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Abstract

Purpose: Explore the usefulness of a perfusion system in order to establish human nasal epithelial cell cultures suitable for
long-term in vitro ciliary beat frequency (CBF) and cilio-toxicity studies.

Methods: The cells were obtained by protease digestion of nasal biopsy material. The cells were plated at a density of
0.8-1x 1CP/cn? on Vitrogen-coated polyethylene terephthalate membranes, and cultured under submerged conditions in a
CO, incubator or in a perfusion system (initiated on days 8-9 after plating). The CBF was determined-ad03BtQ by a
computerized microscope photometry system. The morphology of the cultured cells was characterized by transmission electron
microscopy (TEM).

Results: Under CQ incubator culture conditions, stable ciliary activity was expressed and maintained from day 2 to day 24.
Under perfusion system culture conditions, the CBF (me&nD.,n=4) amounted to 8.4 0.9 and 8.8t 0.4 Hz on days 7 and

14, respectively. These values were lower as compared to the corresponding CBF obtained prinlbaléz@or cultures (9.% 0.6

and 9.9+ 1.0 Hz, respectively). Reference cilio-stimulatory (glycocholate) and cilio-inhibitory (chlorocresol) compounds were
used to assess CBF reactivity. In the dfcubator and 7- and 14-days perfusion system cultures, glycocholate (0.5%) showed

a reversible cilio-stimulatory effect of 23, 26 and 21%, respectively, while chlorocresol (0.005%) exerted a reversible cilio-
inhibitory effect of 36, 40 and 36%, respectively. TEM revealed polarized cuboidal to columnar epithelial morphology, with
well-differentiated ciliated cells under G@nd perfusion system conditions (up to day 23).

Conclusion: Culturing human nasal epithelial cells on Vitrogen-coated polyethylene terephthalate membranes in submerged
conditions in a C@incubator and in a perfusion system offers the possibility for long-term preservation (up to 22—24 days) of
stable and reactive CBF in vitro.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tional ciliainstability complicates long-term functional
and cilio-toxicity investigations in monolayer cultures.
Nasal mucociliary transport is one of the most im- Normal and stable CBF after ciliogenesis in sus-

portant local defence mechanisms of the respiratory pension culture has been demonstrafitiésen et al.,
tract Jorissen et al., 2000The efficiency of the mu- 1989; Jorissen and Bessems, 19954e in vitro in-
cociliary clearance system depends on the physiolog- duced ciliogenesis results in normal (around 7.9 Hz)
ical control of the ciliated cells and on the rheologi- and intercellularly coordinated ciliary activity for up
cal properties of the mucus blankgb(issen, 1998 to 6 monthsJorissen et al., 2000The suspension cul-
The coordinated ciliary activity is essential for effi- ture approach is a useful tool in studying ciliogene-
cient mucociliary clearance and the ciliary beat fre- sis, ciliary beat frequency, ciliotoxicity and the mecha-
guency (CBF) represents the basic and most widely nism involved in their regulationJprissen et al., 1989,
studied functional ciliary parameteddrissen et al.,  2000: Jorissen and Bessems, 1995a: Jorissen, 1998:
2000. The nasal mucociliary clearance system is sus- Agu et al., 1999, 2000; Million et al., 1999; Laoukili et
ceptible to damage and could be affected by nasally al., 200Q. The main disadvantages of the subsequent
applied drugs, air born particles, pollution, allergens, monolayer-suspension culture are that it is not suitable
infection agents as bacteria and viruses. A number of for transport studies and that itis a time-consuming and
cell culture systems (primary and cell lines) of nasal costly procedure.
epithelial cells have been developed and extensively  The main purpose of this study was to explore the
used, particularly for studies on cystic fibrosis, elec- usefulness of a perfusion system in order to establish
trolyte transport, ciliogenesis and ciliary movement, a human nasal epithelial cell culture system suitable
mucus secretion, nasal mucosal infection, and the un- for long-term in vitro ciliary beat frequency and cilio-
derlying cellular and molecular mechanisms. toxicity studies. Preservation of CBF for a long period
A nasal epithelial cell culture suitable for CBF stud- of time ensures availability of ciliated cells without
ies requires ciliated cells with stable, coordinated and the necessity of repeated and time-consuming cell iso-
reactive ciliary activity in the range of 7-12 Hz, as well lations. Two culture systems, the G@cubator and
as preservation of these parameters for a long in vitro the perfusion system, have been tested for their ability
period. Immersion feeding and air-liquid interface cul- to maintain stable and reactive CBF of human nasal
tures, established on extracellular matrix, coated or un- epithelial cells in vitro. The perfusion culture system
coated microporous or non-permeable supports haveMinuCell (Minuth et al., 1992 has been successfully
been used for CBF measurements. The main disadvan-used for culturing renal collecting duct epithelial cells
tages of these systems are the unstable ciliary activity, (Minuth et al., 1997, 1999; Strehl et al., 199@as-
progressive ciliary loss, lowering of CBF, increased in- tric epithelium Kloth et al., 1998, bovine oviduct ep-
terindividual variability with time in culture, and their  ithelial cells Reischl et al., 1999and porcine retinal
shortlifespanRautiainen etal., 1993; Aguetal.,2Q01  pigment epithelium Eramme et al., 2002 This sys-
However, the cells retain some functional characteris- tem provides continuous supply of fresh medium and
tics and can be used for CBF measurement at well- removal of secreted metabolites and allows long-term
defined time points after platindiéxel et al., 2001l culture of epithelia, as well as the use of various cell-
Contradictory results have been reported concerning support materialsMinuth et al., 2000, 2001; Schu-
the effect of time in culture on CBF of human nasal macher et al., 2092
epithelial cell monolayer cultures on microporous cell-
support materials. CBF of human nasal epithelial cells
cultured on a floating collagen gel has been shown to 2 Materials and methods
be 18, 10 and 17Hz on days 8, 10 and 14, respec-
tively (Yoshitsugu et al., 1994In cells cultured inan  2.1. Chemicals and materials
air-liquid interface system, a time-related increase in
the ciliary activity has been observed Bhee et al. Pronase XIV, cholera toxin, glycocholate, and
(2001) while Agu et al. (2001)andRautiainen et al.  penicillin-streptomycin solution (10,000 IU/ml and
(1993)reported a time-dependent decrease. This func- 10,000ug/ml, respectively) were purchased from
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Sigma Chemical Co. Ltd. (St. Louis, MO, USA). was determined using ali&ker chamber; the cell via-
DMEM-Ham’s F12 1:1 medium, Ultroser G and NU-  hility, assessed by trypan blue exclusion, wast8®6
serum were obtained from Life Technologies Ltd. (range 87-97).

