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Previously, we have shown that ethanol (EtOH) stim-
ulates a rapid increase in the ciliary beat frequency
(CBF) of bovine bronchial epithelial cells (BBECs) via
the activation of PKA. We have also shown that inhib-
itors of nitric oxide synthase block EtOH-stimulated
increases in CBF. We hypothesize that EtOH acutely
stimulates CBF via the activation of both PKA and PKG
pathways. Using chemiluminescence detection of ni-
tric oxide (NO), we directly measured increases in NO
production in BBECs treated with 100 mmol/L of
EtOH beginning at 25 minutes. Pretreatment of BBECs
with guanylyl cyclase inhibitors, ODQ or LY83583,
resulted in the inhibition of EtOH-stimulated CBF.
Low concentrations (1 nmol/L) of cyclic nucleotide
analogues do not stimulate CBF increases. However, a
combination of both 1 nmol/L of 8Br-cAMP and 8Br-
cGMP stimulates a significant increase over baseline
CBF. This effect could be blocked by pretreating
BBECs with inhibitors of either PKA or PKG. Very
high concentrations of either 8Br-cAMP or 8Br-cGMP
(>100 �mol/L) were required to cross-activate both
PKA and PKG. This suggests that cross-activation of
PKA by cGMP is not occurring at the concentrations (1
nmol/L) capable of stimulating CBF. 8-pCPT-cGMPS,
an antagonist analogue to cGMP, blocked EtOH-stim-
ulated PKA activity increases. These data support that
EtOH-stimulated increases in CBF require the dual
activation of both PKA (via cAMP) and PKG (via NO).
(Am J Pathol 2003, 163:1157–1166)

In the lung, the mucociliary apparatus of the airways
maintains host protection from various pathogens such
as inhaled particles, substances, and microbes.1 Poten-
tial injurious agents can be trapped by the mucus lining
the airways and propelled out of the lungs via the orches-
trated beating of ciliated epithelial cells. The beating
frequency of such cells can vary depending on temper-
ature; age; disease state; or exposure to chemical, phar-

macological, and environmental agents.2,3 Thus, the ac-
tion of the cilia represents a regulatable host defense.
The mechanisms that regulate the stimulation of ciliary
beating have been studied extensively in both mamma-
lian and nonmammalian systems. Many of these studies
have focused on cyclic nucleotide-dependent regulation
of ciliary beat frequency (CBF).

Cyclic nucleotides were first implicated in the ciliary
beating of protozoans and other single-celled organ-
isms.4 Such studies have consistently demonstrated that
cAMP-elevating agents stimulate increased CBF. The
mechanism of this stimulated cilia beating involves the
activation of the cAMP-dependent protein kinase (PKA).
PKA has been identified on Tetrahymena thermophila,5

Paramecium tetraurelia,6 Chlamydomonas,7 bovine,8

ovine,9 rabbit,10 and human11 cilia. A-kinase anchoring
proteins have recently been demonstrated to exist on the
apical surface of mouse12 and human13 airway epithelial
cells. Specific dynein-associated substrates for PKA
have been identified from ciliary axonemes. Additionally,
agents that elevate cGMP can also stimulate increased
CBF. This has been shown to occur through the activation
of the cGMP-dependent protein kinase (PKG). Although
less is known about cGMP regulation of cilia beating
compared to cAMP, stimulation of CBF by cGMP has
been reported in human,14 rabbit, bovine,8 and Parame-
cium15 cilia. Specific cGMP-dependent substrate phos-
phorylation16,17 and the enriched concentration of PKG
on cilia18 has been demonstrated in Paramecium.

We originally reported that elevations in nitric oxide
(NO) were responsible for stimulated CBF.19 Our studies
suggested that NO inhibitors could block the stimulation
of bovine cilia by cytokines such as tumor necrosis fac-
tor-� and interleukin-1�.20 Subsequent studies have con-
firmed an association between NO and cilia beating.21–25

In the rabbit, a calcium-mediated rise in NO stimulates
the production of cGMP and subsequent increases in
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CBF.24 In the rat, nitric oxide synthase (NOS) and PKG I�
have been identified on the cilia by immunohistochemical
methods.26 In bovine ciliated bronchial epithelial cells,
NO regulates the ethanol (EtOH)-mediated rapid stimu-
lation of CBF.27

In EtOH-mediated signaling, NO appears to have an
upstream regulatory control of cAMP-dependent pro-
cesses. We have shown that acute EtOH exposure stim-
ulates bovine bronchial CBF via a PKA-mediated mech-
anism and chronic EtOH exposure induces an
uncoupling of this pathway resulting in a desensitization
of the cilia to cAMP-stimulated increases in cilia beat-
ing.28 NOS inhibitors are capable of blocking the EtOH
stimulation of PKA and CBF.29 EtOH has been reported to
diminish depolarized backward swimming in Paramecium
via a reduction in cGMP levels.30 EtOH stimulates a spe-
cific isoform of adenylyl cyclase (AC7) to produce ele-
vated cAMP levels.31 Therefore, it is evident that EtOH
has the unique capability to elevate two distinct second
messengers capable of elevating CBF.

