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■ Abstract Intrathecal phospholipase A2 (PLA2) and cyclooxygenase-2 (COX-2),
but not COX-1, inhibitors attenuate facilitated pain states generated by peripheral
injury/inflammation and by direct activation of spinal glutamate and substance P re-
ceptors. These results are consistent with the constitutive expression of PLA2 and
COX-2 in spinal cord, the spinal release of prostaglandins by persistent afferent in-
put, and the effects of prostaglandins on spinal excitability. Whereas the acute actions
of COX-2 inhibitors are clearly mediated by constitutively expressed spinal COX-2,
studies of spinal COX-2 expression indicate that it is upregulated by neural input and
circulating cytokines. Given the intrathecal potency of COX-2 inhibitors, the compa-
rable efficacy of intrathecal versus systemic COX-2 inhibitors in hyperalgesic states
not associated with inflammation, and the onset of antihyperalgesic activity prior
to COX-2 upregulation, it is argued that a principal antihyperalgesic mechanism of
COX-2 inhibitors lies with modulation of constitutive COX-2 present at the spinal
level.

INTRODUCTION

Nonsteroidal antiinflammatory drugs (NSAIDs) have been long used to treat mild
or moderate pain following injury, disease, or minor surgery (see e.g., 1). They are
currently the most widely utilized class of analgesic compounds (see e.g., 2) and
play important roles in the management of postsurgical pain (see e.g., 3, 4), as well
as chronic pain states including arthritis and cancer (see, eg., 5, 6). The reliability
of these agents can be appreciated by noting that, in terms of “numbers-needed-
to-treat” (NNT) to establish clinically significant effects, agents such as ibuprofen
and diclofenac have NNT values of 2–3. (For every 2–3 patients receiving a drug,
one patient will have at least 50% relief.) In contrast, codeine, a widely used opiate
analgesic, has an NNT of 17 (7). This reliability argues for an action directed at
fundamental mechanisms in the genesis of facilitated pain states.
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ANTIHYPERALGESIC VERSUS ANALGESIC
ACTIONS OF NSAIDS

Preclinical studies have emphasized that NSAIDs do not typically elevate the nor-
mal pain threshold in animal models as measured in threshold escape paradigms,
such as the hot plate, tail flick, or paw mechanical pressure, but NSAIDs com-
monly normalize the exaggerated pain behavior (hyperalgesia) that is observed
after tissue injury or inflammation (such as the acetic acid induced writhing or
paw carrageenan tests) (8). Two early observations provided evidence that the an-
tihyperalgesic characteristics of NSAIDs were mediated by a peripheral action.
(a) Agents, classified as nonnarcotic, nonsteroidal antipyretic agents (9) shared the
ability to inhibit the cyclooxygenase-mediated synthesis of prostaglandins (10, 11).
(b) Prostaglandins, elaborated locally following tissue injury, sensitized periph-
eral nerve endings and facilitated pain behavior in animal models (12). These
properties were taken to support the unifying hypothesis that NSAIDs acted in
models of peripheral inflammation in which the hallmark of nociception was a
“hyperalgesic state” induced by the local release of prostaglandins (13, 14). It was
appreciated, however, that there were clear dissociations between the antiinflam-
matory and analgesic activity of the several agents (15), suggesting that actions
other than those associated with peripheral inflammation might account for the an-
tihyperalgesic characteristics. Moreover, early research pointed to a spinal action
for cyclooxygenase (COX) inhibitors and prostanoids (16), and subsequent work
has essentially substantiated and expanded upon this finding.

To appreciate the spinal action for cyclooxygenase inhibitors, we first consider
the current thinking in regard to the systems underlying the spinal processing
of nociceptive information initiated by peripheral injury. In subsequent sections,
we consider in detail the properties of the spinal phospholipases from which the
arachidonic acid (AA) arises, the COX isozymes that convert the arachidonic
acid to prostanoids and finally the prostanoids and their receptors that mediate
the facilitated processing that arises when this cascade of events is activated by
peripheral tissue injury and inflammation.

BIOLOGY OF THE SPINAL CASCADE
INDUCED BY TISSUE INJURY

Tissue injury and inflammation results in an enhanced response to subsequent
noxious stimuli (hyperalgesia). Current work emphasizes that this exaggerated
response arises in part because of a sensitization of the peripheral terminal (as noted
above) and partly by the initiation of a facilitated state of processing of afferent
input in the spinal cord (17). Changes in spinal responsiveness are mediated by
(a) injury-induced afferent input and (b) injury-induced appearance of circulating
factors. Figure 1 provides a schematic representation of the organization of this
dorsal horn cascade.
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Figure 1 Illustration of the dorsal horn at the level of the primary afferent synapse in the
substantia gelatinosa. The schematic presents potential structures constitutively containing
both cyclooxygenase (COX) isozymes (COX-1 and COX-2), from which prostaglandins (PG)
may derive to alter spinal nociceptive processing. These structures are believed to be both
neuronal and nonneuronal (microglia, astrocytes, endothelial cells). Brief but persistent ac-
tivation of small afferent C fibers yields release of several excitatory afferent transmitters,
including substance P (sP) and glutamate (GLU). This results in a depolarization and in-
creased intracellular calcium ([Ca]2+), which in turn results in the activation of a number of
intracellular enzymes, including phospholipase A2 (PLA2). PLA2 results in an increase in cy-
tosolic arachidonic acid (AA), which then enters the COX cascade leading to the formation of
a variety of PGs that gain access to the extracellular space. Prostanoids acting via prostanoid
E receptors (EP) can increase intracellular calcium in sensory afferents and depolarize dorsal
horn neurons. The former effect would facilitate afferent transmitter release. Behavioral phar-
macology has emphasized that the hyperalgesia and the evoked release of PGs from spinal
cord is blocked by COX-2, but not COX-1, inhibitors. This system is not static. Thus, there is
an enhanced expression of mRNA and protein for COX-2 that is initiated by persistent afferent
input generated by peripheral tissue injury and inflammation. In addition, peripheral injury
leads to circulating factors such as cytokines and LPS, which can initiate COX-2 upregulation
in neuronal and nonneuronal elements. (See text for details and citations.)
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Neural Linkages

Peripheral tissue injury and local inflammation initiates persistent activity in small
primary afferents. Repetitive afferent stimulation evokes a cascade leading to a
behaviorally defined hyperalgesia, as indicated by a decreased response threshold
or an increased magnitude of responding (18). Spinal components of the cascade
generated by tissue injury are initiated by an afferent-evoked release of amino acids
(glutamate/aspartate) and peptides (substance P), activating N-methyl-D-aspartate
(NMDA), non-NMDA, and Neurokinin-1 (NK1) receptors (19). Stimulation of
these receptors results in activation of spinal kinases, phospholipases, and syn-
thases. Kinases phosphorylate a variety of channels (calcium), receptors (NMDA),
and enzymes and enhance their functionality (20). Phospholipases form arachi-
donic acid (AA) (21, 22), which is acted upon by COX to yield products converted
into prostanoids. The behavioral relevance of these events is indicated by the obser-
vations that spinal prostanoids increase spinal excitability (23, 24), while blockade
of spinal NMDA or NK1 receptors (23–26), kinases (27), COX, or PLA2 (see be-
low) attenuates many behaviorally defined expressions of hyperalgesia.

Circulating Factors

Inflammatory reactions associated with tissue injury or local irritants result in
the release of cytokines, such as TNF-α or IL-1β. These products, when delivered
either systemically (28, 29) or intrathecally (30, 31), can evoke hyperalgesic states.
At the spinal level, these cytokines can influence spinal function by a direct action
on spinal cells (neurons, microglia, astrocytes) (32, 33).

The organization of spinal systems mediating postinjury hyperalgesia is com-
plex. However, several lines of evidence emphasize the relevance of the spinal
PLA2-COX-prostanoid cascade in the evolving pain state.

SPINAL PHOSPHOLIPASE A2 (PLA2) ISOZYMES

Arachidonic acid concentrations in cell cytosol are low under normal conditions
and formation of arachidonic acid is generally considered to be the rate-limiting
step in prostanoid synthesis. Arachidonic acid is found in the sn-2 position of
membrane phospholipids, and PLA2 hydrolizes the sn-2 ester bond to generate
free arachidonic acid and lysophospholipids. The PLA2 family can be divided into
at least 10 groups based on amino acid structure and other characteristics. Focusing
on biological properties, three distinct classes of PLA2 have been characterized:
(a) calcium-dependent cytosolic PLA2(cPLA2), (b) calcium-independent cytosolic
PLA2 (iPLA2), and (c) secretory PLA2 (sPLA2) (21).

cPLA2

cPLA2 (Group IV PLA2) is found in the cytosol of practically all cell types studied,
and the enzyme is translocated to nuclear/endoplasmic reticulum membranes in
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response to increased intracellular calcium (34, 35). cPLA2 possesses a preference
for phospholipids containing AA (36) and phosphorylation of cPLA2 by mitogen-
activated protein kinases increases its activity (35).

sPLA2

sPLA2 (Group IB, IIA, IIC, V and X PLA2) are low molecular weight, structurally
related isozymes that require millimolar concentrations of calcium for activation.
They are not selective for a particular fatty acid at the sn-2 position and release
arachidonic acid in addition to other fatty acids from phospholipids. Importantly,
these isozymes are released into the extracellular space and can induce phospho-
lipid cleavage in adjacent cells (37).

iPLA2

iPLA2 (Group VI PLA2) is involved in fatty acid remodeling rather than AA liber-
ation. iPLA2 incorporates AA and other fatty acids into membrane phospholipids
(see e.g., 38). There are studies suggesting that the AA-releasing PLA2s (cPLA2,
sPLA2) use different AA pools for the release. Thus, by regulating fatty acid re-
modeling, iPLA2 may regulate AA available for PLA2 cleavage (39, 40).

Constitutive Spinal Localization of PLA2 Isozymes

PLA2 immunoreactivity is found in the dorsal horn and motor neurons of rat and
monkey (41, 42) and is also present in rat spinal cord as shown by Western blotting
(43). iPLA2 mRNA is constitutively expressed in human spinal cord (44), and we
have recently shown that mRNA for cPLA2, iPLA2, and sPLA2 (IIA and V) are
present in normal rat spinal cord (45).

