Downloaded from https://www.pnas.org by MPDL PHY SIK DES LICHTS on July 10, 2024 from |P address 141.5.38.18.

PNAS

@ COMMENTARY

Tensed axons are on fire
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Fig. 1. Tension during neuronal development. (A) During axon growth, the growth cone pulls on the axon, thus putting it under tension (blue arrow) (5, 9, 10).
(B) In 2D cultures, axonal tension can be measured by pulling on the axon with a force sensor like pulling on a guitar string (gray arrow). The resulting change
in tension (blue arrow) leads to a change in growth direction (red arrow) (5). (C) In vivo, peripheral Drosophila axons are under tension (blue arrow). A decrease
in axonal tension leads to a decrease in synaptic vesicle clustering at the neuromuscular junction (11). (D) Schematic of the device developed by Joy et al. (12).
Neurons are cultured in a 3D matrix at opposite ends of a chamber whose walls are connected to a force sensor. (E) Over the course of weeks, the neurons extend
processes that connect to each other and form synapses, thus building a neuronal network. This process is accompanied by the build-up of tension across the
matrix (blue arrows). In 2D cultures, neuronal networks are characterized by spontaneous electrical activity, which depends on actomyosin-based contractility (12).

Already in the late 19th/early 20th century, neuroscientists
such as Wilhelm His, Ross Granville Harrison, and Paul Weiss,
discussed the role of mechanical signals in neuronal devel-
opment (1-4). A few decades later, in two seminal papers,
Dennis Bray showed that extending neuronal processes
(“neurites”) are under tension and that the external applica-
tion of mechanical tension to a neuron is sufficient to gen-
erate an axon (5, 6). Other pioneers in the field include Steve
Heidemann and Larry Taber, who devoted much of their
work to the study of cellular forces and tissue mechanics in
the developing nervous system (7-9). Their work has clearly
demonstrated that mechanical tension, i.e., a contractile
force acting along neurites, is a critical component during
brain development (Fig. 1A). However, many open questions
remain, which are often difficult to address due to a lack of
appropriate technology.

For example, axonal tension is difficult to assess in complex
environments. In two-dimensional (2D) cultures, a force can
be applied to isolated neurites using calibrated microneedles
(5) or red blood cells acting as springs (13), similar to pulling
on a guitar string (Fig. 1B). The amount of deflection of the
neurite in response to the applied force can then be used to
calculate the tension along the neurite. Alternatively, the
tension along the distal end of a neurite can be estimated
using 2D traction force microscopy (14). However, when neurons
are embedded in a three-dimensional (3D) environment, exter-
nal forces cannot be easily applied to the neurites, and 3D
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traction force microscopy (15) is challenging. In PNAS, Joy
et al. have developed a new experimental approach that
enables straightforward measurements of tissue-scale forces
building up within developing neuronal networks over the
course of weeks in 3D culture (12).

When neurons are born, their morphology is not very dif-
ferent from that of many other types of tissue cells. Only
after they have migrated to their final location, they begin to
grow two types of processes to connect with other cells:
shorter, branched dendrites, which collect information from
surrounding cells, and a usually longer axon, along which
information is sent to other cells (e.g., to other neurons or
to muscles). The direction and speed of axon and dendrite
growth are regulated by the growth cone, an actin-rich
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structure at the distal end of extending neuronal processes.
The growth cone pulls on its neurite (9), thus putting it under
tension (5) (Fig. 1A). The direction and magnitude of this ten-
sion are critical regulators of axon growth (9, 10) (Fig. 1B).
Axons growing along the same path often form bundles (they
fasciculate). Their bundling and unbundling are also regu-
lated by axonal tension (13).

Once extending neurites reach other neurons, they begin
to connect with them and form networks. The morphology of
these networks is regulated by neurite tension, through the
enforcement of axon branches with strong adhesion and the
retraction or elimination of axon collaterals whose adhesive
forces are smaller than the axonal tension (10, 16).

In PNAS, Joy et al. have developed a new
experimental approach that enables

straightforward measurements of tissue-scale
forces building up within developing neuronal
networks over the course of weeks in 3D culture.

