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Abstract

It is suspected that exposure to low levels of formaldehyde induces or aggravates airway inflammation mediated by immuno-
logical and neurological reactions. To clarify the effect of this exposure on allergic inflammatory responses, we exposed female
C3H/He mice to 0, 80, 400, or 2000 ppb formaldehyde for 12 weeks. When mice were immunized with ovalbumin (OVA) and then
exposed to formaldehyde, the numbers of total bronchoalveolar lavage cells, macrophages, and eosinophils in the mice exposed
to 2000 ppb formaldehyde were significantly increased compared to 0 ppb controls. However, the production of interleukin-1�
from bronchoalveolar lavage fluid of these mice decreased significantly. Immunization with OVA significantly increased the
production of nerve growth factor, but exposure to 80 and 400 ppb formaldehyde significantly reduced the nerve growth factor
levels in bronchoalveolar lavage fluid of the immunized mice. In in vitro study, markedly increased lipopolysaccharide-stimulated
interferon-� production in culture supernatants of spleen cells from 2000 ppb formaldehyde-exposed, nonimmunized mice, and
significantly increased OVA-stimulated monocyte chemoattractant protein-1 production in culture supernatants of spleen cells
from 400 and 2000 ppb formaldehyde-exposed, immunized mice were observed. Exposure to 400 ppb formaldehyde induced sig-
nificant decreases in anti-OVA IgG1 and IgG3 antibody productions in plasma, whereas anti-OVA IgE antibody production was
not affected. In addition, the levels of nerve growth factor in plasma of 80 and 400 ppb formaldehyde-exposed, immunized mice
significantly decreased compared to 0 ppb control, immunized mice. These results provide the first experimental evidence that
low levels of long-term formaldehyde inhalation can induce differential immunogenic and neurogenic responses in allergic mice.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Formaldehyde (FA) is a toxic indoor air pollutant
found at relatively high concentrations in homes and
buildings in developed countries (Samet, 1990). The
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studies of unexplained symptoms observed in chem-
ically sensitive subjects have been increased and it
is suspected that exposure to low levels of indoor air
pollutants modulates allergic and neurogenic inflam-
mation (Ziem and McTamney, 1997; Rowat, 1998).
Exposure to FA elicits a variety of allergic signs
and symptoms and irritates the upper respiratory
tract. For example, a positive relationship between
exposure of workers to FA and asthma or asthmatic
bronchitis has been described (Hendrick et al., 1982;
Burge et al., 1985). Long-term exposure to FA sig-
nificantly increased numbers of CD26-, IL-2-positive
cells, B cells and autoantibodies in some patients
with multiple organ symptoms involving central ner-
vous system, upper- and lower-respiratory symptoms
and gastroenteritis (Thrasher et al., 1990). In another
group of workers exposed to FA, however, there was
no indication of immunologically mediated respira-
tory disease, but some of the workers appeared to
experience respiratory or ocular symptoms caused by
an irritant mechanism (Grammer et al., 1990).

Exposure to low levels of FA affects various im-
mune functions in animals.Swiecichowski et al.
(1993) reported that exposure to 300 ppb FA for 8 h
increased airway reactivity to acetylcholine in guinea
pigs. Exposure to 250 ppb FA over five consecutive
days significantly enhanced sensitization to inhaled
OVA in guinea pigs, but exposure to 130 ppb FA
gave no significant difference from the control group
(Riedel et al., 1996). Exposure to 1600 ppb FA for
10 days increased OVA-specific IgE production in
mice intranasally sensitized with OVA (Tarkowski
and Gorski, 1995). Therefore, short-term FA exposure
may directly enhance sensitization in airways and
aggravate allergic inflammatory reactions. However,
nothing is yet known about the long-term effects of
low-level FA exposure on allergic inflammation.

