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Trauma to the adult CNS initiates multiple processes including primary and secondary axotomy, inflammation, and glial scar formation
that have devastating effects on neuronal regeneration. After spinal cord injury, the infiltration of phagocytic macrophages coincides
with long-distance axonal retraction from the initial site of injury, a deleterious phenomenon known as axonal dieback. We have
previously shown that activated macrophages directly induce long-distance retraction of dystrophic axons in an in vitro model of the glial
scar. We hypothesized that treatments that are primarily thought to increase neuronal regeneration following spinal cord injury may in
fact derive a portion of their beneficial effects from inhibition of macrophage-mediated axonal retraction. We analyzed the effects of
protease inhibition, substrate modification, and neuronal preconditioning on macrophage-axon interactions using our established in
vitro model. General inhibition of matrix metalloproteinases and specific inhibition of MMP-9 prevented macrophage-induced axonal
retraction despite significant physical interactions between the two cell types, whereas inhibition of MMP-2 had no effect. Chondroitinase
ABC-mediated digestion of the aggrecan substrate also prevented macrophage-induced axonal retraction in the presence of extensive
macrophage-axon interactions. The use of a conditioning lesion to stimulate intrinsic neuronal growth potential in the absence of
substrate modification likewise prevented macrophage-induced axonal retraction in vitro and in vivo following spinal cord injury. These
data provide valuable insight into the cellular and molecular mechanisms underlying macrophage-mediated axonal retraction and
demonstrate modifications that can alleviate the detrimental effects of this unfavorable phenomenon on the postlesion CNS.

Introduction
Regeneration in the adult CNS is unsuccessful as a result of the
decreased intrinsic regenerative capacity of affected neurons
(Neumann and Woolf, 1999), myelin-associated inhibitory
factors (Filbin, 2003), and components of the glial scar (Busch
and Silver, 2007). After spinal cord injury, infiltration of acti-
vated macrophages correlates with long-distance retraction of
dystrophic endbulbs, a deleterious phenomenon known as ax-
onal dieback (Horn et al., 2008). Additionally, macrophages have
the capacity to induce extensive retraction of dystrophic neurons
following direct physical interactions in vitro. Here, we sought to
investigate targets for modification of these interactions that
could ameliorate axonal dieback. We hypothesized that several
treatments primarily thought to increase neuronal regeneration
derive a portion of their beneficial effects from inhibition of
macrophage-mediated axonal retraction. We examined the ef-
fects of macrophage-associated protease inhibition, treatment of
the substrate with chondroitinase ABC (ChABC), and stimula-

tion of intrinsic neuronal growth capacity with a conditioning
lesion (CL) on macrophage–neuron interactions in an in vitro
model of the glial scar. We then sought to determine the effects of
CL on macrophage-mediated axonal retraction in vivo.

The matrix metalloproteinases (MMPs) are a family of zinc-
dependent proteinases that can degrade components of the ex-
tracellular matrix (ECM) and cleave cell surface receptors and
adhesion molecules (Yong, 2005). The upregulation of MMPs
after CNS injury can be beneficial or detrimental depending on
the length of time after the injury, the profile of inflammatory
cells at the injury site, and the substrates present (Popovich and
Longbrake, 2008). Profuse expression of MMPs leads to demyeli-
nation and axonal injury (Yong et al., 2001), and current research
focuses on potential therapeutics that attenuate excess MMP ac-
tivity after CNS injury (Noble et al., 2002).

Chondroitin sulfate proteoglycans (CSPGs) are potently in-
hibitory ECM molecules that contribute to limited recovery via
restriction of regeneration and plasticity after CNS injury (Silver
and Miller, 2004; Yiu and He, 2006). The barrier formed by
CSPGs induces a dystrophic state in growth cones as they enter
the lesion site (Davies et al., 1999). Use of the enzyme ChABC,
which cleaves the inhibitory glycosaminoglycans from the pro-
tein core of CSPGs, has been shown to promote axon regrowth
and plasticity after injury (Bradbury et al., 2002; Steinmetz et al.,
2005; Houle et al., 2006; Tester and Howland, 2008).

A substantial amount of research suggests that increasing the
intrinsic growth potential of damaged sensory neurons enables
them to overcome inhibition in the injured CNS (Qiu et al., 2002;
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Neumann et al., 2005). A CL fosters re-
generation of adult DRG neurons after
subsequent injury to their central axons
(Neumann and Woolf, 1999). While the
exact sequence of events leading to the CL
phenomenon is unknown, the effect is
likely due to changes in expression of
regeneration-associated genes (Seijffers et
al., 2007).

Our results suggest that macrophage-
mediated axonal dieback is extremely com-
plex and can be prevented in a number of
ways. Here we demonstrate that inhibition
of MMP-9, treatment with ChABC, and ad-
ministrationofaCLallenableneuronstosuc-
cessfully overcome macrophage-mediated
axonal retraction.

Materials and Methods
Time-lapse dish preparation. Delta-T cell cul-
ture dishes were prepared as previously de-
scribed (Horn et al., 2008). Briefly, a number
2 bit was used to drill a single hole through
the upper half of each dish to allow for the
addition of enzymes or inhibitors to the cul-
tures during time-lapse microscopy. Culture
dishes were rinsed with sterile water and then
coated with poly-L-lysine (0.1 mg/ml, Sigma-
Aldrich) overnight at room temperature,
rinsed with sterile water, and allowed to dry.
Aggrecan spot gradients were created by pipet-
ting 2.0 �l of aggrecan solution (2.0 mg/ml,
Sigma-Aldrich) in calcium- and magnesium-
free HBSS (HBSS-CMF, Invitrogen) onto the
culture surface. Six spots were placed per dish
and when the aggrecan spots were dry, the en-
tire surface of the dish was bathed in laminin
solution (10 �g/ml; BTI) in HBSS-CMF for 3 h
at 37°C. The laminin bath was removed and
cells were plated immediately without allowing
the dish surface to dry.

