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protein was concentrated in slender bands sur-ABSTRACT: Numerous findings support the pos-
rounding axon–Schwann cell units and within nodessibility that highly sulfated proteoglycans are inhibi-
of Ranvier. Following nerve crush injury, immunola-tory molecules which, at high concentration relative
beling of CSPG and laminin became more intense into growth-promoting signals, may regulate or guide
distal nerve and CSPG increased within endoneuriumaxonal growth. Although most studies implicate sul-
and surrounding nerve sheaths. Embryonic dorsalfated proteoglycans in the poor regenerative capacity
root ganglionic neurons cultured on longitudinalof the central nervous system, inhibitory proteogly-
nerve sections extended neurites along the exposedcans also may play an important role in the successful
surfaces of Schwann cell basal lamina. The length ofregeneration of axons within peripheral nerve. Cul-
neurites was increased 58% on normal nerve sectionstured rat schwannoma and Schwann cells produce
pretreated with chondroitinase. Even though lamininchondroitin sulfate proteoglycan (CSPG) which binds
levels were elevated in basal lamina of injured nerve,to and inhibits the neurite-promoting activity of lami-
neuritic growth on sections of injured nerve was notnin [Muir et al. (1989) J. Cell Biol. 109:2353]. In the
significant increased unless sections were pretreatedpresent study, we found a similar neurite-inhibiting
with chondroitinase. These results indicate that inhibi-activity associated with CSPG isolated from normal
tory CSPG is up-regulated in injured nerve and playsadult rat sciatic nerve. Following nerve crush injury,
a role in regulating axonal regeneration. q 1998 Johnthis inhibitory activity was increased sevenfold in re-
Wiley & Sons, Inc. J Neurobiol 34: 41–54, 1998generating nerve distal to the injury. This increase
Keywords: chondroitin sulfate proteoglycan; laminin;was largely attenuated by in vivo administration of
nerve regeneration; neurite inhibition; Schwann cell;the proteoglycan synthesis inhibitor b-D-xyloside. In
basal lamina; cryoculturenormal adult nerve, immunolabeling for CSPG core

INTRODUCTION both peripheral and central neurons (David and
Aguayo, 1981; Ide et al., 1983; Kromer and Corn-
brooks, 1985; Ard et al., 1987; Muir et al., 1989a;Several experimental models show peripheral nerve
Martini, 1994; Gulati et al., 1995). Schwann cellSchwann cells and their basal lamina provide a per-
basal lamina is rich in extracellular matrix compo-missive environment for successful outgrowth of
nents which promote neuronal regeneration includ-
ing type IV collagen, laminin, entactin, and fibro-
nectin (Cornbrooks et al., 1983; McGarvey et al.,Correspondence to: D. Muir

Contract grant sponsor: NIH; contract grant number: 1984; Leivo and Engvall, 1988). In addition to these
NS31255 glycoproteins, heparan sulfate and chondroitin sul-

Contract grant sponsor: Florida State Brain and Spinal Cord
fate proteoglycans are recognized as components ofInjury Rehabilitation Trust Fund

q 1998 John Wiley & Sons, Inc. CCC 0022-3034/98/010041-14 basal laminae (Mehta et al., 1985; Aquino et al.,
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1984; Tona et al., 1993; Braunewell et al., 1995a). that an inhibitory CSPG plays a regulatory role in
axonal growth during nerve regeneration.The role of proteoglycans in peripheral nerve regen-

eration remains unclear, although increasing evi-
dence indicates some chondroitin sulfate proteogly-
cans (CSPGs) can inhibit axonal growth and may MATERIALS AND METHODS
contribute to the nonpermissive properties of certain
neural tissues (Muir et al., 1989b; Snow et al., 1990; Isolation and Characterization
Oohira et al., 1991; Brittis et al., 1992; Pindzola et of Inhibitory CSPG
al., 1993).

Rat Schwann cells were established from dissociated neo-A primary response to Wallerian degeneration in
natal sciatic nerves as described elsewhere (Muir et al.,the distal stump of injured peripheral nerve is the
1989a). The rat RN22 schwannoma line (Pfeiffer andproliferation of Schwann cells which align in tightly
Weschler, 1972) was used as a source of conditioned

packed columns within their endoneurial sheaths medium for preparative purification. Dense Schwann cell
(bands of Büngner) . During this regenerative re- cultures were grown in Dulbecco’s modified Eagle’s me-
sponse, laminin and other neurite-promoting factors dium (DMEM) containing 10% calf serum which was
accumulate at axon–Schwann cell contacts (Seil- reduced to 2% for medium collection. RN22 medium
heimer and Schachner, 1988; Kuecherer-Ehret et al., contained 5% of each horse, calf, and fetal bovine sera

which were reduced to 1.25% for medium collection.1990). Schwann cell basal laminae persist through-
Two percent of the conditioned medium was collectedout the regenerative process and regrowth of axons
from cultures metabolically labeled with 35SO4 as de-occurs at the interface of basal laminae and
scribed elsewhere (Muir et al., 1989b). Medium wasSchwann cell surfaces (Ide et al., 1983). It has been
applied to a DEAE (DE52; Whatman, Clifton, NJ) ion-

proposed that the success of axonal regeneration
exchange column and eluted with a linear salt gradient

relies on the ability of growth cones to access this from 0.15 to 1.0 M NaCl in 10 mM phosphate buffer,
particular interface (Fawcett and Keynes, 1990). pH 8.0. A peak of radiosulfate ( largely associated with
This decisive requirement is thought to contribute to proteoglycan) and neurite-inhibiting activity was eluted
the relatively poor regeneration achieved following with É0.5 M NaCl. This fraction was concentrated by

