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Identification of Reciprocally Regulated Gene Modules
in Regenerating Dorsal Root Ganglion Neurons and
Activated Peripheral or Central Nervous System Glia

Adrian A. Cameron, Gordon Vansant, Wen Wu, Dennis J. Carlo, and Charles R. ILL*

The Immune Response Corporation, 5935 Darwin Court, Carlsbad, California 92008

Abstract Differential gene expression in the rat after injury of dorsal root ganglion neurons in vivo, and simulation
injury of Schwann cells and oligodendrocytes in vitro was analyzed using high-density cDNA microarrays. The analyses
were carried out to study the genetic basis of peripheral nerve regeneration, and to compare gene regulation in glia of the
central (oligodendrocyte) and peripheral (Schwann cell) nervous systems. The genes showing significant differential
regulation in the three study groups represented all aspects of cellular metabolism. However, two unexpected
observations were made. Firstly, a number of identical genes were differentially regulated in activated Schwann cells,
activated oligodendrocytes and regenerating DRG neurons. Specifically, a group of 113 out of 210 genes that were down-
regulated in Schwann cells upon lipopolysaccharide (LPS) treatment, were identical to genes up-regulated in the injured,
regenerating DRG. Furthermore, a group of 53 out of 71 genes that were down-regulated in interferon gamma (IFN-y)/LPS-
activated oligodendrocytes, were identical to genes up-regulated in the DRG neurons. Finally, 22 genes were common to
these three groups, i.e., down-regulated in activated oligodendrocytes, down-regulated in activated Schwann cells, and
up-regulated in regenerating DRG neurons. Secondly, a group of 16 cell-cycle and proliferation-related genes were up-
regulated in the DRG following sciatic nerve crush, despite the absence of cells undergoing mitosis in the DRG, or any
significant presence of apoptosis-related gene expression. Therefore, it appears that in these three cell types, large sets of
genes are reciprocally regulated upon injury and/or activation. This suggests that the activation of the injury-related gene
expression program in cell derivatives of the neuroectoderm involves, in part, highly conserved genetic elements. J. Cell.
Biochem. 88: 970-985, 2003.  © 2003 Wiley-Liss, Inc.
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Early studies on regeneration of the mamma-
lian peripheral nervous system revealed that
following a crush injury, the axons of the peri-
pheral nerve were able to regenerate their
axons into the distal segment of the nerve
[Cajal, 1928]. Subsequent studies showed that
this capacity was based on two phenomena. The
first is an anabolic response within the neurons
of the dorsal root ganglia (DRG) [Perry and
Wilson, 1981], that is dependent on gene
transcription [Wells and Vaidya, 1994]. Speci-
fically, this includes expression of transcription
factors [Leah et al., 1991] and growth-related
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genes like GAP-43 and galanin [Vilar et al.,
1989; Groves et al., 1996]. The second compo-
nent is an inflammatory response that occurs
within the distal segment of the injured nerve.
The key components of this inflammatory re-
sponse include invasion of the nerve by macro-
phages that engulf the myelin sheath and
damaged axonal processes [Hirata et al., 1999],
and proliferation of Schwann cells that sur-
round the nerve. The proliferating Schwann
cells secrete neurotrophic factors, cell adhesion
molecules and extracellular matrix proteins [Fu
and Gordon, 1997]. Together, the anabolic res-
ponse in the DRG and the inflammatory res-
ponse at the injury site result in successful
regeneration.

By contrast, a crush injury to the central
nerves in the spinal cord is not followed by
regeneration [Cajal, 1928]. Although the upper
motor neurons of the corticospinal tract mount a
transcriptional response [Tseng and Prince,
1996], and can survive long-term axotomy
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[Giehl and Tetzlaff, 1996], the beneficial inflam-
matory response of the peripheral nerve is
essentially absent. The mature myelinating cell
of the CNS, the oligodendrocyte, is susceptible
to apoptosis following trauma [Shuman et al.,
1997]. Furthermore, specific components of the
myelin sheath produced by oligodendrocytes
have inhibitory effects on axonal elongation
[Caroni and Schwab, 1988; Chen et al., 2000].
The complimentary, synchronized responses of
DRG neurons and Schwann cells following a
crush injury suggest that the process of periph-
eral nerve regeneration is tightly coupled. The
failure of regeneration following axotomy of
central neurons indicates that this same highly
orchestrated chain of events in the periphery is
lost in the mammalian CNS, possibly as a result
of the sequestration of the beneficial (Th2) in-
flammatory component from the CNS compart-
ment [Moalem et al., 2000]. In order to gain
some understanding of the specific factors
influencing this profound difference, we sought
to compare the genetic profiles of regenerating
DRG neurons and activated Schwann cells from
the PNS, as well as activated oligodendrocytes
from the CNS.

The study of differential gene expression has
been greatly advanced by the development of
high-density microarrays [Schena et al., 1995].
In conjunction with the identification and se-
quencing of the >30,000 genes of the human
genome [Lander, 2001; Venter, 2001], the devel-
opment of microarrays has enabled the mea-
surement of gene expression responses to a
variety of stimuli including disease, trauma,
and environmental toxins. As a result, it is
possible to identify clusters of genes of related
function or expression level, as well as the pat-
terns of gene expression which occur as a func-
tion of time [Wen et al., 1997]. We have applied
this technology to a number of models of peri-
pheral and central nervous system trauma
[Farlow et al., 2000], in order to compare the
patterns of gene expression in activated central
and peripheral neurons and glial cells.

The current study sought to compare differ-
ential gene expression in axotomized regener-
ating DRG neurons, LPS treated Schwann cells,
and LPS/IFN-y-treated oligodendrocytes. Since
in the DRG, the neurons are likely to be one of
the most transcriptionally active cells following
distal peripheral nerve injury, mRNA was
extracted from whole DRG 7 days after a crush
injury to the sciatic nerve in vivo. Because

fibroblasts [Salonen et al., 1988], macroph-
ages [Toews et al.,, 1998] and vascular cells
[Podhajsky and Myers, 1993] are all present at
or distal to the peripheral injury, sciatic nerves
were extracted from rat pups, and their asso-
ciated Schwann cells were cultured to purity.
Schwann cells were exposed in vitro to bacterial
LPS, to approximate their activated state in a
degenerating nerve segment. Oligodendrocytes
from the spinal cord of neonatal rat pups were
cultured to purity, and activated by exposure to
LPS and IFN-y. The mRNA from these three
tissues, together with the respective controls
was purified and converted to cDNA, which was
hybridized to three cDNA microarrays contain-
ing sequences of ~10,000 human genes. The
expression levels of 545 genes changed signifi-
cantly in the DRG, 450 genes were changed in
the treated Schwann cells, and 78 genes were
changed in activated oligodendrocytes. In the
DRG, 95% of the genes were upregulated and
5% were down regulated. In the Schwann cells,
54% were up-regulated and 46% were down-
regulated. In oligodendrocytes, 91% were down-
regulated and 9% were up-regulated. These
models have been published in preliminary
form [Farlow et al., 2000] but the actual data are
analyzed and expanded upon herein and shown
in detail at (http:/www.imnr.com/microarray.
htm).