(Paisley, UK). Vitrogen was purchased from Nuta-

conB.V. (Leimuiden, The Netherlands), HEPES buffer 5 3 ~q culture

from Cambrex Bio Science Verviers (Verviers, Bel-
gium), chlorocresol from UCB (Leuven, Belgium),
polyethylene terephthalate membrane with pore size
of 3um from Cyclopore S.A. (Louvain-La-Neuve,
Belgium). Agar 100 Resin, dodecenyl succinic an-
hydride, methyl nadic anhydride, and benzyldimethy-
lamine were purchased from Agar Scientific Ltd. (Es-
sex, UK). The MinuCell perfusion system container
(holding 24 rings), 13 mm diameter cell-support ma-
terial holding rings, a thermo plate (Medax, No-
gel GmbH), and a IPC high precision multichan-
nel dispenser (Ismatec SA, Labortechnik-Analytik,
Glattbrugg-4irich, Switzerland) were obtained from
MinuCells and Minutisue Vertriebs GmbH (Bad Ab-
bach, Germany). Tissue culture 6-well plates (Nunc)
were obtained from International Medical Products
(Brussels, Belgium), 12-well plates (Costar) from
Elscolab (Kruibeke, Belgium), 25 chrtissue culture
flasks and a 7@m nylon cell strainer from BD Falcon
(Oxnard, CA).

Polyethylene terephthalate membrane with pore
size of 3um, coated with glutaraldehyde-stabilized
Vitrogen (1.2 mg/ml) was used as a cell-support mate-
rial. The membranes were fixed in holding rings (Min-
uCell rings) with external and internal diameters of
13 and 9 mm, respectivel¥ig. 1). In order to ensure
high cell plating density, the holding rings were placed
in cut 15ml tubes. The autoclaved membranes were
coated with neutralized Vitrogen (pH 7.5, 1.2 mg/ml)

2.2. Cellisolation

Human nasal epithelial cells were isolated from
nasal biopsies as described previoughnfova et al.,
2003. Briefly, the human nasal epithelial tissues were
enzymatically dissociated using 0.1% pronase solution
in DMEM-Ham’s F12 1:1 medium, supplemented with
50 1U/ml penicillin and 5Qug/ml streptomycin for a
period of 24-44h at 4C. The protease activity was
inhibited with 10% NU-serum. The cells were washed
three times in DMEM-Ham’s F12 1:1 medium, sup-
plemented with 50 IU/ml penicillin, 5Qg/ml strepto-
mycin, 2% Ultroser G, and 10 ng/ml cholera toxin by
centrifugation (800 rpm, 5 min,4C) and incubated for
1hin a 25cm plastic tissue culture flask in a GO
incubator (5% C@-95% air, 37C) to allow selec-
tive attachment of the contaminating fibroblasts and
macrophages. After centrifugation (800 rpm, 5min,
4°C) the cells were resuspended in 3-5ml medium *

