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Impact Statement

Allergic rhinitis (AR) influences the structure and
function of ciliated cells due to different factors.
However, the image of in vivo nasal ciliary motion
of AR has never been captured because of the
lack of an effective method. In this study, we rely
on the method established by our team last year
to observe and analyze the nasal ciliary function in
vivo in AR rats. Such images of ciliary motion from
AR living animals have not been reported to date.
Our study first visually clarifies that AR reduced cili-
ary motion in vivo. And, our data suggest that ciliary
motion tends to show tolerance to the inhibition of
ovalbumin (OVA) and histamine in OVA-sensitized
rats. We adopt the assessment approach of our
group to observe and analyze the ciliary function in
AR animals. It lays a good foundation for further in
vivo study on AR.

Abstract

Due to the lack of an assessment approach, the image of in vivo nasal ciliary motion
of allergic rhinitis (AR) has never been captured and analyzed to date. Here, we have
used an optimized approach to analyze the nasal ciliary function in vivo in AR rats. The
digital microscopy system, a method for direct observation of ciliary motion in a living
AR rat model, was applied to visualize and measure ciliary motion in vivo, including
ciliary beat frequency (CBF) and ciliary beat distance (CBD). The AR rat model was
established by ovalbumin sensitization. Comparisons of nasal ciliary motion in vivo
between the experimental group (ovalbumin sensitization, allergen, or histamine) and
the control group were analyzed. In the living rat model of allergic rhinitis, CBF and
CBD decreased to 57.8 and 73.1% of the control group, respectively, but were restored
after administration of chlorpheniramine maleate. Ovalbumin (OVA) significantly
inhibited the ciliary motion of normal mucosa in vivo. However, responding to the OVA
challenge, the ciliary motion of OVA-sensitized mucosa would not decrease further
and stay at a stable level. Histamine stimulated in vivo ciliary motion quickly within
30min, but afterward, the ciliary motion gradually decreased below the baseline.
These results have clarified that in vivo ciliary motion was impaired by nasal mucosal
sensitization, and this impairment was most likely related to allergen challenge and
histamine. In addition, the short-term stimulation and long-term inhibition effects of
histamine on in vivo ciliary motion were first reported in this study.
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Introduction

Allergic rhinitis (AR) is one of the most common diseases
of the nasal mucosa that is induced by immunoglobulin E
(IgE)-mediated inflammation and affects over 10-40% of
the population worldwide with an increasing prevalence in
recent years.'® High concentrations of inflammatory media-
tors and neuropeptides in the nasal mucosa were involved
in AR development.4® At the same time, these factors are
very likely to influence the structure and function of ciliated
cells. Previously many studies focused on the relationship
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between cilia and sinusitis, whereas evidence of the rela-
tionship between AR and cilia is insufficient and contro-
versial. Some studies”® found a decline of the AR patients’
ciliary beat frequency (CBF); the longer the disease course,
the lower the CBF. But in an animal experiment, the allergen
could induce a slight increase of the CBF in the trachea of
sensitized sheep. However, the results above were collected
from ciliated cells in vitro, detached from the mucus, and
highly sensitized internal environment in vivo. Therefore,
it is doubtful whether these in vitro results of ciliary motion
accurately reflect their actual physiological state in vivo.
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Figure 1. The protocol of the ovalbumin sensitization on SD rats and the overall experimental process of this study.

We have previously demonstrated significant differences in
ciliary motion and its response to environmental stimuli in
vitro and in vivo.?

It is generally believed that immune cells, inflammatory
mediators, cytokines, chemokines, neuropeptides, and adhe-
sion molecules cause the inflammation of the mucosa, which
affects the coordinated ciliary activity in a complex synthetic
work #6810 Among inflammatory mediators, histamine is
recognized as one of the most important and plays a vital
role in developing AR. However, the dispute over the effect
of histamine on the ciliary motion has not been definitively
concluded yet. Some studies reported that histamine could
stimulate cilia with an increase in CBE.12-15 In contrast, other
studies found that a high concentration of histamine had
cilia-inhibiting or cilia-static effect.!>1¢ A few studies found
no significant effect of histamine on the ciliary motion.!”18
Nevertheless, these controversial results were all based on
experiments in vitro or cell cultures. The ciliary response to
histamine could be different from that in vivo, which remains
unknown.