Recently, the effect of repeated low-level FA
on escape behavior or cocaine-induced behavior in
mice was investigated and showed that 1000 ppb
FA inhalation is aversive and produces behavioral
changes (Wood and Coleman, 1995; Sorg et al.,
2001). Formaldehyde inhalation induced the release
of tachykinins from sensory nerve endings in rats (Ito
et al., 1996). Dearman et al. (1999)showed that FA
instillation on each shaved flank in mice stimulates
the production of Th1-type cytokines such as IFN-� at
the local lymph nodes. These things suggest that FA

may cause sensory nerve irritation. Neurotrophins in-
cluding nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF) play an important role in
the development of airway inflammation and airway
hyperresponsiveness (Braun et al., 2000) and induce
the production of tachykinins such as substance P
(Donnerer et al., 1992; Vedder et al., 1993), which is
involved in allergic responses (Aloe et al., 1997). It
is likely that exposure to FA stimulates vagus nerve
endings to release neuropeptides which can activate
immuno competent cells, and modulates allergic in-
flammation.

In this study, we evaluated the effect of long-term
ambient levels of FA inhalation on immunogenic and
neurogenic inflammatory responses in a mouse model
of allergic inflammation.

2. Materials and methods

2.1. Animals

Female C3H/He mice (8 weeks old) were pur-
chased from Charles River Japan Inc. (Tokyo, Japan);
10-week-old mice were used in all experiments. Food
and water were given ad libitum. The experiments
were conducted under the control of the Ethics Com-
mittee of Animal Care and Experimentation in accor-
dance with The Guiding Principle for Animal Care
Experimentation, University of Occupational and En-
vironmental Health, Japan, and the Japanese Law for
Animal Welfare and Care (No. 221).

2.2. Formaldehyde exposure

FA was generated from paraformaldehyde (Hori
and Arashidani, 1997). It was diluted with clean, fil-
tered air to achieve the desired gas concentrations,
and introduced into 400 l stainless steel and glass
chambers. FA in the chambers was sampled in a
Sep-Pak DNPH-Silica cartridge (Waters Co., Milford,
MA) and determined by high-performance liquid
chromatography. It was also continuously monitored
with a Formaldemeter 400 (PPM Technology Ltd.,
Wales, UK). All groups of five mice were exposed to
0 (control), 82± 6 ppb (mean± S.D.), 393± 34 ppb,
or 1874±240 ppb for 16 h a day (from 17:30 to 9:30),
5 days a week, for 12 weeks (Fig. 1, Group A).
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Fig. 1. Experimental design for exposure of mice to low levels of FA inhalation with or without OVA immunization. In Group A, each
group of five mice was exposed to 0 (control), 80, 400, or 2000 ppb for 16 h a day, 5 days a week, for 12 weeks. In Group B, some
groups of six mice were injected intraperitoneally with 10�g ovalbumin (OVA) plus 2 mg alum before their exposure to FA. On weeks 3,
6, 9, and 11 of the exposure period, each of these mice received at the same day of each week aerosolized OVA as a booster. All data
shown are representative of two or three separate experiments.

2.3. Schedule for immunization

Some groups of six mice were injected intraperi-
toneally with 10�g ovalbumin (OVA) plus 2 mg alu-
minum hydroxide before their exposure to FA (Fig. 1,
Group B). On weeks 3, 6, 9, and 11 of the exposure pe-
riod, each mouse received aerosolized OVA for 6 min
as a booster according to the methods previously de-
scribed (Imai et al., 1983).

2.4. Collection of samples and culture of spleen
cells

The day after the final FA inhalation, mice were
sacrificed under sodium pentobarbital anesthesia, and
spleens and blood samples were collected. For the
collection of bronchoalveolar lavage (BAL) fluid, the
lungs were lavaged twice with 1 ml of sterile PBS,
and this procedure was repeated; approximately 90%
of the instilled 2 ml was recovered. The combined
BAL fluid was then centrifuged and stored at−70◦C
until analysis. For cellular profile of BAL fluid, the
numbers of macrophages, neutrophils, lymphocytes
and eosinophils were calculated by total cell count
using a hemocytometer and smears of lavaged cells
stained with Diff-Quik (International Reagents Co.,
Ltd., Kobe, Japan).

