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ABSTRACT:

Neurons of the peripheral nervous
system are capable of extensive regeneration following
axonal injury. This regenerative response is accompanied by changes in gene expression in axotomized neurons and associated nonneuronal cells. In the sympathetic nervous system, a few of the genes affected by
axonal injury have been identiﬁed; however, a broad
sampling of genes that could reveal additional and unexpected changes in expression has been lacking. We
have used DNA microarray technology to study changes
in gene expression within 48 h of transecting the postganglionic trunks of the adult rat superior cervical ganglion (SCG). The expression of more than 200 known
genes changed in the ganglion, most of these being genes
not previously associated with the response to injury. In
contrast, only 10 genes changed following transection of
the preganglionic cervical sympathetic trunk. Real-time
RT-PCR analysis veriﬁed the upregulation of a number
of the axotomy-induced genes, including activating tran-
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scription factor-3 (ATF-3), arginase I (arg I), cardiac
ankyrin repeat protein, galanin, osteopontin, pituitary
adenylate cyclase-activating polypeptide (PACAP),
parathyroid hormone-related peptide, and UDP-glucoronosyltransferase. Arg I mRNA and protein were
shown to increase within neurons of the axotomized
SCG. Furthermore, increases in the levels of putrescine
and spermidine, a diamine and polyamine produced
downstream of arg I activity, were also detected in the
axotomized SCG. Our results identiﬁed many candidate
genes to be studied in the context of peripheral nerve
regeneration. In addition, the data suggest a potential
role for putrescine and spermidine, acting downstream
of arg I, in the regenerative process. © 2004 Wiley Periodicals, Inc. J Neurobiol 59: 216 –235, 2004

Keywords: gene expression proﬁling; superior cervical
ganglion; axotomy; regeneration; neuropeptide; microarray; nerve injury

proximal portion can regenerate and reinnervate denervated target tissues. Many studies have focused on
molecular changes that occur distal to the site of
injury in Schwann cells of the degenerating nerve
tract (e.g., De Leon et al., 1991; Nagarajan, 2002).
Less is known about the changes that occur proximal
to this site, in particular in the cell bodies of the
axotomized neurons and their associated nonneuronal
cells. Historically, the earliest alteration noted in axotomized neuronal cell bodies was chromatolysis, a
histological change involving the rough endoplasmic
reticulum and nucleus. Matthews and Raisman (1972)
proposed that chromatolysis reﬂected a change in the
types of proteins the neurons were synthesizing. This
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concept was later supported by the ﬁndings that
mRNA and protein for tubulin increase after axotomy
of sympathetic neurons, while those for tyrosine hydroxylase decrease (Cheah and Geffen, 1973; Koo et
al., 1988). The hypothesis emerged that changes in
gene expression occurring after axotomy underlie a
switch in the neuron’s physiological activities from
neurotransmission to survival and repair. In addition
to changes in the neurons themselves, axotomy of the
sympathetic neurons of the superior cervical ganglion
(SCG) leads to activation and proliferation of glial
cells (Elfvin et al., 1987; M. Bachoo, A.K. Hall., U.
Vaidyanathan, and R.E. Zigmond, unpublished observations) and to an inﬂux, activation, and proliferation
of macrophages (Schreiber et al., 1996, 2002).
Changes in gene expression within nonneuronal cells
of the SCG may, therefore, also contribute to survival
and repair mechanisms. Although we have previously
identiﬁed a small number of genes whose expression
changes in the SCG in response to axotomy (for
review, see Zigmond et al., 1996), a broader view of
the extent of these changes has been lacking. Therefore, we have adopted a gene microarray approach to
accomplish this objective.
Gene expression following decentralization (i.e.,
transection of the afferent input to the SCG) was also
examined by microarray analysis. Decentralization
results in a different set of repair needs than does
axotomy. Unlike after axotomy, most SCG neurons
are not injured by decentralization. However, there is
degeneration of terminals of axons entering from the
spinal cord and a cessation of synaptic transmission.
Connections between preganglionic and postganglionic neurons need to be reformed following decentralization for recovery of normal function to occur.
Our results support the hypothesis that a switch in
gene expression favoring neuronal survival and repair
accompanies peripheral nerve injury. Comparison of
the two types of injury revealed that axotomy has a
much larger effect on gene expression within the SCG
than does decentralization. Most importantly, the microarray approach identiﬁed many candidate genes
that can now be studied in the context of peripheral
nerve regeneration.

MATERIALS AND METHODS
Animal Surgeries
Adult male Sprague-Dawley rats (⬃150 g) were anesthetized by intraperitoneal injection of a mixture of ketamine,
xylazine, and acepromazine. A ventral mid-cervical incision
was made, and the SCGs and their afferent and efferent
nerve trunks were exposed. For axotomy, the postganglionic
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external and internal carotid nerves (ICN and ECN) were
transected at a distance of 2–3 mm from the ganglion. For
decentralization of the SCG, the cervical sympathetic trunk
(CST) was transected at a distance of 2–3 mm from the
ganglion. In sham-operated animals, the SCG and nerve
trunks were exposed, but the trunks were not cut. Following
surgery, animals were allowed to recover for 6, 24, 48 h, or
5 days. Animals were then sacriﬁced by CO2 inhalation and
decapitation, and the SCGs were harvested and frozen on
dry ice. Ganglia from intact (i.e., unoperated) control animals were also harvested. These animals differed from the
sham-operated controls in that they received no incision and
no anesthesia.

DNA Microarrays
Ten SCGs from ﬁve animals receiving the same surgical
procedure were pooled, and total RNA was extracted using
TRIzol (Invitrogen, Carlsbad, CA). First-strand cDNA synthesis was carried out by reverse transcription using 8 g of
total RNA and Superscript II (Invitrogen). Following second-strand synthesis to generate double-stranded cDNA,
biotinylated cRNA probes were generated in an in vitro
transcription reaction using the Enzo BioArray High Yield
RNA Transcript Labeling Kit (Enzo Biochem, Inc., Farmingdale, NY), as per the manufacturer’s protocol. Biotinylated cRNA was then fragmented and hybridized to Affymetrix RGU34A rat genomic oligonucleotide arrays
(Affymetrix, Santa Clara, CA) at a concentration of 15
g/300 L hybridization buffer. In addition, the hybridization mix was spiked with biotinylated cRNAs for control
sequences spotted onto the arrays. Approximately 200 L
of hybridization mix was added to each microarray, and
hybridization was carried out for 16 h at 45°C in an Affymetrix GeneChip hybridization oven (Affymetrix). Posthybridization washes and staining procedures were carried
out in an Affymetrix GeneChip Fluidics Station 4000 according to Affymetrix protocols (Affymetrix). Arrays were
scanned using a Hewlett Packard Gene Array scanner. Each
surgical manipulation was represented by three separate
RNA preparations.

Data Analysis
Image data from the microarray scans were analyzed with
Microarray Suite 5.0 (MAS 5.0; Affymetrix). MAS 5.0 was
used to measure hybridization signal intensity for each gene
represented on the array, to generate detection calls (a
measure of whether mRNA for each gene was present,
absent, or marginal in the sample applied to the array), to set
up pairwise comparisons between experimental samples and
controls, to calculate signal log ratios for all genes within a
pairwise comparison, and to generate change calls (a measure of whether the signal log ratio for each gene within a
pairwise comparison represents an increase, marginal increase, no change, marginal decrease, or decrease in expression). Because each condition was carried out in triplicate,
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each of the three replicate data sets for a given condition
were compared to each of the three replicate data sets for a
control condition, giving rise to nine data sets for each
comparison.
Comparative data resulting from analysis with MAS 5.0
was then put through a data reduction process to identify
only those genes that exhibited an increase or decrease in
expression following surgical manipulation (axotomy, decentralization, or sham-operation). First, signal log ratios
from MAS 5.0 analysis were converted to fold change
values for each gene within a comparison. Second, comparative data sets were queried to identify those genes that
increased or decreased ⱖ 2⫻ following a manipulation in at
least six out of nine comparisons.