Therefore, we established an AR experimental animal
model and analyzed the effect of nasal mucosal sensitiza-
tion, allergen, and histamine challenge on the function of
ciliary epithelium in vivo using a digital microscopy system.’

Materials and methods
Animals and preparation

Three-month-old SD rats, weighing 200-300 g, provided by
the Medical Animal Center of Chinese PLA General Hospital
(Beijing, China), were used in this study. The procedures of
animal experiments were conducted and approved by the
Ethics Committee of the PLA General Hospital under labora-
tory animal protection guidelines. The overall experimental
process of this study is summarized as shown in Figure 1.

Ovalbumin-sensitized rat model of AR

All the rats were injected intraperitoneally (IP) with anti-
genic adjuvant suspension ((ovalbumin, OVA), 1000 ug;
aluminum hydroxide, 20mg; sterile standard saline 5mL)
three times on the 1st, 8th, and 15th day, and then sensitized
intranasally with OVA (300 g/ 15 uL) or phosphate-buffered
saline (PBS) 15 L for control per nostril daily from day 22 to
35, according to the protocol depicted in Figure 1.

The rats were subdivided into two groups (n=20 per
group): (1) PBS-treated rats (control group), (2) OVA-sensitized

rats (AR group). After the final intranasal provocation on day
35, the number of nasal sneezing and scratching events were
observed during a 20min period as the symptom score to
confirm the AR phenotype. On day 36, we collected the blood
from the tail tip of rats and tested the histamine and IgE in
serum using enzyme-linked immunosorbent assay (ELISA).

Histological and morphometric analysis

Five rats from each group were selected, and the nasal sep-
tum mucosa was harvested and stained with hematoxylin
and eosin (HE staining) for histological and morphometric
analysis.

In vivo visualization and analysis of ciliary motion

The detailed protocol of in vivo visualization and analysis of
ciliary motion was previously described by our group.® To be
brief: the rats were anesthetized by intraperitoneal injection
of sodium pentobarbital (60 mg/kg; Merck Company, New
Jersey, USA) and then maintained anesthesia with intra-
venous infusion of pentobarbital (6 mg/h). A stethoscope
monitored heart rates. Next, the unilateral nasal wall was
excised to expose the nasal septum mucosa. A custom-made
platform with a heating pad was used to hold the animal
secured to reduce image instability caused by respiratory
and cardiac motions. The animal on the platform was
then placed on the digital microscopy system (VHX6000;
Keyence Corporation, Osaka, Japan) with the observation
lens (VH-Z100R; Keyence Corporation) set perpendicular
to the mucosal surface. The images were recorded with a
high-speed microcamera (VW-9000; Keyence Corporation)
at 150 frame/s (fps) for 5s. During the overall experiments,
the room temperature was maintained at 24°C with relative
humidity at 40-50% by an air conditioner.

The images were recorded at 150 frame/s(fps) for 5s each.
Five ciliary motion areas were randomly selected from the
nasal mucosa of each animal. During measurement, we
randomly selected 5 points in a region of interest (ROI) for
measurement and averaged them to represent the ciliary
motion in this region.

CBF(Hz)=Ps/Pw (one pixel=one frame, Ps=pixels per
second, Pw =pixels of each wave). CBD (ciliary beat dis-
tance) is defined as the distance traveled by the front edge of
a ciliary wave between maximum recovery stroke and maxi-
mum power stroke in vivo. CBD was compared by using nor-
malized CBD (CBD ratio), namely, the ratio of the measured



CBD value to the CBD value baseline at the beginning of the
experiment. The method of how to measure the CBF and
CBD in detail can be found in the precious research results of
our team.!? The CBFs and CBDs of every region were meas-
ured by the software of Image] as described previously.!?
The recordings were separately analyzed twice by Liu Chen
and Pang Chuan, who were blinded to each other’s results.

