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ABSTRACT Nasal epithelial cells secret mucins and are exposed in vivo to airflow-induced mechanophysical stresses,
including wall shear stress (WSS), temperature, and humidity. In this work, human nasal epithelial cells cultured under air-liquid
interface conditions were subjected to fields of airflow-induced oscillatory WSS at different temperature and humidity conditions.
Changes in mucin secretion due toWSSwere measured and the role of the cytoskeleton in mucin secretion was explored. Mucin
secretion significantly increased in response to WSS in a magnitude-dependent manner with respect to static cultures and inde-
pendently of the airflow temperature and humidity. In static cultures, mucin secretion decreased at high humidity with or without
elevation of the temperature with respect to cultures at a comfortable climate. In cultures exposed to WSS, mucin secretion
increased at high temperature with respect to cultures at comfortable climate conditions. The polymerization of actin microfila-
ments was shown to increase mucin secretion under WSS, whereas the dynamics of microtubule polymerization did not affect
secretion. In conclusion, the data in this study show that mucin secretion is sensitive to oscillatory WSS as well as high temper-
ature and humidity conditions.
INTRODUCTION
Nasal epithelial goblet cells secrete mucins as an integral
part of their function. Second to water, mucins are the
primary component of the mucus layer (1), which traps
airborne particles for removal from the body through muco-
ciliary clearance. Mucus also has a key role in nasal heating
and humidification of the inspired air for the purpose of
efficient gas exchange in the lungs and optimal mucociliary
clearance (2), as well as in the protection of nasal epithelial
cells (NECs) from airflow-induced dehydration. Mucins are
high-molecular-weight glycoproteins. Their high carbo-
hydrate content contributes to their great water-holding
capacity (3). This dense sugar coating is also responsible
for the adhesiveness of the mucus layer (4), which is essen-
tial for particle entrapment. Thus, appropriate and sufficient
mucin secretion, and controlled regulation of this secretion
are crucial for fundamental nasal functions.

NECs are exposed in vivo to different fields of airflow-
induced mechanophysical stresses, including wall shear
stress (WSS), temperature, and humidity. Computational
models of quiet breathing in the healthy nose predicted
WSS values as high as 1.6 Pa (5). BecauseWSSs are linearly
related to the local air speed, these values may significantly
increase as breathing efforts increase. In addition, the
unsteadiness of nasal airflow results in significant variations
of WSS with time (i.e., 0.5 Pa/s) even during quiet
breathing (6).
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To date, the effects of WSS on cellular processes have
mostly been explored in endothelial cells. Studies revealed
an associationofWSSwith changes in cell proliferation, cyto-
skeleton arrangement, and intracellular calcium level, as well
as in mechanotransduction mechanisms involving ion chan-
nels, integrins, and plasma membrane receptors (7,8). More-
over, mechanical stimulations and specifically WSS have
been shown to induce secretion of materials such as surfac-
tant, growth factors, collagens, and ATP from different cell
types (9). Although mucin secretion has been studied exten-
sively in response to numerous biochemical stimuli (10–
12), the response to mechanical stresses has been explored
only for lower-airway cells or tissues (13,14). Recently, we
showed that mucin secretion from NEC cultures exposed to
steadyWSSof0.1 and1.0dyne/cm2 for>15min significantly
increased in comparison with unstressed cells (15).

The functional response of NECs to different levels of
environmental temperature and humidity has been studied
only invivo.One study reported that nasal secretionswere in-
hibited in patients with seasonal allergic rhinitis when
exposed bymasks to hot humid air (i.e., 37�Cand>95% rela-
tive humidity (RH) versus 23�C and <20% RH) (16).
In another study, cold-air-induced secretion was inhibited
by muscarinic antagonist, suggesting that a neural mecha-
nism controls airway responsiveness to environmental
stimuli (17). In dogs and rats, extreme environmental temper-
ature and humidity levels were associated with decreased
number of goblet cells, epithelial cell infiltration, loss of cilia,
and changes in ciliary beat frequency (18–20).

The magnitude of WSS in the nose is similar to that of
normal uniform regions of large arteries, where it affects
many cellular processes. Rapid mucin secretion from the
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nasal epithelium is essential for the defense response against
acute stimulations (21). Our main objective in this work was
to explore changes in mucin secretion in cultures of human
NECs in response to oscillatory WSS and different temper-
ature and humidity conditions. For this purpose we cultured
human NECs under air-liquid interface (ALI) conditions
that mimic the in vivo conditions experienced by these cells.
In addition, we explored the role of cytoskeleton dynamics
in mucin secretion under WSS by disrupting the polymeri-
zation of actin microfilaments (MFs) and microtubules
(MTs) before exposing the cells to WSS.
MATERIALS AND METHODS

Cell isolation and culture

Human NECs were isolated from nasal turbinates of adult patients who

underwent elective endonasal surgical interventions. The use of dissected

turbinates was approved by the ethics committee of the Sheba Medical

Center at Tel Hashomer (approval No. 2788/2002), and all patients provided

written informed consent. The NECs were isolated and cultured in custom-

designed wells under ALI conditions as previously described (15,22,23).
Experimental setup

The experimental setup used in this work is described in detail elsewhere

(24). Briefly, the system consisted of three parts: 1), an airflow generator

(25); 2), a flow chamber with cultured cells (15,22); and 3), a climate

chamber (24). The climate chamber was connected to the airflow generator,

which drove air under controlled conditions and desired flow profiles in and

out of the climate chamber via the flow chamber and over the surface of the

cultured cells. The entire tubing in the system was insulated. We computed

the uniform field of WSS applied on the cells from the inlet airflow rate

using computational models (15).
Experiments with oscillatory WSS
under controlled climate conditions

We performed oscillatory sinusoidal WSS experiments under controlled

climate conditions using the WSS waveform:

tðtÞ ¼ tmax sin
2pt

Tp

; (1)

where tmax is the wave amplitude and Tp is the period. In this study, tmax

was either 0.5 or 5.0 dyne/cm2 and Tp ¼ 4 s, which corresponds to quiet

breathing at a frequency of 15 breaths per minute. The cells were exposed

to oscillatory WSS for a period of 15 min, which under steadyWSS yielded

significant changes in mucin secretion (15). The climate conditions tested in

this work were 25–40�C and 40–80% RH. Exposure to WSS began after the

desired temperature and humidity conditions within the climate chambers

and the airflow tubing were stabilized. Static cultures for comparison

were mounted inside a different climate chamber at the same temperature

and humidity levels as in the flow experiments.

