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Ozone exposure in the lab and environment causes airway hyperre-
activity lasting at least 3 days in humans and animals. In guinea pigs
1 day after ozone exposure, airway hyperreactivity is mediated by
eosinophils that block neuronal M, muscarinic receptor function,
thus increasing acetylcholine release from airway parasympathetic
nerves. However, mechanisms of ozone-induced airway hyperreac-
tivity change over time, so that depleting eosinophils 3 days after
ozone makes airway hyperreactivity worse rather than better. Ozone
exposure increases IL-13 in bone marrow, which may contribute to
acute and chronic airway hyperreactivity. To test whether IL-1B
mediates ozone-induced airway hyperreactivity 1 and 3 days after
ozone exposure, guinea pigs were pretreated with an IL-1 receptor
antagonist (anakinra, 30 mg/kg, intraperitoneally) 30 minutes
before exposure to filtered air or to ozone (2 ppm, 4 h). One or
three days after exposure, airway reactivity was measured in anes-
thetized guinea pigs. The IL-1 receptor antagonist prevented ozone-
induced airway hyperreactivity 3 days, but not 1 day, after ozone
exposure. Ozone-induced airway hyperreactivity was vagally medi-
ated, since bronchoconstriction induced by intravenous acetylcho-
line was not changed by ozone. The IL-1 receptor antagonist
selectively prevented ozone-induced reduction of eosinophils
around nerves and prevented ozone-induced deposition of extra-
cellular eosinophil major basic protein in airways. These data
demonstrate that IL-1 mediates ozone-induced airway hyperreac-
tivity at 3 days, but not 1 day, after ozone exposure. Furthermore,
preventing hyperreactivity was accompanied by decreased eosino-
phil major basic protein deposition within the lung, suggesting that
IL-1 affects eosinophil activation 3 days after ozone exposure.
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Ozone exposure induces airway hyperreactivity in both humans
and animals (1-3). Hospitalizations for both asthma and for
cardiovascular complaints increase immediately after environmen-
tal ozone exposure, followed by a second increase in hospital-
izations after a 3-day lag (4, 5). In guinea pigs, ozone exposure also
has an acute and lag phase, which we have shown are associated
with changes in eosinophil populations in lungs (3).

Ozone significantly increases eosinophils in bronchoalveolar
and nasal lavage of humans (6-8). Furthermore, these eosino-
phils are activated, as evidenced by increased eosinophil
cationic protein (6). Eosinophils are also significantly increased
in the lungs of mice, rats, dogs, and primates after ozone ex-
posure (9-12).

Acutely, ozone-induced airway hyperreactivity in guinea
pigs is mediated by recruitment and activation of eosinophils
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CLINICAL RELEVANCE

It is well established that ozone causes airway hyperreac-
tivity both acutely after exposure and after a lag phase, but
it remains to be determined what mechanisms mediate
hyperreactivity at both time points.

at airway nerves (3). Activated eosinophils release preformed
proteins, including eosinophil major basic protein (MBP), which
is an endogenous antagonist for M, muscarinic receptors (13,
14). In the lungs, acetylcholine release from parasympathetic
nerves is normally limited by M, muscarinic receptors (15).
Eosinophils, via release of MBP, inhibit neuronal M, function,
resulting in increased acetylcholine release, increased broncho-
constriction, and vagally mediated airway hyperreactivity (14,
16). One day after ozone exposure, neuronal M, receptor dys-
function and airway hyperreactivity are prevented or reversed
by depleting eosinophils, preventing eosinophil migration into
the lungs, and by blocking eosinophil MBP (17). Therefore,
airway hyperreactivity 1 day after ozone exposure is mediated
by eosinophils, neuronal M, muscarinic receptor blockade, and
subsequent increased acetylcholine release from parasympa-
thetic nerves.

In contrast, 3 days after ozone exposure, airway hyperreac-
tivity is mediated by different mechanisms. Although neuronal
M, muscarinic receptors are dysfunctional at this time point,
protecting or restoring M, function does not prevent airway
hyperreactivity (3). The role of eosinophils in hyperreactivity 3 days
after ozone exposure has changed from causative to protective, in that
eosinophils re-enter the lungs at this time point and that depleting
them worsens airway hyperreactivity (3).