Induction of Spinal PLA2 Isozymes

Increase of cPLA2 protein and mRNA has been shown in murine astrocyte cultures
(46, 47) after lipopolysaccharide (LPS) and IL-1β stimulation, and in monocytes
after zymosan treatment (48). sPLA2 mRNA in brain increases after systemic LPS
(136), and elevation of sPLA2protein levels occurs after LPS and IL-1β stimulation
of astrocyte cultures (49–51). A recent study did not, however, reveal upregulation
of spinal cPLA2, sPLA2 activity, or cPLA2 protein levels after intraplantar Freuds
complete adjuvant (FCA) (43).

PLA2 Pharmacology

Presently, no isoform-specific PLA2 inhibitors are commercially available. The
most common PLA2 inhibitors used are AATFMK, MAFP, and BEL. AATFMK
(arachidonyl trifluromethylketone: AACOCF3) is a cPLA2 and iPLA2 inhibitor
(see e.g., 52), and at higher concentrations it may also inhibit COX (53, 54). MAFP
(methyl arachidonyl fluorophosphonate) inhibits cPLA2 and iPLA2 (see e.g., 52),
though it has been reported that MAFP also acts as an inhibitor in the enzymatic
hydrolysis of anandamide (55, 56) and as an antagonist of the cannabinoid CB1
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receptor (55). BEL [bromoenol lactone, also referred to as haloenol lactone sui-
cide substrate (HELSS)] is a relatively selective iPLA2 inhibitor. BEL is, however,
known to inhibit other important effectors in signal transduction such as phosphati-
date phosphohydrolase (38). More specific sPLA2 inhibitors, including LY311727
(3-(3-acetamide-1-benzyl-2-ethylindolyl-5-oxy)propane sulfonic acid), have re-
cently been described (57).

Spinal PLA2 in Regulating Hyperalgesic Behavior

The most straightforward approach to studying the role of specific PLA2 isoforms
in spinal pain processing is to inhibit their activity by IT administration of selective
inhibitors. Unfortunately, as noted above, no absolute type-specific PLA2 inhibitors
are widely available. Nevertheless, IT administration of AATFMK and MAFP
results in a dose-dependent antihyperalgesia (45), indicating a possible role of
spinal PLA2 isozymes in facilitated processing.

SPINAL CYCLOOXYGENASE (COX) ISOZYMES

Cyclooxygenases are membrane-bound enzymes with 63% of their amino acid
sequences in common. The enzymes have two catalytic activities: a cyclooxyge-
nase activity mediating PGG2 formation from arachidonic acid and a peroxidase
activity involved in the reduction of PGG2 to PGH2. PGH2 is converted to final
active products by individual prostaglandin (PG) synthetases (58, 59). Two COX
isozymes have been sequenced and cloned: COX-1 and COX-2 (72 kDa) (see e.g.,
60). The COX-1 gene is stably expressed in most tissues and functions as a “house-
keeping gene” (61). In contrast, COX-2 is generally not constitutively present in
peripheral tissues, except in kidney and vas deferens (62, 63), but it is highly
inducible by a variety of mechanisms. The COX-2 mRNA contains consensus se-
quences for several nuclear transcription factors including NF-kappaB, providing
potent mechanisms for induction. The gene also displays repeated motifs in the
untranslated regions (ATTTA) common to immediate early genes rendering the
mRNA less stable (60), whereas during catalysis COX-2 undergoes suicide inacti-
vation (64). Such properties indicate an effective regulation of enzyme expression
and activity.

Constitutive Location of Spinal COX Isozymes

In contrast to the periphery, both COX-1 and COX-2 mRNA and protein are
expressed constitutively in dorsal root ganglia (DRG) and in spinal dorsal and
ventral gray matter as shown by in situ hybridization (65, but see 66), North-
ern blotting (67–70), immunohistochemistry (68, 71), and immunoblot techniques
(67, 71, 72) (see Table 1). Under basal conditions, COX-1 and COX-2 have been
found in neurons and in nonneuronal cells such as astrocytes. In DRGs, COX-1
immunoreactivity is observed in the cytoplasm, nuclear membrane, and axonal
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TABLE 1 In vivo COX-1 and COX-2 localization in spinal cord (constitutive expression)a

Localization Cell

Dorsal Ventral Perivascular,
Method Species horn horn DRG Neurons Astrocyte endothelial Refs

COX-1
NB, WB rat x 69
IHC rat (x) np x x 71
WB rat x∗ x∗ 76
NB x∗ x∗ 67
WB rat x∗ x∗ 72
WB, IHC mouse x∗ x∗ np x 75
IHC rat x x 65
NB, WB mouse x∗ x∗ 73

COX-2
NB,WB rat x 69
IHC rat x x x 71
WB rat x∗ x∗ 76
WB rat x∗ x∗ 67
IHC, WB rat x x x 77
IHC rat x x x x 78
WB rat x∗ x∗ 72
IHC mouse np x x x 75
IHC,WB, rat x x 43
RPA

WB rat x x x 79
IHC rat x x x x x x 74
NB, WB, mouse x x x x 73
IHC

NB human x∗ x∗ 80

aAbbreviations:∗ = homogenate of whole spinal cord assayed; (x)= very few positive cells; IHC= immunohistochemistry;
WB = western blotting; NB= northern blotting; RPA= Rnase protection assay; np= not present.

processes of small- and medium-sized neuronal cell bodies (65, 71). In the spinal
cord, COX-2 immunoreactivity is present in neurons of all lamina, particularly
in the superficial layers. No COX-1 has been reported in neurons at the spinal
level, but both COX-1 and COX-2 are found in astrocytes. COX-2 immunoreac-
tivity is strong on the nuclear membrane but is also clearly present in neuronal and
glial cytoplasm (68, 71, 73, but see 74), whereas COX-1 in glia cells is typically
cytoplasmic (75).

Induction of Spinal COX Isozymes

COX-2 mRNA and protein in spinal cord increases after hind paw injection of car-
rageenan (66, 72, 76, 81), FCA (43, 67, 69, 70), and zymosan (75, 82). The changes
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in expression produced by unilateral hind paw injection were found to occur both
ipsi- and contralaterally in the lumbar cord and in the cervical cord. The increased
COX-2 expression after peripheral injury occurs in both neuronal and nonneu-
ronal elements (43, 67, 75, 82). Nonneuronal cells expressing COX-1 and COX-2
include astrocytes (83), microglia (33), endothelial (84), and leptomeningeal cells
(85). Importantly, the increased expression of COX-2 in these cell systems is
paralleled by increases in basal and evoked PG release. The release comes from
astroglia by IL-1β and sP (86), from microglia by LPS and cytokines (83), and
from rat spinal slices by capsaicin, sP, or NMDA (87). Intravenous injection of
LPS (81) and IL-1β (43) resulted in increased COX-2 expression in the spinal cord
over an interval of 4–24 h, whereas a more pronounced increase was seen after
IT administration of LPS (81), IL-1α (88), and IL-1β (43). These data indicate
that elevated COX-2 can be a major contributor to hypersensitivity after peripheral
and central inflammation, although the surprising lack of effect of IT administra-
tion of NSAIDs and COX-2 inhibitors (43, 89) at later times in preclinical studies
indicates that yet other systems may also be involved.

COX Pharmacology

Until recently, the common agents employed clinically were equally effective
in blocking COX-1 and COX-2. In the past several years there has been a rapid
proliferation of agents with a usefully high (>500–1000-fold) selectivity for COX-
2, though only a few exist with a reported specificity for COX-1 (90) (Table 2).

Spinal COX in Regulating Hyperalgesic Behavior

Agents with a COX-1/2 nonselective inhibitory effect, given intrathecally, typically
have no effect upon threshold models of acute stimulation (see Table 3). Such
delivery will, however, produce a dose-dependent/stereospecific reduction in pain
states that involve central facilitation. Such test models include the writhing test

TABLE 2 Summary of drug selectivitya

COX-1 = COX-2 COX-1 >COX-2 COX-2 > COX-1

Ketorolac SC58125

Indomethacin SC58560 SC384

Flurbiprofen SC385 (inactive isomer)

Zomepirac Celecoxib

S(+)ibuprofen Rofecoxib

R (−)ibuprofen (inactive isomer) NS398

Acetylsalicylic acid acetaminophen DFU Meloxicamb

aSee respective papers in Table 3 for references as to selectivity.
bModerate selectivity.
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TABLE 3 Intrathecal cyclooxygenase inhibitors in rat models of nociceptiona

Intrathecal drug Maximum
Pain model (ordering of activity) efficacy Refs

Acute
Acute thermal escape S(+)-ibuprofen= SC58125>SC384À 0 79

SC560= 0 0 96
NS398= indomethacin= 0 0 91
Indomethacin= ketorolac, zomepirac, 0 97
acetylsalicylate= 0 0 98

Diclofenac= 0
Acetylsalicylate> indomethacin> 0

Acute mechanical Acetylsalicylate> indomethacin> 0 98
escape Ketorolac= S(+)-ibuprofen= 0 99

PBQ evoked writhing Zomepirac> acetylsalicylate> 0 ++ 16
Diclofenac> 0 ++ 97

IPLT Formalin-Ph 1 ketorolac≥ indomethacin= flurbiprofen = + 91
zomepirac= S(+)ibuprofen= ibuprofen=
acetylsalicylic acid= acetaminophen= 0

Inflammation and tissue injury
IPLT Formalin-Ph 2 Indomethacin≥ flurbiprofen> ketorolac≥ ++ 91

zomepirac> S(+)ibuprofen≥ ibuprofen> +++ 100
acetylsalicylic acid> acetaminophen> R(−) ++ 96
ibuprofen= 0

S(+)-Ibuprofen> SC58125= 0
Indomethacin> 0 0 101

IPLT carrag-TH S(+)-ibuprofen= SC58125>SC384À +++ 79
SC560= SC 385= R(−) ibuprofen= 0 +++ 102

S(+) ibuprofen= SC58125> 0 +++ 93
NS398> 0

IPLT Zymosan-TH Indomethacin> 0 +++ 103
IPLT Freunds-TA NS398> 0 + 43
NERVE INJURY
Bennett-CCI-TH Ketorolac> 0 + 104
Chung injury-TA Indomethacin> 0 + 105

Piroxicam= NS398= ketorolac 0 106
(R) and (S)= 0

Spinal activation
IT NMDA-TH S(+)-ibuprofen> R(−) ibuprofen= 0 +++ 95

SC58125 (2)> SC560(1)= 0 +++ 79
NS398= indomethacin> 0 +++ 94

IT NMDA-BSL Diclofenac> S(+) ibuprofen> 0 ++ 97
Acetaminophen> 0 ++ 107

IT NMDA-MH DFU > 0 ++ 108

(Continued)
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TABLE 3 (Continued)

Intrathecal drug Maximum
Pain model (ordering of activity) efficacy Refs

IT AMPA-TH S(+)-ibuprofen> R(−) ibuprofen= 0 +++ 95
IT-sP-TH +++ 95

+++ 79
IT-sP-BSL ++ 107

aAbbreviations: BSL= biting, scratching, and licking; Carrag= carrageenan evoked; CCI= chronic compression
nerve injury; IPLT= intraplantar (hind paw); IT= intrathecal (lumbar); MH= mechanical hyperalgesia; NMDA
= n-methyl-d-aspartate; Ph= phase; sP= substance P; TA= tactile allodynia; TH= thermal hyperalgesia;
Therm = thermal; PBQ= phenylbenzoquinone; maximum efficacy at highest usable intrathecal dose= 0 = no
effect,+ = <50%,++ = 50< <100,+++ = 100%.

