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The neurotransmitter acetylcholine (ACh) is expressed in the
developing telencephalon at the time when thalamic axons project
to the cortex, long before synapses are being formed. Since previous
studies demonstrated an influence of ACh on neurite extension we
used different in vitro assays to examine possible effects of ACh
on the growth of thalamic axons. In explant cultures, application
of ACh reduced the length of thalamic axons in a dose dependent
manner, an effect that could also be evoked by selective muscarinic
and nicotinic agonists. Time-lapse imaging of thalamic axons
exposed to microscopic gradients of ACh revealed that growth
cones no longer advanced, but maintained high filopodial activity.
This growth cone pausing was not accompanied by axon retraction
or growth cone collapse. It could at least partially be blocked by
muscarinic and nicotinic antagonists, indicating that both types
of ACh receptors contribute to mediate these effects on thalamic
axons. Finally, we also found that ACh changed the morphology
of growth cones; they became larger and extended more filopodia.
Since such changes in the structure and motility of growth cones
are observed at decision regions along the path of many fiber popu-
lations including thalamic axons, we suggest that ACh plays a role
during the elaboration of thalamocortical projections.

Introduction

During development of the nervous system neurotransmitters
have been shown to be capable of playing roles entirely different
from their classical function in synaptic transmission in the mature
brain. Most released neurotransmitters and their receptors are
expressed on neurons during early stages of the brain develop-
ment, even before synaptic contacts are being formed.! It is notably
that specific neurotransmitter systems can have profound effects
on histogenetic processes of the brain by influencing for example
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proliferation, differentiation, migration or survival of neurons.2*4

Neurotransmitters can also affect the behavior of neuronal growth
cones, regulating their motility, rate of outgrowth and growth direc-
tion, and thereby contribute to the assembly of specific neuronal
circuits.”® Disturbances of neurotransmitter systems can therefore
lead to disrupted development in neurological and neuropsychiatric
disorders.? 11

ACh acts as a neurotransmitter in the adult central and peripheral
nervous system, which binds to two classes of receptors, ionotropic
nicotinic and metabotropic muscarinic receptors. Since it is known,
that the ACh synthesizing enzyme choline acetyltransferase (ChAT)
and the ACh receptors are present during embryonal brain develop-
ment, the role of ACh is investigated in early neural development.!>13
Several in vitro studies demonstrated that ACh influences neurite
extension in different classes of neurons, in most cases by inhib-
iting neurite outgrowth. Moreover, inhibition of neurite outgrowth
by ACh was mediated through muscarinic and/or nicotinic ACh
receptors.>!%15 ACh has been shown to influence also growth cone
motility. For example, application of the neurotransmitter induces
the formation of growth cone filopodia and lamellipodia.'® However,
there are no data available concerning the effects of ACh on thalamic
neurites. We therefore examined the effects of ACh on thalamic
axons using different in vitro assays. Our results reveal a novel effect
of ACh on growth cone behavior and morphology, suggesting that
ACh may be one of the signals which control the development of
thalamocortical projections.

Results

Effects of ACh on thalamic axons: explants studies. We first
examined the possible effects of ACh on axonal growth using E14
mouse thalamic explant cultures. Thalamic explants were grown
on a mixed substrate of laminin and poly-L-lysine enriched with
membranes from neonatal cortex, a substrate which is known to
strongly promote the growth of thalamic fibers.!”>!8 Explants were
cultured in control medium and in the presence of different concen-
trations of ACh, ranging from 0.1 mM to 10 mM. After two days
in vitro cultures were fixed and the number and length of axons
extending from the explants were analyzed. Application of ACh to
the culture medium significantly decreased the length of the thalamic
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Figure 1. Phase-contrast photomicrographs of thalamic explants illustrating the effect of ACh on thalamic axons in vitro. (A) Control medium. (B) Addition of
1 mM ACh to the culture medium strongly reduced the length of thalamic axons. Scale bar: 50 pm.

axons in a dose-dependent manner. In the presence of the highest
ACh concentration (10 mM), axonal length was decreased by 25%
compared to the control conditions (Fig. 1). At a concentration of
1 mM, ACh reduced axonal length by 7%, whereas 0.1 mM ACh
had not effect on the growth of thalamic fibers (Table 1). There was
a tendency that ACh also reduced the numbers of axons extending
from thalamic explants (Table 1), however only at the highest ACh
concentrations used was this effect statistically significant. We also
did not notice any influence of ACh on axon collateral formation.

