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The ability of neurons to regenerate an axon after injury is
determined by both the surrounding environment and factors
intrinsic to the damaged neuron. We have used cDNA microar-
rays to survey those genes induced during successful sciatic
nerve regeneration. The small proline-rich repeat protein 1A
(SPRR1A) is not detectable in uninjured neurons but is induced
by �60-fold after peripheral axonal damage. The protein is
localized to injured neurons and axons. sprr1a is one of a group
of epithelial differentiation genes, including s100c and p21/waf,

that are coinduced in neurons by axotomy. Overexpressed
SPRR1A colocalizes with F-actin in membrane ruffles and aug-
ments axonal outgrowth on a range of substrates. In axoto-
mized sensory neurons, reduction of SPRR1A function restricts
axonal outgrowth. Neuronal SPRR1A may be a significant con-
tributor to successful nerve regeneration.
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The degree of axonal regeneration in the adult nervous system
plays a major role in determining clinical outcomes in a range of
neurologic conditions, from spinal cord injury to brain trauma to
stroke to chronic progressive multiple sclerosis. In part, factors
extrinsic to the neuron, such as Nogo, neurotrophins, and glial
scar tissue, regulate the extent of axonal regeneration (Schnell et
al., 1994; Fu and Gordon, 1997; Fawcett and Asher, 1999; Grand-
Pre et al., 2000; Fournier and Strittmatter, 2001; Fournier et al.,
2001). In addition, it is clear that different neurons respond in
various ways to the same environment and that injury induces
changes in the axonal growth capacity of an injured neuron. The
“conditioning” nerve lesion studies of Woolf and colleagues
(Chong et al., 1999; Neumann and Woolf, 1999) showed that
peripheral axotomy, but not central axotomy, generates an en-
hanced axonal growth state. Presumably, this is attributable to
the induction of neuronal regeneration-associated genes (RAG)
by peripheral axotomy.

The injured PNS undergoes a stereotypical reaction to injury
characterized by Wallerian degeneration in the distal portion of
the nerve (Stoll et al., 1989) and a sprouting process at the
proximal site. At the molecular level, there is evidence for a
coordinated neuronal gene program involved in the repair pro-
cess. Previous research has identified a few components of this
molecular genetic switch to axon growth, although this is likely to
be a very incomplete view (for review, see Fu and Gordon, 1997;
Gillen et al., 1997). In general, RAGs are also highly expressed
during nervous system development, suggesting that regeneration
recapitulates development.

The majority of the identified RAGs encode proteins in one of
several categories: cytoskeletal proteins, neurotransmitter metab-
olizing enzymes, neuropeptides, cytokines, neurotrophins, and
neurotrophin receptors. In particular, the changes in cytoskeletal
protein expression support the notion that developmental pro-
cesses are being recruited. The general trend during both devel-
opment and regeneration is to upregulate tubulin (Moskowitz
and Oblinger, 1995) and downregulate neurofilament proteins
(Muma et al., 1990; Troy et al., 1990; Wong and Oblinger, 1990).
Just as microtubules and neurofilaments are differentially regu-
lated, classic neurotransmitter systems are downregulated after
axotomy (for review, see Grafstein and McQuarrie, 1978; Gor-
don, 1983; Zigmond et al., 1996), whereas many neuropeptides
are upregulated. Axotomy-induced neuropeptides include vaso-
active intestinal peptide (Nielsch and Keen, 1989), galanin (Villar
et al., 1989), and neuropeptide Y (Wakisaka et al., 1991). Neu-
rotrophic factors and their receptors play critical roles during
nervous system development, and in many cases expression is
increased after nerve axotomy. Nerve growth factor (Ernfors et
al., 1989), brain-derived neurotrophic factor and neurotrophin-3
(Schecterson and Bothwell, 1992; Kobayashi et al., 1996), acidic
fibroblast growth factor (Elde et al., 1991), platelet-derived
growth factor (Sasahara et al., 1991; Yeh et al., 1991), and
neuregulin (Marchionni et al., 1993) are examples in this group.

Perhaps the prototypical example of a RAG is growth-
associated protein-43 (GAP-43). Skene and Willard (1981) orig-
inally discovered GAP-43 as a rapidly transported axonal protein
that is highly induced after sciatic nerve injury. GAP-43 protein
is localized primarily in the axonal growth cone and is expressed
during brain development. Its induction by trauma is correlated
with substantial functional recovery after axonal injury (Skene
and Willard, 1981; Katz et al., 1985; Skene, 1989; Gispen et al.,
1991). GAP-43 plus cytoskeleton-associated protein-43 (CAP-43)
overexpression supports a degree of CNS axon regeneration
(Bomze et al., 2001). Although GAP-43 was first identified in a
two-dimensional protein electrophoresis analysis of sciatic nerve
injury (Skene and Willard, 1981), other RAGs have been identi-
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fied using differential display analysis (Kiryu et al., 1995; Su et al.,
1997) and expressed-sequence-tag approaches (Tanabe et al.,
1999).

We used cDNA microarrays to enhance the sensitivity of RAG
identification in mouse sciatic nerve injury (Duggan et al., 1999).
This approach demonstrates that SPRR1A is highly induced by
peripheral axotomy. Furthermore, SPRR1A associates with
F-actin in membrane ruffles and promotes neurite outgrowth.

MATERIALS AND METHODS
Surgery and harvesting of mRNA. Adult male C57BL/6 mice were anes-
thetized by intraperitoneal injection of avertin. The sciatic nerve at the
midthigh level was either completely transected or crushed by compres-
sion with Dumont No. 5 forceps (Harvard Apparatus, Holiston, MA) for
30 sec. For retrograde labeling with Fluoro-Gold (Molecular Probes,
Eugene, OR), the transected axons were exposed to 1 �l of 1 mg/ml
Fluoro-Gold at the time of the transection. Animals were killed 1 week
after injury, and the ipsilateral DRGs from L3, L4, and L5 were removed
into liquid nitrogen. Contralateral DRGs served as control samples.
Poly(A)-positive RNA was harvested from DRGs using the Micro-Fast
Track 2.0 mRNA Isolation Kit (Invitrogen, Carlsbad, CA), or total RNA
was extracted with an RNA easy mini kit (Qiagen, Valencia, CA).

In spinal cord injury studies, mice were anesthetized with ketamine/
xylazine, and the spinal cord was exposed through T10 laminectomies.
The spinal cord was completely transected, and 1 �l of 1 mg/ml Fluoro-
Gold solution was applied at the lesion site. The surgical site was closed,
and animals were processed for biochemical or histological analysis after
a 1 week survival period. Control DRG samples were taken from cervical
levels and axotomized samples were taken from lumbar levels.

Microarray analysis. The mRNA from control and lesion DRG samples
was reverse-transcribed in the presence of Cy3-dUTP and Cy5-dUTP to
generate two distinct hybridization probes. These probes were hybrid-
ized to a cDNA microarray consisting of sequence-verified amplified
PCR products selected from a Unigene mouse cDNA set spotted onto a
glass matrix (Mouse GEM1, details at www.incyte.com). The normal-
ized ratio of hybridization signal between samples to the arrayed cDNA
is reported.

