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Memory and learning in animals are mediated by neurotransmit-
ters that are released from vesicles clustered at the synapse. As a
synapse is used more frequently, its neurotransmission efficiency
increases, partly because of increased vesicle clustering in the
presynaptic neuron. Vesicle clustering has been believed to result
primarily from biochemical signaling processes that require the
connectivity of the presynaptic terminal with the cell body, the
central nervous system, and the postsynaptic cell. Our in vivo
experiments on the embryonic Drosophila nervous system show
that vesicle clustering at the neuromuscular presynaptic terminal
depends on mechanical tension within the axons. Vesicle clustering
vanishes upon severing the axon from the cell body, but is restored
when mechanical tension is applied to the severed end of the axon.
Clustering increases when intact axons are stretched mechanically
by pulling the postsynaptic muscle. Using micro mechanical force
sensors, we find that embryonic axons that have formed neuro-
muscular junctions maintain a rest tension of �1 nanonewton. If
the rest tension is perturbed mechanically, axons restore the rest
tension either by relaxing or by contracting over a period of �15
min. Our results suggest that neuromuscular synapses employ
mechanical tension as a signal to modulate vesicle accumulation
and synaptic plasticity.

MEMS � neuron � synapse � synaptic vesicle

The accumulation of neurotransmitter containing vesicles at
the presynaptic terminal is essential for neural communica-

tion. On the arrival of an action potential at the terminal,
neurotransmitters are released through exocytosis of the vesi-
cles. The transmitters excite the postsynaptic terminal in a
millisecond time frame (1). The amount of neurotransmitter
release for a given action potential depends on several factors
including how frequently the synapse has been used. This usage
dependent plasticity is believed to be the basis of memory and
learning (2). Despite a wealth of knowledge on the molecular
components of the synapse (3, 4) and the modulation of the
postsynaptic machinery during long-term potentiation and de-
pression (5–7), the mechanism of vesicle accumulation at the
presynaptic terminal and regulation of neurotransmission in a
usage-dependent manner remains unclear (8). There is increas-
ing experimental evidence suggesting that the mechanical mi-
croenvironment has a significant influence on a variety of cell
functions including gene expression, cell growth and morphol-
ogy, cytoskeletal organization, and apoptosis (9–13). Our in vivo
experiments reveal that mechanical tension in axons plays a key
role in vesicle accumulation.

We examine the neuromuscular synapse within live embryos
of Drosophila melanogaster (14) (Fig. 1A). In Drosophila, an aCC
(anterior corner cell) pioneer motoneuron extends a single axon
and invariably innervates its target, muscle1. A pair of aCC
motoneurons occurs in every segment of the embryo, and their
development is highly stereotyped. The first contact between the
aCC axon and muscle1 occurs at hour 14 of embryogenesis, after
which synaptogenesis progresses through a stereotyped se-
quence. Shortly after the first contact, the integral synaptic
vesicle protein Synaptotagmin-I (SytI), essential for neurotrans-

mission, begins to accumulate at the presynaptic terminal (Fig.
1B). SytI protein forms a complex with distinct molecules on the
membrane of the neurotransmitter vesicles well before they are
released (15). During the first 2 h of synaptogenesis, glutamate
receptors begin to accumulate on the postsynaptic surface.
Electrophysiological measurements on embryos (16, 17) show
low background activity at the synapse, as well as a larger
response to applied electrical fields. The background activity is
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Fig. 1. Synapse between aCC motoneuron and muscle1. (A) Embryonic
nervous system of Drosophila (GFP) with aCC motoneurons. The figure also
shows the axon that is severed in this study and the axons that are used for
comparison. (B) Immunocytochemistry of the aCC axon with Synaptotagmin-I
antibodies. Before the aCC contacts muscle1 (hour 13), Synaptotagmin-I is
detected (blue arrowheads) along its axon (red dots). Soon after their initial
contact (hour 14), Synaptotagmin-I (blue arrowheads) starts to exhibit distinct
patterns of accumulation at the aCC axon terminal (bracket). The left end of
the figure is the location of the LBD (lateral bipolar dendrite) cell and the
location of the axotomy. (C) Axotomy of an axon before synaptogenesis. Here,
the gap between the severed ends of the axon is small, �5% of the original
length of the axon. (D) Axotomy of a typical axon AB (see A) after synapto-
genesis. Now the gap between the cut ends is large, �22% of the original
axon’s length. The slack axon is pulled by a micropipette by holding the
severed end with suction and moving the pipette with a stage. The motion is
just enough to straighten the slack axon.
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because of a random release of vesicles in small quantities,
whereas the stronger activity is because of coordinated vesicle
release stimulated by the applied field. In this paper, we focus on
the aCC axon terminal after its synaptic formation.