Subcloning Axotomy-Induced Genes
Total RNA from SCGs of axotomized rats was reversetranscribed using oligo(dT) primers and SuperScript II (Invitrogen, Carlsbad, CA), as per the manufacturer’s recommendations. Resulting cDNA was subjected to 40 rounds of
PCR ampliﬁcation using Platinum Taq DNA polymerase
(Invitrogen) and gene speciﬁc primer pairs (see table below)
for arginase I (arg I), activating transcription factor-3 (ATF3), cardiac ankyrin repeat protein (CARP), leukemia inhibitory factor (LIF), osteopontin, parathyroid hormone-related
peptide (PTHrP), ribosomal 18S protein. and UDP-glucoronosyltransferase. Primers (Qiagen, Valencia, CA) were designed to amplify fragments of approximately 200 bp. PCR
products were separated by agarose gel electrophoresis and
visualized with ethidium bromide staining. Bands of the
expected size were extracted from the gel with a Qiagen gel
extraction kit, and the eluted DNA was TA-subcloned into
pDrive according to manufacturer’s protocols (Qiagen). The
resulting plasmids were used as positive control templates

and for generation of standard curves in subsequent realtime RT-PCR time course experiments.

Real-Time RT-PCR
Using TRIzol (Invitrogen), total RNA was extracted from
unoperated, sham-operated, or axotomized SCGs. RNA
from the two ganglia of a single animal was used in each
real-time RT-PCR reaction. Reverse-transcription of RNA
into cDNA was carried out using oligo(dT) primers and
SuperScript II, as per manufacturer’s recommendations (Invitrogen). Real-time PCR was carried out using the iCycler
system (BioRad, Hercules, CA). DNA for selected genes of
interest and for the housekeeping gene (ribosomal 18S
protein) were subjected to 40 rounds of ampliﬁcation in the
presence of SYBR green (Molecular Probes, Eugene, OR)
using gene speciﬁc primers (Qiagen; designed to amplify
fragments of approximately 200 bp) and Platinum Taq DNA
polymerase (Invitrogen). Speciﬁcity of PCR products was
determined by melt curve analysis immediately following
ampliﬁcation. Relative expression of genes of interest in the
axotomy versus time-matched sham conditions was determined following normalization to the level of a housekeeping gene, ribosomal 18S, in each sample. Absolute levels of
expression in terms of copy number were measured by
comparison to standard curves for each gene of interest
using 10-fold serial dilutions of plasmid cDNAs of known
concentrations. Plasmid cDNAs for genes of interest were
generated as described above or were obtained from colleagues (pBSK-galanin from Dr. Lee Kaplan, Harvard Medical School; pBSK-pituitary adenylate cyclase activating
polypeptide (PACAP) from Dr. Victor May, University of
Vermont College of Medicine). Expression of each gene of
interest as well as the housekeeping gene was measured in
four separate animals for each experimental condition. Sequences of the PCR primer pairs used are listed below.

Gene

Forward Primer 5⬘-3⬘

Reverse Primer 5⬘-3⬘

Arginase I (Arg I)
Activating transcription factor-3 (ATF-3)
Cardiac ankyrin repeat protein (CARP)
Galanin
Leukemia inhibitory factor (LIF)
Osteopontin
Pituitary adenylate cyclase-activating polypeptide
(PACAP)
Parathyroid hormone-related peptide (PTHrP)
UDP-glucoronosyltransferase
Ribosomal 18 S

TACCTGCTGGGAAGGAGAA
CCCTCCTAGGGAAGATGGAG
TGCACTGGAGAACAAACTGC
GATGCCAACAAAGGGAAGA
AAGTTGGTCGAGCTGTATCG
GATCGATAGTGCCGAGAAGC

TTCCCAAGAGTTGGGTTCAC
TAGCACAACACAGGCTCAG
CGCCAAGTGTCCTTCTAAGC
ATAGTGCGGACGATATTGCT
TTCCTTTTGGAAGGCTTCTTT
TGAAACTCGTGGCTCTGATG

ACTTCTACGACTGGGACCCT
ATGACAAGGGCAAGTCCATC
AGTGCAGGGTGCTCAAGAAT
CCTTCGCTATCACTGCCATT

ACAGCCATTTGTTTTCGGTA
TCTCCACCTTGTTGGTTTCC
TGGAGGTTCCTTCCTTGATG
CCATCCTTCACGTCCTTCTG

In Situ Hybridization
Eight adult male rats were sacriﬁced at either 6 or 48 h
following axotomy or sham surgery. SCGs were removed,
desheathed, and immersion ﬁxed in 4% paraformaldehyde

for 1–2 h at 4°C. SCGs from four intact rats were also
collected. The ganglia were then cryoprotected in sucrose
and embedded in OCT. Ten-micron frozen sections were
mounted on Fisher ProbeOn Plus slides, air dried for 2–3 h,
and stored at ⫺20°C. Each slide contained SCG from two
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different animals for each of three different conditions (unoperated, sham operated, and axotomy). A pDrive plasmid
containing a 200-bp PCR product for arg I was linearized
with Bam HI and HindIII restriction enzymes. Sense and
antisense probes were generated using a DIG RNA Labeling
Kit (SP6/T7) from Roche (Indianapolis, IN) according to
the manufacturer’s instructions. DIG RNA probes were
diluted in hybridization buffer (50% formamide, 5⫻ SSC, 1
mg/mL yeast tRNA, 100 g/mL heparin, 1⫻ Denhardt’s,
0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA, pH 8.0, and
500 g/mL salmon sperm DNA) at a ﬁnal concentration of
1 g/mL. The probe was heated to 80°C for 5 min and
cooled to 65°C. Hybridization solution was added to the
sections, and they were coverslipped with Hybrislips (Grace
Bio-Labs; Bend, OR). In situ hybridization was performed
overnight at 65°C. The cover slips were then removed by
soaking in 5⫻ SSC. Nonspeciﬁc binding was removed by
high stringency washes (2⫻ SSC, 0.2⫻ SSC) at 65°C.
Tissue sections were treated with the blocking reagent from
the DIG Wash and Block kit (Roche) for 1 h at room
temperature and incubated overnight at 4°C with a sheep
antidigoxigenin-AP, Fab fragments antibody (Roche) diluted 1:1000 in blocking buffer. Sections were washed, and
the DIG-AP conjugate was detected by the addition of
NBT/BCIP color substrate solution in 0.1 M Tris-HCl (pH
9.5), 0.1 M NaCl, 50 mM MgCl2 with 0.1% Tween-20 and
5 mM levamisole (to block endogenous peroxidase) for 1 to
3 days.

Western Blot Analysis
Four adult male Sprague-Dawley rats were sacriﬁced 48 h
following axotomy or sham-operation. SCGs were removed, desheathed, and homogenized in 20 mM Tris-HCl
buffer (pH 7.5) containing 1 mM EDTA, 0.5% IGEPAL
CA630, 1 mM PMSF, and a protease inhibitor cocktail
(Sigma, St. Louis, MO) containing aprotinin, pepstatin A,
leupeptin, bestatin, AEBSF and E-64. The homogenates
were centrifuged at 15,000 ⫻ g for 20 min at 4°C, and the
supernatants were used as tissue extracts. Normal rat liver (1
mg wet weight) was also homogenized, and a liver extract
was generated. Extracts of liver (1 g protein) and SCG (30
g protein) were subjected to SDS-PAGE (12% gel), and
the proteins were then blotted by electrotransfer onto a
PVDF membrane. The membrane was blocked with 5%
nonfat dry milk in PBS with 0.1% Tween-20. The membrane was treated with a rabbit polyclonal antibody to rat
liver arginase I (1:10,000), followed by immunodetection
with ECL Plus Western blotting detection system (Amersham, Piscataway, NJ).

