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Bradykinin Enhances AMPA and NMDA Receptor Activity in
Spinal Cord Dorsal Horn Neurons by Activating Multiple
Kinases to Produce Pain Hypersensitivity
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Bradykinin potentiates synaptic glutamate release and action in the spinal cord via presynaptic and postsynaptic B2 receptors, contrib-
uting thereby to activity-dependent central sensitization and pain hypersensitivity (Wang et al., 2005). We have now examined the
signaling pathways that are responsible for the postsynaptic modulatory actions of bradykinin on glutamatergic action and transmission
in superficial dorsal horn neurons. B2 receptors are coexpressed in dorsal horn neurons with protein kinase A (PKA) and the � isoform of
protein kinase C (PKC), and we find that the augmentation by bradykinin of AMPA and NMDA receptor-mediated currents in lamina II
neurons requires coactivation of both PKC and PKA. The activation of PKA is downstream of COX1 (cyclooxygenase-1). Extracellular
signal-regulated kinase (ERK) activation is involved after the PKC and PKA coactivation, and intrathecal administration of bradykinin
induces a thermal hyperalgesia in vivo, which is reduced by inhibition of ERK, PKA, and PKC. We conclude that bradykinin, by activating
multiple kinases in dorsal horn neurons, potentiates glutamatergic synaptic transmission to produce pain hypersensitivity.
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Introduction
The sensory inflow carried by nociceptors induces an activity-
dependent increase in synaptic efficacy in dorsal horn neurons,
central sensitization, which contributes to pain hypersensitivity
(Woolf, 1983; Cook et al., 1987; Simone et al., 1991). Central
sensitization results from alterations in ionotropic NMDA and
AMPA glutamate receptors that are attributable both to the traf-
ficking of intracytoplasmic receptors to the membrane and to
phosphorylation-mediated alterations in receptor/ion channel
function (Woolf and Salter, 2000). Multiple factors acting pre-
synaptically and postsynaptically can induce central sensitiza-
tion. These include glutamate itself acting on NMDA, mGluR,
and AMPA receptors; substance P acting on NK1 receptors;
BDNF acting on TrkB receptors; and PGE2 acting on EP receptors
(Ji et al., 2003). These ligand-gated ion channels, GPCRs, and
receptor tyrosine kinases activate intracellular signaling pathways
in dorsal horn neurons that include PKC, CaM kinase, Src, and
ERK, to increase synaptic efficacy and produce homosynaptic

and heterosynaptic facilitation (Ji et al., 1999, 2003; Kawasaki et
al., 2004).

Bradykinin (BK), a peripherally acting inflammatory media-
tor that has a major role in producing peripheral sensitization in
response to peripheral inflammation (Couture et al., 2001; Wang
et al., 2006), also plays a role in pain transmission in the CNS
(Chapman and Dickenson, 1992; Ferreira et al., 2002; Wang et al.,
2005). In a previous study, we demonstrated that the B2 receptor,
for which bradykinin is the natural ligand, is expressed by dorsal
root ganglion and dorsal horn neurons and that B2-selective ago-
nists potentiate glutamatergic synaptic transmission by increas-
ing glutamate’s release and postsynaptic actions (Wang et al.,
2005). We found, moreover, that activity-dependent central sen-
sitization and pain hypersensitivity are significantly diminished
by intrathecal delivery of a B2 antagonist and in B2 receptor
knock-out mice.