Changes of in vivo ciliary motion in
OVA-sensitized rats

Live imaging of in vivo ciliary motion was recorded with a
high-speed microcamera at the beginning of the experiment
from two groups as the baseline. Then the nasal mucosal
surface of the two groups was administered with 1mmol/L
chlorpheniramine maleate (15uL), and the ciliary motion
was recorded again 60 min later.

Changes of in vivo ciliary motion to OVA

CBDs and CBFs of control and OVA-sensitized rats were
measured as a baseline before the administration of OVA.
We first examined the effect of OVA on the ciliary motion.
Then, OVA (300 pg in 15uL PBS) was administered on the
nasal mucosal surfaces of five rats each in control and AR
groups. PBS (15uL) was administered on another five rats
in each group as control. The live imaging of ciliary motion
was recorded continuously for 60 min in vivo.

Effects of histamine on in vitro ciliary motion

Mucosa specimens were obtained from the nasal septum
mucosa and placed in a Petri dish, submerged in the Leibovitz
L15 medium (Gibco™, USA).The specimens were examined
under an inverted phase-contrast microscope (DMi 8; Leica
Microsystems GmbH, Wetzlar, Germany).The beating cilia
were recorded with a high-speed digital camera (EoSens-
4CXP; Mikrotron GmbH, Unterschleissheim, Germany) and
the CBF was analyzed with Image] software. The effect of
the 10-Ymol/L, 10-*mol /L, and 10-°mol /L histamine (15 uL)
on CBFs was observed, respectively, for 60min in vitro on
the nasal mucosal specimens of five rats each in control and
AR group. We randomly selected 5 points in a specimen for
measurement and averaged them to represent ciliary move-
ment in this specimen.

Effects of histamine on in vivo ciliary motion

We further examined the effect of histamine on the ciliary
motion in OVA-sensitized rats. A high concentration of
10-'mol/L histamine (15uL) was administered to observe
the trend of the histamine effect; 15 uLL histamine (10-'mol /L)
and 15 uL PBS were, respectively, administered on the nasal
mucosal surfaces of five rats each in control and AR groups.
The ciliary motion was recorded for 60 min in vivo. Then,
the effect of the 10-3 and 10-5mol/L histamine on CBFs and
CBDs was observed in the same protocol above. In addition,
CBFs and CBDs were measured after administering 15 uL.
chlorpheniramine maleate (0.1 mol/L) on the nasal mucosal
surfaces of five rats each in control and AR group. The cili-
ary motion was measured for 60 min in vivo. Then 15 uL his-
tamine (0.1 mol/L) or PBS was administered on the nasal
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mucosal surfaces of both groups, respectively. The ciliary
motion was observed for another 60 min in vivo.

Statistical analysis

Continuous variables were expressed as median (Upper/
Lower limits), and normality of the distribution was checked
using the Shapiro-Wilk test. Comparisons between AR and
control groups of symptoms scores, serum histamine and
IgE levels, and CBF and CBD data in vivo were made with
Student’s ¢ test. In addition, OVA and histamine response
over time and grouped comparison were evaluated using
the Mann-Whitney U test and Wilcoxon rank-sum test. The
p values less than 0.05 were considered statistically signifi-
cant. All statistical analyses were performed with GraphPad
Prism 8.0 software (GraphPad, San Diego, CA, USA).

Results

Symptoms, serum histamine and serum IgE of
AR rats

On the 35th day of the sensitization, behavioral observations
were performed to evaluate the symptoms of AR, and blood
tests were performed at the same time. The symptom behav-
iors (the number of sneezing and scratching) significantly
increased in OVA-sensitized rats (AR group) compared with
the control group (Figure 2(a) and (b)). In addition, the levels
of histamine and IgE in serum increased in OVA-sensitized
rats (Figure 2(c) and (d)).

Histomorphology of nasal mucosa in
OVA-sensitized rats

The effect of OVA sensitization on mucosal histology was
examined by using HE staining. In the control group, intact
cilia, a small number of goblet cells, and none of the obvious
tissue edema, vascular congestion, or glandular hyperplasia
were found (Figure 3(a)). On the contrary, the OVA-sensitized
rats (AR group) exhibited ciliated epithelial lesions, includ-
ing ciliary adhesion, lodging, and loss. Meanwhile, increased
goblet cells and hyperplasia of glands in the lamina propria
were found (Figure 3(b)).