Immunohistochemistry
Four adult male rats were sacriﬁced 48 h and 5 days following axotomy or sham operation and perfused with 4%
paraformaldehyde. Following ﬁxation, the SCGs were removed, desheathed, cryoprotected in sucrose, embedded in
OCT, and then sectioned on a cryostat at 10 m. Sections
were incubated for 1 h with rabbit anti-rat arg I (1:2000;
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Esch et al., 1998). A ﬂuorescent donkey anti-rabbit secondary antibody (CY3, 1:250; Jackson ImmunoResearch Laboratories Inc., West Grove, PA) was used to detect the
primary antibody. Both preabsorption of the rabbit anti-rat
arg I antibody (1:2000) with 0.95 g/L recombinant arg I
protein or omission of the primary antibody abolished all
immunoreactivity. Monocytes and inﬁltrating macrophages
were identiﬁed with the mouse monoclonal antibody ED-1
(1:100; Serotec, Oxford, UK; Dijkstra et al., 1985) and a
biotinylated donkey anti-mouse secondary antiserum (1:
200; Jackson ImmunoResearch Laboratories), which was
visualized with Texas Red streptavidin (1:500; Jackson ImmunoResearch Laboratories). To double label ED-1 positive
macrophages for arg I an Alexa Fluor 488 labeled goat
anti-rabbit IgG (1:200; Molecular Probes) was used. Images
were captured with a confocal scanning laser microscope
LSM410 (Zeiss, Oberkochen, Germany). To conﬁrm colocalization of ED-1 positive macrophages with arg I, the red
and green images were superimposed in the RGB mode.

Polyamine Measurements
SCGs from intact, 5-day axotomized, or 5-day sham-operated adult male rats were harvested and immediately frozen
on dry ice until use. Both SCGs from a single rat were
pooled and homogenized in 50 L of 1.5 M perchloric acid.
After addition of 25 L of 2 M potassium bicarbonate,
samples were vortexed and centrifuged at 10,000 rpm for 1
min. Supernatant was sent on dry ice to Dr. G. Wu (Department of Animal Science, Texas A&M University) for
measurement of polyamines by high-performance liquid
chromatography (O’Quinn et al., 2002). Measurements
were carried out on the SCGs from three animals per condition.

Statistics
Statistical measurements comparing two groups (e.g., axotomized vs. sham-operated SCGs) were done using a t test.
Statistical measurements comparing three or more groups
were done using one-way ANOVA and Bonferroni’s post
hoc t test. Differences in mean values were considered
statistically signiﬁcant if p ⱕ 0.05.

RESULTS
Changes in Gene Expression following
Axotomy of the SCG
The Affymetrix RGU34A microarray contains 8799
probe sets speciﬁc for known rat genes and EST
sequences. Certain genes and ESTs are represented by
two or more different probe sets on the RGU34A
array, allowing for validation of results for a particular gene or EST across multiple probe sets. Between
39 and 45% of all sequences spotted on the array were
identiﬁed as present or marginally present in the sam-
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ples from unoperated, sham-operated, or axotomized
ganglia. A gene or EST was categorized as increased
by axotomy (relative to sham) if it was called present
or marginal in the axotomy sample, if the change call
was increased or marginally increased, and if the
calculated fold change was ⱖ2⫻. The change call
(increased, marginally increased, no change, marginally decreased, or decreased) is a parameter determined by the MAS5.0 program based on statistical
measurements of the signal log ratios for genes within
a pairwise comparison. A gene can have a calculated
fold change value of ⱖ2⫻ with a change call of “no
change,” if statistical signiﬁcance has not been
reached for the comparative data. Similarly, a gene
can be called “increased” even if the fold change is
⬍2⫻. Therefore, we have required both statistical
signiﬁcance and a greater than 2⫻ change to classify
a gene as changed. For a decrease, the gene or EST
had to be called present or marginal in the sham
sample, the change call had to be decreased or marginally decreased, and the fold change had to be ⱖ2⫻. In
addition, for both increases and decreases, changes ⱖ2⫻
had to be observed for a given gene or EST in at least six
out of the nine axotomy versus sham comparisons.
Using these criteria, the expression of 37 known
genes (34 upregulated; 3 downregulated) and 23 ESTs
(18 upregulated; 5 downregulated) was found to
change at 6 h after axotomy (Appendices 1 and 2).
Among the 37 known genes, 8 were shown to be
regulated by multiple probe sets on the array (Appendix 1), whereas 12 were shown to be regulated by
only one or two of the multiple probe sets representing that gene. At the 48-h postaxotomy time point,
expression of 187 known genes (103 upregulated; 84
downregulated) and 131 ESTs (71 upregulated; 60
downregulated) was found to change (Appendices 1
and 2). Of the known genes, 34 were shown to be
regulated by multiple probe sets (Appendix 1),
whereas 26 were shown to be regulated by only one or
two of the multiple probe sets. Lack of conﬁrmation
by multiple probe sets at both the 6- and 48-h postaxotomy time points may be due to low hybridization
efﬁciency of some of those probe sets, resulting in the
gene being called absent in samples applied to the
chip. In fact, 24 of the 38 total unconﬁrmed changes
were from probe sets that gave low hybridization
signals, resulting in an absence call for that gene. Of
the other 14 unconﬁrmed changes, the majority (12
out of 14) were for genes that exhibited fold changes
close to the 2⫻ cutoff criterion.
Figure 1 shows the correlation of average hybridization signal intensity for all 8799 sequences between two samples 6 h after a sham operation [Fig.
1(A)], between individual samples 6 h after axotomy
and 6 h after a sham operation [Fig. 1(B)], between

two samples 48 h after a sham operation [Fig. 1(C)],
and between individual samples 48 h after axotomy
and 48 h after a sham operation [Fig. 1(D)]. The
increased degree of scatter in the graphs of axotomy
versus sham SCGs [Fig. 1(B) and (D)] compared to
the graphs of sham versus sham SCGs [Fig. 1(A) and
(C)] is indicative of the observed axotomy-induced
changes in gene expression. These changes comprised
0.68 and 3.6% of the total arrayed sequences at 6- and
48-h postaxotomy, respectively. The scatter seen in
sham versus sham SCGs [Fig. 1(A) and (C)] does not
represent signiﬁcant differences in expression between sham SCGs, because the same differences are
not reproducible across the other eight sham versus
sham comparisons. Rather, this scatter represents a
baseline degree of variability seen between any sham
versus sham SCG pairing. No signiﬁcant changes in
gene expression were seen between sham-operated
and intact control animals.
Known genes shown to change by microarray were
categorized into the following functional groups: neuropeptides and cytokines, cell survival-related molecules, cell proliferation-related molecules, regulators
of neurite outgrowth, neural transmission molecules,
macrophage and inﬂammation molecules, transcription factors and chromosomal proteins, signal transduction molecules, extracellular matrix molecules, cytoskeletal elements, neurotrophin-related molecules,
peptidases, metabolic molecules, and others. A complete list of genes and ESTs that changed ⱖ2⫻ in ⱖ6
of 9 axotomy versus sham comparisons can be found
in Appendices 1 and 2, respectively. A list of selected
genes, their axotomy/sham fold change values at 6and 48-h postaxotomy, and their functional categorization is shown in Table 1. Upregulated genes of
particular interest fell predominantly into the categories of neuropeptides and cytokines, regulators of
neurite outgrowth, cell survival-related molecules,
cell proliferation-related molecules, macrophage and
inﬂammation molecules, transcription factors and
chromosomal proteins, and extracellular matrix molecules. Genes exhibiting the largest magnitude of
increase coded for neuropeptides or cytokines, six of
which were upregulated greater than 10⫻, and two of
which were increased between 5 and 10⫻. Downregulated genes were predominantly neural transmission molecules or signal transduction molecules.
Other categories were comprised more equally of both
up- and downregulated genes.