Northern blot analysis. Northern blots were performed as described
previously (Goshima et al., 1995) using 400 ng of Poly(A�) RNA or 2 �g
of total RNA from control and lesion DRG samples. Gene-specific
32P-labeled probes were synthesized by random priming and hybridized
to membranes at 42°C in 10% dextran sulfate, 50% formamide, 5�
standard saline phosphate/EDTA (0.75 M NaCl, 58 mM NaH2PO4, 5 mM
EDTA, pH 7.4), and 1% SDS. After the membranes had been washed at
42°C in 2� SSC and 1% SDS, autoradiographs were generated.

Immunologic procedures. The SPRR1A cDNA (AA230988) was sub-
cloned into pTrc-His (Invitrogen). Recombinant SPRR1A protein with
an N terminal His6 tag was purified from transformed Escherichia coli on
a nickel resin. Rabbits were immunized with SPRR1A-His protein.
Antiserum was diluted 1:1000 for immunohistology and 1:3000 for im-
munoblots. Immunologic controls included preimmune serum and block-
ade with protein antigen. SPRR1A protein levels on immunoblots were
quantified from densitometric analysis of standard curves of purified
recombinant SPRR1A protein processed in parallel.

The S100C cDNA (AA253928) was subcloned into the pGEX2T
vector, and glutathione S-transferase (GST)-S100C was purified from
transformed E. coli using glutathione Sepharose. Rabbits were immu-
nized with the GST-S100C protein, and antiserum was diluted to 1:100
for immunohistochemistry and immunoblotting.

One week after sciatic nerve transection or thoracic spinal cord tran-
section [spinal cord injury (SCI)], mice were killed and perfused with 4%
paraformaldehyde. DRGs ipsilateral (lesion) and contralateral (control)
to the transected nerve or DRGs above (control) or below (lesion) the
SCI were dissected, post-fixed, and frozen in embedding medium. The
tissue was cryosectioned at 10–20 �m and stained with anti-SPRR1A or
anti-S100C antisera.

In situ hybridization. mRNA was localized in DRG sections by the
digoxigenin-labeled riboprobe method (Wilkinson and Nieto, 1993; Gos-
hima et al., 1995). Full-length antisense probes were used, and sense
probes produced no signal.

COS-7 cell transfections. The full-length mouse SPRR1A (AA230988)
and S100C (AA253928) cDNAs were transferred into pCDNA3.1 (In-
vitrogen) such that the vector encoded C-terminal Myc-tagged SPRR1A

and C-terminal Myc-His-tagged S100C. COS-7 cells were transfected
with pCDNA3.1-SPRR1A-Myc or pCDNA3.1-S100C-Myc-His or co-
transfected with both plasmids using the Fugene method (Boehringer
Mannheim, Indianapolis, IN). The cells were fixed with 4% paraformal-
dehyde/20% sucrose after 36 hr of transfection and stained with appro-
priate combinations of anti-SPRR1A (1:1000), anti-S100C (1:100),
mouse monoclonal anti-His (C terminus) (1:500) (Invitrogen),
rhodamine-phalloidin (1 U/ml) (Molecular Probes), FITC-anti-rabbit
IgG (1:200) (Sigma, St. Louis, MO), or tetramethylrhodamine
isothiocyanate-anti-mouse IgG (1:200) (Sigma). Cells were examined
with a Zeiss LSM-510 confocal microscope (Zeiss, Thornwood, NY).

Actin cosedimentation assay. The actin cosedimentation protocol has
been described previously (Gonzalez et al., 1998; Sakaguchi et al., 2000).
Purified monomeric actin (G-actin, 25 �M; Cytoskeleton, Denver, CO)
was incubated with recombinant SPRR1A (200 nM), GST-S100C (2 �M),
or GST (2 �M) in an actin polymerization buffer (5 mM Tris, pH 8.0, 1.0
mM CaCl2, 1.0 mM DTT, 0.2 mM ATP, 100 mM KCl, 2.0 mM MgCl2) at
room temperature for 60 min. Polymerized actin was sedimented by
centrifugation at 100,000 � g for 1 hr. Equal volumes of the particulate
and supernatant fractions were analyzed by SDS-PAGE and
immunoblotting.

Herpes simplex virus preparation and protein trituration. The coding
region of mouse SPRR1A was amplified by PCR with an in-frame
C-terminal Myc epitope and ligated to the pHSVprPUC vector. Simi-
larly, the S100C coding region with a Myc tag was ligated to pHSVprPUC
vector. The resulting plasmids were transfected into 2-2 cells with Fugene
and then superinfected with 5 dl 1.2 herpes simplex virus (HSV) helper
virus 1 d later as described previously (Nakamura et al., 1998; Takahashi
et al., 1998, 1999). Recombinant virus was amplified through three
passages and stored at �80°C. Freshly dissociated DRG neurons were
allowed to adhere to cultured dishes for 30 min and then incubated with
HSV preparations encoding for SPRR1A, S100C, enhanced green fluo-
rescent protein (EGFP), or Nogo receptor. Recombinant SPRR1A and
S100C protein were triturated into dissociated DRGs by repetitive pi-
petting in the presence of 1 mg/ml of protein as described previously (Jin
and Strittmatter, 1997).

DRG cultures and neurite outgrowth analysis. Embryonic day 7 (E7)
chick, embryonic day 13 chick, or adult mouse DRGs were dissected and
dissociated with 0.25% trypsin for 15 min at 37°C. For adult mouse DRG
preparations, preincubation with 1 mg/ml collagenase was included. For
preconditioned adult mouse DRG cultures, sciatic nerve lesions were
performed 4 d before death and L3–L5 DRG dissection. Dissociated
cells were preplated on tissue culture-treated plastic dishes for 1 hr at
37°C. Nonadherent cells (predominantly neurons) were collected and
plated on plastic chamber slides coated with poly-L-lysine (100 �g)/
laminin (10 �g/ml). In some cases, the substrate was coated with 45
ng/mm 2 bovine CNS myelin or 34 ng/mm 2 purified GST-Nogo-66 pro-
tein as described previously (Jin and Strittmatter, 1997; GrandPre et al.,
2000; Fournier et al., 2001). After 6–36 hr, cells were fixed and stained,
and neurite outgrowth was quantified. Images of each culture were
captured with Olympix Software (Olympus Technologies, Melville, NY)
and analyzed with Scion Image (Scion Corporation, Frederick, MD) (Jin
and Strittmatter, 1997; GrandPre et al., 2000; Fournier et al., 2001). The
total neurite length for each neuron was determined for 50–100 neurons
in each experiment. The total number of branch points was divided by
the total neurite length to obtain a branching index.

Antisense experiment. Phosphorothioate sense and antisense oligonu-
cleotides spanning the translation initiation site (italic type) of the mouse
sprr1a sequence (sense, p-thio-ATCTAACCATGAGTTCCCAC; anti-
sense, p-thio-GTGGGAACTCATGGTTAGAT) were generated. Adult
mouse DRG cultures were incubated with purified oligonucleotides at
concentrations of 10–50 �M. Immunoblot and immunohistological anal-
ysis was performed after 36 hr of culture.