All experiments were performed with passage 2, well-differentiated,

10- to 14-day-old ALI cultures of human NECs that were seeded on poly-

tetrafluoroethylene synthetic membranes in the custom-designed wells. We

verified the differentiation state of the cultures by staining and imaging

intracellular mucins in epithelial goblet cells and visualizing ciliated cells

in the culture using scanning electron microscopy. All experiments were

performed at least three times, each time with cells from a different subject.

The flow chamber was mounted with three well bottoms so that triplicate

cultures were always considered.
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Exploration of the role of the cytoskeleton
in mucin secretion under WSS

To explore the functional role of the actinMFs and theMTs inmucin secretion

under WSS, we treated the cultured NECs with different agents that stabilize

or inhibit polymerization of the cytoskeleton components. To inhibit actin

MFs polymerization, we pretreated the cells immediately before each exper-

iment with Latrunculin B (1 mM, 30 min). Depolymerization of F-actin was

prevented by the actin stabilizing agent Phalloidin (1 mM, 60 min), as previ-

ously described for airway epithelial cells (26,27).MTpolymerizationwas in-

hibited by colchicine (5 mM, 60 min) and MTs were stabilized by Taxol

(10nM, 90min), as previously described for airwayepithelial cells (28).These

experimentswere performedwith flowparameters of tmax¼ 5.0 dyne/cm2 and

Tp¼ 4 s, and climate conditions of 25�Cand 40%RH.Untreated cultureswere

subjected to the same flow and climate conditions for comparison. Static

treated and untreated cultures were mounted in a climate chamber for

15 min under the same temperature and humidity conditions.
Quantification of mucin secretion

For quantification of mucin secretion, all cultures were rinsed 24 h before

the experiments and the accumulated mucus was removed from the

cultures’ apical surface. Twenty-four hours later, just before the beginning

of the experiment, we collected the apical 24-h secretion from each culture

and measured the mucin concentration to determine the baseline concentra-

tion with respect to which the mucin secretion results were normalized

(hereafter termed normalized mucin secretion). For the results shown in

Figs. 1–3, we performed further processing by calculating the percentages

of the normalized mucin secretion data out of the normalized secretion from

specific reference conditions, as detailed for each experiment in the Results

section below and in the figure captions (and indicated by thewhite columns

in the figures). We quantified mucin secretion onto the apical surface of the

NEC cultures immediately and 24 h after termination of the experiments

using an enzyme-linked lectinosorbent assay that measured the reactivity

of glycoproteins equivalent to MUC5B as described previously (15). The

MUC5B mucin standards were generously provided by Prof. C. W. Davis

(Cystic Fibrosis Pulmonary Research and Treatment Center, University of

North Carolina, Chapel Hill, NC).
Data and statistical analyses

The mucin secretion results are presented as the mean5 standard deviation

(SD) from at least three different experiments, each with cells from

a different subject. The data in Figs. 1–3 represent percentages of normal-

ized mucin secretion out of normalized secretion from cultures at reference

conditions as explained above and indicated by the white columns in the

figures. The data in Figs. 4 and 5 represent the normalized mucin secretion

without further processing. Statistical analyses were performed with the use

of SPSS Release 11.5.1 software. A two-tailed, independent-samples t-test

was used to determine statistical significance between two groups. A one-

sample t-test was used to compare the sample mean of one data group with

a constant value. One-way analysis of variance followed by a Tukey test

was used to determine statistical significance between three or more data

sets. Data were deemed statistically significant at p < 0.05.
RESULTS

Mucin secretion in response to oscillatory WSS
at comfortable climate

Mucin secretion measurements performed immediately and
24 h after exposure of NECs to oscillatory WSS at a refer-
ence climate with comfortable climate conditions of 25�C
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FIGURE 1 Mucin secretion measured (a) immediately and (b) 24 h

after exposure of cultured NECs to oscillatory WSS with tmax ¼ 0.5 and

5.0 dyne/cm2 and Tp ¼ 4 s, for 15 min at 25�C and 40% RH. The results

are expressed as the mean 5 SD of the percentage of normalized mucin

secretion with respect (WR) to normalized secretion from static cultures at

25�C and 40%RH (white columns). *p< 0.05 between themarked columns.
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c d

FIGURE 2 Mucin secretion measured (a and b) immediately and (c and

d) 24 h after exposure of NEC cultures to different climate conditions for

15 min. (a and c) Static cultures. (b and d) Cultures exposed to oscillatory

sinusoidal WSS with tmax ¼ 0.5 dyne/cm2 and Tp ¼ 4 s. The results are ex-

pressed as the mean5 SD of the percentage of normalized mucin secretion

from cultures that were exposed to different climate conditions with respect

(WR) to normalized mucin secretion from cultures at 25�C and 40% RH

(white columns). *p < 0.05 between the marked columns.
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and 40% RH are presented in Fig. 1 in comparison with
static cultures. The results are expressed as the percentage
of normalized mucin secretion from the stressed cultures
out of normalized secretion from static cultures (white
columns). For each field of WSS tested, exposure of the cells
to the WSS resulted in a significant increase in mucin secre-
tion immediately after removal of the stimulus, with respect
to the static cultures (Fig. 1 a). In addition, a significant
difference in secretion was found between cultures exposed
to WSS field with tmax ¼ 0.5 and 5.0 dyne/cm2. No signif-
icant differences were found in the secretion measured 24 h
after the termination of the experiment in stressed cultures
with respect to static cultures (Fig. 1 b).
Mucin secretion in response to oscillatory WSS
at various climate conditions

