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Varicosities (VRs) are ubiquitous neuronal structures that are considered to serve as presynaptic structures.
The mechanisms of their assembly are unknown. Using cultured Aplysia neurons, we found that in the
absence of postsynaptic targets, VRs form at the leading edge of extending neurites when anterogradely
transported organelles accumulate within the palm of the growth cone (GC) at a rate that exceeds their
utilization by the GC machinery. The aggregation of excess organelles at the palm of the GC leads to
slowdown of the GC's advance. As the size of the organelle clusters increases, the rate of organelle
sequestration diminishes and the supply of building blocks to the GC resumes. The GCs' advance is re-
initiated, “leaving behind” an organelle-loaded nascent VR. These mechanisms account for the recurrent
“deposition” of almost equally spaced VRs by advancing GCs. Consistent with the view that VRs serve as
“ready-to-go” presynaptic terminals, we found that a short train of action potentials leads to exocytosis of
labeled vesicles within the varicosities. We propose that the formation and spacing of VRs by advancing GCs
is the default outcome of the balance between the rate of supply of growth-supporting resources and the
usage of these resources by the GC's machinery at the leading edges of specific neurites.
ll rights reserved.
© 2010 Elsevier Inc. All rights reserved.
Introduction

Varicosities (VRs) are ubiquitous neuronal compartments that
appear as local swellings along neurites of both invertebrates and
vertebrates for example, in molluscan neurons (Cibelli et al., 1996;
Fiumara et al., 2001; Grabham et al., 2005; Hatada et al., 2000; Li et al.,
2009), in fish retinal explants (Koenig et al., 1985), in zebrafish
(Jontes et al., 2004), in rat cortical neurons (Morgenthaler et al.,
2003), granule cells (Urakubo et al., 2003), pyramidal neurons
(Umeda et al., 2005), and hippocampal neurons (Krueger et al.,
2003; Sankaranarayanan et al., 2003). VRs can be found either in
cultured neurons (Christie and Jahr, 2008), brain slices (Orduz and
Llano, 2007), or in vivo (on cerebellar climbing fibers: Nishiyama
et al., 2007; and in the Macaque V1 Stettler et al., 2006).

In culture, VRs can be formed by neurons that have not made
contact with postsynaptic cells as well as by neurons that form en-
passant synapses where they are often referred to as presynaptic
boutons (Hatada et al., 1999). VRs are formed de novo in neurons
grown in isolation, either at the tips of advancing growth cones (GCs)
or along neurites after the GCs have advanced, or by splitting of
preexisting VRs (Grabham et al., 2005; Hatada et al., 1999; Hatada
et al., 2000; Malkinson et al., 2006).

Electron and confocal microscope studies revealed that the content
of VRs formed by neurons grown in the absence of postsynaptic
targets or in contact with targets ranges from high densities of
organelles to VRs that are almost free of organelles (Hatada et al.,
1999; Kim et al., 2003; Koenig et al., 1985; Malkinson et al., 2006;
Shepherd and Harris, 1998).

Shepherd et al. (2002) reported that the inter-varicosity intervals are
quite homogeneous in different brain regions, for example 3.7±0.6 μm
for CA1 neurons and 5.1±1.1 μm for parallel fiber neurons. In a more
recent study, the inter-VR intervals in the Macaque V1 axons were
calculated both under in vivo conditions and in postmortem slices and
were found to be quite similar, 6.3±0.19 and 6.4±0.38 μm, respec-
tively (Stettler et al., 2006). Themechanisms bywhich growingneurites
space the newly formed VRs are not known.

A number of reports demonstrate that VRs and GCs can be induced
to exocytose by potassium depolarization before the establishment of
contact with postsynaptic elements (Dai and Peng, 1996; Kraszewski
et al., 1995; Marxen et al., 1999; Matteoli et al., 1992; Morgenthaler
et al., 2003; Sun and Poo, 1987; Urakubo et al., 2003; Zakharenko et al.,
1999). These observations suggest that calcium-induced exocytotic
mechanisms operate in VRs of developing neurites. Since exocytosis
can be induced by short trains of action potentials from VRs that
did not make contact with postsynaptic cells, it was suggested that
VRs serve as a prefabricated “ready-to-go” presynaptic terminals.
(Krueger et al., 2003; Malkinson et al., 2006).

Whereas our knowledge of the composition, motile behavior and
potential role of VRs in synaptogenesis and synaptic function
progressed, the mechanisms by which these ubiquitous compart-
ments are formed and spaced along neurites are not understood.
Morphological studies by Hatada et al. (1999) revealed that cultured
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Aplysia sensory neurons form VRs while growing either in contact
with postsynaptic neurons or on culture-dish substrate in the
following manner: (a) the advancing GC slows or stops, (b) the GC
widens while maintaining extension and retraction of its peripheral
region, (c) the central area of the GC swells to form the bulging
structure of a VR and (d) the GC commences its advance, leaving
behind a VR that does not extend veils and filopodia. The mechanisms
underlying these maneuvers and their actual relations to the
formation of VRs were not studied.

The present study analyzes at the subcellular level the cascade of
events that underlies the formation of VRs by advancing GCs in the
absence of postsynaptic elements. For the study, we used VRs formed
by the GCs of the Aplysia B2 buccal neurons. In culture, these neurons
form the presynaptic elements of excitatory cholinergic synapses
(Khoutorsky and Spira, 2009). Based on our findings, we propose a
novel model that explains how VRs are formed and spaced by
extending neurites in the absence of external cues.

