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ytokine mRNA Expression in Painful Radiculopathy

arah M. Rothman,* Zhong Huang,* Kathryn E. Lee,* Christine L. Weisshaar,†

nd Beth A. Winkelstein*,†

Department of Bioengineering, and †Department of Neurosurgery, University of Pennsylvania,
hiladelphia, Pennsylvania.

Abstract: Inflammatory cytokines contribute to lumbar radiculopathy. Regulation of cytokines for
transient cervical injuries, with or without longer-lasting inflammation, remains to be defined. The C7
root in the rat underwent compression (10gf), chromic gut suture exposure (chr), or their combination
(10gf�chr). Ipsilateral C7 spinal cord and dorsal root ganglia (DRG) were harvested at 1 hour after
injury for real-time PCR analysis of IL-1�, IL-6, and TNF-�. Cytokine mRNA increased after all 3 injuries.
TNF-� mRNA in the DRG was significantly increased over sham after 10gf�chr (P � .026). Spinal IL-1�

was significantly increased over sham after 10gf and 10gf�chr (P < .024); IL-6 was significantly
increased after 10gf�chr (P < .024). In separate studies, the soluble TNF-� receptor was administered
at injury and again at 6 hours in all injury paradigms. Allodynia was assessed and tissue samples were
harvested for cytokine PCR. Allodynia significantly decreased with receptor administration for 10gf
and 10gf�chr (P < .005). Treatment also significantly decreased IL-1� and TNF-� mRNA in the DRG for
10gf�chr (P < .028) at day 1. Results indicate an acute, robust cytokine response in cervical nerve root
injury with varying patterns, dependent on injury type, and that early increases in TNF-� mRNA in the
DRG may drive pain-related signaling for transient cervical injuries.
Perspective: Inflammatory cytokine mRNA in the DRG and spinal cord are defined after painful
cervical nerve root injury. Studies describe a role for TNF-� in mediating behavioral sensitivity and
inflammatory cytokines in transient painful radiculopathy. Results outline an early response of inflam-
matory cytokine upregulation in cervical pain.

© 2009 by the American Pain Society
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early one-third of Americans suffer from pain, with
as many as 13% of them experiencing neck
pain.13,23,56 Painful cervical radiculopathy can result

rom nerve root compression by disc herniation or transient
oading by the vertebrae.3,17,21,41,64 Inflammation and
roinflammatory mediators contribute to painful lumbar
adiculopathy.8,22,28,36,37,63 Although cytokine production
nd release have been studied extensively for sustained
erve root compression, cytokine profiles in the dorsal
oot ganglion (DRG) and spinal cord for transient painful
ervical nerve root compression have not been defined.
An inflammatory response is produced in the nervous sys-

em after radiculopathy, including infiltration and activation
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f immune cells, cytokine upregulation, and growth factor
elease.12,36,49 Spinal inflammatory cytokines also contribute
o neuropathic pain.11,14,15,22,30,48,49,58 Cytokines, including
NF-�, IL-1�, IL-6, and IL-10, are synthesized and released
y astrocytes, microglia and macrophages and act
hroughout the nervous system in both paracrine and
utocrine signaling. Cytokine production can indirectly
nduce the expression of a variety of pain mediators and
irectly activate glial cells in the central nervous system
CNS), leading to spinal sensitization.2,12,31,45,52 Spinal
lial activation is produced in lumbar radiculopathy
nd exhibits a relationship with behavioral hypersen-
itivity.5,6,10,22,36,39,60,62 Recent work from our lab dem-
nstrates that mechanical allodynia and spinal glial acti-
ation are similarly produced after a transient nerve root
ompression in the cervical spine and both responses are
ensitive to the severity of compression and the presence
f chemical irritation.26,28,46,47 Although relationships
mong injury parameters, mechanical allodynia, and spi-
al glial activation have been described for cervical ra-

iculopathy, it is not known whether painful cervical in-
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uries also modulate inflammatory cytokine expression in
he DRG and/or spinal cord, and if these responses are
pecific to the type of injury.
Cytokines are differentially regulated in the DRG and

pinal cord in radiculopathy.18,22,33,42,49,58,63 Inflamma-
ory cytokine genes including TNF-�, IL-1�, and IL-6 in-
rease in the DRG after root injury, whereas mRNA for
hese cytokines increases in both the DRG and spinal
ord, it peaks earlier (day 1) in the DRG.33 Spinal TNF-�
RNA and protein also increase immediately after pain-

