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Healthy synapse function relies on precise structural alignment between the presynaptic 

active zone (AZ) and the postsynaptic density (PSD). A central question is how the 

distribution of presynaptic vesicle fusion sites corresponds to the position of receptors in 

the postsynaptic density. The question is important because receptor activation at 

glutamatergic synapses is limited by both biophysical properties of the receptors 

themselves and their distance from vesicle release sites. Thus, release events can fail to 

activate all synaptic receptors. Recently, our lab and others found that PSD scaffolding 

proteins cluster receptors into nanometer-scale subregions. This organization is expected 

to increase the impact of fusion site organization: simulations show that EPSC amplitude 

at synapses with clustered receptor distributions is greatest when vesicle fusion is aligned 

with postsynaptic clusters. However, it has not been previously possible to precisely 

localize where within the AZ vesicles fuse, or how that relates to distributions of 

postsynaptic receptors. The significance of this issue is emphasized by the growing list of 

diseases in which cognitive and behavioral deficits appear to stem from disruption of 

synapse function caused by mutations of genes that encode synaptic proteins.  

Using localization microscopy, Dr. Ai-hui Tang in the lab previously found that, like 

PSD scaffold proteins, key proteins mediating vesicle priming and fusion (particularly 



  

RIM1/2) are mutually co-enriched within nanometer-scaled subregions of the AZ. Here, I 

investigated the functional consequence of that organization by directly mapping vesicle 

fusion sites. I developed a novel technique to localize single-vesicle fusion with high 

spatial resolution, which I call “pHluorin uncovering sites of exocytosis” or pHuse. Using 

this approach, I mapped the pattern of evoked or spontaneous vesicle fusion at individual 

AZs of cultured hippocampal neurons. Spontaneous release of neurotransmitter was 

previously thought to be biological noise but has recently been linked to physiological 

functions distinct from those of evoked release. My data using pHuse indicate that 

evoked and spontaneous fusion in fact occur over different subregions of the terminal. 

Furthermore, I found that action potential evoked fusion occurred preferentially in 

confined areas with higher local density of RIM1 proteins within AZs. In collaboration 

with Dr. Tang, I found that these high local density RIM areas closely aligned with 

concentrated postsynaptic receptors and scaffolding proteins1-3, defining a transsynaptic 

molecular “nanocolumn.” Thus, we propose that the nanoarchitecture of the active 

zone directs action potential evoked vesicle fusion to occur preferentially at sites 

directly opposing postsynaptic receptor-scaffold ensembles. Remarkably, NMDA 

receptor activation triggered distinct phases of plasticity in which postsynaptic 

reorganization was followed by transsynaptic nanoscale realignment. This architecture 

thus suggests a simple organizational principle of CNS synapses to maintain and 

modulate synaptic efficiency. 
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Chapter 1: Introduction 

 

The soul is made from synapses 

Ancient Greeks believed the soul, which they called the “psyche,” to be that which gives 

life to one’s body. Plato subcategorized the soul into the “logos” (mind), the  “thymos” 

(emotion), and the “eros” (appetite). While Plato postulated that only logos is located in 

the head, while thymos and eros are in the chest and stomach, respectively, we have since 

discovered that, in fact, they all stem from the head and specifically our brains. 

Understanding what comprises the Gestalt view of one’s soul continues to be a 

multidisciplinary effort spanning philosophy, psychology, and neurobiology.  

Impressively, at its most fundamental level, the brain is built of approximately 86 billion 

neurons, each of which forms hundreds to thousands of synapses. Each synapse is 

comprised of pre- and a post-synaptic neurons. Following an action potential, calcium 

(Ca2+) entry into the presynaptic cell, binds the Ca2+ sensor Synaptotagmin, which 

triggers vesicle fusion through SNARE proteins and release of chemical 

neurotransmitters from the active zone (AZ) that diffuse into the synaptic cleft4. Some of 

these neurotransmitters bind receptors on the post-synaptic cell leading to downstream 

signaling.  

This synaptic communication across neural networks mediates memory, cognition, and 

behavior. Consequently, not surprisingly, disruptions to synapse strength and plasticity 

lead to functional deficits which underlie a number of prevalent neuropsychiatric 

diseases5,6. For instance, autism sanks pectrum disorder (ASD), which affects 1 in 68 
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children7, has been linked to mutations in synaptic proteins such as Neuroligins, 

Neurexins, and Shank, which are crucial for synapse formation and maintenance as well 

as the balance of excitation and inhibition5,6,8 (Fig. 1). Likewise, schizophrenia, which 

affects 1.1% of the population9, has been linked to genetic mutations in presynaptic 

proteins involved in vesicle release6,10. Thus, understanding the mechanisms that ensure 

precise regulation of synaptic transmission is a major focus of modern neuroscience.  

 

Figure 1. Mutations in various synaptic proteins linked to neuropsychiatric diseases. From Volk et al. 
(2015)6. 

How vesicles dock, prime, and fuse 

The pioneering work that lead to our present understanding of chemical synaptic 

neurotransmission was obtained from experimentation at the neuromuscular junction 

(NMJ) of English frogs, largely by Bernard Katz and colleagues, using intracellular 

microelectrodes to record the membrane potential of the muscle cell. These simple, large, 

peripherally located synapses between spinal motor neurons and skeletal muscles were 
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termed end plates due to their saucer-like appearance. Consequently, the transient 

depolarization of the muscle fiber measured as change in membrane potential elicited by 

an action potential in the presynaptic motor neuron were termed end plate potentials 

(EPPs). Meanwhile, Fatt and Katz (1950, 1952) also detected spontaneous changes in 

membrane potential, initially “suspected to be due to a local injury discharge at the nerve 

endings”11,12. However, these events were detected only when the electrode was inserted 

at an end-plate but not 2mm away along the same muscle fiber, and like EPPs, they were 

eliminated with application of curarine and increased in size and duration by 

prostigmine11,12. Consequently, they were termed miniature EPPs (mEPPs). Notably, 

presynaptic terminals, being small and inaccessible to electrodes, limited techniques for 

monitoring release to observing postsynaptic effects. These indirect approaches 

consequently lead to ongoing disputes on the presynaptic and postsynaptic origins of 

observations.    

Very early experiments had serendipitously discovered that Ca2+ was important for 

muscle contraction13,14, but it was unclear where or when it acted. In a series of 

experiments Katz and Miledi15-17 found that stimulating the nerve in low [Ca2+] resulted 

in no response, but if Ca2+ was locally applied by iontophoresis immediately prior to 

nerve stimulation, synaptic transmission does occur. Meanwhile, Ca2+ alone or Ca2+ 

application after stimulation had no effect. Thus, they proposed that neurotransmitter 

release relied on calcium entry into the presynaptic terminal. 

Fatt and Katz (1952)12 actually observed that “lack of calcium apparently reduces the 

EPP in definite ‘quanta.’” Later, careful quantification of EPPs and mEPPs lead del 

Castillo and Katz to formally propose the quantal theory of synaptic transmission in 1954 
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with the observation that amplitudes of EPPs occurred in integer multiples of the mean 

amplitude of mEPPs18,19. Therefore, spontaneous miniature potentials were thought to be 

the basic unit, or quantum, that composed evoked responses. Electron microscope (EM) 

observations of vesicles within the nerve terminal then attributed a discrete physical 

structure to a quantal packet of neurotransmitter20. Furthermore, observed correlation 

between the quantal content of EPPs, measured electrophysiologically, and the number of 

vesicles fused with the presynaptic membrane, measured using EM, lent support to the 

hypothesis that a quantum corresponded to the secretion of a vesicle of 

neurotransmitter21. 

Numerous later experiments have confirmed the applicability of these data to 

neurotransmission throughout the nervous system and in different species. But, these 

seminal works on the physiology of neurotransmission begged the question of how a 

presynaptic terminal mechanistically carries out Ca2+-triggered vesicle release of 

neurotransmitter. For instance, how do vesicle and plasma membranes fuse during 

release? How does Ca2+ trigger a fusion event? How does Ca2+ enter the cell? How is 

Ca2+ influx spatially localized to vesicle release sites? What proteins mediate vesicle 

docking, priming, and fusion? Half a century later, there has been significant progress in 

answering these questions though many details are still lacking.   

SNARE complex mediates synaptic vesicle fusion 

As synaptic vesicles could be biochemically isolated at high yield and purity22, initial 

approaches to these questions about the molecular basis of neurotransmission centered on 

synaptic vesicle proteins and how synaptic vesicles interacted with the presynaptic 
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plasma membrane. Using affinity purification to isolate binding partners of N-

ethylmaleimide-sensitive fusion protein (NSF), membrane proteins SNAP-25 and 

syntaxin-1 were identified as target SNAP Receptors (t-SNAREs) that form a complex 

with the vesicle SNAP Receptor (v-SNARE) protein synaptobrevin/VAMP23. This 

SNARE complex was further found to bind synaptotagmin, discussed in more detail 

below24. Munc18 was also identified as a syntaxin associated protein essential for the 

fusion protein complex25.  

Further functional necessity of these proteins was demonstrated with the recognition that 

SNAREs are the substrates for botulinum and tetanus toxins. These neurotoxins, like 

many others that have been fundamental in building our current understanding of 

neurotransmission, were first brought to light for their harmful effects on humans. For 

instance, the botulinum toxin was first characterized following outbreaks of “sausage 

poisoning” (latin botulus = sausage) that caused flaccid paralysis. After studying the 

effects on a varieties of animals, Justinus Kerner (1820)26 concluded that “the capacity of 

nerve conduction is interrupted by the toxin in the same way as in an electrical conductor 

by rust.” The breakthrough in understanding the basic mechanism of action came with the 

identification of the Zn2+ binding motif in both botulinum and tetanus toxins as the 

critical proteolytic domain, whereby zinc endoprotease inhibitors abolished toxic 

effects27,28. This then drove the search for substrates of this protease amongst vesicle 

proteins, ultimately leading to identification of the SNARE proteins29. Thus it was 

determined that these toxins proteolytically cleave SNAREs to block neurotransmitter 

release30,31. 
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Putting together a viable model of how these SNARE proteins mediate fusion required 

not simply understanding the molecular biology but also the biophysics. The resulting 

model proposed that SNARE proteins attached to both membranes form a trans complex 

through progressive zippering to force the fusing membranes into close proximity and 

destabilizing the membrane surfaces32. This drives the fusion pore to open. Pore 

expansion then drives trans-SNARE complexes to become cis-SNARE complexes that 

ultimately dissociate and disassemble. Throughout this process the association of 

Munc18 with SNARE proteins is necessary for fusion, acting as clasps between the t- and 

v-SNARE components and organizing the trans-SNARE complexes32.  

Notably, these fusion complex proteins are not enriched in AZs but are in fact found to be 

distributed throughout the plasma membrane and generally involved in many types of 

membrane fusion throughout the cell32. To answer the question of what determined 

membrane trafficking specificity, Söllner et al. (1993)23 put forth the SNARE hypothesis, 

which proposed preferential high affinity interactions between specific v- and t-SNARE 

combinations. However, several lines of evidence argued against the SNARE hypothesis. 

For example, botulinum or tetanus toxin treated terminals showed increased numbers of 

docked vesicles despite low levels of release33, whereas the SNARE hypothesis would 

predict a decrease in the number of docked vesicles. Furthermore, many different 

combinations of SNAREs formed stable complexes34, whereas the SNARE hypothesis 

would predict only specific combinations would form stable complexes. Thus, SNARE 

complexes appeared to be a common mechanism for exocytosis but not what restricts 

synaptic exocytosis to AZs. 
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Synaptotagmins tightly couple calcium to the fusion machinery 

Examination of the fusion machinery did not make obvious how it could be controlled by 

Ca2+, such as to be triggered within microseconds of Ca2+ entering the presynaptic 

terminal. Furthermore, Katz and Miledi (1967)16 had observed a distinctly non-linear 

relationship between presynaptic depolarization and postsynaptic response, which they 

proposed to be due to a cooperative relationship between Ca2+ and release. This was 

experimentally supported by the finding that EPP amplitudes were proportional to 

[Ca2+]4, suggesting that four Ca2+ molecules must somehow interact with a vesicle for 

release35.  

Consequently, there was a search for Ca2+ sensors at sites of exocytosis that cooperatively 

bind Ca2+ and undergo a Ca2+-dependent conformational change. Only with the 

identification of Synaptotagmins (Syts) as calcium sensors was this resolved36. Syts, 

evolutionarily conserved transmembrane proteins, satisfied this role through interacting 

with phospholipids in a Ca2+-dependent manner via their C2 domains37. These same 

domains were also found to bind the SNARE complex37. Accordingly, Syt1 knockout 

(KO) mice show inhibited fast synchronous Ca2+-dependent release38. Similarly, injection 

of a dominant negative Syt-C2 domain peptide into squid nerve terminals resulted in 

inhibited release and accumulation of vesicles at the AZ39.  

Of note, Syt1-KO mice did not show impaired slow asynchronous Ca2+-dependent 

release, so for many years, there was a search for a slow Ca2+ sensor. Yao et al (2011)40 

proposed Doc2, another Ca2+, SNARE, and lipid-binding protein, to be that slow sensor, 

finding that knocking down Doc2α decreased asynchronous release. However, other 
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studies found Doc2 to only modulate spontaneous but not evoked asynchronous 

release41,42. More recently, Syt7 was identified as a potential candidate, as knockdown of 

Syt7 reduced asynchronous release in zebrafish and cultured rat neurons43,44.  

Lastly, complexin was identified as a small protein cofactor of Syt that also binds 

SNARE complexes. Complexin was proposed to serve dual functions in activating fast 

evoked fusion and suppressing spontaneous fusion through regulating force transfer from 

trans-SNARE complexes into the fusing membranes45.  

P/Q, N, and R-type calcium channels are sources of calcium for the presynaptic terminal 

In order to isolate the increase in [Ca2+] within terminals as the specific cause of release, 

Bollman et al. (2000)46 uncaged Ca2+ in Calyx of Held terminals during whole-cell patch 

recording to selectively and almost instantaneously increase [Ca2+] while measuring 

synaptic transmission. They indeed found that following uncaging, release was large and 

rapid, supporting the hypothesis that [Ca2+] itself causes release.   

So from where were these Ca2+ ions coming? The diversity of Ca2+ sources has been 

apparent since early findings on physiological and pharmacological properties of Ca2+ 

currents in cardiac myocytes of sheep and calf hearts47. In these cells, as in muscle cells 

in general, the major Ca2+ currents were characterized by high activation voltage, large 

single channel conductance, slow voltage-dependent inactivation, and specific inhibition 

by organic antagonists such as dihydropyridines, phenylalkylamines, and 

benzothiazepines. These channels have since been named L-type for their long lasting 

currents when Ba2+ is the carrier48. Later, voltage clamp studies in starfish eggs, 

cerebellar Purkinje neurons, and dorsal root ganglion neurons revealed Ca2+ currents 
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activated at more negative membrane potentials, which inactivated and deactivated 

quickly, had small channel conductance, and were insensitive to antagonists, termed T-

type for their transient kinetics49. Dorsal root ganglion neurons also revealed N-type 

currents that were intermediate in voltage dependence and inactivation rate compared to 

L- and T-types, and blocked by the cone snail peptide ω-conotoxin GVIA49. Experiments 

with other peptide toxins uncovered three additional Ca2+ currents: P- and Q-types, which 

were blocked by ω-agatoxin IVA from spider venom, and R-type, which are resistant to 

all known Ca2+ channel blockers50,51. Synaptic neurotransmitter release at central 

glutamatergic synapses is triggered by mixed populations of P/Q-, N-, and to a lesser 

extent R-type channels that are enriched at presynaptic terminals52,53.  

The strong dependence observed of release on [Ca2+] suggested that [Ca2+] must act close 

to the site of vesicle exocytosis. To estimate the distance between these Ca2+ sources and 

the previously discussed Ca2+ sensors in giant squid synapses, Adler et al. (1991)54 

compared effects of two Ca2+ chelators, EGTA and BAPTA, that have the same affinity 

for Ca2+ but different kinetics, where kEGTA is ~150 times slower than kBAPTA. If the 

distance between source and sensor were a few tens of nanometers apart, i.e. within 

nanodomains, BAPTA would be predicted to be much more effective than EGTA at 

reducing neurotransmission, whereas if the distance were hundreds of nanometers apart, 

i.e. within microdomains, the efficacy would be similar55. Adler et al. (1992)54 in fact 

found BAPTA had a much larger effect on release than EGTA, consistent with tight 

coupling between Ca2+ sources and sensors. An important caveat is that similar 

experiments at different synapses do suggest variability in the tightness of coupling, and 
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at certain synapses, such as the Calyx of Held, the degree of coupling may actually 

change with development from microdomain to nanodomain coupling56. 

Active zone proteins link calcium channels to neurotransmitter release 

The remaining piece of the puzzle was to identify what brought together at the AZ these 

Ca2+ channels and the vesicles to be released. Multidomain scaffolding proteins of the 

AZ, specifically Rab3-interacting molecules (RIMs) and RIM-binding proteins (RIM-

BPs), were found to recruit Ca2+ channels to the AZ as well as dock and prime vesicles 

for fusion57 (Fig. 2). Indeed, RIMs selectively bind P/Q- and N-type but not L-type Ca2+ 

channels along with Syt58,59. RIM also interacts with RIM-BP via their respective proline-

rich and SH3 domains57. This proline-rich domain in conjunction with the PDZ domain 

that binds Ca2+ channels is sufficient to rescue the loss of Ca2+ channels in RIM-KO 

mice59. Notably, RIM-BP also binds Ca2+ channels but binds the nonsynaptic L-type 

channels as well as P/Q- and N-types. Altogether, this suggested that simultaneous 

binding to both RIM and RIM-BPs may provide the channel specificity found in AZs57.  
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Figure 2. Vesicle docking, priming, fusion protein machinery in the AZ. 
http://www.hhmi.org/content/sudhoff-research-abstract-slideshow-3 

RIM additionally interacts with Munc13, which has been proposed to catalyze the 

priming of SNARE complexes for vesicle fusion57 (Fig.2). Munc13 forms a constitutive 

homodimer that is disrupted upon RIM binding to produce a heterodimer that is found to 

bind with Rab3 or Rab27 to link vesicles to AZs close with Munc1360. In the AZ are also 

Bassoon and Piccolo, generally thought to guide and cluster vesicles in the AZ61, though 

recent evidence suggests Bassoon may additionally play a role in recruiting P/Q-type 

channels to the AZ through its interaction with RIM-BP62.  

