscopy, we have demonstrated that evoked glutamate
release preferentially occurs near regions of high PSD-95 density and AMPARS (Tang et
al., 2016). Briefly, we used localization microscopy to show that immunostained
endogenous proteins critical for mediating vesicle priming (RIM1/2) are frequently co-
enriched with postsynaptic scaffold protein PSD-95 important accumulating and retaining
(Fig. 4.1A,B). Importantly, we determined locations of presynaptic release determined by
localizing the vesicular glutamate transport 1 fused to a pH-sensitive GFP that only

fluoresces upon vesicular release evoked by field stimulation, in relation to an expressed

RIM1 protein localization PALM (Fig. 4.1C). Interestingly, regions surrounding release
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sites are denser in RIM1 than regions without detected release (Fig. 4.1D-F). In other words,
releasable vesicles of glutamate tended to be situated in regions co-enriched in pre- and
post-synaptic scaffolding proteins (Fig. 4.1G), which we defined as transsynaptic
molecular nanocolumn. This architecture suggests a simple organizational principle of
CNS synapses to maintain and modulate synaptic efficiency.

To study the effects of the nanocolumnar synaptic organization on synaptic function,
| used a deterministic computer modeling approach determine the average fraction of
AMPARSs activated due to all possible release events from maps of release sites and
receptor location estimated from measured locations of pre- and post-synaptic scaffolding
proteins. | found that synapses in which release sites and receptors are aligned—even in
the presence of other possible release sites outside the alignment—produced on average
stronger synaptic response compared to other configurations. This result suggests that the
internal structure can be efficiently re-organized to tune synaptic potency without the need

to change the number of any synaptic protein.

Materials and Methods

See Tang et al. (2016) for details on cell preparation, immunostaining, 3D STORM
imaging, single molecule localization processing and analysis, synaptic cluster and
nanocluster analysis, vesicular exocytosis imaging and analysis, simultaneous imaging of
RIM1 and glutamate exocytosis, Voronoi- or Tesseler-based local density metrics, and

protein enrichment analysis

Synaptic modeling. I used an experimentally constrained deterministic approach to

study the dependence of synaptic strength on the spatial distribution of release sites and
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AMPARs. Central to this approach is the relationship between channel opening probability
and its distance from a release site, determined previously by stochastic modeling
approaches (Franks et al., 2003; Raghavachari and Lisman, 2004):

P,(r) = 0.42 ¢~ 7/88nm (1)
where r is the lateral distance between an AMPAR and a release site. In brief, the
distribution of RIM1/2 proteins and GluA2/3-containing AMPA receptors measured by
STORM were used to determine the spatial coordinates of release sites and AMPARS on a
model synapse. Since the precise photophysics and blink distribution of dyes are
complicated and the exact efficiency of antibody labeling is unknown, | calculated gradient
maps of spatial coordinates to determine putative RIM1/2 protein and AMPAR locations
from the single-molecule images. First, the 3D spatial coordinates were projected onto 2D
planes orthogonal to the manually determined axodendritic axis. Each projected point was
assigned a Gaussian function, the amplitude and width of which were determined by the
normalized local density and the lateral STORM localization precision (20 nm).
Overlapping Gaussian functions within the AZ or PSD convex hull were integrated to
create the pre- and post-synaptic gradient maps. The sampling pixel size was 2.5 nm (the
calculated synaptic response was independent of pixilation level for sampling size from 1
to 20 nm, data not shown). The pre- and post-synaptic gradient maps were separated by 20
nm, the cleft distance used to determine Equation 1 (Franks et al., 2003).

The model synaptic response for a single synapse was computed as the expected
fraction of receptors that would open given asingle release, averaged over all possible
release locations in the AZ. For any single release event, the expected open fraction of

channels at the peak of the response was calculated as follows:
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where 7;; is the lateral distance between the i pixel in the presynaptic gradient map and
the j™ pixel in the postsynaptic gradient map; the expected fraction of open channels 0 (i)
from the i release site is sum of channel opening probabilities at all pixels in the
postsynaptic gradient map, where each j™ pixel is weighted by its normalized local density
LD; (i.e. the channel fraction is assumed to be directly proportional to the channel local
density). To constrain the location of release events in the AZ, | utilized the live-cell pHuse-
PALM data (Tang et al., 2016), which showed that release events preferentially occurred in
regions with normalized RIM local density greater than 1.5, and these events occurred over
20-60% of the AZ area (spontaneous pHuse area/ PALM’ed RIM area, and evoked pHuse
area / spontaneous pHuse area). To account for these measured features, | modeled the
spatial likelihood of release as a piecewise sigmoidal function dependent on the normalized
local RIM density:

Pr(i | release)

[ [0-9m
0.5 flec ifLDi € [Or LDinflect)
. LD
— LDinflect (3)
- [(1 _5) LD; — LDinflect ]
LD — LD;
0.5+ 0.5 TS LD, € [LDingiect » LDmax]
lz —s— LDl LDmflect
\ LDmax - LDinflect

where s is the steepness of the sigmoid transition, LD; is the normalized local density of
RIM at the i™" pixel of the presynaptic gradient map, LDjnf1ect 1s the point of inflection in

the sigmoidal function, and LD,,,, is the maximum normalized local density of RIM in a
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STORM-measured example (Tang et al., 2016). LD;;,f;.: and s were fitted to be 1.5 and
0.959 in order to yield a fractional release area of 40%. To calculate the average
peak synaptic response per release, | calculated the expected open channel fraction
averaged over all possible release sites weighted by the spatial probabilities of release:

Pr(i | release)
Y. Pr(i | release)

Open channels at peak response (%) = Z [0(1’) 4)
i

Statistical analysis. Statistical tests were performed with Graphpad. Data are presented as

mean =%s.e.m. unless otherwise specified.

Results

Given that the probability of AMPAR activation declines ~50% within ~60 nm
from sites of glutamate release (Fig. 4.2A) as previously determined by stochastic
modeling which incorporated measured channel kinetics, astroglial glutamate transporter
kinetics, and glutamate diffusion (Xie et al., 1997; Franks et al., 2003; Raghavachari and
Lisman, 2004), we can estimate the synaptic potency by using the observed RIM1/2,
glutamate release locations, and receptor distributions (Tang et al., 2016).

I hypothesized that synapses can be potentiated by synaptic configurations if which
there is preferential alignment between release and receptors. If this were true, | would
predict that the response in a synapses where some release sites are preferentially occur
over dense clusters of receptors would be stronger than other synaptic configurations where
release occurs randomly in the active zone, or where releases preferentially occur away
from the highly dense local regions of receptors. To test this, we selected a measured

synapse, in which there was a single nanocolumn where dense RIM molecules and
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receptors, estimated its synaptic efficacy using deterministic computer modeling, and
compared it to the efficacy estimated from other simulated configurations in the same
synaptic boundary.