DRG dissociation. DRGs were harvested as pre-
viouslydescribed(Tom et al., 2004). Briefly, DRGs
were gently dissected from adult female Sprague
Dawley rats (Harlan) or embryonic day 16 rats
and incubated in a solution of Collagenase II (200
U/ml, Worthington Biochemical) and Dispase II
(2.5 U/ml, Roche Diagnostics) in HBSS. Cells
were centrifuged at a low speed, washed, and
gently triturated in HBSS-CMF three times. The dissociated DRGs were then
resuspended in Neurobasal-A (for adult neurons) or Neurobasal (for em-
bryonic neurons) media supplemented with B-27, GlutaMax, and penicillin/
streptomycin (Invitrogen) and counted. DRGs were plated on Delta-T
dishes (Fisher) at a density of 6000 cells/dish in 2 ml of media.

Cell line macrophage cultures. NR8383 cells, an adult Sprague Dawley
alveolar macrophage cell line (ATCC # CRL-2192, American Type Cul-
ture Collection), were cultured as described previously (Yin et al., 2003).
Briefly, cells were cultured in F-12K media (Invitrogen) supplemented
with 15% FBS, GlutaMax, penicillin/streptomycin (Invitrogen), and so-
dium bicarbonate (Sigma-Aldrich) using uncoated tissue culture flasks
(Corning). Macrophages were prepared for time-lapse microscopy ex-
periments as described previously (Horn et al., 2008). Briefly, cells were
harvested with 0.5% trypsin/EDTA (Sigma-Aldrich), washed three times
with HBSS-CMF, and plated in uncoated tissue culture flasks at a density
of 1.0 � 10 6/ml in serum-free F-12K. Before addition to time-lapse dishes,
macrophages were harvested with EDTA and a cell scraper and resuspended
at a density of 2.5 � 105/70 �l in Neurobasal-A supplemented as above with

the addition of HEPES (1:500; 50 �M, Sigma-Aldrich). Macrophages were
stained for ED-1 (Millipore Bioscience Research Reagents) and MMP-9 (1:
500; Millipore).

Time-lapse microscopy studies. Adult and embryonic DRG neurons
were incubated at 37°C for 48 h before time-lapse imaging. Neurobasal-A
(adult neurons) or Neurobasal (embryonic neurons) media with HEPES
(50 �M, Sigma-Aldrich) was added to the cultures before transfer to a
heated stage apparatus. Time-lapse images were acquired every 30 s for at
least 3 h with a Zeiss Axiovert 405M microscope using a heated 100�
oil-immersion objective. Growth cones were chosen that extended
straight into the spot rim with characteristic dystrophic morphology.
Neurons were observed for 30 min to determine baseline behavior before
the addition of inhibitors or enzymes as well as macrophages (n � 6 for
all groups except for embryonic time-lapse imaging for which n � 3).
Growth cones were observed for 150 min after enzyme or inhibitor ad-
dition. For ChABC studies, 0.1 U/ml ChABC (Seikagaku) was added
through the hole in the dish after 30 min of baseline imaging. For MMP
studies, GM6001 (50 �m), MMP-9 (50 nm), or MMP-2 inhibitors (10
�m, all from Calbiochem) in DMSO (Sigma-Aldrich) were added after

Figure 1. Dystrophic adult dorsal root ganglion axons on an inhibitory proteoglycan gradient retract extensively following
macrophage contact. A, Six-panel montage of single frame images extracted from a time-lapse movie. NR8383 macrophages were
added to a 2 DIV culture of adult dorsal root ganglion neurons on an inverse spot gradient of growth-promoting molecule laminin
and the inhibitory proteoglycan aggrecan. The growth cones imaged were located in the inner edge of the rim, which is approxi-
mated as the area into which the majority of satellite cells and neurons cease to extend, leaving a clearing in the region of greatest
inhibitory proteoglycan. Times for each frame are given at the bottom right of each image and an asterisk marks a consistent point
on the culture dish as a reference point for growth cone position during frame shifts. A diamond indicates a new point of reference
in this montage only. An arrow denotes the central domain of the growth cone. Macrophages were added following a 30 min period
of observation, and contact occurred at 58 min. In the third frame at 141 min, the growth cone is directly contacted by a macro-
phage, which immediately precedes the large-scale retraction. Note the presence of a retraction fiber at 145 min (arrowhead). By
163 min, the axon has retracted completely. The entire movie can be viewed as supplemental Movie 1 (available at www.jneurosci.
org as supplemental material). B, Positional graph indicating the location of the growth cone for the entire time-lapse movie
shown in A. The growth cone retracts a distance of 160 �m at a speed of 8 �m/min. C, Distance from the origin of six dystrophic
axons on the aggrecan/laminin spot gradient following contact with macrophages. A dashed line indicates the buffer zone of
normal dynamic growth cone extension and collapse, and a solid line indicates a long-distance retraction. Each tick mark on the
x-axis represents 5 min. Scale bar: A, 20 �m.
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30 min of imaging. Following time-lapse imaging, DRG cultures were
fixed in 4% PFA and immunostained with anti B-tubulin-type III (1:500;
Sigma-Aldrich), anti-chondroitin sulfate (CS-56, 1:500, Sigma-Aldrich),
2 B 6 (1:500; Seikagaku), ED-1 (1:500; Millipore Bioscience Research
Reagents), and incubated with appropriate secondary antibodies
(Invitrogen).

We tracked and charted the behavior of
growth cones in our in vitro assay with Meta-
Morph software. Due to the dynamic nature of
growth cones in the inhibitory rim and espe-
cially after macrophage contact, we set param-
eters to accurately reflect the occurrence of
large-scale retractions, as opposed to baseline
extension and short distance collapse. We con-
sidered such a retraction to be at least 25 �m in
the direction opposite to the original direction
of growth. When retractions occur, they are
represented as solid lines on the graphs and can
occur above or below the x-axis.

Total internal reflection fluorescence imaging.
Adult DRG neurons were plated on a substrate
of proteoglycan and laminin spots as described
above on glass bottom dishes (MatTek Corpo-
ration) for 2 d before fixation. Cells were visu-
alized with Phalloidin conjugated to Alexa 594
(Invitrogen) and �1�1 integrin (1:500; Milli-
pore Bioscience Research Reagents) and the
appropriate secondary antibody (Invitrogen)
and remained in an aqueous environment
throughout the process. Cells were imaged on a
Zeiss Axiovert 200M microscope using objective-
based total internal reflection fluorescence
(TIRF) with an alpha Plan-Fluar 100� objective,
NA 1.45.