To complicate matters, mammals express multiple genes of these AZ proteins and 

different isoforms of these genes. There are four RIM genes, and RIM proteins are 

expressed in three principal isoforms: (1) RIM1α and RIM2α, which contain all RIM 

domains, (2) RIM1β and RIM2β which lack the N-terminal binding domains, including 

the Rab3-binding sequences in the case of RIM1β and both Rab3- and Munc13-binding 
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sequences in the case of RIM2β, and (3) RIM2γ, RIM3γ, and RIM4γ, which only contain 

C2B domains, which interact with Ca2+ channels57,59. There are three RIM-BP genes all 

containing the same domains and variable isoforms that are not clearly identifiable63. 

Finally, there are five Munc13 genes, with 1-3 expressed in the brain, where Munc13-2 

has a major isoform ubMunc13-2 and a less abundant isoform bMunc13-264.  

EM studies of knock-out mice lacking key AZ proteins suggest that RIM, Munc13, along 

with all three neuronal SNAREs all play a role in vesicle docking59,65,66. Bassoon and 

Piccolo were also found to be involved though the two proteins appeared to be redundant 

in their roles, such that knocking out both reduced the number of docked vesicles but 

knocking out only one or the other did not61. The corresponding functional measurements 

of these knockouts using electrophysiology was heterogeneous. RIM-KO’s were 

embryonically lethal while conditional RIM-KO mice show significantly impaired 

evoked and spontaneous release58,59. Munc13 knockout show entirely abolished evoked 

and spontaneous responses though normal formation of synapses67. SNARE knockouts 

also showed reductions in both evoked and spontaneous response 68. Bassoon and Piccolo 

knockouts had no effect61.  

Full collapse versus kiss-and-run fusion 

Using EM, Heuser and Reese (1973)69 characterized vesicle fusion followed by full 

collapse of the vesicle membrane into the plasma membrane. There has been a 

longstanding debate regarding the contribution of a second type of vesicle fusion that 

involves opening of the fusion pore followed by rapid closure without collapse, referred 

to as “kiss-and-run.” This form of exocytosis was proposed to enable quick and 
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economical vesicle recycling as well as to limit the release of neurotransmitter thus 

providing a mechanism to regulate the duration and amplitude of quantal response70.  

In support of the existence of kiss-and-run fusion, electrophysiological measurements of 

membrane capacitance, which is linearly proportional to the membrane area, have been 

used to detect capacitance flickers reflecting rapid single vesicle fusion and retrieval, 

accompanied by detectable conductance through the pore in endocrine cells71,72 and calyx 

of Held synapses73. Live imaging data using stimulation induced uptake and destaining of 

lipophilic styryl dye from vesicles (discussed below) showed components of full and 

partial destaining, which has also been used to support the existence of kiss-and-run74. 

Likewise, experiments imaging synaptopHluorin, a fluorescent reporter of exocytosis, 

discussed in more detail below, revealed transient fluorescence increases corresponding 

to exocytosis followed by slower or faster time constants of decay that reflect a 

combination of endocytosis and reacidification. Thus, the range of time constants may 

reflect different rates of endocytosis and reacidification lending support to the existence 

of kiss-and-run in addition to full collapse fusion75. Most recently, Park et al. (2012)76 

used streptavidin-coated quantum dots conjugated to biotinylated antibodies against the 

luminal domain of Syt1 to label and track single vesicles combined with trypan blue as an 

extracellular quencher. They then used the amount of quenching of quantum dot 

fluorescence by trypan blue to distinguish between full-collapse and kiss-and-run fusion. 

Whereas full-collapse fusion should completely equilibrate and thus show full quenching, 

kiss-and-run fusion should only partially equilibrate and thus show partial quenching. 

They then observed that kiss-and-run fusion, compared with full-collapse fusion, 

generally associated with vesicles with longer dwell times at the membrane as well as 
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locations closer to the center of the AZ. Overall, while experimental evidence appears to 

support the existence of this mode of fusion in a variety of synapses, its contribution to 

regulating synaptic strength is still unclear. 

Vesicle pools: readily releasable, recycling, and reserved 

When a nerve terminal is continuously stimulated, there will be a synaptic depression that 

reflects the depletion of the readily releasable pool (RRP) of vesicles, which are 

immediately available on stimulation. This pool has been estimated to contain ~4-8 

vesicles77 or about 1%78 of total vesicles, which generally agrees with the number of 

vesicles docked at the presynaptic membrane visualized using EM79. The reduced release 

with depression reflects release from the recycling pool of vesicles. This pool, as the 

name suggests, continuously recycles and is refilled by newly recycled vesicles. It is 

estimated to contain 10-15% of all vesicles78. Lastly, there is the reserve pool, the depot 

of vesicles released only with intense stimulation, estimated to contain the majority (80-

90%) of vesicles in presynaptic terminals78.  

Synapsins 

Storage and mobilization of vesicles within the reserve pool is controlled by the proteins 

Synapsins, which were the first identified presynaptic proteins80,81. Loss of synapsins 

affects neurotransmission differently in different types of neurons, suggesting they may 

have distinct functions depending on neuron type82. Within glutamatergic synapses, 

disrupting Synapsins by deletion of all three Synapsin genes in mice reduced the number 

of vesicles present away from the AZ and increased the rate of synaptic depression82. 
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Meanwhile, there was no effect on the number of docked vesicles. These data are 

consistent with Synapsins’ proposed role in mobilizing vesicles from the reserve pool.  

Vesicle recycling 

In order to support repeated rounds of rapid vesicle release, synaptic vesicles undergo 

endocytosis and local recycling. Two general models have been proposed for the 

mechanism, one that involves rapid endocytosis (10s-100s of milliseconds) within the AZ 

that is independent of clathrin83, and the other through slower endocytosis (2-8 seconds) 

via parasynaptic cisternae and clathrin coated pits69. Some recent findings suggest that 

single action potentials or short trains induce a distinct mechanism of endocytosis (faster 

time scale, clathrin-independent) compared to that following prolonged depolarization 

(slower time scale, clathrin-dependent)84. Another recent investigation using coupling of 

optogenetic stimulation with rapid high-pressure freezing, termed “flash-and-freeze,” 

suggested that ultrafast endocytosis (100ms post-stimulus) recovered vesicle membrane 

while large endocytic vesicles fused to form an endosome that resolved into synaptic 

vesicles in a clathrin-dependent fashion over longer time scales (5-6s post-stimulus)85. 

They further suggest that this only occurs at 37°C, whereas at 20°C, ultrafast endocytosis 

fails and clathrin regenerates synaptic vesicles directly from plasma membrane.  

Live imaging methods to measure vesicle fusion and recycling 

Styryl dyes 

Styryl dyes, FM1-43 and FM2-10, are partially lipophilic dyes whose fluorescence 

increases upon partitioning into membranes while being relatively invisible in aqueous 
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solution. They can thus be used to label outer membranes and recycling synaptic vesicle 

membranes. Stimulation in the presence of dye results in exocytosis and subsequent 

endocytosis that involves uptake of dye molecules into vesicles (Fig. 3a). Further 

stimulation of dye-loaded synapses after dye is removed from extracellular solution 

releases the dye, resulting in reduced fluorescence (Fig. 3a). 
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Figure 3. Methods for live cell imaging of vesicle fusion and recycling. a. Schematic of using styryl 
dyes to label recycling vesicles. Adapted from Gaffield and Betz (2006)93. b. Schematic of how 
fluorescence increase of pHluorin tagged to a transmembrane vesicle protein indicates vesicle fusion. 
c. Schematic of how fluorescence decay of pHluorin tagged to a transmembrane vesicle protein 
indicates endocytosis and reacidification. d. Time course of fluorescence at baseline, increase 
following stimulation (arrow), and decay with endocytosis and reacidification (green). Decay was well 
fit with a single exponential curve (red line). Numbers correspond to numbered processes in c. Black 
and blue lines represent different models of decay not relevant here. Figures 3c-d were adapted from 
Granseth et al. (2006)88. e. Fluorescence time course of synaptopHluorin in hippocampal neuronal 
culture during a series of pH challenges indicated by arrows. f. Average fluorescence change as a 
function of pH at neuronal boutons comparing EGFP, ecliptic pHluorin (e-pHluorin), and 
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superecliptic pHluroin (e-pHluorins). e and f from Sankaranarayanan et al (2000)86.  

pHluorin tagged to the luminal domain of a transmembrane vesicle protein 

One method used to measure vesicle release at single presynaptic terminals involves the 

use of superecliptic pHluorins, pH sensitive GFP variants, tagged to an intravesicular 

domain of a synaptic vesicle protein (Fig. 3a). The pK of these superecliptic pHluorins 

was estimated to be ~7.1886 (Fig. 3d-e). Thus, within the lumen of synaptic vesicles, 

which normally have an acidic pH of ~5.5, pHluorin fluorescence is relatively quenched 

(Fig. 3b). When vesicles fuse, the luminal pHluorin is exposed to the more neutral 

extracellular pH of ~7.4, resulting in a rapid increase in fluorescence (Fig. 3b-c). The 

fluorescence then gradually returns to baseline at a decay rate that reflects endocytosis 

and subsequent reacidification, which re-quenches internalized pHluorin (Fig. 3b-c). 

Initial studies utilized synaptobrevin as the carrier for the pHluorin tag 

(synaptopHluorin)87 with later work expanding to other synaptic vesicle proteins 

including synaptophysin (sypHy)88 and vesicular glutamate transporter (vGpH)89. 

Remarkably, compared to synaptopHluorin, sypHy and vGpH showed reduce cell surface 

expression and therefore reduced background fluorescence (estimated at 9% and 2% 

surface expression, respectively, compared to 15% for synaptopHluorin)90. Moreover, 

following stimulation, sypHy and vGpH showed a fluorescence increase without 

substantial subsequent lateral diffusion, which was a salient feature of synaptopHluorin 

measurements91.  

Such tools have been used to optically quantify and distinguish vesicle release from 

different pools of vesicles within individual boutons. With the most favorable properties 
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for optimal signal-to-noise ratio, vGpH in particular has even been successfully used to 

measure fusion evoked by single action potentials and more recently spontaneous fusion 

in TTX90,92. vGpH has the added benefit of being specific for glutamatergic synapses by 

virtue of being a vesicular glutamate transporter. 

To be action potential evoked or to be spontaneously release may be a question 

To complicate matters further, spontaneous release of neurotransmitter, previously 

thought to be biological noise, has now been linked to distinct physiological processes, 

including spine maintenance, cell excitability, and dendritic protein synthesis94-96. 

However, the mechanisms underlying these distinct roles relative to action potential 

evoked release are contentious. First, various presynaptic scaffolding or release 

machinery proteins may be differentially relevant for evoked versus spontaneous release. 

For example, the dominant isoform of RIM1 (RIM1α) has be suggested to be necessary 

for evoked but not spontaneous release97, while Munc13 may have a relatively larger 

contribution to spontaneous over evoked release98,99, though loss of Munc13 disrupts both 

evoked and spontaneous vesicle release67.  

Second, there is evidence for different mechanisms of Ca2+ regulation. Whereas evoked 

release is highly Ca2+-dependent, spontaneous release is far less so, as seen by lower Ca2+ 

cooperativity100,101. Moreover, whereas evoked release relies on synaptotagmins, 

especially Syt1 and Syt2, as Ca2+ sensors, spontaneous release does not and has been 

proposed to rely on an as yet unidentified secondary Ca2+ sensor100,101. Lastly, complexin 

has been proposed to be clamp spontaneous release while supporting evoked release, as 

mice lacking complexins show increased spontaneous exocytosis with reduced fast 
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synchronous exocytosis102. Consistent with these differences, Leitz et al.92 measured 

evoked and spontaneous release within the same boutons and suggested that while both 

are Ca2+ dependent, propensity for spontaneous vesicle fusion was independent of evoked 

fusion probability at the same synapse.  

Third, different vesicular SNARE proteins may preferentially support evoked compared 

to spontaneous release. While evoked release is largely maintained by synaptobrevin 2, 

spontaneous release may additionally be maintained by VAMP4, VAMP7, and 

VTI1A103,104. This is in line with the idea that spontaneous and evoked fusion may utilize 

different pools of vesicles. Some studies using styryl dye in cultured hippocampal 

neurons found that fluorescence from dye loaded following spontaneous release was less 

efficiently destained by subsequent evoked stimulation and vice versa, suggesting distinct 

vesicle pools105,106. However, other studies using similar approaches have concluded the 

opposite107.   

Fourth, evoked and spontaneous release have been shown to activate different groups of 

postsynaptic receptors108. Atasoy et al. (2008)109 made use of the well-characterized use-

dependent NMDAR antagonist MK-801 to block NMDARs activated following a brief 

stimulation in dissociated rat hippocampal cultures. Subsequently, they found that 

NMDAR-mediated evoked excitatory post-synaptic currents (EPSCs) were significantly 

depressed while NMDAR-mediated miniature EPSCs were only mildly impaired. They 

found the reverse when MK-801 was applied at rest such that it would block receptors 

activated by spontaneous release. Thus, they concluded that evoked and spontaneous 

neurotransmission activate distinct sets of postsynaptic NMDARs. Sara et al. (2011)110 

made a similar conclusion regarding AMPARs using philanthotoxin, which selectively 
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blocks GluA2-lacking AMPARs in a use-dependent manner. Furthermore in Drosophila 

NMJ, Melom et al (2013)111, using the Ca2+ indicator GCaMP5 to measure postsynaptic 

responses to neurotransmitter release from single AZs, found a population of postsynaptic 

receptors that were only activated by spontaneous release.  

Finally, there is also some evidence of diverging recycling pathways for evoked and 

spontaneous release. Leitz et al.92 observed that vGlut-pHluorin fluorescence decay time 

for evoked responses (average of 0.83s) is longer than for spontaneous (average of 0.29s), 

reflecting differences in the vesicle endocytosis and reacidification process. 

Subsequently, vesicles taken up via evoked versus spontaneous endocytosis have then 

been suggested to display different motion dynamics. Peng et al. (2012)112 tracked 

individual vesicles containing styryl dyes following stimulation-induced or spontaneous 

uptake and found that evoked vesicles demonstrated greater displacement than 

spontaneous vesicles, involving both greater velocity and directionality, consistent with 

earlier studies113. They further suggest that this may be due to the involvement of 

myosin2 in evoked but not spontaneous mobilization as inhibition of myosin2 with 

blebbistatin abolished this difference.  

Though several aspects of the above findings have remained contentious and are still 

actively under investigation, together they suggest that evoked and spontaneous release 

could be differentially regulated and take place at spatially distinct regions of the AZ. 

Importantly, these differences may have translational impacts; for instance, inhibition of 

γ-secretase, a key enzyme involved in Alzheimer’s disease, augments the rate of 

spontaneous release without altering evoked release114. Thus, distinct tuning of 
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spontaneous and evoked vesicle fusion sites within a given terminal can have important 

functional implications for altering the synaptic response, and in turn, synaptic strength.  

Subsynaptic organization is important for synaptic function 

Synapse function is maintained by a delicate nanometer-scale organization. Key to this 

organization is how the distribution of vesicle fusion sites in the presynaptic active zone 

(AZ) corresponds to the distribution of receptors in the postsynaptic density (PSD). Such 

subsynaptic organization of vesicle fusion sites may strongly influence the efficacy of 

synaptic transmission. At excitatory glutamatergic synapses, when glutamate is released 

into the synaptic cleft from presynaptic vesicles, its concentration rises into the 

millimolar range within the ~0.001µm3 volume of the cleft, but diffusion and buffering 

cause it to dissipate within ~100µs and limit its effect to <200nm115. This profile dictates 

which receptors get activated, depending on receptor glutamate affinity and the kinetics 

of opening and desensitization states116. Accordingly, fusion of a glutamatergic vesicle 

can fail to activate receptors laterally displaced from the site of release117,118. This may 

provide a greater dynamic range of synaptic strength when different numbers of receptors 

are activated following release from different positions within the AZ.  

Determining the subsynaptic organization is made harder by the fact that the size of these 

synapses, at an average diameter of 200-300nm119, is at the diffraction limit of light and 

thus the resolution limit of traditional light microscopy. One approach to study synaptic 

morphology and structure beyond this limit is EM. On a whole synaptic level, EM 

showed that the AZ and the PSD are directly apposed to each other and robustly correlate 

in their sizes119. AZ size has also been found to correlate with the number of docked 
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vesicles119, and more recently, with immunogold labeling of P/Q-type Ca2+ channel and 

RIM1/2 as well as peak amplitude of [Ca2+] in single boutons120. EM has also been a 

useful tool to quantify vesicle distributions relative to the presynaptic membrane, and has 

been used to characterize changes with AZ protein knockouts as described above. 

Additionally, some ultrastructural analyses of vesicle distributions suggest that docked 

vesicles may be clustered by filaments within presynaptic terminals composed of 

cytomatrix proteins121,122. Overall, these studies have indicated an important relationship 

between morphological parameters/structural compositions of synapses and their 

functional properties.  

However, EM has several limitations. Most obviously, the necessary fixation process 

limits the ability to support live-cell imaging. Furthermore, preparation artifacts can 

result in very different representations of the same structures and influence 

immunolabeling efficiency and specificity123,124. Also, EM preparation can be a lengthy, 

labor-intensive process, which tends to reduce sample sizes125. Finally, EM often 

precludes visualization within a cellular context.  

Seeing really small things by super-resolution microscopy 

Recently, developments in super-resolution light microscopy have allowed the diffraction 

limit to be overcome, resolving structures at tens of nanometers to visualize dynamic 

protein architecture. This is accomplished by one of two methods. In stimulated emission 

depletion microscopy (STED), the point-spread function (PSF) of the microscope is 

reduced using a doughnut-shaped beam to deplete the periphery of the diffraction-limited 

fluorescence emission spot. On the other hand, in photo-activated localization 
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microscopy (PALM) and stochastic optical reconstruction microscopy (STORM), a 

resolvable subset of fluorescent molecules is stochastically switched on and off allowing 

each fluorophore molecule to be localized via mathematical fitting of the peak126-128. 

