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Abstract

Partial peripheral nerve injury in adult rats results in neuropathic pain-like hypersensitivity, while
that in neonatal rats does not, a phenomenon also observed in humans. We therefore compared gene
expression profiles in the dorsal horn of adult and neonatal rats in response to the spared nerve injury
(SNI) model of peripheral neuropathic pain. The 148 differentially regulated genes in adult, but not
young, rat spinal cords indicate a greater microglial and T-cell response in adult than in young
animals. T-cells show a large infiltration in the adult dorsal horn but not in the neonate after SNI. T-
cell-deficient Rag1-null adult mice develop less neuropathic mechanical allodynia than controls, and
central expression of cytokines involved in T-cell signaling exhibits large relative differences
between young and adult animals after SNI. One such cytokine, interferon-y (IFNy), is upregulated
in the dorsal horn after nerve injury in the adult but not neonate, and we show that IFNy signaling is
required for full expression of adult neuropathic hypersensitivity. These data reveal that T-cell
infiltration and activation in the dorsal horn of the spinal cord following peripheral nerve injury
contribute to the evolution of neuropathic pain-like hypersensitivity. The neuroimmune interaction
following peripheral nerve injury has therefore a substantial adaptive immune component, which is
absent or suppressed in the young CNS.

Introduction

Most animal models of peripheral neuropathic pain involve partial nerve injury and manifest
with hypersensitivity to noxious and non-noxious stimuli in the neighboring spared territory
(Bennett and Xie, 1988; Seltzer et al., 1990; Kim and Chung, 1992; Decosterd and Woolf,
2000). However, these models do not distinguish the cellular and molecular pathways
specifically responsible for initiating and maintaining neuropathic pain-like hypersensitivity
(Costigan et al., 2009) from the more general consequences of nerve damage, including the
nerve regeneration response and the cellular stress response associated with altered metabolic
and survival pathways. We have exploited the observation that partial nerve injury in rats from
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birth to the age of 3 weeks does not produce mechanical hypersensitivity (Howard et al.,
2005; Ririe and Eisenach, 2006) to tease out what is responsible for producing peripheral
neuropathic mechanical allodynia in mature animals.

Genes with altered expression in the dorsal horn of the adult rat spinal cord following peripheral
nerve injury have been characterized by microarray expression profiling (Yang et al., 2004;
Lacroix-Fralish et al., 2006; Griffin et al., 2007). On comparing three neuropathic pain models
[spared nerve injury (SNI), spinal nerve ligation (SNL), and chronic constriction injury (CCI)]
over 6 weeks, we found that the most prevalent functional class of regulated genes in the dorsal
horn across all models were from the immune system (Griffin et al., 2007).

Microglia in the dorsal horn of adult animals contribute to the generation of neuropathic
hypersensitivity, a process that involves their recruitment, proliferation, and activation
(Watkins et al., 2001; DeLeo et al., 2004; Tsuda et al., 2005; Zhuang et al., 2005; Griffin et
al., 2007; Ji and Suter, 2007; Echeverry et al., 2008; Kawasaki et al., 2008). In the dorsal horn
of young rats, the microglial response to peripheral nerve injury is considerably less than that
in adults, and this may contribute to differences in pain-like hypersensitivity in young and adult
animals (Moss et al., 2007; Vega-Avelaira et al., 2007). To define the contribution of this and
other mechanisms, we have used genome-wide expression arrays to determine differential
changes in gene expression in the dorsal horn following peripheral nerve injury in neonatal
and adult rats. In a two-way design using SNI and a sham operation in young and adult animals,
we hypothesized that we could identify genes specifically associated with the manifestation of
the neuropathic hypersensitivity phenotype. Of the genes that we find are expressed in response
to nerve injury in adult animals but not in young animals, most are immune related, and they
include numerous genes involved in T-cell signaling. Based on this, we first confirm that
infiltrating T-cells are involved in driving neuropathic mechanical hypersensitivity in the adult
(Cao and DeLeo, 2008) and then show that T-cell infiltration is absent in the neonatal dorsal
horn following SNI. We conclude that infiltration of T-cells into the spinal dorsal horn in
mature animals after nerve injury plays a critical role in the evolution of pain-like
hypersensitivity in this condition.

