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ABSTRACT The nasal epithelium is continuously subjected to wall shear stresses (WSS) induced by respiratory airflows. An
in vitro experimental model was developed to expose nasal epithelial cells cultured under air-liquid interface conditions to
steady airflow-induced WSS. Mucus secretion from epithelial goblet cells was quantified using an enzyme-linked lectinosorbent
assay, and modifications of the cytoskeletal structure were qualitatively evaluated from fluorescent stains of actin and B-tubulin
fibers. The results show increased mucus secretion from cells subjected to WSS of 0.1 and 1.0 dyne/cm? for more than 15 min
in comparison with unstressed cells. The integrity levels of B-tubulin fibers were significantly lower in cells subjected to WSS
than in unstressed cells. The increased mucus secretion in response to WSS was approximately the same in Taxol-free and
Taxol-treated cultures, which indicates that there is no direct connection between B-tubulin fragmentation and mucus secretion.
The stressed cells regained their normal cytoskeletal appearance 24 h after the exposure to WSS. The results of this study

suggest that WSS have an important role in the mechanical regulation of the nasal surface epithelium function.

INTRODUCTION

Nasal defense is based on the mucociliary clearance mech-
anism. The secreted mucus traps inhaled particles and is
constantly driven by the cilia toward the nasopharynx to re-
move the particles through the digestive system. One major
source of mucus secretion is the nasal epithelial goblet cells,
which rapidly discharge mucus in response to a wide variety
of biological stimuli, including cytokines, bacterial products,
proteinases, oxidants, irritant gases, and inflammatory me-
diators, as well as biophysical changes, such as osmolarity
alterations (1-6). The nasal epithelium is continuously sub-
jected to wall shear stresses (WSS) induced by respiratory
airflows. However, mucus secretion and cytoskeleton alter-
ations in nasal epithelial cells in response to airflow-induced
WSS have not yet been explored.

In the normal nose, air currents are practically laminar.
Swirls may be generated due to sharp changes in airway
geometry; however, they gradually dissipate as a result of
friction, and the main stream remains laminar (7). In vitro
simulations of quiet breathing (e.g., 12—17 breaths per min-
ute) with cast models of the nose, into which airflows and
dyed water jets were introduced, revealed inspiratory air
velocity of ~2 m/s in the main passage of the nasal cavity and
values in the range of 6—18 m/s near the nasal valve (8.9).
Time-dependent airflow velocity fields and physical stresses
at the air-wall interface in nose-like and anatomical models
during quiet breathing were previously investigated using a
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three-dimensional computational analysis (10). The com-
puted velocity values were in the range of 0-2.5 m/s. The
WSS values on the septum of the nose-like model were in the
range of 0.5-1.5 dyne/cmz, whereas the values in the ana-
tomical model ranged between 1.0 to 10 dyne/cm® with a
maximal value of 15 dyne/cm”. These values are on the same
order of magnitude as WSS in normal uniform regions of
large arteries (11).

Mechanical stimuli such as WSS have been shown to af-
fect many cellular processes in almost all living cells, and
extensively studied in endothelial cells (12—16). Experiments
performed with cultured endothelial cells using either cone-
and-plate systems or pressure-driven flow chambers showed
that WSS affect cell proliferation, cytoskeleton remodeling,
intracellular calcium level, nitric oxide concentration, and
other mechanotransduction mechanisms in which ion chan-
nels, integrins, and plasma membrane receptors are involved
(12,17). Recently, normal and cystic fibrosis human airway
epithelial cells were cultured under air-liquid interface (ALI)
conditions and mounted on a rotating device that created
phasic rotational motions (18). The WSS created by these
phasic motions largely increased the airway surface liquid
height on top of cultured normal human airway epithelial
cells in comparison with cells kept under static conditions.

It has been hypothesized that the dynamic environment
in contact with nasal epithelial cells may have a significant
mechanical impact on the regulation of cellular processes in
the nasal epithelium, and specifically mucus secretion from
epithelial goblet cells. In this study, an in vitro experimental
model was developed to expose human nasal epithelial cells
that were cultured under ALI conditions to steady airflow-
induced WSS of values expected to exist in the nasal cavity
during quiet breathing. Mucus secretion from epithelial
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goblet cells was quantified and compared with the results
obtained from similar cultures that were kept under static
conditions. Modifications of the cells’ cytoskeleton morphol-
ogy and structure were also evaluated to correlate changes in
the cytoskeletal structures and mucus secretion.

MATERIALS AND METHODS

The following methodologies were used in this study: 1), culture of human
nasal epithelial cells under ALI conditions in a way that allows application of
WSS on the cells; 2), exposure of the cells to controlled uniform fields of
WSS; 3), quantification of mucus secretion from nasal epithelial goblet cells;
and 4), evaluation of modifications in the cytoskeleton structure and mor-
phology.