Interleukin 1B (IL-1B) is a central mediator of inflammation
that increases granulocyte hematopoiesis (18), induces chemo-
kines and adhesion molecules (19-21), and activates eosinophils
(22, 23). Inhibiting IL-1B or blocking IL-1 receptors prevents
virus-induced, toluene diisocyanate-induced, and antigen chal-
lenge—induced hyperreactivity in animals (24-27). In humans
with asthma, IL-1B is present in lavage, epithelial cells, and
alveolar macrophages (28-31). Ozone interacts with airway
epithelium and alveolar macrophages to produce inflammation
via increasing inflammatory cytokines, including IL-1B (29, 32—
35). The role of IL-1B in ozone-induced airway hyperreactivity
has been suggested, since an IL-1 receptor antagonist, anakinra,
prevents airway hyperreactivity and inflammation in ozone-
exposed mice (36, 37). Anakinra, a recombinant human form
of the IL-1 receptor antagonist, is a very potent, highly selective
inhibitor of IL-1 type 1 receptors with no biological activity
of its own (38). These experiments were designed to test in
guinea pigs whether IL-1B affects eosinophil activation and
mediates airway hyperreactivity 1 day after ozone exposure,
a point at which the role of eosinophils has been firmly
established (3, 17), and during the lag phase 3 days after a single
ozone exposure, a point at which eosinophils and M, receptors
do not cause hyperreactivity.
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MATERIALS AND METHODS

Specific pathogen—free female Dunkin-Hartley guinea pigs were used
(350-550 g; Elm Hill Breeding Labs, Chelmsford, MA). Guinea pigs
were shipped in filtered crates, housed in high-efficiency particulate
filtered air, and fed a normal diet. Three to seven animals were used in
each treatment group. Animals were handled in accordance with National
Institutes of Health guidelines. All protocols were approved by Oregon
Health and Science University Animal Care and Use Committee.

Guinea pigs were exposed to 2 ppm ozone or filtered air for 4 hours
as described previously (17). The IL-1 receptor antagonist, anakinra, is
both potent and selective for the type I IL-1 receptor, and has been
extensively used to demonstrate the role of IL-1 in airway hyperreac-
tivity (24, 36, 38). A quantity of 10 to 30 mg/kg recombinant human IL-
1 receptor antagonist (anakinra) (36, 39) or vehicle (6.5 mM sodium
citrate, 140 mM NaCl, 48 mM EDTA, 1 mg/ml polysorbate 80) was
diluted in phosphate-buffered saline (PBS) and given intraperitoneally
30 minutes before ozone or air exposure, and once daily thereafter.
After ozone exposure, animals were housed in the animal care facility
with access to food and water ad libitum.

One or three days after exposure to ozone or filtered air, animals
were anesthetized with urethane (1.9 g/kg, intraperitoneally). Both
jugular veins were cannulated for intravenous administration of drugs,
and the right carotid artery was cannulated and connected to a trans-
ducer to measure heart rate and blood pressure. Both vagus nerves
were cut and the distal ends placed on platinum electrodes submerged in
liquid paraffin. Animals were tracheostomized, ventilated with positive
pressure and constant volume (1 ml/100 g body weight, 100 breaths/min),
paralyzed with a constant infusion of succinylcholine (10 wg/kg/min,
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intravenously) and chemically sympathectomized with guanethidine
(5 mg/kg, intravenously). The pressure required to inflate the lungs
(pulmonary inflation pressure) was measured at the trachea. Bronchocon-
striction and bradycardia were induced either by electrical stimulation of
both vagi (10 V, 0.2 ms, 2-25 Hz), or by intravenous injection of
acetylcholine (1-10 pg/kg; animals were all vagotomized to prevent the
reflex bronchoconstriction to acetylcholine (40, 41)) and were measured as
previously described (42). At the end of each experiment, bronchoalveolar
lavage fluid (BALF), blood, and bone marrow (from the left femur) were
collected.

The lungs were lavaged with 5 X 10 ml aliquots of PBS containing
100 pg isoproterenol. Cells were washed and resuspended in PBS and
counted using a hemocytometer, and cytospun cells were stained with
Hemacolor (Harleco, Gibbstown, NJ). Whole blood was taken from
the carotid cannula and lysed with 0.1 N HCI. Total peripheral white
blood cells were counted with a hemocytometer and cell differentials
obtained from a blood smear.

