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REVERSAL OF METHYLPREDNISOLONE EFFECTS IN ALLERGEN-EXPOSED
FEMALE BALB/c MICE

David Bassett', Fusao Hirata', Xiufeng Gao', Rangaramanujam Kannan', Janet Kerr',
Nicole Doyon-Reale', Susan Wilson?, Mary Lieh-Lai’

'Wayne State University, Detroit, Michigan, USA
*University of Southampton, Southampton, United Kingdom

A high percentage of asthma is associated with aeroallergen exposures. Glucocorticoids such
as methylprednisolone represent a major method for managing chronic asthma. However,
studies suggested that corticosteroid therapy might have the potential to stimulate rather
than inhibit adaptive immune inflammatory reactions, raising concerns about possible
adverse reactions due to excessive repeated methylprednisolone treatment. Therefore, a
murine model of allergen-induced inflammation was characterized and used to investigate
the effects of repeated intraperitoneal (ip) and transnasal treatments with methylpredniso-
lone (0-20 mg/kg body weight) and cyclosporin A (20 mg/kg body weight). Sensitized BALB/c
female mice were exposed daily to ovalbumin (OVA) aerosols for up to 5 d with 24-h postex-
posure analyses for airway responses to methacholine aerosols and inflammatory cell recoveries
by bronchoalveolar lavage (BAL) and tissue collagenase dispersion. Although increased tissue
neutrophils, lymphocytes, monocytes, and macrophages reached maximal levels after 2 daily
OVA exposures, recoverable eosinophil numbers continued to rise over the 5-d period. Daily
ip treatments with a 5-mg/kg body weight dose of methylprednisolone diminished both OVA-
induced airway responses to methacholine and inflammatory-cell accumulations to levels
comparable to those observed with cyclosporin A. However, treatments with higher doses of
methylprednisolone reversed this anti-inflammatory effect, indicated by a return to untreated
levels of OVA-induced eosinophil recovery. A similar biphasic response in eosinophil recoveries
was observed using daily transnasal methylprednisolone treatments that correlated with a
concomitant fall and rise in BAL interleukin-13. These results supported the hypothesis that
repeated high-steroid treatments might activate rather than suppress allergen-induced
immune responses.

The prevalence of asthma continues to
increase, especially among children. Half of
the cases reported in the Third National Health
and Nutrition Examination Study (NHANES I11)
were identified as being associated with allergen
exposures in individuals with specific sensitivities
mainly to cat, mold, and white oak antigens
(Arbes et al., 2007). Increased incidence of
asthmatic reactions triggered by environmental
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exposures and characterized by airway con-
striction, cough, and inflammation is being
attributed to enhanced aeroallergens expo-
sures possibly resulting from climate change, as
well as a result of exposures to such irritant air
pollutants as cigarette smoke, ozone, and
nitrogen dioxide (Gilmour et al., 2006).

The combined use of bronchodilator and
corticosteroid therapy is the standard approach

This study was supported by the Children’s Research Center of Michigan and a grant from the National Institute of Child Health and

Human Development (5U0THD37261-04).

Permanent affiliation for Janet Kerr is Merck Research Laboratories, West Point, PA, USA.
Address correspondence to David Bassett, PhD, Professor of Occupational & Environmental Health, Department of Family
Medicine & Public Health Sciences, 101 East Alexandrine, School of Medicine, Wayne State University, Detroit, Ml 48201, USA.

E-mail: dbassett@med.wayne.edu



09:01 21 April 2010

Downl oaded By: [Advanced Institute of Sanita] At:

712

in the acute care management of individuals
with moderate to severe early- and late-phase
asthmatic reactions. Although there is a desire
to move away from the systemic administration
of corticosteroids such as methylprednisolone,
these drugs still represent the most effective
method for the management of the inflammatory
component of acute asthma. However, the
action of such glucocorticoids on antigen-
induced inflammatory processes is complex.
While glucocorticoids appear to be effective in
reducing innate immune inflammatory cell
accumulations, under different conditions,
these agents were shown to have the potential
to enhance adaptive immune mechanisms to
promote antigen induced Th2-lymphocyte
associated inflammation (Elenkov, 2004;
Franchimont, 2004). Previous uses of experi-
mental models based on short-term allergen-
exposures of sensitized rats and guinea pigs
demonstrated that pretreatment with glucocor-
ticoids including methylprednisolone abro-
gates subsequent ovalbumin (OVA)-induced
eosinophil inflammatory cell airway accumula-
tions (Birrell et al., 2003; Chand et al., 1990;
Heuer et al., 1994; Huang et al., 1999;
Kassera et al., 2004; Murai et al., 2005). How-
ever, as more studies explore the complex
immune mechanisms leading to such allergen-
induced inflammatory reactions, accumulating
evidence suggests that repeated steroid use might
actually result in a subsequent enhancement of
inflammation (Elenkov, 2004; Franchimont,
2004). Therefore, the main objective of the
present study was to establish a murine model
of allergen-induced lung inflammation and to
use it to explore how different levels of
repeated  methylprednisolone  treatments
might affect the development of allergen-
induced lung inflammation spread out over a
5-d period of daily allergen exposures. Results
were compared with the effects of similar
treatment with the immune-suppressive drug
cyclosporin A as a positive control. Cyclosporin
A has been used to explore the role of T cells
in allergen-induced lung inflammation and
airway reactivity, as well as being considered
as a potential treatment for severe asthma
(Ezeamuzie & Nwankwoal, 2000; Khan et al.,
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2000; Larche et al., 2003; Underwood et al.,
2001).

