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CHAPTER 1
INTRODUCTION - OBJECTIVES

An effective ciliary beat is the driving force behind mucociliary transport in
the respiratory tract. This transport system presents an important defense
mechanism. Whenever the system is defective, recurrent infections may
occur. The chronic rhinosinusitis in Kartagener’s syndrome is an illustration
of the consequences of inadequate nasal mucociliary function. In the
literature there is still no consensus about the importance of several
contributing factors in the nasal mucociliary transport system, such as the
ciliary activity and the rheological properties of the mucus.

OBJECTIVES OF THIS STUDY
The objectives of this study were the following:
1. To investigate whether, apart from ciliary beat frequency (CBF), other
information can be derived from the photoelectrical signal by expanding
the technique to a computer and whether in this way new parameters of
ciliary functioning of human nasal mucosa can be found.
2. To study whether biopsies taken by the curette method or by the
forceps method are superior for studying nasal ciliary beat in vitro.
3. To evaluate and compare with the available data from the literature the
influence on ciliary beat function of various aspects of the medium in
which the biopsy under investigation is suspended, in particular its
1) temperature 2), pH, 3) osmolarity and 4) the superfusion rate.
4. To investigate a possible relation between CBF and the nasal cycle.
5. To study the influence of sympathetic and parasympathetic substances in
clinical concentrations on ciliary function parameters.
6. To study the effects of the topical anesthetics cocaine and lidocaine in
clinical concentrations.
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CHAPTER 2
NASAL CILIARY BEAT;
PHYSIOLOGY, PATHOPHYSIOLOGY AND
CLINICAL IMPLICATIONS
a review of the literature

At the end of the seventeenth century, two Dutch scientists independently
discovered cilia and ciliary movement. One of them, Antoni van
Leeuwenhoek of Delft (1632-1723), constructed his own microscopes. The
other discoverer was Antonius de Heide (1646-169?), a general practitioner,
who is usually credited with the discovery of cilia [18].

CYTOLOGY AND HISTOLOGY
The respiratory tract is covered for the most part with ciliated epithelium.
The surfaces of the nasal cavity, paranasal sinuses, Eustachian tube, tympanic
cavity, larynx, trachea, bronchi and smaller airways are composed of
pseudo-stratified columnar ciliated epithelium [40].
The height of the epithelium in the nose is about 25 pm, whereas a
thin continuous basement membrane is seen beneath the epithelial cell
membrane. Underneath is a thicker layer of collagenous fibers, the
connective tissue membrane, which occupies a space averaging 8 pm in the
normal human nose [39].
Besides the columnar cells (ciliated and non-ciliated) one can find
goblet cells and basal cells (Fig. 1). Additional mucosal glands are
ubiquitous in the respiratory epithelium. In the large airways and nasal
cavity, the apices of the cilia form a more or less continuous blanket.

Fig. 1

Ciliated cell (1); nonciliated cell with microvilli (2); basal cell (3); goblet cell (4).
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A ciliated cell has a diameter of 5 ptm at its apex and carries 100-200
cilia at a density of 6-8/(im2, interspersed with ± 400 short microvilli [23,
55]. The length of a cilium in the nose is 5 pm [23], in the larger airways
6-7 pm, and 5 pm in the smaller bronchioli [65], The diameter of the shaft
or axoneme measures approximately 0.25 pm at the base and 0.13 pm in the
distal segment [23]. The axoneme is made up of microtubuli arranged in the
"9 + 2 pattern". Nine peripheral doublets and two central microtubuli or
subfibrils consist of the globular protein tubulin. An outer doublet consists of
an A and a B subfibril with an inner and outer dynein arm located on the
A subfibril. The outer arm is a polymer of at least three subunits, which
account for its hook-like appearance. A radial spoke extending from the
A subfibril consists of nexin (Fig. 2). Sometimes the top of the axoneme has
a crown of 3 to 7 short "claws" with a length of 25 to 35 nm [24], At the
base, the axoneme is attached to the basal body.

Fig. 2 Genual microtubule (1); B subfibril (2); A subfibril (3); peripheral doublet (4); radial
spoke (5); outer arm (6); inner arm (7).

PHYSIOLOGY
The ciliated epithelium is the first line of defense in the respiratory tract. On
top of the cilia lies a 0.5-10 pm-thick mucus blanket where inhaled particles
are deposited. Micro-organisms, noxious particles, and pharmacological
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substances are propelled by the coordinated movements of the cilia. They
move in a periciliary fluid of low viscosity.
The ciliary beat consists of an effective stroke of the extended cilia,
followed by a curved and unrolling recovery stroke. As a rule, the effective
stroke is supposed to be preceded by a rest phase. In the effective stroke,
the fully extended cilia reach onto the overlying mucus layer and move
predominantly in a plane perpendicular to the cellular surface. During the
recovery stroke, they curve towards one side of the cell surface. Seen from
above, a (counter)clockwise movement of the cilia can be observed [63, 66].
The energy is provided by the adenosine triphosphate (ATP)-producing
mitochondria. This ATP is broken down by the ATP-ase containing dynein
arms. Ciliary movements are caused by the microtubules, which slide along
each other by the action of dynein. Dynein consists mainly of contractile
proteins. The radial spokes are assumed to resist the sliding and contribute to
the formation of bends [67],
The physiological importance of the mucociliary transport is to lead
mucus and entrapped particles towards the pharynx, where they are
swallowed. To this end, the cilia have to act in a metachronic way.
Microscopically, ciliated epithelium resembles a windswept field. A section
parallel to the waves shows all cilia in the same phase of the beat cycle. In
all other sections, cilia are in different phases. They are highly coordinated,
in such a way that the next cilium in a row is also in the next phase of the
ciliary beat cycle ("metachronic rhythm"). Spungin and Silberberg [71] have
reported that mucus is secreted in the presence of a particle and suggested
that the mucus stimulates ciliary activity in the frog palate. Mechanical
stimulation of cultured rabbit tracheal epithelial cells by a glass probe also
appeared to enhance ciliary activity [62]. The degree to which environmental
factors influence the mucous properties and the ciliary beat frequency (CBF)
remains controversial.
There is a wide interspecies and interindividual variation in beat
frequency. In humans, the CBF varies from 10 Hz [83] to 17 Hz [28] at
37 °C. The frequency increases in a linear way with rising temperature
between 20 °C and 40 °C [36, 37], There is no intraindividual difference in
beat frequency of cilia in vitro from nose - trachea - major bronchus.
However, the frequency of cilia from a subsegmental bronchus is
significantly lower [59]. The CBF in one cell can change in time, since cilia
do not move in a regular way. Frequency fluctuations in time are the
common pattern [26],
The relationship between effectiveness of nasal mucociliary transport
and the CBF is still uncertain. Some authors [10] suggested that the CBF is
the main factor in nasal mucociliary clearance in healthy volunteers. When
the CBF increases, the duration of the various phases of the beat is
shortened. The reduction is greatest for the rest phase, followed by the
recovery and the effective stroke respectively. The speed of the ciliary tip
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during the effective stroke seems to reach a maximal value of about
1 mm/sec; this may be an important factor as far as fluid propulsion is
concerned. The speed, however, may be reduced substantially when the cilia
encounter increased resistance from mucus [67].
The experiments of Hybbinette and Mercke [19, 21] and Mercke et al.
[38] on the mucociliary activity of rabbit maxillary sinus epithelium have
shown that sympathomimetics acting on ß2-receptors, as well as the
parasympathomimetic metacholine have an accelerating effect in a
dose-dependent manner. Sympathomimetics acting on a, and otj-receptors
have a dose-dependent retarding effect. Neither sympatholytics nor
parasympatholytics influence the resting mucociliary activity, but they do
reduce the effect of sympathomimetics and parasympathomimetics. Therefore
it was concluded that the resting mucociliary activity is independent of
parasympathetic and sympathetic nervous activity. It was also concluded that
the role of the parasympathetic and sympathetic innervation is merely to
increase the mucociliary activity. Clinical studies and in vitro investigations
on human and animal material, are still somewhat controversial [46, 47, 48,
60, 75, 84]. Whereas there is consensus on the cilia-activating effect of the
ß-sympathomimetics, there is still controversy about the role of
parasympathomimetics. Acetylcholine has been reported to increase CBF [22]
and carbachol has been shown to have no influence [82], If there is any
effect in regard to parasympathomimetics, the question remains whether they
affect the cilia directly, or by way of f.e. an alteration of secretions.
The occurrence of neuropeptides in the upper airways has been mapped
by means of immunochemistry. Lindberg et al. [32] have demonstrated the
presence of Substance P (SP) in nerve endings close to nerve cell bodies in
the sphenopalatine ganglion of the rabbit. SP markedly accelerated the
mucociliary activity, when administered intra-arterially [30, 33], They
suggested a direct effect of SP on the cilia. Nevertheless, no direct effect of
SP could be demonstrated on adenoidal cilia [27], nor on cultivated human
nasal ciliated cells in vitro [82], Neurokinin A, coexisting with SP in sensory
neurones, increased the mucociliary activity but calcitonin gene-related
peptide (CGRP) appeared to have no effect on the cilia [31, 82],

PATHOLOGY
The ciliary beat is the driving force in the mucociliary transport system.
Recurrent infections may occur if anything is disturbed in this beat
(frequency, metachronic rhythm or effectiveness of stroke). Vice versa,
infection may affect the beat. In chronic sinusitis, the disturbance of the
mucociliary transport is the result of the pathology of the mucosa. The
absence of transport is due to a change in secretory function and a decrease
in frequency of the ciliary beating [42]. In general there is a rather close
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relationship between the morphological changes of the mucosa and the
ciliary beat frequency. The more severe the changes, the more the beating
frequency is altered. The morphological changes in chronic sinusitis are
swelling of the ciliary membrane, formation of compound cilia, extrusion of
epithelial cells, and metaplasia to squamous epithelium [43], Proteolytic
enzymes such as elastase and neutral protease from neutrophil granulocytes
stop the mucociliary activity and subsequently cause superficial tissue
destruction [68, 76], Bacteria like Pseudomonas aeruginosa and Haemophilus
influenzae release factors which decrease ciliary activity, disorganize their
beating, and in some cases completely stop their activity [80],
The effect of viruses was studied among patients having a common
cold. The nasal mucociliary transport was markedly reduced during the
disease. This was due to a considerable decrease in the number of ciliated
cells and a moderate and brief change in CBF and intracellular synchrony
[51], According to Ukai et al. [77], virus inoculation induces deceleration of
the clearance time in chicken turbinates, but it does not change CBF.
In a brief review, Wanner [78] discussed several studies on mucociliary
dysfunction of the nose and lower airways in patients with allergic disorders.
He suggested that the mucociliary transport in the lower airways, and
probably in the nose as well, is impaired in subjects with allergic airway
disease. Further impairment is caused by acute antigen challenge. It is related
to chemical mediators such as Slow Reactive Substance of Anaphylaxis
(SRS-A) and, at least partly, to abnormal respiratory secretions. Ohashi et al.
[45] observed a CBF of 498 ± 195 beats/minute in patients with nasal
allergy, whereas the CBF of the normal controls was 753 ± 46 beats/min.
The ciliary activity in the allergic state declined when the morbid period was
prolonged. Mucus transport is depressed after allergen provocation, but this
is not only the result of a decrease in CBF. Other factors, such as alterations
in the physical characteristics of mucus and periciliary fluid, play a more
important role. In fact, antigen challenge in vitro caused a stimulation of the
CBF in cells obtained from the trachea of adult sheep, and this effect was
ascribed to SRS-A. Histamine had only a modest stimulating effect at high
concentrations [35], Leukotriene C4 (like leukotriene D4, a lipoxigenase
product of arachidonic acid and both being components of SRS-A) as well
as prostaglandin Ej and E2 (cycloxygenase products of arachidonic acid)
increase CBF by 3-33% [79]. Therefore, it seems that chemical mediators
exert their deleterious effect on mucociliary function by altering the quantity
of mucus and, possibly, the rheological properties of airway secretions. The
role of mediators on the mucociliary transport and on the CBF in the human
nose has not been examined thoroughly yet.
The triad of bronchiectasis, chronic sinusitis, and situs inversus was
originally described by Kartagener [25], but the syndrome bearing his name
was shown to include rhinitis, nasal polyposis, chronic and recurrent otitis
media, male infertility, and absent or underdeveloped frontal sinuses as well.
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A lack of dynein arms in immotile spermatozoa was first reported in this
syndrome in 1975 [1, 52]. Several cases were described with absence of
mucociliary transport but without situs inversus and bronchiectasis. Therefore,
Eliasson et al. [12] proposed the term "immotile cilia syndrome," in which
Kartagener’s syndrome was included. Afterwards this term seemed to be a
misnomer. Pedersen et al. [50] showed microphoto-oscillographically that
although patients with Kartagener’s syndrome had a significantly reduced
number of cells with motile cilia, still one-third of all ciliated cells showed
motility. The CBF was normal, but the motility pattem was highly abnormal,
with a predominance of asynchronous motility [49], Cilia with dynein defects
have stiffened vibrational and rotational motion. Cilia with defective spokes
have a floppy appearance as they rotate about two points of the axoneme.
Cilia with absent central pairs of microtubules and translocation of an outer
microtubule doublet to the center, have a grabbing type of motion toward the
apex, whereas they are rigid toward the base [56]. Young’s syndrome
(obstructive azoospermia, sinusitis, bronchitis, or bronchiectasis) is also
supposed to be part of the immotile cilia syndrome [69].
Several patterns of abnormalities in the ultrastructure of the cilium can
be observed. In genetic diseases, dynein defects (incompleteness or absence),
radial spoke defects, and tubular transposition are seen as well. In Young’s
syndrome the basic abnormality might be due to malfunction of the
microtubules, whereas the cilia have no morphological abnormalities in most
cases [14], It is obvious that the ultrastructural changes in cilia from patients
with chronic sinusitis, nasal polyposis, rhinitis medicamentosa, allergic
rhinitis, and cystic fibrosis are acquired. In these cases, microtubular
abnormalities (9+3, 9+1, 9+4, 10+0 etc.) can be demonstrated. Membrane
abnormalities, intracellular inclusions, disorientation, and radial spoke defects
have also been noted [15]. Moreover, it is known that up to 5% of cilia are
structurally aberrant in normal children [81],
The defective mucociliary clearance of chronic cigarette smokers is
probably not due to a decrease in CBF. The cause of the defective mucus
transport may be a reduction in number of cilia or a change in viscoelastic
properties of the mucus [11, 74]. In fact, there is still no consensus about
the importance of several contributing factors in the nasal mucociliary
transport system, such as the ciliary activity and the rheological properties of
the mucus [34], CBF shows no disease-specific correlation in microbiologically induced and neoplastic bronchopulmonary conditions [28],

