
Tumor Necrosis Factor-� Regulates Cyclin-dependent Kinase
5 Activity during Pain Signaling through Transcriptional
Activation of p35*

Received for publication, July 2, 2008, and in revised form, November 20, 2008 Published, JBC Papers in Press, December 2, 2008, DOI 10.1074/jbc.M805052200

Elias Utreras‡, Akira Futatsugi‡, Parvathi Rudrabhatla§, Jason Keller¶, Michael J. Iadarola¶, Harish C. Pant§,
and Ashok B. Kulkarni‡1

From the ‡Functional Genomics Section, Laboratory of Cell and Developmental Biology, and the ¶Neurobiology and Pain
Therapeutics Section, NIDCR, and the §Laboratory of Neurochemistry, NINDS, National Institutes of Health,
Bethesda, Maryland 20892

Cyclin-dependent kinase 5 (Cdk5) is a proline-directed ser-
ine/threonine kinase. We have previously reported that Cdk5
participates in the regulation of nociceptive signaling, and the
expression of Cdk5 and its activator, p35, are up-regulated in
nociceptive neurons during peripheral inflammation. The aim
of our current study was to identify the proinflammatory mole-
cules that regulate Cdk5/p35 activity in response to inflamma-
tion. We constructed a vector that contains the mouse p35 pro-
moter driving luciferase expression. We transiently transfected
this vector in PC12 cells to test the effect of several cytokines on
p35 transcriptional activity and Cdk5 activity. Our results indi-
cate that tumor necrosis factor-� (TNF-�) activates p35 pro-
moter activity in a dose- and time-dependent manner and con-
comitantly up-regulatesCdk5 activity. BecauseTNF-� is known
to activate ERK1/2, p38MAPK, JNK, andNF-�B signaling path-
ways, we examined their involvement in the activation of p35
promoter activity. MEK inhibitor, which inhibits ERK activa-
tion, decreased p35 promoter activity, whereas the inhibitors of
p38 MAPK, JNK, and NF-�� increased p35 promoter activity,
indicating that these pathways regulate p35 expression differ-
ently. The mRNA and protein levels of Egr-1, a transcription
factor, were increased by TNF-� treatment, and this increase
was dependent on ERK signaling. In a mouse model of inflam-
mation-induced pain in which carrageenan injection into the
hind paw causes hypersensitivity to heat stimuli, TNF-� mRNA
was increased at the site of injection. These findings suggest that
TNF-�-mediated regulation of Cdk5 activity plays an important
role in inflammation-induced pain signaling.

Cyclin-dependent kinase 5 (Cdk5)2 is a proline-directed ser-
ine/threonine kinase that belongs to the family of cyclin-de-

pendent protein kinases (1). Cdk5 kinase activity is predomi-
nantly found in postmitotic neurons (2, 3), where its activators,
p35 and p39, are predominantly expressed (2–4). We reported
earlier that cellular p35 level is the main limiting factor for the
Cdk5 kinase activity (5). Cdk5 phosphorylates a spectrum of
proteins, most of them associated with cell morphology, synap-
tic activity, neuronal survival, and apoptosis (1, 6). Amajority of
known substrates of Cdk5 are cytoskeletal elements, signaling
molecules, or regulatory proteins (6). Cdk5 is most abundant in
the nervous system, and it appears to be indispensable for neu-
ral development and function (7). The deregulation of Cdk5
activity has been implicated in neurodegenerative diseases of
the mammalian nervous system (1, 6, 8, 9). We have previously
reported that Cdk5 activity participates in the regulation of
nociceptive signaling (10). The expressions of Cdk5 and p35 as
well as Cdk5 kinase activity are increased in nociceptive pri-
mary afferent neurons during peripheral inflammation. In p35
knock-out mice (p35�/�) responses to a nociceptive heat stim-
ulus are attenuated, whereas in p35-overexpressing transgenic
mice, these responses are potentiated, indicating an important
role of Cdk5 in nociceptive process (10–13). Recently, we have
demonstrated that Cdk5-mediated phosphorylation of tran-
sient receptor potential vanilloid 1 (TRPV1) at threonine 407
can modulate agonist-induced calcium influx (14). TRPV1, a
ligand-gated cation channel highly expressed in small diameter
sensory neurons, is activated by heat, protons, and capsaicin.
The phosphorylation of TRPV1 provides a versatile regulation
of intracellular calcium levels, critical for its function in
responding to noxious stimuli (14).
Several cytokines are known to mediate chronic pain caused

by inflammation or sensory nerve damage (15). In animal mod-
els of inflammatory or neuropathic pain, the levels of interleu-
kin-6 (IL-6), interleukin-1� (IL-1�) and tumor necrosis fac-
tor-� (TNF-�) are elevated in the spinal cord and at the site of
injury (16–19). It has also been reported that the mRNA levels
of IL-6, IL-1�, and TNF-� were elevated in inflamed hind paw
of rats injected with intraplantar carrageenan (20). TNF-� is a
pro-inflammatory cytokine produced by astrocytes, microglia,
andneurons (21). TNF-� exerts its biological functions through
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the action of two main receptors, TNF receptors 1 and 2, and
both are expressed in dorsal root ganglia (DRG) (20). Through
these receptors, TNF-� can induce activation of the NF-�B
pathway (22) and MAPK pathways such as the extracellular
signal-regulated kinase 1/2 (ERK1/2), p38 MAPK, and c-Jun
N-terminal kinase (JNK) (23). Because activation of the ERK1/2
signaling pathway has been implicated in the regulation of
Cdk5 activity through induction of p35 protein expression (24–
26), we investigated the role of TNF-� in the regulation of
Cdk5/p35 expression. In the present study, we demonstrate
that p35 expression is increased through ERK1/2 and Egr-1
pathways. These findings suggest that during peripheral
inflammation, TNF-� induces Cdk5 kinase activity by increas-
ing the levels of p35, which can sensitize TRPV1-positive sen-
sory neurons.

