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Synopsis of Research Report 109
S T A T E M E N T

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr Richard Schlesinger at
New York University School of Medicine, Tuxedo NY. The following Research Report contains both the detailed Investigators’ Report and a Com-
mentary on the study prepared by the Institute’s Health Review Committee.

Effects of Ozone on Airway Hyperresponsiveness in 
Guinea Pigs

INTRODUCTION 

Asthma is one of the most common chronic and
potentially disabling diseases among children and
adults. It is characterized by three findings involving
the airways: reversible airway obstruction, inflamma-
tion, and hyperresponsiveness. The last characteristic
is defined as a heightened tendency of the bronchial
airways to constrict. The airways of people with
asthma also constrict when they inhale an allergen to
which they are sensitive, and the airways constrict
more when they inhale a nonspecific airway irritant
such as acetylcholine. Some people without asthma
develop nonspecific airway hyperresponsiveness after
inhaling irritants. Controlled clinical studies have
shown that exercising humans exposed to ozone (an
irritant) develop airway hyperresponsiveness. There-
fore, it is possible that people with asthma and others
sensitive to allergens may be more susceptible to
allergen-induced airway hyperresponsiveness during
periods when levels of ozone are elevated. 

Studies with laboratory animals have shown that
short-term exposure to ozone induces airway hyperre-
sponsiveness. However, we have little information on
the effects of longer-term ozone exposures. The study by
Dr Richard Schlesinger and colleagues of the New York
University School of Medicine sought to determine
whether long-term, intermittent exposure to ozone
induces or exacerbates airway hyperresponsiveness.

APPROACH 

Schlesinger and colleagues used a well-established
animal model of airway hyperresponsiveness and
allergic asthma to determine whether ozone can induce
airway hyperresponsiveness or exacerbate existing
airway hyperresponsiveness. They exposed three
cohorts of male and female guinea pigs to 0.1 or
0.3 ppm ozone for 4 hours per day, 4 days per week, for
24 weeks. Control animals breathed clean air. The

ozone concentrations were relevant to those encoun-
tered by humans during periods of ozone pollution. For
example, levels ranging from 0.12 to 0.4 ppm have
been recorded in the United States. The investigators
exposed one cohort of nonsensitized animals to ozone
alone. They induced hyperresponsiveness in a second
cohort by sensitizing them to the allergen ovalbumin
by inhalation before ozone exposure began. They
induced hyperresponsiveness in a third cohort by sen-
sitizing them to ovalbumin at the same time ozone
exposure began. 

Schlesinger and colleagues measured nonspecific
airway hyperresponsiveness in each cohort by peri-
odic challenge with acetylcholine. They measured
specific airway hyperresponsiveness in the second
and third cohorts by periodic challenge with oval-
bumin. At the end of the challenge period, half of the
animals in each cohort were killed for biochemical
and cellular measurements of markers of inflamma-
tion in lung fluids and tissue. The remaining animals
breathed clean air for 8 weeks, during which time the
investigators performed similar measurements. 

RESULTS AND INTERPRETATIONS

Animals exposed to ozone (but not ovalbumin) did
not develop airway hyperresponsiveness. Ozone
exposure exacerbated nonspecific and specific airway
hyperresponsiveness in both cohorts of animals
exposed to ovalbumin. The effects generally depended
on the dose but were independent of gender. The levels
of nonspecific and specific hyperresponsiveness were
quantitatively similar and persisted for 4 weeks after
exposure ceased. Ozone did not affect the levels of
selected markers of inflammation; therefore, the
results do not support an association of the inflamma-
tory parameters assessed in this study with airway
hyperresponsiveness. 

The response of the ovalbumin-sensitized animals to
ozone is consistent with studies of short-term ozone

Continued
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exposure on allergen-induced airway hyperresponsive-
ness in laboratory animals. The results of this study add
to these findings by documenting the effects on hyperre-
sponsive animals exposed to ozone for extended

periods. They suggest that people with hyperresponsive
airways may experience an increased response during
periods of elevated ozone levels. This possibility should
be evaluated in human studies.
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INVESTIGATORS’ REPORT

Ozone-Induced Modulation of Airway Hyperresponsiveness in Guinea Pigs

Richard B Schlesinger, Mitchell Cohen, Terry Gordon, Christine Nadziejko, 
Judith T Zelikoff, Maureen Sisco, Jean F Regal, and Margaret G Ménache

ABSTRACT

Although acute exposure to ozone (O3*) has been shown
to influence the severity and prevalence of airway hyperre-
sponsiveness, information has been lacking on effects due
to long-term exposure at relatively low exposure concen-
trations. The goals of this study were to determine whether
long-term repeated ozone exposures could induce nonspe-
cific hyperresponsiveness in normal, nonatopic (nonsensi-
tized) animals, whether such exposure could exacerbate
the preexisting hyperresponsive state in atopic (sensitized)
animals, or both. The study was also designed to deter-
mine whether gender modulated airway responsiveness
related to ozone exposure.

Airway responsiveness was measured during and after
exposure to 0.1 and 0.3 ppm ozone for 4 hours/day,
4 days/week for 24 weeks in normal, nonsensitized guinea
pigs, in guinea pigs sensitized to an allergen (ovalbumin)
prior to initiation of ozone exposures, and in animals sensi-
tized concurrently with ozone exposures. Both male and
female animals were studied. Ozone exposure did not pro-
duce airway hyperresponsiveness in nonsensitized animals.
Ozone exposure did exacerbate airway hyperresponsiveness
to specific and nonspecific bronchoprovocation in both
groups of sensitized animals, and this effect persisted at least
4 weeks after the end of the exposures. Although the overall
degree of airway responsiveness did differ between genders

(males had more responsive airways than did females), the
airway response to ozone exposure did not differ between
the two groups. Ozone-induced effects upon airway
responsiveness were not associated with the number of
pulmonary eosinophils or with any chronic pulmonary
inflammatory response. Levels of antigen-specific anti-
bodies increased in sensitized animals, and a significant
correlation was observed between airway responsiveness
and antibody levels. The results of this study provide sup-
port for a role of ambient ozone exposure in exacerbation of
airway dysfunction in persons with atopy.

INTRODUCTION

The tendency for pulmonary airways to alter their cal-
iber, generally by constriction, in response to a variety of
antigenic or nonantigenic stimuli is termed airway or bron-
chial responsiveness. Under normal circumstances, this
response is an essential component of respiratory tract
homeostasis. The relative sensitivity to such bronchopro-
vocative stimuli varies widely within the general popula-
tion (Weiss et al 1981), but when airways react excessively,
a state of hyperresponsiveness is said to exist. This hyper-
responsiveness is often associated with atopy, a hypersen-
sitivity to certain antigens (or allergens) that is mediated
by specific antibodies. Although hyperresponsiveness and
atopy have been linked with asthma (Peat et al 1996;
Peden 2000; Wolfe et al 2000), the pathogenetic relations
among hyperresponsiveness, atopy, and asthma remain
unclear (Josephs et al 1990; Smith and McFadden 1995)
because nonatopic individuals without a history of asthma
or other chronic lung disorder can demonstrate hyperre-
sponsive airways (Josephs et al 1990; Morgan and Reger
1991; Paoletti et al 1995).

The etiology and expression of many respiratory tract
disorders involve environmental factors, one of which
may be ambient air pollution. The evidence supporting
such a role of pollution is convincing, and specific links
with ozone, a ubiquitous pollutant, have been made in
this regard. For example, population-based studies have

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This Investigators’ Report is one part of Health Effects Institute Research
Report 109, which also includes a Commentary by the Health Review Com-
mittee, and an HEI Statement about the research project. Correspondence
concerning the Investigators’ Report may be addressed to Dr Richard B
Schlesinger, 32 Travano Rd, Ossining NY 10562 USA.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 to the Health Effects Institute, it has not been subjected to the
Agency's peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and no
endorsement by them should be inferred.
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demonstrated an association between ozone and the exac-
erbation of airway hyperresponsiveness and other asthma-
related signs and symptoms (Zwick et al 1991; US Envi-
ronmental Protection Agency [EPA] 1996; Thurston and Ito
1999; McDonnell et al 1999; Peden 2000). A relation
between ozone exposure and airway responsiveness is also
supported by controlled studies. Acute exposures to ozone
concentrations of 0.3 ppm or more have produced tran-
sient airway hyperresponsiveness in normal laboratory
animals (eg, Abraham et al 1980; Holtzman et al 1983;
Gordon et al 1984; Gross and Sargent 1992). In addition,
clinical studies have shown airway hyperresponsiveness
after exposure of healthy persons to ozone levels as low as
0.08 ppm (eg, Seltzer et al 1986; Horstmann et al 1990;
Ying et al 1990; Linn et al 1994).

After analysis of both the epidemiologic and experi-
mental exposure databases, answers to two questions
remain unclear: Is ozone involved in induction of hyper-
responsiveness, and are atopic individuals more suscep-
tible to ozone-induced alterations in airway function (eg,
Holtzman et al 1979; Koenig et al 1985; Kreit et al 1989;
McManus et al 1990; Linn et al 1992; Peden 2000)?

Limited epidemiologic studies of long-term exposure
seem to suggest that ambient ozone exposure may be
involved in the development of asthma (Thurston and Ito
1999). Furthermore, some experimental evidence indi-
cates that ozone can enhance the ability to become sensi-
tized to inhaled antigen or at least can increase bronchial
responsiveness to subsequent antigen exposure (Molfino
et al 1991; Jörres et al 1996; Jenkins et al 1999). Finally,
there is some indication that repeated exposures to ozone
may induce airway hyperresponsiveness; for example,
once weekly exposures to 1 ppm produced persistent non-
specific hyperresponsiveness in nonatopic monkeys
(Johnson et al 1988).

Because much of the experimental database regarding
ozone’s role in the induction and exacerbation of airway
dysfunction, such as hyperresponsiveness, involves
acute exposures, the role of more realistic, repeated
exposures at relatively low concentrations could not be
determined. Further examination of the airway effects of
such exposures was clearly warranted. To this end, the
present study evaluated airway responsiveness during
24 weeks of 4 hours/day, 4 days/week exposure to
0.1 and 0.3 ppm ozone, as well as 8 weeks after expo-
sure. Nonatopic and atopic guinea pigs of both genders
were used as animal models.

SPECIFIC AIMS

The four specific aims of this study were as follows:

• To determine whether repeated ozone exposure over 
a long term could induce nonspecific hyperrespon-
siveness in normal, nonatopic (nonsensitized) ani-
mals.

• To determine whether such ozone exposure could 
exacerbate the preexisting hyperresponsive state in 
atopic (sensitized) animals for both specific and non-
specific bronchoprovocation.

• To evaluate the role of gender in modulating airway 
responsiveness related to ozone exposure.

• To evaluate the relation between other possible mod-
ulators of airway response to ozone (such as specific 
cell types in bronchopulmonary lavage fluid, sys-
temic blood, and lung tissue; exhaled nitric oxide; 
and levels of antigen-specific antibodies in serum).

METHODS AND STUDY DESIGN

ANIMAL MODEL

The animals used in this study were normal or atopic,
male and female, viral antibody–free Hartley guinea pigs
(200–250 g, Charles River). Atopy was produced with use of
inhaled ovalbumin as the protein allergen inducing airway
sensitization (Herxheimer and West 1955; Hutson et al
1988). Although no animal model completely reproduces
the entire allergic airway process found in humans, such
models can target some of the common features of interest.
Thus, they can provide insight into the pathological conse-
quences of pollutant exposure. In this regard, the guinea pig
is a well-established model for airway hyperresponsiveness
of a type comparable with that seen in a person with asthma
(Kallos and Kallos 1984; Hutson et al 1988; Thorne and
Karol 1989; Turner and Martin 1997). The experimental pro-
tocol was approved by the New York University School of
Medicine Committee on Animal Care and Use.

The animals were housed on corncob bedding in polycar-
bonate cages within a laminar flow isolator unit with a high-
efficiency particulate air (HEPA) filter in a room with tem-
perature and humidity control; they were provided food and
water ad libitum. As part of a quality assurance program, the
colony underwent routine clinical screening under Univer-
sity veterinary supervision. At killing, samples of lavage
fluid were taken for microbiological analysis. Furthermore,
two sentinel animals maintained in the colony were killed at
half-year intervals for health surveillance. Serology was
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performed for lymphocytic choriomeningitis virus, pneu-
monia virus, reovirus, sendai virus, paramyxovirus 5, and
Encephalitozoon cuniculi. All new animals underwent a
quarantine and adaptation period for two weeks prior to
introduction into an exposure protocol. There was no evi-
dence during the course of the study of any health prob-
lems within the colony.

SENSITIZATION PROCEDURE

Sensitization was achieved with inhalation challenge
for 0.5 hours/day for 4 days using 1% ovalbumin (Grade V,
Sigma Chemical, weight/volume) in pyrogen-free isotonic
saline. Aerosols were produced by nebulization with a
compressed air nebulizer operated at 15 psi of pressure
using medical-grade breathing air. The particle size of
these aerosols, as determined with a Mercer impactor, was
1.8 µm (mass median aerodynamic diameter; σg = 1.9).
Atmosphere analysis was performed by sampling with cel-
lulose acetate filters, followed by extraction in distilled
and deionized water and measurement for total protein
content with use of a commercially available kit (BioRad).

During the initial phase of this study, we needed to con-
firm that the ovalbumin administration regimen resulted
in sensitization. The major allergic antibody class in the
guinea pig is immunoglobulin G (IgG; Griffith-Johnson et
al 1993); some immunoglobulin E (IgE), the major allergic
antibody in humans, may also be produced.

The standard passive cutaneous anaphylaxis procedure
was used to measure serum levels of IgG and IgE initially
in two guinea pigs (one male and one female) that had
been subjected to the ovalbumin sensitization protocol
and in two naive animals. The assay was performed using
serum obtained 28 days after the first of the four oval-
bumin administrations. For the passive cutaneous anaphy-
laxis procedure, animals were injected intradermally with
serial dilutions of the test serum. Subsequent titers in the
sensitized female and male animals were found to be 200
and 100, respectively, indicating the presence of anti-oval-
bumin IgG in the test serum. In contrast, titers in the two
control (naive) animals were less than 20. No bluing was
observed after 10 days, indicating the absence of serum IgE
in the sensitized animals. Additional 1-day passive cuta-
neous anaphylaxis titers were performed with sera from
other ovalbumin-challenged animals, and these initial
findings were confirmed. Thus, the ovalbumin challenge
procedure did result in sensitization, and this sensitiza-
tion was associated with increased levels of IgG, but not
IgE, in the blood. The titer of serum IgG was subsequently
used in this study as the index of sensitization.

EXPERIMENTAL PLAN

Ozone Exposure Concentrations and Duration

This study involved exposures to one of three atmo-
spheres: clean air (sham control), 0.1 ppm ozone, or 0.3 ppm
ozone. The duration of exposure for each atmosphere was
4 hours/day, 4 days/week for 24 weeks. Guinea pigs show
essentially continual activity throughout a 24-hour period
with no prolonged periods of inactivity, as long as ambient
temperature is below about 75°F. In fact, their average
period of activity is about 20 hours/day (Harper 1976).
Because of this pattern, exposure to the pollutant atmo-
spheres during normal daylight hours was appropriate.

The ozone concentrations used were relevant in terms of
ambient conditions. Levels of 0.3 ppm or more are fre-
quently encountered in many regions of the United States,
and over 50% of the population resides in areas where a
1-hour average of 0.1 ppm is routinely exceeded (EPA 1996).
In terms of exposure duration, the dynamics of ozone forma-
tion result in a broad peak level lasting 6 to 8 hours daily,
during which the maximum exposure is about 90% of the
maximum 1-hour peak exposure (Rombout et al 1986;
Lefohn et al 1993). Because most of the effective ozone expo-
sure occurs over a broad time frame each day, the daily expo-
sure duration of 4 hours, as used in the study, is reasonable.

Furthermore, multiple-day exposures to ozone are
common; a pattern of 4 consecutive days/week for the expo-
sure regimen was based upon average patterns of pollution
episodes in many parts of the country (Lippmann 1992). A
protocol with episodes of consecutive daily exposures
better reflects ambient exposure than does either contin-
uous exposure or exposures on random days of the week.

In addition, ozone levels in most parts of the country are
highest during the period of late spring through early fall
(California Air Resources Board 1988; EPA 1996). Multiple-
day instances of high ozone levels occur most often during
this period, so a total exposure duration of 24 weeks is also
reasonable.

Study Design

This project involved three experimental protocols:

• Nonsensitized (NS) protocol: This protocol was 
designed to examine the effect of ozone exposure 
upon airway responsiveness in normal animals. Non-
sensitized (nonatopic) guinea pigs were exposed to 
each of the three atmospheres.

• Presensitized (PS) protocol: This protocol was 
designed to examine the effect of ozone upon airway 
responsiveness in atopic animals. Animals were 
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completely sensitized to ovalbumin prior to entry into 
the exposure series. Sensitization involved a 4-day 
ovalbumin administration period followed by holding 
the animals for a total of 28 days prior to entry into the 
exposure series.

• Concurrently Sensitized (CS) Protocol: This protocol 
was designed to examine the effect of ozone on airway 
responsiveness in animals that were being sensitized 
during ozone exposure. In this case, the 4-day sensiti-
zation procedure and the ozone or air control expo-
sures were initiated concurrently. 

Because a pollutant-exposed human population would
contain segments consisting of persons who were already
sensitized (PS), as well as those capable of being sensitized
under appropriate conditions (CS), we concluded it was rea-
sonable to use animal models for both types of individuals.
Within each protocol, exposure groups consisted of a total
of ten animals per gender per exposure atmosphere. After
the final exposure, ten animals from each of the three expo-
sure groups were killed: five animals of each gender per
group. The remaining animals were maintained in clean air
for an additional 8 weeks (the postexposure period).

Table 1 shows the ages of the animals for each experi-
mental protocol at the time they were first exposed to oval-
bumin to initiate sensitization and at the time they were
first exposed to their specific atmosphere. The age at
which ozone exposures began is different for the animals
in the PS protocol compared with those in the NS and CS
protocols. This occurred because the ovalbumin sensitiza-
tion procedure had to be initiated at the same age for the
animals in the PS and CS protocols; age is a known modu-
lating factor in the development of atopy after antigen
exposure (Peden 2000).

