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Dynorphin A activates bradykinin receptors to maintain

neuropathic pain

Josephine Lai, Miaw-Chyi Luo, Qingmin Chen, Shouwu Ma, Luis R Gardell, Michael H Ossipov &

Frank Porreca

Dynorphin A is an endogenous opioid peptide that produces non-opioid receptor-mediated neural excitation. Here we demonstrate
that dynorphin induces calcium influx via voltage-sensitive calcium channels in sensory neurons by activating bradykinin
receptors. This action of dynorphin at bradykinin receptors is distinct from the primary signaling pathway activated by bradykinin
and underlies the hyperalgesia produced by pharmacological administration of dynorphin by the spinal route in rats and mice.
Blockade of spinal B1 or B2 receptor also reverses persistent neuropathic pain but only when there is sustained elevation of
endogenous spinal dynorphin, which is required for maintenance of neuropathic pain. These data reveal a mechanism for
endogenous dynorphin to promote pain through its agonist action at bradykinin receptors and suggest new avenues for

therapeutic intervention.

Opioid receptors and their endogenous peptide ligands regulate pain, a
variety of autonomic and motor functions and responses to stress’.
Opioid peptides include enkephalins, endorphins and dynorphins.
Dynorphin A;_;7, a major proteolytic fragment of prodynorphin®?,
exhibits high affinity for p, § and k opioid receptors*~°. However, the
role of dynorphin A in antinociception remains unclear. In the spinal
cord, dynorphin has both inhibitory effects mediated by opioid
receptors and excitatory effects mediated through an unknown
mechanism. Intrathecal dynorphin A produces only modest antinoci-
ceptive effects’” as well as prominent excitatory effects, which include
abnormal pain and severe motor dysfunction®!!. Spinal dynorphin
stimulates the release of excitatory amino acids and prostaglandin E,
(ref. 12). Dynorphin A stimulates the release of excitatory amino acids
from cultured neurons'3, induces an increase in intracellular calcium'#
and may be excitotoxic at high doses!>. The mechanisms of these
excitatory actions of dynorphin are unknown but do not involve
actions at opioid receptors.

Many experimental models of chronic pain
time-dependent regional elevation of dynorphin A in the spinal cord.
Intrathecal administration of an anti-dynorphin A antiserum blocks
pain induced by peripheral nerve injury!'”? and opioid-induced
hyperalgesial®, suggesting that the elevated level of spinal dynorphin
in these models is necessary for maintaining chronic pain. Nerve injury
produces abnormal pain in transgenic mice with a null mutation in the
prodynorphin gene, but such pain is not maintained, indicating a
requirement for elevation of spinal dynorphin in persistent neuro-
pathic pain?’. Here we report that bradykinin receptors mediate the
excitatory actions of dynorphin on sensory neurons and underlie the
pronociceptive effects of spinal dynorphin.