EXPERIMENTAL PROCEDURES

Animals—Mice were maintained in a C57BL/6 � 129/SvJ
hybrid background and were housed with a 12 h light/dark
cycle and given water and food ad libitum. All of the animal
procedures were conducted in accordance with the National
Institutes of Health guidelines for the care and use of labo-
ratory animals. Inflammation was induced by injecting car-
rageenan Lambda type IV (Sigma). Carrageenan (4% in phos-
phate-buffered saline) was suspended by sonication in saline
and injected subcutaneously in a volume of 25 �l into the left
plantar hind paw by using an insulin syringe with a 28-gauge
needle. Contralateral right hind paws served as the controls.
The mice were euthanized by carbon dioxide inhalation at
24 h after carrageenan injection. The mid-central plantar
portion of the hind paw, which included both skin and
underlying muscle, was removed and processed for RNA
extraction. DRG from lumbar region L4 and L5 were
removed for RNA extraction.
Materials—Mouse recombinant TNF-�, leukemia inhibitory

factor (LIF), oncostatin M (OSM), IL-1�, interferon � (IFN-�),
histone H1, SP600125, and �-tubulin antibody were obtained
from Sigma. Human recombinant IL-6, PD98059, SB203580,
and NF-�B inhibitor were obtained from Calbiochem, and rat
recombinant � nerve growth factor was obtained from R & D
Systems (Minneapolis, MN). Protein quantification reagents
were obtained from Bio-Rad, and enhanced chemilumines-
cence reagents for Western blot analysis were purchased from
Thermo Scientific (Rockford, IL).
Antibodies—Antibodies to Cdk5, p35, and Egr-1 and second-

ary antibodies (HP-conjugated goat anti-mouse, anti-rabbit
antibodies) were obtained from Santa Cruz Biotechnology Inc.
(SantaCruz, CA).Antibodies to ERK1/2, phospho-ERK1/2, p38
MAPK, phospho-p38 MAPK, JNK, phospho-JNK, NF-�B p65,
and phospho-NF-�B p65 were obtained from Cell Signaling
Technology (Beverly, MA). Antibody to �-actin was obtained
from Chemicon (Temecula, CA).
Cell Culture—The PC12 cell line (derived from pheochro-

mocytoma of rat adrenal medulla) and Neuro-2a cell line
(derived from mouse neuroblastoma) were obtained from
American Type Culture Collection (Rockville, MD). PC12 and
Neuro-2a cells were cultured in Dulbecco’s modified Eagle’s

medium (Invitrogen) supplemented with 10% fetal bovine
serumplus 5%horse serum (Hyclone Laboratories, Logan, UT).
Preparation of the p35 Promoter-Luciferase Reporter

Plasmid—We constructed a p35 promoter-LUC vector by
inserting a 1,219-bp mouse p35 promoter into the pGL3
enhancer luciferase vector from Promega (Madison, WI).
Briefly, pBluescript II SK(�) p35 promoter vector (27) was
digested with XbaI and XhoI, and a 1,219-bp fragment contain-
ing the p35 promoter was cloned between the NheI and XhoI
sites of pGL3 enhanced vector.
Transient Transfection and Reporter Activity Assays—One

hour before transfection, medium with serum was replaced by
Dulbecco’s modified Eagle’s medium plus 0.1% bovine serum
albumin. Transfection of the reporter plasmid into PC12 cells
was done using FuGENE 6 transfection reagent (RocheApplied
Science). Five hundred nanograms (ng) of p35 promoter-LUC
and 250 ng of control vector Renilla luciferase expressed under
the constitutive promoter of thymidine kinase (RL-TK; Pro-
mega, Madison, WI) were cotransfected into �4 � 104 cells.
After the transfection, the cells were treatedwith either IL-6 (50
ng/ml), LIF (50 ng/ml), OSM (100 ng/ml), IL-1� (10 ng/ml),
INF-� (100 ng/ml), or TNF-� (50 ng/ml) for 24 h. The proteins
were extracted from the treated cells, and the luciferase activity
wasmeasuredwith a dual luciferase reporter assay system (Pro-
mega, Madison, WI), and the results were presented as the rel-
ative p35 promoter activity, which was calculated by dividing
the mean value of p35 promoter luciferase activity by the mean
value of Renilla luciferase activity. In the second set of experi-
ments, we treated PC12 cells with inhibitors of MAPKs
(PD98059, SB203580, and SP600125) or NF-�B inhibitor prior
to TNF-� treatment andmeasured luciferase activity 24 h after.
RNA Isolation and Real Time PCR—PC12 cells were grown