Antibody blockade. Affinity-purified rabbit �-SPRR1A antibody (0.2
mg/ml) was triturated into DRG neurons before plating as described for
other proteins (Jin and Strittmatter, 1997). Rabbit IgG (0.2 mg/ml) was
used as a control. Triturated DRG neurons were cultured for 6 hr and
then analyzed by immunohistochemistry and morphometry.

RESULTS
Microarray expression profile of axonal regeneration
An array containing 8500 cDNA species (Incyte mouse GEM)
was used to analyze mRNA expression in the lumbar DRG 1
week after sciatic nerve transection. Sixteen mRNAs with greater
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than twofold upregulation or downregulation were detected.
Eight of these transcripts were recognized previously as being
induced or repressed by nerve regeneration, including galanin,
neuropeptide Y, neurofilament, glial cell line-derived neurotro-
phic factor (GDNF) receptor � subunit, pituitary adenylate
cyclase-activating polypeptide, GTP-binding protein TC10, cal-
cium channel �-2-� subunit, and trkA receptor (Table 1). The
results support the validity and sensitivity of this method. The
eight other regulated genes include six known genes that were not

recognized previously as being differentially regulated by axo-
tomy and two novel genes.

Among the six known genes that were not recognized previ-
ously as being differentially regulated by axotomy, there were
three genes sharing many common characteristics. SPRR1A,
S100C, and p21/wild-type p53-activated factor 1 (WAF1) are all
upregulated after UV irradiation of epithelial cells (Rosen et al.,
1995). SPRR1A and S100C are induced during epithelial differ-
entiation and are covalently cross-linked in the cornified envelope
(CE) of terminally differentiated keratinocytes. Cross-linked
SPRR1A and S100C are thought to contribute to the permeability
barrier function of the CE. The common properties of these gene
products, along with their concerted upregulation after sciatic
nerve injury, raise the possibility that peripheral axonal regener-
ation uses a gene program shared with epithelial differentiation.
For this reason, we initially focused additional study on these
genes.

SPRR1A is dramatically increased after sciatic
nerve transection
The transcript that showed the highest level of upregulation was
sprr1a (�13-fold by microarray) (Fig. 1A). sprr1a is a member of
the small, proline-rich family of genes composed of two sprr1
genes, eight sprr2 genes, and one sprr3 gene. At the core of the
SPRR1A protein is a repeating XPKXPEPC octapeptide se-
quence. SPRR1A expression after axotomy was unexpected, be-
cause neuronal expression of the protein has not been detected
previously. Indeed, SPRR1A has been considered a highly spe-
cific marker for the differentiation of keratinocytes and squamous
epithelial cells (Kartasova and van de Putte, 1988; Kartasova et
al., 1988; Gibbs et al., 1993). The increased expression of sprr1a
detected by microarray analysis was verified by Northern blotting
(Fig. 1A). sprr1a mRNA levels, like gap-43 levels, are greatly
increased in the axotomized DRG sample compared with the

Figure 1. SPRR1A is induced in DRGs by
axotomy. A, Northern blot analysis reveals that
actin mRNA levels remain constant in lumbar
DRGs 1 week after sciatic nerve lesion (LES)
compared with control (CON ) levels. DRGs
dramatically upregulate both sprr1a and gap-43
mRNA after sciatic nerve transection. Migra-
tion of 28S and 18S ribosomal RNA is shown at
lef t. B, Immunoblots for SPRR1A protein dem-
onstrate upregulation in adult L3–L5 DRGs
(1X, 10 �g total protein; 3X, 30 �g total pro-
tein) after transection of the ipsilateral sciatic
nerve (LES) compared with unlesioned (CON )
samples. SPRR1A is not detected in uninjured
E15 DRG samples. There is a small but detect-
able increase in SPRR1A protein after thoracic
SCI seen only in the 3X samples. Molecular
weight markers are shown at lef t. C, DRGs
contralateral to sciatic nerve axotomy do not
express detectable SPRR1A by immunoblot
(CONTROL, top). Nerve transection induces
SPRR1A upregulation within 4 d after injury
(middle). SPRR1A protein levels peak at 7–14
d, with a reduction 1 month after the injury.
Nerve crush induces a similar SPRR1A expres-
sion level at 7 d, but levels decrease to baseline
by 1 month (bottom). The number of days be-
tween nerve transection and animal death is
shown at the top. Concentrations of SPRR1A
protein in the DRG homogenates are reported
at the bottom of each lane in nanograms of
SPRR1A per microgram of total protein.

Table 1. DRG cDNAs increased after peripheral axotomy

cDNA Ratio Reference

SPRR1A 12.9 This paper
Neuropeptide Y 7.6 Wakisaka et al., 1991
Galanin 5.1 Villar et al., 1989
RB3 (stathmin-like protein) 3.5 This paper
S100C 2.9 This paper
p21/WAF1 2.5 This paper
GDNF receptor � subunit 2.5 Naveilhan et al., 1997
GTP-binding protein TC10 2.4 Tanabe et al., 2000
AA030427 2.3 This paper
Ca2� channel, voltage-dependent,

L-type, �-2-� subunit 2.3 Luo et al., 2001
Pituitary adenylate cyclase-acti-

vating polypeptide 2.1 Zhang et al., 1995
W97408 2.1 This paper
Myosin light chain �2.6 This paper
Troponin C �2.5 This paper
Neurofilament �2.4 Troy et al., 1990
TrkA receptor precursor �2.1 Krekoski et al., 1996

Those genes with a change in expression levels of greater than twofold 1 week after
sciatic nerve transection are listed.
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control, whereas actin levels remain constant. As opposed to
gap-43, no sprr1a mRNA is detectable in DRGs before axotomy.
SPRR1A protein levels parallel mRNA levels in lumbar DRG
extracts after sciatic nerve injury (Fig. 1B). As described previ-
ously (Kartasova and van de Putte, 1988; Kartasova et al., 1988),
the 18 kDa SPRR1A protein migrates anomalously in SDS-
PAGE at 34 kDa (Fig. 1B). This is most likely because of its
unusual amino acid composition, consisting of 30% proline resi-
dues. Known RAGs, such as GAP-43, are expressed strongly
during the axonal outgrowth period of embryonic development
(Fu and Gordon, 1997; Gillen et al., 1997). No SPRR1A protein
is observed, however, in E15 DRGs (Fig. 1B) or in E12 to
postnatal day 4 samples (data not shown). In this regard,
SPRR1A is unique among known RAGs.

The upregulation of SPRR1A in DRG neurons after periph-
eral axotomy raised the question of whether these neurons would
react in the same manner after a lesion of their central process.
To assess this question, lumbar DRGs were removed from mice 1
week after thoracic SCI, and SPRR1A protein levels were ana-
lyzed. This lesion severs the central axon of those DRG neurons
contributing to the dorsal columns, a significant subset of the
lumbar DRG population. The SPRR1A protein increase after
central axotomy is much less robust than that observed after
peripheral axotomy and is undetectable unless the gels are over-
loaded with protein (Fig. 1B). The limited induction with central
injury resembles the pattern with GAP-43 (Kalil and Skene, 1986)
and might contribute to the cause of poor CNS axon
regeneration.