16-19 show significant and

RESULTS

Dynorphin A activates VSCCs to raise intracellular calcium

A hybridoma of embryonic rat dorsal root ganglion (DRG) cells and
mouse neuroblastoma cells called F-11 (ref. 21) was used as a cell model
of peripheral sensory neurons to characterize the effects of dynorphin A.
F-11 cells retain a number of characteristics of sensory neurons,
including the expression of the excitatory neuropeptide substance P
(refs. 21,22), receptors for bradykinin and prostaglandin®?, p and &
opioid receptors®> and responsiveness to nerve growth factor?2. They
also showed a rapidly desensitizing response to capsaicin characteristic
of nociceptive C fibers due to the expression of vanilloid receptor type I
(Supplementary Fig. 1 online). These cells also expressed voltage
sensitive calcium channels (VSCCs), including N, L, T and P/Q
type?? (Supplementary Fig. 2 online). To evaluate selectively the
non-opioid receptor-mediated effects of dynorphin A, we used a
des-tyrosyl fragment of dynorphin A, dynorphin A, ;3, which had
very low affinity for all three opioid receptor types (Supplementary
Fig. 3 online). F-11 cells also lacked specific binding of the kappa
receptor-selective agonist, [®H]U69,593. Ratiometric fura-2 fluores-
cence imaging of intracellular calcium concentration ([Ca®*];) showed
that dynorphin A, ;3 consistently induced a transient increase in
[Ca?*]; in a dose-dependent manner in primary cultures of embryonic
DRG (Fig. 1a) and in F-11 cells (Fig. 1b). The minimum effective
concentration of dynorphin A, ;3 was 500 nM. At 5 pM dynorphin
A,_13, 67% of the total recorded cells (663 of 994) showed an increase in
[Ca®*];. The response to dynorphin A was observed only in cells that
responded to a depolarizing concentration of KCI (n = 663). The
opioid receptor antagonist, naloxone (1 pM) had no effect on the
response to dynorphin A, ;3 (n = 81). The opioid peptide dynorphin
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Figure 1 Dynorphin Az_13 (dynAx_13) induces calcium influx in DRG and F-11 cells. A representative
recording of the change in ratio of 340 to 380 nm fura-2 fluorescence over time from embryonic DRG (a)
and F-11 (b) cells in response to dynorphin A,_;3 and KCl given at 60 s interval. (c) A representative
recording of the change in ratio of 340 to 380 nm fura-2 fluorescence over time from a cell without calcium
in the bath solution. (d) Cumulative score of dynorphin A,_;3-responsive cells as a percentage of total
number of cells recorded. n = 663 ([Ca2+],), 198 ([Ca2*],-free), and 170 (CdCl,, NiCl,). (e) Dynorphin
Ay_13 did not significantly stimulate Pl hydrolysis in F-11 cells up to 10 uM. Data are expressed as the
mean + s.e.m. from 3 independent experiments. Bradykinin was used as the positive control.
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Aj_17 (500 nM and 5 pM) had a small effect on [Ca®*]; in F-11 cells
(8.3% responsive cells at 5 UM, n = 36). In the presence of 1 uM
naloxone, 9.4% cells responded to dynorphin A; j; (n = 149),
which was not significantly different from responses in the absence
of naloxone.

The effect of dynorphin A, ;3 was abolished by eliminating extra-
cellular Ca?* (Fig. 1c). Of 198 recorded cells, none responded to 5 uM
dynorphin A,_j3. Blockade of calcium influx by 50 pM CdCl, and
100 uM NiCl, had a similar effect; only 21 of 170 (12%) recorded cells
responded to 5 pM dynorphin A, ;3 compared with 67% cells in
normal medium (Fig. 1d). The increase in [Ca>*]; observed in the
21 cells was also significantly smaller than that in normal medium
(ratio of 340 to 380 nm, 0.09 = 0.04 and 0.30 £ 0.09, respectively,
P = 0.0001). The increase in [Ca®*]; was not due to the activation of
the phospholipase C (PLCp) pathway to promote calcium release from
intracellular stores because unlike bradykinin, dynorphin A,_;3 did not
stimulate the production of inositol phosphates in F-11 cells (Fig. 1e).
Thus dynorphin A induced a transient increase in [Ca?"]; by calcium
influx that was independent of opioid receptors. These effects of
dynorphin A occurred at doses (500 nM to 5 pM) that are more
than 100 times lower than the excitotoxic doses of dynorphin A on

cultured neurons!3.
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Figure 2 Inhibitory effect of VSCC blockers on dynorphin A,_;3-induced
[Ca2*]; in F-11 cells. Data are expressed as the percent of F-11 cells that
responded to 5 uM dynorphin A,_;3 alone. The total number of cells
recorded per data point is indicated. The ICsq of w-agatoxin TK and
nimodipine are 2.9 nM (2 = 0.96) and 107 nM (2 = 0.93) based on
linear regression analysis.

The dynorphin-induced calcium influx was sensitive to VSCC
inhibitors. The L-type channel blocker, nimodipine, and the
P/Q-type channel blocker, w-agatoxin TK, significantly reduced the
percent of F-11 cells that responded to dynorphin A, ;5 (Fig. 2).
The concentration ranges of nimodipine?* and ®-agatoxin TK?® used
are selective for the respective calcium channel subtypes. The N-type
channel blocker, ®-conotoxin GVIA (300 nM to 3 uM), the T-type
channel blocker ethosuximide (300 nM to 3 uM), the non-selective
calcium channel blocker flunarizine (300 nM to 3 uM) and the NMDA
receptor antagonist MK-801 (30 pM) had no effect on dynorphin
A-induced increase in [Ca2*];.

