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Abstract

Spinally delivery of the non-specific cyclooxygenase inhibitor, S(+ )-ibuprofen, reduces the second phase of the formalin test and the
evoked release of prostaglandin E, (prostaglandin E,) from rat spinal cord in vitro. Using two selective cyclooxygenase-2 inhibitors,
SC58125 (1-[(4-methysufonyl)phenyl]-3-tri-fluoromethyl-5-(4-fluorophenyl)pyrazole) and SC-236 (4-[5-(4-chlorophenyl)-3-(trifluoro-
methy!)-1H-pyrazol-1-yl]benzenesulfonamide), we observed that neither agent at the highest dose/concentration employed altered the
second phase of the formalin test after intrathecal delivery or K *-evoked prostaglandin E, release from spinal cord in vitro, although
ibuprofen was effective in both models. These observations suggest that cyclooxygenase-2 may not be associated with spinal prostanoid
synthesis acutely or with facilitated nociception which occurs within the limited time frame of the formalin test. © 1997 Elsevier Science

B.V.
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1. Introduction

Prostaglandin synthesis by cyclooxygenase and its inhi-
bition by non-steroidal anti-inflammatory drugs (NSAIDs)
have long been associated with peripheral inflammation
and pain (Vane, 1971). More recently, spinal naciceptive
mechanisms of prostanoid action have been proposed based
on several observations: (i) spinal delivery of cyclooxy-
genase inhibitors have been shown to diminish the facili-
tated component of processing evoked by persistent affer-
ent activity generated by periphera injection of irritants
(Yaksh, 1982; Malmberg and Yaksh, 1992); (ii) spinal
delivery of prostanoids will evoke a hyperalgesic state
(Uda et al., 1990) and (iii) periphera injury or inflamma-
tion will increase spinal prostanoid release (Mamberg and
Yaksh, 1995; Yang et a., 1996). The mechanism of this
facilitation is unclear, however, prostanoids have been
shown to facilitate transmitter release from sensory affer-
ents (Hingtgen and Vasko, 1994; Hingtgen et al., 1995).

Two isozymes of the cyclooxygenase enzyme have now
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been shown to exist: cyclooxygenase-1 and cyclooxy-
genase-2. Investigation of the pharmacology of cyclooxy-
genase inhibition indicates that NSAIDs, such as ibupro-
fen, are mixed inhibitors of these two enzymes (Seibert et
al., 1994; Gierse et a., 1996). Current developments in the
pharmacology of cyclooxygenase inhibitors have led to the
synthesis of highly selective cyclooxygenase-2 inhibitors.
The importance of this differential activity has arisen from
several issues. Origindly, it was believed that cyclooxy-
genase-1 was congtitutively expressed while cyclooxy-
genase-2 was upregulated in response to several cellular
stimuli. Thus, cyclooxygenase-2 expression is increased in
the hippocampus by seizures or N-methyl-p-aspartate
(NMDA) injection (Yamagata et al., 1993) and is rapidly
induced in several inflammatory states and by growth
factors (Raz et al., 1988; Masferrer et a., 1990; Sirois and
Richards, 1992). However, recent findings have demon-
strated constitutive expression of cyclooxygenase-2 in sev-
eral tissues such as macula densa, testis and, more impor-
tantly, both brain (Breder et a., 1995) and spina cord
(Beiche et al., 1996). Significantly, cyclooxygenase-2
MRNA appears to represent the most common isoform in
spinal cord (Beiche et al., 1996). These observations thus
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lead to questions regarding the pharmacology of spinal
prostanoid synthetic dependence upon cyclooxygenase-1,
cyclooxygenase-2, or both. The development of specific
cyclooxygenase-2 inhibitors alows the re-examination of
studies employing mixed cyclooxygenase-1/cyclooxy-
genase-2 inhibitors (i.e., NSAIDs) in order to investigate
which isoform(s) of cyclooxygenase are involved in noci-
ception. The current study uses specific cyclooxygenase-2
inhibitors to investigate the role of rat spinal cyclooxy-
genase isozymes in formalin-associated nociception as well
as evoked release of prostanoids from an in vitro spina
cord preparation.

