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Sciatic nerve injury in adult rats causes distinct changes in the
central projections of sensory neurons expressing different glial
cell line-derived neurotrophic factor family receptors
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Pain Management Research Institute, Kolling Institute of Medical Research, University of Sydney
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Abstract

Most small unmyelinated neurons in adult rat dorsal ganglia (DRG) express one or more of the co-
receptors targeted by glial cell line-derived neurotrophic factor (GDNF), neurturin and artemin
(GFRal, GFRa2 and GFRa3 respectively). The function of these GDNF family ligands (GFLS) is
not fully elucidated but recent evidence suggests GFLs could function in sensory neuron
regeneration after nerve injury and peripheral nociceptor sensitisation. In this study, we used
immunohistochemistry to determine if the DRG neurons targeted by each GFL change after sciatic
nerve injury. We compared complete sciatic nerve transection and the chronic constriction model
and found the pattern of changes incurred by each injury was broadly similar. In lumbar spinal
cord, there was a widespread increase in neuronal GFRal immunoreactivity (IR) in the L1-6
dorsal horn. GFRa3-IR also increased but in a more restricted area. In contrast, GFRa2-IR
decreased in patches of superficial dorsal horn and this loss was more extensive after transection
injury. No change in calcitonin gene-related peptide-IR was detected after either injury. Analysis
of double-immunolabelled L5 DRG sections suggested the main effect of injury on GFRal- and
GFRa3-IR was to increase expression in both myelinated and unmyelinated neurons. In contrast,
no change in basal expression of GFRa2-IR was detected in DRG by analysis of fluorescence
intensity and there was a small but significant reduction in GFRa2-IR neurons. Our results suggest
the DRG neuronal populations targeted by GDNF, neurturin or artemin, and the effect of
exogenous GFLs could change significantly after a peripheral nerve injury.
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Introduction

Injured adult primary sensory neurons undergo many chemical and structural changes, some
of which are directly linked to regenerative growth (Navarro et al., 2007), while others may
be maladaptive in the longer term and can lead to neuropathic pain (Costigan et al., 2009).
Understanding the nature of these changes is therefore important for developing ways to
promote regeneration while preventing the development of pain or, conversely, for
developing new analgesics without adverse outcomes on neuronal structure.
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Different classes of dorsal root ganglia (DRG) sensory neurons can be distinguished
according to physiological properties, degree of myelination, neurotransmitter content and
sensitivity to particular neurotrophic factors (Guo et al., 1999; Lawson, 2002; Ernsberger,
2008). In this study we have focused on C-type unmyelinated DRG neurons— which are
predominantly nociceptors and many of which express the transient receptor potential
vanilloid 1 (TRPV1) (Woolf and Ma, 2007). These neurons can be divided into two groups,
“peptidergic” and “non-peptidergic”, based on whether or not they express neuropeptides
such as substance P and calcitonin gene-related peptide (CGRP) (Averill et al., 1995;
Molliver et al., 1995; Guo et al., 1999). Many non-peptidergic C-type neurons bind the
lectin, bandeira simplicifolia I-isolectin B4 (IB4) (Silverman and Kruger, 1990; Kitchener et
al., 1993) and in rat, a majority of 1B4-binding neurons express TRPV1 (Guo et al., 1999;
Michael and Priestley, 1999).

In adult rodents, peptidergic and non-peptidergic C-type DRG neurons differ in their
sensitivity to neurotrophic factors. Neurotrophic factors are important pro-regenerative
molecules (Sofroniew et al., 2001) but also sensitise nociceptors (Pezet and McMahon,
2006; Bespalov and Saarma, 2007). Peptidergic DRG neurons express TrkA and p75
neurotrophin receptors that are targeted by nerve growth factor (NGF) (Averill et al., 1995;
Pezet and McMahon, 2006). A second group of neurotrophic factors that target C-type DRG
neurons are members of the glial cell line-derived neurotrophic factor (GDNF) family (Sah
et al., 2005; Malin et al., 2006). These comprise GDNF, neurturin and artemin, which signal
using the tyrosine kinase RET, and specific co-receptors (respectively, GFRal, GFRa2 and
GFRa3) (Airaksinen and Saarma, 2002). Early reports suggested this family of ligands
exclusively targets non-peptidergic neurons, but this has proven incorrect as the co-receptor
for artemin, GFRa3, is primarily expressed by nociceptive peptidergic DRG neurons
(Orozco et al., 2001). As GFRa3-immunoreactivity is expressed in approximately fifty
percent of peptidergic neurons (Bennett et al., 2006; Kalous et al., 2009), it appears NGF-
sensitive neurons comprise two classes, distinguished by their potential responsiveness to
artemin. In addition, GDNF and neurturin target separate populations of non-peptidergic
neurons. In summary, C-type DRG neurons can be divided into four categories: peptidergic/
artemin-insensitive, peptidergic/artemin-sensitive, non-peptidergic/GDNF-sensitive, and
non-peptidergic/neurturin-sensitive.

A recent study of GFR-immunoreactive (IR) nerve fibers in the spinal cord has revealed an
unexpected degree of complexity in the central targets of these four populations (Forrest and
Keast, 2008). In L6 and S1 spinal cord segments of adult female rats, each GFR subtype
showed a distinctive pattern of termination within the superficial laminae, providing strong
evidence for selective activation of different spinal circuits. In rats and mice, L6 and S1
spinal levels are targeted by the inputs from the pelvic viscera and this same study showed
that inflammation of the lower urinary tract causes an increase in intensity of GFRal-
immunofluorescence (but not GFRa2 or GFRa3) within the superficial laminae. This raises
the further possibility that changes in GFR signalling may be causally linked to changes in
bladder afferent or nociceptor behaviour.

The aim of the current study was to investigate the impact of peripheral injury on the central
projections of DRG neurons expressing GFRs, many of which are non-peptidergic. A
change in GFR expression or distribution of GFR-expressing nerve fibers could have
significant impact on return of neuronal function or development of nociceptor sensitisation
after injury. To address this, we have analysed the distribution of central terminations from
three classes of GFR-immunoreactive neurons after unilateral sciatic nerve injury. Complete
transection of this nerve causes profound changes in GFR mRNA levels within lumbar
dorsal root ganglia (Bennett et al., 2000), but the impact of injury on their protein levels and
central terminals is unknown. We have compared two well-known injury models, complete
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transection of the sciatic nerve and an incomplete injury model, chronic constriction injury
(CCI), which is commonly used as a model of neuropathic pain (Bennett and Xie, 1988). A
significant difference in the outcomes of these two types of injury could reveal changes
specific to and potentially causally related to the development of pain. DRG were also
examined to determine the likely contributions of phenotypic change or altered expression
levels of GFRs.

Materials and Methods

Surgical procedures

All procedures were approved by the University of Sydney and Royal North Shore Hospital
Animal Ethics Committees, as required by the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes (National Health and Medical Research Council of
Australia). Twenty-five adult male Sprague-Dawley rats (6—-8 weeks old) were used for
these experiments— 16 for sciatic nerve transection, 6 for sciatic chronic constriction injury,
and 3 naive controls. Animals were purchased from the Animal Resources Centre (Murdoch,
WA, Australia), were housed under a 12 h light-dark cycle and had free access to food and
water. In all experiments, the side contralateral to injury served as the internal control. The
immunohistochemical properties of the lumbar spinal cord in the naive controls did not
appear to differ from the contralateral side of operated animals so has not been described
separately.

All surgical procedures were carried out under isoflurane anaesthesia (5% for induction and
2-3% for maintenance in O,). One group of rats underwent chronic constriction injury
(CCl) of the left sciatic nerve as described previously (Bennett and Xie, 1988). Briefly, the
left sciatic nerve was exposed at the mid-thigh level and freed from surrounding connective
tissue. Five loose ligatures were made around the nerve, proximal to the sciatic trifurcation,
using 6-0 chromic gut. The muscle (4-0) and then the skin (3-0) were closed with silk
sutures. Another group of rats underwent sciatic nerve transection. Briefly, the left sciatic
nerve was exposed at the mid-thigh level and a single ligature was made proximal to the
trifurcation point using 6-0 chromic gut. The sciatic nerve was then cut just distal to the
ligature using fine scissors. The muscle and then the skin were closed with silk sutures.

Behavioral testing

Animals that were to undergo CCI were allowed to acclimatise to their holding cages for 2—
3 days before any procedures were carried out. Rats were then habituated to testing boxes
for three days before baseline testing was performed with von Frey filaments (see below).
The withdrawal response over three days of baseline testing was averaged for each rat to
obtain a single value. On the next day, animals underwent sciatic nerve CCI (see above). On
days 4 and 7 following CCI surgery, rats underwent behavioral testing. Only rats that
developed mechanical allodynia by day 7 were used in this study (i.e. paw withdrawal
thresholds <12 g, see below). On day 7 after injury, all animals were heavily anesthetised
with sodium pentobarbitone (80 mg/kg i.p.) and perfused intra-cardially with freshly made
4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4), prior to removal of spinal cord
and DRGs. Spinal cords and DRGs were post-fixed overnight and then washed in 0.1M
phosphate-buffered saline (PBS) and stored in PBS containing 0.1% sodium azide until
sectioning.