(16), phase 2 of the formalin test (91, 92), and thermal hyperalgesia induced by
inflammation (89, 93), by IT-sP, or by IT-NMDA (94, 95).

By using agents with selectivity for the specific isozymes, it has been shown
that (a) IT-COX-2- but not COX-1-preferring inhibitors dose-dependently and
stereospecifically block the hyperalgesia induced by intraplantar carrageenan, IT-
sP, and IT-NMDA; (b) the relative activity of the several COX-2 inhibitors in
blocking the paw carrageenan and the IT-sP-evoked thermal hyperalgesia is the
same as their in vitro potency in blocking COX-2; and (c) drugs given by a spinal
route are 100–500 times more potent than when given systemically (79, 89). It
is interesting that whereas phase 2 of the formalin test is blocked by COX-1/2
inhibitors, it is not blocked by COX-1 or COX-2 inhibitors (100; C.I. Svensson &
T.Y Yaksh, unpublished observations). Whether this reflects a role for the combined
actions of these two isozymes or perhaps experimental differences is not presently
known.

Consistent with the behavioral pharmacology, in vivo release of PGE2 evoked
by IT-sP is reduced by nonspecific COX inhibitors and by COX-2- but not by
COX-1-selective inhibitors (79, 87, 109). Importantly, the spinal release of PGE2

evoked by IT-sP is blocked by systemic COX-1/2 and COX-2 but not COX-1 in-
hibitors, at COX-1/2 inhibitor doses that block the observed thermal hyperalgesia
(79, 87, 109). Unexpectedly, although it is constitutively present in the cord, COX-
1 appears to play little role in this spinal PG-mediated cascade as assessed in a
variety of pain models and in terms of the ability of COX-1 inhibition to block
evoked spinal PGE2 release. This assertion is based on results from a single COX-1
inhibitor and from the observation that the maximum effect of COX-2 inhibitors
does not differ from COX-1/2 inhibitors. The absence of other well-defined COX-1
inhibitors, however, precludes absolute dismissal of a role for COX-1 in hyperal-
gesia. Nevertheless, these observations emphasize that these isozymes do not play
equivalent roles. Differential effects are noted in vitro in cells cotransfected with
combinations of PLA2 and COX isozymes (110). Based on electron microscopy
(EM) studies, differences do not result from differential localization (108, 109).
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Two possibilities may be that (a) COX-1 requires higher AA concentrations than
COX-2 (110), or (b) there is differential coupling to cytosolic, secretory, and non-
calcium-dependent phospholipases (110, 111). As noted above, these isozymes,
constitutively present in spinal cells, are subject to induction, and increased ex-
pression by injury may contribute to changes in different models of post–tissue
injury nociceptive processing. Nevertheless, it is clear that the antihyperalgesic
actions of the spinal COX-2 inhibitors can be expressed under conditions and at
times when enzyme induction has not likely occurred, stressing the importance of
the constitutive COX-2 isozyme.

Blockade of COX Isozyme Expression

COX-1- AND COX-2-DEFICIENT MICE It has been reported that COX-1-deficient
(homozygotes), COX-2-deficient (heterozygotes and homozygotes), and wild-type
mice respond to the hot plate test, a finding consistent with the absence of an NSAID
effect upon acute nociception. Surprisingly, COX-1 heterozygotes showed less no-
ciception than control animals. In the writhing test, COX-1-deficient mice showed
decreased hyperalgesia, whereas COX-2-deficient mice exhibited normal writhing
responses to acetic acid. Analyses of mRNA levels in spinal cord of na¨ıve animals
demonstrated an increase of COX-1 mRNA in COX-2-deficient mice, which may
compensate for the absence of COX-2 and explain the normal writhing response.
No increase in COX-2 mRNA was detected in spinal cords of COX-1-deficient
mice, indicating a role for COX-1-derived PGs in this model (112).

INTRATHECAL ANTISENSE IT delivery of a 20-mer phosphodiester-linked oligonu-
cleotide antisense targeting a unique sequence within the COX-2 gene in rats pro-
duces a significant reduction in the expression of spinal COX-2, but not COX-1,
protein. This treatment has no effect on acute thermal nociception but prevented
thermal hyperalgesia induced by IT NMDA (C.I. Svensson & T.L. Yaksh, unpub-
lished observations).

SPINAL PROSTAGLANDINS (PG)

Prostanoid Synthesis

Prostanoids are the products of cyclooxygenase metabolism of AA (113). Once
AA is converted to PGH2 by the action of COX, several downstream enzymes
synthesize a variety of prostanoids including PGD2, PGE2, PGF2α, and PGI2. PGs
are released into the extracellular space and enhance spinal excitability by binding
to specific prostanoid receptors (see e.g., 114). Although PGs are fatty acids and
assumed to diffuse freely across the lipid membrane, these lipidic acids exist pri-
marily as charged molecules at physiological pH (115), so such free movement is
not certain. Poor permeability for PGs across cell membranes has, in fact, been re-
ported (115–117), and active transport systems for PGs have been suggested (118).
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Prostaglandin Receptors

At the membrane level, prostanoids affect cells by binding to specific receptors in
the plasma membrane. PG receptors (DP, EP, FP, and IP) are G-protein coupled
molecules with seven transmembrane domains (118–121). Activation of PG recep-
tors triggers intracellular signals that can be stimulatory [stimulation of adenylate
cyclas (121, 122) and activation of phospholipase C (PLC) (123, 124)] or inhibitory
[depressed cAMP production (125, 126)]. In situ hybridization and immunohisto-
chemical studies have localized EP1, EP2, EP3, EP4 (68, 127, 128), and IP (129)
receptors in the superficial layers of spinal cord, and DP, EP1, EP3, and IP receptors
have been detected on DRG neurons (130, 131).

Release of Spinal Prostanoids

A variety of studies examining spinal cord slices in vitro have shown that PG
concentrations are increased by local application of NK-1, vanilloid (VR1), and
glutamate receptor agonists (87) and that this release is blocked by COX-2 inhibi-
tion (87).

A close correlation exists between manipulations that induce hyperalgesia and
those that evoke the spinal release of prostanoids. In vivo spinal microdialysis
and cerebrospinal fluid sampling show an increase in PGE2 following (a) acute
activation of small afferents (intraplantar formalin, heat) (102, 132, 133) that
are capsaicin sensitive (102, 132–134); (b) persistent inflammation (carrageenan in
knee joint, intraplantar Freunds adjuvant, intraplantar zymosan) (43, 72, 103, 135);
(c) intrathecal (IT)-substance P (sP), IT-NMDA, or IT-kainate (136, 137); or (d)
systemic cytokines (43). The functional relevance of this release is emphasized
by observations that this spinal PG release is typically blocked by IT and sys-
temic doses of COX inhibitors that reverse the respective hyperalgesia, and that
IT-prostaglandin type E (EP) receptor antagonists reduce hyperalgesia produced by
tissue injury and inflammation. These observations indicate the importance of spi-
nal prostanoids and the upstream PLA2-COX cascade in spinal systems mediating
hyperalgesia.

Spinal Prostanoid–Mediated Effects on Hyperalgesic Processing

CELLULAR ACTIONS Sensitization of sensory neurons by prostaglandins is ini-
tiated in part by activation of adenylate cyclase and phospholipase C through
prostanoid receptor binding, leading to enhanced protein kinase C (PKC) activ-
ity and increased levels of cAMP IP3 (138). This linkage modulates ion channel
activity and thereby neuronal excitability. Thus, PGE2 (a) increases calcium in-
flux in cultured avian neurons (139), (b) decreases an outward potassium current
(140), and (c) increases tetrodotoxin-resistant sodium influx in rat sensory neurons
(141). PGE2 and PGI2, but not PGF2α, enhance depolarization-evoked increases in
intracellular calcium and a resulting release of sP from capsaicin-sensitive DRGs
(139, 142). IL-1β results in a calcium-dependent release of sP from ganglion cells,
and this release is blocked by aspirin, indomethacin, and NS-398 (143). Glutamate
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release in vivo evoked by IT capsaicin and NMDA is attenuated by IT delivery of
COX inhibitors (102, 144), suggesting that spinal terminals from which glutamate
is released are subject to facilitation by COX products. Aside from this presynaptic
action, PGE2 directly activates dorsal horn nociceptors (145), a finding consistent
with the presence of PGE2 receptor mRNA in dorsal horn neurons (146).

BEHAVIOR IT delivery of a variety of prostanoids, including PGE1, PGE2, PGF2α,
PGI2, and thromboxane B2, evokes thermal and mechanical hyperalgesia (147, 148,
149, 150) and sensitizes the animal to additional stimuli (151). Consistent with the
ability of PGs to enhance glutamate release, the hyperalgesia resulting from the
IT injection of PGE2 is diminished by NMDA receptor antagonists (152). An
interaction with nitric oxide synthase (NOS) systems is also evident. NOS in-
hibitors block allodynia induced by IT PGE2 (153), whereas in iNOS-deficient
mice, prostaglandins mediated thermal hyperalgesia, and PG production was di-
minished (103).

Of the many prostanoids, PGE2 is the best-characterized mediator of hyper-
algesia, though significant quantities of other lipidic acids are released by injury
or inflammation. For example, the levels of spinal PGI2 are greater than those of
PGE2 after hind paw injection of FCA (154), and PGI2 is as effective in producing
hyperalgesia and facilitation as PGE2 both in vivo and in vitro (138). Of the few
available prostanoid receptor antagonists, the majority are EP1 receptor antago-
nists. IT administration of the EP1 receptor antagonists SC51089 and SC51234A
suppress phase 2 of formalin-induced flinching (155).