ultrafiltration using a 100-kD cut-off filter and then dia-nerve transection as compared to crush injury. In
lyzed against 0.4 M guanidine-HCl in 50 mM Tris-HCl,crush injury, the continuity of basal lamina conduits
pH 7.5. Solid CsCl was added to give a final density ofis preserved providing an uninterrupted scaffold for
1.35 g/mL prior to isopycnic centrifugation (140,000growing axons. On the other hand, axonal regrowth
1 g , 48 h, 207C). The high buoyant density CsCl fractionmay be hampered following nerve transection ow-
(ú1.45 g/mL) was highly enriched in radiosulfate and

ing to misalignment of basal laminae and their abut- neurite-inhibiting activity (see below).
ment with extrinsic connective tissue. However, in- A similar CSPG fraction was also obtained from nor-
terstitial constituents can promote neurite outgrowth mal and regenerating rat sciatic nerve by isopycnic cen-
in vitro; furthermore, promoters such as laminin are trifugation. Sciatic nerves were removed from deeply an-

esthetized 200-g Sprague–Dawley rats. Nerves were cutincreased therein following injury (Kuecherer-Ehret
into 1-cm segments, weighed, and then minced on aet al., 1990). One possibility is that extracellular
chilled glass plate. Nerve segments were placed in a tightmatrices of the endoneurial and interstitial compart-
conical grinder and completely homogenized in ice-coldments surrounding Schwann cell basal laminae are
buffer consisting of 50 mM Tris-HCl, pH 7.4, 4 M guani-rich in inhibitory components and may repel growth
dine-HCl, and complete protease inhibitor cocktail

cone advance. (Boehringer Mannheim Biochemicals, Indianapolis, IN).
We previously identified a CSPG produced by Extraction was continued by stirring overnight and then

rat schwannoma and Schwann cells which binds to the homogenate was centrifuged (10,000 1 g , 20 min).
The supernatant was made 1.35 g/mL by the addition ofand inhibits the neurite-promoting activity of lami-
crystalline CsCl prior to isopycnic centrifugationnin (Muir et al., 1989b). In the present study, we
(140,000 1 g , 48 h, 207C). The high buoyant densityexamined inhibitory CSPG in peripheral nerve and
CsCl fraction (ú1.45 g/mL) was concentrated 10-fold byits role in nerve regeneration. A neurite-inhibiting
ultrafiltration (100-kD cut-off filter) and dialyzed againstactivity associated with CSPG was found in normal
phosphate-buffered saline (PBS). Proteoglycan content

adult rat sciatic nerve. Inhibitory CSPG levels were was measured by uronic acid assay using chondroitin
markedly up-regulated following crush injury to pe- sulfate as a standard (Bitter and Muir, 1962). Protein
ripheral nerve. The spatiotemporal distribution of was measured using the Bradford reagent (Biorad Labs,
CSPG and the effects of treatments which negate Hercules, CA).

Samples were prepared under highly reducing and de-inhibitory activity of CSPG support our conclusion
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naturing conditions (Lowe-Krentz and Keller, 1984) and least 10 s. The crush site was marked by a microsuture
placed in the superficial epineurium and/or dye markingelectrophoresed on 4–12% acrylamide gradient gels. Pro-

teoglycans were visualized by a combined Alcian blue prior to closing the muscle and incision. As indicated,
animals received subcutaneous injections of b-D-xyloside(Biorad) and silver stain (Moller et al., 1993). For West-

ern immunoblotting, samples were first incubated for 4 twice a day with half the total daily dose of 80 mg/kg
per day. Treatments were started immediately followingh at 377C with chondroitinase ABC (Sigma Chemical

Co., St. Louis, MO) at 0.2 U/mL in 50 mM Tris-HCl, crush injury (or sham operation) and continued for 6
days. p-Nitrophenyl-b-D-xylopyranoside (b-D-xyloside;pH 8, containing 25 mM sodium acetate. CSPG core

proteins on nitrocellulose blots were labeled with anti- Sigma Chemical Co.) was suspended in 10% ethanolic
(v/v) normal saline (0.85% NaCl) at a concentration ofbody 1918 (see below). Immunolabeling of blots was

performed as we described previously (Muir, 1994), with 100 mg/mL. Seven days following crush, nerves were
removed under anesthesia (for bioassay) or followingthe addition of chemoluminescent detection (Pierce,

Rockford, IL). transcardiac perfusion with aldehyde (for immunocyto-
chemistry) . One-centimeter nerve segments immediately
distal to the site of crush were excised for analyses.

