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Characterization of an Enhancer Region of the Galanin Gene
That Directs Expression to the Dorsal Root Ganglion and
Confers Responsiveness to Axotomy
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Galanin expression markedly increases in the dorsal root ganglion (DRG) after sciatic nerve axotomy and modulates pain behavior and
regeneration of sensory neurons. Here, we describe transgenic mice expressing constructs with varying amounts of sequence upstream of
the murine galanin gene marked by LacZ. The 20 kb region upstream of the galanin gene recapitulates the endogenous expression pattern of
galanin in the embryonic and adult intact DRG and after axotomy. In contrast, 1.9 kb failed to drive LacZ expression in the intact DRG or after
axotomy. However, the addition of an additional 2.7 kb of 5" flanking DNA (4.6 kb construct) restored the expression in the embryonic DRG and
in the adult after axotomy. Sequence analysis of this 2.7 kb region revealed unique 18 and 23 bp regions containing overlapping putative Ets-,
Stat-, and Smad-binding sites, and adjacent putative Stat- and Smad-binding sites, respectively. Deletion of the 18 and 23 bp regions from the
4.6 kb construct abolished the upregulation of LacZ expression in the DRG after axotomy but did not affect expression in the embryonic or intact
adult DRG. Also, a bioinformatic analysis of the upstream regions of a number of other axotomy-responsive genes demonstrated that the close
proximity of putative Ets-, Stat-, and Smad-binding sites appears to be a common motif in injury-induced upregulation in gene expression.
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Introduction

Galanin is expressed at high levels in most cells of the developing
DRG in late gestation and starts to downregulate in the early
postnatal period (Xu et al., 1996). Low levels of the peptide are
detected in <5% of adult DRG neurons, which are predomi-
nantly small-diameter C-fiber nociceptors (Hokfelt et al., 1987),
with higher levels detected in the primary afferent terminals of
the spinal cord (Skofitsch and Jacobowitz, 1985). After sciatic
nerve section (axotomy), galanin levels in the DRG rise by up to
120-fold (Hokfelt et al., 1987; Wiesenfeld et al., 1992), and the
peptide is abundantly expressed in ~40% of sensory neurons
(Hokfelt et al., 1994). The functional significance of these find-
ings has been studied using various pharmacological tools (Liu et
al., 2001) to modulate galanin signaling and by the phenotypic
characterization of transgenic mice bearing loss-of-function (ga-
lanin knock-out, Gal-KO) (Holmes et al., 2000) or gain-of-
function (galanin over-expressing) (Bacon et al., 2002; Hygge-
Blakeman et al., 2004) mutations in the galanin gene. These
studies have shown that the role played by galanin in pain signal-
ing (nociception) is complex with facilitatory and inhibitory ef-
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fects observed, sometimes in a modality-specific manner (for re-
view, see Xu et al., 2000). More recently, we and others have
shown that galanin overexpression in the DRG of transgenic mice
reduces allodynia (the perception of pain from a normally innoc-
uous stimulus) in a number of models of neuropathic pain
(Holmes et al., 2003; Hygge-Blakeman et al., 2004).

In addition to its modulatory role in nociception, galanin also
plays a trophic role in adult sensory neurons. We have previously
shown that the rate of peripheral nerve regeneration after a crush
injury to the sciatic nerve was reduced by 35% in adult Gal-KO
animals (Holmes et al., 2000), associated with long-term senso-
rimotor functional deficits (Holmes et al., 2000). This compro-
mised regenerative capacity in vivo was reflected by in vitro defi-
cits in neuritogenesis. The addition of galanin to cultures from
adult wild-type (WT) and Gal-KO animals significantly en-
hanced neurite outgrowth from WT sensory neurons and fully
rescued the observed deficits in Gal-KO cultures (Mahoney etal.,
2003). These results demonstrate that adult sensory neurons are
dependent on galanin for optimal neurite extension.

In light of these findings, it is important to delineate the fac-
tors and signaling cascades that regulate galanin expression in the
DRG. Previous studies have implicated nerve growth factor
(NGF) (Verge et al., 1995; Kerekes et al., 1997; Shadiack et al.,
2001), leukemia inhibitory factor (LIF), and interleukin-6 (IL-6)
(Corness et al., 1996; Sun and Zigmond, 1996; Thompson et al.,
1998; Murphy et al., 1999) in the regulation of galanin gene ex-
pression in the intact DRG and after axotomy. Most recently, a
study has demonstrated that activation of the nitric oxide-cGMP
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pathway also induces galanin expression in cultured rat DRG
neurons (Thippeswamy et al., 2007). The enhancer regions and
transcription factors (TFs) that mediate the axotomy-induced
upregulation of galanin in the DRG and responses to the above
factors have yet to be fully elucidated.

