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The formation of the nervous system involves establishing complex networks of synaptic
connections between proper partners. This developmental undertaking requires the
rapid expansion of the plasma membrane surface area as neurons grow and polarize,
extending axons through the extracellular environment. Critical to the expansion of
the plasma membrane and addition of plasma membrane material is exocytic vesicle
fusion, a regulated mechanism driven by soluble N-ethylmaleimide-sensitive factor
attachment proteins receptors (SNAREs). Since their discovery, SNAREs have been
implicated in several critical neuronal functions involving exocytic fusion in addition to
synaptic transmission, including neurite initiation and outgrowth, axon specification, axon
extension, and synaptogenesis. Decades of research have uncovered a rich variety of
SNARE expression and function. The basis of SNARE-mediated fusion, the opening of
a fusion pore, remains an enigmatic event, despite an incredible amount of research,
as fusion is not only heterogeneous but also spatially small and temporally fast. Multiple
modes of exocytosis have been proposed, with full-vesicle fusion (FFV) and kiss-and-run
(KNR) being the best described. Whereas most in vitro work has reconstituted fusion
using VAMP-2, SNAP-25, and syntaxin-1; there is much to learn regarding the behaviors
of distinct SNARE complexes. In the past few years, robust heterogeneity in the kinetics
and fate of the fusion pore that varies by cell type have been uncovered, suggesting a
paradigm shift in how the modes of exocytosis are viewed is warranted. Here, we explore
both classic and recent work uncovering the variety of SNAREs and their importance
in the development of neurons, as well as historical and newly proposed modes of
exocytosis, their regulation, and proteins involved in the regulation of fusion kinetics.

Keywords: vesicle, fusion pore, full vesicle fusion, kiss and run, neuronal development

THE REMARKABLE MAMMALIAN NEURON

Development of Neurons

The human brain is one of the most complex structures in nature, containing an astounding
~8!! neurons and ~8!'' non-neuronal cells and 12'3-12! synaptic connections in a roughly
1,400 cm? volume (Drachman, 2005; Azevedo et al., 2009; Micheva et al., 2010). The establishment
of precise and complex neural networks in the human brain is a major developmental task;

Frontiers in Molecular Neuroscience

www.frontiersin.org 1

August 2020 | Volume 13 | Article 133


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2020.00133
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2020.00133&domain=pdf&date_stamp=2020-08-07
https://creativecommons.org/licenses/by/4.0/
mailto:sgupton@unc.edu
https://doi.org/10.3389/fnmol.2020.00133
https://www.frontiersin.org/articles/10.3389/fnmol.2020.00133/full
https://www.frontiersin.org/articles/10.3389/fnmol.2020.00133/full
https://loop.frontiersin.org/people/995789/overview
https://loop.frontiersin.org/people/237555/overview
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Urbina and Gupton

Exocytosis Drives Plasma Membrane Expansion

this continues to be an area of rich scientific investigation.
Neurons are specialized cells, with both a uniquely polarized
structure and polarized function. The extremely polarized
morphology of neurons is typified by a single axon and
multiple dendrites. During development, the axon extends
outward from the neuronal cell body, also known as the
soma, toward future synaptic partners. Eventually, synapses
form between the axon and these synaptic partners. Dendrites,
which receive synaptic signals, are similarly often highly
ramified structures that receive input from multiple axons.
Such axonal-dendritic synaptic connections constitute the neural
networks that orchestrate complex behaviors, such as those of
the mammalian brain. Many outstanding questions regarding
neuronal development remain incompletely answered, including
how do neurons sense their extracellular environment and use
this information to expand in both volume and surface area,
and consequently create stereotypical network connections. In
this review, we explore the role that proteins of the soluble
N-ethylmaleimide-sensitive factor attachment proteins receptor
(SNARE) family and SNARE-mediated exocytosis play in plasma
membrane expansion and synaptic function in different stages
of neuron development, outgrowth, and function. We highlight
recent improvements in technology that have allowed a closer
examination of SNARE complex composition, regulation of the
fusion pore, and different modes of exocytosis, reinvigorating old
questions and proposing new ones in neuronal biology.

Neuronal development is characterized by a progression of
morphological events. After birth from neural progenitor
cells, immature neurons migrate to specified locations
before neuritogenesis (Cooper, 2013). For example,
glutamatergic neurons born in the ventricle wall form a
bipolar morphology and migrate to specified layers of the
cortex, dependent upon their birthdate, with early-born
neurons forming deeper layers of the cortex and later-born
neurons comprising more superficial cortical layers. Upon
reaching their destination, neurons progress through several
stereotypical morphological stages during development, which
is recapitulated with in vitro neuronal culture (Dotti et al.,
1988; Bradke and Dotti, 1997). This progression begins
when multiple immature neurites extend from the soma,
in a process termed neuritogenesis (Figure 1, Stage 1).
Subsequently, one neurite is specified as the axon through
several molecular events, including the accumulation of axonal
components, whereas the remaining neurites accumulate
dendritic components (Wisco et al, 2003; Kaibuchi,
2009). Axon specification leads to differences in polarized
intracellular transport of materials into these two regions
of the neuron (Figure 1, Stage 2; Sampo et al., 2003; Wisco
et al, 2003). Microtubules are polarized anterogradely in
the axon, with growing plus ends unidirectionally facing
away from the cell body. In contrast, dendrites exhibit
bipolar microtubule orientation, with approximately equal
numbers of microtubule plus-ends facing anterograde and
retrograde (Baas et al, 1988; Stepanova et al, 2003). How
this distinct microtubule polarity intrinsically alters the
delivery and sites of fusion for exocytic cargo remains an
outstanding question.

Following axon specification, the axon matures via several
additional stages of growth. The growing axon extends toward
targets of innervation (Figure 1, Stage 3). This directional growth
is led by the growth cone, a sensory and guidance machine, which
navigates in response to extracellular guidance cues, trophic
factors, and extracellular matrix components (Gomez and Zheng,
2006; Tojima et al., 2011; Tojima, 2012; Dudanova and Klein,
2013; Sutherland et al., 2014; Akiyama and Kamiguchi, 2015).
Axon branching, another stage in neuronal morphogenesis,
increases axonal territory and size, allowing the axon to
ultimately form synapses with multiple partners (Figure 1,
Stage 4, and 5; Bilimoria and Bonni, 2013). These connections
are subsequently strengthened, weakened, and pruned over the
lifespan of an organism, through processes of synaptic plasticity.
The proper connectivity, maintenance, and plasticity of synapses
are critical for appropriate physiological and behavioral actions,
disruption of which can lead to disease (Liischer and Isaac, 2009;
Schulz and Hausmann, 2016).

The developmental extension and branching of axon
and dendrites involve a significant expansion of neuronal
surface area (Pfenninger and Friedman, 1993). Indeed, the
expansive plasma membrane surface area of a neuron is
considerably larger for example than a simpler-shaped cell.
For example, a mammalian neuron has an average surface
area of ~250,000 pm? up to millions of square microns,
whereas a fibroblast has an average surface area orders of
magnitude smaller, at approximately 3,600 wm? (Steinman
et al., 1983; Pfenninger and Friedman, 1993). This large
neuronal surface area highlights the critical importance
of the insertion of membrane material during neuronal
development. The primary driver of neuronal surface area
expansion, at least early in neuronal development, is thought
to be exocytosis, a fundamental cellular mechanism in which
a vesicle fuses with the plasma membrane, forming one
contiguous surface.

