
Early Interleukin 4–Dependent Response Can Induce
Airway Hyperreactivity before Development of Airway

Inflammation in a Mouse Model of Asthma
Yasuo To, Makoto Dohi, Ryoichi Tanaka, Atsushi Sato, Kazuyuki Nakagome, and
Kazuhiko Yamamoto

Department of Allergy and Rheumatology, Graduate School of Medicine, University of Tokyo, Tokyo, Japan

SUMMARY: In experimental models of bronchial asthma with mice, airway inflammation and increase in airway hyperreactivity
(AHR) are induced by a combination of systemic sensitization and airway challenge with allergens. In this report, we present
another possibility: that systemic antigen-specific sensitization alone can induce AHR before the development of inflammation in
the airway. Male BALB/c mice were sensitized with ovalbumin (OVA) by a combination of intraperitoneal injection and aerosol
inhalation, and various parameters for airway inflammation and hyperreactivity were sequentially analyzed. Bronchial response
measured by a noninvasive method (enhanced pause) and the eosinophil count and interleukin (IL)-5 concentration in
bronchoalveolar lavage fluid (BALF) gradually increased following the sensitization, and significant increase was achieved after
repeated OVA aerosol inhalation along with development of histologic changes of the airway. In contrast, AHR was already
significantly increased by systemic sensitization alone, although airway inflammation hardly developed at that time point. BALF
IL-4 concentration and the expression of IL-4 mRNA in the lung reached maximal values after the systemic sensitization, then
subsequently decreased. Treatment of mice with anti–IL-4 neutralizing antibody during systemic sensitization significantly
suppressed this early increase in AHR. In addition, IL-4 gene-targeted mice did not reveal this early increase in AHR by systemic
sensitization. These results suggest that an immune response in the lung in an early stage of sensitization can induce airway
hyperreactivity before development of an eosinophilic airway inflammation in BALB/c mice and that IL-4 plays an essential role
in this process. If this early increase in AHR does occur in sensitized human infants, it could be another therapeutic target for early
prevention of the future onset of asthma. (Lab Invest 2001, 81:1385–1396).

A fter exposure to allergen(s), atopic bronchial
asthma is characterized by airway inflammation

and increased serum immunoglobulin (Ig) E levels
together with increased airway hyperreactivity (AHR)
in response to specific allergens and nonspecific
stimuli (Burrows et al, 1989; Sears et al, 1991). In the
process of airway inflammation, many kinds of inflam-
matory cells, such as mast cells (Ying et al, 1997),
eosinophils (Lamkhioued et al, 1997), and T lympho-
cytes (Crimi et al, 1997; De Sanctis et al, 1997), are
involved. In addition, various cytokines and growth
factors produced by these cells, such as interleukin
(IL)-4 (Leonard et al, 1997; Shi et al, 1998a), IL-5 (Shi et
al, 1998b; Till et al, 1998), IL-10 (Borish et al, 1996;
Robinson et al, 1996), IL-12 (Van Der Pouw Kraan et
al, 1997), and IL-13 (Humbert et al, 1997), may play
important roles in the disease process. IL-5 and eo-
sinophils have been recently specifically implicated as
key contributors to the development of allergic airway
inflammation.

The predominance of Th2 phenotype of lymphocyte
over Th1 phenotype from a very early stage of life has
recently been highlighted, and this polarization is likely
to have some relation to the future development of
allergic diseases such as asthma (Gern et al, 1999).
This Th2-polarized immunity in infancy is accelerated
by repeated exposures to allergen(s) and is consid-
ered to be one of the predisposing factors leading to
atopic asthma with apparent inflammation later in life
(Holt et al, 1999). These findings strongly underline the
importance of studying not only the phase in which
airway inflammation is fully developed, but also the
pre- or early-inflammatory phase in which progress
toward the onset of symptoms is silently underway.
Animal models of asthma are very useful tools for

analyzing the process leading to allergic reactions in
the airways. Many of the recent studies have used
mouse models. For example, recent studies have
elucidated the role of Th1 and Th2 cells in the devel-
opment of allergic reactions (Hansen et al, 1999;
Randolph et al, 1999a, 1999b). So far, analyses using
mice have mainly focused on the phase of airway
inflammation with pathologic changes of bronchial
tissue. On the other hand, quite a few studies have
been reported elucidating the early immune response
before the development of prominent airway inflam-
mation. Zhang and co-workers (1997b) reported that
ip sensitization with ovalbumin (OVA) allergen twice,
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along with one intranasal challenge, can induce airway
eosinophilia and AHR, but they did not study the
results with systemic sensitization alone. No other
report has elucidated this issue.

Recently, we reported a noninvasive system for
potentially measuring airway function in a mouse
experimental model of asthma (Dohi et al, 1999). This
system allows us to monitor the bronchial response of
an individual mouse to an allergen repeatedly and
noninvasively throughout the course of the experi-
ment. This system could clarify the relationship be-
tween development of sensitization to an allergen and
the beginning of bronchial response and increase in
AHR.

The purpose of the present study is to elucidate the
relationships among various parameters essential for
development of allergic asthma, such as AHR, Th2
cytokine production, airway inflammation, and tissue
damage during the process of sensitization and pro-
gression of airway inflammation. Using a combination
with our noninvasive measuring system and conven-
tional sampling, we analyzed the changes in these
parameters over a period of time with systemic and
airway sensitization. We found that AHR could be
induced from an early stage before the development
of eosinophilic airway inflammation and, further, that
IL-4 plays a key role in this process.

