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Summary

The role of prostaglandin E, (PGE,) in the development of inflammatory symptoms and cyto-
kine production was evaluated in vivo using a neutralizing anti-PGE, monoclonal antibody
2B5. In carrageenan-induced paw inflammation, pretreatment of rats with 2B5 substantially
prevented the development of tissue edema and hyperalgesia in affected paws. The antibody
was shown to bind the majority of PGE, produced at the inflammatory site. In adjuvant-
induced arthritis, the therapeutic administration of 2B5 to arthritic rats substantially reversed
edema in affected paws. Anti-PGE, treatment also reduced paw levels of IL-6 RNA and serum
IL-6 protein without modifying tumor necrosis factor RINA levels in the same tissue. In each
model, the antiinflaimmatory efficacy of 2B5 was indistinguishable from that of the nonsteroidal
antiinflammatory drug indomethacin, which blocked the production of all PGs. These results
indicate that PGE, plays a major role in tissue edema, hyperalgesia, and IL-6 production at sites
of inflammation, and they suggest that selective pharmacologic modulation of PGE, synthesis

or activity may provide a usetul means of mitigating the symptoms of inflammatory disease.

he host response to an inflammatory stimulus is char-
acterized by the development of erythema, edema,
and pain at the site of tissue injury. These symptoms result
from the vasoactive and algesic effects of several substances
such as histamine, bradykinin, and nitric oxide that are pro-
duced in response to the inflammatory stimulus (1, 2). In
addition to these mediators, substantial amounts of PGs
have been detected in inflammatory exudates. Their con-
tribution to the development of edema and pain in multi-
ple immunoinflammatory diseases is demonstrated by the
marked therapeutic effect that nonsteroidal antiinflamma-
tory drugs (NSAIDs)! exert through the inhibition of PG
synthesis (3—6). PGs appear not to induce inflammatory
symptoms per se, since their injection into normal tissue
elicits minimal swelling or pain. Through the activation of
specific receptors on blood vessels and sensory nerves,
however, PGs can markedly amplify tissue swelling and
pain at sites of inflammatory mediator production (7-12).
Because of the potentiating effect of PGs on the inflam-
matory response, the inhibition of PG synthesis by NSAIDs
1s one of the most widely used modalities for the treatment

! Abbreviations used in this paper: COX, cyclooxygenase; EP, prostaglandin
E; NSAID, nonsteroidal antiinflammatory drug; PG, prostaglandin.

of rheumatoid arthritis and other inflammatory diseases (6,
13). Recent evidence indicates that the antiinflammatory
activity of NSAIDs results from the inhibition of cyclooxy-
genase-2 (COX-2), a key enzyme in the metabolic path-
way in which multiple biologically active PGs, including
PGD,, PGE,, PGF,, PGH,, PGIl,, and thromboxane are
synthesized from arachidonic acid (14-18). Thus far, little is
known about the relative contribution of each PG to
edema formation and hyperalgesia. PGE, has been sus-
pected to play a prominent role in tissue pathology, since it
is present in high concentration in inflamed tissues and ex~
udate fluids (3, 16, 19), and when administered exoge-
nously, can enhance pain and edema in tissue exposed to
inflammatory mediators (7-11).

In the present study, we used a neutralizing anti-PGE,
mADb (2B5) (20) to specifically examine the role of this PG
in acute and chronic inflammation. We report that prophy-
lactic treatment of rats with 2B5 markedly reduced paw
edema and hyperalgesia in response to the inflammatory
stimulus carrageenan. PGE, was quantitatively bound to
2B5 in exudates of paws in which edema and hyperalgesia
were diminished by antibody treatment. Furthermore, the
therapeutic administration of 2B5 reversed paw edema and
IL-6 production in rat adjuvant arthritis. In each model,
the antiinflammatory effects afforded by selective PGE,
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neutralization were equivalent to those obtained in animals
treated with the NSAID indomethacin. These findings
demonstrate that PGE; is an important mediator of vascular
permeabililty, hyperalgesia, and IL-6 production in vivo
and they suggest that NSAIDs suppress certain inflamma-
tory responses by inhibition of PGE, synthesis.

Materials and Methods

Carrageenan-induced Edema and Hyperalgesia. The induction of
paw inflammation with carrageenan was performed as previously
described (18, 21). Paw edema and hyperalgesia were induced by
the injection of 0.1 ml of a 0.1% carrageenan solution in sterile
saline (FMC Corp., Rockland, ME) into the hind footpad of a
200-g male Sprague Dawley rat (Charles River Laboratories, Por-
tage, ME). The contralateral paw of each animal was injected
with saline and served as the normal control. Paw swelling was
measured with a water displacement plethysmometer at selected
times after carrageenan injection. The edema response is ex-
pressed as the difference in paw volume between the carra-
geenan- and saline-injected paws of each animal.

A hyperalgesic response to thermal stimulation was determined
in the same animals by the method of Hargreaves et al. (22). Hind
paws were exposed to radiant heat emitted from a high intensity
projection bulb at selected times after injection. The amount of
time in which each hind paw remained in contact with the heat
source was measured to the nearest 0.1 s. The hyperalgesic re-
sponse Is expressed as the difference in the latency withdrawal pe-
riod between carrageenan- and saline-injected paws of each animal.