Two distinct vesicle populations exist in mature neurons:
small synaptic vesicles, which generally contain low-molecular
weight neurotransmitters, and dense-core vesicles, in which
neuropeptides and neurotrophins are packaged. Synaptic vesicles
are smaller, typically averaging 40 nm in diameter, whereas
dense-core vesicles average ~100 nm in diameter. Therefore
these vesicles contribute different amounts of surface area
material upon fusion (Qu et al, 2009; Merighi, 2018).
Additionally, the regulation of their fusion is likely distinct.
Dense-core vesicle fusion requires repetitive and prolonged
stimulation compared to synaptic vesicle fusion (Lundberg
et al, 1986; Hartmann et al, 2001; Balkowiec and Katz,
2002; Frischknecht et al, 2008). The distinct sensitivity of
these vesicle populations suggests different fusion machinery
or protein regulation between the two. Even though these
different vesicle types are known to exist in mature neurons, their
relative contributions to membrane expansion in developing
neurons are not known. Further, both vesicle types are
below the diffraction limit of light, and thus there are
unknown differences in fusion parameters between the two.
As such, this review frequently does not differentiate between
vesicle types.
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FIGURE 1 | Soluble N-ethylmaleimide-sensitive factor attachment proteins receptors (SNARE) expression and function during different stages of neuron
development. Stage 1, R-SNARE usage is context-dependent, as cortical neurons grown on laminin require VAMP7 for neurite outgrowth, whereas neurons grown
on PDL require VAMP2. Stage 2, a multitude of SNAREs are required for neurite outgrowth and axon specification. Neurite outgrowth becomes VAMP7-dependent,
and soluble NSF-attachment proteins (SNAP-25) expression increases while SNAP-23 expression decreases. Stage 3, VAMP2, SNAP-25, and syntaxin-1 are
required for axon attraction and repulsion in response to chemotrophic factors. Stage 4 and 5, VAMP2, syntaxin-1, and SNAP-25 are required at the pre-synapse for
synaptic transmission. SNAP-25 is required at the post-synapse for SNARE-mediated NMDA receptor insertion.

Exocytosis is mediated by Soluble-NSF-attachment protein
receptors (SNAREs) proteins, which form a stable complex
thought to provide the energy needed for the fusion of
opposing lipid bilayers (Stidhof and Rothman, 2009; Jahn and
Fasshauer, 2012). Additional mechanisms that add plasma
membrane exist, such as lipid transfer at endoplasmic
reticulum-plasma membrane contact sites (Yu et al, 2016;
Nath et al, 2019). Exogenous membrane addition can
also occur later in development via lipoprotein particles
donated by glial cells (Frithbeis et al, 2013; Lewis, 2013).
The relative contribution of direct lipid transfer and glial
donation of plasma membrane material remains relatively
unexplored in literature; exocytosis is thought to provide
sufficient membrane for early stages of neuronal development
(Urbina et al, 2018, 2020). SNARE-mediated membrane
growth plays an essential role in neuronal development,
mediating neurite outgrowth, neuron polarization, growth

cone guidance, synapse formation, and ultimately functional
synaptic transmission.

SNAREs and Exocytosis

Discovery of the Fusion Machinery

The search for the proteins involved in transport between
membrane-bound compartments in eukaryotic cells identified
several components of the fusion machinery. The Rothman
lab discovered and named N-ethylmaleimide-sensitive factor
(NSF), a cytosolic ATPase required for fusion reactions
between membranes, from mammalian cells (Block et al., 1988).
Using NSF as bait, they identified soluble NSF-attachment
proteins (SNAPs), via their formation of NSF-SNAP complexes
(Malhotra, 1988; Clary et al., 1990; Rothman and Orci, 1992).
Mutations in genes encoding homologs in yeast for NSF
and SNAPs cause secretory defects (Crary and Haldar, 1992;
Novick and Schekman, 1979; Shah and Klausner, 1993). A
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search for SNAP REceptors (SNAREs) using bovine brain
identified synaptobrevin-2 (VAMP-2), SNAP-25 (coincidentally
named SNAP, unrelated to the SNAPs of NSF), and syntaxin-
1(Sollner et al.,, 1993) and revealed that these three SNAREs
formed a complex. VAMP-2, SNAP-25, and syntaxin-1 were
sufficient to fuse membranes in liposomal and cell-cell fusion
assays, and thus the minimal machinery necessary for fusion,
conserved in eukaryotes, had been discovered (Weber et al., 1998;
Hu et al., 2003).

SNAREs in Complex

The crystal structure of the SNARE complex and the
identification of a 60-70 amino acid sequence conserved in
all SNARE proteins, the SNARE motif, suggested a molecular
mechanism for fusion (Sutton et al., 1998). SNAREs attached
to separate membranes zipper into a tight complex, bringing
opposing membranes into contact and providing sufficient
energy to open a fusion pore (Gao et al, 2012). Four SNARE
motifs (two from SNAP-25, one from syntaxin-1, and one
from VAMP-2) are oriented into a parallel four o-helical
bundle composed of leucine, isoleucine, and valine residues.
The SNARE-complex bundle is thus formed of stacked leucine
zipper-like layers. Within the leucine-zipper layers, there is a
highly conserved and completely buried “0” layer composed
of ionic interactions between an arginine (R) from VAMP-2,
glutamine (Q) from syntaxin-1, and two Q from SNAP-25. The
flanking leucine-zipper layers act as a water-tight seal to shield
the ionic interactions of the R and three Q from the surrounding
solvent. This seal further stabilizes the four-helical oligomeric
structure by enhancing electrostatic interaction within the ionic
layer. Interruption of the 0 ionic layers disrupts SNARE complex
formation. This is a stable interaction, and the zippering and
SNARE interaction is thought to provide sufficient force to
overcome the energy barrier necessary to fuse membranes
(Liu et al., 2006; Grafmiiller et al., 2009; Gao et al., 2012;
Min et al., 2013).

The characterization of the SNARE motif permitted the
discovery of homologous SNARE proteins belonging to the
VAMP, syntaxin, or SNAP-25 families and their subsequent
localization and expression (Weimbs et al., 1997; Steegmaier
et al, 1998; Holt et al, 2006; Arora et al., 2017). Over
40 mammalian SNARE proteins have been annotated to date, and
the search for additional SNARE proteins is ongoing (Kloepper
et al, 2007; Le and Huynh, 2019; Le and Nguyen, 2019).
All SNARE complexes contain the single SNARE motif that
contributes an R and three SNARE motifs that each contribute
a Q to the ionic 0 layers. SNARE proteins were thus categorized
as R-SNAREs and Q-SNARESs (Fasshauer et al., 1998).

The R-SNARE family consists of several VAMP-2 family
members, which mediate the fusion of different compartments
(Figure 2Ai). Exocytic R-SNARE:s expressed in the brain include
VAMP-1, VAMP-2, VAMP-3, VAMP-4, and VAMP-7. Whereas
VAMP-2 is brain-enriched, VAMP-4 and VAMP-7 are broadly
expressed and found in multiple tissues (Advani et al., 1998;
Wong et al., 1998; Steegmaier et al., 1999; Adolfsen et al., 2004).
The Q-SNARE family is divided into three subfamilies, Qa, Qb,
and Qc SNAREs, based on the amino acid sequence homology of

the SNARE domain (Bock et al., 2001; Kloepper et al., 2007). The
syntaxins primarily belong to the Qa subfamily (Figure 2Aii).
Syntaxin-1, syntaxin-2, syntaxin-3, and syntaxin-4 are known
to mediate exocytosis. Syntaxin-1, syntaxin-4, and syntaxin-12
are brain-enriched, whereas syntaxin-6 and syntaxin-7 are found
broadly in most mammalian tissues (Bock et al., 1997; Advani
et al., 1998; Hirling et al., 2000; Mullock et al., 2000; Jung et al.,
2012). Finally, the SNAP-25 family members are classified as
Qb and Qc SNAREs (Figure 2Aiii). The N-terminal SNARE
motif (Qb-SNARE) of the SNAP-25 family members are more
homologous to each other than the C-terminal SNARE motif
(Qc SNARE) of the same protein. The same is also true
for C-terminal Qc SNARE motifs. SNAP-23, SNAP-25, and
SNAP-47 mediate exocytosis. SNAP-25, SNAP-29, and SNAP-47
are brain-enriched, whereas SNAP-23 is ubiquitously expressed
throughout tissue types, including the brain (Arora et al., 2017).
Both SNAP-29 and SNAP-47 are widely distributed in the cell,
including on synaptic vesicles as well as other intracellular
membranes (Holt et al., 2006).

