THE JOURNAL OF COMPARATIVE NEUROLOGY 457:293–312 (2003)

Critical Calpain-Dependent
Ultrastructural Alterations Underlie the
Transformation of an Axonal Segment
into a Growth Cone after Axotomy of
Cultured Aplysia Neurons
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ABSTRACT
The transformation of a stable axonal segment into a motile growth cone is a critical step in
the regeneration of amputated axons. In earlier studies we found that axotomy of cultured
Aplysia neurons leads to a transient and local elevation of the free intracellular Ca2⫹ concentration, resulting in calpain activation, localized proteolysis of submembranal spectrin, and, eventually, growth cone formation. Moreover, inhibition of calpain by calpeptin prior to axotomy
inhibits growth cone formation. Here we investigated the mechanisms by which calpain activation participates in the transformation of an axonal segment into a growth cone. To that end we
compared the ultrastructural alterations induced by axotomy performed under control conditions
with those caused by axotomy performed in the presence of calpeptin, using cultured Aplysia
neurons as a model. We identified the critical calpain-dependent cytoarchitectural alterations
that underlie the formation of a growth cone after axotomy. Calpain-dependent processes lead to
restructuring of the neurofilaments and microtubules to form an altered cytoskeletal region
50 –150 m proximal to the tip of the transected axon in which vesicles accumulate. The dense
pool of vesicles forms in close proximity to a segment of the plasma membrane along which the
spectrin membrane skeleton has been proteolyzed by calpain. We suggest that the rearrangement of the cytoskeleton forms a transient cellular compartment that traps transported vesicles
and serves as a locus for microtubule polymerization. We propose that this cytoskeletal configuration facilitates the fusion of vesicles with the plasma membrane, promoting the extension of
the growth cone’s lamellipodium. The growth process is further supported by the radial polymerization of microtubules from the growth cone’s center. J. Comp. Neurol. 457:293–312, 2003.
© 2003 Wiley-Liss, Inc.
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The regeneration of an amputated axon involves the
transformation of a stable axonal segment into a motile
growth cone (GC). This is clearly a critical step in the
process of recovery from neural injury. Whereas the axon
is a stable structure specialized for propagating action
potentials, the GC is a motile compartment that senses
the surrounding environment and guides regenerating or
developing neurites to their targets (for review, see
Gordon-Weeks, 2000).
The transition of a differentiated nongrowing neuron
into one in regenerating mode involves the activation of
two classes of mechanisms: 1) the induction of genes that
generate the molecular building blocks to support growth
processes (Ambron et al., 1996; Udvadia et al., 2001); and
2) localized and robust structural and functional remodel© 2003 WILEY-LISS, INC.

ing of a specific axonal segment, transforming it into a GC
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Fig. 1. Ultrastructure of an axon from an intact neuron. A B2
neuron was cultured for 24 hours, fixed, and processed for TEM. The
micrograph shows that the neurofilaments (nf) and microtubules (mt)
are oriented in parallel to the longitudinal axis of the axon. Mitochon-

dria (m), endoplasmic reticulum (er), translucent vesicles (tv), and
electron-dense vesicles (edv) are dispersed throughout the axoplasm.
The plasma membrane tightly encases the axoplasm. Scale bar ⫽ 0.5
m.

(Baas and Heidemann, 1986; Ziv and Spira, 1997; Gitler
and Spira, 1998). In the present study we focus on the
latter mechanism.
It is now known that influx of calcium ions through the
cut axonal end is essential for the resealing of the ruptured plasma membrane (Xie and Barrett, 1991; Spira et
al., 1993, 1996; Ziv and Spira, 1995; Godell et al., 1997;
Eddleman et al., 1998; McNeil and Terasaki, 2001). In
addition, our laboratory has shown in cultured Aplysia
neurons that a local and transient increase in the intraaxonal Ca2⫹ concentration ([Ca2⫹]i) provides a sufficient
signal to induce the dedifferentiation of an intact axonal
segment into a GC, resulting in local neuritogenesis (Ziv
and Spira, 1997). The transient elevation of the [Ca2⫹]i
activates a protease, whose activity is essential for the
formation of the GC. Because the proteolytic activity is
induced by calcium and is blocked by the membrane-

permeable calpain inhibitor calpeptin, we attributed this
activity to calpain (Gitler and Spira, 1998). The formation
of a GC can be divided into two steps: the initiation stage
and the subsequent extension of the GC’s lamella (Gitler
and Spira, 2002). Both these processes involve calpain
activity. The initiation stage is complete within a few
minutes of axotomy, so that inhibition of calpain activity
at later times cannot abolish GC formation. Retrospective
immunofluorescent labeling of the submembrane skeletal
component spectrin revealed that the inhibition of the
initiation of GC formation by calpeptin is temporally and
spatially correlated with the inhibition of spectrin proteolysis (Gitler and Spira, 2002).
It has been suggested that the submembrane spectrin
skeleton limits exocytosis (Perrin et al., 1987; Sikorski et
al., 2000), and thus spectrin proteolysis may be relevant to
the expansion of the GC’s surface area. Nevertheless, the
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cellular mechanisms whereby a transient and local elevation of the [Ca2⫹]i and the activation of calpain induce the
structural remodeling of an axonal segment into a GC are
not known.
A large number of studies have documented that axotomy
leads to extensive ultrastructural damage at the tip of the
transected axon. The severity of the ultrastructural damage
is reported to diminish as the distance from the lesion site
increases (Ballinger and Bittner, 1980; Gross and Higgins,
1987). It is attributed to the influx of excess calcium ions
throughthecutendandtotheactivationofproteases(Schlaepfer and Bunge, 1973; Schlaepfer and Hasler, 1979; Zimmerman and Schlaepfer, 1984a,b; Schlaepfer, 1987; Hall and
Lee, 1995). The calcium-induced ultrastructural alterations
were considered to be pathological in nature. In contrast, Ziv
and Spira (1997) demonstrated that the influx of calcium
ions through the cut end, or the local elevation of [Ca2⫹]i in
the axon of an intact neuron, provides a trigger for the
initiation of GC formation.
In view of our recent study demonstrating that the
activation of calpain is an essential step in the transformation of an axon into a GC (Gitler and Spira, 1998, 2002)
and the fact that cytoskeletal components including spectrin, microtubule-associated proteins, and neurofilaments
are calpain substrates (Fischer et al., 1991; Johnson et al.,
1991; Raabe et al., 1995; Kampfl et al., 1996), we undertook in the present study to examine the role of calpain in
the remodeling of the cytoskeleton at the tip of the
transected axon. For this purpose we analyzed the relationships among the ultrastructural alteration of the axonal architecture, the [Ca2⫹]i transient, the pattern of
calpain activity, and the spatiotemporal characteristics of
GC formation. To study the progression of GC formation
at the ultrastructural level, we compared axons fixed during the initiation of GC formation with those fixed during
the extension of the GC’s lamellipodium.
We report here that in cultured Aplysia neurons,
axotomy-induced calpain activity locally restructures the
cytoskeleton in a characteristic manner. This leads to the
formation of a restricted axonal region in which a dense
pool of vesicles accumulates within minutes of axotomy.
Retrospective analysis reveals that this region is destined
to become the GC’s center. Ten to 30 minutes after axotomy, a lamellipodium extends from this location. Based
on our results, we propose that the axonal region described above serves as a temporary cytoskeletal compartment that traps transported vesicles. According to our
proposed model, the trapped vesicles fuse with the nearby
plasma membrane in areas in which the submembrane
spectrin skeleton was proteolyzed, thus promoting the
extension of a GC’s lamellipodium. Once a GC’s lamellipodium is formed, microtubules polymerize from the GC’s
center into the flat lamellipodium and support further
growth. When axotomy is performed in the presence of
calpeptin, this characteristic restructuring of the cytoskeleton does not take place, so that transported vesicles do
not accumulate at any specific site along the axon, and a
GC’s center is not formed.