A murine model based on up to five daily
exposures of sensitized female BALB/c mice to
the experimental allergen OVA was established
for use in this investigation (Birrell et al., 2003;
Jaffar et al.,, 2004). Although studies have
employed single acute allergen exposures of
guinea pigs or Brown Norway rats to study
early- and late-phase reactions, murine allergen
exposure models using repeated low levels of
OVA exposure are being utilized with increasing
frequency to delineate the sequence of events
leading to allergen-induced airway inflamma-
tion, hyperreactivity (Hahn et al., 2003; Jaffar
etal., 2004), and more recently tolerance and
airway remodeling (Temelkovski et al., 1998;
Yiamouyjiannis et al., 1999). Most studies of
lung inflammation rely on bronchoalveolar lavage
(BAL) cell recoveries to indicate lung inflamma-
tion, yet correlation of the time course of
inflammatory events with, for example, the
onset of airway hyperreactivity required the
use of both BAL and collagenase tissue disper-
sion techniques to assess total lung inflamma-
tory status (Birrell et al., 2003; Delorme et al.,
2002; Shultheis & Bassett, 1994). Therefore, in
this study, inflammatory cell contents in the
airway and the combined tissue marginated
and interstitial compartments, respectively,
were determined, providing an opportunity to
correlate changes in tissue inflammatory cell
content with airway responses to methacholine
challenge. This approach provided a detailed
evaluation of the time course of cellular events
and associated physiological responses to
methacholine challenge over a 5-d period of
repeated daily OVA exposures and a suitable
base for exploring the effects of both intraperi-
toneal (ip) and transnasal repeated treatments
with methylprednisolone.

METHODS

Animals

Specific-pathogen-free  female  BALB/c
mice weighing 20-25 g were obtained from
Hilltop Laboratory Animals Inc. (Scottsdale,
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PA) and maintained in high-efficiency particu-
late-filtered air with free access to food and
water. Following 7-10 d of acclimatization, all
animals were sensitized by ip injections of 10
pug OVA (Grade V, Sigma Chemical Co.,
St. Louis) and 2 mg aluminum hydroxide sus-
pended in 0.2 ml sterile isotonic saline. Animals
were injected on d 1 and d 14. Daily exposures
to either saline (control) or OVA aerosols were
initiated 21 d from the first ip OVA treatment.

Mice were exposed for 1 h/d for up to 5 d
either to an OVA aerosol generated from a 1%
OVA solution in sterile isotonic saline or to
saline alone (control), using a collison nebulizer
and a nose-only exposure system that provides
a relatively monodispersed aerosol with a
mean aerodynamic diameter of 0.25 um (CH
Technologies, Westwood, NJ). Air flow was
adjusted to provide an aerosol concentration
of 25 mg OVA/m’. Twenty-four hours following
the last exposure, mice were screened in some
cases for their responses to methacholine aerosol
challenge and then anesthetized (60 mg/kg
body weight sodium pentobarbital, ip) prior to
assessment of inflammatory status. The protocols
used in this project were approved by Wayne
State University’s Institutional Animal Care and
Use Committee (IACUC), with all procedures
being consistent with U.S. government guide-
lines. The facilities, including those for animal
exposure, are fully accredited by the Association
for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC).

Drug Treatments

Intraperitoneal  administrations  were
conducted with either methylprednisolone
(Solu-Medrol, Pharmacia & Upjohn Company,
Kalamazoo, MI) or cyclosporin A (Sigma) sus-
pended in 0.2 ml sterile isotonic saline con-
taining methylcellulose dispersant (0.2% w/v).
Based on previous steroid treatments of mice
(Birrell et al., 2003), cohorts of 4-6 mice were
ip treated with either O (dispersant control), 5,
10, or 20 mg/kg body, 1 d before and 4 h after
each daily exposure to either saline or OVA
aerosols. Using the same treatment regimen, a
separate experiment was conducted using 4
mice under each exposure condition treated
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with either dispersant or 20 mg/kg body weight
cyclosporin A. Additional cohorts of untreated
mice were exposed to saline and OVA aerosols
to assess possible effects of the dispersant alone.

Transnasal administrations were con-
ducted on mice anesthetized with isoflurane
using 15 pl of increasing doses of methyl-
prednisolone hemisuccinate (Sigma) solubi-
lized in a carrier containing 200 mg/ml
(2-hydroxypropyl)-s-cyclodextrin in sterile
isotonic saline, providing stable clear solutions
for treatments with O (saline carrier), 2.5, 5, 10,
or 15 mg/kg body weight. Each administration
was followed by an additional 15 pl of isotonic
saline wash. Two separate experiments were
conducted using the treatment and exposure
regimens described earlier with cohorts of at
least two mice under each condition.