Previous studies demonstrated that the effects of molecular cues
that influence axonal growth and guidance can depend on the
properties of the substrate on which these fibers grow.!9?! In the
experiments described above, native cortical membranes were added
as a substrate for growing thalamic axons, which contain unknown
growth-promoting components for thalamic axons. We therefore also
examined the effects of ACh on thalamic axons growing on defined
substrates, laminin-poly-L-lysine and fibronectin. Comparing Tables
1 and 2, it is obvious that under control conditions thalamic axons
growing on defined substrates were shorter than axons growing on
neonatal cortical membranes, confirming previous results.!”>18:21
However, also on these substrates, application of exogenous ACh
reduced the length of thalamic axons, without affecting fiber
outgrowth from the explants (Table 2). Thus the effects of ACh on
thalamic axons are independent from the substrate on which these
fibers grow.

Effects of ACh on thalamic axons: time-lapse studies. There are
several possibilities that could explain why the length of growing
thalamic axons is decreased in the presence of ACh. One possibility
is that ACh reduces the growth speed of thalamic fibers. ACh could
also induce a transient growth cone collapse, an effect that has been
observed previously with several axonal guidance molecules, and
thereby retard axon elongation.???3 We therefore examined the
dynamic effects of ACh on growing thalamic axons with time-lapse
imaging. In an initial set of experiments, we transferred the explant
cultures after 12-18 h in vitro on the stage of an inverted microscope
with an incubation chamber. First, the growth of selected thalamic
axons was monitored for about 30 min. Next, we exchanged the
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Table 1 Quantitative analysis of thalamic axonal
outgrowth in presence of acetylcholine

Treatment Mean axonal length (Lm) Number of axons
on cortical membranes per explant

Control (n=98) 73575 85.8 + 4.8

0.1 mM ACh (n=237) 710 £ 10.8"s 72.9 £ 4.3

1 mM ACh (n=58) 682 + 7.2%** 66.8 + 3.7

10 mM ACh (n = 40) 551 + 8.8*** 59.7 + 3.4**

Means = standard error of three independent experiments; n = number of analyzed explants; n.s., not
significant; **p < 0.001; ***p < 0.0001.

Table 2  Quantitative analysis of thalamic axonal
outgrowth in presence of muscarinic or nicotinic
receptor agonists

Treatment Mean axonal length ~ Number of axons

(um) on PLL+L per explant

Control (n=119) 354 +27 28.0+0.9

1 mM ACh (n = 104) 270 £ 2.3%** 25.0 £ 0.8

1 mM nicotine (n = 54) 304 £ 4.6*** 259 = 1.1

1 mM CCh (n = 40) 290 + 4.7*** 30.2 £ 1.5M

0.1 mM oxotremorine  (n = 18) 226 + 4.1%** 22.7 £ 1.1

Means = standard error of sixindependent experiments.n = numberof analyzed explants; n.s., notsignificant,
***p < 0.0001.

standard culture medium with a medium containing 1 mM ACh. We
found that 4 out of 13 axons stopped axon elongation within less than
five min after application of 1 mM ACh. After 30 min the medium
was again replaced by a medium containing 10 mM ACh. Then 7
out of the 9 axons, which continued their growth in the presence of
1 mM ACh, also ceased their growth. Thus only 2 of the 13 axons
examined continued their growth under both ACh concentrations.
We did not observe a growth cone collapse. In contrast, after ACh
application the growth cones appeared to enlarge their surface, and
filopodia and lamellipodia were continuously formed and retracted.
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Figure 2. Drawings of thalamic axons from time-lapse recordings under con-
trol conditions and in the presence of ACh. (A) In standard culture medium,
the growth cone advanced constantly with a speed of about 40 um/h.
(B) After application of 10 mM ACh to the culture medium, the axon
stopped its growth after less than 5 min. Growth cone filopodia, however,
remained highly motile, but there was no forward movement of the growth
cone. Twenty-five minutes affer ACh was added to the medium, there was a
transient bifurcation of the growth cone. Scale bar: 5 pum.