ul trauma to the nerve roots.63,66 TNF-� provides posi-
ive-feedback for its own production, and initiates the
roduction and release of other cytokines.20,61 Despite
he known early upregulation of TNF-� in pain and its
irect involvement in the cytokine cascade, it is not
nown if, and how, TNF-� mRNA is modulated immedi-
tely after insult to the cervical nerve root and whether
nflammatory cytokine upregulation in the DRG and spi-
al cord are mediated by TNF-�.
Although many studies have quantified inflammation

n the DRG and spinal cord in neuropathic pain, there is
o characterization for cervical radiculopathy. Similarly,

t remains to be seen if proinflammatory cytokines are
ncreased after transient compression of the nerve root
nd whether these cytokines are influenced by a chemi-
al insult. A goal of this study is to quantify changes in
nflammatory cytokine mRNA in the DRG and spinal cord
fter 2 cervical nerve root compression injuries. A sepa-
ate investigation tests whether allodynia produced by
hese injuries can be ameliorated by immediate antago-
ism of TNF-� and if it also modulates cytokine mRNA.

ethods
Two studies were performed to define cytokine mRNA

xpression immediately after painful insults to the cervi-
al nerve root and to utilize a cytokine antagonist to
valuate if TNF-� modulates behavioral hypersensitivity.
n the first study, cytokine (IL-1�, IL-6, and TNF-�) mRNA
n the DRG and spinal cord was characterized at an early
ime point (1 hour) after cervical nerve root injury47: ei-
her applied compression, chromic gut suture exposure,
r their combination, in separate investigations. Based
n those findings, a second study was performed using
he TNF receptor-1 to neutralize TNF-� and evaluate its
ole in modulating allodynia in those 3 models. Experi-
ents were performed using male Holtzman rats (Harlan

prague-Dawley, Indianapolis, IN), weighing 250 to 350
rams at the start of the study. All experimental proce-
ures were approved by the University of Pennsylvania

nstitutional Animal Care and Use Committee and car-
ied out according to the guidelines of the Committee
or Research and Ethical Issues of the IASP.67 Animals
ere housed with a 12-12 hour light-dark cycle and free
ccess to food and water.

ytokine Characterization Study
Rats underwent 1 of 4 previously reported surgical pro-

edures28,46,47: (1) 10gf compression of the right C7 dor-

al nerve root proximal to the DRG for 15 minutes (10gf), a
2) exposure of the nerve root to 4 pieces of 3-0 chromic
ut suture material (chr), (3) 10g compression of the dor-
al nerve root in addition to placement of 4 pieces of 3-0
hromic gut suture (10gf�chr), or (4) exposure of the
erve root with no additional insult (sham). At 1 hour
fter the surgical procedure, the C7 spinal cord on the
ide ipsilateral to the compressed nerve root was har-
ested (n � 6, 10gf; n � 6, chr; n � 7, 10gf�chr) for
nalysis of cytokine mRNA (IL-1�, IL-6, and TNF-�) using
eal-time reverse transcriptase polymerase chain reac-
ion (RT-PCR). For some rats, the C7 ipsilateral and con-
ralateral DRGs (n � 6 each group) were also harvested.
issue from normal, unoperated rats (n � 5), and from
ats receiving sham surgery (n � 5 spinal cord samples;

� 6 DRG samples) were also used for comparison for
oth DRG and spinal cord assays.

NF-� Receptor Treatment Study
In a separate study, soluble TNF- receptor 1 (sTNF-R1-

EG; gift from Amgen, Inc., Thousand Oaks, CA) was ad-
inistered at the site of the compressed nerve root in the

0gf, chr, and 10gf�chr injury models. For this study, 200
g sTNF-R1 in 40 �L was administered directly to the

njured nerve root at the time of injury, according to
ther neuropathic pain studies.58,63 In addition, at 6
ours after the initial surgery, the C7 nerve root was
gain exposed and a second, identical dose of sTNF-R1
as administered directly to the injured nerve root. Spi-
al cord and DRG samples were harvested at day 1 after
ither surgery alone (10gf, chr, 10gf�chr, sham) or sur-
ery with sTNF-R1 treatment (10gf�sTNF-R1, chr�sTNF-
1, or 10gf�chr�sTNF-R1). Each rat was tested for bilat-
ral mechanical allodynia at day 1 after injury to assess
ehavioral hypersensitivity. In this study, C7 spinal cord
n the side ipsilateral to the nerve root injury was har-
ested after behavior testing was performed (n � 4, sham;
� 4, 10gf; n � 5, 10gf�sTNF-R1; n � 6, chr; n � 6,

hr�sTNF-R1; n � 4, 10gf�chr; n � 4, 10gf�chr�sTNF-
1). In addition, for a subset of rats, the ipsilateral and
ontralateral C7 DRGs were harvested at day 1 from each
roup (n � 4, sham; n � 3, 10gf; n � 5, 10gf�sTNF-R1;
� 6, chr; n � 6, chr�sTNF-R1; n � 3, 10gf�chr; n � 4,

