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1

We have developed a novel in vitro model of the glial scar that mimics the gradient of proteoglycan found in vivo after spinal cord injury.
In this model, regenerated axons from adult sensory neurons that extended deeply into the gradient developed bulbous, vacuolated
endings that looked remarkably similar to dystrophic endings formed in vivo. We demonstrate that despite their highly abnormal
appearance and stalled forward progress, dystrophic endings are extremely dynamic both in vitro and in vivo after spinal cord injury.
Time-lapse movies demonstrated that dystrophic endings continually send out membrane veils and endocytose large membrane vesicles
at the leading edge, which were then retrogradely transported to the rear of the “growth cone.” This direction of movement is contrary to
membrane dynamics that occur during normal neurite outgrowth. As further evidence of this motility, dystrophic endings endocytosed
large amounts of dextran both in vitro and in vivo. We now have an in vitro model of the glial scar that may serve as a potent tool for
developing and screening potential treatments to help promote regeneration past the lesion in vivo.
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Introduction
After spinal cord injury, a glial scar forms that poses a major
impediment to CNS regeneration (Silver and Miller, 2004). In the
region of forming scar tissue, the ends of the regenerating axons
cease extending and become swollen and distorted into various
bizarrely shaped “growth cones” that can remain for years within
axon tracts (Li and Raisman, 1995; Houle and Jin, 2001; Kwon et
al., 2002). Ramón y Cajal (1928) believed that these “sterile clubs”
or “dystrophic endballs” were a relatively quiescent, final resting
state of the frustrated growth cone. Thus, it has long been theorized that dystrophic axons are incapable of robust regeneration.
Few studies, however, have sought to elucidate why these endings
form in the scar and what motile behaviors, if any, they are capable of producing.
It is now known that in the region of forming scar tissue,
several classes of growth inhibitory molecules are upregulated,
including the family of extracellular matrix molecules known as
chondroitin/keratan sulfate proteoglycans (PGs) that appears
rapidly after injury in the vicinity of blood– brain barrier breakdown (Fitch and Silver, 1997; Morgenstern et al., 2002; Jones et
al., 2003; Tang et al., 2003). PGs are organized in a crude gradient
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with the lowest concentrations in the lesion penumbra and the
highest in the epicenter (Davies et al., 1999; Fitch et al., 1999).
Interestingly, both growth-inhibiting and growth-promoting
ECM molecules increase simultaneously in reactive astroglia. The
inhibitory ECM components are more dramatically upregulated,
however, blocking the intrinsic potential of the reactive glial cells
to support axonal regeneration via laminin (McKeon et al.,
1991). Microtransplantation experiments showed that adult sensory neurons have a robust capacity for regeneration in degenerating white matter when placed away from the lesion. Once the
regenerating fibers reach the vicinity of the injury site, they are
capable of struggling into the lesion penumbra but eventually
cease extending and become dystrophic as they penetrate deeply
into areas of highest PG concentration (Davies et al., 1999;
Grimpe and Silver, 2004). Treatments that reduce or remove the
inhibitory sugar chains of PGs have recently been shown to enhance regeneration and provide some functional recovery after
injury (Moon et al., 2001; Bradbury et al., 2002; Mayes and
Houle, 2003; Tester et al., 2003; Grimpe and Silver, 2004), illustrating their importance in regeneration failure; however, previous in vitro models that have used sharp-edged (i.e., stripe) substrate assays to examine the effects of PGs on axons induce either
growth cone turning or collapse, but not dystrophy (Snow et al.,
1990).
We wanted to directly determine whether a crude gradient of
PGs is sufficient to produce dystrophic endings in regenerating
adult axons. To this end, we developed a novel in vitro system that
forces regenerating axons of adult sensory neurons to cope with a
spot gradient of the PG aggrecan mixed with laminin. As fibers
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extend into the gradient, bulbous multivesiculated endings remarkably similar to those described by Ramón y Cajal (1928) are
formed in this glial scar model. We show for the first time that
PGs can lead to growth cone dystrophy and that, surprisingly,
supposedly sterile dystrophic endings are extraordinarily
dynamic.

Materials and Methods
Preparation of aggrecan–laminin spot gradient coverslips. Glass coverslips
coated with poly-lysine and nitrocellulose were spotted with 2 l of a
solution of aggrecan (0.7 mg/ml; Sigma, St. Louis, MO) and laminin (5
g/ml; Biomedical Technologies, Stoughton, MA) in calcium- and
magnesium-free HBSS (CMF) (Invitrogen, Gaithersburg, MD). These
concentrations were decided on after we observed the effects of varying
concentrations of both aggrecan (0.5–1.4 mg/ml) and laminin (5–25
g/ml) on dorsal root ganglion (DRG) neurites: 0.7 mg/ml of aggrecan
and 5 g/ml of laminin resulted in consistently good cell attachment with
limited neurite outgrowth but no crossing of the inhibitory rim. The
other concentrations tested resulted in either too few cells adhering to the
substrate (with the higher concentrations of aggrecan) or too much outgrowth and crossing of the rim (with higher concentrations of laminin).