Biological Endpoints

The main focus of this study was to assess airway responsive-
ness in relation to ozone exposure. Measurements of respon-
siveness were performed by inhaled bronchoprovocative

challenge testing at approximately 4-week intervals during
the course of the 24-week exposure period, as well as at 4–
8 week intervals during the postexposure period. Respon-
siveness was assessed on days when no ozone exposure
was performed in order to minimize any potential acute
ozone effects on epithelial permeability to the aerosolized
challenge agents. Animal body weights were obtained
prior to each measurement of airway responsiveness and
at time of killing.

Animals were killed 1 week after the end of the expo-
sure or postexposure period, that is, 25 or 33 weeks after
the first exposure to ozone or ozone-free air. This lag was
necessary in order to allow time to perform airway respon-
siveness tests after the final exposures. The animals were
killed with a sodium pentobarbitol overdose (150 mg/kg).
This was followed by cardiac puncture to obtain blood for
cell and immunoglobulin analyses, and then exsan-
guination. Then the trachea and upper lung were exposed,
the right main bronchus was clamped just below the
carina, and the left lung was lavaged through the trachea
for recovery of free cells and lavage fluid. The lungs were
then removed from the thorax. The left lung was fixed by
airway perfusion of formalin solution, and the right lung
was fixed with Carnoys solution (the latter done for mast
cell analysis). Lavage fluid was examined for lactate dehy-
drogenase (LDH) and total soluble protein, whereas recov-
ered cells were characterized for viability and total and
differential cell counts. Table 2 provides an overview of
the bioassays performed in this study.

Table 1. Age at Sensitization and Ozone Exposure

Age (week)a

Experimental
Protocol

 
Sensitization

 Ozone
Exposure

Nonsensitized  —  3–4
Presensitized 3–4  7–8
Concurrently sensitized  3–4  3–4

a Age at the start of the ovalbumin-sensitization procedure or at the start of 
the ozone or control exposure series.

Table 2. Outline of Biological Assays

Physiological
Nonspecific airway responsiveness (acetylcholine)—
all protocols

Specific airway responsiveness (ovalbumin)—
PS and CS protocols only

Biochemical/Immunological
Lavage Fluid 

Lactate dehydrogenase (LDH)
Total soluble protein
Cell viability
Cell counts (total and differential)

Systemic Blood
Antigen-specific antibodies (IgG1/IgG2)
Cell differential counts

Exhaled Air
Nitric oxide

Histopathology (Lung Sections)
Mast cell number
Eosinophil number
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Generation of Ozone Exposure Atmospheres

All ozone exposures were performed in 1.6-m3 stainless
steel exposure chambers maintained at 25°C (77°F) and
55% relative humidity. Ozone was generated by passing
oxygen (in argon) through an ultraviolet ozone generator
(OREC model 03V1-0). The concentration during exposures
was measured with an ultraviolet photometer (Dasibi model
1003-PC), calibrated with use of a certified transfer stan-
dard. The fresh air used in the exposure system was passed
through an air cleaning system, which included HEPA fil-
ters, activated charcoal, Purafil (KMnO4-coated alumina)
and lead oxide denuders, resulting in removal of ambient
particles, sulfur dioxide, nitrogen oxides and ozone.

Measurement of Airway Responsiveness

Airway responsiveness was assessed by bronchoprovoc-
ative challenge testing, a procedure in which changes in
specific airway conductance (sGaw) were measured after
inhalation administration of increasing concentrations of
bronchoconstrictive agents. These agents consisted of
either a nonspecific cholinergic agonist (acetylcholine
[ACH]) or a specific antigenic stimulus (ovalbumin). Both
specific and nonspecific responsiveness were measured in
all sensitized animals (those in the PS and CS protocols),
whereas only nonspecific responsiveness was measured in
nonsensitized animals (those in the NS protocol).

The provocative challenge agents were administered by
inhalation because humans would be exposed to ambient
antigens or nonspecific chemical stimuli by the same route.
Changes in airway responsiveness during ozone exposure
could reflect changes in the ability of these agents to reach
airway receptors due to ozone-induced effects on the epi-
thelium (namely, alterations in mucus secretion or epithe-
lial permeability) rather than to an actual blunting or
increased sensitivity of receptors. However, this would also
likely occur in humans exposed in ambient air to ozone and
to nonspecific or specific challenges. Thus, the inhalation
route represents a realistic approach for assessing ozone-
related effects on airway function in a manner comparable
with the exposure situation for people.

Specific airway conductance was assessed in unse-
dated, spontaneously breathing guinea pigs with use of a
noninvasive method (Agrawal 1981; Thompson et al
1987). The animal was placed within a two-piece, whole
body, constant volume plethysmograph, and it breathed
through a pneumotachograph (model #0, Fleisch Instru-
ments). Conductance was based on airway driving pres-
sure and airflow measured at the nose. Airflow and box
pressure signals, which were calibrated daily, were simul-
taneously delivered to an oscilloscope. Conductance was

calculated from the slope of the rising limb of the resulting
loop, corrected for pressure and temperature.

Prior to each provocative challenge test with either ACH
or ovalbumin, sGaw was measured at 5-minute intervals
for 15 minutes. This was followed by measurement of
sGaw after a 0.5-minute inhalation of phosphate buffered
saline (PBS) generated (at 10 psi) by compressed air nebu-
lization (DeVilbiss #45) using medical grade air; this test
provided the value for baseline sGaw. After this, the ani-
mals were administered the challenge agent.

To assess nonspecific responsiveness, animals were
challenged with doubling doses of ACH aerosol adminis-
tered at 3-minute intervals until sGaw decreased by at least
50% from its baseline level (the value obtained after inha-
lation of PBS). At week 0, 0.1% ACH was the starting con-
centration for the nonsensitized animals, and 0.025% was
used for the sensitized animals. However, with progres-
sion of the study and depending on the responsiveness of
the animals, the initial concentrations were often altered.
During the exposure period, nonspecific responsiveness
was evaluated 24 hours after the last exposure during the
week for which responsiveness was to be assessed.

To assess specific airway responsiveness, animals were
challenged with ovalbumin, beginning at a concentration
of 0.025% and employing the basic procedure described
for ACH. Because the response to inhaled antigen in sensi-
tized animals is less rapid than that to ACH, however, the
interval between the end of each ovalbumin aerosol chal-
lenge and start of the next dose was extended to 10 min-
utes. The ovalbumin challenge was performed 72 hours
after each ACH challenge test. This sequence of chal-
lenging with ACH prior to ovalbumin, rather than the
reverse order, was used in order to avoid the possibility of
any residual ovalbumin-related effects influencing the
response to ACH (Finney and Forsberg 1994; Lewis and
Broadley 1995).

Responsiveness was quantitated in terms of PC50, the
provocation concentration that resulted in a decrease in
sGaw of 50% from the PBS baseline. This was achieved by
log-linear interpolation of the ACH (or ovalbumin) concen-
tration related to the sGaw response.

Prior to the start of the ozone (or clean air control) expo-
sure series, bronchoprovocative challenges were performed
for animals of the NS and PS protocols to establish week 0
preexposure values. Two preexposure tests using ACH
were performed 24 hours apart in both of these protocols,
whereas a single preexposure ovalbumin challenge was
performed in the PS protocol. No preexposure tests with
either ACH or ovalbumin were performed for animals in
the CS protocol because they were exposed to ozone while
undergoing sensitization; this precluded a preexposure
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ovalbumin test. The animals were too small to perform an
ACH test prior to the start of the exposure series; this pre-
vented an accurate measure of responsiveness in the
plethysmographic system.

Measurement of Exhaled Nitric Oxide

Some researchers have suggested that nitric oxide (NO)
may modulate airway responsiveness (Nijkamp et al 1993;
Schuiling et al 1998). Levels of NO in exhaled air were
measured at various time points during the course of the
exposure series while the animals were in the body
plethysmograph system. Levels of NO were assessed for 5
to 10 minutes through a probe placed at the exhaust port of
a one-way valve (H Rudolph type), using a modified
chemiluminescence nitrogen oxides analyzer (Monitor
Lab model 8840) and a procedure similar to that described
by Persson and Gustafsson (1993). The nitrogen oxides
analyzer was calibrated with a certified NO standard. The
lowest concentration of NO detectable with the analyzer
was 0.2 ppb. Because of equipment problems, measure-
ments of NO were not performed during the CS protocol. 

Biochemical and Cellular Assays of Lavage Fluid 
and Blood

Lavage of the left lung was performed using a procedure
previously described (Schlesinger et al 1992). In brief, the
lung was infused in situ six times with calcium-free and
magnesium-free PBS. Each withdrawal of fluid was centri-
fuged, and cell pellets were resuspended in Eagles’ min-
imum essential medium and pooled. Samples of the
pooled cell suspension were taken, and total recovered
cell numbers and viability were determined by hemocy-
tometer counting and trypan blue exclusion, respectively.
The relative percentage of cell types was determined by
differential staining with Diff-Quik (Baxter Healthcare).
Lavage fluid was analyzed for levels of LDH (an index of
general cytotoxicity or cell membrane damage) and total
soluble protein (a measure of serum protein transudation
that reflects damage to the barrier between the airways,
alveoli and circulation). We employed commercially avail-
able kits (Sigma) and used the supernatant obtained from
the first wash. LDH was quantitated in International Units
(IU) per milliliter lavage fluid, whereas protein was quan-
titated as micrograms per milliliter lavage fluid.

Whole blood was collected in heparinized capillary
tubes after cardiac puncture. Differential counts were
determined on the basis of blood smears stained with
Wright-Giemsa.

All glassware used for cellular assays was autoclaved.
Prior to use, all media and cell culture reagents were
screened for bacterial and fungal contamination, using

standard bacteriological reagents, and for endotoxin con-
tamination, by means of the Limulus amebocyte lysate
assay (Bio-Wittaker).

Antigen-Specific Immunoglobulin Assays

Levels of ovalbumin-specific antibodies (IgG1, IgG2) in
the systemic blood of atopic animals were determined by
enzyme-linked immunosorbent assay (ELISA) (Fraser et al
1998). Ovalbumin was placed into 96-well polystyrene
ELISA plates at 2 µg/ml in 0.1 M carbonate buffer (pH 9.6)
and stored overnight at room temperature. After the plates
were washed, the remaining nonspecific binding sites were
blocked by incubation with blocking buffer containing
0.1% bovine serum albumin in 0.17 M H3BO4, 0.12 M NaCl,
0.05% Tween-20, 0.05% NaN3, and 1 mM EDTA; the com-
ponents were then allowed to sit for 0.5 hour at 37°C.

After washing, the samples containing unknown
amounts of ovalbumin-specific IgG were serially diluted in
blocking buffer, added to the wells, and incubated for
1 hour. The plates were washed and blocking buffer was
added for 10 minutes. After another washing, a 1/5,000
dilution of either rabbit anti-guinea pig IgG1 (Immunovi-
sion, Springdale AZ) or a 1/2,000 dilution of rabbit anti-
guinea pig IgG2 antibody (courtesy of Dr Frank Graziano),
as appropriate, was added and the plate incubated for
0.5 hour. After washing, a 1/10,000 dilution of alkaline
phosphatase-labeled donkey anti-rabbit IgG antibody
(Jackson ImmunoResearch Laboratory, West Grove PA) was
added to the wells, and the plates were incubated for 0.5
hour. After washing, the alkaline phosphatase substrate, p-
nitrophenyl phosphate (1 mg/ml, Sigma) in 10% diethano-
lamine, and 0.01% magnesium chloride (MgCl2; pH 9.8)
was added. After 0.5 hour, absorbance at 405 nm was mea-
sured on an ELISA reader. All sample and reagent volumes
were 50 µL, except the substrate-diethanolamine reagent,
for which 75 µL was added per well. Washing steps con-
sisted of filling and aspirating each well with distilled
water three times. All incubations were at room tempera-
ture with the plate placed on an orbital shaker set at
100 rpm.

Concentrations of ovalbumin used to coat the plate, as
well as amounts of primary and secondary antibodies used
in the ELISA, were determined to be optimal and to reflect
relative concentrations of ovalbumin-specific antibody. A
standard IgG pool was included on each ELISA plate. The
IgG standard contained ovalbumin-specific IgG1 and IgG2.
Because the standard also contained IgG1 and IgG2 spe-
cific for other antigens, it was purified using Protein A
Sepharose affinity chromatography of serum from animals
that were hyperimmunized with ovalbumin.
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The concentration of ovalbumin-specific IgG1 or IgG2 in
the serum was expressed as the ratio of ovalbumin-specific
IgG1 or IgG2 in each sample to that in the IgG standard. To
determine the relative concentration of ovalbumin-specific
IgG1 or IgG2 in the different serum samples on each ELISA
plate, log absorbance versus log dilution was plotted for the
samples and the IgG standards. The linear portion of each
curve was used in the subsequent analysis. Analysis of
covariance with a common slope was performed to find
intercepts of the IgG standard for each serum sample. The
common slope and separate intercepts were used in inverse
regression to find the dilutions of each sample giving equiv-
alent responses as the standard. The ovalbumin-specific
IgG1 or IgG2 in the IgG standard was indicated as 1, and all
samples obtained from the exposed animals were expressed
in relation to this standard.

Histopathology

The fixed lungs were embedded in paraffin and sec-
tioned along the plane of the main airway axis as previ-
ously described (Schlesinger et al 1992). This sectioning
method was used because longitudinal airway profiles are
relatively unaffected by postmortem bronchoconstriction,
which commonly occurs in guinea pigs. Sections from the
formalin-fixed left lung were stained with Giemsa for iden-
tification of eosinophils, whereas sections from the right
lung, fixed with Carnoys solution, were stained with 0.1%
Alcian blue for identification of mast cells.

Quantitative analysis of cellular infiltration was per-
formed on the main intrapulmonary bronchus and on small
noncartilaginous bronchioles chosen at random from each
section. The numbers of mast cells and eosinophils in the
epithelial and subepithelial layers of each airway were
quantitated per unit cross-sectional area with light micros-
copy, using NIH Image software. Ten fields of ×20 magnifi-
cation were counted for each airway examined from each
animal. Sampling sites were chosen only at points where
the airway had been sectioned longitudinally. Sections were
also scanned for evidence of inflammation.

DATA ANALYSIS AND STATISTICAL METHODS

This study was designed to use three distinct experi-
mental protocols to examine effects attributable to ozone
exposure over 24 weeks as well as during the 8 weeks
after exposure. The study was also designed to compare
the responses of male and female guinea pigs within each
protocol.

Airway responsiveness quantitated as PC50, sGaw, and
body weight were analyzed using multivariate profile anal-
yses. These analyses were performed independently for

each of the experimental protocols and, within each pro-
tocol, independently for the ACH and ovalbumin challenge
test results. Furthermore, data for the postexposure period
of each protocol were analyzed separately from the data for
the exposure period. A separate analysis for each protocol
was performed using the ratio of PC50 obtained with ACH
to that obtained with ovalbumin; this was done to deter-
mine any differences in response between the nonspecific
and specific provocative challenge tests. Results of mea-
surements of NO in exhaled air were also analyzed using
multivariate profile analysis.

Prior to the above analyses, all data were checked for
homogeneity of variance using the Bartletts test. Based
upon the results of this test, PC50 values, as well as the
ratio of ACH to ovalbumin PC50s, were normalized using a
log10 transformation. The sGaw values were squared.

As noted previously in this section, prior to the start of
the ozone or clean air exposures in the NS and PS proto-
cols, two bronchoprovocative challenge tests with ACH
were performed. For the purpose of statistical analysis, the
week 0 value was defined as the result of the second preex-
posure challenge. If this value was identified as an outlier,
the result of the first challenge was then defined as the pre-
exposure value for purposes of analysis.

To be identified as a potential outlier, the PC50 from the
second preexposure challenge had to be one of the five
most extreme values, and the difference between the two
preexposure values had to be one of the five most extreme
differences. If these conditions were met, the second pre-
exposure value was tested as an outlier using the Nair cri-
terion (Natrella 1963). If the second PC50 value were
found to be an outlier, it was replaced for the purpose of
statistical analysis with the PC50 value from the first pre-
exposure challenge. Four of the second preexposure
values from the NS protocol and one from the PS protocol
were replaced based on this procedure.

The vector of dependent variables for the profile analysis
consisted of measurements made during the 24-week expo-
sure period (including the week 0 preexposure test values
for NS and PS animals) or the measurements obtained at
Weeks 24, 28 and 32. In the latter instance, Week 24 was
represented by the last measurement obtained during the
exposure period and the other two measures were obtain-
ed during the postexposure period. The independent vari-
ables in the profile analysis were ozone concentration (0,
0.1, or 0.3 ppm), animal gender, and the interaction
between ozone concentration and gender. Statistical sig-
nificance (at P < 0.05) for the profile analysis was deter-
mined by the Hotelling-Lawley trace.

If any statistically significant interaction was detected
between the time vector of dependent variables and the
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independent variables, univariate analysis of variance
(ANOVA) for each time point was then performed. The
factors in these ANOVAs were ozone concentration, gender,
and interaction between gender and ozone concentration.
For any ANOVA, statistical significance was evaluated by
the F test (P < 0.05). A significant F value led to subtesting
for exposure or for gender-by-exposure interactions. No sub-
tests were required for a significant gender effect. When per-
formed, subtesting was done with uncorrected t tests
(unpaired, 2-tailed) of the least squares means.

Because a classical multivariate procedure was used to
analyze the data, any animal with even a single missing
measurement would be excluded from the analysis. With a
small amount of missing data, the values could be interpo-
lated based upon the animal’s own trends in combination
with information on the average values for the other ani-
mals. One missing body weight was interpolated in this
fashion. If all animals in at least one exposure group were
found to have missing information for a given time point,
however, then interpolation would be an inappropriate
strategy. If all animals had missing data, that specific time
point was effectively excluded from the statistical anal-
ysis. This was the case in the CS protocol for Week 28 of
the postexposure period.

