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A Novel DNA Enzyme Reduces Glycosaminoglycan Chains in
the Glial Scar and Allows Microtransplanted Dorsal Root
Ganglia Axons to Regenerate beyond Lesions in the Spinal Cord

Barbara Grimpe and Jerry Silver
Case Western Reserve University, School of Medicine, Department of Neurosciences, Cleveland, Ohio 44106

CNS lesions induce production of ECM molecules that inhibit axon regeneration. One major inhibitory family is the chondroitin sulfate
proteoglycans (CSPGs). Reduction of their glycosaminoglycan (GAG) chains with chondroitinase ABC leads to increased axon regener-
ation that does not extend well past the lesion. Chondroitinase ABC, however, is unable to completely digest the GAG chains from the
protein core, leaving an inhibitory “stub” carbohydrate behind. We used a newly designed DNA enzyme, which targets the mRNA of a
critical enzyme that initiates glycosylation of the protein backbone of PGs, xylosyltransferase-1. DNA enzyme administration to TGF-�-
stimulated astrocytes in culture reduced specific GAG chains. The same DNA enzyme applied to the injured spinal cord led to a strong
reduction of the GAG chains in the lesion penumbra and allowed axons to regenerate around the core of the lesion. Our experiments
demonstrate the critical role of PGs, and particularly those in the penumbra, in causing regeneration failure in the adult spinal cord.
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Introduction
After many different types of injuries to the brain and spinal cord
that open the blood– brain barrier (Fitch et al., 1999), reactive
astrocytes (Menet et al., 2003) and other non-neuronal cells
(Chen et al., 2002; Jones et al., 2002; Pasterkamp et al., 1999)
produce various growth inhibitory molecules. Chemorepulsive
keratan sulfate proteoglycans (Jones and Tuszynski, 2002) sema-
phorin 3A (Song et al., 1998), ephrins such as EphB2 (Bundesen
et al., 2003), and slit (Brose et al., 1999) are largely confined to the
lesion core. In the lesion penumbra where mesenchymal ele-
ments are lacking, various inhibitory chondroitin sulfate proteo-
glycans (CSPGs) are most prevalent (Snow et al., 1990; McKeon
et al., 1995; Davies et al., 1999). All of these inhibitory molecules,
in concert, are believed to constitute an impenetrable barrier to
the passage of severed axons either through or around CNS le-
sions. The enzymatic digestion of just one of these components,
the inhibitory glycosaminoglycan (GAG) chains of extracellular
matrix PGs (McKeon et al., 1995; Bradbury et al., 2002; Piz-
zorusso et al., 2002; Tropea et al., 2003), is one of several key
strategies that can be used to increase regeneration or sprouting
of axons.

The primary enzyme that has shown efficacy in decreasing

PG-mediated inhibition is bacterial chondroitinase ABC that
cleaves the GAG side chains on CS-containing PGs (Bradbury et
al., 2002). The use of chondroitinase ABC, however, has one
major disadvantage, which is its inability to completely digest the
GAG chains from the protein core. The incomplete cleavage
leaves the so-called carbohydrate “stubs” behind (Caterson et al.,
1985). These undigested side-chain segments, although less po-
tently inhibitory than the complete GAG, nonetheless can reduce
the capacity of axons to regenerate (Lemons et al., 2004). There-
fore, an improved reagent might be one that has the ability to
more completely interrupt glycosylation of the PG core protein.
Targeted disruption of the enzymes that assemble the GAG
chains to the protein core is one potential solution to this prob-
lem. In this paper we show that local administration of a DNA
enzyme against the GAG-chain initiating enzyme, xylosyl-
transferase-1 (XT-1) (Goetting et al., 2000), can greatly reduce
the presence of GAG chains, which normally create an inhibitory
penumbra around the epicenter of spinal cord stab lesions. The
reduction of fully glycosylated PGs allows for the regeneration of
microtransplanted adult sensory axons around and well past the
central core in our lesion model.

