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Abstract
The ciliated epithelium of the respiratory airways is one of the first vital systemic surfaces in contact
with the ambient air. Ex vivo nasal epithelial ciliary beat frequency (CBF) at room temperature is on
the order of 7–8 Hz but may be stimulated by irritant exposure. The upregulation of CBF in response
to acute irritant exposure is generally considered to be a transient event with eventual return to
baseline. However, studies of CBF dynamics in response to typical lifestyle exposures are limited.
This study assessed nasal epithelial CBF among human subjects as a function of quantifiable lifestyle
tobacco smoke exposure. Nasal epithelial biopsies were obtained from human subjects with well
documented histories of tobacco smoke exposure. CBF was determined using a digital photometric
technique and concurrent assays of nasal nitric oxide and urine cotinine and creatinine were
performed. Mean CBF among active smokers and non-smokers exposed to environmental tobacco
smoke (ETS) was elevated over non-smokers. Although there were dramatic differences in relative
levels of tobacco smoke exposure, CBF values among tobacco smoke-exposed groups were
comparable. Parallel in vitro studies of cultured nasal epithelium exposed to cigarette smoke
condensate further supported these observations. These studies suggest that persistent elevation in
nasal epithelial CBF is an early, subtle, physiologic effect associated with lifestyle tobacco smoke
exposure. The molecular mechanisms that upregulate CBF may also create a cell molecular milieu
capable of provoking the eventual emergence of more overt adverse health effects and the
pathogenesis of chronic airway disease.

Introduction
Ciliated cells lining the conducting airways are integral elements of mucociliary clearance that
serve to transport secretions and potentially injurious inspired materials out of the airways.
Ciliary activity is hypothesized to respond to acute challenge by transiently upregulating ciliary
beat frequency (CBF) through several mechanisms (1–3). Although critical elements of this
primary respiratory defense mechanism, ciliated cells are themselves highly vulnerable to
structure/function changes imposed by infectious agents (4) and their products (5), irritants
(6,7), and inflammatory processes (8). Persistent challenges resulting in injury and death of
ciliated cells may lead to remodeling of the epithelial layer with the remodeled layer exhibiting
a reduced complement of ciliated cells accompanied by an increase in secretory cells, excessive
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mucus secretion (9), and diversion of optimal mucociliary function in ways that may lead to
or exacerbate a variety of disease processes including asthma, chronic obstructive pulmonary
disease, chronic bronchitis, and neoplasia (10).

The ability of the epithelial lining of the respiratory airways to respond to acute challenge from
potentially injurious inhaled agents by upregulating ciliary beat frequency and secretory
processes to protect and clear the airways is well documented. The transition of healthy airway
epithelium to an inflamed, hyperplastic, dysfunctional epithelial layer and the emergence of
disease processes due to chronic exposure to irritants such as tobacco smoke also are well
documented. However, subtle physiologic changes in ciliated cell function in response to
persistent irritant challenges that may portend later more overt adverse health effects have not
been critically examined particularly as they relate to lifestyle exposures. In the present study,
we assessed CBF in nasal epithelial biopsies obtained from human subjects reporting a broad
spectrum of lifestyle tobacco smoke exposures ranging from active smokers to individuals
exposed to environmental tobacco smoke (ETS) in occupational and/or domestic
environments. Beat frequency dynamics in these studies were compared to responses of well
differentiated cultured human nasal epithelium from non-smoking subjects to in vitro cigarette
smoke condensate (CSC) exposure.

Methods
Human subjects

This study was reviewed and approved by The University of North Carolina at Chapel Hill
Office of Human Research Ethics (IRB). A total of 61 subjects with a broad range of smoking
histories were recruited. All the subjects, regardless of smoking history, reported subjectively
that their overall health was good. There were neither asthmatics nor participants with other
previously diagnosed chronic respiratory diseases. Participants self-reported their status as
belonging to one of three groups: 1) non-smoking (NS), 2) smoking (S), or 3) non-smoking
but domestically or occupationally exposed to environmental tobacco smoke (NS/ETS).
Individuals identifying themselves as smokers subjectively reported recent cigarette use as no
more than 2 packs of cigarettes per day. There were 21 non-smokers, 27 smokers, and 13 ETS-
exposed individuals in the study groups. There were 29 males and 32 females and race
distribution was consistent with population demographics of central North Carolina. The
median age was 26 years for non-smokers, 35 years for smokers, and 26 years for ETS-exposed
subjects.