Experiments and Results
Axotomy Before Synaptogenesis Results in the Loss of Presynaptic
Vesicle Clustering. Using a laser, we severed the axon of 1 aCC
motoneuron in the fifth segment (Figs. 1 and 2) from the
posterior end of a wild-type embryo after �12 h of embryogen-
esis. At this stage of development, the axon is still growing
toward its target muscle (Fig. 1C shows a typical axotomy). Thus,
we physically and chemically isolated the advancing end of the
axon (growth cone) from its cell body in the CNS (central
nervous system). Two hours after the axotomy, we fillet dissected
the embryo and stained it for SytI expression. We then compared
the severed axon with its intact neighbor (Fig. 2 A). We found

that the growth cone of the severed axon reached its target
muscle, just as the growth cone of the neighboring intact axon
did. However, the axotomy decreased Synaptotagmin-I accumu-
lation at the nascent synaptic site (Fig. 2 A shows data from 29
embryos). The neighboring axon remains unaffected by the
axotomy showing normal accumulation of SytI at the terminal.
We note that the severed axon, in contrast to its intact neighbor,
does not sustain any tension even after finding its target muscle.
This suggests that contacting synaptic partners is not sufficient
for presynaptic protein accumulation, and that the tension might
be important.

A Mechanical Pull on Post-Synaptogenesis Severed Axon Restores
Vesicle Clustering. In a separate experiment, we took a pair of
embryos at similar stages of development (�14 h of embryo-
genesis), placed them on the same glass substrate, dissected
them, and severed an axon in each (Figs. 1 and 2B). Thus, we
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Fig. 2. Force-modulated presynaptic assembly in axons severed by axotomy. (A) SytI comparison between severed and intact axons before synaptogenesis. We
take an embryo after �12 h of embryogenesis (2 h before axon-muscle contact). We severed the fifth right-side axon from the posterior end of the embryo. After
2 h, we dissected the embryo and stained for SytI. We compared this severed axon with the intact fifth left axon (#5a) or the fourth right axon of the same embryo
depending on the quality of imaging. The figure shows 6 axons, 3 of which were severed, the rest were left intact. The GFP images for 2 axons are shown to identify
their shapes. The rest of the images show SytI along the length and at the terminal. The left end of the figure is the location of the LBD (lateral bipolar dendrite)
cell and the location of the axotomy (see Fig. 1). The length of the axons shown is �30–40 �m. We found that severed axons find their muscle targets just as
their intact neighbors. However, the axotomy decreases SytI accumulation at the aCC axon terminal. The bar chart and the plot compare 29 pairs of severed and
intact axons from 29 embryos. The plot shows the average vesicle density (29 severed and 29 intact axons) along the length of the axon up to the terminal. The
x axis shows the normalized lengths of the axons from the LBD (left end) to the terminal (right end) (see also Image analysis in SI Text). The variability among
the axons is shown by the standard deviation bars. (B) SytI comparison between the severed axons after synaptogenesis, 1 pulled, the other unpulled. We take
2 embryos at the same stage of development, within �30 min of synaptogenesis (�hr 14 of embryogenesis). The pair of embryos is placed in the same solution
and on the same microscope slide. In each embryo, we severed the fifth axon from the posterior end on the right side of the embryo, pulled the cut axon of 1
of the embryos using a micropipette within 10 min of severing, leaving the other unpulled. The pull was held for 2 h, after which both of the embryos were fixed
and stained for SytI. Thirteen such pairs were imaged. Eight of such axon samples are shown with SytI. The GFP images for 2 axons are shown to identify their
shapes. Restoring the tension at the nascent synapse allows Synaptotagmin-I to accumulate at the terminal (data from 13 pairs).
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isolate the synaptic terminals from CNS and their cell bodies
both chemically and physically. Within 10 min, we held and
pulled the severed end of 1 of the axons with a micropipette (Fig.
1D). The pipette was moved such that the axon just became
straight. The pull was held for 120 min. The other axon was left
in a state of 0 tension. We then fixed and stained both of the
embryos for SytI (Fig. 2B). We found that SytI does not cluster
in the presynaptic terminal of the severed and unpulled nascent
synapse, but does cluster in the pulled one (Fig. 2B, data from
13 pairs). Thus, mechanical tension alone restores neurotrans-
mitter vesicle accumulation at the terminals without any signal-
ing from the cell body or the CNS. The results also highlight the
local autonomy of the force modulated presynaptic adjustment.