If SPRR1A induction after axotomy was correlated with the
initial injury phase, this would suggest an immediate early gene
function, whereas a correlation with the axonal regeneration
phase might suggest a direct contribution to axon growth. To
explore the temporal relationship between SPRR1A expression
and sciatic nerve regeneration, DRGs were analyzed for SPRR1A
protein at various times after resection of a piece of sciatic nerve.
SPRR1A protein is not detectable 1 d after injury but is dramat-
ically upregulated by 4 d and reaches peak levels 1–2 weeks after
sciatic nerve injury (Fig. 1C). At maximal levels, SPRR1A con-
stitutes �0.5% of total DRG protein or 6 ng of SPRR1A per
microgram of total protein based on quantitative immunoblots
using purified SPRR1A as a standard. Because the detection limit
in this assay is 0.1 ng of SPRR1A per microgram of total protein,
the increase in SPRR1A is �60-fold. SPRR1A levels are signifi-
cantly reduced 1 month after injury. The decrease in SPRR1A at
later times may reflect some reinnervation of appropriate and
inappropriate targets with consequent downregulation of RAGs.
To explore this further, we subjected another group of mice to
sciatic nerve crush, which results in a similar degree of axonal
damage but allows for more rapid and successful regeneration
with complete functional recovery within 1 month. After
midthigh sciatic nerve crush injury, DRG levels of SPRR1A
protein follow a similar strong induction, but the downregulation
is nearly complete at 1 month. This time course correlates well
with hindlimb functional recovery after such injuries (data not
shown). Thus, DRG SPRR1A expression is bidirectionally regu-
lated by axonal injury and target innervation.

The DRG contains not only neurons but also fibroblasts, sat-
ellite cells, and Schwann cells. To assess the cellular origin of
SPRR1A protein in axotomized DRGs, immunohistochemical
experiments were conducted. The pattern of SPRR1A staining in
DRGs is consistent with neuronal cell bodies and axonal pro-
cesses (Fig. 2A). A nerve crush injury was performed to deter-

mine whether regenerating axons crossing the site of injury con-
tained SPRR1A protein. Axons in sections both proximal and
distal to the crush site showed intense SPRR1A immunoreactiv-
ity, demonstrating that the protein is transported throughout the
regenerating axonal process (Fig. 2B). That the stained cells are
regenerating DRG neurons is clear in samples retrogradely la-
beled with Fluoro-Gold from the injured sciatic nerve (Fig. 2C).
By two criteria, SPRR1A appears to be expressed in most, if not
all, subclasses of DRG neurons. First, the vast majority of Fluoro-
Gold-positive neurons, 85 � 3%, also exhibited SPRR1A immu-
noreactivity. Second, the average cell diameter of Fluoro-Gold-
positive and SPRR1A-positive neurons was indistinguishable
(35 � 2 �m vs 38 � 2 �m). Because different subsets of DRG
neurons have distinct cell sizes, the observed size supports the
hypothesis that SPRR1A is expressed by most axotomized DRG
neurons.

SPRR1A protein localization in DRGs after spinal cord injury
was examined by retrogradely labeling neuronal cell bodies with
Fluoro-Gold injected at the site of injury. Low levels of SPRR1A
protein were detected in DRG neurons after central axotomy
(Fig. 2C), consistent with the immunoblots showing a slight
increase in SPRR1A levels (Fig. 2C). The histologic studies also
demonstrate that on a cell-by-cell basis, peripheral axotomy is a
much stronger SPRR1A-inducing signal than is central injury.

The sciatic nerve transection injures axons from both DRG
sensory neurons and spinal motoneurons. Examination of spinal
cord sections reveals that retrogradely labeled axotomized mo-
toneurons in the ventral horn exhibit SPRR1A expression to a
similar extent as do DRG neurons (Fig. 2C). The contralateral
ventral horn does not exhibit SPRR1A immunoreactivity. Thus,
neurons situated in both the CNS and PNS strongly upregulate
SPRR1A after peripheral axotomy.

S100C and p21/WAF expression are increased after
sciatic nerve axotomy
The results from the microarray screen reveal a more than three-
fold upregulation of S100C (Table 1). S100C forms dimers and is
a member of a family of small S100 proteins that exhibit EF-hand-
type Ca2�-binding properties. Like SPRR1A, S100C is thought
to be a structural component of the CE of epithelial cells (Rob-
inson et al., 1997). It has also been implicated in the regulation of
cytoskeletal functions via Ca2�-dependent interaction with an-
nexin I and F-actin (Naka et al., 1994; Mailliard et al., 1996;
Sakaguchi et al., 2000). Other functions attributed to the S100
family include cell-cycle regulation, cell differentiation, cell
growth, and metabolic control (Allen et al., 1996; Marti et al.,
1996; Scotto et al., 1998).

p21/WAF1 is the third transcript induced after sciatic nerve
axotomy whose expression is characterized in this study (Fig. 1B).
p21, also known as WAF1, cyclin-dependent kinase-interacting
protein 1, and senescent cell-derived inhibitor 1, is involved in
cell-cycle regulation, cell differentiation, and tumor suppression
(for review, see Cox, 1997; Gartel and Tyner, 1999). The p21
protein is a cyclin kinase inhibitor that inhibits G1 cyclin/cyclin-
dependent kinase complexes (Harper et al., 1993; Xiong et al.,
1993) and is activated by p53 (El-Deiry et al., 1993). In addition,
like SPRR1A and S100C, p21 is induced by UV irradiation
(Gorospe et al., 1998) and by phorbol esters (Zeng et al., 1997) in
epithelial cells.

Northern blot analysis confirms the upregulation of s100c and
p21/waf1 after peripheral axotomy. s100c and p21/waf1 are also
expressed in DRGs at embryonic and early postnatal stages,
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contrary to sprr1a but similar to gap-43 (Fig. 3A). At the protein
level, S100C is elevated 4 d after axotomy, remains increased up
to 2 weeks after injury, and returns to normal levels by 1 month
(Fig. 3B), a time course similar to that of SPRR1A and GAP-43.

In the DRG homogenates composed of both neuronal and non-
neuronal elements, the S100C protein level is induced by 100%.
The cellular identity of the cells overexpressing S100C after
axotomy was investigated by in situ hybridization and immuno-

Figure 2. SPRR1A is expressed in regener-
ating sensory and motor neurons. A,
SPRR1A immunofluorescence demon-
strates protein in the cell bodies and axons
of DRG neurons 1 week after peripheral
axotomy (injured). No SPRR1A immunore-
activity can be found in adult control DRGs
(contralateral). Scale bar, 50 �m. B,
SPRR1A protein is distributed throughout
DRG regenerating axons, as revealed by
SPRR1A immunoreactivity of sciatic nerve
1 week after a crush injury. SPRR1A-
positive axons were found up to 20 mm
distal from the crush site. The protein is
absent in the contralateral (uninjured)
nerve. Scale bar, 100 �m (from A). C, In-
tense SPRR1A protein immunoreactivity
colocalizes with Fluoro-Gold retrogradely
labeled sensory and motor neurons ipsilat-
eral to a sciatic nerve transection (peripheral
axotomy, arrows). SPRR1A is slightly ele-
vated in sensory neurons 1 week after tho-
racic SCI (central axotomy). SPRR1A is ab-
sent from the ventral horn contralateral to a
sciatic nerve transection. Scale bar: first and
second rows, 50 �m; third and fourth rows,
100 �m.
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cytological experiments. Both s100c and p21 mRNA are localized
to neuronal cell bodies in the DRG by in situ hybridization
experiments (Fig. 3C). Fluoro-Gold retrograde labeling of in-
jured DRG neurons demonstrates that regenerating DRG neu-
rons exhibit increased S100C expression (Fig. 3D). Because these
neurons compose approximately one-half of the DRG cell pop-

ulation, the results of Figure 3A,C suggest that S100C protein
levels are approximately threefold higher in axotomized neurons.