Spleens were forced through a stainless steel mesh,
and the cells were counted in RPMI-1640 culture
medium containing 10% fetal bovine serum, 5 mM
HEPES, 2 mM l-glutamine, 0.1 mM nonessential
amino acids, 100 U/ml penicillin, and 100�g/ml
streptomycin. Cell proliferation of spleen cells
(2 × 105 cells per well per 200�l) stimulated
with mitogens (lipopolysaccharide (LPS; 0.5�g
per well): phytohemagglutinin A (PHA; 5�g per
well)) or OVA was measured by using a colori-
metric assay based on the cleavage of the tetra-
zolium salt WST-1 (4-[3-(4-lodophenyl)-2-(4-ni-
trophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate);
Roche Diagnostics GmbH, Mannheim, Germany).
After 72 h, the optical densities at 450 and 630 nm
were measured with a microplate reader (Bio-Rad
Laboratories, Hercules, CA).

For cytokine production, spleen cells (1× 106 cells
per well per 200�l) from nonimmunized mice were
cultured with LPS or PHA, and spleen cells from
immunized mice were cultured with OVA. Culture
supernatants were collected at 48 h for the assay
of cytokine, centrifuged, and frozen at−70◦C un-
til assayed. For chemokine production, spleen cells
from immunized mice were cultured with or with-
out OVA. Culture supernatants were collected at
24 h for the assay of chemokine after OVA stimu-
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lation, centrifuged, and frozen at−70◦C until as-
sayed.

2.5. Assay for cytokine, chemokine and
neuropeptide production

We quantitated cytokine production in supernatants
from cultured spleen cells by using mouse inter-
leukin (IL)-4, IL-5 (Endogen Inc., MA), interferon
(IFN)-� (Amersham International plc, England),
macrophage inflammatory protein (MIP)-1�, and
monocyte chemoattractant protein (MCP)-1 (R&D
systems, Minneapolis, MN) ELISA kits. For the
BAL fluid, we used mouse ELISA kits to quantify
production of tumor necrosis (TNF)-�, IL-1�, IL-5,
IL-6, granulocyte/macrophage colony-stimulating
factor (GM-CSF) (Amersham International), eotaxin,
MIP-1�, MCP-1 (R&D systems, Minneapolis, MN)
and neuropeptides of NGF, BDNF (Promega, Madi-
son, WI) and substance P (Assay Designs, Inc., Ann
Arbor, MI). Absorbance at 450 and 550 nm or at 405
and 570 nm was measured using a microplate reader.

2.6. Assay for OVA-specific IgE, IgG1, IgG2a, IgG3
and total IgE in plasma

We performed ELISA to quantify anti-OVA IgE in
plasma. Briefly, 96-well microimmunoplates (Nunc,
Roskilde, Denmark) were incubated with 15�g/ml rat
monoclonal anti-mouse IgE (Seikagaku Co., Tokyo,
Japan) overnight, washed and blocked with Block Ace
(Dainippon Pharmaceutical Co., Ltd., Osaka, Japan),
and then incubated with 100�l aliquots of diluted
samples (1:10) or standards for 2 h at room tem-
perature. After six washes, 100�l biotin-conjugated
OVA was added to each well at room tempera-
ture for 1 h. Each well was incubated with 100�l
streptavidin–horseradish peroxidase conjugate for 1 h
at room temperature. After eight washes, substrate
buffer containingo-phenylenediamine and H2O2 was
added to each well; 30 min later, the reaction was
terminated. Absorbance was measured at 490 and
595 nm with a microplate reader. Total IgE antibodies
in plasma were measured by using mouse ELISA kits
(Seikagaku Co., Tokyo, Japan).