Materials and Methods

Animal surgery

Adult male and 10 d old (P10) Sprague Dawley rats were anesthetized using isoflurane (2—
4%), and SNI surgery was performed where the tibial and common peroneal branches of the
sciatic nerve were tightly ligated with a silk suture and transected distally, while the sural nerve
was left intact (Decosterd and Woolf, 2000). In sham-operated controls, the sciatic nerve was
exposed but not ligated. The wounds were closed and the animals returned to their cages or
litters. Adult Rag1-null, interferon-y (IFNy) receptor 1 (IFNyR1)-null, nude, B-cell-deficient,
and littermate control mice were subject to the same procedures (The Jackson Laboratory).
Ragl-null and IFNyR1-null mice were bred on a C57BL/6j background and backcrossed at
least 10 times. In the United Kingdom, all experimental procedures were specifically licensed
and approved by the UK Home Office, and in the United States, all procedures were performed
in accordance with the Massachusetts General Hospital animal care regulations.

Tissue preparation, RNA extraction, and chip hybridization

The L4 and L5 lumbar dorsal horns ipsilateral to injury were dissected and rapidly frozen. The
tissues were homogenized and total RNA was obtained by acid phenol extraction (TRIzol

reagent, Invitrogen). Biotinylated cRNA for hybridization was produced from the total RNA
and hybridized to the Affymetrix Rat RAE230A chip (Affymetrix) (Costigan et al., 2002). For
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each condition, six biologically independent hybridizations were performed, and individual
RNA samples were extracted by pooling either four adult or six P17 ipsilateral dorsal horns.

Array data analysis

Array CEL files (Affymetrix.com) were analyzed using Bioconductor tools in R
[bioconductor.org (Gentleman et al., 2004); R-project.org (R Development Core Team,
2005)]. Data were normalized with gcRMA (Wu et al., 2004). Differential expression was
tested with Limma using the Benjamini-Hochberg false discovery rate (FDR) (Smyth, 2005).
Genes significantly regulated in the adult but insignificantly regulated in the young animals,
the Ad0.05/Ne0.9 list, were determined as follows: sham versus SNI FDR <0.05 in the adult
and sham versus SNI FDR >0.9 in the neonate. All lists generated are given as supplemental
tables (available at www.jneurosci.org as supplemental material). The Ad0.05/Ne0.9 gene list
was analyzed with IPA version 6.0 software (Ingenuity Systems) to identify functional
pathways represented within the dataset.

Quantitative real-time PCR

Ipsilateral L4/L5 dorsal horn tissue and RNA extracted from animals were distinct from those
used for the array hybridizations. Before reverse transcription (RT), genomic DNA was
removed from the RNA samples using TURBO DNA-free DNase | (Ambion). Quantitative
real-time PCR was performed using the Sybr green detection system with primer sets designed
on Primer Express. Specific PCR product amplification was confirmed using dissociation
protocol. Transcript regulation was determined using the relative standard curve method per
the manufacturer's instructions (Applied Biosystems). Relative loading was determined before
RT with RNA spectrophotometry followed by gel electrophoresis and after RT by amplification
of glyceraldehyde-3-phosphate dehydrogenase. For each time point, at least three samples of
pooled tissue from at least two animals per sample were analyzed.

Immunohistochemistry

Terminally anesthetized rats were perfused (0.9% NaCl) followed by 4% paraformaldehyde/
PBS. Lumbar spinal cord was postfixed (4% paraformaldehyde/PBS) and then stored in 30%
sucrose, PBS, and 0.02% sodium azide at 4°C. Staining was performed on 40 um free-floating
cryosections, blocked for 1 h in 0.05 m Tris, pH 7.4, 0.3% Triton X-100, and 5% normal goat
serum (TTBS-NGS). Sections were incubated (72 h, 4°C) in TTBS-NGS with primary
antibody, i.e., 1:100 mouse anti-CD2 (Serotec) and 1:1000 rabbit anti-1ba (Wako Chemicals)
antibody. They were then washed (PBS) and incubated with 1:500 biotinylated anti-mouse
secondary antibody (Vector Laboratories). Fluorescent Cy3-streptavidin or FITC-labeled
secondary antibodies were from Jackson ImmunoResearch Laboratories. For T-cell counting,
serial 30 um sections were cut and mounted throughout the lumbar cord of naive as well as
SNI P17 and adult rats (n = 3 per group). CD2 antibody staining (as above).