PHARMACOLOGICAL SUBSTANCES
Many drugs influence the mucociliary function [47], As mentioned above, it
is known that ß2-sympathomimetics enhance mucociliary transport in the
respiratory tract [48, 84], Ohashi et al. [44] proved that such an increase in
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transport not only resulted from the alteration in secretory function but also
from the direct stimulation of the ciliated cells in the nose. Of all the
pharmacological substances that influence the mucociliary transport system, it
is worth knowing whether the effect is direct or indirect.
Dirksen and Zeira [7] demonstrated that demembranated cilia are
reactivated by ATP. Exogenous ATP and ATP-ase, however, activated
immotile cilia of patients with immotile cilia syndrome in vitro to levels
equal to or slightly higher than the spontaneous activity seen in normal
subjects [13]. In healthy subjects, an ATP-containing drug was found to
increase the mucociliary transport rate as measured by a radioisotopic
method [41], These results indicate that ATP is a cilia-stimulating drug, but
so far no clinically usable form has been found. The egg white lysozyme
also directly promotes the ciliary beating in the human nasal mucosa [16],
A cilia-inhibiting effect results from a-sympathomimetics [19], These
drugs are used as decongestants and have therefore been interesting
investigators for a long time [17]. A significant increase of the nasal mucous
velocity, however, was found after topical application of two different
a-adrenergic nasal decongestant sprays [60]. This effect must be due to
changes in nasal passage or mucus since the effect of decongestants on the
CBF appeared to be decreasing [9], Lipophilic (e.g. chlorbutol) as well as
polar compounds (e.g. benzalkonium chloride), which are used as
preservatives in decongestive drugs, decrease the ciliary activity [8].
The toxic effect of cocaine on the nasal ciliary cell vitality was
described early [17, 29], Cocaine appeared to induce direct ciliary paralysis
in chicken turbinate mucosa [77]. Lidocaine in clinical concentrations,
applied in vivo in the nose, did not influence the CBF [57, 58], However,
lidocaine caused ciliostasis when administered in vitro to the ciliated cells.
Another group of drugs that has been extensively studied is the
mucolytics. Bromhexine is claimed to liquify mucus and thus facilitates its
removal by the cilia [47]. S-Carboxymethylcysteine has a similar effect,
reducing mucus viscosity. Surprisingly enough, it had no effect on mucus
velocity [47, 70].
Corticosteroids are widely applied in the nose and lower airways as
well. In asthma patients, these drugs may enhance the mucociliary clearance,
which reduces the tendency to mucus plugging in small airways [47],
Betamethasone, beclomethasone diproprionate, and flunisolide are capable of
decreasing the CBF in vitro [72, 73], However, they do not affect nasal
clearance or CBF adversely, when administered topically to the nose [73],

MEASUREMENT OF CILIARY BEAT FREQUENCY
The first methods to evaluate the ciliary function were indirect. By the end
of the 19th century, Buchner [3] and Chamil [4] had already studied
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mucociliary transport by observing the movements of little glass cylinders,
dyes, and charcoal particles on respiratory epithelium. In time, various
refinements and variations were made on this original technique. The
movements of radiopaque particles like teflon [85] or aluminum discs were
registered roentgenographically [53]. The motion of radioactive tagged
particles ("Tc"1, 51Cr) can be registered by external detectors [54, 64], The
saccharine technique, if necessary coloured with indigo, appears to be a
useful and practical test to evaluate the mucociliary clearance [2, 10].
Puchelle et al. [53] compared different methods and concluded that there was
a good correlation between tests using tagged resin particles and saccharine.
The transport time of aluminum discs was longer, probably because they
remain on top of the mucus layer, whereas the saccharine dissolves in the
mucus and the periciliary fluid layer. Therefore, the latter method may
provide a better representation of the mucociliary function [53],
The first exact method to measure the ciliary beat frequency directly
was cinematographic [5], Nowadays video images are used to study the
ciliary beat and its different components. It is, however, a complex method,
not suitable for larger series of experiments and not applicable for clinical
purposes. With the aid of a photosensitive cell and a microscope, it was
possible to obtain electrical signals caused by variations in light intensity as
a result of the ciliary activity [6]. These photoelectrical techniques have
developed along two lines: one uses the principle of monitoring reflected
light, the other takes advantage of transillumination microscopy. The latter is
more widely applied. The reflected light technique has been used by
Hybbinette and Mercke [20]. They proposed a method for evaluating the
mucociliary activity in vivo by making a hole in the bony wall of the
maxillary sinus of an anesthetized rabbit and covering it with a heated glass
window. Through this window the mucociliary waves were studied by the
variations in light intensity of a reflected light beam. At the same time,
different test solutions could be administered intra-arterially. They
emphasized that the registered signal had a multifactorial origin, since the
activity of the cilia is not the only contributing factor. The mucus layer and
the cellular surface play a role as well. Another problem was the relatively
large tissue area being observed (0.1 mm diameter = 10 or more cells).
Therefore, the authors concluded that "mucociliary wave frequency" rather
than ciliary beat frequency was being measured.
Yager et al. [83] were the first to apply the transillumination technique
to ciliated cells obtained by bronchoscopic brushings in human subjects.
Similar studies were performed on human nasal brushings by Rutland and
Cole [57], The major problem with this technique is that the measurements
apply to an in vitro situation, and the health of the exfoliated cell may be
compromised. The photoelectrical signal obtained by these studies frequently
has a complex wave form and is usually analyzed by counting the peaks.
Nowadays this approach is considered to be subjective and has been replaced
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by either a Fourier transform (FT) or an autocorrelation analysis [26, 61],
These methods permit a more objective analysis of the final signal, whereby
the problem of shifting frequency patterns can be elucidated. It has been
demonstrated that irregularities in frequency are considered as a physiological
phenomenon. In fact, the cilia of each cell show a frequency which
fluctuates within a range specifically related to that cell [26]. In recent years
the personal computer has facilitated the FT analysis of the photoelectrical
signal from which CBF was determined.
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SUMMARY
The purpose of this study was to investigate whether the ciliary beat
frequency (CBF) is influenced by the nasal cycle. Nasal patency was
assessed by active anterior rhinomanometry and immediately followed by
measuring CBF in biopsies taken from the posterior aspect of the inferior
turbinates in 22 healthy volunteers. CBF was determined in three different
cells of each biopsy by means of a phase-contrast microscope and a
photoelectrical cell. The signal was analyzed by a computed power spectrum.
The frequency and its shift were calculated for a period of 20.48 sec. The
results were as follows: 1) no correlation was found between CBF and nasal
patency; 2) CBF in one cell is constant to a high degree; 3) CBF of
different cells in the same biopsy specimen varies considerably.

KEY WORDS
ciliary beat frequency - mucociliary clearance - nasal cycle - nasal resistance

INTRODUCTION
The ciliated epithelium in the nose is an extremely important protective
mechanism of the respiratory tract. Inhaled particles, bacteria and noxious
agents are driven by the mucociliary transport towards the pharynx and then
are swallowed [13]. The ciliary beat is the driving force of this mechanism,
of which ciliary beat frequency (CBF) is an important factor [3]. Recurrent
infections may be caused by insufficient ciliary function, as illustrated by
patients with primary ciliary dyskinesia [17], allergic rhinitis [14], and antral
mucocoele [15],
Mercke et al. [12] argued for a regular base-frequency of the cilia. In
other studies, Kennedy and Duckett [8] performed Fourier transform (FT)
analysis on the photoelectrical signal of the ciliary beat in the rabbit trachea
and found frequency fluctuations up to 3.5 Hz.
CBF can be influenced in various ways. Both the parasympathetic and
sympathetic nervous system can increase or decrease mucociliary activity, as
has been demonstrated in previous animal studies [6, 7, 12]. However, the
question now arises whether CBF is influenced by the nasal cycle, which
itself is regulated by the autonomic system [5, 9]. Only one study has been
carried out to date as to this question, in which a faster mucociliary
transport was found on the more patent side of the nose [2], In the present
investigation, we examined CBF in nasal biopsy specimens taken from
normal adult subjects.
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MATERIALS AND METHODS
Twenty-two healthy volunteers (aged between 18 and 48 years; 10 males and
12 females) were used as test subjects. They all signed a "volunteer
declaration" as proposed in the 1964 "Declaration of Helsinki" of the World
Medical Association and reviewed in Tokyo in 1975. Exclusion criteria were:
acute rhinitis in the 2 weeks preceding the study, chronic rhinitis, allergy, a
history of nasal surgery, deformities of nasal anatomy, smoking, and all
medications except contraceptives.
Fig.
1
Schema of the test
instrumentation used. DC power
supply (1); 12 V/250 W halogen
lamp (2); aluminum frame with
heating device and biopsy (3); Leitz
Orthoplan microscope (4); photo
detector (5); filter and amplifier (6);
IBM-XT personal computer (7);
plotter (8); oscilloscope (9).

A/N/SA
A AAA
AA AA

Nasal patency was assessed by means of active anterior rhinomanometry
(Rhinotest MP 441, EVG Elektronic Vertrieb, Ludwigshafen, ERG) and
expressed in milliliters per second at a pressure difference of 150 Pa. A
nasal cavity was considered more patent than the contralateral side when a
flow difference of 100 ml/s or above was measured. A biopsy of the nasal
mucosa was then taken on both sides from the unanesthetized posterior part
of the inferior turbinates by means of a 2 mm sharp ring curette (Entermed,
Linschoten, The Netherlands). The sample was placed in a culture medium
composed of CMRL-1066 (R/) (Gibco, Paisley, UK) [16], containing
glutamine. The following ingredients were added: 5% inactivated fetal calf
serum, hydrocortisone hemisuccinate (0.1 pg/ml), crystalline porcine insulin
(1 pg/ml), beta-retinyl acetate (0.1 pg/ml), penicillin G (100 units/ml), and
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Streptomycin (100 (ig/ml), as described by Yager et al. [20],
The biopsy specimens were studied in an incubation chamber, which
consisted of a standard object glass and a cover glass with a silicone ring in
between, mounted in an aluminum frame. The chamber was kept at a
constant temperature of 32 °C by means of an electronic heating device, thus
approximating the temperature (± 2 °C) of the nasal mucosa [3].
CBF was assessed within 3 h after the biopsy was taken. The
measurements were performed by a Leitz Orthoplan microscope (Leitz,
Wetzlar, FRG) that was adapted with a triocular tube and disc interference
contrast optics using a lOOx oil immersion objective. A lOx ocular was used
in the measuring tube. A variable square angled diaphragm was mounted in
the same tube in combination with a beam splitter and a visaflex house
(Leitz) enabling a control view of the measured area. The microscope was
placed on a heavy marble table on wooden supports in order to reduce
vibrational interference. A 12 V/250 W halogen lamp was connected to a
stabilized DC power supply and was used as a light source (Fig. 1).

photometer
AAA
A

A

A

A

A

A

A

A

AAA
A
A

A
A

A
A

A

varying light intensity

aaaaaaaaaa

A A A AAAAAAA
AAA AAAAAAA
A A AA AA AA AA
A A AAAAAAAA

constant tight intensity

Fig. 2
Principle of the photo
electrical method for studying ciliary
movement. Modulations of a constant
light source are produced by ciliary
movements and are registered by a
photodetector.
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The light fluctuations of about 200 cilia (= one cell) were converted
into an electrical signal with a highly sensitive photodetector based upon a
photodiode during 60 sec (Fig. 2). The signal obtained was amplified and
filtered by means of a 60 Hz seventh order elliptical filter. The signal was
digitalized in an IBM-XT personal computer (IBM, Greenock, UK) using a
12 bit A/D converter, with a sample frequency of 200 Hz. An FT was
applied over 4096 values (4096/200 = 20.48 sec), arbitrarily starting at the
5th sec, in order to obtain the power spectrum. This analysis divided the
signal into its different sinusoidal waves, whereafter the CBF was determined
from the first harmonic.
The frequency shift was computed over the 4096 values obtained. For
this purpose a power spectrum was made over 1096 recorded values
(1096/200= 5.24 sec) and repeated every second of the 20.48 sec signal. As
a consequence 15 frequencies around the basal frequency of 20.48 sec were
obtained. The maximal difference between these 15 values was considered as
an approximation of the frequency shift.
Measurements were carried out on three cells at three different sites of
each sample. Only cells that were flanked by others and having free space
for ciliary movements were examined. Isolated cells or moving clusters of
cells were disregarded. Additionally, cilia had to move in a plane
perpendicular to the direction of the light beam.