Estimating synaptic efficacy required incorporating the spatial arrangement of RIM
proteins, release sites, and receptors in a single model synapse. However, this was not
straightforward, because we were technically limited from measuring all three pieces of
information simultaneously. The spatial relationship between RIM proteins and release
sites and the relationship between RIM proteins and receptors were determined from two
independent experiments observing two different sets of synapses. To overcome the
technical limitation, | reasoned that a map of probable release locations can be estimated
by considering two additional findings: 1) vesicle fusion is more likely to occur in regions
with RIM density greater than 1.5 times the overall RIM density in the synapse, and 2)
detectable release sites covered 20-60% of the active zone area (Tang et al., 2016). To
account for these metrics in the model, | made a reasonable assumption that the probability
of release at any given location is sigmoidally dependent on the local density of RIM
molecules at that location. The rationale for using a sigmoidal function was partly technical,
as the inflection point and the steepness of the sigmoid could be adjusted independently to
fit both measured metrics (see Discussion for structural and functional implications). Thus,
| transformed a map of measured RIM localizations into a map of glutamate release
likelihood within a single active zone (Fig. 4.2B-D), consistent with the measured results
that glutamate release preferentially occurs in presynaptic regions of high RIM density.

To simulate synaptic strength, I combined map of release likelihoods with the

corresponding map of immunostained GluA2/3 localizations within the same synapse (Fig.
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4.2E left). A single release site can cause only a fraction of AMPAR channels to open. |
modeled this phenomenon deterministically by first determining the radial distance
between the release site and every postsynaptic channel position, and then incorporated the
previously modeled spatial distribution of channel opening probability as a function of this
distance to calculate number of channels opened by a single release (see Methods and
Franks et al. (2003)). The fraction of opened channels per release then is this number
divided by the total number of channels.

As shown by Tang et al. (2016), release can occur in multiple different locations
over even a few minutes in the lifetime of a synapse. We predicted that the aligned
nanocolumn configuration is likely to produce on average a stronger synaptic response over
many events compared to a uniformly distributed distribution or to an offset configuration
in which release events are more likely to occur away from enriched nanoclusters of
receptor channels. To test this, I calculated the postsynaptic response or the fraction of open
channels due to a single release on average weighted by the spatial likelihood of release,
and compared among different configurations of release site and receptor channel positions
(Fig. 4.2F). The average modeled synaptic response was ~21% in the case measured
structure, in which the channels positions and release sites were estimated from measured
localizations of RIM and GIuA2/3 (Fig. 4.2G). To investigate the influence of the
nanocolumn arrangement, we also simulated the synaptic strength in 4 different
randomized configurations. Without altering the channel distribution, randomizing RIM
positions and nearly homogenizing the spatial distribution of release sites notably
weakened the synaptic response on average; randomizing the RIM positions outside of the

nanocluster slightly weakened the response; and randomzing the position of the RIM
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nanocluster reduced the response as well. Randomizing pre- and post-synaptic scaffold
proteins reduced the synaptic response the most (21.83 +0.54%). Altogether, these results
suggest that the nanocolumnar synaptic architecture can be relevant in regulation of

synaptic physiology and likely facilitates higher single vesicle response potency.
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Figure 4.2. Preferential release in nanocolumns can increase synaptic strength.

(A) The spatial distributions of channel opening at the peak of response determined from previous stochastic
numerical modeling studies (Franks et al., 2003; Raghavachari and Lisman, 2004) in an illustrated side-
view of release sites, RIM positions, and PSD-95 positions determined from single molecule imaging (Tang
et al., 2016). (B) Distributions of measured RIM localizations (black open circles) within a single active zone
(AZ) boundary (grey), and the same number of localizations with other simulated configurations: all
randomly distributed (blue and magenta), only the localizations outside of nanoclusters randomized (red),
only the positions of nanoclusters were randomized (green). (C) Maps of RIM local density normalized to
the overall densities within the AZs. (D) Probability density maps of possible release sites given that a release
occurs. (E) Distributions of GluA2/3 locations (black filled circles) within the PSD boundary (grey) of the
same measured synapse (ellipses refer to this distribution) and randomized (magenta). (F) Maps of fraction
of open channels at peak response per average release from the respective AZs directly above them in D. (G)
Expected open channels at peak response. Dotted line indicates fraction of open channels estimated from
modeling releases in a synapse of measured RIM and GluA2/3 positions. Other configurations randomized
in multiple times (n = 20 randomly generated molecular distributions).
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Discussion

Because there is a substantial fraction of proteins outside nanodomains of scaffolding
proteins and receptors, it has been unclear quantitatively how strong a role the clustering
effect plays in modulating the amplitude of the synaptic response. By using a computer
model incorporating the spatial likelihood of release events estimated from measured
positions of RIM, previously published data the spatial distribution of channel opening
probability, and the measured positions of AMPARs, we found that the nanocolumnar
alignment of release sites and AMPARSs can boost synaptic strength compare to other
simulated unaligned configurations. Thus, modulating the alignment of release site and
AMPARSs can be additional point of control in the regulation of synaptic efficacy.

The strengths of deterministic computer modeling are that it is simple and
computationally fast. However, they can also be its downfall. The major weakness of this
approach as employed here is in the use of the spatial distribution of channel opening
probability determined in another stochastic model (Franks et al., 2003), which had its own
inherent assumptions, namely the stochastic model determined the relationship from a
single circularly shaped PSD of a fixed diameter (500 nm) and cleft gap (20 nm). It is
unclear whether this relationship would hold the same in synapses of different sizes, shapes,
and cleft gaps. Remarkably, the fraction of open channels per release on average is similar
to the median degree of receptor nonsaturation determined through ratio between
evoked/miniature EPSC and the maximal iontophretically evoked EPSC measured
previously (Liu et al., 1999; McAllister and Stevens, 2000). Nonetheless, it would be
important to perform careful stochastic numerical modeling on the same empirical data

presented here to further confirm the validity of the finding, and enable the investigation
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of how other morphological and structural parameters of the synapse and can contribute to
the regulation of synaptic function.

Another weakness of this modeling approach lies in the assumption of how RIM
molecular density dictates the location of vesicular release. We assumed a sigmoidal
relationship, suggesting that release probability is low in areas where vesicle priming
machinery is scarce or incomplete, high in areas of dense RIM, and semi-linearly variable
in between. While this assumption is not nonsensical, it would need experimental support.
Tang et al. (2016) could not directly accurately determine the spatial map of release
likelihoods as we could detect only a handful of events per synapse before the primary
hippocampal culture no longer responds to field stimulation, likely due to photobleaching
of pHIluorin in unreleased vesicles. We would need novel approaches to image 100’s or at
least 10’s of release events per synapse in order to determine more directly and accurately
the relationship between release likelihood at any given location in the active zone and the
surrounding density of RIM proteins.

The physiologic effects predicted here are consistent with effect sizes posited by
previous models (Tarusawa et al., 2009; MacGillavry et al., 2013; Nair et al., 2013),
lending further support for the idea that the architectural structure within the synapse can
contribute to the regulation of synaptic function. However, further scrutiny of past
modeling studies and my own revealed an interesting discrepancy. Nair et al. (2013)
proposed that the maximum AMPAR channel activation occurs exactly between two
nanoclusters of receptors, and the closer the clusters in space the stronger the response. The
maximum response remained in clusters separated by as much as 200 nm. We simulated

the channel activation in a measured synapse expressing two nanoclusters separated by
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~200 nm, and found, on the contrary, that the maximum channel activation occurred on
one of the two nanoclusters (data not shown). The difference in our results could be
explained by the difference in the distribution of channels between the two modeling
studies. Notably, the simulation by Nair study Nair et al. (2013) assumed that the density
of channels within the two nanoclusters are identical; however, we used a measured
distribution of channel locations where the nanoclusters could express variable densities of
channels. Taken together, I am tempted to speculate that multiple metrics in the channel
distribution can contribute to modulating synaptic strength. These factors include the
number of channel nanoclusters, distance of separation between nanoclusters, and the
differential channel densities in nanoclusters. It is possible that similar factors in the
presynaptic scaffolding protein organization can contribute to this regulation as well. To
test this idea in the future, 1 would group all measured synapses into different categories
based on their differences in organization and systematically examine the relationship
between different metrics of nano-organization and synaptic physiology.