Changes in Gene Expression following
Decentralization of the SCG
Between 41 and 47% of all genes and ESTs spotted
on the array were identiﬁed as present or marginally
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Figure 1 Correlation of hybridization signal intensity. The correlation of average hybridization
signal intensities for all 8799 arrayed sequences between two samples 6 h after a sham operation
(A), between individual samples 6 h after axotomy and 6 h after a sham operation (B), between two
samples 48 h after a sham operation (C), and between individual samples 48 h after axotomy and
48 h after a sham operation (D) are shown. The dark gray points indicate those genes which were
called present on at least one of the two microarray chips being compared. The lighter gray points
indicate those genes that were called either marginal or absent on both of the chips being compared.
The diagonal lines designate fold change boundaries as indicated. Spots appearing above the upper
2X change boundary line include genes or ESTs meeting criteria for axotomy-induced increases in
expression, whereas spots appearing below the lower 2⫻ boundary line include genes or ESTs
meeting criteria for axotomy-induced decreases in expression.

present in the samples from decentralized ganglia.
Six hours following decentralization, the expression of eight genes and ﬁve ESTs had increased
ⱖ2⫻ over the levels found 6 h after a sham operation (Table 2; ESTs not shown). Forty-eight hours
postdecentralization, expression of two genes had
increased ⱖ2⫻ over 48-h postsham expression levels (Table 2). No genes were found to decrease at
either 6- or 48-h postdecentralization, and no ESTs
were found to either increase or decrease at 48 h
postdecentralization. Interestingly, 9 of the 10 decentralization-regulated genes were also regulated
by axotomy (Table 2). Calculation of axotomy/
decentralization fold change values showed that,

whereas ﬁve genes were upregulated similarly by
axotomy and decentralization, four genes (MCP-1,
osteopontin, RTI40, and galanin) were upregulated
to a greater extent by axotomy than by decentralization (Table 2, column 3).

Time Course of Expression for Selected
Genes following Axotomy
Because of material and cost limitations, not all postaxotomy time points of interest could be examined by microarray. Therefore, the expression of several genes of
interest shown by microarray to increase following axotomy was further examined using real-time RT-PCR.
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Axotomy-Induced Changes in Gene Expression

Accession No.
X01032
M26745
M31603
J03624
X56306
X02341
X80290
M15191
J02720
Y16188
M11794
M31837
Z75029
M91652
X75856
Z24721
X63744
AA998164
M98049
X60767
X96437
J02720
M23566
Z54212
A03913
L46593
M81642
U49062
M27925
AF019974
AF033027
AF015304
M93669
J05231
AB003992
S45812
M84648
L31621
AB003991
X59132
U59672
M22253
M14656
L18948
D11445
X73371
X17053
J02722
D00913
U90610
U16025

Gene Name
Peptides and Cytokines
Cholecystokinin (CCK)
Interleukin-6 (IL-6)
Parathyroid hormone-related protein (PTHrP)⫹P,⫹S
Galanin
Substance P (␦-Preprotachykinin)
Vasoactive intestinal peptide (VIP)⫹P,⫹S
Pituitary adenylate cyclase activating polypeptide (PACAP)⫹P,⫹S
Substance P (␤-Preprotachykinin)
Cell Survival-Related Molecules
Arginase I⫹S
Damage induced neuronal endopeptidase (DINE)⫹S
Metallothionein-1⫹S
Insulin-like growth factor binding protein 3⫹S
Heat-shock protein 70 (HSP 70)⫹S
Glutamine synthetase⫹S
Bax inhibitor-1⫹S
Superoxide dismutase⫹S
Glutamate/aspartate transporter⫹S
Cell Proliferation-Related Molecules
Cyclin B1⫹P
Pancreatitis-associated protein (REG2)⫹P,⫹S
Cell division cycle control protein 2 (cdc2/p34)⫹P
P22/PACAP regulated gene (PRG1)/IEX-1⫹P
Regulators of Neurite Outgrowth
Arginase I (stimulator)⫹S
Alpha 2-macroglobulin (stimulator)⫹S
Epithelial membrane protein 1 (EMP1)/Progression associated protein
(PAP) (stimulator)⫹S
Protease nexin 1 (PN-1; stimulator)
Small proline-rich protein (stimulator)
Proteinase activated receptor 1/Thrombin receptor (inhibitor)
CD24/nectradin (inhibitor)
Neural Transmission Molecules
Synapsin 2
Chromogranin B
Prenylated SNARE protein
Solute carrier family 29, member 1 (nucleoside transporter)
Secretogranin II
␣5 Nicotinic acetylcholine receptor
SNAP-25B
Monoamine oxidase A
Aromatic L-amino acid decarboxylase
␣3 Nicotinic acetylcholine receptor
SNAP-25A
Secretin receptor
Serotonin (5HT3) receptor
Sodium channel (Na 1.1)
Macrophage and Inﬂammation Molecules
Osteopontin⫹P,⫹S
S100 calcium binding protein A9 (myeloid related protein 14)
Gro
Fc-gamma receptor II
MCP-1/JE
Heme oxygenase-1
Intercellular adhesion molecule 1 (ICAM-1)
CXCR4 chemokine receptor
MHC class lb RT1

6 h Ax/Sh

48 h Ax/Sh

NC
28.5 (9)
NC
NC
NC
NC
NC
NC

31.9 (6)
NC
19.6 (9)
19.3 (9)
12.2 (6)
10.9 (9)
8 (9)
5.3 (8)

NC
NC
3.5 (8)
NC
3.4 (7)
NC
NC
NC
NC

22.1 (9)
4.2 (7)
NC
3.5 (8)
NC
3.2 (7)
2.6 (6)
2.5 (6)
2.2 (8)

NC
NC
NC
3.2 (8)

18.1 (9)
6.4 (6)
4.7 (9)
3.2 (9)

NC
NC

22.1 (9)
8.3 (7)

3.9 (6)
NC
NC
NC
NC

5.7 (7)
4.3 (7)
4.3 (6)
⫺2.3 (9)
⫺2.4 (7)

NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC
NC

⫺2.4 (8)
⫺2.5 (8)
⫺2.5 (8)
⫺2.8 (9)
⫺2.8 (9)
⫺2.9 (9)
⫺3 (9)
⫺3.1 (9)
⫺3.2 (9)
⫺3.3 (9)
⫺3.3 (8)
⫺4.5 (9)
⫺6.1 (9)
⫺35.3 (9)

7.2 (9)
12.8 (9)
11.9 (9)
3.4 (7)
8.8 (9)
4.4 (9)
3.4 (7)
NC
NC

22.7 (9)
NC
NC
11.5 (8)
NC
NC
NC
⫺2.5 (9)
⫺5.4 (9)
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(Continued)

Accession No.
U50736
M18416
U78102
M63282
AJ004858
D84418
M65149
X06769
U04835
L26267
M80367
M64092
X58828
J05087
L14323
L15556
Z36276
D45920
J03754
D10666
AI169327
L00191
AF072892
S61865
AF028784
AA892333
U30938
Z12152
AA818677
M25638
X05137
M85214
U88958
AA892801
D38062

Gene Name
Transcription Factors and Chromosomal Proteins
Cardiac adriamycin responsive protein (CARP)
EGR1/Krox24/NGFI-A/ZIF268
EGR2/Krox20
Activating transcription factor 3 (ATF-3)/Liver regeneration factor 1
Sox-11 (SYR-box containing gene 11)
High mobility group box 2 (HMG2)
C/EBP delta (CELF)
c-fos
cAMP responsive element modulator (CREM)
Nuclear factor kappa B p105 subunit
Signal Transduction Molecules
Guanine nucleotide binding protein 2 (␥-interferon inducible)
cAMP-dependent protein kinase inhibitor, beta
Protein tyrosine phosphatase, nonreceptor type 2
ATPase, Ca2⫹ transporting, plasma membrane 3
Phospholipase C-␤1
Phospholipase C-␤4
cGMP-dependent protein kinase II
Inositol 1,4,5 triphosphate binding protein
ATPase, Ca2⫹ transporting, plasma membrane 2
Neural visinin-like Ca2⫹ binding protein
Extracellular Matrix Molecules
Tissue inhibitor of metalloproteinase 1 (TIMP1)
Fibronectin
Versican V3
Syndecan 1
Cytoskeletal Elements
Glial ﬁbrillary acidic protein ␣ and ␦ (GFAP)
␣ tubulin
Microtubule-associated protein 2 (MAP-2)
Neuroﬁlament medium
Neuroﬁlament heavy
Neuroﬁlament light
Neurotrophin-Related Molecules
p75, low-afﬁnity neurotrophin receptor
TrkA
Neuritin
Others
Eukaryotic translation elongation factor 2
UDP-glucoronosyltransferase 1