In the present study, a transgenic approach was used to map
and analyze the enhancer regions of the murine galanin gene that
regulate basal expression of galanin gene transcription in the em-
bryonic and adult DRG and the upregulation in expression in
response to axotomy.

Materials and Methods

Transgene construction

The 20 kb promoter Gal-LacZ transgene. As described previously, a mouse
129Sv BamHI cosmid genomic library was screened using the full-length
rat galanin cDNA as a probe and a ~40 kb cosmid clone that contained
the entire galanin gene, and ~20 kb of upstream flanking sequence was
isolated (Wynick et al., 1998). Figure 1 A details the cloning strategy to
construct the three transgenes that were microinjected. In brief, mapping
of the cosmid clone identified two BspEI sites 13 kb apart. The 5" BspEI
site was ~700 bp upstream of the transcriptional start site and the 3" site
was ~7.5 kb downstream of the galanin gene. This 13 kb fragment was
excised from the cosmid, leaving an insert of ~26 kb. A 6.5 kb EcoRI
fragment containing the galanin gene was subcloned into pBluescript
KS+ (Stratagene, La Jolla, CA), and a 3.5 kb LacZ gene (kindly provided
by Dr. D. Summerbell, National Institute for Medical Research, London,
UK) was inserted into a unique BamHI site, in the 5'-UTR 13 bp down-
stream of the transcriptional start site [as described previously by Koefler
et al. (1996)]. The unique Sall site in the vector polylinker was blunted,
and a BspEI linker was inserted to replace it. The 8.8 kb BspEI fragment
(containing the LacZ gene and the entire galanin coding region) was then
excised and cloned into the now-unique BspEI site in the 26 kb cosmid
vector. The entire transgene was then excised from the cosmid vector by
digesting with Nrul and Clal, unique sites in the cosmid vector.

The 1.9 kb promoter Gal-LacZ transgene. The 10 kb fragment contain-
ing the 1.9 kb of upstream sequence, the 3.5 kb LacZ gene, and the entire
4.6 kb galanin coding region was excised from the vector by digesting
with Sacll and Sall (each unique sites in the vector).

The 4.6 kb promoter Gal-LacZ transgene. A further 2.7 kb of 5’ flanking
DNA was subcloned into pBluescript KS+ as an EcoRI fragment. A NotI
linker was inserted into the unique EcoRV site in the vector 3" polylinker.
The 2.7 kb insert was then isolated as a NotI fragment and cloned into
the >1.9 kb transgene at the unique Nof site in the vector 5" polylinker.
The 12.7 kb insert was excised from the vector by digesting with Sacll
and Sall.

The 4.6A23,18 kb promoter Gal-LacZ transgene. Site-directed mu-
tagenesis was used to remove both the 23 bp 5" Stat/Smad-binding site
and the 18 bp 3’ Ets/Stat/Smad-binding site from the 4.6 kb LacZ con-
struct (hereafter referred to as the 4.6A23,18 kb. Consecutive deletion of
the 18 and 23 bp binding sites, within the 2.7 kb EcoRI fragment of the
mouse galanin promoter, was achieved using a QuickChange XL Site-
Directed Mutagenesis kit (Stratagene). HPLC-purified oligonucleotides
(Invitrogen, San Diego, CA) flanking the putative 3’ Ets/Stat/Smad
and 5’ Stat/Smad sites were, respectively, 5'-GGCAGCAGCAAG-
CAGGGC/TTACAGGTAGGAAATGACAGC-3" (AY026768 nucleo-
tides 21082125 plus nucleotides 2144—2164, where ''/"’ represents the
deletion site) and its reverse complement, and 5'-GAGCCTCGGGGC-
CCAGG/GCAAGAACCAGATCCCACT-3" (AY026768 nucleotides
234-250 plus nucleotides 274-292) and its reverse complement. The
reactions each used 25 ng of plasmid DNA (Notl-linkered pBluescript
with 2.7 kb genomic DNA insert, see above), with annealing at 65°C for 1
min, extension at 68°C for 13 min, followed by Dpnl digestion for 2 h.
After transformation into XL10-Gold ultracompetent cells (Stratagene),
colonies were screened by PCR with primers specific for either nondele-
tion (5'-CAGCAGCAAGCAGGGCTTCTGA-3") or Ets/Stat/Smad dele-
tion sequence (5'-CAGCAGCAAGCAGGGC/TTACAG-3'), together
with reverse primer (5'-AGACTGAAGCCCATGCTTCAGTG-3'). A
plasmid DNA clone with the specific deletion of the 18 bp putative Ets/
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Stat/Smad-binding site was then used for deletion of the putative 5’
Smad/Stat site, as above, with colony PCR screening using either nonde-
letion (5'-CCTCGGGGCCCAGGGTCTAG-3") or 5’ Stat/Smad deletion
primers (5'- CCTCGGGGCCCAGG/GCAAGA-3"), together with re-
verse primer (3kbAS2; 5'-GGGTTTGCTTATGTGTATAGGCATG-3').
Resulting efficiencies, including correct product size, were 13/18 (72%)
for the 18 bp putative Ets/Stat/Smad-binding site and 44/48 (92%) for
the 23 bp putative 5" Stat/Smad-binding site. The 2.7 kb insert of the
double deletion was excised with NotI and used to replace the corre-
sponding fragment of the 4.6 kb promoter Gal-LacZ transgene (see
above), resulting in the 4.6A23,18 kb Gal-LacZ transgene.

