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Chondroitinase ABC Digestion of the Perineuronal Net
Promotes Functional Collateral Sprouting in the Cuneate
Nucleus after Cervical Spinal Cord Injury
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Upregulation of extracellular chondroitin sulfate proteoglycans (CSPGs) after CNS injuries contributes to the impediment of functional
recovery by restricting both axonal regeneration and synaptic plasticity. In the present study, the effect of degrading CSPGs with the
application of the bacterial enzyme chondroitinase ABC (chABC) into the cuneate nucleus of rats partially denervated of forepaw dorsal
column axons was examined. A dorsal column transection between the C6 –C7 dorsal root entry zones was followed immediately by an
ipsilateral brainstem injection of either chABC or a bacterial-derived control enzyme [penicillinase (P-ase)] and then subsequently (1
week later) followed with a second brainstem enzyme injection and cholera toxin B subunit (CTB) tracer injection into the ipsilateral
forepaw digits and pads. After 1 additional week, the rats underwent electrophysiological receptive field mapping of the cuneate nucleus
and/or anatomical evaluation. Examination of the brainstems of rats from each group revealed that CSPGs had been reduced after chABC
treatment. Importantly, in the chABC-treated rats (but not in the P-ase controls), a significantly greater area of the cuneate nucleus was
occupied by physiologically active CTB traced forepaw afferents that had been spared by the initial cord lesion. These results demonstrate,
for the first time, a functional change directly linked to anatomical evidence of sprouting by spinal cord afferents after chABC treatment.
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Introduction
Spinal cord injury (SCI) results in sensory and motor deficits by
depriving synaptically linked neurons of their afferent or efferent
inputs. Upregulation of extracellular chondroitin sulfate proteo-
glycans (CSPGs) that takes place at various times after CNS inju-
ries is a major factor that contributes to regeneration failure
(McKeon et al., 1991; Pindzola et al., 1993; Davies et al., 1999;
Jones et al., 2003; Tang et al., 2003; Silver and Miller, 2004). The
development of strategies that manipulate the production of
these inhibitory molecules or alter the response of the regenerat-
ing axon to them are the current focus of intense investigations

(Filbin, 2003; Silver and Miller, 2004). One particularly effective
strategy is the removal of glycosaminoglycan side chains from the
proteoglycan core protein with the bacterial enzyme chondroiti-
nase ABC (chABC). Used alone or in concert with other treat-
ments, chABC application has led to several reports of axon re-
generation and functional recovery (McKeon et al., 1991, 1999;
Yick et al., 2000, 2003; Moon et al., 2001; Bradbury et al., 2002;
Chau et al., 2004; Caggiano et al., 2005; Fouad et al., 2005; Stein-
metz et al., 2005).

CSPGs are also major components of the extracellular matrix
found throughout the normal adult CNS (Steindler, 1993). Some
proteoglycan family members participate in the formation of the
so-called perineuronal net, a lace-like structure (Takahashi-
Iwanaga et al., 1998) produced by both neurons and astrocytes
that encapsulates synapses throughout the nervous system
(Golgi, 1893). An emerging body of evidence indicates that the
normal expression of CSPGs surrounding neuronal membranes
plays a critical role in the regulation of axon terminal arbor
sprouting during development and after denervating injuries.
Expression of CSPGs is low during the initial stages of synapto-
genesis, and their increase coincides with the end of critical pe-
riod plasticity (Lander et al., 1997; Pizzorusso et al., 2002). This
increase is dependent on normal activity in both the brain and
spinal cord (Kalb and Hockfield, 1990a,b; Lander et al., 1997;
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Pizzorusso et al., 2002) and mediated through activation of
NMDA glutamate receptors (Kalb and Hockfield, 1990b). Enzy-
matic digestion by chABC collapses much of the net-associated
extracellular matrix of cortical layers (Bruckner et al., 1998; Piz-
zorusso et al., 2002) and leads to reactivation of plasticity in nor-
mal adult animals (Pizzorusso et al., 2002; Corvetti and Rossi,
2005). chABC applied to lesion-denervated targets has also been
shown to enhance collateral sprouting and synapse formation by
spared fibers (Tropea et al., 2003).

Collateral sprouting by intact primary afferents has been
shown to be extremely limited within the adult rat dorsal column
nuclei denervated by SCI (Jain et al., 1995). In recent experi-
ments, we observed that CSPGs are expressed in the normal dor-
sal column nuclei and that they are significantly increased after
SCI (Massey et al., 2005). In the present study, anterograde ana-
tomical tracing and microelectrode receptive field mapping were

used to determine whether chABC appli-
cation promotes collateral sprouting by
spared forepaw primary afferents within
the cuneate nucleus partially denervated
by a C6 –C7 dorsal column transection.

Materials and Methods
All procedures complied with National Insti-
tutes of Health and University of Louisville In-
stitutional Animal Care and Use Committee
guidelines. For each surgical procedure and
electrophysiological assessment, the 19 adult
male (250 –300 g) Sprague Dawley rats were
anesthetized with intramuscular injections of a
mixture of ketamine hydrochloride (50 mg/
kg), xylazine (6.5 mg/kg), and acepromazine
(2.5 mg/kg).