0gf�chr�sTNF-R1). DRG and spinal cord tissue from
ormal rats (n � 5) were used as controls for the cyto-
ines probed (IL-1�, IL-6, and TNF-�).

pecific Methods

urgical Procedures
All procedures were performed under inhalation anes-

hesia (4% halothane for induction, 2% for mainte-
ance). Surgical procedures have been detailed previ-
usly.28,46,47 Briefly, rats were placed in a prone position,
nd an incision was made in the skin from the base of the
kull to the second thoracic vertebra. A C6/C7 hemilami-
ectomy and partial facetectomy were performed on the
ight side to expose the C7 dorsal root. Procedures for
erve root compression (10gf) involved transient com-
ression of the C7 dorsal nerve root for 15 minutes using

10gf microvascular clip (World Precision Instruments,



I
(
(
t
g
g
1
g
t
w
d
e
a
p
c

B

i
v
w
d
s
a
f
d
m
e
S
r
w
a

T

s
d
(
C
z
t
h
s
w
g
s
i
t
u
1
1
i
p
a
R

N
m
R
D

t
t
v
(
a
u
l
f
t
S
a
f
l
s
e
a
n
w
t
m
e
g

S

A
b
e
a
s
c
g
d
t
(
t
d

R

C

w
h
i

T

I

I

T

C

92 Cytokine mRNA Expression in Painful Radiculopathy
nc., Sarasota, FL). Procedures for chromic gut exposure
chr) involved placing 4 pieces of 3-0 chromic gut suture
2 mm in length) (Surgical Specialties, Reading, PA) on
he right C7 dorsal nerve root proximal to the dorsal root
anglia. Procedures for the compression with chromic
ut material (10gf�chr) involved those described for
0gf in addition to placement of 4 pieces of 3-0 chromic
ut suture on the right C7 dorsal nerve root proximal to
he DRG. After chr and 10gf�chr, chromic suture pieces
ere left in place for the duration of the study. Proce-
ures for sham involved the same protocol but had only
xposure of the C7 dorsal root. All wounds were closed
fter surgery using 3-0 polyester suture and surgical sta-
les. Rats were recovered in room air and monitored
ontinuously.

ehavioral Assessment
Each rat was evaluated for bilateral forepaw mechan-

cal allodynia postoperatively until the time of tissue har-
est, as previously described.28,46 Before surgery, rats
ere acclimated to the tester and environment. Allo-
ynia was measured for each unoperated rat before the
urgical procedure to provide an assessment of baseline
nd unoperated control values. A single tester per-
ormed all testing and was blinded to the surgical proce-
ures. For each testing session, after 20 minutes of accli-
ation, rats were stimulated on the plantar surface of

ach forepaw using 3 von Frey filaments (1.4, 2, and 4g;
toelting, Wood Dale, IL). Each testing session had 3
ounds of 10 stimulations, separated by 10 minutes. Total
ithdrawals were recorded for each forepaw of each rat
nd averaged for each group.

issue Processing of Cytokine mRNA
For tissue harvest, rats were deeply anesthetized with

odium pentobarbital (65 mg/kg) followed by transcar-
iac perfusion with 200 mL of phosphate buffered saline
PBS). After perfusion, the ipsilateral and contralateral
7 DRGs were identified, harvested and immediately fro-
en. The cervical spinal cord was exposed by laminec-
omy, the C7 segment of the cervical spinal cord was
arvested, separated into ipsilateral and contralateral
ections, and frozen immediately on dry ice. Total RNA
as then isolated using Trizol reagent (Life Technolo-
ies, Rockville, MD) according to the manufacturer’s in-
tructions. Bilateral DRGs were assayed as well as the
psilateral spinal cord sample. Tissue was homogenized
horoughly in 1 mL Trizol reagent (Life Technologies)
sing a pellet pestle motor. After phase separation with
-bromo-3-chloropropane, the lysate was centrifuged at
2,000g for 15 minutes at 4°C. RNA was precipitated with
sopropanol for 10 minutes at room temperature. The
ellet was centrifuged at 12,000g for 10 minutes at 4°C
nd washed with 75% ethanol, and then dissolved in
Nase free water and stored at �80°C until use.
RNA concentration and quality were measured by a
anoDrop spectrometer (NanoDrop Technologies, Wil-
ington, DE). For reverse transcription, 1 to 2 �g of total