Anti-OVA IgG1, IgG2a and IgG3 antibodies in
plasma were measured by ELISA. Briefly, after each
well of a microtiter plate had been coated with OVA

overnight, the plate was washed three times in 0.1×
Block Ace containing 0.05% Tween 20. Each well
was incubated as follows, with six washes between
each step: 100�l diluted samples (1:100); with 100�l
diluted (1/1200) horseradish peroxidase-labeled
anti-mouse IgG1, IgG2a, or IgG3 (Southern Biotech-
nology, Birmingham, AL); and with 100�l of sub-
strate buffer containingo-phenylenediamine-2HCl
and H2O2. Absorbance was read at 490 and 595 nm
with a microplate reader.

2.7. Flow cytometric analysis

We analyzed the immunophenotypes of spleen
cells and blood lymphocytes from each group of
mice by flow cytometry. We purchased the follow-
ing monoclonal antibodies from Pharmingen (San
Diego, CA): phycoerythrin (PE)-labeled rat IgG
anti-CD4 (clone GK1.5), fluoroscein isothiocyanate
(FITC)-labeled rat IgG anti-CD8a (clone 53-6.7),
Cy-Chrome-labeled hamster IgG anti-CD3 (clone
145-2C11), FITC-labeled rat IgG anti-CD19 (clone
RA3-6B2), and corresponding isotype-matched con-
trols. Stained cells were resuspended in buffered salt
solution containing 0.1% sodium azide. Cell sam-
ples were analyzed on a EPICS XL-MCL System
II (Beckman Coulter, Inc., Pasadena, CA). For each
sample, 10 000 events were collected, and data were
analyzed using System II software.

2.8. Histological analysis

Lungs and tracheal rings were fixed with 4%
paraformaldehyde solution and embedded in paraffin.
Embedded blocks were sectioned at a thickness of
4�m and stained with hematoxylin and eosin and
analyzed under light microscopy. Mast cells were
stained with 1% toluidine blue aqueous solution.

2.9. Statistical analysis

All data are presented as the mean± standard er-
ror (S.E.), which is indicated by bars in the figures.
Statistical analysis was performed with the StatMate
II Statistical analysis system for Microsoft Excel Ver-
sion 5.0 (Nankodo Inc., Tokyo, Japan). Differences
between group means were analyzed using ANOVA
with a post hoc test (Bonferroni/Dunn).P < 0.05 was
considered to be significant.
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Table 1
Effect of FA on body weight and organ weights in C3H micea

Group
(ppb)

Ag BW (g) Thymus
weight (mg)

Splenic
weight (mg)

0 − 28.0 ± 1.2 27.9± 1.7 152.5± 11.4
+ 28.2 ± 1.0 28.9± 1.1 159.2± 15.5

80 − 27.4 ± 0.6 28.4± 1.3 128.3± 4.6
+ 28.2 ± 0.7 29.5± 1.6 137.6± 4.8

400 − 27.7 ± 0.8 25.9± 1.2 117.8± 3.4∗
+ 27.5 ± 0.9 31.9± 1.4 168.6± 32.3

2000 − 27.6 ± 0.6 26.2± 1.1 121.0± 3.1∗
+ 28.2 ± 0.8 27.0± 1.7 153.2± 6.7

a Ag: antigen,n = 5–6.
∗ P < 0.05.

3. Results

3.1. Changes in organ weights and number of BAL
cells in FA-exposed mice immunized with or without
OVA

Exposure to various concentrations of FA for 12
weeks caused no significant changes in the body
weight and thymus weight of female C3H/He mice
(Table 1). Splenic wet weights at 400 and 2000 ppb
FA were significantly reduced in nonimmunized
mice compared with nonimmunized control mice. In
OVA-immunized mice, FA exposure did not affect the
body or organ weights.