Results

Change in Noninvasive Enhanced Pause Value

Male BALB/c mice (6 weeks of age) were immunized
by a combination of OVA (2 �g) and aluminum hydrox-
ide (alum, 2 mg) by ip injection on Day 0, and then
again on Day 11. Control mice received saline injection
instead of the OVA/alum solution. On Day 18, an
aerosolized solution of 3% OVA diluted in PBS was
administered for 10 minutes. In a full protocol OVA
inhalation was carried out for 5 consecutive days from
Day 18 to Day 22. Control mice inhaled PBS under the
same conditions. Ninety-six hours after the fifth OVA
challenge (on Day 26), a final OVA inhalation challenge
(the sixth OVA challenge) was given in the same way,
and the control group was challenged with PBS.
During sensitization, serial changes in noninvasive
enhanced pause (Penh) value of the same mice were
obtained following the experimental protocol on Day 0
(before the first systemic immunization), on Day 18
(one week after the second systemic immunization
and just before the first aerosol inhalation), on Day 21
(24 hours after the third aerosol challenge), and on Day
27 (24 hours after the final OVA provocation). Figure 1
shows the results. In the saline/PBS-treated control
group Penh did not show any significant change
throughout the time course. In the OVA-treated mice,
Penh increased gradually following the sensitization.
On Day 18, after systemic sensitization and just before
inhalation, Penh did not show any significant increase
compared with the baseline value of Day 0. On Day 21,
after 3 days of inhaled OVA, Penh increased signifi-
cantly (p � 0.01 vs Day 0 and p � 0.05 vs saline/PBS

control). Penh increased further and reached a maxi-
mal value 24 hours after the final OVA inhalation on
Day 27.

Change in AHR to Methacholine

Next we examined the change in AHR following sen-
sitization. Nonspecific AHR to methacholine (Mch)
was measured with the Penh system essentially using
the noninvasive Penh method reported by Lee and
co-workers (1997). The geometric mean of PC200Mch
on Day 0 was 16,035 � 1034 �g/ml (Fig. 2). A slight
increase in AHR was observed in the control saline/
PBS-treated group on Day 18 (PC200Mch was 10,984
� 1156 �g/ml, n � 7), but it was not significantly
different from the baseline value on Day 0, and AHR
did not increase further thereafter in this control group.
In the OVA-treated mice, PC200Mch on Day 18 was
5632 � 741 �g/ml (n � 7). This was significantly lower
than the PC200Mch on Day 0 (p � 0.01) and signifi-
cantly lower than the PC200Mch in the control group
on the same day (Day 18). Therefore, in the OVA-
treated group, systemic sensitization alone induced a
significant increase in AHR. Significant increase in the
AHR was also detected on Days 21 and 27 in the
OVA-treated group. The PC200Mch was 6638 � 834
�g/ml (n � 7) on Day 21 and 5769 � 966 �g/ml (n �
7) on Day 27 (p � 0.01 vs that of Day 0, respectively).
Immunization with saline plus alum showed a ten-
dency to induce a slight increase in AHR on Day 18
(PC200Mch was 7,691 � 1348 �g/ml, n � 4), but the
increase was not statistically significant. Therefore,

Figure 1.
Change in enhanced pause (Penh) in the ovalbumin (OVA)-treated group and
the control group. Mice were sensitized with OVA or saline on Day 0 and Day
11 and challenged with 3% OVA in PBS or PBS alone from Days 18 to 22 and
on Day 26, as described in “Materials and Methods.” Bronchial response at
each time point was measured repeatedly with the noninvasive Penh method
in each mouse. Penh was measured on Day 0 (before systemic sensitization),
Day 18 (a week after the second systemic sensitization and just before aerosol
inhalation), Day 21 (after 3 days of inhalation challenge), and Day 27 (24 hours
after the final OVA inhalation). Data represent the mean � SEM for groups of
seven mice. **p � 0.01 compared with baseline Penh value of Day 0; #p �
0.05 compared with Penh of the same time point in the control saline/PBS
group (ANOVA).
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the increase in the AHR on Day 18 was due to
antigen-specific systemic sensitization with the OVA
allergen. We repeated the same experiment four times
and confirmed the reproducibility of the result.

BALF Cell Analysis

To elucidate whether the increase in AHR in the early
stage of sensitization would be induced by airway
inflammation, we analyzed bronchoalveolar lavage
fluid (BALF) findings following the sensitization (Fig. 3).
In the control group, no significant changes in the cell
number or cell differentials were observed throughout
the time period. Most of the cells in BALF on Day 0
were macrophages, and lymphocytes and eosinophils
were hardly detected. On Day 18, a slight increase in
total cell and macrophage number was observed in
the OVA-treated mice, but no significant difference
was detected. A few eosinophils were also observed
(0.02 � 0.01 � 105 and 2.4 � 0.9%) at this time, but
there were no significant differences from that of Day
0. For lymphocyte and neutrophil, no significant dif-
ference was detected between the OVA-treated and
control group on Day 18, and between Day 0 and Day
18 in the OVA-treated mice. On Day 21, the eosinophil
count showed an increase in the OVA-treated group
(1.23 � 0.49 � 105, 29.5 � 8.5%). Then the eosinophil
count and percentage rapidly increased and reached
maximal values on Day 27 (7.3 � 3.0 � 105, 59.6 �
10.8%, p � 0.01 vs those of Day 0 or Day 18).
Significant differences in the percentages of eosino-

phils were also detected between Day 0 and Day 21,
and between Day 18 and Day 21 (p � 0.01, for both).

Histologic Findings

Figure 4 shows representative histologic findings. On
Day 18, no abnormal histologic findings were ob-
served in the control mice (Fig. 4A). In the OVA-treated
mice, abnormal findings were not observed in most of
the samples. However, a very slight degree of infiltra-
tion of inflammatory cells into the peribronchial area
was detected in some specimens (Fig. 4B). On Day 21,
a marked bronchial inflammation was detected in the
OVA-treated mice (Fig. 4D). There was an infiltration of
inflammatory cells (most of them were eosinophils)
into the peribronchial interstitial area and into the
mucosal and submucosal areas of the bronchus. A
goblet cell formation of bronchial epithelial cells was
observed. A bronchoconstriction and a hypertrophy of
smooth-muscle cell layer were also observed. In the
control group these findings were not observed (Fig.
4C). On Day 27, the intensity of bronchial inflammation
was stronger than that on Day 21 in the OVA-treated
mice (data not shown). The results obtained from
Figures 1 to 4 indicated that an early increase in AHR
just after systemic sensitization was induced before
the development of airway inflammation and that
airway inflammation was induced by repeated OVA
inhalation challenges.