RESULTS
In one test subject no cilia were found in the biopsies from either of the
nasal cavities and in three test subjects they were only found in the biopsy
from one side. Consequently, the data of 18 subjects (108 cells) could be
used for analysis.

CBF in relation to the nasal cycle
In 11 of the 18 subjects a patency difference was measured at the time of
biopsy. In 7 persons no patency difference was found.
In Figs. 3a and b the CBF is given for both the more patent and less
patent nasal cavities in 11 test subjects. Average (SD) CBF for the more
patent side was 9.2 (2.15) Hz and for the more obstructed side 8.85 (2.23)
Hz. No difference was found (Student’s Mest: p>5). In the 7 test subjects
with no patency difference the average CBF was 10.55 (2.26) Hz (Fig. 4).
In Figs. 5a and b the CBF for the right and left nasal cavity,
respectively, are plotted against patency.
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Fig. 3a, b Ciliary beat frequency (Hz) in 11 subjects with a patency difference at the time of
taking the biopsy specimens.
a: more patent side, b: less patent side. O .right; x .left.
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Intra- and inter-individual CBF variation
The average (SD) maximal difference in frequency between the three
measurements in one biopsy amounted to 2.90 (1.55) Hz (Figs. 3a, 3b and
4). The total range of CBF in all 108 cells varied from 4.49 Hz to
16.75 Hz.

CBF variation per cell
The average (SD) frequency shift for the more patent side was 1.45 (1.35)
Hz, for the less patent side 0.90 (0.43) Hz and for the equally patent sides
1.05 (0.80) Hz. The average frequency shift for all 108 measurements was
1.15 (0.95) Hz. The total range was 0.20 - 5.65 Hz.

DISCUSSION
Ciliated cells are often sparsely available in a curette biopsy. We only took
cells into account that were flanked by others and did not study isolated
ciliated cells. Moreover, the cilia had to beat in a plane perpendicular to the
light beam. Consequently, the problem in finding appropriate cells sometimes
caused a time delay of up to 3 h. However, in a pilot study we could
demonstrate that ciliary movements in our experimental design did not
change for at least 5 h after the biopsy was taken. Therefore a time elapse
is not likely to have influenced our results.
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We could not find any relation between the CBF and rhinomanometric
patency of either nasal cavity (Figs. 3a and b). Moreover, no correlation
could be demonstrated between the degree of patency and the CBF (Figs. 5a
and b). A possible explanation for this phenomenon is that our measurements
were done in vitro. When a ciliated cell is insulated from its natural
environment, control mechanisms such as the autonomic nervous system can
no longer influence the ciliary activity. Presumably, the cilia continue beating
in a constant intrinsic rhythm [4] which does not have to be exactly the
same as in vivo.
Our inability to demonstrate a relationship between the nasal cycle and
the CBF might also be partly the result of the great variability in frequency
measured within one biopsy. Some authors state that there is a representative
frequency of ciliary beat for each individual and try to approximate
frequency by averaging the countings of 3-30 cells [1, 3, 10, 11, 18-20], In
our present study intra-individual variation sometimes exceeded inter
individual variation. In view of this observation we suggest that averaging
seems less appropriate.
Since we are dealing with a biological process, it is unlikely that the
rhythm of the beating cilia is completely constant. A CBF that shifts
between certain margins seems a more natural pattem. A frequency shift up
to 3.5 beats/sec at 37 °C was reported by Kennedy and Duckett [8]. With
the help of our software we found an average (SD) shift of 1.15 (0.95) Hz
at 32 °C for the test period of 20.48 sec. According to our observations the
cilia maintain a fairly constant beat.
It is tentatively concluded that studies on the CBF as an isolated
numerical parameter are less meaningful. Other parameters of ciliary function
seem to have more (patho)physiological significance, e.g. frequency shift and
synchrony of ciliary motion. Measurements of relative changes in the CBF
of the same cell under the influence of environmental factors seem
promising as well. An important factor here is the considerable variability in
the rhythm of the cilia of different cells in one biopsy specimen. However,
in order to best analyze ciliary movements advanced software equipment
with signal analysis is required, especially since ciliary movement is not
regular.
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SUMMARY
Investigation of the effect of environmental and pharmacological factors on
human respiratory epithelium requires standardization of measuring
conditions. Ciliary beat frequency (CBF) and its shift were determined
photoelectrically in 43 biopsies of human nasal mucosa. Curette biopsies
were compared to forceps biopsies. CBF variation between three different
cells of one biopsy sample did not differ for the two biopsy techniques.
However, the ciliated cells of forceps biopsy specimens showed a constant
beating pattern which resulted in a small CBF shift. It appeared that in
studying ciliary activity a continuous layer of ciliated cells which is in
contact with the basal membrane is required. Therefore forceps biopsies are
preferable to curette biopsies. The environmental temperature has to remain
constant since CBF is temperature dependent. The pH and osmolarity of the
medium do not influence CBF when kept within a certain range. No effect
of medium superfusion flow rate was seen.
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INTRODUCTION
The photoelectrical method is a well accepted and direct means of studying
ciliary beat frequency (CBF) [1, 20, 22], It is known that a mucosal biopsy
contains cells with cilia that beat at different frequencies. Consequently, the
average CBF of several cells (3-30) in a sample is usually reported [2, 5, 9,
12, 13, 19, 23, 25]. Nevertheless, the results of many of these studies are
difficult to compare since different parameters have been used. It would
therefore be advantageous to standardize the conditions for measuring CBF
in vitro [2], Lopez-Vidriero [13] has already emphasized the use of objective
criteria for measuring CBF. For these reasons we analyzed the effect of
various factors upon ciliary beat measurements i.e.: 1) biopsy technique, 2)
temperature, 3) medium parameters (pH and osmolarity) and superfusion.
It is common practice to take curette biopsies for photoelectrical
analysis of CBF. However, the maximal difference in CBF between cells in
these samples often exceeds the variance found between different subjects
[10], This might be the result of differences in the vitality of the cells in
curette biopsies. In these samples, cells are often dispersed and sometimes
clustered together. The question arises whether cilia of cells that are part of
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an intact lining show a more identical beat frequency. Therefore we decided
to compare the CBF in curette biopsies with that of forceps biopsies in
which we may expect an intact ciliated lining.
CBF is known to increase with temperature but the exact relationship is
not yet completely elucidated. Konietzko et al. [12] demonstrated an
exponential increase of CBF with temperature (20-40 °C) in human
tracheobronchial samples. In the experiments by Kennedy and Duckett [11],
however, the CBF-temperature curve appeared to have a sigmoidal shape.
They found a linear increase up to 37 °C, where a maximum was reached
that remained constant up to a temperature of 55 °C. On the other hand,
Mercke et al. [16, 17, 24] found a linear increase between mucociliary
movements and temperature (20-40 °C) in the rabbit trachea. We were
especially interested in CBF between 32 °C, the temperature of the nasal
mucosa [5], and 37 °C, the body temperature. Therefore we investigated
CBF-temperature relationship in that range yet again.
The features of the medium in which the sample is suspended may also
influence CBF studies. It is essential to use aqueous solutions as the
viscosity of the medium may have an effect on CBF. Moreover pH is of
importance as CBF was drastically reduced, or ceased, when the pH of the
medium was decreased below 6.5 or increased above 9.5 [15]. Van de Donk
[4] found, in chicken embryo tracheas, a reduction of CBF by about 20%
when the pH was lowered to 6 and a more severe decrease when the pH
was further diminished. Osmolarity can also influence CBF. Both hypotonic
0.45% NaCl as well as hypertonic 1.5% NaCl solution were found to
decrease CBF by 50% in comparison to an isotonic solution. In studying the
effects of pharmacological agents on ciliary beat the sample has to be
superfused. Di Benedetto et al. [3] investigated the effect of the superfusion
flow rate on CBF in tracheal rings of rats and found it increased. CBF
gradually decreased when the superfusion was stopped and it returned to
baseline values within 15 minutes. Since studies on the effects of pH,
osmolarity and superfusion flow rate on human material are still lacking, we
have investigated the influence of these three factors on human nasal
mucosal biopsies.

MATERIALS AND METHODS
Forty-three subjects participated in this study. They all signed a "volunteer
declaration," as proposed in the 1964 "Declaration of Helsinki" of the World
Medical Association and reviewed in Tokyo in 1975. Exclusion criteria were:
acute rhinitis in the two weeks preceding the study, chronic rhinitis, allergy,
a history of nasal surgery, gross deformities of nasal anatomy, smoking, and
all medications except contraceptives. Curette biopsies were scraped in 29
subjects by means of a 2 mm sharp ring curette (Entermed, Linschoten,
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The Netherlands), without local anesthesia. Forceps biopsies were performed
by means of a Gerritsma forceps [8] in 14 subjects who were to be operated
upon in our department for reasons not related to respiratory mucosal
pathology. This was carried out under general anesthesia immediately prior
to surgery. Both the curette and the forceps specimens were taken from the
posterior part of the inferior turbinate of the most patent side of the nose.
They were brought into a culture medium (CMRL-1066 (R/); Gibco, Paisley,
U.K.) to which had been added 5% inactivated fetal calf serum,
hydrocortisone hemisuccinate (0.1 pg/ml), crystalline porcine insulin (1
pg/ml), beta-retinyl acetate (0.1 pg/ml), penicillin G (100 units/ml), and
streptomycin (100 pg/ml), according to Yager et al. [25],
The movements of the cilia of one cell were measured photoelectrically,
perpendicular to the light beam of a phase-contrast microscope. The signal,
comprising various sinusoidal waves, was differentiated by Fourier transform
(FT) analysis [11], In the power spectrum obtained in this way the first
harmonic was considered as the CBF. From the data the frequency shift, or
CBF variation with time, was calculated as well. For the details of the
method we refer to a previous paper [10].
Pilot studies showed that CBF does not change for at least five hours
when preserved in the medium described above. All experiments in the
present study were carried out within four hours, so time elapse did not
influence our results.

Biopsy technique
Findings in seven forceps biopsies (seven subjects) were compared with
those in 11 curette biopsies (11 subjects). Three different cells, chosen at
random, were measured and analyzed photoelectrically as described above.

Temperature
In this part of the study 18 curette biopsies (18 subjects) were investigated.
The CBF (and shift) of the same cell were measured at different
temperatures ranging from 22.5-40 °C in steps of 2.5 °C.

Medium parameters (pH and osmolarity) and superfusion
The effect of both pH and osmolarity were investigated each in three forceps
biopsies. The influence of pH was studied by measuring CBF (and shift) of
the same cell at pH 7.50, 7.25, 7.00, 6.75 and 6.50 by addition of NaOH to
the medium. The effect of osmolarity was studied by measuring CBF (and
shift) of the same cell at 300, 350, 400 and 450 mosm/1. The osmolarity
gradient was created by proportionally adding saccharose to the medium.
The mechanical effect of superfusion flow rate of the medium was
studied in one forceps biopsy. Flow rates 1, 2, 3, 4 and 5 ml/6 minutes were
investigated. The CBF (and shift) of the same cell were measured 1, 5, 10
and 15 minutes after each superfusion.
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RESULTS
CBF in relation to biopsy technique
The CBF of the three different cells measured in the forceps and in the
curette biopsies is shown in Figs, la and b.
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Fig. 1 a, b Ciliary beat frequency (Hz) of three cells,
a: forceps biopsy (seven subjects), b: curette biopsy (11 subjects).
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The average CBF (SD) amounted to 9.1 Hz (1.8) for the forceps biopsies
and 9.2 Hz (2.2) for the curette biopsies. No difference in CBF could be
demonstrated between the two biopsy techniques (Student’s f-test: p>0.2).
The forceps and curette biopsies were also similar with regard to the average
maximal CBF difference (SD) between the three cells measured in each
specimen (forceps: 2.4 Hz (1.6); curette: 2.9 Hz (1.6); Student’s Mest:
p>0.5). The average CBF shift (SD), however, was 1.5 Hz (1.4) for the
curette biopsies and 0.7 Hz (0.2) for the forceps biopsies (Student’s Mest:
p>0.1).