Cervical SCI. Two experimenters performed
the surgical procedures. Age-matched rats were
randomly assigned by one experimenter into
the experimental groups. The dorsal portions of
the C5 and C6 vertebrae were removed, exposing
the C6 and C7 dorsal root entry zones. A 1.5-mm-
deep dorsal-to-ventral laceration was made with
small, depth-marked spring scissors between the
caudal C6 and rostral C7 dorsal rootlets from the
lateral portion of the right side of the dorsal spinal
cord, through the right dorsal horn and into the
left gracile fasciculus (Fig. 1A,B). Each lesion was
verified for completeness by macroscopic inspec-
tion (for level) and microscopic examination (for
depth, i.e., through the central canal) by the sec-
ond experimenter.

Enzyme delivery and primary afferent tracing.
To assess the acute effects of chABC digestion
on brainstem anatomy, three normal rats re-
ceived bilateral medulla injections of either 1 �l
of 50 U/ml penicillinase (P-ase) (n � 1; Sigma,
St. Louis, MO) or 1 �l of 50 U/ml protease-free
chABC (n � 2; Seikagaku America, Falmouth,
MA) and were killed 1 d later. There were no
obvious gross effects on brain tissue after either
injection. In animals receiving enzyme treat-
ments after SCI, the right medulla was exposed
immediately after the injury, and 1 �l of 50
U/ml P-ase (n � 5) or chABC (n � 6) was
injected at 0.5– 0.3 mm below the dorsal pial
surface and just lateral to the cuneate nucleus
(Fig. 1 B) using a mechanical microinjector
(Nanoject II; Drummond Scientific, Broomall,
PA). P-ase is an especially good control because
it is a bacterial-derived enzyme with a similar

molecular weight to chABC and it has been shown to have no effect on
CNS tissue (Moon et al., 2001; Bradbury et al., 2002; Pizzorusso et al.,
2002; Caggiano et al., 2005). One week after receiving SCI and enzyme
injection, the right brainstem of each rat was reexposed, and a second
injection of either P-ase or chABC was made as described above to fur-
ther digest any newly acquired CSPGs (Massey et al., 2005). To visualize
the central terminals of cutaneous right forepaw primary afferents, 2– 4
�l of 1% cholera toxin B subunit (CTB) (Sigma) was injected subcuta-
neously into the palmar side of each digit and into the glabrous footpad
(Onifer et al., 2005) at this time. One week later and, thus, 2 weeks after
the spinal cord injury, rats from both groups underwent terminal elec-
trophysiological evaluation and/or were killed for anatomical evaluation.
Sham control rats (n � 5) had their brainstems and spinal cords exposed
but did not receive a SCI or enzyme injections. They received CTB tracing
and then either underwent the terminal electrophysiological evaluation
or were killed for anatomy 1 week later.

Figure 1. Diagram summary of the experimental design. A, Normal forepaw primary afferents in the rat cuneate nuclei are
distributed in a somatotopic arrangement. B, To assess the effect of chABC digestion on collateral sprouting in the cuneate nuclei,
the dorsal columns were transected between the C6 and C7 root entry zones denervating all primary afferent input from digits 4
and 5 plus most of the input from digit 3. chABC was then injected adjacent to the ipsilateral cuneate nuclei. Microelectrode
receptive field mapping was used in combination with CTB injections into the palmar digits and footpads to demonstrate the
functional and anatomical distribution of forepaw primary afferent terminals. C, Image of the exposed brainstem showing the
dorsal surface of the dorsal column nuclei from a sham rat that underwent electrophysiological assessment. Electrode entry points
into the cuneate nuclei (CN) are marked by the black dots. GN, Gracile nucleus. D, Each electrode was coated with DiI (red), which
allowed anatomical localization of the recording penetrations in transverse sections labeled for cuneate nuclei neurons and
primary afferent anatomy by MAP2-IR (green) and CTB-IR (blue). E, Aggrecan-IR using the Cat-301 antibody labels perineuronal
nets and extracellular matrix in the normal cuneate nuclei. F, Using high-power confocal microscopy, CSPGs contained in the
perineuronal net labeled by WFA cytochemistry (red) form a lace-like cloak around NeuN-immunoreactive (green) cuneate nu-
clei neurons. Numbers 1–5 denote the normal locations of the digit terminal fields. Scale bars: C, 1 mm; D, 200 �m; E, 100 �m;
F, 10 �m.
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Microelectrode receptive field mapping of the cuneate nucleus. Four
P-ase-treated injured rats, four chABC-treated injured rats and 2 sham
control rats underwent microelectrode receptive field mapping. Animals
were anesthetized and then placed in a stereotaxic device (model 900;
David Kopf Instruments, Tujunga, CA), and subsequent injections of
anesthesia were given as needed approximately every 45– 60 min. Multi-
unit and occasional single-unit responses to cutaneous stimuli were re-
corded using a tungsten microelectrode (impedance of 6 – 8 M�; Fred-
erick Haer Company, Bowdoinham, ME) (Hubscher and Berkley, 1994).
To visualize the recording tracks, 3–5 ml of DiI (Invitrogen, Carlsbad,
CA) were applied to each electrode and allowed to dry overnight before
each experiment. Rows of recording tracks were made through the cu-
neate nucleus perpendicular to the pial surface. Each row was spaced 200
�m apart in the rostral-to-caudal plane. The recording track within each
row was separated by 100 –200 �m (Fig. 1C). The electrode track entry
points were marked on digital photos taken of the dorsal surface of each
exposed brainstem (Fig. 1C). The electrode was advanced in 50 �m in-
tervals using a hydraulic microdrive unit (Frederick Haer Company).
Low-threshold cutaneous stimuli were delivered to the ipsilateral fore-
paw and the entire body surface at each recording site, to identify the
complete extent of each receptive field, by light touch using either a small
brush or Semmes-Weinstein monofilaments (North Coast Medical,
Morgan Hill, CA). Responses to high-threshold stimuli (movement/joint
pressure) were distinguished from cutaneous stimuli and were not used
for subsequent quantification. Noxious stimuli were not used. The stim-
ulated areas of the body eliciting a response were recorded by a second
experimenter, and outlines were drawn onto scaled rat body maps. Each
rat was killed at the end of this procedure.