Lungs were also removed, fixed, and embedded in paraffin. Nerves
were labeled with rabbit polyclonal antibody to protein gene product
(PGP)9.5 (1:1,000; Biogenesis, Kingston, NH), eosinophils were stained
with 1% chromotrope 2R (Sigma, St. Louis, MO), and eosinophil activation
assessed by measuring extracellular MBP with a rabbit monoclonal
antibody to guinea pig MBP (1:1,000) as previously described (42-44).

Eosinophils were quantified in six to eight different airways per
guinea pig using four to six animals per group. Airways were photo-
graphed and airway area measured using MetaMorph software (version
6.2; Universal Imaging, Downington, PA). Total area of the conducting
airways between basement membrane and alveoli, including airway
smooth muscle but excluding cartilage and blood vessels, was mea-
sured, and eosinophils within this area were counted and expressed as
eosinophils per mm?. Eosinophils within 8 wm of any airway nerve (as
identified with PGP9.5 staining) were also counted.

Slides immunostained for MBP were coded, and analysis was
performed in a blinded fashion. Airways were photographed under
identical conditions. Photographs were analyzed using MetaMorph
software (Universal Imaging). Deposition of extracellular MBP (intact
eosinophils, as identified by solid spheres of MBP staining in excess of
8 wm in diameter, were excluded) was quantified using a technique
adapted from Tuder and coworkers (45) by Verbout and colleagues (44).

IL-1B8 was measured in supernatant from the first 10-ml aliquot of
BALF and from bone marrow supernatant. Protein was measured
using the bicinchoninic acid method (BCA protein assay kit; Pierce,
Rockford, IL) and IL-1B was measured using a commercially avail-
able enzyme-linked immunosorbent assay kit with standard controls
(Immunotech, Marseille, France) as described by Sato and coworkers
(39). IL-1B concentrations were normalized to total protein. IL-1a was
not measured, although it is also an agonist for IL-1 receptors, because
it typically only plays an autocrine role in disease and is not commonly
found in body fluids (20, 46, 47).

Acetylcholine, guanethidine, atropine, succinylcholine, isoprotere-
nol, and urethane were purchased from Sigma. All drugs were
dissolved and diluted in PBS. Recombinant human IL-1Ra (anakinra)
was obtained from Amgen (Thousand Oaks, CA).

TABLE 1. BASELINE CARDIOVASCULAR AND PULMONARY PARAMETERS

Blood Pressure

(mm Hg) Pulmonary Inflation
Heart Rate Pressure
Treatment Group n (beats/min) Systolic Diastolic (mm H,0)
Control Air 5 311 = 24 40 = 2 18 +2 104 = 12
1 d after ozone exposure Ozone 6 295 + 13 43 + 4 21 =1 253 * 30*
Ozone + IL-1Ra 4 301 £ 6 383 17 £2 240 *= 20*
Control Air 7 298 + 14 43 =5 21 = 4 104 = 4
Air + IL-1Ra 6 283 + 7 40 + 4 22+ 2 98 *+ 4
Air + Vehicle 4 300 + 8 38+ 4 18 =2 105 +3
3 d after ozone exposure Ozone 5 321 =7 49 + 3 26 =3 121 =10
Ozone + IL-1Ra 4 283 = 8 40 = 3 24 * 4 955
Ozone + Vehicle 3 297 = 20 547 31 £1 103 £3

Values are means *+ SE. Baseline pulmonary inflation pressure significantly increased 1 d after ozone exposure.

* Significantly different from air-exposed controls.
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All data are expressed as means * SE. In vivo, frequency and dose—
response curves were compared using two-way ANOVA for repeated
measures. Lavage and MBP deposition data were analyzed by a mul-
tiple one-way ANOVA with Fisher’s post hoc test. Baseline and
histology data were analyzed by multiple one-way ANOVAs with
Bonferroni correction. A P value of less than 0.05 was considered
significant. Analyses were made with Kaleidagraph (version 4.01;
Synergy Software, Reading, PA) or StatView 4.5 (Abacus Concepts,
Berkeley, CA).