Animal behavior

All behavior, unless stated, was performed blind and when appropriate against sham controls.
For rat neonatal and adult mechanical allodynia, hindlimb flexion withdrawal thresholds to
mechanical stimulation were determined using calibrated von Frey hairs (Howard et al.,
2001). The stimulus was applied to the dorsal surface of the hindpaw three times at 1 s intervals
for each strength, starting at the lowest, until a reflex was elicited. Mechanical sensitivity in
the nude and B-cell-deficient lines was also assayed with this protocol, although these two
mouse strains were not assayed blind. Other mouse mechanical allodynia assays (Ragl and
IFNyR1 null) were tested against wild-type littermate controls; these animals were assayed
using von Frey calibrated filaments (0.008-2 g; Stoelting) with withdrawal threshold
determined as the filament at which the animal withdraws its paw at least three times in 10
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applications (Decosterd and Woolf, 2000). Baseline behavioral tests were performed before
and then on the days indicated after nerve injury.

Young animals do not develop mechanical hypersensitivity following partial peripheral nerve

injury

SNI performed before P21 had no significant effect upon hindpaw mechanical hypersensitivity,
in contrast to the marked effects that are produced when the procedure was performed in rats
>3 weeks old (Fig. 1). Functional nociceptive pathways are present, however, and can be
sensitized by peripheral inflammation before P21 (Hedo et al., 1999;Torsney and Fitzgerald,
2002;Walker et al., 2005), indicating that absence of mechanical hypersensitivity in young
animals is specific to nerve injury and not a generalized sensory deficiency.

Expression profiles in the dorsal horn after partial peripheral nerve injury in young versus

adult rats

We used oligonucleotide microarrays to detect relative changes in mRNA expression in the
ipsilateral dorsal horn of young (P10 rat pups) and adult rats 7 d after SNI, compared with sham
surgery. Global expression profiles were derived from an average of six arrays for each time
point, for full array data see GEO database (http://www.ncbi.nlm.nih.gov/geo/, accession
number GSE18803). We defined regulated genes with Limma using the Benjamini-Hochberg
FDR paradigm and set the cutoff at 0.05 to minimize false positives. A comparison of the genes
detected in the ipsilateral dorsal horn 7 d after SNI but not in sham revealed 22 regulated genes
in the neonatal dorsal horn (0.2% of total) and 188 genes in the adult (1.9% of total)
(supplemental Tables 1 and 2, respectively, available at www.jneurosci.org as supplemental
material). Of these, all were upregulated following neonatal nerve injury, and 98% were
upregulated and 2% downregulated in the adult. To identify genes whose expression changed
in the adult but not in the neonate, we compared those regulated in the adult (adjusted p value
<0.05) with those with an adjusted p value >0.9 in the neonate (the Ad0.05/Ne0.9 list)
(supplemental Table 3, available at www.jneurosci.org as supplemental material). Of the 188
genes regulated in the adult dorsal horn, 148 (79%) displayed no or minimal regulation in the
neonate.

Genes differentially regulated between the adult and young dorsal horn following nerve
injury are immune related