in 60-mmculture dishes andwere incubated for 0, 0.25, 0.5, 1, 2,
3, 6, 9, 15, or 24 h in serum-free medium with TNF-� (25
ng/ml). After discarding growth medium, total RNA was iso-
lated from the cells usingTRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. Following TURBO DNA-
free (Ambion, Austin, TX) digestion of total RNA sample, to
remove contaminated genomic DNA, oligo(dT) primed syn-
thesis of cDNA from 1 �g of total RNA was made using Super-
ScriptTM III reverse transcriptase (Invitrogen). For detection of
TNF-� mRNA, PCR was performed using the following prim-
ers: TNF-� sense (S): 5�-GATCTCAAAGACAACCCAACT
AGT-3� and TNF-� antisense (AS) 5�-CTC CAG CTG GAA
GACTCCTCCCAG-3�. The PCR consisted of 35 cycles of 30 s
each at 94 °C, 60 °C, and 72 °C. For detection of Egr-1, p35, and
Cdk5mRNAwe used real time PCR, and the following reaction
mixture was used for these PCR samples: 1xIQTM Sybr�Green
Super Mix (Bio-Rad), 100–200 nM of each primer and 1 �l of
cDNA. cDNA was amplified and analyzed in triplicate using
Opticon Monitor Chromo 4 (Bio-Rad). The following primers
were used to amplify andmeasure the amount ofmousemRNA
by real time reverse transcription-PCR: Egr-1 S: 5�-CCC TTC
CAG GGT CTG GAG AAC CGT-3�, Egr-1 AS: 5�-GGG GTA
CTTGCGCATGCGGCTGGG-3�, p35 S: 5�-GCCCTTCCT
GGT AGA GAG CTG-3�, p35 AS: 5�-GTG TGA AAT AGT
GTG GGT CGG C-3�, Cdk5 S: 5�-GGC TAA AAA CCG GGA
AAC TC-3� and Cdk5 AS: 5�-CCA TTG CAG CTG TCGAAA
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TA-3� (28). mRNA levels were standardized by using the fol-
lowing primers to GAPDH: GAPDH S: 5�-AAT GTG TCC
GTC GTG GAT CTG A-3� and GAPDH AS: 5�-GAT GCC
TGC TTC ACC ACC TTC T-3�.
RNA Interference Analysis—A chemically synthesized

siGENOME set of four duplex of small interference RNA
(siRNA) for rat Egr-1was obtained fromDharmacon, Inc. (Chi-
cago, IL). The pool contained four RNA duplexes, and their
sequences are as follows: 5�-UAA AGG CUC UUA AUA ACA
C-3�; 5�-CGA CAG CAG UCC CAU UUA C-3�; 5�-UGA CAU
CGCUCUGAAUAAC-3�; and 5�-CGAAUCUGCAUGCGU
AAUU-3�. Both negative and positiveGAPDHsiRNAduplexes
were also included in the assay (Dharmacon, Inc., Chicago, IL).
Delivery of siRNAs into PC12 cells was accomplished using
Dharmafect1 reagent (Dharmacon, Inc). Using a siRNA-neg-
ative control coupled to fluorescein isothiocyanate, we
determined by fluorescence a transfection efficiency of 65 �
8% (means � S.D.). As a positive control we used GAPDH
siRNA. This protocol knocked down GAPDH expression at

both mRNA and protein levels. At
20 h after transfection with Egr1
siRNA duplexes at concentration
of 100 nM each siRNA, the cultures
were treated with either 100 ng/ml
TNF-� or distilled water for 1, 3,
and 6 h. The cells were then used
for extraction of total RNA, and
analysis of mRNA expression for
Egr1 and p35 by real time PCR
were conducted as described
above.
Immunoblot Analysis—Tissue

homogenates were lysed in T-PER
buffer (Pierce) with protease inhibi-
tormixture tablets and phosphatase
inhibitormixture tablets PhosSTOP
(Roche Applied Science). Protein
concentration of the supernatant
was determined by using Bradford
Protein Assay (Bio-Rad). The pro-
teins were separated by 4–12%
SDS-PAGE gels and transferred to
nitrocellulose membranes (Invitro-
gen). The membranes were soaked
in a blocking buffer (5% nonfat dry
milk in phosphate-buffered saline
with 0.05% Tween 20 (PBST) for 1 h
at room temperature and then incu-
bated overnight at 4 °C with the
appropriate primary antibody
diluted in the blocking buffer. The
membranes were washed in PBST
and incubated for 1 h at room tem-
perature with the secondary anti-
bodies diluted in blocking buffer.
Immunoreactivity was detected by
SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo Scien-

tific). The membranes were stripped for 15 min at room tem-
perature with Re-blot Plus Strong Solution (Chemicon) and
retested with �-tubulin or �-actin antibodies to normalize for
protein loading. The optical densities of the bands were quan-
tified by using an image analysis systemwith Scion ImageAlpha
4.0.3.2 software (Scion Corporation, Frederick, MD).
Cdk5 Kinase Activity Assay—Cdk5 kinase activity was meas-

ured as described (10). In brief, 150 �g of protein from PC12 or
neuro-2a cells was dissolved in T-PER buffer and immunopre-
cipitated with anti-Cdk5 antibody (5 �g). Immunoprecipitated
proteins were washed in kinase buffer (20mMTris�HCl, pH 7.4,
10mMMgCl2, 1mM EDTA, 10�MNaF, and 1�MNa2VO3) and
mixed with kinase assay mixture (100 mM Tris�HCl, pH 7.4, 50
mM MgCl2, 5 mM EDTA, 50 �M NaF, 5 �M Na2VO3, and 5 mM
dithiothreitol), andHistoneH1 (1�g/�l) as a substrate, and the
kinase activity was quantified as described (10).
Hargreaves Test—Radiant heat from a focused projector

lamp was used to measure basal sensitivity to noxious thermal
stimulation. Each mouse was placed in an individual glass