Materials and Methods
Preparation of primary astrocyte cultures. Astrocytes were prepared from
cerebral cortices of newborn Sprague Dawley rats and cultured for 14 d in
DMEM-F12 (Invitrogen, Gaithersburg, MD). The astrocytes were stim-
ulated with TGF-� (Sigma, St. Louis, MO) at a concentration of 2 ng/�l
to increase CSPG expression (Asher et al., 2000). Some cultures were also
treated with 8 �M DNA enzyme or control DNA enzyme (DNA mb) for
2 d followed by fixing and immunostaining.

Immunohistochemistry: CSPG, green fluorescent protein, and GFAP.
The primary astrocyte cultures were fixed, and the spinal cords were
perfused with 4% paraformaldehyde (PFA). The cultures and horizontal
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vibratome sections through the cord (70 �m) were incubated at 37°C for
30 min followed by rinsing in PBS followed by incubation with the first
antibody, the mouse monoclonal CS-56 IgM antibody (1:200; Sigma),
polyclonal rabbit anti-green fluorescent protein (GFP) antibody (1:1000;
Molecular Probes, Eugene, OR), or an antibody against mouse GFAP
(1:500; Sigma) with 5% normal goat serum (Invitrogen) diluted in PBS
and 0.1% bovine serum albumin (Sigma) overnight at 4°C on a shaker.
The coverslips or cord sections were rinsed again in PBS and incubated
on a shaker for 2 hr at room temperature with the second antibody, a
biotin-labeled goat anti-mouse IgM (1:200; Chemicon, Temecula, CA).
This was followed by rinsing the coverslips or sections in PBS and incu-
bation for 2 hr at room temperature with Texas Red-labeled streptavidin
(1:200; Molecular Probes) or an Alexa 488-labeled goat anti-rabbit or
anti-mouse IgG (1:500; Molecular Probes) for the cord sections. For the
primary astrocytes, Oregon Green-labeled streptavidin (1:200; Molecu-
lar Probes) was used. The tissues or cultures were then rinsed and
mounted in Citifluor (Ted Pella).

To quantify the decrease in GAG staining after DNA enzyme treat-
ment against XT-1 compared with mixed base-treated astrocyte cultures,
five coverslips of each group were stained with the CS-56 antibody. The
center of each coverslip was chosen grossly without first looking through
the microscope objective. All fields chosen in this “blind” manner were
photographed under identical conditions, and their pixel intensities were
measured, averaged, and compared by Tina 2.09 (Raytest). For the sta-
tistical evaluation, the ANOVA t test was used.

Dot blot. Six wells of astrocytes for each group [DNA enzyme treated
and control (mb) DNA enzyme treated; each 8 �M] were collected and
treated in the same manner as described in Grimpe et al. (2002). Equal
amounts of protein, measured by the bicinchoninic acid assay (Pierce,
Rockford, IL), were diluted in Tris-buffered saline (TBS) at a concentra-
tion of 1:100, and 200 �l were loaded in the dot blot apparatus (Bio-Rad,
Hercules, CA) on a nitrocellulose membrane (Bio-Rad) in a triple exper-
iment. The membrane was incubated with the CS-56 antibody (1:500)
overnight at 4°C and stained with the second antibody conjugated with
horseradish peroxidase (HRP) (1:1000; Chemicon). This step was fol-
lowed by an ECL reaction (Amersham Biosciences, Arlington Heights,
IL). The reaction was terminated and the dot blot was developed on
Hyperfilm (Amersham) after 1 min. The film was quantified by Aida
v3.21 (Raytest). For further evaluation, Excel (Microsoft) was used. The
dot blot was reused by incubation in stripping buffer (100 mM DTT, 2%
SDS, 62.5 mM Tris-HCl, pH 6.7) at 50°C two times for 30 min, reblocked,
and restained with a polyclonal rabbit anti-GFAP antibody (Accurate) in
a 1:1000 dilution overnight at 4°C on a shaker. The next day the blot was
rinsed three times in TBS-T (T � Tween at 0.05%) and incubated with
the second HRP-conjugated antibody in a 1:1000 dilution for 2 hr at
room temperature. This was followed by rinsing the dot blot three times
for 30 min in TBS-T. For statistical evaluation we used the ANOVA t test.