Analysis of the 148 differentially regulated genes with Ingenuity pathway analysis software
(Ingenuity Systems) revealed nine “Function and Disease” categories with LOD [—log(p
value)] scores above 10 (equivalent to p values <1 x 10710, of which five were related to
immune function (supplemental Fig. 1, available at www.jneurosci.org as supplemental
material). These data support our hypothesis that differences in the immune response
contribute, following peripheral nerve injury, to absence of mechanical hypersensitivity in the
neonate and its presence in the adult. Canonical pathway analysis of potential signaling
mechanisms within the Ad0.05/Ne0.9 list reveals many cascades that likely reflect an enhanced
microglial response to peripheral nerve injury in the adult dorsal horn relative to the neonate,
including p38 (Ji and Suter, 2007), antigen presentation (Moss et al., 2007), and Erk (Zhuang
etal., 2005) (Fig. 2). The microglial marker CD68, for example, is upregulated to a much lesser
extent in the neonatal dorsal horn relative to the adult following SNI (Fig. 3a). These data are
in agreement with other genes with a known or presumed function in microglia (Moss et al.,
2007). In the adult, genes that are primarily expressed in microglia, are generally upregulated,
peaking at 3—7 d after nerve injury (Fig. 3b) (Griffin et al., 2007; Moss et al., 2007).
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One nonmicroglial signaling pathway identified from the Ingenuity analysis is that associated
with T-cell signaling (Fig. 2), pointing to a possible role for T-lymphocytes in the differential
response of the neonate and adult dorsal horn to peripheral nerve injury. The presence of
components of leukocyte extravasation and interferon and IL4 signaling among the
differentially regulated genes also suggests T-cell involvement (Fig. 2). Of genes present in
the “interferon signaling” category, all were members of the IFNy pathway (results not shown);
IFNy and IL4 are hallmark cytokines of the Thl and Th2 T helper cells, respectively. As T-
cells originate from hematopoietic stem cells in bone marrow and only divide in the thymus,
increased levels of these cells in the adult spinal cord must be due to an infiltration from the
blood stream via leukocyte extravasation (Engelhardt, 2006).

To investigate whether there is an age-dependent involvement of T-cells in the spinal cord in
response to nerve injury, we assayed the T-cell-specific markers CD2 and CD3 in the dorsal

horn of neonates and adults after SNI. CD2 and CD3 increased their expression over time in
the adult dorsal horn following SNI, in contrast to the neonate, in which expression was not

altered (Fig. 3b,c).

T-cells infiltrate the adult but not the neonatal dorsal horn following injury

To determine the extent and distribution of T-cell infiltration in the spinal cord after adult or
P10 SNI surgery, we used CD2 immunohistochemistry. T-cells were detected after SNI in the
adult dorsal horn. Staining with Ibal in the same section, showed activation of microglia in
the same general area as CD2-positive T-cells (Fig. 4a). T-cells were mainly located within
the topographic region of the lumbar dorsal horn occupied by the injured nerve central terminals
(Fig. 4b), in common with activated microglia (Beggs and Salter, 2007). The number of CD2-
positive T-lymphocytes per tissue section increased 10-fold in the ipsilateral adult dorsal horn
relative to naive animals. A modest but significant increase was observed in the dorsal horn
contralateral to SNI, compared with naive rats. In contrast, very few CD2-immunopositive
profiles were observed in the dorsal horn of neonatal animals (Fig. 4c). In naive P10 rats, the
numbers of CD2-positive T-cells were equivalent to naive adults (2.2 £ 0.05 vs 2.0 + 0.05,
respectively), but did not significantly increase following SNI (Fig. 4c).

T-cell infiltration into the adult dorsal horn contributes to the onset of neuropathic pain-like
hypersensitivity

To test whether T-cell infiltration into the adult spinal cord contributes to the establishment of
neuropathic pain-like hypersensitivity, we assayed mechanical threshold following SNI in a
T-lymphocyte-deficient mouse strain, the Ragl null on a C57BL/6j background. Rag1-null
mice displayed significantly less mechanical hypersensitivity than wild-type littermate controls
in the SNI model over a 3 week time course, with this effect proving more marked at later time
points (Fig 5). In addition, two independent Rag1-null mice substrains showed similar reduced
SNI-induced mechanical sensitivity compared with C57BL/6j mice (data not shown).

Cao and DeLeo (2008) recently showed a reduction in neuropathic hypersensitivity in T-cell-
deficient nude mice using the L5 spinal nerve transection model. We obtain similar findings
for the SNI model in the nude mouse (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). Because both the nude and Rag1-null animals are also deficient in B-
lymphocytes, we next tested whether B-cell-deficient animals develop neuropathic mechanical
allodynia. In contrast to T-cell-deficient animals, the B-cell-deficient mice developed
mechanical hypersensitivity following peripheral nerve injury (supplemental Fig. 2, available
at www.jneurosci.org as supplemental material), consistent with the reported lack, using FACS
sorting, of B-cell infiltration into the spinal cord in the L5 spinal nerve transection model (Cao
and DeL eo, 2008). Together, the data presented here and those of Cao and DeLeo (2008) define
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infiltrating T-lymphocytes as contributing to neuropathic mechanical hypersensitivity in adult
animals.