CBF in relation to temperature
CBF could be measured in only 13 of the 18 curette biopsies. No moving
cilia were found in the remaining five. The results are shown in Fig. 2; CBF
increased linearly with temperature (repeated measurements analysis;
p«0.01). The variance between separate samples was considerable and
augmented by temperature increase. The average CBF shift (SD) did not
change with temperature (Table 1).
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Fig. 2 Average ciliary beat frequency (Hz) in relation to temperature (13 subjects).
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Table 1

Lack of relation between ciliary beat frequency shift (Hz) and temperature (range
22.5-40 °C) (13 subjects).

Table 1
temperature (°C)
average CBF shift (Hz)
SD

22.5

25.0

27.5

30.0

32.5

35.0

37.5

40.0

0.7
0.4

0.6
0.3

1.3
1.7

0.8
0.3

0.7
0.3

1.4
1.4

1.5
1.7

1.0
1.0

CBF in relation to medium parameters (pH and osmolarity) and
superfusion
CBF did not change when the pH was decreased from 7.5 to 6.5, as shown
in Fig. 3. The CBF shift was not influenced by the pH either. CBF did not
change when osmolarity was adjusted from 300 to 450 mosm/1 (Fig. 4), nor
did the CBF shift.
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Fig. 3 Lack of effect of pH on ciliary beat frequency (Hz) (three subjects; one cell).

In Fig. 5 the influence of superfusion flow rate is presented. Some
effect occurred in the first minutes, but it showed considerable variation.
After five minutes no further effect of superfusion could be observed. Again,
the CBF shift was not affected.

35

ciliary beat frequency (Hz)

15 r

10

300

350

400

450

osmolarity (mosm/l)

Fig. 4 Lack of effect of osmolarity on ciliary beat frequency (Hz) (three subjects; one cell).
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DISCUSSION
In curette biopsies ciliated cells often occur in clusters dispersed throughout
the specimen. This complicates reliable CBF measurements since these
clusters are insufficiently immobilized. To circumvent this methodological
problem we sought an alternative biopsy technique which we found by using
the Gerritsma biopsy forceps (Entermed, Linschoten, The Netherlands) [8].
However, CBF difference between three cells in the curette specimens did
not differ from that in the forceps biopsies, contrary to our expectation. CBF
in forceps biopsies showed a constant pattern, as appeared from the
frequency shift. Although Low et al. [14] found no differences between
specimens obtained by various biopsy techniques (nasal brush, endobronchial
brush, and forceps biopsy) we prefer the forceps biopsy technique. Firstly, it
appears difficult to locate active cilia in curette biopsies, whereas an
abundance of ciliated cells can always be found in forceps biopsies.
Furthermore, the architecture of the pseudostratified epithelium remains intact
in the forceps biopsies. This is more comparable to the in vivo condition, as
the specimen is more homogeneous with intact intercellular links. Finally, the
forceps technique offers another advantage over curettage: forceps biopsies
remain immobile in the superfusion chamber because of their mass.
As far as the relation between CBF and temperature is concerned we
could confirm the findings of Mercke et al. [17], We demonstrated a linear
relationship between CBF and temperature in the range from 22.5 to 40 °C.
In our experiments CBF shift did not alter when the temperature was raised.
In the experiments of Kennedy and Duckett [11] the ciliary beat became
more coherent and the frequency range decreased to about 0.5 beats/sec at
5 °C. Eshel et al. [7] found that at 8 °C the beat became relatively more
"synchronous" and the dominant frequency was constant over time.
In this study a pH change from 7.5 to 6.5 did not affect CBF. This is
to some extent in agreement with Luk and Dulfano [15] and van de Donk et
al. [4], who found CBF decreased only below a pH of 6.5. Concerning
osmolarity, a gradient of 300-450 mosm/1 did not affect CBF substantially.
Van de Donk et al. [4] found, in their experiments with cilia from chicken
embryo tracheas, that concentrations of 0.45% and 1.5% NaCl decreased the
CBF about 50% after one hour, compared to the initial frequency. These
concentrations can be expressed in solutions with an osmolarity of
154 mosm/1 and 513 mosm/1, respectively. Therefore their results can be
brought into conformity with our findings. We found no direct effect of
superfusion flow rate on CBF. Some effect was noted in the first five
minutes after superfusion, but this was neither constant nor significant. These
observations are contrary to the findings of Di Benedetto et al. [3]. Our
results indicate that mechanical flow effects within our measurement setting
do not have to be taken into account when studying the effect of
pharmacological substances on the ciliary beat.
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In summary the following conclusions may be drawn:
1. Forceps biopsies are preferable to curette biopsies. In forceps biopsies
ciliated cells are easier to find and they are part of a lining. This more
closely resembles the in vivo condition.
2. A constant medium temperature is essential for accurate measurements,
since CBF is temperature dependent.
3. Changes in pH and osmolarity, as well as superfusion flow rate, do not
influence CBF when they are kept within a certain range.
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SUMMARY
The movement of normal human nasal cilia was analyzed. Ciliary beat was
recorded by means of a phase-contrast microscope equipped with a
photodetector. The electrical signal was analyzed as follows: 1) a power
spectrum was calculated in order to measure ciliary beat frequency (CBF),
2) the beat cycles were averaged and the standard deviation of the waveform
was computed to determine signal consistency (SC), and 3) the ratio of the
duration of the smooth to that of the steep part of the cycles was measured.
This was done under three different conditions: 1) normal or "initial",
2) after induction of "function loss", and 3) after "salbutamol stimulation".
At "function loss," the cilia were beating slower and with less harmony.
CBF decreased from an average of 9.0 Hz in the "initial" condition to 5.8
Hz. SC decreased from an average of 5.7 to 1.9. After "salbutamol
stimulation," average CBF was partially restored to 7.7 Hz, while average
SC increased to 4.4. These findings indicate that in ciliary function studies,
SC, as a measure for ciliary beat harmony, may be introduced alongside
CBF as a second valuable parameter. In this study we were not able to
identify different phases in the signal that might be used as a third parameter
to indicate the effective and the recovery stroke.

KEY WORDS
ciliary beat frequency (CBF) - ciliary beat harmony - Fourier transform (FT)
- phase ratio (PR) - salbutamol - signal consistency (SC)

INTRODUCTION
The first quantitative methods to measure ciliary movement directly date
from the fifties and early sixties. In 1956 Dalhamn [2] developed a
cinematographic recording technique. Later, together with Rylander [3] he
used a photosensitive cell to measure the variation in voltage produced by
modulation of light intensity due to ciliary movement in a light beam. With
this method, ciliary beat frequency (CBF) has been studied in human
respiratory mucosa in vitro [14, 20] as well as in animals in vivo [6].
The exact role played by ciliary activity in mucociliary transport (MCT)
is still unclear. No direct relationship was found between CBF of the human
nasal mucosa and mean tracheal clearance rate [8], Mucosal provocation in
allergic sheep was found to produce an impaired MCT, whereas ciliary
function was unaffected [10]. On the other hand, Duchateau et al. [4]
reported a high correlation between CBF and MCT as measured by the
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saccharine method. A clinical example of the importance of effective ciliary
movement is the absence of transport in some Kartagener patients in whom
cilia do not move in a "metachronic" rhythm [12, 13], Metachrony of ciliary
beat, i.e. successive movements of adjacent cilia, is considered an essential
condition for effective MCT.
Sanderson and Dirksen [16] were the first to analyze the photoelectrical
signal of ciliary beat in detail. The signal from cilia of cultured cells (rabbit
trachea) showed a characteristic pattem. They found a rounded initial peak, a
second sharp peak and a base level that corresponded with the recovery
stroke, the effective stroke and the rest phase of ciliary beat, respectively.
The duration of each phase appeared to be related to the period of the
ciliary beat. All three phases became shorter with increased CBF. The
reduction was greatest for the rest phase, followed by the recovery phase,
and smallest for the effective phase. Other studies showed that the tip speed
of the cilia [18] and the form of ciliary movement [15], particularly during
the effective stroke, determined the velocity of mucus transport.
In this study we sought to derive more information from the
photoelectrical signal about ciliary function. To do so, we calculated several
parameters from the signal. We studied the effects of artificial impairment
and stimulation of ciliary beat on those parameters in order to assess their
value as a measure for ciliary function.

MATERIALS AND METHODS
Signal registration and analysis
Ciliary movement of forceps biopsies (n= 6) of normal human nasal mucosa
was measured photoelectrically perpendicular to the light beam of a phasecontrast microscope. Care was taken to investigate ciliary beat of one single
cell. The signal was filtered (band-pass: 0.5 Hz first order, 60 Hz seventh
order), amplified and fed to a 12 bit A/D convertor operating at a sampling
rate of 200 Hz. Data was stored and analyzed off-line in the following ways:
Power spectrum - CBF
Of the recorded signal, 4096 points, i.e. a 20.48-sec period (4096/200Hz),
were subjected to Fourier transform (FT), according to a method we
previously described [7], In the resulting power spectrum, the first peak, or
first harmonic, was defined as the basal CBF.
Averaging - SC
A trigger level was determined by calculating the average value of the 4096
points. Each time the signal crossed this level in a positive direction, the 40
points following the trigger were included into the analysis. Since CBF was
seldom lower than 5 Hz, these 40 points were sufficient to fully describe
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one cycle. In this way the average waveform over a 0.2-sec period
(40/200Hz) was computed. The standard deviation (SD) of each of the 40
points was calculated and expressed relative to the amplitude of the
waveform. The average of the 40 SD’s (ASD) represents a measure for the
nonuniformity of the photoelectrical signal. We introduced a parameter
"signal consistency" (SC), which is defined as follows:
SC= 1/ASD x 100.
A computer program was written to calculate its value.
Phase ratio - PR
From the signal, the ratio of the duration of the upward phase to that of the
downward phase was calculated for each cycle in order to distinguish into
the effective and the recovery stroke. The average ratio and SD were
calculated over all cycles of the 20.48-sec period.

Experimental design
Ciliary movements were studied according to the above described method
under three different conditions:
1. Normal - "initial"; i.e. as soon as possible (within 20-60 minutes) after
the biopsy was taken.
2. After induction of function impairment - "function loss"; i.e. after
keeping the sample for three hours in Hanks’ solution. In pilot studies
we found that ciliary function is impaired in this condition because of
insufficient energy supply. Decreasing beat frequency and loss of beat
harmony could easily be observed under the microscope.
3. After "salbutamol stimulation"; i.e. after superfusion of the sample with
4 ml salbutamol 10'3 M during six minutes. This ß2-sympathomimetic is
known to stimulate ciliary function [6, 11, 17, 19].

Biopsy method
The present study was performed on six volunteers who were to be operated
upon in our department for reasons not related to respiratory mucosal
pathology. They all signed a "volunteer declaration," as proposed in the 1964
"Declaration of Helsinki" of the World Medical Association and reviewed in
1975 in Tokyo. The exclusion criteria were: acute rhinitis in the two weeks
preceding the study, chronic rhinitis, allergy, a history of nasal surgery, gross
deformities of nasal anatomy, smoking, and all medications except
contraceptives. The biopsy was taken from the posterior part of the inferior
turbinate of the most patent side of the nose. This was done under general
anesthesia, immediately prior to surgery, by means of a Gerritsma biopsy
forceps (Entermed, Linschoten, The Netherlands) [5], The specimen was
transported into an enriched aqueous CMRL-1066 medium [7, 20]. During
the experiment the sample was kept at a constant temperature of 32 °C, the
temperature of the nasal mucosa [4],
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RESULTS
Photoelectrical signal
A typical example of a photoelectrical signal in the "initial" condition is
shown in Fig. la. A regular pattem with clearly recognizable cycles can be
seen. Fig. 2a shows a typical example of the signal in the "function loss"
condition. The wave pattem is irregular and individual cycles are difficult to
identify.

