
related to understanding [14] (see [15] for
discussion).

The distributed semantic correlations
revealed by Huth et al. do not pull apart
these two perspectives, but Huth et al.
made an important methodological con-
tribution that may help to resolve debates,
like this one, about the neural code for
semantic representations. By relying on
computationally explicit models, they
were able to cache out alternative theo-
ries in terms of quantitative fit between
semantic features and neural signals.
They illustrated this promise by compar-
ing the specific semantic feature space
they employed with a popular alternative
based on abstract co-occurrence vectors
and not ones based on a limited set of
core vocabulary [3]. The power of their
semantic feature space to predict fMRI
responses was superior to that alternative
when confronted with held-out data. This
result presents a blueprint for how theo-
ries of semantic representations could be
tested against neural signals.

Huth et al.’s study thus exemplifies two
compelling trends in cognitive neurosci-
ence: (i) an effort towards increased eco-
logical validity, and (ii) an appeal to
computational models of cognition to test
alternative theories of the cognitive algo-
rithms implemented in neural circuits.
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Spotlight
A Presynaptic Liquid
Phase Unlocks the
Vesicle Cluster
Shan Shan H. Wang1 and
Pascal S. Kaeser1,*

How are synaptic vesicles tied
together in a nerve terminal? A
recent study by Milovanovic and
colleaguesoffersanewmechanism
for this old and important problem:
synapsin proteins establish a liquid
phasethatclustersvesicles.Liquid-
–liquid phase separation provides a
fluid-like state that accommodates
thedynamicdemandsof presynap-
tic vesicle traffic.

Hallmark studies on the ultrastructure of
nerve terminalshave revealed that synaptic

vesicles are not randomly distributed but
are tightly clustered, and that vesicles are
connected by filaments, or bridges. It was
hypothesized that these filaments act as a
cytoskeletal grid to hold vesicles together.
It was further proposed that the filaments
are made of synapsins, highly abundant
presynaptic proteins that bind to vesicles
[1]. Additionally, morphologically distinct
filaments, or scaffolds, appeared to attach
vesicles to active zones – fusion sites at the
presynaptic plasma membrane.

Previous studies have addressed the
nature of these filaments and their roles
in synaptic vesicle clustering but no clear
picture on the mechanism of vesicle clus-
tering has emerged. Knockout of synap-
sins or antibody interference with them
resulted in disruption of vesicle clustering
but intervesicular filaments persisted, and
target membrane-attached vesicles
remained [2–4]. Conversely, genetic dis-
ruption of the molecular scaffolds
between vesicles and the target mem-
brane led to a selective loss of vesicles
attached to the active zone membrane
[5]. Although vesicle clustering persisted
after active zone disruption, the cluster
shifted into the back of the nerve terminal,
behaving as if it were a delimited organ-
elle. While these studies revealed that
vesicle clustering and target membrane
attachment are independent, they did not
provide a feasible mechanism for how
vesicles are clustered.

A recent paper [6] offers a new synapsin-
mediated mechanism for vesicle cluster-
ing. In an elegant series of experiments,
Milovanovic and colleagues reveal that
synapsins establish a distinct liquid phase
within the surrounding solution without
the help of lipids or other proteins.
Through their vesicle-binding activity,
synapsins are able to recruit lipid vesicles
into this phase. As further discussed
below, these findings could explain why
intervesicular filaments, but not a tight
vesicle cluster, persist in the absence of
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synapsins. They further suggest that the
vesicle cluster is a non-membrane-
enclosed organelle, similar to liquid-
phase-defined postsynaptic assemblies
[7], making it conceivable that phase sep-
aration is a general mechanism for syn-
apse assembly and maintenance.