Cytokines indicative of T-cell signaling are differentially expressed in the adult relative to the
neonatal dorsal horn

T-cells have different functional subtypes, including helper and cytotoxic T-cells. Cytotoxic
T-cells express CD4 and CD8, both of which are preferentially expressed in the adult dorsal
horn after SNI relative to the neonate (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). However expression of CD4 and CD8 could also arise from
macrophage/microglia and NK cells, and involvement of cytotoxic T-cells is not seen by FACS
analysis (Cao and DelLeo, 2008). Both IFNy and IL4 signaling are defined by the array data as
present in the adult but not neonate (Fig. 2), suggesting Thl and Th2 signaling. To examine
whether T helper (Th) cells are differentially expressed in the adult dorsal horn after SNI, we
measured cytokines preferentially expressed by Thl, Th2, and Th17 cells (Table 1). These data
suggest a larger response for each T helper class in the adult versus neonate, with Th1 and
Th17 particularly overexpressed.

Interferon-y signaling in the dorsal horn contributes to neuropathic pain-like hypersensitivity
in the adult rat

There is a large differential expression of IFNy (214-fold) in the adult relative to the neonate
in response to SNI (Table 1). In addition, expression of IFNy increases over time in the adult
relative to the neonate (Fig. 6a). IFNy is primarily expressed by Thl T-cells but also NK cells
to a lesser extent (Schoenborn and Wilson, 2007).

IFNYR1 mRNA levels are upregulated in both the neonate and adult; however, the extent in
the neonate is less than in the adult (Fig. 6b). To test whether IFNy signaling through IFNyR1
contributes to neuropathic hypersensitivity in the adult, we measured pain-like behavior
following SNI in IFNyR1-null mutants. These mice displayed significantly less mechanical
allodynia following SNI than wild-type littermates (Fig. 6¢). We conclude that IFNy signaling
plays a role in the immune-driven neuropathic pain sensitivity.

Discussion

We hypothesized that absence of neuropathic mechanical allodynia in young rats is due to
postnatal maturation of specific nerve injury-induced mechanisms that produce
hypersensitivity in mature animals. The majority of genes differentially regulated in the adult
compared with the dorsal horn in neonates in the SNI model are genes with an immune function,
suggesting that immune cell activation and/or infiltration in the dorsal horn following
peripheral nerve injury is lacking in neonates. There is reduced microglial signaling in the
young dorsal horn compared with adult (Moss et al., 2007), and this corresponds with reduced
activation of antigen presentation pathways (Moss et al., 2007), p38 signaling (Ji and Suter,
2007), the Erk cascade (Zhuang et al., 2005), and CD68 (ED1) expression (Hu et al., 2007).
Activation of microglia by chemokines, purines, cytokines, and complement anaphylatoxins
(DeLeo and Yezierski, 2001; Watkins et al., 2001; DeLeo et al., 2004; Tsuda et al., 2005;
Griffinetal., 2007; Latremoliere et al., 2008) leads to release of signal molecules (Coull et al.,
2005; Marchand et al., 2005) that alter excitability or synaptic transmission in the dorsal horn.

Immature dorsal horn neurons are capable of responding to immune activation. Microglial
activation and significant allodynia can be evoked by spinal injections of lipopolysaccharide
(LPS) or NMDA or the intrathecal application of exogenous ATP-stimulated microglia at
young ages when peripheral nerve injury has no effect (Moss et al., 2007). These data suggest
that the resident immune system in young animals fails to mount the response to nerve injury
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that in the adult leads to neuropathic pain-like hypersensitivity. This deficiency is likely to
include diminished T-cell activation and infiltration. Both young and adult animals have few
CD2-positive T-cells before injury, but while these cell increase markedly in adults after SNI,
this does not occur in young animals. This is paralleled by a lack of upregulation of CD2 or
CD3 mRNA. T-cell levels in the neonate are lower relative to the adult in many tissues (Adkins
et al., 2004; Morein et al., 2007), and the type of T-cells that respond to an insult varies in
young and adult animals, with a Th2 T-cell bias in the neonate and a predominantly Thl T-
cell response in the adult (Forsthuber et al., 1996; Ridge et al., 1996; Sarzotti et al., 1996). This
difference is likely to allow tolerance to new antigens in young animals, and prevents
potentially self-damaging inflammation (Adkins et al., 2004). Numerous experiments have
shown, however, that if provoked, the young immune system is capable of mounting adult-like
responses (Adkins et al., 2004; Morein et al., 2007). Viewed in this context, it is possible to
explain the fact that neonates do not respond to peripheral nerve injury, but do respond to
centrally applied LPS where the insult is above threshold (Moss et al., 2007).