Evaluation of Lung Physiology

Awake mice were placed in whole-body
plethysmographs, each equipped with a bias
flow air supply, a pneumotachograph resistance,
and pressure transducers (Buxco Electronics,
Inc., Wilmington, NC). Changes in the enhanced
pause in breathing (Penh) resulting from expo-
sure to increasing aerosol concentrations of the
bronchoconstrictor methacholine were deter-
mined as a surrogate indicator of altered airway
constriction, as previously investigated and eval-
uated (Birrell et al., 2003; DelLorme & Moss,
2002; Hamelmann et al.,, 1997; Whitehead
et al., 2003). Following 30 min of acclimatization
within the plethysmograph, mice were exposed
for 2 min to methacholine aerosols with increas-
ing concentrations from 0 to 100 mg/ml that
corresponded to 0 to 6.25 g methacholine/m’. A
5-min recovery period was allowed between
methacholine applications, during which time
mean Penh values were recorded. An additional
series of experiments was conducted with OVA-
exposed and ip methylprednisolone-treated
mice to correlate these Penh findings with
direct measurements of changes in airway
resistance when challenged by similar increas-
ing aerosol concentrations of methacholine
(Hahn et al., 2003). These assessments were
achieved in mice anesthetized using ketamine
(80 mg/kg body weight) and xylazine (10 mg/kg



09:01 21 April 2010

Downl oaded By: [Advanced Institute of Sanita] At:

714

body weight) in combination while being artifi-
cially ventilated via a tracheal cannula with a
tidal volume of 0.225 ml at 120 breaths/min
(Hugo Sachs Electonik-Harvard, Germany), with
flow and volume assessed using a whole-body
plethysmograph transducer and a second
transducer to assess changes in airway pressure
(Buxco Electronic, Inc.). Mice were exposed
for 30 s to a series of increasing aerosol con-
centrations of methacholine up to 100 mg/ml,
with measurements of enhanced airway resis-
tance recorded and averaged over the follow-
ing 2-min period. Data obtained for each
mouse using both of these methods were sub-
jected to polynomial regression analyses as
previously described (DeLorme et al., 2002;
DelLorme & Moss, 2002), demonstrating coef-
ficients of greater than .985 in all cases. The
resulting quadratic equations were then used
to establish single numbers for comparing the
effects of different pretreatments and expo-
sures at specific levels of methacholine aerosol
challenge (Whitehead et al., 2003).

Determination of Inflammatory State

As previously described in studies conducted
with rats and guinea pigs (DeLorme et al., 2002;
Shultheis & Bassett, 1994), ventilated lungs of
anesthetized mice were first perfused with
warm isotonic saline (37°C) via the pulmonary
artery to remove blood components, followed
by an initial bronchoalveolar lavage (BAL) via
the trachea with a 0.8-ml aliquot of phos-
phate-buffered saline (PBS, pH. 7.4). The BAL
fluid supernatants were stored at —80°C for
later analyses that in some cases included
determinations of interleukin-13 (IL-13) using
established kit-based methods (IL-13 Mouse
ELISA Kit, KMC2221, InVitrogen, Carlsbad,
CA). The recovered cells were combined with
recoveries from 4 additional lavages using PBS
containing 3 mM ethylenediamine tetraacetic
acid (EDTA) to ensure maximal recovery of
phagocytic cells. The resulting cell populations
were subjected to differential analyses follow-
ing staining with modified Wright's stain for
identification of macrophages, lymphocytes,
neutrophils and eosinophils (DelLorme et al.,
2002; Shultheis & Bassett, 1994). The remaining
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parenchymal tissue was isolated, weighed,
sliced, and incubated in Dulbecco’s modified
Eagle’s medium containing collagenase (75 U/
ml;  Worthington Biochemical Corporation,
Lakewood, NJ), fetal calf serum (10% v/v;
Gibco, Grand Island, NY), and 50 U/ml DNase
(Sigma), as previously described (DelLorme et
al., 2002; Holt et al., 1985; Shultheis & Bassett,
1994). A total cell count was conducted and
differential cell analyses were performed after
separate staining with modified Wright's stain
for neutrophils, eosinophils, and lymphocytes,
and nonspecific esterase staining for the identi-
fication of the combined monocyte and mac-
rophage population (Li et al., 1973). Results
were reported as total BAL- and tissue-recovered
cells per lung. In separately exposed animals,
samples of lung tissue were prepared for light
microscopic examination by fixing in acetone
containing the protease inhibitors phenylmeth-
ylsulphonyl fluoride and iodoacetate followed
by infiltration and embedment in glycol meth-
acrylate, as previously described (Britten et al.,
1993). Airway structure was maintained by
prior intratracheal infusion of 150 pl agarose at
37°C followed by 15 min at 4°C to set the gel
(Plopper et al., 1991), followed by isolation of
cross-sectional tissue samples for fixation,
embedding, sectioning, and staining with tolui-
dine blue.