What signaling mechanisms in dorsal horn neurons may un-
derlie the postsynaptic enhancement of AMPA and NMDA
receptor-mediated currents by bradykinin to enhance pain sen-
sitivity? B2 receptors act mainly through G�q and to a more lim-
ited extent also G�i (Prado et al., 2002). G�q coupling stimulates
phospholipase C� (PLC�) and phospholipase A2 (PLA2) (Prado
et al., 2002). PLC� activates PKC via diacyl glycerol (DAG) and
microsomal Ca 2� release. PLA2 triggers the release of arachi-
donic acid, which when converted by cyclooxygenases (Cox) and
prostaglandin synthases to PGE2, can, via EP GPCR receptors,
activate PKA (Smith et al., 2000). PKA and PKC, by directly or
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indirectly phosphorylating NMDA or AMPA receptor subunits
(Yu et al., 1997; Esteban et al., 2003), alter their trafficking to the
membrane and kinetic properties (voltage-dependent block,
channel open time, burst behavior), increasing synaptic efficacy
(Carroll and Zukin, 2002; Song and Huganir, 2002). In this study,
we have examined the signaling mechanisms responsible for bra-
dykinin’s central effects on dorsal horn neurons and show that
the kinin appears to require coactivation of PKA and PKC fol-
lowed by ERK activation to augment glutamate responsiveness.

Materials and Methods
Spinal cord slice preparation and whole-cell patch-clamp recording. Trans-
verse lumbar spinal cord slices (�600 �m) with an attached dorsal root
were prepared from terminally anesthetized adult (5– 8 weeks) Sprague
Dawley rats (Charles River Laboratories, Wilmington, MA) with a vi-
brating microslicer (DTK 1500; Dosaka, Kyoto, Japan) and perfused in
oxygen-bubbled Krebs’ solution (in mM: 117 NaCl, 3.6 KCl, 2.5 CaCl2,
1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and 11.5 D-glucose) at 35°C for
blind whole-cell patch-clamp recordings. Resistances of the patch pi-
pettes were typically 4 M�. The pipette solution contained (in mM) 135
K-gluconate, 0.5 CaCl2, 2 MgCl2, 5 KCl, 5 EGTA, 5 HEPES, 5 D-glucose,
5 ATP-Mg salt, and 5 QX-314. Currents were filtered at 2 kHz and digi-
tized at 5 kHz using the Axopatch 200A (Molecular Devices, Sunnyvale,
CA) and analyzed by pCLAMP8.1 (Molecular Devices). Holding poten-
tial was �70 mV for AMPA and �40 mV for NMDA currents. TTX (0.5
�M) was presented in the bath solution, except for recording evoked
EPSCs (eEPSCs). Dorsal root stimulation sufficient to recruit A�- and
C-fibers was delivered with a suction electrode (Kohno et al., 2003)
linked to a constant current stimulator (Digitimer, Welwyn Garden City,
UK). Monosynaptic evoked EPSCs were studied in the presence of 20 �M

bicuculline, 2 �M strychnine, and 50 �M APV. Neurons were selected
with either a monosynaptic A� or C input. Ro-31-8425, H-89, phorbol-
12-myristate-13-acetate (PMA), PKCI 19-31, Y-27632, PD 98059,
U0126, and SB 202474 were obtained from EMD Biosciences (San Diego,
CA), SC-560 was a gift from Pfizer (New York, NY), and all other drugs
were purchased from Sigma (St. Louis, MO).

Drugs were applied by superfusion without an alteration of the perfu-
sion rate and temperature.

In situ hybridization and immunohistochemistry. Animals were per-
fused with saline followed by 4% paraformaldehyde in 0.1 M PB, pH
7.4 (4°C), and the L4 –L5 spinal cord and dorsal root ganglia (DRGs)
were removed, postfixed for 2 h, and placed in PBS with 20% sucrose.
An 1100 bp B2 PCR fragment was subcloned into pCRII vector (In-
vitrogen, Carlsbad, CA), and digoxigenin (DIG)-UTP-labeled sense
or antisense cRNA probes generated using T7/SP6 RNA polymerase
(Roche, Indianapolis, IN). Sections (10 �m) were acetylated (0.25%
acetic anhydride; 10 min), prehybridized for 1 h at room temperature,
incubated in hybridization buffer overnight at 55°C, washed in SSC
(5�, 0.2�, and 0.1�), blocked with 2% goat serum, and incubated at
4°C with peroxidase (1:50; Roche)-conjugated anti-DIG antibodies
for overnight. Signals were enhanced by the TSA biotin system
(PerkinElmer, Waltham, MA) and visualized with FITC-conjugated
anti-biotin (PerkinElmer). After visualization of TSA signals, sections
were incubated with primary antibody for anti-PKA (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA), anti-PKC� (1: 5000; Santa
Cruz Biotechnology), and anti-PKC� (1:1000; Santa Cruz Biotech-
nology) at 4°C overnight. Sections were washed and then incubated
with rhodamine-conjugated secondary antibody (1:100; Millipore
Bioscience Research Reagents, Temecula, CA) for 2 h at room tem-
perature. Images for double staining were acquired by confocal laser-
scanning microscopy (Axiovert 200; Zeiss, Thornwood, NY).