The functional role of T-cell activation and infiltration in generating neuropathic
hypersensitivity in the adult was confirmed using two T-cell-deficient strains of mice; nude
animals do not develop neuropathic mechanical hypersensitivity, and mechanical
hypersensitivity in the Ragl-null mouse is considerably blunted. Nude mice are the result of
a spontaneous mutation of the Foxn1, forkhead box N1 gene (Nehls et al., 1994), which results
in T-cell deficiency and a partial defect in B-cell production (Kaushik et al., 1995). Rag1-null
animals are the result of a targeted disruption of recombination activating gene 1 (Ragl), and
these animals are completely T- and B-cell deficient (Mombaerts et al., 1992). Our finding of
normal neuropathic behavior in B-cell-deficient mice is consistent with previous reports
showing that B-cells are not present in the dorsal horn following nerve injury (Cao and DeLeo,
2008). NK cell signaling is present in the adult dorsal horn from our gene list analysis. NK
cells act like cytotoxic T-cells to destroy any cell not displaying a MHC class | tag (used to
denote self) but differ in that they do not require an antigen interaction to effect their action.
NK cells are part of the innate immune system, and their potential role in the central immune
response to peripheral nerve injury needs to be explored further; however, that nude and
Ragl-null animals have intact NK signaling argues against a prominent role for these cells in
determining neuropathic sensitivity (Clark etal., 1981; Croy et al., 2001; Grundy and Sentman,
2006).

Cao and DeLeo (2008) showed a role for CD4-positive T-lymphocytes in producing
neuropathic sensitivity. However, the fact that CD4 is also expressed in macrophages/microglia
complicates the situation. These authors also noted a recovery to sham levels of sensitivity 5
d after L5 spinal nerve transection in nude mice on a BALB/c background, which is in good
agreement with data presented here using nude mice on a C57BL/6j background in the SNI
model.

Peripheral immune cells, including T-cells and macrophages, are likely recruited in proximity
to the central terminals of injured afferents by chemoattraction, with the leukocytes traveling
across concentration gradients of chemokines and cytokines released by injured axons (White
et al., 2007). T-cells enter the CNS though the blood brain barrier by leukocyte extravasation,
a process that involves immune cell rolling adhesion followed by tight adhesion and
culminating in endothelial cell transmigration (Engelhardt, 2006). Leukocyte extravasation
occurs at low levels normally, with the peripheral immune system operating a surveillance role
in the CNS. Following injury, however, the process can be substantially elevated. In multiple
sclerosis (MS), for instance, T-cells localize to sites of CNS demyelination, and these patients
often suffer from neuropathic pain, usually in the form of trigeminal neuralgia (O'Connor et
al., 2008). In the experimental autoimmune encephalomyelitis model of MS, the development
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of neuropathic pain-like hypersensitivity coincides with T-cell infiltration into the dorsal horn
(Olechowski et al., 2009).

T-cells orchestrate the adaptive immune response, signaling between MHC class I1-expressing
antigen-presenting cells (microglia, macrophages, and dendritic cells) and downstream
adaptive immune functions. Th cells direct the action of B-cells, NK cells, and phagocytes,
whereas cytotoxic T-cells are involved in the destruction of target cells using class I-restricted
lysis of antigen-specific targets. Although CD4 and CD8 are both upregulated in the adult
dorsal horn after injury, the presence of CD4+CD8+ cytotoxic T-cells cannot be proven here,
as both are nonspecific markers when assayed alone. We show a differential increased
expression of IFNy, IL4, and IL17 in response to nerve injury in adult animals. Th1 cells are
involved in the “cellular immunity response” while Th2 cells are involved in “humoral
immunity” or antibody production. Excessive Thl-mediated proinflammatory responses can
lead to uncontrolled tissue damage, and Th2 can counteract this (Kidd, 2003).