In certain experiments, rats were administered indomethacin
by oral gavage in 0.5% Methocel/0.025% Tween 80 (Sigma
Chemical Co., St. Louis, MO) 1 h before carrageenan. Other rats
were injected intraperitoneally with mouse ascites fluid contain-
ing the mouse anti-PGE; mAb, 2B5 or isotype-matched MOPC21
[gG, myeloma protein (Sigma Chemical Co.) 18 h before carra-
geenan injection. The concentration of mouse IgG, in ascites fluid
was determined by a sandwich ELISA using species-specific anti—
mouse IgG antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA) as the capture and detecting reagents, as previ-
ously described (20). The ELISA was also used to quantitate the
circulating level of 2B5 in the plasma of passively immunized rats.

The carrageenan model of paw edema was modified by the
method of Higgs et al. (23) to evaluate the inflammatory activity of
exogenously administered PGs. Briefly, rats received a 30-mg/kg
oral dose of indomethacin to prevent production of endogenous
PGs. 1 h later, rats were injected in the hind footpad with carra-
geenan or with carrageenan plus 100 ng of PGE, or PGI, (Bio-
mol, Plymouth Meeting, PA). Paw edema was then measured
over a 3-h period to evaluate the ability of individual PGs to re-
constitute the swelling response.

Adjuvant Arthritis.  Arthritis was induced in male Lewis rats
(Harlan, Indianapolis, IN) by footpad injection of Mycobacterium
butyricum in mineral oil (Difco Laboratories, Detroit, MI) as de-
scribed previously (24, 25). Dexamethasone and indomethacin
(Sigma Chemical Co.) were suspended in Methocel/Tween and
administered twice daily by gavage at dosages of 0.1 and 2 mg/kg,
respectively. 2B5 and MOPC21 ascites were administered daily at
a dose of 10 mg/kg by intraperitoneal injection. Treatments were
initiated on day 15 postadjuvant injection and continued until fi-
nal assessment of paw volume of uninjected contralateral paws on
day 21. Previous results showed substantial paw swelling by day

15, as well as maximal levels of COX-2 protein and PGE, in ar-
thritic paws (25).

Eicosanoid Analysis. PG and thromboxane levels in paw exu-
dates were measured by ELISA (Cayman Chemical Co., Ann Ar-
bor, MI). To facilitate the recovery of eicosanoids from paw tis-
sue, paws were removed from rats after euthanasia with CO, and
injected immediately with 0.1 ml of saline containing 30 pM in-
domethacin. Paws were centrifuged at 1,200 g, and the expressed
fluid was analyzed for eicosanoids by ELISA.

Cytokine Analysis.  Paws of selected animals were removed on
day 21 to evaluate the effects of pharmacologic inhibitors and
2B5 on IL-6 and TNF RNA production. Total RNA was ex-
tracted from frozen and pulverized paws and hybridized to *2P-
antisense probes complementary to rat IL-6 and TNF mRNA se-
quences as previously described (18, 25). Cytokine RNA levels
were quantified by nuclease protection assay using an NPA IT kit
(Ambion Inc., Austin, TX), as described by the manufacturer.
RNase digests were fractionated on an 8% polyacrylamide gel
containing 7.5 M urea and the relative intensities of RNA frag-
ments were determined using a phosphoimager (Molecular Dy-
namics, Sunnyvale, CA). Constitutive levels of GAPDH RNA were
measured in parallel to correct for differences in sample loading
among treatment groups. IE-6 protein levels in rat serum were
estimated by a 7TD1 cell bioassay, as previously described (25).

Results

Pharmacokinetics of 2B5 in Rats. To determine the time
that is required to achieve maximal plasma levels of 2B5 in
the rat, the concentration of 2B5 was measured in periph-
eral blood at selected times after a single intraperitoneal in-
jection of antibody. 2B5 was detectable in the plasma of re-
cipient animals as early as 1 h after injection, and peak
levels of 60 pg/ml were attained within 6 h (Fig. 1). 2B5
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Figure 1. Time course of 2B5 absorption in rat plasma. The circulating

level of the mouse anti-PGE, mAb 2B5 (IgG1,K) was measured in rat
plasma at indicated times after injection. 2B5 was administered in the
form of ascites fluid to Sprague Dawley rats (1 = 6) as a single 5 mg/kg
dose by intraperitoneal injection. The concentration of mouse IgG in rat
plasma was determined by a sandwich EIA using anti-mouse IgG anti-
bodies that demonstrated negligible cross-reactivity with rat Ig.
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Figure 2. Carrageenan induced eicosanoid production in rat paws. COX products in paws of Sprague Dawley rats injected locally with 1% carra-
geenan or saline were measured by ELISA at indicated times after injection. Each data point represents mean nanograms of eicosanoid/paw = SE for six
animals/group.

continued to circulate at high levels when paw inflamma-  control protein, matched for isotype and concentration,
tion was induced 12 h later. had no effect on paw edema at any time point.