Control spots of laminin mixed with either bovine serum albumin (BSA)
(0.7 mg/ml; Sigma) or fibronectin (10 g/ml; Biomedical Technologies)
were also made. After the spots were allowed to air dry, the coverslips
were completely covered with laminin (5 g/ml) in CMF and kept at
37°C until just before cell plating (⬃5 hr).
DRG dissociation. DRGs were harvested as described previously (Davies et al., 1999). Briefly, DRGs were dissected out of adult Sprague Dawley female rats (Zivic Miller). After the roots were trimmed, the ganglia
were incubated in dispase– collagenase in CMF. The ganglia were rinsed
several times in fresh CMF and gently triturated. After several low-speed
spins (⬃370 ⫻ g), the cells were plated at a density of 6000 cells per
coverslip (for high-density cultures; see Fig. 1c) and 2000 cells per coverslip (4000 cells/ml) in Neurobasal A/B27 (Invitrogen).
Time-lapse video microscopy. Neuronal cultures used for time-lapse
microscopy were prepared as above with the exception that the cultures
were grown on culture dishes specifically designed for use with the
Delta-T culture system (Bioptechs) on an inverted microscope (Zeiss
Axiovert 405M). Just before imaging, the media was changed to Neurobasal A/B27 with 10 mM 4-morpholinepropanesulfonic acid, pH 7.4.
Phase-contrast images were taken using a 100⫻ oil-immersion objective
every minute using the imaging program MetaMorph. The stage x–y
coordinates of the imaged growth cones were noted for future reference.
To measure the rate of outgrowth of growth cones, the difference between the initial and final locations of growth cones (n ⫽ 8 for each
group) was calculated and divided by the time elapsed between the two
time points. Statistical relevance was determined using a Student’s t test.
Local motility at the growth cone was quantified using time-lapse movies
of three different growth cones. The individual image files comprising
the movies were isolated, and the distance from a fixed point in the
substrate to the farthest end of the growth cone was measured every 5
min over a 2 hr period. The appearance or disappearance of a membrane
veil was also noted at each time point.
Immunohistochemistry and microscopy. Cultures were immersion fixed
in 4% paraformaldehyde in PBS for 30 min. After several rinses in fresh
PBS, the coverslips were incubated in blocking solution (5% normal goat
serum, 0.1% BSA, 0.1% Triton X-100 in PBS for intracellular proteins)
for 1 hr at room temperature and then incubated overnight at 4°C in
primary antibody. The primary antibodies used were anti-␤-tubulin type
III (1:1000; Sigma), CS56 (1:200; Sigma), and anti-laminin-1 (1:2000;
Biomedical Technologies). The coverslips were rinsed several times in
PBS and then incubated in the appropriate secondary antibody (Jackson
ImmunoResearch, West Grove, PA, or Molecular Probes, Eugene, OR)
for 1 hr at room temperature. They were rinsed again, mounted on glass
slides in Citifluor (Ted Pella), and sealed with nail polish. To obtain
spinal cord sections, rats were transcardially perfused with ice-cold 4%
paraformaldehyde in PBS, and the spinal cords were dissected out. After
the tissue was postfixed in 4% paraformaldehyde overnight at 4°C, 50 m
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sections were cut on a vibratome and processed for immunohistochemistry as described above. Specimens were examined using a Leitz Orthoplan 2 fluorescence microscope and a Zeiss LSM 410 confocal
microscope.
Scanning electron microscopy of growth cones. DRG cultures were grown
on glass coverslips as described above. Some cultures were grown on
either aggrecan–laminin-spotted substrates, and others were grown on
laminin-only substrates. Five days later, the cultures were fixed in 3%
glutaraldehyde and processed for scanning electron microscopy. Briefly,
the coverslips were rinsed several times, postfixed for 1 hr in 1% OsO4,
rinsed, and then exposed to 1% tannic acid for 30 min. After several
rinses, the samples were dehydrated in ethanol and exposed to hexamethyldisilazane. They were then sputter coated and viewed with a
scanning electron microscope.
Quantification of the laminin and aggrecan gradients. To quantify the
laminin and aggrecan gradients, coverslips were spotted with 0.7 mg/ml
of aggrecan and 5 g/ml, 10 g/ml, or 25 g/ml of laminin. The coverslips were fixed with 4% paraformaldehyde and stained with the CS56
antibody (recognizing 4- and 6-sulfated proteoglycans) and a rabbit antilaminin-1 antibody (Biomedical Technologies) as described above. Images of the spots containing the rim were obtained using a digital camera
while using a constant exposure time. Average pixel intensity was quantified at 10 m intervals between the outer edge of the spot and 70 m in
toward the center of the spot, thereby spanning the width of the rim (total
of eight measurements per spot). Eight spots were quantified per group,
for a total of 24 spots.