Power spectrum - CBF
CBF, in the three conditions, is demonstrated for the six subjects in Fig. 3.
There is a statistically significant fall in average CBF from 9.0 Hz in the
"initial" condition to 5.8 Hz in the "function loss" condition (Student’s Mest:
p=0.01), followed by a significant rise to 7.7 Hz after "salbutamol
stimulation" (Student’s Mest: pcO.Ol). A correlation is found between the
initial CBF values and the magnitude of CBF decrease in the "function loss"
condition (r=0.90). A correlation was also found between the initial CBF
values and the magnitude of CBF increase in the "salbutamol stimulation"
condition (r=0.85).
In all cases of the "initial" and "salbutamol stimulation" condition the
second harmonic could be identified in the power spectrum. In the power
spectrum of the "function loss" condition, however, it disappeared in the
noise.

Averaging - SC
A typical example of the photoelectrical signal averaged over the 0.2-sec
period and its SD is shown in Fig. lb for the "initial" condition and in Fig.
2b for the "function loss." In the "function loss" condition, the average SD
is considerably larger. The SC in the three conditions for the six subjects is
demonstrated in Fig. 4. The average SC decreases statistically significant
from 5.7 in the "initial" condition to 1.9 in the "function loss" condition
(Student’s Mest: p«0.01) and increases to 4.4 after "salbutamol stimulation"
(Student’s Mest: p<0.05). In Subject 1 (Fig. 4) SC was not restored. But this
correlated very well with our visual interpretation of ciliary beat harmony,
which was not restored either.
The CBF of the six subjects in the "initial" condition is plotted against
the SC in Fig. 5. There is no correlation between the two parameters
(r=0.41).

Phase ratio

-

PR

In the "initial" condition, we found a triphasic signal in only one case. In
five of the six cases, the averaged signal was biphasic. Table 1 shows the
average value of PR and SD over the 20.48-sec period in the three
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light intensity (A.U.)

1

2

time (sec)

Fig. la
Example of photoclectrical signal in the "initial" condition. Light intensity is
expressed in arbitrary units (A.U.).

light intensity (A.U.)

0.2-sec period

Fig. lb Averaged 0.2-sec (40 points) signal with SD in the "initial" condition. Light intensity
is expressed in arbitrary units (A.U.).
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Fig. 2a Example of photoelectrical signal in the "function loss" condition. Light intensity is
expressed in arbitrary units (A.U.).

light intensity (A.U.)

0.2-sec period

Fig. 2b Averaged 0.2-sec (40 points) signal with SD in the "function loss" condition. Light
intensity is expressed in arbitrary units (A.U.).
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conditions for the six subjects. Student’s t-test showed no significant PR
difference between any of the conditions. The largest difference was between
the "initial" and "function loss" condition (p=0.11).

Table

1 phase ratio (PR) = duration upward phase/duration downward phase, for the "initial,"
"function loss," and "salbutamol stimulation" condition (six subjects).

Subject

"initial"

"function loss"

"salbalbutamol"

1
2
3
4
5
6

1.04
1.14
1.02
1.14
1.25
1.04

1.10
1.35
1.43
1.16
1.19
1.30

1.36
0.95
1.07
0.96
1.14
1.11

(0.18)
(0.18)
(0.15)
(1.18)
(0.74)
(0.27)

(0.74)
(1.37)
(1.55)
(0.91)
(0.77)
(1.03)

(1.71)
(0.14)
(0.77)
(0.35)
(0.61)
(0.47)

ciliary beat frequency (Hz)

15 r

----- subject 1
........ subject 2
----- subjects
------ subject 4
subject 5
-----subjects

0

initial

fct loss

salb stim

Fig. 3 Ciliary beat frequency (CBF) (Hz) of the "initial," "function loss," and "salbutamol
stimulation" condition (six subjects).
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Signal consistency (SC)

----- subject 1
...... subject 2
----- subjects
----- subject 4
subject 5
-----subject 6

salb stim

fct loss

Fig. 4 Signal consistency (SC) of the "initial," "function loss," and "salbutamol stimulation"
condition (six subjects).
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Fig. 5 No relation between CBF and SC of the "initial" condition (six subjects).
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DISCUSSION
Up till now much attention has been paid to ciliary beat frequency (CBF).
Since previous studies exhibit a great variability in recording methods, the
results are difficult to compare. The use of the Fourier transform (FT)
analysis of the photoelectrical signal was a major improvement [9], This
method provides a more objective way to determine CBF.
It is evident that many factors contribute to mucociliary transport, such
as mucus properties, the number of ciliated cells and ciliary beat
effectiveness. The question arises whether beat frequency is the only factor
in ciliary beat effectiveness. Since the experiments described in the literature
had contradictory results, we decided to search for other parameters of
ciliary function.
Each cycle in the photoelectrical signal corresponds to a ciliary beat
cycle. From the power spectrum of the signal, CBF can easily be calculated.
When ciliary function is impaired, as in our second experimental condition,
CBF decreases. CBF becomes restored when a ß2-sympathomimetic, such as
salbutamol, is administered, as in our third experimental condition. The size
of the change in CBF is correlated with the initial values. This means that
the higher the initial CBF, the more susceptible the cell is to
pharmacological influences. This phenomenon might be related to the vitality
of the ciliated cell.
We have not been able to derive additional information from the
successive harmonics of the power spectrum, since they disappear below the
noise level in the "function loss" condition.
In our search for a second parameter of ciliary beat effectiveness, we
elaborated our concept of signal consistency (SC). We defined this as the
reciprocal averaged SD (ASD) of the waveform over a 0.2-sec period:
SC= 1/ASD x 100.
In the "function loss" condition, SC was found to decrease considerably; it
was restored again after salbutamol was administered. This finding
corresponds to our visual observations: a clear impairment of ciliary beat
harmony when function is hampered and restoration after salbutamol
stimulation. In other words, the ciliary beat harmony corresponds with the
consistency of the photoelectrical signal: the higher the signal consistency,
the higher the degree of beat harmony. One can expect the metachronic
rhythm to alter along with beat harmony.
Two factors in our technique of averaging may influence the SC results.
First, there is a trigger problem. A false trigger, resulting from a small
signal variation at the trigger level, will augment the SD and thus incorrectly
lower the SC value. This can be circumvent by checking the signal on an
oscilloscope while recording. Secondly, amplitude modulations of the signal
can also increase SD and inadvertently influence the outcome. This can also
be detected on the oscilloscope. One should also realize that SC data cannot
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be used as absolute values. However, the proposed measure has proven its
validity in experiments performed on the same cell where an initial value is
known. To some extent, this also applies to CBF, since we showed that
considerable variability in CBF exists between different cells in one sample
[7].
Comparing the results of CBF and SC measurements in the various
conditions, the two parameters might seem similar. However, there is no
relationship between CBF and SC, as is seen for example in the "initial"
condition (Fig. 5). In other words, whatever the CBF, the cilia may have
different levels of beat harmony.
In patients with primary ciliary dyskinesia, van der Baan [1] observed a
considerably diminished ciliary coordination under the microscope. It seems
that signal consistency, calculated as described above, is a measure of ciliary
beat harmony. Ciliary beat harmony is the result of successive movements of
adjacent cilia and necessary for the metachronic rhythm.
No manifest difference between the duration of the upward and
downward phase of the cycle was found in the three experimental conditions,
using the phase ratio (PR). The SD of the PR was larger in the "function
loss" than in the "initial" condition. However, in our experience, this can
hardly be used as a measure for ciliary beat harmony because of its
considerable variability, even in the normal condition. We could not confirm
the findings of Sanderson and Dirksen [16], who identified separate phases
in the ciliary beat. This may be explained by the fact that we studied human
nasal biopsy specimens and not cultured mucosal explants. In cultured cells
the interaction between the different cells has disappeared. This probably
results in a less complicated signal in which different phases can be
identified.
In conclusion, the photoelectrical signal obtained from human nasal cilia
can be described by means of a power spectrum (ciliary beat frequency) and
averaging (signal consistency). We studied these parameters under "initial,"
"function loss" and "salbutamol stimulation" conditions. Salbutamol not only
stimulated CBF but also affected SC positively. It could be of great clinical
and scientific importance in the future to correlate these findings with the
effectiveness of mucociliary transport in the nose.
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SUMMARY
The effect of autonomic substances on ciliary beat in mucosal biopsies from
the normal human nose was studied. The influence on ciliary beat frequency
(CBF) as well as on ciliary beat harmony was measured photoelectrically.
The sympathetic ß-agonist isoprenaline was found to have a stimulating
effect on CBF, whereas the a-agonist xylometazoline reduced CBF and
ciliary beat harmony. The parasympathetic agonist carbachol had a positive
effect on CBF. The sympathetic antagonists timolol (ß) and phentolamine
(a), and the parasympathetic antagonist atropine, had no effect. The effect of
the agonists on ciliary beat was absent when they were administered in
combination with their specific antagonists. These experiments indicate that
in clinical concentrations, the autonomic substances modify ciliary beat by a
direct effect on the ciliated cells.

KEY WORDS
ciliary beat frequency (CBF) - ciliary beat harmony - signal consistency (SC)
- autonomic substances or drugs: sympathetic and parasympathetic agonists
(sympathomimetic and parasympathomimetic), and antagonists (sympatholytic
and parasympatholytic)

INTRODUCTION
The effects of sympathetic and parasympathetic drugs (autonomic drugs or
substances) on normal [1, 2, 3, 12, 13, 16, 17, 24] and diseased [14, 15, 21]
respiratory mucosa are well known. Some of these substances are of major
importance in the treatment of respiratory disease.
Sympathetic ß-agonists were found to stimulate ciliary beat frequency
(CBF) both in vitro [15, 27] and in vivo [7, 26], More specifically, they
were shown to affect the ß2-receptors [27, 28],
The effect of sympathetic a-agonists on ciliary beat has not yet been
completely elucidated. They have been reported to decrease [22] as well as
increase [19] mucociliary transport and, in a third study [4], to have no
influence. Hybbinette and Mercke [7] found that a-sympathomimetics
(phenylephrine and oxymetazoline) administered intra-arterially in rabbits had
a dose-related inhibitory effect on mucociliary activity. In a recent in vitro
study by Phillips et al. [18] on human nasal mucosal cells, phenylephrine
appeared to be cilia-stimulatory at a concentration of 0.01% and ciliainhibitory at concentrations of 0.25% and higher.
Experiments with parasympathetic agonists resulted in even more
contradictory results. Hybbinette and Mercke [6] found that metacholine
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produced a dose-dependent acceleration of mucociliary activity. King and
Viires [11], on the other hand, reported a decrease in mucus transport in the
canine trachea. Carbachol 10'3 M did not change CBF in experiments by
Wolf et al. [27] on cultivated human respiratory epithelium.
One of the main reasons for these contradictory results might be that
the data are not comparable, because of the different measuring procedures
for ciliary activity (mucociliary transport/ciliary beat frequency/mucociliary
activity) that have been used. A second factor is the differences in mucosal
biopsy technique and the origin of mucosa. It is important to take into
account whether the drugs are administered directly to the mucosa (in vitro
or in vivo) or systemically. The majority of the experiments was carried out
in animals. Some experiments studied normal, others studied diseased human
mucosa. So far, little information is available on the effects of autonomic
substances on nasal mucosa. We therefore investigated the effect of the
ß-sympathomimetic
isoprenaline
sulphate,
the
a-sympathomimetic
xylometazoline hydrochloride (HC1) and the parasympathomimetic carbachol
on human nasal CBF as well as on ciliary beat harmony. The ciliary beat
harmony was quantified in terms of photoelectrical signal consistency (SC),
according to a method described by our group elsewhere [10], Table 1
shows the agonists, with their antagonists, that were investigated in this
study. The ß-sympathomimetic isoprenaline sulfate is frequently prescribed in
bronchospasm in an aerosol with a concentration of 1 mg/ml= 1.9x1 O'3 M.
The a-sympathomimetic xylometazoline HC1 is a decongestant; its common
concentration in nose drops is 0.1%= 3.6xl0'3 M. The parasympathomimetic
drug carbachol is used in eye drops in a concentration of 1.5%= 8.2xl0'2 M.
Table 1 Classification of autonomic substances used in the experiments.
Agonist

Antagonist

isoprenaline
xylometazoline

timolol
phentolamine

carbachol

atropin

Sympathetic
ß
a

Parasympathetic

MATERIALS AND METHODS
The effects of autonomic substances on ciliary beat were investigated in
forceps biopsies taken from normal human nasal mucosa.