Superposition of multiple localizations across imaging frames then provides a complete 

image (Fig. 4a). To obtain photo-switching molecules, PALM makes use of photo-

activatable proteins such as mEos, which upon UV excitation, converts from green 

fluorescence to red fluorescence. STORM uses either photo-switching of pairs of dyes or 

blinking dyes (directSTORM or dSTORM). A related method, called generalized single 

molecule high-resolution imaging with photobleaching (gSHRImP), is performed by 

subtracting sequential images to find fluorophore photobleaching or photoactivating 

events that are then localized via Gaussian fitting129.  
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Figure 4. Schematic of 3D-dSTORM. a. Process of localization microscopy. Adapted from Van de 
Linde et al. (2011)130. b. Cylindrical lens in imaging pathway used to provide z-axis information for 
3D superresolution imaging. Adapted from Huang et al. (2008)131. c. Calibration curve obtained with 
the cylindrical lens generated by varying z-position and measuring stretch of PSF in x- and y-axes to 
obtain z-position information, courtesy of Dr. Ai-hui Tang. 

The addition of a cylindrical lens in the light path can impose ellipticity on the PSFs 

based on z-positions (Fig. 4b). Thus, calibration curves can be constructed through 

measuring x- and y-ellipticities as a function of systematically varied z-position (Fig. 4c). 

These calibration curves can then be used to extend STORM imaging of a given sample 

into three dimensions. However, this approach has been mainly used with STORM rather 

than PALM due to the much higher quantum yield offered by organic dyes compared to 

fluorescent proteins. 
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Postsynaptic receptors are organized into nanoclusters by PSD scaffolds 

While receptor distributions within the PSD have been studied intensively132,133, 

supperresolution techniques have allowed for the elucidation of sub-synaptic, nanometer-

scaled organizational principles within synapses. Recent findings from our lab and others 

revealed that receptors, both AMPA and NMDA types (AMPARs and NMDARs), are 

subsynaptically clustered by PSD scaffolds1-3 forming what we call nanoclusters (NCs). 

This network of scaffold proteins retain receptors at synapses through a combination of 

binding and steric crowding134, and additionally link receptors beyond the PSD to the 

actin cytoskeleton and various mediators of intracellular signaling135.  

The best characterized of these scaffold proteins are the membrane-associated guanylate 

kinases (MAGUKs), which includes SAP-97, SAP-103, PSD-93, and importantly PSD-

95136. Indeed, PSD-95 is the most abundant protein in the adult brain. It is directly 

attached to the membrane via palmitoylation and directly binds to the C-tails of 

NMDARs. PSD-95 also indirectly links to AMPARs through binding with the 

transmembrane AMPAR regulatory protein (TARP) stargazin137. Subsequently, PSD-95 

has been shown to be a critical player in the regulation of AMPARs and synaptic 

strength. For instance, MacGillavry et al.1 showed that AMPARs were significantly 

enriched within PSD-95 NCs. Nair et al.2 also link receptors in NCs to transmission: 

knocking down PSD-95 reduces the number of AMPARs in NCs by ~20% and that 

corresponds to a ~25% decrease in mEPSC amplitude. 
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Where do vesicles fuse? 

These postsynaptic nanostructure findings further accentuates the importance of fusion 

site organization, as numerical simulations show that with clustered receptors, 

postsynaptic response (EPSC amplitude) depends on the alignment of the receptor 

clusters with presynaptic release, such that on-cluster release produce larger amplitudes 

than off-cluster release1 (Fig. 5a). However, it is still quite unclear how vesicle fusion 

sites are distributed within the AZ, specifically whether they are homogenously 

distributed across the AZ or are nanoclustered like receptors (Fig. 5b). 
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Figure 5. Different models of on- versus off-nanocluster release. a. Simulated EPSC amplitude at 
synapses with clustered receptor distributions is greater when vesicle fusion is aligned with 
postsynaptic clusters. Adapted from MacGillavry et al. (2013)1. b. Unclustered versus clustered 
nanoscale organization of presynaptic fusion sites. 

Understanding where fusion occurs in presynaptic terminals has been a challenging task 

given the small size of the AZ and lack of clear markers for fusion sites. A recent EM 

study used channelrhodopsin-2 (ChR2) stimulation followed by rapid high-pressure 

freezing to capture vesicle fusion events. Pooling events from hundreds of synapses 

showed that vesicles fixed in mid-fusion were more often found towards the center of the 

AZ138 (Fig. 6). However, axonal ChR2 broadens action potential duration in terminals, 
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likely distorting the number and distribution of release events139. In contrast, another 

approach tracking single vesicles carrying quantum dots revealed that putative kiss-and-

run fusion events occurred towards the center of the synapse, whereas classic full-fusion 

events occurred on average ~300nm from the center, putting them at the extreme edge of 

typical synapse sizes76 (Fig. 6). The difficulty of reconciling these two inconsistent 

results highlights the need for alternative approaches, particularly for measuring multiple 

release events per synapse.  

AZ 

PSD 

AZ 

PSD 

 

Figure 6. Controversy over locations of vesicle release. (Left) A recent EM study used rapid high-
pressure freezing following stimulation to capture vesicle fusion events. Pooling events from 
hundreds of synapses showed that vesicles fixed in mid-fusion were more often found towards the 
center of the AZ. Adapted from Watanabe et al. (2014)85. (Right) In contrast, another approach 
tracking single vesicles carrying quantum dots revealed that these same classic full-fusion events 
occurred on average ~300nm from the center, putting them at the extreme edge of typical synapse 
sizes.  Adapted from Park et al. (2012)76. 

An indirect assessment of fusion sites can be attempted through studying the location of 

voltage-gated Ca2+ channels (VGCCs), since the overwhelming majority of vesicle 

release is Ca2+ dependent and tightly associated with VGCCs140. Both Scimeni and 

Diamond (2012)141 and Ermolyuk et al.(2013)142 utilized modeling to predict the 

distribution within AZs of the VGCCs linked to vesicle exocytosis with conflicting 

results. While Scimeni and Diamond (2012) concluded that VGCCs are randomly 
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distributed, Ermolyuk et al. (2013) concluded that they are clustered. EM analysis of P/Q-

type VGCCs shows that they are loosely clustered, with more clustering in larger AZs120. 

However, P/Q channels are only one of three types of VGCCs that support vesicle 

release, so a complete picture of the AZ organization is still lacking.  

Further controversy exists in how VGCCs would couple to vesicle release sites. This has 

been best explored in the Calyx of Held, the largest synapse in the mammalian CNS 

located in the auditory brainstem, due to two particular intrinsic properties of these 

synapses. First, the size of Calyx synapses allows for patch electrophysiological 

recording of both pre and postsynaptic sides of the synapse simultaneously. Second, after 

developmental onset of hearing, transmission at the Calyx becomes entirely dependent on 

P/Q-type VGCCs. Again, using different parameters to construct models of VGCC-

vesicle coupling, Nakamura et al.143 favored a perimeter coupling model where vesicle 

release occurs around central clusters of VGCC while Keller et al.144 favored an 

exclusion model where vesicle release occurs within clusters surrounded by VGCCs.  

Meanwhile, Schneider et al.145 recently used single particle tracking PALM to 

demonstrate evidence for significant VGCC mobility in the AZ membrane. Through 

modeling they additionally proposed that this mobility acts as an equalizer of release 

probability for vesicles independent of their positioning. This, in fact, suggests that the 

precise distribution of VGCCs may not even be critical for synaptic release. 

Mapping the distributions of vesicle docking and priming proteins in the active zone 

Another approach to studying fusion sites is to measure the distribution of key proteins 

mediating vesicle priming and fusion, including RIM1/2, Munc13, and 
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Bassoon57,65,66,121,146 (Fig. 7a). As discussed above, RIM is a key AZ protein that interacts 

extensively with other AZ proteins to recruit VGCCs to the AZ, dock and prime vesicles, 

and mediate plasticity of neurotransmitter release57. Critical to its role in vesicle docking 

and priming is its interaction with Munc13, another vital AZ protein that renders SNARE 

proteins fusion-competent147. Bassoon is a large cytomatrix scaffolding protein also 

implicated in recruitment of VGCCs, vesicle priming, and regulation of activity-

dependent communication between the AZ and the cell nucleus148.  
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Figure 7. Nanocluster organization of vesicle release machinery proteins. a, Color-coded schematic of 
studied synaptic proteins. b, Synapses labeled with RIM1/2 and PSD-95 imaged using 3D-dSTORM 
(10 nm pixels) compared to wide-field composite (bottom corner, 100 nm pixels), scale 2 µm. Boxed 
synapse shown enlarged in different angles on right, scale 200 nm. c, En-face (top row) and side 
(bottom row) views of a RIM1/2 cluster showing all localizations and local density maps for a 
measured cluster compared to a simulated randomized cluster, scale 200 nm. d, Auto-correlation 
functions of RIM1/2 measured (n = 115), artificial cluster (n = 42) and simulated randomized (n = 
115) distributions. e, RIM1/2 NCs (red) within a cluster. Adapted from Tang*, Chen* et al (in press).  

Dr. Ai-hui Tang in the lab mapped the distribution of RIM1/2, Munc13, and Bassoon 

(Fig. 7a) with 3D-dSTORM following immunolabeling using primary antibodies against 

the proteins of interest and Alexa647- or Cy3-tagged secondary antibodies. First, paired 
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synaptic clusters of each AZ protein and PSD-95 with clear borders were selected (Fig. 

7b). From these experiments, the distribution of RIM1/2 within the AZ, measured as 3D 

local density, was observed to be distinctively nonuniform with notable high-density 

peaks, which were characterized as nanoclusters (Fig. 7c, e). An adapted auto-correlation 

function (ACF) was used to test whether this distribution occurs more frequently than 

expected by chance. The measured ACF showed significant nonuniformity compared to 

random ensembles (Fig. 7d). Simulations showed that the distance for which the ACF 

was significantly elevated provided a means to estimate the NC diameter. Remarkably, 

the average estimated diameter of ~80 nm for RIM1/2 NCs was very close to the reported 

size of PSD-95 and AMPAR NCs1-3.  

To compare the nanoscale organization of key AZ proteins, Dr. Tang developed an 

algorithm that identified NCs based on local densities. Notably, NCs of each protein were 

more likely to be located near the center of synapses than near the edge (Fig. 8a). Next, in 

a collaborative effort between Dr. Tang and myself, we compared RIM1/2, Munc13, and 

Bassoon across synapses co-immunostained with PSD-95 and within synapses using 

every permutation in pairwise two-color experiments. We found that there were similar 

numbers of RIM1/2, more Munc13, and fewer Bassoon NCs per synapse compared to 

PSD-95 (Fig. 8d). The ~20% greater number of Munc13 NCs was similar to a ~20% 

greater synaptic cluster volume (entire synaptic distribution volume) for Munc13 relative 

to RIM1/2 (Fig. 8c, f), suggesting that Munc13 had a wider distribution than RIM1/2 

across the AZ. This was further confirmed in a pairwise comparison between RIM1/2 and 

Munc13 each co-immunostained with Bassoon (Fig. 8g). On the other hand, the 

distribution of Bassoon was closer to uniform throughout the synapse and its staining 
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showed fewer NCs that tended to be more diffuse as they were larger with a lower 

molecule density (Fig. 8b-e, g). Together, these observations revealed a complex and 

heterogeneous molecular architecture within single synapses, typified by dense 

assemblies of fusion-associated proteins nearer the center. 
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Figure 8. Comparison of AZ protein nanoscale distributions. a. Distribution of NC distances from the 
center of synapses normalized to the randomized distribution. b, Molecule density inside NCs 
normalized to synaptic average densities. c. Pooled cluster volumes, normalized to PSD-95 volumes 
within each synapse. Each bar pair represents data from a set of RIM1/2-PSD-95, Munc13-PSD-95 
or Bassoon-PSD-95 staining. The numbers in bars denote the group sizes. d, Average number of 
protein NCs per synapse.  e, Cumulative distributions of NC volumes. f. An example synapse with 
RIM1/2 and Munc13 staining of the same synapse, shown in two different angles. The translucent 
surfaces represent the alpha shapes that define the synaptic cluster borders. Bar graph shows pooled 
RIM1/2 and Munc13 cluster volumes, normalized to RIM1/2 within each synapse. g, Pooled RIM1/2, 
Munc13 and Bassoon cluster volumes from staining of RIM1/2-Bassoon and Munc13-Bassoon, 
normalized to Bassoon within each synapse. *p < 0.05, **p < 0.01, ***p < 0.001, One-way ANOVA on 
ranks with pairwise comparison procedures (Dunn's method) for g-h and K-S test for e. Adapted 
from Tang*, Chen* et al. (in press). 

Plasticity modulates synaptic structure and function 

Throughout development and adult life, activity-dependent plasticity processes 

continually refine synapses and the circuits they compose. Plasticity can generally be 

divided into Hebbian and homeostatic mechanisms149. Hebbian mechanisms, including 
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long-term potentiation (LTP) and long-term depression (LTD), work at the level of 

individual synapses to strength or weaken, respectively, synaptic signaling in an activity 

dependent manner. LTP and LTD have been functionally linked to learning and memory 

through studies demonstrating that in vivo learning and memory experiences produce 

synaptic modifications similar to LTP and LTD and that these modifications are 

necessary for the behavioral or cognitive changes following the experiences150.  

The canonical form of LTP extensively studied in the hippocampus involves activation of 

postsynaptic NMDARs, triggering influx of Ca2+ that binds calmodulin. Calmodulin then 

direct activates calcium/calmodulin-dependent kinase II (CAMKII) and indirectly 

activates protein kinase A (PKA) through adenylyl cyclase production of cyclic AMP. 

Activation of these kinases subsequently leads to downstream signaling resulting in an 

increase in the number of AMPARs in the plasma membrane. In particular, CaMKII-

mediated phosphorylation of GluA1 S831 has been linked to increased channel 

conductance and regulation of LTP151,152. Likewise, PKA-mediated phosphorylation of 

GluA1 S845 has been suggested to facilitate GluA1 insertion into the plasma membrane 

and synaptic retention, channel open probability, and LTP induction151,153. Morphological 

changes, including the appearance of new spines or enlargement of existing spines and 

PSDs have been observed with LTP154, likely mediated by actin cytoskeletal 

reorganization155.  

Maintenance of LTP, shown to last up to a month, requires gene transcription and protein 

synthesis. Controversy exists as to the mechanism by which this maintenance of synaptic 

strength is achieved. Ling et al. (2002)156 proposed that the constitutively active form of 

an atypical protein kinase c isozyme, known as protein kinase M zeta (PKMζ), was 
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necessary and sufficient for LTP maintenance. In support of this, zeta inhibitory peptide 

(ZIP), which inhibits the action of PKMζ, or a dominant negative PKMζ in rats prevented 

formation of long-term memories157,158. Meanwhile, overexpression of PKMζ in rat 

neocortex enhanced long-term memory158. However, two independent groups reported 

that PKMζ-KO mice were still able to form long-term memories and that while ZIP was 

able to abolish memory in wild-type mice, it also abolished memory in PKMζ-KO 

mice159,160. Most recently, Tsokas et al. (2016)161 proposed that in the absence of PKMζ, 

there may be up-regulation of a different enzyme PKCι/λ that could take over some of its 

functions. 

NMDAR activation and smaller Ca2+ influx, electrophysiologically induced by low-

frequency stimulation or chemically induced by NMDA application, have been tied to 

LTD162,163. Converse to LTP activation of kinases, LTD is thought to rely on activation of 

phosphatases, including the calcium/calmodulin-dependent phosphatase calcineurin and 

protein phosphatase 1 (PP1). These may result in both a loss of AMPARs at the synapse 

and selective dephosphorylation of GluA1 Ser-845 that decreases AMPAR channel open 

probability163,164. PKC-mediated phosphorylation of GluA2 S880 may also disrupt the 

interaction between GluA2 and GRIP to allow for AMPAR endocytosis in LTD165. 

Morphologically, LTD is associated with shrinkage and even disappearance of dendritic 

spines166. Notably, LTD induction may additionally lead to increased remodeling of 

presynaptic boutons and reduced number of boutons associated with spines167. 

These forms of Hebbian plasticity are further subject to homeostatic regulation at the 

level of neural circuits to maintain total synaptic excitability and provide stability. This 

can be seen as a rebound of network excitability following removal of blockade of action 
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potential induced activity with tetrodotoxin (TTX) for two days168. Accordingly, 

increasing activity levels for two days with bicuculline, a competitive GABAAR 

antagonist, has the opposite effects. The mechanism behind these changes in synaptic 

strength in part, like LTP and LTD, seem to lie in regulation of the number of synaptic 

AMPARs169. Similarly, decreased phosphorylation levels of GluA1 S845 resulting from 

loss of PKA are seen during scaling down as well as the reverse during scaling up170. 

Interestingly, one idea for how synaptic transmission is maintained with receptor turnover 

is the existence of “slot proteins” that effectively hold places for AMPARs at the 

synapse, and a favored protein for this role is PSD-95171.  

Presynaptic plasticity 

While postsynaptic alterations are more prominently described in plasticity, presynaptic 

changes are also observed in a variety of paradigms, either occurring entirely in 

presynaptic terminals or requiring retrograde signaling from postsynaptic to presynaptic. 

Presynaptic neurotransmitter release can generally be regulated by altering the peak 

[Ca2+] produced by an action potential and/or changing the release probability for a given 

[Ca2+]172. More specifically, peak [Ca2+] can be modified by changing the shape or 

duration of the action potential, the open probability of Ca2+ channels, and the [Ca2+] at 

the time the Ca2+ channels open. Release probability, a highly variable characteristic 

across synapse types and even within the same types of certain synapses, can be modified 

by the size of the RRP and the Ca2+ responsiveness of these vesicles.  

Exclusively presynaptic mechanisms of LTP and LTD have been observed in particular 

synapses. Mossy fiber LTP, seen in hippocampal mossy fiber to CA3 synapses, cerebellar 
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parallel fiber synapses, and corticothalamic synapses, operates presynaptically through 

activation of protein kinase A and cyclic AMP173,174. There have also been observations 

of presynaptic plasticity that occurs in conjunction with postsynaptic plasticity. At 

hippocampal Schaffer collaterals, LTD induction using low frequency stimulation has 

been suggested to increase the turnover of presynaptic boutons167. Moreover, mGluR1/5 

mediated LTD may increase presynaptic release as part of a homeostatic process 

following reduced AMPAR numbers175. Also, homeostatic plasticity paradigms in 

network activity may induce an increase in the amount of action potential-triggered Ca2+ 

entry within boutons, presynaptic release probability, and size of the recycling vesicle 

pool176-178. Interestingly, the involvement of presynaptic changes in homeostatic plasticity 

may be developmentally regulated, shifting from primarily postsynaptic changes before 

14DIV to coordinated pre- and postsynaptic changes after 18DIV176.  