RESULTS

Three days after ozone exposure, IL-18 concentration in bone
marrow was almost doubled (Figure 1), while 1 day after ozone
exposure IL-18 was increased slightly. In contrast, IL-18 was
below the limit of detection (2 pg/ml) in BALF from both
ozone- and air-exposed guinea pigs (data not shown).

Ozone exposure significantly increased baseline pulmonary
inflation pressure 1 day after ozone exposure (Table 1). Pre-
treatment with the IL-1 receptor antagonist did not affect
baseline pulmonary inflation pressure 1 day after ozone expo-
sure. Neither ozone nor the IL-1 receptor antagonist affected
resting heart rate 1 or 3 days after ozone exposure. Resting
blood pressure was not affected by ozone or by the IL-1
receptor antagonist. Vehicle treatment did not affect baseline
parameters compared with controls.

Bronchoconstriction in response to electrical stimulation of
vagus nerves was significantly potentiated above control 1 and
3 days after ozone exposure (Figures 2A and 2B). The IL-1
receptor antagonist (30 mg/kg, intraperitoneally) had no effect

on ozone-induced airway hyperreactivity at Day one (Figure
2A). In contrast, the IL-1 receptor antagonist completely
blocked ozone-induced hyperreactivity to electrical stimulation
of the vagus nerves 3 days after ozone exposure (Figure 2C).
The effect was dose related, since 10 mg/kg intraperitoneally
partially prevented ozone-induced airway hyperreactivity at 3
days (280 = 73 mm H,O at 25 Hz). Vehicle administration did
not inhibit ozone-induced airway hyperreactivity (Figure 2B).

Ozone slightly, but not significantly, increased bronchocon-
striction in response to intravenous acetylcholine at 1 and 3 days
(Figures 3A and 3B). This increase probably does not contrib-
ute to ozone-induced airway hyperreactivity, since it was small
compared with ozone’s potentiation of vagally induced bron-
choconstriction. The IL-1 receptor antagonist increased smooth
muscle responsiveness to acetylcholine, but the effect was not
significant and occurred regardless of whether animals were
exposed to air or ozone (Figure 3C). Vehicle treatment did not
affect acetylcholine-induced bronchoconstriction in either air-
or ozone-exposed animals (Figure 3B).

In the heart, ozone exposure increased acetylcholine-in-
duced bradycardia, although not significantly, compared with
air-exposed controls 1 day after ozone exposure (Figure 4C).
Ozone did not affect either vagally induced or intravenous
acetylcholine-induced bradycardia after 3 days (Figures 4B and
4D). Pretreatment with the IL-1 receptor antagonist also did
not affect bradycardia in air- or ozone-exposed animals. Vehicle
treatment did not affect vagally or acetylcholine-induced bra-
dycardia in either air- or ozone-exposed guinea pigs (Figures 4B
and 4D).
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entire frequency response in the presence of IL-1 receptor antagonist is significantly different from that of ozone-exposed guinea pigs. Data are

expressed as means * SE, n = 4-7.



Verhein, Jacoby, and Fryer: IL-1 Mediates Airway Hyperreactivity

A 1 day post ozone B 3 days post ozone
0 0-

§ s
2 50+ 50
E
@2
3 100 100 4
L
2
i

150 150 |
by )
] Air
2 Ozone
c +IL-1RA
=200 A 200 1
©
w Ozone

250 T T T T T 250 - : - - - ,

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Frequency (Hz) Frequency (Hz)
0 0 -

g
£ 504 50 -
E
a
3 100
g g 100 -
5] Air
© 0
= 1807 Ozone 150 4
s +IL-1RA
L
£ 2001 Ozone - 200 -
= 1 +IL-1RA
|18

250 250 : o

1 2 4 6 10 1 2 4 6 10
Acetylcholine Acetylcholine
(ug/kg, iv) (ng/kg, iv)

Figure 4. Bradycardia in response to (A and B) electrical stimulation of
both vagus nerves, or to (C and D) intravenous acetylcholine in
vagotomized guinea pigs, was measured as a fall in heart rate in beats
per minute. Neither ozone (A-D, solid circles) nor the IL-1 receptor
antagonist (A-D, solid squares) affected vagally or acetylcholine in-
duced bradycardia. Vehicle treatment did not change bradycardia in
response to vagal stimulation or acetylcholine in either air- or ozone-
exposed animals (B and D, dashed lines next to respective controls).
Data are expressed as means = SE, n = 4-6.