Histology. After an overdose of sodium pentobarbital (120 mg/kg, i.p.),
transcardiac perfusions of each rat were performed with oxygenated and
heparinized calcium-free Tyrode’s solution and then with 4% parafor-
maldehyde in 0.1 M phosphate buffer (PB), pH 7.4 (Onifer et al., 1993).
The cervical spinal cord and brainstem were removed and cryoprotected
in 30% sucrose/PB for 3– 4 d. The tissues from animals that underwent
electrophysiology or used for terminal field quantification were sec-
tioned in the transverse plane at 20 �m with a cryostat. Tissues from
normal animals used for visualization of perineuronal nets were sec-
tioned at 30 �m. All sections were then mounted onto charged micro-
scope slides and stored at �80°C. The spinal cord and brainstem sections
were incubated with primary antibodies diluted in Tris-buffered saline,
pH 7.4, containing 0.25% Triton X-100 (Sigma) and 5% normal donkey
serum (Jackson ImmunoResearch, West Grove, PA). A combination of
mouse anti-microtubule associated peptide 2a � 2b (MAP2) (1:200;
Sigma), neuron-specific nuclear protein (NeuN) (1:500; Chemicon, Te-
mecula, CA), and goat anti-CTB (1:1000; List Biological Laboratories,
Hornby, Ontario, Canada) were used to visualize the anatomical features
of the cuneate nucleus and to label CTB traced cutaneous forepaw pri-
mary afferents, respectively. We have shown that MAP2 immunoreactiv-
ity (IR) reliably labels both the borders and the anatomical architecture
of the normal and denervated adult rat cuneate nucleus (Massey et al.,
2003). To test the effectiveness of chABC treatment, brainstem sections
were processed for Wisteria floribunda agglutinin (WFA) cytochemistry
(as described by Bruckner et al., 1998) to see perineuronal nets or were
reacted with mouse antibodies that recognize C4 sulfated glycosamino-
glycan “stubs” (2B6; 1:200; Seikagaku America) (Bruckner et al., 1998),
full-length and N-terminal neurocan (1F6; 1:200; Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA) (Meyer-
Puttlitz et al., 1995), or CNS aggrecan (Cat-301; 1:200; Dr. Russell T.
Matthews, Yale University, New Haven, CT) (Matthews et al., 2002).
After incubation with the primary antibody mixture, the sections
were reacted with the appropriate species-specific donkey secondary
antibodies conjugated with fluorescein isothiocyanate, cyanine 3, or
7-amino-4-methyl-3-coumarinylacetic acid (Jackson ImmunoRe-
search). The sections were coverslipped and images were obtained
using a Nikon (Tokyo, Japan) Eclipse E400 microscope connected to
a SPOT Insight 3.2 color camera.

Quantification of CTB-labeled terminal fields. Using an Olympus Op-
tical (Melville, NY) 3 Laser Fluoview 500 scanning confocal microscope,
40� confocal images of the cuneate nuclei were obtained from serial

sections at 200 �m intervals beginning 300 �m caudal to the obex
(Maslany et al., 1992). Sections from these locations were chosen because
they were at the maximal distance (100 �m) identified to contain micro-
electrode recording tracks. Sections from each P-ase-treated (n � 5) or
chABC-treated (n � 6) injured rat were analyzed. The photomultiplier
settings were identical for each section. Each confocal image was then
given a code identifier and analyzed by a blinded experimenter using
Matlab (version 6.5; MathWorks, Natick, MA) and its corresponding
Image Processing Toolbox. A low-threshold criterion was selected to
remove background fluorescence and was applied in a nonbiased man-
ner to all images. All pixels above this value were counted, and their total
area was calculated. Mean values of the CTB-labeled terminal areas from
P-ase-treated rats (n � 5) and chABC-treated rats (n � 6) were com-
pared using the Student’s t test of the SPSS 13.0 and SigmaPlot 8.0 statis-
tical software (SPSS, Chicago, IL).