The distinct tissue expression and cellular localization of a
large number of SNARE proteins suggested SNARE interactions
may impart selectivity to fusion between distinct cellular
compartments. Richard Scheller and collaborators however
discovered that recombinant or reconstituted R-SNAREs and
Q-SNAREs were surprisingly promiscuous, and any combination
of Qa, Qb, Qc, and R SNARE formed SNARE complexes in vitro
(Prekeris et al., 1999). R-SNARE and Q-SNARE combination
experiments with VAMP-2, VAMP-4, VAMP-7, VAMP-8,
rSec22b; syntaxin-1A, syntaxin-4, syntaxin-12; and SNAP-23,
SNAP-25, or SNAP-29 revealed that all 21 combinations of
an R-SNAREs and either of the syntaxins and SNAP-25
family members led to thermally-stable complexes. Despite
the promiscuity of SNAREs in complex formation in vitro,
not all SNARE complexes are fusogenic (Parlati et al.,, 2000,
2002), suggesting additional mechanisms can regulate fusion
after SNARE complex formation. If SNAREs provided specificity
to which compartments fuse, yet were not selective in vitro,
this suggests that additional mechanisms must regulate their
interactions, such as regulatory proteins or even subcellular
localization, and thus likelihood to interact. Although the
majority of SNAREs interact in vitro, the total number of relevant
combinations of SNAREs formed in vivo has not been studied in-
depth, and whether these combinations of SNAREs change over
time is unknown.

SNARE Roles in Different Stages of
Development

SNARE Expression Changes Throughout
Development

The stereotypical progression of neuronal morphogenesis
involves dramatic plasma membrane expansion. Experiments
exploiting pharmacological disruption of vesicle trafficking
from the Golgi halted the growth of neurons (Craig et al.,
1995). Electron microscopy-based studies demonstrated that
developing axons and growth cones contained membrane-bound
vesicles in the growth cone and cell soma (Igarashi et al., 1997).
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FIGURE 2 | (A) Selected list of the classified as Qabc-SNAREs and R-SNAREs and neuronally enriched SNARE expression in vivo in the murine brain. SNAREs are
classified into: (Ai) R-SNAREs; (Aii) Qa-SNAREs; and (Aiii) Qbc-SNAREs. These SNAREs were further subset into brain-enriched or not brain-enriched. White bars
in the illustration represent SNARE domains. (B) Expression from two different databases of select SNARE mRNA expression, one from whole-brain and forebrain
sequencing, and another database from single-cell sequencing of the mid-brain over multiple developmental time points. SNARE expression was normalized to all
SNAREs (blue) or normalized within-row (red) for identification of temporal peak expression for each individual. To compare across all SNAREs (blue), datasets of
reads per kilobase of exon model per million mapped reads (RPKM) were filtered for SNARE expression. The expression data were normalized to the highest RPKM
among all SNAREs was set to 1, and the lowest RPKM among all SNARES set to 0, and all SNAREs RPKMs were normalized between these two values. To
compare SNARE expression within-row (red), the highest RPKM for each SNARE was set to 1, and the lowest RPKM was set to 0 separately for each SNARE.
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Subcellular fractionation and subsequent immunoblot analyses
demonstrated that these vesicles contained SNAREs (Igarashi
et al, 1997). Together, these classic findings suggested that
these vesicles undergo SNARE-mediated fusion with the
plasma membrane throughout the developing neuron, and this
was required for neuronal growth. These and other studies
suggested that SNARE-mediated exocytosis delivered the bulk
of membrane material to increase the surface area of a growing
neuron (Craig et al., 1995; Pfenninger and Friedman, 1993;
Horton et al., 2005). Years of research revealed this exocytosis-
driven expansion is concomitant with temporal coordination
and switches in SNARE protein expression, localization, and
function. Interruption of exocytosis or SNARE expression leads
to incomplete development or non-viability (Schoch et al., 2001;
Washbourne et al., 2002; Winkle et al., 2014; Arora et al., 2017).

To characterize the developmental expression and relative
enrichment of different SNARE proteins, we explored two RNA
sequencing databases covering time points throughout murine
brain development (Cardoso-Moreira et al., 2019; La Manno
et al., 2016; Figure 2B). VAMP-2 was the highest expressed
R-SNARE, increasing in expression late into development,
whereas SNAP-25 and SNAP-47 were the most enriched Qbc-
SNAREs, and syntaxin-1 and syntaxin-12 the highest expressed
Qa-SNAREs. After birth, SNAP-25 and VAMP-2 expression
increased two-fold over other SNAREs, suggesting these SNAREs
had a significant role in mature neuronal function (Figure 2B,
P0-P63). At E18.5 in the single-cell sequencing database, the
majority of genes in the midbrain have lower expression
compared to E15.5, differing from the trend in whole-brain
sequencing. This observation remains to be explored. The
heterogeneity in developmental time points in which different
SNARE expression peaked suggests that each SNARE may play
a distinct role in neuronal development.

Several SNARE proteins are implicated in developmental
plasma membrane expansion, with different SNARE complexes
involved depending on the extracellular environment,
morphogens, and state of morphogenesis. For example,
neuritogenesis in vitro is context-specific. Poly-D-Lysine (PDL)
is an inert, synthetic adhesive polymer that promotes cell
adhesion to tissue culture-treated plastic and glass surfaces
without activating known adhesion receptors. In cortical
neurons grown on PDL-coated surfaces, the outgrowth of
neurites was tetanus neurotoxin (TeNT) sensitive at early
stages. TeNT cleaves VAMP-1 and VAMP-2 and prevents their
assembly into SNARE complexes. The TeNT sensitivity of
neuritogenesis, therefore, suggested neurite outgrowth required
VAMP-2 (and possibly VAMP-1)-mediated exocytosis. This
is consistent with the high expression of VAMP-2 relative to
other R-SNARE:s at this developmental time point (Figure 2B).
Laminins are extracellular matrix ligands that bind specific
integrin heterodimers, syndecan, and a-dystroglycan, and are
the major component of the basal lamina and are found at
specific areas in the brain. When neurons were grown on
laminin, neurite outgrowth was no longer TeNT-sensitive and
was instead mediated by TeNT-insensitive VAMP(TI-VAMP),
also known as VAMP-7 (Osen-Sand et al., 1996; Sosa et al., 2006;
Gupton and Gertler, 2010). Laminin engagement of integrin

receptors was suggested to activate distinct signaling pathways
and SNARE proteins, such as VAMP7(Gupton and Gertler,
2010). During neuritogenesis of cortical neurons on PDL, we
recently found that VAMP-2-mediated exocytic events localized
in a spatially random fashion and occurred at a higher frequency
than at later points of neuronal morphogenesis, after a presumed
axon had formed (Urbina et al., 2018). The rapid and random
occurrence presumably inserted maximal membrane material
before the axon was specified. The context-dependent usage of
VAMP-2 or VAMP-7 suggested that neurons utilized specific
VAMPs based on the extracellular environment. Whether other
SNARE proteins function in a context-dependent fashion has not
been explored. For example, if a neuron encounters a gradient of
laminin or other morphogens, does R or Q-SNARE utilization
change based on a threshold?