Assay of Neuritic Growth

Cryoculture AssayNeurite promotion and inhibition were assayed as substra-
tum-bound activities on polyornithine-coated tissue cul- Cryoculture is a neurite outgrowth assay in which neurons
ture wells (Muir et al., 1989b). For neurite-promoting are cultured directly on fresh/frozen nerve sections (Car-
assays, polyornithine-coated 96-well plates were treated bonetta et al., 1987). To obtain degenerated nerve, the
for 2 h with 2 mg/mL mouse EHS laminin-1 or rat heart rat was anesthetized and a sciatic nerve exposed and then
laminin-2 (prepared according to Paulsson and Saladin, transected using surgical scissors. The proximal stump
1989) in PBS. Neurite-inhibitory activity was assayed by was bound and displaced from the distal stump to pre-
mixing a maximally stimulating concentration of laminin clude axonal ingrowth. The separated muscle and skin
(2 mg/mL) with serially diluted test samples (50 mL total were closed and the transected nerve was allowed to de-
volume). The mixtures were applied to polyornithine generate in situ. A sham operation was performed contra-
wells for 2 h at room temperature, followed by three laterally without nerve transection. Seven days following
washes with sterile PBS. Embryonic day 8 chick ciliary surgical procedures, sham and degenerated nerves (distal
ganglion neurons were isolated and enriched as described to transection) were removed under anesthesia and frozen
previously (Manthorpe et al., 1983; Muir et al., 1989a). rapidly in dry ice. One-centimeter nerve segments were
Neurons were seeded (103 neurons/well) in serum-free cryosectioned (14 mm) and then mounted on sterile poly-
N2 medium (Bottenstein et al., 1980) containing 1% ornithine-coated glass coverslips and stored at 0207C.
heat-treated bovine serum albumin and 10 ng/mL recom- Prior to cryoculture, mounted sections were treated for 4
binant human ciliary neurotrophic factor (provided by h at 377C with chondroitinase ABC (0.1 U/mL) (Sigma)
Regeneron Pharmaceuticals, Tarrytown, NY). Neurite in 50 mM Tris-HCl, pH 8, containing 50 mM NaCl or
outgrowth was scored by phase-contrast microscopy after with buffer control as indicated. Embryonic day 8 chick
4 h of growth by counting the percentage of neurons dorsal root ganglionic neurons were isolated and enriched
bearing processes greater than 4 cell-body diameters. Un- as described previously (Manthorpe et al., 1983; Muir et
der these conditions, over 95% of the laminin antigen al., 1989a). Neurons (5000/section) were seeded directly
presented (95–100 ng/well) had adsorbed to the polyor- onto the nerve sections in DMEM/N2 medium containing
nithine-coated wells [determined by enzyme-linked im- 1% heat-treated bovine serum albumin and nerve growth
munosorbene assay (ELISA) of the unabsorbed solution; factor (NGF) (10 ng/mL). After 48 h of growth, sections
data not shown] and, in the absence of inhibitory sample, were fixed with 4% paraformaldehyde in 0.1 M phosphate
maximal neuritic response (É80% neurons bearing neu- buffer for immunostaining. Chick neurons were selec-
rites) was achieved. For assay of inhibitory activity, we tively labeled with monoclonal anti-chick N-CAM anti-
define the half-maximal inhibition as 1 neurite inhibitory body (Watanabe et al., 1986) using biotinylated anti-
unit (NIU), which is that amount of activity required to mouse immunoglobulin G (IgG) and extravidin-fluores-
reduce by 50% the maximal neuritic response to laminin. cein isothiocyanate (FITC) conjugate (Sigma Chemical
The titer of an inhibitory sample is defined in NIU per Co.) . Labeled neurites on cryoculture sections were
milliliter as that dilution of test sample applied to laminin scored by epifluorescent microscopy. The hybridoma cell
eliciting 1 NIU. line 5e producing anti–N-CAM antibody was obtained

from the Developmental Studies Hybridoma Bank (Uni-
versity of Iowa). The 5e cell line was grown in mediumSciatic Nerve Crush Injury
supplemented with IgG-depleted fetal bovine serum (2%)
and OptiMAB (Gibco-BRL, Grand Island, NY). Anti-Sprague–Dawley 200-g female rats were anesthetized

with ketamine/rompin and sciatic nerves were exposed. chick N-CAM antibody was isolated from culture super-
natant by protein-G affinity chromatography and used atNerves were crushed at upper thigh by applying full pres-

sure to the nerve pinched by needle nose forceps for at 10 mg/mL.
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Immunohistochemical Staining
of Sciatic Nerves

Rats were exsanguinated under anesthesia with Ringer’s
vascular rinse followed by 4% paraformaldehyde in 0.1
M sodium phosphate buffer, pH 7.2. Nerves were re-
moved and mounted tautly to a plastic support. The
mounted nerves were immersed in fixative overnight, cry-
oprotected with 30% sucrose in PBS, and then frozen in
embedding medium. Alternatively, longitudinal sec-
tioning was performed on unfixed nerves infiltrated with
sucrose which were then aldehyde-fixed once mounted
on slides. Mounted frozen sections (12 mm) were rinsed Figure 1 CSPG-associated neurite-inhibiting activity in
and treated with chondroitinase ABC, 0.1 U/mL in 50 cultured Schwann cells and peripheral nerve extract. Se-
mM Tris HCl, pH 8, containing 50 mM NaCl, for 90 rial dilutions of CSPG-enriched fractions were mixed
min at 377C. Sections were then rinsed and nonspecific with a maximally stimulating concentration of laminin-2
staining was blocked with 10% serum in PBS for 60 min. (2 mg/mL) and then applied to polyornithine-coated tis-
Polyclonal antibody 1918 (1/500), anti-EHS laminin sue culture wells. E8 ciliary ganglionic neurons were
(1/500), or monoclonal anti-neurofilament antibody grown on the resulting substrata for 4 h and then scored
(NAP4, 1/200) was applied in blocking buffer and bound for the percentage of neurons bearing neurites. Data rep-
antibody was labeled with FITC-conjugated secondary resent the average of quadruplicate scores performed in
antibody. Anti-mouse secondary antibody was preab- two independent assays. S.D. Å õ4% of the mean.
sorbed with rat serum prior to use. The immunolabeled
sections were postfixed for 10 min in 4% paraformalde-
hyde in 0.1 M phosphate buffer, rinsed, and coverslipped RN22 schwannoma and cultured neonatal rat
with Fluoroguard. Immunostaining for CSPG at the elec- Schwann cells conditioned media (Muir et al.,
tron microscopic level was performed on vibrotome sec- 1989b). Here, we isolated a similar CSPG-enriched
tions. Thick sections were treated with chondroitinase fraction from rat sciatic nerve that also expressed
ABC and immunolabeled with antibody 1918 and peroxi-