Change in Serum IgE

To study the mechanism(s) leading to the increase in
the AHR before the development of prominent airway
inflammation, we next analyzed various parameters
essential for allergic inflammation. Figure 5 shows the
change in the serum IgE concentration at each exper-
imental time point. In the control group, no significant
change in IgE was detected during the time period of

Figure 2.
Change in airway hyperreactivity (AHR) to methacholine (Mch) following
sensitization. AHR to Mch was measured on Day 0 (before systemic sensiti-
zation), Day 18 (after systemic sensitization, and just before inhalation
challenge), Day 21 (after 3 days of inhalation challenge), and Day 27 (24 hours
after the final OVA provocation). Each group of mice was subjected to Mch
inhalations at each time point. After confirming that physiologic saline alone
did not increase the baseline Penh value, the mice received serial inhalations
of increasing concentrations of Mch (1000, 3000, 10,000, 20,000, and 30,000
�g/ml in physiologic saline) for 2.5 minutes. Penh was measured and recorded
immediately after each inhalation. The concentration of Mch required to
provoke a 100% increase in the Penh value over the value after saline
inhalation was calculated from the semi-log scale dose response curve and
expressed as PC200Mch (�g/ml). Data are presented as geometric mean � SEM

for seven mice for each time point per group. **p � 0.01 compared with
baseline value on Day 0; #p � 0.05 and ##p � 0.01 compared with PC200Mch
at the same time point in the control group (ANOVA).

Figure 3.
Change in bronchoalveolar lavage fluid (BALF) differential cell counts following
sensitization. Bronchoalveolar lavage (BAL) was carried out according to the
time schedule of sensitization in each group of mice. Leukocytes were
identified by morphologic criteria. Data represent the mean � SEM for groups
of seven to eight mice at each time point in both groups. **p � 0.01 and ***p
� 0.001 compared with that of Day 0 or Day18; ##p � 0.01 and ###p � 0.001
compared with that of the same time point in the control group (ANOVA).
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the experiment. In the OVA-treated group, IgE in-
creased gradually following the time period. On Day
18, a significant increase in IgE was already detected.
IgE increased further following aerosol sensitization.
There were significant differences between the IgE

value on Day 0 and those values on Day 18, Day 21,
and Day 27 (p � 0.01, for all three differences).

IL-5, IL-4, and IL-13 Concentrations in BALF

Next we measured the concentrations of Th2-type
cytokines in BALF. The change in IL-5 in BALF (Fig.
6A) showed a tendency similar to that in the eosin-
ophil count in BALF (Fig. 2); namely, it increased
along with the OVA inhalation challenges. There was
a significant difference in the value between Day 0
and Day 27 (p � 0.01). The changes in the IL-4
concentration showed a different pattern (Fig. 6B). It
reached the maximal value on Day 18, which was
significantly higher than the value on Day 0 (p �
0.01) and higher than the value in the control group
on the same day (p � 0.01). Later on Day 21, IL-4
decreased, and it remained at almost the same level
on Day 27. IL-13 increased gradually following sen-
sitization, peaked in the midst of inhalation chal-
lenge (Day 21, p � 0.01), and then slightly de-
creased (Fig. 6C). No significant changes in the
levels of all three cytokines were detected in the
control group (Fig. 6, A to C). In both the control and
the OVA-treated groups, none of these three cyto-
kines was detected in serum samples by the ELISA
system used in this study (data not shown).

Figure 4.
Histologic findings in the OVA-treated and control mouse. The lung was removed and fixed with 10% buffered formalin. Samples were then embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (H&E). A, Day 18, control mouse; B, Day 18, OVA-treated mouse; C, Day 21, control mouse; D, Day 21, OVA-treated
mouse. One sample is shown and is representative of four to six mice in each group. Magnification, �200.

Figure 5.
Change in the serum IgE concentration following sensitization in the OVA-
treated group and the control group. Blood samples were obtained from the
inferior cava vein at each time point. IgE in the serum was measured by ELISA.
Data represent the mean � SEM from seven mice per group. **p � 0.01
compared with baseline value on Day 0; ##p � 0.01 compared with IgE at the
same time point in the control group (ANOVA).
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IL-5, IL-4, and IL-13 mRNA Expression in the Lung

Next we examined whether the discrepancy of expres-
sion of these cytokines in BALF could be confirmed at
the mRNA level. The expressions of IL-4, IL-5, and

IL-13 in the lung were analyzed by reverse
transcriptase-polymerase chain reaction (RT-PCR)
(Fig. 7). In the OVA-treated mice, the expression of
IL-5 mRNA increased gradually following sensitization.
IL-4 mRNA showed the highest expression on Day 18
and then gradually declined. Expression of IL-13
mRNA gradually increased following sensitization,
reaching a peak on Day 21 and staying at a similar
level until Day 27. In the control mice, no such
changes were observed in the levels of either cytokine.
These results were basically consistent with the re-
sults of protein measurement in the BALF (Fig. 6).