(dependlng on the cell pellet Slze)’ and were filtered Fig. 1. (A) MinuCell setup rings used to hold the support filters

through a 7Qum pore size nylon filter in order to obtain  ang the tubes in which the rings were positioned. (B) The perfusion
a more homogenous cell suspension. The cell numbersystem.
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and dried for 60—120 min atroom temperature. The gels used as reference cilio-stimulatory and cilio-inhibitory

were stabilized by glutaraldehyde cross-linking (2.5%
glutaraldehyde in PBS, 0.5ml/ring, 10 min), rinsed
five times with PBS, and preconditioned with culture
medium for at least 30 min. The rings positioned in the
“tubes” were placed in 6-well plates containing 11 ml

compounds, respectively. The effect of glycocholate
(0.5%) and chlorocresol (0.005%), dissolved in the
corresponding cell-culture medium, on the CBF was
tested. The C@incubator cultures were used on days
13-14, and the 7- and 14-days perfusion system cul-

medium at the basolateral compartment. The cells were tures on days 15-16 and 22-23 after plating, respec-

plated at a density of 0.8-210° viable cells/crd

in 0.5ml medium per ring. The effective growth sur-
face of the support filter fixed in MinuCell rings is
0.636 cA.

2.3.1. CQ incubator cultures

The cells were cultured in DMEM-Ham’s F12
1:1 medium, supplemented with 50 IU/ml penicillin,
50p.g/ml streptomycin, 2% Ultroser G and 10 ng/ml
cholera toxin at 37C in an atmosphere of 5%
C0,—-95% air. The medium in the apical compartment
(0.5ml) was changed six times/week, while 5 ml of the

tively.

The cells were preconditioned for at least 30 min at
24°C. CBF was measured between 10 and 30 min after
submerging the cells in a solution of the test compounds
(2 ml/well, 12-well plates). To investigate whether the
effect on CBF is reversible after withdrawal of xenobi-
otic exposure, the CBF was also determined between 25
and 45 min after rinsing of the cells 2 ml medium
in 3min) and incubation with medium. The control
cells were incubated with medium only and treated in
the same way.

medium in the basolateral compartment was changed2.5. Ciliary beat frequency measurement

every other day. Human nasal epithelial cell cultures
were cultured at C®incubator conditions for 2—-24

The ciliary beat frequency (CBF) was determined at

days and used for CBF measurements every other day24.1+0.8°C by a computerized microscope photom-

after plating.

2.3.2. Perfusion system cultures
The cultures were transferred from the £-

cubator into the perfusion culture container on days
8-9 after plating. The container was placed onto
a 40°C thermo plate Fig. 1B) including a cover
lid. DMEM-Ham’'s F12 1:1 medium, supplemented
with 100 IU/ml penicillin, 100wg/ml streptomycin,
2% Ultroser G, 10ng/ml cholera toxin and HEPES
(35mM final concentration) was continuously per-
fused at a rate of 3@l/min using a peristaltic pump.

etry system consisting of Olympus IX70 microscope
and FluarQuant photometry system (Applied Scientific
Instrumentation Inc., Eugene, OR, USA) supplied by
Omnilabo, Belgium. The signal from the fluctuations
of light intensity, caused by beating cilia, was trans-
duced to an electrical signal, amplified and transmitted
to a personal computer. The signal was measured using
600x microscope magnification for a period of 1 min,
with a sampling interval of 5 ms (FluarQuant software).
The recorded signal was analysed by performing time
spectral analysis using Fast Fourier Transformation on
the waveform obtained (WinDaq software). Ten peri-

HEPES was used to maintain constant pH at 7.4 in 0ds from the signal obtained for 1 min were analysed

the perfusion system which runs outside a 06

for each cell. The highest peak of the first harmonic

cubator at laboratory room atmosphere. The medium Within these time segments represented the mean beat

used for the perfusion system was maintained at frequency of the cilia. The CBF of 5-14 different cells
4°C. Human nasal epithelial cells were cultured Was measured per group in a given experiment. The
at perfusion system conditions for 7 and 14 days humber of cells measured varied among groups in an
with total culture time of 15-16 and 22-23 days, experiment depending on the ease with which an ac-
respectively. ceptable signal was obtained during the defined time
period and on the suitability to calculate CBF from
the recorded signals afterwards. The interindividual,
inter- and intracellular variability in CBF was calcu-

In order to assess the reactivity of the CBF of the cell lated as previously describedofissen and Bessems,
culture systems, glycocholate and chlorocresol were 19953.