In both the PS and CS protocols, a limited number of
measurements were not performed due to technical mal-
functions. In the PS protocol, the ACH challenge was not
performed during exposure Week 4 for the animals to be
held through the postexposure period. In the CS protocol,
no ovalbumin challenges were performed at Week 4 for the
animals to be held for the postexposure period. For these
cases, the profile analysis was performed twice. First, all
weeks were included, resulting in a sample size of half the
number of animals (namely, 5 animals of each gender for
each exposure group). Second, results obtained at Week 4
were excluded, resulting in a complete sample size beyond
this time point (namely, 10 animals of each gender for each
exposure group). The profile analysis results are reported
only for the analysis based on the full sample size. The
ANOVA results are reported for the full sample from the
profile analysis, except for the week with the missing infor-
mation. That ANOVA is treated as an independent analysis,
in the sense that it was not part of the full multivariate
testing. Although not reported, the full profile analysis was
performed and examined to determine whether or not the
results of the two analyses (that is, full sample excluding
one week versus reduced sample including all weeks) were
consistent. It is because the results were generally consis-
tent that the results are reported in this fashion rather than
providing full summaries for both analyses.

The results of the postmortem lavage fluid, blood cell,
immunoglobulin, and airway cell assays were analyzed
by three-way ANOVA. The factors were gender, ozone
concentration, and time of killing (the latter, either imme-
diately after the last exposure or after the postexposure
period). All possible interactions were also tested. Statisti-
cally significant factor or interaction effects (P < 0.05) were
subtested using uncorrected t tests (unpaired, 2-tailed).
Prior to analysis, all data were tested for homogeneity of
variance using the Bartletts test. Based upon this, the lavage
fluid and systemic blood cell counts were normalized using
an arcsin transformation, whereas IgG data were normalized
using a log10 transformation. Although systemic blood cell
counts were obtained for relative numbers of eosinophils,
neutrophils, lymphocytes, basophils and monocytes, the
basophils and monocytes were excluded from statistical
analysis because their counts were low or nonexistent.

Some additional statistical analyses were performed to
evaluate the strength of linear relations between particular
parameters. To determine whether variability in airway
responsiveness could be explained by the level of antigen-
specific antibody, Pearson correlation coefficients were cal-
culated for the relation of IgG1 and IgG2 (after log10 trans-
formation), obtained by cardiac puncture, with the final
measure of PC50 (after log10 transformation) at ovalbumin
or ACH challenge, obtained before the animals were killed.

Because PC50 was measured at repeated time points, but
IgG was assayed only at the time of death, and because the
PS and CS protocols had different temporal relations
between sensitization and ozone exposure, these analyses
were performed using only the air control animals (pooled).
The ratio of the PC50 value obtained for the final bronchial
provocative challenge normalized (that is, divided) by that
obtained at Week 0 was also examined in this manner.

To evaluate whether there was a statistical relation
between eosinophils in lavage fluid and the degree of
airway hyperresponsiveness, a Pearson correlation coeffi-
cient was calculated for the eosinophil fraction (arcsin
transformed) and PC50 obtained after the final exposure at
24 weeks for all animals in all protocols.

Another analysis was performed to evaluate whether
variability in the fraction of blood eosinophils may be
associated with the degree of sensitization as measured by
levels of IgG. To this end, Pearson correlation coefficients
were calculated for the eosinophil fraction (arcsin-trans-
formed) with IgG1 and IgG2 (log10-transformed) using
pooled air control animals from the PS and CS protocols.

A Pearson correlation coefficient was also obtained for
the relation between the total number of eosinophils in the
airway sections for each animal in the PS and CS protocols
and the percentage of eosinophils in lavage fluid for the
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same animals. This analysis was performed to determine
whether the number of these cells recovered in lavage
fluid was representative of the actual number of cells in
the lungs. Finally, a similar correlation analysis was per-
formed to determine the strength of the relation between
numbers of mast cells in lung tissue and PC50.

For purposes of subsequent discussion, statistical signif-
icance for all analyses is at P < 0.05.

RESULTS

The target and actual concentrations of ozone for each of
the three experimental protocols are shown in Table 3.
Target concentrations were achieved, and the exposure
atmospheres varied little over the course of the study.

The various data sets obtained in this study were statisti-
cally analyzed as described. The approach employed for
describing the data is to use these analyses as the basis to
evaluate results for each endpoint within each protocol in
terms of an overall consistency of pattern or trend. Consis-
tency can then be related to ozone exposure, gender, or both
rather than focusing on individual statistical differences at
specific time points or between different time points.

BODY WEIGHT

The results of statistical analysis for body weight (BW)
are shown in Table 4. Figure 1 shows the mean body
weight for all animals in the experimental protocols at
each time point prior to ACH challenge. Although body
weight was also measured in the PS and CS protocols
prior to each ovalbumin challenge, these values were sim-
ilar to the ones in Figure 1 and are, therefore, not shown.
The nonsensitized animals exposed to ozone showed
intermittent differences from air control animals during

Table 3. Ozone Concentrations

Target 
Concentration
(ppm)

 Actual Concentrationa

(ppm)

NS  PS  CS

0.1 0.107
(0.0008)

0.105
(0.0006)

0.104
(0.0005)

0.3 0.291
(0.0011)

0.295
(0.0008)

0.299
(0.0006)

a The grand mean (± SE) of daily means obtained during exposure. The 
daily means were based upon readings from the ozone monitor obtained 
every 0.5 hour during each exposure.

Figure 1. Body weight as function of time from start of experimental expo-
sure. A, Nonsensitized animals; B, presensitized animals; and C, concur-
rently sensitized animals. Each point is the mean (± SE) for all animals at
each time point. Statistically significant differences between exposure
atmospheres at each time point are indicated by letter designations: values
with the same or no letter are not significantly different. Group size is
20 animals per time point per atmosphere through Week 24 and 10 ani-
mals per time point per atmosphere for Weeks 28 and 32.
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Table 4. Results of Statistical Analyses for Body Weight Among Nonsensitized, Presensitized, and Concurrently 
Sensitized Animals

PS CS

Statistical Tests NS ACH Ovalbumin ACH Ovalbumin

Exposure Period
MANOVA (3 way)

Time < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Time • gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Time • ozone < 0.01 0.02 0.04 < 0.01 0.02
Time • gender • ozone 0.50 0.92 0.98 0.25 0.06
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.22 0.60 0.63 0.22 0.08
Gender • ozone 0.63 0.95 0.96 0.89 0.77

ANOVA (1 way)
Week 0

Gender < 0.01 < 0.01 < 0.01 NAa NA
Ozone < 0.01 0.33 0.82 NA NA
Gender • ozone 0.20 0.93 0.75 NA NA

Week 4
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01b

Ozone < 0.01 0.58 0.56 < 0.01 0.53
Gender • ozone 0.58 0.85 0.72 0.80 0.52

Week 8
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.23 0.28 0.25 0.88 0.25
Gender • ozone 0.30 0.92 0.94 0.86 0.72

Week 12
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.29 0.25 0.49 0.07 0.05
Gender • ozone 0.62 0.88 0.99 0.80 0.90

Week 16
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.12 0.58 0.80 0.06 0.06
Gender • ozone 0.76 0.89 0.91 0.93 0.63

Week 20
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.02 0.83 0.74 0.09 0.10
Gender • ozone 0.59 0.87 0.96 0.89 0.42

Week 24
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.01 0.67 0.82 0.33 0.14
Gender • ozone 0.99 0.81 0.90 0.80 0.97

(Table continues next page)
a NA = not applicable; time = time from start of exposures; ozone = ozone concentration.
b Based upon analysis with reduced group size.
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Table 4 (continued). Results of Statistical Analyses for Body Weight Among Nonsensitized, Presensitized, and 
Concurrently Sensitized Animals

PS CS

Statistical Tests NS ACH Ovalbumin ACH Ovalbumin

Postexposure Period
MANOVA (3 way)

Time < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Time • gender < 0.01 0.34 0.88 0.02 < 0.01
Time • ozone 0.58 0.43 0.01 0.97 0.07
Time • gender • ozone 0.14 0.02 0.56 0.13 0.01
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.25 0.74 0.62 0.20 0.18
Gender • ozone 0.77 0.43 0.41 0.81 0.58

ANOVA (1 way)
Week 24

Gender 0.02 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.13 0.78 0.73 0.26 0.20
Gender • ozone 0.36 0.30 0.46 0.99 0.86

Week 28
Gender < 0.01 < 0.01 < 0.01 NAa NA
Ozone 0.42 0.74 0.36 NA NA
Gender • ozone 0.95 0.51 0.36 NA NA

Week 32
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.50 0.67 0.69 0.18 0.14
Gender • ozone 0.70 0.45 0.39 0.47 0.26

a NA = not applicable; time = time from start of exposures; ozone = ozone concentration.

Figure 2. Body weight as function of time for nonsensitized control ani-
mals. Each value is the mean (± SE) for each gender at each time point.
Group size is 10 animals per time point through Week 24 and 5 animals
per time point for Weeks 28 and 32.

the exposure period, but by 24 weeks, they weighed signif-
icantly less than the control animals.

The general pattern of weight change with time did not
seem to differ much between the two groups of animals
exposed to ozone. During the postexposure period, all three
exposure cohorts (air, 0.1 ppm ozone, or 0.3 ppm ozone)
had no statistically significant within-gender differences
that could be ascribed to ozone, although animals exposed
to 0.3 ppm ozone did seem to weigh somewhat less than
animals in the other two cohorts. Furthermore, although
males consistently weighed more than did females at each
time point, there was no gender-ozone interaction, indi-
cating that any effect of ozone on body weight followed a
similar pattern for both genders. Figure 2 shows gender dif-
ferences in the nonsensitized air control animals.

The presensitized animals exhibited no overall biologi-
cally significant consistent trend or pattern of ozone-
induced effects on body weight and no gender-ozone inter-
action during the exposure or postexposure periods (see
Figure 1B). Similarly, no consistent statistically significant
pattern of ozone effect on body weight was found for the
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Table 5. Results of Statistical Analyses for sGaw Among Nonsensitized, Presensitized, and Concurrently 
Sensitized Animals

PS CS

Statistical Tests NS ACH Ovalbumin ACH Ovalbumin

Exposure Period
MANOVA (3 way)

Time < 0.01 < 0.01 < 0.01 < 0.01 0.49
Time • gender < 0.01 0.58 < 0.01 0.04 0.07
Time • ozone 0.23 0.02 < 0.01 0.04 0.02
Time • gender • ozone 0.06 0.03 0.15 0.27 0.15
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.92 < 0.01 0.37 0.03 0.21
Gender • ozone 0.50 0.01 < 0.01 0.10 0.20

ANOVA (1 way)
Week 0

Gender 0.05 0.10 0.39 NAa NA
Ozone < 0.01 0.40 0.10 NA NA
Gender • ozone < 0.01 0.59 0.04 NA NA

Week 4
Gender 0.02 0.04b 0.64 0.15 0.16b

Ozone < 0.01 < 0.01 < 0.01 0.02 0.26
Gender • ozone 0.52 0.16 0.71 0.48 0.04

Week 8
Gender < 0.01 0.01 < 0.01 0.60 < 0.01
Ozone 0.39 0.21 0.01 0.52 0.50
Gender • ozone 0.99 0.24 0.23 0.69 0.98

Week 12
Gender < 0.01 0.03 0.29 0.61 0.04
Ozone 0.18 0.20 0.63 0.01 0.72
Gender • ozone 0.15 0.01 0.01 0.46 0.04

Week 16
Gender < 0.01 0.01 0.06 < 0.01 < 0.01
Ozone 0.76 0.10 0.35 0.47 0.02
Gender • ozone 0.33 0.01 0.02 0.60 0.96

Week 20
Gender < 0.01 0.11 0.06 < 0.01 < 0.01
Ozone 0.46 < 0.01 < 0.01 0.01 0.11
Gender • ozone 0.23 0.29 0.30 0.05 0.03

Week 24
Gender < 0.01 < 0.01 < 0.01 0.03 0.06
Ozone 0.73 < 0.01 0.59 0.71 0.23
Gender • ozone 0.91 0.09 0.01 0.36 0.52

(Table continues next page)
a NA = not applicable; time = time from start of exposure; ozone = ozone concentration. 
b Based upon analysis with reduced group size.



13

RB Schlesinger et al

Table 5 (continued). Results of Statistical Analyses for sGaw Among Nonsensitized, Presensitized, and Concurrently 
Sensitized Animals

PS CS

Statistical Tests NS ACH Ovalbumin ACH Ovalbumin

Postexposure Period
MANOVA (3 way)

Time 0.11 0.84 0.33 0.95 0.21
Time • gender 0.18 0.40 0.06 0.31 0.04
Time • ozone 0.53 < 0.01 0.01 0.04 0.05
Time • gender • ozone < 0.01 0.62 0.82 0.59 0.38
Gender < 0.01 0.01 < 0.01 0.94 0.01
Ozone 0.53 0.01 0.01 0.42 0.02
Gender • ozone 0.59 0.03 < 0.01 0.03 0.22

ANOVA (1 way)
Week 24

Gender < 0.01 0.10 0.01 0.41 0.38
Ozone 0.47 < 0.01 0.01 0.04 0.09
Gender • ozone 0.72 0.32 0.04 0.06 0.20

Week 28
Gender < 0.01 0.36 0.53 NAa NA
Ozone 0.67 < 0.01 0.05 NA NA
Gender • ozone 0.43 0.01 0.07 NA NA

Week 32
Gender < 0.01 0.02 < 0.01 0.47 < 0.01
Ozone 0.42 0.65 0.01 0.21 0.01
Gender • ozone 0.01 0.60 0.01 0.22 0.37

a NA = not applicable; time = time from start of exposure; ozone = ozone concentration. 

CS animals (see Figure 1C) although there did appear to be
somewhat less weight gain during the exposure period for
the cohort exposed to 0.3 ppm ozone compared with the
other two cohorts. However, this was no longer evident by
the end of the postexposure period. A between-gender pat-
tern of weight difference similar to that noted for the NS
animals was noted for both groups of sensitized animals
(not shown).

AIRWAY CONDUCTANCE

The results of the statistical analysis for sGaw are shown
in Table 5. Figure 3 shows values for baseline sGaw
obtained prior to each ACH challenge. Although sGaw was
also measured prior to each ovalbumin challenge in the PS
and CS protocols, these values were essentially identical
to the ones in Figure 3 and are, therefore, not shown. For
each experimental protocol, within-gender values for

sGaw remained relatively consistent throughout both the
exposure and postexposure periods. There was no overall
pattern or trend of ozone effect on this parameter although
some differences between air-exposed and ozone-exposed
animals were statistically significant at specific time
points. This lack of a pattern suggests that the observed
effects reflected random variability rather than any biolog-
ically significant effect on sGaw that could be related to
ozone exposure. However, sGaw values in the NS animals
appear to be generally lower than values in the PS and CS
animals, which appear to be similar to each other.

In regard to between-gender differences, baseline sGaw
values in males of all three protocols were generally lower
than those in females at most time points (although these
differences did not always reach statistical significance).
Ozone exposure had no consistent effect on this between-
gender difference. Figure 4 shows between-gender differ-
ences in baseline sGaw for the air control animals in the
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Figure 3. Baseline specific airway conductance (sGaw) as function of time
from start of experimental exposure.  A, Nonsensitized animals; B, presensi-
tized animals; and C, concurrently sensitized animals. Each point is the
mean (± SE) for all animals at each time point. Statistically significant differ-
ences between atmospheres at each time point are indicated by letter desig-
nations: values with the same or no letter are not significantly different.
Group size is 20 animals per time point per atmosphere through Week 24
and 10 animals per time point per atmosphere for Weeks 28 and 32.

Figure 4. Specific airway conductance (sGaw) as function of time for
nonsensitized air control animals. Each value is the mean (± SE) for
each gender at each time point. Group size is 10 animals per time point
through Week 24 and 5 animals per time point for Weeks 28 and 32.

NS protocol; although not shown, a similar gender-related
pattern for sGaw was noted for the other two protocols.

AIRWAY RESPONSIVENESS

Results of the statistical analysis of PC50 are shown in
Table 6. Figure 5 shows PC50 values for each of the three
protocols.

A comparison of PC50 for air control animals in the NS
protocol with values for the controls in the PS and CS pro-
tocols shows that these latter groups of animals were
indeed sensitized. As shown in Figure 6, PC50 at Week 0 in
the PS animals was much lower than that for the animals in
the NS protocol, indicating that the airways in the former
group were indeed hyperresponsive. Similarly, at the first
time point at which PC50 was measured in the CS protocol
(Week 4), PC50 values for the air controls were also lower
than those for the NS protocol air controls at the same
point in time.

