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Abstract

The main symptoms of allergic rhinitis (AR) are sneezing, rhinorrhea and nasal obstruction. In
patients with AR, levels of nerve growth factor (NGF) and vascular endothelial growth factor
(VEGF) increase. Olopatadine hydrochloride (olopatadine) is an anti-allergic agent with histamine
H1 receptor antagonistic action. To investigate whether olopatadine has an effect on
inflammatory reactions, toluene-2,4-diisocyanate (TDI)-sensitized rats were used as an animal
model of nasal allergy. Nasal allergy signs (sneezing, rhinorrhea and inflammation) were induced
after TDI challenge. Amounts of NGF and VEGF in the nasal lavage fluid increased. Olopatadine
reduced nasal allergy signs and inhibited increases in NGF and VEGF. These findings suggest that
the increases in NGF and VEGF production are involved in the mechanism responsible for nasal
allergy signs in TDI-challenged rats. Other histamine H1 receptor antagonists did not inhibit
and instillation of histamine did not increase TDI-induced NGF and VEGF production. Therefore,
olopatadine appears to exert additional biological effects other than its blockade of the histamine
H1 receptor. These results suggest that suppression of neurogenic inflammatory reactions might
be partially involved in the improvement of allergy signs after treatment with olopatadine.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Symptoms of allergic rhinitis (AR) are sneezing, nasal rubbing,
nasal blockage and rhinorrhea, caused by the interaction be-
tween chemical mediators and sensory nerves through activa-
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tion of specific receptors. Neurogenic inflammation is central
to the pathophysiology of AR and accounts for symptoms
induced by irritants, a very common problem in this disease. In
the human nose, nerve growth factor (NGF), and neuropep-
tides, such as substance P (SP), neurokinin A, and the calcitonin
gene-related peptide, are up-regulated and their release in
nasal fluids has been demonstrated after allergen or hypertonic
saline exposure [1–4]. NGF is a neurotrophin that targets
nociceptor fibers, leading to up-regulated activity, increased
neuropeptide content, and dendrite sprouting [5–7]. Recently,
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Figure 1 Protocol for TDI sensitization and challenge. Ratswere
sensitized by instillation of 5 μL of 10% TDI solution into both nasal
cavities once a day for 5 consecutive days. Three days later, rats
were sensitized again for a further 5 consecutive days. On day 22,
5 μL of 10% TDI solution was instilled into both nasal cavities to
induce nasal allergy signs in the sensitized rats. Non-sensitized rats
were treated with EA in the same manner. Drugs were orally
administered 1 h before TDI challenge.
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angiogenic factor vascular endothelial growth factor (VEGF) has
also been shown to increase in thenasalmucosa of patientswith
AR, as a result of the increase in nasal vascular permeability
and congestion [8–10]. VEGF participates in nasal mucosa
swelling from increased blood vessel permeability in an
immediate reaction of AR [11]. VEGF may therefore play an
important role in nasal mucosal inflammation in AR.

Toluene-2, 4-diisocyanate (TDI) is commonly used in plastics
manufacture. TDI vapor can cause respiratory disorders such as
asthma, rhinitis, andnasal irritation [12]. TDI causes the release
of neuropeptides from activated sensory nerves in the nasal
cavity and bronchi [13,14]. Activation of C-fibers located in the
airway mucosa produces neurogenic inflammation character-
ized by vasodilation, plasma extravasation, mucous secretion,
and neutrophil chemotaxis resulting from the release of neuro-
peptides [2]. In a recent study, histamine content, histidine
decarboxylase (HDC) activity and gene expression in the nasal
mucosa were significantly increased after TDI exposure in
sensitized rats [15]. Those studies showed that repeated expo-
sure to TDI triggered a neurogenic inflammatory reaction in the
nasal mucosa that correlated with the release of histamine.

Olopatadine hydrochloride (olopatadine, Kyowa Hakko
Kogyo Co., Ltd. Japan) is an anti-allergic agent with histamine
H1 receptor antagonistic action, prescribed for patients with
signs and symptoms of AR, chronic urticaria, eczema dermatitis,
prurigo, pruritis cutaneous, psoriasis vulgaris and erythema
exsudativummultiform.Olopatadineophthalmic solution,which
inhibits the proinflammatory activity of conjunctival mast cells,
is an effective therapy for allergic conjunctivitis. Olopatadine
inhibits the capsaicin-induced sneezing response [16]. We pre-
viously reported that olopatadine mitigates cutaneous inflam-
mation in a mouse model of chronic inflammatory dermatitis,
accompaniedbydecreasedcytokineproduction [17]. In addition,
olopatadine inhibits the increased number of scratching epi-
sodes by reducing elevated levels of NGF and SP at the lesioned
site [18]. Recent studies suggest thatNGFmaybe a keymediator
in up-regulation of SP levels in sensory neurons. In the present
study, TDI-sensitized rats were used as an animal model of nasal
hypersensitivity to investigate changes in nasal symptoms, and
NGF levels in the NALF. Effect of olopatadine on the above
mentioned parameters in the nasal mucosa after a neurogenic
inflammatory reaction induced by TDI was also examined.

