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1 Spinal prostanoids are implicated in the development of thermal hyperalgesia after peripheral
injury, but the speci®c prostanoid species that are involved are presently unknown. The current
study used an in vitro spinal superfusion model to investigate the e�ect of substance P (SP), N-
methyl-d-aspartate (NMDA), and capsaicin on multiple prostanoid release from dorsal spinal cord
of naive rats as well as rats that underwent peripheral injury and in¯ammation (knee joint kaolin/
carrageenan).

2 In naive rat spinal cords, PGE2 and 6-keto-PGF1a, but not TxB2, levels were increased after
inclusion of SP, NMDA, or capsaicin in the perfusion medium.

3 Basal PGE2 levels from spinal cords of animals that underwent 5 ± 72 h of peripheral
in¯ammation were elevated relative to age-matched naive cohorts. The time course of this increase
in basal PGE2 levels coincided with peripheral in¯ammation, as assessed by knee joint
circumference. Basal 6-keto-PGF1a levels were not elevated after injury.

4 From this in¯ammation-evoked increase in basal PGE2 levels, SP and capsaicin signi®cantly
increased spinal PGE2 release in a dose-dependent fashion. Capsaicin-evoked increases were blocked
dose-dependently by inclusion of S(+) ibuprofen in the capsaicin-containing perfusate.

5 These data suggest a role for spinal PGE2 and NK-1 receptor activation in the development of
hyperalgesia after injury and demonstrate that this relationship is upregulated in response to
peripheral tissue injury and in¯ammation.
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Introduction

Peripheral in¯ammation and injury-induced hyperalgesia are
associated with local prostaglandin synthesis by the enzyme,
cyclo-oxygenase (COX), (Vane, 1971; Moncada et al., 1973).

After peripheral injury, prostaglandins are synthesized at the
site of injury (Ohuchi et al., 1976) and sensitize nociceptors
through increases in sodium current-mediated depolarization

and increases in the rate of sodium channel activation (Gold et
al., 1996a,b). Administration of antibodies against PGE2

(Portanova et al., 1996) or deletion of the PGI2 receptor (IP)

gene (Murata et al., 1997) prevents hyperalgesic behaviour
after injury, suggesting a role for peripheral prostanoid
synthesis in injury-mediated hyperalgesia. Demonstration that
a structurally diverse class of agents called non-steroidal anti-

in¯ammatory drugs (NSAIDs) inhibited COX-mediated
synthesis of prostanoids and reduced the hyperalgesic state
demonstrated the importance of this injury-induced cascade

(Ferreira et al., 1971; Smith & Willis, 1971).
After peripheral injury, there is an increased sensitivity of

nociceptors in the periphery (Kocher et al., 1987; Raja et al.,

1988) and an increase in small calibre primary a�erent activity
(Puig & Sorkin, 1996). This increased peripheral activity leads
to a spinally-mediated hypersensitivity (Woolf, 1983), such
that innocuous tactile stimuli are interpreted as noxious

(allodynia) and/or there is an increased responsiveness to
noxious stimuli (hyperalgesia). In animal models of hyper-

algesia, it has been clearly shown that such spinally-mediated
states are dependent upon activation of spinal N-methyl-d-
aspartate (NMDA) and neurokinin-1 (NK-1) receptors as well

as spinal cyclo-oxygenase activity (for further review, see
Yaksh et al., 1998).

Spinal COX inhibition blocks hyperalgesic responses to

peripherally administered irritants such as zymosan (Yaksh,
1982), formalin (Malmberg & Yaksh, 1992a), or carrageenan
(Dirig et al., 1998b). Moreover, intrathecal substance P (SP)

evokes a thermal hyperalgesia (Yasphal et al., 1982; Dirig &
Yaksh, 1996) that is blocked by spinal pretreatment with cyclo-
oxygenase inhibitors (Malmberg & Yaksh, 1992b; Dirig et al.,
1998a). Consistent with these observations, intrathecal

prostanoids evoke a thermal hyperalgesia (Uda et al., 1990).
Using chronic lumbar spinal microdialysis (Marsala et al.,
1995) to elucidate spinal transmitter release, spinal PGE2

release was increased after peripheral injuries such as knee
joint kaolin/carrageenan (Yang et al., 1996), formalin
(Malmberg & Yaksh, 1995) or intrathecal substance P (Hua

et al., 1998). While these observations support a possible role
for spinal PGE2 in hyperalgesia, they do not exclude the likeli-
hood that other prostanoids are synthesized and released from
spinal cord (Smith & DeWitt, 1996; Willingale et al., 1997).