Cell isolation and culture

Human nasal epithelial cells were isolated from specimens of nasal turbinates
of patients undergoing endonasal surgical intervention and cultured under
ALI conditions as previously described (19-21). The use of dissected tur-
binates was approved by the ethics committee of the Sheba Medical Center at
Tel Hashomer (approval No. 2788/2002). After incubation of the turbinates
in pronase solution, the cells were dissociated from the tissue by scraping.
The cell suspension was then centrifuged, washed, and resuspended in a
serum-free hormone culture bronchial epithelial growth medium (BEGM)
supplemented with 100 U/mL penicillin and 100 pug/mL streptomycin,
50 wg/mL gentamicin, 0.25 wg/mL amphotericin B, 0.6 wg/mL epinephrine,
5 pg/mL insulin, 0.072 wg/mL hydrocortisone, 10 wg/mL transferrin, 25
ng/mL epidermal growth factor, 0.01 uM triiodothyronine, 0.5 uM phos-
phorylethanolamine, 0.5 uM ethanolamine, 10 pg/mL bovine pituitary ex-
tract, 0.5 mg/mL bovine serum albumin (BSA), 3 uM zinc sulfate, stock
4 (1.5 X 107° M ferrous sulfate, 6 X 1074 M magnesium, 1.1 X 1074 M
calcium chloride), trace elements (0.03 uM selenium, 0.001 ©M manganese,
0.5 uM silicone, 0.001 uM molybdenum, 0.005 uM vanadium, 0.001 mM
nickel sulfate, 0.5 nM tin), and 5 X 10~8 M retinoic acid. Primary cells were
plated in BEGM on collagen-coated tissue culture plastic dishes at a density
of 0.5-6 X 10° cells per dish. After 24 h the dishes were washed with
phosphate-buffered saline (PBS) and the cells were fed with BEGM.
Thereafter, the medium was changed every 2-3 days. When primary cultures
reached 70-90% confluence (usually after 4-6 days), the cells were trypsi-
nized, washed, counted, and plated on a collagen-coated Polytetrafluoro-
ethylene (PTFE) porous membrane at density of 100-150 X 10? cells per
0.8 cm® membrane. The PTFE membrane was mounted in a custom-designed
well that was developed for ALI culture (21). The cells seeded in these wells
were fed with ALI medium, which is similar to BEGM but contains 50%
DMEM-H as the base medium, and the epidermal growth factor concen-
tration is reduced 50-fold. After 2-3 days, the medium from the apical side of
the membrane was removed to allow ALI conditions, in which the cells were
fed only from the basal part of the membrane whereas the apical side was
exposed to 5% carbon dioxide-enriched air.

Custom-designed wells for ALI cultures

Cell culture under ALI conditions requires special wells (e.g., Millicells;
Millipore, Billerica, MA) to create well-differentiated airway epithelial cell
cultures, including ciliated and goblet cells (20). In this study we used cus-
tom-designed wells that were developed in our lab for ALI culturing of
airway epithelial cells (Fig. 1 a) (21). These new wells can be disassembled
into subunits, i.e., a medium-holder and a well-bottom (Fig. 1 »). The well-
bottom with the cultured cells can then be installed in a flow chamber for
application of WSS on the cell surface. Upon completion of a set of exper-
iments, the well can be reassembled for either biological treatments of the
cells or for further culture incubation for additional experiments.
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Flow chamber for application of WSS on ALI
cultured cells

A special flow chamber was designed for flow studies with nasal epithelial
cells cultured under ALI conditions (Fig. 1 ¢). The chamber is an 18-cm-long
conduit with a rectangular cross-sectional area of 20 mm X 10 mm that can
be connected to inlet and outlet tubes. The main body was made of stainless
steel and the base and side walls were fabricated from polycarbonate. The
base can host up to three well-bottoms in carefully designed holes that are
filled with culture medium that is in contact with the inferior plane of the
membrane in the well-bottom throughout the experiment. The holes were
precisely drilled to ensure that the upper surface of the base was coplanar
with the layer of cultured cells, which ensured undisturbed planar airflow
over the cells and tight sealing between the air and medium regions. The flow
chamber was connected to an air source via a 2-m-long silicon tube of 18 mm
inside diameter to ensure fully developed airflow over the cultured cells. The
chamber’s exit was also connected to a 20-cm-long silicon tube to prevent
exit disturbances.

The field of WSS applied on the cells was computed from the inlet airflow
rate. For incompressible laminar flow (Reynolds number (Re) < 2000), a
finite element computational package (Fluent, Fluent Inc., Lebanon, NH)
was implemented for a three-dimensional model of rectangular conduit with
rigid walls, to determine the uniform WSS at the bottom of the flow chamber
due to a given inlet flow rate. For flow with Re > 2000, the required flow rate
for obtaining a specific field of WSS was computed for turbulent flow in a
smooth rectangular pipe, as described in the Appendix.