6 h Ax/Sh

48 h Ax/Sh

NC
12.1 (9)
8.8 (9)
5.1 (9)
NC
NC
3.9 (9)
3.4 (8)
NC
2.6 (6)

12.9 (9)
NC
5 (8)
7.9 (9)
5.8 (9)
5.7 (9)
3.8 (7)
NC
3 (9)
NC

7 (7)
NC
3.6 (6)
NC
NC
NC
NC
NC
NC
NC

6.1 (9)
4.2 (9)
2.4 (9)
⫺2.4 (9)
⫺3 (9)
⫺3.3 (9)
⫺3.4 (9)
⫺3.5 (9)
⫺4.2 (9)
⫺10 (9)

6.3 (9)
NC
NC
NC

7.1 (9)
4.5 (8)
3.5 (9)
3.5 (9)

5.5 (9)
3.7 (6)
NC
NC
NC
NC

5.5 (6)
4.7 (9)
⫺2.3 (9)
⫺3 (9)
⫺3.3 (9)
⫺4.1 (9)

NC
NC
NC

⫺2.6 (9)
⫺2.7 (9)
⫺4.7 (9)

NC
NC

10.4 (6)
9.4 (9)

Axotomy/sham fold change values were calculated from microarray signal intensity data, as described in Materials and Methods. Shown
here are the fold change values for a selected group of genes whose expression changed ⱖ2⫻ following axotomy. Results are shown for both
the 6-h and 48-h postaxotomy time points. Values represent the mean fold change for each gene across all of the nine axotomy/sham
comparisons that exhibited a ⱖ2⫻ change. The number in parentheses following each fold change value represents the number of
axotomy/sham comparisons in which a ⱖ2⫻ change in expression was seen. An entry of NC indicates that the expression of the gene did not
meet the criteria for a change (see Results). Genes are categorized into functional groups. A number of genes could be listed under more than
one functional category, and in fact, arg I is listed as both a cell-survival–related molecule and a regulator of neurite outgrowth. Genes with
the designation of ⫹S are positive stimulators of cell survival, whereas genes with the designation of ⫹P stimulate cell cycle progression or
are induced in proliferating cells.

These genes were ATF-3, arg I, cardiac ankyrin repeat
protein (CARP), galanin, osteopontin, PACAP, parathyroid hormone-related peptide (PTHrP), and UDP-glucoronosyltransferase. Genes of interest were chosen
based partly upon the magnitude of the increase and the

consistency of the increase across all nine axotomy/
sham comparisons. In addition, expression of several of
these genes has been reported to be linked to regenerative processes and/or to increase after nerve injury in a
different neural system. Such genes include arg I,
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Table 2

Changes in Gene Expression Induced by Transection of the Cervical Sympathetic Trunks (CSTX)

Accession
No.

Gene Name

6h
CSTX/Sh

6 h Ax/Sh

6h
Ax/CSTX

AF028784
M80367
X17053
M11794
M14656
Z54212
M65149
U92081

Glial ﬁbrillary acidic protein (GFAP) ␣ and ␦
Guanine binding protein 2 (␥-interferon inducible)
MCP-1/JE
Metallothionein-1
Osteopontin
Epithelial membrane protein 1 (EMP1)
C/EBP delta (CELF)
Epithelial cell transmembrane protein antigen/RT140

5.4 ⫾ 0.4 (9)
4.4 ⫾ 0.4 (6)
3.5 ⫾ 0.5 (6)
3.1 ⫾ 0.4 (7)
3.1 ⫾ 0.4 (7)
2.8 ⫾ 0.2 (9)
2.8 ⫾ 0.2 (9)
2.8 ⫾ 0.2 (6)

5.5 ⫾ 0.5 (9)
7 ⫾ 1.8 (7)
8.8 ⫾ 1.5 (9)
3.5 ⫾ 0.3 (8)
7.2 ⫾ 1.2 (9)
3.9 ⫾ 0.3 (6)
3.9 ⫾ 0.2 (9)
5.7 ⫾ 0.5 (8)

NC
NC
3.8 ⫾ 0.6 (8)
NC
3.7 ⫾ 0.7 (6)
NC
NC
2.3 ⫾ 0.1 (7)

48 hr
CSTX/Sh

48 hr
Ax/Sh

48 hr
Ax/CSTX

3.6 ⫾ 0.3 (6)
2.4 ⫾ 0.2 (6)

19.3 ⫾ 3.7 (9)
NC

7.3 ⫾ 0.5 (9)
NC

J03624
L11930

Galanin
Cap1/Cyclase-associated protein homolog (MCH1)

CSTX/sham values were calculated from microarray signal intensity data, as described in Materials and Methods. Shown here are the fold
change values for all of the genes whose expression increased ⱖ2⫻ at 6 h or 48 h following decentralization. For comparison, the
axotomy/sham fold change values for each of these genes are shown as well. Values represent the mean fold change for each gene across all
nine of the CSTX/sham or axotomy/sham comparisons that exhibited a ⱖ2⫻ change. The number in parentheses following each fold change
value represents the number of comparisons in which a ⱖ2⫻ change in expression was seen. An entry of NC indicates that the expression
of the gene did not meet the criteria for a change (see Results). No decreases in gene expression occurred following decentralization.

ATF-3, galanin, osteopontin, PACAP, and PTHrP
(Holmes et al., 2000; Tsujino et al., 2000; Cai et al.,
2002; Jander et al., 2002; Wang et al., 2002; Waschek,
2002). Importantly, real-time RT-PCR results validated
the increases in expression seen by microarray for all
genes examined.
Copy number of each gene of interest was calculated for unoperated, sham-operated, and axotomized
conditions by comparison to standard curves generated from 10-fold serial dilutions of plasmid cDNAs.
The time courses of changes in copy number are
shown in Figures 2 and 3. Following axotomy, expression of four of the genes, arg I, ATF-3, galanin,
and PTHrP, increased signiﬁcantly above sham levels
within 6 –24 h after axotomy and remained high
through 5 days postaxotomy (Fig. 2). Four additional
genes, CARP, osteopontin, PACAP, and UDP-glucoronosyltransferase, were also signiﬁcantly upregulated following axotomy. For these four genes, expression levels peaked at 24 h postaxotomy, followed
by a decline in expression by 48 h (Fig. 3). Expression
of PACAP and UDP-glucoronosyltransferase 48-h
postaxotomy was not signiﬁcantly increased relative
to sham levels. In contrast, expression of CARP and
osteopontin, though decreasing, was still signiﬁcantly
increased relative to sham at the 48 h and 5 days
postaxotomy time points.
In addition to the calculation of absolute expression of genes of interest (in terms of copy number),
relative expression of genes in axotomy and timematched sham conditions was also calculated following normalization within each sample to expression of

the ribosomal 18S gene, which was chosen as a
housekeeping gene (Table 3). Expression of ribosomal 18S did not differ signiﬁcantly at any time
point following axotomy or sham surgery from the
levels seen in unoperated animals (data not shown).
Axotomy/sham fold change values obtained by RTPCR closely paralleled axotomy-induced changes in
copy number, as expected. In addition, axotomy/sham
fold change values obtained by RT-PCR showed the
same trends in gene expression as did the microarray
(Table 3). For ﬁve of the genes (i.e., arg I, CARP,
galanin, LIF, and UDP-glucoronosyltransferase), RTPCR indicated a change in gene expression ⱖ2⫻ at
the 6 h postaxotomy time point, whereas microarray
indicated no change. This may reﬂect a greater sensitivity of the ampliﬁcation-based PCR method over
the hybridization-based technique of the microarray.
In keeping with this idea, all ﬁve of these genes had
been called absent in all samples at the 6 h time point
by microarray analysis due to low hybridization signal
intensity levels. This suggests that in instances when
copy number of a given gene is extremely low, the
microarray technique is not sensitive enough to detect
transcripts, despite a signiﬁcant upregulation upon
experimental treatment.
As noted by microarray analysis, no genes or ESTs
had been shown to change following sham surgery
(sham vs. unoperated comparisons). In addition, expression of the majority of genes examined by real-time
RT-PCR was also found not to be affected by sham
surgery. However, three genes, arg I, osteopontin, and
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Figure 2 Time course of expression for genes that remain highly elevated at 5 days after axotomy.
Real-time RT-PCR was used to measure levels of expression for selected genes of interest in axotomized,
time-matched sham control, and unoperated SCGs. Whereas ATF-3 expression increased signiﬁcantly
within 6 h following axotomy, expression of arg I, galanin, and PTHrP did not increase signiﬁcantly
relative to sham until 24 h after axotomy. Expression of all four genes remained high through 5 days
postaxotomy. Copy number was calculated as described in Materials and Methods and is shown here as
a function of time (hours) following axotomy (squares) or sham surgery (diamonds). The values for intact
animals are shown at time ⫽ 0. Each point represents the mean copy number ⫾ SEM from four animals.
Where error bars are not depicted, the error was too small to be shown graphically. Asterisks indicate
signiﬁcant differences in copy number between axotomy and time-matched sham SCGs (p ⱕ 0.05).
Copy number values for all conditions were greater than 0, although copy number for all four genes was
low in sham-operated and unoperated SCGs.