In Vivo Measurements Show Axons in Wild-Type Embryos Have a Rest
Tension of 1 nN. Because mechanical tension restores vesicle
accumulation at the presynaptic terminal, we hypothesize that
axons must be under a rest tension to sustain the accumulation.
We measured tension in the axon using a micro mechanical
probe attached to a force sensor with a spring constant, k � 3.5
nN/�m (Fig. 3A) (18), calibrated by an atomic force microscope
(AFM). The sensor was microfabricated from a single crystal of
silicon. The force was measured by 2 micromechanical beams.
When a force is applied on the probe, the beams deform by x, as
shown in Fig. 3A, giving a force F � kx. The deformation was
measured optically using a reference probe (Fig. 3A) and sub-
sequent image analysis with 0.1-�m resolution using an auto-
correlation technique. This results in a force resolution of
0.3 � 0.03 nN (see Materials and Methods section). The imaging
time frame was �1 s (phase contrast mode), which sets the time
resolution in the experiments. The probe was brought into
contact with the axon of a dissected embryo (after �16 h of

synaptogenesis) for �10 min to form a nonspecific adhesion with
Silicon. Note that silicon forms a thin layer of SiO2 on the surface
when exposed to air. Thus, the nonspecific adhesion was formed
between the axon and the SiO2. The sensor was then moved by
a piezo stage to stretch the axon. The tension in the axon was
evaluated from the force balance. The corresponding stretch of
the axon was calculated from geometry. The stretch-tension data
(Fig. 3A), obtained within 2.5 min, shows a linear behavior.
Extrapolation of the force-stretch line to a 0 stretch gives a rest
tension of �1 nN (Fig. 3B). Extrapolating the force-stretch line
to 0 force gives an intrinsic stretch of �5% of the total length
(�80 �m) of the axon. Therefore, an axotomy should lead to a
retraction of the 2 cut ends of the axon, creating a gap of �5%
of the total length of the axon. Our axotomy experiments on
axons after synaptogenesis reveal that the gap is �15%–30%
(many samples visualized, 4 recorded, Fig. 1 shows an example).
Furthermore, the gap forms in a very short period (�0.5 s).
Together, these observations provide conclusive proof that the
axons are under tension. On the other hand, an axotomy before
synaptogenesis results in a much smaller gap (�5% of intact
length, Fig. 1C), and furthermore, the gap forms slowly over a
period of several seconds. This suggests that there is little or no
tension in the axons before synaptogenesis, possibly because of
a lack of strong anchoring points (such as the muscle target) and
that axons develop tension after the formation of the neuro-
muscular junction. This is consistent with the observation that in
vitro cultured neurons generate forces on their artificial sub-
strates (19), which may stabilize 1 set of axon branches and
retract other axon collaterals (20).