While precise mechanisms that underlie changes in presynaptic function associated with 

synaptic plasticity have yet to be elucidated, molecular remodeling of the AZ to alter 

vesicle release has been proposed as a possible contender. Specifically, RIM1α is 

proposed to be necessary for changes seen in short-term plasticity and mossy fiber 

LTP97,179. Accordingly, synaptic silencing that increases presynaptic activity increases 

expression of RIM but not of other AZ proteins180. Thus, further exploration of 

presynaptic changes tied to synaptic plasticity, particularly with respect to postsynaptic 

changes, will be important for improving understanding of these critical processes.   
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Hypothesis and predictions 

I hypothesize that presynaptic vesicle release is aligned with receptors in the PSD to 

optimize the potency of neurotransmission. 

Aim 1: Develop an assay to assess the distribution of vesicle fusion sites within single 

presynaptic boutons. 

Aim 2: Assess the relationship of fusion site distributions relative to molecular markers 

of the AZ. 

• Prediction 2.1: pHuse event localizations predict higher RIM1 local density 

localizations 

• Prediction 2.2: High local density of RIM1 localizations predicts pHuse event 

localizations 

Aim 3: Determine the relationship between AZ and PSD proteins. 

Prediction: Presynaptic AZ nanoclusters are transsynaptically aligned with PSD 

nanoclusters such that nanoclusters on one side of the synapse predict a higher density of 

the other protein across the synapse. 

Aim 4: Test whether transsynaptic protein alignment is modulated by synaptic plasticity.  

Prediction: Transsynaptic alignment of AZ and PSD nanoclusters are altered with 
synaptic plasticity in accordance with changes in synaptic strength. 
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Chapter 2: Methods 
 

Dissociated hippocampal neurons from E18 rats were prepared as previously 

described181. Experiments were performed on neurons 14-21DIV from 3 or more separate 

cultures for each experiment unless otherwise specified. 

Imaging vesicle exocytosis 

For imaging vesicle fusion, vGluT-pHluorin-mCherry (vGpH, a gift from Timothy 

Ryan)178, was cotransfected with Synapsin1a-CFP (Syn1a-CFP) a gift from George 

Augustine) using Lipofectamine 2000 (Invitrogen) for 4-6 days before imaging cells at 

14-20DIV. Optical measurements were performed using a laminar-flow perfusion and 

stimulation chamber. Images were acquired at 10 Hz with an Andor iXon 887 EM-CCD 

camera on an Olympus IX81 ZDC2 inverted microscope with a 100X/1.49 TIRF oil 

immersion objective. Temperature was controlled using an objective heater set at either 

room temperature (~25°C) or 32°C. Action potentials were evoked by passing 1 ms 

current pulses yielding fields of ≈10-V/cm via platinum-iridium electrodes. Terminals 

were selected for imaging by assessing their responsiveness, as indicated by a 

fluorescence increase, to a 10 AP train at 20 Hz. A widefield Syn1a image was then taken 

at the imaging plane. Single AP-evoked release was measured over 60 trials of (1) 1 s 

acquisition of baseline fluorescence, (2) stimulus, (3) 2.5 s acquisition of post-stimulus 

fluorescence, (4) 7 s recovery during which the laser is off. Spontaneous release was 

measured over 5 min of continuous acquisition.  Cells were imaged in a saline solution 

containing 120 mM NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, and 
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10 mM HEPES, pH adjusted to 7.4 with NaOH, 10 µM 6,7-dinitroquinoxaline-2,3-dione 

(DNQX; Sigma), 50 µM D,L-2-amino-5-phosphonovaleric acid (AP5; Sigma), and 500 

nM Jasplikinolide (Jasp; Millipore) at room temperature (~25C). When higher [CaCl2] 

was used, [MgCl2] was reduced to keep the divalent ion concentration constant. For 

measurements of spontaneous events, 500 nM tetrodotoxin (TTX; Enzo) was added after 

identifying terminals using AP-evoked fluorescence increase.  

For calculating normalized changes in fluorescence (dF/F), images were analyzed in 

ImageJ by custom-written plugins90. Average fluorescence intensities were measured 

over a circular region of interest (ROI) of radius 800 nm for each bouton. Change in 

fluorescence (dF) was calculated as the difference in intensity of the frame after the 

stimulus was delivered and the average ROI intensity of 5 baseline frames not including 

the first frame or the frame immediately before the stimulus (Fbaseline). dF/F was 

calculated by normalizing each dF to Fbaseline.  

pHuse localization and analysis 

Data analysis was performed offline using custom routines in MATLAB (Mathworks). 

Boundaries for individual boutons were determined using widefield images of Syn1a-

CFP centered at the focal plane of the pHuse experiments thresholded at 50% of the peak 

intensity. Binary images were created from the thresholded image, and Syn1a-CFP 

puncta area calculated as a measure of bouton area. Images for each fusion event were 

processed using frame-by-frame subtraction followed by background subtraction to 

isolate fluorescence increases129. Similar detection thresholds were set for spontaneous 

(75 ± 15) and evoked (78 ± 14, t = 0.88, p = 0.40) release, at ~3-4 times above 
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background noise, on an individual imaging field basis. Spatial localization of the fusion 

events were determined by fitting an elliptical 2-dimensional Gaussian function to a 9x9 

pixel array surrounding the peak. Only molecules localized with a precision <25 

nm182,183, elliptical form <1.3, and comprising >100 photons were used for further 

analysis. Localizations from multiple fusion events over time at individual boutons were 

mapped. A 2D convex hull algorithm was used to calculate the minimal convex polygon 

that incorporated all fusion site localization points. The area of the resulting polygon was 

used as the fusion site (pHuse) area. 

Photon count distributions analysis 

Data analysis was performed offline using custom routines in MATLAB (Mathworks). 

The distribution for spontaneous fusion events was fit with a normal distribution using 

normfit(), which uses maximal likelihood estimation for optimization. The distribution of 

evoked fusion events was fit with a custom univariate distribution for a mixture of two 

normal distributions with a probability density function (pdf) defined in Eq. 1. This 

fitting also used maximal likelihood estimation for optimization of five parameters, 

including the mixture probability (p), and the population means ( ) and variance 

( ) for each component, over 300 iterations using normpdf() to compute the pdf for 

each of the two component normal distributions. 

   (1) 

Here p was constrained between 0 and 1, and σ had a lower bound of 0. This mixture 

probability defined the lower estimate (72%) for the percentage of single stimulus evoked 

fusion arising from single vesicles. I calculated the higher estimate (82%) by calculating 
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the percent of evoked fusion events with photon counts within two standard deviations of 

the mean spontaneous fusion event photon count. To assess the influence of 

multivesicular events on evoked pHuse area, I used this as a cutoff to exclude 

localizations above this photon count. I found no significant difference between evoked 

area with and without excluding these events (Fig. 11h). 

Calcium imaging and analysis 

For Ca2+ imaging, the genetically encoded indicator GCaMP6f184 was transfected at 14 

DIV and imaged 3 days after transfection. GCaMP6f was used to detect postsynaptic 

miniature spontaneous Ca2+ transients (mSCaTs) that arose in dendritic spines following 

NMDA receptor activation by spontaneous release185. Coverslips were placed in custom-

made chambers in 0Mg2+ saline solution containing 1 µM TTX, 10 µM DNQX, 25 µM 

picrotoxin (Sigma), and 5 µM nifedipine (Sigma). Imaging was performed on a spinning 

disk confocal system (Andor Technology), consisting of a CSU-22 confocal (Yokagawa) 

with a Zyla 4.2 CCD camera detector (Andor) mounted on the side port of an Olympus 

IX-81 inverted microscope, using a 60X/1.42 oil-immersion objective, yielding a final 

effective pixel size of 108 nm. Continuous acquisition at 20 Hz was collected for 3 

minutes, controlled by iQ software (Andor).  

Data analysis was performed offline using custom routines in Metamorph (Molecular 

Devices), Clampex (Molecular Devices), and Matlab (Mathworks). First, using 

Metamorph, a baseline image was created by averaging the first three and last three 

image frames and a maximum intensity projection was made by averaging all image 

frames. Image subtraction of the baseline from the maximum intensity projection 
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revealed spines that showed an increase in GCaMP intensity. Regions of interest (ROIs) 

were drawn around these “active” spines as well as a background region and then 

transferred to the original timelapse. For each ROI the averaged intensity was measured 

per frame. The average intensity of the background ROI was subtracted from the average 

intensity of “active” spine ROIs. From this, an average fluorescence intensity was 

calculated for every 10 frames, and within every minute interval of imaging the lowest 

positive value was used as the baseline fluorescence intensity for that minute 

(Fbaseline,1min). A normalized change in fluorescence (dF/F) was calculated for each frame 

as (Fframe - Fbaseline,1min) / Fbaseline,1min. The dF/F values were then fed into Clampex, and 

mSCaTs were detected using a template search that identified peaks based on a shape 

profile determined from mSCaT examples with near-average rise and decay time courses. 

Confocal imaging of presynaptic proteins 

Neurons 14-20DIV were cotransfected for 3 days with RIM1-mVenus (a gift from P. 

Kaeser) and Synapsin1a-CFP to assess colocalization. Neurons transfected with only 

RIM1-mVenus were immunostained with chicken anti-GFP (1:200, Chemicon) labeled 

with secondary anti-chicken-Alexa-488, rabbit anti-RIM1/2 labeled with secondary anti-

rabbit-Cy-3, and mouse anti-Bassoon labeled with secondary anti-mouse-Alexa-647 to 

assess expression levels. Imaging was performed on a spinning disk confocal system as 

described above. ImageJ was used to analyze fluorescence intensity of RIM1/2 and 

Bassoon at transfected mormalized to neighboring untransfected boutons.   
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PALM-pHuse 

RIM1-mEos3.1 was constructed by subcloning mEos3.1 from mEos3.1-N1 (a gift from 

S. McKinney) into pCMV5-RIM1-mVenus (P. Kaeser) in place of mVenus at NotI-AscI. 

PALM was performed on RIM1-mEos3.1, and nanoclusters identified using local density 

measured by nearest neighbor distance as previously described1, or using an adapted form 

of SR-Tesseler first rank neighbor density (δ1), using 2x mean δ1 of the whole synapse as 

the threshold for identifying nanoclusters, as described in Levet et al. (2015)186. 

Nanoclusters identified by both methods were similar in size (Fig. 12). To map vesicle 

fusion to AZ nanostructure, RIM1-mEos3.1 was cotransfected with vGpH at 10-14DIV 

and imaged at 14-18DIV. RIM1 PALM and pHuse of 1-AP-evoked release was 

performed as described above sequentially on the same boutons. Overlapping RIM1 and 

pHuse localizations were analyzed at boutons containing > 10 RIM1 localizations and > 3 

pHuse localizations offline using custom routines in MATLAB (Mathworks). vGpH 

fluorescence increase following a 10 AP-train stimulus was used to outline the border of 

individual boutons. Randomized distributions of RIM1 were simulated for each synapse 

by randomly placing the same number of RIM1 localizations within the same area of 

RIM1 as calculated by convex hull of the measured RIM1 distribution. RIM1 local 

density within these randomized distributions was similarly calculated. Normalized RIM1 

δ1 was calculated with respect to overall synaptic localization density. 

Immunostaining 

Cells were fixed with 4% paraformaldehyde (PFA) and 4% sucrose in PBS (pH 7.4) for 

10 minutes at room temperature (RT), followed by washing with 50mM Glycine in PBS. 
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Cells were then permeabilized and blocked using 3% BSA or 5-10% donkey or goat 

serum in PBS with 0.1% Triton X-100, followed by incubation with primary antibody (3 

hours RT or 4°C overnight) and secondary antibodies (1 hour RT).  

For comparisons of Munc13 or RIM1/2 with Bassoon made using 3D-dSTORM, mouse 

anti-Bassoon (1:500, Enzo) was used with either rabbit anti-RIM1/2 (1:500; Synaptic 

Systems No. 140203) or rabbit anti-Munc13 (1:500; Synaptic Systems No. 126103). Cy3 

or Alexa-647 conjugated goat or donkey anti-rabbit or anti-mouse secondary antibodies 

(1:200 in PBS; Jackson) were used. For comparisons of Munc13 and RIM1/2, staining 

was performed sequentially separated by additional blocking steps of incubation with 

rabbit serum at RT for 30 minutes followed by incubation with excess unconjugated anti-

rabbit Fab antibody for 1 hour at RT. For this set of experiments, all permutations of the 

order in which the primary antibodies were applied and the fluorophore used to label each 

protein were included. For transsynaptic measurements, rabbit anti-Munc13, anti-

RIM1/2, anti-RIM1 (1:500; Synaptic Systems No.140003) or anti-Bassoon (1:500, Cell 

Signaling), were used with mouse anti-PSD-95 (1:200; Neuromab), mouse anti-GluA2 

(1:100, Millipore), or rabbit anti-GluR2/3 (1:100, Millipore). Unless specified otherwise, 

presynaptic proteins were labeled with donkey anti-rabbit IgG conjugated with Alexa-647 

and postsynaptic PSD-95 were labeled with donkey anti-mouse IgG conjugated with Cy3. 

For comparison of directly labeled primary antibody with primary-secondary antibody 

labeling, we directly conjugated Alexa-647 dye to anti-PSD-95 antibody and purified this 

conjugated antibody using illustra NAP Columns (GE Healthcare). For comparison of 

nanobody labeling of expressed GFP-tagged knockdown-rescue PSD-95 with primary-
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secondary antibody labeling, we used GFP-booster to label PSD-95 at a 1:1:1 ratio of 

GFP:nanobody:dye (1:200, Chromotek).  

3D-dSTORM Imaging 

Imaging was performed on an Olympus IX81 ZDC2 inverted microscope with a 

100X/1.49 TIRF oil immersion objective. Excitation light was reflected to the sample via 

a 405/488/561/638 quad-band polychroic (Chroma). The typical incident power was ~30 

mW for 647 nm and ~60 mW for 561 nm (measured through the objective). To reduce 

background fluorescence while maximizing the depth of view, we adjusted the incident 

angle of the excitation beam to near but less than the critical angle, to achieve oblique 

illumination of the sample. Emission was passed through a Photometrics DV2 which split 

the emission at 565 nm and directed the red and far-red bands through matched filters 

(595/50 and 655 long-pass) onto an iXon+ 897 EM-CCD camera (Andor). A cylindrical 

lens (focal length = 30 cm) was inserted in each path of the splitting cassette of the DV2 

to create the astigmatism for 3D imaging. All hardware was controlled via iQ software 

(Andor). Z stability was maintained by the Olympus ZDC2 feedback positioning system. 

Lateral drift was corrected with a cross-correlation drift-correction approach187,188.  

Labeled cells and tissue slices were imaged in a STORM imaging buffer freshly made 

before experiments containing 50 mM Tris, 10 mM NaCl, 10% glucose, 0.5 mg/ml 

glucose oxidase (Sigma), 40 µg/ml catalase (Sigma), and 0.1 M cysteamine (Sigma). 

Imaging was performed as previously described1,130. TetraSpeck beads (100 nm; 

Invitrogen) deposited on a coverslip were localized to correct alignment between the two 

channels as described1. The average deviation of the bead localizations after correction 
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was between 10 and 15 nm. To calibrate the 3D positions of localizations, a z-stack with 

30 nm steps was collected on the same coverslip with beads. The average deviation of 

localized z-positions of immobilized fluorophores was 40-50 nm.  

PALM-dSTORM Imaging 

PALM imaging of PSD-95 concurrent with dSTORM imaging of GKAP or Shank 

(1:200, Neuromab) was performed as previously described1. 

Single molecule localization and analysis 

All data analysis was performed offline using custom routines in MATLAB 

(Mathworks). Molecule locations were determined by fitting an elliptical 2D Gaussian 

function to an 11x11 pixel array (pixel size 100 nm) surrounding the peak1. The lateral 

(x, y) and axial (z) coordinates of the fluorophore were determined from the centroid 

position and ellipiticity of the fitted peak, respectively131. Only molecules localized with 

an x-y precision <10 nm183, fitting R2 > 0.6, and comprising >200 photons were used for 

further analysis.  

To remove the localizations from those fittings of multiple overlapping peaks, we 

developed a rejection criteria based on the shape of peaks. For peaks arising from single 

fluorophores, the fitted width in x and y (Wx and Wy, respectively) should correlate in a 

manner mainly determined by the cylindrical lens. All localizations away from this 

correlation would come from multiple overlapping or poorly fitted peaks and therefore 

were rejected. 
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Single molecule tracking was employed to remove the overcounted localizations from 

peaks lasting for more than one frame. Tracking was accomplished with available 

algorithms (http://physics.georgetown.edu/matlab/). Particles appearing in consecutive 

frames separated by no more than 200 nm were collapsed into one track and considered 

one molecule by taking only the location in the first frame for further analysis. 

Analysis of synaptic clusters (developed by Dr. Aihui Tang) 

A potential synapse could be identified by a juxtaposed pair of synaptic proteins in a 2D 

scatter plot of all accepted localizations from both channels. By rotating a 3D scatterplot 

of localizations of a selected potential synapse, we evaluated the data quality and selected 

only those with clear pre- and postsynaptic components (e.g. no nearby third cluster 

which may indicate two synapses in close proximity) for further analysis. To define the 

border of a synaptic cluster, the nearest neighbor distances (NND) between localizations 

were calculated and the mean + 2 × standard deviation of NND was used as a cutoff to 

divide the localizations into sub-clusters. All localizations outside of the primary sub-

clusters were considered to be background and discarded.   

Due to the irregularly curved shapes of some synapses, using the convex hull to define 

synaptic cluster shape would overestimate the synaptic cluster volume. We thus defined 

the synaptic cluster using the alpha shape of the set of 3D localizations with α = 150 nm. 

This value was determined based on series of tests on >100 synapses to obtain the best 

synaptic cluster shape while avoiding dramatic changes in volume when individual 

localizations near the border were added or removed. This alpha shape algorithm gave a 

synaptic cluster volume of 81 ± 3 % of the convex hull volume (n = 156 synapses). 
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Subsequently, this alpha shape was used as the cluster border when localizations were 

randomized. 

