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Abstract
Ciliated epithelium represents the first line of host defense against lung infection. Most alcoholics
smoke and are at high risk for developing lung infections. We reported that cigarette smoke activates
protein kinase C (PKC) and alcohol desensitizes ciliary beat frequency (CBF) to β-agonists in bovine
bronchial epithelial cells in vitro. The combined effect of smoke and alcohol exposure on mouse
ciliated tracheal epithelium has not been studied in vivo. We hypothesized that previously observed
in vitro effects of smoke and alcohol exposure could be replicated in vivo. Female C57BL/6 mice
were exposed to whole body cigarette smoke only, 20% alcohol ad libitum in drinking water only,
or the combination of cigarette smoke plus alcohol for 6 wk. Bronchoalveolar lavage (BAL) cell
populations, CBF, and airway kinase activity were assessed. Total BAL cells were decreased in
animals exposed to alcohol alone and increased in animals exposed to smoke alone. Mice receiving
smoke and alcohol had cell levels similar to smoke alone. Baseline CBF was not affected in any
group; however, isoproterenol stimulation of CBF was blunted by alcohol exposure and actually
slowed below baseline in the smoke plus alcohol group. Isoproterenol-induced PKA activity was
inhibited in mice receiving alcohol independent of smoke exposure. Smoke activated PKC
independent of alcohol. The isoproterenol-induced slowing below baseline of CBF after combined
smoke and alcohol exposure demonstrates a novel ciliary impairment likely related to the
combination of alcohol-mediated PKA desensitization and smoke-stimulated PKC activation,
possibly through acetaldehyde present in the vapor phase of cigarette smoke.
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The lung is exposed to inhaled toxins and pathogens as a consequence of breathing in particle-
laden air. The coordinated secretion of airway mucus along with synchronized ciliary beating
provides a protective mucociliary barrier to such inhaled substances and microorganisms, with
the ciliated bronchial-tracheal epithelium acting as the motor cell driving this primary host
defense of the lung (1). The frequency of beating cilia can be changed in response to stress and
during exercise (2), by temperature, pH, particle exposure or through the action of various
ciliostimulatory compounds such as β-adrenergic receptor agonists (3). Cyclic AMP–
dependent protein kinase (PKA) plays an important role in the up-regulation of ciliary beat
frequency (CBF) during β-agonist stimulation (4). Conversely, protein kinase C (PKC) has
been associated with an inhibitory effect on CBF (5). Impairment of ciliary motility may
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contribute to airway disease, since pathogens not properly cleared from the airways can
stimulate a chronic inflammatory response (6).

CLINICAL RELEVANCE

The dual actions of alcohol desensitization on PKA-mediated ciliostimulatory pathways
and cigarette smoke–mediated activation of PKC cilioinhibition combine to impair ciliary
function more than either exposure alone.

Alcohol has been identified as an agent capable of impairing ciliary motility (7). Likewise,
heavy alcohol consumption is associated with increased risk of pneumonia (8). Cigarette smoke
has long been known to impair cilia beating (9). Because 80–95% of alcoholics smoke
cigarettes (10), we think it is highly relevant to study the mechanisms of cilia dysfunction
within the context of combined cigarette smoke and alcohol exposure to model the
pathophysiology of alcohol in the lung. In organ systems such as the upper digestive tract
(11), kidney (12), liver (13), and pancreas (14), the combination of cigarette smoke and alcohol
exposure has produced unique effects not observed by either exposure alone. The lung
represents a likely target for the effects of co-exposure, as the airways are directly exposed to
inhaled cigarette smoke and exhaled alcohol.

Our previous in vitro studies have shown that cigarette smoke extract (CSE) increases PKC
activity in human and bovine bronchial epithelial cells (15). While brief alcohol exposure can
rapidly stimulate ciliary beating (16), via a nitric oxide and PKA-dependent pathway (17),
prolonged alcohol exposure blocks β-agonist stimulation of PKA activity and ciliary beating
in cell cultures (18). We obtained similar results using a rat model of smoke and alcohol co-
exposure with Streptococcus pneumoniae infection (19). In this rat model, impairment of
bacterial clearance correlated with decreased cilia beating and increased PKC activity (20).
The purpose of the present study was to determine the impact of combined cigarette smoke
and alcohol exposure on kinase-driven ciliary function and lung inflammatory cell
accumulation. We hypothesized that combined smoke and alcohol treatment would have
unique effects on ciliary motility and kinase activity in the tracheal epithelium different from
either exposure alone. In this study we report that the dual actions of alcohol desensitization
on PKA-mediated ciliostimulatory pathways and cigarette smoke–mediated activation of PKC
cilioinhibition combine to impair ciliary function more than either exposure alone.