It is also unclear how spinal prostanoid synthesis is a�ected
by peripheral injury that leads to spinal sensitization. The
following points suggest that peripheral injury may increase

the e�ects of a�erent input on spinal prostanoid release: (i)
Spinal cord SP immunoreactivity is increased after peripheral*Author for correspondence. E-mail: tyaksh@ucsd.edu
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injury (Yaksh et al., 1980; Duggan et al., 1988), (ii) Intrathecal
SP evokes a hyperalgesic state in rats (Yasphal et al., 1982),
(iii) substance P increases PGE2 levels in an in vitro spinal

superfusion assay (Dirig et al., 1996), and (iv) NK-1 receptor
expression within the dorsal horn is upregulated after
peripheral injury and in¯ammation (Schafer et al., 1993;
Abbadie et al., 1996). Given these data, it is possible that SP-

evoked spinal prostanoid levels may be increased in the
presence of a protracted peripheral injury. The current study
used an in vitro spinal tissue superfusion assay to address two

hypotheses; (i) multiple prostanoids are released from dorsal
spinal tissue in the presence of the hyperalgesic receptor
ligands, SP, NMDA and capsaicin, and (ii) spinal prostanoid

release is elevated after peripheral injury.

Methods

Animal preparation

Male Sprague Dawley rats (300 ± 400 g; Harlan Industries;
Indianopolis, IN, U.S.A.) were housed in pairs in cages and
maintained on a 12 h light/dark cycle with free access to food

and water. All studies were carried out using protocols
approved by the Institutional Animal Care and Use
Committee of the University of California, San Diego.

Animals used in the in¯ammation part of this study received
an intra-articular injection of kaolin/carrageenan (4% w w71)
into the right hind knee under halothane anaesthesia (4%/

oxygen). Kaolin and l-carrageenan (0.4 g of each) were
suspended in 10 ml of 0.9% w v71 saline using sonication.
This suspension (0.1 ml) was injected with a 22Ga needle into
the knee joint capsule using the patellar tendon as a landmark.

Animals undergoing in¯ammation were housed individually
for up to 96 h after induction of in¯ammation. At the di�erent
time points after knee joint injection (5 ± 96 h), the circumfer-

ence of both hind knees of each rat was measured using a
length of 3-O suture and the spinal cord was removed and
perfused as described below. Spinal cords from in¯amed

animals and age-matched naive cohorts were harvested and
perfused on the same day and prostanoid release from the
spinal cords of these in¯amed animals was compared to age-
matched naive cohorts. Naive animals were used instead of

intra-articular vehicle injected controls as it is well known that
intra-articular injection of saline alone increases spinal
transmitter release (Yang et al., 1996).

In vitro dorsal spinal cord superfusion

The spinal cord superfusion methodology has been previously
published (Dirig et al., 1997). Brie¯y, rats were decapitated
after terminal halothane anaesthesia (4%/oxygen) and spinal

cords were hydraulically extruded (Sousa & Horrocks, 1979).
Spinal cords were placed in ice-cold arti®cial cerebrospinal
¯uid (ACSF) and then dissected on a ®lter paper-covered glass
plate placed on crushed ice. A 2 cm segment of the lumbar

enlargement was isolated and hemisected longitudinally into
lateral halves. These halves were hemisected again, and the
dorsal quadrants were retained. These dorsal segments were

chopped cross-sectionally into 2 mm prisms. Prisms were
dispersed on Millipore ®lters (13 mm diam, 5 mm pore size)
which were placed inside perfusion chambers (modi®ed

Millipore ®lter units, Bedford, MA, U.S.A.). The prisms of
one lumbar enlargement were used in each perfusion study and
dispersed at random to three or four perfusion chambers (®ve
prisms per chamber). Perfusion chambers were perfused with

ACSF at a rate of 200 ml min71 using a peristaltic pump.
ACSF consisted of (in mM): NaHCO3, 21.0; Na2HPO4, 2.5;
NaCl, 125.0; KCl, 2.6; MgCl2, 0.9; CaCl2, 1.3; d-Glucose, 3.9.