NA was treated with 1 unit of amplification grade

Nase I (Invitrogen, Carlsbad, CA). The DNase I treated c
otal RNA was subject to reverse transcription according
o the manufacturer’s instructions using SuperScript III re-
erse transcriptase (Invitrogen), random hexamer primer
Invitrogen) and RNase inhibitor RNaseOUT (Invitrogen)
t 50°C for 1 hour. Single-strand synthesized cDNA was
sed for real-time PCR. Specific primer sequences are

isted in Table 1. Sybr-green real-time PCR was per-
ormed in an ABI-7300 system (Applied Biosystems, Fos-
er City, CA). Each reaction contained a total of 25 �L of
ybr-green master reagent (Applied Biosystems), cDNA,
nd 900nM of each primer. The PCR conditions were as
ollows: 50°C for 2 minutes, 95°C for 10 minutes, fol-
owed by 40 cycles of 95°C for 15 seconds and 60°C for 60
econds. A no cDNA template control was included in
ach run. All samples and no-template controls were
ssayed in duplicate. The target gene expression was
ormalized against the cyclophilin-A gene. Samples
ere normalized to results from normal tissue. The rela-

ive target gene expression was analyzed using the ��Ct
ethod.34 Cytokine mRNA values were recorded for

ach protein for each sample and averaged for each
roup.

tatistical Analysis
For the cytokine characterization study, a one-way
NOVA was performed to compare differences in mRNA
etween groups (10gf, chr, 10gf�chr, sham, normal) for
ach cytokine (IL-1�, IL-6, and TNF-�) for the spinal cord
nd DRG samples, separately. For the sTNF-R1 treatment
tudy, a one-way ANOVA tested for differences in me-
hanical allodynia between sham, treated and untreated
roups for each injury paradigm. t tests were used to
etect differences in cytokine mRNA between injury and
reatment (10gf, 10gf�sTNF-R1), (chr, chr�sTNF-R1) and
10gf�chr, 10gf�chr�sTNF-R1), with separate tests for
he spinal cord and DRG. For all tests, significance was
efined at P � .05 (SYSTAT, Richmond, CA).

esults

ytokine Characterization Study
All proinflammatory cytokines probed in this study
ere detected in the ipsilateral DRG of all groups at 1
our. Sham procedures increased all 3 cytokines in the

psilateral DRG over normal levels, but none of these

able 1. Specific Primer Sequences
GENE PRIMER SEQUENCE

L-1� forward 5=-CACCTCTCAAGCAGAGCACAG-3=
reverse 5=-GGGTTCCATGGTGAAGTCAAC-3=

L-6 forward 5=-AAGTCGGAGGCTTAATTACATATGTTC-3=
reverse 5=-TGCCATTGCACAACTCTTTTCT-3=

NF� forward 5=-ATCATCTTCTCAAAACTCGAGTGACAA-3=
reverse 5=-CTGCTCCTCTGCTTGGT-3=

yclophilin
A

forward
reverse

5=-TATCTGCACTGCCAAGACTGAGTG-3=
5=-CTTCTTGCTGGTCTTGCCATTCC-3=
hanges were significant. IL-1� mRNA was significantly
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93Rothman et al
ncreased compared with normal for all injury groups
P � .003) (Fig 1A). All 3 types of injuries nearly doubled
L-6 mRNA in the DRG relative to sham, but only 10gf
isplayed significant increases over normal (P � .005) (Fig
B). Last, TNF-� mRNA expression in the ipsilateral DRG
as only increased after injury (Fig 1C). This increase was

ignificant compared with normal for all types of nerve
oot insult (P � .042). In addition, after 10gf�chr this
ncrease was significant over sham (P � .026). Expression
f each of these cytokines in the contralateral DRG was
nchanged compared with normal (data not shown).
As with the DRG response, sham increased spinal cyto-

ine mRNA at 1 hour for all cytokines probed, but not
ignificantly over normal (Fig 2). IL-1� was significantly
levated over sham for the 10gf and 10gf�chr groups
P � .024) and over normal for all 3 injuries (P � .005) (Fig
A). The trend was similar for IL-6 with all 3 injuries pro-
ucing elevated mRNA over sham and normal; yet in-
reases over sham and normal were only significant for

igure 1. Quantification of IL-1� (A), IL-6 (B), and TNF-� (C)
RNA expression in the ipsilateral DRG at 1 hour after sham,