Two distinct pathways (NO or cAMP) have clearly been
established to individually be capable of signaling an
increase in CBF. Because EtOH has been shown to ac-
tivate either NO or cAMP, we hypothesize that EtOH-
stimulated increases in CBF are mediated via the activa-
tion of both PKA and PKG. Such a tandem signaling
mechanism required by EtOH might explain the potential
for chronic EtOH exposure to uncouple the cAMP-depen-
dent CBF pathway to further stimulation. This may repre-
sent a potential mechanistic model for the increased
airways diseases associated with excessive and chronic
alcohol consumption.

Materials and Methods

Cell Preparation

As previously described32 the cells were prepared from
bovine lung obtained fresh from a local abattoir. Bronchi
were necropsied from the lung, cleaned of adjoining lung
tissue, and incubated overnight at 4°C in 0.1% bacterial
protease (type IV) in minimum essential media. After the
overnight incubation, the bronchi were rinsed in Dulbec-
co’s modified Eagle’s medium with 10% fetal calf serum
repeatedly to collect the cells lining the lumen. This tech-
nique typically produces a high-viability cell preparation
of �95% epithelial cells.33 The cells were then washed in
Dulbecco’s modified Eagle’s medium, counted with a
hemacytometer, and plated in 1% type I collagen-coated
(Vitrogen; Cohesion, Palo Alto, CA) 100-mm polystyrene
Petri dishes at a density of 1 � 104 cells/cm2 in a 1:1
media mixture of LHC-9 and RPMI.34 Cell incubations
were performed at 37°C in humidified 95% air/5% CO2.
Confluent monolayers of cells were obtained every 3
days. At this time, each 60-mm dish contained �2 mg of
total cellular protein. Primary cultures of BBECs were
used for these studies because it has been suggested
that tissue culture artifact may induce the down-regula-
tion of certain enzyme activity in the late-passaged cell.35

Determination of Cyclic Nucleotide Levels

Cyclic nucleotide levels were determined using a protein
kinase activation assay.36 The type I cAMP-dependent
protein kinase used was partially purified from bovine
lung through a DEAE-cellulose chromatography step.37

Cell monolayers were flash-frozen in liquid nitrogen after
addition of 1 ml of KPEM per dish. The dishes were stored
at �70°C until assayed. Monolayers were thawed,
scraped, added to microfuge tubes, and boiled at 95°C
for 5 minutes. Tubes were spun at 10,000 � g for 30
minutes and supernatants collected. Samples were di-
luted 1:10 in KP buffer with 0.9 mg/ml of bovine serum
albumin and 20 �l added to a 50-�l stock reaction mix-
ture consisting of 40 mmol/L Tris-HCl (pH 7.4), 20 mmol/L
magnesium-acetate, 130 �mol/L Kemptide (LRRASLG),
0.2 mmol/L IBMX, and 0.2 mmol/L [�-32P] ATP. Reactions
were initiated by the addition of 10 �l of PKA diluted to 0.4
nmol/L with KPEM and 0.9 mg/ml of bovine serum albu-
min. After incubation at 4°C for 16 to 20 hours, 50 �l
aliquots were spotted onto phosphocellulose paper
(Whatman P-81) and placed immediately into 75 mmol/L
of phosphoric acid. The papers were then washed five
times manually for 1 minute each, rinsed 1 minute in
EtOH, dried, and counted in nonaqueous scintillant.38

The assay for cGMP levels was performed similarly to
that for cAMP.36 The PKG used was partially purified from
bovine lung as previously described.39 Samples (10 �l)
diluted 1:10 in KP buffer with 0.9 mg/ml of bovine serum
albumin were added to 20-�l stock reaction mixtures as
above, except that 150 �mol/L of heptapeptide substrate
(RKRSRAE) specific for PKG was substituted for Kemp-
tide. Protein kinase inhibitor5–24 (15 �mol/L) was also
added to the reaction mixture. Reactions were initiated
with the addition of 10 �l of PKG (10 nmol/L), incubated,
and halted as described for the cAMP assay. All incuba-
tions were performed in duplicate, and each experiment
was repeated three or more times. Cyclic nucleotide
concentrations (pmol/mg protein) were determined by
comparison to a standard curve of cyclic nucleotide-
activated kinase activities (pmol/min/ml) that was per-
formed concurrently with each experiment. Protein in
each sample was measured by the technique of Brad-
ford40 and used to standardize for each experiment. Data
were analyzed for statistical significance using one-way
analysis of variance. For the experimental design, signif-
icance would be achieved at P � 0.05.