The ACSF reservoir for each study was placed in the same
water bath as the perfusion chambers and pH was adjusted to
7.4 by bubbling with 5% CO2/95% O2 for 30 min prior to and
throughout the study. After an initial washout period of

45 min, two perfusate samples were collected; a 10 min
baseline and a 10 min stimulation sample. The stimulation
samples contained ACSF including substance P (100 nM,

1 mM), NMDA (100 mM), or capsaicin (100 nM, 1 mM, 10 mM).
Chamber temperature was monitored continuously and
maintained at 378C using a thermocouple (36Ga, Type T,

Omega Instruments) permanently implanted in one perfusion
chamber.

Prostanoid radioimmunoassay

In vitro samples were collected on ice, frozen at 7708C,
lyophilized, and stored at 7708C until reconstitution in 0.1 ml

of assay bu�er (0.01 M phosphate, 0.1% w v71 bovine gamma
globulin, and 0.1% w v71 sodium azide, pH 7.0) for
competitive radioimmunoassay (RIA) using a polyclonal

rabbit anti-prostanoid antibody in conjunction with a
magnetic particle-coupled, goat anti-rabbit antibody (PerSep-
tive Biosystems, Framington, MA, U.S.A.). Separate RIA kits

were used to assess sample content of PGE2, 6-keto-PGF1a

(primary metabolite of PGI2), and TxB2 (primary metabolite of
TxA2). There is 51.8% cross-reactivity between these di�erent

RIA kits and details of this methodology have been previously
published (Jobke et al., 1973; Granstrom & Kindahl, 1978).
Brie¯y, lyophilized perfusate samples or prostanoid (41 ±
104 pg ml71 as standard) were reconstituted and split three

ways in assay bu�er and incubated with 0.1 ml of Perseptives
stock rabbit anti-prostanoid antibody solution for 2 h at 48C.
After precipitation of the bound complex using goat anti-

rabbit serum and centrifugation (15 min, 48C, 10006g), the
pellet was counted in a g-counter (Packard Cobra). Assays
were carried out with non-speci®c binding and blanks, and

minimum assay sensitivity was 4 pg per assay tube for each kit.
Individual experimental samples were run singly, and all
standard curves were run in duplicate.

Drug delivery and statistics

Substance P and NMDA were dissolved in ACSF. Capsaicin

was dissolved in 25% w v71 beta-hydroxyl cyclodextrin to a
concentration of 1 mg ml71, and S(+) ibuprofen was
dissolved to 5 mg ml71 in 100% w v71 dimethyl sulphoxide.

These stock solutions were then diluted to ®nal concentrations
in ACSF. All drugs were reconstituted on the morning of
testing and used only on that day. Inclusion of the solvent (i.e.

either cyclodextrin or dimethyl sulphoxide) did not increase
PGE2 levels relative to basal levels.

Basal and evoked levels for each prostanoid were compared
in the presence of substance P, NMDA or capsaicin using a

paired Student's t-test. To analyse the e�ect of peripheral
in¯ammation on spinal PGE2 release, basal PGE2 release was
compared across treatment groups (i.e. time after knee joint

injury) using a one way ANOVA with Dunnet's post-hoc
comparison to control (naive basal release). For the
construction of capsaicin, SP, and S(+) ibuprofen dose

response curves, each animal provided enough tissue to run
four chambers in parallel; this allowed tissue from each animal
to be exposed to two (substance P) or three di�erent doses of
the drug (capsaicin and capsaicin plus ibuprofen), as well as a