Only neutrophils were increased in bronchoalveolar lavage
1 day after ozone exposure (Figure 5A). In contrast, all
inflammatory cells were increased 3 days after ozone exposure
(Figure 5B). The protective effect of the IL-1 receptor antag-
onist 3 days after ozone exposure (Figure 2B) was not associ-
ated with a change in inflammatory cells in the bronchoalveolar
lavage at this time point (Figure 5B). Neither was airway
hyperreactivity, nor the protective effect of the antagonist due
to changing inflammatory cell numbers in the blood, since
circulating numbers of white cells were not changed by ozone,
although the IL-1 receptor antagonist decreased circulating
lymphocytes 3 days after ozone exposure (Figure 6). Vehicle
treatment did not change inflammatory cell numbers in bron-
choalveolar lavage or blood in either air- or ozone-exposed
guinea pigs (data not shown).

Since the IL-1 receptor antagonist only blocked airway
hyperreactivity 3 days after ozone exposure, we counted eosino-
phils around the nerves only at this time point. Ozone alone
decreased the number of eosinophils in the lungs and around
the nerves (Figure 7). While the antagonist did not inhibit
ozone-induced depletion of eosinophils in the whole lung, it did
prevent loss of eosinophils around airway nerves (Figures 7E
and 7F). The selective protection of eosinophils around nerves
by the IL-1 receptor antagonist was accompanied by decreased
degranulation as assessed by MBP deposition (Figure 8). Air-
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Figure 5. (A) Inflammatory cells in bronchoalveolar lavage were not
increased 1 day after ozone exposure, with the exception of neutro-
phils. (B) However, 3 days after ozone exposure, all inflammatory cells
were significantly increased in bronchoalveolar lavage. Treatment with
IL-1 receptor antagonist did not change inflammatory cells in bron-
choalveolar lavage in controls or at either time point after ozone
exposure. *Significantly different from air-exposed controls. Data are
expressed as means * SE, n = 4-7.

exposed animals have a basal level of eosinophil degranulation
that was not enhanced by ozone exposure (Figures 8A and 8C).

DISCUSSION

Ozone transiently increases IL-1p in airway epithelium (48) and
lungs (36, 37), and this declines over 24 hours. Our data at 24
hours are in agreement with this, since we did not see measurable
levels of IL-1B in BALF at that time point. Since we previously
demonstrated eosinophils increase in lungs 1 and 3 days after
ozone (3), we checked bone marrow for cytokines involved in
eosinophil hematopoiesis. IL-1B, a known inducer of granulo-
cyte hematopoiesis (18), increases in bone marrow 3 days after
ozone exposure and may be the systemic link between the lungs
and increased eosinophil production.

In guinea pigs, ozone induces airway hyperreactivity that
lasts at least 3 days, confirming previous findings (3). This is
similar to what is seen in human populations after environmen-
tal exposure to ozone (4, 5). In contrast to our original
hypothesis, IL-18 had no effect on ozone-induced airway
hyperreactivity 1 day after ozone exposure. However, it com-
pletely prevented hyperreactivity 3 days after ozone exposure,
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demonstrating that the mechanisms of hyperreactivity have
changed from IL-1 independent to IL-1 mediated over these
3 days. Thus, an IL-1 receptor antagonist given at the time of
ozone exposure has no effect on airway hyperreactivity 1 day
after exposure, but completely prevents hyperreactivity 3 days
after exposure. Similarly, ozone-induced inflammation was not
prevented 1 day after ozone exposure in IL-1 receptor type I
knockout mice, but was prevented 3 days after exposure (37).
These data show that hyperreactivity and inflammation after
ozone change between 1 and 3 days after exposure. Protection
against ozone-induced airway hyperreactivity occurs at the level
of the nerves and not airway smooth muscle since the IL-1
receptor antagonist does not block acetylcholine-induced bron-
choconstriction in air- or ozone-exposed animals.