The NS animals showed no consistent pattern or trend of
ozone-induced effect on PC50 obtained with ACH chal-
lenge during either the exposure or postexposure periods
(see Figure 5A). However, there was a clear between-
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Figure 5. PC50 as function of time from start of experimental
exposure. A, Nonsensitized animals—ACH challenge. Data are
from 20 animals per time point per atmosphere through Week 24
and 10 animals per time point per atmosphere for Weeks 28 and
32. B, presensitized animals—ACH challenge. Data are from 20
animals per time point per atmosphere for Weeks 0 and 8–24 and
10 animals per time point per atmosphere for Weeks 4, 28, and
32. C, presensitized animals—ovalbumin challenge. Data are from
20 animals per time point per atmosphere through Week 24 and
10 animals per time point per atmosphere for Weeks 28 and 32.
D, concurrently sensitized animals—ACH challenge. Data are
from 20 animals per time point per atmosphere through Week 24
and 10 animals per time point per atmosphere for Weeks 28 and
32. E, concurrently sensitized animals—ovalbumin challenge.
Data are from 20 animals per time point per atmosphere for
Weeks 0 and 8–24 and 10 animals per time point per atmosphere
for Weeks 4, 28, and 32. Each point is the mean (± SE) for all ani-
mals at each time point. Statistically significant differences
between exposure atmospheres at each time point are indicated
by letter designations; values with the same or no letter are not
statistically significantly different.
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Table 6. Results of Statistical Analyses for PC50 Among Nonsensitized, Presensitized, and Concurrently 
Sensitized Animals

PS CS

Statistical Tests NS ACH Ovalbumin ACH Ovalbumin

Exposure Period
MANOVA (3 way)

Time < 0.01 < 0.01 < 0.01 < 0.01 0.01
Time • gender < 0.01 < 0.01 < 0.01 < 0.01 0.01
Time • ozone < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Time • gender • ozone 0.69 < 0.01 0.08 < 0.01 0.03
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.09 < 0.01 < 0.01 < 0.01 < 0.01
Gender • ozone 0.11 0.05 0.13 0.17 0.80

ANOVA (1 way)
Week 0

Gender 0.39 0.68 0.12 NAa NA
Ozone 0.63 0.88 0.78 NA NA
Gender • ozone 0.79 0.65 0.63 NA NA

Week 4
Gender 0.01 0.05b 0.66 0.46 < 0.01b

Ozone 0.19 < 0.01 0.68 < 0.01 0.02
Gender • ozone 0.06 < 0.01 < 0.01 0.49 < 0.01

Week 8
Gender 0.09 < 0.01 < 0.01 0.81 < 0.01
Ozone 0.72 0.01 < 0.01 < 0.01 < 0.01
Gender • ozone 0.57 0.24 0.60 0.06 < 0.01

Week 12
Gender < 0.01 < 0.01 0.03 0.01 < 0.01
Ozone 0.09 < 0.01 < 0.01 < 0.01 0.07
Gender • ozone 0.42 0.02 0.66 0.44 0.82

Week 16
Gender < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ozone < 0.01 0.01 0.03 < 0.01 0.01
Gender • ozone 0.45 0.02 0.50 0.01 0.92

Week 20
Gender < 0.01 < 0.01 < 0.01 0.73 < 0.01
Ozone 0.06 < 0.01 < 0.01 < 0.01 0.08
Gender • ozone 0.19 0.20 0.74 0.28 0.54

Week 24
Gender < 0.01 0.01 < 0.01 < 0.01 < 0.01
Ozone 0.57 < 0.01 < 0.01 < 0.01 < 0.01
Gender • ozone 0.77 0.66 0.43 0.01 0.93

(Table continues next page)
a NA = not applicable; time = time from start of exposure; ozone = ozone concentration. 
b Based upon analysis with reduced group size.
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Table 6 (continued). Results of Statistical Analyses for PC50 Among Nonsensitized, Presensitized, and Concurrently 
Sensitized Animals

PS CS

Statistical Tests NS ACH Ovalbumin ACH Ovalbumin

Postexposure Period
MANOVA (3 way)

Time 0.03 < 0.01 < 0.01 < 0.01 < 0.01
Time • gender < 0.01 0.05 0.16 0.09 < 0.01
Time • ozone < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Time • gender • ozone < 0.01 0.11 0.02 0.40 0.10
Gender < 0.01 0.01 < 0.01 0.17 0.01
Ozone 0.02 0.06 < 0.01 < 0.01 < 0.01
Gender • ozone 0.01 0.03 0.01 0.87 0.46

ANOVA (1 way)
Week 24

Gender < 0.01 < 0.01 < 0.01 0.02 < 0.01
Ozone 0.38 0.67 < 0.01 < 0.01 < 0.01
Gender • ozone 0.45 0.22 0.69 0.48 0.74

Week 28
Gender 0.01 < 0.01 0.03 NAa NA
Ozone 0.95 < 0.01 < 0.01 NA NA
Gender • ozone 0.26 0.04 0.33 NA NA

Week 32
Gender < 0.01 0.42 0.01 0.99 0.53
Ozone < 0.01 0.72 0.65 0.07 0.98
Gender • ozone < 0.01 0.09 < 0.01 0.76 0.10

a NA = not applicable; time = time from start of exposure; ozone = ozone concentration. 

gender difference in airway responsiveness in these ani-
mals: Except for Week 0, PC50 values for males were gen-
erally statistically significantly lower than values in
females, indicating that airways in males were normally
more responsive than in females. Figure 7 shows this
between-gender difference for the air control animals.

The PS animals exposed to ozone generally showed lower
values for PC50 after ACH challenge than did the air con-
trols, and the difference between the air-exposed and ozone-
exposed animals reached statistical significance at most
time points during the 24-week study (Figure 5B). Although
the effect of ozone exposure on nonspecific responsiveness
was often statistically comparable for the two ozone concen-
trations, there was evidence for an ozone concentration-

related trend for responsiveness. There was a general
overall pattern of decreasing PC50 with increasing ozone
exposure concentration: that is, PC50 values for animals
exposed to 0.1 ppm ozone were generally lower than values
for air controls but were generally higher than values for
animals exposed to 0.3 ppm ozone. The significantly
increased airway responsiveness related to ozone exposure
was maintained 4 weeks into the postexposure period
(Week 28), but it was no longer evident by 8 weeks after
exposure (Week 32).

The PS animals challenged with ovalbumin (see Figure
5C) showed somewhat less of an overall pattern of ozone
concentration-related effect on PC50. Values for the air
control animals and animals exposed to 0.1 ppm ozone
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were not statistically significantly different until Week 24
of the exposure period. However, PC50 values for the ani-
mals exposed to 0.3 ppm ozone were generally lower than
those for animals in either of the other two exposure atmo-
spheres, and statistically significantly so, throughout most
of the exposure period. Furthermore, this significant dif-
ference for animals exposed to either concentration of
ozone compared with the air control animals was main-
tained 4 weeks into the postexposure period.

The PS animals did not show any consistent pattern of
statistically significant between-gender difference in
PC50 obtained with either ACH or ovalbumin and ozone
exposure. However, males showed statistically signifi-
cantly lower values for PC50 than did females at all times
except Week 0. (This pattern was also seen in the NS ani-
mals.) This normal gender difference applied to PC50
values obtained with either ACH or ovalbumin.

The CS animals showed a pattern of generally statisti-
cally significant ozone effects on PC50 measured with either
ACH or ovalbumin challenge similar to the pattern seen in
PS animals (Figures 5D, 5E). A pattern of increasing respon-
siveness with increasing ozone concentration was also
observed: At most time points during the exposure period,
values for PC50 obtained with ACH for animals exposed to
0.3 ppm ozone were consistently lower than values in air
control animals and in animals exposed to 0.1 ppm ozone.
PC50 values with ACH for the animals exposed to 0.1 ppm
ozone were generally lower than those for the air controls,
and this difference reached statistical significance at a
number of time points; however, this was not the case with
ovalbumin challenge. On the other hand, with exposure to

0.3 ppm ozone, PC50 values with ACH challenge were sta-
tistically significantly different from values in air controls at
most time points during the exposure period, as well as at
early time points with ovalbumin challenge. The exposure
concentration-response pattern was no longer evident by
the end of the postexposure period (Week 32); there was no
Week 28 measurement in this protocol. Although the values
for PC50 for males were generally lower than those for
females, these differences were not always statistically sig-
nificant, a difference from the findings for the NS and PS
protocols. In any case, however, there was no gender-related
difference in response to ozone.

In order to assess whether there was any differential effect
of ozone on nonspecific compared with specific airway
responsiveness within the PS and CS protocols, the ratios of
PC50 with ACH to PC50 with ovalbumin were evaluated.
The results of the statistical analysis performed on this
parameter are presented in Table 7, and Figure 8 presents the
ratios. A ratio equal to 1 indicates PC50 values for both the
ACH and ovalbumin challenges were the same, ie, the ago-
nist concentration needed to produce the same degree of
change in airway conductance was equivalent for both non-
specific and specific challenges. A ratio greater than 1 indi-
cates PC50 values with ACH challenge were higher than
PC50 values with OA challenge; airways were less respon-
sive to the nonspecific provocation than they were to the
specific stimulus. On the other hand, a ratio smaller than
1 indicates the opposite situation; airways were more
responsive to the nonspecific than to the specific challenge.

Figure 6. Comparison of PC50 with ACH challenge for air control animals
in the three protocols. Each bar is the mean (± SE) for all animals at each
time point. Note the reduced PC50, indicating increased airway respon-
siveness in the sensitized animals (PS and CS protocols) compared with
values in the nonsensitized animals. Figure 7. Gender comparison of PC50 with ACH challenge for nonsensi-

tized air control animals. Each point is the mean (± SE) for all animals of
each gender at each time point.
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Table 7. Results of Statistical Analyses for ACH-PC50 
and Ovalbumin-PC50 Among Presensitized and 
Concurrently Sensitized Animals

Statistical Tests PS CS

Exposure Period
MANOVA (3 way)

Time < 0.01 < 0.01
Time • gender 0.34 0.31
Time • ozone < 0.01 < 0.01
Time • gender • ozone 0.03 < 0.01
Gender 0.38 < 0.01
Ozone < 0.01 < 0.01
Gender • ozone 0.07 0.37

ANOVA (1 way)
Week 0

Gender 0.42 NAa

Ozone 0.96 NA
Gender • ozone 0.99 NA

Week 4
Gender 0.62b 0.13b

Ozone 0.38 0.04
Gender • ozone 0.45 0.13

Week 8
Gender 0.55 < 0.01
Ozone 0.04 < 0.01
Gender • ozone 0.42 < 0.01

Week 12
Gender 0.25 0.05
Ozone 0.03 < 0.01
Gender • ozone 0.18 0.14

Week 16
Gender 0.40 0.36
Ozone 0.06 < 0.01
Gender • ozone < 0.01 0.07

Week 20
Gender 0.24 < 0.01
Ozone < 0.01 < 0.01
Gender • ozone 0.43 0.59

Week 24
Gender 0.08 < 0.01
Ozone 0.72 < 0.01
Gender • ozone 0.58 0.06

(Table continues next column)

Table 7 (continued). Results of Statistical Analyses for 
ACH-PC50 and Ovalbumin-PC50 Among Presensitized 
and Concurrently Sensitized Animals

Statistical Tests PS CS

Postexposure Period
MANOVA (3 way)

Time 0.07 0.85
Time • gender 0.19 0.02
Time • ozone < 0.01 < 0.01
Time • gender • ozone 0.11 0.42
Gender 0.19 0.19
Ozone 0.01 0.38
Gender • ozone < 0.01 0.63

Week 24 vs Week 28
Mean 0.07 NAa

Gender 0.40 NA
Ozone < 0.01 NA
Gender • ozone 0.19 NA

Week 28 vs Week 32
Mean 0.69 NA
Gender 0.07 NA
Ozone 0.04 NA
Gender • ozone 0.49 NA

Week 24 vs Week 32
Mean NA 0.85
Gender NA 0.02
Ozone NA < 0.01
Gender • ozone NA 0.42

ANOVA (1 way)
Week 24

Gender 0.49 0.01
Ozone < 0.01 < 0.01
Gender • ozone 0.57 0.44

Week 28
Gender 0.48 NA
Ozone 0.02 NA
Gender • ozone 0.03 NA

Week 32
Gender 0.07 0.71
Ozone 0.06 0.27
Gender • ozone < 0.01 0.64

a NA = not applicable; time = time from start of exposure; ozone = ozone 
concentration. 

b Based upon analysis with reduced group size.
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The statistical results for PS animals showed the pres-
ence of some significant ozone effects as well as one signifi-
cant ozone-gender interaction. The ovalbumin PC50 values
appeared to be consistently lower than ACH PC50 values;
nearly all of the ratio means, including those obtained in
Week 0, were greater than 1. Although the difference in the
ratios between the air and ozone-exposed animals reached
statistical significance during some weeks during the expo-
sure period, there was no consistent trend of statistical sig-
nificance over time or across ozone exposure groups, nor
was there any effect of gender. Although ovalbumin chal-
lenge seemed to result in a generally greater degree of
airway hyperresponsiveness than did ACH challenge for all
exposure groups, no strong statistical evidence indicated
that PC50 was decreased to a greater extent with either chal-
lenge; nor was there strong evidence that specific and non-
specific airway responsiveness were differentially affected
by ozone in the PS animals.

As with the PS animals, the CS animals appeared to
show a consistent pattern of lower ovalbumin PC50 than
ACH PC50 values. Nearly all of the ratio means were
greater than 1. The results of the statistical analysis of
PC50 ratios for the CS animals also showed some signifi-
cant differences related to ozone exposure, but they pro-
vided no consistent pattern indicating that ozone acted
differentially on nonspecific or specific responsiveness.

However, there was a consistent, and generally statistically
significant, between-gender difference in sensitivity to the
two challenges. This suggests that males showed a pattern
of less responsiveness to the nonspecific compared with
specific challenge than did females. However, this differ-
ence was not clearly related to ozone exposure.

In summary, NS animals exhibited no biologically sig-
nificant ozone effect on airway responsiveness. Ozone
exposure of PS or CS animals, whose airways were already
hyperresponsive, resulted in a further increase in airway
responsiveness to both ACH and ovalbumin, and this gen-
erally occurred in an ozone concentration-related manner.
The effect of ozone was comparable for both nonspecific
and specific responsiveness. Furthermore, there was no
differential effect of ozone on either gender; both males
and females responded to exposure in a similar fashion.

EXHALED NITRIC OXIDE

Results of the statistical analysis of exhaled NO are
shown in Table 8. Figure 9 shows mean values for exhaled
NO. Although some statistically significant effects were
evident in both the NS and sensitized (PS and CS) animals,
the lack of any consistent pattern related to ozone expo-
sure suggested that these had no biological significance. In
terms of between-gender differences, levels of NO were
comparable in males and females (Figure 10).

Figure 8. Comparison of nonspecific (ACH challenge) and specific (ovalbumin challenge) responsiveness for each exposure atmosphere. A, presensitized
and B, concurrently sensitized animals. Each bar is the mean (± SE) of the ratio of PC50 with ACH challenge to PC50 with ovalbumin challenge. A ratio of 1
indicates that PC50 is identical with both challenges. A ratio greater than 1 indicates that PC50 with ACH challenge is greater than that with ovalbumin chal-
lenge. A ratio less than 1 indicates the reverse. Ratios that are significantly different from those for air control animals are indicated by an asterisk (*).
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Figure 9. Exhaled nitric oxide levels. A, Nonsensitized animals and B, presensitized animals. Each point is the mean (± SE) for all animals at each time
point. Statistically significant differences between atmospheres at each time point are indicated by letter designations: values with the same or no letter are
not significantly different. Group size is 20 animals per time point per atmosphere through Week 24 and 10 animals for Week 32.

Figure 10. Exhaled nitric oxide levels in air control animals. A, nonsensitized animals, and B, presensitized animals. Each value is the mean (± SE) for each
gender at each time point. Group size is 10 animals per time point through Week 24 and 5 animals for Week 32.
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Table 8. Results of Statistical Analyses for Exhaled 
NO Among Nonsensitized and Presensitized Animals

Statistical Tests NS PS

Exposure Period
MANOVA (3 way)

Timea < 0.01 < 0.01
Time • gender 0.06 0.01
Time • ozone < 0.01 0.02
Time • gender • ozone < 0.01 < 0.01
Gender 0.56 0.06
Ozone 0.18 < 0.01
Gender • ozone 0.46 0.11

ANOVA (1 way)
Week 0

Gender 0.41 0.01b

Ozone 0.98 < 0.01
Gender • ozone 0.20 0.01

Week 4
Gender < 0.01 0.10
Ozone < 0.01 0.18
Gender • ozone 0.01 < 0.01

Week 8
Gender 0.15 < 0.01
Ozone 0.45 < 0.01
Gender • ozone < 0.01 0.48

Week 16
Gender 0.05 0.18
Ozone < 0.01 < 0.01
Gender • ozone 0.47 0.01

Week 24
Gender 0.45 1.00b

Ozone 0.11 0.94
Gender • ozone 0.32 0.56

Postexposure Period
MANOVA (3 way)

Time 0.13 < 0.01
Time • gender 0.69 0.04
Time • ozone 0.07 0.01
Time • gender • ozone 0.32 < 0.01
Gender 0.58 0.01
Ozone 0.08 < 0.01
Gender • ozone 0.16 0.32

ANOVA (1 way)
Week 24

Gender 0.59 0.49
Ozone 0.04 < 0.01
Gender • ozone 0.23 0.03

Week 32
Gender 0.91 < 0.01
Ozone 0.70 0.03
Gender • ozone 0.22 0.07

a Time = time from start of exposure; ozone = ozone concentration. 
b Based upon analysis with reduced group size.

LAVAGE FLUID PARAMETERS

Results of the statistical analysis of various lavage fluid
assays are shown in Table 9. Results for the three protocols
demonstrate no consistent pattern for total or relative cell
counts or for cell viability that could be related to ozone
exposure. However, a gender-related difference was noted
for eosinophils: the relative percentage in females for each
experimental protocol was generally significantly higher
than that in males at each time point (Figure 11). Concur-
rently, levels of macrophages tended to be lower in females
than in males. However, the interaction was not consistent
between ozone concentration and gender, suggesting that
any gender differences were not related to ozone exposure.

As discussed further, a number of studies have associ-
ated eosinophils with increased airway responsiveness.
Thus, simple Pearson correlation coefficients were calcu-
lated for the eosinophil fraction with PC50. The resulting
correlation coefficient (0.061, P = 0.82) indicated no statis-
tically significant association between eosinophils in
lavage fluid and PC50.

Some statistical significance was evident for LDH
(Figure 12) and total protein (Figure 13) in ozone-exposed
animals compared with air controls. These instances were
inconsistently related to ozone exposure, however, and we
did not interpret them to have biological significance. For
example, levels of LDH and protein were found in some
cases to decrease with exposure to ozone, whereas lung
injury induced by ozone would be expected to result in
increased levels of these markers.

In summary, there were no biologically significant
changes related to ozone exposure in any of the lavage
fluid parameters.

SYSTEMIC BLOOD CELL DIFFERENTIALS

The results of the statistical analysis for blood cell
counts are shown in Table 10. Values for individual cell
types, expressed as fractions of total number of cells
counted, are shown in Figure 14. In the NS animals, there
was no statistically significant ozone effect on fractions of
blood cells. However, a between-gender difference was
seen for eosinophils, which showed a higher fraction in
females than in males. This was similar to the pattern pre-
viously noted in lavage fluid although the relative fraction
of eosinophils was lower in blood.