A synaptic cluster was only considered for analysis if the volume was between 2 × 10-3 

µm3 and 30 × 10-3 µm3 (Ref.119), and contained an average density of > 8 × 103 

localizations/µm3. Local density was defined as the number of molecules within a radius 

of 2.5 times the standard median nearest neighbor distance (MdNND) for the synaptic 

cluster density. The standard MdNND was calculated from a standard correlation curve 

 (unit per 100 nm voxel for d) where d is the averaged localization 

density. This equation is derived from fitting MdNND with d in a series of simulations of 

uniformly distributed synaptic clusters with different densities. The reason we used this 

standard MdNND instead of the median NND from the original synaptic cluster was to 

reduce the deviation caused by local assembles.   

Nanocluster analysis (developed by Dr. Aihui Tang) 

Localizations with local densities ≥ 14 were selected and divided into agglomerative sub-

clusters with a node height cutoff of 40 nm using Matlab functions linkage() and 

cluster(). For each sub-cluster, we then calculated the NND and discarded those 

localizations with NND > MdMND if any. Only those sub-clusters containing ≥ 4 

localizations were counted as nanoclusters (NCs).   

These criteria were chosen based on a conservative strategy such that no NCs were 

identified in simulations of randomly distributed synaptic clusters with different 

densities. Consequently, they may have prevented detection of small or weakly enriched 

NCs. In principal, we cannot completely exclude the possibility of overcounting, so a 
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certain fraction of detected NCs are potentially artificial. However, we employed the 

same standard on all datasets. Since all the transsynaptic analyses were well controlled by 

randomizing simulations, this contamination is not likely to produce false positives for 

transsynaptic alignment analyses. On the contrary, it may attenuate the significance of the 

differences in transsynaptic analyses based on NCs, including cross-correlation, protein 

enrichment and the fraction of enriched NCs.  

Since the number of localizations in one NC was typically small, using convex hull or 

alpha shape would greatly under-estimate the NC volume due to the border effect. 

Therefore, we tessellated the synaptic cluster with polyhedrons using the Matlab function 

voronoin(), with each Voroni cell containing one localization. The NC volume was 

calculated as a summation of volumes of all polyhedrons containing the NC localizations. 

To avoid unexpected unbounded voronoin cells and over-estimating the volume of cells 

near the cluster surface, we introduced ~10% background noise by adding randomly 

distributed localizations around the cluster186. Polyhedron volume for each localization 

was averaged across ten independent simulations. 

3D Pair-cross-correlation function (PCF) analysis (developed by Dr. Aihui Tang) 

The 3D PCF was adapted from a similar function previously used to quantify 

colocalization in 2D data189. It was computed using two matrices (I1 and I2) reconstructed 

from two image channels (Eq. 3).   

    (3) 
 



 

 50 
 

Here, conj[] is a complex conjugate, ρ1 and ρ2 are the averaged localization densities in 

the pair of synaptic clusters, W1 and W2 are shape functions of the two synaptic clusters, 

and Re{} indicates the real part. Different from the ACF, the symmetric origin of 

here is no longer the matrix center C(xc, yc, zc), but a different point A(x, y, z), and 

the vector  represents the direction and distance for the translation of PSD-95 synaptic 

clusters (I2) to get the best overlap with presynaptic clusters (I1). We computed the direct 

correlation between I1 and I2 with Eq. 4. 

          (4) 

A is the point with the peak G value. Because the originally constructed matrix I1 and I2 

were not continuous, to reduce the noise of the correlation, we first convoluted the two 

matrixes with an 11x11x11 kernel. To avoid having the correlation be dominated by local 

domains with high localization density, we cut the peaks of the convoluted matrixes to 

1/4 of the mean localization density within synaptic clusters (ρ1/4 and ρ2/4) so that G only 

represented the relationship between the general 3D shapes of the two synaptic clusters 

(I1’, I2’) without internal heterogeneity. Around A,  is symmetric and could be 

angularly averaged to get .  

Since the information of synaptic cluster shape and overall density had been normalized, 

 was fully dependent on the internal organizations of the two synaptic clusters. If 

localization assemblies inside the two synaptic clusters organized in a similar pattern and 

opposed each other,  > 1. If either synaptic cluster had a uniform distribution of 

localizations or the internal assemblies were not aligned,  = 1. Different from the 

ACF, overcounting has no effect on the PCF189. 
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Protein enrichment analysis (developed by Dr. Aihui Tang) 

The protein enrichment profile of protein-A relative to a protein-B NC, , was 

calculated as the angularly averaged localization density of protein-A around the aligned 

center of a protein-B NC normalized to the average localization density in synaptic 

cluster A. The aligned NC center was found as described above. To avoid potential 

problems caused by boundary conditions, we calculated the enrichment profile as Eq. 5.  

       (5) 

 is the binned distribution of protein-A localization number to the aligned 

protein-B NC center,  is the distribution of localization number for a 

uniformly randomized synaptic cluster A with m times of original localization density, 

and m is a factor set to 15 to reduce the effect of fluctuations. A protein-B NC was 

considered to be significantly enriched with protein A if 

, where  

represents the enrichment profile of 10 simulated uniformly randomized A synaptic 

clusters with the original density and the same alignment to the NC center of protein-B.  

 

Synaptic modeling (developed by Tuo P. Li) 

We used an experimentally constrained deterministic approach to study the dependence 

of synaptic strength on the spatial distribution of release sites and AMPARs. Central to 

this approach is the relationship between channel opening probability and its distance 

from a release site, determined previously by stochastic modeling approaches117,190: 
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, (6)  

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, we 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 6117. 

The model synaptic response for a single synapse was computed as the expected fraction 

of receptors that would open given a single 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: 

, 
(7)  
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where  is the lateral distance between the ith pixel in the presynaptic gradient map and 

the jth pixel in the postsynaptic gradient map; the expected fraction of open channels  

from the ith release site is sum of channel opening probabilities at all pixels in the 

postsynaptic gradient map, where each jth pixel is weighted by its normalized local 

density  (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, we utilized the live-

cell pHuse-PALM data, 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 / PALMed RIM area, and evoked 

pHuse area / spontaneous pHuse area). To account for these measured features, we 

modeled the spatial likelihood of release as a piecewise sigmoidal function dependent on 

the normalized local RIM density: 

 

(8)  

 

where  is the steepness of the sigmoid transition,  is the normalized local density of 

RIM at the ith pixel of the presynaptic gradient map,  is the point of inflection in 

the sigmoidal function, and  is the maximum normalized local density of RIM in a 

STORM measured example.  and  were fitted to be 1.5 and 0.959 in order to 
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yield a fractional release area of 40%. To calculate the average peak synaptic response 

per release, we calculated the expected open channel fraction averaged over all possible 

release sites weighted by the spatial probabilities of release: 

 
(9)  

Chemical Long-term Depression (LTD) 

Chemical LTD was performed using application of NMDA as described in Lee et al. 

(1998)163. Control solutions of regular saline solution or coapplication with APV were 

paired with experimental conditions. Cells were fixed either immediately after plasticity 

induction or washed with saline and incubated for 25 min at 37°C to allow recovery prior 

to fixing. Cells were then immunostained and imaged as described above. 

Statistical analysis 

Statistical tests were performed with Sigmastat, Matlab, Graphpad, or R. No statistical 

methods were used to predetermine sample size. The sample sizes were determined based 

on numbers reported in previous studies. For comparison of two or more distributions, all 

samples were assessed for normality using Shapiro-Wilk or Kolmogoro-Smirnov tests. If 

samples met criteria for normality, we used a student’s t-test to compare two groups, a 

paired t-test for comparison of the same group before and after a treatment, or ANOVA 

for more than two groups. If ANOVAs were significant, we used a post-hoc Tukey test to 

compare between groups. For groups with combinations of discrete and continuous 

variables, we used MANCOVAs. We only performed two-tailed tests. Homogeneity of 
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variances was tested using an F-test and found to be similar between compared groups. If 

samples did not meet criteria for parametric tests, we used Kolmogoro-Smirnov or 

Wilcoxon rank-sum tests for comparison of two groups and Kruskal-Wallis or Friedman 

ANOVA for comparison of more than two groups, with post-hoc analysis using Dunn’s 

test.  Data are presented as mean ± s.e.m unless otherwise specified. 
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Chapter 3: Results 

 

A new approach for imaging single-vesicle fusion sites 

Given the need to measure the distribution of fusion sites, I first set out to develop an 

optical approach that would permit localization of single-vesicle fusion events with high 

spatial accuracy within individual, live synapses. As reviewed above, an established 

method for quantifying vesicle release utilizes vGlut1-pHluorin (vGpH), a chimera 

protein of the vesicular glutamate transporter 1 (vGlut1) tagged with the pH-sensitive 

variant of GFP (superecliptic pHluorin) on an intravesicular loop domain89. Upon 

exocytosis, the acidic pH of the vesicle interior is neutralized by exposure to the 

extracellular medium, unquenching vGpH and producing a transient fluorescence 

increase (Fig. 9a). Because of its low level of plasma membrane expression at synapses, 

vGpH possesses the best signal-to-noise (S/N) profile of pHluorin-tagged vesicle 

proteins90 and thus is excellent for detecting small signals. vGpH has previously been 

used for estimating release properties such as the probability of release (Pr) of a single 

vesicle at a single AZ following a single action potential (1AP), as well as vesicle pool 

size and recycling kinetics90,191. I reasoned that I could use this tool not only to detect 

evoked release but also extend its use both to measure spontaneous release and ultimately 

to achieve high accuracy localization of where fusion events occurred.  
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Figure 9. Measuring action potential evoked vesicle release using vGlut-pHluorin. a. Example of 
fluorescence signals at a single bouton over repeated trials of 1 AP stimulation. b. Single event traces 
of vGpH fluorescence increase following 1 AP stimuli in standard (2 mM) or heightened extracellular 
Ca2+ (4mM). c. Comparison of distributions of fluorescence changes in 2 mM and 4 mM extracellular 
Ca2+, relative to noise distributions obtained from the baseline prior to stimulation. d. Comparison of 
noise-subtracted distributions of fluorescence changes in different [Ca2+]. 

To begin, I confirmed that in my hands vGpH reported exocytosis events resulting from 

1AP stimulation (Fig. 9a). In cultured hippocampal neurons transfected with vGpH and 

stimulated via a field electrode, I visualized fluorescence with an EM-CCD sensitive 

enough for single-molecule imaging. Using vGpH, I could consistently discriminate the 

fluorescence increase following 1AP stimulation at individual terminals (Fig. 9a). Single 

APs in higher extracellular Ca2+ should increase release, so I compared responses in 

2mM and 4mM Ca2+ solutions. As expected, the dF/F distribution was strongly right-

shifted in 4mM Ca2+ (Fig. 9b-d), likely reflecting fewer release failures and the presence 

of multivesicular release events90,138,192. Note that although this analysis bears similarity 

to electrophysiological quantal analysis of neurotransmitter release, the intensity 

distribution is subject to additional sources of variance that include differing numbers of 

pHluorin-tagged vGlut molecules per vesicle (total number previously measured by 
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several methods and estimated to be ~10 vGluts/vesicle)146,193 and varying expression 

efficiency of the construct across cells.  

To estimate the proportion of single-vesicle versus multi-vesicular release events, I 

considered that spontaneous transmission arises from fusion of single vesicles194, 

providing a signal with which to calibrate 1AP-evoked responses. I thus compared the 

intensity of 1AP-evoked events to that of spontaneous events observed during continuous 

imaging in tetrodotoxin (TTX) to block APs. Sudden increases in fluorescence 

corresponding to spontaneous fusion were easily detected using similar detection 

thresholds as for evoked responses (Fig. 10a). Notably, single events profiles were very 

similar for evoked and spontaneous fusion (Fig. 10b). On a population level, the 

distribution of 1AP-evoked fusion event intensities in 2mM Ca2+ overlapped extensively 

with that of spontaneous fusion in TTX (Fig. 10c), strongly suggesting that the majority 

of evoked events in 2mM Ca2+ involve single vesicle release.  
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Figure 10. pHuse. a, Neurons co-expressing Syn1a-CFP (top, scale 5 µm), identifying synaptic 
boutons, and vGpH (bottom, scale 500 nm), used to detect vesicle fusion with fluorescence increases. 
b, Traces from evoked and spontaneous events over repeated trials at boxed boutons. c. Photon count 
distributions for detected spontaneous events fit with a normal distribution (µ = 512, σ = 167) and 
evoked events fit with a mixture of 2 normal distributions (µ1 = 542, σ1 = 143, µ2 = 912, σ2 = 319). 
Filled circles with error bars show mean ± SD of normal curves. d. Example of mSCat as measured 
by GCaMP6f and comparison of spontaneous frequency measured presynaptically using vGpH (n = 
73 boutons) and postsynaptically using GCaMP6f (n = 61 spines), mean ± s.e.m., t = 1.02, n.s. e, 
Image processing steps to determine fusion site locations. f, Fusion sites (green) and area of fusion 
(blue) from boutons of different sizes defined with Syn1a (white), scale 500 nm. 

As an independent confirmation that my measures reflected the rate of spontaneous 

release in my cultures, I collaborated with Sarah Metzbower to use the genetically 

encoded Ca2+ indicator GCaMP6f to detect postsynaptic miniature spontaneous Ca2+ 

transients (mSCaTs) that arise in dendritic spines following NMDA receptor activation 
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by spontaneous vesicle fusion195. These postsynaptic mSCaTs showed very similar mean 

and variance of frequency per synapse as the presynaptic events measured with vGpH 

(Fig. 10d), providing additional support for the notion that vGpH can be used to measure 

both spontaneous and evoked single vesicle release. This tool thus permitted me to 

examine whether fusion site locations could be estimated with subsynaptic accuracy. 

To localize the site of fusion, I considered that during exocytosis, the signal from the 

pHluorin in a vesicle is a diffraction-limited blur of fluorescence centered at the site of 

fusion. Thus, by analogy with single-molecule localization techniques such as 

photoactivated localization microscopy (PALM), which localizes single molecules during 

serial sparse photoactivation, the position of fusion events may be determined by 

mathematically fitting the peak of the fluorescence profile183,196. Importantly, pHluorin is 

as bright as other GFP-type molecules routinely used for PALM126,128. Indeed, I have 

been able to localize single fusion sites with high precision. To enable this, I optimized 

exposure time to obtain the best balance of spatial and temporal resolution, capturing 

sufficient signal for superresolution localization while minimizing potential diffusion of 

the protein on the membrane after fusion. I also optimized the image acquisition time of 

each trial to obtain sufficient background and post-stimulus frames while minimizing the 

effect of bleaching. Images for each event were processed using frame-by-frame 

subtraction followed by background subtraction to isolate fluorescence increases (Fig. 

10e). Spatial localization of the peak by fitting with a 2D Gaussian function is then 

performed on the resulting image (Fig. 10e). For our median count of 463 

photons/localization, the error of the estimated position is expected to be <30nm183, 

though the effective resolution is biologically limited by the diameter of a vesicle, 
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~35nm119. Repeated localizations at the same terminal were used to map vesicle fusion 

site distributions for 1AP-evoked and spontaneous fusion (Fig. 10f). I termed this 

technique for localizing vesicle fusion sites “pHluorin uncovering sites of exocytosis” or 

pHuse.  

pHuse reveals evoked fusion occurs across smaller areas than spontaneous fusion 

Given the controversial differences previously reported between spontaneous and evoked 

vesicle fusion mechanisms, I set out to determine if these different modes of fusion 

differed in fusion site organization. To identify and define the boundaries of boutons, I 

used Syn1a-CFP, a vesicle associated protein, cotransfected with vGpH. I compared the 

area over which fusion events occurred, using a convex hull algorithm to define the 

minimal convex polygon that incorporates all of the localized fusion sites. Larger 

terminals should have larger AZs and thus larger areas where vesicle fusion could 

occur119,197. Not surprisingly then, in the boutons examined, hull areas from pHuse were 

tightly correlated with Syn1a area (Fig. 11a). Importantly, Syn1a area was similar for 

terminals in which spontaneous and evoked release were measured (Fig. 11b), suggesting 

the size of there terminals measured between groups were not different. Overall, I found 

that in fact, evoked fusion site areas were significantly smaller (median smaller by 48%, 

Fig. 11c) than compared to spontaneous fusion site areas. Given the strong correlation 

between hull area and Syn1a (fit well by a line intercepting at zero), I normalized hull 

areas to Syn1a areas and compared the normalized areas for spontaneous and evoked 

fusion (Fig. 11d). Similarly, I found that evoked fusion sites occurred over a significantly 

smaller proportion of the bouton (median smaller by 39%) than spontaneous fusion. 
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Thus, I concluded that spontaneous and evoked vesicle fusion sites occur across different 

spatial regions of terminals. 
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Figure 11. pHuse reveals differences between evoked and spontaneous fusion site areas. a. 
Correlation between fusion area and bouton size, linear fit. Correlations are significantly different, 
ANCOVA, F1, 171 = 5.01. b. Average bouton areas across groups, t = 0.87, n.s. c. Cumulative 
distributions of fusion areas (K-S test, D = 0.23*) d. Cumulative distributions of fusion areas 
normalized to bouton size (K-S test, D=0.26**) e-f. Interestingly, while evoked Pr was significantly 
positively correlated with Syn1a area, as reported previously50, spontaneous event frequency showed 
no relationship with Syn1a area (e, linear fit, evoked R = 0.30**, spontaneous R = 0.12, n.s., n =). On 
the other hand, both spontaneous event frequency and evoked Pr significantly positively correlated 
with pHuse area (f, linear fit, evoked R = 0.64***, spontaneous R = 0.60***). This suggests that 
pHuse area may be a better approximate for AZ area and the functional parameters of a synapse 
than bouton area. g. Normalized pHuse area as a function of cell age shows no significant correlation 
(evoked R = 0.03, n.s., spont R = 0.004, n.s.). c-g: nevoked = 104/28/25, nspont = 77/22/22. h. Cumulative 
distributions of normalized fusion areas for 1 AP evoked fusion excluding events with photon counts 
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> 2SD of spontaneous events (n = 91/27/24) compared to all evoked events (n = 104/28/25, K-S test, D 
= 0.05, n.s.) and spontaneous events (n = 77/22/22, K-S test, D = 0.25*) i. Normalized pHuse area was 
not significantly different at RT (nevoked = 51/10/9, nspont = 32/7/7) vs physiological temperature (nevoked 
= 35/9/5, nspont = 34/4/4) within modes of release but still significantly different between modes of 
release. j. Normalized pHuse area was not significantly different at different thresholds for Syn1a 
within modes of release but still significantly different between modes of release (n = 51/10/9). k. Both 
numbers of events and mode of release are significant factors for pHuse area but that they do not 
have a significant interaction nevoked = 155/38/34, nspont = 109/29/29. n given in 
synapses/experiments/coverslips, n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001 

Interestingly, evoked Pr was significantly positively correlated with Syn1a area (Fig. 