A series of agonists and antagonists for receptors that are found in
the DRG were tested for possible inhibition of dynorphin A, 3-
induced calcium influx. Of these, only the bradykinin B2 receptor
selective antagonist p-Arg-[Hyp3, Thi5, p-Tic7, Oic8]-bradykinin
(HOE 140) completely abolished the dynorphin-induced [Ca®'];
with an ICsy of 2.8 nM (log ICsy * s.e.m. = —8.56 + 0.52; Fig. 3a),
which is consistent with the affinity of HOE 140 for the B2 receptor26,
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Figure 3 Inhibitory effect of B2 receptor—selective antagonist HOE 140 on
dynorphin A,_13-induced [Ca2*]; in F-11 cells that express predominantly B2
receptors. (a) Dose-effect of HOE 140 on dynorphin A,_j3-induced [Ca2*];.
The total number of cells recorded per data point is indicated. (b) Multiplex
RT-PCR of F-11 cells confirming expression of endogenous B2 receptors.
GAPDH was co-amplified as an internal loading control. Left, Bdkrbl product
(B1), 334 bp; right, Bdkrb2 product (B2), 346 bp. GAPDH, 638 bp. M,
100-bp DNA ladder marker (Invitrogen).
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suggesting that dynorphin A activates calcium influx in F-11 cells
through an agonist action at the B2 receptor. We confirmed the
expression of B2 receptors?? by RT-PCR and found very little B1
receptor transcript (Fig. 3b). In addition, H89, an inhibitor of protein
kinase A (PKA, 1 M) completely blocked the effect of dynorphin A;_;3
(n =71). Hence, dynorphin A, _;3 activated the B2 receptor to activate
the L-type and P/Q-type VSCC by a PKA-dependent pathway. Mod-
ulation of VSCC by G-proteins and protein kinases is well documen-
ted?’3°, The G,-cAMP-PKA pathway augments both L-type and
N-type current in neuronal tissues?’. Whether dynorphin A activates
B2 receptor coupling to the G;-cAMP-PKA pathway to activate calcium
influx remains to be determined; B2 receptor coupling to the cAMP
pathway occurs under some conditions?’.

We further examined the potential agonist actions of dynorphin A at
the B1 and B2 receptors by transfecting cultures of F-11 cells that had
spontaneously lost the ability to respond to dynorphin A, ;3 (up to
10 M) with the cDNA for the human bradykinin B1 (BDKRBI) or B2
(BDKRB2) receptor. Transfected cells consti-
tutively expressed either BDKRBI or BDKRB2
mRNA (Supplementary Fig. 4 online). The

Figure 4 Heterologous expression of human B1 or human B2 receptors in
F-11 cells that have spontaneously lost responsiveness to dynorphin A. (a) B1
receptor agonist des-Arg9-BK induced an increase in [Ca2*]; in BDKRBI-
transfected cells. The effect was blocked by the B1 selective antagonist
DALBK (1 pM). (b) Bradykinin induced an increase in [Ca®*]; in BDKRB2-
transfected cells. The effect was blocked by the B2 selective antagonist HOE
140 (1 uM). (c) Bradykinin induced [Ca2*]; in the BDKRB2 transfected cells
was reduced in the absence of extracellular calcium. (d) Transfection of
either BDKRBI1 (closed triangles) or BDKRBZ2 (closed squares) was

sufficient to restore the responsiveness to dynorphin A,_13in F-11 cells (open
circles) that had spontaneously lost responsiveness to dynorphin A. Data are
plotted as mean + s.e.m. of change in ratio of 340 to 380 nm; total number
of cells recorded per data point ranged from 55 to 150 from multiple wells.

receptor (Fig. 4c). The ECs, values of bradykinin in control versus
calcium-free medium were 2.9 nM (log ECsj + s.e.m. = —8.5 + 0.13)
and 3.9 nM (log EC5¢ * s.e.m. =—8.4 + 0.12), respectively, and the E .«
values were 0.69 = 0.06 and 0.54 + 0.05, respectively. Expression of
either the human B1 or human B2 receptor fully restored the cells’
response to dynorphin A, ;3 (Fig. 4d). The larger response observed in
cells expressing the human B2 receptor correlated with its higher
expression (see below). The estimated ECs value for dynorphin A, ;3
was 1.5 uM (log ECsp * s.em. = —5.81 * 0.34) for the human B2
receptor, and this dose effect was completely blocked by 1 uM HOE 140
(Supplementary Fig. 5 online). The dose-response curve for dynor-
phin A, ;3 in the BDKRBI transfected cells (Fig. 4d) did not reach
saturation statistically, possibly due to lower expression of the human
Bl receptor (see below), a lower potency of dynorphin A, ;3 at the
human B1 receptor, or both. These data demonstrate that the B1 or the
B2 receptor is sufficient to mediate the dynorphin A-induced calcium
influx, which is distinct from the mainly intracellular calcium mobiliz-
ing effect of bradykinin.