Nasal biopsy and determination of ciliary beat frequency
A non-invasive nasal biopsy to retrieve ciliated epithelium lining the inferior surface of the
inferior nasal turbinates was performed on each subject for the determination of CBF. All
subjects were sampled at random times during a typical work day. No efforts were made to
specifically target epithelial sampling proximal to times when smoking subjects had recently
smoked or times when NS/ETS subjects had encountered lifestyle ETS exposures. Nasal
biopsies were obtained without anesthesia using a sterile, plastic nasal curette (Rhino-probe,
Arlington Scientific, Arlington, TX). Immediately upon acquisition, small fragments of the
mucosa were transferred to a microscope slide and cover slipped. Each specimen was viewed
at room temperature (25C) under a Nikon Diaphot inverted microscope equipped with a 40x
phase contrast objective. For determination of ciliary beat frequency (CBF), the microscope
was interfaced to a high speed digital camera (Basler AG, Ahrensburg, Germany) and a
computer running software designed for making CBF measurements (11) (Ammons
Engineering, Mt. Morris, MI). Mean point CBF was determined at 50 points for each specimen
by assessing five random points in each of ten random microscopic fields.
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Cotinine assays
Each study subject provided a urine specimen coordinate with the time of the nasal biopsy to
obtain a quantitative measure of tobacco smoke exposure. Cotinine analyses were performed
using a commercially available ELISA test (Bio-Quant, San Diego, CA).

Statistical analyses
The observed data structure yielded 50 CBF point observations per individual. To optimize the
information provided by the repeated CBF point data a mixed model approach to detect
differences in CBF among the test groups was used. A mixed linear regression model with an
individual-specific random intercept modeled the effect of smoking status as well as adjusting
for the subject’s age, race, and gender. The random intercept allowed adjustment for the
potential correlation of the repeated measurements among individuals. All analyses were
carried out using SAS version 9.1 (SAS Institute Inc., Cary, NC). We applied the mixed model
approach to both the full data set, where the three smoking status groups were compared
simultaneously and to the subsets (NS vs. NS/ETS-exposed and NS vs. S), respectively. The
main conclusions from the full data set analysis agreed with those from the subset analysis.

In vitro study of cultured ciliated nasal epithelium exposed to cigarette smoke condensate
(CSC)

Nasal biopsies from five non-smoking subjects were used to establish air-liquid interface (ALI)
epithelial cultures for a comparative in vitro assessment of ciliary function in response to
exposure to cigarette smoke condensate. The biopsies were initially expanded mitotically using
conventional tissue culture techniques and subsequently seeded onto Vitrogen coated
transwells for establishment of ALI cultures. Well differentiated cultures appeared in
approximately one month and these were subjected to 250 μl of vehicle or CSC in
concentrations of 1, 10, and 100 μg/ml (12). CBF was determined at 5 points in each of 10
random fields. Cells from one subject were incubated in the presence of DAF-FM diacetate
(4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate)(Invitrogen, Eugene, OR), a
fluorescent marker of nitric oxide production, with exposure to 100 μg/ml CSC or vehicle and
examined after one hour by episcopic fluorescence microscopy for enhanced fluorescence.

Results
Comparative CBF characteristics of epithelial biopsies from non-smoking and smoke-
exposed subjects