All transgenes were purified from LMP agarose gel (FMC Bioproducts,
Rockland, ME) by the Geneclean II kit (BIO 101, La Jolla, CA) and
subsequently purified with an Elutip column (Schleicher and Schuell,
Keene, NH) before dilution in 1X TE to a final concentration of 5 ng/ul
for microinjection.

Animals

All transgenic lines were generated and bred on the CBA/B6 F1 hybrid
background. Age- and sex-matched wild-type animals were used as con-
trols in all experiments. All animals were fed standard chow and water ad
libitum, and animal care and procedures were performed within United
Kingdom Home-Office protocols and guidelines. The generation of the
transgenic lines was performed by microinjection of fertilized mouse
oocytes with the above transgenes and subsequent transfer into pseudo-
pregnant females, as per standard protocols (Hogan et al., 1994).
Founders were identified by Southern blot analysis of genomic DNA
digested with EcoRI. Blots were hybridized with a *?P-labeled 1.9 kb
probe (Pr) (see Fig. 1 A). Copy number was determined by comparing
the intensities of the wild-type (6.5 kb) and transgenic bands (5 kb),
quantified with a STORM 840 PhosphorImager (Molecular Dynamics,
Sunnyvale, CA).

Surgery

Age-matched (10-12 weeks; 25-30 g) adult mice were used in all exper-
iments (n = 5/genotype). Mice were anesthetized with Hypnorm (0.315
mg/ml fentanyl citrate plus 10 mg/ml fluanisone; Janssen Pharmaceuti-
cals, High Wycombe, UK):Hypnovel (5 mg/ml midazolam; Roche Prod-
ucts, Welwyn Garden City, UK):water at a ratio of 1:1:2 at 4 ul/g. For
axotomy, an incision was made in the lateral right hind leg at the level of
the mid-thigh exposing the sciatic nerve. The common sciatic nerve was
sectioned, and ~2 mm of distal nerve stump was removed. The overlying
muscle and skin was sutured and the animals allowed to recover. In
sham-operated animals, the sciatic nerve was exposed but not lesioned.

Sequencing and analysis

DNA was sequenced by the Department of Biochemistry, University of
Oxford with multiple synthetic oligonucleotide primers (Invitrogen) and
analyzed with MatInspector software and a range of published TF-
binding sites. The 4.6 kb galanin promoter sequence has been assigned
GenBank accession number AY026768.

B-Galactosidase staining
Adult animals were killed and tissues dissected and frozen on solid CO,.
Thirty micrometer sections were collected on polylysine slides (BDH
Chemicals, Poole, UK). Sections were air-dried and then fixed for 30 s in
0.2% glutaraldehyde (Sigma, St. Louis, MO), 2 mm MgCl, (BDH Chem-
icals), and 5 mm EGTA (BDH Chemicals) in 1 XPBS (BDH Chemicals),
then washed in 1X PBS three times for 5 min and incubated at 37°C
overnight in staining solution [1X PBS containing 5 mm K,Fe(CN),
*H,0 (BDH Chemicals), 5 mm K;Fe(CN), (BDH Chemicals), 2 mm
MgCl,, and 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-3-p-galacto-
pyranoside; Sigma); this was dissolved in N-N-dimethylformamide
(Sigma)]. Sections were then washed in 1X PBS for 10 min, rinsed in
distilled water, and counterstained for 10 min in nuclear fast red (Vector
Laboratories, Burlingame, CA) before being dehydrated in ethanol,
cleared in xylene (BDH Chemicals), and mounted in distrene plasticizer
xylene (BDH Chemicals).