Gelatin-substrate zymography. Conditioned
F-12K media from NR8383 macrophages was
collected and subjected to gelatin zymography.
To prepare the macrophages for conditioned
media collection, cells were incubated with
0.5% trypsin/EDTA (Sigma-Aldrich), washed
three times, and plated in uncoated tissue cul-
ture flasks at a density of 1.0 � 10 6/ml in
serum-free F-12K. After 24 h, conditioned me-
dia was removed from the flasks, centrifuged,
and passed through a 0.22 �m filter (Millipore)
to remove debris. Macrophage-conditioned
media was then concentrated 50� using Mi-
crocon YM-3 centrifugal concentration tubes
(Millipore). Zymography was performed as
previously described (Krekoski et al., 2002).
Briefly, SDS-polyacrylamide gels (7.5%) were
prepared in which 0.1% gelatin was incorpo-
rated during polymerization. Enzyme samples
were mixed with 2� nonreducing sample
buffer and loaded onto the lanes of the gel and
subjected to electrophoresis at 4°C using a Bio-
Rad mini gel apparatus. Samples (50 �g) of
purified MMP-2 and MMP-9 were included on
the gel as a positive control (Millipore Bio-
science Research Reagents). The gel was briefly
rinsed in distilled H2O and washed with 2.5%
Triton X-100 three times. The Triton X-100
was removed with three 5 min water washes.
The gel was incubated for 21 h at 37°C in buffer
containing 50 mM Tris-HCl, 5 mM CaCl2, and
0.02% NaN2. The gel was stained for 1 h with
0.05% Coomassie Brilliant Blue and destained
in solution without Coomassie Blue until clear
proteolytic bands appeared. The identity of the
MMP was determined based on comigration

with recombinant MMP-9 as well as molecular weight standards.
Dorsal column crush lesion model. All animal procedures were per-

formed in accordance with the guidelines and protocols of the Animal
Resource Center at Case Western Reserve University. Adult female
Sprague Dawley rats (250 –300 g) were anesthetized with inhaled isoflu-

Figure 2. Macrophages express and secrete MMP-9 in vitro. A, Gelatin zymographic analysis of macrophage-conditioned
media. Zymogram gel indicates the presence of the active form of MMP-9 at 97 kDa in macrophage-conditioned media, but not in
nonconditioned control media. There is no evidence of MMP-2 in either macrophage-conditioned or control media. Purified
MMP-2 and MMP-9 were used as positive controls. B, Confocal image (100�) of NR8383 macrophages cultured on an inverse spot
gradient of proteoglycan and laminin. Immunocytochemistry reveals that activated macrophages, as determined by ED-1 expres-
sion (green), contain MMP-9 protein (red). Scale bar: B, 25 �m.

Figure 3. Dystrophic adult dorsal root ganglion axons on an inhibitory proteoglycan gradient persist following macrophage
contact in the presence of an MMP-9 inhibitor. A, Six-panel montage of a time-lapse movie of NR8383 macrophages and DRG
neurons arranged as stated in the Figure 1 legend. Macrophages and MMP-9 inhibitor were added following a 30 min period of
observation, and contact occurred at 38 min. Macrophages can be seen physically interacting with the axon at 55 min, 85 min, and
130 min and by 160 min have pulled the growth cone to the far left of the panel, but no retraction is observed. The entire movie can
be viewed as supplemental Movie 2 (available at www.jneurosci.org as supplemental material). B, Positional graph indicating the
location of the growth cone for the entire time-lapse movie shown in A. C, Distance from the origin of six dystrophic axons on the
aggrecan/laminin spot gradient in the presence of an MMP-9 inhibitor following contact with macrophages. A dashed line indi-
cates the buffer zone of normal dynamic growth cone extension and collapse and a solid line indicates a long-distance retraction.
Each tick mark on the x-axis represents 5 min. Scale bar: A, 20 �m.
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rane gas (2% in oxygen) for all surgical proce-
dures. The dorsal aspect of the C8 spinal cord
segment was exposed by performing a T1 lam-
inectomy. A durotomy was made bilaterally
0.75 mm from midline with a 30 gauge needle.
A dorsal column crush lesion was then made by
inserting Dumont #3 jeweler’s forceps into the
dorsal spinal cord at C8 to a depth of 1.0 mm
and squeezing the forceps, holding pressure for
10 seconds. This crushing procedure was then
repeated two additional times and completion
of the lesion was verified by observation of
white matter clearing. Gel film was placed over
the lesion to cover the holes in the dura. The
muscle layers were closed with 4-0 nylon su-
tures, and the skin was closed with surgical sta-
ples. Upon completion of the surgery, animals
received Marcaine (1.0 mg/kg) subcutaneously
along the incision as well as buprenorphine
(0.1 mg/kg) intramuscularly. Animals were
kept warm postoperatively with a heating lamp
during recovery from anesthesia and allowed
access to food and water ad libitum. Animals
were killed at 2, 4, 7, 14, or 28 d after lesion (n �
3 per group).

Conditioning lesion. Adult female Sprague
Dawley rats were anesthetized as described
above. An incision was made into the right
thigh, and the sciatic nerve was exposed. The
nerve was crushed three times with jeweler’s
forceps for 10 s each, proximal to the tibial/
peroneal division. The muscle was closed using
4-0 nylon sutures, and the skin was closed with
staples. After 7 d, rats (n � 3 for each group)
received dorsal column crush lesions as de-
scribed above. From additional animals, L4,
L5, and L6 conditioned (right) and uncondi-
tioned control (left) DRGs were removed, dis-
sociated, and plated as described above for use
in time-lapse microscopy experiments.