Mucin secretion in response to WSS under different climate
conditions was studied for the following environments: 1),
25�C and 80% RH; 2), 40�C and 40% RH; and 3), 40�C
and 80% RH. In these experiments, the cell cultures were
exposed to a WSS field with tmax ¼ 0.5 dyne/cm2 and
Tp ¼ 4 s for 15 min. For comparison, cell cultures were
kept under static conditions for 15 min at similar tempera-
ture and humidity levels. Mucin secretion measurements
were performed immediately and 24 h after the termination
of the experiment. Two different data analyses were
performed.

First, we performed an analysis to test whether different
climate conditions affect the secretion of mucins from static
cultures and from cultures under WSS. The graphs in Fig. 2
show the percentage of normalized mucin secretion from
cultures that were exposed to different climate conditions
out of normalized secretion from cultures at 25�C and
40% RH (white columns). Mucin secretion results obtained
immediately and 24 h after exposure of static cultures to
different climate conditions for 15 min are presented in
Fig. 2, a and c. Mucin secretion results obtained immedi-
ately after exposure to WSS at different climate conditions
and after 24 h are depicted in Fig. 2, b and d.

Mucin secretion from static cultures at 25�C/80% RH and
40�C/80% RH was significantly lower (i.e., ~30%) than that
obtained from static cultures at 25�C/40% RH (Fig. 2 a).
Insignificant differences were found between static cultures
at 40�C/40% RH and 25�C/40% RH. On the other hand,
mucin secretion from cultures exposed to WSS at 40�C/
40% RH was significantly higher (i.e., ~30%) than secretion
from cultures exposed to WSS at 25�C/40% RH (Fig. 2 b).
Insignificant differences were found between cultures that
were exposed to WSS at 25�C/80% RH and 40�C/80%
RH and cultures that were exposed to WSS at 25�C/40%
RH. Mucin secretion measured 24 h after the experiment
was not significantly different in cultures that were exposed
Biophysical Journal 100(12) 2855–2864
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FIGURE 3 Mucin secretion measured (a, c, and e) immediately and (b, d,

and f) 24 h after exposure of NEC cultures for 15 min to oscillatory WSS

with tmax ¼ 0.5 dyne/cm2 and Tp ¼ 4 s at different climate conditions in

comparison with static cultures under the same climate conditions. The

results are expressed as the mean 5 SD of the percentage of normalized

mucin secretion from cultures that were exposed to WSS under different

sets of climate conditions with respect (WR) to normalized secretion

from static cultures under the same conditions (white columns). *p <

0.05, with respect to static cultures under the same climate conditions

(white columns).
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FIGURE 4 Representative images of actin MFs in (a and d) untreated, (b

and e) Latrunculin-treated, and (c and f) Phalloidin-treated NEC (a–c) static

cultures and (d–f) cultures that were exposed to oscillatory WSS with

tmax ¼ 5.0 dyne/cm2 and Tp ¼ 4 s, for 15 min at 25�C and 40% RH.

Bar ¼ 10 mm. (g) Mucin secretion from untreated, Latrunculin-treated,

and Phalloidin-treated NEC cultures exposed to the same WSS conditions

in comparison with static cultures. The results are expressed as the mean5

SD of normalized mucin secretion. *p< 0.05 between the marked columns.
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to different climate conditions under WSS, or in static
cultures (Fig. 2, c and d).

A different analysis of mucin secretion after exposure to
WSS under different climate conditions is shown in Fig. 3,
in which secretions obtained from static cultures under the
same climate conditions are compared (white columns).
Mucin secretion immediately after exposure to WSS under
each condition significantly increased (by ~50%) compared
with static cultures at the same climate conditions (Fig. 3, a,
c, and e). Insignificant differences in mucin secretion were
found 24 h after the termination of the experiment between
cultures under WSS and static cultures at the same climates
(Fig. 3, b, d, and f). This suggests that the effect of WSS on
mucin secretion is independent of climate conditions, at
least for the conditions tested.
Role of cytoskeletal components in mucin
secretion under WSS

We tested the hypothesis that changes in mucin secretion
under WSS are related to dynamic modifications of actin
Biophysical Journal 100(12) 2855–2864
MFs and MTs by treating the NECs with disrupting and
stabilizing agents before the application of WSS. Treatment
of the NEC cultures with Latrunculin interfered with the
polymerization of actin MFs, as can be seen in Fig. 4, b
and e. The disassembly of the actin MFs by Latrunculin
into short bundles and small aggregations of actin mono-
mers was very obvious in the static cultures (Fig. 4,
b versus a), whereas in the cultures under WSS it was less
prominent (Fig. 4, e versus d). The effect of Phalloidin on
the actin MFs (Fig. 4, c and f) was also clear in comparison
with untreated cultures (Fig. 4, a and d). Phalloidin stabi-
lized the actin MFs, resulting in many filamentous structures
in the cultures as well as many stress fibers in both the static
cultures and the cultures exposed to WSS in comparison
with the untreated cultures. However, in the Phalloidin-
treated cultures that were exposed to WSS (Fig. 4 f), more
actin was observed in comparison with the Phalloidin-
treated static cultures (Fig. 4 c).