Western blotting. Transverse adult rat spinal cord slices (700 �m) were
incubated with oxygen-bubbled Krebs’ solution (35°C for 4 h), followed
by 10 �M bradykinin treatment for 3 min and then a 5 or 10 min wash.
Dorsal horn tissue was homogenized in lysis buffer, separated on 4 –15%
polyacrylamide gels, and transferred to nitrocellulose membranes (Im-
mobilon-P; Millipore, Billerica, MA). The blots were incubated over-
night at 4°C with anti-pERK1/2 antibody (1:1000; New England Biolabs,

Ipswich, MA) and probed with horseradish peroxidase-conjugated sec-
ondary antibodies using the enhanced chemiluminescence system
(PerkinElmer). After stripping, the blots were reprobed with anti-ERK
antibody (1:1000; New England Biolabs).

Behavior. The PKA inhibitor H-89, the PKC inhibitor Ro-31-8425,
and the MEK inhibitor U0126, all at 1.5 �g, or vehicle (10% DMSO) were
delivered into the cerebral spinal fluid space between the L5 and L6
vertebrae via a spinal cord puncture, made by a 30 ga needle. Before
puncture, the head of rats was covered by a piece of cloth. Twenty mi-
croliters of solution were injected with a microsyringe. Inside the syringe,
10 �l of inhibitor (1.5 �g) and 10 �l of bradykinin (2 �g) were separated
by a small air bubble. A successful spinal puncture was confirmed by a
brisk tail flick after the needle entry into subarachnoid space. Animals
were put in plastic boxes and habituated to the testing environment
before baseline testing. Rat paw withdrawal latency was measured using
Hargreave’s radiant heat test and adjusted to 9 –11 s for baselines. After
drug treatment, the paw withdrawal latency values were expressed as
percentages of baselines.

Data analysis. Data are expressed as mean � SEM. Peak AMPA and
NMDA currents were measured before and after each treatment and
expressed as (posttreatment/pretreatment � 1) � 100 (as percentages).
Student’s t test, one-way ANOVA, and two-way ANOVA repeated mea-
surement followed by post hoc test [SigmaStat (Systat Software, San Jose,
CA) and SAS (SAS Institute, Cary, NC)] were used where appropriate.

Results
Activation of PKC and PKA contributes to the bradykinin-
mediated potentiation of AMPA and NMDA currents in the
dorsal horn
Lamina II neurons were recorded by whole-cell patch clamp in
isolated adult rat spinal cord slices with an attached dorsal root.
As reported before, 3 min of preincubation with bradykinin (10
�M) significantly potentiated the inward currents elicited by bath
administration of either AMPA (10 �M for 30 s, at �70 mV) or
NMDA (50 �M, at �40 mV) (�40%), with recovery at 10 min
(Figs. 1a,b, 2). Bradykinin also potentiated the monosynaptic
AMPA receptor-mediated EPSCs (eEPSCs) evoked by A�- and
C-fiber stimulation of the dorsal root (�30%) (Figs. 1c,d, 3) with
onset at 2 min, peak change at 4 –5 min, and recovery by 8 –10
min (Wang et al., 2005).