Axon labeling. Two days before perfusion,
the dorsal columns were labeled unilaterally
with Texas Red-conjugated 3000 MW dextran. Briefly, the sciatic nerve
of the right hindlimb was exposed and isolated as described for the con-
ditioning lesion procedure above. Sciatic nerves were crushed with Du-
mont #3 forceps for 10 s and repeated two additional times. A hole was
made in the epineurium with a 30 gauge needle and then 1.0 �l of 3000
MW dextran–Texas Red 10% in sterile water was injected via a Hamilton
syringe into the sciatic nerve at the crush site. The muscle layers were
closed with 4-0 nylon sutures and the skin with surgical staples. Upon
closing of the incision, animals received Marcaine (1.0 mg/kg) sub-
cutaneously along the incision as well as buprenorphine (0.1 mg/kg)
intramuscularly. Postoperatively, animals were kept warm with a
heating lamp during recovery from anesthesia and allowed access to
food and water ad libitum. Animals were killed 2 d following labeling
with an overdose of isoflurane and perfused with PBS followed by 4%
PFA. Tissue was harvested and postfixed in 4% PFA and processed for
immunohistochemistry.

Immunohistochemistry. Tissue was postfixed overnight in 4% PFA,
submersed in 30% sucrose overnight, frozen in OCT mounting media,
and sectioned (20 �m) with a cryostat. Tissue sections were then stained
with anti-GFAP (Accurate Chemical and Scientific), anti-ED-1 (Milli-
pore) with AlexaFluor-405 or AlexaFluor-488 (Invitrogen) secondary
antibodies respectively, and then imaged on a Zeiss Axiovert 510 laser-
scanning confocal microscope.

In vivo quantification of axonal retraction. Quantification of axonal
retraction was performed as described previously (Horn et al., 2008).
Briefly, three consecutive sections starting at a depth of 200 �m below the
dorsal surface of the spinal cord per animal were imaged and analyzed per

animal to quantify axonal retraction. The lesion center was determined
by the characteristic GFAP and ED-1 staining patterns and the distance
between the end of the labeled axons and the center of the lesion was
measured using Zeiss LSM 5 Image Browser software. The measurements
from all sections from all animals in a group were combined and aver-
aged to yield the average distance of retraction per time point.

Statistical analysis. Data were analyzed by one- or two-way ANOVA
and Tukey’s post hoc test with Minitab 15 software.

Results
Dystrophic growth cones retract extensively after contact
with macrophages in an in vitro model of the glial scar
Previous studies from our laboratory demonstrated the direct
role of activated macrophages in axonal retraction following
dorsal column crush injury (Horn et al., 2008). Adult sensory
neurons form dystrophic endbulbs, the hallmark of regenera-
tion failure, in an in vitro model of the glial scar (Ramon y
Cajal, 1928; Tom et al., 2004). The substrate in our model
consists of opposing gradients of the growth-promoting pro-
tein laminin and the inhibitory proteoglycan aggrecan. We
have previously shown that activated primary macrophages
induce axonal retraction in vitro equivalent to that of NR8383
macrophages (Horn et al., 2008). Following a 30 min period of
baseline observation, NR8383 macrophages were added to the
cultures and their interactions with dystrophic axons were mon-

Figure 4. Dystrophic adult dorsal root ganglion axons on an inhibitory proteoglycan gradient retract following macrophage
contact in the presence of an MMP-2 inhibitor. A, Six-panel montage of a time-lapse movie of NR8383 macrophages and DRG
neurons arranged as stated in the Figure 1 legend. Macrophages and MMP-2 inhibitor were added following a 30 min period of
observation, and contact occurred at 32 min. Axonal retraction can be seen at 101 min and has completed by 150 min. The entire
movie can be viewed as supplemental Movie 3 (available at www.jneurosci.org as supplemental material). B, Positional graph
indicating the location of the growth cone for the entire time-lapse movie shown in A. C, Distance from the origin of six dystrophic
axons on the aggrecan/laminin spot gradient in the presence of an MMP-2 inhibitor following contact with macrophages. A dashed
line indicates the buffer zone of normal dynamic growth cone extension and collapse, and a solid line indicates a long-distance
retraction. Each tick mark on the x-axis represents 5 min. Scale bar: A, 20 �m.
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itored (Fig. 1; supplemental Movie 1, available at www.jneurosci.
org as supplemental material). Direct cell– cell contact between
the macrophage and axon of the dystrophic neuron led to exten-
sive retraction. The contacts between the macrophage and axon
are so strong that they are maintained as the axon retracts over
considerable distances (Fig. 1A,B; supplemental Movie 1, available
at www.jneurosci.org as supplemental material). On average, ax-
ons retract at a velocity of 2 �m/min, but retraction can occur in
spurts of up to 18 �m/min. In several cases we observed a retrac-
tion fiber remaining attached to the substrate where the growth
cone had been even as the axon retracted a long distance (Fig.
1A). Macrophage contact induced retraction of dystrophic axons
in an in vitro model of the glial scar 100% of the time (Fig. 1C).
We have observed that during macrophage-induced retraction of
axons there is a transition between a dystrophic, vesicle-filled
growth cone and a retraction club. The dystrophic growth cone
actively turns over membrane and attempts to extend, while the
tightly compacted retraction club does not (supplemental Movie
1, available at www.jneurosci.org as supplemental material).

Macrophages express and secrete MMP-9
While it is clear that there is a strong physical component to
macrophage-mediated axonal retraction, we hypothesized that a
protease could be responsible for locally dislodging a dystrophic

axon from the substrate, subsequently
causing it to retract. One class of proteases
expressed by macrophages is the MMPs,
which have been implicated in various
processes after injury in vivo (Noble et al.,
2002; Goussev et al., 2003; Larsen et al.,
2003; Hsu et al., 2006). Previous work has
established that MMP-9 plays a key role
in inflammation within the first 3 d after
spinal cord injury (Noble et al., 2002)
and that MMP-9 is produced by macro-
phages (Larsen et al., 2003). Activated
primary (data not shown) and NR8383
macrophages were immunoreactive for
MMP-9 in culture (Fig. 2 B). To test for
the presence of MMPs, we monitored
MMP secretion from NR8383 macro-
phages into F-12K media using gelatin
zymography, which allows for the detec-
tion of gelatinases such as MMP-2 and
MMP-9. We performed zymography
using macrophage-conditioned media
and demonstrated MMP-9 gelatinolytic
activity at 92 kDa, but not MMP-2 ac-
tivity (Fig. 2 A).