Results

The dynamic structure of GCs formed at the tips of cultured buccal
neurons

To understand the sequence of subcellular events underlying the
formation of VRs by advancing GCs, we first characterized the
structural organization of advancing GCs generated by B2 neurons.
To that end, B2 neurons cultured for 4 h were injected with mRNA
encoding for GFP- or Cherry-tubulin, GFP-actin and/or synaptopH-
luorin (Erez et al., 2007; Erez and Spira, 2008; Kamber et al., 2009;
Malkinson et al., 2006; Shemesh et al., 2008). In total, we examined 40
neurons and 120 GCs. Twelve hours later, time-lapse confocal
microscope movies of advancing GCs were taken. The motile and
the irregularly shaped GCs formed by the B2 neurons do not maintain
a clear spatial separation between an actin-rich peripheral zone and a
central zone, as described for Aplysia bag cells (for example: Decourt
et al., 2008; Forscher and Smith, 1988). Rather, as in cultured
Fig. 1. The dynamic nature of microtubules and actin filaments in an advancing growth con
(red) was taken 12 h after mRNA injection. In elongating neurites, highly fluorescent actin bu
GFP-actin are detected in the GC compared to the neurite. The microtubules in the GC unde
indicated on the left-hand side. Scale bar, 5 μm.
vertebrate neurons, the actin-rich peripheral zone of the B2 GCs
continuously changes its shape and dimensions (Geraldo et al., 2008).
In addition, as in vertebrate neurons, the peripheral zone is invaded
by actin bundles that appear as bright radiating lines of GFP-actin to
form long dynamic filopodia (Fig. 1 and Supplemental Movie 1).

MT bundles within the neurites (Figs. 1 and 2) splay out to occupy
the “palm” of the GC and often protrude into the actin-rich filopodia.
TheMTs within the palm of the GC (Figs. 1 and 2) undergo continuous
reshaping by splaying, bending and curving, as described for cultured
vertebrate neurons (reviewed by Dent et al., 2003) and also see
Supplemental Movies 1 and 2).

To visualize the distribution kinetics of vesicleswithin the extending
GCs, we injected the neurons with GFP-tubulin mRNA and labeled the
neurons with the styryl dye RH237. RH237 labels all membrane-bound
vesicles indistinguishably of their origin (Erez et al., 2007; Erez and
Spira, 2008; Sahly et al., 2006). In contrast to the extensively described
Aplysia's bag-cell GCs (for example: Decourt et al., 2008; Forscher and
Smith, 1988; Schaefer et al., 2002) and GCs formed after axonal
transection of B cells, in which vesicles accumulate at the center of the
GC (Erez et al., 2007; Erez and Spira, 2008; Sahly et al., 2006; Spira et al.,
2003), the RH-labeled vesicles in motile B2 GCs are not confined to a
specific compartment within the GC. Rather, RH237-labeled organelle
clusters continuously occupy the entire GC's palm (Fig. 2).

Since RH237 labels all membrane-bound vesicles indistinguish-
ably, we next labeled Golgi-derived, anterogradely transported
vesicles by synaptopHluorin (synpH) (Miesenbock et al., 1998). For
the experiments, we injected the neurons with mRNA encoding for
synpH and cherry-tubulin. The neurons were imaged 12 h later with
405 nm excitation laser line, a wavelength that allows visualization of
vesicles with an acidic lumen (Malkinson et al., 2006; Miesenbock
et al., 1998) and cherry-tubulin with the 543-nm laser line. We found
that synpH-labeled vesicle clusters are distributed within the GC just
as described above for the RH237-labeled organelles (not shown). In
conclusion, in motile GCs formed by cultured B2 neurons, Golgi-
derived vesicles dynamically translocate within the GC's palm in the
domain of the splayed MTs.
e. A time-lapse movie of a B2 neuron expressing GFP-actin (green) and cherry-tubulin
ndles extend from the palm of the GC into dynamic filopodia. Note that higher levels of
rgo constant reshaping, bending and splaying (Supplemental Movies 1 and 2). Time is



Fig. 2. Membranal organelles are scattered throughout the GC, in between the curved microtubule bundles. (A) A neuron expressing GFP-tubulin (green) was stained with RH237
(red) and imaged 12 h later. The RH-labeled organelles are foundmainly in VRs and GCs (marked by arrows), but also along the neurite. B1–C3 are enlarged images of the GC in panel
A at three different time points (indicated on the left-hand side). D1–D3 are themerged images of themicrotubules and the RH237. The organelles in the GC are scattered throughout
it, in between the splayed and curved microtubule bundles, and do not occupy a constant position within the GC. Scale bar, 5 μm.
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Golgi-derived vesicles preferentially fuse with the GC's
plasma membrane

To define where fusion of vesicles with the plasma membrane
occurs in support of the growth processes, neurons cultured for 8–
12 h were injected with synpH-mRNA. Time-lapse movies of synpH
that face the basic bathing solution by excitation wavelength of
488 nm revealed that within approximately 3 h, synpH-labeled
vesicles preferentially fuse with the GC's plasma membrane (20
neurites from 7 neurons, Fig. 3). The preferential fusion at the GC
creates a distalo-proximal gradient of synpH fluorescence intensity
(Fig. 3, graph D). As time progresses (approximately 30 min after the
initial labeling of the GC's plasma membrane), the synpH gradient
extends proximally (Fig. 3). Concomitantly, the synpH fluorescence
signal in the GC's plasma membrane becomes brighter (Fig. 3, graph
D). To verify that the observed synpH gradient indeed represents