To quantify the number of neurites crossing the rim because of increasing laminin concentrations, DRGs were grown on coverslips spotted with 0.7 mg/ml of aggrecan and 5 g/ml, 10 g/ml, or 25 g/ml of
laminin. Five days later, the coverslips were fixed and stained for
␤-tubulin III. The number of neurites that completely crossed the rim
region was counted per spot (8 spots per group, for a total of 24 spots).
The average number of neurites crossing was calculated per group. The
data were analyzed for statistical relevance using ANOVA followed by a
post hoc Tukey test.
Dextran labeling of dystrophic endings in vitro. Glass coverslips with the
aggrecan spot gradient were prepared as mentioned above. Dissociated
DRGs (⬃2000 cells) were plated onto the coverslips and maintained for
5 d. Glass coverslips were also prepared in a similar manner, with the
exception that no aggrecan spot was applied (i.e., laminin only). A lowdensity DRG suspension (⬃250 cells per coverslip) was plated onto these
coverslips for laminin-only growth cone controls. These cultures were
also maintained for 5 d. On the fifth day, the media was replaced with a
0.01% 10,000 MW dextran conjugated to Texas Red (Molecular Probes)
solution in fresh media. In some cases, this media was removed after 30
min and replaced with fresh media for 1 additional hour. Some cultures
were kept at 4°C as a control for active endocytosis. The cultures were
rinsed in PBS, fixed in 4% paraformaldehyde in PBS, and processed for
␤-tubulin III immunohistochemistry as described above. Randomly selected growth cones were imaged, and any growth cone that contained at
least five dextran beads was counted as being positively labeled [growth
cones on laminin (n ⫽ 15), growth cones on aggrecan–laminin incubated
at 4°C (n ⫽ 14), growth cones on aggrecan–laminin incubated at 37°C
(n ⫽ 27)].
Dextran labeling of dystrophic endings in vivo. Lesions were made 1 mm
deep into the thoracic region of the dorsal columns of anesthetized adult
Sprague Dawley rats using scissors. Either 1 d or 1 week after the lesion,
the area was surgically reopened very carefully so that the spinal cord was
not reinjured. A pulled glass pipette containing 3 l of 10% 10,000 MW
dextran conjugated to Texas Red in saline was carefully lowered into the
upper lesion cavity. The dextran solution was dripped very gently onto
the cord with a glass pipette. The next day, the rats were anesthetized with
isoflurane and perfused transcardially with 0.1 M PBS followed by 4%
paraformaldehyde and 0.5% glutaraldehyde in 0.1 M PBS. The spinal
cord segment containing the lesion was dissected out, postfixed in 4%
paraformaldehyde overnight at 4°C, and cut in 40 m sections on a
vibratome. The sections were mounted in Citifluor, coverslipped, and
sealed with nail polish.
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The optimal ECM concentrations (0.7
mg/ml aggrecan and 5 g/ml laminin) resulted in good cell attachment, albeit with
limited outgrowth, which was ideal for
generating this particular model of the
glial scar. Thus, the high aggrecan–low
laminin outer rim appeared to be a particularly harsh terrain for regenerating neurites. None entered inward into the spot
from the laminin surround by crossing its
sharp outer interface. Fibers growing centripetally from within the center of the
spot were able to enter the inner portion of
the rim but could grow no farther. Once
within the gradient, axons appeared
trapped. The curious and reproducible
pattern of outgrowth that occurred on this
substrate was clearly demonstrated in
high-density cultures (Fig. 1C). Lowerdensity cultures (the standard for the remainder of the experiments) in which axon–axon interactions were diminished
also resulted in trapped endings, although
at a reduced frequency (Fig. 1D). Importantly, club-like, dystrophic endballs (Fig.
1E) formed at the ends of neurites within
the gradient. Moreover, DRGs growing on
spots of laminin mixed with either BSA
(Fig. 1F ) or fibronectin (Fig. 1G), where
the laminin pattern was identical to that of
the aggrecan–laminin spots (data not
shown), did not display dystrophic endings, suggesting that dystrophy may be a
specific result of the presence and distribution of PGs rather than merely an effect of
Figure 1. Aggrecan–laminin spot gradient causes the formation of dystrophic endballs. A, A low magnification image of the mixing two proteins in an air-dried spot.
