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Cocaine Reduces Ciliary Beat Frequency
of Human Nasal Epithelial Cells
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Abstract. Background/Aim: Cocaine is a widely used
recreational drug and is known for its nasal complications
including epithelial, cartilage and bone damage. The aim of
the study was to analyze the impact of cocaine on ciliary
beat frequency (CBF) of human nasal epithelial cells and
therefore better understand its side effects on nasal mucosa.
Materials and Methods: Nasal epithelial cells of 21 healthy
subjects were harvested and exposed in vitro to cocaine
hydrochloride solutions ranging from 0.875% to 7%. High-
speed video footage was acquired with phase contrast
microscopy and CBF was analyzed with Sissons-Ammons
Video Analysis (SAVA) software. Results: All tested
concentrations led to a significant reduction in CBF
compared to the control. Effects increased over time and
with concentration. A mechanical inhibition of cilia by
cocaine crystals was also observed. Conclusion: We assume
that CBF reduction is part of the pathomechanism leading
to nasal complications in cocaine abuse. Considering these
results, clinical usage of cocaine should be critically
evaluated and restricted to select cases only.

The leaves of the Erythroxylum coca plant have been chewed
by the indigenous people of South America long before the first
isolation of cocaine in 1855 by Friedrich Gaedcke was
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successful (1). By using it, the native South Americans could
work longer and harder on the fields due to its stimulating
effects and endure hunger for longer periods of time. In 1884,
Carl Koller introduced cocaine as a local anesthetic in
ophthalmology (2). At present, more potent anesthetic
derivatives like lidocaine mostly replaced cocaine in the medical
field (3). Various commercial products containing cocaine like
beverages and cigarettes have been sold until the early 20t
century. Due to its addictive nature and long-term side-effects,
cocaine became outlawed for public use in most countries. Still,
it is predominantly used as a recreational drug until today.

The most common form is its water-soluble hydrochloride
salt which can be swallowed, injected or sniffed. The effect
of cocaine is based on the fact that 35-37% of applied
cocaine is absorbed systemically by the nasal mucosa (4, 5).
In 2017, approximately 18 million people world-wide
consumed an average amount of 28,6 g of cocaine per year.
Global cocaine use is still increasing and is centered in North
America and Central and Western Europe (6).

Cocaine causes a local anesthesia by blocking sodium-ion
channels in peripheral nerves and leads to euphoria and
psychological addiction by blocking the reuptake of
dopamin, serotonin and noradrenaline in the central nervous
system (CNS) (7, 8). Its sympathomimetic effects cause an
elevated blood pressure and can promote arrhythmia and
sudden cardiac death (9). In approximately 5% of cocaine
users, the nasal application leads to cocaine induced midline
destructive lesions (CIMDL) including hyposmia, crusting,
ulcers, nasal septal perforation and bone erosion of the
palate, skull base, orbita and paranasal sinuses (10).

Different local and systemic factors are attributed to these
complications: Locally, vasoconstriction, as well as
mechanical and chemical trauma play their role by
promoting bacterial infection and necrosis. Other systemic
factors like osteoblast inhibition, immunosuppression and
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auto-antibody formation are suspected (8, 11, 12). By
influencing ciliary function, local harmful factors could be
potentiated.

Mucociliary clearance (MC) ensures that the airways stay
free of inhaled particles and detritus. A synchronous and fast
ciliary beat, as well as the right amount and consistency of
mucous is essential for a functioning MC (13-15). Disruption
of ciliary function like in primary ciliary dyskinesia or
change in mucous consistency like in cystic fibrosis lead to
impaired MC and are associated with chronic, recurrent and
more severe upper airway infections (16, 17). There are
many factors influencing CBF. CBF naturally is reduced
during sleep and with increasing age (18). Long-term alcohol
and nicotine abuse lead to CBF reduction (19, 20).

Local defensins secreted by the mucosa provide an
additional defense mechanism against pathogens. Prerequisite
for sufficient defensin function is a specific environment
provided by the mucous. Acidity leads to dysfunction (21).
Cocaine hydrochloride (CHCL) has a pH of 3.44-5.37 (22).

There are only a few studies on the influence of cocaine
on CBF. Photoelectrical CBF-analysis has shown CBF
reduction for cocaine and other local anesthetics (23-25). Up
to date, there is no study directly visualizing the effect of
cocaine on the ciliary beat of nasal epithelial cells, which is
the aim of this study.

Materials and Methods

The study was carried out in the Department of Otorhinolaryngology,
Head and Neck surgery at the University Medical Centre Mannheim,
Germany after approval was given by the ethics committee of the
Medical Faculty Mannheim, University of Heidelberg (reference
number: 2010-267n-MA). 21 subjects (11 female, 10 male) with an
average age of 31.5 years ranging from 19 to 51 years have been
included in the study. Subjects with rhinosinusitis, using topical nasal
drugs and smokers were excluded. Written informed consent was
obtained from all participants.