To study which signaling pathways are responsible for the
bradykinin-mediated postsynaptic potentiation of AMPA and
NMDA currents in the superficial dorsal horn, we used specific
kinase inhibitors. Bath application independently of either the
PKC inhibitor Ro-31-8425 (1 �M) or the PKA inhibitor H-89 (1
�M), administered 3–5 min before the BK, blocked the potentia-
tion of both the AMPA- and NMDA-evoked currents by brady-
kinin (Fig. 2).

These effects were replicated by adding into the recording
pipette either PKC or PKA peptide inhibitors (5 �M PKCI 19-31
and 5 �M PKAI 6-22) (Fig. 2), indicating that the potentiating
effects of BK on bath-applied AMPA and NMDA are largely
postsynaptic. Inhibition of Rho-kinase (ROCK) by Y-27632 (1
�M) as a control had no effect (Fig. 2). H-89 alone did not change
NMDA- (105 � 7% of control; n � 5; p � 0.49) or AMPA (101 �
6% of control; n � 4; p � 0.97)-induced currents. Ro-31-8425
did not have any effect on NMDA- (102 � 5% of control; n � 3;
p � 0.72) or AMPA (106 � 3% of control; n � 4; p � 0.18)-
induced currents.

Inhibition of either PKA (H-89; 1 �M) or PKC (Ro-31-8425; 1
�M) also blocked the potentiation produced by bradykinin of
both A�- and C-fiber eEPSCs (Fig. 3). H-89 alone did not change
A� (104 � 4% of control; n � 3; p � 0.48)- and C (103 � 3% of
control; n � 3; p � 0.34)-fiber-evoked EPSCs. Ro-31-8425 alone
did not have any effect on A� (100 � 10% of control; n � 3; p �
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0.98)- and C (101 � 8% of control; n � 3;
p � 0.94)-fiber-evoked EPSCs. We con-
clude that activation of both PKA and PKC
is required for the augmentation of AMPA
or NMDA receptor responsiveness in su-
perficial dorsal horn neurons and that this
might occur in parallel or in series.

Do PKA and PKC activators mimic the
effects of bradykinin?
Administration of either the PKA activator
8-bromo-cAMP (0.25 mM) or the PKC ac-
tivator PMA (1 �M) separately failed to al-
ter NMDA or AMPA currents (Fig. 4a,b).
However, coadministration of 8-bromo-
cAMP with PMA potentiated both NMDA
and AMPA currents by �80% (Fig. 4a,b).
We interpret this as indicating that a coac-
tivation of the kinases by BK is required to
augment glutamate responsiveness.

Using in situ hybridization for B2

mRNA, we previously reported that B2 re-
ceptors are extensively expressed in rat
dorsal horn neurons (Wang et al., 2005).
We now find that the B2 mRNA is colocal-
ized with both PKA and the PKC� isoform,
but not with PKC� (Fig. 5). PKC�-positive
neurons are located in lamina IIi, and B2,
PKA, and PKC� are found in lamina II,
where the electrophysiological recordings
were made. The coexpression of B2, PKA,
and PKC� in dorsal horn neurons provides
a basis for the augmentation of glutamater-
gic responses by these kinases downstream
of B2 activation.

Does the bradykinin-mediated
activation of PKA occur via
prostanoid production?
BK’s actions in several non-neuronal sys-
tems are cyclooxygenase dependent (Sz-
erafin et al., 2006; Brechter and Lerner,
2007), and prostanoids, via their EP recep-
tors, increase adenylate cyclase activity and
thereby PKA (Regan, 2003). EP2 receptors
are widely expressed on dorsal horn neu-
rons (Kawamura et al., 1997). We found
that a nonselective Cox-1 and Cox-2 inhib-
itor, ibuprofen (50 �M; data not shown),
and the Cox-1 inhibitor SC-560 (1 �M)
eliminated the B2-mediated potentiation
of AMPA and NMDA currents (Fig. 6a),
whereas a Cox-2-selective inhibitor, NS-
398 (10 �M), was without effect (Fig. 6a).