We did not attempt to impose any
aggrecan–laminin spot showing the distribution of the aggrecan as visualized via CS56 staining (red). The proteoglycan concentration is lower in the center of the spot and higher in the rim (area between both arrowheads). B, The laminin, however, has the changes in the patterning of ECM distriopposite pattern (green), and its deposition is greatest in the center of the spot and least at the periphery. C, ␤-tubulin III bution, which forms as a purely fortuitous
immunohistochemistry of a high-density dissociated adult DRG culture on the aggrecan–laminin spot. There are virtually no consequence of drying, other than by alneurites in the outermost part of the inhibitory rim, but many that struggle into the inner part of the rim (arrow). D, A lower- tering the various ratios of aggrecan versus
density culture of DRG neurons (in green via ␤-tubulin staining) on the aggrecan–laminin spot (aggrecan in red via CS56
laminin. Interestingly, we were able to destaining). There are fewer neurons growing in the center of the spot (arrowhead), and although there are some in the inner portion
of the rim, no neurites are in the outermost rim (arrow). E, The appearance of a club ending on a neurite growing in the inner termine that gradually increasing the iniportion of the rim of the aggrecan–laminin spot (␤-tubulin in green; CS56 in red). F, G, ␤-tubulin III staining of DRGs on control tial concentrations of laminin (5, 10, or 25
spots of either BSA and laminin ( F) or fibronectin and laminin ( G). Neurites are able to grow well and cross the rims of both spots, g/ml) relative to a fixed concentration of
aggrecan (0.7 mg/ml) eventually allowed
demarcated by the dashed lines, into the laminin surround. Scale bars: A, B, F, G, 50 m; D, 30 m; E, 20 m.
many neurites to escape from the confines
of the spot (at the 25 g/ml concentration;
p ⬍ 0.01) (Fig. 2B,F–H). Large variations
Results
in
aggrecan
concentration
(on the order of many hundreds of
Characterization of the aggrecan–laminin spot gradient
micrograms) were also effective in altering axonal patterning in
We have tested the hypothesis that PGs can induce the so-called
our model; however, because of marked variations in inhibitory
dystrophic state in axons if the inhibitory matrix is presented in a
potency between different lots of aggrecan, which became espespatial organization that more closely resembles that which decially noticeable at low concentrations, it was necessary to use a
velops after lesions in vivo. To do this, spots of a solution of the
relatively high amount to stabilize the aggrecan effect. The use of
PG aggrecan and the growth-promoting molecule laminin were
0.7 mg/ml gave us the most consistent results from batch to
placed on nitrocellulose coverslips and air dried.
batch. To determine whether augmenting laminin affected the
A consistent artifact of drying produced a crude gradient in
overall characteristics of the ECM gradient (Fig. 2A), spots conwhich the rim of the spot contained an increasingly higher containing 0.7 mg/ml aggrecan and 5, 10, or 25 g/ml laminin were
centration of aggrecan than in the center, as shown with CS56
stained with the CS56 antibody (recognizing 4- and 6-sulfated
immunohistochemistry (Fig. 1A, arrowheads). Interestingly, the
PGs) and an anti-laminin-1 antibody. Average pixel intensity of
very outermost part of the rim contained a lower concentration
of laminin than any more central region (Fig. 1B, arrowheads).
both stains was measured every 10 m from the outermost edge
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of the spot inward for a total of 70 m (the
width of the rim) (Fig. 2C–E). Curiously,
although more laminin was deposited
overall as the amount of laminin used increased, the slopes of both the laminin and
PG gradients were similar, regardless of
the starting laminin concentrations. Thus,
from the inner shelf of the rim outward
toward the edge of the spot at all three
laminin concentrations, there was a gradual and consistent ⬃35% increase in pixel
intensity of CS56 staining and a ⬃50% decrease in pixel intensity of laminin staining; however, there was an obvious shift in
the ratio of aggrecan to laminin as laminin
was increased. This ratio decreased from
1.4 (5 g/ml of laminin) to 1.0 (10 g/ml
laminin) to 0.8 (25 g/ml laminin) at the
innermost portion of the rim, and from 4
to 3 to 2.3 at the outermost edge of the
spot, where CS56 staining is brightest and
laminin staining is weakest. Thus, growth
cones are exposed to more laminin per aggrecan molecule as initial laminin concentrations are increased.

Figure 2. Increasing laminin concentration modifies the aggrecan gradient and allows neurite crossing of the inhibitory rim. A,
A merged image of an aggrecan–laminin spot double stained for CS56 (red) and laminin (green), again demonstrating their
inverse gradients. The main area of interest, the rim of the spot, is 70 m wide. B, Quantification of the number of neurites
crossing the rims of spots containing 0.7 mg/ml aggrecan and 5, 10, or 25 g/ml laminin. Increasing the laminin concentration
allowed for a significant increase in the number of neurites that were able to successfully cross the inhibitory rim (n ⫽ 8 spots per
group; p ⬍ 0.01). C–E, Quantification of average pixel intensity of CS56 and anti-laminin stainings in the 70-m-wide rim region
of spots containing 0.7 mg/ml aggrecan and 5 ( C), 10 ( D), or 25 ( E) g/ml laminin. Measurements were taken every 10 m. The
effect of the various concentrations on neurite outgrowth in the spot is shown in F–H, respectively. Despite the increase in initial
laminin concentrations, the slopes of the increase in CS56 pixel intensity and decrease in anti-laminin pixel intensity remained
similar. Also, as more laminin was used, less aggrecan bound to the substrate. This resulted in more outgrowth in the central
portion, with some crossing of the spot when 10 g/ml laminin was used, and many fibers crossing when 25 g/ml was used.