potent neurite-inhibitory activity (Fig. 1) . Inhibi-dase-conjugated secondary antibody developed with dia-
tion of laminin-mediated neurite outgrowth wasminobenzedine/H2O2. Labeled specimens were postfixed
concentration dependent, persistent, and nearlywith glutaraldehyde and osmium tetroxide and then em-
complete. A 1-cm segment of normal adult nervebedded for thin sectioning. Polyclonal antibody 1918
contained approximately 1 mg of extractable protein(Chemicon International, Temecula, CA) binds only to

the unsaturated disaccharide unit that remains attached and 40.8 mg of uronic acid associated with high-
to the linkage region of CSPG core protein exposed by density CSPG. The CSPG fraction expressed 10.5
digestion with chondroitinase ABC (Bertoloto et al., NIU which inhibited by 50% the neurite-promoting
1986). Polyclonal anti-EHS mouse sarcoma laminin anti- activity of at least 2 mg of laminin. The specific
body (Sigma Chemical Co.) recognizes both laminin-1 NIF activity of the CSPG fraction from neonatal rat
and laminin-2 isoforms. Monoclonal antibody NAP4 re- Schwann cell culture medium (ED50 Å 0.93 mg/
acts with phosphorylated 210 kD neurofilament protein

mL; 1.1 NIU/mg) was fivefold greater than ex-(Harris et al., 1993) and was particularly reactive with
tracted from sciatic nerve (ED50 Å 4.3 mg/mL; 0.23regenerating axons in fields of degenerating nerve.
NIU/mg) when expressed as a function of uronic
acid content. Uronic acid content is a measure of
total glycosaminoglycan and a reliable indication ofRESULTS
proteoglycan content (Bitter and Muir, 1962).
These results suggest that inhibitory CSPG is a ma-Peripheral Nerve CSPG Inhibits
jor component of the proteoglycan fraction obtainedNeurite Outgrowth
from cultures, whereas nerve preparations contain a
lower proportion of inhibitory proteoglycan. LowerSchwann cell culture media and peripheral nerve

extracts were fractionated by dissociative isopycnic specific activity may result from the presence of
permissive proteoglycan derived from nerve sheathsCsCl centrifugation. The high-buoyant-density,

CSPG-enriched fractions were tested for an ability and interstitial matrix not associated with Schwann
cells. Alternatively, cultured Schwann cells mightto inhibit laminin-mediated neurite outgrowth by

embryonic chick ciliary neurons. A CSPG [neurite- specifically up-regulate inhibitory CSPG as part of
an undifferentiated phenotype maintained in culture.inhibiting factor (NIF)] which inhibits the neurite-

promoting activity of laminin was first isolated from This phenotype may be comparable to that seen
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Table 1 Levels of CSPG-Associated Neurite- tracted protein) than normal nerve, whereas total
Inhibiting Activity in Regenerating Nerve uronic acid increased only fourfold. Total protein

was approximately twofold greater in regeneratingNIF Activity Uronic Acid
nerve. Parallel experiments were performed inNerve Sample (NIU/mg) (mg/mg)
which experimental animals were systemically in-

Control (uncrushed) 10.5 40.8 jected with b-D-xyloside at regular intervals follow-
Control / xyloside 9.4 45.2 ing nerve crush (Table 1). Although xyloside had
Crushed 71.6 164.2

little effect on NIF activity and uronic acid levels ofCrushed / xyloside 19.6 180.9
normal nerve, the increase in NIF activity observed

Rat sciatic nerves received a focal crush injury or sham opera- following crush injury was markedly attenuated,
tion, and as indicated, animals received subcutaneous injections suggesting de novo synthesis of proteoglycan was
of b-D-xyloside (total daily dose of 80 mg/kg per day for 7 days).

responsible for injury-induced elevation of NIF ac-Seven days following injury, 1 cm of nerve distal to the crush
tivity. The observation that uronic acid levels in-site was homogenized and a high-density proteoglycan fraction

(CsCl buoyant density ¢1.45 g/mL) was assayed for uronic acid creased in regenerating nerve with and without xy-
content and for NIF activity per milligram extracted protein as loside treatment indicated that xyloside treatment
described in Materials and Methods. NIF activity (ability to in- did not alter glycosaminoglycan synthesis per se,
hibit the neurite-promoting activity of laminin) was expressed in

but apparently did interfere with glycosaminoglycaninhibitory units. Quadruplicate determinations were made for
linkage to proteoglycan core protein. This is consis-two nerves in each condition. Data represent the average of two

separate experiments. S.D. Å õ12% of the means. tent with previous in vitro findings that NIF activity
is dependent on intact CSPG (Muir et al., 1989b).

Next, we examined the temporal changes of NIF
activity in distal nerve within 1 cm of the injuryinjured nerve (see below). Treatment with chon-

droitinase ABC (or AC) reduced by 85% the inhibi- site (Fig. 2) . Both NIF activity and uronic acid
levels increased rapidly over 7 days following crushtory activity in high-buoyant-density proteoglycan

(NIF) fractions obtained from nerve (from 0.23 to injury. While uronic acid remained elevated for up
to 21 days, NIF activity levels declined steadily and0.03 NIU/mg uronic acid) . These results indicate

the isolated neurite-inhibiting activity was largely approached basal levels within 21 days of nerve
regeneration. This result indicates that expression ofattributed to CSPG. NIF activity was abolished by

chondroitinase treatment either before combination inhibitory CSPG was regulated independently from
with laminin or after combination by treating NIF-
laminin substrates. In both treatment formats, nearly
maximal laminin neurite-promoting activity was re-
covered indicating inhibition was reversible and re-
quired chondroitin sulfate chains or intact CSPG.