Spinal prostanoids & peripheral injury1334 D.M. Dirig & T.L. Yaksh



negative control chamber containing drug solvent, but no
drug. Thus, each animal provided data for all points of the
dose response curves. Basal PGE2 release was compared in

naive animals and was not di�erent across drug groups (i.e.
di�erent drug concentrations). After 24 h of knee joint
in¯ammation, basal PGE2 levels were signi®cantly elevated
but were not di�erent across drug groups. Thus, in each case

(naive and 24 h after knee joint in¯ammation), there was a
stable basal PGE2 release that could be pooled and then
compared to drug-evoked release using a one-way ANOVA

design with Dunnet's post-hoc comparison to control (basal
levels). In all tests, the minimum criterion for statistical
signi®cance was P50.05.

Results

Multiple prostanoid release

Spinal PGE2 levels were increased from basline after inclusion

of capsaicin (10 mM), SP (1 mM), or NMDA (100 mM) in the
second 10 min stimulation sample (P50.05 in each case).
Similar results were observed for 6-keto PGF1a upon

stimulation with capsaicin and SP (P50.05), but this
numerical trend did not reach signi®cance for NMDA
stimulation (P=0.08). No changes in T6B2 levels were

observed after any stimulation condition (Figure 1).

Basal prostanoid release after knee joint injury

Spinal PGE2 basal levels were increased as early as 5 h after
induction of knee joint in¯ammation and this elevation
persisted for 72 h after injury (P50.01, Figure 2A). Basal

PGE2 levels were not signi®cantly elevated by 96 h after injury.
Similar to the time course of basal spinal PGE2 levels at 5 ±
72 h post-injury, knee joint oedema (circumference) was also

signi®cantly increased from 5 ± 72 h after injury for the injected
knee (P50.01) and returned to baseline by 96 h after
induction of knee joint in¯ammation. The contralateral knee

joint circumference was not di�erent from baseline values at
any time point (Figure 2B).

SP-evoked prostanoid release after injury

After 24 h of knee joint in¯ammation, basal and SP-evoked
PGE2 levels were signi®cantly elevated relative to naive

Figure 1 Spinal prostanoid release. (A) Substance P- and (C)
capsaicin-evoked increases in perfusate prostanoid content were
observed for PGE2 and 6-keto-PGF1a, but not TxB2. (B) NMDA
increased PGE2 levels signi®cantly, however, the numerical increase
in 6-keto-PGF1a levels did not reach signi®cance. Each data point
represents the mean+s.e.mean of 4 ± 8 animals. Signi®cant increases
(Student's Paired t-test) from basal eicosanoid levels indicated by
*P50.05 or **P50.01.

Figure 2 Basal and capsaicin-evoked spinal PGE2 levels after 5 ±
72 h of knee joint in¯ammation. (A) PGE2 levels from spinal cords of
naive cohorts are presented at T=0. Note that basal PGE2 levels
increase from 5 ± 72 h after injury and return to naive PGE2 levels by
96 h post-injury. (B) Knee joint circumference after injection of
kaolin/carrageenan to the knee joint capsule increases (ipsilateral) as
compared to the un-injected knee (contralateral) with a similar time
course to increases in spinal PGE2 level. Each data point represents
the mean+s.e.mean of 4 ± 8 animals. Signi®cant increases in basal
PGE2 release (A) and knee joint circumference (B) after in¯ammation
are indicated by **P50.01 as compared to naive cohorts. Signi®cant
capsaicin-evoked increases in PGE2 at each time point after
in¯ammation are indicated by {P50.005.
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cohorts (P50.05, Figure 3A), but basal 6-keto-PGF1a levels
were not elevated 24 h after knee joint injury. In contrast to
the PGE2 results, basal and SP-evoked 6-keto-PGF1a release

did not di�er when comparing spinal release from naive and
injured animals (Figure 3B, P40.05). Given the marked
increase in basal and evoked spinal PGE2 release, the
remainder of the study focused on PGE2 release from spinal

cords of rats that had undergone 24 h of knee joint
in¯ammation. Substance P evoked a signi®cant increase in
PGE2 release from spinal cords of naive animals (P50.05,

1 mM), and this release was signi®cantly elevated after 24 h of
knee joint in¯ammation (P50.001). Importantly, 24 h of
knee joint in¯ammation signi®cantly decreased the SP dose

necessary to evoke a signi®cant increase in PGE2 levels
(100 nM for the in¯amed animal versus 1 mM for naive
animals, see Figure 3A).