2. Materials and methods
2.1. Animal preparation

Male Sprague Dawley rats (300-325 g; Harlan Indus-
tries, Indianapolis, IN, USA) were housed pair-wise in
cages and maintained on a 12 h light/dark cycle with
access to food and water at all times. Chronic intrathecal
(i.t.) catheters were implanted under halothane anesthesia
according to a modification of the procedure described by
Yaksh and Rudy (1976). A polyethylene catheter (PE-10)
was inserted through an incision in the atlanto—occipital
membrane and advanced caudally to the rostral edge of the
lumbar enlargement. The rostral segment of the catheter
was tunneled subcutaneously and externalized on top of
the head. After implantation, rats were housed individually
as described above and monitored daily for signs of neuro-
logical dysfunction. All studies were carried out under
protocols approved by the Institutional Animal Care and
Use Committee of the University of California, San Diego.

2.2. Behavioral testing paradigm

Prior to any testing and at least three days post-implan-
tation, all animals were weighed and checked for i.t.
catheter patency with 5 .l of physiological saline. Animals
were placed individually in Plexiglas cylinders (20 x 30
cm) on absorbent paper and allowed to acclimate to the
apparatus for a minimum of 10 min before testing. A
mirror was placed behind the cylinder for unencumbered
observation of the animal during the test. All agents were
administered intrathecally 10 min prior to formalin injec-
tion.

For formalin injection, animals were gently restrained,
and 50 wl of formalin (5%) was injected subcutaneously
into the dorsal surface of the right hind paw. Time zero of
the study was defined as injection of formalin. Flinches
were counted for one min intervals from 1-2 min, 5-6
min, and every 5 min for 60 min, after which subjects
were immediately euthanized. Criteria for exclusion from
the study included > 20% weight loss, catheter occlusion,
incomplete formalin injection, or excessive bleeding from
injection site.

2.3. In vitro spinal cord preparation

After terminal halothane anesthesia (4%), rats were
decapitated, and spinal cords were hydraulically extruded.
Spinal cords were placed in ice-cold isotonic buffer and
then dissected on a filter 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
guadrants were retained. These dorsal segments were
chopped cross-sectionally into 2 mm prisms. Prisms were
dispersed on Millipore filters (13 mm diam, 5 wm pore
size) which were placed inside perfusion chambers (Mod-
ified Millipore filter units, Bedford, MA, USA).

2.4. In vitro perfusion and stimulation

The prisms of one lumbar enlargement were used in
each perfusion study and dispersed at random to 3 or 4
perfusion chambers (5 prisms per chamber). Perfusion
chambers maintained at 37°C in a water bath were per-
fused with artificial cerebral spinal fluid (ACSF) at a rate
of 200 wl/min via peristaltic pump. ACSF consisted of
NaHCO,, 21.0 mM; Na,HPO,-7H,0O, 2.5 mM; NaCl,
125.0 mM; KClI, 2.6 mM; MgCl, - 6H,0, 0.9 mM; CaCl,,
1.3 mM; b-glucose, 3.9 mM. When a high K* solution
was employed as a stimulus, KCI was increased to 60 mM,
and NaCl reduced to 67.6 mM to maintain osmolarity. The
ACSF reservoir for each study was placed in the same
water bath as the perfusion chambers, and pH was adjusted
by bubbling with 5% CO,/95% O, for 30 min prior to
and throughout the study. After an initial washout period
of 45 min to allow tissue stabilization, a ten min baseline
and a ten min stimulation (60 mM K*) sample were
collected. Chamber temperature was monitored continu-
ously using a thermocouple (36Ga, Type T, Omega Instru-
ments) with digital readout permanently implanted in one
perfusion chamber.