METHODS
Surgical Procedures

Experiments were performed on 36 Sprague—
Dawley rats, female, 200—250 g. The animals
were anesthetized with a mixture containing
22% ketamine, 13% xylazine, and 2.5% acepro-
mazine in saline (1.6 ml/kg, i.m.). In 15 animals,
the sciatic nerves were exposed bilaterally in
the mid-thigh region, and crushed twice for 20 s
with No. 5 jeweler’s forceps [Jacob and McQuar-
rie, 1996]. Confirmation of the disruption of the
nerve fibers was made by a change in coloration/
indentation at the crush site, and an absence of
twitching response to nerve pinch peripheral to
the crush site several minutes post-injury. The
lesion site was cleaned by lavage with sterile
saline and the skin closed with Michel clips. In
another 15 animals, the sciatic nerves were
exposed bilaterally, the site cleaned by lavage
with sterile saline, and the skin was closed with
Michel clips (sham operation). The animals from
each experimental group (15 nerve-crushed and
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15 sham-operated) were initially operated on in
groups of five on 3 consecutive days. Thus, 7days
after the initial operation, a group of five
animals was sacrificed and the L4 and L5 dorsal
root ganglia were quickly exposed, removed,
rinsed briefly in phosphate buffered saline
(PBS) and frozen in liquid nitrogen, prior to
storage at —70°C.

Bromo-Deoxyuridine (BrdU)
Immunohistochemistry

Six additional rats (3 x 7-day post nerve-
crushed and 3 x 7-day post sham-operated)
were used for immunohistochemical studies of
BrdU uptake. The animals were injected with
BrdU (Sigma, St. Louis, MO 50 mg/kg) 2 h prior
to re-induction of anesthesia and perfusion of
chilled PBS, followed by 4% paraformaldehyde
in 0.1 M phosphate buffer (PB). The intestines,
and L4 and L5 DRG were dissected out and fixed
for 4 h, followed by cryoprotection in 30%
sucrose in 0.1 M PB. The DRG and intestines
were sectioned in a cryostat at 10—15 pm, and
collected in 0.1 M PB. For immunohistochem-
istry, the sections were processed in accordance
with the protocol supplied by the manufacturer
(product no. 1170376, (http://biochem.roche.-
com/pack-insert/1170376A.pdf).

Schwann Cell Culture

Sprague—Dawley rat pups (10 x 3-day-old
pups) were anesthetized by cryo-anesthesia
(immersion in crushed ice), and the sciatic
nerves were dissected out bilaterally. The
pups were then sacrificed. Primary cultures of
Schwann cells were established as described
previously [Brockes et al., 1979, Montgomery
et al.,, 1996]. Pure, confluent cultures were
activated with bacterial lipopolysaccharide
[Skundric et al., 1997].

Oligodendrocyte Culture

Sprague—Dawley rat pups (10 x 3-day-old
pups) were anesthetized by cryo-anesthesia,
and the spinal cord was carefully dissected out.
The pups were then sacrificed. Oligodendrocyte
cultures were established using methods mod-
ified from Van der Pal et al. [1990]. In contrast to
Schwann cells, oligodendrocytes require addi-
tional stimuli to effect activation. Therefore,
cultures of differentiated oligodendrocytes were
activated with LPS and IFN-y as described
[Hewett et al., 1999].

mRNA Purification and
Microarray Hybridization

The ganglia (60 DRG from 15 nerve crushed
animals, and 60 DRG from 15 sham operated
animals) were homogenized and the total RNA
was extracted using Trizol, following the proce-
dure supplied by the manufacturer (Invitrogen,
Carlsbad). From this, the mRNA fraction (an
average of 10 ng mRNA was extracted from each
DRG) was purified using an oligo-dT column,
following the procedure supplied by the manu-
facturer (Qiagen, San Diego, CA). For Schwann
cells, and oligodendrocytes the LPS-activated
and LPS/IFN-y cultures, respectively, were
rinsed with PBS, and the RNA extracted and
stabilized by rinsing the flasks with 3 ml Trizol,
which was then stored at —70°C. The mRNA
fraction was purified using an oligo-dT column
following the procedure supplied by the manu-
facturer (Qiagen).

Following mRNA purification, the experi-
mental and control fractions of DRG, oligoden-
drocytes and Schwann cells, the purified mRNA
was supplied to Incyte, Inc., for the reverse
transcription to cDNA and fluorescent labeling
using Cy5 and Cy3-labeled random primers,
respectively. The reactions were incubated for
2 h at 37°C with 200 ng poly-A RNA, 200 U M-
MLV reverse transcriptase (Invitrogen, Carls-
bad), 4 mM DTT, 1 U RNase inhibitor (Ambion),
0.5 mM dNTPs, and 2 pug Cy3 or Cyb-labeled 9-
mers in 25 pl volume with enzyme buffer sup-
plied by the manufacturer. The reaction was
terminated by incubation at 85°C for 5 min. The
paired reactions were combined and purified
with a TE-30 column (Clonetech, Palo Alto, CA).
They were then simultaneously hybridized to a
microarray containing multiple copies of each of
10,000 double-stranded human cDNA frag-
ments with an average length of 1,000 base
pairs (bp) (Unigem-1; Incyte Corp., Palo Alto),
corresponding to known genes (6,600) and un-
known sequences (ESTs) (3400) held in Gen-
Bank. Arrays containing human sequences were
used because “rat arrays” had not been devel-
oped at the time the experiments were per-
formed. The control and experimental fractions
were hybridized to the array with 5 x SSC at
60°C for 6.5 h. The arrays were washed with 1 x
SSC and 0.1% SDS at 45°C for 10 min, and then
with 0.1 x SSC and 0.2% SDS at 20°C for 3 min.

For each gene on the microarray, quantit-
ative differences between the hybridization of
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experimental and control cDNA species
(reverse transcribed from the mRNA popula-
tions and labeled with Cy3 or Cy5 dyes) were
measured by using confocal microscopy and
digital imaging with 10 um resolution. Both Cy3
and Cy5 channels were simultaneously scanned
with independent lasers. The fluorescent light
was optically filtered before multiplication, and
conversion to a 16 bit digital signal. A 16-log
scale was used for visual representation.