Figure 3. Sequence of video-photomicrographs showing a thalamic axon under the influence of an
ACh gradient. (A and B) Axon growing for 25 min under control conditions. In (B), the frame was
shifted as indicated by the dashed line. (C and D) After application of an ACh (10 mM) gradient by
a micropipette (indicated by the lines on the left), the axon stopped to advance for the next 50 min,
but the growth cone remained highly motile. Scale bar: 5 um.
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Occasionally, growth cones were bifurcating transiently or emitting
small side branches that were rapidly retracted (Fig. 2). Growth cone
pausing in the presence of ACh lasted as long as we monitored the
axons in these experiments (up to 90 min).

To examine more closely the response of thalamic axons to ACh,
we exposed these fibers to ACh microgradients.?* Several ACh
concentrations (0.1 mM, 1 mM, 10 mM and 100 mM ACh) were
tested. For this we first imaged growing thalamic axons after one or
two days in vitro for about 25 min and then positioned a micropi-
pette containing ACh close to the fibers (distance about 100 pm,
see Materials and Methods). ACh was ejected by pressure pulses
from the micropipette for 15 min. A representative example of
growth cone behavior in response to an ACh gradient is illustrated
in Figure 3. It first shows the extension of a thalamic axon during
25 min under control conditions and then after pressure ejections of
10 mM ACh. As is evident from these recordings, this thalamic axon
ceased its growth almost immediately after ACh was ejected from
the pipette. As in the experiments described above, growth arrest was
again not accompanied by a collapse or a retraction of the growth
cone. In contrast, the growth cone was rather large with complex
morphology. Growth cone pausing was observed for all fibers axons
examined with 1 mM (13 axons), 10 mM (seven axons) and 100 mM
(six axons) ACh in the micropipette. After removing the pipette,
growth cone pausing lasted for at least one hour. Ejections of 0.1 mM
ACh (12 axons) or control medium (eight axons) did not influence
growth cone advance (see Suppl. data, movies 1 and 2).

Effects of different ACh agonists and
antagonists. To characterize the types of
cholinergic receptors that mediate the actions
of ACh on thalamic axons, we tested different
cholinergic receptor agonists and antagonists.
First, thalamic explants were cultured for two
days in medium containing either 1 mM
carbamylcholine chloride, a mixed muscarinic
and nicotinic receptor agonist, or the selective
agonists 1 mM nicotine or 0.1 mM oxotrem-
orine sesquifumarate. Similar to the effects
observed with ACh, all three agonists lead to a
reduction in axon length (Table 2). The stron-
gest effects on axon length were seen with
the selective muscarinic agonist oxotremorine
sesquifumarate, whereas nicotine was some-
what less potent. Carbamylcholine chloride
reduced the length of thalamic fibers with the
same potency as ACh.

We also examined the ability of cholin-
ergic receptor antagonists to block the effects
of ACh on thalamic axons. The addition of
the muscarinic receptor antagonist atropine
(1 uM) or the nicotinic receptor antagonist
d-tubocurarine (0.1 mM) could completely
block the effects of 1 mM ACh, but only
partially block the effects of 10 mM ACh
(Fig. 4), suggesting that both muscarinic and
nicotinic receptors contribute to the effects of
ACh. Finally, we also tested the behavior of
thalamic axons exposed to an ACh gradient in
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the presence of either atropine (1 uM) or d-tubocurarine (0.1 mM)
in the culture medium. Figure 5 shows an example of a thalamic
axon exposed to 10 mM ACh ejected from the pipette in a medium
containing d-tubocurarine. In contrast to thalamic fibers in control
medium, this axon continued its growth in a straight directory and
did not pause in response to ACh. Altogether we examined 12 axons
in the presence of d-tubocurarine and 16 axons in the presence of
atropine, none of these axons were affected by ACh gradients.

Effects of ACh on thalamic growth cone size. From the time-
lapse imaging experiments we got the impression that the growth
cones of pausing axons also became enlarged. To study this more
systematically, we examined growth cone morphology of dissociated
thalamic neurons exposed to different concentrations of ACh (1 mM
and 10 mM). We used phalloidin staining to visualize growth cone
morphology in more detail. Figure 6 illustrates the effects of ACh
on single thalamic neurons after two days in vitro. As with thalamic
explants, fibers of single thalamic neurons were reduced in length
after ACh exposure and the growth cones exhibited a more complex
morphology, characterized by multiple filopodia and side branches
extending in several directions. A quantitative analysis of growth area
revealed that growth cones increase by almost up to 50% in size in
the presence of ACh in the culture medium.
In these experiments we could not detect
a significant difference in growth cone size
between the two ACh concentrations (Fig. 7,
Suppl. data movie 3).