Statistical Analyses

Data from these experiments were analyzed
by either one-way or two-way analyses of the
variance with comparisons of the means using
either Dunnett’s or Student-Newman-Keuls
multiple-range tests, respectively, with a level
of significance of p < .05. Logarithmic transfor-
mations of the data were conducted when vari-
ances were found to be heterogeneous by
Hartley’s test. Data are presented as means =+ SE.

RESULTS

Allergen-Induced Lung Inflammation

Since no significant effects on inflamma-
tory cell recoveries were observed as a result of
daily saline aerosol exposures, results obtained
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FIGURE 1. Results represent the mean (£ SE, n = 4) recovery of inflammatory cells by (A) bronchoalveolar lavage (BAL) and (B) collage-
nase lung tissue dispersion from sensitized female BALB/c mice 24 h following O (control), 1, 2, and 5 daily exposures to OVA aerosol.
NSE+ve cells represent marginated and interstitial monocytes and macrophages. Significantly different from saline-exposed control mice

with p < .05, indicated by a.

from unexposed and saline-exposed mice were
combined for presentation (Figure 1). The lavage
of the lungs of unexposed control mice demon-
strated a total cell recovery of 1.9 £ 0.2 x 10°
(£ SE, n = 4) with alveolar macrophages repre-
senting greater than 99% of the recovered
cells. However, 24 h following the fifth daily
exposure to OVA, the total number of recover-
able cells increased to 20.4 + 2.6 x 10° ( SE,
n = 4), with significantly elevated numbers of
lymphocytes, neutrophils, and eosinophils
appearing in the lavage fluid (Figure TA). Colla-
genase dispersions of lavaged lungs from control
saline-exposed animals demonstrated that 15%
of a total tissue cell recovery of 135 £ 3 x 10°
(£ SE, n = 4) were nonspecific esterase positive

cells (NSE+ve), representing the combined
monocyte and macrophage marginated and
interstitial cell populations. Thirty-nine percent
of cells were identified as lymphocytes, with
30% neutrophils and 10% eosinophils. The
remaining 6% of tissue-recovered cells could
not be characterized and were assumed to be
noninflammatory cells surviving the collage-
nase dispersion process. Twenty-four hours after
d 5 of OVA exposure, total tissue recoverable
cells were enhanced to 278 + 57 x 10° (+ SE,
n = 4). After 2 daily exposures to OVA the
lung lymphocyte population was increased and
remained enhanced significantly 24 h follow-
ing the fifth OVA exposure (Figure 1B). In con-
trast, tissue-recovered monocyte-macrophage
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FIGURE 2. Light micrograph of a representative lung lesion obtained from 3 BALB/c mice 24 h following 5 daily exposures to OVA aerosols,
indicating accumulation of inflammatory cells in the perivascular and peribronchial spaces with a selection of granulocytes indicated by

arrows.

and neutrophil numbers were found to peak
significantly after two daily OVA exposures,
but returned to baseline levels after the fifth
daily exposure (Figure 1B). Tissue eosinophil
numbers were found to rise linearly with each
subsequent exposure to OVA, beginning 24 h
after the first OVA exposure (Figure 1B).
Although sections of mouse lung tissue 24 h
following 5 daily OVA exposures demonstrated
some granulocytes located within the conduct-
ing airway submucosa, the major accumulations
of both granulocytes and mononuclear cells
were observed in peribronchial and perivascular
spaces of the lung (Figure 2). No inflammatory-
cell accumulations were observed in the periph-
eral parenchymal regions of the lung.
Twenty-four hours following one, two, and
five daily OVA exposures, mice were studied
for their airway responses to methacholine as
measured using the Penh index (Figure 3A).
No marked changes in the response to
increased methacholine were observed 24 h
after the first (data not shown) and the second
daily exposures to OVA. However, enhanced
responses to methacholine were observed in
mice 24 h after the fifth daily OVA exposure,

as indicated by greater delayed pauses in the
breathing pattern (Penh) for each increasing
concentration of methacholine (Figure 3A). In
a similar experiment, airway resistance mea-
surements with increasing methacholine aero-
sol challenges were also shown to be greatly
enhanced in mice 24 h following the fifth daily
exposure to OVA (Figure 3B). In this latter
experiment, OVA-associated BAL eosinophil
recoveries were found to be comparable with
those demonstrated previously (Figure 1).