Effect of 2B5 on Acute Paw Inflammation. 'To examine the Reconstitution of Paw Edema with Exogenous PG. A ma-
role of PGE, in acute inflammation, we evaluated the effect  jor role for PGE, in edema formation was further sup-
of 2B5 in a rat model of carrageenan induced paw edema.  ported by experiments in which the attenuation of paw
Local injection of carrageenan resulted in the synthesis of  edema by indomethacin was completely reversed by the
multiple COX products in injected paws (Fig. 2). En-  addition of exogenous PGE, to the carrageenan stimulus.
hanced amounts of PGE,, 6-keto PGF,, (the inactive me- As shown in Fig. 4, the magnitude of paw swelling induced

tabolite of PGIL,), and thromboxane B, were detectable in in normal rats by carrageenan could be reproduced in in-
paw exudates within 1 h after injection; within 3-5 h, each ~ domethacin-treated rats that were injected with carrageenan
eicosanoid increased maximally three to fivefold over base-  supplemented with purified PGE,. Not surprisingly, edema
line. In agreement with previous studies (16, 18), PG and  occurred more rapidly in paws injected with carrageenan
thromboxane synthesis were prevented by indomethacin or ~ plus PGE, than in paws in which PGE, was induced after
a COX-2 selective inhibitor, SC-58125, administered 1 h  carrageenan injection. Exogenous PGI, also potentiated the
before carrrageenan stimulation (not shown). edema response to carrageenan, but was less effective than

The kinetics of local eicosanoid production coincided
with the development of edema in the carrageenan-
injected paw. The small increase in paw volume that oc- 129 _g— Vehicle, Carrageenan
curred during the first h before PG production was not re-
duced by indomethacin (Fig. 3). This result agrees with 14
previous findings showing that bradykinin and histamine
are among the first mediators detected in inflammmatory
exudates after carrageenan stimulation (26). In contrast, the
substantial increase in paw swelling that developed after the
first hour was blocked by NSAID treatment, indicating a
major role for PGs produced during the latter phase of the
edema response.

The pharmacologic attenuation of paw edema by in-
domethacin was also observed in rats treated with the anti-
PGE, antibody (Fig. 3). 2B5 was administered 18 h before 0
carrageenan to allow maximal distribution of antibody be-
fore induction of paw inflammation. Under these condi- Time (h)
tions, a 10 mg/kg dose of 2B5 was sufficient to completely Figure 3. 2B5 and indomethacin reduce carrageenan-induced paw
prevent the NSAID-sensitive component of the edema re- edema. Sprague Dawley rats were treated with a 10 mg/kg dose of 2B5
sponse that occurred 1-3 h after carrageenan injection. The () or MOPC21 protein _(D) by intra'peritoneal injection for 18 h or with
inhibitory efct of 235 appeaed specic for PG depen 1 ke ool o chndometun (0) o vl @) 11
dent inflammation, since the minor swelling that is insensi- difference in paw volume (mean * SE) between carrageenan- and saline-
tive to NSAID treatment was not affected. A MOPC21 injected paws determined 1-3 h later is presented (n = 6).
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Figure 4. Reconstitution of carrageenan-induced inflammation with
PGs. Endogenous COX activity was blocked in Sprague Dawley rats by
oral administration of indomethacin (30 mg/kg) 1 h before local injection
of carrageenan (O} or carrageenan combined with PGE, (M) or PGI, ([J),
100 ng/paw. A fourth group of rats injected with carrageenan under stan-
dard conditions was included for comparison (@). Paw volume was deter-
mined at the times indicated. Each point represents the difference in vol-
ume (mean * SE) between stimulus-injected and saline-injected paws of
each animal, n = 6 rats/group.

PGE,. Preadministration of 2B5 to indomethacin-treated
animals reduced the swelling in paws injected with the car-
rageenan-PGE, stimulus to that elicited by carrageenan
alone (Fig. 5). In contrast, 2B5 had no effect on paw swell-
ing induced by carrageenan-PGI, under similar conditions.
Taken together, these results underscore the importance of
PGE, as a mediator of vascular permeability and edema for-
mation at sites of inflammation.

Effect of 2B5 on Hyperalgesia. In addition to edema, car-
rageenan induced a hyperalgesic response in paws subjected
to a thermal stimulus (Fig. 6). In agreement with previous
studies (18, 22), the injection of carrageenan into the foot-
pad reduced the time period (withdrawal latency) in which
the inflamed paw remained in contact with a heated surface
compared to the saline-injected paw (2.5 = 0.4 svs. 11.8 =
0.6 s, respectively). This hyperalgesia was typically inhib-
ited 60—80% in rats pretreated with a maximally effective
dose of indomethacin (30 mg/kg) administered 1 h before
carrageenan injection. Strikingly, the intraperitoneal ad-
ministration of 2B5 (10 mg/kg) also reduced the hyperal-
gesic response ~80%. Neither 2B5 nor indomethacin ex-
tended the withdrawal latency of control paws, suggesting
that the analgesic effect resulted from a peripheral rather
than central mode of action. These results show that 2B5
and indomethacin were equally efficacious in attenuating
hyperalgesia associated with inflammation, and they further
demonstrate the importance of PGE, in potentiating pain
at the inflaimmatory site.