To assess mechanical allodynia, the mechanical paw withdrawal threshold (PWT) was
measured using a series of von Frey filaments (range 2-15 g). Rats were placed in elevated
perspex boxes (28 cm x 15 cm x 18 cm) with wire mesh bases in which they had been
habituated. Rats were tested on day 4 and day 7 after surgery and given 20 — 30 min to
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acclimatise to the testing environment. PWT was measured using the up-down method
(Chaplan et al., 1994) beginning with the 2 g filament; each von Frey filament was pressed
perpendicularly against the plantar surface of the hindpaw and held in place for 1-2 s, five
times at random locations of the hindpaw. A positive withdrawal response was noted if the
paw was sharply removed in response to the application the filament. If a rat showed a
positive withdrawal response, the next lighter filament was used. Once there was a
withdrawal to a filament, only four more filaments were tested. If no response was observed,
the next heaviest filament was used, stopping at 15 g. The mechanical PWT was calculated
using the up-down paradigm (Chaplan et al., 1994). If animals withdrew from all filaments,
the PWT was assigned 0.2 g. If animals did not withdraw to any of the filaments, the PWT
was assigned 15 g.

Antibody characterization

Affinity purified antisera against each GFR raised in goat were purchased from R&D
Systems (Minneapolis, MN; GFRal, Cat. No. AF560, Batch No, BQEO24081; GFRa2, Cat.
No. AF429, Batch No. BTM02; GFRa3, Cat. No. AF2645, Batch No. VFUOQ1). The
specificities of the all three antibodies have been demonstrated using Western blotting,
showing a single band (manufacturer’s technical information). Western blotting of GFRs
can be problematical because of multiple bands, due to variable dimerization, glycosylation
states and ligand binding (Jing et al., 1996). Furthermore, GFRal1 and GFRo2 have very
similar molecular weights, so Western blotting alone is not ideal for identifying non-
specificity. In the present study, the completely distinctive patterns of staining within the
spinal cord and DRG using these antibodies demonstrated that they do not show significant
cross-reactivity with an inappropriate GFR.

GFRal antiserum was raised against recombinant rat GFRal extracellular domain (see
Accession Number U59486). The immunogen consisted of amino acid residues Alal9-
Leu445 of the rat GFRal extracellular domain fused to Fc with a linker sequence
CSIEGRMD; the Fc was then cleaved, leaving Alal9-Leu445-CSIEGR. This antibody is
specific for GFRal: it blocks binding of GDNF to immobilized GFRal/Fc chimera in a
functional enzyme-linked immunosorbent assay (ELISA); in ELISA or western blotting this
antibody shows no cross-reactivity with RET or GFRa3 and 10% cross-reactivity with
GFRa2 (manufacturer’s technical information) but in our study showed staining patterns
distinct from GFRa2. The same antibody showed a band of ~55 kDa in extracts of cultured
sympathetic ganglion neurons (Pierchala et al., 2006). It produced a similar pattern of
immunoreactivity in the lumbar dorsal horn as shown previously in more rostral segments
(Widenfalk et al., 2001); in this previous study, using the same antibody as our study, the
GFRal immunostaining in rat dorsal root ganglion and kidney closely matched the pattern
of GFRal mRNA as determined by in situ hybridisation. In addition, following spinal cord
injury, there was a parallel increase in GFRal immunoreactivity and GFRal mRNA levels
in spinal cord. GFRal-IR distribution in DRG of our current study closely matched the
results of previous in situ hybridisation studies on rat DRG (Kashiba et al., 2003), which
showed neurons of similar frequency, distribution and size as we observed using
immunofluorescence. In rat striatum, immunostaining with this antibody closely matches
results from in situ hybridisation (Cho et al., 2004). Furthermore, this antibody
immunostains many DRG neurons in wild type but not GFRa1 knockout mice (Rakowicz et
al., 2002).

GFRa2 antiserum was raised against recombinant mouse GFRa2 extracellular domain
(Accession Number NM008115). The immunogen consisted of amino acid residues Thr160-
Ser441 of the GFRa2 extracellular domain fused to Fc with a linker sequence DIEGRMD;
the Fc was then cleaved, leaving Thr160-Ser441-CSIEGR. As well as the control western
blotting studies described above, this antibody produces labeling in pelvic ganglia and brain
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of wild type but not GFRa2 knockout mice (Voikar et al., 2004; Wanigasekara et al., 2004).
This antiserum shows specific binding and functional reactivity in ELISA and western
blotting assays, where it shows a single band; it also shows no cross-reactivity with GFRa.3
(manufacturer’s technical information) and a similar pattern of staining in dorsal horn of rat
spinal cord as another antibody (goat anti-GFRa2, Cat. No. GT15005, Lot 40058,
Neuromics, Edina, MN). The spinal cord immunostaining in the current study was carried
out with the antibody provided by R&D Systems described above but DRG analyses were
conducted with the Neuromics antibody that also showed indistinguishable results in pilot
studies on naive DRG. The Neuromics antibody was affinity purified and raised against the
extracellular domain of recombinant mouse GFRa2; it shows specificity for GFRa2 in
Western blotting, direct ELISA and immunohistochemistry (manufacturer’s information).

GFRa3 antiserum was raised against purified extracellular domain of the recombinant
mouse GFRa3 protein (amino acid sequence 17-386; see Accession number 035118) linked
to an Fc sequence as described above. The antibody was affinity purified, using methods
identical to those described above for GFRal and GFRa2 antisera. According to the
manufacturer’s technical information, in direct ELISA this antibody shows less than 2%
cross-reactivity with GFRo2 and GFRa4 and in Western blot reacts with recombinant
GFRa3, showing a 70 kDa band under reducing conditions (for the Fc chimera protein,
comprising extracellular domain and Fc), and a 43 kDa band (for the extracellular domain
alone). In our hands, this antibody shows identical patterns of localisation in DRG as
described previously using the same antibody (Malin et al., 2006) and the same as described
previously using another antibody, raised against residues 108-120 of murine GFRa3 and
shown to be specific to GFRa3 using Western blotting and ELISA (Orozco et al., 2001). The
pattern of staining in our study mimics the results of in situ hybridisation for GFRa3 mMRNA
in rat DRG (Bennett et al., 2000; Bennett et al., 2006). Using this antibody, we have also
found that ~50% of the GFRa3 neurons in adult rat sacral DRG express CGRP (Kalous et
al., 2009) comparable to the coexpression shown with substance P described previously,
using in situ hybridisation for GFRa3 mMRNA (Bennett et al., 2006).

Rabbit anti-calcitonin gene-related peptide (CGRP) polyclonal antibody (Chemicon/
Millipore, North Ryde, NSW, Australia; Cat No. AB5920, Batch No. LVV1496277) was
raised against synthetic rat CGRP. This antibody reacts with rat CGRP but does not cross-
react (<0.01%) with calcitonin, somatostatin or amylin 8-37; specific reactivity is eliminated
by pre-incubation of the antiserum with 10 mM rat CGRP (manufacturer’s technical
information). This antibody produces a similar pattern of immunoreactivity in the rat
primary afferent neurons as numerous previous publications, e.g. Chao et al., 2008).

Mouse anti-neuronal nuclei (NeuN) monoclonal antibody (Chemicon; Cat No. MAB377,
Batch No. 22060766) was raised against purified nuclei from mouse brain and recognises
most neuronal cell types in the nervous system of numerous vertebrates (see manufacturer’s
technical information sheet for list of species). In Western blots, this antibody recognises 2—
3 bands in the 46-48 kDa range and another band at 66 kDa (manufacturer’s technical
information). This antibody produced a similar pattern of neuronal staining as previously
described (Mullen et al., 1992; Yang et al., 2008)

Mouse anti-neurofilament 200 monoclonal antibody (NF200, Sigma, Castle Hill, NSW,
Australia; Cat No. N0142, Batch No. 17154802) is derived from a hybridoma produced by
the fusion of mouse myeloma cells and splenocytes from an immunised mouse. The
carboxyterminal tail segment of enzymatically dephosphorylated pig neurofilament H-
subunit was used as the immunogen (manufacturer’s technical information). Anti-NF200
specifically localises the neurofilaments of molecular weight 200 kDa in rat spinal cord
using an immunoblotting technique and does not cross-react with other intermediate
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filament proteins (manufacturer’s technical information). This antibody produced a similar
pattern of staining in the DRG and spinal cord as reported previously (Schumacher et al.,
1999; Chao et al., 2008).