MATERIALS AND METHODS
Mice

Female C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD) at
7–8 wk of age and maintained at the Omaha VA Animal Research Facility (Omaha, NE) under
standard housing conditions. Mice were acclimated to the facility for 1 wk before the start of
exposure and received standard rodent chow ad libitum for the entire course of the study. Mice
were monitored daily and weighed weekly. All experimental protocols were reviewed and
approved by the Institutional Animal Care and Use Committee of the Omaha Veterans Affairs
Medical Center. All protocols conformed to the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

Experimental Design
After a 1-wk acclimation period, mice were randomly assigned to one of five groups (Table
1).
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Group 1: Control—To determine handling versus treatment effects, this group of mice
received no treatment or handling of any kind aside from regular weighing and cage changing.

Group 2: Air—Mice in this group received exposure to air in an apparatus similar to the one
used for smoke exposure (sham treatment) and were given water.

Group 3: Air + Alcohol—These mice received the sham treatment and were given 20%
alcohol (wt/vol) in water.

Group 4: Smoke—Mice in this group were exposed to cigarette smoke and given water.

Group 5: Smoke + Alcohol—Mice in this group received both cigarette smoke exposure
and 20% alcohol (wt/vol) in water. The number of cigarettes and concentration of alcohol were
gradually increased over a 2-wk period, until the target treatments of 20 cigarettes/d and 20%
alcohol (wt/vol) were reached (Table 2). Target treatment was performed for 6 wk. After that
time, mice were killed and treatment affects on BAL cell numbers, ciliary beat and
responsiveness to β-agonist stimulation, and kinase activities in the upper airway epithelium
were assessed.

Cigarette Smoke and Air Exposure
Mice were exposed to the smoke of 20 1R3F reference cigarettes (University of Kentucky,
Lexington, KY) per day. Mice receiving cigarette smoke were gradually brought up to the
target exposure in a period of 2 wk and treated 6 d/wk for 6 wk. Treatment was administered
by placing mice in a plexiglass smoking chamber measuring 65 cm long, 50 cm wide, and 45
cm high. The smoking chamber was divided into three sections (1). The first section, 10 cm in
width, contained two holes to the outside to hold the lit cigarettes and draw in mainstream
smoke, an outer hood and vent to capture the sidestream smoke, and a fan to mix the smoke
with air before it reached the middle chamber through a set of inner holes. The mice were
placed in the middle chamber in separate cages, 3–4 to a cage, containing several 1.0-cm holes
on all sides of the cages to ensure adequate and equal exposure. Cages were rotated within the
chamber for each treatment. Smoke was pulled through the middle chamber into a third
chamber before being drawn out of the exposure apparatus using a vacuum pump. Cigarettes
were lit two at a time and burned for 6–7 min. This was followed by a cycle of filtered air of
the same length. Treatment was repeated until all 20 cigarettes were burned (~ 1–1.5 h). Sham
treatments were conducted in the same manner in a similar apparatus for the same periods of
time, but mice were exposed to filtered room air only. To ensure adequate cigarette smoke
exposure, blood carboxyhemoglobin (COHb) levels were measured using an IL-682 CO-
Oximeter (Instrumentation Laboratories, Lexington, MA). COHb levels did not differ between
water-and alcohol-receiving groups. Cigarette smoke–exposed mice had COHb levels of 10.14
± 0.27%, whereas the air-exposed mice had COHb levels of 0.53 ± 0.07%.

Alcohol Feeding
Mice receiving alcohol were given increasing concentrations of ethanol in water over a 2-wk
period until the target concentration of 20% was reached. Mice in the alcohol group were given
5% alcohol (wt/vol) to drink ad libitum (95% ethanol diluted with Milli-Q water) for 2 d, 10%
ethanol (wt/vol) for 5 d, 15% ethanol (wt/vol) for 7 d, and 20% ethanol (wt/vol) for 6 wk, in a
manner similar to that previously described (2). Mice in the matched control group were given
water from the same source without ethanol. All durations of alcohol exposure indicated in the
remaining text refer to the time spent on the final 20% alcohol concentration. To ensure
adequate intake of alcohol, blood alcohol concentrations (BAC) were measured using a kit by
Pointe Scientific (Canton, MI). Average BAC were 149 ± 47 mg/dl in the alcohol-fed groups
with no significant average difference between sham and smoke exposure groups. BAC varied
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from mouse to mouse, but levels as high as 445.7 mg/dl were detected in the alcohol groups.
The alcohol-exposed mice were observed to move normally around the cage at some times and
to stumble around in a likely intoxicated state at a other times. Several of the alcohol-drinking
mice appeared to “pass out,” which was coincident with very high BACs. Indeed, BACs
recorded in “passed out” mice were as high as 446 mg/dl, which mirrors BACs recorded in
heavy drinkers (21).