Force Relaxation in Axons in Response to Applied Stretch—Resetting
of Tension to Rest Value. To explore whether any force sensing
mechanism exists in axons, we stretched an axon (Fig. 3C) using
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Fig. 3. Rest tension in the axon and its self regulation. (A) Scanning electron micrograph of a micro mechanical force sensor (spring constant, k � 3.5 nN/�m)
used to measure the force response of embryonic Drosophila axons. An x-y-z piezo stage held the sensor and brought the probe into contact with the axon to
form nonspecific adhesion and apply stretch. The force, F � kx, on the probe was measured from the deflection, x, of the force sensing beams. The tension, T,
in the axon was obtained from the force balance at the point of contact. (B) We dissected an embryo (after �16 h of embryogenesis) and removed the fat cells
from around the fifth axon (from the posterior end of the embryo). We then used the probe to stretch the axon and measure its tension. The stretch was measured
from geometry. The interval between the 2 data points was 50 s. Extrapolation of the force-stretch curve to 0 stretch point gave an estimate of the rest tension
of �1 nN. (C) A probe pushed an axon at mid length in �1 s, and then held the stretch with time. The corresponding tension in the axon was measured as a function
of time. (D) The probe was quickly released from a similarly stretched axon after its tension had relaxed to the rest value. The axon was overstretched as soon
as the probe was removed. The time lapse images of the axon show that it shortened its length with time linearly with a velocity of 5 nm/s. The axon recovered
its initial length in �10 min. R2 values of the linear fits in B and D are shown.
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the force probe and held the stretch whereas the tension was
monitored with time. Note that, here the stretch was induced by
pushing the axon with the probe, in contrast to pulling (Fig. 3A).
We assumed that pulling and pushing have similar mechanistic
effect on the axonal behavior. The principle of force measure-
ment was the same in both of the cases. However, pushing is
preferred experimentally as it does not rely on adhesion between
the probe and the axon. We found that tension increases
instantaneously (�1 s) with applied stretch and decreases ex-
ponentially over time to a steady value of �1 nN, the rest tension.
The time constant is �15 min. We then removed the probe
suddenly, leaving the axon stretched. Subsequent monitoring of
the axon revealed that it shortens its length by �3 �m and
straightens itself in a period of �10 min (Fig. 3D). This short-
ening of the length is linear with respect to time, indicating a
constant velocity. The change of length was measured by image
analysis using Photoshop. The significance of this constant rate
of shortening is discussed later.

Vesicle Clustering Increases in Response to Applied Stretch. The rest
tension in axons and the correlation between stretch and synaptic
vesicle accumulation lead to the hypothesis that tension may be
used to tune accumulation. For example, an increased stretch
may enhance accumulation. We tested the hypothesis by using
the force probe to directly apply force to muscle1 �2 h after
synaptogenesis, stretching the axon (Fig. 4A). The corresponding
stretch in the axon was �5% of its initial length. We found, in
the wild-type embryos, that a single pull of muscle1 away from
the aCC axon induces more than a 2-fold increase in the SytI
accumulation at the axon terminal, as compared with controls
(Fig. 4A, data from 6 samples). It takes �30 min to saturate the
increase (Fig. S1), and the increased accumulation persists for at
least 90 min afterward (the maximum time the axons were
stretched). Whether there is any correlation between the various
levels of applied stretch and the increased accumulation of
vesicles remains to be seen. Note that well within 30 min of the
mechanical stretch the axon relaxes its tension to the rest value
(Fig. 3C). This suggests that increased vesicle clustering is a
downstream event of the initial stretch and is maintained by the
applied stretch in the presence of tension. Note that this time for
vesicle accumulation is orders of magnitude longer than the time
(ms) for increased neurotransmitter release at the motor nerve
terminals in frogs because of muscle stretch (21, 22).