For embryonic tissue, female mice carrying embryos at day 17 of
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g g centrifugation, cells were resuspended in

Nru | o E 2 Bam HI Clal DMEM/F12 (Sigma) supplemented with 5%
] 20Kb Gal-LacZ | | I—}\ I horse serum (Sigma), 1 mm glutamine (Sigma),
e 15Kb 5 7k 1.9Kb |L—aczl/4_6y(b galanin and 10 ng/ml gentamycin (Sigma). To enhance
gene the culture for neurons and eliminate much of

the cellular debris, cells were plated on six-well

A g g plates coated with 0.5 mg/ml polyornithine
sacli 2 2 BamHI Clal (Sigma) and maintained overnight at 37°Cin a
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4.6Kb Gal-LacZ

1.9Kb Gal-LacZ

Intact
DRG

E17
DRG

Figure1.

gestation were killed and the embryos surgically removed, washed briefly
in PBS, and frozen on solid CO,. Tissue was then prepared as for adult
tissue (above) with the exception that whole embryos were sectioned
transversely to allow visualization of the spinal cord and DRG.

In vitro dispersed DRG assay

Cultures were performed as described previously (Mahoney et al., 2003).
In brief, DRG from the lumbar, cervical, and thoracic region of 8-week-
old male mice were removed aseptically and collected in DMEM/F12
medium (Sigma). Ganglia were enzymatically treated with collagenase
(Roche Products) for 1 h at 37°C, washed, and digested with trypsin
EDTA (Sigma) for 10 min at 37°C. After washing, ganglia were mechan-
ically dissociated in medium containing trypsin inhibitor (Sigma). After

1 LacZ

A, Construction of the 20, 4.6, and 1.9 kb Gal-LacZ transgenes. In each case, the LacZ gene (inserted into a BamH1 site
inthe 5"UTR) and the 4.6 kb galanin genomic locus are included with varying amounts of 5" upstream sequence. The probe used
to determine transmission and copy number of all of the transgenes is marked (Pr). B, Representative photomicrographs demon-
strating expression in the four expressing 20 kb transgene lines. For each line, the expression pattern was determined for a
minimum of five animals. Uninjured DRG (top panel) expression varied from no positive cells to 10-20 positive cells per DRG.
Regardless of the level of expression in each line in the uninjured DRG, axotomy markedly increased the numbers of positive cells
and the levels for 3-galactosidase activity in the ipsilateral (axotomized) DRG (middle). High levels of staining were observed in
the embryonic DRG harvested at day 17 of gestation for the three highest expressing 20 kb lines (bottom).

humidified incubator with 95% air/5% CO,.
Medium was removed and discarded. The neu-
rons were removed from the surface by squirt-
ing with a jet of fresh medium. After centrifu-
gation, cells were plated on 24-well plates
treated with 0.5 mg/ml polyornithine and 5
pg/ml laminin (Sigma) and maintained for 4 h
at 37°C in a humidified incubator with 95%
air/5% CO,. Neurons were then stained for
B-galactosidase as described above, and the
number of B-galactosidase-positive neurons
counted using NIH Image (Scion, Frederick,
MD). Data are presented as mean = SEM.

Results

The 20 kb Gal-LacZ construct

We first generated a construct that con-
tained ~20 kb of sequence upstream of
the galanin gene, the 3.5 kb LacZ gene (in-
serted into the 5" untranslated region of
exon 1) and the entire 4.6 kb galanin cod-
ing region (Fig. 1A) (hereafter referred to
as 20 kb Gal-LacZ construct). Six founder
mice were generated by microinjection of
the 20 kb Gal-LacZ transgene, and both
copy number and transmission were as-
sessed by Southern blot analysis. Five lines
were bred and expression data are sum-
marized in Table 1. DRG from naive, un-
injured animals of each line displayed a
low level of B-galactosidase staining, sim-
ilar to the previously described endoge-
nous galanin expression in the mouse and
rat (Hokfelt et al., 1987; Holmes et al.,
2003). This varied in different lines from
no positive cells to 10-20 positive cells per
DRG (Fig. 1B, top). Animals from each of
these lines were then subjected to unilat-
eral axotomy of the sciatic nerve. One
week later, animals were killed; the bilat-
eral lumbar L4 and L5 DRG were removed
and stained for (-galactosidase activity.
Identical staining patterns were observed
in the contralateral (unaxotomized) DRG
to those from naive, uninjured controls
(data not shown). Regardless of the level
of expression in each line, axotomy markedly increased the num-
bers of positive cells and the levels for B-galactosidase activity in
the ipsilateral (axotomized) DRG (Fig. 1B, middle).

Previous data from the rat had demonstrated high levels of gala-
nin in the embryonic DRG at late gestation (Xu et al., 1996). We
therefore harvested mouse embryos at day 17 of gestation (E17) and
detected high levels of B-galactosidase expression in the DRG of all
expressing lines (Fig. 1B, bottom, and data not shown).