Intraperitoneal Drug Treatments

Although baseline lavage recoveries of
inflammatory cells were unaffected by the
use of ip administration of the methylcellu-
lose dispersant, such treatments significantly
enhanced the tissue collagenase lung recov-
eries of the monocyte-macrophage popula-
tion (NSE+) from an untreated baseline
mean value of 32.8 £ 4.1 x 10° (+SE, n = 10)
to 52.1 +5.9 x 10° cells (+ SE, n = 4) and recov-
eries of lymphocytes from 64.4 +8.2 x 10° (+ SE,
n = 10) to 85.6 + 7.6 x 10° cells (+ SE, n = 4).
Further elevation in these dispersant-related tis-
sue cell recoveries resulting from OVA exposures
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FIGURE 3. Results represent the mean values for: (A) Penh (£ SE, n = 4) obtained on exposing unanesthetized BALB/c mice to aerosols
with increasing concentrations of methacholine, 24 h following 0 (control), 2, and 5 daily exposures to OVA aerosol; and (B) percent
change in airway resistance (= SE, n = 3) resulting from exposing ventilated anesthetized mice to similar increasing aerosol concentrations of
methacholine, 24 h following 5 daily exposures to either saline or OVA.

TABLE 1. Lavage-Recovered Mononuclear Cells From Intraperitoneally Treated Mice

Alveolar macrophages (x 10° per lung)

Lymphocytes (x 10° per lung)

Dispersant + saline (n = 10)

Dispersant + OVA (n = 10)

5 mg Methylprednisolone + OVA (n = 7)
10 mg Methylprednisolone + OVA (n = 4)
20 mg Methylprednisolone + OVA (n = 4)
20 mg Cyclosporin A + OVA (n = 4)

1.93 £0.21 0.03 £ 0.01
3.13 £0.58 0.33 +0.08?
1.72+0.13° 0.13 £0.04°
2.05+0.16° 0.06 + 0.02°
2.3240.27 0.2940.18
1.90 £0.19 0.14 £ 0.02

Note. Results represent the mean * SE of cells (x 10°) recovered by bronchoalveolar lavage 24 h following 5 daily exposures to
either saline or OVA aerosols, and following daily ip treatments with either dispersant (methylcellulose) alone or dispersant containing
either 5, 10, or 20 mg/kg body weight methylprednisolone, or 20 mg/kg body weight cyclosporin A. It should be noted that the addition
of either drug did not result in any significant effect on cell recoveries from saline-exposed animals (data not shown).

“Significantly different from saline-exposed mice treated with carrier alone with p < .05.

bSignificantly different from dispersant-treated mice exposed to OVA with p < .05.

could not be demonstrated. Although tissue
recoveries of neutrophils and eosinophils
were unaffected by the dispersant treatments
alone, the OVA-induced increased recovery
of eosinophils was diminished by the dis-
persant-treatment to a mean value of 40.4
4 x10° (£ SE, n = 4) from 88.5 £ 12 x 10°
cells (£ SE, n = 10).

The treatment of mice either with increas-
ing doses of methylprednisolone (5, 10, or 20
mg/kg body weight) or with 20 mg/kg body
weight cyclosporin A was conducted as two
separate experimental series. Since data from
dispersant-treated saline- and OVA-exposed
mice were not significantly different between
these two series, the results were combined for
presentation purposes (Table 1 and Figure 4).

These ip drug treatments of saline-exposed
mice did not significantly alter lavage and tis-
sue inflammatory-cell recoveries when com-
pared with mice treated with dispersant alone
(data not shown). However, 24 h following 5
daily OVA exposures of dispersant-treated
mice, lavage-recovered macrophages and lym-
phocytes demonstrated 1.6- and 10-fold
increases, respectively, that were diminished
by treatments with 5 or 10, but not 20, mg
methylprednisolone (Table 1). OVA-induced
increases in lavage recoveries of these cell
types were also prevented by treatment with
cyclosporin A (Table 1).

Daily ip treatments with 5 mg or 10 mg/kg
body weight methylprednisolone and 20 mg/kg
body weight cyclosporin significantly diminished
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FIGURE 4. Results represent the mean (£ SE, n = 4-10) recoveries
of (A) neutrophils and (B) eosinophils by bronchoalveolar lavage
(BAL), and (C) eosinophils by collagenase lung tissue dispersion,
24 h following 5 daily exposures of sensitized female BALB/c
mice to either saline or OVA aerosols and daily ip treatments
with dispersant or dispersant containing 5, 10, or 20 mg/kg body
weight methylprednisolone (MP) or 20 mg/kg body weight
cyclosporin A (CYS). Significantly different from saline-exposed
dispersant-treated mice indicated by a and significantly different
from corresponding OVA-exposed dispersant-treated mice
indicated by b, with p < .05.