Substances studied
The effect of isoprenaline sulphate on CBF and ciliary beat harmony was
studied in six specimens, that of xylometazoline HC1 in five, and that of
carbachol in six. All three drugs were dissolved in aqueous CMRL-1066 in
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increasing concentrations of 10'5 M, 10 4 M, 10'3 M and 10'2 M. The pH of
all solutions remained 7.5 because of the buffer capacity of the medium.
Osmolarity ranged from a minimum of 315 mosm/1 to a maximum of 335
mosm/1. In a previous study we found that within this range CBF is not
affected [9],

Biopsy method
The present study was performed on 23 volunteers, who were to be operated
upon in our department for reasons not related to respiratory mucosal
pathology. They all signed a "volunteer declaration" as proposed in the 1964
"Declaration of Helsinki" of the World Medical Association and reviewed in
1975 in Tokyo. The exclusion criteria were acute rhinitis in the two weeks
preceding the study, chronic rhinitis, allergy, a history of nasal surgery, gross
deformities of nasal anatomy, smoking, and all medications except
contraceptives. The biopsies were obtained from the posterior part of the
inferior turbinate of the most patent side of the nose. They were taken prior
to surgery, by means of a Gerritsma forceps (Entermed, Linschoten, The
Netherlands) [5, 9]. Each specimen was transported into an enriched CMRL1066 medium [29]. The medium was continually gassed with a mixture of
02 (5%) and C02 (95%).

Experimental design
The sample was fixed by two glasses
leaving a compartment of 0.4 ml (Fig.
specimen was first superfused with
photoelectrical recording was made. The

Fig. 1

with a silicone ring in between,
1). In all experiments the biopsy
CMRL-1066 before an initial
sample was then superfused with

Schematic drawing of the superfusion chamber.
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the lowest concentration of the drug, after which a second recording was
made. Further superfusions were done with successively higher
concentrations, and corresponding recordings were made. After each
superfusion an attempt was made to reverse the effect by washing out the
substance with neutral CMRL-1066 medium. All superfusions were done at a
flow rate of 4 ml per six minutes.
In order to establish whether a recorded effect was receptor mediated, a
control experiment was carried out. The minimum effective concentration of
the agonists (isoprenaline sulphate, xylometazoline HC1 and carbachol) was
administered in combination with the specific antagonist (timolol maleate,
phentolamine, atropine sulphate) in the same concentration. This control
experiment was performed on a fresh sample. Prior to the control
experiments, we excluded the possibility that the antagonist itself would
affect ciliary beat.

Signal recording and analysis
Ciliary movements were recorded photoelectrically by the technique we
described previously [8], The combined signal, comprising different
sinusoidal waves, was sorted out off-line by Fourier transform (FT) analysis.
In the resulting power spectrum, the first harmonic represents the basal CBF.
The reciprocal value of the average SD of the waveform over a 0.2-sec
period is a measure for the photoelectrical signal consistency (SC). This
value is correlated to ciliary beat harmony, as we found in previous
experiments [10], Care was taken to measure one single cell during the
whole experiment, because of the intercellular CBF differences [8]. All
measurements were carried out five minutes after discontinuation of the
superfusion, to exclude mechanical effects caused by the procedure [9],

RESULTS
Statistical analysis was carried out by means of a two-tailed Student’s Mest
for paired differences.

Isoprenaline - ß-sympathomimetic
The effect of superfusion by isoprenaline on average CBF and its SD is
depicted in Fig. 2. CBF increased from an initial average (SD) of 8.2 Hz
(0.6) to 10.5 Hz (0.6) at a concentration of IO"3 M (p«0.01). At a higher
concentration (10'2 M), average CBF (SD) decreased to 10.2 Hz (0.6), but
this was still higher than the initial value (p«0.01). The minimum active
concentration was found to be 105 M (p«0.01). The effect could not be
reversed by washing with neutral CMRL-1066 medium. There was no effect
on the photoelectrical SC (p>0.75 for all concentrations).
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Fig. 2 Average ciliary beat frequency (CBF) with SD in relation to increasing concentrations
of isoprenaline (six subjects).

When isoprenaline 10'5 M was administered together with its specific
antagonist timolol in the same concentration, no effect could be observed on
either CBF or SC. Nor could an effect of timolol 10‘5 M alone be recorded.

Xylometazoline - a-sympathomimetic
The effect of xylometazoline on average CBF and its SD is shown in Fig. 3.
CBF decreased dose-dependently from an initial average (SD) of 9.1 Hz
(0.6) to 0.6 Hz (0.6) at a concentration of 102 M (p«0.01). In four of the
five cases, a complete ciliostasis was seen at 102 M. The minimal active
concentration was 10'4 M (p<0.05). The magnitude of the effect was
correlated to the initial CBF values for the concentrations 10'4 M (r= 0.71),
10'3 M (r= 0.90) and 10 2 M (r= 0.63).
The effect on the average SC and its SD is shown in Fig. 4. SC was
found to decrease from an initial average (SD) of 4.3 (0.6) to 0.2 (0.2) at
xylometazoline 10'2 M (p«0.01). SC at a concentration of 10‘5 M, differed
from the initial value (p<0.05). The magnitude of the effect was correlated
to the initial CBF values (r>0.90 for all concentrations).
The effect of xylometazoline on both CBF and SC could not be
reversed by superfusion with neutral medium.
When xylometazoline and its specific antagonist phentolamine were
administered together, in a concentration of 10'4 M, no effect could be seen,
either on CBF or on SC. Nor could an effect of phentolamine alone be
recorded.
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Fig. 3 Average ciliary beat frequency (CBF) with SD in relation to increasing concentrations
of xylometazoline (five subjects).
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Fig. 4 Average photoelectrical signal consistency (SC) with SD in relation to increasing
concentrations of xylometazoline (Five subjects).
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Carbachol - parasympathomimetic
The effect of superfusion by carbachol on average CBF and its SD is shown
in Fig. 5. CBF increased dose-dependently from an initial average (SD) of
8.7 Hz (0.7) to 10.3 Hz (0.6) at a concentration of 10'2 M (p«0.01). The
minimum active concentration was 103 M (p<0.01). There was no effect on
SC (p>0.33 for all concentrations).
The effect of carbachol was not reversible by washing out the substance
with neutral medium.
When carbachol was administered together with its specific antagonist
atropine, in a concentration of 103 M, no effect could be demonstrated. Nor
could an effect of atropine alone be recorded.

carbachol
ciliary beat frequency (Hz)
15 r

5

initial

KT5

10“4

10-3

10'2

concentration IM)

Fig. 5 Average ciliary beat frequency (CBF) with SD in relation to increasing concentrations
of carbachol (six subjects).

DISCUSSION
The effect of drugs on ciliary function can be investigated in various ways.
In vivo experiments on intact mucosa in animals have an advantage: ciliary
function will not decline during the experiment because of energy loss and/or
changes in pH, osmolarity, or mucus property. There is also a disadvantage:
the recorded effects may not be the result of direct action of the drug on the
cilia. These could result from influences on the mucosal blood circulation or
nerve supply for instance. This drawback applies in particular when the
drugs are administered systemically instead of locally.
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Experiments on mucosal samples in vitro have the advantage that the
direct effects on ciliary activity are measured. A second advantage is that
human material can be used. A disadvantage of this method is that ciliary
activity in vitro may decline with time. This problem can largely be
overcome by careful regulation of the measuring factors, as we discussed
previously [8, 9], We prefer the in vitro model using human nasal mucosa
obtained by means of a forceps biopsy.

Orthosympathetic system
The non-selective ß-sympathomimetic isoprenaline was found to have a
stimulating effect on CBF. The maximum increase of CBF occurred at a
concentration of 10'3 M and amounted to 28%. This is in agreement with
previous results obtained in cultured rabbit tracheal ciliated cells by
Sanderson and Dirksen [20] who found a 27% increase, and with results
obtained by Hybbinette and Mercke [7], who measured a 24.7% increase in
rabbits. It is lower, however, than the 44% increase found by Ohashi et al.
[15] in sinus mucosa samples, the 100% increase measured by Verdugo et
al. [24] in rabbits, and the 100% increase found by Wong et al. [28] in
bovine trachea.
The stimulating effect of isoprenaline can be cancelled by its specific
antagonist timolol. This observation supports the hypothesis that we are
dealing with a receptor-mediated effect, as has been postulated before by
others [20, 28], ß-Agonists are considered to activate adenylate cyclase and
elevate intracellular cAMP [20], which increases ciliary motility [23], In our
experiments, maximum CBF was attained at a 10'3 M concentration, which is
about the same as that used in clinical practice. Since a 10 3 M concentration
can not be considered physiological [28] and the effects are irreversible, the
question arises whether factors other than receptor-mediated effects play a
role. Ciliary beat harmony as measured by the consistency of the
photoelectrical signal appeared not to be influenced by isoprenaline. This is
not surprising, as in near physiological situations, like our in vitro system,
ciliary beat harmony is probably optimal and can not be improved.
The a-sympathomimetic xylometazoline was found to decrease both
CBF and SC in a dose-dependent way. This finding is in agreement with
that of the in vivo experiment by Hybbinette and Mercke [7]. Phillips et al.
[18] found a CBF increase when phenylephrine was administered at a 0.01%
concentration, a decrease at 0.1%, and ciliostasis at 0.5%. The differences in
results may be explained by the fact that phenylephrine is predominantly an
oq-agonist while xylometazoline is an a^-agonist. The latter executes its
effect by lowering cyclic adenosine monophosphate (cAMP) [25],
The deteriorating effect of xylometazoline on ciliary function was
cancelled by simultaneous administration of the antagonist phentolamine.
This result confirms that its action is receptor mediated, although we have to
stress that we were not able to reverse its effect by washing out. Whether
the strong effect of the higher concentrations is still receptor mediated seems
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questionable. In clinical practice xylometazoline is administered at a 0.1%
concentration. In our experiment, this resulted in a decrease of CBF by more
than 48% and of SC by more than 61%. This means that the metachronic
rhythm, which is required for effective mucociliary transport, is disturbed.

Parasympathetic system
The parasympathomimetic carbachol was found to increase CBF only at high
(nonphysiological) concentrations of at least 10'23 M. This is in agreement
with the findings of Hybbinette and Mercke [6] from their in vivo model
after intra-arterial administration of metacholine in rabbits. However, they
found a much greater increase (57.7%) than measured in our in vitro model
(17.8%). Wolf et al. [27], on the other hand, did not measure a change in
CBF in cultivated human ciliary cells of the upper respiratory tract with
carbachol 10'3 M. The differences in results may partly be explained by the
fact that carbachol has no specificity for one of the muscarinic
cholinoceptors. The M2 cholinoceptor is probably not involved, since that
pathway would have brought about a reduction of cAMP with a subsequent
decrease of frequency [25].
We
found that the effect of carbachol is absent when the
parasympatholytic atropine is administered simultaneously. Nevertheless, we
assume that the stimulatory effect of carbachol is not receptor mediated, as
the concentrations required for stimulation are very high. Moreover, we were
not able to reverse the effect by washing out. The increase of CBF by high
doses of carbachol was not accompanied by an increase of ciliary beat
harmony as measured by SC. This again supportsthe idea that ciliary beat
harmony is near maximum in the physiologicalcondition. Carbachol is
clinically used in eye drops in a 1.5% concentration. From our experiments
we may conclude that it enhances human nasal CBF.
We are well aware that, in our experiments, we are not dealing with an
in vivo situation. Yet it seems that isoprenaline and carbachol can be
prescribed for patients, without fear of negative effects on ciliary activity. As
far as xylometazoline is concerned, a possible inhibition of ciliary function
has to be taken into account. When CBF and ciliary beat harmony are
decreased, the "metachronic" rhythm, which is required for effective
mucociliary transport, will be disturbed.
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SUMMARY
The effects of cocaine and lidocaine on ciliary beat frequency (CBF) and
ciliary beat harmony were studied in biopsies of normal human nasal
mucosa. Cocaine was investigated in increasing concentrations (0.875%,
1.75%, 3.5% and 7%) in five samples, lidocaine (0.125%, 0.25%, 0.5%, 1%
and 2%) in four samples. Ciliary beat was recorded photoelectrically and the
signal was analyzed. Cocaine was found to decrease CBF and ciliary beat
harmony at concentrations of 1.75% and higher. Partially reversible ciliostasis
was seen at 7%. Lidocaine was found to decrease CBF and ciliary beat
harmony at concentrations of 0.25% and higher. Irreversible ciliostasis was
seen at 2%. Cocaine and lidocaine affected CBF and ciliary beat harmony in
the same way.

KEY WORDS
ciliary beat frequency (CBF) - ciliary beat harmony - cocaine - lidocaine signal consistency (SC)

INTRODUCTION
Cocaine and lidocaine are both widely used local anesthetics [7, 23]. Their
systemic effects are well known [2, 4], Little information is available,
however, about their effects on the respiratory epithelium itself [1, 4].