Receptive field reconstructions and quantification. The DiI-labeled elec-
trode tracks in the brainstems were identified, and images were captured
using the Nikon Eclipse E400 microscope connected to a SPOT Insight
3.2 color camera. The sections containing recording tracks were then
processed for MAP2- and CTB-IR. Locations of recording tracks were
matched to the digitized images of the DiI-labeled recording tracks. Only
recording tracks verified to be within the cuneate nucleus were used for
quantification. A total of 964 confirmed recording sites were obtained
from both the right and left cuneate nuclei of two sham rats (n � 492)
and from the right cuneate nuclei of both the P-ase-treated (n � 204) and
chABC-treated (n � 268) injured rats. The frequencies at which the
recording sites within the cuneate nuclei were responsive to stimulation
of the ipsilateral forepaw or other body surfaces or were unresponsive to
any stimuli were determined for each rat, and then a mean value was
generated for each group. These values were compared using one-way
ANOVA and Tukey’s post hoc pairwise comparisons. The frequency of
individual digit responses recorded from each rat was also averaged
among groups. These data were compared by two-way ANOVA and
Tukey’s post hoc pairwise comparisons. All statistical analyses were per-
formed using SPSS 13.0 and SigmaPlot 8.0 statistical software.

Results
Denervation of the adult rat cuneate nucleus by SCI (Fig. 1B)
results in a reactive gliosis and upregulation in associated CSPGs
(Massey et al., 2005). This, combined with the CSPGs normally
present in the perineuronal nets and extracellular matrix of the
adult cuneate nucleus (Fig. 1E,F), constitutes a potential barrier
to reactive collateral sprouting (Tropea et al., 2003).

chABC degrades glycosaminoglycan side chains in the
nucleus cuneatus
Cutaneous CTB injections into the forepaw digits and volar pads
of control rats resulted in labeled primary afferent terminals
within the cuneate nucleus (Onifer et al., 2005) that were distrib-
uted in a precise, somatotopic pattern as has been described pre-
viously (Maslany et al., 1991, 1992). These terminals associate
with dense clusters of recipient MAP2-immunoreactive cuneate
neuron dendrites (Fig. 1D) (Massey et al., 2003).

To confirm that chABC deglycosylates endogenous CSPGs,
normal rats were killed within 1 d of bilateral injections of either
P-ase or chABC into the caudal brainstem. Sections containing
the cuneate nuclei were processed for the intact glycosaminogly-
can side chains with WFA cytochemistry or immunodetection of
the 2B6 stub antigen. Structures throughout the dorsal column
nuclei and other areas of the brainstem in chABC-treated rats
were robustly labeled by the 2B6 antibody (Fig. 2A–C,E). A bor-
der between 2B6-IR and WFA-labeled areas of the brainstem
clearly demonstrated the extent of chABC digestion (Fig. 2E).
2B6-IR extended radially for �8 mm 3 from the point of injec-
tion. No 2B6-IR was observed in the brainstems of sham control
or P-ase-treated rats (Fig. 3B).
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Immunolabeling by antibodies to both neurocan (1F6) and
aggrecan (Cat301) was also reduced by chABC treatment in areas
lacking WFA labeling or densely labeled by 2B6-IR in adjacent
brainstem sections (Fig. 2F–J). Similar reductions in perineuro-
nal net CSPG staining have been reported previously after chABC
injections in the adult rat cortex (Bruckner et al., 1998; Piz-
zorusso et al., 2002) and cerebellum (Corvetti and Rossi, 2005),
and now we show this effect in the brainstem. The reason for, and
the physiological consequence of, the apparent loss of CSPG core

protein antigenicity after enzyme treat-
ment is unclear. Importantly, these results
do indicate that chABC administration is
effective at diminishing the potential in-
hibitory influence of CSPGs and their side
chains, known to be inhibitory to dorsal
root ganglion axon extension (Snow et al.,
1990).

We found a dramatic increase in CSPG
expression in the adult rat dorsal column
nuclei during the first 3 weeks after cervi-
cal SCI (Massey et al., 2005). Because of
this, a second injection of chABC or P-ase
was given 1 week after the spinal cord in-
juries. Examination of the brainstems
from these rats revealed the same pattern
of 2B6-IR observed in the acutely chABC-
treated normal rats (Fig. 3A). Thus, acute
chABC administration after SCI com-
bined with a second injection 1 week later
effectively modified CSPGs in the cuneate
nucleus.