11e), as seen previously120, but spontaneous event frequency showed no relationship with 

Syn1a area (Fig. 11e). Notably, that this strong relationship between spontaneous pHuse 

area with Syn1a area is not paralleled in the relationship between spontaneous event 

frequency and Syn1a area (Fig. 11f) emphasizes the novelty of pHuse observations.  

Differences between evoked and spontaneous pHuse area unlikely due to experimental or 

analytical confounds 

Subsequently, I evaluated the contributions of several potential confounding experimental 

variables to this conclusion, including (1) age of neurons used in experiments, (2) 

prevalence of multi-vesicle release, and (3) temperature at which experiments were 

conducted. I assessed the effect of variability in the age of neurons on pHuse area by 

measuring the relationship between the two variables for evoked and spontaneous fusion 

events. I found that the correlation between normalized pHuse area and DIV was R = 

0.03 and R = 0.004 for evoked and spontaneous release, respectively (Fig. 11g). Thus, 

during the window of time that I used for imaging (DIV 14-20), I cannot detect that the 

presynaptic organization of the population was altered. This is consistent with the general 

finding that although synaptogenesis is continuing, the population characteristics by DIV 

14 have substantially stabilized. For instance, Mozhayeva et al.198 found that most aspects 
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of vesicle pool dynamics, including the fractional size of the readily releasable pool 

mostly likely to occupy the active zone, change strongly during the first two weeks in 

culture but stabilize by DIV ~12. 

To consider the contribution of multi-vesicle fusion on pHuse localization area, I 

reanalyzed our evoked data to exclude any localization that exceeded the mean (512 

photons) + 2 x standard deviations (166 photons) of photon counts for the spontaneous 

photon distribution, which was shown in Fig. 10c to be well fitted by a single normal 

distribution. Following this exclusion criterion, I measured the normalized evoked pHuse 

area to be 0.126 ± 0.023 compared to 0.134 ± 0.012 without the exclusion criterion (not 

significantly different, Fig. 11h). However, when comparing evoked and spontaneous 

normalized pHuse areas using the reanalyzed data, the evoked area remains significantly 

smaller than spontaneous (0.180 ± 0.016, Fig. 11h). 

I also tested the effect of temperature on pHuse localization area by performing a paired 

set of pHuse experiments at 25°C or 32°C, and measuring pHuse area as a function of 

mode of release. I found that regardless of temperature, evoked pHuse area was greater 

than spontaneous pHuse area (p<0.01), and no difference was observed of temperature or 

the interaction of temperature and fusion mode (Fig. 11i). Of note, I unfortunately could 

not perform experiments precisely at 37°C, as the higher temperature was associated with 

higher overall background, which I suspect was due to an increased rate of spontaneous 

exocytosis, reducing the signal to noise ratio for pHuse measurements. However, I do not 

expect any dramatic differences between 32°C and 37°C, as measurements of EPSCs in 

cultured hippocampal neurons show comparable amplitude, charge, and decay time 

between those temperatures199.  
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Furthermore, I evaluated the contributions of potential analytical biases to the conclusion 

that evoked fusion occurs over smaller areas of boutons than spontaneous fusion, 

including (1) variability of Syn1a area as a normalization parameter and (2) variability in 

the number of localizations used to determine fusion site area. To determine the effect of 

the limited resolution of conventional imaging of Syn1a used to normalize pHuse areas 

for each bouton, I varied the thresholding used for calculating Syn1a/bouton area. I 

calculated Syn1a/bouton area measured using the typical threshold of 50% of the full 

width at half the maximal intensity to Syn1a/bouton area measured using a 33% threshold 

that increased average calculated bouton area and Syn1a/bouton area using a 67% 

threshold that reduced average calculated bouton area. I then compared the pHuse area 

for evoked and spontaneous normalized to Syn1a/bouton area calculated using 33%, 

50%, and 67% thresholds. The difference in normalized pHuse areas between modes of 

release remained significant, while normalized pHuse areas relative to different Syn1a 

thresholds were not significantly different (Fig. 11j).  

To assess the effect of numbers of detected pHuse localizations for evoked and 

spontaneous events on the pHuse area, I separated pHuse area by number of localizations 

detected for the bouton, and compared by mode of release (Fig. 11k). Importantly, each 

mode of release was measured over a range of localization numbers. I then statistically 

tested the effect of number of localizations and mode of release as factors for normalized 

pHuse area using a two-way ANOVA. This revealed that both are significant factors for 

pHuse area but that they do not have a significant interaction. The mean number of events 

in the two groups was also very similar (9.55 ± 0.88 spontaneous vs 7.87 ± 0.57 evoked). 
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Overall, I concluded that the difference in pHuse area between evoked and spontaneous 

release is significant and independent of the effect of the number of localizations. 

Action potential evoked fusion occurred preferentially in confined areas with higher local 

density of RIM1 proteins  

One interpretation of the above data is that the concentration of vesicle docking and 

priming proteins in NCs favors evoked fusion in these subregions of the AZ. This 

predicts that (1) pHuse events are associated with higher local RIM1 density and 

conversely that (2) high local density of RIM1 is associated higher probability of nearby 

fusion. To assess these predictions, I wanted to map vesicle fusion sites relative to Eos3-

tagged RIM1 using sequential PALM-pHuse imaging on the same live boutons. 

To do so I made a novel mEos3.1-tagged RIM1 (RIM1-mEos3.1) construct. This was 

done by replacing mVenus in RIM1-mVenus, a generous gift from Dr. Pascal Kaeser, 

with mEos3.1 from mEos3.1-N1, a generous gift from Dr. Sean McKinney. This RIM1 

construct holds the tag in an internal splice site in front of the C2B domain. Dr. Kaeser 

communicated to us that in his hands, earlier N- and C-terminal tagged versions of RIM1 

did not rescue function in the knockout, whereas this internal fusion he made provided a 

full rescue. I validated that this construct localizes to boutons through coexpression with 

Syn1a-CFP (Fig. 12a) and to AZs with immunostaining for RIM1/2 and Bassoon (Fig. 

12b). From immunostaining against RIM1, the fusion protein appeared to lead to 

approximately 4-fold overexpression of RIM1 (though synapse size, as measured by 

Bassoon staining, was only slightly increased by 1.24 ± 0.03, Fig. 12c). Of note, this is 

the first of any AZ protein construct I have expressed that selectively localized to the AZ.  
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Following live-cell PALM, I analyzed the distribution of RIM1-mEos3.1 measured using 

two independent methods. First, I used a five times nearest-neighbor distance analysis of 

local density that was previously used in the lab1 and in our analysis of synapses imaged 

using dSTORM presented in the introduction (Fig. 13e). Second, I took advantage of the 

recently published strategy to deduce clustering through analysis with Voronoï 

tessellations, SR-Tesseler186 (Fig. 13a). These approaches both revealed RIM1-mEos3.1 

to be nonuniform in distribution and contain nanoclusters with an average diameter of 

78.9 ± 5.9 nm and 81.0 ± 5.3 nm, by each method respectively (Fig. 12e), consistent with 

3D-dSTORM data of endogenous RIM1 distribution presented in the introduction.  
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Figure 12. RIM1-mEos PALM. a. Neurons coexpressing RIM1-mVenus and Syn1a-CFP colocalize to 
the same boutons. Right sided panels show enlargement of areas within the white boxes. b. Neurons 
expressing RIM1-mVenus immunostained for RIM1/2 and Bassoon. Arrowheads point to some 
colocalized AZs. c. Immunofluorescence intensity of transfected cells normalized to nearby 
untransfected cells show 3.74 ± 0.11-fold overexpression of RIM and 1.24 ± 0.03-fold increase in 
Bassoon (n = 262 synapses/7 cells). d. Photon count distribution of RIM1-mEos3.1 (3997 
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localizations). e-g. Cumulative distributions of PALMed RIM1 NCs diameter, area, and number, 
respectfully, identified using adapted SR-Tesseler analysis and 5xNND analysis (n = 65/13/9). n given 
in synapses/experiments/coverslips unless otherwise specified. 

I then performed sequential PALM and pHuse imaging of coexpressed RIM1-mEos3.1 

and vGpH on the same boutons to obtain presynaptic protein distributions and 

presynaptic fusion site localizations on the same presynaptic terminals in live cells (Fig. 

13). As a local density metric for RIM1, I applied Voronoï tessellation and measured the 

first-rank density (δ1) for each RIM1-mEos localization (as described in Levet et al.186). 

To test prediction (1) that pHuse events would be associated with higher local RIM1 

density, I then compared δ1 as a function of distance from the nearest pHuse localization 

for the measured RIM1 distributions versus randomized RIM1 distributions generated 

from the same number of localizations over the same area. Over distances less than 80 

nm from pHuse sites, I found that the average measured RIM1 δ1 was significantly 

greater than δ1 of randomly distributed RIM1 (Fig. 13b). Similar results were found when 

I used RIM1 localization density rather than RIM1 δ1 (Fig. 13f). Furthermore, within 

individual boutons, I compared the density of RIM1 molecules within 40 nm of a pHuse 

localization and those further away; I found that RIM1 molecules within 40 nm had 

significantly higher δ1 than those further away (Fig. 13c).  
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Figure 13. RIM1 favors evoked vesicle fusion near areas of high local density. a. Tessellated RIM1-
mEos and pHuse localizations over the same boutons. Scale 200 nm. b. Tesseler first-rank density (δ1) 
for RIM1 measured vs randomized distributions as function of distance from pHuse localizations. c. 
Comparison within boutons of average δ1 for RIM1 localizations within 40 nm to a pHuse 
localization vs not. d. Average nearest pHuse distance as a function of RIM1 δ1. b-d, n = 26/13 *p < 
0.05, **p < 0.01, ***p < 0.001, n.s. = not significant. n given in synapses/experiments. e. Same boutons 
shown in (a) visualized using 5xNND as a measure of local density. f. RIM1 localization density as a 
function of radial distance from pHuse localizations. g. Mean distance from pHuse localizations as a 
function of local density measured by 5xNND (Raw data R = 0.23***, n = 26/13/9). h. Proportion of 
pHuse localizations with 40 nm of a RIM1 localization as a function of RIM1 local density measured 
by 5xNND (R = 0.35***). n given in synapses/experiments/coverslips unless otherwise specified, 
***p<0.001 

Next, to test prediction (2) that high local density of RIM1 is associated with higher 

probability of nearby fusion, I plotted the distance to the nearest pHuse localization as a 

function of RIM1 δ1. I found that as RIM1 δ1 increased, the distance from the nearest 

pHuse localization decreased (Fig. 13d). Using five times nearest neighbor distance as a 

measure of local density yielded similar trends whereby higher local density was 

associated with reduced mean distance from pHuse localizations and greater number of 

pHuse localizations within 40 nm (Fig. 13g-h).  
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Overall, I mapped the nanostructural organization of a key AZ protein and the associated 

functional organization of vesicle fusion sites at single synapses in live cells. This 

revealed a correlation between the local density of RIM1 and the localization of vesicle 

fusion sites, the first such characterization to date to the best of my knowledge. The two 

datasets are subject to different sources of error, and I suspect that this likely degrades my 

ability to detect a potentially stronger underlying correlation; for instance, morphological 

change of the cell during the imaging is difficult to correct for, and the resolution of 

pHuse and PALM are limited by different factors. Thus, I feel that the significant 

relationships I have detected strongly suggest that functional consequence of 

nanostructural protein organization as biasing vesicle fusion to occur with higher 

probability at sites of RIM enrichment. 

Presynaptic RIM nanoclusters align with concentrated postsynaptic scaffolding protein 

and receptors to form transsynaptic nanocolumns 

For the synapse as a whole, the impact of presynaptic nanoscale organization and 

confined vesicle sites will depend strongly on whether these RIM NCs we observed 

presynaptically align with postsynaptic receptor NCs1,118. To assess this, I again 

collaborated with Dr. Aihui Tang to compare the distribution of PSD-95 over the face of 

individual synapses relative to the corresponding distributions of RIM1/2, as the PSD-95 

NCs concentrate higher density of receptors7. We reasoned that if synapses were 

transsynaptically aligned on the nanoscale level, the protein distribution on one side of 

the synapse would predict protein density in the opposing neuron.  
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To test this, we imaged synapses immunolabelled for RIM1/2 and PSD-95 using 3D-

dSTORM (Fig. 14a). We first measured RIM1/2 localization densities as a function of 

radial distance from the centers of PSD-95 NCs as translated across the synaptic cleft 

(Fig. 14b). RIM1/2 localization densities within a 60 nm radius were significantly higher 

than the synaptic cluster average, decaying e-fold per 43.2 ± 12.1 nm away from the 

peak. This enrichment was principally dependent on the relative positioning of NCs 

within synaptic clusters as randomizing NC positions within synapses along with 

localizations outside of NCs abolished the observed enrichment while maintaining NC 

positions and randomizing only those localizations outside of NCs only slight reduced 

enrichment (Fig. 14b-c). Subsequently, for each individual NC, we defined an enrichment 

index as the average molecular density of the opposed protein within a 60 nm radius from 

the NC center (Fig. 14b). NCs with enrichment indices significantly greater than that of 

the fully randomized distribution were considered enriched (Fig. 14c). We found 44.4 ± 

3.0 % of PSD-95 NCs to be enriched, and these NCs were opposed to RIM1/2 molecule 

densities that were 2.0 ± 0.1 times the average RIM1/2 synaptic cluster density (Fig. 

14d). A similar PSD-95 protein enrichment profile was found relative to the centers of 

RIM1/2 NCs (Fig. 14b-d). Thus, this detailed metric for assessing nanoscale alignment 

revealed strong co-enrichment of these key proteins along narrow transcellular columns.  
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Figure 14. Transsynaptic alignment of release with receptors. 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 
(right), scale 200 nm. b, Enrichment index between RIM1/2 and PSD-95. The enrichment index is 
defined as the average of the first three bins in the enrichment profile, i.e. normalized localization 
density within 60 nm from the projection center of a given NC. Closed points refer to RIM1/2 
enrichment relative to PSD-95 NCs, open points refer to PSD-95 enrichment relative to RIM1/2 NCs. 
c, Protein density profile for enriched NCs (n = 119 PSD-95 NCs, 90 RIM1/2 NCs), closed and open 
points as in (b). d. The fraction of enriched NCs is significantly above the chance level, and is also 
dependent on the relative position of the two sets of NCs. e. GluA2 enrichment with respect to 
RIM1/2 NCs (n = 36). Scale 100 nm. *p < 0.05, **p< 0.01, ANOVA on ranks with pairwise 
comparison (Dunn's method). f. RIM1/2 distribution from a measured synapse was used to estimate 
release probability over the area of the synapse and GluA2/3 distribution from same synapse used to 
then calculated expected open channels at peak response relative to release probability. Dotted line 
represents the measured synaptic distributions while colored dots and bars represent different 
randomizations of RIM1/2 or GluA2/3 distributions and identified below the graph (n = 20 randomly 
generated synapses). See methods section on modeling for more details. 

Furthermore, to determine whether evoked release aligns with postsynaptic receptors, we 

compared distributions of GluA2-containing AMPARs with RIM1/2 (Fig. 14e). Similar 

to PSD-95, GluA2 was significantly enriched relative to RIM1/2 NCs, decaying e-fold 

per 66.9 ± 15.4 nm. To estimate the physiological impact of this transsynaptic alignment, 

Dr. Tang and I further collaborated with T. Peter Li in the lab to calculate receptor 

activation using the distributions of RIM1/2 and GluA2/3 at a synapse measured by 3D-

dSTORM compared to different randomized distributions. Briefly, RIM1/2 density was 

used to approximate probability of vesicle fusion at any given location within the AZ and 
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receptor density was used to approximate the number of open channels and thus synaptic 

response at any given location within the PSD (for more details see methods section). 

Consistent with effect sizes posited by previous models1,2,200, the measured distribution 

with transsynaptic alignment gained 21.83 ± 0.54% in synaptic strength compared to a 

uniform distribution of AZ proteins alone or uniform distributions of both AZ and PSD 

proteins (Fig. 14f), suggesting this synaptic architecture facilitates higher single vesicle 

response potency. Again, this effect was largely determined by NC position.  

Nanoclusters do not significantly change across development 

We considered that NCs may be developmentally modulated and thus the age of our 

cultured neurons when we performed our experiments may alter our findings. 

Consequently, we compared cultured neurons at ~1, 2, and 3 weeks in vitro. Interestingly, 

the data shows a trend of greater numbers of NCs in 1-week-old cells, but no statistically 

significant differences were observed in the parameters of NC numbers, fraction of 

localizations in NCs, or NC volumes (Fig. 15a).  
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Figure 15. Nanoclusters unlikely to be artifacts. a. There is no significant developmental difference 
between cultures from DIV9 to DIV21 in nanostructures of RIM1/2 and PSD-95, though the young 
DIV9 culture shows a tendency of increased NC numbers (one-way ANOVA on ranks for NC 
number and volume, one-way ANOVA for %localization in NC). Data were from 143 RIM NCs and 
135 PSD NCs of 64 DIV9 synapses, 63 RIM NCs and 65 PSD NCs of 38 DIV14 synapses, and 44 RIM 
NCs and 41 PSD NCs from 28 DIV21 synapses. b. Comparison of two RIM antibodies (from left to 
right) in whole synaptic cluster volume, number of NCs, and protein density relative to PSD-95 NC 
centers. c-g, Cells transfected with knockdown-rescue-PSD-95-GFP were labeled with nanobodies 
against GFP conjugated at a 1:1 ratio with Atto647 (Nb-At647, red) and primary/secondary 
antibodies against PSD-95 (1°-2°-Cy3, blue) as depicted in c. d. PSD-95 clusters labeled with Nb-
At647 and 1°-2°-Cy3 (n = 13 synapses). Scale 200 nm. e. Comparison of the radius at which the 
autocorrelation function crossed with the random level (g(r) = 1). There was no difference between 
PSD-95 clusters with different labeling methods, but the r(0) for isolated localization groups were 
significantly less than r(0) for PSD-95 clusters. **p < 0.01, t-test between the filled and open bars of 
the same color. f. Protein enrichment of localizations detected in each channels with those in the 
other channel. g. NCs detected in both channels displayed no difference in number, volume, or the 
fraction of NCs enriched with localizations from the other channel. 