Capsaicin-evoked prostanoid release after injury

In addition to the increase in basal PGE2 levels 5 ± 72 h after

knee joint injury, stimulation with capsaicin (10 mM) in the
second 10 min sample evoked signi®cant increases in PGE2

release. This capsaicin-evoked release was evident in naive
animals as well as after 5, 24, and 96 h of knee joint

in¯ammation (P50.005, Figure 2A). This trend was also
observed at 72 h post-injury, but the capsaicin-evoked PGE2

release did not reach statistical signi®cance (P=0.06, Figure

2A). Capsaicin-evoked PGE2 release demonstrated a dose
dependence as shown in Figure 4A, and the amount of PGE2

release evoked by capsaicin was greater than that of exogenous

SP described in Figure 3A. Since the greatest PGE2 release was
evoked by capsaicin, the ability of the non-selective COX
inhibitor S(+) ibuprofen to block this release was explored.

S(+) ibuprofen was included with capsaicin in the stimulation
sample (i.e. 10 mM capsaicin+0.1, 1.0 or 10.0 mM ibuprofen in
the second 10 min sample). As shown in Figure 4B, capsaicin-
evoked PGE2 release was signi®cantly decreased by S(+)

ibuprofen in a dose-dependent manner.

Figure 3 Substance P-evoked increases in eicosanoid levels after
injury. Although basal PGE2 levels were elevated after knee joint
in¯ammation (relative to naive cohorts), basal levels were not
di�erent within each treatment group (i.e. injured and naive). Given
the stable, condition-dependent basal PGE2 release, basal levels were
pooled within each treatment group and compared to substance P-
evoked release. After 24 h of knee joint in¯ammation (black bars),
basal and evoked PGE2 levels were elevated relative to naive cohorts
(white bars), and lower doses of SP were required to produce
signi®cant increases in PGE2. (B) SP evoked a slight, but signi®cant,
increase in 6-keto-PGF1a from spinal cords of naive animals (white
bars), but there was no increase in this eicosanoid after 24 h of
in¯ammation (black bars). Each data point represents the mean+
s.e.mean of 4 ± 8 animals, and signi®cant increases from basal levels
are indicated by *P50.05 and **P50.01. Comparison of basal
release across naive and injured animals indicated by {{P50.0001.

Figure 4 As in Figure 3, basal PGE2 levels within both treatment
groups (naive and injured) did not di�er and were pooled for
comparison to capsaicin-evoked release. (A) Capsaicin evoked
increases in PGE2 release in a dose dependent fashion, and this
release was greater (both in basal and evoked samples) after 24 h of
knee joint in¯ammation (black bars) relative to naive animals (white
bars). (B) Capsaicin-evoked PGE2 release after 24 h of knee joint
in¯ammation was blocked by increasing doses of S(+) ibuprofen.
Each data point represents the mean+s.e.mean of 4 ± 8 animals, and
signi®cant increases from basal levels are indicated by *P50.05 and
**P50.01. Comparison of basal PGE2 levels across naive and
injured animals indicated by {{P50.0001.
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Discussion

Spinal prostanoid release

In the present study, PGE2, 6-keto PGF1a, and TXB2-like

immunoreactivity were observed in the in vitro superfusates of
rat dorsal spinal cords. These results are in accord with
previous in vitro and in vivo work in which spinal synthesis of

multiple prostanoids has been reported (Dirig et al., 1996;
Willingale et al., 1997). Delivery of capsaicin and SP to the
spinal parenchyma increased PGE2 and 6-keto PGF1a, but not