Dynorphin A directly interacts with B1 and B2 receptors

Saturation binding using [*H]bradykinin showed a Kp of 2.0 +
0.35 nM (n = 3) and a By, of 1,030 + 260 fmol mg™! in human
B2 receptor-expressing cells. As bradykinin has a significantly lower
affinity for the B1 receptor’’, [*H]kallidin was used to characterize
the human B1 receptor. The Kp of [*H]kallidin at the human
BI1 receptor was 2.2 = 1.27 nM (n = 3), and the By, was 385 £
14.4 fmol mg~!. Dynorphin A,_;3 competed for [*H]bradykinin bind-
ing with apparent affinity ranging from 1.4 pM to 2.0 pM at the

Table 1 Competitive radioligand binding analysis of dynorphin A,_;3 and dynorphin A;_;7
against [3H]bradykinin or [3H]kallidin in various cell lines and mouse brain tissues

functional expression of the human Bl or the
human B2 receptor was confirmed, respec-
tively, by the dose-dependent effect of the B1
selective agonist, des- Arg9-bradykinin (EC5y =

Dynorphin Ap_13 Dynorphin Aj_17

62 nM; log ECsp £ s.em. = —7.2 + 0.28)
or bradykinin (ECsq = 3.8 nM; log ECsy *
sem. = —8.4 * 0.12) on [Ca’"]; and by
respective inhibition by the Bl antagonist,
[Des-Arg9, Leu8]bradykinin (DALBK)*? or
the B2 antagonist HOE 140 (Fig. 4a,b)2.
Increase in [Ca®']; by bradykinin receptors

Radioligand Tissue Log ICs0 £ s.e.m8& K; (nM)" n LogICsp+s.e.m8 Ki(nM)" n
[3H]bradykinin? F-11¢ -5.58 + 0.08 2,000 4 -5.75%0.17 1,400 3
B2_F11d -5.58 + 0.08 2,000 2
COs-7¢ -5.63+0.18 1,800 8
Mouse brain (WT)® -5.56 £ 0.14 2,100 3
Mouse brain (Bdkrbl7~)f ~ -5.73+0.16 1,400 2
[3H1kallidinP B1_F11d -5.56 + 0.07 2,100 3

is thought to be primarily due to mobilization
of intracellular stores?®33 and partly due to

calcium influx>*3°. Consistent with these

aThe Kp value of [3Hlbradykinin based on saturation analysis using membranes from transfected F-11 cells expressing the human
B2 receptor is 2.0 + 0.35 nM (n = 3). PThe Kp value of [3H]kallidin based on saturation analysis using membranes from

transfected F-11 cells expressing the human B1 receptor is 2.2 + 1.27 nM (n = 3). “The rodent F-11 cells and the simian COS-7
cells express endogenous B2 receptors. 9F-11 cells were stably transfected with cDNA for either the human B1 receptor (B1_F11)

or the human B2 receptor (B2_F11). ®Mouse whole-brain membranes were prepared from wild-type littermates of mice that carried

earlier observations, depletion of extracellular
calcium slightly attenuated (~20%) the effect
of bradykinin at the transfected human B2

a null mutation of the B1 receptor (BdkrbI~-). "Mouse whole-brain membranes were prepared from Bdkrb1~~ mice. €The log ICsq *
standard error of the mean (s.e.m.) of dynorphin A_13 and dynorphin A;_;7 was determined by non-linear regression analysis of
data collected from multiple independent experiments (n). "The K; value was calculated from the anti-logarithmic value of the ICso
by the Cheng and Prusoff equation based on the Kp value of the respective radioligand and concentration range of 600-650 pM.
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Figure 5 Effects of HOE 140 and DALBK on tactile hypersensitivity and thermal hyperalgesia induced by dynorphin A,_;3 Decreased tactile (a) and thermal (b)
thresholds in rats 60 min after treatment with intrathecal dynorphin A,_13 (3 nmol; n = 5-8). (c,d) Effect of DALBK on tactile (c) and thermal (d)
hypersensitivities produced by dynorphin A,_13 (n = 5-8). (e,f) Effect of dynorphin A,_13 (intrathecal, 3 nmol) on tactile (e) and thermal (f) hypersensitivities
in wild-type (WT) and Bdkrb27~ mice at 60 min after administration of dynorphin A,_;3 (intrathecal, 3 nmol; n= 7). *P < 0.05.