image of Fig.�2


Fig. 3. Golgi-derived vesicles fuse preferentially at the GC's plasma membrane. GCs of synpH-expressing neurons were imaged with the 488-nm laser from the time of synpH-mRNA
injection. SynpH fluorescent signal generated by excitation with the 488-nm laser started to be detected at the leading GCs 3–4 h after mRNA injection. This time interval reflects the
time for mRNA translation, anterograde transport to the tips of the neurites and the fusion of synpH-labeled Golgi-derived vesicles with the GC's plasma membrane. From the
moment of synpH detection at the tips, the GCs were imaged at a higher rate. Shown is the analysis of the synpH fluorescent signal at two points in time, 30min apart (A and B).
Initially the synpH fluorescence signal along the neurite (dashed line in C) was identical (D, blue line). Thirty minutes later, a sharp distalo-proximal gradient was measured
(D, green line). In parallel, the synpH fluorescent intensity at the GC increased (compare blue to green traces in E taken along the cross line E in C). Likewise, the synpH fluorescence
intensity signal at the plasma membrane of the varicosity behind the leading GC (C cross line–F) increased as well. Scale bar, 10 μm.
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incorporation of the fluorescent probe into the membrane, we
transiently applied acidic artificial sea water (ASW) to the bathing
solution. This led to transient reduction in the synpH fluorescence
intensity, indicating that the probe was incorporated into the plasma
membrane facing the bathing solution (not shown). With time, the
synpH fluorescence gradient spread retrogradely along the neurite's
membrane.

These observations unequivocally demonstrate that anterogradely
transported Golgi-derived vesicles preferentially fuse with the plasma
membrane of the GCs.

Organelle accumulation in the GC precedes VR formation

To identify the source of vesicles and organelles within newly
formed VRs by advancing GCs, we injected neurons cultured for 8–
12 h with mRNAs encoding for synpH and imaged them 8–12 h later
by the 405-nm laser or withmRNA encoding for GFP-actin and labeled
the organelles with RH237. Individual GCs were continuously
monitored for time periods of up to 4h in order to follow the
formation events of new VRs. Care was taken to ensure that we were
Fig. 4. Imaging the vesicular contents in the GC during formation of en-passant VRs. Time-la
Shown are the fluorescence images and the corresponding DIC images (left and right colum
between 8 and 10 min and between 90 and 100 min. Note that during VR formation, the mo
notice that the synpH signal in more proximal VRs increases over time (blue and red arrows
Movie 3 and text for details). Scale bar, 10 μm.
imaging “healthy” advancing GC's with a lamellipodial veil and
protruding filopodia. A total of 25 events of VR formations frommotile
GCs (in 12 different neurons) were analyzed. The images depicted in
Fig. 4 were chosen from a time-lapse movie of a synpH-expressing
neuron imaged with the 405-nm laser at a time resolution of 2 min.
The shown GC formed two VRs (between 8 and 10 min and between
90 and 100 min). The images represent the sequence of events of VR
formation (see Supplemental Movie 4), which is also depicted
graphically in Fig. 5: (a) synpH-labeled organelles begin to accumu-
late within the palm of the advancing GC (between 1 and 2 μm per
minute averaged over a period of 30min); concomitantly the GC's
advance is slowed (Fig. 5). (b) The GC's “halting” period varies
between 6 and 55min (mean±SD=17.8±11.5min). During this
time, vesicles and organelles continue to accumulate within the palm
of the GC (Figs. 4 and 5). The clustering of organelles within the GC is
expressed by an increase in the averaged fluorescence that ranges
between 2- and 3-fold during this time period. During this phase, the
GC protrudes filopodia and alters its shape in place, while the location
of the vesicle clusters changes continuously within the palm of the
GC (Fig. 4). (c) When the actin-rich motile compartment of the GC
pse images of synpH-expressing neurons were taken with the 405-nm laser every 90s.
ns, respectively). The shown GC formed two en-passant VRs, marked by yellow circles,
st distal region of the GC is devoid of synpH (green arrows in 8, 10 and 100 min). Also
at 10, 20, 40 and 60 min, and also the nascent VR formed at 10 min; see Supplemental

image of Fig.�4


Fig. 5. Prior to VR formation, vesicles and organelles accumulate in the GC's palm and are
then deposited as a nascent en-passant VR. The cumulative distance that the leading GC
(shown in Fig. 4) covered as a function of time is plotted in blue. Note thatwithin thefirst
35 min of the observation, the GC covered a distance of 22 μm (at an average velocity of
0.63 μm/min); thereafter, the propagation rate was reduced and the GC advanced only
10 μm in 77 min (average velocity of 0.13 μm/min) This was followed by a period of
accelerated growth rate in which the GC covered 18 μm in 28 min (average velocity of
0.64 μm/min). Analysis of the synpH fluorescent intensity signal in the GC during this
period is depicted by the red circles. Vesicles labeled by synpH accumulate within the
GC's palm during the slowdown of the GC's advance. As the GC's advance accelerates, it
detaches from the clusters of vesicles (two black vertical arrows), an event that is
expressed by a drop in its synpH content. Thus, prior to VR formation, synpH
accumulates in the GC, and a varicosity is formed when the actin-rich compartment of
the GC (see Supplemental Movie 1) detaches from the cluster of vesicles.

Fig. 6. Clusters of organelles are spatially associated with high synapsin fluorescence
levels. A B2 neuron was chemically fixed in saponin and stained with anti-synapsin
antibodies (green). Prior to imaging, the neuron was also labeled with the styryl dye
RH237 (red). Note that whereas the varicosities (asterisks) and the left GC (marked by
the two arrows) contain organelles (red arrows and red asterisks) and synapsin (green
arrows and green asterisks), the synapsin and organelle levels in the right GC are low
(red and green arrowheads, respectively). Scale bar, 5 μm.
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resumes its advancement, it “leaves behind” a VR filled with clusters
of vesicles. The motile GC itself now contains a small number of
organelles. The decrease in the fluorescent signal associated with the
vesicles can be as much as half of the signal before the formation of a
nascent GC. It should be noted that during this cascade of events,
established VRs continue to accumulate synpH-labeled vesicles
(Fig. 4).