Broad-spectrum inhibition of matrix
metalloproteinases prevents
macrophage-mediated axonal retraction
The net effect of the increase in MMPs
seems to be negative, as their inhibition
with general metalloproteinase inhibitors,
such as GM6001, attenuates vascular
events and improves outcome over the
first 3 d after spinal cord injury in ro-
dents (Noble et al., 2002; Wang and
Tsirka, 2005). We hypothesized that a
general inhibitor of MMPs could pre-
vent macrophage-induced axonal re-

traction in our in vitro model. We added GM6001, a nonspecific
inhibitor of MMPs, and NR8383 macrophages to the DRG cul-
ture following a 30 min period of observation. Macrophage mo-
tility and morphology were unaltered in the presence of the
inhibitor, and contacts between macrophages and neurons were
still extensive and long lasting. In the presence of the inhibitor,
growth cones only retracted 33% of the time following direct
macrophage contact (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material, and data not shown). In
the absence of macrophages, GM6001 had no effect on growth
cone morphology and did not induce extension or other notable
changes in axonal motility. These data implicated MMPs as the
proteases mediating macrophage-induced axonal retraction.

Inhibition of MMP-9, but not MMP-2, prevents macrophage-
mediated retraction of dystrophic axons
MMP-9 is produced by activated microglia/macrophages (Larsen
et al., 2003). Because macrophages express and secrete MMP-9,
we asked whether a specific inhibitor to MMP-9 would also pre-
vent macrophage-mediated axonal retraction. In the presence of
MMP-9 inhibitor, dystrophic axons retracted 33% of the time
(n � 4/6) despite extensive contact between the neurons and
macrophages and lifting of the axon from the substrate (Fig.
3A–C; supplemental Movie 2, available at www.jneurosci.org as

Figure 5. Dystrophic adult dorsal root ganglion axons on an inhibitory proteoglycan gradient treated with ChABC persist after
macrophage contact. A, Six-panel montage of a time-lapse movie of NR8383 macrophages and DRG neurons arranged as stated in
the Figure 1 legend. ChABC (0.1 U/ml) was added to the dish following a 30 min period of observation and growth cones were
observed for positional and morphological changes for 30 min before macrophage addition. Macrophage contact occurred at 62
min, and the axon did not retract by the end of time-lapse imaging at 180 min. B, Positional graph indicating the location of the
growth cone for the entire time-lapse movie shown in A. Note the forward movement of the growth cone into the rim after ChABC
addition. C, Distance from the origin of six dystrophic axons on the aggrecan/laminin spot gradient treated with ChABC following
contact with macrophages. A dashed line indicates the buffer zone of normal dynamic growth cone extension and collapse and a
solid line indicates a long-distance retraction. Each tick mark on the x-axis represents 5 min. Scale bar: A, 20 �m.
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supplemental material). Physical manip-
ulation, including stretching and pulling
of the axon, is usually insufficient to dis-
lodge the dystrophic growth cone from
the substrate. It is important to note that
when retractions were observed in the
presence of the MMP-9 inhibitor, they
were different from macrophage-induced
retractions in control cultures. These retrac-
tions took place only after extensive physical
interactions with active macrophages, and
axons retracted slowly and often stabilized
before retraction was complete.

Because macrophage-conditioned me-
dia lacks MMP-2, we sought to confirm
that inhibition of MMP-2 would not pre-
vent macrophage-mediated axonal re-
traction. As anticipated, growth cones
contacted by macrophages in the pres-
ence of a specific MMP-2 inhibitor re-
tracted 100% of the time (n � 6/6) (Fig.
4 A–C; supplemental Movie 3, available
at www.jneurosci.org as supplemental
material). These data demonstrate that
macrophage-induced axonal retraction
can be prevented in vitro by the addition
of an inhibitor of MMP-9, but not
MMP-2.

Substrate cleavage by MMP-9 could be
one of several potential mechanisms by
which macrophages detach axons from
the substrate, ultimately leading to retrac-
tion. To determine the effect of these
macrophage-secreted MMPs on the substrates of the spot gradi-
ent, we fixed cultures after the time-lapse movie and stained for
CS-56 and laminin. We did not observe substrate digestion after
this 3 h time period, the length of time of a typical time-lapse
movie. Dystrophic growth cones in the inhibitory proteoglycan
rim express �1 integrin as visualized by TIRF microscopy, a wide-
field technique used to excite fluorophores within a thin optical
slice of a cell-substrate interface (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). �1 integrins at the
cell-substrate interface likely bind the low amount of laminin
present and could be another candidate for MMP cleavage.

Digestion of proteoglycan with chondroitinase ABC prevents
axonal retraction
Our results led us to ask whether other treatment paradigms that
have been thought to increase regeneration prevent macrophage-
induced axonal retraction. Numerous studies have shown that
digestion of inhibitory CSPGs with the bacterial enzyme ChABC
increases axonal growth both in vitro and in vivo (Bradbury et al.,
2002; Steinmetz et al., 2005). In these experiments, we imaged
dystrophic growth cones for 30 min before adding ChABC to
the culture and then for an additional 30 min before adding
macrophages. ChABC application to the time-lapse dish in-
duced a noticeable morphological change in the growth cones,
which became more dynamic and advanced further into the rim
of the spot (Figs. 5A,B, 6C). Growth cone morphology after
ChABC addition varied widely. Growth cones could extend more
filopodia, lamellipodia, or simply remain a bulbous structure
even as forward progress was made. When NR8383 macrophages
were added, the retraction phenomenon was prevented (n � 4/6,

Fig. 5A–C). Once again, direct cell– cell contact between macro-
phages and growth cones did occur, but the axons did not retract
and the growth cones often appeared to convert from a state of
dystrophy to more active growth.