After neuritogenesis, a subsequent outgrowth of neurites
from the polarized hippocampal neuron is mediated by VAMP-
7, but not VAMP-2 (Martinez-Arca et al., 2001; Osen-Sand
et al, 1996). SNAP-25, syntaxin-1, and syntaxin-12 were
also reported necessary for axon outgrowth (Igarashi et al.,
1996; Hirling et al., 2000; Zhou et al., 2000; Kabayama et al.,
2008). In vivo, VAMP-7 and syntaxin-12 expression peaked
early-to-mid brain development (~E13.5-E18.5), whereas
syntaxin-1 and SNAP-25 expression increased substantially
during these time points (Figure 2B). Using acute treatment
of botulinum neurotoxin A(BoNT/A) to cleave SNAP-25
resulted in the loss of neurite outgrowth, whether neurons
were grown on laminin or PDL(Osen-Sand et al, 1996).
Curiously, in contrast to cleavage with TeNT or BoNT, genetic
deletion of either murine Vamp2 or Snap25 did not inhibit
neuritogenesis in vitro, and neurite outgrowth proceeded
(Schoch et al., 2001; Washbourne et al., 2002). Snap25*/*
cultured cortical neurons have reduced dendritic length, and
soma area, but similar axonal lengths compared to wildtype
neurons at day 4 in vitro (Arora et al, 2017). This apparent
disagreement suggested that the SNAREs compensated
following the genetic deletion of either Vamp2 or Snap25,
whereas this did not occur sufficiently following acute cleavage
and disruption of SNARE protein function. For example,
experimental evidence suggested VAMP-7 can substitute for
VAMP-2, and overexpression of SNAP-23 or SNAP-29 rescued
SNAP-25 deletion phenotypes in vitro (Winkle et al., 2014;
Arora et al.,, 2017).

The signals that initiate axon specification and outgrowth are
not fully understood; however, the localization of insulin-like
growth factor 1 (IGF-1) receptor in the plasma membrane
of hippocampal neurons to a single neurite, followed by
phosphatidylinositol (3,4,5)-triphosphate (PIP3) accumulation
at the growth cone of that neurite were found to be critical
events (Sosa et al., 2006). The localization and insertion of
the IGF-1 receptor were mediated by another set of SNAREs:
VAMP-4, syntaxin-6, and SNAP-23 (Grassi et al., 2015).
IGF-1 receptor insertion was suggested to promote a positive
feedback loop, eventually specifying the single neurite as the
axon. Following axon specification, the growth cone navigates
toward targets of innervation by sensing extracellular cues.
Several studies have indicated SNARE-mediated fusion was
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critical for axon guidance (Tojima et al, 2007; Zylbersztejn
et al, 2012; Tojima and Kamiguchi, 2015). For example,
VAMP-2 was required for attractive responses to nerve growth
factor (Tojima et al., 2007; Akiyama and Kamiguchi, 2010).
TeNT treatment or genetic deletion of VAMP-2 nullified
the turning response of a growth cone in a repulsive
dose of sema3A. Similarly, SNAP-25 and syntaxin-1 were
involved in the axon turning response to the guidance cue
netrin-1. Netrin-1 induced coupling of its receptor, Deleted
in Colorectal Cancer (DCC) to syntaxin-1 (Cotrufo et al,
2012). Abolishing syntaxin-1 function through syntaxin-1-
shRNA knockdown or BoNT/C1 treatment (which cleaves both
syntaxin-1 and SNAP-25), disrupted axon turning, whereas
BoNT/A cleavage of SNAP-25, or TeNT cleavage of VAMP-
2, did not disrupt turning. The lack of phenotype with acute
SNAP-25 or VAMP-2 disruption suggests that syntaxin-1 may
form SNARE complexes with additional SNAREs. Indeed,
netrin-1 treatment of murine cortical neurons increased the
frequency of both VAMP2 and VAMP7-mediated exocytosis
(Winkle et al., 2014). Further experiments determined the
spatial distribution of exocytosis on the growth cone was
important in the turning response. Most guidance cues instruct
growth cone turning via asymmetric Ca®* signals, with a higher
Ca** concentration on the side of the growth cone facing
the source of the cues, regardless of whether the cues are
attractive or repulsive (Gomez and Zheng, 2006). The repulsive
cue sema3A suppressed VAMP-2 mediated exocytosis. Tojima
et al. (2011) discovered that using local photo-uncaging of
Ca?* on one side of a growth cone increased local VAMP-
2-mediated exocytosis and subsequent growth cone turning.
Asymmetrical VAMP-2-mediated exocytosis was suggested
to turn the growth cone toward the side of the highest
exocytic release.

The Mature Neuron

After the growth cone reaches its target destination,
synaptogenesis begins. SNAP-25 is recruited to presynaptic
sites, where it participates with VAMP-2 and syntaxin-1 in
synaptic vesicle release (Siidhof, 2004). SNARE proteins are
best characterized for their role in synaptic transmission.
Evoked synaptic response is non-existent in neurons cultured
from mice lacking VAMP-2 or SNAP-25 (Serensen et al,
2003). Snap-25~'~ cultured neurons eventually die before
synaptogenesis (Arora et al., 2017). This may depend on
survival factors, as lower densities of cultured Snap-25~'~
hippocampal neurons die within 2-3 days in vitro, whereas
higher densities died only after 7 days in vitro, after forming
immature synapses (Washbourne et al, 2002; Arora et al,
2017). Of the neurons that survived to day 8 in vitro (~2%),
they have fewer synapses and dendrites compared to Snap-
25** neurons. Expression of SNAP-23 or SNAP-29 in
SNAP-25 deficient neurons rescued dense-core vesicle release;
however, expression of SNAP-47 did not rescue this defect,
suggesting that although SNAREs can substitute for each
other in SNARE complexes, they were not always capable
of restoring the functional role of another SNARE family
member (Washbourne et al., 2002; Arora et al., 2017). These

results and their contrast to acute inhibition of SNAREs with
BoNT or TeNT suggest that compensatory actions of other
SNARE proteins occurred following genetic deletion, or that
acute inhibition vs. genetic deletion triggered a difference
in growth and survival cues. At the post synapse, SNAP-25,
and likely VAMP-2 are involved in the exocytosis-dependent
insertion of NMDA receptors (Lau et al,, 2010). In addition
to the well-studied SNAP-25, other Qbc-SNAREs are also
important in synaptic function. SNAP-23 mediates NMDA
receptor insertion in postsynaptic dendritic spines, a marker
of synaptic plasticity, whereas overexpression of SNAP-29
inhibited synaptic vesicle fusion (Hunt and Castillo, 2012;
Wesolowski et al., 2012; Cheng et al, 2013). SNAP-47
regulated the release of BDNF, which modulated long-term
potentiation and spine regulation in hippocampal neurons
(Shimojo et al., 2015).

Although SNARESs are necessary for evoked synaptic release
and proper neuronal development in vitro, one striking result
was the lack of discernible morphological phenotypes when
critical SNARE genes were deleted globally during development
in vivo. In both VAMP-2 and SNAP-25 deficient mice, fetuses
were born with a rounded body shape distinct from wildtype,
but no gross brain malformations. The mice lacked synaptic
transmission, however, and died immediately following birth,
presumably due to paralysis of the lungs (Washbourne et al.,
2002; Arora et al, 2017). Histological examination of stained
paraffin brain sections from E17.5 and E18.5 Snap-25~/~ mice
showed no evidence of cellular defects (Washbourne et al., 2002).
Although there has not been a careful examination of neuronal
morphology in these knockout mice, axon and dendrites were
present. Based on the phenotype associated with acute inhibition
of SNAP-25 with BoNT-A in vitro, this suggested compensation
for fundamental SNARE exocytosis occurs in this developmental
time frame, whereas specialized roles for synaptic transmission
cannot be similarly compensated for. Immunocytochemical stain
for tyrosine hydroxylase, a marker for mature catecholaminergic
neurons, demonstrated a normal pattern of immunoreactivity
in the Snap-25~'~ brainstem. Thalamocortical axon projections,
traced using carbocyanine dye from E17.5-E19, were unaffected
by the deletion of Snap-25 (Molnar et al., 2002). In Vamp-2 null
mice, analysis of brain sections revealed no neurodegeneration
or other gross changes to brain structure (Schoch et al., 2001).
Although a careful examination was not performed, neurons
lacking VAMP-2 had normal-appearing neurons with dendrites
and axons, again suggesting that compensation via other SNARE
proteins occurred during the developmental time window
(Schoch et al., 2001). The context-dependence of SNAREs and
their varying expression levels during development suggest that
SNAREs may perform multiple roles throughout development.
One question in the field is whether SNARE-composition
changes during different stages of development.