MATERIALS AND METHODS
Solutions
1. L-15 supplemented for marine species (msL-15): Leibovitz’s L-15 Medium (Gibco-BRL, Paisley, Scotland) was
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supplemented for marine species according to Schacher
and Proshansky (1983) by the addition of 12.5g/L NaCl,
6.86 g/L D(⫹) glucose 䡠 H2O, 3.15 g/L anhydrous
MgSO4, 344 mg/L KCl, 192 mg/L NaHCO3, 5.7 g/L
MgCl2 䡠 6H2O and 1.49 g/L CaCl2 䡠 2H2O. Penicillin,
streptomycin, and amphotericin B (Biological Industries, Kibbutz Beit Haemek, Israel) were added up to
final concentrations of 100 U/ml, 0.1 mg/ml, and 0.25
g/ml, respectively.
2. Culture medium: 5–20% filtered hemolymph obtained
from Aplysia faciata (specimens were collected along
the Mediterranean coast) diluted in ms-L15.
3. Artificial sea water (ASW): NaCl 460 mM, KCl 10 mM,
CaCl2 10 mM, MgCl2 55 mM, HEPES 10 mM, adjusted
to pH 7.6.
4. Calpeptin containing ASW: Calpeptin (Calbiochem,
San Diego, CA) was diluted in ASW to 133 M from a
50 mM stock solution in dimethylsulfoxide (DMSO).
This solution was diluted to a final concentration of 100
M upon addition to the experimental bath.

Cell culture
Neurons B1 and B2 from buccal ganglia and MCn neurons from the metacerebral ganglion of Aplysia californica
were isolated and maintained in culture as previously
described (Schacher and Proshansky, 1983; Spira et al.,
1993, 1996). Briefly, juvenile Aplysia californica (1–10 g)
were anesthetized by injection of isotonic MgCl2 solution
(380 mM) into the animal’s body cavity. Buccal ganglia
were dissected and incubated in ms-L15 containing 1%
protease (type IX, Sigma, Rehovot, Israel) at 34°C for
1.5–2.5 hours. Following the protease treatment the ganglia were washed with ms-L15, pinned, and desheathed.
The identified neurons were manually pulled out along
with their original axon with the aid of a sharp glass
microelectrode. The neurons were immediately plated in
glass-bottomed dishes coated with poly-L-lysine (Sigma)
containing culture medium. All experiments were performed 8 –36 hours from plating, at room temperature
(21–25°C) after replacing the culture medium with ASW.

Fig. 2 (Overleaf). Axotomy leads to rapid subdivision of the cut end
into three distinct zones. A B1 neuron cultured for 24 hours was
transected (insert in B) and fixed 2 minutes after axotomy. A: A lowmagnification image of the tip of the proximal axonal segment (corresponding to the dashed rectangle in the insert) reveals the subdivision of
the axon’s tip into three zones: the distal zone (DZ), the transition zone
(TZ), and the proximal zone (PZ). Note that the plasma membrane is
detached from the axonal core along the distal zone (arrowheads in A and
see Fig. 3E) and is attached to the axoplasmic core at the transition and
proximal zones. Amorphous aggregates (aag) of unknown origin are
formed at the tip of the distal zone (A, and see enlargement in Fig. 3A).
Longitudinal electron-dense microtubular bundles are formed and are
dispersed throughout the distal zone (mtb in A,B, and see Fig. 3B,C for
details). At this early stage after axotomy the transition zone is characterized by the lack of microtubular bundles (lower part of B) and the
presence of short microtubules and of a neurofilamentous network (lower
part of B, and see enlargement in Fig. 3D). B: The transition zone is the
most proximal site where the plasma membrane is still attached to the
core of the axoplasm. It is characterized by the presence of short segments of neurofilaments and microtubules that, in contrast to their
appearance in untransected axons, are oriented in various directions (B,
and see Fig. 3D). At this early stage after axotomy, the transition zone
contains a sparse population of electron-dense vesicles (edv). The proximal zone (A) is that part of the axon that maintains an intact ultrastructure after axotomy. mt, microtubule; mtb, microtubular bundle. Scale
bar in A ⫽ 5 m, in B ⫽ 1 m, 100 m (inset).

Figure 2

Fig. 3. High-magnification images of the characteristic ultrastructural modifications formed immediately after axotomy. The images
shown are enlarged from Figure 2. A: Amorphous electron-dense
deposits (aag) formed at the tip of the transected axon. B: Microtubular bundles (mtb) characterize the distal zone’s axoplasm. C: These
are composed of tightly packed microtubule segments. Note that the
axoplasm between the longitudinal microtubular bundles is devoid of
neurofilaments. D: The transition zone (TZ in Fig. 2A) is character-