Dose Response Analysis of 2B5 and Indomethacin.  Dose re-
sponse studies indicated that 2B5 prevented edema and hy-
peralgesia in a concentration-dependent manner. A 10 mg/kg
dose of 2B5 caused maximal inhibition of both responses,
and half maximal effects were obtained with ~1 mg/kg of

E o8-
o
E
2
(2]
>
Z 04
o
<
04
Ab: - - MOPC21 2BS MOPC21 2BS
Indo: - + + + + +
PG: - - PGEZ I’GE2 PGl, PGl,
Figure 5. 2B5 neutralizes inflammatory effect of exogenous PGE2.

The induction of paw edema in indomethacin-treated rats by coadminis-
tration of carrageenan and PGs was performed as described in Fig. 4. Rats
were pretreated with 10 mg/kg of 2B5 or MOPC21 by intraperitoneal
route 18 h before local injection of the inflammatory stimulus. Paw vol-
umes were measured 2 h later. Data are presented as the difference in vol-
ume between stimulus- and saline-injected paws (mean = SE), n = 6/group.

antibody (Fig. 7 A). The coincident nature of the 2B5
dose—response curves suggests that the effective concentra-
tion of PGE, necessary to induce edema and hyperalgesia is
similar. Interestingly, the maximal reduction of both re-
sponses by 2B5 was comparable to that obtained with opti-
mal doses of indomethacin (Fig. 7 B).

2B5-mediated Neutralization of PGE,. To determine whether
2B5 bound PGE, in vivo, we measured the amount of free
PGE, in paw exudates of antibody-treated animals by
ELISA. The data presented in Fig. 8 show the characteristic
rise in PGE, levels in paws injected 3 h previously with
carrageenan, as well as the inhibition of PGE, production
by indomethacin. Paw levels of free PGE, were also re-
duced to baseline in rats treated 18 h earlier with 10 mg/kg
of 2B5, a dose that prevented the PG-dependent increase
in paw edema and hyperalgesia. An equivalent dose of
MOPC21 did not alter PGE, levels in inflamed paws. The
ability of 2B5 to reduce the levels of free PGE; induced by
carrageenan to those in normal paw tissue strongly suggests
that the andinflammatory effect of 2B5 resulted from neu-
tralization of PGE, at the inflammatory site.

Effect of 2B5 on Paw Inflammation in Adjuvant Arthritis.
Since NSAIDs reverse paw edema and IL-6 production as-
sociated with adjuvant arthritis (24, 25), we determined the
extent to which 2B5 could produce similar antiinflamma-
tory effects when administered therapeutically to arthritic
rats. The data presented in Fig. 9 show that the injection of
mycobacteria into the right hind footpad caused a 1-ml in-
crease in the volume of arthritic contralateral paws com-
pared to normal controls 14 d after adjuvant injection. At
this time, arthritic rats were segregated into groups and
treated daily with indomethacin, 2B5, or dexamethasone
for 7 d. As observed in our previous study (25), significant

886 Inflammatory Properties of PGE,



18 Saline

-
b

Withdrawal Latency (s)
-~ o
1 A1

Vehicle Indo 2BS MOPC21 Vehicle Indo

reversal of established edema by indomethacin and dexa-
methasone was observed by day 18, and maximal effects
were attained by day 21.

Paw swelling in arthritic rats was also reversed by thera-
peutic administration of 2B5. A 10 mg/kg daily dose of
2B5 was as efficacious as the maximal oral dose of in-
domethacin that could be safely administered during the 1 wk
dosing period. The antiinflammatory effect produced by
2B5 on days 18 and 21 was nearly identical to that obtained
by blockade of PG synthesis with indomethacin. Neither
agent was as effective as dexamethasone, which blocks the
production of multiple inflammatory mediators in addition
to PGs. Paw swelling remained suppressed in indometha~
cin-treated rats through day 25, yet it reappeared in 2B5-
treated animals (not shown). This loss of antiinflammatory
activity was associated with a rat antibody response to the
injected mouse antibody.

Anticytokine Effects of 2B5.  We also examined the effect
of 2B5 on the production of the inflaimmatory cytokines
IL-6 and TNF in adjuvant arthritis. As shown in Fig. 10 A,
indomethacin and dexamethasone significantly blocked the
substantial accumulation of IL-6 mRNA in arthritic paws
21 d after adjuvant injection. The inhibitory effect of both
drugs was also manifested systemically, since serum levels of
IL-6 protein were reduced to normal levels (Fig. 10 B). In
contrast to IL-6, TNF mRNA levels were reduced only by
dexamethasone, indicating a differential regulation of cy-
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Figure 7. Concentration—response effects of 2B5 and indomethacin on

carrageenan-induced inflammation. 2B5 and indomethacin were adminis-
tered at indicated concentrations to Sprague Dawley rats as described in
Fig. 3. Effects on paw edema (O) and hyperalgesia (®) were determined 3 h
later. The percent inhibition (mean * SE) of each response is pre-
sented, n = 6/group.
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Carrageenan

Figure 6. 2B5 and indomethacin reduce car-
rageenan-induced hyperalgesia. Sprague Daw-
ley rats were treated with 2B5, MOPC21, in-
domethacin, or wvehicle under conditions
described in Fig. 3. The withdrawal latency pe-
riod of saline- and carrageenan-injected paws
(mean * SE) after exposure to a thermal stimu-
lus was determined 3 h after injection (n = 6/

group).