Quantification of mucus secretion

Quantification of mucin secretion was performed using an enzyme-linked
lectinosorbent assay (ELLA) that measured the reactivity of glycoproteins
equivalent to MUC5B (5). The assay was slightly modified in that it was
based on peroxidase-labeled wheat germ agglutinin (WGA) lectin instead of
soya-bean agglutinin lectin. Mucin was collected by gently adding 150 ul of
PBS to the luminal surface of each culture in the custom-designed wells.
After incubation for 15 min at 37°C, all of the apical liquid, including mucin
secretions, was collected using a thin tip. MUCS5B mucin standards were
generously provided by Prof. C. W. Davis, University of North Carolina
Cystic Fibrosis Pulmonary Research and Treatment Center. Serial dilutions
of 0, 15.6, 31.3, 62.5, 125, 250, 500, and 1000 ng MUCS5B per 1 mL PBS
were used for the standard curve. The blank samples were prepared using
O-Phenylenediamine (OPD, Pierce, Rockford, IL) substrate and 4 M sulfuric
acid as detailed below.

Mucin samples were diluted 1:400 in PBS, and 100 ul samples were
transferred to a 96-well plate with high binding property and incubated at
37°C for 2 h. The wells were then washed four times with a 200 wl/well
solution of 0.05% Tween 20 in PBS (PBST). Later, a 100 ul dilution of 0.5
ng peroxidase-labeled WGA-lectin in 1 mL PBST was added to each well
and the plate was incubated for 1 h at 37°C. Four washes of 200 ul/well
PBST followed. The color reaction was obtained by adding 150 ul of sub-
strate (40 mg OPD in 100 mL citrate phosphate buffer, spiked with 40 ul
30% hydrogen peroxide) to each well and keeping the wells at room tem-
perature (RT) for 15 min. The reaction was stopped by adding 50 ul 4 M
sulfuric acid to each well. The absorbance was read at 490 nm using a mi-
crotiter plate reader (SpectraMax 340PC> 84, Molecular Devices, Sunnyvale,
CA). Equivalent MUCSB reactivity was determined from a polynomial
curve fitted to the mucin standards measurements.

In this study, we used primary cultured cells isolated from different lo-
cations in the nasal cavity and different subjects. Since we do not know the
amount of goblet cells that grew in each well, which directly controls the
absolute amount of mucin secretion in the culture, we scaled the measured
mucin concentration by the concentration of mucins secreted by the same
culture over 24 h before the experiment. Accordingly, all cultures were rinsed
and all the accumulated mucus was removed from the cells’ apical surface
24 h before the flow experiments were conducted. On the following day, right
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before the beginning of the experiment, the apical 24-h secretion was col-
lected from each culture and the mucin concentration was measured to de-
termine the baseline concentration. Then, a series of flow experiments were
conducted for each value of WSS over 5, 15, and 30 min. Each experiment
was performed on triplicate cultures. After each experiment, mucin con-
centration was measured from each stressed culture and normalized with
respect to the baseline concentration of mucins in mucus secreted over 24 h
from the same specific culture. Mucus secretion results express the mucin
concentration percentage of the baseline concentration of each culture. The
control for mucus secretion from an unstressed culture was measured ~30
min after the beginning of the series of flow experiments. This time was
selected arbitrarily since the amount of mucus secreted from a static culture
within the total duration of a series of flow experiments (i.e., 1 h) did not
differ significantly with the specific measurement time.

Analysis of cytoskeleton structural alterations

Immunohistochemical fluorescent stains of B-tubulin and actin filaments
were performed to identify morphological and structural changes in the cy-
toskeleton. Fixation of the cells was performed by incubation in 4% para-
formaldehyde for 10 min at RT. Cell membrane perforation was achieved by
incubation in a 5% dilution of donkey serum in PBST, for 4-5 h, on a rocker
(60 RPM) at RT. B-Tubulin fibers were stained using a 1:500 dilution of
mouse monoclonal anti-B-tubulin primary antibody, clone 2.1 (Sigma-
Aldrich, Rehovot, Israel). The secondary antibody used was donkey Rho-
damine anti-mouse secondary antibody (Jackson Immunoresearch, Suffolk,
UK), at a 1:400 dilution. Actin stress fibers were stained with 1:1000 dilution
of FITC-labeled Phalloidin in PBS (22). The custom-made wells were
mounted in 12-well plate filled with the required liquids both inside and
outside of the wells to expose both basal and apical parts of the cells to the
liquid. After the stains were completed, the custom-made wells were dis-
assembled and the membranes were mounted on a microscope glass slides.

The cells were examined under a Zeiss 410 confocal microscope using a
X40 magnifying water objective. Changes in the cytoskeletal structure were
evaluated from the acquired images by observing an average of 51 cells in
each one of 10 fields of 160 um X 160 wm from every culture under ex-
amination. The level of integrity of the B-tubulin fibers and actin filaments of

Biophysical Journal 95(6) 2998-3008

‘ Side walls

Even-Tzur et al.