The level of differential expression for each
gene/array element was calculated in two steps.
Firstly, a balance coefficient was calculated,
which was the ratio of the average Cy3 signal
(across all elements) to the average Cyb signal
(across all elements). The Cy5 (experimental)
channel of each element was then multiplied by
the balance coefficient. Secondly, the differen-
tial expression ratio was calculated for those
elements having a signal-to-noise ratio of at
least 2.5. For elements with Cy3/Cy5 ratio of >1
(control > experimental) the differential expres-
sion = Cy3/Cy5. For elements with Cy3/Cy5
ratio <1 (control < experimental), differential
expression = —(Cy5/Cy3). All genes with a bal-
anced differential expression ratio of > +1.9 or
< —1.9 were included for analysis. Each array
contained internal controls for quality assur-
ance of the following: accuracy of RNA ratio (— 3
to +25), sensitivity of detection of RNA (from
2 pg to 2 ng), determination of hybridization
efficiency, sample RNA quality (cDNA targets
from a variety of rat tissues) and house-keeping
gene constancy (human alpha tubulin, human
ribosomal protein p9, and 23 kDa HBP).

The data generated consisted of the change in
expression level, and IMAGE. Consortium num-
bers corresponding to the cDNA sequences of
the microarray to which reverse transcribed
mRNA sequences from the samples had bound.
From the IMAGE Consortium numbers, the
GenBank Accession numbers were obtained,
and homologies to known genes were then
determined through the use of the BLAST bio-
informational database.

Validation of Microarray Result

In order to test the reproducibility of the
differential expression, and the impact of
sample variability on the precision of differen-
tial expression ratios, the manufacturer (Incyte
Genomics, Inc.) performed 10 hybridizations of
duplicate samples of each of three tissue types
(heart, brain, and placenta) [Yue et al., 2001]. In

three additional control experiments, the coeffi-
cient of variation of the differential expression
ratios was calculated on the basis of (a) reverse,
fluorescent labeling of the identical mRNA
samples, (b) the visual rendering of the signal
(a measure of the performance of signal detec-
tion equipment and measurement equipment),
and (c) genes which did not have expression
ratios of 1:1 (i.e., 10 hybridizations of each of
brain vs. placenta, heart vs. brain, heart vs.
placenta). In all four experiments, the coeffi-
cient of variation of differential expression was
approximately 12% [Yue et al., 2001]. The
accuracy of Incyte Unigem arrays has recently
been verified by Mirnics et al. [2000] who show-
ed, following hybridization of the same cortical
mRNA sample, that at the 99% confidence level
(differential expression of >+1.9 or <—1.9),
4 out of 4,844 genes were false positives, and 2
out of 4,484 were false negatives. The same
authors hybridized a control and experimental
sample of cortical mRNA to 3 Incyte Unigem
arrays and obtained the same differential gene
expression data in each case [Mirnics et al.,,
2000]. These data confirm the accuracy and
reproducibility of data obtained using the Incyte
Unigem arrays. We performed semi-quantita-
tive PCR analysis designed to validate the array
as described below.

RT-PCR Analysis of Selected Differentially
Displayed Genes

Approximately 205-225 ng of the same
mRNA used for the array hybridization was
used as template for the RT (reverse transcrip-
tion) reaction that was carried out as follows.
Any DNA present was removed from the mRNA
samples by exposure to DNase at 37°C for 20 min
followed by the addition of 1/10 volume of 25 mM
EDTA, and a temperature increase to 60°C for
10 min. Each reaction was divided into two and
annealed to an oligo-dT at a temperature of 70°C
for 10 min, followed by cooling to 4°C. cDNA was
produced by adding Superscript II reverse
transcriptase (Invitrogen, Carlsbad) to one half
of each of the mRNA samples in a solution
containing 15 mM Tris-HCI, pH 8.0, 50 mM KCl,
2.5 mM MgCls, 0.5 mM dNTPs, and 10 mM DTT.
Transcription was carried out for 50 min at
42°C. The other half of the mRNA samples con-
tained everything except the transcriptase as a
control for DNA contamination. Two microliters
of each reverse transcription (RT) reaction was
used as template for the polymerase chain
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reaction (PCR). Each PCR reaction contained
primer pairs that would amplify a selected gene
found on the microarray. Each reaction was
carried out in 15 mM Tris-HCI, 50 mM KCI,
1.5 mM MgCls, 0.2 mM dNTPs, 0.2 uM primers,
and 2.5 U of amplitaq gold (Applied Biosystems)
using the following programs; 10 min at 94°C (to
activate the amplitaq gold), linked to a program
that had a cycle of 94°C for 30 s, 50°C for 30 s,
and 72°C for 1 min and 30 s. The second program
was allowed to cycle 30 times before lowering
the temperature to 4°C. The primers pairs for
each reaction are as follows; EST (Acc. no.
H52429) sense: GTCTCGCTATGTTGCCCA,
EST (Acc. no. H52429) antisense: GCCTGTAG-
TCCCAGCTAC; glycogen synthase kinase (Acc.
no. H64697) sense: CGCCAGA CACTATAGTC-
G; glycogen synthase kinase (Acc. no. H64697)
antisense: CTCTGGTGCCCTGTAGTA; beta-
actin sense: TCACCCACACTGTGCCC ATCTA-
CGA; beta-actin antisense: CAGCGGAACCGC
TCATTGCCAATGG. Twenty percent of each
reaction was run out on a 1.5% agarose gel. The
signal was standardized against the house-
keeping gene beta actin. The gel images were

1 2 3 4 5 6

B

Fig. 1. Validation of array data by RT-PCR. A: Ethidium
bromide staining of a gel containing a PCR product formed from
glycogen synthase kinase (Acc. no. H64697), which was
predicted by the microarray to be down-regulated 3.4-fold.
Nerve crush and control samples are depicted in lanes 5 and 3,
respectively. B: Actin control for normalization of loading of

quantified using the Metamorph digital ima-
ging program.

RESULTS
Microarray Validation

While validation of the microarray has been
extensively performed by the manufacturer
[Yue et al., 2001] and by other groups [Mirnics
et al., 2000, see Materials and Methods], we
performed an independent test designed to
validate the accuracy of the array. As shown in
Figure 1, a reverse transcriptase reaction was
performed on the same mRNA sample as that
used for the hybridization. Using this cDNA,
PCR was performed using primers derived from
the sequence of glycogen synthase kinase that
was predicted by the array to be 3.4-fold lower
on the nerve-crushed side. This revealed a
product of approximately 300 bp, that upon
image-analysis quantification, was x 3 lower in
the experimental sample than in the control
sample (Fig. 1A, lanes 5 and 3, respectively).
When PCR was performed on the same template
using primers derived from the EST no. H52427

1 2 3 4 § 6

samples. C: Ethidium bromide staining of a gel containing a PCR
product formed from EST (Acc. no. H52429) predicted by the
array to be up-regulated 39-fold. Nerve crush and control
samples are depicted in lanes 5 and 3, respectively. D: Scan of the
actin control, showing loading of samples.
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predicted by the array to be up-regulated 39-fold
on the nerve-crushed side, a product of 295 bp
was produced. Upon image-analyzer quantifi-
cation, this product was x 35 higher in the
experimental sample than the control sample
(Fig. 1C, lanes 5 and 3, respectively). The values
were normalized to the actin controls by digital
imaging analysis (Fig. 1B,D). These results
confirm the predictions made by the microarray
(EST Acc. no. H52427, up-regulated), glycogen
synthase kinase (Acc. no. H64697, down-regu-
lated), and validate its accuracy.