To examine the effect of low-level FA exposure on
airway inflammation, we determined the number of
BAL cells immediately after exposure to FA for 12
weeks (Table 2). In nonimmunized mice, FA expo-

Table 2
Effect of FA on the number of inflammatory cells in BAL cellsa

Group (ppb) Ag No. of BAL cells (×104) Macrophages Neutrophils Lymphocytes Eosinophils

0 − 2.84 ± 0.16 2.74± 0.11 0.02± 0.01 0.02± 0.00 0.02± 0.01
+ 6.73 ± 0.37 5.13± 0.32 0.22± 0.08 0.28± 0.05 1.07± 0.18

80 − 2.64 ± 0.24 2.58± 0.17 0.01± 0.01 0.03± 0.01 0.01± 0.00
+ 6.45 ± 0.28 4.85± 0.17 0.09± 0.03 0.34± 0.03 1.15± 0.14

400 − 2.90 ± 0.15 2.81± 0.10 0.03± 0.01 0.02± 0.00 0.02± 0.00
+ 7.13 ± 0.20 5.93± 0.09 0.10± 0.03 0.27± 0.06 0.80± 0.11

2000 − 2.96 ± 0.16 2.87± 0.10 0.01± 0.01 0.03± 0.01 0.03± 0.01
+ 9.65 ± 0.14∗ 7.22 ± 0.32∗ 0.07 ± 0.02 0.33± 0.05 2.00± 0.35∗

a Ag: antigen,n = 5–6.
∗ P < 0.05.

sure gave no significant increase in various types of
inflammatory cells in BAL fluid. In OVA-immunized
mice, the number of BAL cells, macrophages, and
eosinophils from mice exposed to 2000 ppb FA was
significantly increased relative to 0 ppb controls(P <

0.05). Exposure to FA induced no difference in the
number of neutrophils and lymphocytes in BAL fluid
of immunized mice.

3.2. Histological observation in the lungs of
FA-exposed mice

In all groups of OVA-immunized and nonimmu-
nized mice, we observed no marked histologic evi-
dence of impairment of the epithelial cells in the lung
tissues (data not shown). There was a mild infiltration
of mast cells in tracheal epithelium in the groups of
mice immunized with OVA, but the infiltration of mast
cells was independent of FA exposure. These findings
indicate that exposure of mice to 80, 400 and 2000 ppb
FA did not induce any significant inflammatory fea-
tures in the lungs.

3.3. Cytokine, chemokine and neuropeptides
production in BAL fluid from FA-exposed mice

To identify any interaction of the increased numbers
of inflammatory cells with cytokine and chemokine
production in the BAL fluid, we measured the lev-
els of proinflammatory cytokines and chemokines in
BAL fluid. FA exposure decreased the production of
IL-1� in immunized mice compared to 0 ppb control,
immunized mice (Fig. 2, ∗P < 0.05). The produc-
tion of TNF-�, IL-6, and GM-CSF in BAL fluid from
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Fig. 2. IL-1� in BAL fluid from FA-exposed mice. The day after the final FA inhalation, BAL fluid was collected from FA-exposed,
nonimmunized and FA-exposed, OVA-immunized mice, and IL-1� production was determined by ELISA. Data are presented as the
mean ± S.E. (n = 5–6) (∗P < 0.05).

FA-exposed mice remained at control levels (data not
shown).

Chemokines, which induce the migration and at-
traction of inflammatory cells, may play a role in the
induction of inflammation in mice exposed to FA. In
this experimental condition, we detected no eotaxin,
MIP-1� and MCP-1 in BAL fluid from nonimmunized
and immunized mice.

The production of neuropeptides from vagal end-
ings may be induced as a result of irritant property of
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Fig. 3. NGF production in BAL fluid from FA-exposed mice. The day after the final FA inhalation, BAL fluid was collected from
FA-exposed, nonimmunized and FA-exposed, OVA-immunized mice, and the production of NGF was determined by ELISA. Data are
presented as the mean ± S.E. (n = 5–6) (∗∗P < 0.01).