Nanoclusters are unlikely to be an artifact 

To ensure that these nanostructures we observed within the AZ and PSD were unlikely to 

be artifacts of experimental conditions, we considered several possibilities. First, as the 

observation and analyses of presynaptic nanoclusters had not previously been shown, we 

considered that these may arise as an artifact of the primary antibody we used. As such 
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we compared two different antibodies for RIM, where the anti-RIM1/2 antibody targets 

the Zn-finger domain and the anti-RIM1 antibody targets the PDZ domain of RIM1. We 

found no significant differences between these two antibodies when we compared their 

labeled synaptic cluster volume, number of identified NCs, or their protein density with 

respect to PSD-95 NC centers (Fig. 15b). 

Next, we considered that NCs may artificially result from a combination of effects 

stemming from repeated switching of dyes, secondary antibodies labeled with multiple 

dye molecules, and/or primary antibodies labeled with multiple secondary antibodies. 

Overall, to reduce the potential contribution any single fluorophore may have on the 

overall distribution, in our experiments we titrated both primary and secondary antibody 

concentrations to be close to saturating. Furthermore, in collaboration with Dr. Tang and 

Sarah Metzbower in the lab, we performed a control experiment to test the potential 

contributions of these different factors. We transfected neurons with a GFP-tagged PSD-

95 replacement construct that knocks down endogenous PSD-95 while expressing a 

knockdown-resistant PSD-95-GFP1,201. We then used a nanobody targeted against one 

site on GFP bearing one fluorophore of Atto647, providing a 1:1 labeling of epitope and 

fluorophore (GFP-Booster, Chromotek; the labeling stoichiometry was verified by the 

company). We further immunostained the same cells with mouse anti-PSD-95 primary 

antibody followed by Cy3-conjugated donkey anti-mouse secondary antibody. Finally, 

we simultaneously imaged labeling from GFP-nanobody-Atto647 and primary-

secondary-antibody-Cy3 at the same set of synapses using 2-color-3D-dSTORM and 

compared the distribution of detected localizations from the two channels (Fig. 15c-d). 

Autocorrelation function analyses estimated NCs in both channels to be ~80nm in 
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diameter, highly similar to our previous measurement of the NC size, suggesting the 

nanobody labeling still revealed an organization of similar spatial scale.  

We also compared these synaptic distributions to the isolated nonsynaptic groups of 

localizations (i.e. those areas with no anti-PSD-95 staining, presumably non-specific 

background staining of isolated antibody molecules, Fig. 15c). These non-synaptic 

clusters were significantly smaller than NCs in synapses, while there was no difference 

between non-synaptic clusters across the two channels (Fig. 15e). The difference between 

the size of the isolated localizations groups and PSD-95 clusters calculated argues against 

the possibility that the NC we detected were due to repetitive switching of one or a few 

fluorophores or antibody labeling. 

We additionally considered that if clusters of localizations within the synapse reflected 

multiple dyes on single antibodies, rather than a heightened local density of the epitope 

protein, then GFP-nanobody-Atto647 labeling should not be co-enriched in the NC 

detected with the primary-secondary-antibody-Cy3 labeling. We thus analyzed the 

mutual enrichment of GFP-nanobody-Atto647 and primary-secondary-antibody-Cy3 

signals in these synapses, but found that they each mutually enriched in concentrated 

domains of the other label (Fig. 15f).  

Lastly, we detected NCs in both channels, and we found that there were no significant 

differences between GFP-nanobody-Atto647 and primary-secondary-antibody-Cy3 

labeling in the percentage of NCs enriched for the other label, the NC volume, or the 

number of NCs per synapse (Fig. 15g). 
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Transsynaptic alignment extends into postsynaptic cell to form a nanocolumn 

In collaboration with Dr. Aihui Tang and Dr. Harold MacGillavry, we found that 

transsynaptic molecular alignment may extend deeper into the postsynaptic cell. 

Postsynaptic scaffold molecules farther from the plasma membrane, including GKAP, 

Shank, and Homer, also colocalized with PSD-95 NCs (Fig. 16a, c), and RIM1/2 was 

correspondingly enriched with respect to Shank NCs (Fig. 16b). Altogether, these results 

revealed an axially oriented molecular ensemble spanning the cleft within the bounds of 

the synapse, evoking the concept of a transsynaptic “nanocolumn” enriched with key 

proteins that regulate synaptic transmission. 
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Figure 16. Alignment extends deeper into the postsynaptic cell. a, Enrichment of Homer1 to PSD-95 
NCs (n = 118 NCs from 48 synapses). Scale 100 nm. b, Enrichment of RIM1/2 to Shank NCs (n = 80 
NCs from 32 synapses). Scale 200 nm. c, GKAP2 and Shank densities (determined with dSTORM) 
within PSD-95 nanoclusters (determined with PALM with transfected PSD-95-mEos2). Both proteins 
showed significant enrichment in PSD-95 NCs. * p < 0.05, ANOVA on ranks with pairwise 
comparison procedures (Dunn's method) in a and b, paired t-test in c. 

NMDA receptor activation triggered distinct phases of transsynaptic nanoscale 

realignment 

Given the critical roles of these nanocolumn proteins in synaptic signaling, we speculated 

that nanoscale alignment might be altered during synaptic plasticity in accordance with 

changes in synaptic strength. We tested this using an acute 5-minute activation of 
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NMDARs, known to induce a sustained depression of synaptic strength163,202. Following 

this stimulus, postsynaptic nanostructure was markedly disrupted, with the synaptic 

cluster volume of PSD-95 and the number, volume, and protein density of PSD-95 NCs 

all reduced (Figs. 17a-e). These effects were long-lasting, and during the subsequent 25 

minutes, most parameters underwent only partial recovery.  
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Figure 17. NMDA induced phases of nanoscale reorganization. a, Side views of synaptic RIM1/2 and 
PSD-95 pairs for control, 5 min NMDA, and 25 min washout conditions, with darker colors 
indicating detected NCs, scale 100 nm. b-g, Across-conditions comparison of RIM1/2 and PSD-95 (n 
= 61, 96, 77 and 74 synapses from >6 cultures each for control, NMDA, washout and APV, 
respectively) in (b) whole cluster volume, (c) number of NCs, (d) enrichment index, (e) percentage of 
NCs enriched with proteins across the synapse, and (f) NC volumes for RIM1/2 NCs enriched (dark 
red) vs not enriched (light red) with PSD-95 across the synapse. Closed points refer to RIM1/2 
enrichment relative to PSD-95 NCs, open points refer to PSD-95 enrichment relative to RIM1/2 NCs. 
g, Schematic summarizing the reorganization of NCs during NMDA-induced plasticity and recovery. 
*p < 0.05, **p < 0.01, ANOVA on ranks with pairwise comparison (Dunn's method), and χ2 test for 
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proportion. 

In contrast, presynaptic nanostructure underwent a strikingly different pattern of 

reorganization that was detectable only in relation to PSD-95 NCs. Unlike PSD-95, 

RIM1/2 distributions were not affected immediately following the stimulus (Fig. 17a-e). 

However, following the 25-minute recovery, the enrichment index of RIM1/2 with 

respect to PSD-95 NCs increased with a corresponding increase in the percentage of 

enriched PSD-95 NCs (Fig. 17f-g). Remarkably, while RIM1/2 whole synaptic clusters 

remained constant in volume and RIM1/2 NCs altogether remained constant in number 

and enriched percentage, there was in fact an increase in the size of those RIM1/2 NCs 

that were enriched with PSD-95, whereas the other non-enriched RIM1/2 NCs remained 

constant (Fig. 17e). Similar results were found when we studied NMDA-induced changes 

on RIM1/2 and GluA2/3 alignment (data not shown). This suggested that RIM molecules 

within the AZ rearranged upon recovery to restore transsynaptic alignment with PSD-95. 

Note that on a traditional microscopic level, these changes to presynaptic organization 

were essentially undetectable: RIM1/2 staining revealed no change in synaptic cluster 

size or intensity at any point. Because the delayed presynaptic modification was specific 

to aligned NCs, it may be that nanocolumns define an alignment-specific, retrograde 

presynaptic compensation following postsynaptic depression (Fig. 17g). 
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Chapter 4: Discussion 

 

Synaptic signaling and regulation of its strength within the hippocampus are the bases for 

cognition, memory, and learning. While significant progress has been made since the first 

observations of quantal events, much more innovative research will be required to obtain 

a complete mechanistic understanding of synapse structure and function at a molecular 

level. Here is proposed a novel organizational principle of these small CNS synapses 

supporting the hypothesis that the nanoarchitecture of the active zone (AZ) directs action 

potential evoked vesicle fusion to occur preferentially at sites directly opposing 

postsynaptic receptor-scaffold ensembles. With distinct phases of reorganization 

observed following plasticity, we further suggest that this “nanocolumn” organization has 

functional relevance in modulating synaptic strength. 

pHuse reveals spatially distinct areas of evoked and spontaneous vesicle release 

I first developed a novel methodology, pHuse, which permits super-resolution 

localization of vesicle fusion sites in live neurons, allowing for spatial mapping of where 

within AZs vesicles fuse following action potential evoked or spontaneous release. pHuse 

allowed for the observation that evoked release occurs over smaller areas of the 

presynaptic bouton than spontaneous release, supporting evidence from previous 

literature that these two modes of release are differentially regulated and spatially 

distinct. The different areas for evoked and spontaneous fusion likely results from distinct 

modulation by vesicle release machinery proteins such as RIM, Munc13, 

Synaptotagmins, and SNAREs as well as drawing from non-identical vesicle pools67,97-
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101,103-105,107,112. Furthermore, while evoked and spontaneous release were previously 

suggested to activate different pools of postsynaptic AMPA and NMDA receptors4,108,109, 

it could not be distinguished whether these different receptor pools were spatially 

segregated groups on the same synapses or located on completely separate synapses. My 

findings here suggest that evoked and spontaneous vesicle release could in fact activate 

distinct, though likely somewhat overlapping, groups of receptors on the same synapses.  

Notably, functionally distinct roles have been attributed to evoked and spontaneous 

release. While evoked release has long been understood to be the basis of propagating 

neuronal signaling, spontaneous release was previously thought to be biological noise and 

have only recently been linked to distinct physiological functions. Developmentally, 

spontaneous neurotransmission is present at nascent synapses and increases with synapse 

development198,203. In mature circuits, spontaneous neurotransmission may serve 

maintenance and homeostatic roles. For instance, Mckinney et al (1999)94 found that 

spontaneous neurotransmission maintains dendritic spines through AMPAR activation. 

Subsequently, Sutton et al. (2004)96 found that while blocking action potentials reduced 

protein synthesis, blocking spontaneous release resulted in increased protein synthesis in 

dendrites. Sutton et al. (2006)204 later proposed that this role of spontaneous release in 

inhibiting local translation may serve to stabilize synaptic expression of AMPARs. 

Interestingly, more recent work implicates this mechanism in rapid antidepressant effects 

of the NMDAR blocker ketamine205. In addition to homeostatic roles, spontaneous 

neurotransmission may be augmented by neuromodulators to recruit mechanisms of 

intermediate- and long-term facilitation206,207 in Aplysia. The spatially distinct regions 

attributed to evoked and spontaneous modes of vesicle fusion may thus serve as a 
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mechanism for segregating these different functionalities through distinct downstream 

signaling pathways.  

There are many obvious extensions of this work. For instance, I have looked solely at 

excitatory glutamatergic synapses by virtue of using pHluorin tagged to the vesicular 

glutamate transporter. Meanwhile, inhibitory interneurons are important regulators of 

activity, excitability, and plasticity. Thus, assessing whether these observations hold at 

inhibitory synapses, potentially with use of vGAT-pHluorin208, will be important in 

evaluating whether inhibitory synapses are organized in a fundamentally similar or 

different manner. Specht et al (2013)209 found that, in inhibitory synapses, GABAA 

receptors colocalized with the protein gephyrin, suggesting that gephyrin may act as an 

important scaffold protein in these synapses. However, detailed nanostructural 

characterization is still lacking particularly in the presynaptic terminal of these synapses.  

Another important question to consider would be how exocytosis influences subsequent 

endocytosis given the intrinsic link between these two processes. For instance, while kiss-

and-run refers to the exocytic process, the small size of synaptic vesicles (average 

diameter of 35nm) and the rapid rise times of spontaneous release events suggests that 

even an unstable fusion pore may empty the vesicle rapidly. However, the dynamics of 

fusion pores may influence the mechanism of endocytosis toward more rapid, centrally 

located, clathrin-independent endocytosis versus slower, peripherally located, clathrin-

dependent endocytosis. A possible experiment to assess how exo- and endocytosis may 

be coupled would be to temporally and spatially map the sites of both processes within 

the same presynaptic terminal. While fluorescence decay from pHluorin based imaging 

methods have been useful in studying vesicle recycling, loss of signal from a single 
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vesicle event is less easily localizable and could be confounded by photobleaching of the 

fluorophore. One potential solution to this would be to combine the use of vGpH with 

CypHer5E, a red-excitable pH-sensitive dye that shows increased fluorescence with more 

acidic pH, which can be attached to antibodies that bind luminal regions of vesicle 

proteins such as synaptotagmin210. In such a manner one could simultaneous detect 

exocytosis and endocytosis with increased fluorescence in green and red channels 

respectively.  

However, the dependence of these pH dependent endocytosis measurements on vesicle 

re-acidification may impair the temporal and spatial accuracy of these measurements. 

Also important to note, whether endocytosis of lipid and protein components of synaptic 

vesicles are distinct or coupled processes is as yet unclear85,211. An additional experiment 

combining pHuse with use of the styryl dye FM1-43 would help to address these 

concerns. FM1-43 increases in fluorescence with insertion into membranes rather than 

pH changes so it will be better able to distinguish between endocytosis and 

reacidification as well as track the trafficking of membrane rather than a vesicle 

associated protein. While an experiment combining a FM dye with CypHer5E would 

offer additional information regarding the endocytosis, there is some evidence that 

CypHer5E may be quenched by FM dyes, limiting the effectiveness of the 

combination212.  

Limitations of pHuse 

While assessment of the area within the bouton over which vesicle fusion occurred has 

yielded fruitful results, a combination of factors limit the number of fusion events that 



 

 85 
 

can be captured per bouton using pHuse to an amount that precludes the analysis of 

spatial clustering within areas of fusion. Additionally, as shown in Fig. 10k, the number 

of mapped pHuse events was a significant factor in determining overall pHuse area, albeit 

independent of mode of release. This issue is difficult to remedy for several reasons. First 

these hippocampal synapses being probed are by nature low release probability synapses. 

Second, while release probability can be increased by increasing extracellular [Ca2+], as 

shown in the Fig. 9b-d, this likely increases the probability of multivesicular release, for 

which pHuse is not applicable as diffraction precludes distinguishing the fusion locations 

of two or more different fusion events occurring simultaneously within such a small area 

as the AZ. Third, even with optimized imaging protocols to minimize laser exposure to 

the sample, across repeated trials, there’s inevitable photobleaching of the fluorescent 

probes, such that towards the end of the 60 trials of 1AP stimulation and imaging, the 

yield of detectable fusion events is drastically reduced, even if vesicles continue to fuse 

upon stimulation. Eventual photodamage is also a concern. This aspect is even more 

limiting for the continuous imaging necessary to capture spontaneous events in TTX, 

which are unpredictably timed.  

Furthermore, due to the relatively small signals obtained for vGpH following 1AP 

stimulation, pHuse would be difficult to extend to use in more intact preparations such as 

tissue slices due to increased background noise from the excitation of more out-of-focus 

probe molecules and autofluorescence in these samples, which would reduce the signal-

to-noise ratio (SNR). Thus, while pHluorin constructs have been utilized in tissue to 

visualize vesicle release following trains of stimulation213, it has thusfar only been used to 

visualize single action potential stimulated or spontaneous fusion within cells in 
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dissociated cultures90,92. Likely, a greater SNR indicator will be necessary for conducting 

pHuse. I attempted to address this by constructing a vGlut-2xpHluorin (vG2xpH) 

construct, where there were two tandem pHluorins fused within an intravesicular domain 

of vGlut1, similar to the strategy employed previously to construct vGlut-2xmOrange, 

which contained tandem mOranges214. Unfortunately, vG2xpH did not show significantly 

improved SNR compared to vGpH (data not shown), potentially due to reduced 

efficiency in trafficking of the construct to vesicles, which was the main problem 

previously cited for difficulty in making tagged vGlut1 constructs89.   

Relationship between nanoscale active zone protein organization and vesicle fusion sites  

Naturally, with a tool to map fusion, I then wanted to understand how this functional 

output of vesicle fusion related to the nanoscale AZ structural organization previously 

described by Dr. Aihui Tang included in the introduction. The compatibility of pHuse 

and PALM imaging of RIM1-mEos revealed that, in fact, areas of high local density of 

RIM1 more often corresponded with sites of vesicle fusion. This finding adds a spatial 

component to previous findings of reduced numbers of docked vesicles and reduced 

neurotransmitter release in RIM knockout animals59 that suggest RIM plays a critical role 

in vesicle exocytosis. Holderith et al. (2012)120 also documented in cortical neurons a 

linear relationship between critical proteins of the vesicle release machinery and vesicle 

release. Specifically they showed that labeling of RIM1/2, Cav2.1, and number of docked 

vesicles, measured using immunogold EM, as well as release probability, measured using 

Ca2+ transient amplitudes in presynaptic boutons, all linearly scaled with AZ area. This 

suggested a coordination of structure and function at single boutons, which I have now 

extended to subsynaptic compartments. Most recently, Malagon et al. (2016)215 applied 
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deconvolution to synaptic responses at simple glutamatergic synapses in the cerebellum 

and concluded that vesicle release counts could be best modeled with binomial statistics 

consistent with neurotransmitter release at discrete sites in AZs rather than over a 

homogenous surface area. Our data showing confined areas of evoked fusion sites is 

coherent with this model, and extending upon this, I would suggest that AZ protein 

nanostructure is the determinant of these discrete sites.  