Characteristics of Gene Changes
in Regenerating DRG Neurons,
Activated Schwann Cells,
and Activated Oligodendrocytes

The proportion of genes significantly modu-
lated in DRG neurons, Schwann cells, and
oligodendrocytes is shown in Table I. Thus for
DRG neurons, 521 genes (95%) were signifi-
cantly up-regulated and 25 (5%) were signifi-
cantly down-regulated. The expression range
was +39 to —4. In the activated Schwann
cells 242 genes (54%) were up-regulated and
210 (46%) were down-regulated. The dynamic
range was + 7 to — 7. In activated oligodendro-
cytes, 8 genes (10%) were up-regulated and
71 genes (90%) were down-regulated. The ex-
pression range was + 7 to — 4. Thus it appears
that there are three main features of the
distribution of differentially regulated genes.
Firstly, there were many more genes modulated
in DRG neurons (545 genes, peripheral origin)
and Schwann cells (452 genes, peripheral
origin) that in oligodendrocytes (78 genes, cen-
tral origin). Secondly, there are significant
differences between the expression range of
genes in DRG neurons (+ 39 to —4) compared
with either of glial cell types (+7 to —7 in
Schwann cells, + 7 to — 4 in oligodendrocytes).
Finally, there are marked differences among all
three cell types concerning the distribution of
up and down-regulated genes, with the DRG

neurons and oligodendrocytes having reciprocal
distributions (95% up- and 5% down-regulated
in DRG, 9% up- and 91% down-regulated in
oligodendrocytes), while Schwann cells were
more evenly distributed. This is shown graphi-
cally in File 1 on the website http:/www.imnr.
com/microarray/histogram.pdf created for the
inclusion of all associated microarray data.

The identities of all the genes with expression
level changes of greater than + 1.9-fold and less
than — 1.9 were determined using the BLAST
bioinformatic database. It was observed that
these genes reflected activity in a large variety
of cell functions, including nuclear, membrane,
intermediary metabolism, secreted proteins,
signaling/regulatory, organelle, cell cycle, redox
metabolism, and apoptosis. The percentage of
genes in each of the various categories for each
of the three cell types is shown in Tables A—C
(File 2) on the website located at: (http:/www.
imnr.com/microarray/celldistribution.pdf). In
DRG neurons, Schwann cells, and oligloden-
drocytes, 65, 61, and 61% respectively, of all
significantly changed genes were comprised of
nuclear, membrane, metabolic and secreted
proteins. All known genes from these three cell
types that encoded membrane, secreted or nu-
clear proteins, together with their differential
expression levels are shown in File 3 of
the website located at: (http:/www.imnr.com/
microarray/genelist.pdf).

Within the DRG group of modulated genes
two subgroups were identified because of their
relevance to the regeneration process. Firstly,
we identified the modulated genes encoding
proteins in signal transduction pathways. The
pathways include those associated with mem-
bers of the Ras superfamily of GTP-binding
proteins (Fig. 2A) and those associated with the
MAP kinase pathway (Fig. 2B) both of which are
discussed below. Secondly, it was found that a
total of 16 genes were up-regulated that have
previously been identified with membranes of
cancer cells (proliferating cells), or nuclear

TABLE I. Number of Genes Significantly Modulated (Up- or Down-
Regulated by a Factor of 2 or More) in Regenerating DRG Neurons,
Activated Schwann Cells or Activated Oligodendrocytes

DRG Schwann cells Oligodendrocytes
Up-regulated 521 (95%) 242 (54%) 8 (10%)
Down-regulated 25 (5%) 210 (46%) 71 (90%)
Expression range +39 to —4 +7to -7 +7to—4
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Gene Modulated Gtp-Coupled | Effector Function | Location
Protein

IQGAP2 (x5) Cdc42-GTP | Cytoskeleton Cytoplasm

(Acc. No. T86898)

Radixin (x2) Rho-GTP Cytoskeleton Cytoplasm

(Acc. No.H80175)

ARL-3 (x12) ARF-GTP Unknown Cytoplasm

(Acc. No.AA011142)

Ran-BP2 (x3) RAN-GTP Nuc.-Cyt. T’port | Nucleus

(Acc. No. AA001246)

Karyopherin B3 (x3) RAN-GTP Nuc.-Cyt. T’port | Nucleus

(Acc. No. N78664)

B

Growth factors* Hormones/T! rag‘litters

Rec.Tyr, [T MR — G-protein
Kinase* receptor
Grb2

PK-C
\L 14-3-3b (x4)

Ras-GTP
\ Membrane
c-RAF-1
52
MAPKK (MEK)
MAPK (ERK) Cytoplasm
\
RSK-2

v

Transcription Factors*
\l/ Nucleus

Differentiation (regeneration)

Fig. 2. Identification of genes encoding intracellular signaling
proteins within the regenerating DRG. A: Genes that modulate
GTP-coupled proteins during nerve regeneration. B: Genes
predicted by the array to influence elements of the MAP-kinase
pathway. In the extracellular space, growth factors and
neurotransmitters activate receptor tyrosine kinases and G
protein-coupled receptors, respectively. The receptors activate
the intermediates Ras-GTP or protein kinase C, which can
activate c-Raf (MAP-KKK). In addition, phosphoinositol-3-kinase
(P1-3) can be recruited to the activated receptor tyrosine kinases.
Genes up-regulated in the array SH3-BP2 and 14-3-3 modulate
activity of PI-3 kinase and C-raf, respectively. Tpl-2 a novel MAP-
KKK can regulate the activity of MAP-KK (MEK). This protein
activates in turn MAPK (ERK) and RSK-2, which translocate to the
nucleus and activates transcription factors (listed on website:
http://www.imnr.com/microarray/genelist.pdf), which control
the production of mMRNA necessary for peripheral nerve
regeneration. Expression level changes for each gene shown in
parentheses. MAPK, mitogen activated protein kinase; ERK,
extracellular signal-regulated kinase; MEK, mitogen-activated
protein/extracellular signal-regulated kinase.