2. Materials and methods

2.1. Animals

Male 6-week-old BrownNorway (BN) rats and Sprague–Dawley (SD) rats,
which were purchased from Charles River Japan (Kanagawa, Japan),
were maintained in a specific pathogen-free environment in closed
racks with free access to food and water in the Institute of Laboratory
Animals, KyowaHakko Kogyo Co., Ltd. (Shizuoka, Japan). The studywas
conducted in accordance with the “Guiding Principles for the Care and
Use of Laboratory Animals” formulated by The Japanese Pharmacolo-
gical Society, and the experimental protocol was approved by the
Committee for Animal Experiments in Kyowa Hakko Kogyo Co., Ltd.

2.2. Reagents and drugs

Toluene-2,4-diisocyanate (TDI) and ethyl acetate (EA) were pur-
chased fromWako Pure Chemical Industries, Ltd. (Osaka, Japan). TDI
solution was diluted in EA. Histamine dihydrochloride (histamine)
was purchased from Sigma Chemical (St. Louis, MO). Olopatadine
hydrochloride (olopatadine) was synthesized in Yokkaichi Plant,
Kyowa Yuka Co., Ltd. (Mie, Japan). Cetirizine hydrochloride
(cetirizine) and fexofenadine hydrochloride (fexofenadine) were
synthesized or extracted from the commercially available tablets in
our institute. Loratadine was purchased from Pharm Chemical
Shanghai Lansheng (Shanghai, China), and prednisolone was pur-
chased from Sigma Chemical. Olopatadine and cetirizine were
dissolved in distilled water. Loratadine, fexofenadine and predniso-
lone were suspended in 0.5% methylcellulose solution.

2.3. TDI sensitization and provocation

BN rats were sensitized and challenged with TDI, according to the
method of Kitamura et al. [15] with slightmodification (Fig. 1). Briefly,
rats were sensitized by instillation of 5 μL of 10% TDI solution into both
nasal cavities once a day for 5 consecutive days. This sensitization
procedurewas then repeated after a 2-day interval. Ten days after the
second sensitization, 5 μL of 10% TDI solution was instilled into both
nasal cavities to induce nasal allergy signs in the sensitized rats. Non-
sensitized rats were treated with EA in the same manner. Olopatadine
(1, 3, and 10mg/kg) and prednisolone (10 mg/kg) were orally adminis-
tered 1 h before TDI challenge.

2.4. Observation of nasal symptoms

Rats were placed into an observation cage divided into compartments
(14×20×15 cm) for 60 min of habituation. After intranasal challenge
with TDI, number of sneezing episodes, a sign of nasal allergy, was
counted in ablindedmanner during a 10-minperiod just after exposure.

2.5. Effects of H1 receptor antagonists on NGF and VEGF
production in NALF

SD rats were challenged with TDI, according to the method of
Wilfong and Dey [19] with slight modifications. Briefly, 5 μL of 10%
TDI solution was instilled into both nasal cavities in normal rats. Non-
stimulated rats were treated with EA in the same manner. The dose
of each drug was determined according to our preliminary experi-
ments. Olopatadine (3 and 10 mg/kg), loratadine (10 mg/kg),
cetirizine (10 mg/kg), fexofenadine (60 mg/kg) and prednisolone
(10 mg/kg) were orally administered 1 h before TDI challenge.

2.6. Histamine-induced NGF and VEGF production in NALF

Five μL of histamine (0.1, 1, 10 μM) solution was instilled into both
nasal cavities in normal rats. At 6 h after the intranasal challenge,
rats were anesthetized with sodium pentobarbital. Nasal lavages
were done using catheter.