To minimize complexity and isolate as few informative variables as possible, we
completed the modeling on a single measured synapse containing a single nanocolumn.
However, the nanostructure is much more variable across different synapses; different
plasticity induction protocols amplified this variability (Tang et al., 2016). It is conceivable
that the role of nanocolumnar structure can be amplified or diminished in different types
of synapses or in similarly organized synapses of larger or smaller size. For example, the
nanocolumnar structure could have a smaller effect in a larger synapse containing a single
nanocolumn, in which the larger fraction of proteins unassociated with the nanocolumn

would dominate the synaptic response. For another example, having multiple nanocolumns
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that cover almost the entirety of a small synapse could saturate the response and diminish
the variability within a single synapse. On the other hand, the increased enrichment of PSD-
95 aligned with RIM in chemically LTP’ed synapses (Tang et al., 2016) could boost
synaptic strength, but the magnitude of this enhancement could be different synapses
containing variable number of nanoclusters. It would be important in the future to
determine how other subtle variations in nanostructure can dictate synaptic response.

Overall, the gradients of protein density we observed suggest a nanocolumn model,
in which AZ regions with the highest likelihood of release are aligned to the densest
receptor areas, optimizing the potency of neurotransmission. This provides a simple
organizational principle that may hold for many small, CNS synapses, and will have the
largest influence at synapses that typically release only one vesicle following an AP
(Bolshakov and Siegelbaum, 1995). The compartmentalized AZ architecture is reminiscent
of protein organization in Drosophila neuromuscular junction (Liu et al., 2011) and
vertebrate ribbon synapses (Frank et al., 2010), where vesicles and priming proteins are
arrayed around tight clusters of Ca?* channels. However, observations in small CNS
synapses of both clustered (Holderith et al., 2012; Ermolyuk et al., 2013; Nakamura et al.,
2015) and random distribution of Ca?" channels (Scimemi and Diamond, 2012), and
emerging evidence for channel mobility as an equalizer of Pr for vesicles independent of
channel positioning (Schneider et al., 2015) suggest that their precise distribution may not
be the sole determinant of the AZ release likelihood landscape.

The alignment of pre and postsynaptic nanoscale subdomains (Fukata et al., 2013;
MacGillavry et al., 2013; Nair et al., 2013) suggests that even small synapses may be

composed of dynamic functional modules (Lisman and Raghavachari, 2006; Tarr et al.,
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2013). We hypothesize that the nanocolumn represents an especially sensitive point
whereby disease-associated pathways, frequently known to alter synaptic plasticity
(Zoghbi and Bear, 2012; Fromer et al., 2014; Volk et al., 2015), may disrupt synapse
function. It will be important to identify which, if any, of the numerous cleft-spanning
adhesion systems (Siddiqui and Craig, 2011; Missler et al., 2012) or retrograde signaling
mechanisms (Alger, 2002; Henry et al., 2012) mediate release-receptor alignment and

permit dynamic transsynaptic realignment.
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Chapter 5
Limitations
Abstract
Single molecule tracking and mapping methods are powerful, and they have revealed novel
information about individual synapses at unprecedented detail. However, the requirements
and execution of these techniques are not without their limitations. This chapter considers
the methodological weaknesses and the modifications used or potential alternative methods

to overcome them.

Overexpression of chimeric proteins
Ideally, the marker for the PSD must not interfere with the steric or binding environment of
the synapse. To ensure that this was the case, we used two different approaches.

To mark the PSD in Chapter 2 for confocal and single molecule tracking
approaches, | overexpressed a fluorescently tagged Homerlc. Homerlc has no known
interaction motifs for binding to the stargazin tail of chimeric transmembrane probes or
AMPARs. Moreover, Homerlc overexpression has been demonstrated previously by
immunostaining not to alter the synaptic targeting or level of PSD-95 (Usui et al., 2003).
Thus, the overexpression of Homerlc likely does not interfere with the binding or steric
environment for the diffusing proteins of interest.

To mark the PSD in Chapter 3 and 4, where experiments required an assay to
monitor the architectural organization of PSD-95, | used a replacement construct of PSD-
95 that was fused to a GFP or mEos2 (MacGillavry et al., 2013). This replacement construct

knocks down endogenous PSD-95 by a short hairpin RNA and expresses a knock-
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down resistant variant of PSD-95. Comparing PSDs in transfected cells and neighboring
untransfected cells, immunostaining for PSD-95 showed that this construct produced a
mild 1.4x overexpression. Interpretations of the results from the PALM-PAINT assay
require control experiments to ensure that the expressed protein is organized similarly to
its endogenous counterpart. By immunostaining and single-molecule mapping, we
compared the PSD-95 nanostructure of untransfected cells with those expressing the
replacement construct PSD-95-mEos2 (MacGillavry et al., 2013;Tang et al., in press).
These were not different in terms of PSD area, number of subsynaptic nanoclusters, and
the size of those nanoclusters. Thus, we believe the mEos2 tag does not affect PSD
nanostructure, at least in the absence of severe PSD-95 overexpression. Furthermore,
mEos2 is fused at the c-terminal end of the PSD-95, not altering the positions of the various
protein-protein interaction motifs. Thus, we believe tagging itself and a mild
overexpression have minimal, if any, effect on the PSD-95 organization and its interaction
with other proteins.

Several alternative approaches have emerged in the recent years to circumvent
overexpressing PSD-95. One such approach utilizes an expressible piece of antibody that
recognizes PSD-95, known as intrabody (Gross et al., 2013). Though small, it would still
be necessary to carry out control experiments to ensure that it does not interfere with PSD-
95 organization within the synapse and binding to its partners. Another approach would be
to knock in the fluorescently tagged PSD-95 avoiding transient gene delivery approaches
altogether. However, standard knock-in strategies lead to the global expression of the
fluorescently-tagged protein of interest, resulting in poor imaging contrast and lacking in

cell-type specificity (Herzog et al., 2011). The ideal approach would to use a conditional
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mouse genetic strategy termed endogenous labeling via exon duplication, which can be
used to fluorescently label endogenous proteins in sparse subset of neurons, maintaining

imaging contrast and cell-specific labeling (Fortin et al., 2014).

Automatic identification of PSDs and extrasynaptic tracks

The raw single-molecule data collected from Chapter 2 and 3 consist of tens of thousands
individual location coordinates or localizations. To increase the throughput of data
acquisition and analysis, all analysis was performed using custom-made routines in a
programming language MATLAB (Mathworks). The localizations were filtered by their
shape and photon brightness as described previously (MacGillavry et al., 2013), in order
to increase the specificity of molecule detection. The filtering process resulted in molecules
with a maximal precision of 25 nm (defined as in Thompson et al. (2002)).