PGE2 (10 �M) administered alone had
no effect, but when coadministered with
PMA augmented NMDA and AMPA cur-
rents (Figs. 4a, 6b). This finding, together
with the action of COX-1 inhibitors, indi-
cates that PGE2 is likely to contribute, by
activating PKA, to the augmenting effect of
bradykinin on synaptic transmission in su-
perficial dorsal horn neurons.

Figure 2. Blockade by kinase inhibitors of the bradykinin-mediated potentiation of AMPA and NMDA currents. BK potentiates
both AMPA (hatched bars) and NMDA (filled bars) currents. This potentiation is blocked by the PKA inhibitors H-89 (1 �M; bath
applied) and PKAI 6-22 (5 �M; in pipette) and the PKC inhibitors Ro-31-8425 (1 �M; bath applied) and PKCI 19-31 (5 �M; in
pipette). A Rho-kinase inhibitor, Y-27632 (1 �M; bath applied), had no effect. Data are shown as means�SEM. †p �0.05, ††p �
0.01, †††p � 0.001, §p 	 0.05 compared with bradykinin; *p � 0.001 compared with vehicle.

Figure 1. Bradykinin enhances glutamatergic responsiveness in superficial dorsal horn neurons. a, b, Representative traces
from whole-cell patch-clamped lamina II neurons indicate that BK (10 �M, 3 min; open box) potentiates AMPA (10 �M; a) and
NMDA (50 �M; b) currents. c, d, Representative traces of A� (c)- and C (d)-fiber-evoked EPSCs (average of 5 sweeps) before,
during, and after application of BK (10 �M).
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ERK activation is downstream of the coactivation of PKC and
PKA by B2

We interpret the requirement for coactivation of PKA and PKC
activators as showing that these kinases may converge on a com-
mon effector. One downstream candidate is the MAPK ERK
(Naraba et al., 1998; Mukhin et al., 2003). ERK integrates PKA
and PKC signaling in superficial dorsal horn neurons to produce
neuronal hyperexcitability (Hu and Gereau, 2003; Hu et al., 2003;
Kawasaki et al., 2004), and activated ERK plays a role in central
sensitization (Ji et al., 1999; Kawasaki et al., 2004).

Exposure of isolated spinal cord slices to bradykinin (10 �M)
for 3 min induced an increase in phospho-ERK (pERK)-
immunoreactive neurons in the dorsal horn, including those in
lamina II (Fig. 7a), with a 1.5-fold and twofold increase deter-
mined by Western blot (Fig. 7b). The potentiation of AMPA and
NMDA currents by bradykinin was prevented by pretreatment
with the MAPK kinase (MEK) inhibitor PD 98059 (50 �M) (Fig.
7c), which blocks the phosphorylation (activation) of ERK. An
inactive isoform of the MEK inhibitor SB 202474 (50 �M), widely
used as a negative control, was without effect (Fig. 7c). The po-
tentiation of AMPA and NMDA currents produced by the coad-
ministration of 8-Br-cAMP and PMA was also inhibited by pre-
treatment of PD 98059 (Fig. 7c). ERK activation is necessary,
therefore, for the effects of bradykinin and of PKA/PKC coacti-
vation on NMDA and AMPA receptors in superficial dorsal horn
neurons.

Intrathecal administration of bradykinin (2 �g) produced
thermal hyperalgesia when measured by a reduced latency of
response to a standard radiant heat stimulus (n � 11), with an
onset of 30 min, a peak decrease in the thermal response latency at
90 min, and slow recovery by 4 h (Fig. 8). The animals need some
time to calm down after the drug injection via spinal puncture,
which makes it difficult to measure behavior at early time points
(�15 min). Pretreatment with intrathecal administration of the
PKA inhibitor H-89, the PKC inhibitor Ro-31-8425, or the MEK
inhibitor U0126 (all 1.5 �g), but not vehicle, significantly re-

duced the intrathecal bradykinin-induced thermal hyperalgesia
in all cases (Fig. 8) (n � 8; p � 0.05), indicating that this behav-
ioral measure in vivo, like the glutamatergic potentiation in vitro,
is dependent on downstream PKA, PKC, and ERK activation.
However, one caveat about interpreting this data is that it is not
possible in such in vivo experiments to differentiate between an
effect of the inhibitors on primary afferent presynaptic terminals
and one on postsynaptic neurons. Another caveat is the delayed
onset of bradykinin-induced hyperalgesia.