2.5. Prostaglandin E, radioimmunoassay

In vitro samples were collected on ice, frozen at — 70°C,
lyophilized, and stored at —70°C until reconstitution for
competitive radioimmunoassay (RIA) using a polyclonal
rabbit anti-prostaglandin E, antibody in conjunction with a
magnetic particle-coupled, goat anti-rabbit antibody (Per-
Septive Biosystems, Framington, MA, USA). Specifics of
this methodology have been previously published (Jobke et
al., 1973; Granstrom and Kindahl, 1978). Briefly,
lyophilized perfusate samples or prostaglandin E, (as stan-
dard) were reconstituted in assay buffer (0.01 M phos-
phate, 0.1% bovine gamma globulin and 0.1% sodium
azide, pH 7.0) and incubated with the rabbit anti-prosta-
glandin E, for 2 h at 4°C. ®I-labeled prostaglandin E,
was then added, and the mixture was incubated overnight
at 4°C. After precipitation of the bound complex using
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goat anti-rabbit serum and centrifugation (15 min, 4°C,
1000 X g), the pellet was counted in a y-counter. Assays
were carried out with non-specific binding and blanks, and
minimum assay sensitivity was 4 pg/assay tube.

2.6. Drug délivery

Drugs were delivered intrathecally in a total volume of
10 wl using a gear-driven syringe pump. This drug deliv-
ery was followed immediately by a 10 wl volume of
vehicle to flush the catheter. The following drugs were
used in this study: S(+)-ibuprofen, SC58125 (1-[(4-
methysufonyl)phenyl]-3-tri-fluoromethyl-5-(4-fluorophen-
yDpyrazole), and SC-236 (4-[5-(4-chloropheny)-3-(triflu-
oromethyl)-1H-pyrazol-1-yl]benzenesulfonamide).
SC58125 and SC-236 were obtained from G.D. Searle (St.
Louis, MO, USA). Drugs were dissolved in dimethyl
sulfoxide (DMSO) and then diluted 1:1 with 50% g-hy-
droxy-propy! cyclodextrin in sterile water. Vehicle controls
used the same combination of DMSO and cyclodextrin.
For in vitro experiments, drugs were dissolved in 100%
DMSO to a concentration of 5 mg,/ml, and then diluted to
final concentration with ACSF or 60 mM K* in ACSF.
The final DM SO concentration did not exceed 0.75%. All
drugs were reconstituted on the morning of testing and
used only on that day.

2.7. Data analysis and statistics

Flinch counts were separated into Phase 1 (0-9 min)
and Phase 2 (10-60 min) responses and expressed as mean
total flinches,/phase of five animals per treatment group +
S.E.M. Additionally, Phase 2 was separated into 2A (20-40
min) and 2B (40—60 min) as described by Malmberg and
Y aksh (1992). Each drug cohort was analyzed with respect
to changes in flinching behavior relative to the vehicle
control group. Any significant difference indicated by
analysis of variance (ANOVA) was examined further us-
ing Student Neuman Keuls post-hoc multiple comparison
test. Resting in vitro release of prostaglandin E, was
compared across multiple trials using ANOVA with
Scheffe’ s post-hoc correction for different values of n and
multiple comparisons. No difference was observed in basal
release, which was then pooled and compared to K *-evoked
release in the presence or absence of cyclooxygenase
inhibitors, using Bonferroni-Dunn comparison of all means
to control. In all tests, the minimum criteria for statistical
significance was P < 0.05.

3. Results

3.1. Formalin responses

Besides the mild activation evoked by vehicle, no
changes in motor tone or other behavioral effects were

observed after administration of any drug. Vehicle-injected
animals were agitated and vocalized immediately after
intrathecal injection, but this subsided within one min of
injection. These effects were transient, and animals dis-
played aclassic biphasic formalin response (Wheeler-Aceto
et d., 1990) which was not different from that observed
after i.t. saline (Dirig and Y aksh, 1995).