Determination of Cyclic Nucleotide-Dependent
Kinase Activity

PKA activity was determined in both DEAE fractions as
well as crude whole-cell fractions of bronchial epithelial
cells. The assay used is a modification of procedures
previously described41 using 130 �mol/L PKA substrate
heptapeptide (LRRASLG), 10 �mol/L cAMP, 0.2 mmol/L
IBMX, 20 mmol/L magnesium acetate, and 0.2 mmol/L
[�-32P] ATP in a 40-mmol/L Tris-HCl buffer (pH 7.5). PKG
activity was assayed in a similar manner to PKA, with the
substitution of the peptide RKRSRAE for the heptapep-
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tide substrate, the addition of 10 �mol/L of cGMP, and
the presence of PKI. Samples (20 �l) were added to 50 �l
of the above reaction mixture and incubated for 15 min-
utes at 30°C. Reactions were initiated by the addition of
10-�l cell fraction diluted 1:10 with KPEM and 0.9 mg/ml
of bovine serum albumin. Incubations were halted by
spotting 50 �l of each sample onto P-81 phosphocellu-
lose papers. Papers were then washed five times for 5
minutes each in phosphoric acid (75 mmol/L), washed
once in EtOH, dried, and counted in nonaqueous scintil-
lant as previously described.38 Negative controls con-
sisted of similar assay samples with or without the appro-
priate substrate peptide or cyclic nucleotide. A positive
control of 0.4 ng/ml of purified catalytic subunit from type
I bovine PKA (Promega, Madison, WI) was included as a
sample. Kinase activity was expressed in relationship to
total cellular protein assayed and calculated in pmol/min/
mg. All samples were assayed in triplicate and no less
than three separate experiments were performed per
unique parameter. Data were analyzed for statistical sig-
nificance using one-way analysis of variance.

CBF Measurements

Actively beating ciliated cells were observed and their
motion quantified by measuring CBF using phase con-
trast microscopy, videotape analysis, and computerized
frequency spectrum analysis. Ciliated cells in culture
were maintained at a constant temperature (24 � 0.5°C)
by a thermostatically controlled heated stage. The cells
were maintained at room temperature during the time
course of the CBF measurements, as the temperature
gradient is known to affect CBF.42 All observations were
recorded for analysis using a Panasonic WV-D5000 video
camera and a Panasonic AG-1950 videotape recorder.
Beat frequency analysis was performed on videotaped
experiments using customized software written in Lab-
View (National Instruments, Austin, TX) running on a
Macintosh G3 computer. The predominant frequency of a
cilium or small group of cilia is determined by collecting
data sampled at 40 Hz from 512 samples (12.8 seconds)
and performing frequency spectrum analysis. The CBF
determined in this manner is deemed acceptable when a
single dominant frequency was obtained using this tech-
nique. All frequencies represent the mean � one SEM
from six separate cell groups or fields.

NO Analysis

Bronchial epithelial cell NO production was monitored via
the detection of NO by a gas-phase chemiluminescent
reaction between NO and ozone (Sievers Instruments,
Boulder, CO; model 280i). Monolayers of airway epithelial
cells were treated with various concentrations of EtOH for
various times. The cell medium was separated from the
cells and both fractions flash-frozen to halt metabolic
reactions. The proteins were precipitated in equal vol-
umes of 0.5 N of NaOH and 10% ZnSO4 for 15 minutes
before being centrifuged at 14,000 � g for 5 minutes at
4°C. Supernatants (10 �l) were injected into a reflux

column containing 0.1 mol/L of VCl3 in 1 mol/L of HCl at
80°C to reduce any nitrates and nitrites into NO. NO then
combines with O3 produced by the analyzer to form NO2.
The resulting emission from the excited NO2 was de-
tected by a photomultiplier tube and recorded digitally
(mV). The values were then interpolated to a standard
curve of NaNO2 concentrations concurrently determined.
Sample measurements were made in triplicate for each
cell treatment with each sample being injected a mini-
mum of three times for a total of nine readings per data
point. Significance was determined by analysis of vari-
ance.

Cell Viability Assay

Cell viability was determined by cell media assay of
lactate dehydrogenase (LDH) release using a commer-
cially available kit (Sigma, St. Louis, MO).

Materials

LHC basal medium was purchased from Biofluids (Rock-
ville, MD). RPMI 1640, Dulbecco’s modified Eagle’s me-
dium, minimal essential medium, streptomycin-penicillin,
and fungizone were purchased from Life Technologies,
Inc. (Chagrin Falls, OH). Extraction of frozen bovine pitu-
itaries from Pel Freez (Rogers, AR) was performed as
previously described and yielded an extract containing
10 mg/ml of protein.34 [�32P]-ATP (ICN, Irvine, CA), phos-
phocellulose P-81 paper (Whatman, Clifton, NJ), hep-
tapeptide substrates for PKA and PKG (Peninsula Labo-
ratories, Belmont, CA), and absolute EtOH (McCormick
Distilleries, Weston, MO) were obtained from the indi-
cated sources. All other reagents not specified were
purchased from Sigma Chemical Co (St. Louis, MO).