0gf, chr, or 10gf�chr. *Significant difference from sham; #sig-
ificant difference from normal. At 1 hour after 10gf, chr, or
0gf�chr, IL-1� and TNF-� mRNA were both significantly in-
reased compared with normal (#P � .042). This increase was
lso significant compared with sham for TNF-� after 10gf�chr
*#P � .026). Error bars indicate 	SD.
0gf (P � .024) (Fig 2B). Spinal TNF-� mRNA levels were n
ignificantly greater than normal after both 10gf and
0gf�chr (P � .019), but the increase was not significant
or chr (Fig 2C).

NF-� Receptor Treatment Study
Mechanical allodynia was produced in the forepaws

fter all injuries (Fig 3). However, although ipsilateral
llodynia was increased over sham after chromic expo-
ure, this increase was only significant in the ipsilateral
orepaw for testing with the 4g von Frey filament (P �
046) (Fig 3). In addition, no significant decreases were

easured for treatment with sTNF-R1-PEG in the chr in-
ury paradigm (Fig 3). Ipsilateral allodynia at day 1 after
0gf was significantly greater than sham for stimulation
sing all von Frey filaments (P � .007) (Fig 3). In general,
reatment with the sTNF-R1 attenuated allodynia for the
ompression alone insult (10gf), but this was only signif-
cant for testing using the 1.4g von Frey filament (P �
005) (Fig 3). Administration of the sTNF-R1-PEG signifi-

igure 2. Quantification of spinal cord IL-1� (A), IL-6 (B), and
NF-� (C) mRNA expression at 1 hour after sham, 10gf, chr, or
0gf�chr. At 1 hour after 10gf, chr, or 10gf�chr, IL-1�, mRNA
as significantly increased compared with normal (#P � .005);

his increase was also significant over sham for 10gf and
0gf�chr (*#P � .001). TNF-� was also significantly increased
ompared with normal for 10gf and 10gf�chr (P � .019). IL-6
RNA were significantly increased after 10gf compared with

ormal and sham (*#P � .024). Error bars indicate 	SD.
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94 Cytokine mRNA Expression in Painful Radiculopathy
antly reduced ipsilateral mechanical allodynia when
iven with the 10gf�chr injury (P � .001, for all fila-
ents). For that injury, treatment reduced allodynia to

ham levels (Fig 3). Allodynia in the contralateral fore-
aw was also produced at day 1 but was lower than

psilateral allodynia (Fig 3). Contralateral allodynia in-
reases were significant over sham only for the 10gf�chr
njury (P � .014). The 10gf injury also displayed contralat-
ral increases in allodynia compared with sham, but this
as only significant for testing with the 4g von Frey fil-
ment (P � .011). Treatment with sTNF-R1 significantly
educed contralateral allodynia after 10gf�chr for all
hree filaments (P � .019) (Fig 3).
IL-1� and TNF-� mRNA levels were elevated over nor-
al and sham at day 1 in the ipsilateral DRG (Fig 4). This

ncrease was significant over sham only for the 10gf�chr
njury for IL-1� (P � .021). Application of sTNF-R1 in the
ompression only injury (10gf) did not alter the expres-
ion of the genes for IL-1�, IL-6, or TNF-� in the DRG. In

igure 3. Average mechanical allodynia in the ipsilateral and
ontralateral forepaws at day 1 for sham, 10gf, 10gf�sTNF-R1,
hr, chr�sTNF-R1, 10gf�chr, or 10gf�chr�sTNF-R1. Allodynia is
easured by the number of paw withdrawals for stimulation
ith each von Frey filament: (A) 1.4g, (B) 2g, and (C) 4g. *Sig-
ificant difference from sham values. Treatment with sTNF-R1
ignificantly decreased allodynia compared with nontreatment
esponses for 10gf and 10gf�chr for testing with the 1.4g (A)
lament. This trend was conserved across filaments for
0gf�chr injury (A, B, C). Error bars indicate 	SD.
ontrast, application of the TNF-receptor in the 10gf�chr b
roup significantly reduced cytokine mRNA in the ipsilat-
ral DRG for both IL-1� (P � .025) and TNF-� (P � .028)
Fig 4). Chromic exposure (chr) did not induce an increase
n the expression of any cytokine probed for either the
RG or spinal cord (data not shown). Probed cytokines