PACAP, were found by real-time RT-PCR to increase
following sham surgery, although due to the scale of the
graphs in Figures 2 and 3, these increases are not evident. Arg I and PACAP increased about 5⫻ within 6 h
following sham surgery, and remained higher than unoperated levels through 5 days. Osteopontin initially
increased 4.7⫻ over unoperated levels within 6 h postsham surgery but returned to unoperated levels by 24 h.
Despite sham-induced increases for these three genes,
axotomy induced dramatic increases in expression above
sham levels (Figs. 2 and 3, Table 3).

Time Course of Expression of LIF
following Axotomy
Microarray analysis did not reveal an axotomy-induced
increase in leukemia inhibitory factor (LIF; see Table 3),
although our previous research had indicated that this
cytokine is upregulated within the SCG by 6 h after
axotomy (Sun et al., 1994; Sun and Zigmond, 1996a). In
fact, LIF was called absent in all samples by microarray
analysis. Therefore, we decided to reexamine the regulation of LIF using real-time RT-PCR. Low but detect-
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Figure 3 Time course of expression for genes whose expression peaks early after axotomy.
Real-time RT-PCR was used to measure levels of expression for selected genes of interest in
axotomized, time-matched sham control, and unoperated SCGs. Expression of four genes, CARP,
osteopontin, PACAP, and UDP-glucoronosyltransferase, was shown to increase rapidly and significantly following axotomy, peaking at 24 h. Subsequently, expression levels rapidly decreased,
although expression of CARP and osteopontin was still signiﬁcantly increased relative to sham at
the 5-day time point. Copy number was calculated as described in Materials and Methods, and is
shown here as a function of time (hours) following axotomy (squares) or sham surgery (diamonds).
The values for intact animals are shown at time ⫽ 0. Each point represents the mean copy number
⫾ SEM from four animals. Where error bars are not depicted, the error was too small to be shown
graphically. Asterisks indicate signiﬁcant differences in copy number between axotomy and timematched sham SCGs (p ⱕ 0.05). Copy number values under all conditions were greater than 0.
CARP copy number was not measured in intact control animals.

able levels of LIF were found in unoperated and shamoperated ganglia by this technique (35–115 copies/animal). Axotomy increased LIF expression ⬎750-fold
within 6 h (Fig. 4). Expression was still dramatically
increased (⬎160-fold) relative to that in sham-operated
ganglia at 24 h postaxotomy, but by 48 h there was no
signiﬁcant difference between the two groups (Fig. 4).
These data are in agreement with our previous results
obtained by Northern blot analysis (Sun and Zigmond,
1996a).

Arg I mRNA Is Upregulated following
Axotomy in Neurons
Due to its neurite outgrowth promoting and antiapoptotic actions (Dawson et al., 1991; Esch et al.,
1998; Cai et al., 2002), we examined further the
expression of arg I mRNA after axotomy using in
situ hybridization. Forty-eight hours following axotomy, many neurons in the SCG were labeled (Fig.
5C); in contrast, labeled neurons were not found 6
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Comparison of RT-PCR and Microarray Fold Change Data
Fold Change (Axotomy/Sham)
Real-Time RT-PCR

Microarray

Gene

6h

24 h

48 h

5 Day

6h

48 h

Arg I
ATF-3
CARP
Galanin
LIF
Osteopontin
PACAP
PTHrP
UDP-Glucoronosyltransferase

2.9 ⫾ 0.8
21.8 ⫾ 12.6
10.7 ⫾ 4.6
4.8 ⫾ 3
773.5 ⫾ 510.8
18.5 ⫾ 2.4
NC
NC
3.8 ⫾ 1

17.8 ⫾ 3.9
29.4 ⫾ 3.2
636.7 ⫾ 94.6
46.5 ⫾ 6.7
166.1 ⫾ 88.2
143.9 ⫾ 19.9
33.9 ⫾ 12.7
8.6 ⫾ 1.5
11.3 ⫾ 3.9

37.7 ⫾ 8
22.7 ⫾ 5.5
156.1 ⫾ 31.7
60.9 ⫾ 15.5
NC
78 ⫾ 2.9
2.1 ⫾ 0.7
5.1 ⫾ 0.5
4.3 ⫾ 1.4

30 ⫾ 8.8
31.3 ⫾ 12.2
195.5 ⫾ 42.4
38.8 ⫾ 1
NC
7 ⫾ 1.6
NC
8.1 ⫾ 3.3
7.6 ⫾ 5.3

NC
5.1 ⫾ 0.3
NC
NC
NC
7.1 ⫾ 1.2
NC
NC
NC

22.1 ⫾ 6.3
7.9 ⫾ 1.5
12.9 ⫾ 2
19.3 ⫾ 3.7
NC
22.7 ⫾ 5.9
8⫾1
19.6 ⫾ 7.6
9.4 ⫾ 2.9

Real time RT-PCR was used to measure levels of expression for selected genes in axotomized and time-matched sham-operated SCGs.
Axotomy/sham fold change values were calculated following normalization to the level of expression of a housekeeping gene, ribosomal 18S,
as described in Materials and Methods. Fold change values ⫾ SEM are shown for 6-, 24-, 48-h, and 5-day postaxotomy time points. Four
animals were examined for each condition. For comparison, the axotomy/sham fold change values calculated from the 6- and 48-h microarray
data are also shown. An entry of NC indicates that the expression of the gene did not meet the criteria for a change (see Results).

or 48 h after a sham operation [Fig. 5(B) and (D)],
6 h following axotomy [Fig. 5(A)], or in unoperated
animals (data not shown). The labeled neurons were

somewhat more concentrated in the caudal and
middle thirds of the ganglion near the CST and
ECN, respectively, with a diminished labeling in
the rostal third near the ICN. Labeled cells were not
seen in any conditions when sections were exposed
to a sense probe or to hybridization buffer without
any probe (data not shown).

Arg I Protein Is Upregulated following
Axotomy and Is Localized to Neurons
and Macrophages

Figure 4 Time course of expression of LIF after axotomy.
LIF expression after axotomy was measured by real-time RTPCR. LIF increased rapidly and signiﬁcantly within 6 h following axotomy. Expression remained signiﬁcantly increased
at 24 h postaxotomy, but returned to sham levels by 48 h. Copy
number was calculated as described in Materials and Methods,
and is shown here as a function of time (hours) following
axotomy (squares) or sham surgery (diamonds). The values for
intact animals are shown at time ⫽ 0. Each point represents the
mean copy number ⫾ SEM from four animals. Where error
bars are not depicted, the error was too small to be shown
graphically. Asterisks indicate signiﬁcant differences in copy
number between axotomy and time-matched sham SCGs (p
ⱕ 0.05). Copy number values under all conditions were greater
than 0, although copy number was low in sham-operated and
unoperated SCGs.