Sites of Membrane Growth

Where the material is added to the plasma membrane during
neurite outgrowth continues to be an outstanding question.
Early attempts to address this conundrum ended with mixed
results; both the cell body and distal growth sites, such as the
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growth cone, were proposed as sites of membrane addition,
and both locations have garnered support and contradictory
evidence. Despite this ambiguity, membrane addition at the
sites of growth has become the favored hypothesis for where
surface area expansion is occurring (Pfenninger, 2009; Tojima
and Kamiguchi, 2015).

Evidence for the Growth Cone

The debate surrounding where membrane insertion occurs in
growing neurons was introduced by Dennis Bray. In classic
experiments, Bray observed that glass particles resting on rat
sympathetic neurons remained stationary relative to the soma as
the neuron elongated (Bray, 1970). He proposed that membrane
insertion occurred primarily at the distal ends of growth.
Following the fate of a radio-labeled phospholipid precursor,
[*H]glycerol, in pulse-chase experiments in conjunction with
electron microscopy-based visualization of silver grains marking
incorporation sites of radioactive material demonstrated that
pulsed lipids initially accumulated in ER and vesicles, and
subsequently at distal ends of growing axons (Pfenninger and
Friedman, 1993). An alternative approach used to suggest
sites of membrane insertion involved following the fate of
transmembrane proteins, which were presumably trafficked to
and inserted at sites of membrane growth. The expression of
an exogenously tagged transmembrane protein CD8a, followed
by fixation and immunolabeling of CD8a, showed that CD8a
localized in the growth cone 8-h post-transfection, and a
smaller amount localized in the cell body (Craig et al., 1995).
If protein transport was blocked using Brefeldin A treatment,
CD8a was not detected in the growth cone and rather
accumulated in the soma. Whereas authors interpreted these
results to suggest the addition of new membrane occurs at
sites of growth, each of these early experiments suffers from
being indirect methods of determining where a new surface
area is added.

Evidence for the Soma

Another line of experiments, however, suggested that the soma
was the primary site of plasma membrane expansion. Popov
et al. (1993) directly labeled the lipid bilayer of Xenopus
spinal neurons by application of fluorescent lipids. After local
infusion of fluorescent lipids near the soma, the authors detected
anterograde transport of the exogenous fluorescent lipids using
time-lapse microscopy. This anterograde transport persisted
regardless of where along the axon the lipid dyes were infused,
suggesting that membrane inserted at the soma and flowed
toward the growth cone. Although Pfenninger and Friedman’s
conclusions were at odds with Popov et al, without the capability
of following where vesicle fusion with plasma membrane inserts
membrane material, all these methods only provided snapshots
that could lead to different interpretations depending on the
context. SNARE localization and early tracking of fusion events
added support for SNARE-mediated fusion as a driver of
membrane insertion. VAMP7-containing vesicles translocated
from the soma to become enriched in the growth cone, where
they then fused (Burgo et al,, 2012). Evidence indicated that
VAMP2 was found throughout the cell and VAMP-2-mediated
exocytosis also occurred at the growth cone periphery, including

at filopodia (Sabo and McAllister, 2003; Tojima et al., 2007; Ros
et al., 2015). Recent improvements in imaging, such as the use
of pH-sensitive probes, provided new ways to visualize where
membrane insertion occurs more directly. Using VSNAREs
lumenally labeled with pHluorin, a pH-sensitive GFP allowed
direct visualization of exocytic events. The fluorescence of
pHluorin is quenched in the acidic environment of the vesicle
lumen. However, upon opening a fusion pore between the
vesicle and plasma membrane, protons rapidly escape the vesicle
lumen, and the neutralized pH promotes rapid unquenching and
fluorescence of pHluorin, as a readout of fusion pore opening
(Miesenbock et al.,, 1998). In conjunction with Total Internal
Reflection Fluorescence (TIRF) microscopy, which specifically
illuminates the basal plasma membrane of the neuron, and
an unbiased, automated image analysis method, we recently
reported that the majority of constitutive VAMP2-mediated
exocytosis occurred in the soma in stage one and stage two
neurons, with a much smaller proportion occurring in distal
neurites and growth cones (Urbina et al, 2018). By the
time neurons reached stage three, VAMP-2- mediated exocytic
events were evenly distributed between soma and neurites but
were still rarely observed in growth cones. In contrast to
VAMP-2, VAMP-7-pHluorin mediated exocytic events were less
frequent and sometimes undetected, suggesting that VAMP-2-
mediated exocytosis primarily accounted for exocytic membrane
addition during these early developmental stages. This result
was consistent with cortical neuritogenesis being VAMP-2 but
not VAMP-7 dependent (Gupton and Gertler, 2010). During
this developmental stage, VAMP-2 mRNA expression increased
(Figure 2B), also consistent with an important role for VAMP-2
during neuritogenesis. We detected an average of two VAMP2-
pHluorin events per growth cone per minute, in agreement with
other reports (Ros et al., 2015; Urbina et al., 2018). In contrast,
we detected 8-10x the number of exocytic events in the soma
in a similar period. In addition to quantifying rates and spatial
location of individual exocytic events, we measured the size of
non-coated vesicles (presumably exocytic) and clathrin-coated
vesicles by EM, the size of neurons at multiple developmental
time points, as well as the rate of endocytosis, to establish
a model of cell growth. From these data and modeling, we
concluded that the rate of exocytosis in growth cones was orders
of magnitude less than was required for the growth of the
neuron. In contrast, exocytosis in the soma, not the growth
cone, provided more than sufficient membrane to account
for membrane expansion concomitant with the growth of
developing neurons. Although this system used overexpression
of VAMP-2, VAMP-2-pHluorin marked the vast majority of
VAMP2 containing vesicles, suggesting it accurately represented
the population of fusing events (Urbina et al., 2020). Our results
called into question the traditional view that membrane was
preferentially inserted at sites of neurite extension. Prior results
demonstrating the accumulation of transmembrane proteins at
the growth cone, which appeared to contradict our findings,
may suggest that specialized vesicles are primarily trafticked
to the growth cone for signaling and chemotrophic-induced
asymmetric exocytosis required for turning, whereas the bulk of
membrane material was inserted at the soma. Alternatively, the
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soma and growth cone may both be sites of growth and insertion,
with membrane preferentially removed from the soma, but not
the growth cone.

A Point of Tension

Membrane tension, defined as the force per unit length acting
on a cross-section of the plasma membrane, regulates the
frequency and the localization of exocytic events (Gauthier
et al., 2011; Diz-Mufioz et al., 2013; Bretou et al., 2014; Wen
et al,, 2016). For example, mechanical tension can alter the
organization of the submembranous actin network, which may
regulate vesicle access and fusion (Wen et al., 2016). Mechanical
forces on the growth cone, originating from adhesions to the
extracellular environment, as well as cytoskeleton dynamics,
induce changes in membrane tension, and influence growth
rates. For example, the location of sites of growth was altered
by mechanical forces encountered by the neuron (Zheng et al.,
1991). An experimentally-induced towing force transduced by
pulling a glass needle attached to the growth cone increased
axon elongation rate by 1.5 wm/h/pdyne, with some neurons
exhibiting a 350 wm/h increase in growth rate (Zheng et al,
1991). Neurons were labeled with polyethyleneimine-treated
microspheres, and the position of microspheres along the axon
was recorded. Without towing, the microspheres remained
stationary relative to the soma during neurite outgrowth.
However, in pulled neurites, all the microspheres along the axon
increased in distance from the soma as well as from each other,
suggesting that membrane insertion occurred along the entire
length of the neurite. This suggested that the spatial location
of exocytic growth was context-dependent, and regulated by
membrane tension.