The PS animals showed statistically significant differ-
ences in cell fractions assessed after the postexposure
period compared with those obtained from animals killed
immediately after the exposure period. Eosinophils and
neutrophils were increased in animals after the postexpo-
sure period; lymphocytes were generally decreased.
Gender differences were observed in both the exposure and



23

RB Schlesinger et al

Table 9 (continued). Results of Statistical Analyses for 
Lavage Parameters Among Nonsensitized, Presensitized, 
and Concurrently Sensitized Animals

NS PS CS

Lymphocytes
Recoverya < 0.01 0.47 0.02
Gender 0.02 0.43 0.80
Ozoneb < 0.01 0.87 < 0.01
Recovery • gender 0.37 0.04 0.18
Recovery • ozone < 0.01 < 0.01 < 0.01
Gender • ozone 0.25 0.05 0.07
Recovery • gender • ozone 0.13 0.03 0.03

Protein
Recovery < 0.01 < 0.01 0.30
Gender 0.04 0.41 0.11
Ozone < 0.01 0.09 0.32
Recovery • gender 0.93 0.38 0.76
Recovery • ozone 0.39 0.11 0.26
Gender • ozone 0.15 0.19 0.66
Recovery • gender • ozone 0.64 0.96 0.18

Lactate dehydrogenase
Recovery < 0.01 < 0.01 0.60
Gender < 0.01 < 0.01 < 0.01
Ozone 0.01 < 0.01 0.50
Recovery • gender 0.09 0.70 0.07
Recovery • ozone 0.01 < 0.01 0.04
Gender • ozone 0.67 < 0.01 0.97
Recovery • gender • ozone 0.71 0.99 0.45

a Recovery indicates statistical comparison of animals killed after Week 24 
with those killed after the 8-week postexposure period (Week 32).

b Ozone = ozone concentration. 

Table 9. Results of Statistical Analyses for Lavage 
Parameters Among Nonsensitized, Presensitized, and 
Concurrently Sensitized Animals

NS PS CS

Total cells
Recoverya 0.04 0.10 0.64
Gender 0.28 0.29 0.22
Ozoneb 0.85 0.48 0.02
Recovery • gender 0.37 0.48 0.02
Recovery • ozone 0.39 < 0.01 0.27
Gender • ozone 0.03 < 0.01 0.66
Recovery • gender • ozone 0.73 0.05 0.83

Viability
Recovery < 0.01 0.07 0.88
Gender 0.05 0.98 0.71
Ozone 0.30 0.04 0.21
Recovery • gender 0.36 0.72 0.56
Recovery • ozone 0.64 0.21 0.73
Gender • ozone 0.04 0.05 0.35
Recovery • gender • ozone 0.09 0.30 0.86

Eosinophils
Recovery 0.06 0.92 0.09
Gender < 0.01 < 0.01 < 0.01
Ozone 0.01 0.20 0.01
Recovery • gender 0.80 0.85 0.50
Recovery • ozone 0.19 0.88 0.36
Gender • ozone 0.83 0.41 0.35
Recovery • gender • ozone 0.39 0.01 0.16

Macrophages
Recovery < 0.01 0.69 0.09
Gender < 0.01 < 0.01 < 0.01
Ozone < 0.01 0.11 0.01
Recovery • gender 0.26 0.77 0.41
Recovery • ozone < 0.01 0.78 0.07
Gender • ozone 0.75 0.46 0.44
Recovery • gender • ozone 0.45 0.02 0.17

Neutrophils
Recovery < 0.01 0.05 0.01
Gender 0.15 0.81 0.77
Ozone 0.01 0.43 0.04
Recovery • gender 0.02 0.91 0.11
Recovery • ozone 0.13 0.40 0.20
Gender • ozone 0.03 0.20 0.55
Recovery • gender • ozone 0.93 0.73 0.96

(Table continues next column)
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Figure 11. Cell differentials in lavage fluid. A, nonsensitized animals killed immediately after the exposure series; B, nonsensitized animals killed
after the postexposure period; C, presensitized animals killed immediately after the exposure series; D, presensitized animals killed after the postexpo-
sure period; E, concurrently sensitized animals killed immediately after the exposure series; and F, concurrently sensitized animals killed after the
postexposure period. Each value is the mean (± SE) obtained from 5 animals. F = female; M = male; 0 = air control; 0.1 = 0.1 ppm ozone; 0.3 = 0.3 ppm
ozone; mac = macrophages; eos = eosinophils; lym = lymphocytes; neut = neutrophils.
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Figure 12. LDH measured in lavage fluid. A, nonsensitized animals; B, pre-
sensitized animals; and C, concurrently sensitized animals. Values are
expressed in International Units, a measure of enzyme activity, per milliliter
lavage fluid. Each value is the mean (± SE) obtained from 5 animals. F =
female; M = male; 0 = air control; 0.1 = 0.1 ppm ozone; 0.3 = 0.3 ppm ozone.

Figure 13. Protein measured in lavage fluid. A, nonsensitized animals;
B, presensitized animals; and C, concurrently sensitized animals. Values
are expressed in micrograms protein per milliliter lavage fluid. Each
value is the mean (± SE) obtained from 5 animals killed immediately
after the exposure period or after the postexposure period. F = female; M
= male; 0 = air control; 0.1 = 0.1 ppm ozone; 0.3 = 0.3 ppm ozone.
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postexposure cohorts: Females had higher levels of eosino-
phils and lymphocytes than the males, but they had lower
levels of neutrophils. A gender-by-ozone interaction was
observed for eosinophils: the levels of these cells in
females exposed to 0.1 or 0.3 ppm ozone were higher than
those in similarly exposed males. However, this effect was
not observed for other cell types. Furthermore, statistically
significant increases in one cell type would be expected to
be offset by similar decreases in another cell type because
fractions must sum to a total of one for analysis. Therefore,
the biological significance of this result was unclear.

For the CS animals, eosinophils were unaffected by any
of the experimental factors. However, an ozone-related dif-
ference in lymphocyte and neutrophil response was also
related to whether the animal was killed immediately after
the exposure series or after the postexposure period. In the
animals killed after the last exposure, lymphocytes
decreased and neutrophils increased as a function of ozone
concentration. In the animals held for the postexposure

period, however, no changes in either cell type could be
related to ozone concentration.

As in the PS animals, the CS females had higher levels of
lymphocytes and lower levels of neutrophils than did the
males, and this was independent of ozone concentration or
time of killing. The between-gender differences differed for
the various exposure concentration-killing time combina-
tions for neutrophils, and they just missed significance (P =
0.06) for lymphocytes. In the animals killed immediately
after ozone exposure, an exposure concentration-response
gradient was observed for both males and females. In ani-
mals held through the postexposure period, however, such
a gradient was not observed, and males and females had dif-
ferent patterns of response as a function of ozone concentra-
tion, suggesting no biologically meaningful trend.

In summary, there were no ozone exposure-related
effects on blood cell differentials in NS animals or in PS
animals. Among the CS animals, an ozone exposure-
response gradient was observed in fractions of neutrophils
and lymphocytes in the animals killed immediately after
the exposure series but not in animals killed after the post-
exposure period.

ANTIGEN-SPECIFIC ANTIBODIES

Results of the statistical analysis of blood IgG levels are
shown in Table 11. Figure 15 shows mean levels of IgG1
and IgG2 for the PS and CS animals.

Table 10. Results of Statistical Analyses for Systemic 
Blood Cell Counts Among Nonsensitized, Presensitized, 
and Concurrently Sensitized Animals

NS PS CS

Eosinophils
Recoverya — 0.01 0.29
Gender 0.01 0.02 0.96
Recovery • gender — 0.43 0.82
Ozoneb 0.94 0.33 0.69
Recovery • ozone — 0.33 0.24
Gender • ozone 0.73 0.02 0.21
Recovery • ozone • gender — 0.57 0.50

Lymphocytes
Recovery — 0.04 0.03 
Gender 0.23 0.04 < 0.01 
Recovery • gender — 0.98 0.07
Ozone 0.49 0.53 < 0.01 
Recovery • ozone — 0.40 < 0.01 
Gender • ozone 0.49 0.21 0.22
Recovery • ozone • gender — 0.20 0.06

Neutrophils
Recovery — 0.05 0.02 
Gender 0.09 0.02 < 0.01 
Recovery • gender — 0.89 0.06
Ozone 0.58 0.39 < 0.01 
Recovery • ozone — 0.48 < 0.01 
Gender • ozone 0.43 0.16 0.28
Recovery • ozone • gender — 0.24 0.01 

a Recovery indicates statistical comparison of animals killed after Week 24 
with those killed after the 8-week postexposure period (Week 32).

b Ozone = ozone concentration. 

Table 11. Results of Statistical Analyses for IgG Among 
Presensitized and Concurrently Sensitized Animals

PS CS

IgG1
Recoverya 0.04 < 0.01 
Gender 0.55 < 0.01 
Recovery • gender 0.87 0.35
Ozoneb 0.12 0.96 
Recovery • ozone 0.97 0.48
Gender • ozone 0.55 0.77
Recovery • ozone • gender 0.38 0.65

IgG2
Recovery < 0.01 < 0.01 
Gender 0.30 0.05 
Recovery • gender 0.04 0.01 
Ozone 0.04 0.84 
Recovery • ozone 0.12 0.53 
Gender • ozone 0.40 0.54
Recovery • ozone • gender 0.55 0.35

a Recovery indicates statistical comparison of animals killed after Week 24 
with those killed after the 8-week postexposure period (Week 32).

b Ozone = ozone concentration. 
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Figure 14. Cell count differentials in blood. A, Nonsensitized
animals killed immediately after the exposure series (there was
no post-exposure blood differential analysis); B, presensitized
animals killed immediately after the exposure series; C, presen-
sitized animals killed after the postexposure period; D, concur-
rently sensitized animals killed immediately after the exposure
series; and E, concurrently sensitized animals killed after the
postexposure period. Each value is the mean (± SE) obtained
from 5 animals. F = female; M = male; 0 = air control; 0.1 = 0.1
ppm ozone; 0.3 = 0.3 ppm ozone.
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Figure 15. Antigen-specific immunoglobulin levels in blood from animals killed immediately after exposure series or after postexposure period. A,
IgG1 in presensitized animals; B, IgG1 in concurrently sensitized animals; C, IgG2 in presensitized animals; and D, IgG2 in concurrently sensitized ani-
mals. The values represent the IgG concentration in blood relative to that of the IgG standard. Thus, there is no unit. Each value is the mean (± SE)
obtained from 5 animals. F = female; M = male; 0 = air control; 0.1 = 0.1 ppm ozone; 0.3 = 0.3 ppm ozone.

IgG1 levels in PS and CS animals killed immediately
after the end of the exposure series were unaffected by
ozone. However, IgG1 levels were generally significantly
higher in both PS and CS animals killed after the postex-
posure period compared with levels in those killed after
the last exposure. Furthermore, IgG1 levels in females
were generally higher than were those in males (although
this difference was not statistically significant for the PS
animals). A gender-killing time interaction was observed
in CS animals: Regardless of ozone exposure group, males
killed immediately after the last exposure had levels of
IgG1 that were statistically significantly lower than were
those in any of the postexposure groups. In contrast, the
postexposure females showed the highest levels of IgG1.

In terms of IgG2, a statistically significant effect related
to ozone exposure was observed in PS animals. This pat-
tern was generally maintained among the CS animals, but
it was not statistically significant. The highest statistically
significant levels of IgG2 were observed in animals
exposed to 0.1 ppm ozone. Values of IgG2 for animals
exposed to 0.3 ppm ozone were intermediate between
those of the control and 0.1 ppm exposure groups. Further,
they were not statistically significantly different from
values for either of the two groups.

As noted earlier, correlation analyses were performed to
determine whether blood levels of IgG could reflect the
degree of airway responsiveness. The correlation coeffi-
cients obtained from these analyses are shown in Table 12.
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The correlations between PC50 with either ACH or oval-
bumin challenge and IgG1 or IgG2 were all negative, indi-
cating that increasing serum levels of IgG were associated
with decreasing PC50 (ie, increasing airway responsive-
ness). All of the correlations were statistically significant,
and they accounted for approximately 34 to 50% of the
linear association between IgG and PC50. There were no
substantial differences in interpretation between IgG1 and
IgG2 with ACH challenge or IgG2 with ovalbumin chal-
lenge. These three sets of correlations are similar to one
another, and they explain about 10% less variability than
is explained by the correlation between IgG1 and oval-
bumin challenge.

In an analysis designed to evaluate whether variability
in the fraction of blood eosinophils might be associated
with degree of sensitization as measured by levels of IgG,
the correlation coefficients were found to be 0.051
(P = 0.76) and −0.027 (P = 0.87) for IgG1 and IgG2,
respectively. Thus, no statistically significant relation was
found between levels of IgG and blood eosinophils.

HISTOPATHOLOGY

Examination of lung tissue sections revealed no light
microscopic evidence for pulmonary inflammatory
response in any animal. The statistical comparison of eosi-
nophils in the subepithelium of airways with eosinophils
recovered in lavage samples resulted in a significant corre-
lation coefficient (r = 0.7, P < 0.05), indicating that the
number of cells in the lavage fluid analysis likely reflected
the relative number of eosinophils in the lungs. Further-
more, ozone exposure did not influence the number of

airway eosinophils, a finding consistent with the lavage
fluid eosinophil analysis.

The analyses of airway mast cells indicated no statisti-
cally significant difference in cell number that could be
related to ozone exposure in any of the experimental pro-
tocols. Further, there was no statistically significant corre-
la t ion  be tween mast  ce l l  number  and a i rway
responsiveness (r = 0.12, P = 0.73). As an example of mast
cell numbers obtained, Figure 16 shows results from the
PS group killed immediately after the exposure period.

Figure 16. Mast cells per unit airway surface area in presensitized animals.
Each value is the mean (± SE) obtained from 5 animals.

Table 12. Correlation of Airway Responsiveness and IgG

PC50

IgG1 IgG2

Correlation 
Coefficient P Value

Correlation 
Coefficient P Value

Ovalbumin challenge
  At week 24a −0.417 0.008 −0.340 0.032
  Ratiob −0.496 0.005 −0.381 0.034

ACH challenge
  At week 24 −0.352 0.026 −0.365 0.021
  Ratio −0.429 0.006 −0.416 0.008

a Analysis using PC50 with the indicated challenge agent measured after Week 24.
b Analysis using ratio of PC50 at Week 24 to that at Week 0.
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DISCUSSION

OZONE EXPOSURE AND AIRWAY RESPONSIVENESS

The main goal of this study was to evaluate the effect of
long-term, repeated exposures to ozone on airway respon-
siveness in both normal, nonatopic animals and antigen-
sensitized (atopic) animals. This study was the first to use
relatively low exposure concentrations to evaluate both
specific and nonspecific responsiveness as well as the
potential modulating effect of gender. As shown in the
Results section, ozone did not induce airway hyperrespon-
siveness in the nonatopic (NS) animals. However, in atopic
animals that demonstrated hyperresponsiveness prior to
any exposure (the PS animals), ozone resulted in exacerba-
tion after either a specific or a nonspecific bronchoprovoc-
ative stimulus. This occurred in an ozone concentration-
dependent but gender-independent, fashion. Furthermore,
the effect of ozone was quantitatively similar for both non-
specific and specific responsiveness, and this effect per-
sisted through at least 4 weeks after the end of the
exposures. Finally, ozone did not alter baseline levels of
sGaw, suggesting that normal airway caliber was not
affected by exposure.

Previously reported investigations with repeated ozone
exposures that examined nonspecific airway responsive-
ness in nonsensitized animals have shown equivocal
results. For example, reduced responsiveness occurred in
guinea pigs exposed to 1 ppm for 3 hours/day for 4 days
(Sun and Chung 1997). However, no change was noted in
guinea pigs exposed to 0.15 ppm ozone for 4 hours/day,
5 days/week for 4 months (Kagawa et al 1989) or in cyno-
molgus monkeys exposed to 1 ppm for 6 hours/day,
5 days/week for 12 weeks (Biagini et al 1986). On the other
hand, increased nonspecific responsiveness occurred in
rhesus monkeys after 19 weeks of single, 2-hour weekly
exposures to 1 ppm ozone (Johnson et al 1988). The full
database, which includes results from the numerous
studies of acute ozone exposure (Easton and Murphy 1967;
Golden et al 1978; Gordon et al 1984; Holroyde and Norris
1988; Fouke et al 1991; Yeadon et al 1992; Matsubara et al
1995; Frampton et al 1997; Folinsbee and Hazucha 2000),
indicates that ozone can produce increased airway respon-
siveness in nonsensitized individuals of various species,
including humans. However, the exposure concentrations
consistently resulting in this response were higher than
those used in the current investigation. Exposures at or
below about 0.3 ppm have been associated with inconsis-
tent alterations in responsiveness.

This study has shown that ozone exacerbated nonspe-
cific hyperresponsiveness in sensitized animals. The few
previously reported studies in which sensitized humans or
nonhuman species were exposed to ozone, most of which
involved acute exposures to levels ranging upward from
0.6 ppm, generally also showed increased responsiveness
to nonspecific challenges (Holtzmann et al 1979; Thorne
and Broadley 1994; Sun et al 1997).

The current investigation also showed that exposure of
sensitized animals to ozone exacerbated response to an
inhaled antigen (namely ovalbumin). This result is con-
sistent with previously reported studies, all of which
involved short-term exposures to ozone. In one such
study (Yanai et al 1990), both sensitized and nonsensi-
tized dogs were exposed to 3 ppm ozone for 2 hours and
then challenged with antigen. Ozone did not affect
airway responsiveness to antigen in nonsensitized ani-
mals, but it did increase responsiveness in sensitized
hosts. Similarly, in a study of atopic adult humans with
asthma, exposure to 0.12 ppm ozone for 1 hour potenti-
ated the response to subsequently inhaled allergen
(Molfino et al 1991). Other investigators noted similar
effects with acute exposures to lower levels of ozone,
namely 0.16 to 0.25 ppm (Jörres et al 1996; Jenkins et al
1999; Peden 1999). Thus, the current study provides evi-
dence for an exacerbation of hyperresponsiveness with
repeated exposures to ozone at a concentration below
that previously shown to produce such a response.