FA. Immunization with OVA significantly increased
the production of NGF in BAF fluid, but exposure
to 80 and 400 ppb FA markedly decreased NGF lev-
els in BAL fluid of immunized mice (Fig. 3). The
production of NGF in BAL fluid of nonimmunized
mice increased dose dependently, but not statisti-
cally different. The small amount of substance P
in BAL fluid was observed in immunized mice re-
gardless of FA exposure, but not in nonimmunized
mice (data not shown). No BDNF production in BAL
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fluid of nonimmunized and immunized mice was
detected.

3.4. Changes in the cellularity and the production
of cytokine and chemokine in spleen cells from
FA-exposed mice

Although the total number of spleen cells from 0,
80, 400, and 2000 ppb FA-exposed, nonimmunized
mice was 2.50 ± 0.11, 2.19 ± 0.12, 2.01 ± 0.07∗,
and 2.16 ± 0.10, respectively (mean ± S.E. × 108)
(∗P < 0.05 versus control), we observed no signif-
icant difference in the total number of spleen cells
between FA-exposed and control mice immunized
with OVA. The numbers of CD3-positive T cells and
CD19-positive B cells, and CD4/CD8 T cell ratios in
spleen cells from FA-exposed mice, both immunized
and nonimmunized, were similar to those of the con-
trols (data not shown). To investigate the effect of
low-level FA exposure on systemic immunity, we in-
vestigated the cell proliferative response to mitogens
or OVA in spleen cells from FA-exposed and control
mice; however, we observed no significant differ-
ence between FA-exposed and control mice (data not
shown).

To investigate the effect of low-level FA exposure
on the secretory properties of spleen cells, we exam-
ined cytokine and chemokine production in spleen
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Fig. 4. IFN-� production by spleen cells from FA-exposed, nonimmunized mice. The day after the final FA inhalation, spleen was collected
from the mice. Spleen cells were cultured for 48 h in the presence of PHA (a) and LPS (b), then the IFN-� levels in the supernatants were
determined by ELISA. Data are presented as the mean ± S.E. (n = 5) (∗P < 0.05).

cells stimulated with mitogens or antigen. The pro-
duction of IFN-� by LPS-stimulated spleen cells
from FA-exposed, nonimmunized mice was signifi-
cantly increased at 2000 ppb FA relative to the control
(Fig. 4b), but that from PHA-stimulated spleen cells
was not significantly changed (Fig. 4a). The produc-
tion of IL-4 by PHA-stimulated spleen cells from mice
exposed to 0, 80, 400, and 2000 ppb FA was 28.3±3.7,
27.8 ± 4.2, 23.4 ± 2.2, and 22.3 ± 3.8, respectively
(mean ± S.E., pg/ml). Levels of IL-4 in the culture
supernatants from LPS-stimulated spleen cells of all
FA-exposed mice were below the limit of detection
(>5 pg).

Forty-eight hours after in vitro OVA stimula-
tion, the production of IL-5 (Fig. 5a) and IFN-�
(Fig. 5b) by cultured spleen cells from FA-exposed,
OVA-immunized mice was not significantly different
from that in control mice. Levels of IL-4 in the culture
supernatants from OVA-stimulated spleen cells of all
FA-exposed mice were below the limit of detection.
On the other hand, exposure of immunized mice to
400 and 2000 ppb FA resulted in a significant increase
in the production of MCP-1 from spleen cells stimu-
lated with OVA for 24 h (Fig. 6b), but no significant
difference in the production of MIP-1� (Fig. 6a). In
nonimmunized mice, FA exposure gave no significant
changes in both MCP-1 and MIP-1� production from
spleen cells.
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Fig. 5. IL-5 and IFN-� production by spleen cells from
FA-exposed, OVA-immunized mice. The day after the final FA
inhalation, spleen was collected from the mice. Spleen cells were
cultured for 48 h in the presence or absence of OVA, then the IL-5
(a) and IFN-� (b) levels in the supernatants were determined by
ELISA. Levels of both in the absence of OVA were below the limit
of detection (not shown). Data are presented as the mean ± S.E.

(n = 6).