Scale bars: A, 50 m; F–H, 30 m.

Time-lapse microscopy of dystrophic
endings demonstrate that they
are dynamic
To observe the behavior of the “dystrophic
endings” formed in our assay, we used
time-lapse microscopy. Dystrophic growth
cones growing on aggrecan–laminin gradients were imaged and compared with
control growth cones growing on laminin
alone. We found that, in vitro, the so-called sterile endings were
actually quite dynamic. Growth cones growing on laminin had a
relatively small body, with multiple highly active filopodia (Fig.
3A). They grew at a steady rate of ⬃25 m/hr (Fig. 3B). Growth
cones growing on aggrecan–laminin gradients were remarkably
different. This is evident when a scanning electron microscope
image of the dystrophic growth cone (Fig. 3E) is compared with
that of a control growth cone on laminin (Fig. 3D). Furthermore,
dystrophic endballs were bulb shaped or club-like, or both (Fig.
3I–K). They often, but not always, completely lacked filopodia,
and those that did form were abnormal (Fig. 3E, arrow; see Fig.
5B, arrowhead). Many dystrophic endings contained multiple
swollen vesicles (Fig. 3I–K). These club-like, vesicle-containing
growth cones were very similar in morphology to those that
Ramón y Cajal (1928) described in the lesioned spinal cord (Fig.
3C). Although the morphology of these endings was stereotypically dystrophic, they were far from “sterile.” Rather, they were
quite dynamic, constantly moving in place as they protruded and
withdrew undulating, sheet-like veils (see supplemental Fig. 2
and compare with time-lapse movie of growth cone on laminin in
supplemental Fig. 1, available at www.jneurosci.org/cgi/content/
full/24/29/6531/DC1). This cycle repeated itself continuously for
many hours, without net forward progress of the growth cone
(Fig. 3B) ( p ⬍ 0.00001). Dystrophic growth cones often managed
to advance short distances, but inevitably, the struggling growth
cone would round up into a more compact ball and retract, only
to start moving again. This abundant local motility, as indicated
by their to and fro movements and veil-forming behavior, was

carefully quantified and charted for three different dystrophic
growth cones over a 2 hr period (Fig. 3F–H). Although all three
were able to grow past their initial locations, extending (Fig.
3F–H, asterisks) and withdrawing (Fig. 3F–H, squares) membrane veils throughout, there was an overall net retraction for all
three. Examples of their many different and rapidly changing
shapes are also shown (Fig. 3I–K).
Time-lapse observations of vesicle dynamics in the dystrophic
growth cone
To better understand membrane and vesicle dynamics in the
dystrophic growth cone, we attempted to track the paths of some
of the most swollen (and, thus, most easy to follow) vesicles in our
time-lapse movies. We wished to determine where vacuoles
formed, whether they remained in place or changed location, and
how long they persisted. Although it turned out to be quite difficult to follow single vesicles even within very short time frames (1
min intervals), because of the extremely dynamic nature of the
dystrophic endball, we were able to find a few vesicles that could
be followed along their entire course. One particular growth cone
was especially useful because it had developed notably large
membrane bubbles. The vesicle highlighted in Figure 4 (highlighted in red) formed at the leading edge of the growth cone and
was gradually transported retrogradely into the core of the endbulb, where it remained for ⬃10 min before it disappeared from
view. On average, the large membrane blebs persisted between ⬃10
and 30 min. The general tendency of vesicles to form at the leading
tip of the dystrophic growth cone and move rapidly rearward can be
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at the tip, it is likely that there may be
incessant membrane turnover. To determine whether the constantly erupting
membrane protrusions on dystrophic
growth cones are, in fact, being taken back
up into the growth cone, we performed a
dextran uptake experiment. Five days after
DRGs were plated on the aggrecan–laminin spot gradient, the media was replaced
with media containing 10,000 MW dextran–Texas Red for 30 min. The media was
then replaced with fresh media for another
hour. If the growth cones are actively
resorbing membrane, they should take up
the dextran.
