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ABSTRACT Intravital microscopy and determination of in
vivo histamine release revealed that the cyclooxygenase inhibi-
tor indomethacin reduced antigen-induced vasodilation while
enhancing plasma extravasation, leukocyte accumulation, and
histamine release in cheek pouches of immunized hamsters.
Topical application of prostaglandin E, (PGE,, 30 nM) totally
reversed the indomethacin-induced potentiation of the inflam-
matory reaction to antigen challenge and suppressed both the
histamine release and plasma leakage also in the absence of
indomethacin. On the other hand, PGE,, which per se caused
vasodilation, markedly potentiated the postcapillary leakage of
plasma induced by histamine or leukotriene C,, as well as the
leukocyte activation and subsequent plasma extravasation
evoked by leukotriene B,. Taken together, the data indicate that
PGE, reduced the antigen response by suppression of mediator
release from the numerous mast cells present in the cheek
pouch. Moreover, the PGE,-sensitive potentiation by indometh-
acin of the antigen response suggests that endogenous vasodi-
lating prostaglandins (possibly PGE,) predominantly were anti-
inflammatory.

The potent vasodilator prostaglandin E, (PGE,) is released at
sites of inflammation, causes a wheal and flare reaction when
injected into skin, and enhances the effects of pain- and
edema-producing stimuli (cf. ref. 1). Moreover, nonsteroidal
antiinflammatory drugs (NSAIDs) inhibit the fatty acid cyclo-
oxygenase, which catalyzes the initial steps in the biosynthe-
sis of PGE, from arachidonic acid (cf. ref. 1). Hence, PGE, is
considered to be an inflammatory mediator. Nevertheless,
PGE, and related compounds also exhibit antiinflammatory
activities (2-8), and NSAIDs sometimes augment inflamma-
tion (9, 10). These conflicting observations complicate under-
standing of the functional role of PGE, in inflammation.

In the present study, intravital microscopy of the hamster
cheek pouch was used to characterize the influence of PGE,
and the prototype of NSAIDs, indomethacin, on microcir-
culatory dynamics during acute mast cell-dependent inflam-
mation evoked by antigen challenge. Supported also by in
vivo measurements of antigen-induced histamine release
from the cheek pouch and analysis of the microvascular
interactions between exogenous inflammatory mediators
and PGE,, we conclude that endogenous cyclooxygenase
products predominantly inhibit acute allergic inflammation
via local suppression of inflammatory mediator release.

MATERIALS AND METHODS

Drugs and Chemicals. Leukotrienes B, and C, (LTB,,
LTC,) were provided by J. Rokach (Merck Frosst Labs,
Pointe Claire, PQ) and PGE, by J. Pike (Upjohn). Arachi-
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donic acid was from Nu Chek Prep. Stock solutions of
LTB,, PGE,, and arachidonic acid were stored at —20°C in
ethanol, and LTC, was stored similarly in ethanol/water,
1:1. Concentrations and purity of the icosanoids were
checked before use by appropriate methods (UV spectrom-
etry, reverse-phase HPLC, and thin-layer chromatography).
Acetylcholine chloride, fluorescein isothiocyanate-conju-
gated dextran (FITC-dextran, M, 150,000), histamine dihy-
drochloride, ovalbumin (grade III), and pyrilamine maleate
(mepyramine) were from Sigma, indomethacin hydrochlo-
ride was from Merck, and aluminum hydroxide [AI(OH);,
dried gel, F2200] was from Reheis (Kankakee, IL).

Animals and Immunization. Male Syrian hamsters (80-100
g) were immunized by i.p. injections of 10 ug of ovalbumin
in 0.2 ml of saline containing 10 mg of Al(OH),. Four weeks
later the animals were reinjected with 1 ug of ovalbumin in
10 mg of Al(OH), i.p., and the experiments were done 7-10
days after the second injection.

Cheek Pouch Preparation and Intravital Microscopy. As
described (11), the left cheek pouch of anesthetized hamsters
was everted and prepared for intravital microscopy under
continuous superfusion (7 ml/min) with a modified Krebs
solution maintaining physiological temperature, pH, and gas
tensions.

The microvascular network in the exposed cheek pouch
was observed with a Leitz Orthoplan microscope equipped
with %10 oculars, x4 long-distance lens (for plasma extra-
vasation), and X25 or X55 water-immersion lenses (for
vessel diameters and leukocytes). The preparation was trans-
illuminated with a halogen 12-V 100-W lamp or a mercury
short arc 100-W lamp with proper filters for ordinary light
and fluorescent light observations, respectively.