ized by the presence of short segments of neurofilaments (nf) that
orient in various directions. E: The space between the detached
plasma membrane and the core of the axon (arrowheads) along the
distal zone (see Fig. 2A) is occupied by small vacuoles and branching
tubules and is devoid of microtubules and neurofilaments. Scale bar in
B also refers to A; that in E also refers to D. Scale bar in B ⫽ 0.5 m,
in C ⫽ 0.25 m, in E ⫽ 1 m.
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Fig. 4. Accumulation of vesicles in the transition zone. A B1 neuron was cultured for 24 hours, transected, and fixed 3 minutes after
axotomy. A: A low-magnification image reveals the subdivision of the
cut end into a distal zone (DZ), transition zone (TZ), and proximal
zone (PZ). Notice the detachment of the plasma membrane from the
axonal core (arrowheads) along the distal zone and the typical formation of amorphous aggregates (aag) and microtubular bundles (mtb).
B: High-magnification view of the transition zone (TZ, dashed rect-
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angle in A) reveals that within minutes of axotomy, large numbers of
electron-dense vesicles and clear vesicles populate the transition zone.
Note that the vesicles occupy the region in which the longitudinal
microtubular bundles disappear. C: Enlargement of the area marked
by the dashed rectangle in B reveals that the transition zone contains
a high density of vesicles and tubular structures and short fragments
of microtubules (mt). Scale bar in A ⫽ 10 m, in B ⫽ 1 m (applies to
B,C).
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Video microscopy
The system used for video-enhanced contrast differential interference contrast (VEC-DIC) microscopy consisted
of a Zeiss Axiovert microscope equipped with DIC optics, a
long-working-distance condenser set for Köhler illumination, and a 100-W halogen light source. A Zeiss 40⫻ 0.75
NA Plan-Neofluar objective was used. Images were collected by grabbing and averaging 32 video frames produced by a Vidicon video camera (Hamamatsu, Japan).
Grabbing was done on-line with a frame grabber (Imaging
Technologies).

Mag-fura-2 Ca2ⴙ imaging
Mag-fura-2 loading, imaging, and calibration were done
as previously described (Ziv and Spira, 1995, 1997). The
fluorescence microscopy system consisted of a Zeiss Axiovert microscope equipped with a 75-W Xenon arc lamp, a
Zeiss 40⫻ 0.75 NA Plan-Neofluar objective, 340 ⫾ 5-nm
and 380 ⫾ 5-nm bandpass excitation filters set in a
computer-controlled, Lambda10 position filter changer
(Sutter, Novato CA), a dichroic mirror with a cutoff
threshold of 505 nm, and a 545 ⫾ 25-nm bandpass emission filter. The images were collected with an intensified
CCD video camera (Hamamatsu, Japan), stored as computer files, and processed using a software package written in our laboratory.

Proteolytic activity imaging
Ratio imaging of proteolytic activity was performed as
described (Gitler and Spira, 1998). Neurons previously
loaded with mag-fura-2 were continuously incubated in
ASW containing 10 M bis(CBZ-Alanyl-Alanine amine)
Rhodamine 110 (bCAA-R110, Molecular Probes, Eugene
OR) and imaged for the production of fluorescent Rhodamine 110 (R110). Ratio imaging was used to correct for
volumetric changes and was performed as described for
mag-fura-2 except that the excitation wavelengths used
were 490 ⫾ 6 nm, which excites R110, and 350 ⫾ 5 nm,
which is the isosbestic point of mag-fura-2.

Axotomy
Axonal transection was performed by applying pressure
on the axon with the thin shaft of a micropipette under
visual control, as has been previously described (Spira et
al., 1993, 1996; Ziv and Spira, 1993).

Electron microscopy
Electron microscopy was performed as previously described (Spira et al., 1993; Ashery et al., 1996; Ziv and
Spira, 1997). The neurons were fixed by perfusing the
culture dish with a fixative solution containing 3% glutaraldehyde (EMS, Fort Washington, PA) in ASW at pH 6.9.
After the initial fixation, the fixative solution was substituted with fresh solution and the fixed neurons were incubated in the fixative for a total of 30 minutes. The cells
were then washed sequentially in ASW and cacodylate
buffer, pH 7.4 (EMS) and postfixed in 0.5% osmium tetraoxide (Next Chimica, Centurion, South Africa) and
0.8% K3Fe(CN)6. Dehydration was carried out through a
series of ethanol solutions (25, 50, 75, 90, 95, 96, and
100%), and finally the neurons were embedded in Agar
100 (Agar Scientific, Stansted, England). After the resin
had solidified, the blocks were removed from the plastic
plates and the glass surface was dissolved by incubation in
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concentrated hydrofluoric acid. The blocks were washed
and sectioned by a microtome (LKB, Stockholm, Sweden).
Thin sections of about 70 nm were stained by lead citrate,
tannic acid, and uranyl acetate and examined in a Jeol
100CX electron microscope.

RESULTS
Characterization of the ultrastructural
remodeling induced by axotomy
Axons of cultured Aplysia neurons are characterized by
linear arrays of microtubules and neurofilaments (Drake
and Lasek, 1984). These cytoskeletal components are
aligned parallel to the long axis of the axon. Mitochondria,
translucent vesicles, electron-dense vesicles, vacuoles,
and the endoplasmic reticulum are evenly distributed
among the cytoskeletal components. The plasma membrane closely encases the axoplasm (Fig. 1).
Axotomy triggers a cascade of events that restructures
the tip of the cut axon. We defined the sequence of alterations by examining the ultrastructure of cut axons at
various time points after axotomy and by correlating it in
time and space both with the alterations in the [Ca2⫹]i
gradient formed during axotomy and with the activation
pattern of calpain.
When transected in control conditions, the axon’s tip subdivides within approximately 5 minutes into three distinct
zones: the proximal, transition, and distal zones (Figs. 2, 4, 5,
11B). During this period, no morphological sign of GC formation is observed (Fig. 2). Nevertheless, retrospective analysis demonstrates that the initial ultrastructural subdivision of the cut axon determines the location from which a
GC’s lamellipodium emerges, namely, the transition zone.
The characteristic ultrastructural features of the three zones
become clearer as time progress (Figs. 5, 10). We suggest
that the restructuring of the cytoskeleton into the three
zones plays a pivotal role in the transformation of the axon
into a growth cone, as detailed below.