Very few growth cones on laminin
alone (3 of 15, or 20%) contained dextran
particles (Fig. 5A), and this was at the low
end of the positive labeling threshold (at
least five particles per growth cone). On
the other hand, 23 of 27 dystrophic growth
cones (85.2%) colocalized with dextran,
suggesting uptake (Fig. 5C, arrow). The
dextran appeared to be localized mainly in
or near the tips of the growth cones, suggesting that there may be local recycling of
membrane, at least in the short term. Furthermore, no labeling was seen in 14 of 14
(100%) dystrophic endings when the cultures were incubated with dextran at 4°C
for 30 min (Fig. 5B), suggesting that the
dextran seen in dystrophic endings when
incubated at 37°C (Fig. 5C) was actively
taken up and not merely adhering passively to the membrane. Numbers of dextran particles within the individual growth
cones are shown (Fig. 5D), giving further
Figure 3. Dystrophic growth cones are dynamic. A, Selected frame from a time-lapse microscopy movie of an adult DRG growth quantitative evidence that there is encone on laminin only. The growth cone looked stereotypical of those that grow rapidly in that they contain multiple filopodia. B, hanced endocytosis in dystrophic growth
Quantification of the rate of neurite outgrowth on either laminin only or aggrecan–laminin. Net advancement of growth cones on
cones.
laminin (n ⫽ 8) and aggrecan–laminin (n ⫽ 8) was quantified and compared. Although growth cones on laminin displayed a net
To determine whether the disparate laoutgrowth forward, there was a net retraction of growth cones on aggrecan–laminin, although they were highly active ( p ⬍
beling
between control and dystrophic
0.0001). C, Drawings by Ramón y Cajal (1928) (reprinted with permission) of dystrophic endings near a lesion site in vivo look like
those in the rim in vitro. D, E, Scanning electron microscopy of a control growth cone on laminin ( D) and a dystrophic one on growth cones was caused by relatively inaggrecan–laminin ( E). The growth cone on laminin was flattened and sent out long thin filopodia (D, arrow). The dystrophic creased uptake in dystrophic endings verendings contained many membrane ruffles (E, arrow) and looked entirely different from growth cones on laminin. F–H, Quanti- sus faster retrograde transport mechafication of the dynamism displayed by growth cones (I–K, respectively) on aggrecan–laminin. Time-lapse movies were made of nisms in growth cones growing on laminin
three different endings on the aggrecan–laminin spots. The distance from the distal-most tip of the growth cone from the initial alone, dextran was placed into the media
point was measured every 5 min for a total elapsed period of 2 hr. Moreover, the appearance (asterisk) or disappearance (open for 30 min, but cultures were then immesquare) of a membrane veil was also noted. Note that although all three growth cones were able to extend past their initial points, diately washed and fixed. If the lack of dexthere was a net retraction. I–K, Examples of the multiple shapes displayed by the three different growth cones. Even within short
tran particles in control growth cones is
time frames, the same growth cone looked completely different, demonstrating that they are extremely dynamic. Scale bars: A, 10
caused by a fast transport mechanism [fast
m; D, E, 1 m; I–K, 5 m.
retrograde transport occurs at a rate of 200
mm/d (Jacobson, 1991)], dextran should
appreciated more readily in high-speed, time-lapse movies (see supbe found within the growth cone when there is not sufficient time
plemental Fig. 3, available at www.jneurosci.org/cgi/content/full/24/29/
for transport to have cleared it from the growth cone completely.
6531/DC1). Although the exact fate of the vesicles is unknown
This was not seen, however, and clear differences in labeling re(i.e., whether they are recycled locally or retrogradely transported
mained between control and dystrophic growth cones (data not
into the axon), it did appear that the vesicles were resorbed
shown). This suggests that dystrophic endballs in vitro are not
mainly at the very rear of the growth cone or near the tip of the
only active, but that they also display enhanced endocytosis.
axon shaft.
In vitro labeling of dystrophic endings with dextran
Because the endings of dystrophic growth cones are dynamic,
albeit relatively stationary, and contain large vacuoles that form

In vivo labeling of dystrophic endings with dextran
Although dystrophic endings within our in vitro model of the glial
scar are active, it does not necessarily follow that those in vivo are
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also active. It would be extremely interesting if they were. Therefore, in an experiment similar to that which we did in vitro,
we attempted to label potentially active
dystrophic endballs with dextran–Texas
Red in vivo. It is known that recently injured axons label with dextran when the
dye is presented immediately after injury
(Lu et al., 2001). Thus, to ensure that dextran found inside dystrophic endings was
caused by an active uptake process rather
than an injury response, stab lesions were
made in the dorsal columns, and either 1 d
or 1 week later, 10% dextran in physiological saline was carefully dripped (to avoid
reinjuring previously injured axons or injuring uninjured ones) into the upper portion of the lesion cavity.
Similar to what was found in vitro, axonal endings in the dorsal columns were
brightly labeled with dextran both 1 d
(Figs. 6A,B, arrows) and 1 week (Figs.