To identify PSDs in Chapter 3 for each field of imaging, | constructed a 2-
dimensional molecular density map of 25x25 nm subpixels for the mEos emission. The
intensity of each subpixel is determined by the number of molecules found therein. This
map was thresholded resulting in a binary map of subpixels that contained at least two
molecules. Objects containing more than 30 contiguous subpixels and a density of more
than 5,000 molecules/pm? were analyzed as PSDs. These thresholds are determined based
on the smallest PSD area detectable by electron microscopy (Schikorski and Stevens, 1997)
and the minimum number of PSD-95 detectable by a fluorescence-based technique
(Sugiyama et al., 2005).

The PSD filtering algorithm increases my confidence that the identified PSDs are
real PSDs in synapses, but inevitably leaves a fraction of PSDs undetected, especially those

with low copy number of PSD-95, which are considered to be outside of the defined
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“synaptic region”. These undetected PSDs can produce a paradoxical difference in
diffusion between binding and nonbinding probes or between the small binding probe and
the large AMPAR in the extrasynaptic space. As tracks moving in through PSDs
(detectable or not) are likely to be clustered, I used an additional filtering step avoid tracks
that are clustered outside of the PSDs, and applied it without bias to every experiment.
By using a convenient software package SR-Tesseler (Levet et al., 2015). |
segregated the extrasynaptic localizations into two groups: localizations within the
nonsynaptic clusters (on-cluster) and those outside (off-cluster) (Fig. 5.1) (see Chapter 2
Methods for details). The on-cluster localizations outside of PSDs were reminiscent of
clustered receptors in the dendrite reported by other groups using smtPALM (Hoze et al.,
2012; Levet et al., 2015), ASTORM (Levet et al., 2015), and immunogold EM (Nair et al.,
2013). This analysis revealed that on-cluster tracks diffused slower than off-cluster tracks
for neurons expressing mEo0s3-GluA2 and neurons expressing mEos3-TM-Bind (Fig.

5.1C,D).

The origins of these clusters may well be multifaceted; interpreting them is outside
the scope of this study, but potential contributions include synapses with low synaptic

scaffold protein expression, regions with a high density of endocytic adaptor molecules,
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Figure 5.1. The AMPARs and small membrane probes diffuse similarly in
unenriched nonsynaptic regions. (A) PALM detections of mEo0s3-GIluA2
superimposed on PSDs marked by Homerlc-GFP: inside SR-Tesseler-segmented
cell border (cyan), inside segmented clusters of high enrichment (red), inside
segmented clusters but not PSDs (red arrows), outside cell border (yellow). (B)
Nonsynaptic mEos3-GIuA2 tracks inside (red) and outside (cyan) highly enriched
clusters. (C) Nonsynaptic mEos3-GIluA2 diffusion coefficients on and off clusters
(Ngn-ciuster = 2983 tracks, N g e = 3177, in 13 neurons/2 cultures), derived from
localizations in white box of (A). (D) Nonsynaptic mEos3-TM-Bind diffusion
coefficients on and off clusters (n,, e = 3123 tracks, N g e = 4044, in 12
neurons/2 cultures). (E) Nonsynaptic mEos3-GluA2 and mEos3-TM-Bind diffusion
coefficients off clusters. Their medians were not different (Mann-Whitney U test, p
= 0.058).

sites of plasma membrane-ER apposition, or zones of dense cortical cytoskeleton.

Regardless, mobility within these regions is not easily interpretable, and we therefore

excluded on-cluster nonsynaptic tracks from further analysis.
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Agents other than PSD-95 which can contribute to postsynaptic crowding

It should be noted that the regional density of PSD-95—used in Chapter 3 to assess
the crowding environment surrounding diffusing TM proteins—does not incorporate
unknown fraction of total PSD-95 molecules, and ignores numerous other binding partners
of SEP-TM-Bind that may not correlate with the measured density of PSD-95-mEos2. Of
the many types of scaffold proteins in the synapse, we considered PSD-95 first because it
is the closest to the postsynaptic membrane as it associates directly with the inner leaflet
membrane through N-terminal palmitoylation. Though PSD-95 is not the only one of the
MAGUK family, it is the most studied and the most abundant of the MAGUKSs. PSD
fraction mass spectroscopy determined that PSD-95 is 300% more abundant than the other
MAGUKSs combined (Cheng et al., 2006), suggesting that receptors and other TM proteins
are predominantly influenced by PSD-95 in the PSD. Other MAGUK family members
likely play a smaller contributing role in crowding. Nonetheless, it would be informative
to determine whether their distributions are identical or different from that of PSD-95.

An ideal approach to assess the relative importance of different subtypes of
MAGUKSs would be to knock down simultaneously the major forms of MAGUKSs as
recently demonstrated (Levy et al., 2015), and re-express MAGUK members individually

or in combination to determine their relative roles in steric effects on receptor diffusion.

Receptors as crowding agents

Receptors, unlike PSD-95, may contribute as obstacles in the extracellular,
transmembrane, and intracellular domains. My data so far suggests that receptor density
would have to be near 5,000 molecules/pm? in order to alter the diffusion of other diffusion

TM proteins sterically. However, its known density in various microdomains of the plasma
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membrane suggests that it likely plays a contributing crowding role in some but not all
places. Immunogold electron microscopy demonstrate that the density of AMPARS outside
of the synapse is 10 +17 per pm? (Masugi-Tokita et al., 2007). There are 15-50 AMPARS
per exocytic vesicle (Yudowski et al., 2007; Tao-Cheng et al., 2011); given the average
vesicle diameter of 0.15 pm, the density of receptors in exocytic vesicle likely has minimal
crowding effect on diffusion. In fact, majority of the exocytic events dissipate quickly
within seconds (Jullie et al., 2014). Some persist for at least 30 seconds due to kiss-and-
run events. Endocytic zones label intensely for transferrin receptors but sparsely for
AMPARSs (Tao-Cheng et al., 2011), suggesting crowding could contribute to trapping
diffusing TM proteins for endocytosis. The number of glutamate receptors within the
synapse, though less than PSD scaffold proteins, ranges from 5-200 as determined by
various techniques of measurements such as electrophysiology, mass spectrometry, and
immunogold EM (Nusser et al., 1998; Matsuzaki et al., 2001; Smith et al., 2003; Peng et
al., 2004; Tanaka et al., 2005; Cheng et al., 2006; Masugi-Tokita et al., 2007). Interestingly,
AMPARs co-enrich with high-density regions of PSD-95 as shown by single molecule
imaging (MacGillavry et al., 2013). Thus, subtle changes in the regional density of
receptors can contribute to crowding.

The TM probes were overexpressed and likely influence the crowding environment.
Assessing this influence would require post-hoc immune-staining and protein counting
after each single molecule tracking session. Though certainly feasible to do, inevitable
alterations in PSD morphology during steps of fixation and multiple hours of antibody
incorporation precude accurate estiamtes of TM probe density in the synapse. Alternatively,

one could correlate TM diffusion with the relative expression level of TM probe per PSD
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(as estimated by either the photon count or relative fluorescent intensity). However, the
brightness of fluorescence strongly correlates with the subtle variations in the displacement
between the fluorescent source and the source of excitation, which would be nearly
impossible to assess for every individual PSD. However, these subtle variations likely does
not bias the measured effects one way or another, because the random nature of transfection
rate and expression level ensures that no single group of PSDs have a systematically higher

expression level than another.