The 20 kb transgene therefore appears to recapitulate the en-
dogenous expression pattern of galanin in the embryonic and
intact adult DRG and after axotomy.
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Table 1. Characterization of the various transgenic lines
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Transgene Line number Transmission Copy number Expression in E17 DRG Expression in adult intact DRG >10-fold upregulation in adult DRG after axotomy
20kb 26 Yes n Yes Yes Yes
20kb 40 Yes 2 Yes Yes Yes
20kb 49 Yes n Yes Yes Yes
20kb 63 Yes 2 Yes Yes Yes
20kb 148 Yes 4 Yes Yes Yes
4.6kb 20 Yes 7 Yes Yes Yes
4.6 kb 76 Yes 17 Yes Yes Yes
4.6kb 189 Yes 3 Yes Yes Yes
4.6A23,18kb 125 Yes 5 Yes Yes No
4.6A23,18kb 200 Yes 12 Yes Yes No
4.6A23,18kb 234 Yes 7 Yes Yes No
1.9kb 64 Yes 4 No No No
1.9kb 66 Yes 14 No No No
1.9kb 3 Yes 7 No No No
1.9kb 77 No 1 No No No
1.9kb 128 Yes 4 No No No

Full recapitulation of the endogenous galanin expression pattern and responses to axotomy are noted in the 20 and 4.6 kb lines. In contrast, no expression was detected in any of the 1.9 kb lines. Removal of the 23 and 18 bp regions from
the 4.6 kb transgene (4.6A23,18 kb) had no effect on embryonic or intact adult expression but completely abolished the axotomy-induced upregulation in the transgene.

The 1.9 kb Gal-LacZ construct
A second construct was generated that

line 20

line 76 line 189

contained only 1.9 kb of sequence up-
stream of the galanin gene, the 3.5kb LacZ
gene, and the entire 4.6 kb galanin coding
region (Fig. 1A) (hereafter referred to as
1.9 kb Gal-LacZ construct). Five founder
mice were generated by microinjection of
the 1.9 kb Gal-LacZ transgene, and both
copy number and transmission were as-
sessed by Southern blot analysis. As one of
the lines did not transmit the transgene,
B-galactosidase expression was measured
in that founder animal. Expression data
are summarized in Table 1, with none of
the 1.9 kb lines showing any expression of
the transgene in the adult DRG either be-
fore or after axotomy (data not shown).
Similarly, no B-galactosidase expression
was seen in the embryo at E17 in the four
lines that transmitted the transgene (data
not shown).

The lack of any B-galactosidase expres-
sion in either the embryo or adult in any of
the 1.9 kb lines implies that neither the 1.9
kb of proximal promoter nor intronic en-
hancers are sufficient for either basal ex-
pression of galanin or the marked upregu-
lation that occurs after axotomy.

Intact
DRG

Post-
Axotomy

E17
DRG

Figure 2.

The 4.6 kb Gal-LacZ construct

To define which part of the 18 kb region upstream of the proxi-
mal 1.9 kb galanin enhancer was required for the embryonic and
adult expression and the response to axotomy (as observed with
the 20 kb Gal-LacZ construct), a further transgene with 4.6 kb of
upstream sequence was constructed (containing 4.6 kb of se-
quence upstream of the galanin gene, the 3.5 kb LacZ gene, and
the entire 4.6 kb galanin coding region) (Fig. 1A) (hereafter re-
ferred to as 4.6 kb Gal-LacZ construct). Three founder mice were
generated, and both copy number and transmission were as-
sessed by Southern blot analysis. Lines were bred from all
founders, and expression data are summarized in Table 1. Ex-
pression in the intact adult DRG (Fig. 2, top) was very similar to

Representative photomicrographs demonstrating expression in three expressing 4.6 kb lines. For each line, the
expression pattern was determined for a minimum of five animals. Expression similar in distribution and intensity to the 20 kb line
was noted in the intact DRG (top) after axotomy (middle) and in the embryonic DRG harvested at day 17 of gestation from the two
highest expressing lines (bottom).

that observed in the 20 kb transgene (Fig. 1). Each line was axo-
tomized and all demonstrated a marked increase both in the
numbers of positive cells and the levels of -galactosidase activity
in the DRG (Fig. 2, middle). Also, E17 embryos from two of the
4.6 kb lines were harvested, and high levels of B-galactosidase
expression were noted in the DRG of both lines (Fig. 2, bottom).

Therefore, we have demonstrated by transgenic analysis that a
2.7 kb region of DNA (nucleotides —4576 to —1850) 5’ to the
galanin gene is necessary to direct expression to the embryonic
and intact adult DRG and after axotomy.