The overall experimental design of this study did not
allow for a statistical comparison of the results among the
three experimental protocols. Because each of the protocols
was designed to address a specific question, they differed in
some experimental details in ways that precluded such a
direct evaluation. However, the results can be compared in a
qualitative manner.

One such comparison of interest is whether the response
to provocation challenge in the ozone-exposed animals dif-
fered between the two groups of sensitized animals (PS and
CS). Figure 17 shows PC50 obtained after ACH challenge in
sensitized animals exposed to 0.3 ppm ozone, the concen-
tration that produced the greatest effect on airway respon-
siveness, expressed as fractional change from the values
obtained in air controls. The ozone-induced exacerbation
of airway hyperresponsiveness was quite comparable in
both protocols and, thus, appeared to be relatively inde-
pendent of when the animals were sensitized.

Many biological responses evaluated with repeated
ozone exposures are characterized by the phenomenon of
adaptation, an attenuation of response with continued
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exposure. Attenuation may occur with some endpoints and
not others (Jörres et al 2000), but whether it is a factor in
airway hyperresponsiveness is not clear. For example, no
adaptation in responsiveness was noted in humans with 6.6
hours/day, 5-day exposures to 0.12 ppm ozone (Folinsbee et
al 1994). However, 2 hours/day, 3-day exposures of humans
to 0.4 ppm ozone resulted in an initial increase in airway
responsiveness that returned to preexposure levels by the
third day (Dimeo et al 1981). These studies involved rel-
atively short exposure durations, and it is likely that the
specific length of total exposure could affect development
of adaptation. For example, nonatopic guinea pigs
exposed to 0.3 ppm ozone for 4 hours/day for 1, 3 or
6 days or for 4 hours/day, 6 days/week for 12, 24 or
48 days showed increased airway responsiveness through
24 days of exposure. This change was no longer evident
after 48 days of exposure, however, suggesting an adaptive
phenomenon after a certain length of repeated exposures
(Vargas et al 1998). Results of the current study, which
had 24 weeks of exposure, did not show any evidence of
adaptation in ozone-induced exacerbation of airway
hyperresponsiveness.

In the current study, intragroup variability in respon-
siveness at various time points was often large, even
within one gender. Many species, including the guinea
pig, have demonstrated a large range of sensitivity to bron-
choprovocative agents and variability in the resulting mea-

sures of airway responsiveness (Turner and Martin 1997).
This variability may reflect interindividual differences in
airway receptor numbers or sensitivity (Abraham et al
1980; Ahmed et al 1980). In addition, susceptibility to
ozone-induced alterations in airway responsiveness has
been shown to be quite variable within any exposure
group (Douglas et al 1977; Snapper et al 1978; Habib et al
1979; Abraham et al 1980).

A potential factor underlying variability in responsive-
ness between individuals could be differences in the extent
of sensitization as measured by blood levels of antigen-spe-
cific antibodies. We found that IgG levels correlated with
PC50 but that the relation accounted for less than 50% of
the linear association between these two parameters. This is
consistent with results reported by others. The allergic anti-
body IgE in humans has also been shown to have a low cor-
relation with increased nonspecific airway responsiveness
(Palmer et al 2000). In persons with and without asthma, for
example, about 30% of the individual variance in airway
responsiveness has been attributed to total serum IgE levels
(Burrows et al 1989; Sunyer et al 1995). Thus, to a limited
extent, the degree of sensitization may be reflected in the
extent of hyperresponsiveness.

Figure 17. Comparison of presensitized and concurrently sensitized animals exposed to highest concentration of ozone. A, Nonspecific responsiveness
to ACH, and B, specific responsiveness to ovalbumin. The PC50 is expressed as the fraction of the respective air control. Each value is the mean (± SE)
obtained from 10 animals.
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GENDER AS A MODULATOR OF OZONE EFFECT ON 
AIRWAY RESPONSIVENESS

This study was designed to allow evaluation of gender
differences in airway responsiveness related to ozone
exposure. The effect of ozone, when it occurred, was found
to be similar for both males and females; there was no evi-
dence of any consistent gender-based difference in the
functional response to ozone exposure. Previously
reported experimental studies, all involving humans, have
provided conflicting results in terms of gender differences
in pulmonary functional response to ozone. Some have
found no differences, whereas others have suggested that
females may show greater responses than do males
(Adams et al 1981; Lauritzen and Adams 1985; Drechsler-
Parks et al 1987). Such gender differences have been sug-
gested to be due to differences in dose resulting from dif-
ferences in lung size and ventilatory parameters between
males and females as well as resulting pollutant-to-lung
volume ratios (Lauritzen and Adams, 1985). However, no
gender difference in pulmonary functional indices was
found in humans exposed acutely to 0.35 ppm ozone when
adjustments were made during exposure to assure similar
ventilation (Weinmann et al 1995). In the current study,
similar effects occurred in both genders in spite of differ-
ences in body size (and therefore lung size) between male
and female guinea pigs.

Although the current study showed no gender depen-
dence of ozone effect on airway responsiveness, the gen-
eral degree of airway responsiveness did differ between
males and females. Within each experimental protocol,
males and females had a similar level of responsiveness at
the start of the exposure series (Week 0), but beyond this
time, female guinea pigs demonstrated less responsive air-
ways than did males. Similarly, Wanner and colleagues
(1990) noted that male and female guinea pigs were
equally reactive in the early weeks of life. Gender differ-
ences began to appear at a later age. A temporal divergence
of responsiveness between genders is also consistent with
a human study in which no gender difference in airway
responsiveness was noted below a certain age (12 years)
although differences began to emerge beyond this age
(Forastiere et al 1996).

OZONE EXPOSURE AND ALLERGIC SENSITIZATION 
OF AIRWAYS

Although the ozone effect on airway responsiveness
did not appear to differ between the PS and CS animals,
the question of whether ozone affected sensitization
remains. In other words, did exposure to ozone during the
period of sensitization result in a different degree or
extent of sensitization than was noted in the animals

exposed to ozone after sensitization (the CS and PS proto-
cols, respectively)? The extent of sensitization can be
evaluated by comparing blood levels of antigen-specific
antibody for the animals in both protocols. There was a
statistically significant exposure-related effect on IgG2 in
the PS animals, a pattern that was generally maintained in
the CS animals, although not at a statistically significant
level. Thus, it appears that increased levels of antigen-
specific antibody were produced in PS and CS animals
exposed to ozone compared with air-control animals, and
the PS animals may have shown a somewhat stronger
effect. The ability of ozone to affect allergic sensitization
has been addressed previously in only one study (Osebold
et al 1980). In this, mice were repeatedly exposed to oval-
bumin and then to 0.5 or 0.8 ppm ozone for 24 hours/day
for 3 to 4 days. The extent of sensitization in the ozone-
exposed group was enhanced compared with sensitiza-
tion in the air controls, a result consistent with the one
reported here.

BIOLOGICAL MODULATORS OF OZONE EFFECT ON 
AIRWAY RESPONSIVENESS

In addition to the direct measurement of airway respon-
siveness, this study evaluated various biological parame-
ters that may have modulated this physiologic endpoint.
One of these was the level of endogenous NO, indirectly
assessed by measuring levels of exhaled NO at various
times during the exposure series. The measured NO con-
centrations, which ranged from 12 to 45 ppb among the
sensitized animals, are quite consistent with those
reported in another study. Those investigators reported
that levels measured in the exhaled air of ovalbumin-sen-
sitized guinea pigs showed stable levels of 9 ppb, rising to
over 40 ppb after ovalbumin challenge (Persson and
Gustafsson 1993).

NO, which is produced by various cells in the respira-
tory system, has a number of actions, including activity as
a potent bronchodilator. Although its role in airway hyper-
responsiveness remains unresolved, the inhibition of NO
production or NO deficiency has been shown to contribute
to airway hyperresponsiveness in guinea pigs (Nijkamp et
al 1993; Schuiling et al 1998). In the current study, exhaled
NO concentrations showed large variability within each
group, and there was little indication of any differences
that could be related to ozone exposure.

Pulmonary inflammatory cells are another potential
modulator of airway responsiveness related to ozone expo-
sure. Studies of atopic animals and humans with asthma
suggest that airway hyperresponsiveness may be associ-
ated with increased numbers of eosinophils, monocytes,
macrophages, neutrophils, mast cells, and lymphocytes in
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the airway subepithelium (Larsen 1991). In bronchial
lavage studies conducted after allergen inhalation chal-
lenge, an influx of eosinophils and neutrophils into the
airways of patients with asthma was associated with the
development of airway hyperresponsiveness (DeMonchy
et al 1985; Beasley et al 1989). Nonatopic guinea pigs
exposed to 1 ppm ozone for 3 hours/day for 4 days were
found to have increased numbers of macrophages, eosino-
phils, and neutrophils in lavage fluid even at time points
when ozone-induced airway hyperresponsiveness was
returning to control levels (Sun and Chung 1997).

One cell type that has been particularly associated with
airway dysfunction is the eosinophil. For example,
increased numbers of eosinophils in peripheral blood have
been associated with bronchial hyperresponsiveness in
humans (Rijcken et al 1993). In the current investigation,
however, there was no statistical relation between levels of
eosinophils in lavage fluid and degree of airway respon-
siveness measured after the last ozone exposure (Week 24). 

In general, a causal association between eosinophils and
airway hyperresponsiveness appears to be equivocal.
Some studies have found a relation between numbers of
eosinophils in lavage fluid and airway hyperresponsive-
ness after antigen challenge in sensitized guinea pigs
(Dunn et al 1988; Hutson et al 1988; Sanjar et al 1990b;
Santing et al 1994). Other studies have noted, however,
that eosinophilia is not accompanied by hyperresponsive-
ness, suggesting that there may be no causal relation
between the two phenomena (Sanjar et al 1990a,b;
Chapman et al 1991; Kips et al 1992; Pretolani et al 1994;
Sun et al 1997). To explain these disparate results, it has
been suggested that animals sensitized with low doses of
allergen exhibit airway eosinophilia in the absence of
hyperresponsiveness, whereas animals sensitized using
higher doses of allergen exhibit both eosinophilia and
hyperresponsiveness (Chapman et al 1991; Sanjar et al
1990b). When data from individual animals were exam-
ined in this regard, however, no correlation between these
two parameters could be detected (Sanjar et al 1990a), a
finding consistent with results in the current study.

Thus, available evidence, including results from the
current study, seems to indicate that, although eosino-
philia may occur in association with airway hyperrespon-
siveness, there is no definitive evidence for a causal
relation (Sanjar et al 1990b). In fact, guinea pigs have been
shown to demonstrate airway hyperresponsiveness
despite low eosinophil numbers in the airways or with
eosinophilia in the absence of attendant hyperresponsive-
ness. Humans with asthma may have eosinophilia
without airway hyperresponsiveness (Chapman et al
1991), and hyperresponsiveness in humans has been

shown to occur independently of levels of eosinophils
and total amount of IgE (Desjardins et al 1988). Some
researchers have suggested that eosinophil activation
rather than accumulation is the constitutive factor in the
development of airway hyperresponsiveness in the sensi-
tized guinea pig (Pretolani et al 1994). Cell activation was
not measured in the current study.

Although a consistent temporal association between the
onset of ozone-induced airway hyperresponsiveness and
neutrophil influx into the airways has been found in some
studies in other species (Holtzman et al 1983; Seltzer et al
1986), no such temporal effect was seen in guinea pigs in
the current study. Thus, this may reflect differences in the
relation between these responses and ozone exposure in
the different species examined. Ozone exposure may be
linked with both hyperresponsiveness and neutrophilic
inflammation. However, current indications are that, as is
the case with eosinophilia, the two processes are not nec-
essarily correlated with each other (Peden 1999).

Other investigators have suggested that mast cells may
play a role in airway responsiveness, as well as in atopic
asthma (Wardlaw et al 1988; van den Toorn et al 2000).
Increased number of such cells could result in enhanced
responsiveness due to increased release of histamine, a
bronchoconstrictor. In the current study, there was no
increase in such cells with ozone exposure. This is consis-
tent with other reports showing no relation between num-
bers of mast cells and airway responsiveness (Smith and
McFadden 1995).

As noted earlier, the animals in the present study were
killed about 5 to 7 days after their final test of airway
responsiveness (after the 24-week ozone exposure period
or after the 8-week postexposure period). This time frame
may have had an impact on some of the results. For
example, guinea pigs that were sensitized to ovalbumin
and subsequently challenged by ovalbumin inhalation
showed a peak response of eosinophilia in lavage fluid 24
hours after challenge (Underwood et al 1992). It is pos-
sible that any early post-ovalbumin exposure eosinophila,
neutrophilia, or other measure of inflammation was
resolved by the time of lavage in the present investigation
(Hutson et al 1988). However, the available evidence indi-
cates that a relation between degree of bronchial respon-
siveness and intensity of airway inflammatory markers is
not certain, and there may actually be no correlation
between airway responsiveness and specific cellular infil-
trates or epithelial loss (Smith and McFadden 1995). This
lack of consistent correlation between intensity of inflam-
mation, number of inflammatory cells, mediators or both,
and degree of airway responsiveness undermines any
assumption that hyperresponsiveness is driven by inflam-
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mation (Smith and McFadden 1995). This reasoning is
supported by results of the current study, including the
lack of evidence of any pulmonary inflammatory response
in the light-microscopy examination of airway sections.

Some researchers have suggested that ozone-induced
airway hyperresponsiveness may be due to a loss of
normal epithelial function rather than infiltration of
inflammatory cells into the airways (Matsubara et al 1995).
In a study of ovalbumin-sensitized guinea pigs, increased
response to ACH challenge was found without any light-
microscopy evidence of epithelial damage (Masaki et al
1994). Such increased nonspecific airway responsiveness
may be due to altered epithelial function, which included
changes in neural reflexes and in the regulation of media-
tors of airway caliber. The results of the current study pro-
vide support for this possible mechanism.

RELEVANCE OF THE ANIMAL MODEL

Animal models are essential to test hypotheses about
the pathogenesis of airway dysfunction that are not test-
able in human studies, such as effects of controlled long-
term exposures to air pollutants. In attempting to relate
results of this study to ozone-related human airway func-
tional alterations, two caveats need to be mentioned. One
is that the animals were exposed to ozone and had airway
responsiveness evaluated over a time during which they
matured from prepuberty (about 4 weeks of age) through
adolescence and into adulthood (beginning at about 16
weeks of age) (Gaultier et al 1984). The timing of exposure
to environmental stresses (such as allergens and toxicants)
during respiratory tract development is important in the
subsequent expression of atopy as well as other airway
functional phenotypes (Dietert et al 2000; Peden 2000;
Pinkerton and Joad 2000). In humans, for example, the
critical window for such exposure in terms of potential
impact of environmental agents is the first year of life
(Peden 2000). This concept likely applies to the guinea pig
as well, although immune development differs between
humans and those mammals with shorter gestational
periods. The results of the current study might have dif-
fered if the ozone exposures, antigen challenges, or both
had begun with older guinea pigs (Pinkerton and Joad
2000). For example, age-related differences between
younger and older adult humans have been noted in pul-
monary functional responses to ozone (Drechsler-Parks et
al 1987), with a greater response among younger adults.
The effect of pollutant exposure upon airway responsive-
ness and the interaction between such exposure and atopy
likely depend upon the age range within which such
effects are measured, and trends and relations may differ at
different stages of life.

Regarding age, due to the need to initiate sensitization at
the same age in the PS and CS protocols, there was a 3 to 4
week difference in the age at which ozone exposures began
between the NS and CS protocols and the PS protocol
(Table 1). It cannot be determined whether this age differ-
ence affected the response to ozone between the two sensi-
tized protocols or between the PS and NS protocols, but
the effects of ozone on airway responsiveness in the PS
and CS protocols appear to be similar.

A second caveat in evaluating the relevance to humans of
results from a study using an animal model is that such
models cannot mimic all aspects of human disease. They
should be selected for particular aspects of interest. In this
case, the guinea pig was selected to mimic two features of
human airway disease, sensitization to antigen (atopy) and
nonspecific hyperresponsiveness to spasmogenic agents.
Given this, an assessment of relevance also requires consid-
eration of the site of action of inhaled materials in terms of
the response that was evaluated. Unlike humans, guinea
pigs are obligate nasal breathers. Because the noninvasive
measure of airway function performed in this study was
composed of a combination of nasal airway (upper respira-
tory tract) and tracheobronchial (lower respiratory tract)
responses, two possibilities exist. First, ozone-induced
changes in airway responsiveness could reflect functional
alterations within the upper respiratory tract rather than the
lower airways. Second, changes in the upper respiratory
tract could contribute significantly to overall measurements
(Johns et al 1990). For example, this might be due to an
enhanced deposition of inhaled bronchoprovocative agents
within the nasal passages. However, lower airway responses
dominate measures of respiratory resistance, and therefore
conductance, in guinea pigs. Although nasal resistance con-
stitutes the majority of total respiratory system resistance
measured with use of a plethysmograph, the nasal passages
likely only add a constant resistance to the measured
values. Therefore, any changes in resistance are dominated
by effects in responsiveness occurring within the pulmo-
nary airways (Holroyde and Norris 1988; Finney and Fors-
berg 1994). Thus, it is likely that the ozone-induced
alterations in airway responsiveness observed in this study
reflected effects within the lungs and not solely within the
upper respiratory tract, which is similar to what would be
likely to occur in ozone-exposed humans.

CONCLUSIONS

Airway hyperresponsiveness is an exaggerated response
to a bronchoconstrictive stimulus. Although it has been
traditionally considered to be a hallmark of asthma and
measurement of airway responsiveness is often used to
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identify individuals who may be at risk for asthma or
related conditions, responsiveness demonstrates a distri-
bution in the population. Persons with asthma occupy the
sensitive end (Smith and McFadden 1995; Peden 2000). In
any case, exacerbation of hyperresponsiveness after expo-
sure to an inhaled pollutant has a practical health impact,
which can range from minor airway constriction to a
severe asthma attack.