Caveats to Prostanoid Link in Cascade

The focus of this analysis is on the cascade leading to prostanoids. Other data sug-
gest that arachidonic acid itself is released (156) and modulates cellular excitability
(157). In addition, COX-independent mechanisms can form isoprostanes, which
act on prostaglandin receptors (158).

REGULATION OF SPINAL PLA2 AND
COX ISOZYME EXPRESSION

It has been shown that after peripheral injury and/or inflammation, there are en-
hanced basal and evoked levels of prostanoids in the spinal extracellular fluid
(43, 87). The increase may arise from several sources, including increased expres-
sion or activity of PLA2 or COX isozymes.

Factors Regulating Spinal PLA2-COX-2 Induction

Current evidence suggests that spinal COX-2 upregulation after tissue injury
arises from persistent small afferent activity and/or an increase in circulating pro-
inflammatory factors.
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NEURAL ACTIVATION If a local afferent input initiates upregulation of protein ex-
pression in spinal cells it is believed that the effect will be (a) ipsilateral in the
segments of afferent input (e.g., ipsilateral-lumbar for each hind paw), (b) pre-
vented by spinal block of afferent transmitter receptor, and (c) mimicked by spinal
injection of the putative transmitters. These properties have been observed for
the immediate early gene cFos. Hind paw intraplantar formalin or carrageenan
(159–162) increases spinal dorsal horn cFos ipsilaterally, an effect that is blocked
by opiates, spinal anesthetics NK1 and NMDA antagonists (159–163). For COX-2,
unilateral intraplantar hind paw, carrageenan (74), and Freund’s complete adju-
vant (43, 67) lead to an ipsilateral increase in COX-2 expression in the dorsal and
ventral horn of the spinal cord, and a smaller, but nonetheless prominent, increase
in contralateral spinal cord and cervical cord (e.g., extrasegmentally). This so-
matotopic specificity associated with unilateral hind paw intraplantar formalin is
consistent with the local activation of small afferents (164) and the comparative
lack of inflammation observed over several hours after formalin injection. This
specificity contrasts with models that induce significant inflammation (such as
injection of Freund’s adjuvant). Local anesthetic blockade of the hind limb par-
tially reduces the Freud’s adjuvant–increased COX-2 expression (43). IT NMDA
increases COX-2 protein but not COX-1 protein expression in the spinal cord, and
this effect is blocked by spinal NMDA receptor antagonism (81). These results
are consistent with studies in brain, in which PLA2 and COX-2 are induced by
NMDA-dependent synaptic activity (165, 166).

CIRCULATING FACTORS After tissue injury, a variety of circulating factors are in-
creased, including TNF and IL-1 (29). Cells in close proximity to the microvascula-
ture and leptomeninges (presumably microglia or astrocytes) increase their COX-2
mRNA levels within 2 h, and this subsides by 24 h after IV cytokines (IL1-β)
(43, 85, 167, 168) or LPS (81). Importantly, codelivery of IL1-β and TNFα syner-
gistically enhances (a) arachidonic acid release, (b) expression of COX-2 mRNA,
and (c) PG release in fibroblasts (51). In spinal cord, recent studies have shown
that COX-2 protein upregulation by carrageenan is largely in neurons, whereas
following LPS, it is found in both neurons and in endothelial cells (T.L. Yaksh,
J.R. Ghilardi, C.I. Svensson & P.W. Mantyh, unpublished observations).

Signal Transduction Pathways Linked
to Transcriptional Activation

The signaling pathways that lead to transcriptional activation are complex and
difficult to identify owing to the many activators and different conditions that are
involved in induction of PLA2 and COX-2 enzymes. However, for agents such
as LPS, IL-1β, and TNF-α, common pathways are likely to be involved in the
regulation of the enzymes. These include transcription factors such as NF-kappaB,
AP-1, and CREB, as well as the mitogen-activated protein kinase (MAPK) cascade.
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NF-KAPPAB Although the cPLA transcript and protein are constitutively expressed,
they are also subject to induction by cytokines (36). Sites for NF-kappaB and AP-1
transcription factors have been identified in the cPLA2 gene (169). Although the
signaling pathways leading to induction of sPLA2 by cytokines have not been elu-
cidated, there is evidence that this process also involves DNA-NF-kappaB binding
(170). Activation of NF-kappaB pathways are part of the transcriptional activa-
tion of COX-2 by IL-1 (171), TNFα (172), and LPS (173). There are at least
two binding sites for NF-kappaB in the COX-2 5′-promoter region (174). NMDA
receptor activation can also be linked to transcriptional regulation of COX-2 be-
cause rapid (<5 min) activation of NF-kappaB is evoked by NMDA (175, 176).
Activation of NF-kappaB by seizures/ischemia is reduced by NMDA antagonists
(176–178).

MAP KINASES The MAPK family consists of three major subgroups: p38, p42/44
(ERK), and c-jun NH2-terminal kinase/stress activated protein kinase (JNK/SAPK).
Depending upon stimulus and cell phenotype, in vitro work shows that these ki-
nases can regulate cPLA2 activity and COX-2 expression. The p38 and p42/44
pathways are activated by IL-1 (179–185), TNFα (186), and LPS (179–185, 187–
191). Phosphorylation of cPLA2 via p38 and/or p42/44 pathways increases its
enzymatic activity (35, 192–197). Further, activation of p42/44 and/or p38 MAPK
leads to phosphorylation of transcription factors with binding sites present in
the COX-2 promotor, thereby eliciting upregulation of COX-2 mRNA and pro-
tein (198, 199). In addition, p38 MAPK not only activates transcription factors,
but can stabilize COX-2 mRNA (185, 200). MAPK inhibitors prevent cytokine-
and LPS-induced COX-2 elevation in cell cultures (187). These observations
suggest a “cross-talk” between pathways at the level of cPLA2 activation and
sPLA2 and COX-2 induction, making the MAPK cascade a potential target
for reduction of PG synthesis and modulation of inflammatory-mediated pain
processing.

STEROIDS Upregulation of COX-2 expression and PG release is suppressed by ste-
roids (201), and this suppression is antagonized by a steroid antagonist (RU38486)
(202). Current data suggest that suppression of COX-2 transcription rates by dex-
amethasone is mediated by direct inhibition of p38 kinases (203).

IN VIVO FACTORS The majority of the work on transcription factors outlined
above has come from in vitro studies. Whether these mechanisms underlie spinal
PLA2-COX regulation in vivo seems plausible but is not certain. Following in-
traplantar Freund’s adjuvant, IP-dexamethasone prevented induction of COX-2
mRNA and reduced elevated levels of prostaglandins in spinal cord (70). Whether
this is a central or peripheral action of the steroid at a neuronal or nonneuronal site
of COX expression is not known. IT-methylprednesolone reduces formalin phase
2 (204). Moreover, brain PGE-2 synthesis is exaggerated in adrenalectomized
rats, suggesting an endogenous regulation (205). Seizure induced, p38-mediated
phosphorylation (206) or NMDA-induced MAPK activation (207) is blocked by
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the NMDA antagonist MK801 and P38 inhibition, respectively, suggesting that
glutamatergic receptors in neuronal systems can evoke such MAPK activation
as we anticipate at the spinal level. In that regard, IT P38 kinase inhibitors di-
minish thermal hyperalgesia induced by intraplantar carrageenan, IT NMDA, and
formalin-mediated flinching and reduced the otherwise increased COX-2 expres-
sion evoked by IT NMDA (208). These data indicate a role for p38MAPK in
synaptic plasticity and provide a plausible link between MAPK activation, up-
regulation of spinal COX-2 protein levels and hyperalgesia induced by peripheral
inflammation or IT NMDA.

ROLE OF CONSTITUTIVE VERSUS INDUCIBLE SPINAL
COX-2 IN NOCICEPTIVE PROCESSING

This review emphasizes that unlike in the periphery there is a constitutive expres-
sion of both COX-1 and COX-2 in spinal cord. Behavioral studies in preclinical
models of nociceptive processing suggest that, as with systemic delivery, the spinal
action of COX inhibitors occurs in models of facilitated processing initiated by
tissue injury and inflammation. The pharmacology of these behavioral effects in-
dicates that the effects are mediated in large part by COX-2 and not by COX-1.
Whereas it is clear that spinal COX-2 protein expression and PGE2 release can be
increased by peripheral injury and inflammation (43, 87), the current data unequiv-
ocally emphasize the importance of constitutive COX-2. Thus, in the hyperalgesia
induced by IT-sP and NMDA, the block of hyperalgesia by IT COX1/2 or COX-2
inhibitors is observed immediately (79, 95). In the carrageenan model hyperalgesia
is observed within 30 min after the injection, and even at this time IT COX inhibi-
tion is fully effective (209). In contrast, measurement of COX-2 protein suggests
that induction takes at least 2–4 h after the stimulus. Such observations argue that
constitutive COX-2 is necessary and sufficient to explain the effects of even sys-
temically delivered COX-2 inhibitors. The additional contribution of the induced
spinal isozymes remains to be determined.

CENTRAL NERVOUS SYSTEM ACTIONS
OF COX INHIBITORS IN MAN

Given the evidence supporting the central actions of the NSAIDs in general, and
COX-2 inhibitors in particular, what observations exists to argue for a central or
spinal action in humans? Several lines of evidence can be marshalled.

Noninflammatory-Induced Experimental Pain

Direct electrical activation of peripheral sensory nerves can initiate nociceptive
response. Sural nerve stimulation in human observers will evoke thebiceps femoris
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flexion reflex. This response is attenuated by systemically delivered ketoprofen,
difunisal, indomethacin, acetylsalicylic acid or paracetamol (210–212). Similarly,
the electrically evokedorbicularis oculimuscle reflex is diminished by piroxicam
(213). These results reflecting the direct activation of small afferent input support
a nonperipheral action of these NSAIDs.

Spinal Drug Delivery

Bolus IT delivery of lysine acetylsalicylate produced reliably reported pain relief in
late-stage cancer patients (214–216). Though intriguing, further IT administration
of this family of agents in humans must be considered ill advised until appropriate
safety studies are accomplished.