Discussion
We draw several conclusions from these sets of experiments.
First, the correct recognition of synaptic partners is not sufficient
to initiate presynaptic protein accumulation at the nascent

synapse; tension in the axon is essential. This tension possibly
develops during synaptogenesis. To gain insight into the mech-
anisms that might contribute to this tension/stretch dependence
of vesicle clustering, we note the following.

Time to Vesicle Clustering. The time required for increased vesicle
clustering because of stretch is long, �30 min. However, the time
required by the axon to relax its tension after it is subjected to
a sudden but sustained stretch is shorter, approximately 15 min.
This suggests that clustering continues after tension relaxes, and
both tension and stretch are required for vesicle clustering. Can
this dependence explain vesicle clustering at the synapse during
development?

Vesicle Clustering During Synaptogenesis—the Role of Muscle Force.
During the early phase of synaptogenesis when the growth cone
approaches the target muscle, small protrusions (myopodia)
reach out from the muscle toward the cone to form an inter-
digitated interface (23). The muscle protrusions then retract,
pulling the axon. In our studies, axotomy before synaptogenesis
prevents both tension development and muscle induced stretch-
ing during synaptogenesis, because the severed end is free. After
2 h, such synapses show a lack of clustering. Similarly, axotomy
soon after synaptogenesis, and staining 2 h thereafter, shows a
loss of clustering, possibly because of dissemination of vesicles in
the absence of tension. A resupply of tension with a micropipette
soon after axotomy, and staining 2 h thereafter, shows clustering.
This clustering might be because of a relocalization of dispersed
vesicles induced by the tension, or vesicle dispersion might have
been inhibited by the immediate restoration of tension after the
axotomy.

Origin of Tension—the Role of Actin. Tension in the axons is
possibly generated by actomyosin contractile machinery, where
myosin bridges parallel F-actin. In axons of Drosophila embryos,
the cytoskeleton consists of actin and microtubules. Thus, F-
actin may bridge and transfer forces between focal complexes at
the terminal and microtubules (24). Under an acute imposed
stretch, the axonal cytoskeleton deforms elastically when the
tension is high (18). Here, the imposed stretch rate is assumed
to be much higher than the possible rate of growth of the axon
under an applied stretch (25). With the stretch sustained, F-actin
possibly slides with respect to each other giving rise to a
relaxation of the tension. This possibility may be realized
whether the applied force exceeds the force generated by the
myosin motors holding the parallel actin fibers. Increased ten-
sion may also promote actin polymerization, as will be consid-
ered later (26, 27). When the stretched axon is released with no
tension left, myosin may slide F-actin in the reverse direction
resulting in shrinking of the axonal length with time. The time
rate of length shortening is expected to be linear in the absence
of tension, because each myosin can ‘‘walk’’ unimpeded at a
constant velocity. Fig. 3 shows that the rate of shortening is
indeed linear with time. Furthermore, the rate is �5 nm/s,
surprisingly similar to the walking rate of a single myosin V on
actin (4–8 nm/s) (28). The close correspondence between the
velocity of a single motor and the macroscopic velocity of axon
shrinking suggests that F-actin and motors are mostly located in
1 region of the axon, possibly near the synapse. If the motors and
F-actin were distributed widely along the axon, then the mac-
roscopic rate of shrinking would be much higher, because the
shrinking would be contributed to by many regions of the axon,
each region shrinking at 4–8 nm/s. Indeed, it is well known that
both growth cones and presynaptic terminals are highly enriched
by F-actin, whereas G-actin is distributed throughout the axon
maintaining a steady pool for F-actin (29). Furthermore, actin
perturbing drugs inhibit synaptogenesis (30). To estimate the
number of motors involved in force generation, we note that each
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myosin motor generates a force of �2 pN (31). Thus, it would
take �500 motors to generate a rest tension of 1 nN in the axons.
This actomyosin based mechanism implies that tension genera-
tion in axons and its resetting to the rest value is governed by a
local passive process, as long as the average number of active
motor proteins remains steady with time. How can this tension
be correlated with vesicle clustering? Co-localization of F-actin
and vesicles at the presynaptic terminal reported in the literature
(29, 32) may provide the link to this correlation.