To determine whether axotomy caused an increase in the
level of arg I protein, Western blot analysis was performed on extracts from SCGs 48 h after axotomy or a
sham operation. A band corresponding to the predicted
molecular weight of arg I (i.e., 43 kDa) was present in
the axotomized but not in the sham-operated control
samples (Fig. 6). Next, immunohistochemistry was used
to localize the arginase-expressing cells within the SCG.
No immunopositive cells were detected in sections taken
from sham-operated ganglia [Fig. 7(C)]; however, a
large number of highly immunoreactive cells were seen
in sections taken from ganglia 2 days [Fig. 7(A)] and 5
days (data not shown) after axotomy. The majority of
these labeled cells were neurons, and they were widely
distributed within the SCG but were less plentiful in the
region near the ICN [Fig. 7(A) and (B)]. In addition, a
second population of smaller immunopositive cells was
located at the exit points of the two major postganglionic
trunks, the ICN and ECN [Fig. 7(A) and (E)]. These
smaller cells in the nerve roots were also labeled by the
macrophage-recognizing antibody, ED-1 [Fig. 7(E)]. Interestingly, ED-1 labeled macrophages within the body
of the SCG were not arg I positive [Fig. 7(D)].
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Figure 5 In situ hybridization for arg I in the rat SCG after axotomy. Sections were hybridized to
a digoxigenin-labeled antisense probe to arg I 6 h (A) or 2 days (C) after axotomy or 6 h (B) or 2
days (D) after a sham operation. No labeled neurons were found under any condition when sections
were hybridized to sense probes (data not shown). The scale bar equals 50 m.

Upregulation of Polyamines following
Axotomy

DISCUSSION

The diamine putrescine and the polyamines spermidine and spermine are produced downstream of
the actions of the enzymes arg I and ornithine
decarboxylase, and have been postulated to promote neurite outgrowth (Dornay et al., 1986; Gilad
et al., 1996; Cai et al., 2002). Therefore, the levels
of putrescine, spermidine, and spermine in the
SCGs of intact, axotomized, and sham-operated rats
were measured by high-performance liquid chromatography. Five days after surgery, putrescine had
increased 3.6-fold [Fig. 8(A)] and spermidine, 3.1fold [Fig. 8(B)] in axotomized ganglia compared to
sham-operated control ganglia. In contrast, there
was no signiﬁcant change in the levels of spermine
following axotomy [Fig. 8(C)] and no differences
in the levels of any of the compounds between
unoperated and sham-operated ganglia [Fig. 8(A)–
(C)].

Although the importance of changes in mRNA and
protein synthesis for regeneration has long been recognized (e.g., Watson, 1974; Smith and Skene, 1997),
knowledge of the identities of the affected genes has
been rudimentary. Using a gene microarray approach,
we determined the changes in gene expression that
occur in the SCG following transection of its postganglionic nerve trunks. We observed both increases
and decreases in gene expression. A large number of
downregulated genes were categorized as molecules
involved in neural transmission, which is of interest,
given that this is a cell population in which transmission has been halted. These included transmitter receptors, enzymes involved in transmitter synthesis
and degradation, synaptic vesicle proteins, and a sodium channel. Many decreases were also seen in
signal transduction molecules. The list of genes
whose expression increased after axotomy provides
candidates for proteins promoting sympathetic nerve
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Figure 6 Western blot analysis of arg I in the rat SCG two
days after axotomy. A strong signal is detected in the rat
liver extract at 43 kDa, which comigrates with recombinant
arginase (data not shown). Each SCG extract was made
from the two ganglia from a different rat. No detectable arg
I was found in extracts from ganglia 48 h after a sham
operation. Arg I was detected in extracts from ganglia 48 h
following axotomy.