Results

EtOH Elevates NO Directly

Previous results have shown that either cAMP or cGMP
can stimulate CBF8 and that inhibitors of NOS block
EtOH-stimulated CBF.27 To determine whether EtOH
stimulates NOS activity, we directly measured NO re-
lease in BBECs exposed to EtOH. Cells were incubated
in Ham’s F-12 media in the presence or absence of 100
mmol/L of EtOH from 0 to 60 minutes and media were
collected. EtOH stimulated a significant release of NO
from 30 to 60 minutes (Figure 1). No significant release of
NO was measured in the media of control Ham’s F-12-
only treated cells or in the media of cells exposed to less
than 10 mmol/L of EtOH (not shown). The majority of NO
produced by the cells was measured in the cell media
with little detectable changes in cell lysate NO observed.
When the cells are preincubated with 100 �mol/L of
L-arginine, a precursor substrate for NO synthesis, EtOH-
stimulated NO production occurs more rapidly (begin-
ning at 10 minutes), but at the same magnitude of re-
lease. As expected, preincubation of the cells with 10
�mol/L of NG-monomethyl-L-arginine (L-NMMA), an inhib-
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itor of NOS, blocked EtOH-stimulated NO production. As
a control, the inactive isomer, NG-monomethyl-D-arginine
(D-NMMA), did not block EtOH-stimulated NO produc-
tion. These observations suggest that cilia-stimulatory
concentrations of EtOH can directly and rapidly elevate
the production of NO in the BBECs before the time ob-
served for increased cilia beating.

Guanylyl Cyclase Inhibition Blocks EtOH-
Stimulated CBF

Increases in NO are associated with the activation of
guanylyl cyclase in many cell types. To determine
whether the NO-mediated component of EtOH-stimulated
increases in CBF involves the activation of guanylyl cy-
clase, BBECs were stimulated with EtOH in the presence
or absence of guanylyl cyclase inhibitors and CBF was
measured. Ciliated BBECs were pretreated for 30 min-
utes with or without 1 �mol/L of 1H-[1,2,4] oxadiazole
[4,3-a] quinoxalin-1-one (ODQ), an inhibitor of guanylyl
cyclase. BBECs were then stimulated with or without 100
mmol/L of EtOH for up to 90 minutes and CBF measured.
Pretreatment of BBECs with ODQ resulted in the inhibition
of EtOH-stimulated increases in CBF (Figure 2). Although
EtOH treatment alone stimulated a significant increase in
CBF (�3 Hz), no change over baseline media control

CBF levels were observed in cells treated with ODQ
alone. No significant decrease in cell viability was ob-
served in response to 1 �mol/L of ODQ (data not shown).
Likewise, when BBECs were pretreated with an alterna-
tive guanylyl cyclase inhibitor, LY83583, EtOH-stimulated
increases in CBF were also blocked (data not shown).
These data suggest that EtOH-stimulated CBF requires
the activation of guanylyl cyclase by EtOH-stimulated
increases in NO.

EtOH Stimulates Cyclic Nucleotide Production

We have previously shown that cellular elevations in
cAMP or cGMP concentration regulate increased CBF in
BBECs.8 EtOH is already known to stimulate a specific
isoform of adenylyl cyclase in certain cell types43 includ-
ing BBECs.28 Because EtOH-stimulated increases in
CBF require an increase in NO and the activation of
guanylyl cyclase, EtOH could be stimulating increases in
both cAMP and cGMP. To test this, BBECs were stimu-
lated with 100 mmol/L of EtOH for up to 2 hours and cell
cyclase activity determined as a function of cyclic nucle-
otide production. EtOH significantly elevated cAMP lev-
els in BBECs with maximal concentrations detected be-
tween 30 to 60 minutes (Figure 3). A lower concentration
of cGMP was stimulated by EtOH during the same time
course. Elevations in cGMP were temporally correlated
with the increased production of NO in the BBECs. These
data suggest that EtOH elevates both cAMP and cGMP in
the BBECs.

Figure 1. EtOH stimulates the production of NO in BBECs. Ciliated BBECs
were cultured as primary cells from a bovine bronchus and analyzed for NO
production. Cells were incubated in Ham’s F-12 media in the presence or
absence of 100 mmol/L EtOH from 0 to 60 minutes and media were collected.
EtOH stimulated a significant release of NO from 30 to 60 minutes. The
addition of 100 �mol/L of L-arginine (L-arg) to the treatment media aug-
mented the time of maximal NO release. Pretreatment of the cells for 1 hour
with 10 �mol/L of NG-monomethyl-L-arginine (L-NMMA) blocked EtOH-
stimulated NO release. Similar pretreatment with NG-monomethyl-D-arginine
(D-NMMA) had no effect on EtOH-stimulated NO release. No significant
release of media NO was observed in media control-exposed cells at any
time point (not shown). Media NO was calculated as nmol/L NO released per
�g total cellular protein assayed. Bars represent SEM of separate experiments
performed in triplicate (n � 9). Significance (P � 0.05) indicated by an
asterisk.