Effect of Anti-IL-4 Antibody Treatment and IL-4
Gene-Targeting on AHR

The results from BALF analyses and RT-PCR strongly
suggested that, among the three Th2 cytokines, IL-4
might play a central role in the early increase in AHR
on Day 18. To investigate this possibility, at the last
stage of the present study, we examined the effect of
inhibition or genetic deletion of IL-4 on the early
increase in AHR on Day 18 (Fig. 8). On Day 11, 4 hours
after the second injection of OVA allergen, 1 mg of
anti–IL-4 neutralizing antibody was injected ip. On Day
18, AHR to Mch and IL-4 concentration in BALF were
measured. The antibody treatment effectively abol-
ished the activity of IL-4 in BALF (13.7 � 1.9 pg/ml, p
� 0.01 compared with the OVA-sensitized group with
saline treatment [46.7 � 5.9 pg/ml]). The PC200Mch of
the OVA-sensitized group with saline treatment was
5,635 � 583 �g/ml (n � 9), whereas PC200Mch of the
OVA-sensitized group that received anti-IL-4 neutral-
izing antibody was 9,291 � 956 �g/ml (n � 6). There
was a significant difference between the two groups (p
� 0.01). When the same amount (1 mg) of isotype-
matched control IgG1 was administered instead of
neutralizing antibody, no significant suppression in
BALF IL-4 and AHR was observed (data not shown). In
the saline/PBS control group, PC200Mch was 10,311
� 1206 �g/ml (n � 8). No significant difference was
detected between the saline-treated group and the
OVA-treated group with anti-IL-4 antibody treatment.
Therefore, inhibition of IL-4 in vivo significantly re-
versed the increase in AHR to near the level of the
control saline/PBS-treated group. We also sensitized
the IL-4 gene-targeted mice with OVA allergen in the
same way as wild-type mice and measured AHR on

Figure 6.
Change in IL-5, IL-4, and IL-13 concentrations in BALF. At each time point,
BAL was performed and then the centrifuged supernatant was assayed for IL-5
(A), IL-4 (B), and IL-13 (C) concentration by ELISA. Data represent the mean
� SEM for groups of seven mice for each time point in both groups. *p � 0.05
and **p � 0.01 compared with that of Day 0; #p � 0.05 and ##p � 0.01
compared with that of the same time point in the control group (ANOVA). The
reproducibility of the result was confirmed by repeating the same experiment
four times.

Figure 7.
Messenger RNA expression of IL-4, IL-5, and IL-13 in the lung. After perfusion
with physiologic saline, the lung was taken out and total RNA was extracted.
After cDNA was synthesized, RT-PCR was carried out as described in
“Materials and Methods.” Representative figures of four identical experiments
are shown.
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Day 18. The PC200Mch of this group of mice on Day 18
was 8,424 � 893 �g/ml (n � 6). There was a signifi-
cant difference in AHR between the IL-4 deficient mice
and the wild-type mice (p � 0.05). No significant
difference was detected between saline-treated group
and the IL-4 deficient mice. No significant difference in
the PC200Mch was detected between anti–IL-4-
treated mice and IL-4 knockout mice (p � 0.4965).
These results suggested that IL-4 plays an essential
role in the early increase in AHR on Day 18 in our
experimental system. To clarify the role of IL-13, we
measured the IL-13 concentration in BALF in these
mice. The concentration of IL-13 was 26.9 � 1.7 pg/ml
in saline/PBS mice, 60.9 � 8.9 pg/ml in the OVA-
treated mice, 23.8 � 0.7 pg/ml in the OVA-anti-IL-4–
treated mice, and 23.7 � 0.7 pg/ml in the OVA-treated
IL-4 gene-targeted mice. The IL-13 in the OVA-treated
mice was higher than that of other groups (p � 0.05),
but among the other three groups, no significant
difference was detected. So IL-13 did not compensate
for IL-4 to induce the AHR in a redundant manner.

Discussion

In this study, we analyzed serial changes in AHR
during a time period of systemic and local sensitiza-
tion and found that AHR could be induced by systemic
sensitization alone before the development of airway
inflammation in BALB/c mice. This is the first report to
focus on the induction of AHR at the very early stage
of allergic reaction. Previous analyses of experimental
models of asthma have focused mainly on the phase
of already developed airway inflammation provoked
by repeated systemic and local allergen challenges
(Brusselle et al, 1995; Cohn et al, 1998; Corry et al,
1996; Coyle et al, 1995; Dohi et al, 1999; Foster et al,

1996; Grünig et al, 1998; Henderson et al, 1996, 1997;
Hogan et al, 1997, 1998a, 1998b; Lilly et al, 1996;
Rankin et al, 1996; Wang et al, 1998; Wills-Karp et al,
1998; Zhang et al, 1997b; Zhu et al, 1999). Only a
limited number of reports have studied the early phase
of the pathophysiologic process. Zhang and co-
workers (1997b) reported that ip sensitization with
OVA allergen twice, along with one intranasal chal-
lenge, can induce airway eosinophilia and AHR. How-
ever, they did not study the results with systemic
sensitization alone. Tohda and co-workers (2001) re-
ported that a guinea pig treated twice with OVA and
alum induced an increased AHR 3 weeks after the
second booster injection. However, to induce the AHR
with systemic sensitization, they needed cyclophos-
phamide treatment at the time of the first sensitization.
Our study for the first time clearly presented the
possibility of an induction of AHR with systemic sen-
sitization alone. In both human cases and animal
models of asthma, it is generally considered that the
persistence of airway inflammation leads to an in-
crease in AHR. In other words, airway inflammation
would be a prerequisite for the induction of AHR in
many cases. On the other hand, the dissociation of
these two factors sometimes occurs. For example, in
clinical patients, even after the intensity of airway
inflammation diminishes in response to therapy, AHR
sometimes still remains at an increased level. In ex-
perimental animals it sometimes happens that airway
inflammation can be provoked whereas AHR could not
(Lilly et al, 1996; Rankin et al, 1996). Or in other cases,
therapeutic approaches such as administering leuko-
triene inhibitor (Henderson et al, 1996) or antibody to
�4-integrin (Henderson et al, 1997) suppressed airway
inflammation, but not AHR. However, so far, in all of
the previous studies, the coexistence or the dissocia-
tion of these two factors has been discussed only for
the developed inflammatory phase. Here, we present
the possibility that AHR can precede inflammation at a
very early stage of sensitization to an allergen in a
mouse model. Our results also suggest that systemic
sensitization to an allergen may affect the local allergic
response in spite of the absence of inflammation at the
disease site. A clinical example that might correspond
to our current results is that of patients with atopic
dermatitis (AD) without any history of asthma, as we
previously reported (Dohi et al, 1990). Some AD pa-
tients who are highly sensitized to mite allergen al-
ready have a moderately to highly increased AHR to
acetylcholine regardless of a lack of any history of
asthma. In addition, they respond to bronchial provo-
cation with mite allergen and show an immediate
asthmatic response. This indicates that once an indi-
vidual becomes sensitized systemically to an allergen,
his (her) airway already might gain the occult reactivity.
Recent progress of research on allergy raised a hy-
pothesis that early sensitization and Th2-polarized
immunity in infancy may affect the onset of allergic
diseases in later life. If this early increase in the AHR
observed in mice really does occur in sensitized
individuals, it could become a critical predisposing
factor leading to onset of asthma later in life, and it