Plasma extravasation was measured using FITC-dextran
(25 mg per 100 g of body weight, i.v.) as a tracer for plasma
proteins and by counting the number of fluorescent leakage
sites per cm? of cheek pouch area (12). Total leakage over a
given time period was estimated by integration of the area
under the curve (obtained by determinations of leakage sites
every 5 min).

Arteriolar diameters were measured in segments with an
i.d. of 14.1 + 2.7 um (mean = SD, n = 50). The number of
leukocytes marginating (slowly rolling along) and adhering
(being fixed) to the venular endothelium, collectively re-
ferred to as endothelial leukocytes, was quantitated in ve-
nules with an i.d. of 25.8 + 6.4 um (n = 35). In each
experiment, the number of endothelial leukocytes, before
and 40 min after challenge with ovalbumin or LTB,, were
counted in seven separate 190-um-long venular segments (col-

Abbreviations: FITC-dextran, fluorescein isothiocyanate-conju-
gated dextran; LTB,, leukotriene B,; LTC,, leukotriene C,;
NSAID, nonsteroidal antiinflammatory drug; PGE,, prostaglandin
Ez-
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lectively = 1 unit of area). The number of emigrated leuko-
cytes within a 190 X 140-um frame around the same seven
venules were also determined (collectively = 1 unit of area).
Vessel diameters and leukocyte numbers were watched on a
TV monitor via a videocamera (Panasonic WV-1550) and
stored on videotape with a Sony VO-5630 videocassette re-
corder for subsequent detailed analysis.

A Leitz (Vario Ortomat 2) automatic microscope camera
and Kodak Ektachrome P800/1600 daylight film exposed at
1600 ASA were used for micrographs.

Experimental Design. Twenty min after i.v. injection of
FITC-dextran, the cheek pouches were challenged topically
(drugs added to superfusate) with ovalbumin, histamine, or
LTB, for 5 min and with arachidonic acid or LTC, for 3 min.
Substances were diluted to give a final concentration of
ethanol <0.05%, which itself has no effects on the micro-
vascular variables studied.

Indomethacin (5 mg/kg) was given i.v. 40 min before

challenge. Topical treatment with indomethacin (6 uM) and
mepyramine (15 uM) was administered throughout the ex-
periments, starting 15 min before challenge. Prostaglandin
E, (30 nM) was given topically for 15 min, starting 5 min
before challenge.

Histamine Release The amount of histamine liberated to
the buffer surrounding the cheek pouch was measured under
the experimental conditions prevailing for the microscopic
observation of the microcirculation (FITC-dextran ex-
cluded). The superfusion buffer (=2.5 ml) was collected
under stop-flow conditions for two successive 5-min periods
(before and during antigen challenge) and immediately fro-
zen. Histamine content (expressed as histamine base) was
assayed fluorometrically in duplicate samples, as described
(13)—however, omitting the extraction procedure. Cheek
pouch tissue corresponding to the area in contact with the
sampled buffer fluid was excised and weighed at the end of
the experiments.

Statistical Analysis. Statistical evaluations were done using
the Mann-Whitney U test; data are expressed as mean
values = SD.

RESULTS

Ovalbumin Challenge. A 5-min topical challenge with
ovalbumin (10 ug/ml) provoked an acute inflammatory
response in cheek pouches of immunized hamsters. After
brief segmental constriction of arterioles, extensive extrava-
sation of FITC-dextran (marker for plasma-protein leakage)
occurred in parallel with arteriolar dilation (Figs. 1 and 2).
After =5 min, an increase of slowly marginating and adher-
ing leukocytes was seen in venules of all sizes (i.d. =~10-60
pm). Leukocyte accumulation was sustained, and 40 min
after challenge, the number of endothelium-associated leu-
kocytes remained elevated (214 + 84% of prechallenge
value, mean = SD, n = 5, P < 0.01). Emigration of
leukocytes to the perivascular space was sparse, however.

During the first few minutes of ovalbumin challenge, leak-
age of plasma occurred predominantly from postcapillary
venules (i.d. = 10 um). Subsequently, leakage also developed
along larger venules (i.d. = 20 um) and appeared to correlate
with the increased leukocyte-endothelium interactions.