Figure 2. EtOH-stimulated CBF requires the activation of guanylyl cyclase in
BBECs. Cells were treated with or without 100 mmol/L EtOH in the presence
or absence of 1 �mol/L of ODQ and CBF measured. EtOH stimulated
significant increases in CBF by 1 hour. Pretreatment of cells with ODQ for 30
minutes blocked any EtOH-stimulated increases in CBF. No change in CBF
was observed with ODQ alone (not shown) or media control-treated cells.
CBF was expressed as cycles per second (Hz). Bars represent SEM of
separate experiments performed in triplicate (n � 9). Significance (P � 0.05)
indicated by an asterisk.
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CBF Substimulatory Levels of cAMP and cGMP
Combine to Increase CBF

Because EtOH is capable of elevating both cAMP and
cGMP levels in BBECs, the combination effect of these
cyclic nucleotides on CBF was investigated. High con-
centrations (�1 �mol/L) of either cAMP or cGMP alone
are capable of stimulating increased CBF in BBECs.8 To
determine whether EtOH-stimulated cAMP and cGMP
function in concert to increase CBF, BBECs were treated
with substimulatory concentrations of cyclic nucleotides
for up to 4 hours and CBF measured. Low concentrations
(1 nmol/L) of either 8Br-cAMP or 8Br-cGMP alone failed
to stimulate BBEC CBF (Figure 4A). However, the com-
bination of both 1 nmol/L of 8Br-cAMP and 1 nmol/L of
8Br-cGMP synergistically stimulate CBF by 1 hour treat-
ment with the maximal increase in CBF measured at 3
hours. This combination effect of cyclic nucleotides on
CBF was blocked by pretreating the cells for 1 hour with
inhibitors of either PKA (1 �mol/L KT5720) or PKG (0.1
�mol/L 8-pCPT-cGMPS) (Figure 4B). These data suggest
that the lower concentrations of cyclic nucleotides pro-
duced by EtOH stimulation of BBECs can combine to-
gether to stimulate CBF.

CBF Substimulatory Levels of Cyclic
Nucleotides Do Not Cross-Activate Kinases

Because of the structural similarities between cyclic nu-
cleotides and their respective protein kinase-binding

Figure 3. Both cAMP and cGMP are elevated in BBECs treated with EtOH.
Confluent monolayers of BECs were stimulated with 100 mmol/L of EtOH
and flash-frozen in cell lysis buffer (see Materials and Methods). Cell homog-
enates were boiled and assayed for cAMP and cGMP concentrations. EtOH
stimulated a significant increase in cAMP concentration at �30 minutes of
treatment. EtOH also stimulated a measurable increase in cGMP with the
maximal cGMP concentration observed at 45 minutes. Cyclic nucleotide
levels were expressed as pmol cyclic nucleotide per mg total cellular protein.
Bars represent SEM of separate experiments performed in triplicate (n � 6).
Significance (P � 0.05) indicated by an asterisk.

Figure 4. Substimulatory concentrations of cAMP and cGMP combine to stimulate CBF increases in BBECs. Confluent monolayers of ciliated BECs were stimulated
with 1 nmol/L of 8Br-cAMP, 1 nmol/L of 8Br-cGMP, or both for 1 to 4 hours and CBF measured. At low concentrations (1 nmol/L), neither 8Br-cAMP nor 8Br-cGMP
stimulated a significant change in CBF as compared to media controls (A). However, the combination of both 8Br-cAMP and 8Br-cGMP at 1 nmol/L stimulated
an �2 to 3 Hz increase in CBF during the same incubation period (A and B). Preincubation of the cells with either 1 �mol/L of KT5720 or 100 nmol/L of
8-CPT-cGMPS blocked the CBF stimulatory effect of combined low-level cyclic nucleotides (B). CBF was expressed as cycles per second (Hz). Bars represent SEM
of separate experiments performed in triplicate (n � 9). Significance (P � 0.05) indicated by an asterisk.
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sites, the cross-activation of PKG by cAMP has been
reported.41 Thus, it might be possible that the EtOH-
stimulated accumulation of both cyclic nucleotides might
combine to stimulate just PKA or PKG only. To determine
whether the combination of substimulatory cyclic nucle-
otides results in the cross-activation of either PKA or PKG
and subsequently in elevated CBF, we directly assayed
both PKA and PKG activities in BBECs in response to
various concentrations of cell-permeable cyclic nucleo-
tide analogues. Although the cross-activation of BBEC
PKA was observed by very high concentrations of 8Br-
cGMP (�100 �mol/L), concentrations of cGMP �100
�mol/L failed to cross-activate PKA (Figure 5). Con-
versely, the concentrations of 8Br-cAMP at or less than
100 �mol/L do not cross activate PKG. These data sug-
gest that although cyclic nucleotide cross-activation can
be observed in BBECs exposed to very high doses of
cyclic nucleotides, the concentrations required for kinase
cross activation (1 mmol/L) is well beyond those cyclic
nucleotide combination concentrations (1 nmol/L) caus-
ing increased CBF.