OVA-induced enhancements in neutrophils
and eosinophils obtained by lavage (Figure 4, A
and B). However, statistical analysis failed to
demonstrate a significant decrease in lavage
recovery of these granulocytes after administra-
tion with the higher 20-mg/kg body weight
methylprednisolone dose. In contrast, there
were no changes in tissue-recovered neutro-
phil numbers as a result of either OVA expo-
sure or drug treatments when compared with a
saline-exposed mean value of 51.1 £ 4.0 x 10°
(x SE, n = 10) (data not shown). OVA-
enhanced tissue recoveries of eosinophils were
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FIGURE 5. Results represents the mean (£ SE, n = 4) values for
Penh obtained on exposure to 100 mg/ml methacholine of
sensitized female BALB/c mice 24 h following 5 daily exposures
to either saline or OVA aerosols and daily ip treatments with
dispersant or dispersant containing 5, 10, or 20 mg/kg body
weight methylprednisolone (MP) or 20 mg/kg body weight
cyclosporin A (CYS). Significantly different from saline-exposed
dispersant-treated mice indicated by a, and significantly different
from corresponding OVA-exposed dispersant-treated mice
indicated by b, with p < .05.

significantly reduced by 5 and 10 mg/kg body
weight methylprednisolone and cyclosporin at
20 mg/kg body weight, but not by treatment
with methylprednisolone at the 20-mg/kg body
weight level (Figure 4C).

Some of the animals in this study were also
screened for their responses to increasing con-
centrations of methacholine aerosols as illus-
trated by the mean Penh values obtained on
exposure to 100 mg/ml methacholine (Figure 5).
The twofold rise in Penh values resulting from
OVA exposure of dispersant-alone-treated
mice were significantly diminished in mice
treated with 5 mg methylprednisolone and
20 mg cyclosporin A, but not in those mice
treated with ip injection of 10 or 20 mg meth-
ylprednisolone (Figure 5). An additional experi-
ment using direct methods to assess airway
resistance in ventilated mice was also conducted
to further demonstrate the effects of methylpred-
nisolone treatment on OVA-associated enhanced
airway reactivity to methacholine. Results dem-
onstrated that as a result of exposure to a metha-
choline aerosol concentration of 100 mg/ml,
saline-exposed control mice exhibited a mean
rise in airway resistance of 126 £ 6% (+ SE, n = 3)
and that in OVA-exposed carrier-treated mice
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TABLE 2. Lavage-Recovered Mononuclear Cells from Transnasally Treated Mice

Alveolar macrophages (x 10° per lung)

Lymphocytes (x 10° per lung)

Carrier + saline (n = 8)
Carrier + OVA (n = 8)
2.5 mg Methylprednisolone + OVA (n = 6)
5 mg Methylprednisolone + OVA (n = 6)

10 mg Methylprednisolone + OVA (n = 4)
15 mg Methylprednisolone + OVA (n = 5)

2.83+0.23 0.01 £0.01
3.29+0.30 1.27 £0.28°
3.51+0.73 0.50 £0.25?
4.25+£0.59 0.68 £0.32¢
3.641+0.28 0.43 +£0.18°
2.20+0.41 0.68 £0.27°

Note. Results represent the mean * SE of cells (x 10°) recovered by bronchoalveolar lavage 24 h following 5 daily exposures to
either saline or OVA aerosols, and following daily trans-nasal treatments with either carrier alone or carrier containing either 2.5, 5,
10, or 15 mg/kg body weight methylprednisolone. It should be noted that the addition of methylprednisolone did not result in any
significant effect on cell recoveries from saline-exposed animals (data not shown.

“Significantly different carrier-treated mice exposed to saline with p < .05.

was elevated to a value of 263 + 18% (+ SE,
n = 3). This latter OVA-associated value was
significantly reduced to a value of 188 + 18%
(= SE, n = 3) by daily ip treatments of OVA-
exposed mice with 5 mg/kg body weight
methylprednisolone.

Transnasal Drug Treatments

Increases in cell recoveries as a result of the
trans-nasal administration of the sterile isotonic
saline carrier alone were observed only in alveo-
lar macrophage and neutrophils, with mean val-
ues of 3.0 £ 0.2 x 10° cells and 0.08 £ 0.02 x 10°
cells (£ SE, n = 6), respectively. No significant
effects were observed in the tissue recoveries
of inflammatory cells. Consistent with the pre-
ceding experiments, there were no additional
effects on the lavage and tissue recoveries of
inflammatory cells from the lungs as a result of
the methylprednisolone treatments of saline-
exposed mice (data not shown).

No OVA-induced increases were observed
in lavage recoveries of alveolar macrophages
beyond those associated with transnasal treat-
ment with the carrier alone. In contrast, lavage
recoveries of lymphocytes were enhanced by
OVA to 1.3 £0.3 x 10° cells (+ SE, n = 8), but
not significantly diminished by any of the
methylprednisolone treatments (Table 2). Lav-
age recoveries of neutrophils and eosinophils
were increased by OVA exposures and dimin-
ished by transnasal treatments with methyl-
prednisolone at 5 mg/kg body weight, but not
at the higher dose of 15mg/kg body weight
(Figure 6, A and B). As described earlier, no

methylprednisolone-induced changes could be
observed in the tissue recovery of neutrophils,
but eosinophil numbers were significantly
diminished after 5- and 10-mg doses but not
after 15 mg/kg body weight (Figure 6C).