The ability of local changes in membrane tension to
regulate membrane insertion distally remains unclear, as the
capability for the plasma membrane to propagate tension is
not fully understood. The fluid-mosaic model, which posits
the plasma membrane as liquid-like, suggests that membrane
flow transmits local changes in membrane tension across the
cell in milliseconds, providing a long-range signaling pathway.
The fluid-mosaic model suggests tension propagates across the
entire surface of artificial membranes, based on the capacity for
fluorescently-tagged proteins to freely diffuse in both artificial
bilayers and intact cells (Mouritsen and Bloom, 1984; Sperotto
et al.,, 1989; Kusumi et al., 2005). In contrast, the Cohen lab
proposed that the density of transmembrane proteins influences
gel-like properties of the plasma membrane and that tension
does not propagate across the plasma membrane, but only
locally activates tension-related signaling (Shi et al., 2018). The
gel-model of the plasma membrane has wide implications for
neurons. If membrane addition is primarily added to the soma,
the gel-model of the plasma membrane suggests the added
material generates a pushing force to extend axons during
growth. The potential pulling force of the growth cone or
pushing force of the membrane at the soma could, in effect,
change exocytic fusion dynamics. The potential influence of
membrane tension or fluidity on the spatial location and rates of
exocytosis suggest that a different cell type, a different substrate,
or indeed the variety of stiffnesses of substrates found in the

brain may orchestrate entirely different spatial organization to
exocytosis. An outstanding question in the field is, then, whether
in vitro studies accurately reproduce conditions to define where
membrane addition is occurring in vivo, and whether different
neuronal types add membrane at different spatial locations based
on differences in tension in the extracellular environment.

Modes of Fusion

Our model of membrane growth concerning exocytosis and
endocytosis in developing neurons suggested exocytosis added
superfluous membrane material for neuronal morphogenesis.
One caveat of the model however was that it assumed that all
exocytic events inserted the entirety of the vesicular membrane
into the plasma membrane (Urbina et al., 2018). However, two
modes of exocytosis are described prominently in literature,
each of which has different consequences for plasma membrane
expansion and cargo secretion. In this section, we review
the history of findings regarding modes of fusion and their
repercussions on neuronal growth. Visualization of the fusion
pore by electron microscopy initiated a controversy regarding
modes of fusion, as the initial results were interpreted in
different ways. In one camp, Ceccarelli et al. (1972) proposed
that vesicle fusion involved the opening of a small fusion
pore between the vesicle and plasma membrane. This was
followed by rapid pore closure at the site of fusion, without
full dilation and collapse. This model referred to primarily as
kiss-and-run (KNR), originated from the electron microscopic
observation of the uncoated omega-shaped membrane profile
with a narrow neck connected to the plasma membrane at the
active zone of the frog neuromuscular junction (Figure 3Ai).
Meanwhile, other electron microscopy-based studies of the
frog neuromuscular junction by Heuser and Reese (1973)
demonstrated omega-shaped profiles with narrow or wide necks,
as well as areas interpreted as a fully-dilated fusion pore
(Heuser and Reese, 1973; Heuser, 1989). They suggested a model
in which fusion pore opening was followed by fusion pore
dilation and the full collapse of the vesicle membrane into the
plasma membrane. This was followed by membrane retrieval
at sites distal to fusion (Figure 3Ai). This mode of fusion has
different names throughout literature, including full-collapse
fusion and full fusion, but we shall refer to it as full-vesicle
fusion (FVF). FFV events add material to the plasma membrane,
expanding the neuronal surface area, whereas KNR events do
not. FVF events allow the quantal release of all cargo, whereas
KNR events allow partial cargo release. These fundamental
distinctions suggest that KNR and FVF are poised to play
diverse roles in development and at the synapse. During neuronal
development, FVF can add plasma membrane material and
insert transmembrane receptors. FVF can also add membrane
to the synapse, expanding surface area. Therefore, to maintain a
consistent synapse size, compensatory endocytosis must retrieve
excess plasma membrane (Heuser and Reese, 1973). KNR does
not provide for developmental plasma membrane expansion
but may enable more rapid and economical vesicle recycling
at the synapse. Second, the narrow fusion pore during KNR
may limit the rate of transmitter discharge, resulting in a
more tuneable synaptic response (Stevens and Williams, 2000).
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FIGURE 3 | (A) Modes of exocytosis described in the literature for neuronal
and non-neuronal cells. Full-vesicle fusion (FVF) and KNR were the first
proposed modes of exocytosis. Recently we proposed the subclasses of
FVFi, FVFd, KNRi, and KNRd to best describe the heterogeneity observed in
developing cortical neurons. Flicker fusion has been observed at
hippocampal synapses, resulting in the vesicle retreating from the membrane.
In neuroendocrine cells, omega-shrink and omega-enlarge have been
described as the primary modes of exocytosis observed. (B) Known
regulations of SNARE-mediated fusion are described, including regulation of
the modes of exocytosis. (i) The number of SNARE complexes at the fusion
pore increases the probability of fusion pore opening and accelerates fusion
pore expansion. (ii) SNARE-substitution can alter fusion dynamics, such as
SNAP-47 substituting for SNAP-25. SNARE complexes made up of different
SNAREs have distinct kinetic profiles. (iii) Spatial segregation or aggregation,
such as linking of vesicles to the plasma membrane by N-WASP, can regulate
fusion. Actin dynamics also regulate fusion dynamics, and actin as well
osmotic pressure is suggested to drive FVF as well as omega-shrink fusion in
neuroendocrine cells. (iv) A limited list of proteins suggested altering modes
of fusion and the kinetics of SNARE-mediated fusion in neurons.

Switching between KNR and FVF provides a mechanism to
regulate membrane addition and cargo release, as well as regulate
synaptic transmission.

The controversy of modes of fusion both at synapses and in
non-neuronal cell types continued for decades, in which evidence
accumulated to support multiple fusion modalities (Stevens

and Williams, 2000; Rizzoli and Jahn, 2007). The existence of
multiple exocytic modes at the synapse remained controversial
as multiple vesicles fuse near-simultaneously in a diffraction-
limited area, and thus single-fusion event conclusions were often
extrapolated from the aggregate of a population of fusing vesicles.
Evidence using imaging and electrophysiological approaches to
track exocytosis at high spatial and temporal resolution suggested
that low frequency or low-release probability fusion events were
primarily KNR (Gandhi and Stevens, 2003; Harata et al., 2006).
Using FM dyes, Aravanis et al. (2003) demonstrated that vesicles
loaded with FM1-43 dye exhibited partial or complete dye loss
during stimulation. Using the hydrophilic FM1-43 quencher
bromophenol blue revealed vesicles retained part of the dye after
fusion, consistent with KNR. Using VAMP2-pHluorin, Harata
et al. (2006) investigated the time course of exocytosis fusion
and fluorescence decay. They found that there was a population
of fast-fluorescing events that exhibited a rapid decrease in
fluorescence after fusion pore opening distinct from that of
average exocytic fusion event decay. This rapid decrease in
fluorescence was slowed through the addition of the pH buffer
TRIS, which slowed vesicle re-acidification, suggesting these
events were KNR (Harata et al., 2006). Although the challenges of
imaging individual fusion events at the synapse remain a hurdle,
the evidence for KNR has continued to grow.

Electrophysiological evidence supporting distinct FVF and
KNR fusion have also been obtained in neuroendocrine cells. For
example, membrane capacitance, measured by electrophysiology
techniques, is proportional to membrane area, and thus
offers a readout of membrane expansion. As such, membrane
capacitance increases when a vesicle fuses with the plasma
membrane and increases the plasma membrane surface area. A
sustained increase in capacitance following fusion indicates FVF;
capacitance “flickers,” in which transient capacitance increases
occurred, suggests KNR. Both types of events were detected
in neuroendocrine cells (Fernandez et al,, 1984). Subsequent
capacitance measurements suggested the fusion pore diameter
remained under 3 nm for a variable period before expanding
in the majority of events, presumably FVF, whereas a smaller
proportion of events never fully dilated but instead closed,
presumably performing KNR (Albillos et al., 1997).