Cocaine
In 1934, Lierle and Moore [15] performed the first microscopical study of
the effect of cocaine hydrochloride (HC1) on ciliary activity in turbinates of
guinea-pigs and in samples of human respiratory mucosa. They concluded
that cocaine in 5% solution did not affect ciliary activity, whereas a 10%
and a 20% concentration produced a distinct but reversible impairment. In
1959, Kimura [14] found that in rat tracheal samples cocaine caused
inhibition of ciliary beat at a concentration of 1.5%, and stopped ciliary
movements at concentrations over 20%. In a study on cultured human
respiratory epithelium, Corssen and Allen [3] found a 10% cocaine solution
to cause a "reversible stoppage of ciliary activity," while a 20% solution
resulted in "irreversible stoppage." Moreover, they observed a disturbance of
ciliary coordination in a concentration range between 0.5% - 20%. In an in
vivo chicken model, Ukai et al. [22] demonstrated that a 5% cocaine
solution produced a decrease of mucociliary transport time. Using an in vitro
photoelectrical method, they measured ciliary paralysis induced by a 20%
cocaine solution. Van de Donk et al. [5] found cocaine at 5% to cause
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ciliostasis, but this effect was reversible. The effects reported in the literature
are summarized in Table 1.
Table 1 Results of previous studies on the effect of cocaine on ciliary activity.
cocaine

ciliary activity
decreased
stopped

Lierle and
Moore (1934)

10% - 20% (R)

Kimura (1959)

1.5% (R)

>20% (R)

Corssen and
Allen (1960)

10% (R) - 20% (I)

Ukai K et al. (1985)

20% (I)

Donk van de et al. (1982)

5% (R)

(R= reversible; 1= irreversible)

Lidocaine
Kimura [14] also studied the effect of lidocaine in different concentrations
on ciliary activity. He found a decrease in ciliary movement at a 1%
concentration and ciliostasis at 7.8%. Corssen and Allen [3] reported
lidocaine at 5% - 20% to cause "reversible stoppage." In addition, they
reported a disturbance of ciliary coordination in the range between 0.5% and
20%. On the other hand, Mostow et al. [16] found complete but reversible
ciliostasis in ferret tracheal rings at lidocaine concentrations as low as 0.5%.
At 1% and 2%, ciliary paralysis appeared to be not completely reversible.
Rutland et al. [20] found CBF to decrease dose-dependently at concentrations
of 0.125% and higher. Above a concentration of 1.9%, ciliostasis was
complete. The effects reported in the literature are summarized in Table 2.
Solutions of cocaine and lidocaine are both routinely used in nasal and
sinus surgery; cocaine in concentrations of 3%, 7%, 10%, and lidocaine in
concentrations of 2% and 4% [8], Because of the differences in results of
previous studies, we decided to investigate the effects of various
concentrations of cocaine and lidocaine on two different parameters of ciliary
function in our in vitro model of human nasal mucosa [9, 10, 11, 12], The
influence on ciliary beat frequency (CBF) as well as on ciliary beat harmony
was measured.
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Table 2 Results of previous studies on the effect of lidocaine on ciliary activity.
lidocaine

ciliary activity
decreased
stopped

Kimura (1959)

1% (R)

7.8% (R)

Corssen and
Allen (1960)

5% - 20% (R)

Mostow et al. (1979)

0.5% (R) - >1% 0)

Rutland and
Cole (1980)

0.125%

1.9%

(R= reversible; 1= irreversible)

MATERIALS AND METHODS
The effects of various concentrations of cocaine and lidocaine on ciliary
movement were studied photoelectrically in five, respectively four forceps
biopsies of normal human nasal mucosa.

Cocaine and lidocaine concentrations
We studied the effects of cocaine HC1 dissolved in CMRL-1066 in the
concentrations: 0.875%, 1.75%, 3.5% and 7%. The effects of lidocaine HC1
dissolved in CMRL-1066 were investigated in the concentrations 0.125%,
0.25%, 0.5%, 1% and 2%.
The pH of all solutions was not lower than 6.5, while osmolarity did
not exceed 450 mosm/1. In a previous article, we demonstrated that these pH
and osmolarity values do not influence the results [10],

Biopsy method
The present study was performed on nine volunteers who were to be
operated upon, under general anesthesia, for reasons not related to respiratory
mucosal pathology. They all signed a "volunteer declaration," as proposed in
the 1964 "Declaration of Helsinki" of the World Medical Association and
reviewed in Tokyo in 1975. The criteria for exclusion were: acute rhinitis in
the two weeks preceding the study, chronic rhinitis, allergy, a history of
nasal surgery, gross deformities of nasal anatomy, smoking, and all
medications except contraceptives. The biopsies were taken prior to surgery
with a Gerritsma biopsy forceps (Entermed, Linschoten, The Netherlands) [6]
from the posterior half of the inferior turbinate of the most patent side of
the nose. The specimen was transported into an enriched CMRL-1066
medium [24],
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Experimental design
The samples were investigated in a superfusion chamber as we described in
a previous article [12]. In all experiments the biopsy specimen was first
superfused with CMRL-1066 and an initial photoelectrical recording was
made. The sample was then superfused with the test substance in the lowest
concentration, after which a second recording was made. Further superfusions
were carried out with successively higher concentrations, and corresponding
recordings were made. After each superfusion, an attempt was made to
reverse the effect by washing out the substance with neutral CMRL-1066
medium. All superfusions were carried out at a flow rate of 4 ml per six
minutes.

Signal recording and analysis
Ciliary movements were recorded photoelectrically according to the technique
we described previously [9], The signal, consisting of different sinusoidal
waves, was sorted out off-line by Fourier transform (FT) analysis [13, 21],
In the power spectrum thus obtained, the first peak (harmonic) represents the
basal CBF. The reciprocal value of the average SD of the waveform over a
0.2-sec period is a measure for the photoelectrical signal consistency (SC).
This parameter is correlated to ciliary beat harmony, as we demonstrated in
a previous article [11], Care was taken to measure one single cell during the
whole experiment, because of the large intercellular differences that may
occur [9]. All measurements were carried out five minutes after
discontinuation of the superfusion in order to avoid mechanical effects of the
superfusion itself [10],

RESULTS
The data obtained in the various experiments was statistically analyzed by
means of a two-tailed Student’s Mest for paired differences.

Cocaine
Cocaine was found to produce a significant decrease of CBF at
concentrations of 1.75% (p<0.05) and higher, as can be seen in Fig. la. At a
0.875% concentration, the effect was not significant (p=0.24). At 7%,
ciliostasis was observed in three out of five samples. In two of them,
ciliostasis could partially be reversed by superfusion with neutral medium.
The ciliated cells did not show any signs of lysis during the experiment as a
result of changes in osmolarity.
Effects on average photoelectrical SC were similar to those on CBF, as
is shown in Fig. lb. In the lowest concentration, SC was not affected
(p= 0.68). At higher concentrations, a dose-dependent decrease was observed.
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Fig. la Average ciliary beat frequency (CBF) and SD for increasing concentrations of cocaine
(five subjects).
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Fig. lb Average photoelectrical signal consistency (SC) and SD for increasing concentrations
of cocaine (five subjects).
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Fig. 2a Average ciliary beat frequency (CBF) and SD for increasing concentrations of
lidocaine (four subjects).
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Fig. 2b Average photoelectrical signal consistency (SC) and SD for increasing concentrations
lidocaine (four subjects).
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Lidocaine
Lidocaine appeared to affect ciliary function even more than cocaine, as is
shown in Fig. 2a. CBF was found to decrease at a concentration of 0.25%
(pcO.Ol) and higher. Ciliostasis was found in all four samples at a
concentration of 2% and could not be reversed by superfusion with neutral
medium. The ciliated cells did not show any signs of lysis because of
osmotic changes.
The effect on average photoelectrical SC was similar, as can be seen in
Fig. 2b. SC was significantly decreased by a lidocaine concentration of
0.25% (p<0.05%) and higher.

DISCUSSION
Using our in vitro measuring method, we found that both cocaine and
lidocaine affect ciliary beat frequency (CBF) and ciliary beat harmony.

Cocaine
Cocaine was found to decrease CBF at a concentration of 1.75%, which
corresponds to the results of Kimura [14] and those of van de Donk et al.
[5], who also used a photoelectrical recording technique. At a 7%
concentration, ciliary inhibition was only partially reversible. This is also
comparable to the recent findings of van de Donk et al. [5].
As illustrated in Table 1, in some other studies [3, 15, 22] much higher
concentrations were needed to decrease CBF. This may be due to the fact
that less sensitive methods were used. We also have to realize that in vivo
and in vitro measurements can not be compared, especially not in the case
of cocaine. Apart from its direct effect on ciliary activity, cocaine will also
exert an indirect effect, since it affects mucosal blood supply and nervous
innervation. Ukai et al. [22] also demonstrated that data obtained by in vivo
experiments may differ from in vitro effects. They found that a 5% cocaine
solution decreased mucociliary transport, whereas in their in vitro
experimental design, a 20% concentration was needed to decrease CBF.

Lidocaine
We found that lidocaine causes a decrease in CBF at a 0.25% concentration
and ciliostasis at 2%. This is in agreement with the findings of Rutland and
Cole [20] (0.125% and 1.9% respectively), and it is somewhat higher than
the findings of Mostow et al. [16] (irreversible ciliostasis at 3%). Much
higher concentrations were found in the earlier studies by Kimura [14] and
by Corssen and Allen [3], We suppose that this is because they did not have
a photoelectrical registration method at their disposal.
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Clinical concentrations
Our investigations, as well as the recent one by van de Donk et al. [5], lead
us to conclude that the cocaine concentrations commonly used in clinical
practice will decrease CBF, whereas the 10% concentration is likely to
produce irreversible ciliostasis. Moreover, we have to realize that adrenaline
often is added [17], From previous experiments, we know that a-sympathetic
agents inhibit ciliary function as well [12, 18]. The same applies to
lidocaine, which is mostly used in concentrations of 1%, 2% or 4%.

Ciliary beat frequency

/

ciliary beat harmony

In this study we found CBF and ciliary beat harmony to be affected in a
similar way. This suggests that ciliary beat harmony is related to CBF.
However, in a previous study [11], we demonstrated that, under certain
conditions, beat harmony may be affected differently from CBF. Corssen and
Allen [3] reported changes in ciliary coordination at a 0.5% concentration of
cocaine and lidocaine at 0.5%. In our experimental study, we demonstrated a
decrease in ciliary beat harmony as recorded by a fall in SC at a 1.75%
concentration of cocaine and a 0.25% concentration of lidocaine.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

SUMMARY AND CONCLUSIONS
The ciliated epithelium in the nose is an important protective mechanism of
the respiratory tract. The ciliary beat is the driving force of the mucociliary
transport system. We have developed a method to study ciliary beat of the
human nasal epithelium in vitro, using a photoelectrical registration
technique. The signal obtained in this way, is very complex since it is the
result of movements of a considerable number of cilia. Furthermore, it may
be influenced by factors such as: ciliary activity of neighboring cells,
metachronic rhythm, frequency shift in time, and mucus properties. Until
recently, ciliary beat frequency (CBF) was considered the most important
parameter of ciliary function, and was determined by counting the peaks in
the recorded signal. Nowadays advanced software is at our disposal,
facilitating the performance of Fourier transform (FT) analysis and allowing
more detailed calculations of signal morphology.

Parameters of ciliary beat obtained from the photoelectrical signal
Ciliary beat frequency (CBF)
In the power spectrum, obtained by FT analysis, the basal CBF is
represented by the first peak, or harmonic. CBF can be considered as an
appropriate measure for ciliary activity.
We studied the successive harmonics in the power spectrum as well,
since they may represent characteristics of the signal morphology. However,
the second harmonic could not be distinguished when the signal became
more complex or less consistent.
CBF shift
The variation of frequency in time appeared to provide little information on
ciliary function. CBF in forceps biopsies showed a constant pattern as
appeared from the small CBF shift. Frequency shift did not alter when the
temperature of the medium was raised.
Signal consistency (SC) - ciliary beat harmony
By means of an averaging method it is possible to calculate consistency of
the signal. Signal consistency (SC) is defined as the reciprocal value of the
average SD of the wave form over a 0.2-sec period. SC appeares to be a
reliable parameter of the ciliary beat harmony; the higher the SC, the higher
the degree of beat harmony. One can expect the metachronic rhythm to alter
along with beat harmony.
Phase ratio (PR)
In general, we did not succeed in identifying the several phases of the cycles
in the photoelectrical signal. We tried to calculate the ratio of duration of
the upward and downward phases of the photoelectrical cycles. Phase ratio
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(PR) demonstrated a considerable spread within the signal and appeared
unaffected under several experimental conditions. The fact that we could not
recognize the different phases of the ciliary beat in the signal might be due
to the use of fresh biopsies of the human nasal mucosa. Probably PR can
only be accurately determined when the signal is less complex, as in
cultured mucosal cells.