Embryonic neurons are resistant to macrophage attack
in vitro
Embryonic neurons have a greater propensity to regenerate than
their adult counterparts, and can readily adapt to inhibitory condi-
tions via upregulation of integrin receptors for growth-promoting
molecules (Condic, 2001). Interestingly, rat embryonic day 16 DRG
growth cones do not become dystrophic and also extend greater
numbers of filopodia than adult growth cones (Fig. 6A). All embry-
onic neurons take on this morphology. Like their adult counterparts,
embryonic axons enter the rim and stall while still attempting for-
ward growth, but cannot cross the rim and do not tend to turn.
Embryonic growth cones actively extend and retract lamellipodia
and filopodia and maintain a strong attachment to the inhibitory
rim. Embryonic neurons were also more resistant to macrophage
attack as they maintained a strong attachment to the substrate at the
growth cone (data not shown), suggesting that the maturation state
of the neuron is critical to the outcome of macrophage-mediated
axonal retraction.

Preconditioning adult neurons reduces macrophage-
mediated axonal retraction
To determine whether CL-induced stimulation of sensory neu-
ron intrinsic growth potential would also reduce macrophage-
induced axonal retraction we conditioned dorsal root ganglion
neurons with a sciatic nerve crush 7 d before harvest (Steinmetz et

Figure 6. Comparison of embryonic, dystrophic, ChABC treated, and conditioned adult growth cones. A, Growth cone of an
embryonic day 16 dorsal root ganglion neuron on an inverse spot gradient of growth-promoting molecule laminin and the
inhibitory proteoglycan aggrecan. The growth cone possesses numerous filopodia extending from a broad central lamellipodium.
B, Growth cone of a dystrophic adult dorsal root ganglion neuron on an inverse spot gradient of growth-promoting molecule
laminin and the inhibitory proteoglycan aggrecan. This dystrophic growth cone appears club-like without filopodia and lamelli-
podia and contains numerous vesicles. C, Growth cone of an adult dorsal root ganglion neuron following treatment with ChABC on
an inverse spot gradient of growth-promoting molecule laminin and the inhibitory proteoglycan aggrecan. The growth cone has
responded to ChABC treatment of the substrate by elaborating a wide lamellipodium. D, Growth cone of a conditioned adult dorsal
root ganglion neuron on an inverse spot gradient of growth-promoting molecule laminin and the inhibitory proteoglycan aggre-
can. The conditioned growth cone has lengthy filopodia extending from a broad lamellipodium. Arrows indicate extremely long
filopodia. It is important to note that both substrate modification (C) and conditioning lesion (D) induce growth cone structures
that are reminiscent of embryonic neurons. Scale bar: 20 �m.
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al., 2005). Unconditioned DRGs become dystrophic in re-
sponse to the potently inhibitory gradient while conditioned
DRGs typically display more dynamic behaviors. Growth
cones from animals that received a CL of the sciatic nerve 7 d
prior are considerably more motile on the spot rim, compared
with dystrophic growth cones, and exhibit turning behaviors
and increased filopodial extension (Fig. 6B,D). Filopodia ex-
tending from conditioned axons were often extremely long and
appeared to be seeking a more favorable substrate. Dystrophic
growth cones can extend short filopodia, but they are fewer in
number and not as dynamic. We imaged conditioned growth
cones for 30 min before adding macrophages. Axons continued
to struggle despite repeated macrophage attacks and often en-
gaged in abortive turning behaviors. Growth cones maintained
strong adhesion to the substrate regardless of the macrophage
manipulation of the axon and avoided retraction (n � 5/6) (Fig.
7A–C; supplemental Movie 4, available at www.jneurosci.org as
supplemental material).

A conditioning lesion prevents axonal dieback in vivo
CLs have been purported to promote regeneration of axons far-
ther into and even beyond a lesion, into a region containing
predominantly ED-1� cells (Neumann and Woolf, 1999; Neu-
mann et al., 2005). We hypothesized that interactions between
macrophages and growth cones could limit regrowth and that

conditioning of sensory axons might en-
able the struggling axons to withstand
macrophage attack. We examined sensory
axon retraction after acute and chronic
dorsal column crush injury in the pres-
ence or absence of a CL. In the CL group,
adult female Sprague Dawley rats re-
ceived a sciatic nerve crush 7 d before
spinal cord injury. On day 7, the dorsal
columns were crushed at spinal level C8,
and sensory axons were traced from the
right sciatic nerve with dextran–Texas
Red. Spinal cord tissue was collected at
2, 4, 7, 14, and 28 d after injury, and
axonal retraction was measured as de-
scribed previously (Horn et al., 2008).
In animals that received a CL, injured
axons retracted significantly less than
control, unconditioned axons (Fig.
8G). CL did not prevent the intrinsic,
macrophage-independent early phase of
axonal retraction at day 2 (�387 �m �
29.5 vs �241 �m � 100.5) (Fig. 8A,B,G).
By day 7, when macrophages have infil-
trated the lesion in large numbers, control
axons have retracted significantly further
from the lesion center (�615 �m � 119.4
vs �346 �m � 93.1) (Fig. 8C,D,G). On
day 28, conditioned neurons persist
within 400 �m of the lesion epicenter
(�706 �m � 194.9 vs �398 �m � 49.5)
(Fig. 8E–G). In addition to conditioned
axons persisting closer to the lesion cen-
ter, the spread of the fiber front was nota-
bly wider in animals receiving a CL. We
observed no significant difference in mac-
rophage infiltration in control versus con-
ditioned spinal cord sections (Fig. 8H);

therefore, conditioned axons were subject to the same numbers
of macrophages as control axons. These data suggest that condi-
tioned axons do not retract to the same degree as control axons.
Instead, they appear to persist in the lesion despite macrophage
infiltration.

Discussion
In the present study, we used our in vitro model of the glial scar to
determine the ability of previously identified regeneration-
promoting strategies to prevent macrophage-induced retraction
of dystrophic adult sensory neurons. We have demonstrated that
protease inhibition, substrate modification, and stimulation of
the intrinsic growth capacity of adult DRG neurons can all im-
prove the outcome of macrophage attack of dystrophic axons in
vitro. Our results suggest that treatment paradigms that have
been thought to successfully promote neuronal regeneration fol-
lowing spinal cord injury function in part through inhibition of
macrophage-induced axonal retraction as opposed to exerting
their influence solely by frank regeneration.