Bronchoalveolar Lavage
Mice were killed by pentobarbital overdose. Pentobarbital has been shown to have some effect
on ciliary activity and mucociliary clearance (22,23). The time between trachea harvest and
ring cutting, as well as equilibration time after cutting, was sufficient to remove the anesthetic
from the tissues, as normal responses and values were obtained for the control and air (sham)-
exposed mice. The tracheas were exposed and a 24-gauge (3/4-in) cannula was inserted at the
bottom of the larynx to perform the bronchoalveolar lavage (BAL). The proximal end of the
trachea was tied off and 0.6 ml of sterile PBS (Gibco, Grand Island, NY) was gently introduced
to the lungs and then aspirated. This was repeated three times for a total volume of 1.8 ml.
Return volume varied by < 10% between samples. BAL fluid was centrifuged at 250 × g to
collect cells. Cells were resuspended and cell populations were determined using cytospin
preparations (Cytopro Cytocentrifuge; Wescor Inc, Logan, UT) stained with DiffQuik (Dade
Behring, Newark, DE). Differential counts were made with ≥ 400 cells/sample and two slides
per mouse.

Trachea Harvesting and Treatment
After BAL, tracheas were removed and maintained in a closed sterile 15-ml conical tube in
serum-free M199 containing penicillin and streptomycin (100 units/100 µg per ml) (Gibco)
and fungizone (2 µg/ml; Gibco) at room temperature until processing (30–60 min). Tracheal
rings were cut (0.5-mm width) from the distal end of the trachea just above the carina. The
rings were placed in Petri dishes containing serum-free M199 (Gibco) for CBF determinations.
After baseline CBF determination, both the rings and the remaining tracheal tissue were
stimulated with isoproterenol at a final concentration of 100 µM. The rings and tissue were
incubated for 30 min at 37°C, 5% CO2 then allowed to equilibrate at 25°C for 10 min. The
final CBF reading was taken from the tracheal rings. The remaining tracheal tissue was opened
with a longitudinal cut to expose the ciliated epithelium and placed in a Petri dish containing
serum-free M199. This tissue was removed from the media and the ciliated epithelium was
gently scraped into cell lysis buffer as described (4). The epithelial lysate was then immediately
flash-frozen in liquid nitrogen for kinase assays.

Ciliary Beat Frequency
The motion of the actively beating cilia on the tracheal ring was quantified using phase contrast
microscopy and computerized frequency spectrum analysis. During CBF measurement,
tracheal rings were maintained at a constant temperature (24 ± 0.5°C) by a thermostatically
controlled heated stage, as the temperature gradient is known to affect CBF (3). All
observations were recorded for analysis using a Kodak 310 digital video camera (Eastman
Kodak Motion Analysis System Division, San Diego, CA). CBF was determined by whole-
field analysis of video images sampled for 3 s at 85 frames/s and performing frequency
spectrum analysis using the Sisson-Ammons Video analysis (SAVA) system (4).

PKA Activity
PKA activity was measured as described previously (5). Briefly, a portion of the epithelial cell
lysates was sonicated and centrifuged at 10,000 × g for 30 min at 4°C. The supernatant fraction
was collected and assayed. The assay employed is a modification of procedures previously
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described (6), with 130 µM PKA substrate heptapeptide (LRRASLG), 10 µM cAMP, 0.2 mM
isobutylmethyxanthine, 20 magnesium-acetate, and 0.2 mM [γ-32P] adenosine triphosphate in
a 40-mM Tris-HCl buffer (pH 7.5). Samples (20 µl) were added to 50 µl of the above reaction
mixture and incubated for 15 min at 30°C. Incubations were halted by spotting 50 µl of each
sample onto P-81 phosphocellulose papers (Whatman, Hillsboro, OR). Papers were then
washed five times for 5 min each in phosphoric acid (75 mM), washed once in ethanol, dried,
and counted in nonaqueous scintillant as previously described (7). Negative controls consisted
of similar assay samples with or without the substrate peptide or cAMP. A positive control of
0.4 ng/ml purified catalytic subunit from type I bovine PKA (Promega, Madison, WI) was
included as a sample. Kinase activity was expressed in relation to total cellular protein assayed
and calculated in picomoles of phosphate incorporated per minutes per milligram.