FIGURE 1. TNF-� regulates p35 promoter activity. A, schematic representation of the p35 promoter-LUC
vector (6.2 kb). It consists of 1,219-bp of mouse p35 promoter driving luciferase firefly expression. B, PC12 cells
were transiently transfected with 0.5 and 0.25 �g of p35 promoter-LUC and Renilla luciferase, respectively.
After transfection, the cells were incubated with either 50 ng/ml of IL-6, 50 ng/ml of LIF, 100 ng/ml of OSM, 10
ng/ml of IL-1�, 100 ng/ml of IFN-�, 50 ng/ml of TNF-�, or medium alone (control) for 24 h, and relative p35
promoter activity was calculated by dividing the mean value of p35 promoter luciferase activity by the mean
value of Renilla luciferase activity. C, TNF-� treatment at different concentrations increased p35 promoter
activity in a dose-dependent manner at 24 h. D, TNF-� treatment (25 ng/ml) increased p35 promoter activity in
a time-dependent manner. All of the data are presented as the means and S.E. (n � 3–7). *, p � 0.01 (Bonfer-
roni’s test after ANOVA).
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chamber (12.5 � 12.5 � 12.5 cm) with transparent outer walls
to allow for experimental observation and a 3/16-inch-thick (1
inch � 2.54 cm) glass floor. The mice were acclimated for at
least 1 h before testing. The stimulus was a high intensity beam
(750 mA) from a projector lamp bulb aimed at the plantar sur-
face of the mid-hind paw of a mouse after habituation. Paw
withdrawal latency was tested to the nearest 0.1 s, and each
mouse was tested until the 15-s cut-off was reached.
Statistical Analysis—All of the experiments were performed

a minimum of three times. Statistical evaluation was done with
GraphPad Prism software, version 4.0 (GraphPad, San Diego,
CA). Significant differences between experiments were
assessed by univariate ANOVA (more than two groups) or
unpaired t test (two groups). ANOVA was followed by a t test
using a Bonferroni �-correction for multiple comparisons,
where � was set to 0.05.

RESULTS

TNF-�Regulates p35 Promoter Activity—Because the level of
p35 expression is the main limiting factor for Cdk5 activity (5),
we developed a cell-based assay to screen proinflammatory
molecules for their effects on p35 promoter activity. In brief, we
constructed a p35 promoter-LUC vector by cloning a 1,219-bp
fragment of mouse p35 promoter (27) into luciferase pGL3
enhancer vector (Fig. 1A).We used the rat pheochromocytoma
PC12 cell line for this study because several groups have
reported that it expresses receptors for a variety of cytokines
(29–32). PC12 cells, transiently cotransfected with p35 pro-
moter-LUC vector and RL-TK vector (control for transfection
efficiency), were treated with indicated cytokine for 24 h, and
then luciferase activity was measured. We found that of the
cytokines tested, TNF-� significantly increased p35 promoter
activity (Fig. 1B). TNF-� (50 ng/ml) treatment resulted in an
80% increase in the luciferase activity, whereas other cytokines
did not enhance the activity. IL-6, LIF, and OSM treatment
resulted in a slight inhibition of p35 promoter activity (Fig.
1B). Treatment with IFN-� or IL-1� did not have any obvi-
ous effect on p35 promoter activity (Fig. 1B). Subsequently,
we analyzed the effect of different concentrations of TNF-�
over p35 promoter activity and found that TNF-� increased
p35 promoter activity in a dose-dependent manner (Fig. 1C).
TNF-� treatment increased p35 promoter activity at a con-
centration of 5 ng/ml followed by a linear increase with
higher concentrations up to 100 ng/ml. At a concentration of
100 ng/ml, p35 promoter activity increased by 150% as com-
pared with the control. Next, we analyzed the time course of
the TNF-�-mediated increase of p35 promoter activity.
Transiently transfected PC12 cells treated with TNF-� (25
ng/ml) showed a time-dependent with increase in p35 pro-
moter activity (Fig. 1D). TNF-� treatment significantly
increased p35 promoter activity beginning at 6 h and reached
a peak at 24 h. Together, these results indicated that TNF-�
treatment strongly induced p35 promoter activity in PC12
cells in a dose- and time-dependent manner.
TNF-� Treatment Significantly Increases p35 Expression in

PC12 Cells—To further confirm that TNF-� activates p35 pro-
moter activity, we examined endogenous levels of p35 mRNA
and protein at different time points during treatment with

TNF-�. The level of p35 mRNA increased significantly within
3 h after TNF-� treatment and remained elevated until 24 h
(Fig. 2A). Subsequently, p35 protein levels increased signifi-
cantly at 12 and 24 h following TNF-� treatment (Fig. 2B). On