Sequence analysis of the 4.6 kb region
The 4.6 kb of DNA [containing the adjacent 2.7 kb (nucleotides
—4576 to —1850) and 1.9 kb (nucleotides —1849 to —1) regions
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5’ to the galanin gene] were sequenced and checked for putative
TF-binding sites using MatInspector (Quandtetal., 1995). The 3’
620 bp is identical to that reported previously (Kofler et al., 1996).
Within the upstream 2.7 kb region, an 18 bp region was identified
that contained a single identity to the Smad3/Smad4 palindromic
consensus binding site 5'-GTCTAGAC-3" (Zawel et al., 1998)
(—2441), adjacent to a putative Stat6-binding site 5'-TTC[N],GAA-
3" (Leonard and O’Shea, 1998) (—2451). Overlapping these two
binding sites is a putative Ets core binding site 5'-GGAA/T-3' (Seth
and Watson, 2005) (—2445) with high sequence similarity to a well
characterized Ets-binding site 5-TGAGGAAGTa-3" (Bosc and
Janknecht, 2002). One other region of 23 bp was also identified con-
taining a Smad-binding sequence variant 5-GTCTAGtC-3’
(—4326) with a putative Stat-binding site 13 bp downstream
(TT[N]s/6AA, —4306), which did not contain and was not adjacent
to a putative Ets-binding site. In contrast, the proximal 1.9 kb seg-
ment of DNA (which does not confer axotomy-inducibility), lacks a
palindromic consensus Smad-binding site, although it does contain
two Smad-binding sequence wvariants (20) 5-GTCTgGct-3'
(—1607) and 5'-GTCTgGAt-3" (—533), neither of these Smad-
binding sequence variants have adjacent putative Stat- or Ets-
binding sites.

Sequence analysis also identified a small number of other pu-
tative TF-binding sites that are present in the 2.7 kb region, but
not in either the 1.9 kb of proximal promoter or the 4.6 kb of
galanin gene: single p53 and Sry sites, three CDP (CCAAT dis-
placement proteins), transcriptional repressor sites, and five sites
to specific Fox (forkhead-box) proteins (data not shown).

Deletion of the 23 bp 5’ Stat/Smad and 18bp Stat/Smad/Ets
putative binding sites from the 4.6 kb construct

We next used site-directed mutagenesis to remove both the 23 bp
5’ Stat/Smad and 18 bp 3’ Stat/Smad/Ets putative binding sites
from the 4.6 kb-LacZ construct (hereafter referred to as the
4.6A23,18 kb construct).

Three founder mice were generated from the 4.6A23,18 kb
construct and both copy number and transmission were assessed
by Southern blot analysis. Lines were bred from all founders, and
expression data are summarized in Table 1. Results demonstrate
that expression in the intact adult DRG (Fig. 3A, top) and at E17
(Fig. 3A, bottom) was similar to that observed in the 20 kb and
wild-type 4.6 kb constructs (Figs. 1 and 2, respectively). In con-
trast, the widespread upregulation in 3-galactosidase staining in
the DRG after axotomy is completely abolished, and the number
of B-galactosidase-positive neurons in the DRG does not change
after axotomy (Fig. 3A, middle).

To further quantitate these findings, we used an in vitro dis-
persed DRG assay as a model of axotomy, as described previously
(Mahoney etal., 2003), which allows us to accurately measure the
number of B-galactosidase-positive cells after 3 d in culture. Of
the adult DRG neurons obtained, 30 % 3% from the 20 kb trans-
genic animals were strongly positive for 3-galactosidase staining
(Fig. 3B). This figure is identical to that obtained in a previous
study that quantified the number of galanin-positive neurons
(determined by immunocytochemistry) in the rat DRG after 3 d
in culture (Kerekes et al., 1997). No B-galactosidase staining was
noted in neurons harvested from any of the 1.9 kb lines (Fig. 3B).
Only 8 = 1% of DRG neurons exhibited 3-galactosidase staining
in the three 4.6A23,18 kb lines (Fig. 3B), similar to the percentage
of galanin-positive neurons described previously in the intact
adult mouse and rat DRG (Hokfelt et al., 1987; Holmes et al.,
2003).
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20 Kb Gal- 4.6A23,18 Kb Gal- 1.9Kb Gal-
LacZ LacZ LacZ
Figure3. A, Representative photomicrographs demonstrating expression in two expressing

4.6A23,18kb lines. For each line, the expression pattern was determined for a minimum of five
animals. Expression similar in distribution and intensity to the 20 kb line was noted in the intact
DRG (top) and in the embryonic DRG harvested at day 17 of gestation (bottom). In contrast,
expression in the adult DRG after axotomy was completely abolished. B, Quantitation of the
number of 3-galactosidase-positive cells in adult DRG neurons after 3 d in culture. From the
adult DRG neurons, 30 = 3% of the 20 kb transgenic animals were strongly positive for
B-galactosidase staining. No 3-galactosidase staining was noted in neurons harvested from
any of the 1.9 kb lines. Only 8 == 1% of DRG neurons exhibited 3-galactosidase staining in the
three 4.6A23,18 kb lines.