2.4. Cell treatment
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2.6. Morphology of the cultures 3. Results and discussion

The morphology of the cultured cells was charac- Due to species differences, the use of primary
terized by transmission electron microscopy. Perfusion human nasal epithelial cells in culture is a promising
system cultures (7 and 14 days at perfusion system cul-system enabling the prediction of the nasal toxic
ture conditions) and the corresponding £i@cubator potential and its mechanism in humans. Because the
cultures (15-16 and 22—-23 days after plating) were re- human origin of the cells gives more direct clinical
moved from the 13 mm holding rings, fixed with 3% relevance of the studies performed, cultures of human
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH nasal epithelial cells were used in this study. A primary
7.4) overnight at 4C, and maintained in 0.1 M sodium  goal in the development of an ideal in vitro cell culture
cacodylate buffer until further processing°@). The systems is to maintain differentiated morphology and
samples were postfixed for 1 h in 1% osmium tetroxide biochemical features, resembling the original tissue as
in 0.1 M phosphate buffer (pH 7.4), and dehydrated in closely as possibleYamaya et al., 1992; Gruenert et
a graded series of ethanol (25, 50, 75% and absolute).al., 1995. A nasal epithelial cell culture suitable for
After 1 h incubation in Epon:propylene oxide (1:1) the CBF and cilio-toxicity studies requires ciliated cells
membranes were embedded in fresh Epon. The Eponwith coordinated and reactive ciliary activity, CBF
was polymerised for 24 hina 5T oven. Ultrathinsec-  values in the physiological range (7—12 Hz), as well as
tions were cut (Ultramicrotome System 2128, LKB), preservation of these parameters for a relatively long
mounted on copper grids, stained with uranyl acetate in vitro period. Our preliminary results have shown
and lead citrate, and examined with a Philips (CM 10) a mean CBF value of 846 0.1 Hz (three individuals)
electron microscope. on day 12 at submerged G@cubator conditions and
8.3+ 0.7 Hz (five individuals) after 8-9 days in the
perfusion system (days 14-17 after plating) in human
nasal epithelial cells cultured on glutaraldehyde-
stabilized Vitrogen-coated polyethylene terephthalate
membranes. The main goal of this study was to explore
the conditions of a perfusion system for culturing hu-

2.7. Determination of the percentage of ciliated
cells

The percentage of ciliated cells was estimated in
some of the cell cultures by counting the number of the D . L2
ciliated and non-ciliated cells in 100 areas on the screen "N nasal epithelial cells suitable for long-term in vitro

ofthe photometry system (microscope magnification of ciliary beat frequency measurements and cilio-toxicity
600x). studies.

Because the time-related pattern of ciliary activity
_ o _ is more stable at 258C as compared to 33 and 3C
2.8. Data presentation and statistical analysis (Phillips et al., 199}) the CBF was determined at a

relatively constant room temperature of 24.0.8°C.
The results are expressed in hertz as me&D.

The interindividual variability represents the S.D. of 3.1. CBF with time in culture

the mean CBF of all individuals at the same time point

in culture; the intercellular variability represents the 3.1.1. CGQ incubator cultures

S.D. of the mean CBF obtained from each measure-  The CBF of submerged GOncubator cultures es-
ment; and the intracellular Variability represents the tablished from b|0psy material obtained from three
S.D. of the mean CBF determined in 10 consecutive patients was followed from day 2 to day 24. Stable
periods for each cellJorissen and Bessems, 1985a  ciliary activity was expressed and maintained in hu-
The data were statistically analysed by paired Student's man nasal epithelial cell cultures on Vitrogen-coated
t-test, one-way or repeated measures ANOVA followed p0|yethy|ene terephtha|ate membranes from day 2
by Bonferroni’'s multiple comparison tegt< 0.05 was (8.3+£0.35Hz) to day 24 (8.4 0.50Hz) after initi-
considered as significant. The statistical method used ation of the culturesiig. 2). No significant differences
in a given analysis is specified in the corresponding in the mean CBF values, interindividual, and intercel-
text, table or figure legend. lular variability have been observed as a function of



162

T 1T T T 1T T T 71
0 2 4 6 8 10 12 14 16 18 20 22 24

Day after plating

Fig. 2. CBF of human nasal epithelial cell cultures from three indi-
viduals as a function of time in culture. The cells were plated at a
density of 0.8—1x 10°/cn? on Vitrogen-coated polyethylene tereph-
thalate membranes, and cultured under submergeg iG&bator
conditions. The results are expressed in hertz as meéab. (in-
tercellular variability),n=10-14 cells, except day 4 in one of the
culturesn=6 (-@-).

culture time (repeated measures ANOVA, Bonferroni's
multiple comparison test).
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glutaraldehyde-stabilized Vitrogen, and cultured at
submerged C® incubator conditions suggests the
potential of this cell-support material for long-term
preservation of ciliary function in vitro.