FIGURE 2. TNF-� treatment results in a significant increase in p35 expres-
sion. A, real time PCR analysis of p35 RNA levels normalized against GAPDH.
Total RNA was obtained from PC12 cells treated with TNF-� (25 ng/ml) for the
time indicated. After reverse transcription we carried out real time PCR with
specific primers for p35 and GAPDH. The bars are the means and S.E. of seven
independent experiments measured in triplicate. *, p � 0.01 (Bonferroni’s test
after ANOVA). B, Western blot analysis for p35 protein levels. PC12 cells were
treated with TNF-� (50 ng/ml) for the time indicated. Western blot analysis
indicated increase in p35 protein levels after treatment with TNF-�. �-actin
was used as a loading control. The results are quantified in the bar graphs
shown below B. The bars are the means and S.E. of three independent exper-
iments. *, p � 0.05 by using t test.
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the other hand, Cdk5 mRNA and
protein levels did not change signif-
icantly following TNF-� treatment
(data not shown).
TNF-� Treatment Increases Cdk5

Activity in PC12Cells—Because p35
protein levels regulate Cdk5 kinase
activity (5), we analyzedwhether the
TNF-�-mediated increase in p35
expression results in increased
Cdk5 activity. We immunoprecipi-
tated Cdk5 protein from control or
TNF-�-treated cells and then
assayed kinase activity by using his-
tone H1 as a substrate (10). In con-
trol cells, Cdk5 kinase activity
decreased slightly after serum dep-
rivation (Fig. 3A, left panel). In con-
trast, TNF-�-treated cells showed
an increased Cdk5 kinase activity
(Fig. 3A, right panel). Cdk5 activity
increased as early as 1 h after TNF-�
treatment and peaked at 24 h (Fig.
3B). We also found that Cdk5 activ-
ity increased in the Neuro-2a cell
line after TNF-� treatment (data
not shown). Together, these results
indicated that TNF-�-induced
expression of p35 resulted in
increased Cdk5 kinase activity.
TNF-�-mediated Activation of

ERK1/2, p38 MAPK, JNK, and
NF-�B Signaling Pathways Differen-
tially Regulates p35 Promoter
Activity—TNF-� is known to acti-
vate MAPK pathways, such as
ERK1/2, p38 MAPK, JNK, and
NF-�B pathways (22, 23, 33). We
examined the influence of these
pathways on TNF-�-mediated acti-
vation of p35 promoter activity. By
Western blot analysis, we observed
a rapid activation of ERK1/2, p38
MAPK, JNK, and NF-�B p65 path-
ways within 5–10 min following
TNF-� treatment of PC12 cells (Fig.
4). The activation of ERK1/2 was
sustained, whereas the activation of
p38 MAPK, JNK, and NF-�B p65
was transient. As reported earlier
(24) we also found that nerve
growth factor activated these path-
ways in PC12 cells (data not shown).
To confirm this further, prior to
TNF-� treatment we tested inhibi-
tors of these pathways in the PC12
cells. We tested MEK inhibitor
PD98059, an upstream regulator of

FIGURE 3. TNF-� treatment increases Cdk5 activity. A, PC12 cells were treated with TNF-� (50 ng/ml) for the
times indicated. The untreated PC12 cells served as controls. We immunoprecipitated Cdk5 with anti-Cdk5
antibody and assayed its kinase activity, using histone H1 as a substrate. B, quantification of the increase in
Cdk5 activity after TNF-� treatment in PC12 cells. The values are shown as the means and S.E. of four to seven
independent experiments. *, p � 0.05 by using t test.

FIGURE 4. TNF-� induced activation of ERK1/2, p38 MAPK, JNK, and NF-�B signaling pathways.
Western blot analysis for protein levels of phospho-ERK1/2, total ERK1/2, phospho-p38 MAPK,
total p38 MAPK, phospho-JNK, total JNK, phospho-p65, and total p65 in PC12 cells treated with TNF-� (100
ng/ml) for the times indicated. As seen, TNF-� treatment induced a rapid activation of all these
pathways.
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ERK1/2 (34); p38 MAPK inhibitor SB203580 (35); JNK inhibi-
tor SP600125 (36); and an NF-�B inhibitor (37). We found that
all of these inhibitors clearly attenuated the activation of these
pathways by TNF-� (data not shown). Next, we assayed the
effects of different concentrations of MAPK inhibitors and the
NF-�B inhibitor on p35 promoter activity in the presence or
absence of TNF-� in PC12 cells transiently transfected with
p35-LUC and RL-TK vectors. MEK inhibitor PD98059
decreased basal p35 promoter activity significantly at 30 and 60
�M (Fig. 5A, left panel) in the absence of TNF-�. In the presence
of PD98059 (30 �M) plus TNF-� (50 ng/ml), we observed an
85% reduction in p35 promoter activity as compared with
TNF-� treatment alone (Fig. 5A, right panel). This indicated
that ERK1/2 positively regulated p35 promoter activity. On the
other hand, p38 MAPK inhibitor SB203580 (1, 10, and 20 �M),
JNK inhibitor SP600125 (10, 20, and 40 �M), and the NF-�B
inhibitor (0.02, 0.2, and 1 �M) increased basal p35 promoter
activity (Fig. 5, B–D), and this activity increased several fold in
the presence of TNF-� (50 ng/ml) plus SB203580 (20 �M), or
SP600125 (20 �M), or NF-�B inhibitor (0.2 �M) as compared
with TNF-� treatment alone (Fig. 5,B–D, right panels), indicat-
ing that p38 MAPK, JNK, and NF-�B pathways negatively reg-
ulate p35 promoter activity.
TNF-� Treatment Increases Egr-1 mRNA and Protein