In conclusion, the above results demonstrate that organelle
accumulation within the palm of an advancing GC starts before the
cessation of GC advance and that as the GC resumes its advance, it
“leaves behind” an organelle-loaded newly formed VR. The cycle of
organelle accumulation, slowdown of growth, resumption of the GC's
advance and deposition of a VR repeats itself culminating in the
formation of almost equally spaced VRs along a given neurites
(Fig. 10).

Supplemental loading of nascent VRs by anterograde transport of vesicle
clusters

In 24/25 VRs whose entire sequence of formation was monitored,
the fluorescence levels generated by organelles that accumulated
within the newly formed VRs increased by 20%–120% over a time
period of 15–90min from their formation.

Time-lapse imaging of neurons expressing synpH or loaded by
RH237 revealed that the contents of the VRs is enlarged by
anterograde transport of clustered vesicles from proximal VRs
(Supplemental Movie 3 shows two examples of vesicular-cluster
transfer, between times 180 and 360 s and between 1350 and 1620 s,
of vesicles labeled with synpH imaged with 405-nm laser, green, and
with RH237, red).

These results reveal that the clusters of organelles deposited by the
advancing GC are supplemented at later stages by anterograde
transfer of clustered vesicles and organelles from proximal VRs (see
also Fig. 4).
Is synapsin involved in vesicle clusters formation at the growth cones
and VRs?

It is well documented that in chemical synapses clustering of
vesicles at presynaptic terminals involves the tethering of vesicles to
each other and to actin by synapsin (for example, see Fdez and
Hilfiker, 2006).We thus proceeded to examinewhether the formation
of the vesicle–actin clusters in advancing GCs and newly formed VRs is
spatially associated with concentration of synapsin. Earlier studies
demonstrated that synapsin is expressed by Aplysia neurons
(Fioravante et al., 2007; Khoutorsky and Spira, 2009) and that Aplysia
synapsin can be immunolabeled by Drosophila antibodies (Malkinson
et al., 2006). For the observations, B2 neurons were immunolabeled
with an anti-synapsin antibody (Fig. 6). Prior to imaging and after
fixation, lipid-bound organelles were also labeled with RH237. The
results demonstrate that the synapsin fluorescence signal is associ-
ated with clusters of RH237-labeled organelles and that the signal
intensity was lower in GCs that do not contain clusters of organelles
than the intensity in VRs (Fig. 6). These observations are consistent
with the hypothesis that as in synapses, clustering of organelles
occurs in association with synapsin and actin.

In conclusion, the results thus far suggest that the formation of VRs
by advancing GCs is preceded by the accumulation and clustering of
organelles within the “palm” of advancing GCs. Temporally, the phase
of organelle clustering is followed by gradual cessation of the GC's net
advance, yet the actin-rich perimeters of the GC maintain their
motility. As the organelle-cluster mass increases, the actin-rich distal
segment of the GC disengages from the organelle-loaded palm that
can now be identified as a nascent VR by morphological criteria.

image of Fig.�5
image of Fig.�6


Fig. 7. In VR-free neuritic segments, elongation of the GC is not associated with clustering of organelles. A neuron injectedwithmRNA encoding for GFP-actin was stainedwith RH237
and imaged 12 h later. This GC covered a distance of ∼50 μmwithout forming any VRs (the region marked between the two arrows of the respective fluorescence wavelength), and
an analysis of its intracellular membranal-organelle signal (graph, red trace) reveals that no clustering of organelles occurred during this time period. The actin signal (graph, green
trace), however, fluctuated substantially. Scale bar, 10 μm.
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Formation of varicosity-free stretches of neurites

As indicated above, VRs are formed under conditions in which
excess organelles accumulate within the palm of an advancing GC. In
support of the hypothesis, we noted that whereas most neurites are
decorated by almost equally spaced VRs, VR-free distal neuritic
segments of approximately 30–50 μm can be detected. Live imaging of
the formation of such VR-free segments revealed that in these
neurites the leading GC does not accumulate membranal organelles
(Fig. 7, and Supplemental Movie 5). In addition to monitoring VR-free
segments with RH237 and actin, we also analyzed the fluctuations in
synpH in GCs that form VR-free neurites. We found that the
fluctuations of the synpH fluorescence in these cases is small, not
exceeding 20% (n=3, not shown), while in GC's that form varicosities,
the fluctuations are larger than 50% (Figs. 4 and 5).

These observations could be interpreted to represent two cases:
(a) a case in which for a certain period of time, the rate of local
organelle utilization by the growth processes equals the rate of their
supply and thus the organelles do not accumulate and do not form
clusters. As a consequence, VRs are not formed. (b) The rate of
anterogradely transported resources is slow and thus organelles do
not accumulate within the GC. As a consequence, VRs are not formed.
Both explanations are consistent with the hypothesis that excess
accumulation of organelles generates the necessary conditions for VR
formation by an advancing GC.

Restructuring of the microtubules and actin filaments during the
formation of VRs by motile GCs

To shed light on the structural reorganization of MTs and actin in
the forming VRs, we injected neurons cultured for 8–12 h with
mRNAs encoding for GFP-actin and cherry-tubulin. Time-lapsemovies
of forming VRs were taken 12 h later.

Time-lapse imaging of GFP-actin revealed that both the newly
formed VRs that are left behind the advancing GC and the GC itself
contain actin (Fig. 8, compare 28.5 and 30 min). Whereas the actin
within the advancing peripheral compartment of the GC polymerizes
to form bundles which project into filopodia, the actin within the VR
either maintains a “diffuse” distribution or enwraps organelles as
previously described by us (Malkinson et al., 2006).