Figure 2 Effect of olopatadine on the number of sneezing epi-
sodes after TDI challenge. (A): TDI-sensitized or non-sensitized rats
had 10% TDI applied intranasally. (B): Olopatadine and prednisolone
wereorally administered1hbeforeTDI instillation in sensitized rats.
Number of sneezing episodes was counted for 10 min. Each column
represents mean+S.E.M. of 6–8 rats. EA: ethyl acetate challenge,
Cont: TDI challenge, Pred: prednisolone. Significant difference com-
pared to the TDI-challenged group. ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.

Figure 3 Effect of olopatadine on NGF level in the NALF (A)
and mucosa (B) after TDI challenge in sensitized rats. Olopata-
dine and prednisolone were orally administered 1 h before TDI
instillation. NGF levels in the NALF and nasal mucosa were
measured 6 h after TDI challenge. EA: ethyl acetate challenge,
Cont: TDI challenge, Pred: prednisolone. Each column repre-
sents mean+S.E.M. of 8 rats. Significant difference compared to
the TDI-challenged group. ⁎Pb0.05, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.
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2.7. Measurement of NGF, SP, CGRP and VEGF

At 6 h after the intranasal challenge, rats were anesthetized with
sodium pentobarbital. Nasal lavages were done using catheter. The
catheter with rubber tubing covering the head of tube was inserted
into the tracheal opening the direction of upper airway. Both sides of
the nasal cavity were lavaged with phosphate-buffered saline (PBS;
pH 7.4, ICN Biomedicals, Aurora, OH) containing a protease inhibitor
(Complete™; Roche Diagnostics, Mannheim, Germany). The nasal
lavage fluid (NALF) was centrifuged. Nasal mucosa was removed
from the nasal septum and individual mucosa sample was homo-
genized in PBS containing the protease inhibitor and centrifuged.
Each supernatant was aliquoted and frozen at −35 °C for subsequent
assays. ELISA for NGF (Promega, Madison, WI), SP (Assay designs, Ann
Arbor, MI), CGRP enzyme immunoassay kit (SPI-BIO, Paris, France)
and VEGF (R&D Systems, Minneapolis, MN) were conducted accord-
ing to the manufacturer's instructions. The optical density of each
well was determined using a microplate reader (THERMOmax™,
Molecular Devices, Sunnyvale, CA).

2.8. Statistical analysis

Data are presented as means±S.E.M. The Student's t-test following
the F-test was used for analysis of differences between two groups.
Multiple comparisons among treatment groups were assessed by one-
way analysis of variance, followed by the Dunnett's test. Values of
Pb0.05 were considered statistically significant.

3. Results

3.1. Effect on sneezing in TDI-induced rat rhinitis model

Intranasal application of TDI-induced nasal allergy signs, such as
sneezing and watery rhinorrhea, in TDI-sensitized rats. In TDI-
sensitized rats challenged with TDI, there was an increase in
the number of sneezing episodes compared to non-sensitized
(P=0.0010) and EA-challenged animals (P=0.0001) (Fig. 2A).
Olopatadine (3 and 10 mg/kg) significantly suppressed the in-
creased frequency of sneezing by 46.2% and 74.9% (P=0.0075,
Pb0.0001), respectively (Fig. 2B). Prednisolone also significantly
suppressed the increased number of sneezing (P=0.0074).

3.2. Effect of olopatadine on NGF in a TDI-induced rat
rhinitis model

As shown in Fig. 3, the level of NGF in theNALF and nasalmucosa at
6 h after intranasal challenge with TDI was significantly increased
compared to EA-treated animals (Pb0.0001, P=0.0001).



Figure 4 Effect of olopatadine on VEGF level in the NALF after
TDI challenge in sensitized rats. Olopatadine and prednisolone
were orally administered 1 h before TDI instillation. VEGF level in
NALF was measured 6 h after TDI challenge. EA: ethyl acetate
challenge, Cont: TDI challenge, Pred: prednisolone. Each column
representsmean+S.E.M.of 6 rats. Significant difference compared
to the TDI-challenged group. ⁎Pb0.05, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.
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Olopatadine (1,3, and 10mg/kg) significantly inhibited increase
in NGF in the NALF by 23.0%, 44.7%, and 50.5% (P=0.0194,
Pb0.0001, Pb0.0001), respectively (Fig. 3A). In the nasal mucosa,
olopatadine (3 and 10 mg/kg) also significantly inhibited increase
in NGF by 43.1% and 47.9% (P=0.0128, P=0.0047), respectively
(Fig. 3B). Prednisolone significantly inhibited increased levels of
NGF in both the NALF and nasal mucosa.
Figure 5 Effect of olopatadine, loratadine, cetirizine and
fexofenadine on production of NGF (A) and VEGF (B) in the NALF
induced by application of TDI. Drugs were orally administered 1 h
before TDI instillation in non-sensitized rats. EA: ethyl acetate
challenge, TDI: TDI challenge, Lora: loratadine, Ceti: cetirizine,
Fexo: fexofenadine, Pred: prednisolone. Each column represents
mean+S.E.M. of 7 rats. Significant difference compared to the
TDI-challenged group. ⁎Pb0.05, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.
3.3. Effect of olopatadine on VEGF in a TDI-induced rat
rhinitis model