COX Isozyme Inhibition in Human Pain States

Highly selective COX-2 inhibitors have significant antihyperalgesic activity in
a variety of arthritic (217) and postsurgical pain states (218, 219). Two points
should be emphasized that relate to achievable efficacy and the time of onset.
First, while there are no clinically useful COX-1 selective antagonists, the failure
to report any marked difference in efficacy with COX-1/2- and COX-2-selective
inhibitors suggests, as do the preclinical data, a minimal role for COX-1 in human
post–tissue injury pain processing studied to date (217, 220, 221). Secondly, as
regards the time of onset, COX-2 inhibitors have a rapid onset of activity after a
brief surgical intervention (e.g., third molar extraction). Given that COX-2 is not
constitutively expressed in the periphery, the antihyperalgesic actions of COX-2
inhibitors after surgery suggest that these agents must be exerting their action
at a site wherein COX-2 is constitutively expressed and does not require any
induction. Thus, though indirect, this observation argues for a site within the central
nervous system wherein this isozyme is constitutively expressed. Regarding the
ability of COX inhibitors to penetrate the brain, it should be stressed that in the
absence of a likely peripheral mechanism of action, the actions of these systemic
agents must be central and hence reflect a central bioavailability. As noted above,
systemic delivery of COX-1/2 and COX-2 inhibitors diminish the spinal release of
prostanoids by both peripheral and spinal stimuli at drug doses that are observed
to have antihyperalgesic activity (91).

SIGNIFICANCE

The clinical importance of research on the spinal role of COX is emphasized
by the fact that COX-1/2 and COX-2 inhibitors are potent agents in managing
pain states ranging from postoperative to cancer pain. Their efficacy verifies the
role played by the PLA2-COX cascade in these human conditions. In bone cancer
models, a prominent upregulation of astrocytes occurs in the ipsilateral lumbar cord
(222, 223). It is highly likely that these activated astrocytes will display increased
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PLA2 and COX-2 expression. We believe that such observations along with the
eponymous role of spinal PGs provide an explanation for the particular efficacy
that NSAIDs have in managing bone cancer pain (224). Understanding the spinal
PLA2-COX-prostanoid cascade will provide insights into the organization of pain
processing arising from tissue injury and inflammation and the reorganization that
accompanies such states.

The circle is now complete. Flower and colleagues (225), in the sixth edition of
Goodman & Gilman, noted that “. . . aspirin works peripherally. . . preventing the
synthesis and release of prostaglandins in inflammation. . .” In the eighth edition
it was emphasized that the aspirin-like drugs are particularly effective in “settings
. . . in which inflammation has caused sensitization of pain receptors to normally
painless mechanical or chemical stimuli.” (226) Yet, earlier, Woodbury in the third
edition of Goodman & Gilman (9) noted that “. . . the salicylates are capable of
alleviating certain types of pain by virtue of a selective depressant effect on the
CNS . . . . A subcortical site is suggested by the fact that analgesic doses do not
cause mental disturbances, hypnosis, or changes in the modality of sensations other
than pain.”
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75. Maihöfner C, Tegeder I, Euchenhofer C,
deWitt D, Brune K, et al. 2000. Localiza-
tion and regulation of cyclo-oxygenase-
1 and -2 and neuronal nitric oxide syn-
thase in mouse spinal cord.Neuroscience
101:1093–108

76. Hay C, de Belleroche J. 1997. Carragee-
nan-induced hyperalgesia is associated
with increased cyclo-oxygenase-2 expres-
sion in spinal cord.Neuroreport8:1249–
51

77. Resnick DK, Graham SH, Dixon CE,
Marion DW. 1998. Role of cyclooxyge-
nase 2 in acute spinal cord injury.J. Neu-
rotrauma15:1005–13

78. Beiche F, Klein T, N¨using R, Neuh-
uber W, Goppelt-Struebe M. 1998.
Localization of cyclooxygenase-2 and
prostaglandin E2 receptor EP3 in the rat
lumbar spinal cord.J. Neuroimmunol.
89:26–34

79. Yaksh TL, Dirig DM, Conway CM,
Svensson C, Luo D, et al. 2001. The
acute antihyperalgesic action of NSAIDs
and release of spinal PGE2 is mediated by
the inhibition of constitutive spinal COX-
2 but not COX-1.J. Neurosci.21:5847–
53

80. Lukiw WJ, Bazan NG. 1997. Cyclooxy-
genase 2 RNA message abundance, sta-
bility, and hypervariability in sporadic
Alzheimer neocortex.J. Neurosci. Res.
50:937–45

81. Svensson CI, Luo ZD, Yaksh TL. 2000.
Time dependent upregulation of spinal
COX-2 after peripheral injection of car-
rageenan.Soc. Neurosci. Abstr.732.12,
26:1957

82. Tegeder I, Niederberger E, Israr E,
Guhring H, Brune K, et al. 2001. Inhi-
bition of NF-kappaB and AP-1 activation
by R- and S-flurbiprofen.FASEB J.15:2–
4

83. Hirst WD, Young KA, Newton R,
Allport VC, Marriott DR, et al. 1999. Ex-
pression of COX-2 by normal and reactive
astrocytes in the adult rat central nervous
system.Mol. Cell. Neurosci.13:57–68

84. Habib A, Creminon C, Frobert Y, Grassi
J, Pradelles P, et al. 1993. Demonstra-
tion of an inducible cyclooxygenase in
human endothelial cells using antibod-
ies raised against the carboxyl-terminal
region of the cyclooxygenase-2.J. Biol.
Chem.268:23448–54

85. Matsumura K, Cao C, Ozaki M, Morii H,
Nakadate K, et al. 1998. Brain endothe-
lial cells express cyclooxygenase-2 during
lipopolysaccharide-induced fever: light



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

SPINAL COX AND PAIN 575

and electron microscopic immunocyto-
chemical studies.J. Neurosci.18:6279–
89

86. Palma C, Minghetti L, Astolfi M,
Ambrosini E, Silberstein FC, et al. 1997.
Functional characterization of substance
P receptors on cultured human spinal
cord astrocytes: synergism of substance
P with cytokines in inducing interleukin-
6 and prostaglandin E2 production.Glia
21:183–93

87. Dirig DM, Yaksh TL. 1999. In vitro
prostanoid release from spinal cord fol-
lowing peripheral inflammation: effects of
substance P, NMDA and capsaicin.Br. J.
Pharmacol.126:1333–40

88. Tonai T, Taketani Y, Ueda N, Nishisho T,
Ohmoto Y, et al. 1999. Possible involve-
ment of interleukin-1 in cyclooxygenase-
2 induction after spinal cord injury in rats.
J. Neurochem.72:302–9

89. Dirig DM, Isakson PC, Yaksh TL.
1998. Effect of COX-1 and COX-2 in-
hibition on induction and maintenance
of carrageenan-evoked thermal hyperal-
gesia in rats.J. Pharmacol. Exp. Ther.
285:1031–38

90. Marnett LJ, Kalgutkar AS. 1999. Cy-
clooxygenase 2 inhibitors: discovery, se-
lectivity and the future.Trends Pharma-
col. Sci.20:465–69

91. Malmberg AB, Yaksh TL. 1992. Anti-
nociceptive actions of spinal nonsteroidal
anti-inflammatory agents on the formalin
test in the rat.J. Pharmacol. Exp. Ther.
263:136–46

92. Malmberg AB, Yaksh TL. 1993. Phar-
macology of the spinal action of ke-
torolac, morphine, ST-91, U50488H, and
L-PIA on the formalin test and an isobolo-
graphic analysis of the NSAID interaction
[see comments].Anesthesiology79:270–
81

93. Yamamoto T, Nozaki-Taguchi N. 1997.
Role of spinal cyclooxygenase (COX)-
2 on thermal hyperalgesia evoked by
carageenan injection in the rat.Neurore-
port 8:2179–82

94. Yamamoto T, Sakashita Y. 1998. COX-2
inhibitor prevents the development of hy-
peralgesia induced by intrathecal NMDA
or AMPA. Neuroreport9:3869–73

95. Malmberg AB, Yaksh TL. 1992. Hy-
peralgesia mediated by spinal glutamate
or substance P receptor blocked by
spinal cyclooxygenase inhibition.Science
257:1276–79

96. Yamamoto T, Nozaki-Taguchi N. 1996.
Analysis of the effects of cyclooxygenase
(COX)-1 and COX-2 in spinal nocicep-
tive transmission using indomethacin, a
non-selective COX inhibitor, and NS-398,
a COX-2 selective inhibitor.Brain Res.
739:104–10

97. Björkman R, Hallman KM, Hedner J,
Hedner T, Henning M. 1996. Non-
steroidal antiinflammatory drug modu-
lation of behavioral responses to in-
trathecal N-methyl-D-aspartate, but not to
substance P and amino-methyl-isoxazole-
propionic acid in the rat.J. Clin. Pharma-
col. 36:20S–6S

98. Taiwo YO, Levine JD. 1988. Prosta-
glandins inhibit endogenous pain control
mechanisms by blocking transmission at
spinal noradrenergic synapses.J. Neu-
rosci.8:1346–49

99. Powell KJ, Hosokawa A, Bell A,
Sutak M, Milne B, et al. 1999. Com-
parative effects of cyclo-oxygenase and
nitric oxide synthase inhibition on the
development and reversal of spinal opi-
oid tolerance.Br. J. Pharmacol.127:631–
44

100. Dirig DM, Konin GP, Isakson PC, Yaksh
TL. 1997. Effect of spinal cyclooxygenase
inhibitors in rat using the formalin test and
in vitro prostaglandin E2 release.Eur. J.
Pharmacol.331:155–60

101. Geisslinger G, Yaksh TL. 2000. Spinal
actions of cyclooxygenase isozyme inhi-
bitors. InProgress in Pain Research and
Management, ed. M Devor, MC Row-
botham, Z Wiesenfelld-Hallin, pp. 771–
85. Proc. 9th World Cong. Pain, Seattle:
IASP Press



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

576 SVENSSON¥ YAKSH

102. Malmberg AB, Yaksh TL. 1995. Cy-
clooxygenase inhibition and the spinal re-
lease of prostaglandin E2 and amino acids
evoked by paw formalin injection: a mi-
crodialysis study in unanesthetized rats.J.
Neurosci.15:2768–76

103. Guhring H, Gorig M, Ates M, Coste O,
Zeilhofer HU, et al. 2000. Sup-
pressed injury-induced rise in spinal
prostaglandin E2 production and reduced
early thermal hyperalgesia in iNOS-
deficient mice.J. Neurosci.20:6714–20

104. Parris WC, Janicki PK, Johnson B Jr,
Horn JL. 1996. Intrathecal ketorolac
tromethamine produces analgesia after
chronic constriction injury of sciatic nerve
in rat.Can. J. Anaesth.43:867–70