Levels of Inhibitory CSPG Increase
in Regenerating Nerve

Proteoglycans are a major component of peripheral
nerve extracellular matrix, and several molecular
species of CSPG are expressed by Schwann cells.
Our studies provide the first evidence that inhibitory
CSPG, like that expressed by cultured Schwann
cells, is present in peripheral nerve. Unlike central

Figure 2 Temporal expression of inhibitory CSPG innervous system tracks, peripheral nerve is capable
regenerating peripheral nerve. CSPG-enriched fractionsof sustained axonal regeneration and functional re-
from 1-cm distal segments of focally crushed sciaticcovery, especially following nonligating crush in-
nerves from 1 to 21 days following injury were assayedjury. Experiments were performed to determine if
for uronic acid content and neurite-inhibiting activity as

the level of inhibitory CSPG was altered in nerve described in Figure 1. Laminin-inhibiting NIF activity
7 days after focal crush injury. Contrary to our was expressed as NIU per milligram of total protein in
working hypothesis, neurite inhibitory activity in- crude extracts as described in Materials and Methods.
creased in regenerating nerve (Table 1). Distal Quadruplicate determinations were made for two nerves
nerve within 1 cm of the injury site contained sev- at each time point. Data represent the average of two

independent experiments. S.D. Å õ12% of the mean.enfold more NIF activity (per milligram of ex-
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other CSPG. Following nerve crush injury, axonal showed CSPG labeling to be intense within the en-
tire endoneurium between Schwann cells [Fig.regeneration occurs rapidly and the majority of re-

generating axons extend several centimeters into the 4(D), arrowheads] . The electron density observed
between Schwann cells in Figure 4(D) was largelydistal nerve within 14 days. Our data suggest that

NIF activity in nerve immediately distal to the in- the result of immunoperoxidase reaction product. In
control sections (not shown), the endoneurial spacejury site was elevated transiently as axons regrow

into this region of nerve. Additional studies are re- between Schwann cells was mostly electron lucent
except for relatively low-contrast collagen fibrils.quired to determine if NIF activity is increased tran-

siently throughout the degenerating nerve or only Collagen fibrils are mostly apparent as negatively
stained structures surrounded by dark reaction prod-in association with areas of nerve injury and regen-

eration. Laminin expression is largely coincidental uct in Figure 4(D). Even at very high magnifica-
tions, it was difficult to determine if CSPG waswith the spatiotemporal pattern of axonal regenera-

tion. Laminin also plays an important part in the associated with the lumenal aspect of Schwann cell
basal lamina and bands of Büngner. We also con-process to repair the integrity of the Schwann cell

basal lamina (Salonen et al., 1987). One possibility firmed that regrowth of axons occurred exclusively
within Schwann cell basal lamina conduits, sug-is that inhibitory CSPG is expressed and distributed

as a countermeasure to prevent errant axonal growth gesting that surrounding endoneurium and connec-
tive tissue compartments were less supportive ofin response to laminin that might have spread out-

side basal lamina tubes prior to completion of the growth cone motility [Fig. 4(D)] . These findings
show that CSPG is increased and accumulated inrepair process.
the endoneurium of regenerating nerve.

Distribution of CSPG in
Regenerating Nerve Cryoculture Model of Nerve

Regeneration
Our next aim was to determine the distribution and
possible compartmentation of CSPG in regenerating Laminin-rich basal laminae form continuous sleeves

around axon–Schwann cell units which persist dur-nerve. Labeling of CSPG was achieved using anti-
body 1918, which selectively binds unsaturated di- ing injury-induced nerve degeneration and serve as

a scaffold for axonal regeneration. Schwann cellsaccharide units that remain attached to the linkage
region of CSPG core protein exposed by digestion basal laminae appear in cross section as tightly

packed ringlets and as parallel tracks in longitudinalwith chondroitinase ABC (Bertoloto et al., 1986).
The combined selectivity of chondroitin sulfate lysis section. Neurons cultured on fresh/frozen nerve

sections extend neurites which probe for and followand 1918 immunoreactivity provide highly specific
immunolabeling of CSPG. Intense staining of CSPG neurite-promoting, or at least permissive, pathways.

Here, we used chick neurons grown on rat sciatic[Fig. 3(A)] within normal nerve fascicles was
closely associated with Schwann cell basal lamina nerve sections to discriminate chick neurites among

a field of rat axons by immunolabeling with a spe-and was largely coincident with relatively faint lam-
inin immunoreactivity [Fig. 3(B)] . Following cies-specific anti-chick N-CAM monoclonal anti-

body. Dorsal root ganglionic neurons cultured oncrush injury, CSPG [Fig. 3(C)] and laminin [Fig.
3(D)] immunostains were intense within basal lam- nerve cryosections (cryoculture) extended neurites

which followed the longitudinal orientation of ex-ina and CSPG label showed a wider band of staining
within the endoneurium [Fig. 3(C), inset] . The posed basal lamina (Fig. 5) . On normal nerve sec-

tions, neurites achieved an average length of 113.9extended distribution of CSPG staining was espe-
cially evident in longitudinal sections of regenerat- mm over 2 days [Table 2 and Fig. 5(A)] , consider-

ably less than that seen on laminin coated cultureing nerve (Fig. 4) . CSPG labeling of proximal
nerve appeared as slender bands surrounding axon– surfaces (not shown). To examine if CSPG influ-

enced neuritic growth on the nerve substratum, sec-Schwann cell units which accumulated within nodes
of Ranvier [Fig. 4(A)] . No apparent differences in tions were treated with chondroitinase ABC prior

to cryoculture. For normal nerve sections, chondroi-distribution and intensity of immunostaining were
seen within normal nerve and nerve proximal (ú0.5 tinase digestion resulted in a 58% increase in aver-

age neurite length [Table 2 and Fig. 5(B)] . Nervescm) to the injury site. In regenerating nerve distal
to the crush site, CSPG immunostaining was very collected 7 days following transection (tied back to

allow in vivo degeneration without axonal in-intense and surrounded newly formed bands of Büng-
ner [Fig. 4(B)] . Immunoelectron microscopy growth) supported neurite growth slightly less than
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Figure 3 Distribution of CSPG immunoreactivity in regenerating peripheral nerve. Cross
sections of (A, B) normal (uninjured) nerves and (C, D) 7-day regenerating nerves 0.5 cm
distal to the site of crush injury. Sections were immunofluorescently labeled with (A, C)
antibody 1918 (to CSPG core protein following treatment with chondroitinase ABC) and (B,
D) polyclonal anti-laminin antibody. Scale bar Å 60 mm.