T-cells infiltrate into the injured sciatic nerve following CCl, and athymic nude rats display
significantly less neuropathic sensitivity, which can be restored by passive transfer of Th1 but
not Th2 T-cells (Moalem et al., 2004). In these CCl-injured animals, Th2 T-cells reduce
hypersensitivity, while Th1 T-cells have no additional effect on hypersensitivity levels. While
relatively deficient in both T helper cell classes, neonatal animals have a larger Th2 than Thl
response (Forsthuber etal., 1996; Adkins etal., 2004; Morein etal., 2007). Th17 cells primarily
produce IL-17, which is involved in the recruitment, activation, and migration of neutrophils
(Weaver etal., 2006; Chen and O'Shea, 2008). IL17 is expressed in T-cells in the injured sciatic
nerve in the mouse (Kleinschnitz et al., 2006).

We show a differential expression of IFNy signaling between the adult and neonate, and
demonstrate a functional role for IFNy signaling in producing pain-like hypersensitivity in the
adult following nerve injury. IFNy is expressed predominantly by Th1 T-cells, but is also found
in NK cells (Schroder et al., 2004; Schoenborn and Wilson, 2007). Intrathecal injection of
IFNy into the spinal cord elicits hyperalgesia in naive animals (Xu et al., 1994; Vikman et al.,
2005). IFNYR is expressed in neuronal profiles in the superficial layers of the dorsal horn
(Vikman et al., 1998), and IFNy sensitizes dorsal horn neurons (Vikman et al., 2003, 2005).
Furthermore, IFNyR-null animals display reduced nerve injury-induced autotomy (Robertson
etal., 1997). We now find that IFNyR1-null animals have reduced mechanical hypersensitivity
following SNI, and that expression of the receptor and ligand are both upregulated in response
to a peripheral nerve injury in the adult. These results confirm recently published data by Tsuda
et al. (2009) that demonstrate that IFNy stimulates microglia through the IFNyR and that
interfering with this signaling inhibited neuropathic mechanical hypersensitivity. Here we
extend these findings by suggesting a source of the IFNy and extending the behavior to 3 weeks.
Interestingly IFNyR knock-out animals improve progressively with time (Tsuda et al., 2009),
a finding consistent with the time-dependent increase in T-cells in the cord, which release
IFNy, which can then interact with microglia to elicit pain-like sensitivity. The transcript for
IFNYR1 is regulated in the neonatal dorsal horn even though the mRNA for its ligand IFNy is
not present at appreciable levels in this tissue. This suggests a ligand other than IFNy signaling
through this receptor complex in the injured neonate; alternatively, IFNy may be produced in
a tissue other than the dorsal horn.

We conclude that the low-level predominantly Th2-mediated neonatal adaptive immune
response does not elicit pain-like responses after nerve injury, while in the adult the high-level,
Th1-skewed T-cell response leads to pain-like hypersensitivity. Although the exact
contributions of infiltrating Th1, Th2, and Th17 cells remain to be determined, the differential
T-cell response in the neonate and adult defines a role for these cells in the generation of
neuropathic pain after peripheral nerve injury in the adult. Treatment strategies that target

J Neurosci. Author manuscript; available in PMC 2010 January 29.
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recruitment of T-cells into the CNS may therefore help combat establishment of neuropathic
pain hypersensitivity in man.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mechanical thresholds to von Frey hindpaw testing 7 d after SNI or sham surgery. Surgery
was performed at P3, P10, P21, or P33. Only animals operated at P33 and adults displayed the
mechanical hypersensitivity characteristic of a neuropathic pain-like response. Data are
expressed as mean response threshold £SEM. *p < 0.05, two-way ANOVA, n =5 animals at
each age.
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Figure 2.