3.1.2. Perfusion system cultures

The MinuCell perfusion culture system has been
successfully used for culturing epithelial cells with dif-
ferentorigin. The continuous slow-rate perfusion of the
cultures guarantees constant supply of nutrients, pre-
vents unphysiological accumulation of metabolic prod-
ucts, and mimics more closely the in vivo conditions
(Minuth et al., 2009. This perfusion system offers the
possibility for long-term cell culturing with reduced
culture handling, leading to lower risk of contamina-
tion. The system is semi-automated, and those assem-
bled under sterile conditions can run outside a,CO
incubator in a not sterile laboratory environment.

Human nasal epithelial cells originating from four
patients were cultured in the perfusion system for 7
and 14 days. The CBF was determined, and compared

The mean CBF determined in all measurements per- to this of the corresponding GGOncubator cultures

formed in this experiment was 8&31.1 Hz (1=412)
with a 95% confidence interval (Cl) from 8.2 t0 8.4 Hz,

(Table 7). No significant difference was observed in
CBF between days 7 (8:40.87) and 14 (8.8-0.38),

and ranged between 5.3 and 12 Hz. These data agreesuggesting stable ciliary activity under perfusion sys-

with the range of ciliary frequency reported for in
vitro conditions and determined at room temperature

tem conditions. Although the CBF in perfusion sys-
tem cultures was lower (significant at day 7 in perfu-

(Jorissen and Bessems, 1995a; Boek et al., 1999; Jorission system; days 15—16 after plating) compared to the

sen et al., 2000 The CBF observed on day 24 af-
ter initiation of the cultures was 840.5Hz, a value
which is close to the frequency determined in human
nasal epithelial cells cultured 3 weeks in suspension
(8.6 0.9 Hz) Jorissen and Bessems, 1985a

The interindividual variability (0.34:0.13 Hz),
was lower than that reported for biopsy material
(1.6 Hz), monolayer culture (1.6—3.8 Hz), and suspen-
sion culture (1.0 Hz) Jorissen and Bessems, 1995a
suggesting the high reproducibility and stability of
the cell culture system used. The intercellular and
intracellular variability for all measurements were
1.1+ 0.26 Hz =36)and 0.3 0.21 Hz 6=412), re-
spectively and were similar to the same functional cil-
iary parameters reported for biopsy material, mono-
layer and suspension culturelofissen and Bessems,
19953.

The stable ciliary activity (up to 24 days) in hu-
man nasal epithelial cells on polyethylene tereph-
thalate membranes (pore sizeu®), coated with

corresponding C®incubator cultures, the mean CBF
values and frequency range (6.8—-11.7 Hz) were similar
to these reported for suspension culturksigsen and
Bessems, 199%ar he interindividual, intercellular and
intracellular variability in the perfusion system cultures
were comparable to the same functional parameters in
the corresponding Cfincubator cultures. These re-
sults showed stable and reproducible ciliary activity in
human nasal epithelial cells, cultured at perfusion sys-
tem conditions.

In cultures of human nasal epithelial cells on un-
coated polyethylene terephthalate filters, 5% ciliated
cells on day 6 has been reportalgrner and Kissel,
1999, and disappearance of ciliated cells before day
21 has been observed in air-liquid interface cultures
on collagen type | coated microporous membranes and
CD-24 cellagen insertsAgu et al., 2001 Although
a decline of the number of ciliated cells may have oc-
curred as a function of culture time, a sufficient number
of ciliated cells for CBF measurement was present up
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Table 1

CBF, interindividual, intercellular and intracellular variability (Hz) of human nasal epithelial cells cultured atn€@bator and perfusion
system conditions

Culture conditions C@incubator Perfusion system

Days after plating 15-16 22-23 15-16 22-23
Days in perfusion system 7 14
Number of cultures 4 4 4 4

CBF 9.5+ 0.59 9.9+0.96 8.4+0.87 8.8+0.38
Interindividual variability 0.59 0.96 0.87 0.38
Intercellular variability 1.13:0.22 1.4+ 0.50 0.95+0.40 0.85+-0.35
Intracellular variability 0.23:0.10 0.23:0.13 0.28+0.05 0.23:0.13
Percentage of ciliated cells 144 13+2 13+2 12+3

The human nasal epithelial cells were plated at a density of «8f/cm? on polyethylene terephthalate membranes coated with
glutaraldehyde-stabilized Vitrogen, and cultured in submerged conditions in am€@@ator and/or a perfusion system. The results are presented
in hertz as meatt S.D.