Sequence analysis of the enhancer regions of other
axotomy-responsive genes

In light of the above findings demonstrating that Stat/Smad/Ets
putative binding sites appear to be crucial to the axotomy-
induced upregulation of galanin in the DRG, we used bioinfor-
matics to analyze how frequently adjacent or overlapping puta-
tive Ets (Seth and Watson, 2005), Stat (Seidel et al., 1995), and
Smad variant (Yingling et al., 1997; Dennler et al., 1998; Zawel et
al., 1998; Zhang et al., 1998; Kusanagi et al., 2000) binding sites
occurred in the proximal 10 kb enhancer regions of the vasoactive
intestinal polypeptide (VIP), neuropeptide Y (NPY), and
growth-associated polypeptide (GAP-43) genes, focusing on re-
gions that were highly conserved between the mouse and rat.
These three proteins were chosen because they are also known to
be expressed in the DRG, upregulate their expression after axo-
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Table 2. Adjacent or overlapping putative Ets- Stat- or Smad-binding sequences (or
reverse complement sequences) that were identical or highly similar in the mouse
and rat VIP, NPY, and GAP-43 genes are shown

Position

Mouse VIP (gene sequence NW_000022)
TTTGTGAA(N),,GTCTTGAC(N),,TTCC
TTTGCAGGAA(N),, TTTCTGCCT(N), 5 TTCC
TTTATGGAAAGACAGACC(N) ,GGAA b
TTTCCTGGAA(N), ,GGAA (N), AGTCAGACC¢

Mouse GAP-43 (gene sequence NT_039624)
TTCCTGAAA (N),5TCTGTC) TGGCA
AGCCAGAAGAATTGAATAAGGGAA

Mouse NPY (gene sequence NT_039343)
GGACAGACT(N)sGGAA (N),;TTGGGAGTAA nucleotide —8146
LC(TCITAA(N)WGTCTAGTT” nucleotide —7915

Ets core consensus sites (GGAA) are underlined, Stat consensussites (TT[N], _ AA) arein bold, and sequences similar

to Smad-binding sites are italicized. Previously published specific consensus sites are referenced and denoted by

superscripts. The location of the sequences that are shown are relative to exon 1 of the mouse VIP gene (Lamperti et
al., 1991), the 5" end of the mouse GAP-43 cDNA sequence (NM_008083) (Strausberg et al., 2002) that s equivalent

totheratP2 promotertranscription startsite (Eggen etal., 1994), and to the 5" end of the mouse NPY cDNA sequence
(NM_023456) (Strausherg et al., 2002).

“Similar to Stat-binding sites CTTC(N),,GAAG (Kraus et al., 2003).

®TTA (N),GAA Stat-binding sites (Becker et al., 1998).

“Putative Stat-binding site with consensus sequence TTC(N),_ ,GAA (Hebenstreit et al., 2006).
Similar to Stat-binding sites CTTC(N);,,GAAG (Kraus et al., 2003).

nucleotide —9378
nucleotide —2374
nucleotide —2152
nucleotide —1301

nucleotide —9617
nucleotide —8462

tomy, and have been shown previously to be important for re-
generation of sensory neurons and/or modulation of nociception
(for review, see Strittmatter et al., 1992; Schreyer and Skene, 1993;
Klimaschewski, 1997; Hokfelt et al., 2007; Smith et al., 2007).

Table 2 demonstrates that in each of the three genes, at least
two regions can be identified within 10 kb of the transcriptional
start site that are conserved between the mouse and rat and con-
tain adjacent or overlapping Stat, Smad, and Ets putative binding
sites. Of note, no absolute conservation of the 23 or 18 bp regions
found within the 2.7 kb galanin enhancer were identified in the
proximal 10 kb upstream regions of the VIP, NPY, and GAP-43
genes.

Discussion
Despite the large body of data demonstrating that DRG galanin
expression markedly increases after axotomy and modulates pain
behavior and regeneration of sensory neurons, the trophic factors
and down-stream TFs that mediate galanin gene transcription
have yet to be fully elucidated. Previous work has shown that
intrathecal infusion of NGF reduces axotomy-induced DRG ga-
lanin expression (Verge et al., 1995), whereas chronic peripheral
injection of an NGF antiserum increases galanin synthesis and
content in the uninjured DRG (Shadiack et al., 2001). Also, NGF
reduces the expression of galanin in cultured rat DRG neurons
(Kerekes etal., 1997). In contrast to the inhibitory effects of NGF,
the cytokines LIF and IL-6 positively regulate galanin gene ex-
pression in the DRG, and injection of either protein into the
sciatic nerve significantly increases galanin expression in the
DRG (Thompson et al., 1998; Murphy et al., 1999). Conversely,
axotomy-induced upregulation of galanin is markedly attenu-
ated in LIF knock-out mice (Sun and Zigmond, 1996; Corness et
al., 1996). Both LIF and IL-6 bind to the gp130 coreceptor and are
thought to principally regulate target gene activation by the phos-
phorylation of Jak2 and Stat3 (Thompson et al., 1998). Interest-
ingly, IL-6-mediated Stat activation is inhibited by NGF in supe-
rior cervical ganglion explant cultures, implying cross talk
between the two signaling pathways after axotomy (Rajan et al,,
1998).