As in previous observations (14), pretreatment with the
histamine antagonist mepyramine (15 uM topically) abolished
postcapillary leakage induced by supramaximal doses of
histamine (10 uM) and substantially blocked the early (0-5
min) leakage of plasma provoked by ovalbumin in immunized
animals (n = 6) (data not shown). On the other hand, the
delayed leukocyte-associated leakage (peak at 10 min) after
ovalbumin challenge still occurred in the presence of mepy-
ramine (data not shown). Mepyramine did not alter the
vasodilation induced by 1 uM acetylcholine (data not shown).
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Potentiation by Indomethacin of the Response to Ovalbu-
min. Pretreatment with indomethacin (5 mg/kgi.v. and 6 uM
topically) greatly increased and prolonged the leakage of
plasma induced by ovalbumin (Figs. 1-3). The potentiated
leakage was particularly prominent in larger venules, which
also exhibited a markedly enhanced accumulation of leuko-
cytes. Thus, at 40 min after ovalbumin the number of
endothelial leukocytes was 255% of that in animals chal-
lenged by ovalbumin alone, and the emigration of leukocytes
was enhanced by >1500% (Fig. 3).

Although the potentiating effect of indomethacin seemed
most prominent during the later phase (>10 min) of plasma
leakage (Fig. 2), indomethacin also potentiated the early
phase (<10 min) of leakage, but this enhancement mainly
appeared as increase in size and intensity of the leakage
sites, rather than as increase in site number (Fig. 1). Fur-
thermore, indomethacin also greatly potentiated the re-
sponse to ovalbumin in mepyramine-treated animals, in
which total leakage (0-40 min) was enhanced by 216 + 110%
(n = 5, P <0.01) as compared with animals challenged with
mepyramine alone.

Note that indomethacin reduced the vasodilation evoked
by ovalbumin (Fig. 2) and prevented the arteriolar dilation
induced by topical application of arachidonic acid (30 uM)
(Table 1). Except for a slight increase in the prechallenge
number of endothelial leukocytes, indomethacin had no
influence on arteriolar dilation induced by acetylcholine or
histamine, the postcapillary leakage response to histamine,
or the basal emigration of leukocytes (Table 1).

Inhibition by PGE, of the Ovalbumin Responses. PGE, (30
nM topically), which per se induced marked vasodilation
(=100% increase of arteriolar diameter), caused >30% inhi-
bition of the early, predominantly histamine-dependent,
postcapillary extravasation of plasma in animals challenged
with ovalbumin (Fig. 2).

Moreover, PGE, completely reversed the indomethacin-
induced potentiation of plasma extravasation (Fig. 3), in-
cluding the size and intensity of the leakage sites. In this
case, PGE, also effectively reversed the enhanced number
of endothelial and emigrated leukocytes after indomethacin
treatment (Fig. 3).

Synergism Between PGE, and Inflammatory Mediators.
LTC, (10 nM) caused a transient reduction of arteriolar
diameter to 40.5 = 11.5% of prechallenge diameter (P <
0.05) and a substantial increase in the number of leakage
sites at postcapillary venules. PGE, (30 nM) prevented
LTC,-induced vasoconstriction, while causing a marked
potentiation of the leakage response (Fig. 4).

Histamine (2 uM topically) also induced postcapillary
leakage of plasma (145 = 45 leakage sites per cm? at 5 min
after start of challenge, n = 4). Although histamine itself
caused arteriolar dilation, PGE, (30 nM) caused further
dilation and potentiated the histamine-induced leakage re-
sponse to 397 + 30 leakage sites per cm? at S min (n = 3, P
< 0.05).

LTB, (20 nM), did not affect arteriolar diameter, but
induced a leukocyte-associated leakage of plasma from both
postcapillary and larger venules. When LTB, was applied in
the presence of PGE, (30 nM), both plasma leakage (Fig. 4)
and the number of endothelial and emigrated leukocytes
were markedly potentiated (Fig. 5).

Effects of PGE, and Indomethacin on Ovalbumin-Induced
Histamine Release. The potentiating effect of PGE, on the
responses to exogenous mediators indicated that PGE, sup-
pressed the responses to ovalbumin at the level of mediator
release. This interpretation gained substantial support by
determination of in vivo histamine release under the present
experimental conditions (Table 2). Thus, ovalbumin caused
a detectable net release of histamine from the cheek pouch.
This release of histamine was reduced by almost 60% in the
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FiG. 1. Microvasculature in cheek pouches of immunized hamsters. (A-C) Before, 8 min after, and 30 min after start of topical challenge
with specific antigen ovalbumin (10 ug/ml for 5 min), which evokes reversible leakage of plasma (FITC-dextran), predominantly from
postcapillary venules. (D-F) Same procedure and time sequence in animal pretreated with indomethacin. Note enhanced and prolonged leakage
response and that the response also involves large venules. (Bar = 200 um.)

presence of PGE, (30 nM). On the other hand, indomethacin
enhanced release of histamine by >60%. Finally, PGE,
effectively suppressed this potentiation (P < 0.01).