chABC treatment promotes collateral
sprouting of remaining forepaw
primary afferent terminals
We reported previously that C4 spinal
cord dorsal column transection anatomi-
cally and electrophysiologically dener-
vates the cuneate nuclei (Onifer et al.,
2005). In pilot experiments, we deter-
mined that transecting dorsal root axons
just caudal to the C6 spinal cord level re-
sulted in a substantial decrease of CTB
traced fibers leaving labeled terminals pri-
marily in areas corresponding to digits 1
and 2 and a small portion of the dorsal
cuneate nucleus (our unpublished obser-
vations). In the P-ase-treated injured rats,
much of the CTB-immunoreactive traced
forepaw primary afferent terminals in the
cuneate nuclei were observed in the ex-
pected somatotopic locations of digits 1
and 2 (Fig. 4A,B). Occasionally, sparse
CTB-IR was also observed in the ventral
portion of the digit 3 representation and
along the dorsal edge of the cuneate nu-
cleus near the areas occupied by dorsal
digit afferents (Maslany et al., 1991). Only
very infrequently were sparse collections
of randomly distributed terminals ob-
served well outside their normal somato-
topic positions.

When the brainstems of chABC-
treated injured rats were examined, the CTB-immunoreactive
(323.73 � 69.53 �m 2) forepaw terminal area was significantly
greater compared with the P-ase-treated (165.41 � 67.63 �m 2;
Student’s t test, p � 0.01) injured rats (Fig. 4). Although some of
this difference could be attributed to a higher density of CTB-
immunoreactive terminals located within the proper terminal
fields of digits 1 and 2, much of the increased CTB-IR could be
seen in ectopic areas (i.e., those normally innervated by the other
digits and other forepaw and forelimb surfaces). In contrast to the

Figure 2. Sections through a normal rat brainstem demonstrating the effectiveness of chABC injections. chABC effectively
reduces glycosaminoglycans on CSPGs in the normal cuneate nucleus (CN) and nearby areas of the medulla after in vivo injections
into the caudal brainstem. WFA (green) and 2B6 (stub antibody, red) label complementary areas and demonstrate the extent of
chABC digestion of glycosaminoglycan moieties (A–E). Both aggrecan (Cat-301; red, F, H, I; compare with Fig. 1 E) and neurocan
(1F6; red, G, J ) core protein immunoreactivity was also reduced in areas heavily labeled by 2B6 immunoreactivity in adjacent
sections. At higher power, borders of glycosaminoglycan chain digestion (absence of green WFA staining) next to intact CSPGs
(presence of WFA green staining) shared similar borders with the reduction of CSPG core proteins (H, I ). The dotted white line
demonstrates the area of the cuneate nucleus (A, F, G). ECN, External cuneate nucleus; GN, gracile nucleus. Scale bar: A, B, F, G, 200
�m; C–E, H–J, 60 �m.
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CTB-immunoreactive terminals observed in sham and P-ase-
treated injured rats, divisions between adjacent digit terminal
zones were often less distinct, and the terminal fields in some rats
appeared to form a continuous band that extended along the
lateral edge, through adjacent digit representation areas and into
the dorsal portions of the cuneate nucleus (Fig. 4C,D). These
results indicate that chABC promotes sprouting of uninjured
forelimb primary afferents into denervated areas of the cuneate
nucleus after cervical SCI.

chABC treatment increases cuneate nuclei activation after
C6 –C7 SCI
Anatomical reconstruction of the microelectrode tracks through
the cuneate nuclei of the sham control rats revealed an orderly
somatotopic progression of receptive fields over the surfaces of
the ipsilateral forepaw, arm and trunk, and neck (Fig. 5A,B). In
all sites confirmed to be located within the cuneate nucleus, low
levels of synchronous background activity were observed. Shifts
in the frequency of these spontaneous bursts changed with move-
ments of as little as 50 �m in electrode position and were often
accompanied by shifts in receptive fields. Multiunit and occa-
sional single-unit responses to low-threshold stimuli could be
clearly distinguished in most of the cuneate nucleus and were

often more than three times background. Large continuous re-
ceptive fields extending from the midshoulder to midthoracic
areas of the trunk were observed in recording tracks through the
dorsomedial portion of the cuneate nucleus (Fig. 5B). Recording
tracks matched to areas densely labeled by CTB tracing of the
forepaw revealed responses to areas of the digits and forepaw
surface that generally corresponded to the appropriate anatomi-
cal locations (Fig. 5A,B). In rare instances, cells that only re-
sponded to deep stimuli or to directionally dependent stimuli
were also observed. Portions of electrode tracks matched to areas
of the external cuneate were often only responsive to movement.
Only responses to cutaneous stimuli were quantified. Quantita-
tive analysis revealed no difference in the frequency of digit re-
ceptive fields between digits in the sham control rats (Fig. 6C).
Few recording sites were encountered in which no receptive fields
could be mapped (Fig. 6B).