2B5 MOPC21

tokine production by PGs (Fig. 11). An increase in TNF
RNA was observed in one of three indomethacin-treated
animals presented in the figure; however, this finding was
not representative of results obtained in three other experi-
ments (not shown).

We used 2B5 to address the role of PGE, in IL-6
mRNA and protein production in this model. Data in Fig.
10 B show that the therapeutic administration of 2B5 to ar-
thritic rats beginning on day 14 caused a marked reduction
in IL-6 RNA levels in arthritic paws and serum levels of
IL-6 protein measured 21 d after adjuvant injection. The
inhibitory effect, however, was less than what was achieved
with indomethacin, suggesting that other PGs may also be
involved in regulating IL-6. In contrast, TNF mRNA lev-
els in the same paws were not modulated by 2B5, indicat-
ing the antibody did not reduce total mRNA levels in the
inflamed tissue (Fig. 11).

Discussion

Global inhibition of PG synthesis by NSAIDs is a widely
used treatment of inflammatory symptoms associated with
rheumatoid arthritis and other immunoinflammatory dis-

PGE, (ng/paw)
G

0.5
, mm 6 mm B
Saline Vehicle Indo 285 MOPC21
Carrageenan-injection
Figure 8. 2B5 binds PGE, in carrageenan-injected paws. PGE, levels

in paw exudates were determined by ELISA 3 h after carrageenan or sa-
line injection. Certain groups of rats received 30 mg/kg indomethacin 1 h
before carrageenan or 10 mg/kg 2B5 or MOPC21 18 h before carra-
geenan as described in Fig. 3. Paw levels of free PGE, were determined
by ELISA; data represent nanograms of PGE,/paw (mean * SE), n =
6/group.
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Figure 9. Therapeutic attenuation of paw edema by indomethacin,
dexamethasone, and 2B5 in adjuvant arthritis. Arthritis was induced in
male Lewis rats by injection of M. butyricum in oil into the right hind
footpad, as described in Materials and Methods. On day 14 after adjuvant
injection, rats were segregated into groups and treated daily with dexa-
methasone (0.1 mg/kg, bid, oral), indomethacin (2 mg/kg, bid, oral),
2B5 or MOPC21 (10 mg/kg i.p., once per day) for 7 d. The volume of
contralateral (uninjected) arthritic paws was determined by plethysmome-
try on days 14, 18, and 21. Paw volume of normal littermates was measured
as controls. Data are presented as mean paw volume * SE, n = 6/group.
The results are representative of three independent experiments. —ili—, nor-
mal; @, adjuvant; —& , indomethacin; {3—, 2B5; -O— MOPC21;
—4—, dexamethasone.

eases (13). In contrast, little is known about the therapeutic
potential of blocking the synthesis or the activity of indi-
vidual PGs. Our understanding is limited by the paucity of
pharmacologic agents that antagonize PGs in a type-spe-
cific fashion (27, 28). For this reason, we have generated a
neutralizing anti-PGE, mAb (2B5) to address the role of
this eicosanoid in acute and chronic inflaimmation. We
have previously shown that 2B5 binds PGE, with an affin-
ity of 100-300 pM, is at least 200-fold more selective for
PGE, than for other COX products, and blocks the bind-
ing of PGE, to cell-surface EP receptors (20). In the
present study, we used 2B5 in a passive immunization study
to investigate the inflammatory properties of PGE, in ani-
mal models of edema and pain that are attenuated by
NSAID:s.

Our results show that selective inhibition of PGE,
caused a profound antiinflammatory effect on NSAID-sen-
sitive inflammation. We observed in acute and chronic
responses that 2B5 attenuated both paw edema and hyper-
algesia as effectively as indomethacin. The antibody, how-
ever, had no inhibitory effect on the small increase in paw
volume that was induced by carrageenan in rats depleted of
endogenous PGs by indomethacin pretreatment, nor did it
block the pain response of normal paws to a thermal stimu-
lus. These results were consistent with the capacity of 2B5
to modulate PG-dependent, but not PG-independent, in-
flammation-associated responses. Furthermore, the selec-
tive neutralization of PGE, by 2B5 was directly demon-
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Figure 10. Inhibition of adjuvant-induced IL-6 RNA and protein by
dexamethasone, indomethacin, and 2B5. {(A) Nuclease protection assay.
Contralateral paws of adjuvant-injected rats were recovered on day 21 after
adjuvant injection for RNA extraction and analysis. Autoradiogram of IL-
6 RINA (three paws/group) is shown above the mean relative intensities
determined by phosphoimager analysis of respective bands. The level of
GAPDH RNA detected by nuclease protection was similar in all samples
(not shown). (B) IL-6 bioassay. Serum was collected from Lewis rats 21 d
after adjuvant injection for IL-6 quantitation. TL-6 biocactivity (U/ml) was
determined by support of proliferation of murine 7TD1 cells and extrapola-
tion from a standard curve generated with mouse rIL-6. Data are presented
as mean U/ml £ SE, n = 6/group.

strated by its ability to block the potentiating effect of
exogenously administered PGE, but not PGI, on paw
edema induced by carrageenan. ELISA analysis confirmed
that 2B5 reduced the level of free PGE, but not PGl, in
carrageenan-injected paws to normal tissue levels. These
findings provide direct evidence that 2B5 bound and neu-
tralized PGE, in vivo, and they indicate a likely mechanism
for its antiinflammatory properties.