Fig. 5 (Overleaf). Ultrastructure of a transected axon and its relation to [Ca2⫹]i and to calpain activity. A cultured B1 neuron was
transected while the [Ca2⫹]i and the proteolytic product R110 were
imaged. The neuron was fixed for TEM examination 23 minutes after
transection. A: DIC image of the proximal segment of the transected
axon. Note the extension of a small lamellipodium from a region that
corresponds to the transition zone (see also insert in E). B: Pseudocolor image of the maximal level of [Ca2⫹]i measured at the tip of the
transected axon, 15 seconds after axotomy. C: Pseudocolor image of
the R110 fluorescent signal just prior to fixation. D: Graphical presentation of maximal [Ca2⫹]i levels in the axon (filled squares) and the
ensuing changes in volume-corrected R110 fluorecence (open symbols). Shown are the R110 fluorescence ratioed against the mag-fura-2
fluorescence (at excitation wavelength of 350 nm) that was measured
in the transition (squares), distal (circles), and proximal zones (triangles). Arrow, time of fixation. E: Insert, a DIC image of the growth
cone’s lamellipodium formed prior to fixation. Low-magnification
TEM of the transected axon. The locations of the proximal (PZ),
transition (TZ), and distal zones (DZ) as well as maximal levels of
[Ca2⫹]i (in M) reached along the axon after axotomy are marked
below the micrograph. F,G: Enlargements of the transition zone’s
center. F: The proximal edge of the transition zone contains microtubules (mt) and neurofilaments (nf) that point in various directions in
respect to the long axis of the axon. G: The center of the transition
zone is occupied by electron-dense vesicles (edv), translucent vesicles
(tv), tubules, contorted electron-dense deposits, and microtubules.
Scale bar in A ⫽ 50 m, in C ⫽ 20 m (applies to B,C), in E ⫽ 10 m,
in G ⫽ 1 m (applies to F,G).

Figure 5
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Description of the three zones
produced by axotomy
The proximal zone is that part of the axon that is closest
to the cell body and that is not evidently affected by the
transection, retaining its preaxotomy ultrastructure
throughout the formation and extension of the GC (Figs. 2,
4, 5). During axotomy, the [Ca2⫹]i gradient in the proximal zone ranges from ⬃300 M at the interface region
between the proximal and transition zones, to less than
1M in the cell body (Fig. 5B,D,E and see Ziv and Spira,
1993, 1995, 1997).
The distal zone is a 50 –150 m-long segment that
stretches from the transection point and proximally up to
the transition zone (Figs. 2, 4, 5). The distal zone is that
part of the axon that remains distal to the site where the
nascent GC first emerges. The characteristic ultrastructure of the distal zone is formed in the axonal segment in
which the [Ca2⫹]i exceeds ⬃500 M (Fig. 5 B,D). After
axotomy, the distal segment slightly contracts toward the
transition zone.
Within minutes of axotomy, the neurofilaments and the
microtubules undergo major restructuring along the distal
zone (Figs. 2– 4). Amorphous electron-dense aggregates
are formed at the distal tip of the distal zone (Figs. 2, 3A,
4A), and longitudinal electron-dense deposits are seen
along its length (Figs. 2, 3B,C, 4A,B). High-magnification
images of the longitudinal electron-dense deposits reveal
that they are composed of bundles of microtubules decorated by amorphous material (Fig. 3C). The formation of
the characteristic amorphous aggregates and the microtubular bundles establishes a distinct axoplasmic core reminiscent of the condensed filamentous core described by
McHale et al. (1995) in transected lamprey central giant
axons. Surrounding the axoplasmic core of the distal zone
there exists an area of cytoplasmic material containing
translucent vesicles, electron-dense vesicles, and branching tubules but lacking microtubules and neurofilaments.
This region interposes between the plasma membrane and
the axoplasmic core (Figs. 2A, 3E, 4A and see Spira et al.,
1993). The “detachment” of the plasma membrane from
the axoplasmic core suggests that in the distal zone the
anchoring of the plasma membrane to the cytoskeleton is
severed. Comparison between the ultrastructure of the cut
axon and images of calpain activity (as observed prior to
fixation) shows that the axonal segment in which calpain
activity is imaged overlaps with the distal and transition
zones. These are the areas along which the plasma membrane is detached from the core of the axoplasm (Fig.
5C,E). Suggestively, spectrin, a protein that links the cytoskeleton to the plasma membrane, is cleaved within less
than a minute of axotomy along the axonal segment in
which proteolysis is imaged (Gitler and Spira, 2002).
These characteristics of the distal zone already exist in
neurons fixed less than 5 minutes after axotomy (Figs. 2,
4). As time progresses, the morphology of the cut end
changes, most notably in the transition zone (Figs. 2–5),
as is itemized below.
The transition zone is the compartment found between
the proximal and distal zones. It measures 5–10 m in
length and is the site from which the nascent GC emerges
10 –30 minutes after axotomy. The characteristic ultrastructure of the transition zone is formed in the axonal
segment, in which the [Ca2⫹]i reaches levels in the range
of 300 –500 M (Fig. 5A,B,D and see also Ziv and Spira,
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1997). It is initially recognizable as an abrupt interface
between the distal and proximal zones (Fig. 2). The interface mostly contains neurofilaments oriented in various
directions in respect to the long axis of the axon (Figs. 3D,
4C, 5F). This is the most proximal region in which the
plasma membrane is detached from the axoplasm after
axotomy (Figs. 2A, 4A). Initially, the transition zone does
not contain a large population of vesicles (Figs. 2, 3D).
However, within minutes of axotomy, electron-dense vesicles, translucent vesicles, and tubules accumulate within
this restricted zone (Fig. 4). Concomitantly, the diameter
of the transition zone increases.
The extension of the GC’s lamellipodia from the transition zone is detectable 10 –30 minutes after axotomy. We
have not been able to identify actin filaments unambiguously in the lamellipodia or elsewhere in our thin sections.
Because actin polymerization is known to play an important role in the generation of the mechanical force by the
extending lamellipodium (Letourneau et al., 1987), fluorescently labeled phalloidin was used in a set of preliminary experiments to visualize actin. Phalloidin staining of
transected axons revealed that the formation of a GC’s
lamellipodium is preceded by the appearance of actin filaments along the sides of the transition zone (shown schematically in Fig. 11D). With time, these radially oriented
actin filaments occupy the leading edges of the extending
GC’s lamellipodium, forming a peripheral domain. This
organization is similar to that seen in the GCs of the
Aplysia bag cell neurons that are formed spontaneously in
culture (Forscher and Smith, 1988; Lin and Forscher,
1993; Suter and Forscher, 2000).
The similarity also extends to the existence of a central
domain in which linear microtubules terminate and vesicles accumulate. At a later stage (30 –50 minutes after
axotomy), microtubules form an interwoven network
around the dense pool of organelles (Fig. 6). The network
of microtubules is transformed into linear arrays of microtubules that extend radially toward the margins of the
GC’s lamellipodium. The transition zone is the only area
of the axon in which microtubules are clearly oriented at
an angle to the original orientation of the axonal cytoskeleton. In axotomy-induced GCs, this event coincides with
the subdivision of the lamella into branches, each led by a
smaller GC (Fig. 6). At this stage, the GC’s center still
contains a dense population of vesicles and tubular structures and is enriched with mitochondria (Fig. 6B,C).
The observations reported above demonstrate that
within minutes of axotomy, cultured Aplysia neurons undergo substantial ultrastructural remodeling and subse-