Figure 8.
Effect of treatment with anti–IL-4 neutralizing antibody and IL-4 gene targeting
on the early phase AHR. On Day 11, 4 hours after the second systemic
sensitization with OVA allergen, 1 mg of anti–IL-4 neutralizing antibody was
injected intraperitoneally in designated mice. Control mice received saline
injection instead of the antibody. In another group, IL-4 gene-targeted mice
were sensitized with the OVA allergen in the same way as wild-type controls.
AHR to Mch was measured on Day 18. *p � 0.05 and **p � 0.01 compared
with the OVA/saline-treated wild-type mice (ANOVA).
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could be a very important target for prevention of the
onset of symptoms as well as for controlling airway
inflammation. To study this possibility, AHR in early
infancy should be investigated.

In this study IL-4 plays a critical role in the early
induction of AHR. The significance of IL-4 in airway
inflammation and AHR has been studied in many
previous reports (Brusselle et al, 1995; Corry et al,
1996; Coyle et al, 1995). Corry and co-workers (1996)
treated mice with anti–IL-4 antibody throughout the
experiment, from systemic sensitization to aerosol
challenge, or during the period of aerosol challenge
only. The former treatment effectively suppressed the
AHR observed at the inflammatory phase, whereas the
latter did not. Although they observed AHR only in the
later inflammatory phase, their result supports the idea
that IL-4 in the early phase of sensitization might play
an important role in the later development of AHR.
Coyle and co-workers (1995) reported the effect of
anti–IL-4 antibody administered during sensitization
on airway eosinophilia, although they did not observe
AHR. In addition to these reports, our results also
suggest the significance of IL-4 in the early phase. So
far in murine experimental asthma, the relationship
between the increase in AHR and key cytokines has
been a controversial issue. Some reports emphasize
the essential roles of IL-4 in the induction of AHR
(Brusselle et al, 1995; Corry et al, 1996; Coyle et al,
1995) and the migration of eosinophils into the airway
(Cohn et al, 1998). Other reports support the critical
role of IL-5 (Foster et al, 1996; Hogan et al, 1997,
1998a; Lee et al, 1997; Wang et al, 1998). In addition,
Hogan and co-workers (1998b) reported a novel
CD4�-dependent pathway in the BALB/c strain that
works independently of both IL-4 and IL-5. Moreover,
other recent studies suggest that IL-13, a cytokine that
shares the �-chain of its receptor complex with IL-4,
can alone induce airway inflammation and AHR
(Grünig et al, 1998; Wills-Karp et al, 1998; Zhu et al,
1999).

Taking these findings together, we would propose
that there are multiple mechanisms or heterogeneity
for AHR induction in the BALB/c strain that sometimes
work concurrently with each other and sometimes in
different phases. One definite pathway is an airway
inflammation linked to IL-5 and eosinophilia. Hogan
and co-workers (1998a) reported that eosinophils and
IL-5 play a central role in the later phase of inflamma-
tion and are requisite for pathologic changes in the
structure of bronchial tissue, such as bronchocon-
striction, mucus edema, and smooth muscle cell hy-
pertrophy. In our data the eosinophil count and IL-5
concentration in the BALF gradually increased follow-
ing the OVA sensitization, and they paralleled the
intensity of histologic findings. So our results, ob-
tained in the later inflammatory phase, were consistent
with their findings (Figures 3, 4, 6, and 7). Another
potential pathway of AHR induction would be a “pre-
or early- inflammatory” phase that works at an early
stage of systemic sensitization to an allergen with little
pathologic change in the airway, which we presented
in this study. This pathway would work independently

of IL-5 and eosinophilia because no increases in IL-5
concentration or eosinophil count were observed at
that time in our study (Day 18, Figures 3, 4, 6, and 7).
Our results with anti–IL-4 antibody treatment and IL-4
gene-targeted mice strongly suggest that IL-4 plays a
pivotal role in this phase (Fig. 8). There was also a
slight increase in IL-13 concentration in the BALF on
Day 18, although it was not statistically significant (Fig.
6C). So IL-13, another Th2 cytokine, might be partly
involved in this pathway.