* p<0.05 vs. corresponding time-point @@cubator value, paired Studentest.

to day 23 under C@incubator and perfusion system
conditions Table ). The mean percentage of ciliated
cells on days 22-23 after plating in the two-cell culture

and Proctor, 1983; Soane et al., 1999or these ex-
periments, CQ incubator cultures were used at days
13-14, and 7- and 14-days perfusion system cultures

systems tested was greater than 10%. No substantialon days 15-16 and 22—-23 after plating, respectively.

differences in the percentage of ciliated cells were ob-
served between perfusion system and,@@ubator

No significant differences in the mean control CBF
values were observed between 10-30 min of incubation

culture conditions, and between days 15-16 and 22—23with medium and 25-45 min after rinsing, suggesting

after plating, suggesting long-time preservation of cil-
iary cell differentiation.

An in vitro system of human nasal epithelial cells
suitable for cilio-toxicity studies requires the pres-
ence of ciliated cells with CBF values in the phys-
iological range, as well as reactive cilia. To assess
the CBF reactivity and the reliability of the cell
culture systems used for cilio-toxicity studies, the
effect of reference cilio-stimulatory (glycocholate)
and cilio-inhibitory (chlorocresol) compounds was
tested.

3.2. Reactivity of the ciliary function

Glycocholate and chlorocresol have been used
with success as reference cilio-stimulatory and cilio-
inhibitory compounds, respectively to validate the po-
tential of human nasal epithelial cell cultures for cilio-
toxicity studies Agu et al., 1999; Dimova et al., 20R3

The CBF was measured between 10 and 30 min af-

the stability of the ciliary activity during the experimen-
tal procedure in human nasal epithelial cells cultured
under CQ incubator and perfusion system conditions
(Fig. 3.

The absorption enhancer glycocholate (0.5%)
showed a reversible cilio-stimulatory effect after
10-30 min of exposure in the two cell culture systems
used. In submerged COincubator cultures, CBF
increased by 23%Hg. 3). A similar cilio-stimulatory
effect of 26 and 21% was observed in human nasal
epithelial cells cultured in a perfusion system for 7 and
14 days, respectively. These findings are in agreement
with previously reported results concerning the effect
of glycocholate on CBF of human nasal epithelial
cells in monolayer and suspension cultures obtained
with a Leitz MDV C2 photometry systenAQu et al.,
1999; Dimova et al., 2003

The lipophilic preservative chlorocresol (0.005%)
exerted a reversible cilio-inhibitory effect of 36, 40 and
36% in human nasal epithelial cells cultured at{0®

ter exposure to the model compounds and after rinsing cubator conditions, and perfusion system conditions for
and subsequent incubation (25—-45 min) with medium 7 and 14 days, respectivellfify. 3). A cilio-inhibitory
only. The selection of these time points was based on effect of chlorocresol between 30 and 70% has been
the nasal clearance half-life in humans, which has been shown in chicken and rat tracheal explants and human
determined to be in the range of 15-30 mim(lersen nasal epithelial cells in vitro and its degree of inhibition
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Fig. 3. Effect of 0.5% glycocholate (reference cilio-stimulatory compound) and 0.005% chlorocresol (reference cilio-inhibitory compound) on
CBF of human nasal epithelial cells after 10-30 min exposure and 25-45 min after rinsing. ¢Ah€®ator cultures on days 13-14 after
initiation. (B) Perfusion system cultures on day 7 (days 15-16 after plating). (C) Perfusion system cultures on day 14 (days 22-23 after plating).
The results are expressed as meza®\D. (interindividual variabilityn= 3—-4); each value represents the mean CBF of 5-11 &phs0.05 vs.
corresponding time-point contrdlp < 0.05 vs. corresponding 10—30 min; paired Studerést.

depends on the concentration(s) tested and the modelcells for long-term CBF studies has been shown for the
used Batts et al., 1990; Joki et al., 1996; Agu et al., first time. The system is characterised by high repro-
1999. The inhibitory effect observed in the cell cul- ducibility, stability, simplicity and reduced cell culture
ture systems used in this study was close to that de- handling.
scribed in suspension culture system (348@\( et al.,
1999. 3.3. Morphology of the cultures