As shown in Fig. 1, pre-treatment (t = — 10 min) with
S +)-ibuprofen (80 nmol, i.t.) did not affect Phase 1 or
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Fig. 1. Top panel describes the time course of formalin responses of rats
after intrathecal injection with Vehicle (open circles), SC58125 (50 nmol,
closed circles), SC-236 (250 nmol, open squares), and S+ )-ibuprofen
(80 nmol, closed squares). Time course for each drug group represents
the mean of five animals+ S.E.M. The middle panel represents the same
time course data as mean flinches per phase. Note that S(+ )-ibuprofen
significantly suppressed flinching during Phase 2 only. When Phase 2
responses are split into Phase 2A and 2B in the bottom panel, the
statistically significant suppression (P < 0.05) occurs during Phase 2A
only.
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Fig. 2. ACSF containing 60 mM K™* evoked a significant increase from
basal prostaglandin E, in vitro, as shown by the open bars. Drug
treatment groups are presented as K *-evoked prostaglandin E, release
across drug treatment groups (5 perfusion chambers per group+ S.EE.M.).
S(+ )-ibuprofen blocked this increase (hatched bars), but the specific
cyclooxygenase-2 inhibitor, SC58125, did not block the increase in
prostaglandin E, release evoked by 60 mM K™ (filled bars). Significant
increases from baseline were determined by ANOVA with
Bonferroni /Dunn comparison of all means to control indicated by “P <
0.05 and * * P < 0.0001.

Phase 2B relative to vehicle controls, but significantly
suppressed Phase 2A (P < 0.05). The formalin response
after pre-treatment with either SC58125 (50 nmol, i.t.) or
SC-236 (250 nmoal, i.t.) did not differ from control ani-
mals. These doses were selected on the basis of solubility
and for their maximum efficacy in other behavioral studies
(Hammond and Gregory, 1996).

3.2. In vitro release

As shown in Fig. 2, K* (60 mM) evoked a significant
2-fold increase in extracellular PGE2 levels (P = 0.0001).
Inclusion of S(+)-ibuprofen (1-100 wM) in K*-contain-
ing ACSF blocked the K*-evoked increase in prosta-
glandin E,, but did not affect basal levels. Consistent with
the formalin data described above, SC58125 (1-100 w.M)
did not affect K*-evoked release of prostaglandin E,
(P <0.05).

4. Discussion
4.1. Pharmacology of the formalin model

The first phase of the formalin test is representative of a
short-lasting burst of small afferent activity. During the
second phase, there is a low, but non-zero level of periph-
era afferent activity (Puig and Sorkin, 1996). Examination
of the firing of dorsal horn neurons reveals a prominent
biphasic response pattern with the first phase correspond-
ing to the initial elevation in afferent input, while the

second phase is believed to reflect a state of facilitated
processing driven by the moderate ongoing periphera
input (Dickenson and Sullivan, 1987). Afferent input
evokes release of excitatory amino acids and peptides such
as neurokinins that lead to the initiation of a state of
facilitation, mediated in part by activation of N-methyl-p-
aspartate  (NMDA) subtype glutamate receptors and
tachykinin NK, receptors. This activation is thought to
lead to the release of nitric oxide and severa prostanoids
that jointly serve to initiate a state of facilitated processing
(for review, see Yaksh, 1993, 1997). One possible mecha-
nism of the prostanoid-mediated spinal sensitization may
be represented by cultured sensory neuron studies demon-
strating that prostanoids (prostaglandin E, and prosta-
glandin 1,) potentiate the evoked release of Substance P,
an endogenous tachykinin NK, receptor ligand. NMDA
and NK; receptor antagonists are only effective intrathe-
caly if given before formalin injection; if administered
after Phase 1, these agents have little or no effect
(Yamamoto and Yaksh, 1991, 1992), whereas i.t. adminis-
tration of mixed-function cyclooxygenase inhibitors
(NSAIDs) are effective in blocking the early part of Phase
2 (Phase 2A) whether given before or after formalin.
Malmberg and Yaksh (1992) showed that pre- or post-
treatment with various NSAIDs suppressed Phase 2A
flinching in a stereospecific manner that mirrored the
known structure-activity relationships for the various com-
pounds. Such findings suggest that the pharmacology of
Phase 1 and 2 responses differ substantialy, with early
activation of NMDA and NK, receptors and later produc-
tion of prostanoids during Phase 2 being critical for the
development of protracted nociception during the formalin
test.