Discussion

In the adult nervous system, ACh acts
as neurotransmitter that mediates neuronal
signaling in the central and peripheral nervous
system. Because ACh, its receptors and
synthesizing enzymes are expressed already
during early embryonic stages in the brain,
ACh has also been implicated to play regula-
tory roles in the development of the nervous
system.!32526 Our data demonstrate that
ACh acts as a regulator of neurite outgrowth
and motility in thalamic axons. Furthermore,
application of ACh affects growth cone
morphology. First, addition of ACh to the

culture medium of thalamic explants reduced

axonal length in a dose dependent manner.
Second, after acute exposure to microscopic
gradients of ACh, thalamic fibers completely
stopped elongation but maintained high filo-
podial activity. These effects of ACh were
mediated both by muscarinic and nicotinic
ACh receptors, since they could be mimicked
by specific receptor agonists and at least
partially blocked by muscarinic as well as nicotinic antagonists.
Finally, we also observed that exposure of ACh changed growth cone
morphology. During the pauses in axon elongation growth cones
increased in size and they displayed a more complex morphology.
Many previous studies reported that chronic exposure to ACh
can influence neurite growth of different types of neurons in verte-
brate and invertebrate species.6’14’15’27 In most cases, ACh inhibited
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Figure 4. Effects of ACh on axonal length in the presence of d-tubocurarine.
1T mM and 10 mM ACh reduced the length of thalamic axons in a dose
dependent manner. Addition of 0.1 mM d+ubocuraine (Tc), a selective
nicotinic receptor antagonist, fo the culture medium, completely blocked
the effect of T mM ACh on thalamic axons. At 10 mM ACh dtubocuraine
blocked the effects only partially. n = number of analyzed thalamic axons;
***5 < 0.0001; n.s. = not significant. Asteriks in the bars refer always to
control conditions.

Figure 5. Sequence of video-photomicrographs showing a thalamic axon under the influence of an
ACh gradient in the presence of a nicotinic receptor antagonist. (A and B) Thalamic axon under control
conditions. (C and D) In the presence of 0.1 mM d-tubocurarine in the culture medium, ejections of
ACh (10 mM) close to the growth cone had no effect on axon elongation. In (D), the frame was shifted
as indicated by the dashed line. Scale bar: 5 pum.

neurite outgrowth and the effects were mediated by muscarinic and/
or nicotinic ACh receptors. However, there are also reports showing
that ACh can promote neurite outgrowth?® and induce the forma-
tion of growth cone filopodia and lamellipodia.'®?4% An effect on
axon guidance of ACh has been described for neurites from Xenopus
spinal neurons.”* Application of an ACh gradient near the growth
cone by a micropipette induced filopodia formation on the side facing

Cell Adhesion & Migration 33



Effects of ACh on thalamic axons

Figure 6. Effect of ACh on individual thalamic fibers and growth cones. (A-C) Photomicrographs of thalamic neurons stained with Alexa Fluor 488-phalloidin
(green), anti SMI312 (red) and DAPI (blue). (A) Control medium; (B) medium containing T mM ACh; (C) medium containing 10 mM ACh. Addition of ACh
decreased thalamic fiber length and at the same time increased growth cone size and number of filopodia. Scale bar: 15 um.
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Figure 7. Quantitative analysis of ACh effects on individual thalamic fibers and growth cones. Application of 1 mM and 10 mM ACh to the culture medium
decreased thalamic fiber length. At the same time growth cone size was increased almost up to 50% at both ACh concentrations used. n = number of
thalamic axons/growth cones analyzed; ***p < 0.0001; *p < 0.01; n.s. = not significant. Asterisk in the bars refer to the control condition.

the pipette and neurites turned towards the ACh gradient. However,
when cAMP levels of the spinal neurons were reduced by pharma-
cological reagents, growth cones turned away from ACh gradients.30
Thus, depending on the level of cyclic nucleotides, ACh can act as
an attractive or repulsive cue for neurites from spinal neurons. In our
experiments with thalamic axons we observed a novel effect of ACh
on growth cones. Axon trajectories were not biased toward or away

from the ACh delivery pipette, rather ACh triggered growth cones
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pauses, during which they maintained filopodial activity but ceased
forward elongation.