SPRR1A and S100C are localized to F-actin structures
In the CE, SPRR1A and S100C, along with other proteins, are
covalently cross-linked by transglutaminases (TGases) to gener-
ate a rigid structure that alters cellular properties (Greenberg et
al., 1991; Hohl et al., 1995). To consider whether SPRR1A and
S100C might have a related function in neurons, we assayed
SPRR1A cross-linking and TGase activity. Immunoblot experi-
ments of protein from control and lesion DRGs revealed only
monomeric SPRR1A (Fig. 1B) and no insoluble aggregated
SPRR1A immunoreactivity (data not shown). Furthermore, no
consistent or significant difference in DRG TGase activity be-
tween control and sciatic nerve lesion samples could be detected
(data not shown). We conclude that SPRR1A and S100C do not
participate in a CE-like structure in injured DRGs.

To consider alternative mechanisms of SPRR1A function, we
examined the subcellular distribution of the protein, considering
what is known about S100C. S100C binds to F-actin in the
presence of Ca2� and alters cytoskeletal function in non-
neuronal cells (Sakaguchi et al., 2000). Because F-actin dynamics
play a major role in regulating axonal growth cone motility, we
hypothesized that axotomy-induced SPRR1A and S100C protein
might modulate F-actin structures in concert. Transient expres-
sion of SPRR1A and S100C in non-neuronal cells allowed for a
careful examination of their localization relative to F-actin. Both
SPRR1A and S100C are highly concentrated in certain F-actin-
rich structures (Fig. 4A–C). SPRR1A immunoreactivity in
COS-7 cells is enriched in serpentine structures consistent with
dorsal ruffles and in leading edge ruffles. A reconstruction of a
z-axis series from confocal microscopy verified the localization of
SPRR1A to dorsal ruffles (Fig. 4D). SPRR1A protein is not
localized to F-actin-positive stress fibers. The previous descrip-
tion of S100C affinity for F-actin is evident in our studies (Fig.
4B). Similar to SPRR1A, S100C protein is present in dorsal and
leading edge ruffles. Contrary to the exclusive localization of
SPRR1A in these structures, S100C also localizes to stress fibers.
The presence of both SPRR1A and S100C in membrane ruffles
suggests that they contribute to similar or identical subcellular
structures. A direct examination of doubly transfected cells con-
firms that the two proteins codistribute in dorsal and leading edge
ruffles. Variation in F-actin structures from cell to cell is great in
these cultures, and we have not observed any pronounced shift in
the type or total number of F-actin-rich structures in SPRR1A-
expressing cells.

We sought to determine whether SPRR1A was also localized to
F-actin-rich regions of axonal growth cones. A recombinant HSV
preparation was used to express SPRR1A in chick embryonic
DRG cultures. The infected fibroblasts in these cultures exhibit
an SPRR1A distribution that is essentially identical to the trans-
fected COS-7 cells (Fig. 4B). Infected neurons exhibit SPRR1A
immunoreactivity throughout their axons (Fig. 4E), similar to the
axonal localization seen in tissue samples from sciatic nerve-
transected animals (Fig. 2). Higher magnification of well-spread
axonal growth cones in these cultures reveals SPRR1A immuno-
reactivity colocalized with F-actin in discrete linear ridges and
aggregates in axonal growth cones. The pattern is consistent with
dorsal and leading edge ruffles.

Whereas SPRR1A is colocalized with F-actin in ruffles, other
F-actin-rich structures, such as stress fibers and filopodia, do not
exhibit specific concentrations of SPRR1A. This suggests that

Figure 3. S100C and p21/WAF1 are induced in regenerating sensory
neurons by axotomy. A, Northern blot analysis of s100c mRNA levels in
lumbar DRGs from animals of different ages is shown. Adult DRG
samples were analyzed contralateral (CON ) or ipsilateral (LES) to a
sciatic nerve transection 1 week before death. A clear upregulation of the
transcript after axotomy is evident. p21/waf1 mRNA levels are regulated
in a similar manner in the lower panel. Two micrograms of total RNA
were loaded in each lane. B, S100C immunoblots demonstrate protein
levels contralateral (CONTROL) or ipsilateral (TRANSECTION ) to a
sciatic nerve transection at the indicated times after lesion. Quantification
of the relative levels of S100C protein in the axotomized DRG samples is
reported at the bottom. C, In situ hybridization demonstrates s100c and
p21/waf1 mRNA expression in lumbar DRGs contralateral or ipsilateral
(injured) to sciatic nerve transection 1 week before death. D, S100C
immunostaining of DRG sections that were retrogradely labeled with
Fluoro-Gold demonstrates that the protein is induced selectively in neu-
rons that underwent transection 1 week earlier at the midthigh (arrows).
Scale bar, 50 �m.
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SPRR1A does not bind directly to F-actin but rather to actin-
associated protein(s) enriched in ruffles. To verify whether or not
SPRR1A is able to bind F-actin directly, actin cosedimentation
and immunoprecipitation assays were performed. These methods
reveal no direct physical association of SPRR1A with F-actin in
the presence or absence of S100C protein (data not shown). Thus,
unidentified proteins specific to membrane ruffles must account
for the colocalization of F-actin and SPRR1A.

SPRR1A and S100C increase axonal outgrowth in
embryonic neurons
The data indicate that expression of SPRR1A and S100C is
correlated with axonal regeneration and that the proteins are

colocalized with F-actin. Do SPRR1A and S100C promote axonal
regeneration? A functional contribution to axonal regeneration
was examined in cultured DRG neurons. Embryonic chick DRG
or adult mouse DRG neurons do not express SPRR1A immedi-
ately after plating, but high levels develop by 5 d in vitro (DIV)
(Fig. 5A). Induction is much more robust in adult neurons. As
seen in tissue sections, the protein is present in axons in which it
might directly alter outgrowth. Because E7 chick DRGs do not
express the endogenous protein within the first 24 hr in vitro, we
examined the effects of SPRR1A introduction into these cells.
Infection with an HSV preparation directing SPRR1A expression
results in a threefold increase in outgrowth for infected SPRR1A-