4.2. Cyclooxygenase isozymes and nociception

In agreement with Malmberg and Yaksh (1992), the
current study showed that intrathecal administration of
S(+)-ibuprofen, an NSAID which inhibits both cyclooxy-
genase-1 and cyclooxygenase-2, suppresses Phase 2A of
the formalin test. The inactive enantiomer, R(—)-ibupro-
fen, was not employed, but the stereoselectivity of cyclo-
oxygenase inhibition by S(+), but not R(—)-ibuprofen, is
well documented (Adams et al., 1976; Buttinoni et al.,
1983; Malmberg and Yaksh, 1994; Gierse et a., 1995).
Given the constitutive expression of cyclooxygenase-1 and
cyclooxygenase-2 message within the rat spinal cord
(Beiche et al., 1996), one possible outcome of this study
was that NSAIDs were acting to inhibit both cyclooxy-
genase isozymes to produce the anti-hyperalgesic effects.
Alternatively, induction of cyclooxygenase-2 expression
may be increased by the peripheral injury, leading to the
development of cyclooxygenase-2 inhibitor sensitivity that
may or may not be observed within the 1 h window of the
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formalin test. Surprisingly, intrathecal administration of
two different cyclooxygenase-2 inhibitors did not affect
Phase 1 or Phase 2 of the formalin test. There are several
possible explanations for this outcome.

While cyclooxygenase-2 mRNA has been shown to be
present in the rat spina cord (Beiche et al., 1996), post-
transcriptional degradation of cyclooxygenase-2 message
cannot be ruled out. Studies demonstrating presence of
cyclooxygenase-2 protein within the rat spina cord have
yet to be published. Beiche and colleagues demonstrated
an increase in spinal cyclooxygenase-2 mRNA with 6 h of
inflammation, but 20—40 min of tissue injury after forma-
lin injection would not appear a sufficient time interval to
allow upregulation of cyclooxygenase-2 mRNA and trans-
lation of new enzyme. Thus, the presence of constitutive
cyclooxygenase-2 message or its induction may not play a
role in the spinal processing of nociception associated with
the formalin test.

SC58125 and SC-236 are specific inhibitors of cyclo-
oxygenase-2 and do not inhibit cyclooxygenase-1 (Seibert
et a., 1994; Gierse et al., 1996; Penning et al., 1997).
While these novel compounds are useful, they are insolu-
ble in agueous solvents. Due to the adverse effects of
100% DM SO as a vehicle, we attempted to find an alterna-
tive by dissolving the drug in DMSO and then diluting
(1:1) with a cyclodextrin solution. Unfortunately, below
25% B-hydroxy-propyl cyclodextrin (final concentration),
neither drug remained in solution. The negative data gener-
ated with respect to these cyclooxygenase-2 inhibitors
could also be the result of precipitation of the compounds
from the vehicle or lack of drug dissolution from the
viscous cyclodextrin solution in vivo. To address these
concerns, we repeated the formalin testing of al three
compounds using the same doses in 100% DMSO and
generated similar results (data not shown). Our results and
those of Hammond and Gregory (1996) bear out this
method, in that both of these agents were effective in the
same vehicle and concentration intrathecally using the
more protracted paw carrageenan model of thermal hyper-
algesia. Additionally, the utility of using cyclodextrin as an
intrathecal vehicle for hydrophobic compounds has been
previously described, such that highly lipophilic com-
pounds may be administered intrathecally using B-hy-
droxy-propyl cyclodextrin without changes in drug avail-
ability or EDg, (Yaksh et a., 1991). Thus, it is unlikely
that the lack of suppression observed with the cyclooxy-
genase-2 inhibitors employed results from a lack of drug
availability at a putative spina site of action, but rather
suggests an insensitivity of the formalin model to spinal
cyclooxygenase-2 inhibition.