Levels—Because the p35 promoter region contains several
putative sequence elements, including the binding site for tran-
scription factor Egr-1 (also known as NGFI-A, Zif268, and
Krox24, (27)), we investigated the time course of Egr-1 expres-
sion after TNF-� treatment. First, we measured the Egr-1
mRNA levels by real time PCR after TNF-� treatment. Egr-1
mRNA levels increased within 30 min, reached a plateau at 45
min, and decreased to a basal level at 6 h (Fig. 6A). In addition,
the Egr-1 protein levels increased after 30min followingTNF-�
treatment and remained high until 6 h (Fig. 6B). Because it was
reported earlier that the Egr-1 promoter region contains a
serum response element, and expression of Egr-1 is regu-
lated by the ERK1/2 pathway (38), we examined the effects of
PD98059 (30 �M) on Egr-1 mRNA levels in PC12 cells
treated with TNF-� (25 ng/ml). Preincubation of transfected
PC12 cells with PD98059 1 h before TNF-� stimulation
blocked the increase in Egr-1 mRNA levels (Fig. 6C), indicat-
ing that TNF-� induces Egr-1 expression through the
ERK1/2 pathway.
Depletion of Endogenous Egr-1 by RNA InterferenceDecreases

p35 Expression—We have provided evidence that TNF-�-in-
duced Egr-1 activity is associated with increased p35 promoter
activity, induction of p35 transcripts, and increasedCdk5 activ-
ity. To confirm whether Egr-1 is essential for TNF-�-induced
p35 expression, we employed siRNA-mediated gene silencing

FIGURE 5. TNF-�-dependent activation of ERK1/2, p38 MAPK, JNK, and
NF-�B pathways differently regulates p35 promoter activity. A, relative
p35 promoter activity was measured in PC12 cells incubated with different
concentrations of MEK inhibitor PD98059 (panel left) or with PD98059 (30 �M)

plus TNF-� (50 ng/ml) (panel right). B, relative p35 promoter activity was
measured in PC12 cells treated with different concentrations of p38 MAPK
inhibitor SB203580 (left panel) or with SB203580 (20 �M) plus TNF-� (50
ng/ml) (right panel). C, relative p35 promoter activity was measured in PC12
cells treated with different concentrations of JNK inhibitor SP600125 (left
panel) or SP6000125 (10 �M) plus TNF-� (50 ng/ml) (right panel). D, relative
p35 promoter activity was measured in PC12 cells treated with different con-
centrations of NF-�B inhibitor (left panel) or NF-�B inhibitor (0.2 �M) plus
TNF-� (50 ng/ml) (right panel). All of the data are presented as the means and
S.E. (n � 3–7). *, p � 0.05 by using t test.
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to knockdown Egr-1 levels in PC12 cells. We used a chemically
synthesized siGENOME set of four duplexes of siRNA for rat
Egr-1. The siRNA pool included four siRNA duplexes to max-
imize their silencing efficiency. Using Dharmafect 1 reagent we

successfully delivered the siRNA
duplexes into PC12 cells with a
transfection efficiency of 65 � 8%
(mean � S.D.) as determined using
a fluorescein isothiocyanate-labeled
negative siRNA duplex. This proto-
col also decreased the expression of
GAPDH at both the mRNA (84%)
and protein levels (55%) (data not
shown) in cell transfected with
GAPDH siRNA duplex. The Egr-1
mRNA levels increased about
10-fold after 1 h of TNF-� treat-
ment (p � 0.01), but this effect was
reduced in cells transfected with
1.35, 2.7, and 5.4 �g of all four Egr-1
siRNA prior to TNF-� treatment
(Fig. 7A). This effect was specific for
Egr-1 siRNA because nonspecific
siRNA (negative siRNA) did not
inhibit increased in Egr-1 mRNA
levels following TNF-� treatment
(Fig. 7A). The reduction of Egr-1
expression was accompanied by a
decrease in endogenous p35 mRNA
levels. TNF-� treatment (3 h)
increased p35 mRNA levels (p �
0.01), whereas their levels were sig-
nificantly decreased in PC12 cells
transfected with Egr-1 siRNA and
treated with TNF-� (Fig. 7B). Simi-
larly, p35 mRNA levels increased
after 6 h of TNF-� treatment, and
this effect was blocked by Egr-1
siRNA (data not shown). These
results indicate that Egr-1 activation
is specifically essential for induction
of p35 expression in response to
TNF-�.
In Vivo Carrageenan-induced

Inflammation Increases TNF-�,
Egr-1, and p35 mRNA Expression—
To extend our in vitro experiments
to an animal model, we inflamed
mouse hind paws unilaterally
using intraplantar carrageenan
injection and then tested paw
withdrawal latency from a noxious
heat stimulus prior to and 24 h
post-injection. As expected, we
observed reduced paw withdrawal
latencies (i.e. faster withdrawal,
hyperalgesia) in inflamed paws
compared with the same paws

before injection (Fig. 8A). Next we harvested plantar skin
and muscle from the inflamed and uninjected (control) paws
and measured TNF-� mRNA expression levels. We found
that TNF-� mRNA levels were four times higher in inflamed