Baseline mean CBF in nasal biopsies from well documented non-smokers at room temperature
(25C) was 7.28±0.32 Hz. This contrasts with an increase in mean CBF to 7.99±0.35 Hz among
NS/ETS subjects, and 8.17±0.44 Hz among light smokers, and 8.54±0.48 among heavy
smokers respectively. The mean CBF among subjects exposed to tobacco smoke by any route
was 10–17% greater than for non-smokers. Although the median cotinine level of the NS/ETS
group was only slightly above that of non-smokers, mean CBF among subjects in this group
was notably higher than that observed in well documented non-smokers. The pattern of
increasing CBF associated with increasing smoke exposure persisted across assessments of
minimum, median, and maximum CBF as well (Table 1). These observations illustrate the
transition of CBF characteristics among NS/ETS individuals toward frequencies more
characteristic of smokers. They also suggest that non-smokers experiencing lifestyle exposures
to ETS may exhibit persisting increases in CBF with relatively low levels of exposure. Figure
1 depicts the relationship between mean CBF per individual and the log10 ([cotinine]/
[creatinine]). The line in the graph is the fitted regression line using the mixed model approach
with the fitted slope=0.016, SE=0.07, p=0.027. This plot not only illustrates the increased CBF
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of tobacco smoke-exposed subjects but also the clear demarcation of CBF characteristics of
non-smokers and smoke-exposed individuals regardless of the means of exposure.

Using the mixed model approach with adjustment for subject age, race, and gender the full
data set analysis, and using non-smokers as the reference group, the mean CBF in the NS/ETS
and the smoker groups was significantly higher than the non-smoker group, with p=0.057 and
p=0.033 respectively. The estimated coefficients and their estimated standard errors for the
NS/ETS and the smoker groups are 1.04 Hz (SE=0.54) and 1.01 Hz (SE=0.47), respectively.
The baseline mean CBF of non-smokers is estimated at 7.56 Hz (SE=0.74). There was no
detectable difference in CBF between the NS/ETS and smoker groups. These results were
validated by a subset analysis using the same mixed model approach comparing the non-smoker
group vs. the NS/ETS and non-smoker (NS) group vs. the smoker (S) group respectively. It is
clear that both the NS/ETS and smoker (S) groups have elevated CBF compared with the NS
group. In fact, the data suggest that the NS/ETS group does not represent an intermediate group
between non-smokers and smokers, but rather exhibit CBF characteristics that are more
consistent with those of smokers.

Relative levels of tobacco smoke exposure based on urine cotinine levels
Cotinine assays of non-smokers documented low background levels of tobacco smoke
exposure. However assays of smokers demonstrated great variability suggesting that, despite
histories of no more than 2 pack/day, tobacco use among smokers ranged from casual,
intermittent use to heavy regular use. We therefore divided smokers into light smokers and
heavy smokers based on the median cotinine level of all smokers as a dividing line separating
these two sub-groups. The CBF characteristics and the [cotinine]/[creatinine] ratios of the four
sub-groups are presented in Table 1.

Nasal nitric oxide (nNO) determinations as a function of tobacco smoke exposure status
Nasal nitric oxide determinations performed immediately prior to nasal biopsy showed no
significant differences in nNO concentration between non-smoking and tobacco smoke-
exposed subject groups (Table 1). However, it is noteworthy that among the tobacco-smoke
exposed groups that the highest levels of mean nNO were observed among heavy smokers.
Also, nNO concentrations exhibited greater variability among subjects in all the tobacco
smoke-exposed groups than in the non-smoker group.

Correlative in vitro studies of CBF dynamics in cultured airway epithelium exposed to
cigarette smoke condensate

Well differentiated air-liquid interface epithelial cultures derived from biopsies of well
documented non-smokers exposed to 1 and 10 μg/ml of CSC did not show a significant increase
in CBF relative to assessments of control cells. In contrast, exposure of well differentiated cells
to 100 μg/ml CSC produced a significant increase in CBF from 10.61 Hz in controls to 12.03
Hz immediately upon application of CSC to the culture surface. Interestingly, this increase of
approximately 13% in CBF was comparable to the increase in CBF seen in fresh biopsies from
tobacco smoke-exposed subjects. Control cells incubated in the presence of DAF-FM diacetate
exhibited only low background green fluorescence whereas cells exposed to 100 μg/ml CSC
fluoresced brightly reflective of the generation of nitric oxide in response to CSC exposure.