TXB2, concentrations in spinal perfusates. Of the three
eicosanoids evaluated, the most abundant eicosanoid observed
under basal and evoked conditions was PGE2. This agrees with

previous in vitro studies on capsaicin-evoked spinal PGE2

release (Malmberg & Yaksh, 1994) as well as in vivo studies
describing increased spinal microdialysate PGE2 after activa-
tion of spinal NK1 receptors (Hua et al., 1998), hind paw

formalin injection (Malmberg & Yaksh, 1995) and knee joint
injection of kaolin/carrageenan (Yang et al., 1996) in the rat.
These data support the hypothesis that multiple eicosanoids

are released from spinal cord and this increase is enhanced
after direct activation of spinal terminal systems associated
with hyperalgesia.

It should be noted that the e�ects of capsaicin (1 and 10 mM)
were greater than that of substance P (100 nM and 1 mM)
whether compared under naive or in¯amed conditions. This
may be interpreted as the di�erence between a speci®c post-

synaptic NK-1 receptor e�ect versus primary a�erent
depolarization by capsaicin. Depolarization of primary
a�erent terminals would be expected to involve not only SP

release, but also excitatory amino acids and other neuropep-
tides. As shown in Figure 1B, an NMDA-receptor mediated
component to this system is likely (Malmberg & Yaksh,

1992b).

Origin of spinal prostanoid release

There are at least two isoforms of cyclo-oxygenase (COX-1
and COX-2), the enzyme responsible for synthesis of PGH2

from arachidonic acid. In spinal cord, COX-2 is the

predominant COX isozyme present at the mRNA and
protein level, but COX-1 has also been localized to the
dorsal root ganglion (DRG) and spinal cord (Beiche et al.,

1996; Willingale et al., 1997). These results are consistent
with our own work in which it was shown that intrathecal
COX-2, but not COX-1 inhibitors will block intrathecal

substance P-evoked hyperalgesia and PGE2 release (Dirig et
al., 1998a). It is not certain whether these prostanoids
uniformly originate from neuronal, glial or vascular
endothelial sources. Although it has not been clearly

delineated, neuronal prostanoid sources are likely, based on
the localization of the COX isozymes to neurons within the
DRG and spinal cord. Marriott and colleagues (Marriott et

al., 1991a,b; Marriott & Wilkin, 1993) have reported that SP
can evoke release of PGE2 from cultured spinal astrocytes,
but in vivo studies report NK-1 receptors on neurons

(Brown et al., 1995; Mantyh et al., 1995), but not astrocytes.
Astrocytes are only reported to express NK-1 receptors after
a central nervous system injury, such as ischaemia, anoxia,

or mechanical trauma (see Palma et al., 1997 for details).
Thus, while SP-evoked PGE2 from astrocytes may play a
role in central nervous system responses to neuronal injury
and ischaemia, such sources are not likely in an acute spinal

cord preparation as described herein.

Upregulation of PGE2 release after injury

Injection of carrageenan and kaolin into the knee joint resulted

in a marked in¯ammatory reaction at 5 ± 72 h as indicated by
increased joint circumference. This enlarged knee joint has
been shown to be extremely sensitive to mechanical compres-
sion with an in¯ated cu�. Graded compression of the in¯amed

knee yields blood pressure responses consistent with an
autonomic response to a painful stimulus (Nagasaka et al.,
1996). As with other models of peripheral injury and

in¯ammation, knee joint in¯ammation has also been
associated with thermal hyperalgesia that has a distinct spinal
pharmacology (Sluka & Westlund, 1993a,b).