Discussion
We previously reported that B2 receptor activation by bradykinin
in adult rat spinal cord slices augmented primary afferent evoked
glutamatergic synaptic currents, the frequency and amplitude of
spontaneous AMPA-mediated mEPSCs, and the currents evoked
directly by bath application of AMPA and NMDA in lamina II
spinal cord neurons (Wang et al., 2005). These electrophysiolog-
ical data suggested both a presynaptic action of bradykinin on the

Figure 3. Blockade by kinase inhibitors of the bradykinin-mediated potentiation of evoked
EPSCs. Pretreatment with the PKA inhibitor H-89 (1 �M; gray box) or the PKC inhibitor Ro-31-
8425 (1 �M; open box) blocks the BK-induced (10 �M; black box) potentiation of A� and C
eEPSCs. Data are shown as means � SEM. *p � 0.05. The numbers of cells are indicated in
parentheses.

Figure 4. Coactivation of PKA and PKC potentiates AMPA and NMDA currents. a, Adminis-
tration of 8-bromo-cAMP (cAMP; 0.25 mM), PGE2 (10 �M), and PMA (1 �M) separately fail to
alter AMPA or NMDA currents. In contrast, coadministration of either cAMP or PGE2 with PMA
potentiates the currents. Data are shown as means � SEM. *p � 0.05; **p � 0.01; ***p �
0.001; #p 	 0.05. b, Representative traces showing that although administration of cAMP or
PMA alone does not potentiate NMDA currents in dorsal horn neurons, their coadministration
does.
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central axonal terminals of DRG neurons and a postsynaptic ac-
tion on dorsal horn neurons, findings compatible with the local-
ization of B2 receptor mRNA in small-caliber DRGs and in NR1-
expressing dorsal horn neurons (Wang et al., 2005).

We now show that the augmentation of NMDA and AMPA
currents in dorsal horn neurons appears to require coactivation
of both PKA and PKC. This was indicated first by the finding that
either PKA or PKC inhibitors could independently block the po-
tentiating action of bradykinin, and second by the finding that
both PKA and PKC activators need to be present to increase
AMPA or NMDA currents. We hypothesize based on these data
that the B2 receptor in dorsal horn neurons directly activates PKC
through DAG and intracellular Ca 2� release, and indirectly acti-
vates PKA through the production of PGE2, with activation of
adenyl cyclase secondary to EP receptor activation (Fig. 9). A
similar convergent regulation by PKA and PKC occurs for
voltage-gated sodium channels (Li et al., 1993) and the glycine
receptor (Gu and Huang, 1998).

We further show that downstream of the PKA and PKC coac-
tivation by bradykinin is an activation of ERK. Bradykinin, then,
like primary afferent nociceptor inputs, induces pERK in dorsal
horn neurons (Ji et al., 1999; Xin et al., 2006; Polgár et al., 2007).
Blocking ERK activation by inhibiting MEK diminishes both the
B2-mediated potentiation of excitatory synaptic transmission
and the enhancement produced by coadministration of PKA and
PKC activators. The attenuation by MEK, PKC, and PKA inhib-
itors of intrathecal bradykinin-induced thermal hyperalgesia in-
dicates, moreover, that these findings may relate to pain behav-
ior. These findings are consistent with our previous studies
showing that MEK inhibition reduces the second phase of the
formalin test (Ji et al., 1999) and secondary mechanical allodynia
in the intraplantar capsaicin test (Kawasaki et al., 2004), which
are both models of activity-dependent central sensitization. Mice
with a null mutation of the B2 BK receptor also have reduced
secondary mechanical allodynia in the capsaicin model (Wang et
al., 2005). Interestingly, bradykinin via B2 activates ERK in sev-
eral other cells (Liu et al., 2006; Hsieh et al., 2007; Yu et al., 2007).
PKC activates Raf and PKA Rap1, and thereby B-Raf (Gutkind,
2000). Both Raf and B-Raf can activate MEK, which in turn acti-