3.5. Antigen-specific antibody titers in plasma from
FA-exposed and control mice

To determine the systemic effect of low-level FA
exposure, IgE antibody production in plasma was de-
termined by using ELISA. FA exposure induced no
significant difference in anti-OVA IgE production in
plasma compared with controls (Fig. 7a). Total IgE
production in plasma of FA-exposed mice showed no
significant difference from that of control mice (data
not shown). Anti-OVA IgG1 production was signifi-
cantly reduced after exposure to 400 ppb FA (Fig. 7b,
∗P < 0.05). It failed to induce a significant difference
in anti-OVA IgG2a production between FA-exposed
and control mice (Fig. 7c). However, exposure to 80

and 400 ppb FA significantly reduced anti-OVA IgG3
production in plasma (Fig. 7d).

3.6. Neuropeptides production in plasma in
FA-exposed mice

Since the production of NGF in BAL fluid of im-
munized mice was significantly suppressed by 80 and
400 ppb FA inhalation, the levels of NGF and sub-
stance P were measured in plasma. Although there
are no changes in the production of NGF in plasma
of FA-exposed, nonimmunized mice, immunization
with OVA markedly increased the production of NGF
(Fig. 8, ∗∗P < 0.01). Exposure to 80 and 400 ppb
FA significantly decreased the production of NGF in
plasma of OVA-immunized mice compared to that
of 0 ppb control, immunized mice. Similar pattern of
FA-induced suppression was shown in NGF levels
between BAL fluid and plasma in immunized mice.
The amount of substance P in plasma in nonimmu-
nized mice was increased in a dose-dependent manner
(Fig. 9). However, no significant increase in the lev-
els of substance P in plasma in OVA-immunized mice
was seen.

4. Discussion

In this study, we investigated the long-term effects
of low-level FA exposure on the magnitude of im-
munogenic and neurogenic inflammatory response in
allergic model mice. The results indicated that expo-
sure of immunized mice to 2000 ppb FA increased
the number of inflammatory cells in BAL fluid and
enhanced the production of MCP-1 in culture super-
natants from spleen cells. In OVA-immunized mice,
however, the production of IL-1� in BAL fluid was
significantly decreased by 2000 ppb FA. In nonimmu-
nized mice, the production of IFN-� in culture su-
pernatants from LPS-stimulated spleen cells was af-
fected by 2000 ppb FA. Our results are in agreement
with recent studies showing that FA exposure does
not induce serious respiratory allergic inflammation
(Gannon et al., 1995; Smedley, 1996) or acts through
non-IgE-mediated immune mechanisms (Arts et al.,
1997).

Compared with the effect of short-term FA expo-
sure, the most striking findings is that the enhanced
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Fig. 7. Effects of low levels of FA inhalation on OVA-specific antibody production in plasma of mice. The day after the final FA inhalation,
plasma samples were collected from the mice in each treatment group, and the levels of anti-OVA IgE (a), anti-OVA IgG1 (b), anti-OVA
IgG2a (c), and anti-OVA IgG3 (d), in diluted plasma were measured by ELISA. Data are presented as the mean±S.E. (n = 6) (∗P < 0.05).
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Fig. 8. NGF production in plasma of FA-exposed mice. The day after the final FA inhalation, plasma samples were collected from
FA-exposed, nonimmunized and FA-exposed, OVA-immunized mice, and the production of NGF was determined by ELISA. Data are
presented as the mean ± S.E. (n = 5–6) (∗P < 0.05, ∗∗P < 0.01).