Taken together, these results indicate that PGE, plays a
critical role in the generation and maintenance of edema
and hyperalgesia that develops at sites of inflammation.
Thus, the development of carrageenan-induced edema and
hyperlagesia could be substantially attenuated by prophy-
lactic administration of 2B5. Furthermore, therapeutic ad-
ministration of 2B5 was effective in reversing paw edema
in rats with established arthritis. A significant decrease in
paw volume was observed within a few days after 2B5 ad-
ministration to arthritic rats. Whereas PG, and thrombox-
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ane are also produced in these inflammation models (16,
18, 19, 25), our passive immunization data suggest that
PGE, appears necessary for the full and sustained expression
of edema and hyperalgesia in affected tissue. This conclu-
sion 1s substantiated by reconstitution experiments in which
exogenous PGE,, but not PGI,, fully restored edema for-
mation in carrageenan-challenged rats that were depleted
of endogenous PGs with indomethacin. Ferreira et al. (9-11)
similarly showed that while infusion of purified PGE, or
PGI, elicited hyperalgesia in rodents and man, the effects of
PGE, were sustained for several hours while those of PGI,
were short lived. Our results suggest that analogous studies
will help define the contribution of endogenous PGI, to
edema and hyperalgesia. In this regard, Smith et al. (29)
have previously demonstrated the effectiveness of poly-
clonal antibodies in neutralizing the hypotensive activity of
PGI, in vivo.

In addition to addressing the role of PGE, in promoting
inflaimmatory symptoms, we examined the effect of 2B5 on
inflammatory cytokine production in rat adjuvant arthritis.
Our previous study showed that the marked upregulation
of IL-6 RNA production in this model was inhibited by
COX-2 inhibitors (25). Passive immunization experiments
with 2B5 extend these findings by implicating PGE, as a
critical regulator of IL-6 production in adjuvant arthritis.
We observed that the therapeutic treatment of rats with
2B5, but not MOPC control protein, significantly reduced
IL-6 RINA expression in arthritic paws and IL-6 protein
levels in serum. These findings are consistent with the abil-
ity of PGE, and other cAMP-inducing agents to upregulate
cellular levels of IL-6 RNA in vitro (30, 31).

In contrast to its positive effect on IL-6 synthesis, PGE,
may downregulate TNF RNA and protein synthesis by
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monocytes and lymphocytes in vitro (32, 33). A stmular in
vivo role for PGE, has been suggested by the enhancing ef-
fect of NSAIDs on TNF production in LPS-chalienged
mice (34, 35). However, we failed to reproducibly observe
enhanced levels of TNF RNA in the paws of indometha-
cin- or 2B5-treated rats 21 d after adjuvant injection. Simi-
lar findings were obtained in the analysis of TNF RNA in
animals with late-stage adjuvant arthritis that were treated
with COX-2 inhibitors (25). This apparent discrepancy in
the role of PGE, in regulating TNF in vanous inflamma-
tion models may relate to differences in inflammatory stim-
uli, as well the acute vs. chronic nature of the inflammatory
responses. It is plausible that PGE, may downregulate TINF
production in the early stages of the inflammatory response,
whereas its effect may become less important as other me-
diators are released later in the discase process.
Considerable evidence indicates that the inflammatory
effects of PGE, are mediated through G protein—coupled
EP receptors on cell plasma membranes (27, 36). Recently,
an additional mechanism has been proposed in which PGs
may exert their biologic effects directly within the nucleus
(36). Studies by Smith et al. have identified the COX-2
enzyme in functionally active form in association with the
nuclear membrane (37-39). In addition, other enzymes
such as cytosolic phospholipase A2 have been shown to
translocate to the nuclear membrane where arachidonic
acid is released as a substrate for COX-2—mediated PG syn-
thesis (40). These intriguing observations have raised the
possibility that newly synthesized PGs may act directly
within the nucleus in addition to activating G protein—cou-
pled receptors on the cell surface. While NSAIDs would be
ineffective in distinguishing the relative contribution of
these signaling pathways, it is likely that neutralizing mAbs



would bind to and neutralize the activity of extracellular
PG without aftecting PG acting within the cell. Conse-
quently, the antiinflammatory properties of 2B5 described
herein suggest that potentiation of edema, hyperalgesia, and

IL-

6 production requires an interaction of extracellular

PGE, with cell-surface receptors. Whether signals trans-
duced by PGE, through EP receptors are sufficient to po-
tentiate edema and hyperalgesia, or whether additional sig-
nals are transduced through nuclear PGs, remains an
interesting subject for future experimentation.

Address correspondence to Joseph Portanova, G.D. Searle & Co./AAS5G, 700 Chesterfield Parkway North,

St. Louis, MO 63198.

Received for publication 7 November 1995 and in revised form 30 May 1996.

References

1.

6.

9.

10.

12.

14.

15.