GC Inhibitors Block EtOH Stimulation of PKA

Previously, we indirectly demonstrated that the produc-
tion of NO was required for EtOH-stimulated PKA activa-
tion.29 The combination of substimulatory cyclic nucleo-
tides collectively stimulating CBF suggests that cGMP
might also be necessary for EtOH-stimulated PKA activity
as well. To test this, BBECs were stimulated with 100
mmol/L of EtOH in the presence or absence of increasing
concentrations of ODQ and PKA activity was assayed.
Pretreatment of BBECs for 30 minutes with 0.1 to 10

�mol/L of ODQ blocked EtOH-stimulated increases in
PKA activation (Figure 6). In the absence of ODQ, EtOH
stimulated a twofold to threefold increase in PKA activity.
These data suggest that guanylyl cyclase activation is a
precedent requirement for EtOH-stimulated PKA activa-
tion in BBECs.

PKG Inhibition Blocks EtOH Stimulation of PKA

To determine whether PKG is involved in the EtOH-stim-
ulated activation of PKA, BBECs were treated for 1 hour
with or without a PKG antagonist analog, 8-pCPT-cGMPS
(100 nmol/L) followed by stimulation with 100 mmol/L of
EtOH for 1 hour. The antagonist analog to cGMP blocked
EtOH-stimulated PKA activity (Figure 7). When cilia sub-
stimulatory concentrations (1 nmol/L) of 8Br-cAMP and
8Br-cGMP are combined, a smaller, but significantly el-
evated activation of PKA is observed. This PKA activation
can be inhibited by pretreatment of the cells with either
8-pCPT-cGMPS or the PKA inhibitor, KT5720 (1 �mol/L).
Throughout all treatments KT5720 was more effective at
inhibiting PKA than the cGMP antagonist analog. How-
ever, 8-pCPT-cGMPS blocks the significant activation of
PKA by either EtOH or the combination of low-dose cyclic
nucleotides. These data suggest that EtOH activates PKA
via the generation of both cAMP and cGMP and that
activatable PKG is necessary for the EtOH activation of
PKA.

Discussion

Alcohol abuse has long been associated with pulmonary
complications related to impaired lung host defenses

Figure 5. Cross-activation of cyclic nucleotide kinases in BBECs. BBECs were treated with various concentrations of 8Br-cAMP or 8Br-cGMP and cell homogenates
assayed for both PKA and PKG activity. Cyclic AMP stimulated PKA activity and cGMP stimulated PKG activity at all concentrations. High concentrations (�1
mmol/L) of 8Br-cGMP cross-activated PKA and 8Br-cAMP (�1 mmol/L) cross-activated PKG. However, at lower concentrations of cyclic nucleotide (�1 �mol/L),
no cross-activation was observed. Cyclic nucleotide kinase activity was expressed as fold increase over baseline media control cells. Bars represent SEM of separate
experiments performed in triplicate (n � 9). Significance (P � 0.05) indicated by an asterisk.
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such as pneumonia, lung abscesses, and bronchitis.44

Although alcoholism is widely associated with the patho-
logical manifestation of disease, few studies have fo-
cused specifically on excessive alcohol abuse and lung
disease. The co-morbidity of cigarette smoking has com-
plicated such studies.45 Because mucociliary clearance
is a first-line lung host defense mechanism, we have
focused these studies on the signaling mechanisms in
airway ciliated cells that control mucociliary clearance
and are likely altered by alcohol.

The exact mechanism of EtOH action on airway epi-
thelial cell ciliary beating in vivo is unknown. Because of
the increased association of alcoholism with lung dis-
ease, including chronic obstructive pulmonary disease,
early hypotheses would suggest that EtOH might inhibit
cilia beating. In fact, the opposite effects were found in
that in vitro acute EtOH treatment of ciliated cells resulted
in the stimulation of increased cilia beating.27 EtOH ap-
pears to be poised as a unique regulator of ciliary beating
in that it requires an orchestrated cooperation of both
cyclic nucleotide pathways. In Figure 8, we have pro-
posed a hypothetical model of dual cyclic nucleotide
regulation of ciliary beating in response to EtOH. In our
model, EtOH acts directly on the cell by increasing NO
levels. Others have demonstrated that the ciliated airway
epithelium contains the largest localization of NO and
NOS.46 We have previously shown that inhibitors of NOS
block stimulated CBF.29 Likewise, in airway epithelium,
NO has been shown to stimulate CBF via cGMP.46 We
report here that EtOH increases cGMP and have previ-
ously shown that cGMP elevations are associated with
increased CBF.8 Our model also predicts that EtOH ac-
tivates an adenylyl cyclase and elevates cellular cAMP
levels. EtOH has been shown to stimulate a specific
adenylyl cyclase (AC7).31 We have previously shown that
EtOH elevates cellular cAMP concentrations.47 Studies
are underway to determine the mechanism of EtOH acti-
vation of AC7 in BBECs. Consequent to cyclic nucleotide
elevations, both cAMP or cGMP are capable of individual
and distinct up-regulation of ciliary motility via their target
protein kinases, PKA and PKG.8 These distinct pathways
appear to converge in that we previously found that NOS
inhibitors block EtOH-stimulated activation of PKA.29 In
the present study, we have confirmed this divergent path-
way by blocking EtOH-stimulated PKA activity using in-
hibitors of guanylyl cyclase and PKG. In addition, the
novel observation that the combination of both cAMP and
cGMP can function at a much lower effective concentra-