Samples of the nasal mucosa were harvested by brushing the
middle nasal meatus with a cytology brush (Gynobrush Plus, Heinz
Herenz, Germany).

Before harvesting the samples, the subjects were asked to blow their
nose and anterior rhinoscopy was performed. Subjects with residual
mucous and any signs of rhinitis where ruled out. After that, the brush
was moistened with 0.9% saline solution and inserted in the wider
middle nasal meatus where the epithelium was scraped by rotating and
moving the brush back and forth. Immediately after brushing, the
harvested cells were transferred into 5 ml of RPMI medium (RPMI
1640, cell culture tested, standard, L-glutamine: 300 mg/l, PromoCell,
Heidelberg, Germany) and stored at room temperature.

Tests were performed 3-9 h after obtaining the cells, utilizing the
plateau phase of the ciliary beat frequency in RPMI medium (26).

Solutions where created to achieve test concentrations of 7%,
3.5%, 1.75% and 0.875% in the test medium by dissolving CHCL in
RPMI medium. Unaltered RPMI medium was used as control (0%).

The medium containing the harvested cells was split into five Petri
dishes and put under a phase contrast microscope (Leica Microsystems
GmbH, Wetzlar, Germany) with 400-fold magnification.
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Figure 1. Phase contrast microscopy of cocaine crystals showing after
I min in 3.5% cocaine hydrochloride solution and settling on nasal
epithelial cell cluster (400-fold magnification).

After ensuring that each dish contained vital cell clusters with
beating nasal cilia, the test medium was added. Immediately
afterwards, a cell cluster was focused and videos were recorded
every 60 s for 15 min using a high-speed video camera and the
Sissons-Ammons Video Analysis (SAVA) software (19). Each
sequence had a length of 2s with a frame rate of 100/s. The starting
point t=0 was set at the beginning of the first video. Only intact cell
clusters were selected, due to the fact that disrupted ciliated
epithelial edges show significantly lower CBF (27).

Since the cell clusters were moved by the added media, it could
take up to 30 s until video recording could be started. Because of this
shift, baseline measurements before adding the test media were not
comparable and a negative control was used instead. Using SAVA on
the acquired videos, CBF was determined by selecting rectangular
regions of interests (ROIs) containing ciliated cells. For each cell
cluster, three different ROIs where specified and tracked over time.

Results

After analyzing all samples (n=21), an instant inhibiting effect
of CHCL on CBF could be shown. The effect increased with
time and slightly with concentration. After 1 min, median CBF
in 0.875% CHCL/RPMI solution was significantly lower than
in RPMI only (4.52+1.17 Hz vs. 8.09+1.85 Hz; p=0.001).
Further reduction of CBF over time was observed with an
endpoint of 1.65+1.17 Hz at t=15 min. CBF reduction at 5, 10
and 15 min was significantly lower compared to CBF in RPMI
only (p=0.001). Similar observations were made for 1.75%,
3.5% and 7% CHCL/RPMI solutions, showing a slight increase
of overall CBF reduction with increasing concentration of
CHCL. Crystal formation was observed in all test solutions,
increasing with time and concentration, leading to a mechanical
obstruction of the cilia (Figure 1). All Results are listed in
Table I and a graphical visualization is provided in Figure 2.
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Table 1. Mean ciliary beat frequency (CBF) for the control group (0%) and tested cocaine hydrochloride (CHCL) solutions with standard deviation (SD).

Time Control SD 0.875% SD 1.75% SD 3.5% SD 7% SD
CHCL CHCL CHCL CHCL CHCL

0 8.05 233 3.09 1.09 4.37 1.39 4.18 1.84 3.55 2.17

1 8.09 1.85 4.52 1.17 4.45 1.60 4.21 1.69 3.20 1.72

5 7.26 1.48 3.66 1.26 348 1.31 3.28 1.39 2.34 1.31

10 7.13 1.54 2.31 1.32 2.13 1.02 2.04 1.32 1.22 1.20

15 7.15 1.71 1.65 1.17 1.46 0.76 1.36 0.99 0.50 0.94

All CBF values acquired in the test solutions showed a significant reduction compared to the control group (p-value=0.001). Time in min. CBF in Hz.

Discussion

Cocaine is a well-known stimulant and local anesthetic.
Anesthesia is achieved by binding to sodium channels in
peripheral nerve fibers, making them unable to depolarize
and form action potentials and thus disrupting signal
conduction (28). Its medical use is limited and it has mostly
been replaced by its more potent derivates like lidocaine (3).
Central effects are caused by blockage of presynaptic
monoamine transporters in the CNS, leading to elevated
dopamin, serotonin and noradrenaline levels. This results in
a short-term awareness increase and loss of impulse control
(29). Long-term abuse leads to addiction via various
neurobehavioral mechanisms (30).