Basal PGE2 release from the dorsal lumbar spinal cord was
signi®cantly elevated by 24 h after initiation of a peripheral
in¯ammatory state. This may be considered as the in vitro

equivalent of observations reported by Yang et al. (1996), who
reported increased spinal lumbar intrathecal microdialysate
PGE2 content 24 h after knee joint injury in rats. Interestingly,
the substance P and capsaicin doses necessary to evoke

signi®cant increases in spinal PGE2 release were reduced 10
fold after 24 h of knee joint in¯ammation (Figures 3A and
4A). It is well accepted that spinal neuronal activity is

dependent on the e�ective concentration of excitatory amino
acids and substance P (Dougherty & Willis, 1991), and that
this release is dependent upon depolarization and calcium-

dependent exocytosis of synaptic vesicles (Miller, 1987; Smith
& Augustine, 1988) from the central terminal of the primary
a�erent (De Biasi & Rustioni, 1988). The decreased substance

P and capsaicin dosage requirement reported herein suggests
that after peripheral injury and in¯ammation, a sub-threshold
noxious stimulus, which is associated with lower frequency C-
®bre activity (Handwerker et al., 1991) and thereby less

substance P release, could still evoke signi®cant spinal PGE2

release. Given the e�ectiveness of intrathecal COX inhibitors
(Neugebauer et al., 1995; Dirig et al., 1998b) and PGE2

receptor antagonists (Malmberg et al., 1994) in reducing
injury-induced hyperalgesia, these data suggest that increased
spinal PGE2 release is necessary for the development of

hyperalgesia after peripheral injury and in¯ammation.
Given the e�ectiveness of capsaicin-evoked PGE2 release

and the implication that spinal PGE2 synthesis is necessary for
the development of hyperalgesia in vivo, we explored the

sensitivity of this PGE2 release to COX inhibition. In
agreement with the e�ectiveness of intrathecal COX inhibitors
to block hyperalgesic behaviour in vivo (Yaksh, 1982;

Malmberg & Yaksh, 1992b; Dirig et al., 1998b) and the e�ect
of S(+)ibuprofen in vitro (Malmberg & Yaksh, 1994), S(+)
ibuprofen reduced capsaicin-evoked PGE2 release in a dose-

dependent manner. While this result implicates spinal COX
activity in PGE2 release, the speci®c COX isoforms cannot be
concluded from this work. Other studies (Dirig et al., 1998a,b)

suggest that this spinal PGE2 release may be due to activity of
COX-2, but not COX-1. Regardless of the COX isoform
implicated, the elevated spinal PGE2 release after peripheral
injury suggest that spinally mediated hyperalgesia after injury

may be due to one of the following mechanisms of substance P
mediated spinal PGE2 synthesis.

First, elevated basal PGE2 levels after injury may indicate

an increased tonic substance P release and ongoing activation
of PGE2 synthesis after injury (i.e. due to an increased tonic
NK-1 receptor activation). This hypothesis is consistent with

reports of Yaksh and colleagues (Yaksh et al., 1980; Go &
Yaksh, 1987) and Duggan and colleagues (Duggan &
Johnston, 1970; Hope et al., 1990) that spinal substance P
levels are elevated after peripheral injury. Consistent with this
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hypothesis, Hargreaves and colleagues have reported that
capsaicin-evoked SP release from a similar in vitro spinal slice
apparatus is elevated after a peripheral injury (Garry &

Hargreaves, 1992). Second, following peripheral soft tissue or
nerve injury, dorsal horn NK-1 receptor protein increases
(Schafer et al., 1993; Abbadie et al., 1996). While NK-1
antagonists were not employed in the present study, substance

P has been shown to bind preferentially to the NK-1 receptor
(Henry, 1993) and the behavioural e�ects of intrathecal
substance P are fully reversed by intrathecal NK-1 antagonists

(Malmberg & Yaksh, 1992b; Dirig et al., 1998a). Thus, one
possible explanation for the increased tonic PGE2 release after
injury as well as the increased sensitivity of the spinal cord to

substance P after peripheral injury may be an increased NK-1
receptor expression within the dorsal spinal cord. Third,
increased basal or evoked PGE2 release may arise from an

increase in COX-2 enzyme expression within the dorsal horn.
As early as 6 h after peripheral injury and in¯ammation, COX-
2 peptide within the spinal cord is increased (Goppelt-Struebe
& Beiche, 1997). Thus, the observed increase in basal and

evoked spinal PGE2 release after injury may be due to an
increase in spinal SP synthesis and release from primary
a�erent terminals, an increase in post-synaptic NK-1 receptor

expression, or increasese in the post-synaptic PGE2 synthetic
machinery (i.e. increases in COX-2 enzyme expression).