The cell sources of IL-4 in the lung at the early phase
and the precise mechanism of IL-4–dependent AHR
induction also remain unclear at present. We tried to
perform histochemical analysis, but it was not suc-
cessful (data not shown). Instead, in a preliminary
study we found that suplatast tosilate, a newly
synthesized “Th2 inhibitor” that suppresses the
production of IgE and Th2-type cytokine but not
Th1-type cytokine in vitro and in vivo (Shim et al,
2000; Tamaoki et al, 2000; Yamaya et al, 1995; Zhao
et al, 2000), suppressed this early increase in AHR
on Day 18 (Y To, M Dohi, R Tanaka, K Nakagome,
and K Yamamoto, unpublished data). This result
suggests that the pre-/early-inflammatory increase
in AHR would be at least partly induced by the Th2
cell-mediated immune response to an allergen. Re-
cently, Haselden and co-workers (1999) reported
that T lymphocyte can directly induce airway re-
sponse in an IgE-independent manner, which also
supports the idea that T cells could directly affect
the development of AHR. On the other hand, al-
though there was an increase in IL-4 in BALF on Day
18, lymphocytes and eosinophils did not increase in
BALF, or the infiltration of these inflammatory cells
was rare or weak, if present (Figs. 3, 4, and 6). These
results indicate that cell sources other than Th2
lymphocytes might contribute to IL-4 production in
the lung. Such cells may include mast cells, ba-
sophils, antigen-presenting cells such as dendritic
cells or macrophages, fibroblasts, endothelial cells,
bronchial and alveolar epithelial cells, and so on. In
a study using mast-cell–deficient W/Wv mice,
Kobayashi and co-workers (2000) recently reported
that mast cells also play an important role in the
development of AHR induced independently of IL-
5/eosinophil in the inflammatory phase. In addition,
studies with bronchial biopsies from asthmatic pa-
tients have demonstrated that both mast cells and T
lymphocytes express IL-4 and IL-5 in the bronchial
mucosa (Humbert et al, 1996; Ying et al, 1997).
These reports support the possibility that one of the
cell sources of IL-4 in the early phase may be the
mast cell. In our results, serum IgE level was already
significantly increased on Day 18 (Fig. 5), which also
indicates the possibility that mast cells might play
some role in the early phase of sensitization. In
addition, IgG antibodies and B cell-dependent
mechanisms may play some important roles. Fur-
thermore, Lambrecht and co-workers (2000) re-
cently reported that the in vivo transfer of allergen-
primed dendritic cells can alone induce Th2
response in the airway, indicating the participation

Airway Hyperreactivity by Early IL-4–Dependent Response

Laboratory Investigation • October 2001 • Volume 81 • Number 10 1391



of dendritic cells in the process of early sensitiza-
tion. Moreover, IL-4 may have a direct influence on
smooth muscle cells by altering their contractile
function via the IL-4 receptor on the cells (Schmidt
and Rabe, 2000). Further study, such as with in situ
hybridization, should be carried out to clarify the
precise cell source and mechanism of the IL-4
production and the IL-4–dependent increase in
AHR in the lung. In addition, the role of IL-13, a
cytokine that shares the � subunit of its receptor
with IL-4, in the mechanism of AHR induction ob-
served in this study should also be further
investigated.

In our results, changes in IL-4 showed a different
pattern from those in previous reports. In our experi-
ment, IL-4 peaked after systemic sensitization and
gradually decreased following aerosol inhalation (Figs.
6B and 7). We repeated the same experiment four
times and confirmed the reproducibility of the result in
our system. On the other hand, in most of the previous
studies, IL-4 paralleled the change in IL-5 and usually
gradually increased following sensitization (Ohkawara
et al, 1997). In the present study, we used 2 �g of OVA
allergen to immunize the mice, as was done in our
previous report (Dohi et al, 1999). This dose was
smaller than the dosage used in many previous re-
ports (8 to 50 �g). This difference might have affected
the results on the expression of IL-4. Our result also
showed the dissociation between IL-4 and IL-5, two
important Th2 cytokines that play major roles in the
induction of allergic inflammation. Generally, the IL-4
and IL-5 genes are coordinately expressed in Th2
cells. However, recent reports have shown another
possibility: that the gene expressions of these two
cytokines could be regulated differently (Zhang et al,
1997a, 1998). For example, Zhang and co-workers
(1997a) reported that while GATA-3 was sufficient for
Th2 cell-specific IL-5 expression, IL-4 gene expres-
sion seemed to require multiple transcription factors,
such as c-Maf (Ho et al, 1996), NF-ATc (Yoshida et al,
1998), or NF-IL-6 (Davydov et al, 1995), that might act
in concert with GATA-3 (Ray and Cohn, 1999). There-
fore, in our experimental mice, different transcription
factors might have been activated at different time
points in the experiment. Moreover, the relationship in
the transcriptional control between IL-4 and IL-13 has
not been well elucidated so far and should be further
investigated.

In conclusion, our data suggest the heterogeneity of
the mechanisms that induce AHR. As well as airway
inflammation, early IL-4–dependent immune re-
sponse alone can induce an increase in AHR in
BALB/c mouse model. If this mechanism also works in
humans who are sensitized to allergen(s) in an early
stage of their lives, it might induce AHR and thus
become a critical predisposing factor for onset of
asthmatic symptoms later in life. Therefore, it could be
an important therapeutic target for the prevention of
future onset of asthma.

Materials and Methods

Reagents

Chicken egg albumin (ovalbumin: OVA; grade V) and
methacholine chloride (Mch) were purchased from
Sigma (St. Louis, Missouri). PBS was from GIBCO
BRL Life Technologies, Inc. (Grand Island, New York).
Sodium pentobarbital was from Dainippon Chemicals
(Osaka, Japan). Neutralized formalin, Türk solution,
and BSA were from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). Trypan-blue and Diff-Quick stain-
ing solutions were from Kokusai-Shiyaku Company,
Ltd. (Kobe, Japan). The superscript preamplification
system for first-strand cDNA synthesis was from Life
Technologies, Inc. (Gaithersburg, Maryland). The mul-
tiplex PCR (MPCR) Kit for mouse TH1/TH2 cytokines,
the primer set for mouse IL-5, and the primer set for
mouse �-actin were obtained from Maxim Biotech,
Inc. (San Francisco, California). The ELISA kit for
mouse IgE was obtained from Yamasa Soy-Sauce
Breweries Company, Ltd. (Chiba, Japan). The mouse
ELISA kits for IL-4, IL-5, and IL-13 were from Bio-
Source International, Inc. (Camarillo, California), Per-
Septive Diagnostics, Inc. (Cambridge, Massachu-
setts), and R&D systems (Minneapolis, Minnesota),
respectively. The neutralizing antibody to IL-4 and the
IgG1 isotype control (mouse purified monoclonal IgG)
were from Genzyme Techne (Minneapolis, Minnesota).