This study has shown that long-term repeated exposures
to ozone did not result in induction of airway hyperre-
sponsiveness in nonsensitized animals. However, expo-
sures in sensitized animals did result in a persistent
exacerbation of existing hyperresponsiveness to both non-
specific and specific stimuli. This suggests that individ-
uals with hyperresponsive airways may be at increased
risk from exposure to air pollutants, supporting evidence
that ambient ozone is associated with aggravation of preex-
isting pulmonary disease such as asthma (Thurston and Ito
1999) and that ozone adversely affects atopic people
(Peden 2000). On the other hand, although a limited
number of long-term exposure epidemiologic studies may
suggest that ozone is involved in induction of asthma
(Thurston and Ito 1999), the current study does not sup-
port this, at least in terms of the development of airway
hyperresponsiveness in nonatopic individuals.

The nature of the ozone effect upon airway hyperre-
sponsiveness did not seem to depend upon the temporal
relation between development of atopy and ozone expo-
sure. Furthermore, although there was a clear gender dif-
ference in baseline responsiveness, there was no gender-
associated difference in the effect of ozone on this param-
eter. Finally, ozone-induced changes in responsiveness
were not associated with the number of eosinophils in
lavage fluid or with other inflammatory cells in the lungs.

The prevalence and severity of airway diseases such as
asthma are increasing worldwide (Sears 1997). Although
the factors involved are likely to be complex, various
environmental influences, including air pollution, are
recognized as potentially playing a role in genesis, exac-
erbation, or both (Bascom 1996; Becklake and Ernst 1997;
von Mutius 1997; Platts-Mills et al 2000). Because per-
sons with asthma generally have lower levels of lung
function and increased airway responsiveness compared
with normal individuals, the clinical consequences of
any effects induced by ozone exposure may be quite
serious (Bascom 1996).

Animal models of disease are not exactly the same as
their human disease counterpart, and airway dysfunction
in such models exhibits both similarities and dissimilari-
ties to that in humans. Thus, it can often be difficult to
relate information obtained in these models to the proto-

typical human manifestation of airway hyperresponsive-
ness. Despite this drawback, it is possible to compare
general features of an animal model to human airway
hyperresponsiveness and to define its relevance to the
human situation. Various stimuli can evoke airway nar-
rowing in animals that is accompanied in some cases by
hyperresponsiveness, thus modeling potentially relevant
triggers of asthma attack in humans. Results of the current
investigation suggest that ozone may be one of these trig-
gers, at least in one fairly large susceptible human popula-
tion, namely atopic individuals.
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INTRODUCTION

Since its inception, the Health Effects Institute has sup-
ported studies on oxidants, primarily nitrogen dioxide and
ozone. A variety of experimental approaches have been
used, including in vitro, animal, controlled human expo-
sure, and epidemiologic studies. One goal of HEI’s ozone
research program has been to provide scientific informa-
tion to aid the US Environmental Protection Agency
(EPA*) deliberations of whether the US National Ambient
Air Quality Standard (NAAQS) for ozone adequately pro-
tects human health. After its most recent review of the sci-
entific basis for the ozone NAAQS (EPA 1996), the EPA
lowered its standard from 0.12 ppm ozone (a level not to be
exceeded for more than 1 hour, once per year) to 0.08 ppm
ozone. The lower level was based on an eight-hour average
to protect against longer exposure periods (EPA 1997). The
EPA’s decision was based on evidence that ozone causes
reversible adverse effects on the respiratory system after
short-term (6.6-hour) exposure to 0.08 ppm ozone or higher
together with moderate exercise (EPA 1996). In 1999, after
industry and state litigants challenged the new ozone (and
particulate matter) standard, the US Court of Appeals for the
District of Columbia Circuit rejected EPA’s standards (EPA
2000), sending the regulations back to the agency. The EPA
reinstated the previous ozone standard but appealed the
decision to the United States Supreme Court (EPA 2000). In
November 2000, the Supreme Court listened to arguments
from each side. In February 2001 the Court upheld EPA’s
authority under the Clean Air Act to set NAAQSs that pro-
tect the American public from the harmful effects of air pol-
lution. In March 2002, the US Court of Appeals for the
District of Columbia ruled that the EPA acted within its legal
jurisdiction in promulgating stricter regulations for ozone
and particulate matter (EPA 2002).

HEI’s Requests for Applications (RFAs) have targeted
research on air toxics, diesel exhaust, particulate matter,
and oxygenates in fuel. In addition to RFAs, HEI issues
Requests for Preliminary Applications (RFPAs), which
encourage investigators with interests outside the current
RFAs but compatible with HEI’s mission, to submit short
preliminary applications describing a proposed study. In
response to RFPA 93-2, Health Effects of Exposure to Motor

Vehicle Emissions, Dr Richard Schlesinger of New York
University’s Institute of Environmental Medicine submitted
a preliminary application entitled Ozone-Induced Airway
Hyperresponsiveness. The HEI Health Research Committee
requested a full application because the members believed
that Schlesinger’s proposal to study the relation between
ozone exposure and allergen inhalation was an important
issue that would complement human studies. External
reviewers of the full application noted Schlesinger’s exper-
tise as an inhalation toxicologist and the quality of the
experimental design. The Research Committee concurred
with the positive evaluation of the external reviewers and
recommended that the study be funded.†

The following Commentary is intended to aid the spon-
sors of HEI and the public by highlighting both the strengths
and limitations of the study and by placing the Investiga-
tors’ Report into scientific and regulatory perspective.

SCIENTIFIC BACKGROUND

Asthma is one of the most common chronic and poten-
tially disabling diseases to occur among children and
adults. Asthma is characterized by three findings involving
the airways: reversible obstruction, inflammation, and
airway hyperresponsiveness, a heightened tendency of the
bronchial airways to constrict. During bronchoconstriction,
airway resistance (defined as the driving pressure of air
through the airways divided by the airflow rate) increases
and its reciprocal function, airway conductance, decreases.
Because airway resistance and airway conductance vary
with lung volume, both measures are divided by lung
volume and expressed as specific airway resistance (sRaw)
and specific airway conductance (sGaw). Both sRaw and
sGaw change based on airway smooth muscle tone. For
example, resistance decreases when smooth muscle relaxes
and increases when smooth muscle contracts. Airway
hyperresponsiveness is considered specific when it
involves immune pathways evoked by an antigen (such as
an allergen) binding to an immunoglobulin and nonspecific
when it is mediated by mechanisms that do not involve the
immune system (such as in response to a chemical irritant).
Several studies have confirmed that allergen inhalation

*A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

† Dr Schlesinger’s 3-year study, Ozone-Induced Airway Hyperresponsive-
ness, began in December 1994. Total expenditures were $360,536. The draft
Investigators’ Report from Schlesinger and colleagues was received for
review in May 1999. A revised report, received in May 2001, was accepted
for publication in June 2001. During the review process, the HEI Health
Review Committee and the investigators had the opportunity to exchange
comments and to clarify issues in both the Investigators’ Report and in the
Review Committee’s Commentary.
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causes specific airway hyperresponsiveness in humans
(Nelson 2000; O’Byrne and Inman 2000). Controlled clinical
studies have shown that exercising humans exposed to
ozone at concentrations of 0.4 ppm (Ying et al 1990; Devlin
et al 1996), 0.22 or 0.20 ppm (Balmes et al 1996, 1997;
Frampton et al 1997a,b), 0.12 ppm (Linn et al 1994; Gong et
al 1986; Folinsbee et al 1988), or 0.08 ppm (Horstman et al
1990) develop nonspecific airway hyperresponsiveness.
Therefore, people with asthma may be more susceptible to
allergen-induced airway hyperresponsiveness when ozone
levels are elevated.

OZONE AND ALLERGEN RESPONSE

Ozone may exacerbate airway dysfunction in people with
asthma by sensitizing the airway mucosa, by enhancing cel-
lular responses to allergen, or by exerting a direct effect on
airway inflammation (Peden et al 1995). Some clinical
studies suggest that subjects with asthma can experience
increased airway hyperresponsiveness to inhaled allergens
(such as ragweed, animal dander, or dust mite allergen) after
exposure to 0.12 ppm or 0.25 ppm ozone for 1 to 3 hours
(Molfino et al 1991; Jörres et al 1996). In contrast, other sub-
jects with mild asthma exposed to 0.12 ppm ozone for
1 hour at rest did not show increased responsiveness to rag-
weed or grass allergen (Hanania et al 1998; Ball et al 1996).
Jenkins and colleagues (1999) reported that ozone-induced
changes in airway response to allergen might depend on
threshold concentration rather than the total amount of
ozone inhaled over time. They found that the airway
response of subjects with asthma to inhaled Dermatopha-
goides pteronyssinus (house dust mite) allergen was
unchanged after exposure to 0.10 ppm ozone for 6 hours.
However, airway response increased when the subjects were
exposed for only 3 hours to 0.20 ppm ozone. 

OZONE IN NONSENSITIZED ANIMALS

A number of studies have assessed the effect of long- and
short-term exposure to ozone in nonsensitized animals.
For the most part, these animal studies involved higher
levels of exposure than human controlled exposure studies
and the animal study conducted by Schlesinger and col-
leagues. Exposure to high (1 to 3 ppm) levels of ozone for
30 minutes to 2 hours produced transient airway hyperre-
sponsiveness in dogs (Holtzman et al 1983; Fabbri et al
1984, 1985; O’Byrne et al 1984a,b; Aizawa et al 1985;
Stevens et al 1995) and rats (Koto et al 1997). Dogs exposed
to 0.5 ppm ozone for 2 hours also developed airway hyper-
responsiveness (Fouke et al 1991), and guinea pigs devel-
oped airway hyperresponsiveness after exposure to 1 to
3 ppm ozone for 15 minutes to 3 hours (Gordon et al 1984;

Murlas and Roum 1985; Yeadon et al 1992; Sun and Chung
1997). Guinea pigs exposed to 0.3 ppm ozone for 4 hours
per day developed airway hyperresponsiveness after 1, 3,
6, 12, or 24 days of exposure. After 48 days of exposure,
airway hyperresponsiveness decreased to control levels,
suggesting that long-term exposure to ozone led to toler-
ance to ozone-induced airway hyperresponsiveness
(Vargas et al 1998). Two studies in monkeys produced con-
flicting results. Johnson and coworkers (1988) exposed
rhesus monkeys to 1 ppm ozone for 2 hours once per week.
Airway hyperresponsiveness developed after 19 weeks of
exposure and persisted for 15 weeks after cessation of
exposure. Biagini and colleagues (1986) reported that cyn-
omolgus monkeys exposed to 1 ppm ozone for 6 hours per
day, 5 days per week, for 12 weeks did not develop airway
hyperresponsiveness. Differences in ozone susceptibility
between the two strains of monkeys may have been respon-
sible for the conflicting results.

In addition to inducing airway hyperresponsiveness,
ozone exposure causes transient lung inflammation, but
whether ozone-induced inflammation is responsible for
airway hyperresponsiveness is unclear. Several studies
implicate ozone-induced airway inflammation in airway
hyperresponsiveness (Holtzman et al 1983; Fabbri et al
1984, 1985; O’Byrne et al 1984b; Stevens et al 1995; Vargas
et al 1998). In contrast, the results of Murlas and Roum
(1985), Sun and Chung (1997), and Koto et al (1997) failed
to identify an association between inflammation and
airway hyperresponsiveness in guinea pigs or rats exposed
to ozone. Crimi and coworkers (1998) concluded that the
relation between chronic airway hyperresponsiveness and
inflammation in asthma is unclear because long-term treat-
ment with anti-inflammatory agents does not consistently
reduce airway hyperresponsiveness. In a related report,
Brusasco and colleagues (1998) examined 26 studies con-
ducted between 1987 and 1998 on the relation between
airway inflammation and airway hyperresponsiveness in
humans; they found an almost equal number showing sig-
nificant or nonsignificant correlations. They concluded
that no clear correlation was evident but that the two may
be loosely related.

OZONE IN ANTIGEN-SENSITIZED (ATOPIC) ANIMALS 

Atopy refers to allergic-type responses that develop in
antigen-sensitized humans and other species. Yanai and
coworkers (1990) reported that exposure to 3 ppm ozone
for 1 hour increased airway hyperresponsiveness in
response to Ascaris suum (pig intestinal roundworm)
antigen in dogs presensitized with the same antigen. Sun
and colleagues (1997) reported that exposure to 1 ppm
ozone for 1 hour augmented ovalbumin-induced airway
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hyperresponsiveness in ovalbumin-sensitized guinea pigs.
In contrast, Vargas and coworkers (1994) reported that
antigen challenge with ovalbumin induced airway hyper-
responsiveness in ovalbumin-sensitized guinea pigs, but
ozone exposure (3 ppm for 1 hour) did not increase
antigen-induced airway hyperresponsiveness.

In summary, there is evidence for the induction of spe-
cific and nonspecific airway hyperresponsiveness after
short-term exposure to ozone; however, we have less infor-
mation on the effects of long-term ozone exposure on
airway hyperresponsiveness. In addition, because people
can be exposed to both allergens and ozone-polluted air for
extended periods, understanding the effects of combined
exposures on airway hyperresponsiveness is critical. The
study of Schlesinger and colleagues provides information
on both issues using a well-established animal model of
airway hyperresponsiveness and allergic asthma.

TECHNICAL EVALUATION

SPECIFIC AIMS

Schlesinger and coworkers addressed four questions
regarding the relation between ozone exposure and airway
hyperresponsiveness. 

1. Does long-term, repeated exposure to low concentra-
tions of ozone (0.1 and 0.3 ppm) induce nonspecific 
airway hyperresponsiveness in nonsensitized animals?

2. Does such ozone exposure exacerbate specific and 
nonspecific airway hyperresponsiveness in sensitized 
(atopic) animals? 

3. Does gender play a role in modulating airway hyper-
responsiveness in relation to ozone exposure?

4. Is there a relation between airway hyperresponsive-
ness and other possible modulators of airway 
response to ozone?

STUDY DESIGN AND METHODS

Animal Model and Exposure Protocols 

Guinea pigs have long been used as a model for studies
on the immune and inflammatory mechanisms of asthma
and on the effect of pollutant exposures on asthma. These
animals exhibit allergic responses that have some homo-
logy to human atopic responses. Guinea pigs also possess
well-developed lung smooth muscle, which contracts
extensively in response to antigen exposure and is a pre-
requisite for bronchoconstriction (Ratner et al 1927
reviewed by Pretolani and Vargaftig 1993; Karol 1994; Bice

et al 2000). Schlesinger and coworkers used three exposure
protocols to explore the effect of extended exposure to
ozone alone or to ozone plus antigen (ovalbumin) on
airway hyperresponsiveness, on cellular and chemical
measures of inflammation in lung fluids, lung tissue and
blood, and on antibody levels.

The nonsensitized (NS) protocol addressed the effect of
ozone exposure on nonspecific airway hyperresponsive-
ness in nonsensitized animals. The presensitized (PS) pro-
tocol examined the effect of ozone on nonspecific and
specific airway hyperresponsiveness in animals presensi-
tized by inhaling ovalbumin for 0.5 hours per day for 4
days. Ozone or clean air exposures began approximately 28
days after the ovalbumin sensitization period. The concur-
rently sensitized (CS) protocol examined the effect of
ozone on airway hyperresponsiveness in animals inhaling
ovalbumin (0.5 hours per day for 4 days) at the same time
ozone exposures began. The guinea pigs were 3 to 4 weeks
old when sensitization to ovalbumin began. Because the
CS animals’ exposure to ozone began at the same time as
the sensitization procedure, the NS and CS animals were 3
to 4 weeks old when ozone exposures began. However, the
PS animals were 7 to 8 weeks old when ozone exposures
began because of the 28-day presensitization period. Age
modulates the development of atopy after antigen expo-
sure (Peden 2000). Therefore, the investigators stressed the
importance of beginning the sensitization procedure for
the PS and CS groups at the same age.

Schlesinger and coworkers exposed male and female
guinea pigs in each protocol to 0.1 or 0.3 ppm ozone for
4 hours per day, 4 days per week, for 24 weeks. Control ani-
mals breathed clean air. Each exposure group in each pro-
tocol contained 10 animals per gender. 

Measurement of Airway Hyperresponsiveness 

The investigators measured sGaw by a noninvasive
method called constant volume plethysmography (described
in detail in the Investigators’ Report) that allowed them to
observe the breathing pattern of animals and detect airway
constriction, the measure of airway hyperresponsiveness.
Initially they measured baseline sGaw by administering an
aerosol of phosphate-buffered saline. The investigators deter-
mined changes in sGaw as a measure of airway hyperrespon-
siveness by bronchial provocation challenge with a
bronchoconstrictor agent. Hyperresponsive airways require
significantly less bronchoconstrictor to decrease sGaw than
do nonresponsive airways. They determined nonspecific
airway hyperresponsiveness by administering aerosols of
increasing concentrations of acetylcholine (ACH); specific
airway hyperresponsiveness was determined by adminis-
tering aerosols of increasing concentrations of ovalbumin.
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At approximately 4-week intervals during the 24-week
exposure period, the investigators measured airway hyper-
responsiveness on a day without ozone exposure to mini-
mize any ozone effect on lung epithelial permeability that
might affect the challenge response. The concentration of
ACH or ovalbumin that reduced sGaw to 50% of the base-
line level was designated as the provocative challenge 50
(PC50). The investigators administered ovalbumin 3 days
after ACH challenge in the PS and CS protocols to avoid a
pulmonary reaction to ovalbumin during the ACH chal-
lenge. One week after the exposure period ended, half the
animals were killed for measurement of cellular, biochem-
ical, and immunologic endpoints. The remaining animals
breathed clean air for an additional 8 weeks (postexposure
period). The investigators measured nonspecific and spe-
cific airway hyperresponsiveness at 4 and 8 weeks after
exposure ended to determine whether responses to ozone
attenuated. One week after the postexposure period ended,
the animals were killed for biochemical, cellular, and
immunologic measurements. The 1-week lag between the
end of the exposure or postexposure period and animal
killing was necessary to allow time to measure airway
hyperresponsiveness. 

Biochemical, Cellular, and Immunologic Analyses

Schlesinger and coworkers measured nitric oxide (NO)
levels in exhaled air during the ozone exposures because
NO is a potent bronchodilator and guinea pigs exposed to
inhibitors of NO production by inhalation develop airway
hyperresponsiveness (Nijkamp et al 1993). In addition,
alveolar macrophages from rats exposed to high levels of
ozone (1 to 2 ppm for 3 hours) produce more NO than cells
from controls exposed to clean air (Pendino et al 1993).