Fig. 6 (Overleaf). Arrays of microtubules extend from the transition
zone to the perimeters of the GC’s lamellipodium. A metacerebral neuron
was cultured for 24 hours, transected, and fixed 98 minutes after axotomy. A: A DIC image of the GC that extended from the transition zone
(TZ) and subdivided into branches led by secondary GCs. B: A low
magnification of the GC’s center. Note that vesicles and mitochondria
occupy the center of the transition zone. C: Enlargement of the central
section of B. The transition zone contains a dense population of vesicles,
tubular structures, and mitochondria. D: The perimeter of the GC’s
center is populated with vesicles and is surrounded by a network of
microtubules. With increasing distance from the GC’s center, the microtubules gradually assume a linear organization pointing toward the tips
of the extending branches (right-hand side). Scale bar in A ⫽ 50 m, in
B ⫽ 1 m, in D ⫽ 0.5 m (applies to C,D).
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Figure 6
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quent GC formation. The sequence of events observed
includes the following:
1. The subdivision of the axon into three zones, the distal
zone, in which the neurofilaments and microtubules
form electron-dense aggregates, the transition zone, in
which microtubule and neurofilament segments are
oriented in various directions in addition to their original longitudinal direction, and the proximal zone, in
which the cytoskeleton maintains its normal structure.
2. The detachment of the plasma membrane from the
axoplasmic core at the distal and transition zones.
3. The accumulation of vesicles, tubules, and mitochondria in the transition zone.
4. The extension of a lamellipodium (Fig. 11D).
5. The radial polymerization of microtubules from the
GC’s center toward the perimeter of the GC.

Effect of calpain inhibition on the
rearrangement of the cytoskeleton
after axotomy
To differentiate between the direct effects of the elevated [Ca2⫹]i and that of calpain activity in the transformation of the cut axonal segment into a GC, we studied
the sequence of ultrastructural modifications that take
place when axons are transected in the presence of the
calpain inhibitor calpeptin.
Experiments done with neurons preincubated for 10 –20
minutes in 100 M calpeptin prior to transection reveal
the formation of a [Ca2⫹]i gradient along the tip of the cut
axonal end (Fig. 7B,D). This gradient recovers to control
values with slower kinetics than those documented in
control experiments (n ⬎ 20). In the presence of calpeptin,
hydrolysis of the indicator of proteolytic activity bCAAR110 is inhibited (Fig. 7C,D), and GCs are not formed (n ⬎
20; Figs. 7, 8, and see Gitler and Spira, 1998, 2002).
Examination of the ultrastructural modifications induced
by axotomy under these conditions revealed significant
differences in respect to the control experiments (n ⫽ 15;
Figs. 7, 8, 11).
In the presence of calpeptin, the typical subdivision of
the axonal tip into three zones is not formed. Under
these conditions, axotomy leads to the partial disruption of the neurofilaments at the tip of the cut axon
(Figs. 8, 9A). Relatively short stretches of neurofilaments maintain continuity with amorphous aggregates,
forming a network (Fig. 9A). At a more posterior region
located 100 –150 m from the cut end, where the maximal [Ca2⫹]i was ⬃300 M (Figs. 7B, 8B,C, 9B), a dense
network of neurofilaments is observed. A gradual,
rather than a sharp transition between the axoplasm at
the tip of the transected axon to axoplasm with an
undisturbed neurofilament structure is seen (Fig.
8B,C). Interestingly, the microtubular bundles that are
observed to form in the distal zone under control conditions are not formed after axotomy in the presence of
calpeptin. In contrast to the control experiments, linearly structured microtubules are found only at a distance of ⬃150 m from the cut end.
In all axons transected in the presence of calpeptin,
clusters of electron-dense vesicles, translucent vesicles,
vacuoles, and mostly swollen mitochondria form within
the distal segment of the cut axon (Figs. 8, 9C). The
composition of the organelles within a cluster is similar to
that seen in the transition zone as it is formed under

303
control conditions. In a fraction of the experiments in
which calpeptin did not totally inhibit calpain activity (as
evidenced by a weak signal of the fluorogenic proteolysis
product R110), dense clusters of vesicles accumulated in
restricted compartments some 150 –250 m from the cut
end. In these cases, the vesicles occupied cortical regions
in the form of pockets along the submembranal axoplasm
(n ⫽ 4; data not shown).
The finding that restructuring of the axon’s tip into
distal, transition, and proximal zones does not occur in the
presence of calpeptin implies that a calpeptin-sensitive
protease plays a pivotal role in the formation of the cytoskeletal compartment necessary for the formation of a
GC’s center.
In contrast to the typical detachment of the plasma
membrane from the axoplasmic core observed in axons
transected under control conditions (Figs. 2– 4), when
axotomy is performed in the presence of calpeptin, the
plasma membrane remains in close contact with the
axoplasm (Figs. 8B, 9D). Correspondingly, proteolysis of
the spectrin membrane skeleton is prevented under
such conditions (Gitler and Spira, 1998, 2002). As in the
control experiments, vacuoles and coated vesicles are
observed along various stretches of the plasma membrane in the distal zone after transection (Fig. 7). Unlike the controls, most of the vacuoles and coated vesicles appear to accumulate in the cortex of the axoplasm,
giving the impression that the mobilization of vesicles
from this location is not operational (Fig. 7 F–I). The
formation of vacuoles may therefore be related to a
Ca2⫹-dependent process and not to calpain activation
(and see Godell et al., 1997).
In most of the experiments in which axotomy was performed in the presence of calpeptin, electron-dense vesi-

Fig. 7 (Overleaf). Ultrastructure of an axon transected in the
presence of calpeptin and its relation to [Ca2⫹]i. A cultured B1 neuron
was incubated for 15 minutes in the presence of 100 M calpeptin and
then axotomized while the [Ca2⫹]i and the proteolytic product R110
were imaged. The neuron was fixed for TEM examination 25 minutes
after transection. A: DIC image of the proximal segment of the
transected axon. The locations in the axon that correlate to the lowmagnification TEM micrographs shown in E are marked by squares.
B: Pseudocolor image of the maximal level of [Ca2⫹]i measured at the
tip of the transected axon, 27 seconds after axotomy. C: Pseudocolor
image of the R110 fluorescent signal just prior to fixation. D: Graphical presentation of the maximal [Ca2⫹]i levels in the axon (filled
squares) and the ensuing changes in the volume-corrected R110 fluorescence (open symbols). Note that calpeptin blocked the proteolytic
activity. E: Low-magnification TEM of the transected axon. The rightand left-hand-side images correspond to the areas contained within
the squares drawn in A. The maximal levels of [Ca2⫹]i reached along
the axon’s tip after axotomy are indicated below. Note the lack of
differentiation of the axoplasm into zones. Independently of the
[Ca2⫹]i along the tip of the axon, the axoplasm appears nearly homogeneous. Clusters (clu) of organelles are seen to form along the axon
(see also Fig. 8 and enlargement in Fig. 9). F: The plasma membrane
is not detached from the axonal core, as was observed in the control
experiments, but vacuoles (v) and retrieved vesicles accumulate in
various regions beneath the plasma membrane. The similarity in
content, size, and location of the invaginations and vacuoles suggests
that the vacuoles are membrane invaginations transected in a plane
that does not reveal their continuity with the extracellular medium.
G,H,I: Evidence for continuous membrane retrieval in the presence of
calpeptin is provided by the images of coated pits (G,H) and coated
vesicles (I), which bud from the vacuoles’ membrane. Scale bar in A ⫽
50 m (applies to A–C), in E ⫽ 10 m; in F ⫽ 0.5 m (applies to F,G),
in I ⫽ 0.25 (applies to I,H).
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Figure 7