The mechanism how activation of cholinergic receptors regulates
neurite outgrowth and growth cone motility are beginning to be
understood. There is compelling evidence that intracellular calcium
levels modulate growth cone behavior in different species.?!~> It was

36 37,38

also shown that muscarinic®® and nicotinic ACh receptors are

able to mediate calcium influx into neurons. Zheng et al., (1994)
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provided direct evidence that calcium is needed for the response of
neuronal growth cones to ACh. As described above, spinal growth
cones perform an attractive turning response towards an ACh
gradient. However, in the presence of a calcium-free medium the
turning response was abolished, indicating that extracellular calcium
is essential for the chemoattractive effect of ACh on spinal growth
cones.* Tt would therefore be interesting to investigate whether
growth cone pausing of thalamic axons in response to ACh also
requires calcium influx via ACh receptors.

In addition to trigger growth cone pausing, ACh had also a
strong effect on growth cone morphology of thalamic axons; they
almost doubled in size, displayed many filopodia and sometimes
they transiently bifurcated. These characteristic changes in growth
cone behavior and morphology are characteritics of developing
axons reaching so-called decision points in their paths. During the
formation of the precise and stereotyped axon pathways that connect
different structures of the brain, elongating fibers often reach regions
were they have to change their initial trajectories. In these regions
there is a transition of growth cone behavior, from elongation to an
“exploration” mode. During elongation axons advance rapidly and
their growth cones are small and streamlined, whereas during explo-
ration they often stop growing for a prolonged time and their growth
cones become large and more complex. It is thought that these
alterations in growth cone morphology correlate with interactions
with guidance cues in the extracellular environment, often leading
to changes in growth directions.?>4! For instance, as axons from
retinal ganglion cells reach the optic chiasm, they go through
protracted pauses and their growth cones change to a complex
morphology.424® Such behaviors have also been described in many
other transitions points.47->

Anatomical tracing studies during the development of thalamo-
cortical projections revealed that thalamic axons first grow ventrally
out of the thalamus and then turn dorsolaterally at the boundary
between the diencephalon and telencephalon, where they enter
the internal capsule by E13 in the mouse. They advance rapidly
through this region, but as thalamic axons reach the pallial-subpallial
boundary they pause at around E14 for a protracted period of time
before they change their growth direction and enter the cerebral
cortex.”14 Time-lapse imaging of thalamic axons in a slice prepara-
tion that contained the entire pathway between cortex and thalamus
directly revealed that thalamic growth cones, as they reached the
pallial-subpallial boundary, change from an elongation to an explo-
ration mode. These axons stopped their growth for up to six hours,
before they resumed advance into a different direction.“’ Thus, the
growth cone behavior of thalamic axons in the pallial-subpallial
boundary is very similar to what we described here for growth cones
exposed to ACh. A waiting period for thalamic axons has also been
described for thalamic axons in the subplate zone, before these fibers
enter their appropriate cortical target area.>

Different families of signaling molecules contribute to the guid-
ance of the precise projections of thalamocortical axons, however
very little is known about the molecular cues that trigger growth
cone pauses at specific regions along the thalamocortical pathway
(reviewed in refs. 54 and 56). Immunostaining with antibodies
directed against choline acetyltransferase (ChAT), the synthesizing
enzyme of ACh, a specific marker for cholinergic neurons, revealed
that there is a transient expression of ChAT during early embryonic
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development in the cortex. ChAT-positive cells are present in the
cortical plate and subplate, as well as in the ventricular and subven-
tricular zone, and these cells disappear shortly after birth.!? There is
also a cholinergic projection of neurons from the basal forebrain to

the cortex>’->8

and a more recent study using sensitive ChAT anti-
bodies has indicated an early cholinergic innervation of the cerebral
cortex, comparable to some of the other cortical afferents.”® Finally,
there is also evidence that ACh receptors are expressed in the embry-
onic thalamus.!3%:01 Taken together with the results presented here,
we suggest that ACh released from cortical cells and/or cholinergic
cortical projections participates to the formation of thalamocortical
projections by regulating growth cone pauses at decision regions of
thalamic axons.