The current study suggests that cyclooxygenase-1, but
not cyclooxygenase-2, is relevant for the development of
phase 2 hyperalgesic formalin responses. The dichotomy
presented by the constitutive expression of cyclooxy-
genase-2 message within the cord, but no suppression of
behavioral responses after pre-treatment with intrathecal

cyclooxygenase-2 inhibitors, is curious. Smith and DeWitt
(1996) have proposed a separate role for cyclooxygenase
isozymes based on intracellular localization, whereby cy-
clooxygenase-1 is responsible for the extracellular physio-
logical responses associated with prostaglandins, and
cyclooxygenase-2 prostaglandin synthesis is associated
with intra-nuclear events. Cyclooxygenase-2 is more con-
centrated on the nuclear envelope (Moritaet al., 1995), and
its synthesis of prostanoids may be associated with nuclear
events such as gene regulation or induction. Alternatively,
we suggest that the downstream nuclear events of cyclo-
oxygenase-2 activation (i.e. gene activation) may be im-
portant for the development of hyperalgesia over an inter-
val of persistent afferent activation. The formalin test
reflects upon an early component of the post-inflammatory
process and reveals that cyclooxygenase-2 may not be
relevant to spinal prostaglandins synthesis within this
shortened time frame.

4.3. In vitro spinal prostaglandin E, release

The lack of acute senditivity to cyclooxygenase-2 inhi-
bition within the spina cord is also supported by the in
vitro data presented above. In acutely harvested spinal
cords, cyclooxygenase-2 inhibitors were ineffective in in-
hibiting K *-evoked prostaglandin E, release whereas the
mixed-inhibitor, S+ )-ibuprofen, blocked evoked release
of prostaglandin E,. It is interesting to note that resting
release was not changed in the presence of ibuprofen. This
may be due to the presence of a previously-synthesized
pool of prostaglandin E, before inhibitor and K* were
added. Bishai and Coceani (1980) demonstrated prosta-
glandin E, catabolism by 15-hydroxyprostaglandin dehy-
drogenase in cat spinal roots, but not spinal cord tissue
itself, and the current preparation strips off the spinal roots
before spinal cord dissection. Accordingly, in an in vitro
preparation without access to catabolic enzymes, it is
reasonable to assume that prostanoid levels may be artifi-
cialy maintained even in the presence of synthesis in-
hibitors.

In conclusion, the present study demonstrates in both
acutely harvested in vitro studies and the in vivo formalin
test, that a mixed cyclooxygenase inhibitor was effective in
blocking prostaglandin E, release and hyperalgesic forma-
lin responses, whereas specific cyclooxygenase-2 in-
hibitors were not. Thus, it appears likely that in acute
situations, spinal cyclooxygenase-1, but not cyclooxy-
genase-2, is involved in the synthesis of prostaglandin E,
and protracted nociception. The question of whether the
time frame employed biases these studies against the de-
velopment of a longer term cyclooxygenase-2 sensitivity
will require intrathecal studies using protracted nociceptive
models and in vitro release from spina cords of animals
after a prolonged inflammatory state (e.g., paw car-
rageenan).



160 D.M. Dirig et al. / European Journal of Pharmacology 331 (1997) 155-160

References

Adams, S.S., Bredloff, P., Mason, C.G., 1976. Pharmacological differ-
ences between the optical isomers of ibuprofen: Evidence for metabolic
inversion of the (—)-isomer. J. Pharm. Pharmacol. 28, 256-257.

Beiche, F., Scheuerer, S, Brune, K., Geisslinger, G., Goppelt-Struebe,
M., 1996. Up-regulation of cyclooxygenase-2 mRNA in the rat spina
cord following periphera inflammation. FEBS Lett. 390, 16516—
16519.

Bishai, I., Coceani, F., 1980. Prostaglandin E2 catabolism in the spinal
nerve roots of the cat. Can. J. Physiol. Pharmacol. 58, 227-229.
Breder, C.D., Dewitt, D., Kraig, R.P., 1995. Characterization of inducible

cyclooxygenase in rat brain. J. Comp. Neurol. 355, 296—315.

Buttinoni, A., Ferrari, M., Colombo, M., Ceserani, R., 1983. Biological
activity of indoprofen and its optical isomers. J. Pharm. Pharmacol.
35, 603-604.

Dickenson, A.H., Sullivan, A.F., 1987. Subcutaneous formalin-induced
activity of dorsal horn neurones in the rat: Differential response to an
intrathecal opiate administered pre or post formalin. Pain 30, 349—360.

Dirig, D.M., Yaksh, T.L., 1995. Intrathecal baclofen and muscimol, but
not midazolam, are antinociceptive using the rat-formalin model. J.
Pharmacol. Exp. Ther. 275, 219-227.