We have determined that specific inhibition of MMP-9, but
not MMP-2, prevented macrophage-mediated retraction despite
extensive physical manipulation of the axon in vitro. The expres-
sion of several MMPs is upregulated following spinal cord injury,
and zymography of lesioned tissues shows that MMP-2 and
MMP-9 are active in areas containing regenerating neurites (Du-

Figure 7. Conditioned adult dorsal root ganglion axons on an inhibitory proteoglycan gradient persist after macrophage
contact. A, Six-panel montage of a time-lapse movie of NR8383 macrophages and conditioned DRG neurons arranged as stated in
the Figure 1 legend. Macrophage contact occurred at 42 min and the axon did not retract by the end of time-lapse imaging. The
entire movie can be viewed as supplemental Movie 4 (available at www.jneurosci.org as supplemental material). B, Positional
graph indicating the location of the growth cone for the entire time-lapse movie shown in A. Note the lateral movement of the
growth cone along the rim. C, Distance from the origin of six axons of conditioned neurons on the aggrecan/laminin spot gradient
following contact with macrophages. A dashed line indicates the buffer zone of normal dynamic growth cone extension and
collapse, and a solid line indicates a long-distance retraction. Each tick mark on the x-axis represents 5 min. Scale bar: A, 20 �m.
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chossoy et al., 2001). The correlation be-
tween the spatiotemporal expression of
MMPs and the progression of macrophage-
induced retraction indicates that MMP-9
could be mediating this detrimental pro-
cess in vivo. MMP-9 knock-out mice
exhibit a decrease in blood–spinal cord
barrier disruption, decreased inflamma-
tion, and significant locomotor recovery,
and similar results were obtained using a
pharmacological inhibitor of MMPs (Noble
et al., 2002). Interestingly, methylpred-
nisolone, the only Food and Drug
Administration-approved therapy for spi-
nal cord injury, suppresses MMP-9 fol-
lowing spinal cord injury (Xu et al., 2001).
Minocycline, another purported regener-
ation promoting drug, inhibits MMP ac-
tivity via inhibition of MMP-9 mRNA
transcription and protein activity (Yao et
al., 2004). Our data identify macrophage-
associated MMP-9 as a critical component
of the pathway ultimately inducing neu-
ronal retraction and provide insight
into the mechanism underlying axonal die-
back. A significant decrease in macrophage-
induced axonal retraction improves the
starting position of the axon within the en-
vironment of the spinal cord lesion and may
have the added benefit of rescuing collateral
branches.

While we have implicated macrophage-
associated MMP-9 as a negative influence
on axon regeneration in our in vitro
model, there are other MMPs as well as
other proteases acting in the lesion envi-
ronment. Thus, MMP-9 may not be the
only protease involved with the dieback

Figure 8. Conditioned neurons persist close to the lesion center after spinal cord injury. A–F, Confocal montages (10�) of
longitudinal sections of animals receiving a dorsal column crush (DCC) spinal cord injury alone or a dorsal column crush spinal cord
injury 7 d after receiving a sciatic crush conditioning lesion (CL � DCC). Caudal is on the left side of the image and rostral is on the
right. Dorsal root ganglion neuron are labeled with Texas Red-conjugated dextran 3000 MW (Dex-TR) (red) and ED-1� macro-
phages/microglia (green) and GFAP� astrocytes (blue). Below each confocal image are superimposed fiber tracings of three
sections from a representative animal for each time point. Dotted lines represent the lesion center, and ruler tick marks are 200 �m
each. A, At 2 d after DCC, sensory axons of the dorsal columns have retracted a short distance from the center of the lesion,
determined by GFAP� astrocytes (blue). Few ED-1� macrophages/microglia (green) are present in the lesion at this time. B, At

4

2 d after CL � DCC, sensory axons have retracted a short dis-
tance from the lesion center, similar to the level observed in
DCC animals. C, At 7 d after DCC, numerous ED-1� phagocytic
cells are present within the lesion and sensory axons have re-
tracted a significant distance from the lesion center. D, At 7 d
after CL � DCC, fibers are still in close proximity to the center
of the lesion despite the presence of numerous ED-1� phago-
cytic cells. E, At 28 d after DCC, axons have retracted a consid-
erable distance from the lesion center. F, At 28 d after DCC plus
conditioning lesion 1 week before DCC lesion, axons persist
close to the lesion center despite the presence of numerous
ED-1� cells, and the fiber front is wider than in control DCC
animals. G, Quantification of axonal retraction from the center
of the lesion over time. All days are significantly different from
one another by one-way ANOVA, F(4,440) � 28.71. Day 2 is
significantly different from days 4, 7, 14, and 28; day 4 is sig-
nificantly different from days 14 and 28; day 7 is significantly
different from day 14 by Tukey’s post hoc test, #p � 0.01,
*p � 0.005, ***p � 0.00005. Control and conditioning lesion
groups are significantly different from one another (one-way
ANOVA, F(1,440) � 195.47, Tukey’s post hoc test, **p �
0.0005). Error bars indicate SEM. H, Macrophage infiltration is
not significantly different in control and conditioned animals.
Scale bars: A–F, 250 �m.
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phenomenon in vivo. We cannot ignore the fact that the inhibitors
used here are based on the functional group hydroxamate, which
chelate a zinc ion from the active site of MMPs, and also have activity
against ADAMs (A disintegrin and metalloproteinases), membrane-
anchored enzymes that are prevalent in vivo and can also cleave
components of the ECM (Yong, 2005). The effect mediated by
MMP-9 in vivo could also be indirect, as its primary function may be
the activation of additional proteases.