Materials and Methods

Tissue culture. Thalami from embryonic day 14 (E14) mice
were dissected under a microscope and cut into 200 fm? cubes with
a Mcllwain tissue chopper (The Mickle Laboratory Engineering,
England). After three hours of incubation at 37°C in culture medium
containing 50% basal medium Eagle (BME), 25% horse serum, 25%
Hanks' balanced salt solution (HBSS; Gibco) supplemented with
4 mg/ml methylcellulose, I mM glutamine, 200 mg/ml glucose, 100
units/ml penicillin and 100 pg/ml streptomycin (all from Gibeo),
explants were transferred to coverslips. Different substrates were
used: laminin in combination with poly-L-lysine- (laminin: 19 pg/
ml and poly-L-lysine: 10 pg/ml; Sigma-Aldrich), fibronectin (10 pg/
ml; Sigma-Aldrich) and homogeneous carpets of cortical postnatal
membranes. Membranes were prepared as described previously by
Gotz et al., 1992.17 Thalamic explants were grown for maximum 48
hours. Various in vitro outgrowth assays were used to analyse axonal
growth after cholinergic stimulation; explants grew in presence
of several substances: 0.1-100 mM ACh; 0.1 mM d-tubocuraine
chloride; 1 UM atropine; 1-10 mM nicotine; 0,1 mM oxotremorine
sesquifumarate; 1 mM carbamylcholine chloride (all from Sigma-
Aldrich). To confirm neuronal origin of the fibers extending from
the explants, immunostaining was performed after fixation in 4%
paraformaldehyde using the mouse monoclonal antibody SMI312
(1:1000, Sternberger Monoclonals Inc.) and Cy3-conjugated donkey
anti-mouse (1:400, Jackson ImmunoResearch Laboratories). To
analyse axonal outgrowth, ten explants per coverslip were randomly
selected using a 10x phase-contrast objective of an inverted micro-
scope (Axiovert S 100, Zeiss). The number of fibers extending from
the explants was counted, and the length of the ten longest axons in
each explant was measured. Statistic comparisons were done using
Student’s T-test applying Statview software.

To prepare dissociated thalamic neurons, thalamic tissue from
E14 mice was collected in HBSS containing 6.5 mg/ml glucose.
Then 0.05% Trypsin (Sigma-Aldrich) was added and the thalamic
tissue was incubated for 17 minutes at 37°C. After dissociation,
thalamic neurons were passed through a nylon mesh. Cell density
was adjusted to 100.000 cells per coverslip. Laminin-poly-L-lysine-
coated coverslips were used as described before. Thalamic neurons
were cultured for 48 hours in DMEM/F12 (Sigma-Aldrich) supple-
mented with 10% fetal bovine serum, 2 mM glutamine, 9.75 mg/ml
glucose, 100 units/ml penicillin and 100 pg/ml streptomycin (all
from Gibco). ACh was added to the culture medium at 1 mM and
10 mM. Staining of the F-actin of the thalamic cells with Alexa
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Fluor 488-phalloidin (1:200; Molecular Probes) was performed to
visualize the detailed morphology of growth cones after fixation with
4% paraformaldehyde. Thalamic neurons were also stained with anti
SMI312 and and DAPI (50 ng/ml). Images of growth cones were
taken with a SPOT camera (Diagnostic instruments). Growth cone
size and axonal length were analyzed with Image] software.

Time-lapse video microscopy. Time-lapse studies were performed
with an inverted microscope (Axiovert S 100, Zeiss) equipped with a
cell culture chamber, where temperature (37°C) and CO, (5°C) were
kept constant. For time-lapse imaging a coverslip with a thalamic
explant culture was transferred to a Petriperm dish (Vivascience).
Microscopic gradients of ACh molecules were established by pulsed
pressure cjections of ACh from a micropipette (Picospritzer 1I,
Parker Instrumentation). The micropipette was positioned through a
micromanipulator (Leitz) at a distance of about 100 wm away from
the growth cone. An Anapulse Stimulator (301-T, WPI) triggered
the ACh ejections at a pressure of 5 psi with a frequency of 2 Hz
and a duration of 10 ms. With an ACh concentration of 0.1 mM to
100 mM, the behavior of the growth cone was observed within the
gradient for 25 min and after removing the pipette for 1 hour. Video
images were taken every 60 s with a CCD camera (Sony). In some
gradient assays atropine (1 UM) or tubocurarine (0.1 mM) were
applied to the culture medium.
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