6C,D, arrows) after the lesion. Some of the
endings appeared to be uniformly labeled,
whereas in others, especially those within
the 1-week-old lesions, labeling appeared
to be more punctate (Figs. 6C,D). Although there were some fibers that were
labeled rostral to the lesion (these are likely
from the caudally projecting axon population in the dorsal columns; our unpub- Figure 4. Vesicle formation occurs at the leading edge of the dystrophic growth cone. A single vesicle (highlighted in red) was
lished observation), most of the labeled tracked in individual image files taken from a time-lapse movie of a growth cone on aggrecan–laminin from its initial appearance
axons were located caudal to, and some- at the front of the growth cone over a period of 12 min, when the vesicle could no longer be readily identified. During that time,
times up to 1 mm away from, the injury the vesicle gradually moved toward the rear of the growth cone. Scale bar, 5 m.
site. White matter tracts distant from the
initial lesion were unlabeled. These results
proteoglycan-induced dystrophy with myelin membranesuggest that dystrophic endings in vivo are also quite active, at
induced collapse of growth cones, a hypothesized mechanism for
least for 1 week after injury. To determine more accurately the
the failure of regeneration in the adult CNS (see supplemental
long-term behavior of dystrophic endings, we would have to look
Fig. 8, available at www.jneurosci.org/cgi/content/full/24/29/
at post-lesion times ⬎1 week. Because of the extensive accumu6531/DC1).
lating scar, however, it is technically not feasible to drip dextran
Discussion
into the lesion area without first tearing into the tissue, resulting
We developed an in vitro assay that mimics in two-dimensions
in a new injury that would inevitably lead to false positive data.
the PG gradient phenotype that exists in the glial scar. Fully adult
DRGs form dystrophic endings in vitro that are morphologically
Further characterizations of the dystrophic ending
and behaviorally similar to those that form in the vicinity of the
We also examined several other characteristics of dystrophic
glial scar in vivo. Our studies of these unusual endings demongrowth cones formed in our in vitro assay as well as in vivo after a
strate, for the first time, that they can be quite dynamic both in
spinal cord injury. We found that these endings contained an
vitro and in vivo, suggesting that they may be more capable of
abnormal cytoskeletal arrangement (see supplemental Figs. 4, 5,
being reawakened into a regenerative state than was believed
available at www.jneurosci.org/cgi/content/full/24/29/6531/
previously.
DC1). In control growth cones, there was a general, although not
The dynamic behavior of dystrophic endballs is closely assocomplete, separation of tubulin and actin, with tubulin located
ciated with the formation of large membrane vesicles. Although
mainly in the more central palm of the growth cone and F-actin
these huge vacuoles make the dystrophic growth cone appear
located throughout the growth cone, including the dynamic
highly abnormal, vesicles in retracting growth cones have also
filopodia in the periphery. In bulbous endings on aggrecan–lamibeen documented (Cheng and Reese, 1987; Dailey and Bridgnin gradients, however, both F-actin and ␤-tubulin III were
man, 1993; Fournier et al., 2000), suggesting that dystrophy and
highly expressed throughout the growth cone, with large
collapse may be similar, with dystrophy being on the more examounts of both proteins present in the tip and in their rare,
treme end of a continuum of growth cone response to inhibitory
misshapen filopodia (Fig. 5B, arrowhead). Also, we demoncues. Such vesicles, although considerably smaller than the largest
strated that dystrophic endings in vitro and for a period in vivo
ones seen in dystrophic growth cones [500 nm (Dailey and Bridgafterspinalcordinjuryectopicallyexpressintegrinsallovertheirsurfaces
man, 1993) compared with up to 2–3 m in dystrophic growth
(see supplemental Figs. 6, 7, available at www.jneurosci.org/cgi/
cones] were hypothesized to be part of a turnover mechanism
content/full/24/29/6531/DC1). Furthermore, we compared
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and Sheetz, 1995) over time would be
needed to determine the ultimate fate of
endocytosed membrane.
One theory for filopodial protrusion
and growth cone advance, known as the
“clutch” hypothesis, surmises that growth
cone extension occurs when molecules
that interact with the substrate, such as integrins and CAMs, are able to form a firm
linkage to the cytoskeleton (the clutch). In
particular, linkage with the F-actin network is thought to be especially critical because of its ability to create tension required for movement (Mitchison and
Kirschner, 1988; Jay, 2000; Suter and Forscher, 2000; Dent and Gertler, 2003). The
three variables in the hypothesis, actin assembly, engagement– disengagement of
the clutch, and retrograde flow of F-actin,
are “summed” to produce a net effect on
the growth cone ranging from rapid extension to rapid retraction, with stationary
states in between. It has been demonstrated that growth cone advancement and
retrograde flow of F-actin are inversely
correlated (Lin and Forscher, 1995), lending support to the hypothesis. It is likely
Figure 5. Uptake of dextran by dystrophic endings demonstrates activity in vitro. After 5 d in culture, cultures were exposed to
that several of the behavioral and molecudextran–Texas Red for 30 min followed by 1 hr wash. A, A ␤-tubulin III-positive (green) control growth cone growing on laminin
does not endocytose much dextran (red). B, A dystrophic growth cone grown on aggrecan–laminin for 5 d that was then incubated lar oddities that we have observed in the
with dextran–Texas Red for 30 min at 4°C. No dextran was taken up under these conditions. A ␤-tubulin-rich filopodia is dystrophic growth cone may be acting to
highlighted by the arrowhead (see Discussion). C, An example of a dystrophic growth cone that had ingested dextran (arrow). stall forward movement by chronically
Inset is a high-magnification confocal image of the same growth cone. Because no dextran was taken up by dystrophic endings at disengaging the clutch. For instance, the
4°C, this suggests that the dextran seen in C is from an active uptake process and not caused by dextran passively attaching to the abnormal, widely dispersed integrin arsurface of the growth cone. D, The numbers of dextran particles in individual growth cones show obvious differences in uptake rangement that we observed in dystrophic
between control and dystrophic endings. The averages are depicted by the bars (*p ⬍ 0.01). Scale bar, 10 m.