Ozone-induced airway hyperreactivity is linked to inflam-
mation (3, 49). Therefore, if mechanisms of hyperreactivity
change, it might be expected that inflammatory cell populations
also change over time. Although ozone exposure is traditionally
associated with increased neutrophils, neutrophil populations in
the lung do not change between 1 and 3 days after ozone
exposure (3) (Figure 5). Ozone also induces eosinophilia in
animals (9-12) and humans (6-8), and eosinophil populations in
the lung do change between 1 and 3 days after ozone exposure
(3) (Figure 5). Depleting eosinophils before ozone exposure
completely prevents airway hyperreactivity 1 day later, demon-
strating a role for eosinophils in ozone-induced hyperreactivity
in guinea pigs (3). Preventing eosinophil migration into the lungs
is not protective at this time point, suggesting that ozone
is activating eosinophils that are resident in the lungs (3).
Conversely, depleting eosinophils or preventing eosinophils from
entering the lungs 3 days after ozone exposure makes hyperreac-
tivity significantly worse (3), suggesting a beneficial role for late
eosinophils that enter the lung 3 days after ozone exposure.

In humans with asthma, and in antigen-challenged, virus-
infected, and ozone- or organophosphate-exposed animals, air-
way hyperreactivity is mediated by loss of neuronal M, receptor
function on the vagus nerves, leading to increased acetylcholine
release and increased bronchoconstriction (14, 17, 50-52). This
mechanism is established in mouse, rat, guinea pig, and horse
models of airway hyperreactivity and in some humans with
asthma (14, 17, 40, 50, 53-55). In antigen-challenged guinea pigs,
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Figure 8. Blocking IL-1 receptors prevented extracellular deposition of
eosinophil major basic protein (MBP) (labeled with an antibody to
MBP) within airways 3 days after ozone exposure. After staining, slides
were coded and analysis performed blinded, and intact eosinophils (as
identified by solid spheres of MBP staining in excess of 8 wm in
diameter) were excluded. Airways of air-exposed control guinea pigs
do contain some extracellular MBP (A, and open bar in E), which was
not significantly changed 3 days after ozone exposure (C, and solid bar
in E). IL-1 receptor antagonist significantly decreased deposition of
extracellular MBP (D, and dark gray bar in E). (E) Data are expressed as
mean fluorescence intensity per area of the airway in um?2. Data are
means = SE, n = 4-6. *Significantly different from ozone-exposed
animals. Scale bar for A-D, 50 pm.

loss of neuronal M, muscarinic receptor function is mediated by
degranulation of eosinophils at the nerves in the lungs, resulting
in release of the M, antagonist MBP (42, 53). A similar mech-
anism of hyperreactivity has been established 1 day after ozone
exposure (17). However, mechanisms of hyperreactivity 3 days
after ozone exposure are not understood. Although IL-1B
decreases M, receptor expression (56), this is unlikely to explain
the ability of the IL-1 receptor antagonist to prevent airway
hyperreactivity 3 days after ozone exposure, since we have
previously shown that restoring M, receptor function at this time
point does not prevent airway hyperreactivity (3).

Airway hyperreactivity does not correlate with eosinophils in
bronchoalveolar lavage or in airway tissues (3), but does
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correlate with the presence of activated eosinophils, as mea-
sured by major basic protein deposition in airways and espe-
cially around airway nerves (44, 57). Similarly, it is the presence
of eosinophils in airway tissues, but not bronchoalveolar lavage
or blood, that accompanies airway hyperreactivity in human
asthma (58) and that may be important after ozone exposure.
However, there are more eosinophils in bronchoalveolar lavage
3 days after ozone exposure than 1 day after, suggesting that
eosinophils are moving through the lungs differently at these
time points. A new, beneficial population of eosinophils has
been suggested, since eosinophil depletion makes airway hy-
perreactivity significantly worse (3), and these beneficial eosi-
nophils may arrive at the later time point. Here we show that
eosinophils within the lungs are significantly decreased 3 days
after ozone exposure while they are increased in bronchoalveo-
lar lavage. Thus, ozone is either moving eosinophils from the
lungs to the bronchoalveolar lavage, or they are disappearing
via activation and degranulation (44).