Imaging data of single vesicle fusion events supported the
existence of KNR and FVF in astrocytes and in neurons outside
of synapses. Using VAMP2-pHluorin and TIRF microscopy,
Bowser and Khakh discerned the kinetic profiles of individual
fusion events in astrocytes. They differentiated FVF events
by the diffusion of VAMP2-pHluorin away from the site
of fusion, whereas KNR events were differentiated by the
disappearance of fluorescence without diffusion (Bowser and
Khakh, 2007). Exocytic events that did not exhibit VAMP2-
pHluorin diffusion had half-lives that were sensitive to changes
in extracellular pH and buffering capacity, suggesting that the
decay of fluorescence was attributable to vesicle re-acidification.
Our results corroborated VAMP2-pHluorin diffusion in FVF
and reacidification in KNR in developing neurons before
synaptogenesis (Urbina et al., 2020). By simultaneously using
VAMP2-pHluorin and VAMP2-tagREP, we followed the fate
of VAMP2-containing vesicles before, during, and after fusion.
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This revealed distinct modes of fusion exhibiting diffusion of
both fluorophores (FVF) or retaining a visible VAMP2-tagRFP
containing vesicle after the loss of fluorescence of VAMP2-
pHluorin fluorescence (KNR). With knowledge of these distinct
fusion modes, we updated our model of plasma membrane
expansion to reflect the proportion of exocytic events that
would not add membrane (Urbina et al., 2020). Although our
original model overestimated the amount of surface area added
by exocytosis, our new model, which incorporated the mode
of fusion, reflected measured surface area increases of neurons
in vitro more accurately. Single vesicle fusion events also occur
in mature neurons outside the synaptic transmission. Richards
combined imaging and electrophysiology to reveal that vesicles
containing AMPA receptors at the postsynapse fused primarily
through FVF, whereas vesicles containing NMDA receptors
fused primarily using KNR (Richards, 2009). Therefore, fusion
mode can be specific to distinct vesicle populations with different
functional roles and cargo. With sufficient evidence that KNR
and FVF are major modes of fusion, the relative contribution
of each mode to neuronal development and synapse function
remains an important question in cell biology.

Beyond Two Modes of Fusion

The heterogeneity of fusion pore behavior and the myriad
regulatory proteins that govern fusion pore kinetics raised the
question of whether exocytic events can be described by only
two fusion modes. For example, additional modes of fusion have
been argued to exist in developing neurons, neuroendocrine
and Williams, 2000; Staal et al., 2004; Shin et al., 2018; Urbina
et al., 2020). These modes include flickering fusion, shrink-
fusion, and subclasses of FVF and KRN. In flickering fusion,
the fusion pore is suggested to open and close transiently before
the vesicle eventually retreats from the plasma membrane. This
mode has been observed primarily in neuroendocrine cells,
although evidence suggests it may also occur at synapses (Staal
et al., 2004; Wightman and Haynes, 2004; Stratton et al., 2016;
Bao et al., 2018). Utilizing pH-sensitive fluorescent proteins
within the vesicle lumen, coupled with rapid switching of
the extracellular pH via microfluidics allowed the detection
of opening and closing of fusion pores. In this experiment,
fluorescence coinciding with a neutral extracellular pH indicated
the opening of a fusion pore. A vesicle with an open fusion
pore flickered with the pH change, whereas a sealed vesicle did
not change fluorescence. Using this system, a third fluorescence
behavior was observed: irregular switching between flickering
and stable fluorescence. This observation suggested a population
of vesicles with fusion pores that repeatedly opened and closed,
hence the name flickering fusion. In shrink-fusion, the omega-
shape of vesicles shrinks due to the osmotic pressure of the
cell without fusion pore dilation, and enlarge-fusion, in which
the omega-profile of the fused vesicle increased in size after
the opening of the fusion pore (Shin et al, 2018, 2020).
More recently, Wu et al imaged over 300 fusion events in
neuroendocrine cells using stimulated emission depleted (STED)
microscopy and remarkably found no events that fully dilated
until vesicle collapse (Shin et al., 2018). The authors found

instead that fusion pore size positively correlated with vesicle size,
which ranged from 180 to 720 nm in diameter. Although fusion
pore size was variable, full dilation was not observed, and rather
fusion pore opening was followed by a shrinking omega-shaped
profile. Of note, this variation on fusion mode adds material
to the plasma membrane. Whether this omega shrink fusion
happens in other cell types or at the synapse is an open question.

Diverse fusion behavior was also observed in developing
neurons before synaptogenesis. As described above, FVF and
KNR can be differentiated based on VAMP2-pHluorin diffusion,
pH sensitivity, or the behavior of a pH-sensitive VAMP2-
RFP. Recently we identified distinguishable subclasses of FVF
and KNR in developing cortical neurons using an unbiased
classification of the fluorescence profiles of VAMP2-pHluorin
fluorescence after fusion pore opening (Urbina et al., 2020).
A subset of exocytic events exhibited an immediate (i) decay
of VAMP2-pHluorin fluorescence after fusion pore opening.
Both FVF and KNR events were observed with this behavior
and subsequently termed FVFi and KNRi. FVFi and KNRi are
analogous to “classical” FVF and KNR fusion as described in the
literature. A previously unappreciated subset of events exhibited
a plateau in VAMP2-pHluorin fluorescence after fusion pore
opening, indicating a delay (d) in fluorescence decay after fusion
pore opening, and thus a delay in the vesicle fusion process. Some
of these delayed events eventually proceeded to FVF (FVEFd),
and some proceeded to KNR (KNRd). The existence of these
delayed events suggested mechanisms were capturing an open
fusion pore before the vesicle proceeded to a final vesicle fate of
FVF or KNR. The distribution of these four modes of exocytosis
between developing neurons was remarkably consistent. The
heterogeneity of cell type-specific fusion behaviors may indicate
that classic FVF and KNR are the predominant modes of fusion
only in a subset of cell types. The number of different modes, how
fusion modes differ between cell types, and the mechanisms that
govern modes of fusion are open questions in the field.

The Fusion Pore: Kinetics, Dynamics, and
Models of Formation

The Fusion Pore: Expansion and Contraction

The mode of fusion is necessarily dictated by the fate of the
fusion pore. Analyzing the fate of the fusion pore has remained
controversial due to the enigmatic nature of fusion events,
which are spatially small and temporally rapid. Reconstituted
systems allow examination of how fusion proceeds using the
minimal machinery required. in vitro experiments of liposomal
fusion with varying densities of reconstituted SNARE proteins
suggested a critical number of SNARE complexes were required
to open and dilate the fusion pore and accomplish content
mixing (Lu et al,, 2005). Similarly, cell fusion assays using
nanodiscs, synthetic lipoprotein particles that contain a small
(~17 nm diameter) circular lipid bilayer with differing numbers
of SNAREs, suggested two SNARE complexes were required to
open a fusion pore, but seven SNARE complexes were required
to fully dilate the pore (Shi et al., 2012). This number of SNARE
complexes required for fusion was consistent with predictions
from the Karatekin and O’Shaughnessy lab supporting their
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biophysical model of SNAREpin repulsion as an explanation for
fusion pore expansion (McDargh et al., 2018).

With more complex reconstitution assays, the heterogeneity
of fusion modes emerged. Using nano-discs and HeLa cells,
Wu et al. (2016) found two fates for the fusion pore after
opening;: fully dilated or closed. In this assay, a pipette was sealed
onto a HeLa cell expressing flipped Q-SNARESs, with the active
SNARE domains facing the extracellular space. Nanodiscs with
R-SNAREs were then flooded into the pipette, and fusion events
were probed by direct-voltage electrophysiology. The majority
of events measured in this assay were FVF. The prevalence of
FVF over KNR is consistent with biophysical models, which
suggested FVF be energetically favorable over KNR (Mostafavi
et al.,, 2017; Risselada et al., 2014; Wu et al., 2017). Bao et al.
(2018) detected rapid opening and closing of fusion pores in
a reconstituted fusion assay through electrophysiological spikes
using nanodiscs. As the number of SNAREs per nanodisc
increased, the probability of the fusion pore remaining open
increased, and fusion pore dilation increased. The recapitulation
of KNR-like, FVF-like, and flickering fusion suggested the
number of SNAREs available for fusion regulated the mode of
fusion in SNARE reconstitution assays.