Mucin secretion results obtained from Latrunculin- or
Phalloidin-treated and untreated cultures that were exposed
to oscillatory WSS in comparison with treated and untreated
static cultures are shown in Fig. 4 g. A significant increase in
mucin secretion was found in the Phalloidin-treated cultures
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FIGURE 5 Representative images of b-tubulin in (a and d) untreated, (b

and e) Colchicine-treated, and (c and f) Taxol-treated NEC (a–c) static

cultures and (d–f) cultures that were exposed to oscillatory WSS with

tmax ¼ 5.0 dyne/cm2 and Tp ¼ 4 s, for 15 min at 25�C and 40% RH.

Bar ¼ 10 mm. (g) Mucin secretion from untreated, Colchicine-treated,

and Taxol-treated NEC cultures exposed to the same WSS conditions in

comparison with static cultures. The results are expressed as the mean 5

SD of normalized mucin secretion. *p< 0.05 between the marked columns.
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that were exposed to WSS in comparison with Phalloidin-
treated static cultures. In fact, the increase in secretion in
response to WSS was much higher in the Phalloidin-treated
cultures (~240%) than in the untreated cultures (~50%).
This suggests that actin-MF polymerization contributes to
mucin secretion in response to WSS. Mucin secretion from
the Latrunculin-treated cultures under WSS seemed to
decrease in comparison with the secretion from the
Latrunculin-treated static cultures; however, there was no
statistically significant difference between the two. The
fact that the secretion in the Latrunculin-treated culture
under WSS was not significantly different from that of the
Latrunculin-treated static culture strengthens the finding
that actin-MF assembly encourages mucin secretion in
response to WSS, since the disassembly of actin MFs by
Latrunculin inhibited the expected increase in mucin secre-
tion due to WSS.

Treatment of the NEC cultures with Colchicine interfered
with the polymerization of MTs (Fig. 5, b and e) in compar-
ison with untreated cultures (Fig. 5, a and d). Whereas the
MTs in the Colchicine-treated static cultures showed broken
filaments breaking into short fragments (Fig. 5 b), they had
a blurry appearance in the Colchicine-treated cultures under
WSS, probably because they were disassembling into very
small subunits or even monomers (Fig. 5 e). The effect of
Taxol on the assembly of MTs (Fig. 5, c and f) was also clear
in comparison with untreated cultures (Fig. 5, a and d).
Taxol stabilized the MTs, resulting in very strong filamen-
tous structures in the static cultures and an even stronger
stain of MTs in the cultures under WSS in comparison
with the untreated cultures.

Mucin secretion results obtained from Colchicine- and
Taxol-treated and untreated cultures that were exposed to
WSS in comparison with treated and untreated static
cultures are shown in Fig. 5 g. A significant increase in
mucin secretion was found in the Colchicine-treated
cultures that were exposed to WSS in comparison with
Colchicine-treated static cultures. The increase in mucin
secretion in response to WSS in Colchicine-treated cultures
and in untreated cultures was similar (~70%). This suggests
that the disassembly of MTs did not affect mucin secretion
in response to WSS. Mucin secretion from the Taxol-treated
cultures under WSS seemed to increase in comparison with
the secretion from Taxol-treated static cultures; however,
there was no statistically significant difference between
the two. To assess the involvement of the MTs in mucin
secretion under WSS, we used additional data from a similar
study, which used a steady WSS of 1.0 dyne/cm2 (15).
Mucin secretion results from that study showed that the
secretion from Taxol-treated cultures under WSS signifi-
cantly increased in comparison to the secretion from
Taxol-treated static cultures and by almost the same amount
as in untreated cultures. Together, these results suggest that
the MT assembly and disassembly dynamics is not directly
related to mucin secretion in response to WSS.
DISCUSSION

Mucin secretion in response to WSS

Mucin secretion from airway goblet cells has never been
systematically measured in response to WSS. Tarran et al.
(29) applied phasic rotational WSS on cultures of normal
bronchial epithelial cells and suggested indirectly that WSS
induces mucin secretion. The magnitudes of physiological
WSS tested in that study (0.06–6 dyne/cm2) were similar to
these used in the study presented here. It is presumed that
WSS induces mucin secretion via ATP-induced purinergic
signaling (11,30). Tarran et al. (29) showed thatWSS induces
the release of ATP from the cells so that the ATP concentra-
tion in the airway surface liquid is high enough to induce Cl�

secretionvia P2Y2 receptor-mediated ion channel activation.
The activation of P2Y2 receptors by ATP also results in
elevation of intracellular Ca2þ (31), which has been shown
to modulate mucin secretion (32,33).

ATP release in response toWSSwas shown to induce fluid
secretion in the airways, hydrating the periciliary liquid and
the mucus layer (32). Moreover, it seems that physiological
Biophysical Journal 100(12) 2855–2864
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oscillatoryWSSs are required for airway surface liquid regu-
lation (29). It is possible that the secretion of water in
response to mechanical stimulation reduces mucin concen-
tration in the airway surface liquid, which may be the driving
force for secretion of mucins in response to the same stimu-
lation to facilitate a return to the normal concentration of
mucins on the surface. Whereas fluid secretion was shown
to be induced by cyclic compression forces and not by steady
forces (34), a previous study from our laboratory showed that
mucin secretion is also increased in response to steady WSS
(15). This requires further investigation; however, several
hypotheses can be proposed regarding the mechanism by
which WSS induces mucin secretion.