PKC Activity
The remaining epithelial lysate was used to determine PKC activity. Both the supernatant and
particulate fractions were assayed. Activated PKC was found in the particulate fraction. The
assay employed was a modification of procedures previously described (8) using 900 µM PKC
substrate peptide (Peninsula, Belmont, CA), 12 mM calcium-acetate, 8 µM phosphatidyl-L-
serine, 24 µg/ml phorbol 12-myristate 13-acetate, 30 mM dithiothreitol, 150 µM ATP, 45 mM
magnesium acetate, and 10 µCi/ml [γ-32P] adenosine triphosphate (MP Biomedicals, Irvine,
CA) in a Tris-HCl buffer (pH 7.5). Samples (20 µl) were added to 40 µl of the above reaction
mixture and incubated for 15 min at 30°C. Spotting 50 µl of each sample onto P-81
phosphocellulose papers (Whatman, Clifton, NJ) halted incubations. Papers were then washed
five times for 5 min each in phosphoric acid (75 mM), washed once in ethanol, dried, and
counted in nonaqueous scintillant as previously described (7). Kinase activity was expressed
in relation to total cellular protein assayed and calculated in picomoles of phosphate
incorporated per minutes per milligram.

Statistical Analysis
Results are expressed as the mean ± SEM of the indicated number of animals in each group.
Statistical differences between the various group means were determined using the Mann-
Whitney test and one-way ANOVA with Tukey’s multiple comparison as a post test (Graphpad
Prism, San Diego, CA). A probability of less than 0.05 was accepted as significant.

RESULTS
Weight Gain

To determine if the combined treatment with cigarette smoke and alcohol would affect weight
gain, mice were weighed weekly. The rate of weight gain was slightly decreased in the
treatment groups receiving alcohol, smoke, or both compared with the air and control groups
(Figure 1). However, by 6 wk, there was no significant difference in weight between the groups.
Weight gain and condition of the mice was similar between the Control and Air groups (data
not shown). Data in all other parameters measured throughout this study were also similar
between the Control and Air groups. Because we found no significant effect of handling, data
for the Control group have been omitted for brevity.

BAL Cell Populations
Exposure to cigarette smoke is known to induce an inflammatory response in the lung (24).
Chronic exposure to alcohol decreases inflammatory cell function and recruitment (25,26). We
hypothesized that chronic alcohol exposure reduces the numbers of lung inflammatory cells
recovered from BAL independent of smoke exposure. To test this hypothesis, we measured
BAL cells to determine the effect combined cigarette smoke and alcohol exposure would have
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on inflammatory cell recruitment to the lung. The number of total cells recovered in the BAL
from cigarette smoke–exposed animals was increased slightly over that of air-exposed animals,
but this change was not statistically significant (Figure 2A). In contrast, mice in the Air +
Alcohol group had 62% fewer total BAL cells compared with Air group. This smaller number
of total BAL cells observed in the Air + Alcohol group was not observed when smoke was
combined with alcohol (P < 0.05). Further examination of BAL differential cell counts revealed
a similar pattern of lower total numbers of macrophages, neutrophils, and lymphocytes that
only occurred in the presence of alcohol alone and not when alcohol was combined with smoke
exposure (Figures 2B–2D).

Ciliary Beat Frequency
We have observed that chronic alcohol exposure, both in vitro in bovine airway cells and in
vivo in alcohol-fed rats, desensitizes airway cilia to stimulation by β-agonists (18,19). We
hypothesized that chronic alcohol exposure would also desensitize airway cilia in alcohol-fed
mice and that cilia desensitization would occur independent of smoke exposure. To test these
hypotheses, baseline and isoproterenol-stimulated cilia beating were measured after alcohol
and/or smoke exposure. Baseline (unstimulated) CBF was not different among the four groups
(Figure 3A). When stimulated CBF was measured after treatment with isoproterenol for 40
min, a predictable increase in CBF in the Air + Smoke groups of > 1 Hz was observed. In
contrast, the isoproterenol response was blunted in the Air + Alcohol group compared with Air
group (Figure 3B). Surprisingly, exposure to isoproterenol actually slowed CBF to > 1 Hz
below baseline in the group exposed to the combination of smoke and alcohol (P < 0.05). While
an increase in goblet cell metaplasia was detected in response to cigarette smoke as expected,
alcohol exposure resulted in no observed histologic differences in airway cell populations
between the smoke exposure groups (data not shown).