that seen on normal nerve. However, a 38% increase neurium between basal laminae would then explain
the increased neuritic growth observed on chondroi-in neuritic growth was observed on sections of de-

generated nerve treated with chondroitinase. It tinase treated nerve sections. The observation that
neuritic growth by embryonic neurons on degener-should be noted that there was no significant differ-

ence in the neuritic growth on normal and degener- ated nerve did not differ significantly from that on
normal nerve supports the contention that promot-ated nerve sections treated with chondroitinase.

These findings demonstrate that degradation of ing and inhibitory compartments are maintained
throughout the regenerative process. In this event,CSPG in nerve increased neuritic growth. One ex-

planation for this effect is that inhibitory CSPG is increased expression of inhibitory CSPG might
serve to reinforce boundary formations disruptedan integral component of the basal lamina which,

when stripped of CSPG, achieves a net increase in during nerve injury and distal degeneration.
Immunolabeling of unfixed (and fixed; see Figs.growth-promoting activity. Alternatively, if inhibi-

tory CSPG is not present within the basal lamina 3 and 4) nerve with antibody 1918 (which reacts
with CSPG core protein only after chondroitinasesurface on which neurites grow but is juxtaposed to

it, neuritic growth may be limited only to the lumi- treatment) confirmed that chondroitin sulfate chains
were effectively degraded by chondroitinase, whilenal surface and implicitly dependent on the integrity

of that structure. In this regard, basal laminae may CSPG core protein remained in place. Also, we ex-
amined if antibody 1918 could reconstitute CSPGbe discontinuous in nerve sections as a result of

variations in the plane of section or other sectioning stripped of chondroitin sulfate chains in this assay.
Neurite growth on sections treated with chondroitin-artifacts. In that case, neurites likely stalled unless

they were able to cross over to an adjacent basal ase and then labeled with antibody 1918 was no
different from that on sections treated with chon-lamina. Removal of inhibitory CSPG from the endo-
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Figure 4 CSPG immunofluorescence with antibody 1918 was performed on longitudinal
sections of unfixed nerve within 1 cm proximal (A) and distal (B) to the site of crush injury.
Arrows indicate nodes of Ranvier. Note the wider distribution of CSPG immunoreactivity
associated with bands of Büngner within distal nerve 7 days following crush injury. (C)
Immunoelectron micrograph of CSPG staining within endoneurial space (between arrowheads)
Flanking Schwann cells (s) and myelinated axons (a) were counterstained with uranyl acetate.
(D) Electron microscopy of regenerating axons (a) within Schwann cell basal lamina (indicated
by small arrows). Scale bar (A, B) Å 60 mm; (C) Å 0.2 mm; (D) Å 1 mm.

droitinase alone. This finding supported the con- detected (lanes 2 and 3). To examine core proteins,
schwannoma and sciatic nerve CSPG samples weretention that inhibition of laminin activity by CSPG

is not strictly attributed to steric hindrance. treated with chondroitinase ABC and Western blots
were immunolabeled with antibody 1918 [Fig.
6(B)] . The schwannoma sample contained several

Molecular Characterization immunoreactive bands with predominant CSPG
of Inhibitory CSPG core protein(s) between 150 and 200 kD. The nor-

mal nerve samples showed two distinct bands whichChondroitin sulfate proteoglycan profiles from nor-
comigrated with the schwannoma CSPG bandsmal and regenerating sciatic nerve were examined
(150–200 kD) along with two additional lower-by sodium dodecyl sulfate–polyacrylamide gel
molecular-weight bands (É45 and 60 kD). CSPGelectrophoresis and Western immunoblotting (Fig.
core protein bands in the regenerating nerve sample6). The high-density CsCl fraction (enriched in NIF
were abundant and heterogeneous. An intense high-activity) isolated from schwannoma and Schwann
molecular-mass smear was labeled which in smallercell media contained aggregating CSPG which ap-
sample loads centered around a band pair at 200–peared as a polydispersed band stained by silver-
220 kD. Regenerating nerve also showed 45- andintensified Alcian blue with an apparent molecular
60-kD bands; the 45-kD band was particularly in-mass É 400 kD [Fig. 6(A), lane 1]. The CSPG
tense. Although not directly characterized, the 45-fractions from normal and regenerating sciatic nerve

contained the same band and no other bands were kD band appeared to correspond to the core protein
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Figure 5 Neuronal cryoculture on peripheral nerve treated with chondroitinase. Two-day
neuritic growth by embryonic chick dorsal root ganglionic neurons cultured on sections of
normal adult rat sciatic nerve (A) and nerve pretreated with chondroitinase ABC (B). Neurites
follow longitudinal paths of exposed basal lamina and achieved greater lengths on sections
stripped of chondroitin sulfate chains (see Table 2). Chick neurons were immunofluorescently
labeled using a species-specific monoclonal antibody to N-CAM. Bar Å 50 mm.