Canonical pathway analysis of signaling cascades associated genes regulated in the adult but
not the neonate dorsal horn (Ad0.05/Ne0.9 gene list) using Ingenuity Pathway Analysis. Bars
represent the LOD [—log(p value)] for that pathway being overrepresented within the gene
list (right-tailed Fisher's exact test). LOD 1.3 (p value of 0.05) threshold used. Gene functional
categories primarily representing microglial cell function and T-cell function are shown.
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a, Quantitative PCR analysis of CD68 mRNA expression in the neonatal and adult rat dorsal
horn over time after SNI relative to age-matched controls and uninjured animals, respectively.
b, ¢, CD2 (b) and CD3 (c) transcripts increase successively over time in the adult rat dorsal
horn relative to uninjured animals, but do not change in the neonatal dorsal horn relative to
age-matched controls. Data are expressed as mean fold £SEM. *p < 0.05, one-way ANOVA,
Student's t test, n = 4 per group.
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a, Lumbar dorsal horn of the rat spinal cord 7 d after SNI labeled with the microglial marker
Ibal (green) and the T-cell marker CD2 (red). Both immune cells types are predominantly
present in the ipsilateral (ipsi) dorsal horn. Contra denotes contralateral. Scale bar, 250 gm.
b, Distribution of T-lymphocytes in the dorsal horn of the spinal cord. Location of CD2 cells
is shown as an intensity map with darker shading representing greater number of profiles per
region counted. The dorsal quadrant of each 30 um section was split into three sections: medial
(Med), middle, and lateral (Lat) cord; binned cell counts were represented by a shaded bars
(light gray, 0-3 cells; dark gray, 4-6 cells; black, 7 or greater), and bars were stacked relative
to their position within the lumbar cord. The T-cell distribution is shown for adult ipsilateral
(ipsi) and contralateral (contra) 7 d SNI and naive cord. Scale bar, 500 zm. ¢, Mean number
+SEM of CD2-immunoreactive cells per dorsal horn section within the L3-L6 region, in adult
and neonatal ipsilateral, contralateral, and naive rats. *p < 0.05, one-way ANOVA, Bonferroni's
multiple comparison, n = 3 animals per group.
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Figure 5.

Mechanical sensitivity after SNI in Rag1-null animals relative to wild-type littermate controls.
Rag1-null mice develop significantly less mechanical sensitivity in the SNI model over a 3
week time course, compared with wild-type littermate controls. All data are mean = SEM. All
values are expressed as means + SEM. Data were analyzed using two-way ANOVA (time and
genotype) for genotype (F(1,4) = 53;p < 0.05; post hoc Student's t test, *p < 0.05, n = 9 animals

per group).
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Figure 6.

a, Expression analysis of the IFNy mRNA by quantitative PCR reveals little evidence of
expression in the injured or age-matched control neonatal dorsal horn, in contrast to the adult,
where IFNy mRNA increases successively over time. b, IFNYR1 mRNA is upregulated in the
neonatal and adult dorsal horn over time after SNI; levels of regulation are, however,
considerably reduced in the neonate relative to the adult. Data are expressed as mean fold +
SEM. *p < 0.05, one-way ANOVA, Student's t test, n = 4 per group. ¢, Mechanical sensitivity
over time subsequent to SNI injury in IFNyR1-null animals and wild-type littermate control
mice. IFNyR1-null animals display less mechanical allodynia relative to controls. All data are
mean + SEM. Data were analyzed using two-way ANOVA (time and genotype) for genotype
(F(,4) = 10.32; p < 0.05; post hoc Student's t test, *p < 0.05, n = 7 animals per group).
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Table 1
Expression of T-cell-associated cytokines in the neonatal and adult dorsal horn 1 week after
SNI
Cytokine Preferential cell expression Fold (Ad SNI/Ad naive) Fold (Ad SNI/Neo SNI)
IL2 Thi 36205 350 £ 61
IFNy Thi 509 214 + 44
TNF3 Thi 1.7£02 708
IL4 Th2 36207 103 + 23
IL5 Th2 07+01 02+0.1
IL13 Th2 Not detected Not detected
IL17 Th17 76+18 5291 + 1505

All values p < 0.05, Student's t test. n = 3 per group. Ad, Adult; Neo, neonate.
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