Immunohistochemistry

Single-labeling experiments—Prior to sectioning, a small cut was made in the ventral
horn of the spinal cord on the side contralateral to injury. Segments (L1-L6) were then
blocked and embedded in an albumin-gelatine matrix (Llewellyn-Smith et al., 2007), prior to
cryoprotection overnight in phosphate-buffered saline (PBS) containing 30% sucrose. Three
spinal segments from the same animal (L1-L3 and L4-L6) were blocked and processed
together. Transverse cryostat sections (40um) were processed free floating (Kalous et al.,
2009), using antisera raised against GFRal (1:400), GFRa2 (1:1000), GFRa3 (1:300) and
CGRP (1:2000). Sections were distributed sequentially into a one in four series and
processed for immunohistochemistry using the glucose oxidase/nickel-enhanced
diaminobenzidine (DAB) method. Sections were blocked for 30 min in 0.1 M phosphate
buffer (PB; pH 7.4) containing 5% non-immune horse serum and then incubated for 48 h at
room temperature on a shaker with primary antibody in PB containing 2% normal horse
serum and 0.2% triton X-100. After washes in PB, sections were incubated overnight at
room temperature on a shaker in biotin-conjugated donkey anti-sheep (Jackson
ImmunoResearch Laboratories, West Grove, PA; Cat. No. 713-065-003, Batch No. 57583,
1:1000) or donkey anti-rabbit (Jackson, Cat. No. 711-065-152, Batch No. 73931, 1:1000).
Sections were then incubated for 2 h in avidin-biotin complex, followed by 15 min in nickel-
enhanced DAB solution (0.2% D-glucose, 0.04% ammonium chloride, 0.025% DAB/100 mli
0.1M acetate buffer pH 6.0, 2% nickel sulfate). Black reaction product was obtained by
adding glucose oxidase (0.002%), and the reaction was stopped using large volume washes
of acetate buffer. Sections were mounted onto 1% gelatinised slides, dried overnight,
dehydrated with increasing concentrations of ethanol, followed by histolene, and then
coverslipped with DPX water-free mounting media (Crown Scientific, Mulgrave, Vic,
Australia).

Double-labeling experiments—Double-labelling immunofluorescence was performed
on L5 DRG from a separate group of rats that had undergone sciatic nerve transection.
DRGs and spinal cord tissue were cryoprotected overnight in PBS containing 30% sucrose
and embedded in an inert mounting medium (OCT Tissue-Tek, Sakura, Torrance, CA) prior
to sectioning.

For DRG studies, ganglia from each side were placed in the same cryomold, sectioned (14
um), direct mounted on 1% gelatine-subbed slides and processed simultaneously. Sections
were distributed sequentially between sets of five slides to avoid double-counting. Sections
were blocked with PBS containing 10% horse serum and 0.1 triton X-100 for 1-2 h,
followed by overnight incubation at room temperature in combinations of primary
antibodies: GFRal with CGRP, GFRa1-3 with NeuN (mouse, 1:10000), GFRa1 with
NF200 (mouse, 1:4000), GFRa3 with CGRP and GFRa3 with NF200. Antibodies were
made up in hypertonic PBS (0.1M phosphate, 0.3M NaCl, pH 7.2). Appropriate secondary
antibodies were applied for 2-3 h: donkey anti-goat Cy3 (Jackson, Cat. No. 705-165-147,
Batch No. 79773 1:1000), donkey anti-rabbit (Molecular Probes/Invitrogen, Mulgrave, Vic,
Australia; Cat. No. A21206, Batch No. 57542A, 1:500) and donkey anti-mouse (Molecular
Probes, Cat. No. A-21202, Batch No. 84D1-1, 1:500), the sections were washed, and then
the slides were coverslipped with 0.5 M bicarbonate-buffered glycerol (pH 8.6).

Fibre density and distribution measurements—Single-labelled sections were
visualised using an Olympus BX51 microscope (Olympus Australia, Melbourne, Australia)
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and images captured with a Zeiss AxioCam HRc camera (Munchen-Hallbergmoos,
Germany) and Axiovision 4.2 software. Image analysis was performed on 8-bit
monochrome TIFF images (1300 x 1030 pixels) using Image-Pro Plus software (Media
Cybernetics, Silver Spring, MD). For each antibody, spinal cord sections from the same rat
were imaged using the same camera settings and exposure time, under a 10x objective. For
quantitative studies of immunolabelling intensity, images were obtained from 5 randomly
selected sections of L5 spinal cord (left and right sides). Optical density was assessed in
areas of interest (AOI, 130 x130 um) within the dorsal horn, as shown in Figure 1, where
boxes 1-3 were used for each antibody but box 4 only for GFRal. For each antibody, the
optical density value from each of the five sections was averaged to obtain a single value for
each rat. In each rat, the mean white matter optical density values for each antibody were
subtracted.

DRGs: neuronal counts and intensity anlaysis—DRG sections were viewed under
an Olympus BX51 fluorescence microscope. For analysis of neuronal phenotype (e.g.,
coexpression patterns), neuronal counts were obtained manually from 5 sections per
ganglion, under a 40% objective. For each antibody, approximately 150 somata were counted
from a total of five sections of each ganglion. Only neurons sectioned through the nucleus
were counted. For analysis of immunofluorescence intensity, 8-bit unsaturated monochrome
images (1600 x 1200 pixels) were obtained under a 40x objective using an RT Spot camera
(Diagnostic Instruments, Sterling Heights, MI) and digitised using Image Pro Plus. For a
given antibody, images were captured using the same settings and exposure times for both
left and right ganglia taken from the same animal. Using Image Pro Plus, intensity (pixel
grey level) was measured in a circular AOI (6 um diameter) located in the cytoplasm of each
positively stained neuron, measuring at least 70 neurons per DRG.

Statistics and image production—Statistical analyses were performed using SPSS v16
for PC (Chicago, IL) or GraphPad Prism 5.0a (Graphpad Software Inc., La Jolla, CA). A
repeated measures analysis of variance (ANOVA) and Tukey’s multiple comparison post
hoc tests were to detect changes in paw withdrawal threshold in CClI rats 4 and 7 days after
injury, compared with baseline prior to injury. To detect an effect of injury on the mean
intensity of GFR and CGRP immunostaining in each AOI (boxes 1-3), we performed a 2-
way ANOVA with repeated measures, with the side (injured or not injured) and AOI as
within subject factors and correcting for violations of sphericity using the Greenhouse-
Geisser method. Differences between sides of GFRal immunostaining intensity in the deep
medial dorsal horn (box 4) were analysed using a paired t-test. The percentages of DRG
neurons that expressed each of the GFRs, CGRP or NeuN was estimated in L5 DRG from
each side of each rat and the arcsine transformed data compared using a paired t-test.
Differences between sides of GFR immunostaining intensity in DRG neurons were analysed
using paired t-tests. The proportions of neurons expressing different markers were plotted as
untransformed data. All results were expressed as the mean + SEM and P < 0.05 was
regarded as statistically significant.

For image production, some minor adjustments were made to brightness and contrast to
most closely demonstrate the staining as it appeared under the microscope (Adobe
Photoshop CS2, San Jose, CA). Coloured monochrome or merged images were produced by
pasting monochrome images into the appropriate colour channel of a 24-bit RGB file created
in Photoshop. Red-green pairs were converted into magenta-green pairs to make images
more accessible to readers with impaired colour discrimination.
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Results

For each GFR, the distribution of immunoreactivity in lumbar spinal cord (L1-L6) and the
impact of spinal cord injury on this distribution are described in detail below. Table 1
provides a summary of the primary effects of injury.

Sciatic nerve injury caused a widespread increase in GFRal-IR in the dorsal horn of
lumbar spinal cord

Contralateral to either type of sciatic nerve injury, GFRal-IR nerve fibers were distributed
primarily in lamina Il (outer) in the dorsal horn of the lumbar spinal cord. In L1-L3 these
terminals extended in a uniformly dense band across the entire dorsal horn (Fig. 2a—c, m-o0)
but in L4-5 the terminals were less dense in the medial third to half of this region (Fig. 2d, e,
p, q). In L2-L5, the most medial aspect of lamina IV also showed some weak, diffuse
GFRal-IR, but individual nerve fibers were difficult to distinguish (Fig. 2a—e, m-q). In L6,
the GFRal-IR fibers extended uniformly across lamina Il (outer) of the dorsal horn (Fig. 2f,
r) and in some sections extended in a band of fibres along the lateral edge of the dorsal horn,
terminating dorsal to the sacral preganglionic nucleus, as described previously (Fig. 2f and/
or 2r) (Forrest and Keast, 2008). Weakly stained GFRal1-IR fibres were present in the dorsal
commissure at this spinal level. GFRal1-IR motoneurons were present in the ventral horn of
L1-L6 (not shown).