The mechanism of this correlation between RIM and fusion site distributions remains to 

be determined though it is likely due to a combination of three interactions of RIM. First, 

past findings suggest that RIM binds to the vesicle-associated GTPase Rab3 via its N-

terminal Zn2+ finger domain to recruit vesicles to docking sites within the AZ216. 

Accordingly, Kaeser et al.59 showed that RIM N-terminus was required for rescuing 

vesicle priming in RIM KOs, and Fernandez-Busnadiego et al.65 found using cryo-

electron tomography of synaptosomes that RIM1 is critical for tethering and 

concentrating vesicles at the AZ. Secondly, RIM plays a role in recruiting Ca2+ channels 

to sites of release58,59, so the concentration of RIM in NCs may favor high [Ca2+] in 

subsynaptic regions of the AZ that trigger vesicle fusion. In support of this idea, Kaeser 

et al.59 showed that RIM deletion resulted in decreased localization of Ca2+ channels to 

presynaptic terminals and a major shift in the [Ca2+]extracellular dependence of 

neurotransmitter release. Thirdly, RIM binds RIM-BPs, which have been shown to also 

bind Ca2+ channels, and this interaction is necessary for rescuing Ca2+ channel 

localization to the AZ in RIM-KO animals, so this may also contribute to the regulation 

of vesicle fusion sites217.  
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To assess which interactions are necessary, an approach similar to that utilized by Kaeser 

et al. (2011)59 may be considered here, whereby mutant RIMs lacking specific functional 

domains are used on a RIM-KO background. Subsequently PALM-pHuse may be used to 

assess the relationship between RIM molecule distributions and fusion site distributions 

and thus determine which interactions are critical for (1) nanoclustering of RIM and (2) 

colocalization of high local density areas of RIM with pHuse localizations. This strategy 

may be difficult in cases where certain mutations significantly impair release and vesicle 

fusion may not be measured at all.   

Certainly with the undoubtedly critical interaction between RIM and Ca2+ channels, 

understanding the relationship between the distributions of RIM and P/Q and N-type 

channels will be useful. Currently, such an experiment has been limited by the lack of a 

good antibody against endogenous N-type channels and the propensity for overexpression 

of N-type channels to functionally take over terminals such that neurotransmitter release 

becomes solely dependent on N-type channels145. Perhaps with the use of fluorescently 

tagged Ca2+ channels toxins (Conotoxin and Agatoxin) or improved genetic knock-in 

tools such as the CRISPR/Cas9 system to replace all endogenous channels with a 

fluorescently tagged channel, these studies will become more feasible.  

It may also not be ruled out that vesicle fusion itself could affect AZ nanostructure, 

particularly with larger scale vesicle release such as following more intense trains of 

stimulation that may recruit release from the recycling or reserve pools of vesicles. With 

heightened influx of Ca2+ and saturation of Ca2+ buffers following higher intensity 

stimulation likely reducing the spatial limitations on sites of vesicle fusion, fusion sites 

could become more spread out. One possible experiment to test this would be to assess 
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AZ nanostructure, for instance through 3D-STORM imaging of RIM, following different 

intensity field stimulations, such that if strong activity is capable of altering AZ 

nanostructure, one would measure an increase in nanocluster protein volume and/or 

density or even whole synaptic cluster protein volume and/or density.  

Further mapping of pHuse localizations with superresolved distributions of other AZ 

protein such as Munc13 and Bassoon may be useful in more clearly dissecting out the 

specific roles of each of these AZ proteins in regulating the processes of vesicle 

recruitment, tethering, priming, and fusing. A limitation in this regard is the longstanding 

difficulty in making functional tagged constructs of these bulky and tightly regulated 

proteins. For instance, in communications with Dr. Kaeser, who generously provided us 

with the RIM1-mVenus construct from which I made RIM1-mEos, he noted that the 

internal fusion of the tag to the protein was necessary for functional rescue of the protein 

within a knockout animal while previous versions of RIM1 constructs with N- or C-

terminal tags did not functionally rescue the knockout. Also, attempts to use even 

previously published constructs of Bassoon218 were, in our hands, largely unsuccessful.  

Additionally, with the observed differences in pHuse area between evoked and 

spontaneous fusion, mapping the distribution of spontaneous fusion with AZ proteins 

may offer insights as to potentially distinct mechanisms regulating spontaneous release 

compared to evoked release underlying the difference in area. This will be more 

challenging given the low probability stochastic nature of spontaneous release in these 

synapses. The potential for photobleaching and photodamage as discussed earlier are 

further enhanced in the case of PALM-pHuse imaging due to the additional exposure 

time and intensity necessary for PALM imaging in addition to pHuse alone.  
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Finally, as discussed in the introduction, there are four genes for RIM (1-4) and three 

isoforms of those genes (α, β, γ), but I have only used RIM1 for PALM imaging, so 

further work will be necessary to assess if the localization of other RIM isoforms 

substantially differ from that of RIM1. I would not predict a dramatically different 

relationship between RIM1 and RIM2 as only RIM1α and RIM2α proteins contain all 

encoded domains of the RIM genes, and RIM1 and RIM2 may have some functional 

redundancy219. In accordance, we have compared an antibody against both RIM1 and 

RIM2 with one specific for RIM1, and the labeled AZ nanostructures did not show 

different NC characteristics or different enrichment patterns relative to PSD-95 (Fig. 

15b). The functional contributions and localizations of the other isoforms, which lack 

critical domains, are more difficult to predict. 

Limitations of RIM PALM-pHuse 

In these PALM-pHuse experiments, it is necessary to note that I overexpressed mEos-

tagged RIM1 by approximately 4-fold (Fig. 12c). There was also increased intensity of 

Bassoon by 1.24-fold compared to nearby untransfected cells, suggesting potential effects 

of overexpression on the AZ. While a knockdown replacement strategy, as was 

previously implemented for PSD-95 would improve this, RIM is a low copy number 

protein (estimated about 40 copies per AZ146), so reducing the overexpression may result 

in insufficient numbers of molecules for reliably obtaining RIM distributions using 

PALM imaging.  

With the sequential PALM-pHuse protocol, drift that can occur over time is not currently 

accounted for, which likely dilutes the strength of the observed correlation between 
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structure and function on these nanometer scales. Current efforts are being made to 

improve correction for drift using tracking of gold beads placed on the coverslips. 

A further limitation of the PALM-pHuse measurements as it currently exists is the lack of 

3-dimensional information for what is a 3-dimensional structure. This is an even more 

critical issue for PALM-pHuse as opposed to just pHuse, because AZ proteins can span 

greater depths into the presynaptic terminal while fusion events only occur on the 

membrane, which may be considered to be more or less a 2-dimensional structure. 

Certainly in either case, the technique lacks an indication of the orientation of the synapse 

being imaged. As with performing experiments in more intact preparations discussed as a 

limitation for pHuse, acquiring 3D information requires greater signal, particularly as 

resolution within the z-plane will always be lower than in the xy-plane. Significant 

improvements in collection of photons necessary for obtaining 3D information has been 

achieved using interferometric PALM (iPALM)220 and lattice light sheet PALM221. 

However, iPALM requires direct optical access to the sample from both sides thus 

usually requiring cells to be sandwiched between glass coverslips, and lattice light sheet 

PALM requires long acquisition times on the magnitude of tens of hours, thereby making 

live cell imaging in those modalities more challenging. 

Consequences of the nanocolumn model for neurotransmission 

The presence of observed nonuniform distribution of protein densities on pre- and 

postsynaptic sides that aligned transsynaptically suggested a nanocolumn model, in 

which presynaptic AZ regions with the highest likelihood of release are aligned to the 

densest postsynaptic receptor areas, optimizing the potency of neurotransmission. Due to 
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the difficulty in experimentally testing the contribution of changes in synaptic geometry 

to synaptic signaling, simulations have been used to probe the possible functional 

consequences. Xie et al.118 posited that AMPA-mediated current is 43% greater when 

receptors are aligned to the release site than when they are 40nm away. Lisman and 

Raghavachari222 likewise suggested that vesicle release activates a hotspot of AMPAR 

channels with ~100nm radius, beyond which channel opening becomes inefficient due to 

low occupancy of glutamate. With the observation of postsynaptic NCs, MacGillavry et 

al.1 found AMPAR mEPSC amplitudes from a release event on a NC was ~two-fold 

larger than responses to release off-NC. Nair et al.2 extended these simulations to multi-

NC synapses, concluding that maximal AMPAR activation would occur with vesicle 

release between postsynaptic NCs. A caveat to this finding is that Nair et al.2 simulated 

two identical NCs placed 300 nm apart whereas we experimentally observed that NCs 

within a given synapse are usually different in size and localization density. 

Consequently, when T. Peter Li in the lab performed a similar simulation using a receptor 

distribution from an actual synapse that we measured using 3D-dSTORM, he found that 

the largest response is seen when release is aligned to the larger NC (data not shown).  

Consistent with effect sizes posited by these earlier models, our model built from 

measured protein distributions and relationships between those distributions and vesicle 

fusion sites, found an ~22% gain in synaptic strength of the measured aligned synapse 

compared to an uniformly distributed synapse, as shown in Fig. 15f. For comparison, 

long-term depression (LTD) induces a very similar magnitude decrease in synaptic 

strength162,163. Overall, our release-receptor alignment model provides a simple 

organizational principle utilized in synapses to maintain a dynamic range of signaling 
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strength that may hold for many small, CNS synapses, and will have the largest influence 

at synapses that typically release only one vesicle following an AP223. 

Indeed, the alignment of pre and postsynaptic nanoscale subdomains suggests that even 

small synapses may be composed of dynamic functional modules224. This type of 

organization has previously been well-characterized in the compartmentalized Drosophila 

neuromuscular junction (NMJ), where vesicles and priming proteins are arrayed around 

tight clusters of Ca2+ channels225.  Interestingly, at these synapses, postsynaptic receptors 

may preferentially cluster at larger, higher release probability AZs226. Correspondingly, 

blockade of postsynaptic receptors produces a rapid increase in presynaptic 

neurotransmitter release227, altogether suggesting an activity-dependent transsynaptic 

matching, likely mediated by a retrograde signal. Existing parallel transsynaptic plasticity 

mechanisms within mammalian CNS synapses, as reviewed in the introduction, further 

support the idea of corresponding parallels in structural organization that may have 

important functional consequences. As such, when we applied a chemical-LTD 

paradigm, we observed a nanocolumn specific homeostatic change in presynaptic protein 

nanostructure following initial postsynaptic changes, consistent with the temporal course 

of plasticity changes in Drosophila NMJ.  

Questions still remain as to what is precisely required for this delayed presynaptic 

change. For instance, is it activity dependent, such that the addition of TTX during the 

recovery period would prevent the observed changes? Is it actin dependent as with the 

PSD scaffold, where blocking actin polymerization would prevent the observed changes? 

In support of the links between cytoskeleton, AZ scaffolds, and synaptic activity, past 

work has suggested that actin polymerization converts nascent, silent boutons into active, 
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functional boutons, potentially through restructuring of the AZ scaffold228. It will also be 

important to assess whether there are common themes in molecular level changes seen 

across different plasticity paradigms (e.g. mGluR LTD compared with NMDA LTD) or 

distinct routes that may achieve similar physiological outputs. This will be important in 

understanding if there are fundamental principles for how synapses regulate strength.     

Mechanism of transsynaptic signaling? 

A predominant question stemming from both the observation of alignment and changes in 

alignment following synaptic plasticity is what mediates this. While the parallel temporal 

course of these observed plasticity changes to those described in the Drosophila NMJ 

may similarly point to a retrograde signal, further work is necessary to identify which, if 

any, of the numerous cleft-spanning adhesion systems229,230 or retrograde signaling 

mechanisms231,232 mediate release-receptor alignment and permit dynamic transsynaptic 

realignment. We made some efforts on this front to assess the contribution of some 

identified transsynaptic proteins. First, Dr. Tang attempted to pharmacologically disrupt 

N-cadherin, integrin, or EphB receptor/EphrinB1 for 72 hours, previously shown to 

reduce presynaptic growth induced by postsynaptic modification in a retrograde 

manner233. These disruptions yielded no changes to nanostructures.  

Subsequently, I attempted to acutely disrupt the transsynaptic Neurexin-Neuroligin (Nlg) 

binding pair, implicated to regulate synapse numbers. Overexpression and knockdown in 

vitro and in vivo have suggested that increasing Nlg results in greater numbers of 

synapses while reducing Nlg decreases numbers of synapses234. I expressed a tagged 

Nlg1 that contained in the extracellular domain a distal GFP tag and an engineered 
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thrombin-cleavage sequence proximal to the membrane (GFP-Thr-Nlg1)235. 

Overexpression of Nlg1 was previously found to increase presynaptic release236, and 

consistent with this, in collaboration with Dr. Tang, we found in neurons overexpressing 

GFP-Thr-Nlg1 a significant increase in the NC number for RIM1/2. Acute thrombin 

treatment (1 hour) decreased synaptic GFP intensity, as expected following the cleavage 

of the N-terminal GFP, but had no effect on synaptic intensity of GFP-Nlg1 (Nlg1 

without the cleavage site). Remarkably, 3D-dSTORM imaging on these transfected 

synapses showed that the GFP-Thr-Nlg1 cleavage reduced the total synaptic size of both 

RIM and PSD-95. This suggests that Nlg1 may be involved in controlling synapse size 

and potentially the distribution of proteins within the bounds of each side of the synapse. 

Indeed, thrombin treatment also decreased the number of NCs for both RIM1/2 and PSD-

95, and the difference was in fact much more pronounced in RIM1/2. However, to our 

surprise, the thrombin treatment had no significant effect on enrichment index or the 

fraction of nanoclusters that were enriched for either protein. We see two possible 

interpretations from these experiments. One is that Nlg1 plays a role in establishing some 

aspects of nanostructure but not the transsynaptic alignment of NCs. In this case, 

transsynaptic alignment may rely on the contribution of multiple different proteins and 

mechanisms. A second interpretation is that Nlg1 does in fact mediate alignment, and the 

alignment remaining after Thrombin cleavage reflects the alignment mediated by 

endogenous Nlg1-3.  

Ultimately, these outcomes still leave open several potential mechanisms that could 

underlie the transsynaptic alignment we observe. Broad categories include the pairing of 

cleft-spanning adhesion molecules, indirect interaction of pre and postsynaptic molecules 
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via cleft-resident intermediate proteins, and receptor activation-dependent accumulation 

of postsynaptic protein beneath sites of release. Furthermore, the organization may be 

maintained due to the presence of numerous, distributed interactions within the 

multiprotein complex in each cell. It is also distinctly possible that establishment of the 

nanocolumn organization may proceed through mechanisms independent of its 

maintenance. Thus, we conclude that these are complex questions that will likely take us 

longer to answer for this nanostructure, as the roles of the numerous molecules are still 

only dimly understood after roughly two decades of experimentation. 

Limitations of 3D-dSTORM 

A current restriction of our 3D-dSTORM method of measuring transsynaptic protein 

alignment is that the sample must be fixed and permeabilized to immunolabel for 

imaging. More ideal for plasticity experiments would be measuring nanostructure 

characteristics at multiple time points for the same synapses so that we could directly 

compare within synapses before and after plasticity or throughout development. There is 

as yet no obvious method to achieve this in part due to technical limitations discussed in 

the PALM-pHuse section for performing 3D-PALM. Additionally, the number of 

molecules necessary for acquiring complete synaptic distributions at multiple time points 

may be near impossible to achieve for low copy number proteins such as RIM. Moreover, 

practically, transfecting both a pre- and a post-synaptic cell that form a synapse would 

also be challenging. Recent development of transgenic mice that express mEos-tagged 

PSD-95237 may be useful along with continuing development of improved fluorescent 

proteins that can provide better photon count and/or advancements in the efficiency of 

photon collection by microscopes.  
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Broader impact on understanding cognition and disease 

CNS synapses are notorious for being “reliably unreliable” as generally ~10-20% of 

action potentials actually trigger neurotransmitter release. Synapses must therefore act as 

basic computational units that transform inputs in the form of action potentials to outputs 

in the form of neurotransmitter release. They must also be continuously modulated in 

response to intrinsic and extrinsic cues. Understanding the computation and modulation 

will be fundamental in ultimately understanding how circuits, behavior, and cognition 

work. 

On top of that, increasing data suggests that many of the same biological pathways are 

involved in different neuropsychiatric and neurodevelopmental disorders. Perhaps 

unsurprisingly, prominent among these pathways are disruptions to synaptic proteins and 

synaptic function. Markedly, overall the pathological manifestations of these diseases 

seem to result more from changes in synaptic structure, function, and circuitry rather than 

gross changes in the number or morphology of neurons. For example, one of the more 

well-studied synaptic proteins in association with disease has been Shank, which we 

showed is enriched within transsynaptic nanocolumns. Mutations in Shank have been 

linked to ASD, schizophrenia, and Phelan-McDermid syndrome, which includes 

symptoms of bipolar disorder and developmental regression238-240. Mutant mice with 

knockout of Shank genes show behavioral deficits associated with ultrastructural 

abnormalities, including spine loss, reduced spine volume, spine elongation, and 

decreased PSD thickness, suggesting a phenotype of reduced or delayed synapse 

maturation241. There is heterogeneity in functional defects observed, which include 

reduced synaptic transmission in hippocampal or striatal synapses resulting from pre and 
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postsynaptic dysfunction and reduced long term potentiation241. Mutations in other 

proteins we have directly studied such as GluAs, PSD-95, and Homer similarly have been 

genetically linked to autism spectrum disorder, schizophrenia, and intellectual disability, 

though better characterization of specific behavioral, structural, and functional deficits 

will necessitate further experimentation6. And while we may not yet have a clear answer 

as to how adhesion molecules regulate the nanoscale organization we observe, they are 

uniquely located to affect synapse structure and function. Predictably, they have been 

increasingly linked to neuropsychiatric deficits242,243. Thus, we hypothesize that the 

nanocolumn represents an especially sensitive point whereby disease-associated 

pathways, frequently known to alter synaptic plasticity5,6,10, may disrupt synapse 

function.   
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