Connections between different neurons are called syn-
apses, between neurons and muscles neuromuscular junc-
tions. In many types of neurons, information is sent along
axons in the form of action potentials, which are rapidly
propagating changes in their membrane potential (the poten-
tial gradient across the cell membrane). When the action
potential arrives at a synapse, the depolarization of the cell
membrane activates voltage-gated calcium channels, leading
to an influx of calcium ions along a concentration gradient
and thus converting the electrical signal into a chemical sig-
nal. The calcium influx causes the release of neurotransmit-
ters—small signaling molecules stored in membrane-bound
vesicles in the presynaptic terminal of the axon—into the
synaptic cleft, an approximately 20 to 30 nm wide space
between the pre- and the postsynaptic terminals (Fig. 1C).
These neurotransmitters then diffuse across the cleft and
bind to receptors on the postsynaptic terminal, leading to a
response that depends on the type of neurotransmitter and
receptors.

In a groundbreaking study, Taher Saif's laboratory had pre-
viously shown that the availability of neurotransmitters at
neuromuscular presynaptic terminals in vivo is regulated by
the mechanical tension along axons (Fig. 1C) (11). Embryonic
Drosophila axons, which have formed neuromuscular junc-
tions, maintain a rest tension of about 1 nN. Deviations from
this axonal tension are accompanied by changes in synaptic
vesicle clustering at the neuromuscular junction: Increased
tension leads to an increase in vesicle clustering, whereas
decreased tension leads to a corresponding decrease in ves-
icle clustering. Since synaptic vesicles are a prerequisite for
synaptic information transmission (17), these data suggested
that neuronal network activity may also be regulated by axonal
tension.

In PNAS, Joy et al. now show that, in vitro, tissue-scale
tension, which builds up during the formation of neuronal
networks, may indeed be important for spontaneous neu-
ronal network activity. They developed a new elegant device
in which they cultured rodent hippocampal neurons in
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opposite corners of a 3D matrix that was connected to a
custom-built force sensor. The neurons extended axons
toward each other, which formed synapses, thus eventually
leading to the establishment of a neuronal network. This
process was accompanied by a steady increase in tension
across the matrix in which the axons grew, until a plateau
force of tens of NN was reached after about a week. Blocking
the interaction of actin and myosin reduced the measured
forces, indicating that they were mainly generated by neu-
ronal contractility. Future work will reveal whether synapses
between axons are required to generate the tissue-scale
forces measured here, or whether a large number of uncon-
nected axons, which are inherently contractile (5), could
generate similar tensile forces.

The authors then investigated how the spon-
taneous electrical activity of neurons cultured on
2D substrates for 2.5 wk depended on actomyosin-
based contractility. Firing rates dropped from ~2
spikes per second in the control condition to ~0.2
spikes per second after global treatment with
drugs that interfered with the cells’ contractility.
While we don't yet know how the contractile forces exerted
by neurons in a soft 3D matrix compare to those of neurons
cultured on stiff 2D surfaces, and how the firing rates
observed in 2D relate to spontaneous neuronal activity in 3D
cultures, these experiments provide the first intriguing evi-
dence that actomyosin-based cellular forces are involved in
regulating spontaneous neuronal network activity. Given that
actomyosin interaction is important not just for the genera-
tion of axonal tension but also, for example, for dendritic
spine function (18), as discussed by the authors, it will be
important in the future to use local perturbations to under-
stand how axonal tension contributes to synaptic information
transmission.

Molecular mechanisms by which axonal tension regulates
synaptic vesicle clustering and the spontaneous electrical
activity of neurons remain poorly understood. One possible
pathway could be via the regulation of neurotransmitter exo-
cytosis by membrane tension: alterations in membrane ten-
sion could impede or facilitate the fusion of synaptic vesicles
with the cell membrane at the presynaptic terminal and thus
regulate neurotransmitter release. However, recent experi-
ments have shown that actomyosin-based axonal tension
may not scale with neuronal membrane tension (19). Further-
more, when mechanical tension is applied externally to an
axon, the axon maintains its normal electrical activity (20),
suggesting that axonal tension may not affect the electrical
activity of a neuron directly but rather indirectly, in a synapse-
specific way. Consistent with this idea, the application of a
mechanical force to the presynaptic terminal leads to an
increase in neurotransmitter release (21). Therefore, axonal
tension could lead to the deformation of presynaptic termi-
nals and thus to their increased activity. Molecularly, this
increase could be achieved, for example, by altering the activ-
ity of ion channels or other mechanosensitive proteins in the
deformed synaptic cell membrane (22). Future work will show
how axonal tension contributes to the regulation of neuronal
network activity and how this mechanical signal is integrated
with chemical signals that also control synapse function.
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