rodent B2 (in F-11 and brain membranes from both wild-type and
Bdkrb1~~ mice®®) and primate B2 (in COS-7 and BDKRB2 transfected
cells; Table 1). For the human BI receptor, dynorphin A, ;3 had an
apparent affinity of 1.5 uM based on competition with [*H]kallidin.
Thus, dynorphin A, ;3 showed similar affinity for both bradykinin
receptor types. The opioid dynorphin A;_;; had similar affinity for
the [*H]bradykinin binding site as dynorphin A, ;3. Competitive
binding analysis against [*H]bradykinin or [*H]kallidin provides an
estimation of dynorphin’s affinity for the bradykinin receptors. The
different functional coupling of the bradykinin receptor activated by
bradykinin versus by dynorphin in vitro suggests that dynorphin and
bradykinin may interact differently with these receptors; if so, the
indirect binding analysis may underestimate the affinity of dynorphin
for bradykinin receptors.

Bradykinin antagonists block dynorphin A-induced pain

We then examined whether agonist actions at the bradykinin receptors
underlies the pronociceptive effect of dynorphin A. Intrathecal admin-
istration of dynorphin A, ;3 (3 nmol) into the lumbar region of rats
induced significant reversible hypersensitivity to innocuous touch
(tactile hypersensitivity) and noxious heat (thermal hyperalgesia) in
the hind paw within 30 min after the injection (Fig. 5a—d). The baseline
paw-withdrawal thresholds diminished from 15.00 £0.0gt0o 4.8 £0.3 g
(P = 6.75 x 107%2) (Fig. 5a,c), whereas the paw withdrawal latency to
noxious radiant heat decreased from 22 +0.5st0 13+ 0.6 s (P = 5.08 X
107!1) (Fig. 5b,d). Intrathecal HOE 140 produced a significant dose-
dependent reversal of tactile hypersensitivity (P = 0.003) (Fig. 5a) and
of thermal hyperalgesia (P = 0.03; Fig. 5b) induced by dynorphin
A;_13. At the highest dose tested (30 pmol), paw withdrawal thresholds
increased to 9.9 + 1.7 g (Fig. 5a) and paw withdrawal latencies to
radiant heat increased to 18.4 £ 2.3 s (Fig. 5b). In contrast, DALBK had
no effect on tactile hypersensitivity over the dose range tested (P = 0.09)
(Fig. 5¢) and partially reversed thermal hyperalgesia (P = 0.02; Fig. 5d).
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B2 receptors are the predominant bradykinin receptor type in DRG
neurons and spinal cord in adult rats*®, though functional B1 receptors
exist in the DRG and spinal cord of normal adult rat*>*!, However, we
found no evidence for kininogen transcripts in the spinal cord (see
below), and there is no published evidence supporting a role of
bradykinin as a neurotransmitter. Hence, indirect mediation of prono-
ciceptive effects of exogenous dynorphin A through bradykinin recep-
tors subsequent to local release of bradykinin is unlikely. These data
suggest that intrathecal dynorphin A,_;3 is pronociceptive, and that this
effect is mediated directly by the B2 receptor.

This conclusion was further substantiated by comparing the effect of
intrathecal dynorphin A,_3 in transgenic mice that lack the B2 receptor
(Bdkrb27") and their wild-type littermates (Fig. 5ef). Intrathecal
injection of 3 nmol of dynorphin A, ;3 in the spinal cord similarly
induced significant tactile hypersensitivity (baseline value reduced from
1.8 £0.2g1t0 0.9 + 0.3 g; P = 0.02)(Fig. 5¢) and thermal hyperalgesia
(baseline value reduced from 12.0 £ 0.8 s to 7.4 £ 0.6 s; P = 0.028)
(Fig. 5f) in the wild-type mice within 1 h after dynorphin injection.
These effects of dynorphin A,_;; were not observed in the Bdkrb27~
mice, suggesting that the presence of B2 receptor in the spinal cord is
necessary for the pronociceptive action of pharmacological dynorphin A.