Design and biotinylation of the DNA enzyme against XT-1. The DNA
enzyme was designed as end-capped phosphorothioated oligodeoxyri-
bonucleotides (ODN-PSs) with two nucleotides on each end. They were
obtained from MWG Biotech. The sequence corresponded to the 3� end
of the xylosyltransferase-1 mRNA sequence (accession no. RNO295748)
(Goetting et al., 2000) and included the following nucleotides: DNAXT-
1as2: TGG GGG GAC TTG GGC TAG CTA CAA CGA GAC CTT G;
control DNAXT-1mb2: ACG AGT CAG GAA CAT CGA TCG GGA AGT
CCC ATG C. The DNA enzyme has no homology to other mammalian
sequences registered in the GenBank databases of the National Institutes
of Health (Altschult et al., 1997). For the catalytic digestion of the tar-
geted mRNA, the DNA enzyme contained a loop structure (Santoro and
Joyce, 1997). The control DNA enzyme was designed not to bind to any
mRNA and serves as a control for the presence of exogenous single-
stranded DNA in a cell. The DNA enzyme was biotinylated at the 3� end
by MWG Biotech. Labeled DNA enzyme diffusion was evaluated in a
separate group of three lesioned animals. After 7 d, spinal cord sections
were stained with streptavidin-labeled Texas Red (1:200; Molecular
Probes) overnight on a shaker followed by rinsing in PBS and mounting
in Citifluor (Ted Pella). Evaluation of enzyme diffusion in the spinal cord
tissue was measured on an Orthoplan 2 (Leitz) microscope. The same

biotinylated DNA enzyme was used in our astrocyte cultures to monitor
DNA enzyme uptake. The cultures were processed as described above.

Microtransplantation of dorsal root ganglia into the spinal cord. The
adult dorsal root ganglia (DRG) were harvested from 2-month-old mice
that expressed GFP under the control of the �-actin promoter (Okabe et
al., 1997) using the technique described by Davies et al. (1999). Briefly,
the dorsal columns of the spinal cord were exposed between the C4 and
C5 vertebrae, and a small incision was made in the dura. A glass capillary
with an outer diameter of �70 –90 �m was inserted 1 mm into the
fasciculus gracilis and via a Picospritzer (General Valve, Fairfield, NJ);
�1 � 10 3 DRG in 0.5– 0.9 �l of buffer was slowly injected. A dual-stab
lesion was placed between the C5 and C6 vertebrae by inserting a 25
gauge needle two times into fasciculus gracilis and two times into fascic-
ulus cuneatus �1 mm deep. Additionally, an intrathecal catheter (PE 10;
Becton Dickinson, Sparks, MD) was placed 1.9 cm into the subarachnoi-
dal space of the spinal cord via the alanto-occipital membrane. The tub-
ing was filled with the DNA enzyme against the XT-1 or control DNA
enzyme and connected to an osmotic minipump via PE 60 tubing. The
pumping rate was 0.5 �l/hr with a concentration of the DNA enzyme at
10 �g/�l over a period of 7 d. After that time the animals were killed and
perfused with 4% PFA, and the spinal cords were embedded into 5%
agarose/5% gelatin.

Quantification of axon regeneration: numbers of animals. In total, we
used 18 DNA enzyme-treated, 6 control (mb) DNA enzyme-treated, and
12 untreated animals for our experiments. Because of variability in place-
ment (p) of the cannula tip and successful engraftment and axonal re-
generation of the DRG neurons (r), for quantification we selected only
those animals in which the tubing was correctly positioned and regener-
ation of any axons to the vicinity of the lesion was achieved (see Fig. 2).
This left a total of 6 DNA-enzyme treated (excluding 12 of 18 –3p/r, -6p,
-3r), 3 control (mb) DNA enzyme-treated animals (excluding 3 of 6 –2p,
-1r), and 6 untreated (excluding 6 of 12– 6r) for our quantification.