Figure 6. EtOH-stimulated cAMP-dependent protein kinase (PKA) activity
requires the activation of guanylyl cyclase in BBECs. Cells were treated with
100 mmol/L of EtOH from 1 to 3 hours in the presence or absence of 0.1 to
10 �mol/L of ODQ and PKA activity assayed. EtOH stimulated significant
increases in CBF by 1 hour. Pretreatment of cells for 30 minutes with ODQ
blocked EtOH-stimulated increases in PKA. No change in PKA was observed
with any concentration of ODQ alone or media control-treated cells. PKA
was expressed as pmol ATP transferred per minute per mg total protein
assayed. Bars represent SEM of separate experiments performed in triplicate
(n � 9). Significance (P � 0.05) indicated by an asterisk.

Figure 7. EtOH-stimulated cAMP-dependent protein kinase (PKA) activity
requires the activation of cGMP-dependent protein kinase (PKG) in BBECs.
Cells were treated with media only (white bars), 100 mmol/L of EtOH
(black bars), or the combination of both 1 nmol/L of 8Br-cAMP and 1
nmol/L of 8Br-cGMP (gray bars), for 1 hour in the presence or absence of
a 1-hour pretreatment with either 1 �mol/L of KT5720, 0.1 �mol/L of
8-pCPT-cGMPS, or media only and PKA activity assayed. EtOH or the com-
bination of cyclic nucleotides stimulated a significant increase in PKA activity.
EtOH-stimulated PKA activity was blocked by pretreatment of BBECs with
8-pCPT-cGMPS. PKA was expressed as fold increase over baseline media
control cells. Bars represent SEM of separate experiments performed in
triplicate (n � 9). Significance (P � 0.05) indicated by an asterisk.

Figure 8. Hypothetical signaling mechanism of EtOH-regulated CBF in air-
way epithelial cells. Acute EtOH exposure to BECs results in the activation of
two kinase pathways. EtOH stimulates NOS to produce nitric oxide (NO•).
NO• activates a soluble guanylyl cyclase (sGC) that stimulates cGMP pro-
duction and leads to the activation of PKG. PKG activation and substrate
phosphorylation facilitates the activation of PKA, which also requires EtOH-
stimulated production of cAMP via an EtOH-sensitive isoform of adenylyl
cyclase (AC7). Once activated, PKA then phosphorylates an axonemal sub-
strate resulting in increased dynein ATPase activity leading to increased CBF.
Chronic EtOH exposure activates cAMP-phosphodiesterase (PDE4) resulting
in a decrease in cAMP throughout time. Chronic EtOH may also activate
phosphatases (P’tase) leading to the dephosphorylation of a PKG substrate
that facilitates the activation of PKA. This chronic EtOH inactivation results in
a desensitized cell that no longer responds to stimulation of CBF.

Ethanol-Stimulated Ciliary Beating 1163
AJP September 2003, Vol. 163, No. 3



tion than either individual nucleotide would support our
hypothesis that CBF is orchestrated via the joint actions
of PKG and PKA. Low concentrations (1 nmol/L) of indi-
vidual cyclic nucleotide do not stimulate kinase activity
nor do they stimulate CBF. We have previously reported
that high concentrations (�1 �mol/L) of individual cAMP
or cGMP activate kinase and increase CBF.8 The mech-
anism of dual cyclic nucleotide orchestration is the sub-
ject of current study. EtOH may represent a unique agent
functioning to increase CBF via elevation of both cyclic
nucleotides.

Cyclic nucleotides can have complimentary or oppos-
ing effects. In Paramecium, the interplay between cyclic
nucleotides in the regulation of CBF has been reported to
be important in the differential regulation of ciliary swim-
ming direction and power stroke.15,48 This observation
parallels the bi-directional control hypothesis of cyclic
nucleotide action observed in neutrophils and other cells
of myeloid origin.49 However, cyclic nucleotides often
regulate redundant functions in nonmyeloid mammalian
cells. Such overlapping characteristics are observed in
the regulation of vascular smooth muscle function
whereby relaxation can be induced via either cAMP or
cGMP.50 In mammalian airway epithelial cells, distinct
cilia beating pathways can be stimulated by either cAMP
or cGMP.8,51 Acetylcholine stimulation of ciliary beating
involves both an early calcium-dependent cGMP-depen-
dent pathway and a later calcium-independent cAMP
pathway.52 Either pathway of cilia stimulation requires
PKG. Consistent with these findings, EtOH stimulation of
PKA and cilia beating requires PKG, although this mech-
anism does not appear to be calcium-dependent.