vates ERK (Gutkind, 2000). Bradykinin ac-
tivation of PKC leads to an activation of
ERK in astrocytes (Hsieh et al., 2007).

ERK activation in superficial dorsal
horn neurons after C-fiber stimulation re-
lies on both PKA and PKC (Kawasaki et al.,
2004) and modulates A-type K� currents
in a manner that involves both PKA and
PKC signaling (Hu and Gereau, 2003; Hu
et al., 2003, 2006; Xin et al., 2006). ERK
activation by bradykinin results in rapid
changes in NMDA and AMPA receptors
that appear within minutes, but whether
these are mediated by posttranslational
changes in receptor kinetics or receptor in-
sertion into the membrane, and if there are
any intervening signaling kinases between
ERK and the receptors, now need to be es-
tablished. It is somewhat surprising that
the two quite distinct receptors show a very
similar pattern of potentiation by BK. ERK
activation in dorsal horn neurons after pe-
ripheral inflammation also leads to alter-
ations in the transcription of prodynor-

phin and NK1 (Ji et al., 2002), but this only occurs after many
hours. There are therefore both transcription-independent and
transcription-dependent actions of this MAPK in the dorsal
horn. The timing and extent of the BK-induced changes we ob-
served in glutamate responsiveness were very similar for bath-
applied AMPA and NMDA and the A�- or C-fiber-evoked syn-
aptic currents, even though bath application will lead to
activation of synaptic and extrasynaptic receptors and could pro-
duce indirect effects by mediators released from the slices in re-
sponse to AMPA and NMDA application.

The activation of PKA in response to B2 depends on prosta-
noid production by Cox-1. Cox-1 is constitutively expressed in
the spinal cord in noninflamed animals and produces PGE2 in
response to nociceptor inputs (Dirig et al., 1997; Tegeder et al.,
2001). Intrathecally delivered Cox-1-selective inhibitors attenu-
ate the second phase of the formalin test (Dirig et al., 1997;
Tegeder et al., 2001), a model of central sensitization. Low levels
of Cox-2 are present constitutively in the spinal cord, mainly in
endothelial cells, but this enzyme is substantially induced in dor-
sal horn neurons some hours after peripheral inflammation, con-
tributing to late inflammatory pain hypersensitivity (Samad et al.,
2001). It is possible, then, that bradykinin may begin to act via
Cox-2 in the dorsal horn after peripheral inflammation. Interest-
ingly, the sensitizing action of bradykinin on nociceptor termi-
nals in the skin also acts via cyclooxygenase products (Petho et al.,
2001; Inoue et al., 2006; Levy and Fleisher-Berkovich, 2007;
Mayer et al., 2007). Bradykinin appears then to be a driver of
prostanoid-produced pain both in the periphery and in the spinal
cord.

PKA or PKC can increase glutamate receptor function
through direct phosphorylation (Yu et al., 1997; Esteban et al.,
2003), and it is therefore curious that PKA or PKC alone were not
able to modify AMPA or NMDA currents in the present study.
This apparent discrepancy could be attributable to unique char-
acteristics of lamina II neurons. However, our data suggest that
ERK activation is downstream of PKA/PKC activation, and one
possible scenario is that whereas PKA and PKC activate ERK
individually, and therefore in some circumstances modulate
NMDA and AMPA receptors, such individual effects in lamina II

Figure 5. Colocalization of B2 receptor mRNA with PKA and PKC in dorsal horn neurons. Fluorescent in situ hybridization for B2

receptor mRNA in dorsal horn neurons and expression of PKA, PKC�, and PKC�. B2 receptors colocalize with PKA and PKC�. PKC�
staining identifies neurons in lamina IIi. Scale bar, 100 �m.
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neurons do not always reach the threshold required to produce
detectable changes.