A much more limited set of receptive fields was encountered
in injured rats receiving P-ase injections. In recording tracks
through the areas of the medial-to-lateral portion of the cuneate
nucleus, which in sham control rats contained large receptive
fields of the shoulder and midthoracic trunk, only responses to
the ipsilateral shoulder could be evoked (Fig. 5C,D). Further-
more, progressions of receptive fields across the digits were no
longer observed at recording sites matched to areas normally
highly responsive to stimulation of the forepaw. Instead, the re-
ceptive fields were restricted to the surfaces of digits 1 and 2 and,
infrequently, to a small portion of digit 3 (Figs. 5D, 6C). These
sites could often be matched to digits 1, 2, and 3 areas labeled by
CTB-immunoreactive terminals (Fig. 5C). Receptive fields
mapped to the rest of the forepaw and forearm were similarly
constrained and did not progress caudal to the dermatomes con-

Figure 3. After a C6 –C7 SCI and two injections of either chABC (A) or P-ase (B; at the time of
cord injury and 1 week later), evidence of enzyme digestion demonstrated by 2B6-
immunoreactive labeling of C4 sulfated glycosaminoglycan “stubs” similar to that seen in nor-
mal rats (see Fig. 2) was observed in chABC-treated (A) but not in P-ase-treated (B) injured rats.
CN, Cuneate nucleus; GN, gracile nucleus. Scale bar, 200 �m.

Figure 4. Representative confocal images of CTB traced forepaw primary afferent terminal
fields in the cuneate nuclei of two P-ase-treated or two chABC-treated rats after C6 –C7 spinal
cord injuries (A–D). The CTB-IR remaining in the P-ase-treated rats was primarily confined to
the normal somatotopic locations of digits 1 and 2 (A, B). This coincided with the receptive fields
observed in rats that underwent electrophysiological assessment (see Figs. 5, 6). In chABC-
treated injured rats, the CTB-IR was significantly more extensive than that observed in injured
rats treated with P-ase (E), spreading throughout adjacent digit locations and often well into
the dorsalmost surface of the cuneate nuclei (C, D). Numbers 1–5 denote the normal locations
of the digit terminal fields. Scale bar, 50 �m.
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tinuous with digit 3. There was a significant reduction (one-way
ANOVA, p � 0.001; post hoc Tukey’s test, p � 0.001) in the
frequency of recording sites responding to forepaw stimulation
(46.3 � 3.3%) compared with the sham control rats (81.0 �
8.3%) (Fig. 6A). Likewise, there was a significant increase (one-
way ANOVA, p � 0.001; post hoc Tukey’s test, p � 0.001) in the
frequency of recording sites not responsive to any stimulus (P-
ase, 36.2 � 8.6%; sham, 5.6 � 1.2%) (Fig. 6B). Collectively, these
results demonstrate that the C6–C7 SCI significantly denervated
the cuneate nucleus of functional primary afferent input from both
the ipsilateral forepaw and other areas of the upper body.

The forepaw receptive fields encountered in injured rats that
received chABC treatment were also restricted to the surfaces on

and around digits 1, 2, and a small portion of digit 3 (Figs. 5E,F,
6C). However, quite unlike the P-ase control animals (46.3 �
3.3%), responses to forepaw stimulation in chABC-treated SCI rats
were encountered with significantly greater frequency (74.5 � 4.8%;
post hoc Tukey’s test, p � 0.001) (Fig. 6A). As was the case with the
sham and P-ase-treated SCI rats, the recording sites responsive to
digit and forepaw stimulation were often near areas dense with CTB-
immunoreactive terminals (Fig. 5E). Much of the difference could
be attributed to a significant expansion of digit 2 receptive fields
throughout the cuneate nucleus (two-way ANOVA, p � 0.001; post
hoc Tukey’s test, p � 0.001) (Fig. 6C). Additionally, a significant
( post hoc Tukey’s test, p � 0.05) reduction in the number of unre-
sponsive recording sites was observed in the chABC-treated rats

Figure 5. Images of representative sections through the cuneate nuclei and their matching receptive field maps from sham (A, B), P-ase-treated (C, D) or chABC-treated (E, F ) rats. MAP2-IR
(green) and CTB-IR (blue) demonstrate the anatomical features and traced terminal field locations in relationship to the recording site locations observed along the microelectrode trajectory. Activity
elicited by stimulation to the ipsilateral body surfaces revealed an orderly progression of receptive fields (black) dominated by areas around each of the digits and forepaw in the non-injured rats (B).
After the C6 –C7 spinal cord injury, the receptive fields were limited primarily to the digits 1 and 2 in both the P-ase-treated (D) and chABC-treated (F ) injured rats. However, in the chABC-treated
injured rats, these receptive fields were far more common (see Fig. 6) and could be mapped well into ectopic locations in the cuneate nucleus often located adjacent to areas of CTB-IR (E, F ). Silent
areas (*), in which no activity could be elicited by stimulation to any body surface, were seen in both groups of injured rats but were far more common in the P-ase-treated rats (D, F; see Fig. 6 B).
Numbers 1–5 denote the normal locations of the digit terminal fields. Scale bar, 100 �m.
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(19.1 � 7.5%) compared with the P-ase-treated rats (36.2 � 8.6%)
(Fig. 6B). Collectively, these results demonstrate that chABC treat-
ment facilitated the spreading of receptive field territories from the
uninjured primary afferents and suggest that the increase of CTB
forepaw primary afferent terminals in the cuneate nucleus after
chABC treatment reflects a functional expansion of their territories.