Figure 4. SPRR1A colocalization with F-actin and S100C in COS-7 cells and neuronal growth cones. A, COS-7 cells were transfected with
pCDNA3.1-SPRR1A-Myc. SPRR1A immunoreactivity colocalizes with F-actin-rich structures, predominantly at dorsal and leading edge ruffles
(arrowheads). SPRR1A is absent from actin-rich stress fibers (arrows). A–C, The lef t three panels show double labeling of one cell, and the extreme right
panels show a different cell. B, COS-7 cells were transfected with pCDNA3.1-S100C-Myc-His. S100C immunoreactivity colocalizes with F-actin (ruffles,
arrowheads). C, pCDNA3.1-SPRR1A-Myc and pDNA3.1-S100C-Myc-His were cotransfected into COS-7 cells. SPRR1A and S100C immunoreactivity
codistributed at leading edge and dorsal ruffles (arrowheads). S100C was detected by staining with monoclonal anti-His antibodies. D, The distribution
of SPRR1A and F-actin in a pDNA3.1-SPRR1A-Myc-transfected COS-7 cell is examined in three dimensions. Top, Vertical (z-axis) cross section at the
level of the blue arrows for the lower three panels. The numbers on the lower three panels refer to the distance above the substrate. Note the predominant
distribution of SPRR1A to dorsal and leading edge ruffles (arrowheads). A dorsal ruffle is shown to protrude into the upper region of the cell. E, Chick
E7 DRG cultures were infected with HSV-SPRR1A and examined for SPRR1A and F-actin distribution 24 hr later by confocal microscopy. In axonal
growth cones (lef t three panels show one growth cone, and the next panel shows a second growth cone) and fibroblasts (right panel ), note the similar
distribution of SPRR1A and F-actin in linear aggregates and ruffles (arrowheads). Other F-actin-rich structures (arrows), such as stress fibers, are not
enriched in SPRR1A. Scale bar, 50 �m.
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immunoreactive cells at 1 DIV (Fig. 5B,C). This appears to alter
the intrinsic growth properties of the neurons, and the SPRR1A
enhancement of growth is observed over a range of laminin
substrate concentrations (Fig. 5D). As an alternative method for
increasing SPRR1A levels, recombinant SPRR1A protein was
triturated into DRG neurons (Fig. 5E). A similar increase in
neurite outgrowth is observed. S100C is normally expressed in
embryonic neurons. In recombinant HSV-S100C experiments,
overexpression of S100C results in a moderate 60% increase in
neurite outgrowth (Fig. 5B,F). Thus, neuronal SPRR1A, and to a
lesser extent S100C, can directly promote axonal outgrowth.

SPRR1A increases axonal outgrowth in adult neurons
Although the embryonic neuron experiments demonstrate that
SPRR1A can promote axonal growth, studies of adult neurons
are more relevant to nerve regeneration. Adult DRG neurons are
known to display distinct modes of growth in culture, after
peripheral nerve axotomy or removal of the ganglion, with a
time-dependent transition from a branching to an elongating
mode of outgrowth (Smith and Skene, 1997). Because endoge-
nous SPRR1A is not expressed during the first 24 hr after plating
adult mouse DRGs, we sought to determine whether SPRR1A
expression altered outgrowth patterns from these neurons.
SPRR1A-expressing neurons exhibit an 80% increase in out-
growth compared with GFP-expressing neurons (Fig. 6 A–C).
The increase is similar in magnitude to that achieved by a
preconditioning axotomy. Axonal branching was decreased
50% in SPRR1A-expressing neurons compared with GFP-
expressing neurons (Fig. 6 D). Again, this difference is nearly
identical to the decreased branching observed for precondi-
tioned neurons. Thus, acute SPRR1A expression in culture
promotes the branching-to-elongating morphological switch
and fully mimics the effects of a preconditioning axotomy.

SPRR1A increases axonal outgrowth of embryonic
neurons on inhibitory substrates
In vivo, regenerating neurons frequently encounter inhibitory
substrates that limit their outgrowth. Among these inhibitors,
CNS myelin containing Nogo may play a role in preventing adult
mammalian CNS axon regeneration (GrandPre et al., 2000).
Therefore, we sought to determine whether SPRR1A overexpres-
sion modulates the sensitivity to these inhibitors. Axonal sensi-
tivity to inhibition by Nogo and CNS myelin is obvious in chick
E13 DRG neuronal cultures. Overexpression of SPRR1A has a
stimulatory effect on outgrowth over Nogo-66 and CNS myelin
but does not overcome the inhibition (Fig. 6E,F). The fractional
increase in outgrowth induced by SPRR1A is similar for neurons
on laminin, CNS myelin, and Nogo. Thus, SPRR1A expression
alters the basal propensity for axonal growth but not the respon-
siveness to these nonpermissive substrates.

Depletion or blockade of SPRR1A protein decreases
outgrowth in adult neurons
If SPRR1A expression plays a significant role in the regenerative
outgrowth of adult neurons, then reduction in SPRR1A activity
should reduce axon regeneration. To assess whether SPRR1A is
necessary for axonal regeneration, adult DRG neurons were
harvested 4 d after a sciatic nerve transection (preconditioned
neurons), and SPRR1A was suppressed by one of two methods. In
one protocol, adult DRG neurons were removed and plated for 36
hr in the presence of sense, antisense, or no oligonucleotide.
Western blotting and immunohistochemistry verified that
SPRR1A expression was significantly and selectively decreased
after treatment with antisense oligonucleotides complimentary to
the translation initiation site of the sprr1a sequence (Fig. 7A–C).

Figure 5. SPRR1A promotes axonal out-
growth in embryonic neurons. A, Endog-
enous SPRR1A protein immunoreactivity
is not detected in chick E7 and adult
mouse DRGs cultured for 1 DIV but is
present after 5 DIV by immunofluores-
cence. Scale bar, 100 �m. B, Overexpres-
sion of SPRR1A and S100C protein in
chick E7 DRGs via recombinant HSV in-
fection increases axonal growth compared
with HSV-EGFP-infected cells. EGFP-,
SPRR1A-, and S100C-expressing neurons
are identified by EGFP fluorescence,
SPRR1A immunoreactivity, and S100C
immunoreactivity, respectively. C, Neu-
rite outgrowth was determined in neurons
expressing EGFP, Nogo-66 receptor
(NgR, as a control), or SPRR1A via re-
combinant HSV infection. A significant
( p � 0.05, Student’s two-tailed t test) in-
crease in outgrowth is observed in HSV-
SPRR1A-infected cultures 24 hr after
plating. Data are means � SEM from five
experiments. D, DRG neurons infected
with HSV-EGFP or HSV-SPRR1A were
cultured on the indicated concentrations
of laminin. Mean neurite outgrowth per
infected neuron is reported (� SEM). E,
A significant ( p � 0.05, Student’s two-
tailed t test) increase in neurite outgrowth
(� SEM) is observed in neurons triturated with purified SPRR1A. Control triturations have no effect on outgrowth. SPRR1A protein added to the
culture medium without trituration does not alter outgrowth. F, Neurite outgrowth was measured for neurons overexpressing EGFP and S100C via
recombinant HSV infection. A significant ( p � 0.05, Student’s two-tailed t test) increase in outgrowth is observed for the HSV-S100C-infected neurons
24 hr after plating.
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Depletion of SPRR1A protein in adult preconditioned neurons
with antisense oligonucleotides results in a significant decrease in
neurite length (Fig. 7C,D). Antisense-treated preconditioned
neurons display outgrowth capabilities that resemble those of
naive neurons. Not only is axon outgrowth reduced, but axonal
branching indices also show a marked increase in the antisense-
treated cultures (Fig. 7E). The lack of effect of these antisense
oligonucleotides on the naive neurons that do not express
SPRR1A further confirms the selectivity of action.