For the quantification shown in Figure 2 and because the great number
of sections exceeded our capacity for reconstructive confocal microscopy
(�9 lengthy sections per animal), the number of discrete GFP� axon
fragments in each spinal cord section of all 12 experimental animals (6
DNA enzyme-treated and 6 untreated animals) was documented with
the use of a Leica Orthoplan 2 microscope. An “axon fragment” was
defined as any discrete piece of an axon that was stained continuously
throughout the focal plane of the section. We examined an area that
spanned a distance of 1 mm rostral and 2 mm caudal to the center of the
lesion.

RNA isolation and PCR. Twenty-four wells, each with 100,000 stimu-
lated astrocytes, were treated for 3 d with the DNA enzyme against XT-1
at a concentration of 8 �M. The same number of wells was used for the
untreated group. Additionally, crush-lesioned spinal cords were treated
for 3 d with the DNA enzyme and control (mb) DNA enzyme, and the

Table 1. PCR conditions for XT-1, GAPDH, and cyclophilin

Name Sequence
Length of
end product Reference

XT-1 XT1s1 316 bp Goetting et al. (2000)
5�-CTTCATCCGCCTGGGTCTTCG-3�
XT1as1
5�-GTAGTGTGTGAATTCCGCAGTGG-3�
nested XT1s2
5�-GGGCTGAGTCATCGCTACACACG-3�
nested XT1as2
5�-CGATGACATTGACAGGATCCACC-3�

GAPDH GAPDHs 78 bp Tajima et al. (1999)
5�-GAACATCATCCCTGCATACA-3�
GAPDHas
5�-CCAGTGAGC TTCCCGTTCA-3�

Cyclophilin cyclo as 65 bp Danielson et al. (1988)
5�-TGTGCCAGGGTGGTGACTT-3�
cyclo as
5�-TTTCTCTCCGTAGATGGACTT-3�
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lesion site was punched out with a 3 mm diameter Uni-Punch (Premier
Medical Products). The astrocytes as well as the spinal cord tissues were
lysed and homogenized in Trizol (Invitrogen). Total RNA was prepared
according to the supplier’s protocol. Two micrograms of total astrocyte
RNA and 0.6 �g of total spinal cord RNA were reverse transcribed into
cDNA (Table 1) using the GenAmp RNA PCR Core Kit (PerkinElmer
Life Sciences, Emeryville, CA) in accordance with the manufacturer’s

instructions. All RT-PCRs were analyzed on
1.0% agarose gels, stained with ethidium bro-
mide, and photographed with a Polaroid cam-
era (Kodak,Rochester, NY).

Southern blot analysis. The oligodeoxynucle-
otide XT-1 Southern blot probe (5�-CTG ACC
GAT TCC AGG GCT TTC TGA TCA AGC
ACC ATG TGA C-3�) (Goetting et al., 2000)
was obtained from MWG Biotech. This oli-
godeoxynucleotide probe was digoxigenin la-
beled according to the manufacture’s protocol
(Boehringer Mannheim, Indianapolis, IN). The
PCR products were electrophoretically sepa-
rated on a 1.0% agarose gel. The gel was dena-
tured for 15 min in 3 M NaCl, 0.4 M NaOH
followed by a 15 min incubation in transfer so-
lution (3 M NaCl, 8 mM NaOH) and blotted
onto Hybond N� (Amersham Biosciences) as
described previously (Sambrook et al., 1989).
The following day the membrane was blocked
and treated according to Engler-Blum et al.
(1993). As a detection reagent, CDP-Star
(Boehringer Mannheim) was used. The blots
were exposed to Amersham Biosciences Hyper-
film for 1–2 sec for the astrocyte preparation
and 10 sec for the spinal cord preparation.