Fig. 9. Substance P levels in plasma of FA-exposed mice. The day after the final FA inhalation, plasma samples were collected from
FA-exposed, nonimmunized and FA-exposed, OVA-immunized mice, and the levels of substance P were determined by ELISA. Data are
presented as the mean ± S.E. (n = 5–6) (∗P < 0.05).

production of NGF in BAL fluid and plasma from con-
trol immunized mice was markedly suppressed by 80
and 400 ppb FA exposure. Proinflammatory cytokines
regulate the production of NGF in immune systems.
IL-1 mediates and regulates NGF production in lym-
phoid tissues and peripheral nervous system (Kannan

et al., 1996; Herx et al., 2000). TNF-� influences the
synthesis and release of NGF (Aloe et al., 1993; Fiore
et al., 1996). Our results showed that exposure to 80
and 400 ppb FA did not affect the levels of IL-1� and
TNF-� in BAL fluid. These things suggest that the
decrease of NGF production in OVA-immunized mice
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by FA exposure may be independent of the levels of
proinflammatory cytokines. It is possible to speculate
that the production of proinflammatory cytokines in
BAL fluid may be modulated by early FA exposure.
NGF induces B cells to Ig producing cells (Otten et al.,
1989; Kimata et al., 1991). NGF as well as CD40
have been shown to modulate B cell proliferation
and immunoglobulin secretion (Brodie and Gelfand,
1994). Our results indicate that exposure to 400 ppb
FA decreased the production of antigen-specific IgG1
and IgG3 in plasma correlated with the decreased
NGF production. It is likely that exposure to 80
and 400 ppb FA may act to inhibit the immuno-
logically mediated augmentation of NGF and IgG3
production.

FA is an irritant and stimulates C-fiber endings
(Nielsen, 1991). FA can stimulate the release of sub-
stance P, which may induce a neurogenic inflamma-
tory response, in the eyes and nose (Nielsen, 1991).
An increase in vascular permeability induced by FA
exposure in the rat airway was mediated predomi-
nantly by stimulation of the tachykinin NK1 receptor
(Ito et al., 1996). Our study indicated that exposure
to 2000 ppb FA significantly increased the level of
substance P in plasma. These findings suggest that
the stimulation of pulmonary C-fiber endings by
long-term FA inhalation may be related to the mod-
ulation of neurogenic inflammation in peripheral or
central nervous system, resulting in dysregulation of
neuro–immune interactions. Further studies on the
effect of FA exposure on neurogenic inflammatory
response in brain or central nervous system will be
needed.

In addition to augmentation of inflammatory prop-
erties of NGF, NGF has anti-inflammatory properties.
For example, NGF levels in brain of systemic lupus
erythematosus mice decreased during the development
of the disease, but increased in the levels of circulating
NGF (Bracci-Laudiero et al., 1996). NGF regulates
calcitonin gene-related peptide expression in activated
B cells, and interferes with T cell mediated autoim-
mune disease in the central nervous system (Flugel
et al., 2001; Bracci-Laudiero et al., 2002). Further
studies on the effect of low-level FA exposure on the
role of anti-inflammatory properties in NGF will be
needed.

Chronic exposure to low levels of FA is suspected to
impair neuro–immune interactions, which may be in-

volved in the initiation or triggering of multiple chem-
ical sensitivity, chemical intolerance, and sick building
syndrome (Meggs, 1995). The WHO has established
80 ppb as a guideline for the FA (WHO, 1999). Epi-
demiologically, as an indoor pollutant, 100–800 ppb
FA in homes and offices was estimated (Samet et al.,
1987; Matsumura, 1991; Institute of Medicine, 2000).
If the decreased NGF following exposure to low-level
FA is related to unfavorable modulation of sensory
neurons (which can yield a variety of peripheral and
central symptoms) and to immune abnormalities, these
association may provide a new explanation for the
multi-organ symptoms of patients with chemical sen-
sitivities. Understanding the role of NGF in FA ex-
posure may provide an insight into the modulation of
neuro–immune interaction and provide opportunities
for clarifying unexplained symptoms in chemically
sensitive subjects related to nervous system. Although
the mechanism by which exposure to low levels of FA
markedly decreased the production of NGF in BAL
fluid and in plasma of OVA-immunized mice remains
unclear, NGF may be established as a sensitive marker
for evaluating a novel finding caused by low-level FA
exposure.

In conclusion, low-level FA inhalation can induce
differential immunogenic and neurogenic responses in
allergic mice.
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