Disadvantages of PALM-PAINT

In the application of PALM-PAINT in Chapter 3, there was only limited temporal
relationship between individual tracks (generally lasting <1 sec) and the PALM map
(aggregated over the imaging session of generally 4 to 6 min). Though lateral drift was
corrected during this time (to an error we estimated as <10 nm), ongoing morphing and
internal reorganization of the PSD (Kerr and Blanpied, 2012; MacGillavry et al., 2013)
presumably degraded many details of the PSD-95 distribution in our final images. The
reduced precision in capturing the true regional density of PSD-95 molecules would
diminish the difference we saw between probes in different regional densities, and also
reduce the difference between binding and nonbinding probe. Further, probes in a similar
subsynaptic space but tracked early vs late in the mapping might have not truly experienced
the same degree of steric hindrance. However, the differences we observed were robust
even in the face of these errors. Ideally, to capture the true effect size, one would need to
monitor lateral drift continuously (Bon et al., 2015) and achieve more rapid mapping
(Huang et al., 2013). However, in structures with low protein copy number, a large fraction

of the proteins must be mapped to achieve statistical reliability (MacGillavry et al.,
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2013;Legant et al., 2016), which may precludes time-lapse imaging except if the protein

exchange rate is high compared to the photobleaching rate induced by imaging.
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Chapter 6
General discussion
In these studies, | tested the predictions from simulated diffusion of TM proteins by
measuring the diffusion of a TM protein probe within the synapse, specifically in the
context of the heterogeneous organization of the scaffold protein PSD-95. Both the TM
probe bulk and scaffold protein organization are predicted to prevent the escape of TM
probe from the synapse. Empirical data support these notions in showing that even a small
cytoplasmic protein bulk contributes to regulating the diffusion of TM probes within the
synapse. In addition, probe-scaffold binding slowed the diffusion of TM protein in a
scaffold-density-dependent manner, the denser the scaffolds, the slower the diffusion.
Surprisingly, this density-dependent effect remained even in the absence of probe-scaffold
binding. Thus, I conclude that both steric effects and protein-protein binding contribute to
stabilizing the positioning of AMPAR and other functionally important TM proteins within
the synapse, which can have substantial influence on synaptic transmission and neural

circuit performance.

The role of probe-scaffold binding interaction

FRAP and single molecular tracking demonstrate that binding to scaffold protein is not the
only force that keeps TM proteins in the synapse, consistent with previous studies
(Frischknecht et al., 2009; Sainlos et al., 2011). Without binding, however, the distribution
of TM proteins across the dendrite appears more uniform, suggesting that proteins are
dispersed from the synapse, consistent with previous findings (Bats et al., 2007). However,
it was difficult to tease apart the influence of binding and bulk other studies as they either

removed the entire cytoplasmic tail or removed the entire binding ligand for PDZ domains,
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thus changing both the binding and protein bulk. Here we abolished binding without
changing bulk of the cytoplasmic domain, and find that the effect on the net rate of entry
and exit was not as large as that of removing the entire cytoplasmic domain altogether,
challenging the notion that binding interaction is the only factor that can stabilize protein
diffusion.

It is noteworthy, however, that TM proteins could not be enriched in the synapse in
the absence of binding. In fact, PDZ-mediated binding was necessary and sufficient to drive
the synaptic enrichment of TM proteins. Consistent with this idea, another group found
that fusing a single TM domain with a ligand that can bind inhibitory scaffold protein
targets it to the inhibitory synapses (Masson et al., 2014). Thus, I conclude that receptor-
scaffold binding facilitates entry to the synapse, but long-term retention within the synapse

requires more than binding.

The role of TM protein size in the mobility and distribution of synaptic TM proteins
Considering that the steric effects from macromolecular crowding are agnostic to the
identity of the diffusing molecule, the expressible single-pass TM protein probe is a
suitable proxy to study how crowding would affect TM proteins in general. The simplicity
of this probe enabled us to investigate independently the effect of protein bulk and of
binding. The dimerized version of this probe via chemical induction is representative of
dimerizable adhesion molecules such as Neuroligin (Shipman and Nicoll, 2012). However,
this experimental paradigm need not be limited to only dimer probes, as the constructs can
be modified further to become inducible multi-pass transmembrane proteins by fusing

multiple dimerizable motif on one probe.
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The bigger the size the slower the diffusion in the synapse. This finding supports
the notion that the synapse is like a sieve as previously proposed, but effects of crowding
shown here are likely not only valid for synapses but also for other structured and crowded
environments like the axonal initial segment (Winckler et al., 1999), and the neck of a
membrane protrusion in a heterologous cell (Lin et al., 2013). Surprisingly, though the
GFP-sized bulk was larger than the StgCtail by more than 200 residues in absolute number
of amino acids, the GFP was not as slow and stabilized as the non-binding version of the
StgCtail, suggesting that other features of the cytoplasmic domains such as protein
morphology, charge, and orientation (Hafner et al., 2015) could play a role in the regulation
of protein diffusion.

The finding that the dimeric TM probe with a single functional binding motif
diffused slower within the synapse than the less bulky monomeric TM probe with a single
binding motif further supports the notion that additional protein bulk can influence
diffusion. However, it would be more informative to determine the role of extracellular and
TM domain bulk, separated from the intracellular influence.

The role of TM domain bulk is also worthwhile to consider. AMPARSs carry a
multitude of auxiliary proteins that modulate its trafficking, channel kinetics, binding
capacity for scaffolding proteins, and, importantly, width of the TM domain (Schwenk et
al.,, 2012). It has been shown through single-molecule tracking of constitutively
desensitized AMPAR subunits and AMPAR subunits covalently linked to stargazin that
the association between GluA2 and stargazin modulates the stability of AMPAR diffusion
(Constals et al., 2015), suggesting that a change in binding capacity for PSD-95 via

Stargazin can influence the organization of AMPARSs within the synapse. The results of
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our dimerized TM probe with increasing binding capacity for PSD-95 support this notion,
but also suggest TM domain could play a substantial role in regulating the stability of TM
protein within the synapse. It is tempting to speculate that the change in diffusion of
AMPARSs with or without TARPs could be due to a difference in TM and cytoplasmic bulk

in addition to the change in binding capacity.

The role of PSD architectural organization in the arrangement and stability of
synaptic TM proteins

A small fraction of the large receptors underwent exchange in seconds and no detectable
fraction traversed through the synapse for at least ten minutes (Fig. 2.5), which at face
value appeared at odds with smtPALM showing that 50% of AMPARs within the synapse
diffuse at > 0.2 pm?/s (Fig. 2.6). However, a more detailed consideration reveals that these
results are compatible for at least two reasons.