Regulation of the Fusion Pore

Whereas these assays have reconstituted a variety of fusion
pore behavior, such as dilation consistent with FVF, closure
consistent with KNR, and rapid opening and closing consistent
with flickering, other variations of fusion such as omega shrink
have yet to be reconstituted. Not only is the outcome of the
fusion pore distinct in different systems, the kinetics of fusion
pore opening, dilation, and closing between a liposomal fusion
assay event and a fusion event in a cell can be orders of magnitude
apart. The difference in fusion pore behaviors in an artificial
system compared to cells may be explained by the lack of
regulatory proteins as well as differences in the cellular and
extracellular environments that fusion takes place compared to
in vitro.

Sufficient numbers of SNAREs, the minimal machinery for
fusion in liposomes, promoted full dilation of the fusion pore,
suggesting that additional regulatory mechanisms constrain the
fusion pore in the cellular context (Wu et al., 2017; Bao et al,,
2018). In nano-disc reconstitution assays, the probability of
pore dilation increased with the number of SNARE complexes,
suggesting that SNARE density and availability for fusion
regulated exocytic fusion (Figure 3Bi; Bello et al, 2016; Wu
et al., 2017). Using super-resolution microscopy, Yang et al.
(2012) showed that SNAP-25 was clustered in microdomains
on the plasma membrane of PC-12 cells and that R-SNARE
containing vesicles were trafficked to locations with a lower
density of SNAP-25 than the surrounding area, suggesting
spatial distancing as a method of regulating fusion. Evidence
from Bowser and Khakh (2007) and Urbina et al. (2020),
however, suggested the concentration of VAMP-2 was not
different between vesicles that fuse by FVF or KNR in astrocytes
and developing neurons. These assays relied on measuring the
fluorescence of VAMP2-pHluorin, however, and may not be

a suitable proxy to capture differences in SNARE complex
numbers.

In addition to SNARE complex numbers, SNARE complex
composition may play an important role in heterogeneity in
fusion in cells. SNARE proteins can substitute for each other
in complex and influence fusion kinetics. However, the role
that SNARE complex composition plays in the regulation of
exocytosis has not been explored until recently. Most artificial
assays have utilized SNAP-25, VAMP2, and syntaxin-1 to
reconstitute fusion and explore the dynamics of the fusion pore.
In such assays, SNAP-47 competed with SNAP-25 to form stable
SNARE complexes with VAMP2 and syntaxin-1(Holt et al,
2006). Although capable of fusing proteoliposomes, SNAP-47,
VAMP2, syntaxin-1 complexes exhibited slower fusion than
SNAP-25, VAMP2, syntaxin-1 complexes. Our recent work
in developing neurons suggested SNAP-47 was involved in
VAMP2-mediated exocytic fusion at the plasma membrane
of developing neurons, and that SNAP-47 containing SNARE
complexes may regulate fusion pore kinetics and bias the mode
of exocytosis toward KNR events (Figure 3Bii; Urbina et al,
2020). If heterogeneous SNARE complexes existed in the same
location spatially, then a combinatorial effect on fusion behavior
may emerge, where the kinetics and mode of the fusion are
influenced not only by the number of SNARE complexes but
also the composition of each of those SNARE complexes. This
effect is unexplored in current literature, and further studies are
needed to determine the composition of the SNARE complex
surrounding fusion pores in cells, and whether heterogeneity in
SNARE composition may regulate kinetics and mode of fusion.

An important consideration for comparisons between in vitro
and artificial systems is that the lipid and protein composition
of the plasma membrane, as well as tension propagation,
is substantially different from simplistic liposomes, and the
proteins that may regulate the opening and kinetics of the
fusion pore are not included in most in vitro fusion assays. For
example, Wu et al suggested that actin dynamics and osmotic
pressure are responsible for the omega shape shrinking, whereas
actin and calcium-dependent dynamics regulated the size of the
fusion pore, both regulatory elements not found in most artificial
systems reconstituting fusion (Shin et al., 2020). Indeed, the
proximity of the cortical actin network to the plasma membrane
suggested that actin may also help organize the clustering
of the fusion machinery by linking vesicles to the plasma
membrane. For example, the Arp2/3 actin nucleator interaction
with lipids and signaling proteins, such as PtdIns(4,5)P2 and
Cdc42/N-WASP, may link vesicles to the plasma membrane
(Figure 3Biii; Gasman et al., 2004). Cortical F-actin was found
to control the localization and dynamics of SNAP-25 membrane
clusters in neuroendocrine cells (Torregrosa-Hetland et al,
2013). Quantitative imaging of SNAP-25 and the actin probe
lifeact-GFP revealed colocalization at the plasma membrane,
indicating the association of secretory machinery to the F-actin
cortex. In agreement with these data, Yuan et al. (2015) found
evidence that the organization of fusion hotspots in insulin-
secreting INS-1 cells relied on the cytoskeleton. Using TIRF
microscopy they found that individual fusion events were
clustered and that this clustering disappeared upon inhibition
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of either the actin cytoskeleton using cytochalasin D or
microtubule cytoskeleton with nocodazole. Defining how the
cytoskeleton regulates fusion and the plasma membrane remains
a complicated area of study, due to the pleiotropic effects of
manipulating any single cytoskeletal element.

In addition to the actin cytoskeleton, several other proteins
such as dynamin, alpha-synuclein, complexin, synaptotagmin,
and TRIM67 regulate fusion pore kinetics and fusion mode
(Figure 3Biv). Both dynamin and alpha-synuclein alter the
kinetics of fusion pore dilation and the mode of exocytosis.
Dynamin I is enriched in neurons, while dynamin I and
I are found in neuroendocrine cells, where they regulate
the amount of exocytic cargo release (Gonzalez-Jamett et al.,
2013; Jackson et al., 2015). Anantharam et al. (2011) found
that when dynamin I GTPase activity was reduced, a slower
onset of pore dilation occurred along with increased FVF
(Anantharam et al., 2011; Jackson et al., 2015). Neuroendocrine
cells transfected with a dynamin I mutant with reduced GTPase
activity compared to wildtype dynamin I showed an increase in
the length of the pre-spike foot of amperometry measurements
of catecholamine, suggesting a slower onset of pore dilation.
Treatment of neuroendocrine cells with the dynamin activator
Ryngo, however, slowed the kinetics of FVF events and decreased
the number of KNR events (Jackson et al., 2015). This suggested
that dynamin I was a tuneable regulator of both kinetics and
mode of exocytosis. Overexpression of alpha-synuclein, a protein
that localizes to the presynapse, altered fusion pore kinetics,
reducing the time until the full release of BDNF-pHluorin from
vesicles (Logan et al., 2017). Unlike dynamin I overexpression,
however, the faster kinetics of fusion pore dilation was not
accompanied by decreased FVF, but an increased number of
presumed FVF events. This suggested that modes of fusion may
be regulated distinctly from fusion pore kinetics. Recently we
described the brain enriched E3 ubiquitin ligase TRIM67 as
a regulator of fusion mode in developing cortical neurons
(Urbina et al.,, 2020). Deletion of Trim67 led to a decrease
in FVFi and FVFd classified VAMP2-pHluorin events, and an
increase in KNRi and KNRd events, with no change in the total
frequency of exocytic events. Further investigation suggested that
TRIM67 acted to decrease levels of SNAP-47 and reduced the
level of SNAP-47 in complex with other SNAREs. Deletion of
Trim67, therefore, caused an increase in SNAP-47 levels, altered
SNARE complex composition, and altered fusion behavior that
suggested SNAP-47 containing SNARE complexes may have
reduced ability to dilate the fusion pore after opening. Knocking
down SNAP-47 with siRNA reduced KNRi and KNRd in
Trim67~/~ neurons. These results suggested that altering SNARE
complex composition as a way to regulate the mode of fusion.

While dynamin and alpha-synuclein altered fusion pore
dilation rate and mode of exocytosis, other proteins, such as
complexin II, are suggested to bind SNARE complexes and
stabilize the fusion pore (Archer et al., 2002). Overexpression
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