The modulation of the ciliary activity by refer-
ence cilio-stimulatory and cilio-inhibitory compounds The morphology of the cultures was characterised
showed the reactivity of the cilia, and suggests the use- by transmission electron microscopy. No substantial
fulness of human nasal epithelial cells cultured under differences between the G@ncubator and perfusion
immersed CQ incubator and perfusion system con- system cultures, and between 15-16 and 22—-23 days
ditions for cilio-toxicity studies. The potential of per-  after plating have been observed. In the two-cell cul-
fusion system(s) for culturing human nasal epithelial ture systems the cells remain polarized and revealed
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Fig. 4. Electron micrograph of human nasal epithelial cells cultured Fig. 5. Electron micrograph of cross-sections of cilia of human nasal
on Vitrogen-coated polyethylene terephthalate membrane, cultured epithelial cells cultured on Vitrogen-coated polyethylene terephtha-
for 14 days under perfusion system conditions (day 22 after plating). late membrane, under perfusion system culture conditions for 7

Original magnification: 390R.

epithelial cell differentiation up to days 22-23 after
plating.
The vertical sections showed that the epithelial layer

was composed of one to three layers of cells. The up-

per cell layer consists of cuboidal to columnar cells,
with microvilli and/or numerous cilia with basal bod-
ies (Fig. 4). The cross-sections of the cilia revealed
normal ciliary structure, and one-directional orienta-
tion of the central microtubular singlets suggesting co-
ordinated ciliary activity Fig. 5). The underlying cells
were more flattened, with long plasma membrane ex-

days (day 15 after plating). Original magnification: 39800The
cross-sections of the cilia revealed normal ciliary structure, and one-
directional orientation of the central microtubular singlets, suggest-
ing coordinated ciliary activity.

culturing conditions, medium supplemented with
Ultroser G, cholera toxin and antibiotics only) is not
yet clear but some speculative suggestions can be
made. It has been shown that in monolayer cultures,
different factors affect the maintenance of ciliated
cell morphology: cell-support material, extracellular
matrix, high plating density, air-liquid interface,
medium and its supplement¥an Scott et al., 1986;

tensions, and lysosomal granules, which were more Davenport and Nettesheim, 1996

abundantin 22—-23 days-old cultures. Occasionally, sin-

gle fibroblasts could be seen in some of the sections,

but the presence of this cell type was not typical of the
cultures.

In summary, human nasal epithelial cells on
Vitrogen-coated polyethylene terephthalate mem-
branes maintained polarized epithelial cuboidal to
columnar apical layer morphology, with well-differe-
ntiated ciliated cells at C®©and perfusion system
culture conditions (up to days 22—-23 after plating; day
14 at perfusion system).

The reason for the maintenance of differentiated
epithelial morphology, with a sufficient percentage
of ciliated cells which allows easy selection during

In the culture system tested the polyethy-
lene terephthalate membranes were coated with
glutaraldehyde-stabilized Vitrogen (collagen type
), the cells were plated at relatively high density
(0.8-1x 10°cells/cn?), and Ultroser G was used
instead of serum. It has been established that cells
grown on permeable supports show better preservation
of morphology and function than cells grown on a
plastic support{an Scott et al., 1986 Collagen type
| has shown the most promising results concerning the
maintenance of ciliary cell differentiation in airway ep-
ithelial cell culturesPavenport and Nettesheim, 1996;
Agu et al., 200}, which could be related to the fact
that the collagen fibers represent the main component

CBF-measurements and with stable and reactive CBF of the respiratory basement membraiyg@ind and

in relatively simple cell culture systems (submerged

Dahl, 1998. It has been found that the collagen gels
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increase attachment efficiency, cuboidal morphology, tential for long-term investigations of ciliary function
and are critical for ciliated cell differentiation of airway in vitro.

epithelial cells in vitro Yan Scott et al., 1988; Daven-

port and Nettesheim, 1996; Schmidt et al., 1996; Agu

etal., 200}. Glutaraldehyde cross-linking of collagen  Acknowledgement

and collagen-coated biomaterials has often been used

to reduce the in vivo resorption rate and to improve the  This work was financed by J&J Innovation Fund.
mechanical properties of the materials, as well as to
stabilize collagen gels and films used as a cell-support
material for cell cultures in vitroung et al., 1997;
Wissink, 1999. The mechanism consists in introduc-
ing cross-links between twe-amino groups of lysine  agu, R.U., Jorissen, M., Willems, T., Van den Mooter, G., Kinget,
and/or hydroxylysine residues. It has been shown that  R., Augustijns, P., 1999. Effects of pharmaceutical compounds
residual glutaraldehyde in the gels completely inhibits ~ on ciliary beating in human nasal epithelial cells: a compar-
in vitro fibroblast proliferation at concentrations as low ~ ative study of cell culture models. Pharm. Res. 16, 1380~