Link Between Tension and Vesicle Clustering—Role of Actin. It has
been reported that depolymerization of actin in Drosophila
results in a dissemination of vesicles from the synapse, and that
actin may serve as a scaffold for the vesicles or as a conduit for
the transport of vesicles within the terminal (29, 33, 34). Thus,
increased F-actin polymerization at the synapse may result in
increased vesicle clustering. Synaptic stimulation is known to
increase F-actin polymerization at the presynaptic junction
reversibly. Actin can return to the basal state through depoly-
merization within a few minutes of poststimulation (35). It is
known that mechanical tension/stretch or cell substrate stiffness
promotes focal adhesion clustering, increased actin polymeriza-
tion, and cell stiffness (26, 36–41). The release of tension
through myosin II inhibition using blebbistatin leads to actin
depolymerization (42). Thus, a release of tension in the axon
through axotomy may depolymerize actin at the synapse, which
may facilitate the dissemination of clustered vesicles. A resupply
of tension may initiate actin polymerization and restore cluster-
ing. An increased stretch/tension from the resting state of the
axon may induce further actin polymerization and increased
clustering via mechanical trapping or interaction forces between
F-actin and vesicles.

Role of Cell Adhesion Molecules. Force transfer through actin
requires an anchor, which involves cell adhesion molecules
connecting the axon with the muscle. Increased tension/stretch
may lead to a conformational change in these molecules leading
to signal cascades downstream that may induce actin polymer-
ization. Indeed, high stretch sensitivity of motor nerve terminals
has been attributed to integrin (22). Here, both the amplitude
and the frequency of neurotransmitter release increase by
several fold with the application of stretch on frog muscle.
Stretch sensitivity is suppressed in the presence of peptides
containing an Arg-Gly-Asp sequence, which is known to be
bound by integrin. However, enhancement of transmitter release
occurs within a few milliseconds of the stretch application, a time
scale that is shorter by a few orders of magnitude compared with
the time for vesicle accumulation (30 min) because of the applied
stretch on Drosophila axons observed in our study. The long time
delay in vesicle clustering implicates much slower and localized
processes that may involve assembly and disassembly of sub-
membrane plaques and co-clustering of signaling molecules.
These processes may lead to cascades of downstream signaling
events including polymerization and depolymerization of F-actin
at the presynaptic terminal (36).

Role of Ion Flux. One possible effect of stretch on axons is the
enhanced ion flux through stretch sensitive ion channels. In
particular, Ca2� influx can trigger increased actin polymeriza-
tion (40, 41), force generation, regulation, and downstream
signaling cascades, as well as mediate vesicle localization under
the membrane from which they are released. Mechanical stim-
ulation using low frequency, low intensity ultrasound has been
shown to excite neurons in mouse brain by activating voltage-
gated sodium and calcium channels (43). The elimination of
tension through an axotomy may inhibit local ion exchange and
result in a subsequent loss of vesicle accumulation. A resupply of
tension or stretch using a micropipette may reestablish the

exchange and the corresponding accumulation. In this regard, we
note that an axotomy and micropipette pulling may also result in
an uncontrolled ion flux and leakage of intracellular content at
the cut end of the axon. However, increased accumulation at the
terminals of uncut axons because of stretch applied by micro
probes suggests that the local effects at the cut ends do not have
significant influence on accumulation.