Together, the above studies demonstrate that a number of
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neurotrophins and cytokines may mediate, at least in part, the
upregulation of galanin that occurs after nerve injury, and impli-
cates the Jak-Stat signaling pathway in this process. In the present
study, we used transgenesis to map and analyze the enhancer
regions of the murine galanin gene that regulate expression of
galanin gene transcription in the embryonic DRG, the intact
adult DRG, and the upregulation in response to axotomy. Unex-
pectedly, we found that deletion of both an 18 bp region (~2.5 kb
upstream of the transcriptional start site, with overlapping puta-
tive Stat-, Smad-, and Ets-binding sites) and a 23 bp region (~4.3
kb upstream of the transcriptional start site, with adjacent Stat-
and Smad-binding sites) abolishes the upregulation of galanin in
the adult DRG after axotomy, but has no effect on galanin expres-
sion in the embryonic or intact adult DRG. At present, we cannot
definitively state which of the two enhancer regions are more
important to the axotomy response. These findings are of consid-
erable interest in view of the continuing debate whether re-
sponses to peripheral nerve injury in the adult merely recapitulate
development or can be independent of developmental expres-
sion. Our data demonstrates that whereas galanin is expressed
during development and in the adult after injury, different regu-
latory elements appear to control these two transcriptional
events, similar to that previously described for the GAP43 gene in
zebrafish (Udvadia et al., 2001). In contrast, a small number of
genes have been characterized (e.g., the small proline-rich repeat
protein 1A) that are not expressed in the embryonic or intact
adult DRG, and levels are detectable in the DRG solely after nerve
injury (Bonilla et al., 2002).

The bioinformatic data implies that one or more members of
the Ets, Stat, and/or Smad families of TFs may regulate galanin
expression in the DRG after nerve injury. Furthermore, the find-
ing that three other axotomy-responsive proteins also have puta-
tive binding sites for Ets, Stat, and Smad in close proximity in
their upstream promoters implies that this may represent a com-
mon motif that underlies, at least in part, injury-induced upregu-
lation in gene expression in the DRG. Many of the family mem-
bers of each of these TFs are known to be expressed in the DRG.
To date, 29 members of the Ets family of TFs have been described
that share a highly conserved DNA-binding domain and an in-
variant DNA core-binding site (for review, see Gallant and Gilke-
son, 2006). Members of the PEA-3 subfamily of Ets proteins have
been identified in the embryonic DRG and spinal cord where they
have been implicated in sensory and motor neuron survival (Ar-
ber et al., 2000; Ladle and Frank, 2002). Smad proteins are the
target TFs of a family of serine-threonine kinase receptors that are
activated by activins and bone morphogenic proteins (BMPs).
Expression of Smad and many of the BMP family members have
been detected in rat DRG (Farkas etal., 1999; Flanders et al., 2001;
Cruise et al., 2004). Similarly, Stat3 is expressed in the DRG
(Stromberg et al., 2000) and a sustained activation of Stat pro-
teins occurs after axotomy (Schwaiger et al., 2000).

Interactions between Stat and Smad TFs have been described
previously that mediate synergistic signaling between LIF and
BMPs in cultures of fetal neuronal precursors (Nakashima et al.,
1999) and embryonic astrocytes (Yanagisawa et al., 2001). Also,
Smad/Ets (Lindemann et al., 2001; Jinnin et al., 2004) and Stat/
Ets (Rameil et al., 2000) complexes have also been reported.
Whether direct interactions between Stat, Smad, or Ets family
members occurs and regulates galanin expression has yet to be
established.

In summary, we have used transgenesis to map and analyze
the enhancer regions of the galanin gene. A number of mouse
lines with varying amounts of sequence upstream of the murine
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galanin gene (20, 4.6, and 1.9 kb each marked by the LacZ gene)
have been generated and characterized. Here, we demonstrate
that two regions upstream of the transcriptional start site of ga-
lanin appear to be critical to the upregulation of the peptide in the
DRG after axotomy but not to expression in the embryonic or
intact adult DRG. These data imply that Ets, Stat, and/or Smad
proteins not only regulate galanin expression, but also control the
transcription of other axotomy-responsive genes in the DRG. If
these nuclear protein complexes and the genes they regulate can
be further defined and dissected, then that may lead to the iden-
tification of new therapeutic targets for the treatment of neurop-
athy and associated neuropathic pain.
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