Today, cocaine is one of the most commonly used
recreational drugs (6). Nasal long-term use can lead to damage
of local epithelial cells, cartilage and bone (10). Exposing nasal
epithelial cells to cocaine was shown to lead to a significant
reduction of CBF. This CBF reducing effect could be attributed
to pharmaceutical properties and the above-mentioned
mechanical obstruction of cilia by CHCL crystals. Although
CHCL has a solubility in water of 714 g/l at 25°C, we found
CHCL crystals settling on monitored cell colonies increasing
with time and concentration. Crystals were found in samples
containing all tested concentrations. This is probably caused by
dilution with RPMI instead of water, since RPMI is already
saturated with the contained nutrient components.

Since nasal doses in recreational use of cocaine far surpass
its solubility (20-100 mg per nostril), mechanical inhibition of
the nasal cilia by CHCL crystals is very likely in those cases.
Anesthetic solutions for topical application can contain 4 or
10% CHCL, making a mechanical inhibition less likely but still
possible. At the cellular level, the regulation of cilia motility is
not fully understood yet. An increase of intracellular calcium
(Ca2*) levels leads to stimulation of CBF and is the common
endpoint of all known signal pathways. Ca®* can be mobilized
from intracellular stores or transported from outside the cell
(31). In vitro exposure of airway epithelia to Ca** and
Acetylcholin (ACH) leads to an increase in CBF (32). Ca?* can
be transported directly into the cell or activate transmembrane
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Figure 2. Wireframe surface plot showing changes of ciliary beat
frequency (CBF) depending on time and concentration of cocaine
hydrochloride (CHCL) solution.

adenylyl cyclases leading to cAMP-pathway activation and
CBF increase by Dynein-arm phosphorylation via PKA (33).
ACH triggers muscarinergic ACH receptors (nACH-R) on the
cell membrane causing hydrolyzation and activation of
inositol-trisphosphate (IP3) which in turn leads to Ca”* release
from intracellular stores (13). Cocaine interferes in this
pathway by antagonizing mACH-R (34).

There are also studies showing a benefit to mucociliary
clearance after blocking epithelial sodium channels (ENaC).
This effect is accredited to an increased airway hydration (35,
36). While inhibiting voltage-dependent sodium-ion channels
in peripheral nerves (37), it is not known whether cocaine
blocks ENaC. Overall, this study shows another possible
additional mechanism of nasal mucosa damaging by cocaine
leading to CIMDL. The role of this mechanism in the
pathogenesis of CIMDL remains partly unclear, but it can be
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assumed that disruption of mucociliary clearance via the signal
paths described above promotes local toxicity, increases drug
exposure time and weakens local immunodefense mechanisms.

This is the first study analyzing the impact of cocaine on
CBF with highspeed video-microscopy. Our results help to
better understand the pathophysiology and the damage
mechanism of intranasal consumption of cocaine. But there
are a few limitations which must be considered. Due to the
time gap between adding of the CHCL solution and
acquiring the first video sequences, there is already a
significant reduction of CBF for all CHCL concentrations
compared to the control group at t=0.

Cocaine obtained from street vendors for recreational use
is rarely pure. Besides pharmacological inactive “fillers” like
sugars (e.g. innositol, mannitol, glucose), there is a wide
variety of drugs added to mimic the effect of cocaine (e.g.
caffeine, lidocaine, levamisole) or alleviate unwanted effects
like increased blood pressure, tachycardia and anxiety (e.g.
diltiazem, hydroxyzine) (38). This study cannot differentiate
if occurrence of CIMDL is promoted by cocaine alone.
Additional effects of the cutting agents must be taken into
account. A calcium antagonist like diltiazem, for example, is
also very likely to reduce CBF even more than CHCL alone.

It also has to be considered that the setup does not allow
analysis of the irreversibility of the observed effect. Since the
cell clusters where not fixed in the test solutions, it was not
possible to wash out the CHCL without moving the cells.
Previous studies have shown reversible CBF reduction with 1.5-
20% CHCL solutions and irreversible CBF reduction between
7-20% CHCL solutions (23-25). All studies where limited to in
vitro testing. It is not known, how long CBF reduction by
cocaine lasts in vivo. Presuming an irreversible CBF reduction,
the effects may last for at least 5 days, which is the observed
regeneration time of nasal mucosa after mechanical injury with
intact basal cells and basement membrane (39).

Conclusion

CHCL is a potent inhibitor of CBF in nasal epithelial cells.
Beside the other negative effects of cocaine, the associated
reduction of mucociliary clearance might contribute to
development of the cocaine induced midline destructive
lesions including hyposmia, crusting, ulcers, nasal septal
perforation and bone erosion.
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