Discussion
We investigated whether chABC applied to the partially dener-
vated adult rat cuneate nucleus reduced inhibition by CSPGs in
the perineuronal net and promoted sprouting of the remaining
forelimb primary afferents. Here we report that chABC, but not
P-ase, treatment effectively (1) reduced CSPGs within and sur-
rounding the parenchyma of the cuneate nucleus, (2) resulted in
a significantly increased area within nucleus cuneatus that was
occupied by the remaining forepaw primary afferents, and (3)
produced a significantly increased number of neurons within the
cuneate nucleus that responded physiologically to the remaining
afferents. We conclude from these results that reducing CSPG-
mediated inhibition within the cuneate nucleus markedly en-

hances functional sprouting by spared primary afferents after
cervical spinal cord dorsal column injury.

Could the anatomical and functional plasticity induced by
chABC be the result of lesion variability?
In our model, lesion variability would have been manifested ei-
ther by a cut that failed to transect the entire depth of the cuneate

fasciculus or a lesion complete in depth but in the wrong location.
Both of these scenarios would have produced obvious discontin-
uous patterns of CTB-immunoreactive terminals in the cuneate
nucleus and/or discontinuous receptive fields in these animals.
These contentions are supported by the findings in one rat in
which inspections of spinal cord sections revealed a C6 –C7 spinal
cord lesion that did not completely transect the cuneate fascicu-
lus. The pattern of CTB-IR in the cuneate nucleus was unique to
this rat, and the animal was subsequently removed from the
study. Furthermore, most of the increase in receptive field re-
sponses observed in the chABC-treated injured rats was from
digit 2, and there was no significant difference between the re-
sponses observed from the little remaining input of digit 3 in the
P-ase-treated and the chABC-treated injured rats included in the
study. Additionally, no responses to receptive fields of der-
matomes supplied by dorsal roots entering the spinal cord caudal
to C6 were observed in any of the rats studied. Had the increase in
receptive field responses observed in the chABC-treated injured
rats been attributable to lesion variability, we would have ex-
pected to see significant increases in the size or frequency of the
digit 3 receptive fields or the presence of isolated and novel re-
ceptive fields from remaining digits or from other body surfaces
caudal to those found in the P-ase-treated injured rats.

Effect of CSPGs and chABC on plasticity
The precise role of matrix CSPGs in the regulation of plasticity
and synapse formation is poorly understood (Steindler, 1993;
Rhodes and Fawcett, 2004; Sandvig et al., 2004; Silver and Miller,
2004). The observations that CSPGs increase in areas of decreas-
ing plasticity during development (Kalb and Hockfield, 1990a,b;
Lander et al., 1997; Pizzorusso et al., 2002) and that their removal
reactivates plasticity (Pizzorusso et al., 2002; Corvetti and Rossi,
2005) suggests an important contribution. It is likely that much
of the matrix CSPG influence in the perineuronal net is attribut-
able to its inhibition of terminal axonal outgrowth. Application
of chABC has been demonstrated to reduce CSPG-related inhi-
bition and facilitate axon regeneration in the injured spinal cord
(Bradbury at al, 2002; Yick et al., 2003), through the dorsal root
entry zone (Steinmetz et al., 2005), into peripheral nerve grafts
(Yick et al., 2000), and through Schwann cell seeded channels and
grafts (Chau et al., 2004; Fouad et al., 2005). Axon regeneration
and sprouting into denervated areas of the striatum (Moon et al.,
2001) and the superior colliculus (Tropea et al., 2003) were sim-
ilarly facilitated by chABC application. Importantly, in several of
the ChABC treatment studies, apparent synapse formation (Tro-
pea et al., 2003; Steinmetz et al., 2005) and/or improved function
were reported (Bradbury et al., 2002; Caggiano et al., 2005; Stein-
metz et al., 2005). Our findings suggest that new synaptic contacts
are made by sprouting forepaw primary afferents in the partially
denervated cuneate nucleus after removal of extracellular matrix
CSPGs. These results demonstrate, for the first time, a functional
change directly linked to anatomical evidence of sprouting by
spinal cord primary afferents after chABC treatment.

It has been hypothesized that perineuronal net CSPGs form a
barrier between advancing axons and potential postsynaptic tar-

