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Themissing live-cell evidence proving the

fusion pore hypothesis reveals

metastable pores that are two orders of

magnitude larger than previously thought

and can constrict and close instantly or

slowly.
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SUMMARY

Fusion is thought to open a pore to release vesicular
cargoes vital formany biological processes, including
exocytosis, intracellular trafficking, fertilization, and
viral entry. However, fusion pores have not been
observed and thus proved in live cells. Its regulatory
mechanisms and functions remain poorly under-
stood. With super-resolution STED microscopy, we
observed dynamic fusion pore behaviors in live
(neuroendocrine) cells, including opening, expansion,
constriction, and closure, where pore size may vary
between 0 and 490 nm within 26 milliseconds to sec-
onds (vesicle size: 180–720nm). Thesepore dynamics
crucially determine the efficiency of vesicular cargo
release and vesicle retrieval. They are generated by
competition between pore expansion and constric-
tion. Pharmacology and mutation experiments sug-
gest that expansion and constriction are mediated
by F-actin-dependent membrane tension and cal-
cium/dynamin, respectively. These findings provide
the missing live-cell evidence, proving the fusion-
pore hypothesis, and establish a live-cell dynamic-
pore theory accounting for fusion, fission, and their
regulation.

INTRODUCTION

Fusion and fission, which mediate many biological processes,

such as exocytosis, endocytosis, intracellular trafficking, cell divi-

sion, fertilization, and viral entry, are thought to involve a mem-

brane pore for releasing vesicular contents and for membrane

scission (Lindau and Alvarez de Toledo, 2003; Chernomordik

and Kozlov, 2008; Saheki and De Camilli, 2012; Alabi and Tsien,

2013; Wu et al., 2014; Antonny et al., 2016; Chang et al., 2017).

Four lines of evidence collected in the last half of the century sup-

port this view. First, electronmicroscopy (EM) at synapses shows

pore-like structures thought to reflect fusion or fission (Ceccarelli

et al., 1973; Heuser and Reese, 1981; Miller and Heuser, 1984;

Koenig and Ikeda, 1989; Shupliakov et al., 1997; Watanabe

et al., 2013). However, using EM, it is difficult to determine

whether the structure is for fusion, fission, on the way to expan-

sion or closure, or formed by unknown mechanisms. Second,

postsynaptic or amperometric current time course, which reflects

transmitter release, diffusion, and postsynaptic or amperometric

current generation, may imply fusion pore dynamics (Chow

et al., 1992; Albillos et al., 1997;Wang et al., 2003;Alabi and Tsien,

2013; Li et al., 2016). Third, fluorescently tagged vesicular pro-

teins, lipids, or quantum dots loaded into vesicles are released

with different kinetics, implying different fusion pore dynamics

(Aravanis et al., 2003; Taraska et al., 2003; Zhang et al., 2009).

Different sizes of fluorescent dyes can be differentially loaded

into vesicles, implying different fusion or fission pore sizes (Taka-

hashi et al., 2002; Vardjan et al., 2007). A vesicle-like cavity is

sometimes observed after content release in PC12 cells, implying

a fusion pore that does not collapse (Taraska et al., 2003). Fourth,

conductance measurements may estimate < �5 nm fusion or

fission pore for < �1 mm vesicles (Albillos et al., 1997; Klyachko

and Jackson, 2002; He et al., 2006, 2009). However, this estimate

assumes a cylindrical geometry with a constant length, solution

conductance, and membrane conductance while pore size

changes. These assumptions are not verified, and pores >

�5 nm are usually beyond the conductance measurement limit.

The above studies lead to a widely held view, referred to here

as the ‘‘metastable narrow-pore theory,’’ that fusion forms a nar-

row pore that either closes rapidly to limit the speed and the

extent of releasing vesicular cargoes (kiss-and-run) or expands

irreversibly until flattened (full collapse) to promote release, and

fission requires forming a narrow pore wrapped by dynamin or

dynamin-like proteins for membrane scission (Lindau and Al-

varez de Toledo, 2003; Saheki and De Camilli, 2012; Alabi and

Tsien, 2013; Wu et al., 2014; Antonny et al., 2016; Chang et al.,

2017). Pore regulation under this framework is thought to deter-

mine fusion and fission efficiency. However, fusion or fission

pores have not been directly observed and thus proved in any

live cells. Tools for direct pore observation in live cells are

needed to prove the fusion/fission pore hypothesis, various hy-

pothesized pore behaviors, and the underlying mechanisms

and functions.
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