IL-1 �, IL-6, TNF-�) were unchanged in the contralateral
RG relative to normal levels for all groups (data not

hown).
Spinal cytokine mRNA at day 1 was variable across all

njury models and cytokines probed (Fig 5). There was no
ignificant difference in any cytokine relative to normal
r sham levels, for any group (Fig 5, A, B, and C). More-
ver, administration of the TNF- receptor reduced spinal
NF-� mRNA in the combined (10gf�chr) insult injury,
et this decrease was not significant (Fig 5C).

iscussion
A transient nerve root compression (10gf) alone is suf-
cient to produce immediate (1 hour) significant eleva-

igure 4. Quantification of cytokine gene expression in the
psilateral DRG at 1 day after injury either with or without
TNF-R1 treatment: IL-1� (A), IL-6 (B), and TNF-� (C). Treatment
ith sTNF-R1 significantly decreased IL-1� and TNF-� mRNA

ompared with their matched untreated groups (P � .028). Error

ars indicate 	SD.
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95Rothman et al
ions in gene transcription over sham of inflammatory
ytokines IL-1� and IL-6 in the ipsilateral spinal cord (P �
024) (Fig 2). With the addition of longer lasting inflam-

ation (10gf�chr), TNF-� is significantly elevated over
ham in the DRG at this same time point (P � .026); TNF-�
RNA remains elevated at 1 day in the DRG (Figs 1 and

). Because TNF-� exhibited the most consistent and sig-
ificant changes, especially after a combined compres-
ion and inflammatory injury (10gf�chr), the soluble TNF
eceptor-1 was administered at the injury site to saturate
nd competitively block TNF-� in vivo. Our results show
hat blocking the TNF-� pathway by local administration
f sTNF-R1 significantly reduces mechanical allodynia
nd mRNA for TNF-� and IL-1� in the ipsilateral DRG (Figs
and 4). In addition, TNF-� in the ipsilateral spinal cord

t day 1 in the 10gf�chr group is also reduced, albeit not
ignificantly (Fig 5). However, whereas administration of
he receptor is able to decrease allodynia produced by
ompression alone (Fig 3), cytokine mRNA in the DRG
nd spinal cord is unaltered in that model (Figs 4 and 5).
hese results suggest that the initiation of persistent al-
odynia which is produced by a transient mechanical
rauma to the nerve root in the cervical spine may be
egulated by the early response of proinflammatory cy-

igure 5. Quantification of relative levels of IL-1� (A), IL-6 (B),
nd TNF-� (C) mRNA expression in the ipsilateral spinal cord at 1
ay after 10gf or 10gf�chr, either with or without sTNF-R1
reatment. Treatment with sTNF-R1 decreased TNF-� mRNA
ompared with untreated rats. Error bars indicate 	SD.
okines in the DRG and spinal cord.36,50,58 j
Although many cytokines have been investigated in
everal rat models of neuropathy, their interactions and
ignaling in pain are still poorly defined, especially for
ransient injuries. The present findings suggest that early
pregulation of TNF-� transcription in the DRG, together
ith upregulation of genes for TNF-�, IL-1�, and IL-6 in

he spinal cord, may trigger downstream pain-related
ignaling cascades. Indeed, although no significant dif-
erences were noted between mRNA levels of different
njury groups, the proinflammatory cytokine responses
ere most robust after the combination of both com-
ression and application of inflammatory material
10gf�chr) (Figs 4 and 5). This is consistent with other
eports that this combined insult model has both greater
llodynia and more robust spinal glial activation than
hat produced for compression alone.47 For example, af-
er either 10gf or 10gf�chr, TNF-� is increased in the DRG
t 1 day; however for IL-1� this increase is present after
0gf�chr only (Figs 1 and 4). Although it appears that
he increase in IL-1� in the DRG after 10gf�chr is due to
NF-� signaling (Fig 4A), this corresponding decrease is
ot noted for 10gf alone, implying varying responses to
harmacologic treatment for different injury paradigms.
In the current study, only a slight increase in cytokine
RNA was noted after chr injury alone. This is in contrast

o previous studies that show cytokine protein and
RNA increases in models of inflammatory injury to the
RG or nerve root.38,57,65 However, those models of in-
ammatory pain utilize compounds such as Complete
reund’s adjuvant or zymosan which exhibit immediate
ffects, whereas chromic gut suture resorbs slower and
ver a longer timeframe.35 It is likely that the 1 hour and
day time points studied here may be too early to detect

he inflammatory effects produced from the chromic gut
uture alone. Indeed, previously published work from
ur lab indicates that astrocytic activation is present by
ay 7 but not day 1 after chromic exposure,47 further

mplying that inflammation from chromic gut sutures
ncreases over time.