of the dermatan- and CSPG decorin, a Schwann cell Schwann cells express variant CSPGs. These cells
might include those invading nerve as part of theproduct reported to be up-regulated in regenerating

mouse nerve (Braunewell et al., 1995a). Thus, inflammatory process resulting from nerve injury.
Immunostaining for CSPG is absent within axons,schwannoma NIF appeared as a 400-kD CSPG with

a 150- to 200-kD core protein and corresponding and thus it seems unlikely that neurons (normally
encased by Schwann cells) contributed to deposi-bands were present in normal sciatic nerve. How-

ever, electrophoretic analyses showed that a CSPG tion of CSPG into the endoneurium. Also, it is un-
clear why multiple core protein bands were detectedwith a slightly larger core protein (200–220 kD)

was up-regulated following nerve injury. Additional by Western immunoblotting as a result of chondroi-
tinase ABC treatment while the untreated proteogly-characterizations are required to determine the mo-

lecular species with inhibitory activity in nerve sam- can sample appeared as a single polydispersed band
stained by Alcian blue/silver. Other detection meth-ples. It is likely that CSPG variants are expressed

during regeneration which have additional glycos- ods, including autoradiography of [35S]CSPG and
immunolabeling for chondroitin sulfate and otheraminoglycan species or postranslational glycosyla-

tions. One possibility is that cells other than CSPGs have yielded consistent results without de-

Table 2 Effect of Chondroitinase ABC on Neurite Outgrowth by DRG Neurons Cultured on Sciatic Nerve
Sections

Control (No
Treatment) Chondroitinase Treated

Neurite Length Neurite Length Increase
Groups (mm) (mm) (%) p Value

Sham nerve 113.9 { 38.6 179.7 { 47.2 58 õ0.0001
Degenerated nerve 124.3 { 46.8 172.0 { 55.0 38 õ0.0001

Embryonic chick dorsal root ganglionic neurons were cultured on fresh/frozen sections of normal or degenerated rat sciatic nerves
pretreated with chondroitinase ABC as indicated (see Cryoculture in Methods). Chick neurites were immunolabeled with anti-chick N-
CAM antibody and the length of the longest neurite for each neuron (with any neurite ú25 mm in length) was scored. Forty neurons
were scored on each of three sections in three replicate experiments. A two-way analysis of variance was performed for the statistical
analysis. Data represent the means { S.D.
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its neurite-promoting activity. It was first shown that
low-density proteoglycans form complexes with
laminin in rat schwannoma medium. These com-
plexes express potent neurite-promoting activity ac-
centuated by the high affinity proteoglycan has for
polycationic substrates used in culture assays
(Davis et al., 1985). In subsequent studies a unique
high-density fraction of proteoglycan–laminin
complexes was identified in rat schwannoma and
Schwann cell medium that fails to promote neurite
outgrowth. Dissociation of the high-density com-
plexes yields active laminin and high-density CSPG
(Muir et al., 1989b). The present study character-
ized and examined possible functions of inhibitory
CSPG in rat peripheral nerve. Major new conclu-
sions from our study are: (a) Inhibitory CSPG is
found in nerve which shares many properties with
that secreted by cultured Schwann and schwannoma

Figure 6 Electrophoretic and Western immunoblot cells. Similarities include self-aggregation, high
analyses of neurite-inhibiting CSPG. (A) Silver-intensi- molecular mass and buoyant density, immunoreac-
fied Alcian blue staining of intact CSPG preparations

tivity, sensitivity to chondroitin sulfate lyases, andisolated from schwannoma cultures (lane 1), normal
the ability to inhibit the neurite-promoting activityadult sciatic nerve (lane 2), and the distal 1-cm segment
of laminin-1 and laminin-2. (b) Inhibitory CSPG isof regenerating nerve (lane 3). (B) Samples in (A) were
markedly increased as a result of nerve injury in atreated with chondroitinase ABC and then Western blots
temporal pattern coincident with axonal regenera-were stained using antibody 1918 and indirect immuno-

peroxidase chemoluminescence. Sodium dodecyl sul- tion. (c) An inhibitor of cellular proteoglycan as-
fate–polyacrylamide gel electrophoresis was performed sembly prevents the accumulation of CSPG-associ-
on 4–12% gels under reducing conditions in the presence ated inhibitory activity in nerve. Similar to findings
of urea. Nerve samples represent loads of equivalent with cultured Schwann cells, neurite-inhibiting ac-
nerve length. Molecular mass markers are indicated. tivity by nerve CSPG requires intact proteoglycan

and is dependent on chondroitin sulfate side chains.
(d) CSPG and laminin are concentrated in Schwann

tection of additional intact CSPGs (results not cell basal lamina. Also, increased deposition of
shown). It is notable that antibodies to several other CSPG and laminin in endoneurium following nerve
CSPGs did not immunoreact with inhibitory CSPG injury are largely overlapping. While laminin re-
preparations, including anti-hyaluronate–binding mains mostly associated with Schwann cell basal
region of versican (12C5) (Asher et al., 1991), lamina, CSPG shows a wider distribution and also
anti-recombinant human versican (Braunewell et increases in surrounding endoneurium. (e) Enzy-
al., 1995a), and anti-NG2 (Nishiyama et al., 1991). matic degradation of chondroitin sulfate within

nerve increases the neurite-promoting properties of
Schwann cell basal lamina. These results provide

DISCUSSION strong evidence for a functional role of inhibitory
CSPG in nerve regeneration.