As demonstrated in Figs. 1 and 2, the MTs within motile GCs are
splayed and bent. In contrast, within established VRs, the MTs are
most of the time in the form of distinct bundles which traverse the VR.
The transformation of the splayed MT mode into a bundle occurs only
after the disengagement of the motile GC from the newly formed VR.
Time-lapse imaging (Fig. 8 and Supplementary Movie 1) revealed that
MTs in a newly formed VR (Fig. 8, time 30 min) maintain the splayed
configuration for 8–25min (mean 19.5±6.3min, graph of Fig. 8, time
30 min). Thereafter, theMTs bundle to form the core of the VR (Fig. 8F,
time 48 min). The newly formed MT bundle within the VR core can
undergo bending and curving in temporal association with the
vectorial movement of the VRs (Malkinson et al., 2006) (Supplemen-
ental Movie 2). Nevertheless, the vesicle-cluster content of the VRs is
not tightly adhered to the MT bundle and clusters of vesicles and
organelles translocate from one VR to others (Malkinson et al., 2006).

Constitutive- and activity-dependent membrane cycling at growth cones
and VRs

Besides for the rich actin contents in the peripheral zone and the
splayed nature of the MTs in the GC, the organelle content of nascent
VRs and GCs is similar. In fact, as demonstrated above, at least part of
the organelle content of VRs is composed of organelles collected
within the palm of the GCs.

VRs are thought to function as ready-to-go presynaptic terminals
(Krueger et al., 2003; Malkinson et al., 2006). Since a functional
hallmark of presynaptic boutons is activity-dependent neurotrans-
mitter release and membrane recycling (Wojcik and Brose, 2007), we
compared these parameters in GCs and in newly formed VRs that
occupy the most distal positions along the neurites.

We began by assessing the rates of constitutive endocytosis in
these compartments. To that end, the neurons were injected with
synpH-mRNA and 12 h later imaged under control conditions and in
the presence of bafilomycin (baf), which blocks the v-ATPase. Thus,
the acidification of the basic endocytosed vesicles is inhibited
(Sankaranarayanan and Ryan, 2001). Imaging was performed using
the 488-nm excitation wavelength, which differentially excites synpH
that faces basic extracellular environment. Therefore, under these
experimental conditions, endocytosed vesicles which normally
become acidic maintain their basic lumen content and therefore are
detected within the cytosol. Fig. 9 shows a GC and VRs before and
after the addition of 0.5 μM baf (6 neurons). Consistent with the view
that the plasma membrane of the VRs undergoes constitutive
endocytosis, we observed under these conditions a significant
increase in the fluorescent signal of synpH in the VRs (36±29%,
n=30, one-tailed paired t-test, pb0.05) (see also (Malkinson et al.,
2006). In contrast, baf application caused an insignificant increase in
synpH fluorescent signal in GC's (n=10, 2±10%, one-tailed paired t-
test, pN0.05). Transient change of the bathing solution to an acidic
medium caused a decrease in the synpH fluorescent levels, in
accordance with previous studies (Sankaranarayanan and Ryan,
2001) (data not shown).

To examine whether GCs and VRs express voltage-gated calcium
channels (VGCCs), the neurons were injected with DOCIIb-mRNA.
This protein serves as a calcium indicator that translocates to
membranes when the [Ca2+]i increases by ∼200nM (Malkinson and
Spira, 2006). Twelve hours after DOCIIb-mRNA injection, time-lapse
movies of the neurons were taken while electrically stimulating them
to fire trains of 8–10 action potentials. As shown in Fig. 9C–G, this
stimulation caused translocation of DOCIIb both in the GCs and in the
VRs (n=11 neurons), indicating that functional VGCCs are present in
these compartments.

We next asked whether this elevation in [Ca2+]i can also lead to
evoked exocytosis in newly formed VRs. Therefore, synpH-expressing
neurons were stimulated intracellularly to fire trains of action
potentials (APs) and imaged with 488 nm excitation laser. We
observed that a train of APs induces an increase in the synpH
fluorescent signal in both the newly formed VRs (17±6%) and GCs
(31±17%). The increase in the synpH signal was followed by a
decrease and recovery to baseline levels (Fig. 9H). The recovery could
be attributed to either lateral diffusion of synpH within the plasma
membrane and it dispersion or its endocytosis. To differentiate
between these possibilities, we stimulated the neurons in the
presence of baf. Under these conditions, the synpH fluorescent level
did not recover to its baseline levels, indicating that the recovery
mechanism is due to endocytosis (Fig. 9I). The overshoot of
endocytosis observed in Fig. 9H and I can be explained by the high
calcium concentration reached during the train of stimuli, which
caused excess endocytosis (Wu et al., 2009).