First, we emphasize that the complementary approaches of partial synapse FRAP
and smtPALM revealed qualitatively similar effects, that the smaller TM probe was less
stabilized than the larger AMPARs within the synapse. However, it is true that the
sometimes very slow time course of recovery in FRAP experiments through the years
(Ashby et al., 2006; Frischknecht et al., 2009; Makino and Malinow, 2009; Kerr and
Blanpied, 2012) appears difficult to reconcile with the fast diffusion consistently measured
with single-molecule tracking (Heine et al., 2008; Hoze et al., 2012; Nair et al., 2013). In
our modeled synapse, the apparent median diffusion of the receptors were 0.038 mz2/s
with interquartile range (IQR) 0.02-0.06 for the small tracer, and 0.03 pm2/s IQR 0.01-

0.04 for the AMPAR-sized tracers—faster than the measured median synaptic diffusion.
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Nonetheless, FRAP curves simulated in the model incorporating these apparent diffusion
rates matched the measured FRAP curves very well (Fig. 2.3G).

Second, we considered the question of how such fast-diffusing receptors can
exchange so slowly between two halves of the synapse. The simulations in this work and
experimental results shown by other groups indicate that receptors, even with fast diffusion,
do not necessarily have the capability to move through entire expanse of the synapse. We
showed that AMPAR-sized tracers can move through only a small fraction of the synapse
(Fig. 2.2E). In addition, single-molecule imaging by other groups have shown that there
are multiple small subregions (80-100 nm in diameter) in the synapse which can confine
receptor movement (Ehlers et al., 2007; MacGillavry et al., 2013; Nair et al., 2013; Levet
et al., 2015). Thus, it is possible that fast diffusing receptors could be confined to
subsynaptic regions and not move appreciably between two halves (~200 nm) of the
synapse.

Using both FRAP and SMT in the same study is informative in more ways than
what has been mentioned. First, partial synapse photobleaching does not require that
synaptic TM protein be labeled with bulky fluorescently conjugated targeting ligand such
as Q-dot tagged antibodies. An important limitation is that the bulky ligand limits access
of targeted TM proteins into small and crowded environment of the synapse (Groc et al.,
2007; Triller and Choquet, 2008). Consequently, the labeling process preferentially targets
extra synaptic and perisynaptic TM proteins, precluding the study of their mobility within
the synapse proper, particularly within the most interior portions of the PSD where the
architectural organization is most complex. The use of a leaner combination of fluorescent

moiety and targeting ligand such as dye-conjugated nanobodies in UPAINT (see Chapter
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4) provides a powerful alternative for studying mobility within the synapse. However, the
most stable organic fluorescent dyes to-date provide significantly shorter tracking lengths
precluding the comparison of steady-state kinetics as TM proteins travel to or become
release from the synapse. The use of expressed SEP-tagged TM proteins with FRAP is a
powerful complementary approach for studying mobility on a short and long time-scale,
while retaining confidence that the same synaptic population of proteins is being observed.

Partial synapse FRAP reveals that AMPARs were confined within subregions of
the synapse not just for seconds, but minutes, whereas the smaller TM protein was not as
confined. This argues against a corral model of the PSD structure and indicates that TM
proteins are embedded in a crowded sieve-like environment which could dictate their
subsynaptic position based on their bulk. PALM-PAINT indicates that TM proteins can be
positioned in dense subregions even in the absence of binding. The dense packing of PSD
molecules (Chen et al., 2008; Dani et al., 2010) creates an environment so crowded that
diffusion of receptors is limited even if they do not remain bound to scaffold partners.
Indeed modeling of TM protein diffusion suggests that elastic collisions between TM
proteins and obstacle proteins that do not bind them can promote retention and
heterogeneous subsynaptic organization. A regulated interplay of binding and crowding

can modulate the positioning of TM proteins.

What kind of proteins can participate in crowding?

A diverse class of molecules could participate in crowding: transmembrane proteins
(other receptors, ion channels, adhesion molecules, presynaptic transmembrane proteins
with significant extracellular extensions), intracellular proteins near the postsynaptic

membrane (other scaffolds, and cytoplasmic signaling proteins that can bind to scaffolds).
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AMPARSs have a very bulky extracellular domain (Sobolevsky et al.) which extends 75%
of an average cleft gap. It is possible that non-specific extracellular interactions will
substantially obstruct diffusion. For example, ECM impedes AMPAR diffusion indicated
by the finding that degrading the ECM accelerated AMPAR exchange in and out of the
synapse (Frischknecht et al., 2009), although immobilized fraction did not change in the
synapse. Thus, the ECM might not play a substantial organizing role within the synapse
proper. However, even though the synaptic cleft is rich with protein elements as shown by
tomographic electron-microscopy (Lucic et al., 2005; High et al., 2015), it is only half as
dense as the PSD (Burette et al., 2012), so the overall contribution to crowding by cleft
proteins might not be more important than TM and postsynaptic molecules. In fact,
computer-simulations suggest that the reduced crowding in the cleft would fail to slow and
retain receptors in the synapse as well as the amount of crowding observed in the PSD
(Santamaria et al., 2010). Whether this is indeed the case in living synapses is unclear and
requires further investigation.

Contribution to transmembrane steric obstruction could come from different kinds
of adhesion molecules. For example, Neuroligin binds to PSD-95 positioned close
proximity with AMPARS, and it bridges across the cleft to bind neuroxin presynaptically
(Mondin et al., 2011) making them ideal candidate transmembrane barriers to AMPAR
lateral diffusion. The dense packing of these adhesion molecules, which are themselves
possibly regulated by the steric influence of PSD-95 and other synaptic proteins, could
facilitate the dense packing of AMPARs and thus the strength within nano-columns where
synaptic release preferentially occurs. In addition to Neuroligin, there are multitude of

other adhesion molecules in the synapse such as N-cadherin (Saglietti et al., 2007),
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LRRTM (de Wit et al., 2013), and several other types of transmembrane protein elements
which are arranged heterogeneously within the PSD (High et al., 2015). The combined
effect of these adhesion molecules on the organization and stability of receptors requires
further investigation.

On the intracellular side, multiple macromolecular species can contribute to
crowding. Besides PSD-95, other MAGUKSs such as PSD-95 and SAP102 (Chen et al.,
2015; Levy et al., 2015) can serve as additional obstacles and contribute to the steric
influence on receptor diffusion. It would be informative study the mobility of non-binding
TM probes in synapses that are devoid of these three major MAGUKS. In addition to
submembranous scaffold proteins, close positioning of GKAP to the membrane
(\Valtschanoff and Weinberg, 2001; Dani et al., 2010), and SynGAP (Araki et al., 2015)—
only to name a few—Dby interaction with PSD-95 can further amplify the dense packing of
the PSD. Thus, it will be important for future experiments to develop approaches to
manipulate the crowding within the synapse without changing the protein composition or
number.