PKA Activity
We have demonstrated that β-agonist stimulation of CBF is tightly linked to activation of PKA
in ciliated epithelial cells in vitro and in vivo (4,19). The effect of combined cigarette smoke
and alcohol treatment on PKA activity in mice, however, is not known. We hypothesized that
alcohol would desensitize airway PKA activity independent of smoke exposure. To test this
hypothesis, PKA activity was measured in the ciliated epithelium of tracheas from alcohol-
and/or smoke-exposed mice. Treatment with isoproterenol induced a significant increase in
PKA activity (Figure 4) in the ciliated epithelium of the Air and Smoke groups (P < 0.05).
Alcohol exposure, independent of smoke exposure, blunted the isoproterenol induced increase
in PKA activity in the ciliated tracheal epithelium consistent with PKA down-regulation.

PKC Activity
Exposure to CSE induces an increase in PKC activity in bronchial epithelial cells in vitro and
in vivo in rats exposed to cigarette smoke (15,20). We hypothesized that smoke would stimulate
PKC activity in mice exposed to smoke independent of alcohol exposure. Prolonged exposure
to alcohol had no effect on PKC activity in alcohol-fed mice compared with Air controls (Figure
5). Exposure to cigarette smoke, however, significantly increased the activity of PKC in the
ciliated tracheal epithelium. Concurrent exposure to alcohol did not alter the smoke-induced
increase in PKC activity.

DISCUSSION
Excessive alcohol intake compromises the host lung defense mechanisms from the
nasopharynx to the alveolus, resulting in severe upper and lower respiratory tract infections.
Recent studies of the mechanical, innate, and adaptive immune systems have begun to explore
the mechanisms by which alcohol exposure increases host susceptibility to lung infection
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(27). While the innate cellular immunity, represented by neutrophils and resident macrophages,
or the adaptive immunity orchestrated through cellular (T cells) and humoral (B cells) events
are the mediators of the pathologic response to chronic infection, it is the cellular mechanistic
events orchestrating mucociliary clearance that govern initial protection against such an
infection. Because cilia drive airway clearance, we have examined the impact of alcohol on
cilia in combination with cigarette smoke co-exposure.

Studying the impact of combined smoke and alcohol exposure on lung defenses is important
because increasing health care costs incurred by patients who smoke and drink alcohol
represent a significant public health burden. Most heavy drinkers smoke cigarettes (10) and ~
30% of all smokers are heavy alcohol drinkers (28). Therefore, studies that consider the impact
of cigarette smoke or alcohol alone on the lung may miss important synergistic or masking
effects observed only under conditions of co-exposure. To our knowledge this study represents
the first report of a cigarette smoke and alcohol co-exposure in mice to evaluate effects on the
upper airways and BAL cell recruitment in the lung. The reasons for this study were twofold:
(1) to determine if the combined exposure of alcohol and cigarette smoke would produce
differential effects in the lung compared with either treatment alone; and (2) to characterize
the combined exposure in C57BL/6 mice to use in future studies as a large percentage of
knockout mice are bred onto this background. Importantly, this exposure model likely mimics
the combined exposure observed in heavy drinkers who smoke. Blood alcohol concentrations
(BAC) in this model varied from mouse to mouse, with levels averaging 133–148 mg/dl (Table
1) in the Air + Alcohol and Smoke + Alcohol groups. This range of BAC is commonly
documented in individuals arrested for driving while intoxicated (21), with levels between 200
and 400 mg/dl often observed in conscious individuals. In the current model alcohol in the
water was provided ad libitum so that the mice could drink any time they wanted, which mirrors
drinking behavior of humans who consume alcohol heavily. The alcohol-exposed mice were
observed to move normally around the cage at some times and to stumble around in a likely
intoxicated state at a other times. Several of the alcohol-drinking mice appeared to “pass out,”
which was coincident with very high BACs. Indeed, BACs recorded in “passed out” mice were
as high as 446 mg/dl, paralleling BACs recorded in heavy drinkers. We also measured daily
liquid volume consumption (water ± alcohol) by the mice. Although they drank approximately
the same volume from one 24-h period to the next, it is likely that they varied their alcohol
intake during any 24-h period. Therefore, this model approximates exposure seen in heavy
drinkers.