Medium
holder

FIGURE | (a) Custom-designed well for
ALI cultures. (b) The disassembled well. The
well-bottom allows application of a planar field
of WSS in the flow chamber on the membrane
with the cells. (¢) Scheme of the flow chamber
for exposing ALI cultures to WSS. The flow
chamber can hold three well-bottoms. The per-
spective cross-sectional view shows the mem-
brane on which the cells are seeded in the
well-bottom and the space for culture medium.

cells in both stressed and unstressed cultures was evaluated by grading the
amount of cells, in each field, demonstrating fibers that underwent frag-
mentation. Three levels of fiber integrity were defined: ‘‘good integrity’’
indicates that <20% of the cells appeared with fragmented fibers, ‘‘moderate
integrity’’ means that 20-60% of the cells showed fragmented fibers, and
“‘poor integrity’’ indicates that more than 60% of the cells in the field were
observed with fragmented fibers. Examples of these definitions are demon-
strated in Fig. 2 for B-tubulin fibers. For each culture under examination, the
number of fields that correspond to a certain integrity level was counted and
presented as a percentage of the total number of fields from the same culture.

To test the structure-function interactions between changes in S-tubulin
fibers and mucus secretion, we treated cell cultures with Taxol, which is a
microtubule stabilizing agent. These cultures were incubated with 10 nM
Taxol for 90 min before the WSS experiments. Several of the unstressed
control cultures were also treated with Taxol. After application of steady
‘WSS of 1.0 dyne/cm2 for 15 min, mucus secretion was measured and
B-tubulin fibers were stained.

Experimental protocol

All of the experiments were performed with well-differentiated cells that had
been cultured for 5-10 days under ALI conditions. Each experiment was
repeated three times with cells from different subjects. Triplicate cultures of
cells from each subject were studied.

Before the WSS experiments were conducted, mucus secretion was
studied under normal static culture conditions to explore regular non-
stimulated time-dependent patterns of secretion. In addition, it was important
to explore the effect of mucus collection on the secretion. Hence, mucus
secretion from five cultures was collected at several time lengths after 7, at
which a full 24-h secretion from each culture was collected and mucin
concentration was quantified for use in scaling. All of the cultures were
measured 15 min after ¢, and also 24 and 48 h after #,. Cultures 2, 3, and 4
were also measured 2, 6, and 12 h after #,, respectively, and culture 5 was
measured together with all the other cultures, i.e., at 7, and after 15 min and
2,6, 12,24, and 48 h.

Steady uniform WSS of 0.1 and 1.0 dyne/cm? were applied on the cells in
the flow chamber for durations of 5, 15, and 30 min. Mucus-secretion
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FIGURE 2 Examples of the levels of B-tubulin fiber integrity used in this
work. (a) Good integrity: <20% of the cells appeared with fragmented
fibers. (b) Moderate integrity: 20-60% of the cells showed fragmented
fibers. (c) Poor integrity: >60% of the cells in the field were observed with
fragmented fibers. Bar = 10 um.
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measurements and cytoskeleton fiber staining were performed immediately
after cessation of the WSS and 24 h later to study recovery processes. To
study dehydration effects of WSS on the cells, oscillatory WSS with a peak
value of 5 dyne/cm’® were applied on the cells for 5, 15, and 30 min using
humidified air (e.g., 40% RH) from a humidity-controlled air chamber.
Mucus secretion was measured immediately after the experiment.

Statistical analysis

Mucus secretion results are presented as mean * SD. Significant levels were
calculated using SPSS 10.0.1 software by performing a univariate ANOVA,
followed by a Tukey test. A p-value of <0.05 was considered statistically
significant.

RESULTS

The computational and analytical analyses that were performed
for laminar and turbulent flows, respectively, in the designed
flow chamber revealed that steady airflow rates of 12 and 48
L/min generate homogeneous WSS of 0.1 and 1.0 dyne/cm?,
respectively, on top of the cells in the flow chamber. Appli-
cation of WSS of values higher than 1.0 dyne/cm? resulted in
detachment of cells from the membrane, as discussed below.

Mucus secretion in response to
repetitive collections

To explore the passive secretion of mucus in response to its
extraction for quantification, we measured the secretion after
repetitive collections at different times as described above.
Representative results for triplicate cultures from one subject
are depicted in Fig. 3. Mucus secretion results express the
mucin concentration percentage of the baseline concentra-
tion, as described above. As expected, the longer the time
between two subsequent collections, the higher was the se-
creted mucin concentration. The accumulative secretions
from each culture are presented in Fig. 4. Although there was
no significant difference between the accumulative secretions
from cultures that underwent three and four collections of
mucus, or four and six collections, there was a significant
difference between the accumulative secretions from cultures
that underwent three and six collections (p < 0.05). Since
repetitive mucus collection was shown to induce secretion,
all rinsing and mucus collection procedures were identical for
all cultures for a single series of experiments.