Chondroitin sulfate proteoglycans and their pos-An unusually large number of proteoglycans are
expressed in the nervous system. Proteoglycans are sible role in neurite inhibition in the central nervous

system have been the subject of recent study (re-not only present as components of nervous system
extracellular matrix, but also exist in cell surface, viewed in Faissner and Steindler, 1995). Neurocan,

a brain CSPG, binds to the neural cell adhesionmembrane-spanning, soluble, and intracellular
forms. The number, size, and composition of gly- molecules L1 and N-CAM and inhibits neuronal

adhesion and neurite outgrowth by embryonic braincosaminoglycan side chains attached to individual
core proteins vary according to cell type and influ- neurons (Friedlander et al., 1994). Versican-like

and decorin-like CSPGs in peripheral nerve bind toence the biochemical and functional properties of
proteoglycans. It is generally accepted that certain and inhibit adhesive and neurite-promoting activi-

ties of fibronectin (Braunewell et al., 1995b). Also,proteoglycans complex with laminin and influence
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several other CSPGs inhibit the neurite-promoting matic antigen retrieval methods. One possibility is
that immunoreactivity of laminin assembled in basalactivities of laminin (Snow et al., 1992; Dou and

Levine, 1994). However, it remains unclear lamina might be hindered by association with other
matrix molecules including bulky CSPG. In thiswhether inhibitory CSPGs have neuronal specificity

or act exclusively through interactions with extra- regard, it is particularly interesting that laminin im-
munostaining was more intense in nerve sectionscellular ligands. There is speculation that molecular

variants of CSPGs are expressed by various neural following digestion with chondroitinase and proteo-
glycanases (e.g., matrix-metalloproteinase) (un-cells with separate cell- or matrix-specific binding

properties (Shinomura et al., 1993; Hanemann et published observations) . Furthermore, enzymatic
digestion of CSPG increases the neurite-promotingal., 1993; Braunewell et al., 1995a; Jackson et al.,

1995; Seidenbecher et al., 1995). Recently, versi- activity of nerve sections. Early studies by Aquino
and coworkers (1984) described CSPG in cell basalcan-like and decorin-like variants in injured periph-

eral nerve were described. Our examination of in- lamina and connective tissue of adult rat superior
cervical ganglia. Several reports now confirm up-hibitory CSPG core protein showed a predominant

band shift between normal and regenerating nerve regulation of CSPG following injury to both central
and peripheral axons (Tona et al., 1993; Pinzola etsamples. The appearance of a higher mass core pro-

tein (200–220 kD) in regenerating nerve (and dis- al., 1993; Braunewell et al., 1995a). While certain
CSPGs are highly expressed in regenerating nerve,appearance of the 150- to 200-kD band) could rep-

resent either a translational or proteolytic variant. It versican was diminished following injury and reap-
peared only as bands of Büngner once again ma-will be important to determine the nature of these

variant CSPG core proteins and if they differ func- tured into ensheathed axon–Schwann cell units
(Tona, 1993; Braunewell et al., 1995a). Our resultstionally.

Axonal regeneration is known to occur within indicate that levels of total proteoglycan, total
CSPG, as well as inhibitory CSPG are increasedSchwann cell basal lamina conduits rich in laminin

and the heparan sulfate proteoglycan perlecan. Fur- several-fold following crush injury. Levels of inhib-
itory activity increase sevenfold, implying that up-thermore, Sandrock and Mathews (1987) found

neurite promotion in peripheral nerve is attributed regulation of inhibitory CSPG contributed signifi-
cantly to observed increases in total CSPG. In thatto laminin complexes containing heparan sulfate

proteoglycan. Interestingly, the ability of high-den- expression of CSPG in nerve appears to be highly
regulated and compartmentalized, it will be im-sity CSPG to bind and inhibit laminin is a competi-

tive process in vitro, since laminin complexed with portant to determine the contributions of Schwann
cells, perineurial cells, and fibroblasts to the forma-heparan sulfate proteoglycan is resistant to inhibi-

tion by inhibitory CSPG (Muir, 1992). These find- tion of permissive and nonpermissive territories in
regenerating nerve. This may be particularly rele-ings suggest a mechanism for selective inhibition

or protection of various laminin assemblies in situ. vant since formation of Schwann cell basal lamina
involves cooperative interactions of neuroepithelialFurthermore, nerve differentiation is heralded by

increasing amounts of laminin-2 in Schwann cell and mesenchymal cells (Obremski et al., 1993).
Several questions are raised by our studies. First,basal lamina, whereas other laminin isoforms are

present in perineurium (Hsiao et al., 1993; Lucken- is normal Schwann cell basal lamina nonpermissive
for axonal growth? Axonal sprouting is absent inbill-Edds, 1997). It is interesting to speculate that

laminin isoforms might differentially associate with stable nerve, yet axons demonstrate a constant readi-
ness to sprout collaterals upon injury. Nodes of Ran-either neurite-permissive or inhibitory proteogly-

cans. vier are major sites for axonal sprouting. Perhaps
deposition of CSPG seen deep within nodes sup-It is well known that laminin is upregulated in

regenerating nerve and most likely promotes axonal presses spontaneous sprouting. Second, does inhibi-
tory CSPG dissuade axonal regrowth outside ofregrowth (Wang et al., 1992). Increases in laminin

deposition are most conspicuous in Schwann cell basal lamina conduits? Although basal lamina scaf-
folds persist following nerve degeneration, alter-basal lamina, although laminin within surrounding

connective tissue of regenerating nerve has also ations of basal lamina structure result from infiltrat-
ing macrophages and remodeling by Schwann cells.been reported (Kuecherer-Ehret et al., 1990; Tona

et al., 1993). Immunostaining for laminin is notice- Restrictions on axonal regrow likely exist since de-
spite breaches in basal lamina integrity, regenerat-ably more intense in regenerating than in normal

nerve. However, we find that laminin staining in ing axons have never been documented within nerve
interstitium or even on the abluminal face of thenormal nerve is substantially improved by enzy-
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slahti and Dr. Richard LeBaron for versican antibodies,Schwann cell basal lamina. It is consistent with our
Dr. William Stallcup for NG2 antibodies, Richard Asherfinding of increased deposition of CSPG in sur-
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