Garrison, J.C. 1990. Histamine, bradykinin, 5-hydroxy-
tryptamine and their antagonists. In The Pharmacological Ba-
sis of Therapeutics. A. Gilman, T.W. Rall, A.S. Nies, and P.
Taylor, editors. Pergamon Press, New York. 574-599.

. Moncada, S., R.M. Palmer, and E.A. Higgs. 1991. Nitric ox-

ide: physiology, pathophysiology, and pharmacology. Phar-
macol. Rev. 43:109-142.

. Higgs, G.A., B. Henderson, S. Moncada, and J.A Salmon.

1985. The synthesis and inhibition of eicosanoids and inflam-
mation. In Inflammatory Mediators. G.A. Higgs and T.].
Wailliams, editors. VCH Publishers, London. 19-37.

. Needleman, P., J. Turk, B.A. Jakschik, A.R. Morrison, and

J.B. Letkowith. 1986. Arachidonic acid metabolism. Annu.
Rev. Biochem. 55:69-102.

. Smith, W.L. 1989. The cicosanoids and their biochemical

mechanisms of action. Biochem. J. 259:315-324.

Vane, J.R., and R.M. Botting. 1994. Biological properties of
cyclooxygenase products. In The Handbook of Immunophar-
macology. F.M. Cunningham, editor. Academic Press, Lon-
don. 61-97.

. Williams, TJ., and J. Morley. 1973. Prostaglandins as poten-

tiators of increased vascular permeability in inflammation.
Nature (Lond.). 246:215-217.

. Williams, T.J. 1979. Prostaglandin E,, I, and the vascular

changes of inflammation. Br. J. Pharmacol..65:517-524.
Moncada, S., S.H. Ferreira, and J.R.. Vane. 1973. Prostaglan-
dins, aspirin-like drugs and the oedema of inflammation. Na-
ture (Lond.). 246:217-219.

Ferreira, S.H. 1972. Prostaglandins, aspirin-like drugs, and
analgesia. Nature New Biol. 240:200-203.

. Ferreira, S.H., M. Nakamura, and M.S. de Abreau Castro.

1978. The hyperalgesic effects of prostacyclin and prostaglan-
din E,. Prostaglandins. 16:31-37.

Davies, P., P.J. Bailey, and M. Goldenberg. 1984. The role of
arachidonic acid oxygenation products in pain and inflamma-
tion. Annu. Rev. Immunol. 2:335-357.

. Insel, P.A. 1990. Analgesic-antipyretics and antiinflammatory

agents: drugs employed in the treatment of rheumatoid ar-
thritis and gout. In The Pharmacolgical Basis of Therapeutics.
A. Gilman, T.W. Rall, A.S. Nies, and P. Taylor, editors.
Pergamon Press, New York. 638-681.

Raz, A., A. Wyche, and P. Needleman. 1989. Regulation of
fibroblast cyclooxygenase synthesis by interleukin-1. J. Biol.
Chem. 263:3022-3028.

O’Sullivan, G.M., F.H. Chilton, E.M. Huggins, Jr., and C.E.

890

16.

17.

18.

19.

25.

Inflammatory Properties of PGE,

McCall. 1992. Lipopolysaccharide priming of alveolar mac-
rophages for enhanced synthesis of eicosanoids involves in-
duction of a novel prostaglandin H synthase. J. Biol. Chem.
267:14544-14550).

Masferrer, J.L., B.S. Zweifel, P. Manning, S. Hauser, K.
Leahy, W. Smith, P. Isakson, and K. Seibert. 1994. Selective
inhibition of inducible cyclooxygenase 2 in vivo is antiin-
flammatory and nonulcerogenic. Proc. Natl. Acad. Sci. USA.
91:3228-3232.

Futaki, N., K. Yoshikawa, Y. Hamasaka, 1. Arai, S. Higuchi,
H. lizuka, and S. Otomo. 1993. NS-398, a novel non-steroi-
dal anti-inflammatory drug with potent analgesic and anti-
pyretic efffects, which causes minimal stomach lesions. Gen.
Pharmacol. 24:105-110.

Seibert, K., Y. Zhang, K. Leahy, S. Hauser, ]. Masferrer, W.
Perkins, L. Lee, and P. Isakson. 1994. Pharmacological and
biochemical demonstration of cyclooxygenase 2 in inflamma-
tion and pain. Proc. Natl. Acad. Sci. USA. 91:12013~12017.
Higgs, G.A., S. Moncada, J.A. Salmon, and K. Seager. 1983
The source of thromboxane and prostaglandins in experi-
mental inflammation. Br. J. Pharmacol. 79:863-868.

. Mnich, SJ., A.W. Veenhuizen, J.B. Monahan, K.C. Shee-

han, K.R. Lynch, P.C. Isakson, and J.P. Portanova. 1995.
Characterization of a monoclonal antibody that neutralizes
the activity of prostaglandin E.. J. Immunol. 155:4437-4444.

. Winter, C.A., E.A. Risley, and G.W. Nuss. 1962. Carrageenan-

induced edema in hind paw of the rat as an assay for antiin-
flammatory drugs. Proc. Soc. Exp. Biol. 111:544-552.

. Hargreaves, K., R. Dubner, F. Brown, C. Flores, and J. Joris.