Analysis of the inter-varicosity intervals along the neurites

Measurements of 194 inter-VR intervals (253 VRs) from 32
cultured B2 neurons (44 neurites) that revealed VRs, and excluding
VR-free regions (Fig. 10A), revealed that the average distance
between neighboring VRs is 10.4±6.6 μm (Fig. 10B). The large
value of the standard deviation represents variability among different
neurons or neurites within the same neuron and the motile nature of
the VRs as described by us earlier (Malkinson et al., 2006). To get a
deeper insight into the question whether VRs are formed at equal
distances or establish the spacing at later stages, wemeasured the first
two inter-VRs intervals of a given neurite (between the most distal VR
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to the 2nd VR and between the 2nd to the 3rd VR). These first and
second intervals were divided one by the other. On average, the ratio
of the first to second intervals was 0.92±0.43 (from 59 pairs of
Fig. 8. In nascent VRs, splayed microtubules from a bundle within ∼20min. (A–D) Neurons e
The GC formed a nascent VR (compare 28.5 and 30 min) and then elongated rapidly. (E–F) L
yellow lines in (A,B). (E) Analysis of the actin signal in the nascent VR before, immediately afte
GC. Moreover, actin is dispersed in a homogenous manner within the VR even ∼20 min afte
points shows that the signal first appears in a splayed form but ∼20 min later is condensed to
intervals). Judging by the distribution of the ratio values (Fig. 10C),
the interval of newly formed VRs are almost identical within a given
neurite (two tailed t-test p=0.028).
xpressing GFP-actin (green) and cherry-tubulin (red) were imaged 12 h after injection.
ine profiles of the actin and microtubule fluorescent signals were analyzed through the
r it is formed and 18min later revealed that the signal in the VR ismuch lower than in the
r the formation. (F) In contrast, analysis of the microtubule signal during the same time
form the core of the nascent VR (compare purple and green traces in F). Scale bar, 5 μm.
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Fig. 9. Estimation of the relative rates of exocytotic and endocytotic activities in VRs and GCs. Intracellular stimulation leads to elevation of the [Ca2+]i in GCs and varicosities. A GC
and VRs along a neurite (A, DIC image) from synpH-expressing neurons were imaged with the 488-nm laser before (B, time 0 min) and 3.5 min after (B, time 3.5 min) the addition of
0.5 μM bafilomycin to the bathing solution. Note the increased synpH fluorescent intensity by organelle clusters in the VRs (arrows) and to a lesser extent in the GC (arrowhead).
Scale bar, 5 μm. (C–G) Neurons (n=4) expressing DOCIIb were stimulated to fire trains of action potentials, and the DOCIIb signal was imaged before (C), during (D) and after (E) the
stimulus. The fluorescence signal in the GCs (n=15) (red arrow in B and in the corresponding DIC image in F) and in the VRs (n=34) (green arrow in B and in F) was analyzed at the
three time points (G) by dividing the fluorescence signal in the membrane by the fluorescence signal in the cytosol. The graph suggests that GCs host VGCCs and are capable of
elevating [Ca2+]i in an activity-induced manner. Scale bar, 5 μm. (H) The graph represents pooled data from 8 GCs and 25 VRs from synpH-expressing neurons, which were
stimulated intracellularly with a train of APs. The arrow indicates when stimulation was applied to the neurons. The analysis shows that evoked exocytosis is higher in GCs than in
VRs. (I) The graph represents pooled data from GCs and VRs from synpH-expressing neurons which were stimulated before (blue trace) and 5min after addition of 0.5 μM
bafilomycin (red trace). The arrow indicates when stimulation was applied to the cells. In the presence of bafilomycin, the synpH levels do not recover to their control levels. The data
suggest that activity-dependent endocytosis operates in GCs and VRs. The data in graphs H and I are presented as mean±SD. Scale bars 5 μm.
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Fig. 10. VRs are distributed regularly along distal naïve neurites. Analysis of the inter-varicosity intervals along unfasciculated neurites, which facilitate measurements along single
neurites, such as the one shown in (A), revealed that the average interval is 10.4±6.6 μm, while most intervals are in the 5- to 10-μm range (B). (C) The ratio of the first and second
intervals, which represents the rate of varicosity deposition within a short time interval, is close to one. Scale bar, 10 μm.
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Discussion

In the present study, we analyzed for the first time the cascades of
subcellular events that underlie the formation and spacing of VRs by
advancing GCs. This is the mode by which nascent VRs are formed
during development and regeneration (Hatada et al., 1999; Jontes
et al., 2000). Additional modes of VR formation by splitting or de novo
assembly have been implicated to occur in association with long term
synaptic facilitation and learning and memory acquisition processes
(Bailey and Kandel, 2008; Li et al., 2009). In analogy to the approach
taken by a large number of laboratories to analyze the molecular and
cellular mechanisms that underlie the assembly of presynaptic
terminals (for a review, see Jin and Garner, 2008), the present study
began to characterize in time and space the recruitment of organelles
and reconfiguration of the cytoskeleton to form “strings” of varicosities
by advancing GCs. The principal and novel concept that the present
study demonstrates is that VRs are formed under conditions in which
anterogradely transported organelles accumulate within the GC's
palm at a rate that exceeds their utilization by the leading GC
machinery. The dynamic balance among these parameters also defines
the spacing between sequentially formed varicosities along a growing
neurite. As for the cases of studies devoted to the understanding of the
mechanisms that underlie the assembly of the presynaptic apparatus,
the concept developed here provides a framework for future studies to
examine the role and spatiotemporal localization of participating
organelles and molecular candidates in the process.

As the experiments described in the paper were performed on
neurons cultured on homogeneous poly-L-lysine cover glass substrate,
it is reasonable to assume that the mechanisms involved in VR
formation and their spacing are intrinsic. In this relation, it is
interesting to recall that under experimental conditions in which
cultured neurons are presented with poly-lysine “hot spots” form
presynaptic like contacts (Burry, 1982; Lucido et al., 2009). Based on
the results presented above, we propose that VRs are formed by
advancing GCs when the rate of anterograde supply of organelles
exceeds the rate of their utilization by the leading GC machinery. The
proposed cascade discussed below integrates earlier studies and the
present observations.

Given that the substrate on which neurons grow is permissive, the
rate-limiting factors for neurite-elongation are the availability and
assembly rates of cytoskeletal elements, Golgi-derived vesicles, local
energy resources and other molecular building blocks that are either
transported from the cell body or locally synthesized in the GC (Leung
et al., 2006). Thus, for example, it is well documented that limiting the
supply of globular-actin (G-actin) by pharmacological reagents that
sequester G-actin or reagents that preventMT polymerization impairs
the advancement or even leads to retraction of a GC (Burnette et al.,
2007; Sahly et al., 2006). Likewise, inhibition of regulatory proteins
that promote actin or MT polymerization or activation of enzymes
that depolymerize these cytoskeletal elements results in cessation of
growth or retraction (Dent et al., 2004; Mingorance-Le Meur and
O'Connor, 2008; Utreras et al., 2008). An additional element that is
necessary to support growth processes is the supply of Golgi-derived
vesicles that are competent to fuse with the GC's plasmamembrane to
continuously match the increasing dimensions of the neurite. In an
extending GC, the rate of addition of new membrane to the GC's

image of Fig.�10


151G. Malkinson, M.E. Spira / Experimental Neurology 225 (2010) 140–153
plasma membrane must be larger than the rate of local membrane
retrieval (Mingorance-Le Meur and O'Connor, 2008; Pfenninger,
2009; Prager-Khoutorsky and Spira, 2009).