But how do the intervesicular bridges
and filaments relate to synapsin and liq-
uid-phase-mediated vesicle clustering?
Some semiquantitative considerations
may provide insight into this question.
Viewing a small central nerve terminal
as a 0.5-fl sphere with a 1-mm diameter
filled with �500 synaptic vesicles
(approximations that are similar to those
obtained from experiments [8]), the con-
centration of vesicles amounts to
�1.7 mM. Estimates of presynaptic syn-
apsins have varied: on the one hand,
experimental data led to the estimate
that a nerve terminal contains about
150 mM synapsin (�23 000 molecules)
[8], roughly 50–90 times more than the
concentration of vesicles. Hence, it
appears unlikely that individual synapsin
molecules account for the few bridges
per vesicle [1,4]. On the other hand, each
vesicle is associated with only approxi-
mately eight synapsin molecules in bio-
chemical purifications [9], perhaps more
consistent with the low number of
bridges seen between vesicles. The liq-
uid phase model (Figure 1) unifies these
apparent discrepancies. One can envi-
sion that a nerve terminal contains a
dense but loose cluster, or phase, of
synapsins with a local concentration
within the phase that is higher than the
average estimated concentration of syn-
apsin. While low-affinity homomeric
interactions establish this synapsin-
dense liquid phase, only a small fraction
of the synapsin molecules directly inter-
acts (and copurifies) with vesicles. The
bridges seen in ultrastructural studies are
probably accounted for by transient low-
affinity interactions of a mix of various
proteins, including synapsins, with

vesicles. Most likely, however, these
bridges are not the physical tether that
keeps the vesicles together, and most
synapsins do not appear as distinct inter-
vesicular bridges.

The findings by Milovanovic et al. make
intuitive sense. By nature, the vesicle clus-
ter is highly dynamic: vesicles undergo
exo- and endocytosis, arrive from the
soma, are exchanged with other synap-
ses, and move rapidly within the cluster. It
is hard to envision how filaments and
bridges, acting as a mesh of molecular
rods that tethers vesicles, could account

for these properties. Instead, a fluid-like
state, established by a liquid phase, is
ideally suited for the generation of such
a dynamic organelle, allowing movement
within it and rapid exchange between it
and the outside [10]. Vesicle exit from the
cluster may be biased towards the secre-
tory site at the active zone through inter-
actions of vesicles with proteinaceous
scaffolds that reach from the active zone
into the liquid phase. These scaffolds may
recruit the entire vesicle cluster towards
the target membrane, and this process is
disturbed when the active zone is dis-
rupted [5].

Microtubules

Synapsin-based
liquid phase

Free synapsin

Ac�ve 
zone

Synap�c
vesicles

Figure 1. Working Model of a Liquid Phase That Organizes Synaptic Vesicles. In a presynaptic nerve
terminal, synapsin establishes a distinct liquid phase that clusters synaptic vesicles, and possibly other
presynaptic components as well. The fluid-like state that accompanies liquid–liquid phase separation is well
suited for the dynamic needs of the synaptic vesicle cycle. Among the major questions that arise from this
model are the following. Where and when does the synapsin phase form and how are arriving vesicles
incorporated into it at a synapse? Are trafficking vesicles also clustered using the principle of phase separation?
How are the size and composition of the liquid phase regulated and what is the contribution of other
presynaptic components to regulation? What are the interactions of the phase-based vesicle cluster with
the secretory apparatus at the presynaptic active zone and with the cytoskeleton and, ultimately, what are the
functional consequences of the liquid phase model?
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The identification of a liquid phase as a
vesicle-clustering mechanism also raises
additional interesting questions regarding
presynaptic biology. Is vesicle association
with the synapsin phase required for a
vesicle to persist? It is striking how few
vesicles are found outside clusters in neu-
rons. Furthermore, in the absence of syn-
apsin, total levels of synaptic vesicle
proteins in the brain are strongly dimin-
ished, but synapse density or function are
relatively normal [2]. Hence, synaptic
vesicles are not just unclustered and
widely distributed, but are either not made
or disappear in synapsin knockout mice.
One possibility is that entering the liquid-
phase-based cluster stabilizes vesicles
and vesicles outside of this phase are
degraded, or are depleted through fusion
or other mechanisms.

Another interesting question is how phase
separation is regulated such that a cluster
can be rapidly dispersed or trimmed in
size. The authors provide first insights into
this by showing that a CamKII phosphor-
ylation site in synapsin may be involved,

as the synapsin phase is rapidly dispersed
in vitro when CamKII is present. Certainly,
the protein- and organelle-rich environ-
ment in a nerve terminal will have major
roles in regulating the vesicle-containing
liquid phase.

Finally, it will be important to assess how
the phase-based vesicle cluster interacts
with other important elements of the pre-
synapse. What are the molecular links to
the active zone? How does the synapsin-
phase-based cluster capture arriving
vesicular cargo that is transported along
microtubules? What are the interactions
with the presynaptic cytoskeleton? The
identification of a liquid phase that medi-
ates vesicle clustering provides a new
conceptual framework for studies of the
function and regulation of the synaptic
vesicle cycle.
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