Fig. 8. Ultrastructure of an axon transected in the presence of
calpeptin. A B1 neuron was preincubated for 15 minutes in 100 M
calpeptin prior to axotomy. The neuron was fixed 5 minutes after
axotomy. A: DIC image of the transected axon just prior to fixation.
The location in the axon that correlates to the low-magnification TEM
micrograph shown in B is enclosed by a rectangle. B: Low-magnification TEM micrograph of the axonal tip. Note the lack of differentiation

of the axoplasm into zones and that the plasma membrane is not
detached from the core of the axoplasm. C: Enlargement of the axoplasm at the axons’ center some 100 m from the cut end of the axon.
Note that, in contrast to the control axons (Figs. 2, 4), the axoplasm
contains an extensive network of neurofilaments and few intact microtubules (mt). Scale bar in A ⫽ 100 m, in B ⫽ 5 m, in C ⫽ 1 m.

Fig. 9. High-magnification images of the characteristic ultrastructural modifications formed after axotomy in the presence of calpeptin.
Shown are enlargements from the experiment of Figure 8. A: Amorphous aggregates within the distal part of the axon’s tip. Note the lack
of microtubules and the extension of neurofilaments from the aggregates. B: In posterior regions of the cut axon, at a distance of approximately 150 m from the cut end, the axoplasm contains linear neu-

rofilaments and small numbers of microtubules. C: A cluster of
subcellular organelles composed of electron-dense vesicles, translucent vesicles, vacuoles, and mitochondria. D: In regions in which the
plasma membrane does not form massive invaginations, the plasma
membrane closely encases the axoplasm. Scale bar in A ⫽ 0.5 m, in
B ⫽ 1 m (applies to B,C,D).
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Fig. 10. Ultrastructure of a transected axon to which calpeptin
was added 2 minutes after axotomy. A B1 axon was transected, and 2
minutes later calpeptin was added to the bathing solution at a concentration of 100 M. The neuron was fixed 18 minutes after axotomy.
A: DIC image of the tip of the transected axon, just prior to fixation,
showing that under these conditions calpeptin does not inhibit GC
formation. B: A low-magnification TEM micrograph of the axon re-

veals that the cut end subdivides into distal (DZ), transition (TZ), and
proximal zones (PZ) just as in an axon transected under control
conditions. C,D: High-magnification images revealing that a large
population of electron-dense vesicles and tubules accumulated in the
transition zone in the presence of calpeptin. Scale bar in A ⫽ 50 m,
in B ⫽ 10 m, in C ⫽ 1 m, in D ⫽ 0.5 m.

cles, translucent vesicles, and tubules do not concentrate
to form a single dense pool of organelles. This could be
attributed to the failure of the characteristic cytoskeletal
reorganization of the transected axon. Alternatively, this
could be due to the inhibition of axoplasmic transport of
vesicles by calpeptin. Our observations suggest that calpeptin does not block anterograde vesicular transport. When
calpeptin is applied 2–5 minutes after axotomy but prior to
the extension of the GC, GC formation is not inhibited

(Gitler and Spira, 2002). Under these conditions we observed
at the ultrastructural level that the cytoskeletal compartment was formed, vesicles accumulated in the transition
zone, and a GC lamellipodium extended (n ⬎ 20; Fig. 10).
This observation suggests that the critical effect of calpeptin
is the inhibition of enzymes that play a role in processes that
underlie the restructuring of the axonal cytoskeleton rather
than the inhibition of vesicular transport, exocytosis, or the
polymerization of microtubules.
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DISCUSSION
The present study revealed that axotomy of cultured
Aplysia neurons is followed by rapid restructuring of the
cytoskeleton, leading to the formation of a cytoskeletal
compartment in which transported vesicles accumulate
and which eventually serves as a microtubule assembly
center. The membrane-permeable calpain inhibitor calpeptin inhibits the restructuring of the cytoskeleton and
the ensuing formation of the GC. The observation that
calpeptin application minutes after axotomy does not
block GC extension (Gitler and Spira, 2002), together with
the present results demonstrating that calpeptin does not
block the anterograde transport of vesicles (Fig. 10), suggests that vesicular transport and microtubule polymerization are not inhibited by calpeptin. We thus conclude
that calpain activity is required for the formation of the
cytoskeletal compartment that becomes the GC’s center.
Based on the present observations and earlier studies,
we suggest a model by which axotomy leads to the structural transformation of an axonal segment into a GC and
briefly discuss its general implications. The main structural alterations leading to the transformation are schematically illustrated in Figure 11.

Transient elevation of the free intracellular
calcium concentration
Axotomy is followed by Ca2⫹ influx into the axoplasm
through the cut axonal end. The [Ca2⫹]i increases from a
resting level of approximately 100 nM to values greater
than 500 M along the distal zone, 200 –500 M in the
transition zone, and less than 200 M in the proximal
zone (Ziv and Spira, 1995, 1997). Within seconds to minutes of axotomy, a membrane seal abruptly forms over the
cut end of the axon (Spira et al., 1993). The dynamics of
membrane seal formation determine to a large extent the
level of [Ca2⫹]i to which the transected axon is exposed as
well as its spatial distribution. In cultured Aplysia neurons, the rapid formation of a membrane seal allows Ca2⫹
removal mechanisms to reduce the [Ca2⫹]i to control levels within minutes of axotomy (Ziv and Spira, 1993, 1995;
Gabso et al., 1997). In the present study we focus on
events that follow the resealing of the membrane and thus
do not elaborate on this subject (for a recent review, see
McNeil and Terasaki, 2001).