The Bernoulli principle states that the increase in speed of
a fluid along a streamline occurs simultaneously with a
decrease in the pressure and the potential energy.When afluid
enters into a constriction, its speed increases to satisfy mass
conservation, and as a result its pressure is decreased.
When air is driven from the environment into the nose, and
then from the nostrils into the turbinates region (or, in the
experimental system, from the air source into the flow
chamber), the cross-sectional area for flow is remarkably
decreased, resulting in increased airflow velocity in the nasal
passages to satisfy mass conservation. As a result, the pres-
sure near the surface epithelial cells must decrease due
to conservation of energy (i.e., the Bernoulli principle).
The resultant pressure gradient between the intracellular
compartment and the epithelial surface may lead to mucin
secretion from surface goblet cells onto the epithelial
surface. This presumed pressure gradient may induce not
only mucin secretion but also secretion of other substances,
such as water, which is known to be coupled with secretion
of mucins (32). It should be noted that although the nasal
passages are not horizontal, air density is negligible and
thus differences in potential energy are very small. In
addition, it is possible that the drop in the surface pressure
increases the pressure difference between the nasal tissue
underneath the epithelium and the airway lumen, which
may induce mucin secretion under WSS. In future studies,
investigators could test this potential explanation by
decreasing the surface pressure using a technique other than
application of WSS (for example, by applying a vacuum on
the culture surface).

WSS-induced secretion of mucins is achieved without any
permanent damage to the cell membrane (15), and it is well
established that this process is regulated by extracellular
ligands. Hence, it is likely that WSS affects mucin secretion
via a controlled signaling pathway, probably through ATP-
induced purinergic signaling. However, the exactmechanism
is currently unknown. BecauseATP is assumed to be released
either via ATP-permeable channels or by rapid exocytosis of
ATP-containing granules (11,32), it is possible that WSSs
mechanically change the conformation of transmembrane
proteins that constitute an ATP-permeable channel. Stretch-
activated ion channels have been shown to exist (8,9), and
Biophysical Journal 100(12) 2855–2864
shear stress-activated channels have been identified in endo-
thelial cells (35). On the other hand, it is possible that ATP is
released via a more complex pathway in which another
cellular structure (e.g., a specific integrin, primary cilia, or
another receptor) is influenced by theWSS or by the resultant
pressure gradient, and then a cascade of signaling occurs that
eventually results in ATP release.
Mucin secretion in response to different
climate conditions

In static cultures, mucin secretion significantly decreased at
climate conditions of 25�C/80% RH and 40�C/80% RH
with respect to cultures at 25�C/40% RH (Fig. 2 a). On the
other hand, in the cultures exposed to WSS at a climate of
40�C/40% RH, the secretion significantly increased with
respect to that at 25�C/40% RH (Fig. 2 b). These results
may be explained by the coupling between mucin secretion
and airway hydration (32,34). If water and mucin secretions
are driven by the same factors, then in static conditions,
when there is moisture in the cell environment, the cell would
reduce the amounts ofwater andmucins secreted onto the cell
surface. Under WSS, the culture surface is probably more
dehydrated. In this case, when there is a relatively high
humidity level in the cell environment (i.e., 80% RH) or
when the temperature is relatively comfortable (i.e., 25�C),
there is no need to increase water secretion and the accompa-
nying mucin secretion. However, when WSS is applied at
high temperature (i.e., 40�C) with no addition of moisture
(i.e., 40% RH), the surface may be dehydrated to such an
extent that mucin secretion is increased together with fluid
secretion.

The changes in water content on the surface can be
related to mucin concentration in the surface liquid. Because
the epithelium responds to changes in the surface water
content by absorbing or secreting water (32), it is possible
that high humidity (i.e., 80% RH) at static conditions results
in absorption of liquids. This would increase mucin concen-
tration on the surface, and thus fewer mucins would be
secreted in comparison with moderate humidity conditions
(i.e., 40% RH). Likewise, high temperature (i.e., 40�C)
with moderate humidity, at flow conditions, would induce
water secretion, reducing the mucin concentration on the
surface and leading to mucin secretion in comparison with
comfortable temperature conditions. To conclude, it is
possible that the combined effect of WSS, temperature,
and humidity conditions influences mucin secretion, prob-
ably via regulation of surface water content, which dictates
changes in mucin concentration on the surface.
Potential role of the cytoskeleton in mucin
secretion under WSS

Mucin secretion in vitro has been shown to occur within tens
of milliseconds in explants of canine trachea (21,36), rat
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nasal mucosa (37), and human nasal and tracheobronchial
mucosa (33). If the cytoskeleton is involved in this process,
it should rearrange in the same timescale. In this study, we
found that polymerization of actin MFs increased mucin
secretion under WSS, whereas the dynamics of MT poly-
merization showed no effect (Figs. 4 g and 5 g). The role
of the cytoskeleton, and especially that of actin MFs, in
mucin secretion is controversial, and these results provide
more evidence to be considered in the discussion.

Treating NECs with Phalloidin and exposing them to
WSS resulted in increased mucin secretion (Fig. 4 g). Treat-
ment with Latrunculin resulted in insignificant differences
between secretions from static cultures and cultures
exposed to WSS. Of note, enforcing polymerization of actin
with Phalloidin increased the secretion only in the presence
of WSS, and this increase was significantly higher than that
in nontreated cultures. Treating the cells with Latrunculin
prevented the increase in mucin secretion that was expected
under WSS. Together, these results suggest that actin
polymerization is involved in mucin secretion resulting
from WSS. In addition, WSS has been shown to induce
actin MFs polymerization in other types of cells (38,39).
Thus, if WSS increases mucin secretion through an
increase in actin MF polymerization, it can be argued that
treating the cells under WSS with Phalloidin creates a syner-
gistic effect of both actin-polymerization inducers, which
could explain the very high increase in mucin secretion in
those cells.