DISCUSSION

From evidence principally obtained by direct observation of
the sequence of microvascular events that follow challenge
with antigen (ovalbumin) or individual inflammatory media-

tors, our investigation in the hamster cheek pouch prepara-
tion shows that endogenous vasodilating prostaglandins may
suppress acute allergic inflammation by inhibiting inflamma-
tory mediator release.

First, the cyclooxygenase inhibitor indomethacin strik-
ingly potentiated the antigen-induced leakage of plasma and
accumnulation of leukocytes. The effect of indomethacin
appeared specific in that basal vascular permeability as well
as the vascular reactivity to histamine and acetylcholine
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Fi1G. 2. Time course for plasma leakage and changes in arteriolar
diameter (AD) after topical antigen challenge with ovalbumin (OA)
(10 ug/ml for 5 min) in hamster cheek pouch. O, OA alone; o, OA
plus indomethacin (5 mg/kg i.v. and 6 uM topically); -u-, OA plus
PGE, (30 nM topically, —5 to +10 min). ..., Arteriolar diameter not
measured during segmental vasoconstriction. Mean values, n =
5-7. %, P < 0.05; %%, P < 0.01; %%%, P < 0.001 vs. OA alone.

were unaffected by this drug. Also, the effects of LTB, and
LTC, on microvascular permeability in the cheek pouch are
known to be unchanged by indomethacin (15). Furthermore,
indomethacin prevented arachidonic acid-induced vasodila-
tion, which together with other reports (cf. refs. 1, 9) indicates
that our dosage of indomethacin effectively inhibited cyclo-
oxygenase activity. Additionally, diclofenac, another cyclo-
oxygenase inhibitor, also enhances acute allergic inflamma-
tion in the hamster cheek pouch (unpublished data).
Second, topical application of PGE, (30 nM) reduced the
inflammatory responses evoked by antigen. In animals chal-
lenged only with ovalbumin, inhibition particularly affected
the early and predominantly histamine-dependent leakage of
plasma from postcapillary venules. However, when the
antigen response was enhanced by indomethacin, PGE,
caused profound suppression also of the plasma extravasa-
tion associated with leukocyte emigration. This suppression
by PGE, of leukocyte emigration, in fact, correlated with the
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FiG. 3. Total (0—40 min) leakage of plasma (a), and number of
endothelial (b) and emigrated (c) leukocytes (wbc) 40 min after
challenge with specific antigen (ovalbumin, 10 ug/ml for 5 min) in
hamster cheek pouch. C, ovalbumin alone; I, ovalbumin plus
indomethacin (5 mg/kg i.v. and 6 uM topically); IE, ovalbumin plus
indomethacin plus PGE, (30 nM topically, —5 to +10 min). Mean
values + SD, n = 5-7. %, P < 0.05; %%, P < 0.01; and %% %, P <
0.001 vs. ovalbumin alone.
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Table 1. Effects of indomethacin (5 mg/kg i.v. and 6 uM
topically) on microvascular events in hamster cheek pouch

Control Indomethacin

Arteriolar diameter (% change)

Arachidonic acid (30 uM) 103 = 41 4 -10+16 (4)*

Acetylcholine (1 uM) 81+ 913 69 + 28 (13)

Histamine (10 uM) 61 + 38 (7) 79 £29 (3)
Leakage sites after 10 uM

histamine, maximal no. 374 £ 149 (7) 355 +£41 (3)
Endothelial leukocytes, no. 35+ 1210 48 + 15 (11)*
Extravascular leukocytes, no. 5 7Q10 8§+ 3(11)

Mean values = SD. n = number of experiments.
*P < 0.05 vs. control.

inhibition of plasma leakage. Moreover, the effect of PGE, in
animals given indomethacin virtually indicated restitution. It
is noteworthy that indomethacin-sensitive release of endoge-
nous E-type prostaglandins has been reported in the hamster
cheek pouch (12), and that indomethacin reduced the vasodi-
lation induced by challenge with ovalbumin (this paper).

Third, contrary to inhibition of antigen-induced reactions,
PGE, enhanced the responses to three exogenously applied
inflammatory mediators with different profiles of action on
the microvasculature (histamine, LTB,, and LTC,). Al-
though these observations agree with previous reports that
vasodilator prostaglandins, including PGE,, potentiate re-
sponses to inflammatory mediators (16, 17), they further
support the idea that PGE, suppressed antigen responses by
an action exerted at the level of mediator release.