IL-1pB is known to activate eosinophils directly to stimulate
cytokine release (23). IL-1 may also affect eosinophil reactivity,
since IL-1 receptor antagonists decrease hypodense eosinophils
in bronchoalveolar lavage of antigen-challenged animals (22),
suggesting that IL-1 contributes to eosinophil activation. The
same mechanism is suggested here, since the IL-1 receptor
antagonist prevented eosinophil degranulation in ozone-ex-
posed animals, measured as a decrease in extracellular MBP.
In addition, the IL-1 receptor antagonist also prevented
ozone-induced loss of eosinophils around airway nerves.
Since hyperreactivity depends upon an interaction between
eosinophils and nerves (42), it may be significant that only
eosinophils around nerves were protected by the antagonist.
Thus, the IL-1 receptor antagonist protects eosinophil pop-
ulations around nerves and prevents eosinophil activation in
ozone-exposed animals.

Depletion of eosinophils does not prevent hyperreactivity
3 days after ozone exposure, but actually makes airway hyper-
reactivity significantly worse, suggesting that eosinophils 3 days
after ozone exposure are beneficial (3). The IL-1 receptor
antagonist may inhibit hyperreactivity 3 days after ozone expo-
sure not by preventing eosinophil degranulation, but by pro-
tecting beneficial eosinophils (3). Eosinophils are known to
release neurotrophins, including nerve growth factor (59),
leukemia inhibitory factor (60), and bone-derived neurotrophic
factor (59), which may all be involved in neural repair mecha-
nisms. It has been suggested that there are multiple populations of
eosinophils (61); thus, while the IL-1 receptor antagonist may
have no effect on resident eosinophils that mediate hyperreactivity
1 day after ozone exposure, it may preserve the integrity of
secondary, beneficial eosinophils, preventing airway hyperreac-
tivity 3 days after exposure (Figure 9).

Substance P—containing airway nerves are increased in
individuals with asthma compared with those without asthma
(62), and ozone-induced airway hyperreactivity is associated
with increased substance P in bronchoalveolar lavage in humans
and in ferret lung (63, 64). Substance P is a peptide neurotrans-
mitter usually expressed by sensory nerves. Although not
usually present in efferent parasympathetic nerves of humans
or guinea pigs (65, 66), ozone induces substance P expression in
guinea pig parasympathetic nerves (67) and increases substance
P in ferret parasympathetic nerves (64). Ozone-induced airway
hyperreactivity is blocked by a neurokinin receptor (NKI1)
antagonist in guinea pigs 3 days after ozone exposure (67) and
in ferret tracheas in vitro (64), demonstrating a role for
tachykinins in ozone-induced hyperractivity. IL-1 can stimu-
late substance P expression directly (68, 69), and also indirectly
via induction of nerve growth factor (70), which also increases
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Figure 9. Airway hyperreactivity 1 day after ozone exposure is
mediated by resident eosinophils (Eosg) that release MBP and inhibit
M_ muscarinic receptor function on parasympathetic nerves. The
mechanisms of hyperreactivity 3 days after ozone exposure have not
been determined; however, it is possible that hyperreactivity is
mediated by substance P induced by nerve growth factor (NGF)
released from eosinophils and that the IL-1 receptor antagonist (IL-
1RA) is blocking this pathway. Alternatively, the IL-1 receptor antago-
nist may protect a new, beneficial population of eosinophils (Eosy).

substance P (71). One potential source of nerve growth factor is
eosinophils (59). Therefore, the IL-1 receptor antagonist may
prevent hyperreactivity by decreasing eosinophil activation,
resulting in decreased nerve growth factor-mediated induction
of substance P (Figure 9).

Asthma exacerbations increase not only at the time envi-
ronmental ozone levels are high, but also up to 3 days later (2, 4,
5). This ozone-induced airway hyperreactivity also persists over
3 days in guinea pigs. The early phase is mediated by eosino-
phils (3), and here we show that the lag phase is mediated by
IL-1B. The IL-1 receptor antagonist may protect against ozone-
induced hyperreactivity during the lag phase by blocking de-
granulation of beneficial eosinophils, or by inhibiting eosinophil
activation and subsequent release of a nerve growth factor, thus
preventing induction of substance P (Figure 9). Environmental
ozone exposure is associated with significant morbidity and
mortality (72) that may be underestimated (73). These data
suggest that different strategies will be required to treat ozone-
induced airway hyperreactivity at early and late time points.
Blocking eosinophils may be effective within the first 24 hours
after ozone exposure, while blocking IL-1 receptors may be
beneficial over the long term.
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