Results
To investigate the functionality of our
DNA enzyme against rat XT-1 and a non-
functional control (mb) DNA enzyme, we
used TGF-� to stimulate PG upregulation
in reactive astrocytes (Asher et al., 2000).
We observed after staining for extracellu-
lar PGs (i.e., no Triton added) with the
CS-56 antibody, which recognizes the
GAG chains on CSPGs, a 2.6-fold ( p �
0.0088; see Materials and Methods for de-
tails) decrease in staining intensity in the
DNA enzyme-treated cultures versus con-
trols (Fig. 1A–C). With the use of a biotin-
labeled DNA enzyme, we were able to
monitor enzyme uptake within the glia
(Fig. 1D). In a nested RT-PCR experiment
we show that the mRNA of XT-1 in DNA
enzyme-treated astrocyte cultures is
strongly reduced compared with un-
treated cultures (Fig. 1E). To confirm the
specificity of our DNA enzyme, an RT-
PCR of the aforementioned mRNA for
glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and cyclophilin was per-
formed that showed equal amounts of the
mRNAs for these “housekeeping” genes
(Fig. 1F). A dot-blot experiment with the
CS-56 antibody showed a DNA enzyme-
mediated reduction in the GAG chains of
PGs (Fig. 1G). This reduction was 1.5-fold
( p � 0.005) compared with control DNA

enzyme-treated astrocyte cultures. To document that equal amounts
of total protein were loaded, the nitrocellulose membrane was
stripped and restained with an anti-GFAP antibody, which resulted
in comparable staining (Fig. 1H). The reason for the inability to see
more complete reduction of the PG level in the dot-blot assay is likely
attributable to the fact that the astrocytes accumulated intracellular

Figure 2. The histogram shows the numbers of microtransplanted DRG axon fragments proximal and distal to the lesion in DNA
enzyme-treated and untreated spinal cords.

Figure 1. Confocal photomicrographs of TGF-�-stimulated primary astrocyte cultures treated with the DNA enzyme ( A) or
control DNA enzyme ( B) or left untreated ( C) and stained with the CS-56 antibody. Uptake of the biotin–streptavidin-labeled DNA
enzyme can be seen in the astrocytes ( D). Scale bars, 10 �m. E, F, RT-PCR–Southern blot of primary astrocyte cultures for XT-1 ( E)
and RT-PCR for GAPDH and cyclophilin ( F) of the same mRNA. G, Dot blot of primary astrocyte cultures treated with the DNA
enzyme or control DNA enzyme and stained with the CS-56 antibody. H, Restaining of the same dot blot with GFAP. I, RT-PCR–
Southern blot for the XT-1 in a DNA enzyme- and control DNA enzyme-treated spinal cord.
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PGs before the treatment started and these were released along with
extracellular PGs during the dot-blot procedure.

Microtransplantation techniques, which allow for an unam-
biguous identification of regenerating adult axons even within an
incompletely lesioned white matter tract, have demonstrated the
critical role of the lesion environment in regeneration failure
(Davies et al., 1999). We repeated these experiments, and, addi-
tionally, the lesion was treated via infusion of the DNA enzyme at
a concentration that was 117 times higher at the cannula tip than
the concentration that was used in vitro. One group of control
animals was treated with the control DNA enzyme and another
control group was untreated. After 7 d the animals were killed,
and spinal cord sections were stained for PGs with the CS-56
antibody as well as GFP to visualize the transplanted DRGs and
their regenerating axons (see Fig. 3A,B). In both control groups,
the rapidly regenerating axons failed to navigate beyond the con-
fines of the lesion. Once they approached the lesion penumbra,
which contains the lowest concentration of PGs (Fig. 3B), axons
seemed trapped and were rarely able to leave this territory.
Rather, just as axons behave in a PG step gradient in vitro (Snow
and Letourneau, 1992), they preferred a path up the increasing
concentration gradient of inhibitory matrix that brought them
deeper into the lesion. Because the trajectory of the growth cone
is documented by the shape of the axon, one gets the impression
that fibers within the lesion environment have the capacity to
struggle for a time, growing in contorted paths that end inevitably
in the formation of dystrophic clubs (Fig. 3B,B�). In the six un-
treated animals, we observed 84 DRG axon fragments rostral to
the lesion but just one axon fragment caudal to the lesion (Fig. 2).