FIGURE 6. TNF-� increases Egr-1 mRNA and protein levels. A, Real time PCR analysis of Egr-1 RNA levels
normalized against GAPDH. Total RNA was obtained from PC12 cells treated with TNF-� (25 ng/ml) for the
indicated time. After reverse transcription, we carried out real time PCR with specific primers for Egr-1 and
GAPDH. The bars are the means and S.E. of three independent experiments measured in triplicate. *, p �
0.05 by using t test. B, Western blot analysis for Egr-1. PC12 cells were treated with TNF-� (50 ng/ml) for the
time indicated. Western blot analysis showed Egr-1 protein levels were increased after treatment with
TNF-�. �-tubulin was used as a loading control. C, PC12 cells were treated with 50 ng/ml TNF-� or with 30
�M PD98059 for 1 h before treatment with TNF-� (50 ng/ml) for 0, 1, 2, and 3 h. Total RNA was isolated and
subjected to reverse transcription and real time PCR for Egr-1 and GAPDH. The bars are the means and S.E.
of three independent experiments measured in triplicate. *, p � 0.05 (Bonferroni’s test after ANOVA).
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paws as compared with control paws (Fig. 8B). Then we sep-
arately collected L4-L5 DRGs from the inflamed and control
sides and measured Egr-1 and p35 mRNA expression levels.
We found that Egr-1 mRNA levels (Fig. 8C) and p35 mRNA
levels (Fig. 8D) were elevated in DRGs from inflamed side

more than five times compared with DRG from the control
side. Together with our previous report, in which carrag-
eenan-induced inflammation increased Cdk5 activity in
DRGs (10), these results suggest that TNF-� regulates an
increase in Cdk5 activity during inflammation-induced pain
through induction of Egr-1 and p35 expression.

DISCUSSION

Cdk5 was recently shown to be a key regulator in inflam-
mation-induced pain signaling (10–14). We identified its
direct involvement in phosphorylation of the TRPV1 recep-
tor, which possibly regulates influx of calcium ions in heat-
sensitive neurons during nociceptive signaling (14). Because
of these findings and other recent reports, Cdk5 is now con-
sidered as a potential target for developing new analgesics
(10–14, 39, 40). However, it is still unclear how Cdk5 activity
is regulated during inflammation-induced pain signaling. It
is not clear which modulators that are triggered by inflam-
mation affect Cdk5 activity. To address these questions in
the present study, we focused on the regulation of p35
expression, which is a limiting factor for Cdk5 kinase activity
(5). We analyzed a group of cytokines for their effects on p35
promoter activity and found that TNF-� is a major regulator
of p35 expression and subsequently of Cdk5 activity. Fur-
thermore, we also investigated the mechanism underlying
the stimulation of the p35 promoter by TNF-�. We demon-
strate that through activation of the ERK1/2 pathway,
TNF-� induces sustained and robust expression of p35 in
PC12 cells, thereby increasing Cdk5 kinase activity. The acti-
vation of ERK1/2 by TNF-� leads to an increase of Egr-1
expression and subsequent elevation of p35 expression.
During inflammation or neuropathic pain, proinflamma-

tory cytokines are released by activated immune cells (15,
41). In damaged peripheral nerves, as in other tissues, mac-
rophages are recruited by chemotactic molecules and release
many proinflammatory cytokines, including IL-1�, IL-6, and
TNF-� among others (15–19, 41). Both mRNA and protein
levels of these cytokines were elevated in the inflamed hind
paw of rats injected with carrageenan (20), and we found that
TNF-� mRNA levels were also elevated in the hind paws of
mice injected with carrageenan. Interestingly, we also noted
increased levels of Cdk5 and p35 proteins, and enhanced
Cdk5 activity in the spinal cord, DRG, and trigeminal ganglia
from rats injected with carrageenan in hind paws (10). To
examine which cytokine regulates Cdk5 activity, we devel-
oped a cell-based assay and identified that TNF-� activates
p35 promoter activity in a dose- and time-dependent man-
ner. We also found that treatment of transfected PC12 cells
with IL-6, LIF, or OSM resulted in slight inhibition of p35
promoter activity. We did not observe any significant effect
on p35 promoter activity following treatment of PC12 cells
with IFN-� or IL-1�. Our findings on the effects of these
cytokines on transcriptional activation of p35 differ from
previous reports in which IL-6 was found to affect p35 pro-
tein levels in hippocampal neurons, and IFN-� increased p35
protein levels in neuroblastoma Paju cells (25, 26). These
disparities could be due to differences in the cell type and
assay system used in these studies.