In the present study, we observed a unique β-agonist–mediated cilia slowing in smoke and
alcohol co-exposed mice that is not present after exposure to either smoke or alcohol alone. In
addition, a difference was observed on total BAL cells in the combination model, with a lower
number of total BAL cells observed in the alcohol-exposed mice. To the best of our knowledge,
the combined effect of alcohol + smoke on BAL cell populations in mice has not been
published. Both exposures are known to separately alter lung immune cell functions. Previous
studies have shown that exposure to either alcohol or cigarette smoke alone alters BAL cell
population and numbers recovered from the lungs (24,28,29). The number of cells recovered
in the BAL from cigarette smoke–exposed animals was increased over that of air-exposed
animals, but not significantly so. Similar findings were obtained by Higashimoto and
coworkers in a study to evaluate the alteration of alveolar macrophage function occurring with
CS exposure (30). In addition, a study by Gairola showed the 6-wk time point to be the point
at which the BAL cell numbers begin to increase in long-term smoke exposure in mice (24).
In contrast, BAL cell numbers were significantly lower in our study in alcohol-exposed mice.
This finding is consistent with previous reports (29). Interestingly, the reduced number of BAL
cells present after alcohol exposure alone was absent under conditions of smoke and alcohol
co-exposure, although the number of neutrophils remained lower than in smoke-only–exposed
mice. Quinton and colleagues (31) suggest that the neutrophil remains “reluctant” under

Elliott et al. Page 7

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2008 January 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



conditions of alcohol exposure, and our findings support that this occurs even when alcohol
exposure is combined with cigarette smoking.

Changes in lung inflammatory cells are relevant to ciliary motility because cytokines released
from lung cells are known to alter ciliary function. For example, we have demonstrated that
TNF-α and IL-1β both stimulate nitric oxide–dependent stimulation of CBF (32). In contrast,
we have also demonstrated that IL-8, a proinflammatory cytokine released from lung
inflammatory cells, desensitizes CBF to subsequent β-agonist stimulation (33). While we
cannot draw direct links between changes in CBF and changes in BAL cell populations, we
think these findings are relevant to combined alcohol and smoke exposure in this mouse model.

Although in the present study, baseline CBF was not affected by combined or individual
treatments of alcohol or cigarette smoke, β-agonist–induced changes in CBF were. In our
previous work, β-agonist stimulation of tracheal ciliated epithelial cells leads to increased cilia
beat (18). In our study, alcohol and smoke, alone or in combination, did not alter baseline CBF.
This is consistent with our findings in the rat model using the Lieber-DeCarli alcohol diet
(19). The cilia of a live cell are never static, suggesting that the regulation of baseline cilia
motion in vivo is not significantly altered by cigarette smoke or alcohol consumption under the
conditions of our model. However, under stress response conditions, as modeled by β-agonist
stimulation (34), CBF increases do occur and provide a mechanism for enhanced clearance.
Although the physiological impact of cilia slowing was not explored in this study, CBF slowing
has been correlated with reduced particle clearance rates (35). While our findings in mice
reproduced those of rats exposed to alcohol with regard to blocking or desensitization of β-
agonist–induced increases in CBF (19), the combination of smoke and alcohol resulted in a
paradoxical slowing of the cilia to a frequency below that of baseline. For example, the β-
agonist used in this study, isoproterenol, is a synthetic catecholamine with a chemical structure
and action similar to that of epinephrine (i.e., stimulation of both β1- and β2-adrenergic
receptors [βARs]) (36). Isoproterenol stimulation is a well-established maneuver that allows
assessment of the acute stress response. This stress response is critical during normal
physiologic situations such as exercise, when high minute ventilation equates to high particle
deposition in the airways. Another highly relevant stress context in the alcoholic is acute
aspiration of oral or stomach contents. Our previous studies indicate the blunting of this “fight-
or-flight” response in animals caused by heavy alcohol intake is sufficient to impair bacterial
clearance from the lung (20), which leads to airway colonization and pneumonia. For these
reasons we assert that a loss of the CBF stimulatory response represents biologically relevant
impairment of lung defenses.

The biological significance of our observation is not known in humans. However, in recent
studies we have published, using a rat model of S. pneumoniae lung clearance, we demonstrated
significantly impaired bacterial lung clearance in rats exposed to alcohol and/or smoke (20).
Impaired clearance was present in all animals with modest or heavy alcohol intake and
correlated to CBF changes of 0.5–1.5 Hz. This link between modest reductions CBF and
impaired clearance suggests that small decreases in CBF may be biologically very important.