All rats in the CCI group developed mechanical allodynia ipsilateral to the injury (baseline
15 g; post-surgery: 4d, 12.43 + 1.49 g, range: 6.91-15 g; 7d, 8.19 +1.24 g, range: 4.79—
11.981 g; mean = SE, n = 6; 7d measurements significantly less than baseline [P < 0.005]
and 4d [P < 0.05]). Ipsilateral to CClI, there was an increase in the area of dorsal horn
innervated by GFRal-IR fibers and in the intensity of GFRal immunostaining throughout
L1-6, both aspects being maximal at L5 (Fig. 2g—K). The location of this upregulation varied
between spinal segments. In L1, a patch of intensely stained GFRal1-IR fibers was present
along the medial aspect of lamina IV (Fig. 2g). This patch increased in width in L2 (Fig. 2h)
and by L3 was even larger, extending laterally towards the middle of the dorsal horn and
ventrally towards the central canal (Fig. 2i). At this spinal level, in most sections there was a
band of GFRal-IR fibers spanning lamina 111, approximately midway between the medial
and lateral aspects. In L4, GFRal-IR fibers extended throughout most of the depth and
width of the dorsal horn (Fig. 2j), and in L5 only a lateral region of lamina V did not show
dense, intensely-stained GFRal-IR fibers (Fig. 2k). In L4 and L5, GFRal-IR fibers in the
deep laminae of the dorsal horn commonly extended laterally to the level of the central
canal, and some to the ventral horn, just dorsal to motoneurons. Many GFRal-IR
motoneurons showed more intense immunostaining on the injured side of L4 and L5 and,
rarely, in L6 (not shown), as previously described (Hammarberg et al., 2000). In some
sections of L6, a delicate plexus of GFRal1-IR fibers was present in the deep dorsal horn,
ipsilateral to the injury (Fig. 2I). The intensity of immunostaining in fibers in lamina I,
travelling along the lateral edge of the dorsal horn and dorsal to the sacral preganglionic
nucleus was also slightly increased in the ipsilateral side, in some sections. Very similar
changes occurred after transection injury of the sciatic nerve (Fig. 2s—x).

To quantify and compare the effects of each type of injury, we focused on L5 spinal cord,
where the largest changes were evident. Optical density measurements of the superficial
dorsal horn (3 AOI’s) were compared between sides and showed a main effect of injury to
increase GFRal-IR after both CCI (Fig. 3a; P = 0.039) and transection (Fig. 3d; P = 0.002).
Considering the data from each region of the superficial dorsal horn separately, we found a
significant interaction between AOI and injury (CCI: P = 0.007; Tx: P = 0.001) (Fig. 3b, €).
These data reflect our qualitative observations of the contralateral side, where lower levels
of GFRal-IR occurred in the medial than either the central or lateral aspects of the
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superficial dorsal horn. We also quantified optical density in an AOI within the medial
aspect of the deep dorsal horn and found a significant increase on the ipsilateral side after
each type of injury (Fig. 3c, f; CCl: P = 0.002; Tx: P <0.001; P = 0.001).

We next investigated a number of mechanisms that could underlie the widespread increase
in GFRa1-IR fibers in the dorsal horn in L5 DRG following sciatic nerve transection (n = 6
rats). As injury can upregulate GFRal mRNA in DRG neurons (Bennett et al., 2000), we
determined if a corresponding upregulation of protein could be detected by measuring the
intensity of GFRal-immunofluorescence in DRG sections. GFRal-IR was observed in
numerous DRG somata of all sizes, where it was present in the cytoplasm and the plasma
membrane. We found a small but statistically significant increase in fluorescence intensity
ipsilateral to injury (Fig. 4a; P = 0.0005). Qualitative assessment of the sections showed that
the GFRal immunostaining was brighter in both small and large neurons (Fig. 4g—j). We
then determined the expression of GFRal in neurons labelled for the neuronal nuclear
marker, NeuN. The results showed that about one-third of DRG neurons were
immunostained for GFRal and this proportion increased on the ipsilateral side (Fig. 4b; P =
0.0086). Together, these results suggest injury increased the basal expression of GFRal with
an associated increase in GFRal-IR neurons.

To determine if the chemical phenotype of neurons expressing GFRa1-IR was changed after
injury, we conducted quantitative double-labelling studies. GFRal is normally expressed by
small-medium diameter unmyelinated DRG neurons (including many non-peptidergic but
not peptidergic nociceptors), as well as larger diameter myelinated DRG neurons (Bennett et
al., 2000). This is consistent with our data from DRG contralateral to the injury as ~40% of
GFRal-IR neurons expressed the marker of myelinated neurons, NF200, and these
comprised ~20% of all NF200 neurons (Fig. 4c, d, g—i). Moreover, only ~10% of GFRal1-IR
neurons coexpressed CGRP, which comprised ~10% of all CGRP neurons (Fig. 4e, f, m—-0).
The proportion of presumptive myelinated GFRa1-IR neurons were increased in DRG
ipsilateral to the injury (Fig. 4j-1), as a larger proportion of GFRal1-IR neurons were
immunoreactive for NF200 (Fig. 4c; P = 0.0198) and a larger proportion of NF200-positive
neurons showed GFRal-IR (Fig. 4d; P = 0.0109). We also investigated the possibility that
injured peptidergic DRG neurons may begin to express GFRal. Neurons showing
immunoreactivity for both GFRal and CGRP were seen infrequently in DRG ipsilateral or
contralateral to injury (Fig. 4m-r). Quantitative analyses showed no effect of injury on the
proportion of GFRal-IR neurons stained for CGRP (Fig. 4e) or the proportion of CGRP-
positive neurons immunostained for GFRal (Fig. 4f, p—r). Therefore, the increase in number
of GFRal-IR neurons after injury is likely to comprise primarily myelinated rather than
unmyelinated peptidergic neurons.

Sciatic nerve injury caused a localised decrease in GFRa2-IR in the dorsal horn of L3-L5
spinal cord and a loss of GFRa2-IR neurons in DRG

Contralateral to either type of sciatic nerve injury, GFRa2-IR fibers were distributed
primarily in lamina 11 (inner) of the dorsal horn (Fig. 5a—f, m-r). In L1-3 and L6, these
fibers showed a similar density across the dorsal horn, but in L4-5 there were slightly less
GFRa2-IR fibers in the most medial region. In L6, a few pale fibers were also found in the
dorsal commissure but none were associated with the sacral preganglionic nucleus (Fig. 5f,
r). GFRa2-IR was not observed in motoneurons.

Following CCI, there was no effect on GFRa2 immunostaining in lamina Il of the dorsal
horn of L1-L3 (Fig. 5g, h) but in L4-L5 many sections showed a loss of staining from
selected regions of superficial dorsal horn (Fig. 5i—k). In L4-5, some sections showed that
GFRa2-IR fibers were lost from the region approximately in the middle of this lamina, but
in many others this area of loss was broader and included loss from the most medial aspect.
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In L6 dorsal horn there was no obvious effect of injury on GFRa2-IR intensity or location
(Fig. 51). GFRa2-IR was not observed in motoneurons. Following transection injury, in L4-5
there were broadly similar changes to those observed after CCI but the loss of fibres was
more extensive after transection. In some sections of L5 almost all of the GFRa2-IR was
lost, except for the most lateral aspect of lamina 11 (Fig. 5s—x). Quantification of
immunostaining intensity in L5 spinal cord after each type of injury revealed a main effect
of CClI (Fig. 6a; P = 0.039) but not transection (Fig. 6¢). The lack of statistically significant
effect of transection may reflect the slightly differing locations of fiber loss between
different sections, which may not always have coincided with the AOI used for quantitative
analysis. There was no interaction between AOI and injury (Fig 6b, d).

To address the possibility that these changes in spinal cord labelling are due to
downregulation of GFRa2 protein in DRG neurons (as described previously for GFRa2
MRNA (Bennett et al., 2000), we assessed the intensity of GFRa2-immunofluorescence in
L5 DRG sections after sciatic nerve transection. In ganglia of both sides, GFRa2-IR was
observed in small-medium size DRG somata (Bennett et al., 2000), where immunoreactivity
was particularly pronounced in the plasma membrane (Fig. 6g). Immunofluorescence
intensity was comparable between contralateral and ipsilateral sides (Fig. 6¢, g, h).
Quantification of the proportion of NeuN-labelled neurons labelled for GFRa2-IR revealed a
small but significant decrease ipsilateral to the injury (P = 0.004; Fig. 6f).