SPRR1A function was also reduced by trituration of naive and
preconditioned adult DRG neurons with affinity-purified
SPRR1A antibody. Similar to the antisense oligonucleotide treat-
ment, anti-SPRR1A antibody treatment decreased neurite out-
growth in the adult preconditioned neurons (Fig. 7F,G). This
inhibition was selective in that rabbit IgG had no effect and
anti-SPRR1A-treated naive neurons (lacking SPRR1A) did not
exhibit altered outgrowth. Thus, two methods confirm that
SPRR1A contributes to the axotomy-induced morphological
switch from a branching to an elongating mode of growth.

DISCUSSION
This expression profile analysis of axotomized sensory neurons
highlights the potential role of SPRR1A expression in peripheral
axon regeneration. There are several striking aspects to the role
of SPRR1A as a regeneration-associated gene: (1) the level of
SPRR1A induction by axotomy is extremely high during success-
ful regeneration, (2) SPRR1A is not expressed in uninjured
neurons during adulthood or development, (3) sprr1a is part of a
group of epithelial differentiation genes used during axon regen-
eration, (4) SPRR1A localizes selectively to actin-rich membrane
ruffles, (5) overexpression of SPRR1A alone can produce large
increases in neurite extension rates, (6) SPRR1A shifts adult
sensory neurons from a branching to an elongating mode of
growth, and (7) blockade of SPRR1A decreases the outgrowth
potential of preconditioned adult neurons. Together with the
observation that axotomized CNS neurons exhibit only very low
levels of SPRR1A, these data raise the possibility that exogenous
delivery of SPRR1A might be capable of driving adult mamma-
lian CNS axonal regeneration.

Figure 6. SPRR1A promotes axonal outgrowth in adult neurons and on inhibitory substrates. A, Phalloidin staining of adult mouse DRGs after 1 DIV
illustrates the different modes of growth that characterize naive and preconditioned neurons. Preconditioned DRGs were removed and plated 4 d after
sciatic nerve axotomy. Whereas naive DRGs extend short and highly branched neurites, preconditioned DRGs grow neurites that are elongated and
sparsely branched. B, Overexpression of SPRR1A protein in adult mouse DRGs via recombinant HSV infection increases axonal growth and decreases
branching compared with HSV-EGFP-infected cells. EGFP- and SPRR1A-expressing neurons are identified by EGFP fluorescence and SPRR1A
immunoreactivity, respectively. Scale bar, 100 �m. C, Neurite outgrowth was determined in naive and preconditioned adult mouse DRG neurons
(phalloidin staining) and in neurons expressing EGFP (as a control) or SPRR1A via recombinant HSV infection. A significant ( p � 0.05, Student’s
two-tailed t test) increase in outgrowth is observed in HSV-SPRR1A-infected cultures 24 hr after plating. Data are means � SEM from three
experiments. D, Axonal branching was calculated for naive and preconditioned neurons and for HSV-EGFP- and HSV-SPRR1A-infected DRGs. We
confirmed that preconditioning and HSV-SPRR1A infection significantly ( p � 0.05, Student’s two-tailed t test) decrease branching compared with naive
neurons, and a parallel decrease was observed in HSV-SPRR1A-infected DRGs. Data are means � SEM from three experiments. E, Neurite outgrowth
was measured for HSV-EGFP- and HSV-SPRR1A-infected E13 DRG neurons plated on laminin or GST-Nogo-66 as the substrate. HSV-SPRR1A-
infected neurons exhibit increased outgrowth relative to HSV-EGFP-infected neurons ( p � 0.05, Student’s two-tailed t test) when plated on laminin (10
�g/ml) or on Nogo (34 ng/mm 2). Data are means � SEM from five experiments. F, Neurite outgrowth was measured for HSV-EGFP- and
HSV-SPRR1A-infected E13 DRG neurons plated on laminin or bovine CNS myelin as the substrate. HSV-SPRR1A-infected neurons show increased
outgrowth compared with HSV-EGFP-infected neurons ( p � 0.05, Student’s two-tailed t test) when plated on laminin (10 �g/ml) or on CNS myelin (45
ng/mm 2). Data are means � SEM from five experiments.
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Microarray analysis of axonal regeneration
It appears that the sciatic nerve injury paradigm is extremely well
suited to expression analysis, for several reasons. First, a single
class of neurons is easily obtained by simple dissection of DRGs.
There is no issue of variable dissections causing the inclusion of
different cell populations. Second, the surgical perturbation is
well removed from the neuronal cell body of interest. Thus,
inflammatory cell invasion, cell proliferation, and cell death do
not alter the cell population under analysis. Third, obtaining
adequate amounts of tissue for mRNA analysis is not difficult. All
of the differentially expressed genes identified by microarray in
our study were confirmed as regulated by axotomy by Northern
blot analysis or literature review.

Although the present study extends our understanding of
gene expression during axon regeneration, this view is not
complete. It should be noted that the microarray screen
performed here is far from genome-wide. Furthermore, it is
not clear that low-abundance mRNA species are well char-
acterized in this screen, because detectable signals were
observed for only �20% of the 8500 mRNA species contained
on the arrays. Although functional studies have been con-
ducted for SPRR1A and S100C, studies of the other mRNAs
induced by nerve regeneration are necessary. Therefore, we
suspect that more extensive use of this approach will reveal
additional unrecognized molecular mechanisms for axonal
regeneration.