Based on our observations and the literature, we propose the
following conceptual model to account for the recurring “deposition”
of VRs by advancing GCs (Fig. 11): excess accumulation of organelles
at the palm of the advancing GC (1) leads through a self assembly
process to clustering of the vesicles (2) and by tethering of these
clustered vesicles to each other and to actin (2 and 3) (Fdez and
Hilfiker, 2006), much like the case of vesicle-cluster formation in
chemical synapses. The formation of vesicle clusters within the palm
of the GC diverts fusion-competent vesicles from an “available pool”
of growth resources to a clustered “reserve pool” (3 and 4). The
clustering of vesicles may be accompanied by sequestration of
proteins such as G-actin and lead to slow down or arrest of the GC's
net extension. The arrest of growth, according to the model, does not
prevent F-actin from polymerizing and depolymerizing at the leading
edge of the GC or filopodia (2). With time, the supply of growth
resources to the leading GC is resumed (4). The mechanisms that
enable the growth resources to bypass the clusters are not known.We
tentatively suggest that the number of binding sites expressed by the
Fig. 11. Hypothetical cascade of intracellular events that underlie the formation of an
en-passant VR from an advancing growth cone. An advancing GC (1) slows and stops
(2) while vesicles and organelles cluster within the GC's palm. Later the actin-rich
peripheral compartment of the GC disengages from the clusters of organelles and
resumes growth, leaving behind a nascent VR (3). With time, the splayed MTs of the GC
bundle within the newly formed varicosity (4). The legend is given on the lower right
side of the figure. For further details, see Discussion.
clustered organelles is reduced as the clusters become larger. For
example, the supply of G-actin to the leading GC may be reduced by
sequestration of actin by the vesicle clusters and then resumed when
the binding sites are occupied (3). This results in the re-initiation of
the GC's advance, leaving behind a VR filled by clusters of organelles
tethered to each other and to actin (3). The organelle content of the
newly formed VR is further supplemented by anterograde transfer of
clustered organelles and the tubulin core is formed (4).

The above-described hypothetical cycle of events repeats at a rate
which reflects the dynamic supply of cytoskeletal components and
organelles to a specific neurite, thereby leading to the generation of
roughly equally spaced VRs along a given neurite for a given stretch of
time.

It should be noted that the model suggested above allows the
integration of extrinsic modulatory factors, which may regulate the
unfolding of the “intrinsic rates” by which VRs are formed at their
precise location. Thus, for example, facilitation of the supply rates of
growth resources from the cell body would be expressed by
increasing the number of VRs formed along neurites. Slowdown of
GC's advance by external signals could result in accumulation of
resources that would then be deposited in the form of a VR at a shorter
interval. We wish to note that whereas the spatiotemporal relations
between organelle accumulation at the GC's palm and the GC's motile
behavior are consistent with the view that organelle clustering within
the palm and the ensuing alterations in actin availability causes the
cessation of GC advance, alternative mechanisms which assume that
the clustering of organelleswithin the GC's palm is the outcome rather
than the cause for GC's staling were not rejected. For example,
acceleration of GC's membrane retrieval (pinocytosis) could counter-
balance the increased GC surface area by local exocytosis and thereby
lead to cessation of growth.Whereas such amechanism could account
for the observed stalling of GC advance, it would result in the
depletion of the vesicle stores at the GC palm, just the opposite of our
observations. For the time being, our proposed hypothesis satisfies the
temporal and spatial relationships, and further experimental tests are
needed to directly establish causal relationships.

It is interesting to note that earlier studies analyzing the intra-
varicosity intervals provided some examples of neurites onwhich there
is regular varicosity spacing (e.g. Shepherd et al., 2002). However, their
overall conclusionswere that heterogeneity rather thanhomogeneity of
spacing is the rule. The above model, together with the dynamic nature
of mature VRs, can explain the different observations. We suggest that
VRs are formed at regular intervals, and that later on, these intervals
change due to VR motility along the neurites (Malkinson et al., 2006),
and in relation to the formation of synapses.

Structural and functional differences between VRs and advancing GCs

At the structural resolution used in the present study, the
cytoskeletal elements and organelles comprising GCs and VRs are
similar. Nevertheless, VRs and GCs differ in their motility and the
spatial relations among their components. Whereas the leading edge
and filopodia of advancing GCs contain high actin densities, which
continuously undergo dynamic changes, the actin network within the
VRs is relatively “diluted” and does not form centripetally oriented
actin bundles (Figs. 1 and 11). The characteristic splayed and dynamic
nature of the MTs within advancing GCs is maintained within the
newly formed VR for up to 25min of its formation. Thereafter, the
splayed MTs zipper-up to form MT bundle which traverses the VR
(Figs. 8 and 11) possibly through the action of spinophilin as
demonstrated by Bielas et al. (2007). Live imaging of synpH-labeled
vesicles revealed that GCs at the tip of advancing neurites are the
preferential site for constitutive fusion of Golgi-derived vesicles with
the plasma membrane (Figs. 3 and 11). This together with the finding
that the rate of constitutive membrane retrieval is lower in the GC
than in VRs (Figs. 10 and 11) and the dynamic nature of the actin
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filaments within the GCs (and not in the VRs) accounts for the fact
that GCs are the site of elongation and advance. Interestingly, both
GCs and VRs express VGCCs, and trains of APs elevate the [Ca2+]i in
both. Unlike the case of constitutive endocytosis, in both VRs and GCs
stimulation was followed by membrane retrieval.
On the possible roles of varicosities formed by advancing growth cones