Animals

Male BALB/cAnNCrj mice (6 weeks of age) were
obtained from Charles River Japan, Inc. (Kanagawa,
Japan). IL-4 gene-deleted mice (BALB/c-IL4tm2Nnt,
male, 6 weeks of age) were obtained from the Jackson
Laboratory (Bar Harbor, Maine). They were maintained
under conventional animal housing conditions in a
specific pathogen-free setting. All of the animal exper-
iments carried out in this study were approved by the
Animal Research Ethics Board of the Department of
Allergy and Rheumatology, University of Tokyo.

Immunization of Mice

The mice were immunized as reported previously
(Dohi et al, 1999). Seven-week-old animals were im-
munized by a combination of OVA (2 �g) and alum (2
mg) by ip injection on Day 0, and then again on Day
11. Control mice received saline injection instead of
the OVA/alum solution. On Day 18, an aerosolized
solution of 3% OVA diluted in PBS was administered.
The aerosolized solution was produced by a DeVilbiss
Pulmo-Aide compressor/nebulizer (DeVilbiss Corpo-
ration, Somerset, Pennsylvania) for 10 minutes. OVA
inhalation was carried out for 5 consecutive days.
Control mice were subjected to PBS inhalation under
the same conditions. Ninety-six hours after the fifth
OVA challenge (on Day 26), a final OVA inhalation
challenge (the sixth OVA challenge) was given in the
same way, and the control group was challenged with
PBS. Experimental data were obtained according to
the experimental protocol on Day 0 (before the first
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systemic immunization), Day 18 (1 week after the
second systemic immunization and just before the first
aerosol inhalation), Day 21 (24 hours after the third
aerosol challenge), and Day 27 (24 hours after the final
OVA provocation).

Measuring Bronchial Response with the Penh System

Following the sensitization, bronchial response was
measured in unrestrained, spontaneously breathing
mice through barometric whole-body plethysmogra-
phy (Jacky, 1978) using the Biosystem XA WBP sys-
tem (Buxco, Troy, New York) as reported previously
from many laboratories including ours (Dohi et al,
1999; Hamelmann et al, 1997; Lee et al, 1997;
Schwarze et al, 1997). Briefly, mice were placed in the
main chamber (animal chamber) of the plethysmo-
graph, and the pressure differences (termed the box
pressure signal) between this chamber and a refer-
ence chamber integral to the main chamber were
measured with a differential pressure transducer con-
nected to the amplifier. From the box pressure signal,
the phases of the respiratory cycle, tidal volumes, and
Penh can be calculated. Penh is a dimensionless value
that represents a function of the proportion of maximal
expiratory to maximal inspiratory box pressure signals
and of the timing of expiration. According to the
manufacturer’s instructions, Penh was calculated as
follows:

(Te � Tr)/Tr (defined as “pause”) � (PEF/PIP),
where Te � expiratory time (seconds); Tr � relax-

ation time (seconds), defined as the time of pressure
decay to 30% of the total expiratory pressure signal
(area under the box pressure signal at expiration); PEF
� peak expiratory flow (ml/second); and PIP � peak
inspiratory flow (ml/second). Penh reflects changes in
the waveform of the box pressure signal during both
inspiration and expiration, and combines these
changes with the timing comparison of early and late
expiration (pause). Once the mouse was placed in the
main chamber, recordings were continued for 3 min-
utes. Penh was measured and averaged approxi-
mately every 5 seconds, and the cumulative values
were averaged and expressed as Penh for each time
point (Dohi et al, 1999).

Measuring AHR to Methacholine

Nonspecific AHR to Mch was measured with the Penh
system essentially following the method reported by
Lee and co-workers (1997). Briefly, the baseline Penh
value was first recorded. Then, after confirming that
Penh did not increase with an inhalation of physiologic
saline, increasing concentrations of Mch (1000, 3000,
10,000, 20,000, and 30,000 �g/ml in physiologic sa-
line) were delivered by the nebulizer for 2.5 minutes.
Penh was recorded for 2.5 minutes just after each
inhalation. The concentration of Mch that induced a
100% increase in Penh (200% over the baseline value
obtained by saline challenge) was calculated from the
semi-log scale dose-response curve and expressed
as PC200Mch (�g/ml) as an indicator of AHR.

Bronchoalveolar Lavage Fluid Analyses

After measuring the Penh, bronchoalveolar lavage
(BAL) samples were obtained. The mice were anes-
thetized by ip injection of sodium pentobarbital (50~60
mg/kg body weight). Then the lungs were lavaged four
times with physiologic saline (0.5 ml each). Approxi-
mately 1.6 ml of the instilled saline was consistently
recovered with gentle handling. The cell suspension
was centrifuged at 300 �g for 10 minutes at 4° C. The
supernatants were collected and stored at �70° C
until measurement of IL-4, IL-5, and IL-13. The cells
were resuspended in 1 ml of saline with 1% BSA, and
the total cell numbers were counted with a hemocy-
tometer. Cytospin samples were prepared by centri-
fuging the suspensions (100 or 150 �l) at 300 rpm for
10 minutes. To clearly distinguish eosinophils from the
neutrophils, three different stains were applied: Diff-
Quick stain, May-Grünwald-Giemsa stain, and Eosino
(Hansel) stain (Dohi et al, 1999). On the basis of the
findings with these stainings, cell differentials were
counted with at least 300 leukocytes in each sample.
The cell types were judged according to standard
hemocytologic procedures as neutrophils, eosino-
phils, lymphocytes, or other mononuclear leukocytes
(macrophages and monocytes).