TABLE II. Genes Encoding Proliferation
Antigens and Cell Cycle Regulators in L4/5
Dorsal Root Ganglia Following Sciatic
Nerve Crush

Cancer cell antigens

Calgizzarin (R76776) (12.6)
Melan-A (N32199) (5.0)
MUC 18 (M28882) (5.0)
EVI-5 hom. (H29381) (4.6)
TI-227 (AA053771) (8.7
MAGE-8 (AA045931) (3.5)
MAC-30 (N33221) (3.1
SAS (W96199) (3.0)
Cell cycle transition
EB1 (AA035277) (4.6)
Mutated p53 (H61357) (4.5)
Host cell factor-1 (W93018) 4.1)
Geminin (N55327) (3.8)
HERV-K (N95674) (2.6)
Cyclin F (T89627) (2.2)
Cdc 34 (AA045671) (2.3)
Cdk-kinase (AA031961) (—2.8)

Cell-cycle genes not significantly changed on microarray
Cyclin isoforms: A2, B1, B2, D1, D2, E1, G2, H, K, I
Cyclin-dependent kinases: 2, 4, 5, 6, 8, 9, 10
Cyclin-dependent kinase inhibitors: 1C, 24, 2C, 2D, 3

Numbers in parentheses indicate accession number and
magnitude of change. Also shown are cell-cycle genes included
on the array that were not significantly up- or down-regulated.

proteins which are involved with regulation of
the cell cycle (Table II). Despite the up-regula-
tion of a number of proliferation-related genes,
other genes which are required for mitosis and
which were present on the array, were not
significantly changed (Table II). The presence,
however of these proliferation-associated genes
raised the possibility that mitosis could be
occurring in some cells within the DRG. To test
for mitosis in the DRG, cryostat sections of DRG
and intestine (for controls) from seven-day post
nerve crush and sham-operated animals were
immunostained for the nuclear mitotic marker
bromodeoxy-uridine (BrdU) (Fig. 3). In sections
of intestine, BrdU stained cells can be seen in
the crypts of the intestinal villi (Fig. 3A). The
staining is absent in control sections of intestine
(Fig. 4B). In sections of DRG from a nerve-
crushed animal (same animal as in Fig. 3A,B)
no evidence of BrdU staining was observed
(Fig. 3C). Similarly, in sections of a sham-
operated animal, BrdU-stained cells were not
observed (Fig. 3D). These results indicate that
cell division was absent in the DRG 7 days
after sciatic nerve crush, and in turn sug-
gests that the expression of these prolifera-
tion-associated genes may be linked to some
other function in the genetic program of the
regenerating DRG.
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Fig. 3. Presence of BrdU staining in intestine (A and B) and its absence in regenerating and sham-operated
dorsal root ganglia (C and D). A: In normal rat small intestine, BrdU staining is seen in a number of dividing
cells in the crypts of the villi (arrows). B: Section from same animal as in (A), incubated in the absence
of primary antibody. C, D: Absence of BrdU in sections of L5 DRG of experimental (C) and sham-operated
(D) animals. Bar =100 pum. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Reciprocally Regulated Gene
Groups in Regenerating DRG Neurons,
Activated Schwann Cells, and
Activated Oligodendrocytes

Comparison of the accession numbers of
genes up- or down-regulated in the three cell
types revealed that there were groups of
identical genes in DRG vs. Schwann, DRG vs.
oligodendrocyte, and Schwann cell vs. oligoden-
drocyte that were differentially modulated.
Shown in Table III, are the clusters of conserved
genes showing reciprocal expression in the
three cell types. In regenerating DRG neurons
and activated Schwann cells, 113 or 54% of
genes down-regulated in Schwann cells were
identical to genes up-regulated in DRG neurons

(Table III). Gene changes in DRG neurons
and oligodendrocytes showed that a total of
53, equaling 75% of genes down-regulated in
oligodendrocytes, were identical to genes up-
regulated in DRG neurons. Gene changes in
oligodendrocytes and Schwann cells showed
that 23, equaling 32% of genes down-regulated
in oligodendrocytes were identical to genes up-
regulated in Schwann cells. Finally, there was a
group of 22 genes that was common to all three
gene groups, i.e., down-regulated in Schwann
cells, down-regulated in oligodendrocytes, and
up-regulated in DRG neurons. This group
constituted 31% of down-regulated genes in
oligodendrocytes (Table III). These relation-
ships are shown diagramatically in Figure 4.
This Venn diagram shows that the genes of
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SCHWANN-
down (210)

17

OLIGO-down
(71)

Fig. 4. Venn diagram indicating the reciprocal and coincident
induction of identical genes in regenerating DRG cells, activated
Schwann cells, and activated oligodendrocytes. Each circle
contains 5 numbers. The numbers in brackets indicate the total
number of genes modulated in each major category. Thus,
521 genes were up-regulated in DRG neurons, 210 genes were
down-regulated in activated Schwann cells, and 71 were down-
regulated in activated oligodendrocytes. The numbers that do not
fall within an intersecting circle represent the number of genes
that were not up or down-regulated in the other two cell types.
Thus, 377, 96, and 17 genes were up-regulated in DRG neurons,
and down-regulated in Schwann cells and oligodendrocytes,
respectively. The numbers that fall within two intersecting circles
represent identical genes (same accession number) that were
either reciprocally or similarly regulated in the three tissue types.
Thus, 91 genes that were up-regulated in DRG neurons were
down-regulated in Schwann cells only, 31 genes that were
up-regulated in DRG neurons were down-regulated in oligo-
dendrocytes only, and 1 gene that was down-regulated in
oligodendrocytes was also down-regulated in Schwann cells.
Finally, 22 genes were up-regulated in DRG neurons and down-
regulated in oligodendrocytes and down-regulated in Schwann
cells (see also Table III).

common identity to each of the three tissues can
be distributed into four categories, three of
which overlap with the other two tissue types.
These are: (i) genes specific to the individual
cell type. Thus, 377 genes were up-regulated in
DRG neurons, 96 were down-regulated in
Schwann cells only and 17 were down-regulated
in oligodendrocytes only; (ii) genes in common
with either one of the other 2 cell types. In this
category, 31 genes were reciprocally regulated
specifically in DRG neurons and oligodendro-
cytes, and 91 genes were reciprocally regulated
in DRG neurons and Schwann cells. Only one
gene (LAMP Acc. no.: AA053501) was down-
regulated that was common to both Schwann

cells and oligodendrocytes, but not modulated in
the regenerating DRG; (iii) genes that correlate
with both of the other 2 cell types. In this group,
there were 22 genes that were common to all
three cell types (Fig. 4).