Mucus secretion in response to WSS

Mucus secretions measured immediately and 24 h after ex-
posure of the cultures to WSS of 0.1 and 1.0 dyne/cm? are
presented in Fig. 5 for a representative series of experiments
with triplicate cultures from one subject. The results from
different subjects for a specific test (i.e., WSS level and du-
ration) showed large differences (up to 150%) that resulted in
high standard deviations with respect to the averages of all
subjects. However, each set of results from cultures isolated
from a single subject showed the same trends demonstrated in
Fig. 5. Exposure of nasal epithelial cells to WSS for more
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FIGURE 3 Mucus secretions from culture lengths that
were kept under static conditions for different time lengths.
All of the cultures were measured 0.25, 24, and 48 h after
the beginning of the experiment. Cultures 2, 3, and 4 were
also measured after 2, 6, and 12 h, respectively. Culture 5
was measured together with all the other cultures, i.e., after
15 min and 2, 6, 12, 24, and 48 h. The results are expressed
as a percentage of the baseline measurement of each culture,
as described in the Materials and Methods section. These

0.25
Time [hr]

results are from a representative experiment and show the
same trends as the two other experiments.

Legend for cultures: #1 -g2, #2 -], #3 B ,#4-&E ,#5- @ .

than 15 min resulted in a significant increase in mucus se-
cretion immediately after the stimulus was removed, with
respect to the unstressed control cell culture. Insignificant
differences in mucus secretion were observed in cultures
subjected to WSS of 0.1 and 1.0 dyne/cm? for the same time
durations. Thus, it seems that the duration factor had a
stronger influence on mucus secretion than the level of WSS,
at least for the range of WSS tested. The secretion measured
24 h after the experiment was not significantly different in
stimulated cultures with respect to unstressed control cul-
tures. Mucus secretion was also measured 96 h after the end
of a single experiment with WSS value of 1.0 dyne/cm?
(results not shown). The results showed a significant increase
in mucus secretion immediately after the exposure to WSS,
and an insignificant difference between stimulated and un-
stimulated cultures 96 h later. The application of oscillatory
humidified airflow (i.e., air with 40% RH) for 5, 15, and 30
min resulted in immediate mucus secretions of 69.7%,
149.8%, and 97.5%, respectively, of the baseline concen-
tration of each culture.

Cytoskeleton studies

The analysis of cytoskeletal fibers was conducted on 10 fields
of 160 um X 160 um in each culture under examination. It
was notable that the total number of cells in each of these
fields of either stimulated or unstimulated cultures did not

differ significantly. In addition, the confluency level was high
(>90%) in almost all cultures, and did not change signifi-
cantly between stimulated and unstimulated cultures. Rep-
resentative images of B-tubulin (red) and actin (green) stains
of nasal epithelial cell cultures that were exposed to WSS of
0.1 and 1.0 dyne/cm2 for 5, 15, and 30 min in comparison
with unstressed control cultures are presented in Fig. 6. In
addition, stains were also performed 24 h after removal of the
WSS. The actin integrity level was not significantly different
in stressed cultures compared to control cultures, either im-
mediately after exposure to WSS or 24 h after the experiment.
The level of B-tubulin integrity was significantly different in
the stressed cultures in comparison to the unstimulated ones.

The distribution of the different levels of B-tubulin integ-
rity (Fig. 2) in each of the examined cultures is shown in
Fig. 7. It is clearly demonstrated that whereas the unstressed
control cultures present a good B-tubulin integrity level in
almost all cases, the fibers in cultures exposed to WSS were
more affected and presented lower levels of B-tubulin in-
tegrity. The B-tubulin fibers of cells exposed to WSS of 1.0
dyne/cm? (Fig. 7 b) were modified more significantly than
those of cells exposed to 0.1 dyne/cm? (Fig. 7 a), and dem-
onstrated lower levels of B-tubulin integrity. The differences
in B-tubulin integrity levels between cultures that were ex-
posed to different flow durations of the same WSS level were
less significant than the differences between results from
cultures that were subjected to different WSS levels of the

FIGURE 4 Accumulative data for mucus secretion mea-
surements presented in Fig. 3, for cultures kept under static

conditions (*p < 0.05).
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FIGURE 5 Mucus secretions measured immediately af-
ter exposure of cultured nasal epithelial cells to WSS of (a)

0.1 dyne/cm? and (b) 1.0 dyne/cm?, and after 24 h recovery
from WSS of (¢) 0.1 dyne/cm2 and (d) 1.0 dyne/cmz. The

d results are expressed as a percentage of the baseline

measurement of each culture, as described in the Materials

and Methods section (*p < 0.05, with respect to the
unstressed control culture).
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same duration. A recovery process of all cultures was ob-
served 24 h after the experiment, as all of the cultures
demonstrated improved B-tubulin integrity, although not all
of the cultures that were subjected to WSS of 1.0 dyne/cm?
regained their initial good B-tubulin integrity level.

To test whether changes in B-tubulin integrity affect mu-
cus secretion, we treated unstressed and stressed cell cultures

with Taxol (Fig. 8). The stabilizing effect of Taxol on the
B-tubulin fibers was very clear in both unstressed (Fig. 8 b)
and stressed (Fig. 8 d) cultures, in that the flow did not cause
as much fragmentation of the fibers as it did in the Taxol-free
culture (Fig. 8 ¢). Mucus secretions from stressed and un-
stressed cultures with and without Taxol treatment are shown
in Fig. 9. It is noticeable that a similar increase in mucus

FIGURE 6 Representative images of
B-tubulin (red) and actin (green) fibers
stained immediately (a—d, i~/) and 24 h
(e—h, m—p) after exposure of the cultures
to WSS of 0.1 and 1.0 dyne/ecm? for 5,
15, and 30 min. Bar = 10 pwm.
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FIGURE 7 Level of integrity of B-tubulin fibers in cul-
tures exposed to (a) 0.1 dyne/cm2 and (b) 1.0 dyne/cmz.