In order to explore possible immune
mechanisms to account for the reversal of
methylprednisolone inhibition of allergen-
induced eosinophilia at the higher repeated
dose, lavage fluid samples from the transnasal
experiments were analyzed for levels of IL-13
(Figure 7). Results demonstrated OVA-induced
enhancement in IL-13 BAL-recovery was only
abrogated following treatment with methyl-
prednisolone at 5 mg/kg body weight, but not
with higher doses.

DISCUSSION

The present study examined changes in
inflammatory cell populations within the lung
over a period of 5 d of repeated OVA exposure.
Results were consistent with the present under-
standing of the sequence of events leading to
allergen-induced lung inflammation (Birrell et al.,
2003; Elenkov, 2004; Franchimont, 2004; Jaffar
et al., 2004; Larche etal., 2003; Roberts et al.,
1999; Temelkovski etal., 1998; Umetsu et al.,
2003; Yimouyiannis et al., 1999). Although
enhanced eosinophil recoveries were not observ-
able in the BAL fluid until after 3 daily OVA
exposures, tissue accumulations proceeded in a
linear fashion throughout the 5 d of allergen
exposure. In contrast, the marginated and inter-
stitial tissue-recoverable pools of monocytes
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FIGURE 6. Results from two experiments represent the mean
(& SE, n = 4-8) recoveries of (A) neutrophils and (B) eosinophils
by bronchoalveolar lavage (BAL), and (C) eosinophils by collage-
nase lung tissue dispersion 24 h following 5 daily exposures of
sensitized female BALB/c mice to either saline or OVA aerosols
and daily transnasal treatments with carrier (control) or carrier
containing 2.5, 5, 10, or 15 mg/kg body weight methylpredniso-
lone (MP). Significantly different from saline-exposed carrier-
treated mice indicated by a, and significantly different from
corresponding  OVA-exposed saline carrier-treated mice
indicated by b, with p < 0.05.

and macrophages, neutrophils, and lympho-
cytes reached their maximum levels after the
first 3 d, demonstrating that airway recovered
inflammatory cells followed on from their prior
accumulations in the combined tissue margin-
ated and interstitial pools.

In this model of repeated allergen expo-
sure, inflammatory-cell accumulations were
located in peribronchial and perivascular
spaces of the lung, supporting their proposed
role in airway hyperreactivity. Consistent with
previous studies exploring dexamethasone
treatments of allergen exposures of rats (Huang

D. BASSETT ET AL.

[ Saline
I Ovalbumin

a
a a
b
B
1
5MP

2.5MP 10MP  15MP

IL-13 (ng/ml)

60 — a
40 —
20 —
| ]
OMP

FIGURE 7. Results represent the mean (+ SE, n = 3-4) bron-
choalveolar lavage fluid recoveries of IL-13 determined 24 h
following 5 daily exposures of sensitized female BALB/c mice to
either saline or OVA aerosols and daily transnasal treatments
with carrier or carrier containing 2.5, 5, 10, or 15 mg/kg body
weight methylprednisolone (MP). Significantly different from
OVA-exposed carrier-treated mice indicated by a with p < .05
(nd, not determined).

et al., 1999) and mice (Birrell et al., 2003), the
maximal methylprednisolone and cyclosporin
A-induced decreases in BAL and tissue neutro-
phil and eosinophil recoveries observed in the
present study were also associated with con-
comitant fall in Penh values in response to
methacholine aerosol challenges. This delayed
pause in breathing (Penh) index has been criti-
cized as it does not provide a direct measure of
changes in airway caliber, requiring corre-
sponding measurements of flow and transpul-
monary pressure for the assessment of
reactivity to methacholine (Bates et al., 2004).
However, in the present study, an additional
experiment was conducted that utilized
changes in airway pressure and flow during
forced ventilation confirming the enhanced
airway reactivity to methacholine of OVA-
exposed mice previously indicated by the
Penh method. This elevated airway reactivity
to methacholine was similarly demonstrated to
be diminished by the ip methylprednisolone
treatments associated with a concomitant
decrease in lung eosinophil accumulations.

In contrast, several investigations into the
mechanisms of acute lung inflammation have
failed to correlate enhanced BAL recoveries of
neutrophils and eosinophils with concomitant
hyperreactivity (Heuer, et al., 1994; Huang et al.,
1999; Murlas & Roum, 1985). However, studies
using antibody pretreatments against neutrophils-
and eosinophils-derived major basic protein in
rats and guinea pigs, respectively, where the
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time course of tissue rather than BAL inflam-
matory cell accumulations was determined,
have successfully correlated diminished granu-
locyte accumulations with decreased airway
hyperreactivity (DeLorme et al., 2002; Yost et al.,
1999; Evans et al., 1997). The possibility that
subsets of T but not B lymphocytes might have
a direct role in mediating allergen-induced air-
way hyperreactivity independently of granulo-
cyte infiltration should also not be discounted
in these types of investigation (Franchimont,
2004; Hahn et al., 2003; Maclean et al.,
1999).