Effect of OVA-sensitization on the in vivo ciliary
motion

Video 1 and video 2 (Supplementary File), respectively,
showed a region of ciliary motion on the normal and AR
rat’s nasal septum magnified 1000X. Compared to the con-
trol, the in vivo CBFs and CBDs of AR rats decreased to 57.8
and 73.1%, respectively (Figure 4(a) and (b)). These results
indicated that allergic reaction induced the decline of ciliary
motion in vivo.

The ciliary motion was measured after administrating
the histamine antagonist (chlorpheniramine maleate) 60 min
later. Again, the CBF obviously increased in the AR group,
which recovered to 79% of the normal level (Figure 5(a)).
However, there was no significant change in CBD after anti-
histamine administration (Figure 5(b)).

These two experiments suggested that OVA sensitiza-
tion lowered ciliary motion, and the CBF could recover to a
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Figure 2. In OVA-sensitized rats (AR group) (n=20), symptom scores were determined by the incidence of (a) nasal sneezing and (b) nasal scratching in 20 min. The

amount of serum (c) histamine and (d) IgE after the intranasal provocation of OVA.
****p <0.0001.

certain level after administration of antihistamine (chlorphe-
niramine maleate), but the CBD could not.

Effects of OVA challenge on ciliary motion

in vivo

To further explore the allergen challenge effects on the nasal
mucosal cilia, we administrated the OVA solution on the
nasal mucosal surface of the control and AR group, and
observed for 60min, using PBS solution as control. The
results showed that the CBF and CBD of normal nasal cilia
decreased after OVA administration (Figure 6(a) and (c)).
Although the baseline of CBF and CBD was relatively low
in OVA-sensitized rats, they could maintain a stable level
after the OVA challenge (Figure 6(b) and (d)), which implied

OVA tolerance of sensitized cilia. These results suggested
that the allergen OVA solution significantly inhibited the
nasal mucosal ciliary motion in vivo. However, responding
to OVA challenge, the ciliary motion after OVA sensitization
would not decrease further and maintain a stable level.

Effects of histamine on in vitro ciliary motion

To study the effect of histamine on in vitro nasal cili-
ary motion in both the control group and AR group, we,
respectively, administered histamine solution and PBS to
the nasal mucosa specimens in the two groups. The results
showed that CBFs in both groups decreased rapidly after
exposure to 10-'mol/L histamine and complete ciliostasis
was observed within 10min (Figure 7(a) and (b)). But the



Figure 3. Histological changes in the nasal septal mucosa after the OVA sensitization. (a) Normal septal mucosa and (b) ciliated epithelial lesions in OVA-sensitized
rats. The two black arrows indicate the ciliary adhesion, lodging, and loss. Scale bar, 10um. (A color version of this figure is available in the online journal.)
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Figure 4. In vivo CBF (a) and CBD (b) were significantly decreased by OVA sensitization in rats (n=5).

*p(CBF)=0.0060; *p(CBD)=0.0268.

lower concentrations (10-3 and 10-5mol/L) of histamine had
no obvious effect on CBFs of the mucosa specimen in both
groups in vitro (Figure 7(c) to (f)).

Effects of histamine on in vivo ciliary motion

To study the effect of histamine on in vivo nasal ciliary
motion in both the control group and AR group, we, respec-
tively, administered histamine solution and PBS to the nasal
mucosa of the two groups. The results showed that CBFs in
both groups increased rapidly after exposure to 10-'mol/L
histamine (Figure 8(a) and (b)). The CBF in the control group

rapidly increased within 2min and gradually decreased to
a level lower than the baseline 30 min later (Figure 8(a)).
However, CBF in the AR group increased first and main-
tained a relatively high level under the effect of histamine
(Figure 8(b)). The CBDs in both groups were inhibited by
histamine (Figure 9(a) and (b)). Lower concentrations (102
and 10-°mol/L) of histamine had no effect on CBFs (Figure
8(c) to (f)) and CBDs (Figure 9(c) to (f)).