Fourth, by determination of histamine release from the
cheek pouch, the present pharmacological manipulations
(PGE, and indomethacin) were documented as modulating
histamine liberation in vivo. Because ovalbumin causes
pronounced degranulation of the numerous mast cells in the
cheek pouch of immunized hamsters (unpublished observa-
tion), the detected histamine is most likely derived from
these cells. Previous in vitro studies showed that histamine
release from various tissues, including mast cells, can be
suppressed by E-type prostaglandins (4, 8, 18) and enhanced
by NSAIDs (18-20). Our results show that this mechanism
also operates under in vivo conditions. Moreover, the com-
plete reversal by PGE, in low concentration (30 nM) of the
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F1G.4. Time course for plasma leakage and changes in arteriolar
diameter (AD) in cheek pouches of nonimmunized hamsters. Topi-
cal application of LTC, (10 nM) and LTB, (20 nM) alone (open
symbols), or in the presence of PGE, (30 nM topically, —5 to +10
min) (closed symbols). Mean values + SD, n = 4-5. %, P < 0.05;
%%, P <0.01.
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Fi1G. 5. Number of endothelial and emigrated leukocytes (wbc)
40 min after topical challenge with LTB, (20 nM) (B) and LTB, in
the presence of PGE, (30 nM topically, —5 to +10 min) (BE) in
hamster cheek pouch. Mean values + SD, n = 5. %, P < 0.05, %%,
P < 0.01.

potentiating effect of indomethacin on antigen-induced in-
flammation advocates a regulatory function on mediator
release for endogenous PGE,. In addition, we emphasize
that this local mechanism governing mediator release from
cells at the site of inflammation differs from the intervention
in inflammatory reactions by systemically administered
prostaglandins (2, 6, 21), where inhibition has been attrib-
uted to lowering of systemic blood pressure and/or func-
tional alterations of circulating leukocytes (21).

Modulation of antigen-induced histamine release may ex-
plain how PGE, and indomethacin altered the early leakage
of plasma induced by antigen. Because indomethacin en-
hanced the postcapillary leakage to ovalbumin also in mepyr-
amine-treated animals, modulated release of other mediators
such as leukotrienes C,, D,, and E, may have contributed,
as indicated by studies in vitro (18, 20, 22, 23). However,
neither histamine nor cysteinyl-leukotrienes mediate the
leukocyte accumulation and associated leakage of plasma
enhanced by indomethacin, a phenomenon predicted to
require increased release of chemotactic mediator(s). The
nature of such a mediator(s) remains elusive, but from the
documented modulation of histamine release, the lines of
evidence discussed above, and in vitro data for secretion
from leukocytes (7), it is tempting to propose that PGE, also
modulated the release of chemotactic mediators. Interest-
ingly enough, in other in vivo models for inflammatory or
anaphylactic reactions (9, 24), cyclooxygenase inhibition has
been suggested to enhance the release of a chemotactic
S-lipoxygenase product, or specifically LTB,. However-
,whether or not PGE, and indomethacin affect release of-

Table 2. Antigen-induced release of histamine in hamster
cheek pouch

Basal release, OA-induced
pmol/mg release, pmol/mg
Treatment n of tissue of tissue
Control 5 1.3 + 0.5 6.5 2.0
PGE, 5 1.3 + 0.8 2.7 £ 1.3*
Indomethacin S 1.6 =+ 0.3 10.6 + 3.8*
Indomethacin
+ PGE, 6 0.7 £ 0.2 45+23

Mean values = SD of histamine content (in units per wet weight
of tissue) in surrounding buffer after two consecutive 5-min periods
before (basal) and during antigen challenge [ovalbumin (OA), 10
ung/ml topically], in the presence of indomethacin (5 mg/kg i.v. and
6 uM topically) and/or PGE, (30 nM topically).

*P < 0.05 vs. control.
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chemotactic factors from the hamster cheek pouch remains
to be shown.

Considered together, dual action of local PGE, in the
hamster cheek pouch, inhibition of mediator release, and
enhancement of mediator action demonstrate that PGE, can
exert both anti- and proinflammatory activities in one and
the same model. However, in this model of mast cell-
dependent inflammation, the influence of PGE, and indo-
methacin on the release of inflammatory mediators predom-
inated. Probably variables such as the degree of local blood
flow, the site of prostaglandin production, or the condition of
the tissue (healthy, inflamed, etc.) contribute to the final
result in other instances. Nevertheless, this dual in vivo
action of prostaglandins may help explain conflicting effects
of NSAIDs and prostaglandins in different models for in-
flammation.
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