Although the significant elevation of PKA activity can
be measured after acute EtOH stimulation of ciliated
bronchial epithelial cells,8,29 we have not detected a
significant increase in PKG after EtOH exposure. Like-
wise, the concentration of cGMP elevated by EtOH is
significantly lower than EtOH-stimulated cAMP levels.
However, this is consistent with the estimations that cel-
lular cGMP concentrations can be up to 200-fold less that
those of cAMP.53 This idea is supported by our findings
that very low concentrations of either cAMP or cGMP
alone fail to stimulate ciliary beating while the combina-
tion of these cyclic nucleotides in substimulatory concen-
trations results in elevated CBF. Such low concentrations
of cGMP may reflect a very small and localized activation
of PKG at a specific subcellular target site such as the
ciliary axoneme. In fact, NO, PKG, A-kinase anchoring
protein (AKAP), and PKA RII have been localized with the
ciliary axonemes at the apical surface of the airway epi-
thelial cell.13,26 In our model of dual cyclic nucleotide
regulation by EtOH (Figure 8), specific substrate phos-
phorylation by PKG may be necessary for axonemal tar-
geting or activation of PKA. Such a localization scenario
would be required for PKA phosphorylation or activation
of a dynein ATPase leading to increased CBF.

The localized compartmentalization of cyclic nucleo-
tide kinases on the axoneme represents a model that
could explain cyclic nucleotide regulation of cilia across
all concentrations. Such a model supports the previous
observations that concentrations in the micromolar range

of either cAMP or cGMP can stimulate increased CBF.8

These data suggest that a threshold saturation concen-
tration of cyclic nucleotide can be reached that can di-
rectly stimulate CBF via PKA or PKG. Because cross
activation of PKG by cAMP has been well established in
other cell types,41,54,55 cyclic nucleotide cross-talk must
be taken into consideration in our model. Indeed, we
demonstrate for the first time in airway epithelial cells that
very high concentrations (0.1 to 1 mmol/L) of cAMP can
activate PKG and high levels of cGMP can activate PKA.
However, these pharmacological doses are not likely to
occur in vivo, even at highly localized regions of cyclase
activity. In fact, treatment concentrations of either cyclic
nucleotide can actually reach levels (1 to 10 mmol/L) in
which the cyclic nucleotide nonspecifically interferes with
ATP binding and begins to decrease kinase activity. Our
data would suggest that cyclic nucleotide cross-activa-
tion, while possible, does not occur at the concentrations
of combined cyclic nucleotides (1 nmol/L) capable of
stimulating CBF. Thus, the ability of acute EtOH treatment
to stimulate CBF increases appears to be a product of the
joint orchestration of PKG and PKA.

A dual CBF regulation by acute EtOH stimulation of
both PKG and PKA would explain the observations re-
lated to the chronic treatment of ciliated cells with EtOH.
Unlike the rapid stimulation of increased cilia beating
observed with acute EtOH exposure in vitro, we have
observed a chronic EtOH-induced desensitization of cil-
iated cells to agents that normally would augment cilia
beat.28 We have shown that chronic EtOH exposure does
stimulate increased cAMP-phosphodiesterase catalytic
activity in airway epithelium,56 although such action does
not explain the desensitization of PKA to phosphodies-
terase-resistant analogues of cAMP.28 If PKG activation
via NO/cGMP were a precedent requirement for EtOH-
increased PKA and CBF, the observed down-regulation
of PKA in response to chronic EtOH could be explained
by an uncoupling of the interaction between PKG and
PKA. This uncoupling does not appear to be at the level
of NOS as chronic EtOH-treated cells can still be stimu-
lated to produce and release NO (data not shown). As
our hypothetical model suggests, such an interaction
would functionally be regulated by the phosphorylation
and dephosphorylation of a targeting protein substrate
(Figure 8). Indeed, it has been recently suggested in
ovine cells that the prolonged maintenance of CBF is not
entirely because of PKA and that phosphatases may play
a role in the down-regulation response.57 The identity and
location of such substrates remains to be identified.

In summary, the data presented here indicate that
EtOH functions in a unique manner to stimulate increases
in ciliary beating. EtOH directly stimulates NOS leading to
the production of NO in the bronchial epithelial cell. This
elevation in NO launches a traditional pathway of signal
transduction involving the stimulation of guanylyl cyclase,
cGMP production, and PKG activation. Concomitantly,
EtOH directly stimulates an isoform of adenylyl cyclase
resulting in the production of elevated cAMP levels and
the potential for PKA activation. However, our data dem-
onstrate that the EtOH-mediated activation of PKA can
only proceed if the EtOH-stimulated PKG pathway is
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intact and active. Thus, dual orchestration of both cGMP
and cAMP pathways are essential for the stimulation of
increased ciliary beating in response to EtOH. Such a
dual regulatory pathway may become uncoupled under
conditions of chronic EtOH administration, leading to
dysfunctional ciliary beating and the promotion of muco-
ciliary clearance-associated disease.
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