The cortical actin separates the cytoplasmic organelles
from the plasma membrane, and thus has a role in regulating
vesicle trafficking across the plasma membrane. However,
although cortical actin was argued to function as a barrier
that can mediate the transport of mucin granules toward
the apical plasma membrane for secretion (40), its poly-
merization was observed during exocytosis in PC12 rat
adrenal medulla cells, where Cdc42 was shown to trigger
actin MF polymerization and to be essential for secretion
(41). The results presented here are consistent with the
latter.

Actin polymerization may contribute to mucin secretion
by one or more of the following ways: 1), it can align the
mucin granules with respect to docking sites of the plasma
membrane and regulate their fusion with the plasma
membrane (42); 2), it can physically push out the content
of the granules upon fusion (43); and 3), it can stabilize
the fused granules while secreting their content (44).
Additionally, it has been established that upon agonist stim-
ulation, myristoylated alanine-rich C kinase substrate
(MARCKS) transiently localizes to the mucin granules
and also interacts with actin and myosin, linking the gran-
ules to the cellular contractile machinery for movement to
the cell periphery and subsequent release (10,45). This
could potentially be one more way in which actin contrib-
utes to mucin secretion; however, although the role of
MARCKS in the regulation of cortical actin cytoskeleton
is well established, its role in exocytosis is controversial
(46,47).

The MTs serve as transport tracks along which mucin
secretory granules move from the Golgi to the cell apical
region before secretion (48). Treating the cells with Colchi-
cine and exposing them to WSS resulted in a significant
increase in mucin secretion with respect Colchicine-treated
static cultures, by approximately the same amount as in
untreated cultures (Fig. 5 g). Treating the cells with Taxol
seemed to increase mucin secretion in response to WSS in
comparison with similarly treated static cultures, but the
difference was statistically insignificant. Yet, exposing the
Taxol-treated cells to steady WSS (15) resulted in a signifi-
cant increase (in comparison with static cultures) that was
almost the same as the increase observed in untreated
cultures. These results suggest that MT polymerization
and depolymerization do not affect mucin secretion in
response to WSS.

This finding is not consistentwith the known role ofMTs in
transporting mucin granules from the Golgi to the apical
plasma membrane (48). However, these results are in good
agreement with results from a study with rabbit intestinal
goblet cells (49). The authors suggested that although MTs
facilitate granule translocation by providing directed tracks
for granule movement, their dynamics is not the motile mech-
anism that transports mucin granules to the apical plasma
membrane for secretion. It could also be suggested that there
are enough mucin granules that are already near or even
docked to the plasma membrane waiting to be secreted upon
stimulus, or that have already been transmitted from the
MTs to the peripheral actin cytoskeleton, as is known to occur
during the secretion process (10). Together with our results,
these findings suggest that under WSS, actin (and not MTs)
is the dynamic cellular transporter of mucin granules.
Self-recovery of NECs from mechanophysical
stimulations

In this study, all changes in mucin secretion in response to
the mechanophysical stimulations appeared immediately
upon removal of the stimulus. A clear returning-to-normal
behavior was demonstrated 24 h after removal of the stim-
ulus (Figs. 1 b; 2, c and d; and 3, b, d, and f), suggesting
that the effects of these stimulations are temporary. This
outcome implies that no permanent damage was done to
the cells by the levels of stimulations tested in this study.
This conclusion is strengthened by the finding that the
number of cells did not differ between static cultures and
cultures exposed to steady WSS either immediately or
24 h after the experiments (data not shown). This means
that the cells remained attached to the substrate and did
not detach due to the stress. Furthermore, the confluency
level of the static cultures and cultures exposed to WSS
was always high, which also indicates that the epithelial
structure was not damaged by the flow.
Biophysical Journal 100(12) 2855–2864
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Cellular responses to oscillatory versus
steady WSS

In this study, mucin secretion was increased in response to
oscillatory airflow-induced WSS. In a previous study, we
demonstrated that mucin secretion was also increased in
response to steady flow. As the two flows differ in nature,
it is impossible to compare these increases. Other studies
also observed different responses to steady and nonsteady
stresses. For example, ATP release from human tracheo-
bronchial epithelial cells was increased in response to cyclic
compression forces but was unaffected by nonoscillatory
stresses (34). Bovine aortic endothelial cells exposed to
pulsatile WSS with a positive mean value demonstrated an
actin distribution similar to that of cells exposed to steady
WSS (50). However, when the cells were exposed to pure
oscillatory WSS, no orientation of the actin was observed
and its distribution was diffuse (50). Other cellular
responses in endothelial cells, such as increased intracellular
free calcium or acidification of a perfusing buffer, were also
inconsistent under steady and oscillatory flows (51,52).
These data suggest that oscillatory flows, which are closer
in nature to physiological flows, have a role in regulating
biological processes in our body.
Nasal sensation and clinical aspects
of mechanophysical stimulations

In this study, we observed clear responses of NECs to me-
chanophysical stimulations; however, the exact mechanisms
by which these stimulations are sensed by the cells remain
to be explored. It was previously suggested that the nose
is rich with mechano- and thermoreceptors, but very little
is known about their structure, location, and function (53).
Previous experiments suggested that receptors of the nasal
trigeminal nerve sense flow, pressure, and temperature in
cats and rats (54,55); however, in humans they were shown
to play no part in airflow sensation (56). Integrins or primary
cilia on the NECs surface may also function as mechanore-
ceptors. In fact, primary cilia have been shown to sense
shear stress in endothelial cells (57) and to induce Ca2þ

influx in response to flow in renal cells (58). Such an influx
may induce mucin secretion (10,32,33) as well as numerous
other cellular responses.