Biopsy method: curette versus forceps technique
The considerable spread in CBF between different cells within the biopsy
sample appeared to be similar for curette and forceps biopsies. Nevertheless,
we prefer the forceps biopsy technique. Firstly, it was difficult to locate
active cilia in curette biopsies, whereas ciliated cells were always abundant
in forceps biopsies. Furthermore, the architecture of the pseudostratified
epithelium remains intact in the forceps biopsies. This is more comparable to
the in vivo condition, as the specimen is more homogeneous with intact
intercellular links. Moreover, forceps biopsies remain immobile in the
superfusion chamber because of their mass.

Influence of the medium
We found a linear relationship between CBF and temperature in the range
from 22.5 to 40 °C. In subsequent investigations, we deliberately decided to
keep the cilia at 32 °C, the temperature of the nasal mucosa. A pH change
from 7.5 to 6.5 did not affect CBF. As to osmolarity, a gradient of 300-450
mosm/1 appeared not to affect CBF substantially. We found no direct effect
of superfusion flow rate on CBF.

Influence of nasal cycle
We could not find any relation between CBF and the patency of the two
nasal cavities as measured by rhinomanometry. Moreover, no correlation
could be demonstrated between CBF and the degree of patency of each nasal
cavity separately. Therefore, the moment of taking the biopsy in the nasal
cycle virtually seems of no importance.

Sympathetic and parasympathetic substances
Our in vitro method allows us to investigate the influence of various factors
on a single cell. A second advantage is that the measured effect is the result
of a direct process, since the cell is deprived of nerve and blood supply.
The influence of mediators of the autonomic nervous system on rabbit
ciliary activity is well established. Little is known about the effects of these
mediators on the ciliary beat of human nasal epithelium. In particular, their
influence on ciliary beat harmony is unknown.
The ß-sympathomimetic isoprenaline appeared to have a stimulating
effect on CBF, wheras the a-sympathomimetic xylometazoline decreased
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CBF. The parasympathomimetic carbachol raised CBF, but this effect could
only be demonstrated in high, nonphysiological concentrations such as used
for clinical purposes. It is, however, questionable whether eventual effects of
high concentrations are still the result of a receptor-mediated process.
SC was decreased by xylometazoline, while isoprenaline and carbachol
did not have any influence. In none of our experiments we could achieve an
increase of SC. Apparently the cilia beat in maximum harmony since our
experimental set-up resembles a physiological situation. Only after artificial
induction of "function loss" a ß2-sympathomimetic appeared to partially
restore not only the frequency but also the harmony of the ciliary beat.

Cocaine and lidocaine
We have demonstrated that CBF and SC decreased in a dose-dependent way
under influence of cocaine and lidocaine. Both parameters were affected even
in concentrations lower than those used for clinical purposes. With our
method, minor changes in ciliary beat are more likely to be detected. Our
observation presents an argument to refrain from the use of local anesthetics
when the ciliary activity is to be investigated.

Prospectives for future studies
In view of our experiences, we consider the photoelectrical method an
appropriate technique to study ciliary activity. The recorded signal provides
more information when computed analysis is applied. It would be of great
scientific and clinical importance if we are able to find a relation between
signal consistency, as a measure for ciliary beat harmony, and the
effectiveness of mucociliary transport.
To obtain additional data concerning the different phases in the ciliary
beat cycle, it might be necessary to measure ciliary movements of cultured
cells with a less complex signal.
Our method appeared adequate for pharmacological investigations, since
it allows the detection of a direct effect on the function of cilia in a single
cell. The effect of neuropeptides and allergic mediators, such as leukotrienes
and prostaglandines, has so far been investigated in ciliated cells from
animals or human bronchial mucosa. However, our knowledge about the
effect of these substances on ciliary function of human nasal mucosa is still
incomplete.

SAMENVATTING

SAMENVATTING
Het trilhaarepitheel waarmee de neus bekleed is, heeft een belangrijke functie
bij de bescherming van de luchtwegen. De trilhaarslag is de stuwende kracht
achter het mucociliair transportsysteem. In dit proefschrift wordt een methode
beschreven waarmee de trilhaarslag van menselijk neusslijmvlies met behulp
van een foto-electrische registratietechniek kan worden onderzocht. Het
verkregen foto-electrische signaal heeft een complex karakter aangezien het
tot stand komt door de bewegingen van de 100-200 trilharen of cilia van één
cel. Bovendien wordt het signaal beïnvloed door factoren zoals trilhaaractiviteit van naburige cellen, veranderingen in de trilhaarslagfrequentie en
eigenschappen van de mucus. Tot op heden werd vooral de trilhaarslag
frequentie gebruikt als parameter voor de ciliaire functie. Deze frequentie
werd berekend door het aantal pieken in het geregistreerde signaal, over een
bepaald tijdsinterval, te tellen. Met de computer is het tegenwoordig mogelijk
een Fourier transform (FT) analyse toe te passen, waardoor de frequentie
objectief vastgelegd kan worden. Daarnaast kunnen met geavanceerde
software gedetailleerde analyses van de trilhaarslag worden gemaakt.

Parameters van de trilhaarslag in het foto-electrische signaal
Trilhaarslagfrequentie, ciliary beat frequency (CBF)
De frequentie wordt weergegeven door de eerste piek of harmonische in het
door FT analyse verkregen powerspectrum. De trilhaarslagfrequentie kan
beschouwd worden als een maat voor ciliaire activiteit. Daarnaast werd de
verdeling van de overige harmonischen in het powerspectrum bestudeerd in
de hoop hieruit verdere informatie over de morfologie van het signaal te
verkrijgen. Zodra echter de kwaliteit van het signaal iets minder wordt, door
bijvoorbeeld verlies van vitaliteit of door één van de hierboven beschreven
factoren, verdwijnt de tweede harmonische onder ruisniveau.
Frequentieshift, CBF shift
De grootte van de variatie van de trilhaarslagfrequentie in de tijd leverde in
onze experimenten geen extra informatie op. In de forcepsbiopten, die wij
voornamelijk gebruikten, was de frequentie redelijk constant. Daarom werd
besloten de frequentieshift niet verder te betrekken in de analyse van het
signaal.
Signaalconsistentie, signal consistency (SC) - harmonie van de trilhaarslag,
ciliary beat harmony
Het bleek mogelijk de consistentie van het signaal te bepalen door te
middelen. De SC is een maat voor de gelijkvormigheid van de verschillende
cycli en werd berekend uit de reciproke waarde van de gemiddelde SD van
de cyclusvorm over een periode van 0,2 seconden. Dit bleek een
betrouwbare parameter voor de mate van harmonie van de trilhaarslag. Het is
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te verwachten dat het "metachrone ritme” van de trilhaarslag evenredig
verandert met de SC. Metachroniciteit betekent immers dat aaneengrenzende
cilia zich op een zelfde moment in opeenvolgende fasen van hun
bewegingscyclus bevinden, zoals koren in de wind. Dit is een voorwaarde
voor een effectief mucociliair transport.
Faseverhouding
In het algemeen bleek het niet mogelijk de verschillende fasen van de
bewegingscyclus van de trilharen in het foto-electrische signaal te herkennen.
Eenvoudigheidshalve berekenden we de verhouding tussen de duur van de
stijgende en die van de dalende fase in de cycli. Deze verhouding bleek een
grote spreiding te vertonen. Dat de verschillende fasen niet konden worden
herkend zou het gevolg kunnen zijn van het gebruik van verse biopten uit
het menselijk neusslijmvlies. Het is niet onwaarschijnlijk dat de
faseverhouding nauwkeuriger bepaald zou kunnen worden in gekweekte
trilhaarcellen. In dit geval mag men een minder complex signaal verwachten
door de afwezigheid van storende factoren.

Curette versus forceps biopt
Het aanzienlijke verschil in trilhaarslagfrequentie tussen verschillende cellen
van hetzelfde biopt bleek voor zowel curette- als forcepsbiopten even groot.
Nochthans verkiezen wij de forcepsmethode. Ten eerste omdat in
tegenstelling tot bij de curettebiopten een overvloed aan vitale cellen
beschikbaar is. Ten tweede omdat de histologische architectuur van het
pseudomeerlagig trilaarepitheel in de forcepsbiopten behouden blijft waardoor
de in vivo situatie beter benaderd wordt. Tot slot omdat forcepsbiopten beter
geschikt zijn voor onderzoek naar de invloed van diverse farmaca, aangezien
ze door hun massa niet verplaatst worden tijdens superfusie.

Invloed van het medium
De biopten werden onderzocht in een vloeibaar medium. De
trilhaarslagfrequentie bleek evenredig toe te nemen met de temperatuur in het
door ons onderzochte gebied tussen 22,5 en 40 °C. Onze verdere
experimenten werden uitgevoerd bij een temperatuur van 32 °C, aangezien
deze temperatuur die van het neusslijmvlies het beste benadert. Verandering
van de pH tussen 7,5 en 6,5 bleek geen invloed op de trilhaarslagfrequentie
te hebben. Verandering van de osmolariteit van 300 mosm/1 naar 450 mosm/1
deed de frequentie evenmin veranderen. Er kon ook geen effect worden
aangetoond als gevolg van superfusie met neutraal medium.

Invloed van de neuscyclus
Er werd geen relatie gevonden tussen de trilhaarslagfrequentie en de gemeten
doorgankelijkheid van de beide neushelften. Evenmin was de mate van
doorgankelijkheid van elke neushelft afzonderlijk van invloed op de
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frequentie. Bij onderzoek van de trilhaarfunctie blijkt het derhalve niet
belangrijk tijdens welke fase van de neuscyclus het biopt wordt verkregen.

Ortho- en parasympathische geneesmiddelen
Er is een aantal voordelen aan onze in vitro methode verbonden. Ten eerste
kan het effect van stoffen op één en dezelfde cel onderzocht worden. Ten
tweede kan een gemeten effect niet neurogeen of vasculair veroorzaakt zijn,
maar moet voortvloeien uit een directe werking op de trilhaarcel.
De invloed van mediatoren van het autonome zenuwstelsel op de
trilhaarslag is reeds uitvoerig door anderen onderzocht in vivo in de sinus
maxillaris van het konijn. Er is echter weinig bekend over het effect van
deze mediatoren op de cilia van het menselijk neusslijmvlies. Met name zijn
de veranderingen in de harmonie van de trilhaarslag onbekend.
Het niet-specifieke ß-sympathicomimeticum isoprenaline bleek een
stimulerend
effect
te
hebben
op
de
frequentie,
terwijl
het
a-sympathicomimeticum xylometazoline de frequentie liet dalen. Het
parasympathicomimeticum carbachol deed de trilhaarslagfrequentie stijgen
doch alleen in hoge, niet-fysiologische concentraties, zoals gebruikt worden
voor therapeutische doeleinden. Het is echter de vraag of de gemeten invloed
van deze relatief hoge concentraties het resultaat is van een receptoreffect.
De SC daalde na toevoeging van xylometazoline, doch bleef
onveranderd onder invloed van isoprenaline en carbachol. In geen van onze
experimenten konden we vanuit de initiële experimentele conditie de
harmonie van de trilhaarslag verbeteren. Dit zou erop kunnen wijzen dat
onze in vitro methode de fysiologische situatie goed benadert. Alleen indien
de ciliaire functie kunstmatig werd gestoord bleek het mogelijk om door
middel van een ß2-sympathicomimeticum zowel de frequentie als de
harmonie van de trilhaarslag opnieuw te stimuleren.

Cocaine and lidocaine
Beide locaal anesthetica deden frequentie en harmonie van de trilhaarslag
dosis-afhankelijk dalen. Dit effect kon worden aangetoond bij lagere
concentraties dan die in de klinische praktijk gebruikelijk zijn. Bij onderzoek
van de trilhaarslag is het gebruik van deze anesthetica ten behoeve van het
nemen van een biopt derhalve niet gewenst.

Toekomstperspectieven
Op grond van onze ervaring beschouwen wij de foto-electrische methode een
geschikte manier om de trilhaaractiviteit te bestuderen. Er kan meer
informatie uit het signaal verkregen worden wanneer dit met behulp van de
computer wordt geanalyseerd. Het zou van wetenschappelijke en klinische
waarde zijn indien een relatie kon worden gevonden tussen de SC, als maat
voor de trilhaarslagharmonie, en de effectiviteit van het mucociliair transport.
Om meer gegevens over de verschillende fasen van de trilhaarslag te

84

verkrijgen lijkt onderzoek van gekweekte cellen, met een minder complex
foto-electrisch signaal, aangewezen.
De foto-electrische methode is zeer geschikt voor het onderzoeken van
de invloed van farmaca omdat trilhaarbewegingen van één cel bestudeerd
kunnen worden. In de toekomst zouden met name de effecten van
neuropeptiden
en
allergische
mediatoren,
zoals
leukotrienen
en
prostaglandinen nog kunnen worden onderzocht. De effecten van deze stoffen
zijn reeds bekend op trilhaarcellen van proefdieren en menselijk bronchiaal
slijmvlies, doch de invloed op cilia van het menselijk neusslijmvlies is nog
onvoldoende bestudeerd.
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