Activity-dependent central sensitization is induced by activity
in C-fibers and manifests by a short-latency amplification of no-
ciceptive responses (hyperalgesia), a reduction in threshold (al-
lodynia), and the spatial expansion of sensitivity (increased re-
ceptive fields and secondary hyperalgesia). Globally, these
features are the manifestation of increases in synaptic strength in
the dorsal horn as a result of homosynaptic and heterosynaptic
facilitations, reductions in inhibition, and elevations in mem-
brane excitability. Multiple parallel signals acting presynaptically
and postsynaptically can separately and together contribute to

Figure 6. Bradykinin-mediated potentiation of AMPA and NMDA currents requires Cox-1. a,
BK potentiation of AMPA and NMDA currents is blocked by a Cox-1-selective inhibitor, SC-560 (1
�M), whereas a Cox-2-selective inhibitor, NS-398 (10 �M), has no effect. Data are shown as
means � SEM. †p � 0.05; ††p � 0.001; §p 	 0.05. b, Separate administration of either PGE2

or PMA does not potentiate AMPA currents in dorsal horn neurons, but coadministration of PGE2

with PMA does.

Figure 7. BK activates ERK in the dorsal horn. a, b, Basal levels of pERK in isolated spinal cord
slices are low (left), but bath application of BK (10 �M) increases the levels in the dorsal horn, as
observed by immunostaining (the outline of the superficial dorsal horn, laminas I–II, is indi-
cated; a) and by Western blots (fold change indicated; b). c, The BK-mediated potentiation of
AMPA and NMDA currents is blocked by pretreatment with the MEK inhibitor PD 98059 (50 �M)
but not by an inactive isoform, SB 202474 (50 �M). The augmentation of AMPA and NMDA
currents produced by coadministration of 8-Br-cAMP and PMA is inhibited by PD 98059 (50
�M). The numbers of cells are indicated in parentheses. §p 	 0.05; *p � 0.05.
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central sensitization, including glutamate through ionotropic
and metabotropic receptors, substance P via NK1, BDNF via
TrkB, NO via multiple effectors, PGE2 via EP4 presynaptically,
and EP2 postsynaptically (Woolf and Salter, 2000; Ji et al., 2003).
We argue, based on our earlier data (Wang et al., 2005) and that
presented in this study, that BK contributes to the induction of
central sensitization. This is based on the following evidence. BK
levels in the spinal cord increase after intraplantar capsaicin, B2

knock-out or inhibition reduces behavioral models of central
sensitization (intraplantar formalin and capsaicin), and BK facil-
itates glutamatergic transmission (Wang et al., 2005). We now
show in vitro that a component of BK’s action in increasing glu-
tamate responsiveness involves activation of multiple kinases and
that inhibition of these in vivo reduces pain hypersensitivity pro-
duced by BK. However, these kinases are unlikely to be exclu-
sively activated by BK, and almost certainly other aspects of cen-
tral sensitization may act independently either of these kinases or
of an increase in postsynaptic glutamate sensitivity.

Conclusion
B2 activation by bradykinin produces mul-
tiple presynaptic and postsynaptic effects
on glutamate transmission in dorsal horn
neurons and contributes to activity-
dependent changes in transmission in the
spinal cord and central sensitization. The
action of bradykinin upstream of multiple
signaling pathways that modify neuronal
excitability in the PNS to produce periph-
eral sensitization as well as in the CNS to
generate central sensitization indicates that
preventing its production using kallikrein
inhibitors or action with B2 receptor antag-
onists may provide useful means for con-
trolling acute pain hypersensitivity.
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