endballs (see supplementary data, available at www.jneurosci.org/cgi/content/
full/24/29/6531/DC1) could interfere with
that allows for endocytosis of membrane that is added but not
proper clutch engagement and thus diminish tension-producing
subsequently used because the growth cone is not moving forinteractions with cytoskeletal-linking proteins, especially if these
ward. Membrane recycling may provide a mechanism that allows
critical substrate receptors have become unstable because of the
the dystrophic growth cone to continually deliver novel memhighly fluid nature of the outer membrane of the dystrophic
brane to its tip while attempting to advance; however, the finding
growth cones.
that dystrophic endballs have an exaggerated rate of endocytosis
The large amount of retrograde membrane movement in the
and that this process apparently occurs at the peripheral domain
dystrophic growth cone may also be intimately associated with
of the growth cone may violate the tenets of normal membrane
the unusual arrangement of its cytoskeletal network. The attendynamics, resulting in a state that is exceptionally nonconducive
uation of retrograde F-actin flow has been linked through an
for elongation.
unknown mechanism to the invasion of microtubules farther
In properly advancing growth cones, membranes associated
into the growth cone to the area that is depleted of actin (Suter et
with cell adhesion molecules (CAMs), such as L1, are usually
al., 1998). Likewise, when growth cones are treated with cytochaendocytosed in the central (but not the peripheral) domain and
lasin, microtubules enter the F-actin-depleted region (Forscher
reinserted at the tip of the peripheral domain during outgrowth
and Smith, 1988). Why microtubules extend abnormally to the
(Kamiguchi et al., 1998; Kamiguchi and Lemmon, 2000). This
most distal ends of the dystrophic growth cone (see supplemenpolarized recycling of membrane has also been demonstrated
tary data, available at www.jneurosci.org/cgi/content/full/24/29/
with integrin receptors (Lawson and Maxfield, 1995), suggesting
6531/DC1) and even into their uncommon filopodia (Fig. 5B,
that such tractor-like membrane motility may be a basic mechaarrowhead) is unknown, but their presence distally may be necnism necessary for growth cone advancement. Although it has yet
essary to provide sufficient internal structural support that is
to be determined precisely where membrane is reincorporated
required of an unusually motile but poorly adherent axon tip.
within the dystrophic growth cone, it may be that membrane is
Whether there is a disruption in the retrograde movement of
reinserted at the rear, because the vesicles in dystrophic endings
F-actin that accompanies the increase in membrane turnover in
seem to vanish there, rather than at the leading edge, contradictdystrophic endings is unknown, but such cytoskeletal abnormaling normal membrane trafficking patterns. Following small laities would only serve to further render the clutch inoperable. It
beled patches of membrane with a fluorescent lipid analog (i.e.,
would be interesting and potentially therapeutic to determine
DiI) (Popov et al., 1993) or tracking lipid-attached beads (Dai
whether experimental manipulation of the three components of
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at CNS lesions that leads to regeneration failure and dystrophy
but, rather, that their distribution in a gradient transforms the
growth cone into a state that is apparently incapable of freeing
itself from the lesion environment. Finally, it should be noted and
stressed that although we have learned that an appropriately
crafted aggrecan gradient in combination with laminin is sufficient to create growth cone dystrophy in an in vitro setting, we do
not yet know what roles other potential inhibitors, such as semaphorins, ephrins, slits, and other types of proteoglycans, which
are all present in the scar and could also be patterned in a gradient
(Zhang et al., 1997; Miranda et al., 1999; De Winter et al., 2002;
Bundesen et al., 2003; Hagino et al., 2003; Tang et al., 2003), may
play in triggering the dystrophic state in vivo. We now look toward developing and screening possible therapies that allow
would-be dystrophic axons to regenerate robustly past the outermost rim in our glial scar model and then determining whether
the optimal strategy translates in vivo.
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