L . 1385.
as 3ppm Speer etal, 1980 which may contribute Agu, R.U., Jorissen, M., Willems, T., Van den Mooter, G., Kinget,

to obtaining purer cultures of epithelial cells. The R., Verbeke, N., Augustijns, P., 2000. Safety assessment of se-
synthetic serum substitute, Ultroser G has been used lected cyclodextrins—effect on ciliary activity using a human cell
as medium supplement for human nasal epithelial cells  suspension culture model exhibiting in vitro ciliogenesis. Int. J.
in both immersion and air-liquid interface systems _ Pharm. 193, 219-226. ) _

. . Agu, R.U., Jorissen, M., Willems, T., Augustijns, P., Kinget, R., Ver-
(Yamaya et al., 1992; Jorissen and Bessems, 1995a, beke, N., 2001. In-vitro nasal drug delivery studies: comparison
1995b; Hoefnagels-Schuermans et al., 1999; Agu  of derivatised, fibrillar and polymerised collagen matrix-based
et al.,, 2001, 200 Human tracheal epithelial cells human nasal primary culture systems for nasal drug delivery
grown in Ultroser G-supplemented medium have  studies.J. Pharm. Phaf_flracol- 53, 1447-1456.

; il ; ; ; Agu, R.U., Jorissen, M., Willems, T., De Witte, P., Kinget, R., Ver-
hlgher prOba}bI“ty Of becommg eIeCtrlca”.y tlght than beke, N., 2002. Derivatized and fibrillar collagen films as scaffold
C_e”S grown in medium supplemented with serum or for nasal epithelial cells to study nasal drug absorption in vitro.
different growth factorsYamaya et al., 1992 It has STP Pharm. Sci. 12, 81-87.
been shown that the supplementation of the culture Andersen, I., Proctor, D.F., 1983. Measurement of nasal mucociliary
medium with cholera toxin improves cell growth and clearance. Eur. J. Respir. Dis. 127, 37-40.
inhibits the differentiation-inducing activity of serum  Bats, A.H., Marriott, C., Martin, G.P., Wood, C.F., Bond, S.W., 1990.

. The effect of some preservatives used in nasal preparations on
(L_eCh_ner etal., 1984; Wu _et al., 1%5-he f_rEquent the mucus and ciliary components of mucociliary clearance. J.
(six times a week) changing of the medium at the Pharm. Pharmacol. 42, 145-151.
apical compartment, performed in the g@cubator Boek, W.M., Romeijn, S.G., Graamans, K., Verhoef, J.C., Merkus,
cultures, and the perfusion system conditions, ensure ~ F-W., Huizing, E.H., 1999. Validation of animal experiments
removal of the metabolic products and supply with on ciliary function i_n vitro. 1l Th_e inﬂgencg of absorption en-
fresh nutrients required for proper cell function. The hancers, preservatives and physiologic saline. Acta Otolaryngol.

' ) ) 119, 98-101.

replacement of the medium could also mechanically payenport, E.A., Nettesheim, P., 1996. Regulation of mucociliary
stimulate the cilia. All these factors cannot be ignored differentiation of rat tracheal epithelial cells by type | collagen
as possible contributors for the maintenance of stable  gel substratum. Am. J. Respir. Cell. Mol. Biol. 14, 19-26.
ciliary activity in the cell culture systems tested. Dimova, S., Mugabowindekwe, R., Willems, T., Brewster, M.E.,

In nclusion lturing human n | ithelial Noppe, M., Ludwig, A., Jorissen, M., Augustijns, P., 2003.
conclusion, culturing huma asal epithelia Safety-assessment of 3-methoxyquercetin as an antirhinoviral

cells on Vitrogen-coated polyethylene terephthalate  compound for nasal application: effect on ciliary beat frequency.
membranes (pore sizgsi3n), at submerged conditions Int. J. Pharm. 263, 95-103.
in a CQ incubator and a perfusion system offers the Framme, C.,Kobuch, K., Eckert, E., Monzer, J., Roider, J., 2002. RPE
possibility for Iong—term preservation (up to 23-24 in pgrfgsion tissue culture and its_response to laser application.
d f stabl d ti ili tivity i it Preliminary report. Ophthalmologica 216, 320-328.

ays) 0 S able and reactive ciliary aclivity in vitro. Gruenert, D.C., Finkbeiner, W.E., Widdicombe, J.H., 1995. Culture
The possible advantages of the cell culture systems  angtransformation of human airway epithelial cells. Am. J. Phys-

used include its simplicity, reproducibility, and po- iol. 268, L347-L360.
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