The response of cilia from animals exposed to combined alcohol and cigarette smoke is
counterintuitive and the precise mechanism(s) unknown. Studies have revealed that ciliary
activity is controlled by phosphorylation of axonemal proteins with direct involvement of PKA
and PKC (37). The increased activity of PKA and PKC is associated with increases and
decreases in cilia beat, respectively (4). PKA and PKC have been shown to be co-localized on
the scaffolding protein gravin, associated with the βAR in a human epidermal cell line (38),
and are likely co-localized in ciliated epithelial cells as well (39). Given the dynamic nature
of regulatory kinases in the cell, we propose three possible mechanisms. (1) PKA and PKC are
both associated with PKA anchoring proteins (AKAPs), which constitute multi-enzyme
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signaling complexes involving cell signaling. The combined effect of alcohol and smoke may
have a direct action on kinase interactions within the AKAP. (2) Another possibility is that
translocation of activated kinase to its target is disrupted so that PKA and PKC do not
phosphorylate substrate properly. Altered localization or activity of PKA and/or PKC would
result in altered signaling events. (3) Finally, there is ample evidence that cigarette smoke
increases PKC activity (15,20,40). Sustained high levels of PKC activity may affect βAR
signaling or expression in the ciliated epithelium. There is evidence that increased PKC activity
has been associated with changes in βAR expression in BEAS-2B cells (41). In addition,
increased levels of PKC activity are correlated with desensitization of βAR-mediated adenylyl
cyclase stimulation in the mammalian heart (42). In contrast to smoke, alcohol affects both
PKA and PKC activation and localization in a number of cell types (19). Exactly how
localization and targeting of PKA and PKC, in general, or which subtypes, in particular, are
altered in the ciliated epithelium with smoke and alcohol exposure is unknown. Determining
mechanistic links between changes in airway PKC and PKA activities and the dysregulation
of ciliary motility will be critical to defining how the combination of alcohol and smoke impairs
mucociliary clearance.

These in vivo findings of combined smoke and alcohol exposure suggest potential mechanisms
based on our earlier published work. For example, we have firmly established that long-term
alcohol exposure blocks the cilia stimulatory pathway by down-regulating ciliary PKA at the
level of the cilia axoneme kinase and/or its substrate (18,43). We also have established that
cigarette smoke activates PKC in airway cells due in large part due to the release of
acetaldehyde into the vapor phase of smoke and possibly linked to the release and/or production
of airway oxidants (40). The findings of the current study not only recapitulate these
observations in mice but also demonstrate a novel effect of combined alcohol and smoke on
β-agonist stimulation of CBF.

Generally, it is thought that cilia stimulation is mediated via the action of nitric oxide/cGMP/
PKG and cAMP/PKA signaling (44–48). Chronic alcohol exposure desensitizes ciliated
epithelium to β-agonist–stimulated increases in PKA activity in in vitro cell culture models
(18). In the mouse model, we observed that PKA was also desensitized by alcohol independent
of smoke. This replicated our rat in vivo findings of PKA desensitization in response to alcohol
(19) showing that the link of CBF desensitization to blocking stimulated PKA activation is
consistent and reproducible in both animal and cell models. The consequence of such an
alcohol-induced desensitization response would be to block the signaling pathway that initiates
a ciliary frequency increase in response to pathogens or toxins leading to increased infection
or exposure. Our findings showed that cigarette smoke exposure had no effect on PKA activity,
but rather resulted in significant PKC activation in tracheal epithelial cells.