Discussion
Previous human and animal experimental studies have reported varying effects of tobacco
smoke exposure on mucosal ciliary activity (13–16). Several factors explain these differences
including: a) variability in chemical composition and delivery of tobacco smoke, b) severity
of exposure or smoking history, c) differences in airway anatomy among species, and d)
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methods for quantifying exposure. Our assessment of normal baseline CBF among human
subjects is consistent with other reports in the literature. These translational investigations
sought to determine whether differences in CBF of human nasal epithelium sampled under
lifestyle conditions correlated to quantifiable tobacco smoke exposure. Sampling was not
targeted to specific smoking or smoke exposure events thus capturing a broad perspective of
CBF associated with lifestyle exposures. We have documented a subtle but statistically
significant increase in the mean CBF of smokers and non-smokers exposed to ETS relative to
non-smokers and a marked difference in the maximum CBF in tobacco smoke-exposed
populations relative to the smoke-free population. Moreover, although the NS/ETS population
exhibited levels of urine cotinine that were significantly less than smokers and only slightly
higher than non-smokers, increases in CBF in this group were comparable to those of heavy
smokers.

Mucociliary clearance efficiently limits and clears irritant gases and particulates from the
respiratory airways. The mucociliary transport rate is a function of the viscoelastic properties
of mucus and CBF. Numerous studies of chronic smokers have reported decreased bronchial
and nasal mucociliary clearance when compared to healthy individuals (17). This likely is due
to inflammation of the airways, increased production of mucus particularly of more viscous
mucins, and decreased CBF possibly coupled with morphologic changes of ciliated cells and
cilia. Our study cohort of active smokers was asymptomatic for respiratory symptoms, reported
that their overall health was good, and none had been diagnosed with a chronic respiratory
disease. Smokers who have not yet developed respiratory symptoms have been reported to
produce more watery mucus and an increase in mucociliary clearance (18). Most likely the
increase in clearance was due to increased CBF. Similarly, a study of exposure of healthy
individuals to ETS or sidestream (SS) smoke showed an increase in nasal mucociliary clearance
and implicitly increased CBF in most of the subjects (19). This contention is further supported
by animal studies. High concentrations of many common irritants are typically thought to be
ciliotoxic. Indeed, previous in vitro studies in this laboratory (unpublished data) have
demonstrated a dramatic suppression of CBF by high concentrations of cigarette smoke
condensate which is rapidly reversible by washing the cultured cells with fresh medium.
However, doses more consistent with exposure levels that might be typically encountered in a
smoking environment promote the protective acceleration of CBF. Mucociliary clearance in
the rabbit maxillary sinus was accelerated by cigarette smoke exposure (20,21), the increased
clearance involving both stimulation of sensory C-fibres and ganglion nicotinic receptors by
nicotine, since nicotine-free cigarettes did not affect mucociliary activity. Although changes
in physico-chemical properties of mucus may influence CBF, the observed acceleration of
clearance in these animals must be due to increased CBF via neural mechanisms. The
autonomic control of CBF has been well documented. Stimulation of nicotinic receptors of C-
fibres by capsaicin (22) or other agonists (23) also is known to increase tracheal and nasal CBF.
Since sampling was not targeted to times proximal to exposure in the present study, these data
point to a persistent upregulation of CBF in populations exposed to tobacco smoke whether
through active or passive exposure.

While the coordinated interaction of secretion and ciliary activity are obvious, other
constitutive and signaling functions optimize mucociliary activity during episodic irritant
challenge. There is considerable evidence for the influence of nitric oxide (NO) as a signaling
molecule in the upregulation of epithelial CBF (24). This upregulation is protective and
typically thought to return to baseline upon cessation of an irritant challenge. Consistent with
the findings of the present study, Wyatt et al. (25) have shown that experimental exposure of
bovine ciliated cells to hog barn dust increases baseline CBF through a nitric oxide mediated
pathway. In the present study, we also demonstrate the generation of nitric oxide and a
concomitant increase in CBF in epithelial cells cultured from non-smokers exposed to acutely
to CSC in vitro. Many chemical components in the tobacco smoke milieu may activate nitric
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oxide synthases leading to the generation of nitric oxide and the persistence of CBF
acceleration. Although baseline CBF does not appear to be modulated by NO, a variety of
agents (1,26–29) have been shown to upregulate ciliary beat frequency through a nitric oxide-
cyclic guanosine monophosphate pathway (30). Indeed, endothelial NOS (NOSIII) localizes
proximal to ciliary basal bodies (31). Increases in the intracellular calcium flux also have been
posed as a mechanism for the upregulation of ciliary beat frequency (3,32) and calcium
transients generated by mechanical forces on the epithelium may play into the regulation of
ciliary activity through the NO pathway as well (33).