As shown in Fig. 4, the level of VEGF in the NALF at 6 h after
intranasal challengewith TDIwas significantly increased compared
to EA-treated animals (P=0.0014).

Olopatadine (1, 3, and 10 mg/kg) significantly inhibited the
increase inVEGF in theNALFby46.0%,66.1%,and70.7% (P=0.0207,
P=0.0009, P=0.0004), respectively. Increased levels of VEGF in the
NALF were also significantly inhibited by prednisolone (P=0.0011).

3.4. Effect of olopatadine and other histamine H1 receptor
antagonists on NGF and VEGF production in NALF after
intranasal instillation of TDI in normal rats

To further investigate themechanism of NGF and VEGF production,
olopatadine inhibition, and the potential roles of histamine and
histamine H1 receptor, other histamine H1 receptor antagonists
were examined. Instillation of TDI induced an increase in NGF and
VEGF production in theNALF, reaching amaximumat 6 h. As shown
in Fig. 5(A), the level of NGF in the NALF at 6 h after intranasal
challenge with TDI was significantly increased compared to EA-
treated animals (Pb0.0001). Olopatadine (3 and 10mg/kg) signifi-
cantly inhibited the increase inNGFby48.4%and 62.1% (P=0.0119,
Figure 6 Concentration of NGF (A) and VEGF (B) in the NALF
after histamine challenge. NGF and VEGF levels in the NALF were
measured 6 h after histamine or TDI challenge. Each column
represents mean+S.E.M. of 5–6 rats. Significant difference
compared to the normal rat group. ⁎⁎⁎Pb0.001.
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P=0.0015), respectively. In contrast, loratadine (10mg/kg), cetiri-
zine (10 mg/kg) and fexofenadine (60 mg/kg) did not inhibit in-
creases in NGF. Prednisolone significantly inhibited increased
levels of NGF (P=0.0005).

As shown in Fig. 5(B), the levels of VEGF in the NALF at 6 h after
intranasal challenge with TDI were significantly increased com-
pared to EA-treated animals (P=0.0024). Olopatadine (10 mg/kg)
significantly inhibited the increase in VEGF by 74.8% (P=0.0104).
In contrast, loratadine, cetirizine and fexofenadine did not inhibit
the increase in VEGF. Prednisolone significantly inhibited an in-
crease in VEGF (P=0.0042).

Instillation of histamine did not induce an increase of NGF
and VEGF production in the NALF (Fig. 6).

4. Discussion

The present study demonstrated that intranasal application of
TDI-induced nasal allergy signs, such as sneezing and watery
rhinorrhea, in TDI-sensitized rats, plus increased levels of NGF
and VEGF in the NALF. Olopatadine inhibited TDI-induced
increases in the number of sneezing episodes and increases in
NGF and VEGF, consistent with results obtained in a cutaneous
model [18]. The NGF increase suggests that TDI-induced nasal
allergy signs involve the sensory nerves.

In the human nose, NGF is highly expressed in the glan-
dular and respiratory epithelium [4]. TDI causes the release of
NGF and SP from activated sensory nerves. Nasal fluids
contain NGF,more so in patients with AR compared to healthy
control subjects, and allergen challenge to patients with AR
leads to acute release of NGF [3]. Sensory nerve fibers in the
nasal mucosa, positive neurogenic peptides, increased. In the
present study, TDI induced an increase in NGF in the NALF and
mucosa in TDI-sensitized compared to non-sensitized rats. SP
and calcitonin gene-related peptide production increased,
however, not to significant levels (data not shown). These
findings suggest that sensitization caused the increase in
neuropeptide-positive nasal nerve fibers and exacerbation of
nasal allergy-like signs. Animals overexpressing NGF augment
allergic airway inflammation via a neuropeptide-dependent
mechanism [20]. Therefore, a link between AR and NGF
clearly exists, and the hypothesis that NGF might be
responsible for sensorineural hyperresponsiveness, at least
in AR, has drawn some support. NGF may induce hyperre-
sponsiveness for the sneeze reflex, plus induce neurogenic
inflammation, characterized by plasma extravasation and
mucous secretion. Neuropeptide positive nasal nerve fibers
increased along with exacerbation of reactions to TDI,
therefore this response is likely to underlie the increase in
sneezing. These results suggest the possibility that olopata-
dine reduces TDI-induced increases in the number of sneezing
episodes by inhibiting the increase in NGF.