The results are from a representative experiment and show

the same trends as the two other experiments. Dotted bars

H  represent good integrity, horizontal lines bars represent

moderate integrity, and gray bars represent poor integrity.
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secretion was measured in both Taxol-free and Taxol-treated
cultures that were exposed to WSS. The secretions were also
almost identical in unstressed Taxol-free and Taxol-treated
cultures.

DISCUSSION

This work investigated the effects of WSS on the functional
and structural properties of ALI cultured human nasal epi-
thelial cells. Mucus secretion, attributed to cultured goblet
cells, was shown to increase significantly immediately after
exposure to WSS for durations longer than 15 min compared
to unstressed control cultures (Fig. 5). These results are in
good accordance with the outcomes of a study in which the
airway surface liquid of normal human airway epithelial cells
was doubled in cultures subjected to rotational WSS that
characterize tidal breathing (18,23). In the current study,
mucus secretion was found to be influenced more by the time
length of exposure to WSS than by the level of WSS. Cy-
toskeletal B-tubulin fibers were shown to be significantly
affected by WSS (Figs. 6 and 7). All cultures that were ex-
posed to WSS of 1.0 dyne/cm? demonstrated lower levels of
B-tubulin integrity (i.e., were more affected) than the cultures
exposed to 0.1 dyne/cm?® (Fig. 7), and the differences be-
tween various WSS durations were not as influential. An
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examination of the cells 24 h after WSS experiments revealed
insignificant differences between mucus secretions from
stressed and unstressed cultures, and an almost complete
recovery of B-tubulin fibers.

The high variability in mucin secretions from different
cultures (see Fig. 3, for example) may be related to the dif-
ferent numbers of goblet cells in each culture. Thus, mucin
concentrations for each culture were normalized as described
in the Materials and Methods section. In addition, it should be
noted that mucus secretion from the unstressed control cul-
tures was measured ~30 min after the beginning of a 1-h
series of experiments. It was shown for static cultures that
even a 2-h period between subsequent measurements of se-
cretion does not result in a significant difference. Only longer
periods of time between subsequent measurements resulted
in significantly different mucin concentrations (Fig. 3).

The results depicted in Fig. 5 clearly show that the duration
parameter has more influence on mucus secretion than the
level of WSS. Accordingly, it can be suggested that the in-
crease in mucus secretion after exposure to WSS is a result of
dehydration of the culture surface, which initiates the process
of surface liquid regulation by mucus secretion to moisten the
surface. To eliminate the dehydration effects of WSS on the
cells, WSS with peak value of 5 dyne/cm? were generated by
40% RH humidified air and applied on the cells for time
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FIGURE 8 Images of B-tubulin in (@) unstressed Taxol-free culture, (b)
unstressed Taxol-treated culture, (¢) stressed Taxol-free culture, and (d)
stressed Taxol-treated culture. The stressed cultures were exposed to WSS of
1.0 dyne/cm2 for 15 min. Bar = 10 wm.

periods of 5, 15, and 30 min. Mucus secretion measured
immediately after the experiment showed increased mucin
concentrations with a maximal value of 149.8% of the
baseline concentration, which was obtained after 15 min of
flow. Exposure of the cells to airflow with a humidity level
that characterizes a comfortable environment resulted in in-
creased mucin secretion immediately after the experiment, just
as much as using air supplied from the air source in all other
experiments described here. This suggests that the mechanical
aspects of airflow—and not the dehydration aspects—were
responsible for the increase in mucus secretion, at least for air

Mucus Secretion [%]
@
<1

T
] ‘

| I
Unstressed Unstressed WSS of 1 dynelcm? WSS of 1 dyne/cm?

culture with culture without for 15 min with for 15 min without
Taxol Taxol Taxol Taxol

FIGURE 9 Mucus secretions measured in unstressed Taxol-free and
Taxol-treated cultures in comparison with Taxol-free and Taxol-treated
cultures that were exposed to WSS of 1.0 dyne/cm? for 15 min. The results
are expressed as a percentage of the baseline measurement of each culture, as
described in the Materials and Methods section.
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humidity of a comfortable environment (i.e., 40% RH). The
importance of the time length during which the cells were
exposed to WSS might be explained by energy transfer
considerations. The external energy of the momentum (i.e.,
force X time) applied by the WSS on the apical surface of the
cells is transferred to the cytoskeleton through some kind of
mechanotransduction mechanism and is balanced by the in-
ternal stresses and deformations of the fibers. The results of
this study suggest that absorption of this energy inside the
cell is expressed by fragmentation of the cytoskeletal fibers,
specifically B-tubulin fibers.