Although upregulation of CBF through a nitric oxide pathway is a plausible mechanism for
the results observed in this study, mean nNO concentrations were not significantly different
between non-smoking and tobacco smoke-exposed subjects. However, variation in nNO
between non-smokers and all smokers or heavy smokers was significant. This observation is
likely a reflection of variability in individual smoking habits as well as the interval of time
between recent tobacco smoke exposure events, the timing of nNO assays, and the mechanisms
whereby nitric oxide is generated and metabolized. While one might hypothesize that irritant
based increases in inflammation might lead to increased nNO, other studies (34) report a
reduction in production and concentration of NO in the conducting airways. This decline may
be associated with oxidant injury from the chemical milieu contained in tobacco smoke.
Moreover, the persistent upregulation of CBF through an NO pathway may create a rich
background for nitration of critical proteins with potentially pathogenic consequences (35).
These studies document the immediate physiologic response of the airway epithelium to
upregulate CBF upon exposure to tobacco smoke but more importantly suggest that that
protracted exposures promote the persistence of this upregulation. In view of the pro-
inflammatory nature of nitric oxide in mediating this event, this persistence may be contributory
to the emergence of adverse health effects in the longer term. For example, 3-nitrotyrosine
(NO2Tyr) deriving from NO production may promote post-translational modification of alpha-
tubulin and thereby alter epithelial microtubules and their attendant functions. Previous studies
from this laboratory (36) have shown co-localization of NO2Tyr with epithelial microtubules
and the consequent inhibition of intracellular signaling during experimental infection by
respiratory syncytial virus.

In summary, these studies suggest that persistent upregulation of CBF represents one of the
earliest detectable direct physiologic effects associated with tobacco smoke exposure. While
upregulation of CBF in the presence of an irritant is a protective, transient event, extended
exposures driven by proinflammatory mechanisms and promoting persistent upregulation of
CBF may facilitate the development of a cell molecular milieu predisposed to the emergence
of adverse health effects and chronic respiratory disease.

Acknowledgments
This study was supported by a Clinical Innovator Award to JLC from the Flight Attendant Medical Research Institute
and the United States Environmental Protection Agency. Although the research described in this article has been
funded wholly or in part by the United States Environmental Protection Agency through cooperative agreement
CR83346301 with the Center for Environmental Medicine, Asthma and Lung Biology at the University of North
Carolina at Chapel Hill, it has not been subjected to the Agency’s required peer and policy review, and therefore does
not necessarily reflect the views of the Agency and no official endorsement should be inferred. Mention of trade names
or commercial products does not constitute endorsement or recommendation for use. The authors thank Sally Ivins
for assistance with subject recruitment and interviews.

References
1. Jain B, Rubinstein I, Robbins RA, Leise KL, Sisson JH. Modulation of airway epithelial cell ciliary

beat frequency by nitric oxide. Biochem Biophys Res Commun 1993;191:83–88. [PubMed: 7680560]

Zhou et al. Page 6

Inhal Toxicol. Author manuscript; available in PMC 2009 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Li D, Shirakami G, Zhan X, Johns RA. Regulation of ciliary beat frequency by the nitric oxide-cyclic
guanosine monophosphate signaling pathway in rat airway epithelial cells. Am J Respir Cell Mol Biol
2000;23:175–181. [PubMed: 10919983]

3. Sanderson MJ, Dirksen ER. Mechanosensitive and beta-adrenergic control of the ciliary beat frequency
of mammalian respiratory tract cells in culture. Am Rev Respir Dis 1989;139:432–440. [PubMed:
2536528]

4. Piazza FM, Carson JL, Hu SC, Leigh MW. Attachment of influenza A virus to ferret tracheal epithelium
at different maturational stages. Am J Respir Cell Mol Biol 1991;4:82–87. [PubMed: 1986780]

5. Min YG, Oh SJ, Won TB, Kim YM, Shim WS, Rhee CS, Min JY, Dhong HJ. Effects of staphylococcal
enterotoxin on ciliary activity and histology of the sinus mucosa. Acta Otolaryngol 2006;126:941–
947. [PubMed: 16864491]