Upregulation of spinal dynorphin may be critical in maintaining
neuropathic pain states!”?%42, This led us to examine whether the
action of endogenous dynorphin A at bradykinin receptors may
underlie pain induced by nerve injury. Behavioral signs of neuropathic
pain were well established within two days after unilateral lumbar L5
and L6 spinal nerve ligation (SNL) and persisted for many weeks*>. The
mean paw withdrawal threshold to probing with von Frey filaments in
rats with SNL significantly (P = 5.9 x 107) decreased from a pre-SNL
baseline of 15+ 0 g to 3.6 = 0.4 g, and the mean paw withdrawal latency
to noxious radiant heat was significantly (P = 3.5 x 1071%) decreased
from a pre-SNL baseline of 20 + 0.5 s to 13 = 0.4 s (Fig. 6). The spinal
administration of 0.5 pmol of HOE 140 on day 2, 4, 7, 10 or 14 after
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Figure 6 Effects of intrathecal bradykinin receptor antagonists on the tactile and thermal hypersensitivities induced by L5-L6 SNL (n = 6-7). (a,b) Effect of
intrathecal administration of HOE 140 (0.5 pmol) on tactile (a) and thermal (b) hypersensitivities at day 2, 4, 7, 10, 14 after L5-L6 SNL. (c,d) Effect of
intrathecal administration of 50 nmol of DALBK on tactile (c) and thermal hypersensitivities (d) at day 2 and day 14 after L5-L6 SNL. *P < 0.05.

NATURE NEUROSCIENCE VOLUME 9 | NUMBER 12 | DECEMBER 2006

1537



@ © 2006 Nature Publishing Group  http://www.nature.com/natureneuroscience

ARTICLES

spinal cord and DRG on day 2 after SNL,
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Figure 7 Quantitative PCR analysis of bradykinin receptor, kininogen and prodynorphin transcripts in the
DRG and spinal cord of sham control and L5-L6 SNL rats (n = 6). (a) B1 and B2 receptor mRNA in the
ipsilateral L5 DRG at day 2 and day 14 after sham surgery or L5-L6 SNL. (b) B1 and B2 receptor mRNA
in the ipsilateral dorsal horn of the lumbar spinal cord from rats at day 2 and day 14 after sham-surgery
or L5-L6 SNL. (c) Spinal kininogen and prodynorphin mRNA at day 2 and day 14 after sham-surgery or

L5-L6 SNL. *P < 0.05.

B2 receptor.

Quantitative RT-PCR of spinal cord tissues
from these experimental animals showed very
low levels of kininogen mRNA, the precursor
for bradykinin, in both sham control and
nerve injured rats, suggesting that there is little
de novo bradykinin in the spinal cord (Fig. 7c).

Kininogen Prodynorphin

SNL produced a significant time-dependent reversal of tactile hyper-
sensitivity (P = 2.23 x 107®) and of thermal hyperalgesia (P = 5.5 x
107%) over 14 days (Fig. 6a,b). Although no reversal occurred 2 days
after SNL, a maximal reversal of tactile hypersensitivity by HOE 140
occurred on day 14 (10 + 1.3 g) after SNL (Fig. 6a). Similarly, a
complete reversal of thermal hyperalgesia by intrathecal HOE 140 (to
18 £ 0.37 s) occurred by day 7 after SNL but not earlier (Fig. 6b).
Administration of HOE 140 did not alter behavioral responses of
sham-operated rats (data not shown).

The time dependence of the B2 antagonist effect is consistent with
our previous work showing that SNL injury results in a time-dependent
upregulation of spinal dynorphin, which has a delayed onset and does
not reach significance until day 4 after SNL, peaking at approximately
7 to 10 days after injury'”. The reversal of neuropathic pain by HOE 140
suggests that spinal B2 receptor activation is critical for maintaining,
but not initiating, SNL-induced pain states. Studies using knockout
mice that lack prodynorphin? also show that dynorphin is necessary
for the maintenance but not the onset of neuropathic pain. Thus, the
reversal of neuropathic pain by intrathecal B2 receptor antagonist
occurs only when spinal dynorphin is elevated and at a time when the
hyperalgesia can be blocked by the intrathecal injection of an antiserum
to dynorphin!”-?0, Together with the in vitro data demonstrating that
dynorphin A directly activates bradykinin receptors, and the lack of
pronociceptive activity of dynorphin in Bdkrb2~~ mice, these studies
demonstrate physiological relevance of the action of dynorphin A at the
B2 receptor in neuropathic pain states.

Similar studies were done with intrathecal injection of DALBK
(50 nmol) 2 and 14 days after SNL (Fig. 6c,d). A moderate but
significant (P = 0.046) reversal of tactile hypersensitivity was seen 14
days after SNL (6.2 = 1.5 g, Fig. 6¢). Thermal hyperalgesia was fully
reversed (P = 0.03) by DALBK 14 days after SNL (20 + 3.2 s, Fig. 6d).
Neither tactile nor thermal hypersensitivity was altered by DALBK
given 2 days after SNL. The weak effect of DALBK (Fig. 6¢) is likely to
be due to the lower level of expression of the B1 receptor (Fig. 7a,b) in
both sham and SNL-injured rats.