In an earlier study (Malkinson et al., 2006) and the present one, we
found that all VRs examined revealed an increased [Ca2+]i in response
to short trains of action potentials. At least 50% of the VRs which host
synpH-labeled vesicles revealed exocytosis (Malkinson et al., 2006) in
response to the elevation of [Ca2+]i. It should be noted that in culture,
the B2 neuron forms a fast-releasing cholinergic synapse with the
metacerebral neuron (Khoutorsky and Spira, 2009). Given that trains
of action potentials delivered to B2 neurons grown in isolation evoke
exocytosis followed by endocytosis (Fig. 9), it is reasonable to assume
that the newly formed VRs are the site for release of the vesicles
content. Even if the mechanisms for evoked release undergo further
“maturation” when forming physical contact with a postsynaptic
neuron (Jin and Garner, 2008), the hypothetical “immature” mech-
anism could serve as a trigger for a reciprocal cascade that generates a
mature synaptic structure (Krueger and Fitzsimonds, 2006). Alterna-
tively, VRs could represent an epiphenomenon of developmental
processes in which excess organelles and molecules are temporarily
stored until a steady state of the neurons dimensions are reached.

In conclusion, we propose that the formation and spacing of VRs by
advancing GCs is the default outcome of the balance between the rate
of supply of growth-promoting resources and the usage of these
resources by the GC's machinery.
Methods

Cell culture

B2 neurons from buccal ganglia of Aplysia californicawere isolated
and maintained in culture as previously described (Schacher and
Proshansky, 1983; Spira et al., 1996).
Culture medium

The culture medium consisted of 10% filtered hemolymph
obtained from Aplysia facciata diluted in modified Leibovitz's L 15
Medium as previously described (Spira et al., 1996).
Chemicals and pharmacological reagents

RH237 (N-(4-sulfutyl)-4-(6-(p-dibutylamynophenyl) hexatrenyl))
pyridinum, inner salt, a gift from Dr. R. Hildeshiem, the Weizmann
Institute of Science, was diluted in ethanol to a concentration of 10 mM
and further diluted before use in ASW to a concentration of 15–20 μM.
Bafilomycin (Sigma)was prepared as a 0.5-mM stock solution in DMSO.
mRNA preparation and injection

mRNAs were in vitro transcribed using the recombinant tran-
scription system, as described by our laboratory (Sahly et al., 2003).
EGFP-actin (provided by Dr. DesGrosiller, Montreal University), EGFP-
tubulin, Cherry-tubulin, DOCIIb and super ecliptic synaptopHluorin
(provided by Dr. James E. Rothman, Sloan-Kettering Inst.) were cloned
in pCS2+ expression vector and the transcribed mRNAs were
pressure-injected into the cytoplasm of the cultured neurons 4–24 h
after plating, as described by Sahly et al. (Sahly et al., 2003).
Immunochemistry

Synapsin antibody (monoclonal mouse anti Drosophila Synapsin
antibody, developed by Erich Buchner, was obtained from the
Developmental Studies Hybridoma Bank developed under the
auspices of the NICHD and maintained by The University of Iowa,
Department of Biological Sciences, Iowa City, IA 52242) retrospective
immunolabeling was performed as described by Gitler and Spira
(Gitler and Spira, 2002). To preserve the integrity of vesicles and other
lipid-bound organelles, we permeabilized the plasma membrane by
saponin rather than triton. After immunolabeling of the neurons by
synapsin antibodies and just before imaging we added RH237
(1.25 μM) to the bathing solution. This stained lipid-bound organelles.

Confocal microscope imaging

The systems used for confocal imaging consisted of a Nikon C1
confocal system mounted on a Nikon TE-2000 Eclipse microscope
system with a Nikon plan-Apo chromat 60× 1.4 NA oil objective. This
system is equipped with 3 lasers: blue diode (405 nm), Argon
(488 nm) and Green HeNe (543 nm). Images were collected and
processed using EZ-C1 software. This system was used for confocal
imaging of all fluorescent proteins, except for EGFP-DOC2B.

EGFP-actin and EGFP-tubulin were excited with the 488-nm laser,
and the emission was collected with 515/30. Cherry-tubulin was
excited with the 543-nm laser, and the emission was collected with
605/75. SynpH was excited with 405 or 488 nm and collected with
515/30. RH237 was excited with the 488-nm laser, and the emission
was collected through 610LP filter. The system used for confocal
imaging of EGFP-DOCIIb consisted of an Olympus microscope IX70
and a Bio-Rad Radiance 2000/AGR-3 confocal imaging system. The
objective used was Olympus plan-Apo 60× 1.4 NA oil. The images
were acquired by excitation at 488 nm (argon laser), the emitted
fluorescence collected at 500–560 nm. The images were collected
using LaserSharp.

Images were analyzed off line using NIH ImageJ software
(Bethesda, MD). The figures were prepared using Adobe Photoshop
and Macromedia FreeHand software.

Acidic-ASW (pH 5.5) was applied focally onto synpH-expressing
neurons by pressure ejection via micropipette, for durations of up to
∼6 s, after setting the injection pressure to ∼5–10 kPa.

For stimulation of the cells, glass electrodes were pulled to
resistances of ∼7–10 MΩ, and filled with 2 M KCl solution. The
synpH-expressing cells were electrically stimulated by depolarizing
square pulses (50–100 ms) delivered at intervals of 100 ms for
approximately 30–60s, at a frequency of 8–12 Hz. For stimulation of
DOC2-expressing cells, the depolarizing square pulses (50–100 ms)
were delivered at intervals of 100 ms for approximately 15s, at a
frequency of 8–12 Hz.

F0 values represent the average fluorescence values of the frames
either before the intracellular stimulation or before adding bafilomycin.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.expneurol.2010.06.005.
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