After the animals were killed, Schlesinger and col-
leagues obtained peripheral blood and counted lympho-
cytes, neutrophils, monocytes, eosinophils, and basophils
in all animal groups and measured the levels of immunu-
globulin G (IgG) 1 and IgG2 (as indicators of ovalbumin-
induced atopy) in PS and CS animals. IgG is the major class
of allergic antibodies in guinea pigs and the primary indi-
cator of atopy. They performed bronchoalveolar lavage and
measured (1) the total number of cells, (2) the number of
macrophages, eosinophils, neutrophils and lymphocytes,
(3) cell viability, (4) lactate dehydrogenase (LDH) activity
(an indicator of cell injury), and (5) total soluble protein
(an indicator of increased cell permeability). The investiga-
tors also measured the number of mast cells and eosino-
phils in lung tissue by histopathology.

Statistical Analyses 

The dependent variables in this study were the PC50
and sGaw determinations made over the course of the
exposure and postexposure periods (the time vector). The
independent variables were ozone concentration (0.1 or
0.3 ppm), gender, and the interaction between ozone con-
centration and gender. Statistically significant interactions
(P < 0.05) were determined by the Hotelling-Lawley trace.
If the investigators detected statistically significant interac-
tions between the time vector of dependent variables and
the independent variables, they performed univariate anal-
yses of variance (ANOVA) for each time point. The factors
in the ANOVA were also ozone concentration, gender, and
the interaction between gender and ozone concentration.
For any ANOVA, statistical significance (P < 0.05) was
evaluated with the F test. If the F test indicated statistical
significance, the investigators conducted subtesting for
exposure or gender by exposure interactions.

The investigators also used ANOVA to analyze the results
of the lavage, blood cell, immunoglobulin (IgG1, IgG2), and
airway cell assays. The factors were gender, ozone concen-
tration, and time of death, either immediately after the last
exposure or after the postexposure period.

RESULTS AND INTERPRETATIONS

Table 6 in the Investigators’ Report presents the key sta-
tistical analyses of PC50 values for animals in each pro-
tocol for the exposure and postexposure periods. The
results of this section of the study are summarized in Com-
mentary Table 1.

Nonsensitized Animals 

Ozone did not induce airway hyperresponsiveness in NS
guinea pigs during the exposure or postexposure periods.
The investigators do report that PC50 values were signifi-
cantly lower after ACH challenge for male guinea pigs than
for females, indicating that the airways of males were more
responsive. 

Presensitized Animals 

In PS animals challenged with ACH, ozone exposure
caused statistically significant increases in airway hyperre-
sponsiveness at most time points during the exposure
period. Schlesinger and coworkers report that the effect on
airway hyperresponsiveness was often comparable for
both ozone concentrations; however, they suggest that
there was a general, overall pattern of decreasing PC50 at
the higher ozone concentration. The increase in airway
hyperresponsiveness remained statistically significant
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after 4 weeks of the postexposure period but was no longer
evident after 8 weeks.

In PS animals challenged with ovalbumin, airway hyper-
responsiveness did not show a statistically significant
increase in animals exposed to 0.1 ppm ozone compared
with airway hyperresponsiveness in controls until Week 24,
the last week of exposure. In contrast, the increase in airway
hyperresponsiveness between control animals and animals
exposed to 0.3 ppm ozone was statistically significant
throughout most of the exposure period. The increased
hyperresponsiveness for animals exposed to either concen-
tration of ozone remained elevated 4 weeks into the post-
exposure period. 

PS animals showed no consistent statistically signifi-
cant gender effect with respect to ozone-induced increased
nonspecific or specific airway hyperresponsiveness. How-
ever, as with NS animals, male PS guinea pigs had lower
PC50 values after both ACH and ovalbumin challenges
than did females, but the differences were unrelated to
ozone exposure level.

Concurrently Sensitized Animals 

In CS animals challenged with ovalbumin or ACH, the
pattern of increased airway hyperresponsiveness in response
to ozone exposures over time was similar to that seen in the
PS animals. As with the PS animals, the CS guinea pigs were

more responsive to 0.3 ppm ozone than to 0.1 ppm ozone.
There were no gender-related differences in response to
ozone and, in contrast to the NS and PS animals, male CS
guinea pigs did not show increased responsiveness to ACH
or ovalbumin challenges. 

Differential Sensitivity to Nonspecific or Specific 
Bronchoconstrictor Challenge 

The investigators assessed the degree to which ozone
exposure differentially affected the PS and CS guinea pigs’
responses to bronchoconstrictor challenge by determining
the ACH-PC50/ovalbumin-PC50 ratio. A ratio of one would
indicate a similar response to both challenges, a ratio greater
than one would indicate that the response to the specific
ovalbumin challenge was more than that to the nonspecific
ACH challenge, and a ratio less than one would indicate the
reverse. Although Schlesinger and coworkers found a some-
what greater response to ovalbumin than to ACH in the PS
animals, the differences between the ratios for ozone-
exposed and control animals were statistically significant at
only a few time points and ozone concentrations. Because
there were no consistent trends over time, ozone exposure
group, or gender, the investigators concluded that ozone
exposure did not differentially affect nonspecific or specific
airway hyperresponsiveness in this cohort. A generally sim-
ilar pattern was observed with the CS animals with respect
to time and ozone exposure group. However, in contrast to
the PS group, there was a statistically significant increase in
the male response to ovalbumin challenge, but this was not
related to the concentration of ozone. 

Biochemical and Cellular Analyses 

The results of these analyses are summarized in Commen-
tary Table 2. There was no consistent pattern of ozone-
induced changes in exhaled NO, and NO levels were com-
parable in males and females in all groups. There were no
ozone-induced changes among groups in the total number of
cells in bronchoalveolar lavage fluid, in the numbers of mac-
rophages, eosinophils, neutrophils, or lymphocytes, in the
levels of LDH activity or total protein, or in cell viability.
There were no statistically significant relations between
gender and ozone exposure. Ozone exposure had no effect
on the levels of eosinophils or mast cells in lung tissue com-
pared with levels in controls. Thus, the results of lavage and
histopathologic analyses indicated that airway inflam-
mation was not a factor in the airway hyperresponsiveness
observed in this study.

There were no statistically significant ozone effects on
the numbers of blood cells (namely, lymphocytes, neutro-
phils, monocytes, eosinophils, or basophils) in the NS or
PS animals. Ozone exposure reduced the number of lym-
phocytes and increased the number of neutrophils in the

Commentary Table 1. Airway Hyperresponsiveness in 
Presensitized and Concurrently Sensitized Guinea Pigs 
Exposed to Ozonea 

Nonspecific Challenge
with Acetylcholine

Specific Challenge
with Ovalbumin

• Significantly increased 
airway hyperrespon-
siveness began during 
ozone exposure period 
and persisted 4 weeks 
after exposure 

• Hyperresponsiveness to 
0.3 ppm ozone was 
somewhat stronger than 
to 0.1 ppm ozone

• No hyperresponsiveness 
was evident at 8 weeks 
after ozone exposure at 
either dose level

• Significantly increased 
airway hyperrespon-
siveness to 0.1 ppm 
ozone did not appear 
until Week 24 but 
persisted 4 weeks 
after exposure 

• Significantly increased 
airway hyperrespon-
siveness to 0.3 ppm 
ozone began early in 
exposure period and 
persisted 4 weeks after 
exposure

• No hyperresponsiveness 
was evident at 8 weeks 
after ozone exposure at 
either dose level

a The nonsensitized animals showed no changes as measured by the 
nonspecific challenge with ACH.
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Commentary Table 2. Biochemical and Cellular Analyses of Guinea Pigs Exposed to Ozone

Nitric Oxide in Breath Bronchoalveolar Lavage Lung Tissue Blood Cells

Nonsensitized Animals

No change from controls No changes from controls in 
total numbers of cells, in 
macrophages, eosinophils, 
neutrophils, lymphocytes, 
LDH activity, total protein, 
or cell viability 

No changes from 
controls in the 
numbers of 
eosinophils or 
mast cells

No changes from controls in 
the numbers of lymphocytes, 
neutrophils, monocytes, 
eosinophils, or basophils

Presensitized Animals

No changes from controls

Concurrently Sensitized Animals

No changes from controls Lymphocytes decreased 
and neutrophils increased 
at the end (Week 24) of ozone 
exposure compared 
with controls

blood of CS animals, but only at the end of the 24-week
exposure period. 

The investigators noted several gender differences in the
levels of blood cells, but they were unrelated to ozone
exposure. For example, the numbers of eosinophils were
higher in NS and PS females, the numbers of lymphocytes
were higher in PS and CS females, and the numbers of neu-
trophils were higher in PS and CS males. 

Immunologic Analyses 

Commentary Table 3 presents the key results of these
analyses. Ozone exposure did not affect blood IgG1 levels
in PS or CS animals killed immediately after the end of
the exposure period compared with levels in controls.
The IgG1 level in ozone-exposed PS and CS animals
killed at the end of the postexposure period was signifi-
cantly higher than levels in the cohorts killed at the end
of the exposure period. The level of IgG1 was higher in CS
females killed at the end of the postexposure period com-
pared with males killed at the same time, and this differ-
ence was statistically significant. The level of IgG2 was
also significantly higher in PS animals exposed to
0.1 ppm ozone and killed at the end of the postexposure
period than in the cohort killed at the end of the exposure
period. CS animals showed a somewhat similar effect, but
the difference was not statistically significant. The level
of IgG2 in animals exposed to 0.3 ppm ozone fell between
the levels seen in the control and 0.1 ppm ozone cohorts,
but these differences were not statistically significant.
Schlesinger and coworkers performed correlation analyses

Commentary Table 3. Immunologic Analyses on 
Sensitized Guinea Pigs Exposed to Ozone

IgG1  IgG2

Presensitized Animals

No change from controls at 
end of exposure 
(Week 24)

Higher in animals exposed 
to 0.1 ppm ozone at 8 
weeks after exposures 
(Week 32) compared 
with same exposure 
cohort at end of exposure 
(Week 24)

Elevated level at 8 weeks 
after exposure compared 
with same exposure 
cohort at end of exposure 
(Week 32)

Exposure to 0.3 ppm 
ozone produced a level 
between controls and 
animals exposed to 
0.1 ppm (Week 24), 
but differences were not 
statistically significant

Concurrently Sensitized Animals

Similar to presensitized 
animals, but significantly 
increased in females 
compared with males at 8 
weeks after exposure 
(Week 32) 

Similar trend as in 
presensitized animals 
exposed to 0.1 ppm 
ozone

Similar results as in 
presensitized animals 
exposed to 0.3 ppm 
ozone
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to determine whether blood IgG levels reflected the degree
of airway hyperresponsiveness. The statistically significant
negative correlations between PC50 and ACH, PC50 and
ovalbumin, IgG1, and IgG2 indicated that an increased
blood level of IgG was associated with decreased PC50, the
measure of airway hyperresponsiveness.

DISCUSSION

This important study sought to answer a key question
concerning the effect of ozone on the lungs: does long-
term, intermittent exposure to ozone exacerbate airway
hyperresponsiveness? The study was well designed to
answer this question. The investigators made repeated
measurements on three cohorts of guinea pigs exposed to
two levels of ozone (0.1 and 0.3 ppm) for approximately six
months, and they also followed changes that developed
during a recovery time in clean air. The first cohort com-
prised nonsensitized animals exposed to ozone and peri-
odically challenged with a bronchoconstrictor, ACH, that
induces nonspecific airway hyperresponsiveness. The
second cohort comprised animals whose airways were
made hyperresponsive by inhalation of the allergen oval-
bumin before ozone exposure began. The third cohort com-
prised animals whose airways were made hyperresponsive
by ovalbumin inhalation concurrently with the beginning
of ozone exposure. Specific airway hyperresponsiveness in
the second and third cohorts was assessed by periodic
ovalbumin challenge, which causes bronchoconstriction;
nonspecific airway hyperresponsiveness was assessed by
ACH challenge.

Ozone did not induce airway hyperresponsiveness in
normal guinea pigs. Ozone exposure did exacerbate non-
specific and specific airway hyperresponsiveness in ani-
mals whose airways were made hyperresponsive either
before ozone exposure began or concurrently with ozone
exposure. These effects generally depended on ozone dose
but were independent of gender. The levels of nonspecific
and specific airway hyperresponsiveness induced by
ozone exposure were quantitatively similar and persisted
for 4 weeks after exposure ended. 

There was no consistent pattern of ozone-induced effects
on NO exhalation, and NO levels were similar in males and
females. There were no statistically significant ozone-
induced changes in cell viability or in the levels of cellular
or molecular markers of inflammation in lavage fluid, nor
were interactions observed between ozone exposure and
gender. Ozone exposure had no effect on the numbers of
cellular markers of inflammation (eosinophils and mast
cells) in lung tissue. Thus, the results of this study do not

support an association of inflammation with the appear-
ance or exacerbation of nonspecific or specific airway
hyperresponsiveness. Ozone exposure had no effect on the
numbers of specific blood cells in the NS or PS animals.
Ozone exposure reduced lymphocyte numbers and
increased neutrophil numbers in the blood of CS guinea
pigs only at the end of the 24-week exposure period.

There were a few gender differences in blood cell num-
bers, but they were unrelated to ozone exposure. For
example, the numbers of eosinophils were higher in NS
and PS females, the numbers of lymphocytes were higher
in PS and CS females, and the numbers of lymphocytes
were higher in PS and CS males.

IgG1 and IgG2 were produced in response to ovalbumin.
Ozone had no effect on the production of IgG1 in PS or CS
animals killed at the end of the exposure period compared
with IgG1 in control animals. However, the levels of IgG1
in both cohorts were elevated in animals killed at the end
of the postexposure period compared with the levels seen
at the end of exposure. IgG1 levels were elevated in
females of both cohorts, compared with males, killed at the
end of the postexposure period. IgG2 levels were elevated
in PS animals exposed to 0.1 ppm ozone and killed at the
end of the postexposure period compared with the levels
seen in animals killed at the end of the exposure period.
The negative correlations between PC50 and ACH, oval-
bumin, IgG1, and IgG2 indicated that increasing levels of
IgG were associated with decreasing PC50, the measure of
increased airway hyperresponsiveness.

The ozone concentrations used in this study (0.1 and
0.3 ppm) were relevant to those encountered by humans.
In 1997, 48 million people in 77 counties within the
United States were exposed repeatedly to ozone concen-
trations greater than 0.12 ppm; people in sections of Cali-
fornia and the northeastern United States were exposed to
ozone concentrations reaching 0.204 ppm. Residents of
Houston, Texas, were exposed to ozone levels ranging
from 0.205 to 0.404 ppm ozone (EPA 1998). Daily peak
ozone concentrations last 6 to 8 hours, and the likely
human exposure is approximately 90% of the maximum
1-hour peak exposure (Rombout et al 1986; Lefohn et al
1993); therefore, the experimental exposure of 4 hours per
day was reasonable. Multiple-day exposures to ozone are
common. The investigators’ experimental design of 4 days
of exposure per week was based on the average patterns of
ozone pollution episodes in many parts of the US (Lipp-
mann 1992). In addition, the exposure duration of
24 weeks was appropriate because ozone levels in most
parts of the country are highest from late spring through
early fall (EPA 1996). 
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Further strengths of the study were the well-character-
ized guinea pig model of airway hyperresponsiveness,
analysis of effects between genders, the attempt to corre-
late physiologic airway hyperresponsiveness data with
markers of inflammation in lavage fluid and lung tissue,
and the comparison of ozone effects with specific and
nonspecific airway challenge. As mentioned by the
authors, no animal model completely reproduces the
entire allergic airway process found in humans; however,
guinea pigs develop a type of airway hyperresponsiveness
that is comparable to asthmatic humans (Kallos and Kallos
1984; Hutson et al 1988; Thorne and Karol 1989; Turner
and Martin 1997). Unlike humans, however, their allergic
response is mediated predominantly by IgG2 antibodies
rather than immunoglobulin E (IgE) antibodies. The
response of the ovalbumin-sensitized animals to extended
periods of ozone exposure in this study is consistent with
the results of studies of airway hyperresponsiveness after
short-term exposure of guinea pigs to much higher levels
of ozone (Yanai et al 1990; Vargas et al 1994). Because the
ozone concentrations were relevant to those encountered
by humans during periods of elevated ozone air pollution,
the results presented by Schlesinger and coworkers sug-
gest that people with hyperresponsive airways may expe-
rience an increased response during periods of elevated
ozone levels.

SUMMARY

The study by Schlesinger and colleagues sought to
answer a key question concerning the effect of ozone on the
lungs: does long-term, intermittent exposure to ozone exac-
erbate airway hyperresponsiveness? Ozone levels of
0.1 ppm and 0.3 ppm did not induce airway hyperrespon-
siveness in normal guinea pigs. Ozone exposure did exacer-
bate nonspecific and specific airway hyperresponsiveness
in animals whose airways were made hyperresponsive with
ovalbumin, either before ozone exposure began or concur-
rently with ozone exposure. These effects were generally
dose dependent but independent of gender. The levels of
nonspecific or specific airway hyperresponsiveness
induced by ozone exposure were quantitatively similar and
persisted for 4 weeks after the end of exposure. The investi-
gators obtained evidence that increased IgG was associated
with decreasing PC50, the measure of increased airway
hyperresponsiveness. Measures of markers of inflammation
in lavage fluid and lung tissue did not correlate with ozone
exposure; thus, the results of this study do not support an
association of inflammation with the appearance or exacer-
bation of nonspecific or specific airway hyperresponsive-
ness in guinea pigs exposed to ozone.

The response of the ovalbumin-sensitized animals to
extended periods of ozone exposure in this study is consis-
tent with the results of studies of airway hyperresponsive-
ness after short-term exposure of guinea pigs to much higher
levels of ozone (Yanai et al 1990; Vargas et al 1994). A major
strength of this study is that the ozone concentrations were
relevant to those encountered by humans during periods of
elevated ozone air pollution. The results presented by
Schlesinger and coworkers suggest that people with hyper-
responsive airways may experience an increased response
during periods of elevated ozone levels. This possibility
should be evaluated in human studies.
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