Upregulation of Bl and B2 receptor expression was observed only
in the injured L5 DRG (Fig. 7a) but not in the lumbar spinal cord
(Fig. 7b) after SNL. Moreover, upregulation of the expression of the
Bl receptor occurred only on day 14, but not on day 2, whereas
upregulation of expression of the B2 receptor was evident by day 2
(Fig. 7a). Despite this predominant expression of the B2 receptor in the

In contrast, prodynorphin transcripts were
readily measured. Prodynorphin was upregu-
lated by day 2 (Fig. 7c) preceding an upregulation of spinal dynorphin
(> day 4)!7 as is expected of the precursor for dynorphin. The failure
of the bradykinin receptor antagonists to reverse SNL-induced pain at
early time points after injury greatly diminishes the possibility that
bradykinin in the spinal cord from the circulation mediates the
hypersensitivity to evoked pain as tested here.

DISCUSSION

Dynorphin A’s dual actions as an endogenous opioid and bradykinin
receptor agonist represent the identification of a neuropeptide that can
activate two classes of G protein-coupled receptors with diverse
structure and function. The different structure-activity relationship
of dynorphin A at opioid receptors (N-terminal tyrosine is essential)
and bradykinin receptors (N-terminal tyrosine is unnecessary) is
consistent with the peptide’s interaction with two structurally and
pharmacologically distinct receptors. We have shown that dynorphin
A,_;3 enhances capsaicin-evoked CGRP release from the central term-
inals of the primary afferent in the dorsal horn of the spinal cord**. The
activation of VSCC by dynorphin A via the B2 receptor is consistent
with the potentiating effect of dynorphin A on CGRP release from the
central terminals of the primary afferent and represents a possible
mechanism of hyperalgesia induced by spinal dynorphin. The apparent
affinity and potency of dynorphin A for the bradykinin receptors are
moderate, suggesting that activation of the bradykinin receptors by
endogenous dynorphin A may require close apposition of dynorphin
A-containing terminals with dendritic or cell surface bradykinin
receptors and sufficient levels of dynorphin A. In the dorsal horn of
the spinal cord, bradykinin receptors are largely associated with the
central terminals of the primary afferents in the superficial laminae*®4>,
where prodynorphin interneurons are also located?®. Intrathecal
administration of dynorphin A mimicked the release of dynorphin in
the spinal cord and was pronociceptive; this effect was blocked by
antagonists for the bradykinin receptors administered locally in the
spinal cord. The antihyperalgesic effect of intrathecal Bl and B2
receptor antagonists in a model of peripheral neuropathy may be due
to activation of these receptors by the enhanced level of spinal
dynorphin induced by the injury. These findings implicate that selective
antagonism against dynorphin A at bradykinin receptors blocks the
pronociceptive actions of spinal dynorphin without interfering with
essential peripheral function of bradykinin or of dynorphin A at the
opioid receptors. These findings represent a new mechanism for the
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excitatory actions of dynorphin and offer possibilities for the develop-
ment of therapeutic strategies for the treatment of pain.

METHODS

Cell culture. F-11 cells (gift from M. Fishman) were maintained as described?!.
Cell differentiation was initiated 72 h before assay. Embryonic DRG neurons
were isolated from E15-17 rats, plated at 150,000 cells per Delta-T dish
(Bioptechs) as described®* and assayed between day 9 and 12 after plating.
F-11 cells were transfected with the BDKRBIor BDKRB2 cDNA (UMR cDNA
Resource Center) using PolyFect (Qiagen) and selected with 1 mg ml™
G418 (Invitrogen).