FIGURE 7. siRNA-mediated knockdown of Egr-1 levels reduces TNF-�-in-
duced p35 mRNA expression. A, real time PCR analysis of Egr-1 RNA levels nor-
malized against GAPDH. Total RNA was obtained from PC12 cells transfected
with a pool of four Egr-1 siRNAs at different concentrations (1.35, 2.7, and 5.4 �g)
or with negative control siRNA. The cells were treated after 24 h with TNF-� (100
ng/ml) for 1 h. After reverse transcription, we carried out real time PCR with spe-
cific primers for Egr-1 and GAPDH. The bars are the means and S.E. of three to
eight independent experiments measured in triplicate. *, mean control com-
pared with all bars (p � 0.01); #, mean TNF-� compared with TNF-� plus EGR-1
siRNA (p � 0.05) (Bonferroni’s test after ANOVA). B, real time PCR analysis of p35
transcription levels normalized against GAPDH. Total RNA was obtained from
PC12 cells transfected for 24 h with a pool of four Egr-1 siRNAs and treated for 3 h
with TNF-� (100 ng/ml), and after reverse transcription, real time PCR with spe-
cific primers for p35 and GAPDH were conducted. The bars are the means and S.E.
of seven independent experiments measured in triplicate. *, statistically signifi-
cant difference between control and TNF-�-treated group (p � 0.01); #, statisti-
cally significant difference between TNF-�-treated group compared with TNF-�
plus EGR-1 siRNA-treated group (p � 0.05) (Bonferroni’s test after ANOVA).
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TNF-� regulatesMAPKs andNF-�B signaling pathways in
cell lines and primary neuronal cultures (23, 31, 33, 42–44).
In this report we show that TNF-� induces activation of
ERK1/2, p38 MAPK, JNK, and NF-�B signaling pathways in
PC12 cells. ERK1/2 activation by TNF-� resulted in the
induction of Egr-1, a transcription factor that binds to the
promoter region of p35 and induces p35 expression. In addi-
tion, the increase in p35 expression in response to Egr-1
induction is consistent with previous findings that suggest
involvement of ERK1/2 in regulation of Cdk5 pathways (22–
24). It is also reported that p35/p25 protein levels and Cdk5
activity are reduced in Egr-1 knock-out mouse brains (45).
These observations coincide well with our results that
TNF-� induces an increase in p35 and Egr-1, and this
increase is inhibited by PD98059. Most importantly, when
we knocked down Egr-1 mRNA levels with a pool of 4 Egr-
1-specific siRNA, TNF-� treatment did not result in
increased levels of Egr-1 and p35 mRNA. Additionally, we
showed that TNF-� treatment induced activation of p38
MAPK, JNK, and NF-�B signaling pathways in PC12 cells. In
contrast to the ERK1/2 pathway, treatment with an inhibitor
of the p38 MAPK pathway (SB203580), an inhibitor of JNK
(SP600125), or an NF-�B inhibitor increased p35 promoter
activity, suggesting a suppressive role for these pathways
over p35 promoter activity. We speculate that the activation

of these pathways might induce an unknown repressor for
the p35 promoter or suppress the expression or activity of
Egr-1. Thus, although TNF-� is able to modulate several
signaling pathways, resulting in either positive or negative
regulation, the cumulative result is a significant increase in

FIGURE 8. Carrageenan-induced inflammation in mice increases
TNF-�, Egr-1, and p35 mRNA levels. A, inflammation was induced by
injecting carrageenan into the left hind paw of wild-type mice and the
latency of paw withdrawal was measured before and 24 h after-injection
with carrageenan. Carrageenan-induced inflammation increased mRNA
levels of TNF-� in the inflamed paw (B), and Egr-1 (C), and p35 (D) mRNA
levels in DRGs from the left side (inflamed) as compared with those from
the control right side. All of the data are presented as the means and S.E. *,
p � 0.05 by using t test.

FIGURE 9. Proposed TNF-�-mediated regulation of p35 expression and
Cdk5 activity. During inflammation, TNF-� is released from immune cells
recruited at the site of the injury. TNF-� binds to its receptor and activates
MAPKs (ERK1/2, p38 MAPK, and JNK) and NF-�B signaling pathways. TNF-�-
mediated ERK1/2 activation increases both Egr-1 mRNA and protein levels
and, subsequently, p35 mRNA and protein levels. On the other hand, the
activation of p38 MAPK, JNK, and NF-�B pathways inhibits p35 promoter
activity. Thus, although TNF-� is able to modulate several signaling pathways,
resulting in either positive or negative regulation, the end result is a signifi-
cant increase in p35 promoter activity with a concomitant increase in Cdk5
activity.
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p35 promoter activity with a subsequent increase in Cdk5
activity (Fig. 9). Most importantly, the MEK-ERK1/2-Egr-1
pathway seems to be the predominant pathway by which
TNF-� activates the p35 promoter.
TNF-� is known to be released after induction of inflamma-

tion (19, 20). Carrageenan-induced inflammation in the hind
paws of mice was accompanied by an early increase in TNF-�
and subsequent increase in paw volume because of edema,
resulting in mechanical allodynia (17, 43) and thermal hyperal-
gesia. Paw volume and associated mechanical allodynia were
significantly decreased following carrageenan injections to
TNF receptor 1 knock-out mice or to the wild-type mice pre-
treated with either TNF-� antibody or with the inhibitor of
TNF-� synthesis (46). Furthermore, mechanical allodynia was
significantly enhanced in TNF-�-overexpressing transgenic
mice compared with that of the wild-type mice, suggesting an
important role for TNF-� in the pathogenesis of neuropathic
pain (47). All of these observations point toward a key role for
TNF-� in pain signaling during inflammation. In conclusion,
we have shown that TNF-� can regulate Cdk5 activity, and this
effect is mediated by MAPKs through subsequent activation of
Egr-1 and p35 expression. Because TNF-� released from
inflamed tissue could regulate Cdk5 activity, inhibiting TNF-�
activity or its effect on p35 expression may serve as a novel
therapeutic strategy for the prevention and treatment of neu-
ropathic pain. High throughput screening of potential tran-
scriptional regulators of p35 expression using our cell-based
assaywill accelerate identifications of new class of analgesics for
treatment of neuropathic pain.
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