These results revealed that histamine stimulates in vivo
cilia in a short time and has potential ciliotoxicity in the long
term. In addition, OVA sensitization attenuated the hista-
mine-induced inhibition to ciliary motion.
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To further verify the effect of histamine on nasal ciliary
motion, we administered an H1 receptor antagonist (chlor-
pheniramine maleate) for 60 min and then administrated
histamine and PBS to the nasal mucosa in both groups. In
both groups, either stimulation or inhibition of histamine
to the ciliary motion was absent (Figure 10(a) to (d)). The
baseline of CBF in the AR group increased after the adminis-
tration of chlorpheniramine maleate (p <0.05) (Figure 10(b)).
These results indicated that chlorpheniramine maleate could
antagonize the changes of ciliary motion caused by hista-
mine and restore the impaired ciliary motion caused by OVA
sensitization.

Discussion

In this study, we explored the changes of ciliary motility
in the OVA-sensitized rat model with a novel approach?® in
vivo for the first time. It is notable that the ciliary motion
of the OVA-sensitized rats significantly attenuates in vivo
when compared with the control. The effects of AR on ciliary
motion in previous studies based on biopsy'*? or culture of
ciliated cells in vitro'>222 were controversial. Consistent with
our study, Ohashi et al.” obtained ciliary cells from patients
with AR for analysis in vitro and found that ciliary motil-
ity was impaired, CBF decreased, and got worse with the
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prolongation of the disease course. One possible reason is the
destruction of the ciliary structure, including ciliary adhe-
sion and loss, from the effect of AR.2324

However, the results of some experiments!® in vitro were
just the opposite; CBF increased in the mouse model of AR,
which indicated that other mechanisms might also control
CBF in the phase of AR. A reason for that could be the in vitro
state of ciliary motion is likely to change when the original
mucus on the surface of the airway was replaced by buffer
solution or culture solution. Compared with the experiments
in vitro, the results of our study in vivo can better reflect the
actual motion state of nasal mucosal cilium in the early
phase of OVA sensitization. In addition, the ciliary motion
recovered after administration of antihistamines (chlorphe-
niramine maleate), which indicated that the ciliotoxicity of

the high concentration of histamine might play a key role in
the ciliary impairment.1®

Our study is the first to directly observe the changes of
nasal ciliary motion under allergen challenge in living ani-
mals. We found that normal ciliary motion in vivo was sig-
nificantly inhibited by OVA. This finding is quite different
from the previous experiments in vitro which reported the
stimulative effect of allergen challenge on the ciliary motion.
These studies!® adopted nasal allergen provocation in vivo,
and ciliated cells were harvested and observed in vitro. This
process most likely led to structural and functional altera-
tion of cilia. Also, they were unable to measure immediate
in vivo changes of ciliary motion when allergen provocation
was performed. A possible reason why OVA solution inhib-
ited in vivo ciliary motion is that the OVA solution itself has
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Figure 9. Effects of histamine on CBDs in vivo in 60 min. Histamine inhibited ciliary CBDs in both groups (n=5) within 60 min (red square) when stimulated by the
10-"mol/L concentration of histamine (a and b). PBS instead of histamine serves as control (black circle). The concentrations (10-3 and 10->mol/L) of histamine had
no obvious effect on CBDs of the mucosal cilium in both groups in vivo (c to f). (A color version of this figure is available in the online journal.)

high viscoelasticity, resulting in inhibition to CBF, as is well
known that the higher the viscoelasticity of periciliary liquid
(PCL), the lower the CBE»

However, in OVA-sensitized rats, the ciliary motion was
not suppressed and maintained a stable level under the OVA
challenge. One hypothesis is that the nasal mucosa sensitized
by OVA developed an allergic reaction to OVA, releasing
inflammatory mediators (such as histamine, leukotriene, and
prostaglandin E2) and neuropeptides (such as acetylcholine,
substance P(SP)), which might promote ciliary motion.!82627
Another possible reason is that ciliary motion had fallen to a
“lower limit” that is difficult to decrease further. But its mech-
anism remains unclear and we will study further.