TDI induced an increase in VEGF in NALF in TDI-sensitized
compared to non-sensitized rats. Increased vascular dilatation
and permeability characterize AR. VEGF is produced frommast
cells, and is thought to participate in nasal mucosa swelling
through increased blood vessel permeability as an immediate
reaction of AR [11]. VEGF in nasal mucus immediately increase
when allergen is applied intranasally to subjects using cedar
pollen [21]. Therefore, VEGF may play an important role in
nasal mucosal inflammation in AR. Expression of VEGF in nasal
polyps was significantly stronger than in specimens of healthy
nasal mucosa. Thus, VEGF may play a significant role in the
induction of heavy tissue edema [22]. These findings suggest
that VEGF expressionwas suppressed by olopatadine, resulting
in amelioration of nasal symptoms in this model.

Olopatadine is a selective and potent histamine H1 receptor
antagonist and its clinical effect is believed to be mediated by
its antagonistic action so far. Olopatadine significantly inhib-
ited antigen-induced sneeze and nasal rubbing responses in
both wild-type and H1 receptor-deficient mice. However, ceti-
rizine, a histamine H1 receptor antagonist, failed to completely
inhibit these responses in H1 receptor-deficient mice, suggest-
ing the involvement of other receptors in these responses
[23,24].

Histamine content, HDC activity and gene expression in the
nasal mucosa were significantly increased after TDI exposure in
sensitized rats [15]. Histamine, that stimulates SP-positive
sensory nerve fibers, may lead to hyperresponsiveness.
Olopatadine reduced up-regulation of HDC mRNA, HDC activity
and histamine content induced by TDI. In contrast, chlorphe-
niramine had no effect [25]. The inhibitory effect of olopata-
dine on NGF and VEGF production in rhinitis is not attributable
to the histamine H1 receptor antagonistic effect as no other
histamine H1 receptor antagonist tested exerted an inhibitory
effect on TDI-induced NGF and VEGF production. Furthermore,
levels of NGF and VEGF in the NALF did not increase after
intranasal challenge with histamine. Clinical doses of olopata-
dine, loratadine, cetirizine and fexofenadine are 5, 10, 10,
60 mg. Pharmacokinetic profiles in rats are unknown. The used
doses of olopatadine and the other H1 antagonists have enough
the anti-histamine activity in rats [26]. The used doses of
olopatadine are increased about 1 to 5 times of the clinical
blood concentration in rats. Thus, olopatadine has inhibitory
activity against allergic rhinitis, possibly resulting from itsmore
potently diminishing effect on elevated NGF than other
histamine H1 receptor antagonists. TDI-induced inflammation
of the nasal mucosa was associated with a mixed Th1/Th2
immune response [27]. Airway epithelium not only functions as
a physical barrier to the external environment but also
synthesizes and secretes a variety of cytokines, chemokines,
and mucus, which play important roles in the inflammation
response [28]. It has recently been shown that H1R participates
in up-regulation of expression of cytokines, chemokines, and
adhesion molecules, suggesting that H1R is first involved in
inflammation, followed by acute allergic responses. Indeed,
olopatadine inhibited histamine-stimulated production of CC
chemokines in human nasal epithelial cells [29]. These reports
imply that olopatadine might inhibit production of cytokines
through mechanisms other than a histamine H1 receptor
antagonistic effect. Further detailed characterization of the
mechanism and site of action by which olopatadine inhibits
cytokine production was required.

Therefore, TDI-sensitized rats were used as an animal
model of nasal hypersensitivity induced by neurogenic inflam-
mation, showing that levels of NGF and VEGF in nasal mucosa
play an important role in the development of nasal hypersen-
sitivity. Olopatadine significantly reduced nasal allergy signs,
and inhibited up-regulation of NGF and VEGF content induced
by TDI. These results suggest that suppression of the up-
regulation of NGF and VEGF by olopatadine may underlie its
therapeutic effect in the treatment of allergic inflammation.
In conclusion, olopatadine appears to exert additional biolo-
gical effects besides its blockade of the histamine H1 receptor
unlike other histamine H1 receptor antagonists.
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