The above discussion leads to the following hypothesis: F-actin
serves as a scaffold for synaptic vesicles at the presynaptic
terminal through interaction forces or mechanical entrapment.
A rest tension is necessary to maintain F-actin. The rest tension
is generated and maintained by acto-myosin machinery. A lack
of tension leads to depolymerization of F-actin with a subsequent
dissemination of vesicles. An application of stretch increases the
tension in the axon momentarily, but under a fixed stretch, the
tension relaxes to the rest value. This stretch/tension history
promotes F-actin polymerization and hence, increased scaffold-
ing, which leads to increased vesicle clustering.

There is an increasing body of evidence that points to the role
of the mechanical microenvironment in determining cell func-
tionality. Our experiments reveal that the clustering of neuro-
transmitter vesicles may be fundamentally linked with the
mechano-sensitivity of synaptic terminals. The precise molecular
mechanism of this mechano-sensitivity is yet to be uncovered.

Materials and Methods
Fly Stocks. Experiments described in this study used wild-type (�/�) (source:
M. Yoshihara) embryos. Some wild-type embryos were made to express mem-
brane-targeted GFP (green fluorescent protein) in either all muscles
(GAL424B/UAS-gapGFP) or all neurons (elav’-GAL4/UAS-gapGFP) for visualiza-
tion purposes.

Immunocytochemistry. Rabbit anti-Synaptotagmin-I (source: Hugo Bellen,
1:1,000 dilution) and goat anti-HRP (horseradish peroxidase) (source: Jackson
Laboratories, 1:1,000 dilution) antibodies were used to assess the presynaptic
terminal differentiation. Fluorescently-labeled secondary antibodies were
used to detect the antibodies using a Zeiss LSM510 confocal microscope. All of
the confocal microscopy settings were fixed for all experiments reported.
Image analysis is described in SI Text.

Staging. Embryos of different genotypes were staged individually based on
the actual time that elapsed from the egg laying, their gut morphology, and
the degree of their CNS condensation.

Axotomy. A nitrogen pulsed dye laser VSL-3377ND (Laser Science, Inc.) was
used to detach growth cones in whole Drosophila embryos. The laser was
aligned with a Zeiss Axioskop, which was used for targeting and visualization
of nerves. The laser was focused using a planoconvex (Newport) lens and
passed across a 475 DRLP dichroic mirror (Chroma) and through an attenuator
(Newport) to regulate the energy passed to the animal. The dichroic mirror
allowed a simultaneous visualization of GFP (480 nm) and delivery of laser
energy (440 nm).

Re-Supply of Mechanical Force. A ‘patch-clamp’ micropipette was used to grab
the end of the detached axonal growth cone with minimal suction. The end
was held steadily until fixing and staining. The steps are as follows.

We severed hemi-segment 4 axons of 2 undissected, identically staged,
genotyped embryos, whose aCC axons had reached muscle1 within the pre-
vious 30 min (�14 h of embryogenesis). We then dissected both of the embryos
on a single miniwell covered with saline. The severed end of 1 of the axons was
gripped by a micropipette needle (controlled by a micromanipulator) by
suction. We then retracted the needle just to the point where all of the slack
in the axon was removed. We waited 2 h, then fixed and stained the embryos
for SytI in the same solutions in the same mini wells.

Micro Mechanical Force Sensor. Such sensors have been described previously
(18). The force sensor was held and manipulated by a piezoelectric actuator.
It was calibrated by an AFM (atomic force microscope) as follows. The sensor
probe was used to push the AFM tip. The resulting deformations of the sensor
beams and the AFM cantilever were measured. The spring constant of the
force sensor was calculated from these 2 deformations, and the spring con-
stant of the AFM cantilever, which was measured by thermal method (44) with
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5% precision and 10% accuracy. Thus, the measured spring constant of the
sensor is expected to be accurate within 10% as well. This results in a force
resolution of 0.3 � 0.03 nN. The probe of the sensor was used to contact the
axon or the muscle to apply a stretch and measure the restoring force.
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