As one of the most important inflammatory mediators
in the development of AR, histamine has been proved to

decrease epithelial barrier integrity.?8 To verify the effect of
histamine on nasal mucosal cilia in vivo, this study adminis-
trated a high concentration of histamine solution (10-'mol /L)
to the nasal mucosa. We found histamine stimulated CBF
in a short time of 30 min while showed certain ciliotoxic-
ity as time went on and gradually inhibited CBEF. Lee et al.1¢
previously reported that high concentration of histamine
(10-'mol/L) had significant inhibitory effects on CBF of nor-
mal and AR mice in vitro. The ciliary motion was gradually
impaired and completely stopped within 15min, but a low
concentration of histamine (<10-'mol/L) did not affect CBF.
The ciliotoxicity of high-concentration histamine found in
this study is somewhat consistent with our research.

The short-term stimulative effect of histamine on cilia may
be due to the increase of intracellular calcium ions caused
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Figure 10. Effects of histamine on ciliary motion in control and AR group (n=>5) after the administration of chlorpheniramine maleate for 60 min. Pre-application of
antagonist chlorpheniramine maleate for 60 min antagonized the stimulation and inhibition of CBF by histamine (red square), which showed no difference compared
with PBS control (black circle) (a) and increased basal CBF in AR group (b). The effect of histamine on CBD was not different from that of PBS (black circle) after
60min pretreatment in both groups (c and d). (A color version of this figure is available in the online journal.)

by the binding of histamine and histamine receptors.?’ The
increase of intracellular calcium ions will lead to the increase
of CBE."3 In the previous study,'® the CBF changes were not
recorded after histamine treatment 20 min later. Our study
extended the visualization time to 60 min and found that
the long-term (more than 30 min) effect of histamine would
inhibit the ciliated epithelium. The potential mechanism is
that the motion of cilia is dependent on the release of ATP30
and prolonged high-speed ciliary motion leads to excessive
consumption of adenosine-triphosphate (ATP). There was a
study!* on ciliated cells in vitro found that CBF was stimu-
lated by histamine and then gradually decreased back to the
baseline in 20 min, and the administration of ATP could lead
to a second spike of CBF, implying that excessive consump-
tion of ATP may be one of the reasons for the decrease of CBF
in the later period after administration of histamine.

This study first found that the in vivo CBF and CBD in
OVA-sensitized rats could stay relatively high after hista-
mine-mediated stimulation. The later inhibition effect did
not appear within 60min, a potential ciliary “tolerance” to
the histamine inhibition effect, which has not been reported
before. Based on the findings of an earlier study,'® a high con-
centration of histamine had an apparent inhibitory effect on
ciliary cells of both control and AR mice in vitro. It suggests
that histamine tolerance of cilia in OVA-sensitized rats in vivo
may not be related to the cells themselves but in vivo environ-
ments such as mucus, inflammatory mediators, or neuro-
peptides secreted from other cells in the nasal mucosa after
histamine provocation, which may promote ciliary motion to
maintain the original level of motive intensity.!3262”

One limitation of this study is that the OVA and histamine
experiments only lasted for 60min. Although the duration
of observation was longer than that in previous studies, it
was significantly shorter than the actual clinical course in
AR patients, which lasted for several years or even decades.
Although the potential histamine tolerance of AR cilia was
observed, under the continuous influence of long-term high
histamine, ciliary damage appeared to be unavoidable. That
was why the baseline of ciliary motion in OVA-sensitized
rats found in this study is significantly lower than that in
control. Extensive studies remain to be done to understand
the questions in this regard further. In addition, limitations
of the novel in vivo ciliary motion analysis method used in
this study still exist and were mentioned at its first report-
ing.!? Briefly, the exposure of mucosa somewhat influenced
its original physiological environment, and the complex in
vivo experimental condition is more difficult to control than
in vitro.

Conclusions

In summary, an animal model of AR sensitized by OVA was
established to investigate the changes of the ciliary motion in
vivo and the effects of OVA and histamine on ciliary motion.
First, our study clarified that AR reduced ciliary motion in
vivo. Second, our data suggested that short-term histamine
could induce the enhancement of ciliary motion in vivo, while
OVA and prolonged histamine inhibit the ciliary motion.
Ciliary motion tends to show tolerance to the inhibition of
OVA and histamine in OVA-sensitized rats.
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