Activation of calpain
Earlier studies from our laboratory revealed that the
transient elevation of the [Ca2⫹]i is followed by calpain
activation. The activation of calpain is a necessary step in
the transformation of an axon into a GC, as evidenced by
the observation that inhibition of calpain prior to axotomy
blocks the formation of a GC (Gitler and Spira 1998, 2002).
At rest, inactive calpain is dispersed throughout the
cell’s cytoplasm (Molinari and Carafoli, 1997; Suzuki and
Sorimachi, 1998). The increased calcium levels activate
calpain along the distal and transition zones (Fig. 5, and
see Gitler and Spira, 1998, 2002). The calcium-activated
calpain undergoes autoproteolysis (Saido et al., 1994) and
translocates to lipid membranes. Both the autoproteolysis
and the lipid environment reduce the calpain dependence
on calcium (Melloni et al., 1996). Calpain activity is maintained for a period of approximately an hour after the
recovery of [Ca2⫹]i to control levels, probably by its auto-

catalytic activation (Fig. 5, and see Gitler and Spira, 1998,
2002; Suzuki and Sorimachi, 1998).

Proteolysis of the submembranal
spectrin skeleton
Spectrin is one of the main components of the membrane skeleton. As such, it links the plasma membrane to
the cytoskeleton and confers structural integrity and elasticity to the plasma membrane. Spectrin, a well-known
calpain substrate (Johnson et al., 1991), is proteolyzed in
the transected end of Aplysia neurons after axotomy in a
calpeptin-sensitive manner (Gitler and Spira, 1998, 2002).
Based on the present results, it is reasonable to suggest
that spectrin proteolysis leads to the detachment of the
plasma membrane from the cytoskeleton along the distal
and transition zones (Figs. 2– 4, 11B). In the presence of
calpeptin, axotomy does not activate calpain, the submembrane spectrin is not cleaved (Gitler and Spira 1998,
2002), and the membrane remains attached to the core of
the axon (Figs. 8, 9D, 11E).
Earlier studies suggested that the cleavage of spectrin,
and perhaps of other components of the membrane skeleton, exposes the inner face of the plasma membrane, permitting the fusion of intracellular vesicles with the plasma
membrane (Perrin et al., 1987; Aunis and Bader, 1988;
Sikorski et al., 2000; McNeil and Terrasaki 2001). We
propose that the exposure of the inner face of the plasma
membrane in the vicinity of the dense pool of vesicles in
the transition zone facilitates the local fusion of the vesicles with the plasma membrane. This occurrence supports
the initial expansion of the lamellipodia (Craig et al.,
1995; Dai and Sheetz, 1995 and see below).

Fig. 11. Working model describing the main structural alterations
that underlie calpain-dependent transformation of an axon into a
growth cone after axotomy. A: An intact axon. Axotomy induces calcium influx into the axon and activation of calpain. This is followed by
the formation of a membrane seal over the cut end. The calcium
concentration then recovers to control levels (not illustrated).
B: Within minutes of axotomy, the structural organization of the
microtubules and neurofilaments undergoes calpain-dependent alterations that subdivide the axon’s tip into three distinct zones: the
proximal zone (PZ), the transition zone (TZ), and the distal zone (DZ).
Calpain activity along the distal and transition zones also cleaves the
submembranal spectrin skeleton. Retrieved plasma membrane in the
form of vacuoles and vesicles is seen in a space formed between the
plasma membrane and the core of the axoplasm. The characteristic
restructuring of the cytoskeleton is not observed when calpain activity
is inhibited prior to axotomy (E). C: The calpain-dependent structural
subdivision creates in the transition zone a compartment that captures, accumulates, and holds transported vesicles and other organelles in close proximity to segments of the plasma membrane
along which spectrin was cleaved. D: Actin filaments polymerize along
the margins of the transition zone, leading to the formation of a
nascent growth cone’s lamellipodium. Vesicles accumulated within
the transition zone fuse with the plasma membrane and support the
extension of a GC’s lamellipodium (not illustrated). E: When calpain
activation is inhibited, a membrane seal is formed after axotomy.
Nevertheless, a growth cone structure does not develop. Microtubules
do not form bundles along the distal zone. Neurofilaments only partially depolymerize along the distal zone and form a network of
filaments attached to amorphous aggregates. The submembranal
spectrin skeleton is not cleaved. The failure to form a cytoskeletal
compartment that traps and holds vesicles at a specific location after
axotomy leads to the failure of GC formation.

Figure 11
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Restructuring of neurofilaments and
microtubules by calcium and calpain
A critical event that leads to the transformation of an
axonal segment into a GC after axotomy is the formation
of a cytoskeletal compartment in which vesicles accumulate within the transition zone (Fig. 11B).
We observed that the microtubules and neurofilaments
undergo major structural modifications along the transition and distal zones, where the calpain activity was imaged. The exact mechanism by which this occurrence
takes place is not clear. These changes could occur
through either fragmentation, depolymerization, or an unidentified mechanism, which may be followed by repolymerization. In this context it is interesting to note
that neurofilaments and microtubule-associated proteins
(MAPs) are calpain substrates (Johnson et al., 1991). The
degradation of MAPs, which are known to stabilize microtubules by cross-bridging them, may weaken the microtubules, making them more susceptible to depolymerization
by Ca2⫹ ions (Weisenberg and Deery, 1981; Horwitz,
1994) and to fragmentation by mechanical stress. A direct
effect of calpain on the integrity of the neurofilaments is
possible.
It has been suggested that calpain-dependent cytoskeletal breakdown facilitates the sealing of the plasma membrane at the tip of transected axons (Xie and Barrett,
1991; Godell et al., 1997). In crayfish and squid axons,
calpain activity has been shown to be essential for the
resealing of the plasma membrane after axotomy (Godell
et al., 1997). In Aplysia neurons, calpeptin slows down the
process of membrane resealing after axotomy but does not
prevent it, as evidenced by electrophysiological criteria
(not shown), calcium imaging (Fig. 7 and Gitler and Spira
1998, 2002), and electron microscope observations (Figs. 7,
8). This may be due to the established differences in the
mechanisms of ruptured membrane resealing among various cells (McNeil and Terasaki, 2001). For example, in
transected earthworm axons, resealing has been shown to
be associated with the accumulation of vesicles and vacuoles at the transected tip over the span of hours (Krause et
al., 1994). In Aplysia neurons, on the other hand, resealing
is abrupt and most likely results from the fusion of the
ruptured plasma membrane (Spira et al., 1993).
Because the neurofilaments do not break down completely in the presence of calpeptin, we conclude that
activated calpain takes part in the depolymerization or
fragmentation of the neurofilaments. Our observations
demonstrate that activated calpain takes part in the
formation of the microtubular bundles along the distal
zone (compare Figs. 2, 3C with 8, 9). It is likely that the
proteolysis of MAPs by calpain (Johnson et al., 1991)
facilitates this event, possibly by allowing microtubules
to reassemble in the form of bundles. The electron microscope analyses of these dynamic events do not enable
us to determine whether the microtubules in the distal
zone first undergo total depolymerization and then repolymerization and only later form microtubular bundles or whether the microtubules undergo fragmentation and then reassociate to form bundles. Because it
has been established that 100 M of calcium is sufficient to induce microtubule depolymerization (Weisenberg and Deery, 1981; O’Brien et al., 1997), it is reasonable to assume that calpain activity is not required for
the phase of microtubular depolymerization. The data