Five daily ip and transnasal treatments with
5 mg/kg body weight of methylprednisolone
decreased OVA-induced lavage recoveries of
all inflammatory cells, including lymphocytes,
macrophages, neutrophils, and eosinophils.
These observations are consistent with gluco-
corticoid-induced reduction in the generation
of inflammatory mediators and adhesion mole-
cules responsible for mobilization, endothelial
marginalization, and subsequent migration of
these cells into the lung. However, the failure to
reduce allergen-induced eosinophil-associated
lung inflammation following daily treatments
with the higher doses of methylprednisolone in
this study raises the possibility that other corti-
costeroid-induced mechanisms might have
overridden these anti-inflammatory processes
(Franchimont, 2004). Normal glucocorticoid
enhancement of eosinophil apoptosis might
also have been diminished (Sivertson et al.,
2007).

The maintenance of relatively high levels of
methylprednisolone throughout the 5 d of
allergen-induced lung inflammation might
have amplified OVA-induced adaptive
immune responses (Elenkov, 2004; Franchi-
mont, 2004). Glucocorticoids block IL-12 pro-
duction by monocytes and dendritic cells and
concomitantly increase macrophage and T-cell
generation of IL-10 (Franchimont, 2004). Such
a change in cytokine pattern might be
expected to reduce T-cell differentiation to
Th1 lymphocytes in favor of the generation of
additional Th2 cells (Elenkov, 2004; Franchi-
mont, 2004). Therefore, sustained enhance-
ment of the Th2 cell-derived cytokine network
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may be responsible for further allergen-
induced eosinophil recruitment and retention
in the lung.

Measurements of IL-13 have been used as
an indicator of heightened Th2 cell lympho-
cyte activity (Elenkov, 2004; Franchimont,
2004; Padilla et al., 2005). 1I-13 has been
linked to the production of eotaxin-2 associ-
ated eosinophil infiltration, as well as being
implicated in hyperreactivity by its possible
direct action with smooth muscle (Eum et al.,
2005; Pope et al., 2005). The observation that
OVA-associated enhancement in BAL recovery
of IL-13 was reduced at the daily 5-mg/kg body
weight dose, but returned to OVA-stimulated
rates at the higher methylprednisolone levels,
is consistent with a sustained level of Th2 lym-
phocyte-driven eosinophil recruitment and
retention (Franchimont, 2004). However,
more complete analyses of both Th2 and Th1
cytokine networks at different times from the
onset of OVA exposure would be needed to
confirm this hypothesis, together with the
establishment of whether or not methylpred-
nisolone treatments enhance macrophage pro-
duction of macrophage inhibitory factor (MIF)
(Elenkov, 2004; Franchimont, 2004). MIF,
previously identified with responses to endot-
oxin exposure, can exert pro-inflammatory
effects on macrophages and T cells, as well as
having the potential to override both the anti-
inflammatory and immunosuppressive effects
of glucocorticoids (Calandra & Roger, 2003;
Franchimont, 2004). The possibility that sus-
tained methylprednisolone treatment inter-
feres with T-regulatory-cell activities normally
associated with limiting the effects of Th2 cell
activities also needs to be considered (Elenkov,
2004; Franchimont, 2004; Jaffar et al., 2004;
Umetsu et al., 2003). Glucocorticoids have
been shown to downregulate the GRa receptor
responsible for mediating their action, provid-
ing another possible controlling feedback
mechanism to explain the observed insensitiv-
ity to the higher levels of methylprednisolone
in this study (Pujols et al., 2004, 2007).

In contrast to the complexity of glucocor-
ticoid interactions, high levels of cyclosporin
A treatment inhibited the OVA-induced



Downl oaded By: [Advanced Institute of Sanita] At: 09:01 21 April 2010

722

inflammation with a concomitant abrogation
of airway responses to methacholine chal-
lenge. These results are consistent with direct
downregulation of the adaptive immune sys-
tem by cyclosporin A and its interference with
several signaling pathways that include those
responsible for the clone expansion of T lym-
phocytes and the reduction of the gene expres-
sion of pro-inflammatory cytokines (Larche et al.,
2003; Khan et al., 2000).

The present study detailed a murine model
of allergen-induced lung inflammation that
uses relatively low daily exposures to allergen
over a 5-d period. By examining both BAL and
tissue-recoverable inflammatory cell popula-
tions, a more complete picture of lung inflamma-
tory status could be achieved than using BAL
alone. Results demonstrated that under condi-
tions of continuing daily allergen exposure,
cyclosporin A and low ip doses of the glucocorti-
coid methylprednisolone are effective in abrogat-
ing lung eosinophilia with a concomitant
reduction of airway responses to methacholine.
The reversal of this anti-inflammatory activity
with sustained high doses of ip and transnasal
glucocorticoid provides the basis for future
investigations into how the anti-inflammatory
effects of glucocorticoids might be compro-
mised. Such a model might prove to be useful
in further exploring inflammatory-cell depen-
dence of airway hyperresponsiveness to bron-
choconstrictor  challenge and  potential
mechanisms to account for glucocorticoid
insensitivity in several inflammatory disorders
produced by environmental exposures includ-
ing asthma.
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