In the DNA enzyme-treated spinal cords the regeneration

phenotype was quite different. In six treated spinal cords, 133
axon fragments could be identified 1 mm rostral to the lesion
center and 74 were found well caudal to the lesion (Fig. 2). In all
of these animals the PG penumbra was variably absent. Instead,
in five of these six animals a more discrete (i.e., with a sharply
delineated outer edge) core of PG staining was visible very close
to the original lesion site. One animal showed a complete reduc-
tion of PG staining (data not shown). In all of these animals the
regenerating axons grew straight toward the lesion; however, un-
like their behavior in controls, the regenerating fibers were able to
maneuver very tightly around the entirety of the outside edge of
the lesion core or between the paired lesions and beyond, up to
distances of a maximum of 2 mm in the dorsal columns. Axons
that did penetrate the lesion core formed dystrophic end balls and
were unable to pass (Fig. 3A,A�). As fibers navigated around the
lesion, they appeared to use regions of cord tissue in which the
longitudinal geometry of the intrafascicular astroglia was rela-
tively undisturbed (Fig. 3D).

A biotinylated DNA enzyme was used to assess its range of
diffusion from the tip of the cannula into the cord tissue. After
7 d, labeling extended �1 mm in all directions away from the
epicenter (Fig. 3C). The XT-1 mRNA decrease within the lesion
penumbra was also demonstrated by an RT-PCR Southern blot
of treated versus control animals after 3 d (Fig. 1 I).

Discussion
Our goal in these experiments was to test the hypothesis that the
upregulation of GAG-bearing PGs after spinal cord injury plays a
critical role in causing sensory axon regeneration failure. To
achieve this we have used a novel DNA enzyme technology

Figure 3. Confocal photomicrographs of treated and untreated spinal cords. Red/green ( A) and green (A�)channels show the green DRGs and their axons passing the distinct borders of the lesion
cores (red CS-56 staining) in a DNA enzyme-treated spinal cord. Axons that enter the lesion core become dystrophic (A, A�, arrows). Red/green ( B) and green (B�) channels show an untreated spinal
cord with the green DRG and red CS-56 staining. Note the struggling axon in the heart of the lesion. Scale bar, 50 �m. C, Diffusion of a labeled DNA enzyme in vivo 7 d after treatment. Scale bar, 100
�m. D, GFAP-stained section of the lesion area in a different animal. Note the disrupted astrocyte alignment in the core and borders of the lesion (L) and the aligned astrocytes (arrows) in the region
where axons regenerate.
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(Grimpe et al., 2002) to disrupt a critical enzyme in the synthetic
pathway of all CS-bearing PGs. Although we could demonstrate a
marked reduction of CSPGs within the lesion penumbra, those
CSPGs within the core of the lesion remained at much higher
levels. The reasons for incomplete reduction of PG upregulation
in the lesion core could be attributable to the compensatory ac-
tivity of XT-2, a second enzyme that is involved with GAG-chain
synthesis that may be associated with various cell types that pop-
ulate the center of stab lesions (Goetting et al., 2000). Another
possibility is that the stimulus for PG upregulation in the lesion
core may be extremely high, thereby necessitating even greater
concentrations of the DNA enzyme. It is likely that inhibitory
myelin components or fibroblast-associated inhibitory mole-
cules that are not direct targets of the DNA-enzyme may still be
present in the heart of the lesion and add to its inhospitality to the
regenerating fibers (Brose et al., 1999; Pasterkamp et al., 1999;
Bundesen et al., 2003). The remarkable behavior, however, of the
regenerating axons growing in intimate association with the pe-
rimeter of the central lesion suggests that if these molecules help
to prevent regeneration in the lesion core, they must act via highly
local contact-inhibitory mechanisms. Most importantly, com-
parison of the different behaviors of the regenerating fibers in
DNA enzyme-treated versus control animals suggests that it is the
geometric distribution of PG in a gradient that reaches out well
beyond the center of the lesion that is especially critical in regen-
eration failure. Uncovering the mechanisms by which proteogly-
cans in the penumbra transform the growth cone into a state that
appears incapable of freeing itself from the lesion environment
should be a major target of future research. Finally, it is important
to comment on the interesting biocatalyst activity of DNA en-
zymes. These new reagents, which have been used primarily in
cancer and AIDS research, are relatively simple to design and
have greater flexibility for selection of specific cleavage sites than
ribozymes, and their synthesis is relatively inexpensive. They can
provide important tools for future use in spinal cord injury
research.
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