1988. A new and sensitive method for measuring thermal no-
ciception in cutaneous hyperalgesia. Pain. 32:77-83.

. Higgs, E.A., S. Moncada, and J.R. Vane. 1978 Inflammatory

effects of prostacyclin (PGl,) and 6-0x0-PGF,, in the rat
paw. Prostaglandins. 16:153-161.

. Otterness, 1.G., and M.L. Bliven. 1985. Laboratory models

for testing nonsteroidal antiinflammatory drugs. In Nonste-
roidal Antiinflammatory Drugs. J. Lombardino, editor. John
Wiley & Sons, Inc., New York. 111-252.

Anderson, G.D., S.D. Hauser, M.E. Bremmier, K.L. McGar-
ity, P.C. Isakson, and S.A. Gregory. 1996. Selective inhibi-
tion of cyclooxygenase-2 reverses inflammation and expres-
sion of COX-2 and IL-6 in rac adjuvant arthritis. J. Clin.
Invest. 97:2672-2679.

. Willis, A.L. 1969, Release of histamine, kinin, and prosta-

glandins in carrageenan induced inflammation of the rat. In



27.

28.

29.

30.

31.

32.

33.

Prostaglandins, Peptides and Amines. P. Mantegazza and
E.W. Horton, editors. Academic Press, London. 31-38.
Coleman, R.A., W.L. Smith, and S. Narumiya. 1994. Inter-
national union of pharmacology classification of prostanoid
receptors: properties, distribution, and structure of the recep-
tors and their subtypes. Pharmacol. Rev. 46:205-229.
Hallinan, E.A., T.J. Hagen, R.K. Husa, S. Tsymbalov, S.N.
Rao, J.P. Van Hoeck, M.F. Rafferty, A. Stapelfeld, M.A.
Savage, and M. Reichman. 1993. N-substituted dibenzoxa-
pines as analgesic PGE, antagonists. . Med. Chem. 36:3293~
3299.

Smith, J.B., M.L. Ogletree, and A.M. Lefer. 1978. Antibod-
ies which antagonize the effects of prostacyclin. Nature
(Lond.). 274:64—65.

Bailly, S., B. Ferrua, and M. Fay. 1990. Differential regula-
tion of IL 6, IL 1 alpha, IL 1 beta and TNF alpha production
in LPS-stimulated human monocytes: role for cyclic AMP.
Cytokine. 2:205-210.

Dendorfer, U., P. Oettegen, and T.A. Libermann. 1994,
Multiple regulatory elements in the interleukin-6 gene medi-
ate induction by prostaglandins, cyclic AMP, and lipo-
polysaccahride. Mol. Cell Biol. 14:4443-4454.

Kunkel, S.L., M. Spengler, M.A. May, R. Spengler, J. Lar-
rick, and D. Remick. 1988. Prostaglandin E, regulates mac-
rophage-derived tumor necrosis factor gene expression. J.
Biol. Chem. 263:5380-5384.

Ferreri, N.R.., T. Sarr, P.W. Askanase, and N.R. Ruddle.
1992. Molecular regulation of tumor necrosis factor-a and
lymphotoxin production by T cells. Inhibition by prostaglan-
din E,. J. Biol. Chem. 267:9443-9449.

891

Portanova et al.

34.

35.

36.

37.

38.

39.

40.

Griswold, D.E., L.M. Hillegass, JJ. Breton, K.M. Esser, and
J.L. Adams. 1993. Differentiation in vivo of classical non-ste-
roidal antiinflammatory drugs from cytokine suppressive anti-
inflammatory drugs and other pharmacological classes using
mouse tumor necrosis alpha production. Drugs Exp. Clin.
Res. 19:243-248.

Pettipher, E.R., and DJ. Wimberly. 1994. Cyclooxygenase
inhibitors enhance tumor necrosis factor production and
mortality in murine endotoxic shock. Cyfokine. 6:500-505.
Goetzl, EJ., S. An, and W.L. Smith. 1995. Specificity of ex-
pression and effects of eicosanoid mediators in normal physi-
ology and human diseases. FASEB (Fed. Am. Soc. Exp. Biol.)
J. 9:1051-1058.

Otto, J.C., and W.L. Smith. 1994. The orientation of pros-
taglandin endoperoxide synthases-1 and -2 in the endoplas-
mic reticulum. J. Biol. Chem. 269:19868-19875.

Morita, 1., M. Schindler, M.K. Reiger, J.C. Otto, T. Hori,
D.L. Dewitt, and W.L. Smith. 1995. Different intracellular
locations for prostaglandin endoperoxide H synthase-1 and -2.
J. Biol. Chem. 270:10902—-10908.

Reiger, M.A,, J.C. Otto, D.L. Dewitt, and W.L. Smith.
1995. Localization of prostaglandin endoperoxide synthase-1
to the endoplasmic reticulum and nuclear envelope is inde-
pendent of its C-terminal tetrapeptide-PTEL. Arch. Biochem.
Biophys. 317:457-463.

Peters-Golden, M., and R.W. McNish. 1993. Redistribution
of 5-lipoxygenase and cytosolic phospholipase A, to the nu-
clear fraction upon macrophage activation. Biochem. Biophys.
Res. Commun. 196:147-153.