Lung Tissue and Histologic Examination

After perfusion with physiologic saline, the lungs were
taken from the experimental mice, fixed with neutral-
ized buffered formalin, and embedded in paraffin.
Three-micrometer-thick sections were stained with
hematoxylin and eosin (H&E).

Measuring Total IgE

Blood samples were obtained from some of the mice,
and the sera were assayed for total IgE concentration
(Dohi et al, 1999). After the mice were anesthetized,
the abdominal wall was dissected. A blood sample
was obtained with a 26-gauge needle from the inferior
cava vein. After the samples had fully coagulated, they
were centrifuged (2000 �g for 20 minutes at 4° C), and
the sera were collected and stored at �70° C until use.
Total IgE was measured with an ELISA system. Briefly,
plates were first precoated with sheep anti-mouse IgE,
then a serum sample (100 �l each) or mouse IgE
standard was added, and the plates were incubated
for 30 minutes at room temperature (RT) and washed.
Next, a monoclonal anti-mouse IgE antibody was
added and the plates were incubated for 30 minutes at
RT and washed. Finally, substrate solution was added,
and the reaction was stopped after 15 minutes. Ab-
sorbance was analyzed at 450 nm with a Microplate
Reader (Bio-Rad Laboratories, Hercules, California),
and data were analyzed with Microplate Manager III,
Version 1.45 (Bio-Rad Laboratories).

Measuring IL-4, IL-5, and IL-13 in BALF

Concentrations of IL-4, IL-5, and IL-13 in BALF were
measured using the ELISA kit, following the manufac-
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ture’s protocol. Briefly, flat-bottomed immunoassay
plates were precoated with rat anti-mouse IL-4 mAb,
with rat anti-mouse IL-5 mAb, or with rat anti-mouse
IL-13 mAb, and then incubated with nondiluted BALF,
serum samples, or standard murine IL-4, IL-5, and
IL-13. Murine IL-4, IL-5, and IL-13 were detected with
a rabbit anti-mouse IL-4, IL-5, and IL-13 mAb, respec-
tively. After incubating the plates with a streptavidin-
conjugated alkaline phosphatase solution for 2 hours
at 37° C, they were washed, and an alkaline phospha-
tase substrate solution was added. The reactions were
stopped with 1N HCl. A Microplate Reader at 450 nm
measured the plates, and the data were analyzed with
Microplate Manager III, Version 1.45.

Extraction of RNA from Lung and RT-PCR

In some of the experimental groups, the lung was
removed after perfusion with physiologic saline, and
RNA was extracted immediately by the acid-
guanidium phenol chloroform (AGPC) method. Two
micrograms of total RNA was used for cDNA synthesis
with reverse transcriptase using oligo dT primer for
each lung sample. Each cDNA sample was subjected
to PCR. PCR conditions were optimized for linear
amplification to allow direct comparison between
samples. The primer set in the MPCR Kit was used to
amplify the IL-4 gene. PCR was carried out with �1
PCR gold buffer (PE Applied Biosystems, Foster City,
California), 1.5 mM MgCl2, 2.5 mM of each dNTP, and
0.25 unit of Amplitaq Gold DNA polymerase. The
reaction was performed with the Gene Amp PCR
System 9700 (PE Applied Biosystems) for 30 cycles
(35 cycles for IL-13) with denaturation/annealing/ex-
tension conditions optimal to each primer set: IL-4
(94° C for 1 minute for denaturation, and 59° C for 5
minutes for annealing and extension); IL-5 and �-actin
(94° C for 1 minute for denaturation, 58.5° C for 1
minute for annealing, and 72° C for 1 minute for
extension); IL-13 (94° C for 30 seconds for denatur-
ation, 66° C for 30 seconds for annealing, and 72° C
for 40 seconds for extension). The sense primer for
IL-5 was 5'-ATGACTGTGCCTCTGTGCCTGGAGC-3',
and the antisense primer was 5'-CTGTTTTTCCTGGA-
GTAAACTGGGG-3'. The sense primer for IL-13 was
5'-GCCAGCCCACAGTTCTACAGC-3', and the anti-
sense primer was 5'-GTGATGTTGCTCAGCTCC-
TCA-3' (Todt et al, 2000). The sense primer for �-actin
was 5'-TGGAATCCTGTGGCATCCATGAAAC-3', and
the antisense primer was 5'-TAAAACGCAGCTCA-
GTAACAGTCCG-3'. PCR products were electropho-
resed in a 3% agarose gel. The results were visualized
by ethidium bromide staining and analyzed by Adobe
PhotoDeluxe 2.0.1N (Adobe Systems, Inc., San-Jose,
California).

Treatment of Mice with Anti–IL-4 Antibody

On Day 11, 4 hours after the second injection of OVA
allergen, 1 mg of anti–IL-4 neutralizing antibody was
injected ip. Seven days later, on Day 18, measure-
ments were taken to determine the IL-4 concentration

in BALF and AHR to Mch. As a control, physiologic
saline alone or the same amount of isotope-matched
mouse IgG1 was injected.

Statistical Analysis

Data are expressed as the mean � SEM. The signifi-
cance of data was analyzed with the StatView, Version
4.5J, software system (SAS Corporation, Cary, North
Carolina) and evaluated using two-way analysis of
variance (ANOVA) followed by the Student’s t test for
comparison between two groups. A probability value
(p value) of less than 0.05 was considered statistically
significant.
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