Our goal in this study was to mimic physiologically real-
istic environments of NECs rather than pathological condi-
tions. Nevertheless, WSS may also influence pathological
conditions. For example, in patients with septal deviation,
WSS magnitudes in the deviated areas are changed because
of the altered geometry, and therefore mucin secretion in
these areas would be expected to vary. Another example is
the formation of contact points between the mucosal tissues
on the lateral walls and the nasal septum, which may be asso-
ciatedwith different types of headaches that are present in the
absence of inflammation or infection (59). These contact
Biophysical Journal 100(12) 2855–2864
points are formed as a result of anatomical variations, espe-
cially septal spurs and abnormalities of the turbinates (60).
In narrowed nasal passages, air velocity is increased and
thus the magnitude of WSS on the epithelial surface is
increased in these areas. It is possible that the increased
WSS levels, which were shown here to induce mucin secre-
tion, increase the secretion in these areas locally and hence
initiate the contact between facing mucosal tissues.
CONCLUSIONS

The nasal epithelium is exposed to mechanophysical
stresses as a result of its exposure to respiratory airflows.
In this work we used a laboratory model of the nasal epithe-
lium to study the effects of WSS on mucin secretion at
different climate conditions. Mucin secretion increased in
response to WSS with respect to static cultures, indepen-
dently of the airflow temperature and humidity. In static
cultures, the secretion was reduced at high humidity levels
with or without elevation of the temperature with respect
to comfortable climate conditions. In cultures exposed to
WSS, the secretion increased at high temperature with
respect to cultures at comfortable climate. These results
suggest that stresses that tend to dehydrate the epithelial
surface lead to secretion of mucins. The polymerization of
actin MFs was shown to increase mucin secretion under
WSS, whereas the dynamics of MT polymerization did not
affect the secretion. This study provides for the first time
(to our knowledge) comprehensive data on mucin secretion
in NECs due to airflow-induced mechanophysical stimula-
tions ofWSS at different levels of temperature and humidity.

We thank Prof. Shmuel Einav for supporting this study and for his insightful

comments. We also thank Dr. Uri Zaretsky andMs. Ruthie Gottlieb for their

help in developing the experimental systems and the biological procedures

used in this study.

This study was partially supported by the Ela Kodesz Institute.
REFERENCES

1. Smith, D. J., E. A. Gaffney, and J. R. Blake. 2008. Modelling mucocili-
ary clearance. Respir. Physiol. Neurobiol. 163:178–188.

2. Williams, R., N. Rankin, ., P. Seakins. 1996. Relationship between
the humidity and temperature of inspired gas and the function of the
airway mucosa. Crit. Care Med. 24:1920–1929.

3. Bansil, R., E. Stanley, and J. T. LaMont. 1995. Mucin biophysics.
Annu. Rev. Physiol. 57:635–657.

4. Puchelle, E., J. M. Zahm, and D. Quemada. 1987. Rheological proper-
ties controlling mucociliary frequency and respiratory mucus transport.
Biorheology. 24:557–563.

5. Doorly, D. J., D. J. Taylor, and R. C. Schroter. 2008. Mechanics of
airflow in the human nasal airways. Respir. Physiol. Neurobiol.
163:100–110.

6. Elad, D., S. Naftali,., M. Wolf. 2006. Physical stresses at the air-wall
interface of the human nasal cavity during breathing. J. Appl. Physiol.
100:1003–1010.

7. Davies, P. F. 1995. Flow-mediated endothelial mechanotransduction.
Physiol. Rev. 75:519–560.



Mucin Secretion under Physical Stresses 2863
8. Huang, H., R. D. Kamm, and R. T. Lee. 2004. Cell mechanics and me-
chanotransduction: pathways, probes, and physiology. Am. J. Physiol.
Cell Physiol. 287:C1–C11.

9. Apodaca, G. 2002. Modulation of membrane traffic by mechanical
stimuli. Am. J. Physiol. Renal Physiol. 282:F179–F190.

10. Evans, C. M., and J. S. Koo. 2009. Airway mucus: the good, the bad,
the sticky. Pharmacol. Ther. 121:332–348.

11. Kreda, S. M., S. F. Okada, ., E. R. Lazarowski. 2007. Coordinated
release of nucleotides and mucin from human airway epithelial Calu-
3 cells. J. Physiol. 584:245–259.

12. Rose, M. C., and J. A. Voynow. 2006. Respiratory tract mucin genes
and mucin glycoproteins in health and disease. Physiol. Rev. 86:
245–278.

13. Kim, K. C., Q. X. Zheng, and J. S. Brody. 1993. Effect of floating a gel
matrix on mucin release in cultured airway epithelial cells. J. Cell.
Physiol. 156:480–486.

14. Kishioka, C., K. Okamoto,., B. K. Rubin. 2003. Hyperosmolar solu-
tions stimulate mucus secretion in the ferret trachea. Chest. 124:
306–313.

15. Even-Tzur, N., Y. Kloog,., D. Elad. 2008. Mucus secretion and cyto-
skeletal modifications in cultured nasal epithelial cells exposed to wall
shear stresses. Biophys. J. 95:2998–3008.

16. Baroody, F. M., P. Assanasen,., R. M. Naclerio. 2000. Hot, humid air
partially inhibits the nasal response to allergen provocation. Arch. Oto-
laryngol. Head Neck Surg. 126:749–754.

17. Philip, G., R. Jankowski, ., A. G. Togias. 1993. Reflex activation of
nasal secretion by unilateral inhalation of cold dry air. Am. Rev. Respir.
Dis. 148:1616–1622.

18. Horstmann, G., J. Iravani,., H. G. Richter. 1977. Influence of temper-
ature and decreased water content of inspired air on the ciliated bron-
chial epithelium. A physiological and electron microscopical study.
Acta Otolaryngol. 84:124–131.

19. Jericho, K. W., and S. E. Magwood. 1977. Histological features of
respiratory epithelium of calves held at differing temperature and
humidity. Can. J. Comp. Med. 41:369–379.