Although allodynia can persist for 14 days after 10gf or
0gf�chr,47 it is necessary to probe early cytokine re-
ponses (both mRNA and protein) to fully define the
emporal and spatial relationship of these cytokines, as
hey relate to pain initiation and maintenance in cervical
adiculopathy. For example, mRNA levels in the spinal
ord for all of these cytokines exhibit positive, significant
orrelations with imposed injury strain for ligation with
ilk suture, indicating their spinal responses are sensitive
o the severity and type of injury.63 Further, inflamma-
ory cytokines are also upregulated locally in neuro-
athic pain.33 TNF-�, along with IL-1�, actively modulates
fferent activity of DRG neurons after inflammation; appli-
ation of either of these cytokines to the DRG can in-
rease the basal discharge, mechanosensitivity, and pe-
ipheral receptive fields of DRG A
 fibers in rats in a
ose-dependent manner.44 Nerve root injuries involving
oth mechanical and chemical components initiate
reater and longer-lasting symptoms of behavioral sen-
itivity.24,25,43,47 In these transient cervical nerve root in-

ury paradigms it is possible that proinflammatory cyto-
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96 Cytokine mRNA Expression in Painful Radiculopathy
ines have the similar effect in modulating afferent
ctivity of DRG neurons and enhancing mechanical allo-
ynia; further studies are necessary to explore the mech-
nism through which these inflammatory cytokines spe-
ifically relate to behavioral hypersensitivity.
Competitively blocking TNF-� signaling in models of

umbar nerve and nerve root injury attenuates behav-
oral hypersensitivity indicating a direct role for TNF-� in

ediating neuropathic pain.50,51,58 In the present study,
e tested the hypothesis that TNF-� mediates behavioral

ensitivity in cervical radiculopathy using administration
f sTNF-R1. The soluble TNF-R1 competitively blocks sol-
ble TNF-� preventing it from binding to its receptor.
he sTNF-R1 was chosen as it has a higher affinity and
pecificity to TNF-� than the sTNF-R2 (p75).59 Application
f sTNF-R1 after either 10gf or 10gf�chr significantly
ecreased ipsilateral forepaw withdrawals compared
ith matched untreated groups for testing with the 1.4g
lament (Fig 3). These results are in agreement with pre-
ious studies attenuating mechanical allodynia after spi-
al nerve ligation when sTNF-R1 treatment was given
reemptively.50,51,58 Our results imply that TNF-� signal-

ng in the acute period immediately after injury plays a
rucial role in the onset of pain. Previous studies have
lso demonstrated that sTNF-R1 treatment is ineffective
n abolishing existing allodynia.50,51,58 Taken together,
hese data indicate that TNF-� signaling is active imme-
iately after injury and causes the initiation of a pain
ascade. This is corroborated by studies reporting in-
reases in TNF-� protein in the spinal cord and DRG very
arly after nerve root injury.8,63 Although the present
tudy did not utilize a postinjury treatment paradigm for
TNF-R1, such a treatment after injury may not attenuate
llodynia since TNF-� increases early and other inflam-
atory cytokines and signaling molecules increase at

ater time points.1,33,63

The TNF-� signaling pathway is activated early in pain
nd plays a pivotal role in initiation of the proinflamma-
ory cytokine cascade in both the spinal cord and DRG.
NF-�, and other proinflammatory cytokines such as the
nterleukins, are upregulated at the site of trauma and in
he spinal cord in persistent pain.8,22,30,63 Data from our
wn lab indicate a significant increase in TNF-� protein in
he spinal cord at 1 hour after the 10gf�chr injury.27

ytokines directly sensitize neurons by binding to their
eceptors, which are expressed on neurons.36,37,40 In-
ammation and cytokine production can indirectly in-
uce the expression of many potent pain mediators such
s glutamate, nitric oxide, and prostaglandins in the CNS,
urther leading to spinal sensitization.4,12,31 TNF-� and
L-1� also act synergistically, producing greater inflam-