Figure 6. Quantification of receptive field frequencies from sham, P-ase-treated, and
chABC-treated rats. The frequency of cuneate neuron activation in response to forepaw stimu-
lation in the chABC-treated rats was significantly greater than that observed in P-ase-treated
rats after C6 –C7 SCI (A). Additionally, there was a significant reduction in the number of re-
cording sites in chABC-treated injured rats that could not be activated by any body surface when
compared with P-ase-treated injured rats (B). Digits 1 and 2 receptive field frequencies were
significantly increased in the chABC-treated injured rats but not in the P-ase-treated injured rats
demonstrating that the expansion of territories from the primary afferents originating from
these areas of the forepaw were responsible for much of the increases in cuneate activation (C).
Data considered for statistical comparisons are shown by brackets: *p � 0.05; ***p � 0.001.
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gets (Yamaguchi, 2000). The first stages of synapse formation
partially depend on the trafficking of secreted factors and inter-
actions between adhesion molecules expressed on the surfaces of
both presynaptic and postsynaptic membranes (Matus et al.,
2000; Cohen-Cory, 2002; Vicario-Abejon et al., 2002). It is
known that CSPGs can interfere with adhesive interactions and
that such interruptions of ligand binding can be reduced by
chABC digestion (Grumet et al., 1996; Milev et al., 1996). Addi-
tionally, it is likely that the highly charged glycosaminoglycan
side chains interfere with diffusion of molecules secreted by both
axons and dendrites (Gruskin et al., 2003). Some of the effects of
chABC might be to increase interactions between surface pro-
teins on the sprouting axons and open/vacant synaptic sites,
thereby increasing the likelihood of synapse formation.

What are the precise cellular mechanisms that control and
direct the axon terminal as it shifts positions once the perineuro-
nal net is degraded? Although this remains a mystery in the CNS,
observations on plastic changes at the neuromuscular junction
suggest that the glia may play a role. It has been demonstrated
that reinnervating motor axon terminals are guided to their tar-
gets by bridges of growth-promoting extracellular matrix found
along the tips of Schwann cell processes that lead the advance of
the axon (Ko and Chen, 1996). Similar interactions between as-
trocytes and the CNS extracellular matrix during synapse forma-
tion have also been suggested (Slezak and Pfrieger, 2003; Allen
and Barres 2005). For instance, it is known that both throm-
bospondins 1 and 2, large glycoproteins produced by astrocytes
that increase synapse formation (Christopherson et al., 2005),
contain CSPG binding sites (Ehlers, 2005). The removal of
CSPGs by chABC, in addition to freeing the axon from its co-
coon, may also release the glia from theirs, thereby facilitating the
synapse-promoting actions of the growth-promoting molecules
that they also make.

Other mechanisms unrelated to overt sprouting or synapse
formation but more to do with the efficacy or regulation of syn-
aptic transmission may also be involved in the functional im-
provement observed after incomplete injuries. Partial removal of
input into the cuneate nucleus results in reductions of lateral
inhibition and subsequent increases of receptive fields from the
intact inputs (Xu and Wall, 1996; Schwark et al., 1999). In our
experiments, this may have contributed to the small but insignif-
icant increase in the extent of the remaining receptive fields in the
P-ase-treated SCI rats. Furthermore, it has been shown in pri-
mate studies that previously nonfunctional axons poorly identi-
fied by CTB tracing are unmasked and contribute to injury-
induced plasticity by increasing both their conductivity and their
terminal fields (Darian-Smith, 2004). In these studies, this pro-
cess took many months. Whether chABC treatment could have
potentiated these other types of plastic phenomena or awakened
silent synapses is unknown, but such underappreciated potential
effects of chABC cannot be excluded using the currently available
methods.

Does collateral sprouting improve forelimb function?
In our experiments, wide areas of the once denervated cuneate
nucleus were reactivated by primary afferents from restricted
portions of the forepaw (digits 1 and 2). It is difficult to predict
whether this maladjustment of the normal somatotopic map can
promote improved forelimb function. In primates, relatively
smaller ectopic distributions of remaining forelimb afferents in
the cuneate nuclei are seen after very long periods of recovery
after denervating injuries (Darian-Smith, 2004). It was demon-
strated that these animals learn to adapt newly emerging sensory

receptive fields to guide fine forelimb and digit movements re-
quiring significant dexterity (Darian-Smith and Ciferri, 2005).
Because rodents possess more limited forepaw acuity than that
observed in primates, devising a method that reliably detects the
effect of chABC on forepaw function will be challenging and the
subject of future investigations.

Conclusion
Meaningful repair of axonal pathways after traumatic CNS injury
is likely to involve the implementation of combined strategies. It
has been demonstrated that the effects of chABC treatment on
target reinnervation and sprouting are augmented by neurotro-
phins (Tropea et al., 2003) or when used with other strategies that
increase the intrinsic regenerative capacity of injured axons
(Steinmetz et al., 2005). Additional increases in synaptic plasticity
might be seen by combining chABC with other approaches that
increase regeneration and synapse formation. For example, treat-
ments that relieve the axon of its envelope of growth inhibition
brought about by myelin also lead to axonal sprouting, but here
the typical response appears to be more far ranging than after
chABC administration (Buffo et al., 2000, Li et al., 2004; Corvetti
and Rossi, 2005). The combined use of altering myelin inhibitors
or manipulation of the cAMP pathway (Filbin, 2003) may in-
crease the synaptic plasticity observed after application of chABC.
These combined approaches applied at target sites during axon
regeneration or when used together with rehabilitative strategies
designed to increase CNS reorganization (Edgerton et al., 2004)
could result in improved functional recovery.
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