Mucus secretion from nasal goblet cells participates in
several functional roles of nasal breathing, including regula-
tion of the temperature and humidity of inspired air. Accord-
ingly, its regulation is a very complex process that is
influenced by several biological and chemical factors. In this
study we propose that mucus secretion is also influenced by
mechanical factors, i.e., apical WSS. It was previously sug-
gested that the nose is rich in mechanoreceptors (24); however,
a comprehensive investigation of their microstructure is still
required. It has been suggested that the mechanical environ-
ment induced by airflow in the nasal cavity has certain clinical
implications; for example, it is possible that chronic tension
headache is related to high shear stress at specific points of the
nasal cavity (however, this is still controversial) (25).

Immunofluorescent staining assays were used to investigate
changes in cytoskeletal structure and morphology. To ensure
consistency of the staining procedure between different cul-
tures and different experiments, we performed several pre-
liminary tests to optimize the protocols of staining, confocal
microscopy, and imaging. We repeated each experiment three
times and the consistency of the staining results was very high.
In the current study we did not observe cell alignment with
respect to the flow direction, as is known to occur in endo-
thelial cells that have been exposed to fluid WSS. This dif-
ference may be related to the fact that we cultured the nasal
epithelial cells on semipermeable membranes, whereas in most
studies with endothelial cells the cell were cultured on plastic
or glass plates. It is known that integrins have an important role
in the adhesion of cultured cells to the substrate, and thus
different responses may be observed.

Following the experimental protocol of this work, staining
of cytoskeletal fibers was performed immediately and 24 h
after exposure to WSS. Thus, we observed recovery of the
B-tubulin fibers after 24 h. In a previous study, we observed
recovery of fragmented microtubule structures in cultured
endothelial cells 4 h after exposure to therapeutic ultrasound
irradiation (26). Actin fibers were also modified signif-
icantly and a recovery process of actin was observed after
24 h. Accordingly, it is possible that the recovery process of
B-tubulin fibers occurred earlier than 24 h after the exposure
to WSS; however, this was not tested in this study.

It was previously reported that actin microfilaments of the
cytoskeleton are involved in agonist-induced mucus secre-
tion from airway surface goblet cells. This complex process
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involves interactions of dephosphorylated myristoylated al-
anine-rich C kinase substrate (MARCKS) with actin and
myosin to link mucin granules to the intracellular contractile
apparatus, which is able to move them through the cell cy-
toplasm toward the apical membrane (27). Moreover, actin
filaments have been shown to maintain a barrier in mucus
secretion from intestinal goblet cells by hindering mucin
granule access to the plasma membrane (28). In this study we
did not observe significant differences in actin integrity be-
tween stimulated and unstimulated cultures. However, the
increase in mucus secretion due to WSS was coupled with a
significant decrease in B-tubulin integrity. Microtubules are
well known for having an important role in vesicular trans-
port in cells in general (29), and specifically in polarized
epithelial cells (30,31). Moreover, studies with melanocytes,
exocrine, endocrine, and hematopoietic cells have shown that
the movement of mature secretory granules from the trans
Golgi region to the cell periphery is along microtubules (32).
However, this has not yet been investigated in goblet cells.
When WSS were applied on cultures treated with the mi-
crotubule-stabilizing agent Taxol, mucus secretion was not
affected. The secretions were also almost identical in un-
stressed Taxol-free and Taxol-treated cultures. Thus, it is
suggested that there is no direct influence of B-tubulin frag-
mentation on mucus secretion. It should be noted that 3-tu-
bulin fibers undergo structural changes due to WSS without
permanently damaging the cells, as implied by the almost
complete recovery of the fibers 24 h after removal of the WSS.
This suggests that the cells go through some kind of a struc-
tural remodeling process in response to WSS, which may lead
to changes in the cell shape or orientation that allow different
physical or chemical interactions or pathways that might
regulate many cellular processes other than mucus secretion.

In this study the cells were exposed to steady uniform
fields of WSS, whereas physiological airflow is time-de-
pendent. For example, the time gradient for WSS on the
septum of a nose-like model during quiet inspiration was
previously computed to be as high as 5 dyne/cm?s, empha-
sizing the airflow aspect of unsteadiness (10). Several studies
have shown that time-dependent WSS on blood vessel walls,
which are induced by blood pulsatile flow, affect the function
and phenotype of endothelial cells (33,34). This time de-
pendency probably holds true in the respiratory system as
well, as the time constants for mucus secretion due to se-
cretagogues ligand binding are known to be very short, i.e.,
tens of milliseconds (27). The fast secretion of mucus has an
important role in lung defense. Thus, it can be assumed that
airway goblet cells can sense and respond very quickly to
extracellular stimulations, whether biochemical or mechani-
cal, and hence it can be suggested that the application of
dynamic mechanical stimuli on nasal epithelial cells will re-
sult in somewhat different responses than those of cells ex-
posed to steady stimuli.