The known genes from each of these recipro-
cally regulated groups are shown in Table IV
together with their differential expression
values. Within the group of 22 genes express-
ed in all three cell types, there were 2 transcrip-
tion factors, 1 cytokine receptor, 2 metabolic
enzymes, 1 extracellular matrix protein, and
4 signaling proteins. The identity of the remain-
ing 13 genes is unknown at the time of this
writing. Within the group of genes specifically
co-regulated in DRG neurons and Schwann
cells, there were representatives from all cel-
lular functions. However, there were proportio-
nately more transcription factors (35%) and
enzymes of anabolic metabolism (20%). In the
group of genes specifically co-regulated in DRG
neurons and oligodendrocytes, there were equal
proportions of genes encoding secreted (25%)
and signaling (25%) proteins (Table IV).

DISCUSSION

Nature of the Genetic Response in DRG
neurons, Activated Schwann Cells,
and Activated Oligodendrocytes

The experimental methods employed here
have enabled the direct comparison of the
genetic response of regenerating DRG neurons
in vivo with activated Schwann cells and oli-
godendrocytes in vitro. It was found that 546,
452, and 79 genes were changed significantly
in regenerating DRG neurons, LPS-treated
Schwann cells, and LPS/IFN-y-treated oligo-
dendrocytes, respectively. Considering there
were 10,000 genes on the chip, it is possible to
predict that there is a significant change in the
expression pattern of 4.5—5% of the genome of
cells of the peripheral nervous system, when
activated. This estimate is significantly less
for glia from the CNS, where only 0.8% of this
cell’s genome was modulated when activated. In
addition, it appears that distribution of the
significantly changed genes varies among these
three populations. Specifically, in the DRG
population, 95% and 5% of significantly chan-
ged genes were up- or down-regulated, respec-
tively, whereas in the Schwann cell population,
54 and 46% of the modulated genes were up- or
down-regulated, respectively. In contrast to the
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TABLE III. Clusters of Conserved Genes With Reciprocal Expression
in Regenerating DRG Neurons, and Activated Schwann Cells,
and Oligodendrocytes

No. of genes % of genes

Upreg. Sch and upreg. DRG
Upreg. Sch and downreg. DRG
Downreg. Sch and upreg. DRG
Downreg. Sch and downreg. DRG

Upreg. oligo and upreg. DRG
Upregreg. oligo and downreg. DRG
Downreg. oligo and upreg. DRG
Downreg. oligo and downreg. DRG

Upreg. oligo and upreg. Sch
Upreg. oligo and downreg. Sch
Downreg. oligo and upreg. Sch
Downreg. oligo and downreg. Sch

Downreg. oligo/downreg. Sch/upreg. DRG
Downreg. oligo/downreg. Sch/downreg. DRG
Upreg. oligo/downreg. Sch/upreg. DRG
Upreg. oligo/downreg./Sch/downreg. DRG
Upreg. oligo/upreg. Sch/upreg. DRG

Upreg. oligo/upreg. Sch/downreg. DRG
Downreg. oligo/upreg. Sch/upreg. DRG
Downreg. oligo/upreg. Sch/downreg. DRG

Schwann cell genes
2
2
54

,_.
jn
[SETINFS

0
Oligodendrocyte genes
1

0
75

[or}
SwWor

0
Oligodendrocyte genes
0

0

0

32
Oligodendrocyte genes

31

N DN
wo oo

SOoOoOoOoOoOoON

0

SoOoOoOoOO

Indicated are the numbers of identical (same accession number) genes that are differentially regulated in
the three tissue types. Of all possible combinations, there is a strong correlation between genes that are
down-regulated in Schwann cells and upregulated in DRG neurons, down-regulated in oligodendrocytes
and up-regulated in DRG neurons, and down-regulated in both oligodendrocytes and Schwann cells (see

also Fig. 4).

DRG-regulated genes, the activated oligoden-
drocytes, displayed a down-regulated genetic
profile of 90% with only 10% of genes up-
regulated. This may reflect an important differ-
ence between the glia of the peripheral and
central nervous systems. The data may also
reflect the activity of IFN-y on oligodendrocytes,
which is necessary to achieve an activation state
in this cell type [Satoh et al., 1991].

The examination of purified, expanded Sch-
wann cells and oligodendrocytes in vitro did
ensure that the gene changes observed were
related to one cell type. The examination of
tissue in vivo could mean that the gene expres-
sion change observed could be related to more
than one cell source, or caused by nearest
neighbor tissues. In the case of the regenerating
DRG, the observed gene changes could arise
from neurons, the Schwann cells surrounding
axons within the DRG or the satellite cells
(similar to Schwann cells) which surround the
neuronal cell bodies. However, considering the
lesion site was in the mid-thigh, approximately
2 inches distal to the DRG, it is unlikely that
other neurons or satellite cells were directly
activated. Furthermore, the fact that there were
113 genes reciprocally regulated in DRG and

activated Schwann cells suggests that the genes
upregulated in the DRG are attributable to the
axotomized neurons, rather than the surround-
ing Schwann cells.

Reciprocally Regulated Genes in DRG,
Schwann Cells, and Oligodendrocytes

The main finding of this study is that
components of the gene expression patterns of
three different nervous system tissues (regen-
erating sensory neurons, activated Schwann
cells, and activated oligodendrocytes) are: (a)
identical and (b) reciprocally regulated. When
looking at the modulation of identical genes
between the three cell types (Table III), there
was an apparent correlation in each case. These
were: genes up-regulated in DRG neurons and
down-regulated in Schwann cells (113 genes),
genes up-regulated in DRG neurons and down-
regulated in oligodendrocytes (53 genes), and
genes down-regulated in Schwann cells and
down-regulated in oligodendrocytes (23 genes).
In addition there was a fourth group of genes
composed of elements of the above three groups
(22 genes) (Table I1I and Fig. 4).

Viewed from the perspective of a single cell
type, for example DRG neurons, the genes fall
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into four categories as shown in Figure 4. This
finding of overlapping genes differentially regu-
lated is similar to recent data that showed over-
lapping sets of genes in dendritic cells exposed
to different stimuli [Huang et al., 2001]. Our
results suggest that following peripheral axot-
omy, a large gene program, consisting of at
least 521 genes is executed in DRG neurons. It
appears that parts of this genetic program are
identical to components or modules of gene
programs that are executed specifically in LPS-
activated Schwann cells (91 genes) or LPS/IFN-
v activated oligodendrocytes (31 genes). In
addition, a smaller component consisting of
22 genes is identical to components of gene
programs executed in both Schwann -cells
and oligodendrocytes (Fig. 4). It is possible to
conclude that although the three cell types are
phenotypically diverse, they share highly con-
served gene programs that are executed upon
environmental challenge. Furthermore, since
only one gene was specifically shared between
Schwann cells and oligodendrocytes, it would
appear that activated myelinating cells of the
central and peripheral nervous systems have
more in common with regenerating DRG neu-
rons than with each other. This latter finding
may relate to the opposite responses of Schwann
cells and oligodendrocytes following environ-
mental stress to the PNS or CNS, respectively.