ation than either cytokine acting alone.36,55,61 In addi-
ion to directly sensitizing neurons, cytokines can have
ndirect effects on neurons by stimulating glial cells. Both
NF-� and IL-1� induce microglial and astrocytic reactiv-
ty both in vivo and in vitro.2,52 TNF-� is produced by
nfiltrating and resident activated macrophages and
chwann cells at the early stage of nerve and nerve root
njury, as well as by astrocytes and microglia at different

tages after injury.29,36,53 Glial cells are a likely source of c
NF-� in neuropathic pain, based on a transgenic mouse
odel of conditional expression of TNF-� in astrocytes
nder the GFAP promoter.9 Results from our lab also
how that spinal glial activation and mechanical allo-
ynia are increased when mechanical and chemical fac-
ors are combined at injury.47 Taken with results pre-
ented here, this could indicate a specific role for glial
ells in upregulating cytokine mRNA after mechanical
nd chemical nerve root injury.
Only TNF-� mRNA was significantly increased in the ipsi-

ateral DRG at 1 hour after any of the injuries studied. This
ay suggest that the insults of mechanical injury and chro-
ic gut suture elicit an early response of TNF-� in the DRG

s compared with IL-1� and IL-6. On the other hand, mRNA
esults in the ipsilateral spinal cord demonstrate different
ytokines were increased significantly at this same time
oint in either 10gf or 10gf�chr group, suggesting that the
ype of injury may encode a specific profile for gene expres-
ion of proinflammatory cytokines in the spinal cord. Other
spects of the inflammatory response, such as glial activa-
ion and macrophage infiltration, are also variably acti-
ated for different types of injuries. After spinal nerve in-
ury, macrophages infiltrate the endoneural blood vessels
djacent to the DRG, and can produce and release TNF-�
nd other proinflammatory cytokines.54 However, data
rom our lab demonstrate macrophage infiltration in the
orsal root and dorsal root ganglia at day 7 but not day 1
fter injury.29 Further, macrophage infiltration is common

n other models which demonstrate axonal degeneration
nd release of inflammatory cytokines.7,16,19,32 TNF-� and

L-1� mRNA induction have been reported to peak earlier
at day 3) than IL-6 mRNA (at day 7) in the DRG and spinal
ord after a painful chronic nerve constriction model, im-
lying that TNF-� and IL-1� have roles in initiating pain,
hile IL-6 may be responsible for its maintenance.33

Studies quantifying cytokine protein and release after
njury are important for defining a role for inflammatory
ytokines in mediating nerve root pain. Assays at later
ime points would provide further insight into mecha-
isms of persistent pain in this transient injury. In addi-
ion, assays probing dorsal and ventral horn inflamma-
ion separately would offer information on regional
atterns of cytokine changes. Further, defining the me-
hanical allodynia responses at the 1 hour time point
ould be valuable to place the cytokine mRNA changes

n the context of behavioral hypersensitivity. Yet, in the
urrent study such testing was not possible owing to the
eed to preserve the time period of 1 hour for tissue
arvest after injury. Although mechanical allodynia was
he only behavioral outcome probed for this injury
odel it provides a clinically relevant measure of behav-

oral hypersensitivity. Sustained sensitivity in the fore-
aw has been previously reported for this nerve root
ompression model18; patients with cervical nerve injury
an present with increased sensitivity to touch and heat
timuli extending from the spine into the forearms and
ngers in some cases.21

The current study indicates that mechanical compres-
ion of the cervical nerve root, both with and without

hemical irritation, initiates very early increases in local
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nd central cytokine mRNA. Administration of sTNF-R1
t the site and time of injury decreased cytokine mRNA
nd attenuated mechanical allodynia. These findings
uggest that TNF-� signaling mediates both downstream
ytokine increases and behavioral hypersensitivity in cer-
ical radiculopathy. Although inflammatory cytokine
RNA at day 1 was not decreased after 10gf�sTNF-R1,

his could be due to the fact that these cytokines dem-
nstrate only a transient increase in that model. Con-
ersely, after 10gf�chr, inflammatory cytokine mRNA re-
ains elevated at day 1. It may be possible that the

nflammatory component of the chromic gut material
ntroduced in the 10gf�chr injury dominates over the
echanical one present in either injury and that the u
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TNF-R1 was more active against the elements of the noci-
eptive cascade which are inflammatory-based than those
rom the mechanical component. Further studies outlining
hanges in cytokine protein and their specific cellular
ources are required to further elucidate inflammatory sig-
aling in cervical radiculopathy. Nonetheless, results pre-
ented here demonstrate both local and central inflamma-
ion after nerve root injury and provide evidence for a role
or TNF-� in cervical radiculopathy.
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