Figure 7. SPRR1A loss of function decreases axonal regeneration in adult DRGs. A, Immunoblots for SPRR1A and GAP-43 protein from adult mouse
DRG neurons are illustrated. Naive or preconditioned neurons were cultured with sense or antisense oligonucleotides, as indicated. A decrease in
SPRR1A immunoreactivity but not in GAP-43 levels is observed after treatment with antisense oligonucleotide. Coomassie brilliant blue staining reveals
that total protein levels are equal in all samples. B, The SPRR1A signal from immunoblots of control and antisense-treated DRG cultures as in A is
quantified. The level of SPRR1A protein decreases to nearly basal levels in neurons treated with antisense oligonucleotide. Data are means � SEM from
three experiments. C, Adult mouse DRG neurons in the naive or preconditioned state were cultured with sense or antisense oligonucleotides. Each
vertical pair of panels shows the same field double-labeled with phalloidin to reveal F-actin or with anti-SPRR1A. Naive neurons treated with sense
oligonucleotides extend short, branched processes without SPRR1A protein, whereas preconditioned neurons display elongated, less branched axons
expressing SPRR1A protein. Preconditioned neurons treated with antisense oligonucleotides exhibit little anti-SPRR1A staining and morphological
features similar to those of naive neurons. D, Neurite outgrowth was measured for naive and preconditioned neurons treated with either sense or
antisense oligonucleotides. A significant ( p � 0.05, Student’s two-tailed t test) decrease in axonal length is observed for antisense oligonucleotide-treated
preconditioned neurons compared with sense-treated preconditioned neurons. Data are means � SEM from three experiments. E, Axonal branching was
determined for naive and preconditioned adult mouse DRG neurons treated with sense or antisense oligonucleotides. For naive neurons, oligonucleotide
treatment did not alter branching. For preconditioned neurons, antisense oligonucleotide treatment increased branching compared with sense-treated
neurons ( p � 0.05, Student’s two-tailed t test). Data are means � SEM from three experiments. F, Neurite outgrowth was examined in preconditioned
adult neuronal cultures triturated in the presence of rabbit IgG or �-SPRR1A. Axonal length was decreased after antibody-mediated blockade of
SPRR1A protein compared with rabbit IgG. Scale bar, 100 �m. G, Axonal growth was measured in naive and preconditioned neurons triturated with
control antibody, rabbit IgG (0.2 mg/ml), or affinity-purified SPRR1A antibody (0.2 mg/ml). Neurite length was decreased in �-SPRR1A-triturated
preconditioned neurons relative to IgG-treated preconditioned neurons ( p � 0.05, Student’s two-tailed t test). No change in neurite outgrowth was
observed in naive neurons triturated with �-SPRR1A. Data are means � SEM from three experiments.
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Epithelial differentiation genes and axon regeneration
It is striking that three of the genes identified in this axon
regeneration study were recognized previously as playing a role in
epithelial cell differentiation. The derivation of both terminally
differentiated keratinizing cells and neurons from neuroectoder-
mal precursors may explain their access to a similar pattern of
gene expression after injury. Although both CE formation and
axonal regeneration are major morphologic rearrangements,
these cellular events have been considered quite distinct, and the
overlap in expression profile is unexpected. Examination of other
epithelial differentiation markers in axonal regeneration may
yield additional parallels between the processes.

The relationship of SPRR1A and S100C is particularly intrigu-
ing. Previous epithelial cell studies have demonstrated that both
proteins are associated with the differentiation of epithelial cells,
cross-linked in the CE, and upregulated after UV irradiation.
The present work broadens the list of shared attributes to include
increased expression in neurons after peripheral axotomy, colo-
calization with F-actin in ruffles, colocalization of each with one
another, and augmentation of axonal outgrowth. The role of
these proteins in epithelial cell differentiation may need to be
extended from a structural role in the CE to include modulation
of the actin cytoskeleton.

SPRR1A expression in regenerating neurons does not
recapitulate development
The level of SPRR1A induction after peripheral axotomy is
extraordinary and supports the notion of its functional role in
determining the success of axonal regeneration. Expression of the
protein by neurons and localization to axons also support a
functional role. Moreover, SPRR1A expression is correlated with
successful axonal regeneration in vivo. Both DRG and spinal
motor neurons express SPRR1A after axonal injury. In contrast,
dorsal column transection leads to only minor elevations of
SPRR1A levels in centrally axotomized DRG neurons and to
minimal capacity for axonal regeneration. A similar close corre-
lation of the expression of another RAG, GAP-43, with para-
digms of successful axonal regeneration has been well docu-
mented (Skene and Willard, 1981; Kalil and Skene, 1986; Bomze
et al., 2001). The expression pattern suggests that introduction of
exogenous SPRR1A after CNS axotomy may promote anatomic
and functional recovery.

The absence of SPRR1A expression in developing neurons
runs counter to the notion that regeneration recapitulates devel-
opment. In this regard, SPRR1A is distinct from previously
described RAGs, such as GAP-43. It is now clear that the axon-
regenerative process uses some unique cellular mechanisms com-
pared with nervous system development. Recent signal transduc-
tion studies of regenerating neurons support the same view (Liu
and Snider, 2001). Additional microarray analysis should lead to
a fuller understanding of the similarities and differences between
initial axonal extension during the developmental period and
later regenerative axon growth.

Mechanism of SPRR1A enhancement of
axonal outgrowth
Overexpression of either SPRR1A or S100C in embryonic DRGs
promotes axonal extension. Furthermore, loss of SPRR1A func-
tion prevents rapid elongating growth of adult mouse DRG axons
in culture. Although we have not examined the central process of
preconditioned, injured dorsal column axons, the data suggest
that SPRR1A might contribute to their capacity for axon regen-

eration. SPRR1A promotion of outgrowth occurs even in embry-
onic neurons, extending at a rapid rate on laminin in NGF. How
might SPRR1A stimulate axonal elongation? The previous epi-
thelial cell literature has focused on a CE cross-linked structural
role for SPRR1A. However, we find that transglutaminase activ-
ity is not elevated in regenerating neurons and that SPRR1A is
not covalently cross-linked under these circumstances. It is also
hard to imagine how cross-linking would lead to increased axon
extension rates. Therefore, another molecular mechanism ac-
counts for the axon outgrowth-promoting effects of SPRR1A.

The localization of SPRR1A to F-actin-rich structures suggests
an alternative mechanism for its action. SPRR1A is found selec-
tively in certain F-actin structures and not others. Leading edge
and dorsal membrane ruffles are rich in SPRR1A, whereas lower
levels are seen in filopodia, and stress fibers are devoid of
SPRR1A. The selective localization implies that SPRR1A stim-
ulates axonal extension by regulating actin-based motility in
growth cone ruffles. This fits well with the many studies demon-
strating a central role for actin filament dynamics in determining
growth cone motility and axonal extension rates (Dickson, 2001).
The parallels with S100C also support an actin-regulating role for
SPRR1A. S100C binds directly to F-actin and is present in a
range of actin-rich structures (Sakaguchi et al., 2000). In ruffles
but not stress fibers, SPRR1A and S100C are colocalized with one
another and F-actin, suggesting that these coinduced proteins
coordinately modulate actin dynamics. Future studies must seek
to determine the basis for SPRR1A localization to ruffles. The
present work rules out direct S100C or F-actin binding as the
basis for this focal accumulation. Although the net effect of
SPRR1A expression in axons is to increase extension and to
decrease branching, the immediate and relative effect of SPRR1A
on different actin structures within the growth cone will require
detailed high-magnification, time-resolved analysis.

SPRR1A overexpression, or overexpression of CAP-23 plus
GAP-43 (Bomze et al., 2001), can induce a regenerative, elon-
gating mode of axon growth. Although the effect of one or two
proteins can be demonstrated with artificial overexpression sys-
tems, it is likely that the in vivo regeneration depends on the
concerted action of multiple proteins to achieve robust axon
growth. Endogenous proregenerative gene expression patterns
appear to include SPRR1A, GAP-43, CAP-23, and other RAGs.

This expression profile of peripheral axotomy provides several
insights into axonal regeneration and suggests new therapeutic
approaches to promoting recovery from CNS axonal injury. The
selective expression of SPRR1A during regeneration challenges
the link between regeneration and development and establishes a
new link between neuronal and epithelial responses to injury. The
interaction of SPRR1A with F-actin conforms with current
knowledge of the central role of F-actin in growth cone dynamics
and suggests a new avenue for modulating axonal growth.
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