regeneration. The largest and most consistent increases in expression were for genes coding for neuropeptides and cytokines.
The upregulation of certain neuropeptides [i.e.,
galanin, vasoactive intestinal polypeptide (VIP),
PACAP, and substance P] following nerve injury has
been reported previously in sensory and sympathetic
systems (Hyatt-Sachs et al., 1993; Rao et al., 1993b;
Mohney et al., 1994; Schreiber et al., 1994; Zhang et
al., 1994; Moller et al., 1997). Microarray analysis of
gene expression in the axotomized SCG not only
veriﬁed the already documented upregulation of these
neuropeptides (thus providing validation for the microarray approach), but also identiﬁed two additional
upregulated neuropeptides, cholecystokinin (CCK)
and PTHrP. In addition, microarray analysis revealed
that the increases in neuropeptide expression are
among the most dramatic noted in the axotomized
ganglion, suggesting that these molecules play a major role in peripheral nerve regeneration. At present,
direct evidence for a function in regeneration exists
only for galanin. Using a functional assay for recovery after sciatic nerve injury, a substantial delay of
several weeks in nerve regeneration was found in
galanin knockout mice (Holmes et al., 2000). Furthermore, reduced neurite outgrowth was found in sensory neurons cultured from these animals (Holmes et
al., 2000), and this phenotype was rescued by addition
of galanin (Mahoney et al., 2003). Experiments to
determine whether galanin is also important for sympathetic nerve regeneration are in progress. Although
there is currently no comparable evidence that VIP
and/or PACAP affect peripheral nerve regeneration,
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the results of several developmental studies make
such hypotheses attractive. For example, PACAP and
VIP increase survival and neurite extension of sympathetic neuroblasts (DiCicco-Bloom et al., 2000),
and VIP increases survival of cultured sympathetic
neurons deprived of NGF (Tanaka and Koike, 1994),
a condition similar to that faced by neurons in vivo
after axotomy. In addition to affecting neurons, VIP
can also act on Schwann cells to increase the secretion
of laminin (Q.L. Zhang et al., 1996), and on “resting”
macrophages to stimulate the expression of IL-6
(Martinez et al., 1998).
Our microarray data revealed increases in expression of two additional neuropeptides, cholecystokinin
(CCK) and PTHrP, which had not previously been
reported to be present in sympathetic neurons. It is of
interest, therefore, that systemic administration of
CCK increases sympathetic nerve regeneration after
treatment with the neurotoxin 6-hydroxydopamine
(Manni et al., 2001). Although nothing is known
about the effects of PTHrP in the injured peripheral
nervous system, this neuropeptide is induced by reactive astrocytes after brain injury produced by a stab
wound, and has been proposed as a mediator of inﬂammation (Funk et al., 2001). Knowledge of the
dramatic upregulation of numerous neuropeptides following nerve injury underscores the need to examine
speciﬁc actions of the neuropeptides during regeneration.
Because axonal regrowth is essential for functional
recovery following axotomy, it is noteworthy that
several of the axotomy-regulated genes identiﬁed in
the microarray screen have previously been shown to
affect neurite outgrowth. The expression of four genes
that promote neurite outgrowth (arg I, protease
nexin-1, small proline-rich repeat peptide, and alpha
2-macroglobulin) increased, while that of two genes
that inhibit neurite outgrowth (CD24/nectradin and
the thrombin receptor) decreased (Zurn et al., 1988;
Mori et al., 1990; Monard, 1993; Shewan et al., 1996;
Bonilla et al., 2002; Cai et al., 2002). Interestingly,
protease nexin-1 (PN-1) acts to inhibit thrombin (Monard, 1993; Festoff et al., 1996). Therefore, the inhibitory effects of thrombin on neurite outgrowth might
be overcome by both upregulation of its inhibitor and
downregulation of its receptor. These changes in expression of neurite outgrowth-related molecules support the idea of a switch in gene expression after
axotomy to favor axonal outgrowth.
Of particular interest among the upregulated neurite outgrowth-promoting genes is arg I, an enzyme
that catalyzes the hydrolysis of arginine to ornithine
and urea. Ornithine can be converted to the diamine
putrescine, and then to the polyamines spermidine and
spermine through the sequential actions of ornithine
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Figure 7 Immunohistochemistry for arg I in the rat SCG 2 days after axotomy. Low magniﬁcation
montage shows the distribution of arg I staining (A). Arg I is localized to neurons and their processes
within the ganglion (A,B) and to a small cell population within the postganglionic nerve trunks of
the internal and external carotid nerves (ECN and ICN, A). No immunopositive labeling was seen
in sections from sham-operated (C) or intact animals (data not shown). Immunohistochemical
experiments identiﬁed the small arg I-positive cells within the postganglionic nerve trunks to be
ED-1 positive macrophages (E). ED-1 positive macrophages within the ganglion were not arg
I-positive (D). Arg I ⫽ red (A,B,C). Arg I ⫽ green (D,E). ED-1 ⫽ red (D,E). CST, cervical
sympathetic trunk. Scale bars equal 500 m (A), 50 m (B,C), and 50 m (D,E).
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Figure 8 Axotomy-induced increases in putrescine and
spermidine. The diamine putrescine and the polyamines
spermidine and spermine were measured by HPLC in 5-day
axotomized SCGs (5d Ax), 5-day sham-operated control
SCGs (5d Sh), and unoperated SCGs (T ⫽0). Levels of
putrescine and spermidine increased 3.6⫻ (A) and 3.1⫻
(B), respectively, after axotomy compared to after sham
surgery (n ⫽ 3 animals/condition). Asterisks indicate statistically signiﬁcant changes (p ⫽ 0.05). No axotomy-induced change was seen in spermine levels. In addition, no
signiﬁcant difference was seen between sham and unoperated control SCGs for putrescine, spermidine, or spermine
levels.
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decarboxylase (ODC), spermidine synthase, and
spermine synthase (Seiler, 2000). Although expression of ODC, a rate-limiting enzyme in polyamine
biosynthesis, remains unchanged following SCG axotomy (as determined by our microarray analysis), its
activity increases (Gilad and Gilad, 1983). In addition, increases in arginase expression have been associated with increased polyamine synthesis (KepkaLenhart et al, 2000; Li et al, 2002). Treatment with
exogenous polyamines accelerates neurite outgrowth
and functional recovery following in vivo axotomy of
adult rat SCG neurons and facial motoneurons (Dornay et al., 1986; Gilad et al., 1996). Recent work by
Cai et al. (2002) has shown that upregulation of arg I
and the subsequent increase in polyamines are sufﬁcient to promote axonal outgrowth from cultured postnatal CNS neurons grown on the normally inhibitory
substrates of myelin-associated glycoprotein or myelin. We have now reported an upregulation of arg I,
putrescine, and spermidine in the injured PNS. The
axotomy-induced increases in arg I mRNA and protein and in putrescine and spermidine indicate a potential role for arg I and the polyamines in sympathetic nerve regeneration, presumably by promoting
axonal outgrowth.
In addition to a putative neurite outgrowth-promoting role, arg I has an antiapoptotic effect on cortical
neurons in culture (Esch et al., 1998). Although rapid
cell death is widespread in neonatal peripheral neurons after axotomy, it is rarer in adult peripheral
neurons. For example, there was no neuronal loss in
the adult guinea pig SCG during the ﬁrst week after
postganglionic nerve crush, although a decrease occurred by 1 month (Purves, 1975). It is noteworthy,
therefore, that arg I and a number of other genes
encoding antiapoptotic proteins were upregulated in
the axotomized SCG. These include Bax inhibitor-1,
superoxide dismutase, damage-induced neuronal endopeptidase (DINE), and metallothionein-1 (Gorman
et al., 1996; Jean et al., 1999; Kiryu-Seo et al., 2000;
Giralt et al., 2002). Whether these gene products
contribute to the survival of axotomized SCG neurons
remains to be elucidated.
Given the cellular heterogeneity of the SCG, it is
reasonable to expect that axotomy has an effect not
only on the SCG neurons, but also on their associated
nonneuronal cells. An example of this inﬂuence is the
induced proliferation of glial cells (satellite cells and
Schwann cells) and resident macrophages by 2 days
postaxotomy (Schreiber et al., 2002; M. Bachoo, A.K.
Hall., U. Vaidyanathan, and R.E. Zigmond, unpublished observations). This proliferative effect may be
driven by changes in gene expression within nonneuronal cells. Microarray analysis has revealed an axotomy-induced increase in several cell cycle-associated
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molecules, including cdc2, cyclin B, and the Schwann
cell mitogen Reg-2 (Livesey et al., 1997). Therefore,
it will be of interest to determine the cellular localization of these upregulated genes. Previous work has
shown altered expression of other genes within nonneuronal cells of the SCG. For example, LIF is upregulated in nonneuronal cells of the rat SCG within
6 h postaxotomy (Sun et al., 1994), and heme oxygenase-1 increases in glial cells and macrophages
(Magnusson and Kanje, 1998; Magnusson et al.,
2000). In addition, glial ﬁbrillary acidic protein
(GFAP) is upregulated in satellite/Schwann cells of
the axotomized SCG in guinea pigs (Elfvin et al.,
1987). For many of the upregulated genes identiﬁed
by microarray, the cell type in which the upregulation
occurs remains to be determined. Such information
will aid in formulating hypotheses concerning the
function of upregulated molecules during regeneration.
The more global approach afforded by microarray
technology allows for identiﬁcation of molecules
comprising potential pathways activated upon nerve
injury. In fact, some of the changes in gene expression
revealed in the microarray screen may represent cascades of biochemical events, as previous studies have
reported links between many of the upregulated
genes. For example, evidence supports the idea that
LIF, a cytokine that is rapidly upregulated after axotomy (Fig. 4; Banner and Patterson, 1994; Sun et al.,
1994), is required for the axotomy-induced upregulation of later appearing genes, including galanin, VIP,
substance P (Rao et al., 1993a; Corness et al., 1996;
Sun and Zigmond, 1996a, 1996b), Reg-2, and DINE
(Livesey et al., 1997; Kato et al., 2002). DINE, in
turn, leads to increased expression of superoxide dismutase (Kato et al., 2002). A second axotomy-induced cytokine, IL-6, has been implicated in the axotomy-induced expression of galanin in sensory
neurons and of TIMP1 (tissue inhibitor of metalloproteinases-1) in ﬁbroblasts (Sato et al., 1990; Thompson
et al., 1998). Cascades may also result from PACAP’s
ability to induce expression of the glutamate/aspartate
transporter, glutamine synthetase, and the PACAPregulated gene (PRG1; Schafer et al., 1996; Figiel and
Engele, 2000), and from VIP’s ability to induce PN-1
expression (Bleuel et al., 1995) and to stimulate its
secretion (Festoff et al., 1996). Identiﬁcation of the
molecular players of such pathways by microarray
now allows for the further characterization of those
pathways in the context of regeneration.
Recently, two studies using Affymetrix microarrays have been published on changes in gene expression in dorsal root ganglia after sciatic nerve transection or spinal nerve ligation (Costigan et al., 2002;
Wang et al., 2002). Over 40 of the changes in gene

expression reported in each of these studies mirrored
the changes seen in the axotomized SCG. Among the
changes seen in all three studies were increases in
expression of a number of genes associated with inﬂammation, namely allograft inﬂammatory factor-1,
alpha 2-macroglobulin, complement protein C1q beta
chain, and Fc-gamma receptor.
In contrast to the effects of axotomy, no changes in
gene expression were seen by microarray as a result of
sham surgery. In addition, the expression of only 10
genes changed when the predominantly preganglionic
cervical sympathetic trunk (CST) was transected (decentralization). With the exception of Cap1, a molecule involved in actin polymerization, these genes
were also upregulated to a similar or greater extent by
axotomy (Table 2). Because the CST contains axons
of a small number of neurons located in the caudal
part of the SCG (Bowers and Zigmond, 1979), some
of the changes that result from this lesion could actually be the consequences of axotomizing those neurons rather than decentralization. Such an explanation
has been previously proposed for the increase in galanin mRNA after CST transection (Mohney et al.,
1994). The striking difference in the response of cells
in the ganglion to decentralization and to axotomy
highlights the latter as an attractive system for future
studies on the mechanisms underlying plasticity in
gene expression in the nervous system. The ultimate
goal of such studies would be to elucidate the cascade
of biochemical events that lead from peripheral nerve
injury to regeneration.
We thank Maryanne Pendergast for her assistance with
the confocal microscopy.
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