105. Zhao Z, Chen SR, Eisenach JC, Bus-
ija DW, Pan HL. 2000. Spinal cyclo-
oxygenase-2 is involved in development
of allodynia after nerve injury in rats.Neu-
roscience97:743–48

106. Lashbrook JM, Ossipov MH, Hunter JC,
Raffa RB, Tallarida RJ, et al. 1999.
Synergistic antiallodynic effects of spinal
morphine with ketorolac and selective
COX1- and COX2-inhibitors in nerve-
injured rats.Pain82:65–72

107. Bjorkman R, Elam M. 1993. Diclofenac
evaluated in a human experimental model
of central pain.Pain54:197–202

108. Dolan S, Nolan AM. 1999. N-methyl
D-aspartate induced mechanical allody-
nia is blocked by nitric oxide synthase
and cyclooxygenase-2 inhibitors.Neu-
roreport10:449–52

109. Malmberg AB, Yaksh TL. 1994.
Capsaicin-evoked prostaglandin E2 re-
lease in spinal cord slices: relative effect of
cyclooxygenase inhibitors.Eur. J. Phar-
macol.271:293–99

110. Murakami M, Kambe T, Shimbara S,
Kudo I. 1999. Functional coupling be-
tween various phospholipase A2s and cy-
clooxygenases in immediate and delayed
prostanoid biosynthetic pathways.J. Biol.
Chem.274:3103–15

111. Leslie JB, Watkins WD. 1985. Eico-

sanoids in the central nervous system.J.
Neurosurg.63:659–68

112. Ballou LR, Botting RM, Goorha S,
Zhang J, Vane JR. 2000. Nociception in
cyclooxygenase isozyme-deficient mice.
Proc. Natl. Acad. Sci. USA97:10272–76

113. Smith WL. 1989. The eicosanoids and
their biochemical mechanisms of action.
Biochem. J.259:315–24

114. Piomelli D. 1994. Eicosanoids in synaptic
transmission.Crit. Rev. Neurobiol.8:65–
83

115. Avdeef A, Box KJ, Takacs-Novak
K. 1995. pH-metric log P. 6. Effects
of sodium, potassium, and N-CH3-D-
glucamine on the octanol-water parti-
tioning of prostaglandins E1 and E2.J.
Pharm. Sci.84:523–29

116. Garcia-Perez A, Smith WL. 1984.
Apical-basolateral membrane asymme-
try in canine cortical collecting tubule
cells. Bradykinin, arginine vasopressin,
prostaglandin E2 interrelationships.J.
Clin. Invest.74:63–74

117. Bito LZ, Baroody RA. 1975. Im-
permeability of rabbit erythrocytes to
prostaglandins.Am. J. Physiol.229:1580–
84

118. Schuster VL. 1998. Molecular mecha-
nisms of prostaglandin transport.Annu.
Rev. Physiol.60:221–42

119. Versteeg HH, van Bergen en Hene-
gouwen PM, van Deventer SJ, Peppe-
lenbosch MP. 1999. Cyclooxygenase-
dependent signalling: molecular events
and consequences.FEBS Lett.445:1–5

120. Armstrong RA, Wilson NH. 1995. As-
pects of the thromboxane receptor system.
Gen. Pharmacol.26:463–72

121. Negishi M, Sugimoto Y, Ichikawa A.
1995. Molecular mechanisms of diverse
actions of prostanoid receptors.Biochim.
Biophys. Acta1259:109–19

122. Narumiya S, Sugimoto Y, Ushikubi
F. 1999. Prostanoid receptors: structures,
properties, and functions.Physiol. Rev.
79:1193–226

123. Birnbaumer L, Abramowitz J, Brown



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

SPINAL COX AND PAIN 577

AM. 1990. Receptor-effector coupling
by G proteins.Biochim. Biophys. Acta
1031:163–224

124. Yousufzai SY, Chen AL, Abdel-Latif
AA. 1988. Species differences in the ef-
fects of prostaglandins on inositol trispho-
sphate accumulation, phosphatidic acid
formation, myosin light chain phosphory-
lation and contraction in iris sphincter of
the mammalian eye: interaction with the
cyclic AMP system.J. Pharmacol. Exp.
Ther.247:1064–72

125. Melien O, Winsnes R, Refsnes M,
Gladhaug IP, Christoffersen T. 1988. Per-
tussis toxin abolishes the inhibitory ef-
fects of prostaglandins E1, E2, I2 and F2
alpha on hormone-induced cAMP accu-
mulation in cultured hepatocytes.Eur. J.
Biochem.172:293–97

126. Negishi M, Ito S, Hayaishi O. 1989.
Prostaglandin E receptors in bovine
adrenal medulla are coupled to adenyl-
ate cyclase via Gi and to phospho-
inositide metabolism in a pertussis
toxin-insensitive manner.J. Biol. Chem.
264:3916–23

127. Kawamura T, Yamauchi T, Koyama M,
Maruyama T, Akira T, et al. 1997. Expres-
sion of prostaglandin EP2 receptor mRNA
in the rat spinal cord.Life Sci.61:2111–
16

128. Donaldson LF, Humphrey PS, Oldfield S,
Giblett S, Grubb BD. 2001. Expression
and regulation of prostaglandin E receptor
subtype mRNAs in rat sensory ganglia and
spinal cord in response to peripheral in-
flammation.Prostaglandins Other Lipid
Mediat.63:109–22

129. Matsumura K, Watanabe Y, Onoe H.
1995. Prostacyclin receptor in the brain
and central terminals of the primary sen-
sory neurons: an autoradiographic study
using a stable prostacyclin analogue
[3H]iloprost.Neuroscience65:493–503

130. Wright DH, Nantel F, Metters KM,
Ford-Hutchinson AW. 1999. A novel bi-
ological role for prostaglandin D2 is sug-
gested by distribution studies of the rat

DP prostanoid receptor.Eur. J. Pharma-
col. 377:101–15

131. Oida H, Namba T, Sugimoto Y, Ushikubi
F, Ohishi H, et al. 1995. In situ hy-
bridization studies of prostacyclin recep-
tor mRNA expression in various mouse
organs.Br. J. Pharmacol.116:2828–37

132. Malmberg AB, Yaksh TL. 1995. The
effect of morphine on formalin-evoked
behaviour and spinal release of excita-
tory amino acids and prostaglandin E2 us-
ing microdialysis in conscious rats.Br. J.
Pharmacol.114:1069–75

133. Coderre TJ, Gonzales R, Goldyne ME,
West J, Levine JD. 1990. Noxious sti-
mulus-induced increase in spinal pros-
taglandin E2 is noradrenergic terminal-
dependent.Neurosci. Lett.115:253–58

134. Hua XY, Calcutt NA, Malmberg AB.
1997. Neonatal capsaicin treatment abol-
ishes formalin-induced spinal PGE2 re-
lease.Neuroreport8:2325–29

135. Yang LC, Marsala M, Yaksh TL.
1996. Characterization of time course of
spinal amino acids, citrulline and PGE2
release after carrageenan/kaolin-induced
knee joint inflammation: a chronic micro-
dialysis study.Pain67:345–54

136. Hua XY, Chen P, Yaksh TL. 1999. Inhi-
bition of spinal protein kinase C reduces
nerve injury-induced tactile allodynia in
neuropathic rats.Neurosci. Lett.276:99–
102

137. Yang LC, Marsala M, Yaksh TL.
1996. Effect of spinal kainic acid recep-
tor activation on spinal amino acid and
prostaglandin E2 release in rat.Neuro-
science75:453–61

138. Bley KR, Hunter JC, Eglen RM, Smith
JA. 1998. The role of IP prostanoid recep-
tors in inflammatory pain.Trends Phar-
macol. Sci.19:141–47

139. Nicol GD, Klingberg DK, Vasko MR.
1992. Prostaglandin E2 increases calcium
conductance and stimulates release of
substance P in avian sensory neurons.J.
Neurosci.12:1917–27

140. Nicol GD, Vasko MR, Evans AR.



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

578 SVENSSON¥ YAKSH

1997. Prostaglandins suppress an outward
potassium current in embryonic rat sen-
sory neurons.J. Neurophysiol.77:167–76

141. Gold MS, Reichling DB, Shuster MJ,
Levine JD. 1996. Hyperalgesic agents in-
crease a tetrodotoxin-resistant Na+ cur-
rent in nociceptors.Proc. Natl. Acad. Sci.
USA93:1108–12

142. Smith JA, Davis CL, Burgess GM. 2000.
Prostaglandin E2-induced sensitization of
bradykinin-evoked responses in rat dor-
sal root ganglion neurons is mediated by
cAMP-dependent protein kinase A.Eur.
J. Neurosci.12:3250–58

143. Inoue A, Ikoma K, Morioka N, Kumagai
K, Hashimoto T, et al. 1999. Interleukin-
1beta induces substance P release from
primary afferent neurons through the
cyclooxygenase-2 system.J. Neurochem.
73:2206–13

144. Sorkin LS. 1992. Release of amino acids
and PGE2 into the spinal cord of lightly
anesthetized rats during devvelopment of
an experimental arthritis: enhancement
of C-fiber evoked release.Soc. Neurosci.
Abstr.18:429.10

145. Baba H, Kohno T, Moore KA, Woolf
CJ. 2001. Direct activation of rat spinal
dorsal horn neurons by prostaglandin E2.
J. Neurosci.21:1750–56

146. Coleman RA, Smith WL, Narumiya S.
1994. International Union of Pharmacol-
ogy classification of prostanoid receptors:
properties, distribution, and structure of
the receptors and their subtypes.Pharma-
col. Rev.46:205–29

147. Minami T, Uda R, Horiguchi S, Ito
S, Hyodo M, et al. 1992. Allodynia
evoked by intrathecal administration of
prostaglandin F2 alpha to conscious mice.
Pain50:223–29

148. Minami T, Uda R, Horiguchi S, Ito S,
Hyodo M, et al. 1994. Allodynia
evoked by intrathecal administration of
prostaglandin E2 to conscious mice.Pain
57:217–23

149. Uda R, Horiguchi S, Ito S, Hyodo
M, Hayaishi O. 1990. Nociceptive effects

induced by intrathecal administration of
prostaglandin D2, E2, or F2 alpha to con-
scious mice.Brain Res.510:26–32

150. Saito Y, Kaneko M, Kirihara Y,
Kosaka Y, Collins JG. 1995. Intrathecal
prostaglandin E1 produces a long-lasting
allodynic state.Pain63:303–11

151. Takano Y, Kuno Y, Sato E, Takano M,
Sato I. 1999. The enhancement of for-
malin induced agitation behavior by in-
trathecal administration of prostaglandin
E1.Masui (Japanese).48:841–46