CaMKII can be juxtamembranous, studded over the cytosolic face of the PSD
shown in EM images of immunogold-labeled biochemically isolated PSDs (Petersen et al.,
2003; Gaertner et al., 2004), well positioned to enhance macromolecular crowding.
Interestingly, CaMKII undergoes translocation into spines following stimulation (Shen and
Meyer, 1999); another relatively abundant synaptic protein within the PSD translocates
away from spines following stimulation (Araki et al., 2015). Is tempting to speculate that
these cytosolic proteins can serve as the gates close and opening diffusion channels to

control TM protein entry and stabilization. To test whether filling the PSD with
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additionally bulky proteins can indeed change the crowding environment and its influence
on receptor organization or diffusion, one could take advantage of the expressible antibody-

like proteins or intrabodies that can bind to synaptic scaffolding proteins (Gross et al., 2013)

The role of PSD architectural dynamics

We found using computer modeling that the heterogeneous organization of PSD-95 and
the bulk of the diffusing TM protein molecules can dictate where in the synapse a TM
protein can or cannot access, suggesting that steric influence alone can determine the
positioning and distribution of TM proteins, all in the absence of changing binding affinity
or absolute number of proteins. It is tempting to speculate that this can serve as an
energetically efficient and rapid mechanism to arrange and re-arrange the positions of
AMPARSs relative to where neurotransmitter release occurs and modulate the strength of
synaptic response.

Note that we made a critical assumption in the computer models due to a lack of
experimentally determined constraints: the PSD-95 scaffolds are immobile relative to the
rapid movement of TM proteins. Prior studies have shown that PSD-95 can be dynamic in
at least two ways, 1) the exchange in and out of the synapse and 2) the arrangement within
the synapse. The exchange in and out of the synapse can be considered nearly immobile on
the timescale of minutes. As has been established from a number of studies, endogenous
turnover of PSD-95 at the synapse is extremely slow. FRAP of PSD-95 bearing a Venus
tag in a knock-in mouse exchanges only about 10% in 60 min (Fortin et al., 2014).
Exchange of overexpressed PSD-95 is elevated compared to this but still slow, with time
constants of 30 to 100 minutes in hippocampus, (Gray et al., 2006; Sharma et al., 2006;

Blanpied et al., 2008), depending on age (Gray et al., 2006). These observations suggest
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that within the short time frame of our simulations, such exchange will be of minimal
impact and PSD-95 can be considered immobile.

However, ongoing spine actin polymerization alters PSD morphology over minutes
(Kuriu et al., 2006; Kerr and Blanpied, 2012; Ziv and Fisher-Lavie, 2014), and single-
molecule tracking has revealed that a substantial proportion of PSD-95 molecules (at least
when overexpressed) is mobile within the synapse (Chazeau et al., 2014). As the internal
dynamics of individual PSD-95 molecules remains poorly understood, we explored the
potential effects of PSD molecular dynamics by considering a few presumptive models
(Chapter 2 Discussion). PSD-95 molecular dynamics can certainly alter the contribution of
steric effects on TM protein retention, but detailed effects depend very strongly on
parameters that have not yet been deduced empirically. Clarifying these will require new
approaches to determine how the individual PSD-95 molecules re-arrange during PSD
morphing, whether they move in concerted motion as in a matrix-like mesh, or re-arrange

haphazardly as the PSD morphs.

Implications for synapse function

The strength of synaptic transmission at individual excitatory synapses is ultimately
determined by the number of postsynaptic AMPARSs activated by presynaptic glutamate
release. Since not all receptors open at once in response to release (Silver et al., 1996;
McAllister and Stevens, 2000), two key parameters dictate the strength of response: 1) the
density of receptors, 2) positioning of receptors relative to release. Indeed, local diffusion
can replace desensitized AMPARs and fine-tune the fidelity of synaptic transmission under

high frequency stimulation (Heine et al., 2008). Moreover, this regulation is mediated by

139



the uncoupling of desensitized AMPARs from stargazin (Constals et al., 2015), which not
only alters the binding capacity but also the overall bulk of AMPARSs. Considered together
with results shown in Chapter 2 and 3, this further supports the notion that both binding
interactions and protein-bulk-dependent steric effects can influence receptor lateral
diffusion and hence its highly dense assembly of receptors. The interplay between binding
and crowding likely play important roles in modulating the density of TM proteins such as
AMPARSs relative to release sites, potentially regulating the strength and reliability of
synaptic transmission. Indeed, computational modeling in Chapter 5 showed that
preferential release over dense locale of AMPARs produce between 20-30% larger
responses compared to randomly located release. The long-term retention, depletion, or
reorganization of ensembles of synaptic receptors may provide a basis for enduring yet
flexible information storage at the level of individual synapses. It would be important to
develop new approaches to measure release locations, synapse ultrastructure, and synaptic
transmission within the same neuron to test this prediction.

In theory, macromolecular crowding can help achieve synaptic stability for much
longer time than binding can. Non-covalent binding interactions have a definite probability
of unbinding (Saro et al., 2007; Hafner et al., 2015). As estimated from the highest binding
energy among PSD-resident proteins, the expected time to unbind is < 1 msec (Santamaria
et al., 2010). Thus, the bound time of AMPAR to any PSD-resident protein or even a
handful of binding partners is much smaller than the characteristic time scale of LTP or
LTD expression, on the order of hours. Sans steric obstruction, AMPARSs even if bound to
several other PSD-resident proteins would escape the PSD within seconds. On the other

hand, uniformly distributed scaffolds in the PSD could prevent an receptor from escaping
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for up to hours as simulated previously (Santamaria et al.). As was shown in Chapter 2, the
heterogeneous arrangement of scaffolds and the bulk of the diffusion protein can enhance
this retention even longer. Notably, this type of sterically enhanced stability can be
achieved without any change in the phosphorylation state, transcription rate, or translation
rate—essentially energy-free. Interestingly, though the PSD-95 turnover can be considered
nil on the order of minutes (noted previously), the spatial organization can rearrange on the
order of minutes (Kerr and Blanpied, 2012; MacGillavry et al., 2013), potentially opening
and restricting channels of diffusion in the process. It would be important to investigate
whether this type of PSD dynamics is suppressed or enhanced during the induction or
maintenance of LTP and LTD.

The implication of the nanocolumnar structure for synaptic transmission could be
dramatic or negligible depending the synapse type. | showed that rearranging the alignment
between the release sites and the receptors increased the spread of possible synaptic
strengths (Fig. 4.2G). This wide range of response amplitudes could contribute to a
dynamic range of the synaptic strength that might be even wider than what was proposed
(Bartol et al., 2015), resulting in higher capacity for information storage per synapse. This
could enable any given neural circuit to maintain a large repertoire of connected patterns.
An additional advantage of the nanocolumnar structure is that it could allow neural
networks to change connected pattern without the need to eliminate or generate new
dendritic spines, and hence support fast, efficient, and flexible learning capability. These
benefits are likely not greatly influential in synapses where receptors are saturated by
glutamate release, such as climbing fiber synapses on the Purkinje cells of the cerebellum

(Poncer et al., 1996; Foster et al., 2002; Harrison and Jahr, 2003). However, they could be
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critically important for the function in, for example, the hippocampal synapses (Mainen et
al., 1999; McAllister and Stevens), calyces of Held (Yamashita et al., 2003), and even
inhibitory synapses of retinal amacrine cells (Frerking et al., 1995) in which receptors are
not saturated by single glutamate release events.