20. Puchelle, E., J. M. Zahm,., D. Pierrot. 1989. Effect of air humidity on
spinability and transport capacity of canine airway secretions. Bio-
rheology. 26:315–322.

21. Davis, C. W., M. L. Dowell, ., M. Van Scott. 1992. Goblet cell
degranulation in isolated canine tracheal epithelium: response to
exogenous ATP, ADP, and adenosine. Am. J. Physiol. 262:C1313–
C1323.

22. Even-Tzur, N., D. Elad,., M.Wolf. 2006. Custom-designed wells and
flow chamber for exposing air-liquid interface cultures to wall shear
stress. Ann. Biomed. Eng. 34:1890–1895.

23. Fulcher, M. L., S. Gabriel,., S. H. Randell. 2005. Well-differentiated
human airway epithelial cell cultures. Methods Mol. Med. 107:
183–206.

24. Even-Tzur, N., U. Zaretsky, ., D. Elad. 2010. Climate chamber for
environmentally controlled laboratory airflow experiments. Technol.
Health Care. 18:157–163.

25. Elad, D., G. Soffer, ., R. J. Shiner. 2001. Time-frequency analysis of
breathing signals: in vitro airway model. Technol. Health Care. 9:
269–280.

26. Liedtke, C. M., M. Hubbard, and X. Wang. 2003. Stability of actin
cytoskeleton and PKC-d binding to actin regulate NKCC1 function
in airway epithelial cells. Am. J. Physiol. Cell Physiol. 284:C487–
C496.

27. Yu, X. Y., N. Takahashi, ., E. W. Spannhake. 1994. Modulation of
bronchial epithelial cell barrier function by in vitro ozone exposure.
Environ. Health Perspect. 102:1068–1072.

28. Shibata, Y., H. Nakamura, ., H. Tomoike. 1996. Cellular detachment
and deformation induce IL-8 gene expression in human bronchial
epithelial cells. J. Immunol. 156:772–777.
29. Tarran, R., B. Button, ., R. C. Boucher. 2005. Normal and cystic
fibrosis airway surface liquid homeostasis. The effects of phasic shear
stress and viral infections. J. Biol. Chem. 280:35751–35759.

30. Davis, C. W., and E. Lazarowski. 2008. Coupling of airway ciliary
activity and mucin secretion to mechanical stresses by purinergic
signaling. Respir. Physiol. Neurobiol. 163:208–213.

31. Nakahari, T. 2007. Regulation of ciliary beat frequency in airways:
shear stress, ATP action, and its modulation. Am. J. Physiol. Lung
Cell. Mol. Physiol. 292:L612–L613.

32. Button, B., R. C. Boucher; University of North Carolina Virtual Lung
Group. 2008. Role of mechanical stress in regulating airway surface
hydration and mucus clearance rates. Respir. Physiol. Neurobiol.
163:189–201.

33. Lethem, M. I., M. L. Dowell, ., C. W. Davis. 1993. Nucleotide
regulation of goblet cells in human airway epithelial explants:
normal exocytosis in cystic fibrosis. Am. J. Respir. Cell Mol. Biol.
9:315–322.

34. Button, B., M. Picher, and R. C. Boucher. 2007. Differential effects of
cyclic and constant stress on ATP release and mucociliary transport by
human airway epithelia. J. Physiol. 580:577–592.

35. Jacobs, E. R., C. Cheliakine, ., D. R. Harder. 1995. Shear activated
channels in cell-attached patches of cultured bovine aortic endothelial
cells. Pflugers Arch. 431:129–131.

36. Rogers, D. F. 1994. Airway goblet cells: responsive and adaptable
front-line defenders. Eur. Respir. J. 7:1690–1706.

37. Kamijo, A., S. Terakawa, and K. Hisamatsu. 1993. Neurotransmitter-
induced exocytosis in goblet and acinar cells of rat nasal mucosa
studied by video microscopy. Am. J. Physiol. 265:L200–L209.

38. Kim, D. W., A. I. Gotlieb, and B. L. Langille. 1989. In vivo modulation
of endothelial F-actin microfilaments by experimental alterations in
shear stress. Arteriosclerosis. 9:439–445.

39. Malek, A. M., and S. Izumo. 1996. Mechanism of endothelial cell
shape change and cytoskeletal remodeling in response to fluid shear
stress. J. Cell Sci. 109:713–726.

40. Ehre, C., A. H. Rossi, ., C. W. Davis. 2005. Barrier role of actin fila-
ments in regulated mucin secretion from airway goblet cells. Am. J.
Physiol. Cell Physiol. 288:C46–C56.

41. Gasman, S., S. Chasserot-Golaz, ., M. F. Bader. 2004. Regulated
exocytosis in neuroendocrine cells: a role for subplasmalemmal
Cdc42/N-WASP-induced actin filaments. Mol. Biol. Cell. 15:520–531.

42. Alberts, P., R. Rudge, ., T. Galli. 2006. Cdc42 and actin control
polarized expression of TI-VAMP vesicles to neuronal growth cones
and their fusion with the plasma membrane. Mol. Biol. Cell.
17:1194–1203.

43. Sokac, A. M., C. Co, ., W. Bement. 2003. Cdc42-dependent actin
polymerization during compensatory endocytosis in Xenopus eggs.
Nat. Cell Biol. 5:727–732.

44. Nemoto, T., T. Kojima, ., H. Kasai. 2004. Stabilization of exocytosis
by dynamic F-actin coating of zymogen granules in pancreatic acini.
J. Biol. Chem. 279:37544–37550.

45. Li, Y., L. D. Martin, ., K. B. Adler. 2001. MARCKS protein is a key
molecule regulating mucin secretion by human airway epithelial cells
in vitro. J. Biol. Chem. 276:40982–40990.
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