The existing data on WSS at the air-wall interface of the
nasal cavity rely mostly on computational analyses, since
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measurements of velocity inside the human nose interfere
with the physiological flow. In computational models, spe-
cific nose geometries are considered, whereas the biological
variability in nose geometry among different subjects is
considerably high. Since the velocity fields and the resultant
WSS are directly related to the nose geometry, these can also
vary significantly. The maximal value of WSS applied here
was 1.0 dyne/cm?, which is in the same order of magnitude as
WSS computed by Elad et al. (10) for both nose-like and
anatomical models. When we attempted to apply higher WSS
values, cells began to detach from the membrane. A possible
reason for that is that the flow and the resultant WSS were
unidirectional. This issue can be addressed by applying bi-
directional oscillating airflow on the cells, in a manner similar
to respiratory airflows. This type of flow may generate de-
formations in opposite directions, which will result in very
small net deformations and no accumulative deformation
toward one direction. Another possible solution for pre-
venting cell detachment is to use a different type of mem-
brane as a substrate for cell cultures. The use of collagen
coating as a substrate for ALI cultures was shown to be very
efficient for biological studies that do not involve the appli-
cation of mechanical forces on the cells (35). However,
for biomechanical studies it may be essential to culture cells
on substrates that enable stronger attachment of the cells.
These may be generated by coating synthetic filters with bi-
ological or synthetic adhesion materials, or by using bio-
logical membranes.

In addition to subjecting the cells to oscillating WSS, an-
other way to achieve a more physiological in vitro model of
the nasal epithelial environment would be to provide air with
temperature and humidity levels of different environments. It
is known, for example, that microtubule assembly and dis-
assembly are dependent on temperature (29). Subjecting the
cells to more physiological conditions would eliminate the
possibility that some of the cell responses do not directly
relate to WSS.

In conclusion, to our knowledge, this is the first time that
human nasal epithelial cells have been subjected to airflow-
induced WSS that mimic physiological stresses during nasal
breathing. Nasal epithelial cells respond both functionally
and structurally to respiratory WSS. Mucus secretion was
increased in cells subjected to WSS of 0.1 and 1.0 dyne/cm?
for more than 15 min with respect to unstressed control
cultures. The secretion levels were directly related to the time
duration of the WSS application. The integrity levels of
B-tubulin fibers were significantly lower in cells subjected to
WSS than in unstressed cells. The cells regained their normal
cytoskeletal appearance 24 h after exposure to WSS, indi-
cating that no permanent damage was caused to the cells by
the WSS. Stabilizing the B-tubulin fibers by Taxol did not
affect the levels of mucus secretion post application of WSS.
The results of this study suggest that WSS have an important
role in the mechanical regulation of the nasal surface epi-
thelium function.
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APPENDIX: EVALUATION OF STEADY WSS
DUE TO TURBULENT AIRFLOW IN A
RECTANGULAR CONDUIT

The steady WSS developed in a rectangular smooth conduit due to turbulent
flow (Re > 2000) with a cross-sectional average velocity # were determined
by a force balance calculation over a conduit section of length L. For a
rectangular cross-sectional area with dimensions a X b, the shear forces are
balanced by the pressure forces at the ends, thus

To X 2L(a + b) = AP X ab, (1

where 7 is the shear stress at the conduit walls, and AP is the pressure drop at
the ends.

The friction low for smooth conduits of rectangular cross-sectional area is
(36)

L A
AP =~ X — X p X 2
2thu, ()

where A is a dimensionless coefficient of resistance, p = 1.12 kg/m® is the air
density, and Dy, is the hydraulic diameter:

2ab
D= a+b )

The coefficient of resistance, A, was estimated from a diagram (Fig. 10),
reproduced from experimental data measured in smooth rectangular cross-
sectional area conduits (36).

Substitution of Egs. 2 and 3 in Eq. 1 yields the WSS:

m:%x# 4)

The required airflow for generating a specific field of WSS was calculated
iteratively as follows: a value for an average velocity # was assumed and the
corresponding Re number was calculated. Then the coefficient of resistance,
A, was extracted from the diagram in Fig. 10, the value of WSS was
calculated from Eq. 4 and compared with the required value of WSS, and u
was corrected to calculate a new Re number. The iterations were completed
when the desired value of WSS was achieved. Thereafter, the required
airflow rate was calculated by multiplying the flow-chamber cross-sectional
area ab by the average velocity # of the last iteration. Table 1 summarizes the
required airflow rates for generating WSS in the range of 0.5-1.4 dynes/cm?,
for a rectangular conduit of @ = 0.02 m and » = 0.01 m.

0.1
< 001 \
0.001
1000 10000 100000 1000000

Re

FIGURE 10 Resistance coefficient (A) as a function of Re for a smooth
rectangular pipe. Reproduced from Schlichting (36).
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TABLE 1 Steady airflow rates required to generate WSS in the
range of 0.5-1.4 dynes/cm? at the bottom wall of a rectangular
pipe of 20 mm X 10 mm cross-sectional area

u (m/s) Re A T (dyne/cmz) Q(L/min)
2.5 1961 0.054 0.5 30
3 2353 0.048 0.6 36
4 3137 0.044 1.0 48
5 3922 0.04 1.4 60
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