That macromolecular crowding can alter the diffusion of TM proteins in a size-
dependent could partly explain the variations in diffusion, number, and distribution among
the different types of glutamate receptors and adhesion molecules. AMPAR numbers in the
range of 5-200 demonstrated by mass spectrometry, immunogold EM, and
electrophysiological experiments (Nusser et al., 1998; Matsuzaki et al., 2001; Smith et al.,
2003; Peng et al., 2004; Masugi-Tokita et al., 2007). On the other hand, calcium imaging
studies estimate 1-5 NMDARs in CA1 hippocampal synapses (Nimchinsky et al., 2004).
In addition, these two types glutamate receptors display different spatial distributions
within the PSD. AMPARs are either peripherally distributed or homogeneous distributed
throughout the PSD (Masugi-Tokita et al., 2007). However, NMDARs are more compactly
concentrated at the center of the PSD (Kharazia and Weinberg, 1997). These differences
likely occur independent of the constraints on receptor diffusion, as single particle tracking
showed that GluA2 and NR1 showing that the two receptors exhibited similar effective
diffusion coefficients within the synapse (Groc et al., 2004). It is possible that distinct
binding partners of their cytosolic tails dictate where the receptors are positioned, and steric
obstruction of diffusion ensure the stability of receptors in their respective clusters of
binding partners. Though nearly identical in their extracellular and transmembrane bulk
and structure, NMDARs are larger than AMPARs in the cytosolic tails by >500 amino

acids in length. Bulkier cytosolic domains could contribute to multiple protein-protein
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interactions and more severe steric obstruction. In addition, the diverse binding partners of
the extracellular domains can additionally contribute to controlling their spatial distribution
within the synapse. In fact, extracellular domains of AMPARs associated with N-Cadherin
(Nuriya and Huganir, 2006; Silverman et al., 2007) and LRRTM2 (de Wit et al., 2009),
which may localize to diverse locations of the PSD (Uchida et al., 1996; Saglietti et al.,
2007; Chamma et al., 2016), contributing to the diverse distribution of AMPARs in the
PSD (MacGillavry et al.; Nair et al.). Surprisingly, LRRTM2, though smaller in both
extracellular and intracellular length than Neuroliginl, in fact diffuses slower than
Neuroliginl (Chamma et al., 2016). Moreover, LRRTM2 is more compactly distributed in
the center than the larger Neuroliginl, which suggests that the arrangement of TM proteins
cannot be predicted by their bulk alone. However, the association of LRRTM2 with
AMPARSs directly could increase the effective bulk of LRRTM2, and thus the distribution

of both proteins could controlled as one complex instead of individual separate entities.

Potential regulators of crowding within the synapse.

Synaptic scaffold proteins are particularly well-suited for the organizing role in
PSD architecture as they possess multiple protein-protein interaction motifs and are the
most abundant proteins within the synapse (Sheng and Hoogenraad, 2007) altering them
can influence multiple levels of interacting proteins and organization. Some central
members of the scaffolding protein class besides PSD-95 are Shank and GKAP. Shank3
genetic mutations and deletions are linked to ASD and other neurodevelopment disorders
(Bonaglia et al., 2001; Durand et al., 2007) as well as schizophrenia (Gauthier et al., 2010).
In fact, deleting Shank3 in mice produced synaptic defects and autistic-like behaviors

(Wang et al., 2011; Yang et al., 2012). Re-expression of Shank3 even in adult mice led to
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improvements in synaptic protein composition, spine density, and neural function in the
striatum (Mei et al., 2016), indicating that a neurodevelopment pathology can be reversed
much later after initiation. Overt changes of spine loss required at least 7 days of expressing
pan-Shank knockdown microRNAs to become apparent in mature dissociated hippocampal
culture (MacGillavry et al., 2016); we speculate that changes in PSD organization occurs
well before that.

Mutations in the GKAP family members have been linked to pathological
grooming and obsessive-compulsive disorders (OCD) in human patients (Bienvenu et al.,
2009); over expressing in cultured neurons a mutant family member, of which the turnover
cannot be regulated by activity, impaired homeostatic synaptic scaling (Shin et al., 2012);
moreover, the deletion of another GKAP family member in mice result in both a synaptic
dysfunction and an OCD-like behavioral phenotype (Welch et al., 2007).

It will be important to expand our analysis of synaptic dysfunction in disease
models beyond measurements of spine density and morphology and apply the imaging
methods developed in this dissertation to test whether more subtle pathology in synapse

organization underlies neuropsychiatric disorders.

Relation to disease mechanisms

Increasing evidence suggest that subtle disruptions of receptor positioning may be
capable of altering synaptic transmission. The model we propose for crowding-mediated
synaptic receptor retention and arrangement suggests that these perturbations may induce
pathological disruption of synaptic function, even without an overt loss of proteins from
the synapse (much less a gross loss of dendritic spines) through altered architectural

organization and diffusion of TM proteins in the synapse. Indeed, there is an ever-
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expanding set of evidence that TM protein diffusion could be involved in the plasticity of
diverse neural circuits. Regulating AMPAR diffusion within the synapse is associated with
a type of treatment for major depressive disorder, such that an antidepressant drug
tianeptine favors the stabilization of AMPAR diffusion in the synapse, enhances a type of
LTP in the hippocampus, and rescues this type of LTP suppressed by acute stress or
corticosterone (Zhang et al., 2013). The extracellular matrix, a feature known to obstruct
the diffusion to AMPARs (Frischknecht et al., 2009), has been found to be disrupted in
distinct ways in different types of neuropsychiatric and neurodegenerative diseases such as
autism spectrum, Fragile X syndrome, Rett syndrome, mood disorders, Alzheimer’s
disease, and epilepsy (reviewed by Pantazopoulos and Berretta (2016)). Antibodies
purified from patients suffering from NMDAR autoimmune encephalopathy can reduce
surface NDMAR diffusion in rat hippocampal neurons and also prevent LTP in these
neurons (Dupuis et al., 2014), even though these antibodies do not change NMDAR
activity as measured by NMDAR-mediated miniature EPSC (Moscato et al., 2014). These
results suggest that the altered receptor diffusion and organization could contribute to the
symptoms of short-term memory deficits in these patients, and it is likely that altering the
surface diffusion of glycine receptors could contribute to the brainstem and spinal cord
symptoms in some patients with autoimmune progressive encephalitis with rigidity and
myoclonus (Crisp et al., 2016). Neuromodulators such as dopamine has been implicated in
directly modulating the lateral diffusion of NMDAR on the plasma membrane in and near
the excitatory synapses of cultured hippocampal neurons (Dupuis et al., 2014), but how

this influences brain function on a higher level remains to be tested.
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It is becoming increasingly clear that the surface dynamics of TM protein such as
receptors can play important roles in health and disease. However, we are only beginning
to scratch the surface of a fertile field of nanostructural studies. In addition to investigating
the role of receptor diffusion, it would be important to investigate the role of synaptic
crowding and release-receptor alignment in the pathology that occurs during addiction,
autism spectrum, chronic pain syndromes, diminished synaptic function during aging and
early Alzheimer’s disease, the neural damage accompanying stroke and brain injury, the
altered states of mood in depression, and the positive and negative symptoms of
schizophrenia. While some of these diseases often involve the loss of dendritic spines and
synapses, | argue that more subtle pathologies are likely to occur in these diseases well
before detectable micro- and macro-scopic morphological alterations. Discovering how
these subtle changes underlie the various disease phenotype promises new insights into

methods of intervention.
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