[Ca?*]; measurement. F-11 cells were plated at 50,000 cells per 8 mm cloning
ring sealed onto a Delta-T dish (Bioptechs) and differentiated 24 h after plating.
For each experiment, cells were loaded with 5 pM fura-2/AM (Molecular
Probes) at 37 °C for 40 min in bathing solution: 136 mM NaCl, 5.4 mM KCl,
2 mM CaCly, 1 mM MgSOy, 5.5 mM glucose, 10 mM HEPES, pH 7.4. Image
acquisition was done at 37 °C using a Nikon TE200 outfitted with a plan fluor
x40 oil N.A. 1.3 objective lens, Xenon burner, an ORCA Hi binning 12 bit
digital camera, filter wheel with fura-2 filter set controlled by Mutech image
master digital workstation and Metafluor imaging software (Universal Ima-
ging). Ratiometric fluorescence images were captured at 6 s intervals by
alternate excitation at 340 nm and 380 nm, with emission at 510 nm. The
fluorescence of Fura-2 associated with individual cells was determined by
computer-assisted analysis using Metafluor imaging software. A cell area within
a digital image was delineated, and the optical density associated with the cell
area was expressed as a ratio of integrated optical density emitted at 510 nm
after excitation at 340 nm versus 380 nm. The calculated ratios associated with
the same cell area derived from the serial images were plotted over time (s).
Increases over the basal ratio over time produced an area under the curve
representing total enhanced fluorescence within that cell, whereas the peak ratio
represented the maximal amplitude of the response. For non-transfected
F-11 cells and primary DRG neurons, a cell was defined as responsive if an
area under the curve was detected; the effect of a drug was expressed as an
overall response of a population of cells (percent of cells responding to
dynorphin A,_;3) and not by the mean peak amplitude of the response. This
is because F-11 cells are heterogeneous, resulting in a large variance in the peak
amplitude among responding cells within a population. For transfected cells,
because the receptor expression is higher and more consistent, the variance of
the peak amplitude of a cell within a population is smaller, enabling the effect
of a drug to be expressed as mean peak amplitude of the response, that is, peak
change in ratio of 340 to 380 nm. Dose-response curves were fitted by
nonlinear least-squares analysis (GraphPad Prism).

[*H]phosphatidylinositol hydrolysis assay. F11 cells were plated at 200,000
cells per well in 24-well titer plates and analyzed as described*’. Data are
mean * se.m. of three independent experiments. Statistical difference
(95% C.L.) was determined by student ¢-test.

Animals. Male Sprague-Dawley rats (Harlan) weighing 225-300 g, and male
bradykinin B2 receptor knockout (Bdkrb2~~) mice (B6; 12957-Bdkrb2tm1ithyy)
and the corresponding wild-type control mice (B6; 129SF2/J; Jackson
Laboratory) were used. Animals were maintained in cages in a climate-
controlled room on a 12-h light-dark cycle with free access to food and water.
All testing procedures were done in accordance with the policies and recom-
mendations of the International Association for the Study of Pain and the
National Institutes of Health guidelines for the handling and use of laboratory
animals and were approved by the Institutional Animal Care and Use
Committee of the University of Arizona.

Cannulation and drug administration. Rats were anesthetized with ketamine
(80 mg per kg body weight) and xylazine (12 mg kg™!) and implanted with
intrathecal catheters directed to the lumbar spinal cord*®. Drug or vehicle
injections (5 ul) were followed by a 9 pl saline flush. Drugs used were DALBK
(Bachem Inc.), HOE 140 (American Peptide Company) and dynorphin A, ;3
(AnaSpec Inc.). Intrathecal injections to conscious mice were made by direct
lumbar (L5-L6) puncture into the subarachnoid space.
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Spinal nerve ligation. Spinal nerve ligation was done as described*? in rats
anesthetized with 0.5% halothane in 95%0,, 5% CO,. Sham-operated control
rats were prepared in an identical manner but without nerve ligation.

Behavioral testing. All behavioral testing was done by observers blinded to
the experimental conditions. Tactile hypersensitivity was determined by
probing the plantar surface of the ligated hind paw with a series of eight
calibrated von Frey filaments (0.40, 0.70, 1.2, 2.0, 3.63, 5.5, 8.5, and 15 g)49.
The paw withdrawal thresholds of mice were determined in the same manner
but using von Frey filaments over a range of 0.02 to 2.34 g. Thermal sensi-
tivity of animals was determined by the withdrawal latency to an infrared
heat source directed onto the plantar surface of the left hind paw and was
indicated by a motion detector that halted the source and a timer®.
A maximum cut-off of 33 s was used. The latencies were measured
before surgery, before and after drug or vehicle administration. The
results are presented as the mean * s.e.m. Student’s t-test, one-way
ANOVA, two-factor ANOVA for independent variables followed by Fisher’s
least significant difference post-hoc test were used where appropriate.
In all statistical comparisons, P < 0.05 was used as the criterion for
statistical significance.

Quantitative RT-PCR was performed using the iCycler iQ Multicolor Real-
Time PCR Detection System with iScript cDNA Synthesis Kit and iQ SYBR
Green Supermix (Bio-Rad). Samples were run in triplicate using an annealing
temperature of 60°C. See Supplementary Methods online for primer
sequences. Data are mean * s.e.m. of 3 independent tissue samples.

Note: Supplementary information is available on the Nature Neuroscience website.
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