6. Riechelmann H, Maurer J, Kienast K, Hafner B, Mann WJ. Respiratory epithelium exposed to sulfur
dioxide-functional and ultrastructural alterations. Laryngoscope 1995;105:295–299. [PubMed:
7877419]

7. Carson JL, Collier AM, Hu SS. The appearance of compound cilia in the nasal mucosa of normal
human subjects in response to acute, low level sulfur dioxide exposure. Environ Res 1987;42:155–
165. [PubMed: 3803334]

8. Elliott MK, Sisson JH, Wyatt TA. Effects of cigarette smoke and alcohol on ciliated tracheal epithelium
and inflammatory cell recruitment. Am J Respir Cell Molec Biol 2007;36:452–459. [PubMed:
17079783]

9. Maestrelli P, Saetta M, Mapp CE, Fabbri LM. Remodeling in response to infection and injury. Airway
inflammation and hypersecretion of mucus in smoking subjects with chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2001;164:s76–s80. [PubMed: 11734472]

10. Elliott MK, Sisson JH, West WW, Wyatt TA. Differential in vivo effects of whole cigarette smoke
exposure versus cigarette smoke extract on mouse ciliated tracheal epithelium. Exp Lung Res
2006;32:99–118. [PubMed: 16754475]

11. Sisson JH, Stoner JA, Ammons BA, Wyatt TA. All-digital image capture and whole-field analysis
of ciliary beat frequency. J Microsc 2003;211:103–111. [PubMed: 12887704]

12. van Leeuwen DM, Gottschalk RWH, van Herwijnen MH, Moonen EJ, Kleinjans JCS, van Delft JHM.
Differential gene expression in human peripheral blood mononuclear cells induced by cigarette
smoke and its constituents. Tox Sci 2005;86:200–210.

13. Stanley PJ, Wilson R, Greenstone MA, MacWilliam L, Cole PJ. Effect of cigarette smoking on nasal
mucociliary clearance and ciliary beat frequency. Thorax 1986;41:519–523. [PubMed: 3787531]

14. Agius AM, Smallman LA, Pahor AL. Age, smoking and nasal ciliary beat frequency. Clin Otolaryngol
Allied Sci 1998;23:227–230. [PubMed: 9669071]

15. Top EAV, Wyatt TA, Gentry-Nielsen MJ. Smoke exposure exacerbates an ethanol-induced defect in
mucociliary clearance of Streptococcus pneumoniae. Alcohol Clin Exp Res 2005;29:882–887.
[PubMed: 15897734]

16. Singh I, Mehta M, Singh J, Yadav J. Nasal mucus clearance in chronic smokers. Indian J Chest Dis
Allied Sci 1994;36:133–136. [PubMed: 7737700]

17. Agius AM, Smallman LA, Pahor AL. Age, smoking, and ciliary beat frequency. Clin Otolaryngol
Allied Sci 1998;23:227–230. [PubMed: 9669071]

18. Rubin BK, Ramirez O, Zayas JG, Finegan B, King M. Respiratory mucus from asymptomatic smokers
is better hydrated and more easily cleared by mucociliary action. Am Rev Respir Dis 1992;145:545–
547. [PubMed: 1546833]

19. Bascom R, Kesavanathan J, Fitzgerald TK, Cheng KH, Swift DL. Sidestream tobacco smoke exposure
acutely alters human nasal mucociliary clearance. Environ Health Perspect 1995;103:1026–1030.
[PubMed: 8605851]

20. Hybbinette JC. A pharmacological evaluation of the short-term effect of cigarette smoke on
mucociliary activity. Acta Otolaryngol 1982;94:351–359. [PubMed: 7148448]

21. Lindberg S. Reflex-induced acceleration of mucociliary activity in rabbit after exposure to cigarette
smoke. Bull Eur Physiopathol Respir 1986;22:273–279. [PubMed: 2425872]

22. Wong LB, Miller IF, Yeates DB. Stimulation of tracheal ciliary beat frequency by capsaicin. J Appl
Physiol 1990;68:2574–2580. [PubMed: 1974550]

Zhou et al. Page 7

Inhal Toxicol. Author manuscript; available in PMC 2009 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