Sciatic nerve injury caused a localised increase in GFRa3-IR but no change in CGRP fibers
in the dorsal horn of lumbar spinal cord

Contralateral to injury, the distribution of GFRa3-IR fibers varied considerably between
lumbar segments (Fig. 7a—f, m-r). In all lumbar levels, a small band of intensely stained
fibers was present across lamina I. In occasional sections, bundles of GFRa3-IR axons could
be seen in the dorsal root entry zone. In lamina Il (outer), no GFRa3-IR fibers were present
in L1, but some weak-moderate intensity fibers were present across the entire dorsal horn of
L2-3 and more intensely stained GFRa3-IR fibers in the medial half in L4-5. In L6, GFRa3-
IR fibers of moderate intensity were present in lamina Il (outer) across the entire dorsal horn
and a dense band of fibers extended along the lateral edge of the dorsal horn to terminate in
a plexus just dorsal to the sacral preganglionic nucleus (Fig. 7f, 1), as described previously
(Forrest and Keast, 2008). At this spinal level, GFRa3-IR fibers were also found in the
dorsal commissure. In all lumbar levels, a small number of single GFRa3-IR fibers were
present in the deep dorsal horn. No GFRa3-IR was present in motoneurons.

Following CCI, GFRa3-IR nerve fibers in the L3-5 dorsal horn ipsilateral to injury appeared
more intensely stained and occupied a larger area than in the contralateral side (Fig. 7i—k). In
L3, this increase was restricted to the medial half of the dorsal horn, but extended into
lamina Il (inner); in some sections a small but intensely stained patch of dense GFRa3-IR
fibers was present in lamina Il, near the middle of the dorsal horn. In L4 and L5, this
increased intensity and extension into lamina Il (inner) extended across the width of the
dorsal horn. There was no obvious effect of injury on L1, L2 or L6 innervation by GFRa3-
IR nerve fibers. Similar changes in GFRa3-IR innervation were observed following
transection injury (Fig. 7s—x). Quantification of immunostaining in the superficial laminae
showed a main effect of CCI (Fig. 8a; P = 0.013) and transection (Fig. 8c; P < 0.0001) on
GFRa3-IR in the superficial dorsal horn), as well as a significant interaction between AOI
and injury following transection (Fig. 8b, d; P <0.0001 for transection). No GFRa3-IR
motoneurons were observed after either type of injury.

In the absence of injury, GFRa3 is expressed almost exclusively by a sub-population of
peptidergic C-fiber afferents (Bennett et al., 2006; Kalous et al., 2009). Therefore we
compared the effects of sciatic nerve injury on CGRP-IR fibers in the lumbar spinal cord of
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the same animals from which GFR analysis had been performed. CGRP-IR fibers were
distributed in the lumbar spinal cord as described previously in many mammalian species
(Gibson et al., 1984) and in subsequent studies in rodents by many other research groups.
Contralateral to either type of injury, numerous fibers were present through laminae I and 11
and in deeper laminae of the dorsal horn (Fig. 9a—e). In L6, many immunostained fibers
were also present in the dorsal commissure and associated with the sacral preganglionic
nucleus, and bundles of axons travelled along the lateral aspect of the dorsal horn (Fig. 9f,
r). Some motoneurons were immunostained with weak to moderate intensity in all lumbar
levels. Ipsilateral to CCI or transection, there was no obvious effect on CGRP-
immunostaining (intensity or distribution) in any spinal level (Fig. 9g-1, s—x). Quantification
of immunostaining in the superficial laminae showed no significant effect of either injury
type on CGRP in the superficial dorsal horn (Fig. 8e-g).

To address the possibility that injury triggered upregulation of GFRa3 protein in DRG
neurons, as reported previously for GFRa3 mRNA (Bennett et al., 2000), we assessed the
intensity of GFRa3-immunofluorescence in L5 DRG following sciatic nerve transection.
GFRa3-IR was observed in numerous somata, primarily of small size (Bennett et al., 2000),
where strong immunoreactivity occurred in the plasma membrane and cytoplasm. We found
no change in fluorescence intensity ipsilateral to injury (Fig. 10a, g, j, m, p). We then
quantified the presence of GFRa3-IR in neurons labelled for NeuN and found an increased
proportion of GFRa3-IR neurons on the ipsilateral side (P = 0.006; Fig. 10b). Together,
these results suggest that neurons expressing GFRa3 do not express higher levels of this
receptor in their somata after injury but additional neurons begin to express GFRa3 after
injury.

We next investigated the effects of sciatic nerve transection on the chemical phenotype of
GFRa3-IR DRG neurons. Previous reports of strong localisation of GFRa3 to unmyelinated,
peptidergic afferents (see above), compared strongly with our data from DRG contralateral
to the injury. Here, only ~10% of the GFRa3-IR neurons expressed the marker of
myelinated neurons, NF200, and these comprised <2% of all NF200 neurons (Fig. 10c, d, g—
i); ~90% GFRa3-IR neurons stained for CGRP, while about one-third of CGRP neurons
showed GFRa3-IR (Fig. 10e, f, m—0). After injury there was a higher proportion of NF200-
positive (presumptive myelinated) GFRa3-IR neurons ipsilateral to the injury, demonstrated
by a higher proportion of GFRa3-IR neurons immunoreactive for NF200 (Fig. 10c; P =
0.007) and more NF200-positive neurons showing GFRa3-IR (Fig. 10d; P = 0.002).
However, this increase represents only a numerically small population of neurons (Fig. 10j—
1), so we also investigated the possibility that injury increased the proportion of peptidergic
neurons expressing GFRa3. The results showed that this occurred in a small but statistically
significant proportion of CGRP neurons (Fig. 10f, p—r; P = 0.004), again unlikely to account
for the overall increase in number of GFRa3-IR NeuN-labelled neurons (Fig. 10b). This
suggested GFRa3 was upregulated in non-peptidergic, NF200-negative (unmyelinated)
neurons, which was consistent the proportion of GFRa3-IR DRG neurons expressing CGRP
being also decreased by injury (Fig. 10e; P = 0.002).

Discussion

This study revealed distinct effects of peripheral nerve injury on three different populations
of primary afferent fibres immunolabelled for receptors of the GDNF family ligands (Table
1). Sciatic nerve injury caused a widespread increase in nerve fibre labelling for GFRal, a

localised increase in GFRa3, and a loss of GFRa2 in the lumbar dorsal horn. Complete and
incomplete injury models showed similar outcomes, although the loss of GFRa2 was more
pronounced after complete injury. Together these results suggest that the functional impact
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of nerve injury may differ widely between these three groups of neurons, in the nature of
their communication within the spinal cord and in their responses to neurotrophic factors.

The changes in GFR expression we observed are unlikely to be causally related to the
development of neuropathic pain, an outcome of incomplete injury model (Bennett and Xie,
1988). However, they may impact on the site and degree of sensitisation induced by
neurotrophic factors or related pro-regenerative therapies administered during this state.
GDNF, neurturin and artemin have all been shown to promote growth of sensory neurons
and to influence nociceptive signalling and pain behaviours (Hoke et al., 2000; Hoke et al.,
2002; Stucky et al., 2002; Gardell et al., 2003; Mills et al., 2007; Wang et al., 2008;
Widenfalk et al., 2009). From the results of our study, we predict the effects of experimental
regenerative therapies based on GDNF or artemin could be broader than anticipated, due to
the enhanced receptor expression in the spinal cord. Whilst this could impact favourably on
regeneration, it could also promote less desirable sensitising effects on nociceptors.
Conversely, treatments based on neurturin could have less impact on regeneration than
predicted from uninjured systems, due to loss of receptors from many of the sensory neurons
after injury. We did not examine the expression of GFRs in peripheral processes of injured
DRGs that would normally be exposed to tissue-derived ligands, but if these receptors are
regulated in parallel with the central processes, this would further enhance the effects of
GDNF and artemin, while reducing the effects of neurturin in an injured system.

The changes in GFR-IR we observed in dorsal root ganglia broadly agree with previously
reported changes in GFR mRNA after injury, with upregulation of GFRal and GFRa3 but
downregulation or no change in GFRa2 (Bennett and Xie, 1988; Kashiba et al., 1998; Mills
et al., 2007). Therefore, it is likely that the changes in GFRal and GFRa3 we observed in
spinal cord immunostaining at least in part represent increased levels of receptor protein in
central terminals, although there may also be increased GFR trafficking to these central
processes. We also found evidence of GFR expression in neuronal classes that did not
appear to express these GFRs prior to injury. Whether this is truly a phenotypic change or
simply a limitation of the sensitivity of our immunodetection method (e.g., if we
underestimated the population of neurons expressing a particular GFR in tissues from naive
animals or contralateral to injury) cannot be determined in this study. We also cannot
discount the possibility that some GFRal and GFRa3 neurons undergo central sprouting
after injury. However, the pattern of distribution of the increased immunoreactivity for these
two GFRs matches very closely the projection patterns of different branches of the sciatic
nerve to the hindlimb (see below), which does not support the innervation of novel
territories after injury but does allow the possibility of sprouting within its normal territory.
It is very difficult to resolve this issue without ultrastructural studies or the availability of
alternative markers that are not modulated by injury.