clearly show that activated calpain is necessary for the
formation of the microtubular bundles. The analysis of
these dynamic events requires better temporal resolution than that offered by the electron microscope and
will be investigated further in the future.
Our results demonstrate that calcium-induced changes
are insufficient to restructure the cut axonal end in a
manner that induces the formation of the distal, transition, and proximal zones. The formation of these zones is
critical for the successful transformation of a stable axonal
segment into a dynamic GC structure and totally depends
on the activation of calpain. Our conclusion that calpain
takes part in recovery from neurotrauma is consistent
with the reports of Faddis et al. (1997) and Godell et al.
(1997).

Vesicle trapping at the transition zone
On the basis of the rapid and differential accumulation
of vesicles within the transition zone (and not in the distal
zone), we hypothesize that the vesicles are trapped by the
specific cytoskeletal configuration of this region. The spatial correlation between the site of vesicle accumulation
and the presence of a neurofilamentous network and of
fragmented microtubules within the transition zone suggests that the postulated “capture” mechanism is related
to the organization of these elements. It is possibly also
related to the interface between the transition zone and
the proximal and distal zones.
We hypothesize that anterogradly transported vesicles
arriving at the transition zone cannot escape distally out
of the “trap,” as the microtubular bundles along the distal
zone do not provide the appropriate molecular substrate
for vesicle transport. Under these conditions, the trapped
vesicles within the transition zone encounter regions of
the plasma membrane that are spectrin-free and are
therefore accessible for fusion. When this occurs, the vesicles fuse with the plasma membrane, supporting the expansion of the GC’s lamellipodium. Once linear centripetally oriented microtubules extend from the GC’s center
and invade the GC’s lamellipodium (Fig. 10), vesicles are
transported to peripheral positions and secondary GCs are
formed (Fig. 6A).

Extension of a growth cone’s lamellipodium
from the transition zone
The observations reported here together with our earlier reports (Gitler and Spira, 1998, 2002) suggest that a
GC in the form of a lamellipodium extends from the transition zone when two conditions converge in time and
space, namely, the accumulation of a dense pool of vesicles
in the transition zone and the cleavage of the submembranal spectrin skeleton in this region. As explained
above, we hypothesize that vesicles trapped within the
transition zone fuse with the spectrin-free surface area of
the GC (Craig et al., 1995; Dai and Sheetz, 1995; Vogt et
al., 1996).
We have performed preliminary imaging studies of
fluorescent actin filaments in axotomized neurons.
These revealed that microtubules polymerize and invade the nascent lamellipodium only after actin filaments begin assembling at its margins. We have not yet
shown the mechanisms that determine the timing of the
invasion of the microtubules into the GC’s lamellipodium and its relation to other processes in the transition zone. However, in view of the recent study by
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Schaefer et al. (2002), who have studied microtubular
dynamics in established Aplysia GCs, it is likely that
microtubules extend radially into the GCs lamellipodium only when bundles of actin filaments are formed.
These actin bundles serve as microtubule polymerization guides. Microtubule fragments and tubulin dimers,
the breakdown products of microtubules, facilitate the
repolymerization of microtubules and serve as nucleation sites within the transition zone (Baas and Heidemann, 1986; Yu et al., 1994; Kalil et al., 2000). These
newly formed microtubules then support the protrusive
activity performed by actin microfilaments at the perimeter of the lamellipodium (Bentley and O’Connor, 1994;
Lin et al., 1994; Letourneau, 1996) and provide tracks to
translocate vesicles that initially accumulated in the
transition zone to the perimeters of the GC’s lamellipodium.
Other resources needed for neuronal growth, such as
cytoskeletal proteins, may be synthesized locally (Bassell
et al., 1998; Steward, 2002). We could not specifically
identify polyribosomes in our electron microscopic images.
However, ample evidence exists that rapid protein synthesis occurs locally within the axon and the growth cones
(Oren et al., 1997; Steward, 2002). Whether local protein
synthesis is an important factor in the rapid extension of
the growth cone, as seen in our experimental system, was
not determined and remains to be examined.

General implications of the suggested model
The results presented here suggest that calpain plays a
pivotal role in the transformation of a differentiated cultured Aplysia axonal segment into a GC by promoting
critical restructuring of the cytoskeleton at the tip of the
transected axon. Although the physiological functions of
calpain are not known (Sorimachi et al., 1997), most studies refer to calpain as an enzyme involved in pathological
processes (Wang and Yuen, 1994; Chan and Mattson,
1999; Stracher, 1999). Our observations are not in line
with this view and are rather consistent with reports
attributing to calpain roles in remodeling and regeneration (Lynch and Seubert, 1989; Barnoy et al., 1996; Faddis
et al., 1997; Huttenlocher et al., 1997; Gitler and Spira,
1998; Potter et al., 1998), as well as in facilitation of
membrane resealing (Xie and Barrett, 1991; Godell et al.,
1997; Howard et al., 1999).
Although it was suggested that calpain is activated
after axotomy of mammalian neurons (Xie and Barrett,
1991; Howard et al., 1999), it is premature to generalize
the conclusion that calpain activation is critical for the
formation of a GC after axotomy in species other than
Aplysia. It is important to note, however, that the different outcome of axotomy under control conditions and in
the presence of calpeptin indicates that calcium alone or
calpeptin-insensitive calcium-activated enzymes are insufficient to induce the cytoarchitectural remodeling necessary to transform an axon into a growth cone. To the
best of our knowledge, it has not yet been determined
whether critical calpain-dependent cytoskeletal restructuring takes place in axotomized vertebrate neurons. In
light of the present findings, it would be interesting to
examine the role of calpain in the process of GC formation
in vertebrate neurons and to explore the possibility that
calpain also participates in GC formation during development or in events that lead to morphological restructuring
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of neurons in relation to plasticity such as in learning and
in memory acquisition processes.
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