Gierse, JK., Hauser, S.D., Creely, D.P., Koboldt, C., Rangwala, SH.,
Isakson, P.C., Seibert, K., 1995. Expression and selective inhibition
of the congtitutive and inducible forms of human cyclo-oxygenase.
Biochem. J. 305, 479-484.

Gierse, JK., McDonad, JJ., Hauser, S.D., Rangwala, S.H., Koboldt,
C.M., Seibert, K., 1996. A single amino acid difference between
cyclooxygenase-1 (COX-1) and -2 (COX-2) reverses the selectivity of
COX-2 specific inhibitors. J. Biol. Chem. 271, 15810-15814.

Granstrom, E., Kindahl, H., 1978. Radioimmunoassay of prostaglandins
and thromboxanes. Adv. Prostaglandin Thromboxane Res. 5, 119-210.

Hammond, D.L., Gregory, S.A., 1996. Intrathecally administered cyclo-
oxygenase-2 inhibitors attenuate carrageenan-induced thermal hyper-
algesiain the rat. Soc. Neurosci. Abs. 26th Annual Mesting, 712.17.

Hingtgen, C.M., Vasko, M.R., 1994. Prostacyclin enhances the evoked-
release of substance P and calcitonin gene-related peptide from rat
sensory neurons. Brain Res. 655, 51-60.

Hingtgen, C.M., Waite, K.J., Vasko, M.R., 1995. Prostaglandins facilitate
peptide release from rat sensory neurons by activating the adenosine
3,5-cyclic monophosphate transduction cascade. J. Neurosci. 15,
5411-5419.

Jobke, A., Peskar, B.A., Peskar, B.M., 1973. On the specificity of
antisera against prostaglandins A2 and E2. FEBS Lett. 37, 192—-196.

Malmberg, A.B., Yaksh, T.L., 1992. Antinociceptive actions of spina
nonsteroidal anti-inflammatory agents on the formalin test in the rat.
J. Pharmacol. Exp. Ther. 263, 136—146.

Mamberg, A.B., Yaksh, T.L., 1994. Antinociception produced by spinal
delivery of the S and R enantiomers of flurbiprofen in the formalin
test. Eur. J. Pharmacol. 256, 205—209.

Malmberg, A.B., Yaksh, T.L., 1995. Cyclooxygenase inhibition and the
spinal release of prostaglandin E2 and amino acids evoked by paw
formalin injection: A microdialysis study in unanesthetized rats. J.
Neurosci. 15, 2768-2776.

Masferrer, JL., Zweifel, B.S., Seibert, K., Needleman, P., 1990. Selective
regulation of cellular cyclooxygenase by dexamethasone and endo-
toxin in mice. J. Clin. Invest. 86, 1375-1379.

Morita, I., Schindler, M., Regier, M.K., Otto, J.C., Hori, T., DeWitt,
D.L., Smith, W.L., 1995. Different intracellular locations for prosta-
glandin endoperoxide synthases-1 and -2. J. Biol. Chem. 270, 10902—
10908.

Penning, T.D., Taley, J.J., Bertenshaw, S.R., Carter, J.S., Collins, P.W.,
Docter, S., Graneto, M.J., Lee, L.F., Maecha, JW., Miyashiro, JM.,

Rogers, R.S., Rogier, D.J,, Yu, S.S., Anderson, G.D., Burton, E.G.,
Cogburn, J.N., Gregory, SA., Koboldt, C.M., Perkins, W.E., Seibert,
K., Veenhuizen, A.W., Zhang, Y.Y., Isakson, P.C., 1997. Synthesis
and biological evaluation of the 1,5-diarylpyrazole class of cyclooxy-
genase-2 inhibitors: Identification of 4-[5-(4-methylphenyl)-3-
(trifluoromethyl)-1H-pyrazole-1-ylbenzenesulfonamide  (SC-58635
Celecoxib). J. Med. Chem. 40, 1347-1365.

Puig, S., Sorkin, L.S, 1996. Formalin-evoked activity in identified
primary afferent fibers: Systematic lidocaine suppresses phase 2
activity. Pain 64, 345-355.