The distinct patterns of central termination of each GFR-IR nerve population before and
after injury raise a number of important issues. In the absence of injury, these unique
patterns may indicate that each neuronal population has different spinal (and therefore
supraspinal) connectivity, pointing to a much more diverse and complex range of sensory
and nociceptive circuitry than previously indicated by visualising CGRP or IB4. A similar
type of complexity has recently been demonstrated in the L6-S1 spinal cord (Forrest and
Keast, 2008), a region that has a major role in pelvic visceral function. These patterns of
termination are of particular interest when compared with the topography of projections
from different nerve supplies to the hindlimb, especially different branches of the sciatic
nerve. The major spinal targets of sensory neurons projecting in the sciatic nerve are lumbar
levels 4 and 5, where each branch of the nerve terminates in a different territory across the
mediolateral aspect of the dorsal horn (Swett and Woolf, 1985; Woolf and Fitzgerald, 1986;
LaMotte et al., 1991; Rivero-Melian, 1996; Shehab, 2009) and in different regions of the
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hindlimb (Decosterd and Woolf, 2000). Therefore, if each class of GFR-IR DRG neuron
projected similarly in each sciatic nerve branch, one would predict that fibers of each type
innervate the mediolateral extent of the dorsal horn, albeit with some diversity in whether
they terminate in deep or superficial laminae or both (as indicated by their expression in
myelinated and/or unmyelinated fibers). However, in naive animals and contralateral to
injury, each GFR-IR class of fibers showed uneven distribution, suggesting that there is
either heterogeneous expression or trafficking in each sciatic nerve projection field.

Prior to injury, GFRal-IR was found in small unmyelinated and larger myelinated neurons,
yet fibers were present only in lamina 11, where the most medial aspect of this lamina (a
target of the tibial nerve) showed weaker innnervation. One interpretation of the uneven
distribution in lamina Il might be that few GFRal-IR sensory neurons project in the tibial
nerve or that the receptor is not normally transported to the central projections of this nerve.
Low levels of transport to central terminals may also explain the absence of GFRal-IR
fibers from deeper laminae, even though many GFRal-IR DRG neurons were large and
immunoreactive for NF200. After injury, GFRal-IR fibers were visible throughout the
dorsal horn — across the entire mediolateral aspect (except a small region on the most lateral
aspect) and in both deep and superficial laminae — consistent with increased expression
within both myelinated and unmyelinated fibers that project in each branch of the sciatic
nerve. The upregulation of GFRal was most pronounced in L4 and L5, but it also occurred
from L1 to L6, consistent with the known broad projection territory of the sciatic nerve
(Swett and Woolf, 1985; Woolf and Fitzgerald, 1986; LaMotte et al., 1991). The small
region on the most lateral aspect of the dorsal horn that did not show an increase in GFRal1-
IR after injury may be the territory supplied by the uninjured posterior cutaneous nerve
(Swett and Woolf, 1985).

The increase in GFRal-immunostaining intensity observed in the superficial laminae
indicated an upregulation in smaller diameter and unmyelinated neurons. However, we were
unable to identify an injury-induced expression of GFRal in peptidergic DRG neurons,
suggesting that GFRal could have been upregulated in non-peptidergic, unmyelinated
neurons that normally express GFRa2. We could not test this possibility directly because
commercially available GFRa and GFRo2 antisera are raised in the same host species.
Moreover, effects of injury on GFRa2-IR (see below) are likely to confound this analysis. It
is also possible that changes in GFR distribution in the central terminals of DRG neurons do
not occur in parallel with the levels in their somata. We observed an increase in the
proportion of large diameter, NF200-IR (myelinated) neurons immunostained for GFRal
after injury. Consistent with this, the labelling in deeper laminae resembled the pattern of
immunoreactivity for the vesicular glutamate transporter, vGlutl (Persson et al., 2006), after
sciatic nerve transection and fibers visualised by retrograde labelling using the tracer cholera
toxin (CTb) (Shehab, 2009), which preferentially labels large diameter myelinated axons
(Robertson and Grant, 1985). Together, these observations are consistent with increased
activation of deep dorsal horn circuits after injury, as suggested by an increase in Fos
activation in this region after CCI (Ro et al., 2004). The function of the centrally transported
GFRal is not known but the receptor is predicted to be physiologically active because a pre-
conditioning injury of the sciatic nerve leads to an enhanced growth response of DRG
neurons to GDNF in vitro (Mills et al., 2007). Moreover, intraspinal administration of
GDNF reverses a number of changes caused by sciatic nerve injury, including the
downregulation of P2x3 purinoceptors, reduction in 1B4-binding and decreased conduction
velocity (Munson and McMahon, 1997; Bennett et al., 1998; Bradbury et al., 1998).

The source of endogenous ligand for GFRa in the spinal cord is unclear, although many

DRG neurons contain GDNF protein (Holstege et al., 1998; Jongen et al., 1999) and could
potentially release it from their central terminals. Moreover, intraspinal administration of
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GDNF causes rapid upregulation of c-Fos in the superficial dorsal horn (Jongen et al., 2005).
There have been a number of reports that sciatic nerve injury triggers GDNF synthesis
within the DRG and Schwann cells proximal to injury (Hammarberg et al., 1996; Cameron
et al., 1997; Chao et al., 2008), although Nagano et al (2003) showed a decrease within DRG
after CCI or spared nerve injury; this is supported by a report of decreased levels of GDNF
in dorsal horn (Jongen et al., 1999), suggested to be due to reduced transport from the
periphery. In the absence of more detailed studies, it is very difficult to reconcile this data in
order or to interpret our own results, or propose specific contexts for physiological
activation of GFRa within the spinal cord after peripheral nerve injury.

The potential targets of GFRa3-IR nerve fibers also varied between lumbar spinal segments
and following injury, when immunostaining became more pronounced in the superficial
laminae of L3-L5. In naive animals and contralateral to injury, GFRa3-IR was restricted to
lamina I and lamina Il (outer), with lamina Il staining more pronounced in L4 and L5.
Ipsilateral to injury, in these spinal segments and in both laminae, GFRa3-IR nerve fibers
increased in staining intensity and in area, extending deeper into the dorsal horn; there was a
smaller change apparent in the most central part of the superficial dorsal horn in L3. In L4
and L5, this pattern of staining did not indicate preferential upregulation of GFRa3 in
particular branches of the sciatic nerve. However, the small patch of increased
immunostaining in the central region of L3 may coincide with territory supplied by the
superficial peroneal nerve.

The upregulation of GFRa3-IR we observed in the superficial laminae was due at least in
part to increased synthesis in a minority of myelinated (NF200-IR) and peptidergic fibers.
We cannot discount an increased expression by GFRal- or GFRa2-IR neurons but could not
test this directly because all GFR antisera were raised in the same species. Unexpectedly, we
failed to see an effect of injury on the intensity of GFRa3-immunofluorescence within the
DRG which, given the previous reports of increased GFRa3 mRNA after injury (Bennett et
al., 2000), may reflect a limitation with the immunofluorescence quantitative method or that
the additional message is not translated into protein. Alternatively, more GFRa3 protein may
be synthesised after injury but trafficked to the central terminals rather than stored in the
soma. The role of endogenous artemin in the normal spinal cord or following peripheral
nerve injury is not known.

Different issues were raised by our observations that GFRa2—IR was lost from discrete
zones in the dorsal horn in L4 and L5. The areas where GFRa2-IR was lost within the dorsal
horn after sciatic nerve injury closely match the topography of projections from the sciatic
nerve. In particular, the residual GFRa2—-IR in the most lateral aspect of the dorsal horn may
indicate a territory not strongly supplied by branches of the sciatic nerve, but instead
innervated by the uninjured posterior cutaneous nerve (Swett and Woolf, 1985). This was
also identified as a region where GFRa-IR did not increase after injury (see above).