Why these genes were reciprocally regulated
is unknown. However, it is possible that the
highly conserved nature of their expression is a
reflection of a general genotypic response for
differentiation (DRG neurons) or proliferation
(Schwann cells), each of which are mutually
exclusive functions of mammalian cells. As an
example, leukemia inhibitory factor (Table IV)
causes the differentiation of neurons [Galliet al.,
2000] and interphotoreceptor-retinoid-binding
protein (up-regulated 13.4-fold) transports reti-
noic acid, a known neural differentiating agent
[Stenkamp et al., 1998]. The membrane recep-
tors for interferon alpha/beta [Kondo et al.,
2000], ROR2 [Oishi et al., 1999], and TM4SF
member SAS [Maecker et al., 1997] have also
been shown to be associated with the differ-
entiation of neurons and keratinocytes. Both
NAB1 and KROX-20 are interdependent tran-
scription factors that were previously shown
to be involved in neural differentiation in
the hindbrain [Mechta-Grigoriou et al., 2000].
Hypoxanthine phosphoribosyltransferase [Yeh
et al., 1998], and glycinamide ribonucleotide

synthetase [GARS, Brodsky et al., 1997], are
necessary for synthesis of purines, which
have been shown to have trophic effects in
neurons and glia [Rathbone et al., 1999].
Semaphorin F (axon guidance-associated), gelso-
lin (neurite elongation-associated), [Westberg
et al.,, 1999], and 14-3-3 isoforms [MacNicol
et al., 2000] are clearly implicated in neural
differentiation. ARL-3, upregulated 12-fold in
this study, has been shown to bind c¢cGMP
phosphodiesterase, which is involved with dif-
ferentiation of photoreceptor neurons in the
retina [Colombaioni and Strettoi, 1993].

The up-regulation of these genes in de-
differentiating (regenerating) neurons is con-
sistent with their down-regulation in the
LPS-treated Schwann cells and oligodendro-
cytes. As the proliferating glia were caused to
differentiate to a bipolar or tripolar phenotype
by the removal of 10% FBS and application
of activation stimuli, it would be expected that
proliferation-associated genes would be repress-
ed (down-regulated) in these cells. Thus, the
major function of the reciprocally regulated
genes may be their involvement with cellular
differentiation and change in phenotype, so as
to survive in the presence of an inflammatory
environment.

In relation to the finding of the subdivision of
large gene programs into smaller components, it
has recently been proposed that functional
modules (composed of functionally related pro-
teins), constitute a critical level of biological
organization [Hartwell et al., 1999]. Modules
have discrete functions within cells that arise
from the interaction between their individual
components, for example, the MAP-kinase sig-
nal transduction pathway. The possession of
molecular modules, each with a discrete activ-
ity, confers on a cell a repertoire of highly
conserved functions [Hartwell et al., 1999], that
may be altered through the interaction between
different modules. Using a model of cerebral
ischemia, Jin et al. [2001], found the co-induc-
tion of several groups of related genes that
might represent functional modules in the
ischemic neuronal transcriptome. Thus, it is
possible that the genetic program in activated
neurons and glia of the peripheral/central
nervous system may consist of a number of
modules each of which encode a group of pro-
teins. These proteins act in concert to perform a
specific function [Hamilton et al., 2001] that is
complimentary to those of other modules,
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TABLE IV. Genes That Are Differentially Regulated in Regenerating

DRG Neurons, Activated Schwann Cells, and Activated Oligodendrocytes

Category Upreg. DRG Downreg. Schwann Downreg. oligo.
Nuclear
VHL protein (W76188) 7.1 -2.2 -2
Geminin (N55327) 4 -24 -2.1
RAD52 (R96927) 2.5 — -2.1
AH receptor (W67336) 104 — —2.2
Helicase (AA001066) 2.1 -2 —
P53 protein (H61357) 4.1 -2.1 —
Mismatch repair (R41937) 2.5 -2.3 —
TATA box BP (W90373) 3.5 -2.3 —
DNA-bind. Prot. (W07182) 3.8 -24 —
RNA-dep prot. kin. (W42652) 5.4 -24 —
Krox-20 (AA018188) 2.4 -2.6 —
DNA-BP (N62901) 3.3 -2.6 —
Sp100 nuc. prot. (T50780) 29 2.7 —
Orig. rec. comp. (H51719) 2.7 -3.2 —
DNA primase (N68268) 3.6 -3.3 —
NABI1 (T'79325) 6.7 -34 —
Membrane
IFN-R2 (R00872) 6.8 -2.6 -2.5
Anion channel (AA007636) 5.1 — -2.1
LAMP (AA053501) — -2 -2
TNF rec. (H90177) 3 -2.1 —
ROR2 (AA024845) 4 -2.5 —
Comp. Rec. 1 (H75902) 5.2 —2.7
Semaphorin F (AA034415) 4.3 -3 —
SAS (W96199) 3 -3.1 —
Metabolism
HPRT (W77728) 5.4 -3.7 -34
Cytochrome b (T63065) 3.5 -3.5 —-2.1
DUDPase (AA058409) 2.1 — -2.1
ATP synthase (W21200) 11.1 — -2.3
UCP-3 (AA002183) 3.3 -2.1 —
Aspartoacyclase (N71653) 3 -2.1 —
Transacylase (R89083) 4.3 —2.2 —
Aminot’ferase (R19930) 3.2 —2.7 —
GART (N81002) 2.7 -3.1 —
Gal. trans’ase. (AA018766) 4.3 -2.3 —
Secreted
RBP-3 (AA011047) 13.4 -3.3 -2.1
Leptin (R62951) 54 — -2
NeuokininB (AA004764) 3.4 — -2.1
Apolipoprot. A1 (AA004705) 2.4 — -3.2
Selenoprotein P (N91230) 3.6 -2.5 —
LIF (R50354) 6 -2.9 —
Gelsolin (AA019754) 3.5 -3.8 —
Signaling
WW-BP1 (AA041546) 13 -2 -3.1
Calgizzarin (R76776) 12.6 -2.6 -24
PI-3 kinase (AA042935) 8.4 -2.7 -2.6
ARL-3 (AA011142) 11.9 -3.1 -2
Beta 3-adaptin (N64530) 3 — -2.5
Aden. kinase 5 (H09257) 6.4 — —2.5
Ring finger prot. (R10283) 5.5 — —-24
Amyloid-BP1 (AA018451) 13 -2 —
Torsin 1B (AA058590) 2.3 -2.1 —
HSP-40 (N80249) 7.2 -2.6 —
14-3-3 beta (AA004530) 3.7 -2.6 —
WW-B. P (AA056053) 2.5 —2.7 —
Guanine NEF (W15542) 3.2 -3 —
Organele
Kinesin 1B (W31909) 5.5 -3 -3.6
SNAP (N62961) 3.1 —-4.4 -2.5
Mito. pep’ase (W31025) 3.7 — —-2.5
Apoptosis
Caspase 6 (W44316) 2.1 -2.1 —

For each gene, the accession number and magnitude of change is indicated.
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enabling the co-ordination of a complex cellular
response. This response might be as general as
ensuring differentiation or proliferation by the
specifically effected cell [Hartwell et al., 1999].