23. Lindberg S, Dolata J. Nk1 receptors mediate the increase in mucociliary activity produced by
tachykinins. Eur J Pharmacol 1993;231:375–380. [PubMed: 8383600]

24. Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology, pathophysiology, and pharmacology.
Pharmacol Rev 1991;43:109–142. [PubMed: 1852778]

25. Wyatt TA, Sisson JH, von Essen SG, Poole JA, Romberger DJ. Exposure to hog barn dust alters
airway epithelial ciliary beating. Eur Respir J 2008;31:1249–1255. [PubMed: 18216064]

26. Lindberg S, Mercke U. Capsaicin stimulates mucociliary activity by releasing substance P and
acetylcholine. Eur J Respir Dis 1986;68:96–106. [PubMed: 2422049]

27. Jain B, Rubinstein I, Robbins RA, Sisson JH. TNF-alpha and IL1-beta upregulate nitric oxide-
dependent ciliary motility in bovine airway epithelium. Am J Physiol 1995;268:L911–L917.
[PubMed: 7541949]

28. Tamaoki J, Chiyotani A, Kondo M, Konno K. Role of NO generation in β-adrenoreceptor-mediated
stimulation of rabbit airway ciliary motility. Am J Physiol 1995;268:C1342–1347. [PubMed:
7611351]

29. Yang B, Schlosser RJ, McCaffrey TV. Signal transduction pathways in modulation of ciliary beat
frequency by methacholine. Ann Otol Rhinol Laryngol 1997;106:230–236. [PubMed: 9078936]

30. Li D, Shirakami G, Zhan X, Johns RA. Regulation of ciliary beat frequency by the nitric oxide-cyclic
guanosine monophosphate signaling pathway in rat airway epithelial cells. Am J Respir Cell Mol
Biol 2000;23:175–181. [PubMed: 10919983]

31. Stout SL, Wyatt TA, Adams JJ, Sisson JH. Nitric oxide-dependent cilia regulatory enzyme
localization in bovine bronchial epithelial cells. J Histochem Cytochem 2007;55:433–442. [PubMed:
17242464]

32. Sanderson MJ, Dirksen ER. Mechanosensitive and beta-adrenergic control of the ciliary beat
frequency of mammalian respiratory tract cells in culture. Am Rev Respir Dis 1989;139:432–440.
[PubMed: 2536528]

33. Dirksen ER, Sanderson MJ. Regulation of ciliary activity in the mammalian respiratory tract.
Biorheology 1990;27:533–545. [PubMed: 2261519]

34. Uzlaner N, Priel Z. Interplay between the NO pathway and elevated [Ca2+]i enhances ciliary activity
in rabbit trachea. J Physiol 1999;516:179–190. [PubMed: 10066932]

35. Pietropaoli AP, Perillo IB, Perkins PT, Frasier LM, Speers DM. Smokers have reduced nitric oxide
production by conducting airways but normal levels in the alveoli. Inhal Toxicol 2007;19:533–541.
[PubMed: 17497531]

36. Van der Vliet A, Eiserich JP, Cross CE. Nitric oxide: A pro-inflammatory mediator in lung disease?
Resp Res 2000;1:67–72.

37. Huang YC, Brighton LE, Carson JL, Becker S, Soukup JM. 3-nitrotyrosine attenuates respiratory
syncytial virus infection in human bronchial epithelial cell line. Am J Physiol Lung Cell Mol Physiol
2005;288:L988–996. [PubMed: 15653711]

Zhou et al. Page 8

Inhal Toxicol. Author manuscript; available in PMC 2009 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Scatter plot and regression line of nasal epithelial CBF as a function of cotinine:creatinine ratio
among non-smokers, non-smokers exposed to ETS, and active smokers. CBF values are
presented as the mean of fifty CBF determinations for each subject.
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Figure 2.
Comparative fluorescence images of air-liquid interface cultures of nasal epithelium from non-
smoking human subjects incubated in the presence of DAF-FM diacetate with and without
exposure to 100 μg/ml CSC. Left panels are phase contrast images of cultures showing ciliary
beds (arrows). Right panels illustrate increased intensity of fluorescence reflective of
generation of nitric oxide in CSC-exposed cells relative to low background fluorescence in
control cells.
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