Raz, A., Wyche, A., Siegel, N., Needleman, P., 1988. Regulation of
fibroblast cyclooxygenase synthesis by interleukin-1. J. Biol. Chem.
263, 3022—-3028.

Seibert, K., Zhang, Y., Leahy, K., Hauser, S., Masferrer, J., Perkins, W.,
Lee, L., Isakson, P., 1994. Pharmacological and biochemical demon-
stration of the role of cyclooxygenase 2 in inflammation and pain.
Proc. Natl. Acad. Sci. USA 91, 12013-12017.

Sirois, J, Richards, J.S., 1992. Purification and characterization of a
novel, distinct isoform of prostaglandin endoperoxide synthase in-
duced by human chorionic gonadotropin in granulosa cells of rat
preovulatory follicles. J. Biol. Chem. 267, 6382—6388.

Smith, W.L., DeWitt, D.L., 1996. Prostaglandin Endoperoxide H Syn-
thases-1 and -2. Adv. Immunol. 62, 167-215.

Uda, R., Horiguchi, S, Ito, S., Hyodo, M., Hayaishi, O., 1990. Nocicep-
tive effects induced by intrathecal administration of prostaglandin D2,
E2, or F2 apha to conscious mice. Brain Res. 510, 26—32.

Vane, JR., 1971. Inhibition of prostaglandin synthesis as a mechanism of
action for aspirin-like drugs. Nature New Biol. 231, 232—235.

Wheeler-Aceto, H., Porreca, F., Cowan, A., 1990. The rat paw formalin
test: Comparison of noxious agents. Pain 40, 223-238.

Yaksh, T.L., 1982. Central and peripheral mechanism for the antialgesic
action of acetylsalicylic acid. In: Barnet, JM., Hirsh, J., Mustard, J.F.
(Eds), Central and Peripheral Mechanism for the Antialgesic Action
of Acetylsalicylic Acid. Raven Press, New York, NY, pp. 137-152.

Yaksh, T.L., 1993. The spinal pharmacology of facilitation of afferent
processing evoked by high-threshold afferent input of the postinjury
pain state. Curr. Opin. Neurol. Neurosurg. 6, 250—256.

Yaksh, T.L., 1997. Pre-clinical models of nociception. In: Biebuyck, J.F.,
Lynch, C., Maze, M., Saidman, L.J., Yaksh, T.L., Zapol, W. (Eds),
Pre-clinica Models of Nociception. Lippincott-Raven, Philadelphia,
PA, in press.

Yaksh, T.L., Rudy, T.A., 1976. Chronic catheterization of the spinal
sub-arachnoid space. Physiol. Behav. 17, 1031-1036.

Yaksh, T.L., Jang, J.D., Nishiuchi, Y., Braun, K.P., Ro, S.G., Goodman,
M., 1991. The utility of 2-hydroxypropyl-beta-cyclodextrin as a vehi-
cle for the intracerebral and intrathecal administration of drugs. Life
Sci. 48, 623-633.

Y amagata, K., Andreasson, K.I., Kaufmann, W.E., Barnes, C.A., Worley,
P.F., 1993. Expression of a mitogen-inducible cyclooxygenase in
brain neurons: Regulation by synaptic activity and glucocorticoids.
Neuron 11, 371-386.

Yamamoto, T., Yaksh, T.L., 1991. Stereospecific effects of a nonpeptidic
NK1 selective antagonist, CP-96,345: Antinociception in the absence
of motor dysfunction. Life Sci. 49, 1955-1963.

Yamamoto, T., Yaksh, T.L., 1992. Comparison of the antinociceptive
effects of pre- and posttreatment with intrathecal morphine and
MK801, an NMDA antagonist, on the formain test in the rat.
Anesthesiology 77, 757—763.

Yang, L., Marsadla, M., Yaksh, T.L., 1996. Characterization of time
course of spina amino acids, citrulline, and PGE2 release after
carrageenan /kaolin-induced knee joint inflammation: A chronic mi-
crodialysis study. Pain 67, 345-354.