Possible Role of DRG Gene Groups in the
Regeneration Process: Cell Cycle Genes

It was observed that a number of genes
associated with the regulation of the cell cycle,
or with cancer cells (proliferating cells) were up-
regulated in the DRG. Proliferation was ruled
out however, after immunostaining for the
mitotic marker BrdU was not observed in any
sections of L4 or L6 DRG from nerve-crushed
animals. Furthermore, the genes necessary for
progression through the cell cycle (cyclin A,
cyclin B1, Cdc2, Cdec26, Cdc28, Cdk 2, Cdk 4),
were not present in the group of genes regulated
by a factor of +2.0 in either DRG or Schwann
cells, though they were represented on the chip.
This finding suggests that these genes may
perform some function in the regenerating
neurons unrelated to mitosis. This may include
a co-ordination of the general response of in-
creased RNA synthesis [Wells and Vaidya,
1994] of the axotomized neurons. Indeed, it
has been shown that cell cycle regulation genes
are expressed in normal hippocampal neurons
and in hippocampal neurons which survive an
ischemic episode, suggesting a function other
than the induction of mitosis [Jin et al., 2001].

Embryonic neurons display a normal cell
cycle, for the purpose of cell division and
generation of neuronal progeny. However, we
propose the existence of a “regeneration cycle”
in adult DRG neurons following a crush injury.
In this case, the genetic program activating
RNA and protein synthesis is for the purpose of
cell survival, axonal elongation and reconstitu-
tion of connections. It is possible that control of
the regeneration cycle in adult neurons depends
on the deployment of a small subset of genes
which, during embryogenesis, were concerned
with mitosis and the generation of neuronal
progenitors. In the adult animal, these genes
are regulated as part of a large-scale induction
of transcription in the absence of DNA replica-
tion for the purpose of regeneration.

Possible Role of DRG Gene Groups in the
Regeneration Process: Signaling Genes

Recent studies indicate that signaling events
mediated by MAP kinase or GTP-associated
proteins [Tanabe et al., 2000] are critical for

regeneration in DRG neurons. Figure 2A,B
shows the genes encoding proteins known to
be associated with GTP-binding proteins and
the MAP-kinase signaling pathway, respec-
tively, that were shown to be up-regulated by
the array. Firstly, there are those genes encod-
ing proteins associated with members of the
super-family of GTP-binding proteins (small G-
proteins) with intrinsic GTPase activity, and
which cycle between GTP- and GDP-bound
states (Fig. 2A). These proteins act as molecular
switches that activate a variety of secondary
pathways, resulting in alterations of cell phe-
notype [Scita et al., 2000]. The proteins induced
in DRG neurons in this category, are upstream
regulators or docking/adapter proteins for a
number of GTP-ases previously shown to be
instrumental in neuronal regeneration [Gallo
and Letourneau, 1998; Kozma et al., 1995]. For
example, Radixin, induced 2.0-fold, is a down-
stream effector of Rho-GTP [Mackay et al.,
1997], and is involved in growth cone stability
and motility [Gonzalez-Agosti and Solomon,
1996]. IQGAP2, induced 5-fold, is an upstream
regulator for the Rho homolog CDC42 [McCal-
lum et al.,, 1996], which is involved in the
cytoskeletal remodeling that occurs during neu-
ronal dendritic development [Threadgill et al.,
1997]. ARL-3 is a member of the ARF-GTP
binding protein family [Cavenagh et al., 1994],
and may interact with ARF (adenosine ribosyla-
tion factor) proteins [Cavenagh et al., 1994]
which have recently been shown to be present in
neuronal growth cones [Hess et al., 1999].
Secondly, there is induction of those genes
encoding proteins associated with the MAP-
kinase signaling pathway (Fig. 2B). They are
SH3BP2 and GAB2, which are adapter proteins,
and which facilitate the interaction between
phosphatidylinositol kinase-3 and receptor tyr-
osine kinases [Bouillie et al., 1999; Gadinaet al.,
2000]. A study by Gadina et al. [2000] showed
that phosphorylation of GAB2 correlated with
activation of the MAP-kinase pathway. Another
component of the MAP-kinase pathway, 14-3-3
beta, was induced 4-fold. This protein is an
essential co-factor for c-Raf, an enzyme down-
stream of Ras-GTP, with which it forms a
heterodimer [Tzivion et al., 1998]. 14-3-3 iso-
forms have been shown to be up-regulated in
regenerating hypoglossal motorneurons in the
rat [Namikawa et al., 1998]. Although c-Raf
was not changed on the microarray, a closely
related enzyme, Cot/Tpl2 was induced 3-fold.
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This enzyme is an activator of MAPK-kinase
(MEK), and has been shown to induce neurite
outgrowth in PC12 cells [Hagemann et al.,
1999]. Finally, Gs alpha, the stimulatory sub-
unit of the heterotrimeric GTP-binding protein,
and which also activates MAP-kinases via
protein kinase C [Han and Conn, 1999], was
induced 4-fold (Fig. 2B). Taken together, the
induction of these genes in the present study
confirms recent studies which show that neuro-
nal growth and survival is dependent upon
signaling through the phosphatidyl-inositol-3
kinase and Ras-MAP kinase pathway [Mihaly
et al., 1996; Namikawa et al., 1998; Encinas
et al., 1999; Atwal et al., 2000; Schmidt et al.,
2000; Kimpinski and Mearow, 2001].

Additional studies are needed to determine
the functions of the groups of reciprocally
regulated genes in regenerating neurons, acti-
vated Schwann cells, and activated oligoden-
drocytes. The application of cluster analysis
and other statistical methods [Somogyi and
Sniegoski, 1996; Wen et al., 1997] to data obtain-
ed at multiple time points during regeneration
or activation, should further clarify the mechan-
ism of the genetic programs invoked in these
three cell types. Furthermore, future microar-
rays containing the entire human gene reper-
toire will be available for a complete genetic
response and analysis.
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