152. Ferreira SH, Lorenzetti BB. 1996. In-
trathecal administration of prostaglandin
E2 causes sensitization of the primary af-
ferent neuron via the spinal release of glu-
tamate.Inflamm. Res.45:499–502

153. Minami T, Onaka M, Okuda-Ashitaka E,
Mori H, Ito S, et al. 1995. L-NAME, an
inhibitor of nitric oxide synthase, blocks
the established allodynia induced by in-
trathecal administration of prostaglandin
E2.Neurosci. Lett.201:239–42

154. Hay CH, Trevethick MA, Wheeldon A,
Bowers JS, de Belleroche JS. 1997.
The potential role of spinal cord
cyclooxygenase-2 in the development
of Freund’s complete adjuvant-induced
changes in hyperalgesia and allodynia.
Neuroscience78:843–50

155. Aanonsen LM, Wilcox GL. 1987. Noci-
ceptive action of excitatory amino acids
in the mouse: effects of spinally admin-
istered opioids, phencyclidine and sigma
agonists.J. Pharmacol. Exp. Ther.243:9–
19

156. Nishizaki T, Nomura T, Matsuoka T,
Tsujishita Y. 1999. Arachidonic acid as
a messenger for the expression of long-
term potentiation.Biochem. Biophys. Res.
Commun.254:446–49

157. L’Hirondel M, Cheramy A, Artaud F,
Godeheu G, Glowinski J. 1999. Contribu-
tion of endogenously formed arachidonic
acid in the presynaptic facilitatory effects
of NMDA and carbachol on dopamine re-
lease in the mouse striatum.Eur. J. Neu-
rosci.11:1292–300



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

SPINAL COX AND PAIN 579

158. Evans AR, Junger H, Southall MD, Nicol
GD, Sorkin LS, et al. 2000. Isoprostanes,
novel eicosanoids that produce nocicep-
tion and sensitize rat sensory neurons.J.
Pharmacol. Exp. Ther.293:912–20

159. Gilron I, Quirion R, Coderre TJ. 1999.
Pre- versus postformalin effects of ke-
tamine or large-dose alfentanil in the rat:
discordance between pain behavior and
spinal Fos-like immunoreactivity.Anesth.
Analg.89:128–35

160. Gilron I, Quirion R, Coderre TJ. 1999.
Pre- versus postinjury effects of in-
travenous GABAergic anesthetics on
formalin-induced Fos immunoreactivity
in the rat spinal cord.Anesth. Analg.
88:414–20

161. Presley RW, Men´etrey D, Levine JD,
Basbaum AI. 1990. Systemic morphine
suppresses noxious stimulus-evoked Fos
protein-like immunoreactivity in the rat
spinal cord.J. Neurosci.10:323–35

162. Yashpal K, Mason P, McKenna JE,
Sharma SK, Henry JL, et al. 1998. Com-
parison of the effects of treatment with
intrathecal lidocaine given before and af-
ter formalin on both nociception and Fos
expression in the spinal cord dorsal horn.
Anesthesiology88:157–64

163. Hou WY, Shyu BC, Chen TM, Lee JW,
Shieh JY, et al. 1997. Intrathecally ad-
ministered c-fos antisense oligodeoxynu-
cleotide decreases formalin-induced no-
ciceptive behavior in adult rats.Eur. J.
Pharmacol.329:17–26

164. Puig S, Sorkin LS. 1996. Formalin-
evoked activity in identified primary affer-
ent fibers: systemic lidocaine suppresses
phase-2 activity.Pain64:345–55

165. Miettinen S, Fusco FR, Yrj¨anheikki
J, Keinänen R, Hirvonen T, et al.
1997. Spreading depression and focal
brain ischemia induce cyclooxygenase-2
in cortical neurons through N-methyl-D-
aspartic acid-receptors and phospholipase
A2.Proc. Natl. Acad. Sci. USA94:6500–5

166. Yamagata K, Andreasson KI, Kauf-
mann WE, Barnes CA, Worley PF. 1993.

Expression of a mitogen-inducible cy-
clooxygenase in brain neurons: regulation
by synaptic activity and glucocorticoids.
Neuron11:371–86

167. Lacroix S, Rivest S. 1998. Effect of
acute systemic inflammatory response
and cytokines on the transcription of the
genes encoding cyclooxygenase enzymes
(COX-1 and COX-2) in the rat brain.J.
Neurochem.70:452–66

168. Quan N, Whiteside M, Herkenham
M. 1998. Cyclooxygenase 2 mRNA ex-
pression in rat brain after peripheral in-
jection of lipopolysaccharide.Brain Res.
802:189–97

169. Morri H, Ozaki M, Watanabe Y. 1994. 5′-
flanking region surrounding a human cy-
tosolic phospholipase A2 gene.Biochem.
Biophys. Res. Commun.205:6–11

170. Vervoordeldonk MJ, Pineda Torra IM,
Aarsman AJ, van den Bosch H.
1996. Aspirin inhibits expression of
the interleukin-1beta-inducible group II
phospholipase A2.FEBS Lett.397:108–
12

171. Newton R, Kuitert LM, Bergmann M,
Adcock IM, Barnes PJ. 1997. Evidence
for involvement of NF-kappaB in the tran-
scriptional control of COX-2 gene expres-
sion by IL-1beta.Biochem. Biophys. Res.
Commun.237:28–32

172. Yamamoto K, Arakawa T, Ueda N,
Yamamoto S. 1995. Transcriptional roles
of nuclear factor kappaB and nuclear
factor-interleukin-6 in the tumor necro-
sis factor alpha-dependent induction of
cyclooxygenase-2 in MC3T3-E1 cells.J.
Biol. Chem.270:31315–20

173. Inoue H, Tanabe T. 1998. Transcrip-
tional role of the nuclear factor kappaB
site in the induction by lipopolysaccha-
ride and suppression by dexamethasone
of cyclooxygenase-2 in U937 cells.Bio-
chem. Biophys. Res. Commun.244:143–
48

174. Newton R, Stevens DA, Hart LA,
Lindsay M, Adcock IM, et al. 1997.
Superinduction of COX-2 mRNA by



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

580 SVENSSON¥ YAKSH

cycloheximide and interleukin-1beta
involves increased transcription and
correlates with increased NF-kappaB and
JNK activation.FEBS Lett.418:135–38

175. Ko HW, Park KY, Kim H, Han PL, Kim
YU, et al. 1998. Ca2+-mediated activa-
tion of c-Jun N-terminal kinase and nu-
clear factor kappaB by NMDA in cortical
cell cultures.J. Neurochem.71:1390–95

176. Qin ZH, Chen RW, Wang Y, Nakai M,
Chuang DM, et al. 1999. Nuclear factor
kappaB nuclear translocation upregulates
c-Myc and p53 expression during NMDA
receptor-mediated apoptosis in rat stria-
tum.J. Neurosci.19:4023–33

177. Gozal E, Simakajornboon N, Gozal
D. 1998. NF-kappaB induction during in
vivo hypoxia in dorsocaudal brain stem
of rat: effect of MK-801 and L-NAME.J.
Appl. Physiol.85:372–76

178. Guerrini L, Blasi F, Denis-Donini S.
1995. Synaptic activation of NF-kappaB
by glutamate in cerebellar granule neu-
rons in vitro.Proc. Natl. Acad. Sci. USA
92:9077–81

179. Bartlett SR, Sawdy R, Mann GE. 1999.
Induction of cyclooxygenase-2 expres-
sion in human myometrial smooth muscle
cells by interleukin-1beta: involvement of
p38 mitogen-activated protein kinase.J.
Physiol. (Lond.)520 Pt. 2:399–406

180. Guan Z, Buckman SY, Pentland AP,
Templeton DJ, Morrison AR. 1998. In-
duction of cyclooxygenase-2 by the acti-
vated MEKK1→ SEK1/MKK4 → p38
mitogen-activated protein kinase path-
way.J. Biol. Chem.273:12901–8

181. LaPointe MC, Isenovic E. 1999. Inter-
leukin-1beta regulation of inducible nitric
oxide synthase and cyclooxygenase-2 in-
volves the p42/44 and p38 MAPK signal-
ing pathways in cardiac myocytes.Hyper-
tension33:276–82

182. Laporte JD, Moore PE, Abraham JH,
Maksym GN, Fabry B, et al. 1999. Role
of ERK MAP kinases in responses of cul-
tured human airway smooth muscle cells
to IL-1beta.Am. J. Physiol.277:L943–51

183. Newton R, Cambridge L, Hart LA,
Stevens DA, Lindsay MA, et al. 2000.
The MAP kinase inhibitors, PD098059,
UO126 and SB203580, inhibit IL-1beta-
dependent PGE(2) release via mechanisti-
cally distinct processes.Br. J. Pharmacol.
130:1353–61

184. Molina-Holgado E, Ortiz S, Molina-
Holgado F, Guaza C. 2000. Induction of
COX-2 and PGE2biosynthesis by IL-1β is
mediated by PKC and mitogen-activated
protein kinases in murine astrocytes.Br.
J. Pharmacol.131:152–59

185. Ridley SH, Dean JL, Sarsfield SJ, Brook
M, Clark AR, et al. 1998. A p38 MAP
kinase inhibitor regulates stability of
interleukin-1-induced cyclooxygenase-2
mRNA. FEBS Lett.439:75–80

186. Chen CC, Sun YT, Chen JJ, Chang
YJ. 2001. Tumor necrosis factor-alpha-
induced cyclooxygenase-2-expression
via sequential activation of ceramide-
dependent mitogen-activated protein ki-
nases, and IkappaB kinase 1/2 in human
alveolar epithelial cells.Mol. Pharmacol.
59:493–500

187. Dean JL, Brook M, Clark AR,
Saklatvala J. 1999. p38 mitogen-activated
protein kinase regulates cyclooxygenase-
2 mRNA stability and transcription in
lipopolysaccharide-treated human mono-
cytes.J. Biol. Chem.274:264–69

188. Caivano M, Cohen P. 2000. Role
of mitogen-activated protein kinase cas-
cades in mediating lipopolysaccharide-
stimulated induction of cyclooxygenase-2
and IL-1 beta in RAW264 macrophages.
J. Immunol.164:3018–25

189. Hwang D, Jang BC, Yu G, Boudreau M.
1997. Expression of mitogen-inducible
cyclooxygenase induced by lipopolysac-
charide: mediation through both mitogen-
activated protein kinase and NF-kappaB
signaling pathways in macrophages.
Biochem. Pharmacol.54:87–96