PKA and PKC may represent opposite regulators of ciliary motility. Unlike PKA, agents that
activate PKC have also been reported to decrease or inhibit ciliary beating (5,49,50). In our
study, PKC was activated by smoke independent of alcohol. Smoke alone did not alter β-
agonist–stimulated CBF and had no effect on PKA activity. These findings mirrored our rat
in vivo data; however, in vitro studies show that cigarette smoke exposure of ciliated epithelium
results in a significant decrease in CBF (51,52). Our observation that the combination of
cigarette smoke and alcohol produces a significant CBF decrease in response to β-agonists
may reflect the dual activation of PKC and suppression of PKA pathways. It will be important
to determine the roles and locations of specific PKC isoforms on the ciliary axoneme to better
understand the interplay between PKA- and PKC-modulated cilia function. The combination
of alcohol and cigarette smoke has been shown to produce unique disruptions of cellular
processes such as those occurring in squamous-cell carcinoma of the head and neck (53). The
effect of combined smoke and alcohol exposure on mucociliary clearance in the lungs is not
known. Decreased ciliary motility may be a contributing factor to the immunomodulatory
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effects of alcohol and contribute to increased susceptibility to pulmonary infection. Cigarette
smoke exposure may act as an additional insult, augmenting alcohol’s effect on the primary
defense function of the tracheal epithelium. Elucidating the mechanisms behind the effects of
the combined exposure will allow the development of treatments directed at the disrupted
signaling in ciliated cells of the upper airway during infection in persons who drink heavily
and smoke. Treatments of this nature may work in concert with antibiotics to speed recovery
and reduce morbidity and mortality from airway infection.
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Figure 1.
Overall weight gain among the mice exposure groups is comparable. The vertical axis
represents the mean (± SEM) of the weights of the mice within each exposure group. The
horizontal axis represents the exposure to time in weeks (see Table 2 for details of the exposure
protocol). Weight gain was roughly comparable among the four groups over the 6-wk
experiment with no significant difference in weight between the groups. Open circles, air;
open squares, air + alcohol; solid circles, smoke; solid squares, smoke + alcohol.
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Figure 2.
Total and differential BAL cell populations are reduced in alcohol-fed mice. The vertical
axis represents the mean (± SEM) of the total or differential BAL cell counts within each
exposure group. The horizontal axis represents the exposure (* P < 0.05 by ANOVA). (A)
BAL total cell counts. Mice in the Air + Alcohol group had a mean decrease in total BAL cells
compared with all other groups. Combined exposure to smoke and alcohol did not result in
total BAL cell numbers significantly different from that of mice receiving smoke alone. (B)
BAL total macrophage cell counts: The number of BAL macrophages was similarly decreased
in the Air + Alcohol group compared with the other groups. Combined exposure to smoke and
alcohol did not result in BAL macrophage cell numbers significantly different from that of
mice receiving smoke alone. (C) BAL total PMN cell counts. The number of neutrophils in
BAL fluid was significantly decreased in the Air + Alcohol group compared with the Air group.
Smoke-exposed mice had a variable increase in the number of neutrophils. Total neutrophil
counts from mice exposed to Smoke + Alcohol were comparable to those of the Air group.
(D) BAL total lymphocyte cell counts. BAL lymphocytes were decreased in the Air + Alcohol
group. This decrease not present when alcohol was combined with smoke exposure.
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Figure 3.
Alcohol desensitizes stimulated, but not baseline CBF. (A) Baseline CBF. The vertical axis
represents the mean (± SEM) of the CBF of tracheal rings within each exposure group. The
horizontal axis represents the exposure. Baseline (unstimulated) CBF is not altered by exposure
to alcohol, smoke, or a combination of both. (B) β-agonist–stimulated CBF. The vertical
axis represents the mean (± SEM) of the change in CBF in Hz after a 40-min treatment of
tracheal rings with isoproterenol (100 µM) for each exposure group. The horizontal axis
represents the exposure. Stimulation with isoproterenol induced a normal (> 1 Hz) increase in
the Air and Smoke groups. The response to isoproterenol stimulation was blunted in the alcohol
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group and resulted in a significant decrease from baseline CBF in the group with Smoke +
Alcohol exposure (* P < 0.05 by ANOVA).
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Figure 4.
Alcohol exposure, independent of smoke exposure, blunts β-agonist–induced PKA enzyme
activity in ciliated tracheal epithelium. The vertical axis represents the mean (± SEM) of the
PKA activity in pmol/min/mg of ciliated tracheal epithelial tissue within each exposure group.
The horizontal axis represents the exposure. The open bars indicate the baseline (unstimulated)
PKA activity. The solid bars indicate the isoproterenol (stimulated) PKA activity after
treatment with 100 µM isoproterenol for 40 min. Isoproterenol induced a significant (2-fold)
increase in PKA activity in the Air and Smoke groups. In contrast, mice exposed to alcohol,
independent of smoke exposure, had either a blunted or no response to isoproterenol consistent
with PKA desensitization (*P < 0.05 for + iso compared with baseline by paired Student’s t
test).
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Figure 5.
Cigarette smoke, independent of alcohol exposure, activates baseline PKC activity in the
ciliated tracheal epithelium. The vertical axis represents the mean (± SEM) of the PKC activity
in pmol/min/mg of ciliated tracheal epithelial tissue within each exposure group. The
horizontal axis represents the exposure. Cigarette smoke induced a significant (2-fold) increase
PKC activity in the ciliated tracheal epithelium regardless of alcohol exposure (*P < 0.05 by
ANOVA).
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TABLE 2
EXPERIMENTAL DESIGN FOR ALCOHOL AND CIGARETTE SMOKE EXPOSURE

 Week 1 Week 2 Weeks 3–8

Time 2 d 5 d 1 wk 6 wk
Percentage of ethanol in water 5 10 15 20
Number of cigarettes Gradual increase in number of cigarettes/day 20 cigarettes/day
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