MMPs can degrade ECM molecules such as type IV collagen,
laminin, and fibronectin (Chandler et al., 1997; Chintala et al.,
2002). We sought to determine whether macrophage-secreted
MMPs exerted their dramatic retraction-inducing effects in vitro
via substrate digestion that would, in turn, lead to immediate
dislocation of integrin-mediated attachments with the substrate.
However, immunocytochemistry revealed no visible digestion of
either aggrecan or laminin. It is conceivable that local release of
MMPs may result in an undetectable amount of ECM digestion
as MMPs are typically anchored to the cell membrane, maintain-
ing a high enzyme concentration locally and targeting catalytic
activity to specific substrates in the pericellular space (Parks et al.,
2004). If MMPs are not acting globally on the substrate itself, it is
possible that more focused interactions with extracellular matrix
molecules or proteinase-activated receptors (PARs) on the neu-
ronal surface could trigger an intracellular cascade of events lead-
ing to retraction (Yong et al., 2001; Noorbakhsh et al., 2003).
PAR1 and PAR2 are present on DRG neurons and upon activation,
PAR1 initiates G-protein signaling cascades that can lead to increases
in intracellular calcium and RhoA-dependent cytoskeletal changes,
both of which can induce neurite retraction (Noorbakhsh et al.,
2003). As MMPs often act in concert, it is possible that MMP-9
activates another MMP or protease that then acts on the neuron
itself. While growth cone contact after macrophage addition is
typical, we observed multiple instances in which macrophages
never contacted the growth cone itself, instead inducing retrac-
tion by attacking the axon shaft. These observations suggest the
possibility that a signal could propagate from the macrophage
contact point on the axon to the growth cone, ultimately induc-
ing full retraction. A potential signal that could travel rapidly
from the axon to the growth cone and mediate axonal retraction
is an intracellular calcium wave (Jaffe, 1993; Yamada et al., 2008).
Ca 2� waves inhibit neurite extension via the Ca 2�-dependent
phosphatase calcineurin (Lautermilch and Spitzer, 2000). Cal-
cineurin destabilizes actin microfilaments and disrupts the
growth cone actin cytoskeleton, inhibiting neurite outgrowth.
Alternatively, macrophages could permeabilize target cells via
perforin in a cell– cell contact-dependent manner (Baba et al.,
2008), which in combination with another secreted factor could
promote cytoskeletal disassembly and retraction.

Previous work from our laboratory showed that the substrate
on which a neuron is plated is critical to the outcome of
macrophage–neuron interactions, as neurons on uniform lami-
nin substrates do not retract following extensive macrophage
contact (Horn et al., 2008). ChABC treatment of our in vitro
model of the glial scar allows a small but significant number of
axons to cross the inhibitory rim after 5 d (Steinmetz et al., 2005).
In the present study, ChABC application to the culture ap-
peared to enable the growth cone to adhere more strongly to
the substrate and resulted in a decrease in frequency of
macrophage-induced axonal retraction. In addition to alleviating
GAG-mediated inhibition, it is probable that modification of the
extracellular matrix with ChABC unmasked laminin present in
small quantities in the inhibitory region of the spot assay, provid-
ing increased adhesion of the growth cone and ultimately de-

creasing the likelihood of axonal retraction. ChABC promotes
sprouting of intact and injured projections within the spinal cord
(Barritt et al., 2006; Houle et al., 2006; Massey et al., 2006). Pre-
vious studies have also suggested that there is an optimal ther-
apeutic time window for ChABC treatment, as acutely treated
animals show improved skilled forelimb reaching and greater
axon regeneration (García-Alías et al., 2008). Our results in-
dicate that substrate modification can alter the outcome of
macrophage attack and suggests that in vivo ChABC treatment
of axons within the vicinity of the lesion may additionally aug-
ment CNS regeneration by preventing macrophage-induced
retraction.

In addition to improving the growth environment of the le-
sion, enhancing intrinsic neuronal growth capacity with a distal
CL can enable regeneration of sensory neurons in the dorsal col-
umns (Richardson and Issa, 1984; Neumann and Woolf, 1999).
Our in vitro results indicate that the intrinsic growth state of the
neuron can affect the result of macrophage attack. A CL enhances
sensory neuron regeneration in part by upregulation of integrin
receptors on and increasing responsiveness to laminin (Ekström
et al., 2003). The repertoire of integrin receptors on conditioned
neurons could enable them to behave more like an embryonic
neuron in the face of the inhibitory proteoglycan and low laminin
conditions of the spot gradient. Our observations that condi-
tioned sensory neurons display enhanced motility, and a remark-
able ability to turn and struggle when faced with an inhibitory
gradient of proteoglycan in vitro correlate with previous in vivo
observations of struggling axons extending haphazardly into and
around the lesion (Neumann and Woolf, 1999).

Previous studies examining the effect of different types of con-
ditioning on the outcome of spinal cord injury have generally
focused on long-term time points and determined the position of
the axons at these later stages to be the result of regeneration
(Neumann and Woolf, 1999; Neumann et al., 2002; Nikulina et
al., 2004). Our results indicate that there is a lack of retraction of
sensory neurons in vivo as, after the initial intrinsic retraction has
taken place, the conditioned fibers remain within 500 �m from the
lesion on average. Elucidating the underlying cellular and molecular
mechanisms of the CL that are critical for axonal regrowth will en-
able the development of strategies that can promote CNS regenera-
tion without sacrificing the sciatic nerve. Ultimately, attempts to
understand pathways involved in regeneration-associated signal-
ing will be critical to potential therapeutic stimulation of growth
after CNS injury (Snider et al., 2002; Ertürk et al., 2007; Seijffers et
al., 2007; Wang et al., 2007).

In this study we turned to established treatments that promote
regeneration as targets for our investigation to determine whether
they could prevent macrophage-induced retraction. Our results
support the hypothesis that MMP-9 inhibition, ChABC treat-
ment, and pretreatment with a CL all facilitate regeneration in
part via prevention of axonal dieback. Our model can be used as
a screening tool for potential therapeutic interventions and com-
binatorial approaches to treat CNS injury and attain the critical
balance of a permissive growth environment, stimulation of neu-
ronal growth and regulation of inflammation. Elucidating the
basic biology underlying macrophage-induced retraction will en-
able us to better understand the environment of the injured CNS
and prevent secondary damage in the days, weeks, and months
following spinal cord injury.
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