Spinal prostanoid-mediated feedback loops

Substance P evoked increases in spinal PGE2 and PGI2 release

are consistent with a role for substance P and multiple
eicosanoids in the development of hyperalgesic states. The
substance P precursor, preprotachykinin, is present in DRG
cells (Oida et al., 1995), and substance P is present in primary

a�erent spinal terminals (De Biasi & Rustioni, 1988).
Substance P binds preferentially to the NK-1 receptor (Henry,
1993) which is present on neurons within the super®cial dorsal

horn (Lamina I) as well as in the dendrites of deep dorsal horn
neurons which project to the super®cial laminae (Brown et al.,
1995; Mantyh et al., 1995). Suggestive of prostanoid action on

the primary a�erent terminal, mRNA for both PGE2 and PGI2
receptors (EP and IP, respectively) co-localize with prepro-
tachykinin mRNA in rat DRG cells. PGE2 binds to several
subtypes of PGE2 (EP) receptors (Coleman et al., 1994) and

binds with high a�nity to the super®cial laminae (Matsumura
et al., 1992) of the rat dorsal horn. Further supporting a role
for PGE2 receptors in sensory processing, Beiche et al. (1998)

recently reported EP receptor immunoreactivity on primary
a�erent terminals within the super®cial dorsal horn in rats. For
dorsal horn prostanoid synthesis to be implicated in sensory

processing, the synthetic enzyme, COX, must also be present.
In the past year, several studies have reported immunoreactiv-

ity for COX-2 within super®cial dorsal horn neurons (Will-
ingale et al., 1997; Beiche et al., 1998). These localization
studies suggest a substance P-mediated, COX-2 dependent

synthesis of prostanoids in the development of hyperalgesia.
This possible relationship is supported by experiments
demonstrating the e�ectiveness of spinal inhibitors of COX-
2, but not COX-1, in blocking substance P-induced thermal

hyperalgesia (Dirig et al., 1998a).
Beyond characterization studies, cultured DRG neurons

have also been used to study the relationship between spinal

prostanoids and neuropeptide release. Prostanoid administra-
tion to cultured rat DRG cells does not evoke release or
change basal neuropeptide release, but addition of prostanoids

to the cell culture medium increases capsaicin-evoked release
of substance P from cultured DRG cells or a spinal slice
preparation similar to that described herein (Vasko et al., 1993;

Hingtgen & Vasko, 1994; Vasko, 1995). This substance P
release was augmented by pre-conditioning with PGE2 and
PGI2, the same two eicosanoids that were increased after
exposure of spinal tissue to substance P in the current work. As

shown in Figure 1, exogenous substance P or NMDA evokes
synthesis and release of PGE2 and PGI2 (Dirig et al., 1996)
from the dorsal horn of the spinal cord, arguably from neurons

within the super®cial laminae. This synthesis and release of
prostanoids may then feedback on primary a�erent terminals
(at pre-synaptic prostanoid receptors) to augment evoked

transmitter release of any subsequent action potentials
invading the primary a�erent terminals. This positive feedback
loop may partially explain the relationship of substance P and

eicosanoids in the development of spinally-mediated hyper-
algesic states after peripheral injury and in¯ammation.

In conclusion, this study demonstrates that multiple
eicosanoids are released from rat dorsal spinal cord after

challenge with receptor ligands associated with hyperalgesia in
vivo (i.e. substance P, NMDA, and capsaicin). PGE2 was the
predominant species released, and this eicosanoid was further

elevated (both basal and evoked levels) from 5 ± 72 h after a
peripheral injury. These data suggest a role for substance P-
evoked PGE2 synthesis in the development of spinally-

mediated hyperalgesia after peripheral injury. Upregulation
of spinal PGE2 release in the presence of the persistent a�erent
input generated by a peripheral injury provides additional
support for a spinal site of action for the potent anti-

hyperalgesic e�ects of both intrathecally and systemically
administered COX inhibitors.
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