The reduction in GFRa2-IR could be due to degeneration of GFRa2-IR axons,
downregulation of GFRa2 protein, or a mixture of both events. We consider that overt
degeneration is the primary response, for the following reasons. First, there is a greater
extent of loss after sciatic nerve transection compared with incomplete injury (CCI). Second,
our studies on DRG found no change in intensity of GFRa2-IR soma immunofluorescence,
but did identify fewer GFRa2-IR somata following injury. While this could be due to lower
levels of receptor expression, it could also indicate death of a minority of GFRa2-IR DRG
neurons— although previous evidence suggest only limited neuronal cell death occurs
within a week of injury (Hu and McLachlan, 2003). Moreover, following peripheral nerve
injury, 1B4 labelling is also transiently decreased in the dorsal horn (Hammond et al., 2004),
and this comprises loss of terminals, not just loss of IB4 binding (Bailey and Ribeiro-da-
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Silva, 2006). If the loss of GFRa2-IR was due to degeneration of central projections from
surviving DRG neurons, this raises the question of why only this particular population of
neurons changed in this way, whereas CGRP-, GFRa1- and GFRa2-IR increased or did not
change after injury. Evidence obtained with a different injury model— spinal cord injury—
also suggests central projections GFRa2—IR DRG neurons are especially susceptible to loss
or receptor down-regulation (Kalous et al., 2007; Kalous et al., 2009). Evidence that I1B4-
binding DRG neurons are less likely than peptidergic neurons to compensate for loss of
adjacent terminals fields in the dorsal horn by sprouting (Belyantseva and Lewin, 1999;
Runyan et al., 2007) cannot explain our result, as the 1B4-binding population includes both
GFRal- and GFRa2-IR neurons. Further studies of how GFRa2-IR DRG neurons respond
to injury are needed to resolve this issue.

Signalling by GDNF family members utilises a specific GFR and, in most cases described to
date, the common receptor tyrosine kinase, RET (rearranged during transfection)
(Airaksinen and Saarma, 2002). Therefore interpretation of our data should take into account
the effect of injury on ret expression. In a recent study employing an epitope unmasking
method (Jongen et al., 2007), RET-IR was found in deep and superficial laminae, abolished
by dorsal rhizotomy. After sciatic nerve transection, RET-IR was reduced in lamina Il but
showed a hint of an increase in lamina Il (although this did not reach statistical
significance). Interestingly, neither the control nor injury groups showed RET expression
that resembled the sum of the three types of GFR expression in our study, suggesting either
that the RET-immunolabelling underestimated the distribution of RET protein or that many
potential sites of RET-independent signalling (Paratcha and Ledda, 2008) exist in the cord.
The effects of injury on RET expression in DRG have been studied but have yielded
equivocal results (Naveilhan et al., 1997; Bennett et al., 2000; Nagano et al., 2003; Mills et
al., 2007), so require further study.

The marked changes we observed in GFR levels within the spinal cord contrasted with the
absence of effect of injury on CGRP fibres. While there are some reports of a decrease in
CGREP fibre density or CGRP levels following peripheral injury (Cameron et al., 1991,
Kajander and Xu, 1995; Sommer and Myers, 1995; Casals-Diaz et al., 2009), a number of
groups have found no change (Cameron et al., 1997; Bailey and Ribeiro-da-Silva, 2006). It
is possible that changes in peptide level did occur in our experiments but were not detectable
with our method of analysis. Moreover, we did not determine the effect of injury on number
or fluorescence intensity of CGRP+ DRG neurons, as described previously by other groups
who identified a decrease in peptide level (Bennett et al., 1998; Shi et al., 2001).
Irrespective, given that almost all of the GFRa3-IR DRG neurons express CGRP and
substance P and, in turn, about half of the CGRP neurons show GFRa3-IR (Bennett et al.,
2006; Kalous et al., 2009), it is interesting that there was so little change in the spinal
distribution of CGRP fibers, yet a noticeable increase in GFRa3-IR (albeit in discrete
regions of the dorsal horn). Our observations in spinal cord from naive uninjured rats and
contralateral to injury suggest that the two populations of CGRP neurons (GFRa3-positive
and —negative) have different spinal projection sites and respond quite differently to injury.

In conclusion, the profound and distinctive effects of sciatic nerve injury on different
populations of sensory neurons identified by GFR expression raises interesting questions
about the magnitude and specificity of neurotrophic factor signalling in sensory neurons
after injury. This may impact on sensitisation of nociceptor neurons and regenerative
responses.
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Figure 1.

Avreas of interest (AOIs) used for image analysis of L5 spinal cord dorsal horn. The diagram
is oriented with the dorsal surface at the top and medial to the left. Three AOIs (boxes 1-3)
were assessed for GFRal, GFRa2, GFRa3 and CGRP. An additional AOI (box 4) in the
deep medial aspect of the dorsal horn was assessed for GFRal. Dimensions of each AOI
were 130 pm x 130 um. CGRP, calcitonin gene-related peptide; GFR, GDNF family
receptor.
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Figure 2.

Up-regulation of GFRal-immunoreactivity (IR) in the dorsal horn from lumbar spinal cord,
7 days after chronic constriction injury (a—l) or transection (m—x) of the sciatic nerve. For
each type of injury, images are taken from left and right sides of the same section, and
segments of each spinal level from the same animal. GFRa1-IR was present primarily in
lamina Il (outer) on the uninjured side (a—f, m-r). After chronic constriction injury (g-I),
these superficial fibres remained, but a patch of GFRal-IR fibers appeared on the medial
aspect of the deep dorsal horn, extending beyond the central canal. Progressing caudally,
these fibers extended to cover most of the dorsal horn (j, k), with the exception of a small
area on the most lateral aspect of the grey matter. A smaller increase in GFRal-IR
innervation of the deep dorsal horn was evident in the deep dorsal horn of L6 (I). After
transection injury (m-x), similar changes were seen in the ipsilateral dorsal horn (s—x).
Sacral preganglionic nucleus (L6) is indicated with arrowheads (f, I, r, x). Scale bar applies
to all panels and represents 200 um. GFR, GDNF family receptor.
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Figure 3.

Quantitation of immunostaining intensity for GFRal in the L5 dorsal horn following sciatic
nerve injury. Optical density measurements in spinal cord sections from chronic constriction
injury (CCI) animals are shown in a—c, whereas data from transection injury are shown in
d-f. a, Optical density measurements pooled from all superficial areas of interest (AOI 1-3)
on each side showed a main effect of CCI (*P = 0.039, F; 5 = 7.688), with an increase in
GFRal-IR ipsilateral to injury. b, Optical density measurements from each AOI in the
superficial dorsal horn showed a significant interaction between side and AOI (P = 0.007,
F1.184, 5.922 = 15.041). ¢, After CCl, there was an increase in GFRal-IR ipsilateral to injury
in the deep dorsal horn (** P = 0.002). d, Optical density measurements pooled from all
superficial AOI (1-3) on each side showed a main effect of transection (**P = 0.002, F1 5 =
32.702), with an increase in GFRal1-IR ipsilateral to injury. e, Optical density measurements
from each AOI in the superficial dorsal horn showed a significant interaction between side
and AOI (P = 0.001, F1263 6317 = 31.368). f, After transection, there was an increase in
GFRal-IR ipsilateral to injury in the deep dorsal horn (*** P = 0.001). Data represent mean
+ SEM (n= 6 rats per group), analysed by ANOVA. GFR, GDNF family receptor; IR,
immunoreactivity.
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Figure 4.

Co-localisation studies of GFRal-immunoreactive (IR) somata in L5 dorsal root ganglia
(DRG), ipsilateral and contralateral to transection of the sciatic nerve. a, Mean fluorescence
intensity of GFRa1-IR neurons showed a small but significant increase ipsilateral to injury
(*** P = 0.0005). b, The proportion of NeuN somata exhibiting GFRal-IR increased
ipsilateral to injury (** P = 0.0086). c, d, The proportion of GFRa1-IR neurons expressing
NF200 (* P = 0.0198) and the proportion of NF200 neurons showing GFRal-IR (*P =
0.0109) were also increased after sciatic transection. e, f, No difference was detected in the
proportion of GFRal-IR neurons expressing CGRP or the proportion of CGRP neurons
showing GFRal-IR following injury. Comparisons of ipsi- and contralateral ganglia were
made by performing a paired t-test on arcsine transformed data. Data have been expressed as
the mean percentage + SEM (n = 5 rats per group), where each measurement from each
ganglion represented the mean of at least 150 neuronal sections, including only those
neurons sectioned through the nucleus. g—r show colocalisation of GFRal1-IR with NF200
(g-1) or calcitonin gene-related peptide (CGRP, m-r) in L5 dorsal root ganglion sections,
contra- and ipsilateral to the sciatic nerve transection, shown as image pairs and
corresponding merged images. Contralateral to injury (g—i), GFRa1-IR was found in small,
NF200-negative and large, NF200-positive neurons. Ipsilateral to injury (j—I), GFRal-IR
was brighter in both of these groups of neurons. Colocalisation of GFRal-IR and CGRP-IR
was infrequent both contralateral (m-o) and ipsilateral (p-r) to injury. Arrowheads show
examples of double-labeled neurons. Scale bar = 50 um applies to g—r. CGRP, calcitonin
gene-related peptide; GFR, GDNF family receptor.
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Figure 5.