190. Patel R, Attur MG, Dave MN,
Kumar S, Lee JC, et al. 1999. Regu-
lation of nitric oxide and prostaglandin



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

SPINAL COX AND PAIN 581

E2 production by CSAIDS (SB203580)
in murine macrophages and bovine chon-
drocytes stimulated with LPS.Inflamm.
Res.48:337–43

191. Paul A, Cuenda A, Bryant CE, Mur-
ray J, Chilvers ER, et al. 1999. In-
volvement of mitogen-activated protein
kinase homologues in the regulation of
lipopolysaccharide-mediated induction of
cyclo-oxygenase-2 but not nitric oxide
synthase in RAW 264.7 macrophages.
Cell. Signal.11:491–79

192. Chen QR, Miyaura C, Higashi S,
Murakami M, Kudo I, et al. 1997. Ac-
tivation of cytosolic phospholipase A2
by platelet-derived growth factor is es-
sential for cyclooxygenase-2-dependent
prostaglandin E2 synthesis in mouse os-
teoblasts cultured with interleukin-1.J.
Biol. Chem.272:5952–58

193. Hiller G, Sundler R. 1999. Activa-
tion of arachidonate release and cytoso-
lic phospholipase A2 via extracellular
signal-regulated kinase and p38 mitogen-
activated protein kinase in macrophages
stimulated by bacteria or zymosan.Cell.
Signal.11:863–69

194. Qiu ZH, Gijón MA, de Carvalho MS,
Spencer DM, Leslie CC. 1998. The role
of calcium and phosphorylation of cytoso-
lic phospholipase A2 in regulating arachi-
donic acid release in macrophages.J. Biol.
Chem.273:8203–11

195. Schmidlin F, Loeffler S, Bertrand C,
Landry Y, Gies JP. 2000. PLA2 phos-
phorylation and cyclooxygenase-2 induc-
tion, through p38 MAP kinase path-
way, is involved in the IL-1beta-induced
bradykinin B2 receptor gene transcrip-
tion.Naunyn. Schmiedebergs Arch. Phar-
macol.361:247–54

196. Xing M, Insel PA. 1996. Protein kinase
C-dependent activation of cytosolic phos-
pholipase A2 and mitogen-activated pro-
tein kinase by alpha 1-adrenergic recep-
tors in Madin-Darby canine kidney cells.
J. Clin. Invest.97:1302–10

197. Yamaki K, Yonezawa T, Ohuchi K.

2000. Signal transduction cascade in
staurosporine-induced prostaglandin E(2)
production by rat peritoneal macrophages.
J. Pharmacol. Exp. Ther.293:206–13

198. Smith WL, DeWitt DL, Garavito RM.
2000. Cyclooxygenases: structural, cel-
lular, and molecular biology.Annu. Rev.
Biochem.69:145–82

199. Sweatt JD. 2001. The neuronal MAP ki-
nase cascade: a biochemical signal inte-
gration system subserving synaptic plas-
ticity and memory.J. Neurochem.76:1–10

200. Lasa M, Mahtani KR, Finch A, Brewer
G, Saklatvala J, et al. 2000. Regulation of
cyclooxygenase 2 mRNA stability by the
mitogen-activated protein kinase p38 sig-
naling cascade.Mol. Cell. Biol.20:4265–
74

201. Molina-Holgado F, Borrell J, Guaza C.
1998. Effect of endotoxin and interleukin-
1beta on corticotropin-releasing-factor
and prostaglandin release by rat brainstem
slices.J. Neuroendocrinol.10:429–36

202. Newton R, Seybold J, Kuitert LM,
Bergmann M, Barnes PJ. 1998. Repres-
sion of cyclooxygenase-2 and prosta-
glandin E2 release by dexamethasone
occurs by transcriptional and post-trans-
criptional mechanisms involving loss of
polyadenylated mRNA.J. Biol. Chem.
273:32312–21

203. Lasa M, Brook M, Saklatvala J, Clark
AR. 2001. Dexamethasone destabilizes
cyclooxygenase 2 mRNA by inhibiting
mitogen-activated protein kinase p38.
Mol. Cell. Biol.21:771–80

204. Abram SE, Marsala M, Yaksh TL. 1994.
Analgesic and neurotoxic effects of in-
trathecal corticosteroids in rats.Anesthe-
siology81:1198–205

205. Weidenfeld J, Amir I, Shohami E. 1993.
Role of glucocorticoids in the regulation
of brain prostaglandin biosynthesis under
basal conditions and in response to endo-
toxin. Endocrinology132:941–45

206. Ahn YM, Oh SW, Kang UG, Park J, Kim
YS. 2000. An N-methyl-D-aspartate anta-
gonist, MN-801, preferentially reduces



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

582 SVENSSON¥ YAKSH

electroconvulsive shock-induced phos-
phorylation of p38 mitogen-activated pro-
tein kinase in the rat hippocampus.
Neurosci. Lett.296:101–4

207. Vincent SR, Sebben M, Dumuis A,
Bockaert J. 1998. Neurotransmitter reg-
ulation of MAP kinase signaling in stri-
atal neurons in primary culture.Synapse
29:29–36

208. Svensson CI, Westerlund A, Freshwater
J, Calcutt NA, Yaksh TL. 2001. Intrathe-
cal administration of p38 MAP Kinase in-
hibitor reduces inflammatory and NMDA
induced hyperalgesia and prevents up-
regulaion of spinal COX-2.Soc. Neurosci.
Abstr.927:12

209. Dirig DM, Conway CM, Isakson PC,
Yaksh TL. 1998. The role of COX 1
and COX 2 in the antihyperalgesic ac-
tion of NSAIDs.J. Pharmacol. Exp. Ther.
2851031–8

210. Guieu R, Blin O, Pouget J, Serratrice G.
1992. Analgesic effect of indomethacin
shown using the nociceptive flexion re-
flex in humans.Ann. Rheum. Dis.51:391–
93

211. Piletta P, Porchet HC, Dayer P. 1991.
Central analgesic effect of acetaminophen
but not of aspirin.Clin. Pharmacol. Ther.
49:350–54

212. Willer JC, De Broucker T, Bussel B,
Roby-Brami A, Harrewyn JM. 1989.
Central analgesic effect of ketoprofen
in humans: electrophysiological evidence
for a supraspinal mechanism in a double-
blind and cross-over study.Pain 38:1–
7

213. Fabbri A, Cruccu G, Sperti P, Ridolfi
M, Ciampani T, et al. 1992. Piroxicam-
induced analgesia: evidence for a central
component which is not opioid mediated.
Experientia48:1139–42

214. Devoghel JC. 1983. Small intrathecal
doses of lysine-acetylsalicylate relieve in-
tractable pain in man.J. Int. Med. Res.
11:90–91

215. Devoghel JC. 1993.Intrathecal Injec-
tion of Lysine-Acetylsalicylate in Man

with Intractable Cancer Pain, ed. I Jurna,
TL Yaksh, pp. 111–18: Gustav Fischers
Verlag

216. Pellerin M, Hardy F, Abergel A, Boule
D, Palacci JH, et al. 1987. Chronic refrac-
tory pain in cancer patients. Value of the
spinal injection of lysine acetylsalicylate.
60 cases.Presse Med. (French)16:1465–
68

217. Tive L. 2000. Celecoxib clinical profile.
Rheumatology (Oxford).39. (Suppl.2):
21–8; Discussion 57–59

218. Malmstrom K, Daniels S, Kotey P,
Seidenberg BC, Desjardins PJ. 1999.
Comparison of rofecoxib and celec-
oxib, two cyclooxygenase-2 inhibitors,
in postoperative dental pain: a random-
ized, placebo- and active-comparator-
controlled clinical trial.Clin. Ther. 21:
1653–63

219. Moore PA, Hersh EV. 2001. Celecoxib
and rofecoxib. The role of COX-2 in-
hibitors in dental practice.J. Am. Dent.
Assoc.132:451–56

220. McKenna F, Borenstein D, Wendt H,
Wallemark C, Lefkowith JB, et al. 2001.
Celecoxib versus diclofenac in the man-
agement of osteoarthritis of the knee.
Scand. J. Rheumatol.30:11–18

221. Dougados M, Behier JM, Jolchine I,
Calin A, van der Heijde D, et al. 2001.
Efficacy of celecoxib, a cyclooxygenase
2-specific inhibitor, in the treatment of an-
kylosing spondylitis: a six-week con-
trolled study with comparison against
placebo and against a conventional non-
steroidal antiinflammatory drug.Arthritis
Rheum.44:180–85

222. Honore P, Luger NM, Sabino MA,
Schwei MJ, Rogers SD, et al. 2000. Os-
teoprotegerin blocks bone cancer-induced
skeletal destruction, skeletal pain and
pain-related neurochemical reorganiza-
tion of the spinal cord [see comments].
Nat. Med.6:521–28

223. Honore P, Rogers SD, Schwei MJ, Salak-
Johnson JL, Luger NM, et al. 2000. Mu-
rine models of inflammatory, neuropathic



9 Dec 2001 10:58 AR AR150-22.tex AR150-22.sgm LaTeX2e(2001/05/10)P1: GJC

SPINAL COX AND PAIN 583

and cancer pain each generates a unique
set of neurochemical changes in the spinal
cord and sensory neurons.Neuroscience
98:585–98

224. Brune K, Yaksh TL. 1997.Antipyretic-
analgesic Drugs, ed. TL Yaksh, C Lynch,
III, WM Zapol, M Maze, JF Biebuyck,
LJ Saidman, pp. 953–68. Philadelphia:
Lippincott-Raven Publishers

225. Flower RJ, Moncada S, Vane JR.
1980. Analgesic-Antipyretics and Anti-
Inflammatory Agents; Drugs Employed in
the Treatment of Gout, ed. AG Gilman, LS

Goodman, A Gilman, pp. 682–728. New
York: Macmillan

226. Insel PA. 1996. Analgesic-antipyretic and
anti-inflammatory agents and drugs em-
ployed in the treatment of gout. InThe
Pharmacologic Basis of Therapeutics, ed.
J Hardman, LE Limbird, PB Molinoff,
RW Rudden, AG Gilman, pp. 617–57.
New York: McGraw-Hill

227. Yaksh TL, Lynch C III, Zapol WM,
Maze M, Biebuyck JF, Saidman LJ, eds.
1997.Anesthesia: Biologic Foundations.
Philadelphia, PA: Lippincott-Raven