Decrease in GFRo2-immunoreactivity (IR) in the dorsal horn from lumbar spinal cord, 7
days after chronic constriction injury (a—I) or transection (m—x) of the sciatic nerve. For
each type of injury, images are taken from left and right sides of the same section, and
segments of each spinal level from the same animal. a—f, Distribution of GFRa2-IR in
lamina Il (inner) contralateral to a chronic constriction injury. g-1, Ipsilateral to injury,
GFRo2-IR was decreased only in L4 and L5, showing areas with lower levels or absent
immunostaining in the most medial and the central aspects of the dorsal horn. m-r,
Distribution of GFRa2-IR in lamina Il (inner) contralateral to a transection injury. s—x,
Ipsilateral to injury, GFRo2-IR was decreased only in L4 and L5, showing substantive areas
with absent immunostaining in the most medial and the central aspects of the dorsal horn.
Scale bar applies to all panels and represents 200 um. GFR, GDNF family receptor.
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Figure 6.

Quantitation of immunostaining intensity for GFRa2 in the L5 dorsal horn and
characterisation of GFRo2-IR dorsal root ganglion neurons following sciatic nerve injury.
a—d show data from the dorsal horn and e-h from dorsal root ganglia. Optical density
measurements in spinal cord sections from chronic constriction injury (CCI) animals are
shown in a and b, whereas data from transection injury are shown in ¢ and d. a, Optical
density measurements pooled from all superficial areas of interest (AOI 1-3) on each side
showed a main effect of CCI (*P = 0.039, Fy 5 =7.777), with an decrease in GFRo2-IR
ipsilateral to injury. b, Optical density measurements from each AOI in the superficial dorsal
horn showed no interaction between side and AOI. ¢, Optical density measurements pooled
from all superficial AOIs (1-3) on each side did not detect a significant effect of transection.
e, Optical density measurements from each AOI in the superficial dorsal horn showed no
significant interaction between side and AOI. Data represent mean + SEM (n= 6 rats per
group), analysed by ANOVA. e, The mean fluorescence intensity of GFRa2-IR neurons did
not change following transection injury. f, The proportion of NeuN-positive neurons
showing GFRa2-IR was significantly decreased in ganglia ipsilateral to transection (P =
0.004). Comparisons of ipsi- and contralateral ganglia were made by performing a paired t-
test on arcsine transformed data. Data have been expressed as the mean percentage + SEM
(n = 5 rats per group), where each measurement from each ganglion represented the mean of
at least 150 neuronal sections, including only those neurons sectioned through the nucleus. g
and h show examples of GFRa2-IR neurons contralateral and ipsilateral to injury,
demonstrating the similar intensity of immunofluorescence. Scale bar = 50 um and applies
to both g and h. GFR, GDNF family receptor; IR, immunoreactivity.
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Figure 7.

Up-regulation of GFRa3-immunoreactivity (IR) in the dorsal horn from lumbar spinal cord,
7 days after chronic constriction injury (a—l) or transection (m—x) of the sciatic nerve. For
each type of injury, images are taken from left and right sides of the same section, and
segments of each spinal level from the same animal. a—f, Distribution of GFRa3-IR in
laminae | and Il (outer), contralateral to a chronic constriction injury (CCl). In L6 (f),
GFRa3-IR fibers also travel towards the sacral preganglionic nucleus (asterisks). g,
Ipsilateral to CCl injury, GFRa3-IR is increased in the superficial dorsal of L3-L5,
especially the most medial and the central aspects of the dorsal horn. m-r, Distribution of
GFRa3-IR in laminae I and I1 (outer), contralateral to a transection injury. In L6 (r),
GFRa3-IR fibers also travel towards the sacral preganglionic nucleus (arrowheads). s—X,
Ipsilateral to transection injury, GFRa3-IR was increased in the superficial dorsal of L3-L5,
especially the most medial and the central aspects of the dorsal horn. Scale bar applies to all
panels and represents 200 pm. GFR, GDNF family receptor.
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Figure 8.
Quantitation of immunostaining intensity for GFRa3 and CGRP in the L5 dorsal horn

following sciatic nerve injury. Optical density measurements in spinal cord sections
immunostained for GFRa3 are shown in a—d, whereas data from sections stained for CGRP
are shown in e-h. a, Optical density measurements pooled from all superficial areas of
interest (AOI 1-3) on each side showed a main effect of CCI (*P = 0.013, F1 5 = 14.031),
with an increase in GFRa3-IR ipsilateral to injury. b, Optical density measurements from
each AOI in the superficial dorsal horn did not detect a significant interaction between side
and AOI after CClI. c, Optical density measurements pooled from all superficial AOI (1-3)
on each side showed a main effect of transection (***P <0.0001, F; 5 = 85.214), with an
increase in GFRa3-IR ipsilateral to injury. d, Optical density measurements from each AOI
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in the superficial dorsal horn detected a significant interaction between side and AOI (P =
0.014, F1 359, 6,793 = 9.697). €, There was no effect of CCI on optical density measurements
of CGRP-IR when all AOIs were pooled and no interaction was detected between side and
AOI (f). g, There was no effect of transection on optical density measurements of CGRP-IR
when all AOIs were pooled and no interaction was detected between side and AOI (h). Data
represent mean = SEM (n= 6 rats per group), analysed by ANOVA. CGRP, calcitonin gene-
related peptide; GFR, GDNF family receptor; IR, immunoreactivity.
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Figure 9.

Calcitonin gene-related peptide (CGRP)-immunoreactivity (IR) in the dorsal horn from
lumbar spinal cord, 7 days after chronic constriction injury (a—I) or transection (m-x) of the
sciatic nerve. For each type of injury, images are taken from left and right sides of the same
section, and segments of each spinal level from the same animal. Distribution of CGRP-IR
in superficial laminae contralateral to a chronic constriction (a—f) and transection (m-r)
injury. There was no obvious change in the area or intensity of CGRP-IR ipsilateral to
chronic constriction (g-I) or transection (s—x) injury. In all images of L6, CGRP-IR fibers
travel towards the sacral preganglionic nucleus (arrowheads). Scale bar applies to all panels
and represents 200 um.
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Figure 10.

Co-localisation studies of GFRa3-immunoreactive (IR) somata in L5 dorsal root ganglia
(DRG), ipsilateral and contralateral to transection of the sciatic nerve. a, Mean fluorescence
intensity of GFRa3-IR neurons showed no difference between ganglia ipsilateral and
contralateral to injury (n = 5). b, The proportion of NeuN somata exhibiting GFRa3-IR
increased ipsilateral to injury (** P = 0.006). c, d, The proportion of GFRa3-IR neurons
expressing NF200 (** P = 0.007) and the proportion of NF200 neurons showing GFRal-IR
(*P =0.002) was also increased after sciatic transection. e, Following injury there was a
decrease in the proportion of GFRa3-IR neurons expressing CGRP (P = 0.002). f, There was
a very small but significant increase in the proportion of CGRP neurons showing GFRa3-IR
following injury (P = 0.004). Comparisons of ipsi- and contralateral ganglia were made by
performing a paired t-test on arcsine transformed data. Data have been expressed as the

J Comp Neurol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Keast et al.

Page 32

mean percentage = SEM (n = 5 rats per group), where each measurement from each
ganglion represented the mean of at least 150 neuronal sections, including only those
neurons sectioned through the nucleus. g—r show colocalisation of GFRa3-IR with NF200
(g-1) or calcitonin gene-related peptide (CGRP, m-r) in L5 dorsal root ganglion sections,
contra- and ipsilateral to the sciatic nerve transection, shown as image pairs and
corresponding merged images. Both contralateral (g—i) and ipsilateral (j-I) to injury,
GFRa3-IR neurons were rarely NF200-positive (example indicated by arrowheads in j—I).
However on both sides, many neurons showing colocalisation of GFRa3-IR and CGRP-IR.
Arrowheads show examples of double-labeled neurons. Scale bar = 50 pm applies to g-r.
CGRP, calcitonin gene-related peptide; GFR, GDNF family receptor; IR, immunoreactivity.
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Summary of changes in GDNF-family receptor (GFR) immunoreactivity in L5 spinal cord and dorsal root
ganglia (DRG) after sciatic nerve injury

Tissue GFRal GFRa2 GFRa3

Spinal cord

Control

Location Lamina Il (outer) Lamina I1 (inner) Laminae | and II (outer)

Injured

Location Laminae 11-V (except lateral Lamina Il (inner) but loss in medial and central ~ Laminae I - 11 (inner)
lamina V) regions

Intensity Increase Decrease Increase

DRG

Control

Phenotype  Mainly small-medium non- Small-medium non-peptidergic neurons Small-medium peptidergic neurons
peptidergic and large
myelinated neurons

Injured

Phenotype  Increased proportion of No change Increased proportion of myelinated and
myelinated neurons small-medium non-peptidergic neurons

Prevalence  Increase Decrease Increase

Intensity Increase in small-medium and  No change No change

large neurons
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