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Objectives/Hypothesis: Cyclic adenosine mono-
phosphate (cAMP) is an important biological molecule
that regulates ion transport and inflammatory responses
in epithelial tissue. The present study examined whether
the adenylyl cyclase activator, forskolin, would increase
cAMP concentration in porcine vocal fold mucosa and
whether the effects of increased cAMP would be mani-
fested as a functional increase in transepithelial ion
transport. Additionally, changes in cAMP concentrations
following exposure to an inflammatory mediator, tumor
necrosis factor-� (TNF�) were investigated.

Study Design: In vitro experimental design with
matched treatment and control groups.

Methods: Porcine vocal fold mucosae (N � 30) and
tracheal mucosae (N � 20) were exposed to forskolin,
TNF�, or vehicle (dimethyl sulfoxide) treatment. cAMP
concentrations were determined with enzyme-linked im-
munosorbent assay. Ion transport was measured using
electrophysiological techniques.

Results: Thirty minute exposure to forskolin signif-
icantly increased cAMP concentration and ion transport
in porcine vocal fold and tracheal mucosae. However,
30-minute and 2-hour exposure to TNF� did not signifi-
cantly alter cAMP concentration.

Conclusions: We demonstrate that forskolin-
sensitive adenylyl cyclase is present in vocal fold mucosa,
and further, that the product, cAMP increases vocal fold
ion transport. The results presented here contribute to
our understanding of the intracellular mechanisms

underlying vocal fold ion transport. As ion transport is
important for maintaining superficial vocal fold hydration,
data demonstrating forskolin-stimulated ion transport in
vocal fold mucosa suggest opportunities for developing
pharmacological treatments that increase surface
hydration.
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INTRODUCTION
Vocal fold surface hydration is necessary to initiate

and sustain vocal fold oscillation for voice production.1

Depletion of vocal fold surface hydration has negative
consequences on phonation. There has therefore been tre-
mendous interest in identifying factors that cause vocal
fold drying, in addition to identifying mechanisms that
regulate vocal fold hydration. Laryngeal inflammation
and disease are associated with superficial vocal fold de-
hydration.2,3 Superficial vocal fold drying may also be
induced by aging,4 systemic dysfunction,5 inhaling dessi-
cated air,6 and reduced water intake.7 Mechanisms that
maintain vocal fold surface hydration include glandular
secretions and mucociliary clearance of airway surface
fluid lining the distal respiratory tract.8 Recently, the role
of transepithelial ion transport in regulating vocal fold
hydration has also been investigated.9–11 In ciliated co-
lumnar epithelia lining the airway, ion transport provides
the osmotic gradient for water movement which contrib-
utes to surface hydration.12 Therefore, ion transport has
been pharmacologically manipulated using ion channel
inhibitors and agonists to increase surface hydration.12 As
the stratified squamous epithelia of the vocal folds differ
from the ciliated columnar epithelia lining the airway, the
identification of ion transport mechanisms in the vocal
fold epithelium is of interest because of the potential to
develop treatments that increase superficial hydration.

An improved understanding of ion transport mecha-
nisms in vocal fold mucosa is emerging. Fisher et al.9

demonstrated that transepithelial water and ion move-
ment across ovine vocal fold mucosa is associated with the
Na�K�ATP pump. Other key transport proteins that play
an important role in airway hydration12 have also been
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localized to ovine vocal fold mucosa. Specifically, the epi-
thelial Na� channel (ENaC), the cystic fibrosis transmem-
brane regulator (CFTR) channel, and the aquaporin water
channels (AQP-1 and AQP-2) have been identified, and
may provide a pathway for regulation of surface hydra-
tion.10,11 In bronchial, tracheal, and nasal mucosa, all
three of these channels are positively regulated by ago-
nists that cause increased production of the intracellular
secondary messenger, cyclic adenosine monophosphate
(cAMP), and it is possible that increased cAMP in vocal
fold mucosa also increases ion transport. However, the
presence of a regulated pool of cAMP in porcine vocal fold
mucosa has not been demonstrated thus far. Experimen-
tal protocols typically use forskolin, an activator of adeny-
lyl cyclase, to raise cAMP concentration to study the func-
tional outcome of increased cAMP on ion transport in
individual tissues. The present study will also apply fors-
kolin to vocal fold mucosae to verify stimulatory increases
in cAMP, and to study the effects of increased intracellu-
lar cAMP on ion transport.

cAMP is an important biological molecule. cAMP reg-
ulates ion transport and also acts as a secondary messen-
ger for a variety of inflammatory mediators.13 For exam-
ple, the potent primary inflammatory mediator, tumor
necrosis factor-� (TNF�) has been shown to reduce pro-
duction of cAMP in human neutrophils.14 Agents that
increase intracellular cAMP could therefore serve as anti-
inflammatory factors via their effects on ion and water
fluxes, but again there is a paucity of information on the
effects of inflammatory mediators on cAMP concentration
in vocal fold mucosa. TNF� is upregulated in inflamed
vocal folds.15,16 Therefore, this study will examine the
effects of this primary inflammatory mediator on cAMP
concentrations in vocal fold mucosa in vitro.

The present study used a combination of in vitro
cAMP assays and in vitro electrophysiological methods to
investigate three experimental questions. Experiment 1
examined whether forskolin would increase cAMP concen-
tration in porcine vocal fold mucosa. Experiment 2 inves-
tigated whether the increase in cAMP with forskolin
would be evident as increased ion transport. As cAMP is
considered an important biological molecule in the inflam-
matory process, exploratory experiment 3 examined the
effects of inflammatory mediator (TNF�) exposure on
cAMP concentrations. We hypothesized that 30 minute
exposure to forskolin would significantly increase cAMP
concentrations in porcine vocal fold mucosae. We therefore
measured cAMP concentrations in porcine vocal fold mu-
cosae using enzyme immunoanalysis. Tracheal mucosa, a
tissue where forskolin is known to increase cAMP, served
as procedural control. As cAMP is important for regulat-
ing ion transport, we hypothesized that 30 minute expo-
sure to forskolin but not vehicle treatment would also
significantly increase ion transport in porcine vocal fold
mucosa. We therefore measured short-circuit current (ISC:
a measure of net ion transport) across porcine vocal fold
mucosae under basal and forskolin-stimulated conditions.
Finally, as cAMP is considered a secondary mediator in
the inflammatory process, we predicted that exposure to
TNF� would alter cAMP concentration. We therefore com-
pared the effects of 30 minute and 2 hour TNF� exposure

on cAMP concentration in porcine vocal fold and tracheal
mucosae.

MATERIALS AND METHODS

Tissue Preparation
Fresh larynges (N � 15) and trachea (N � 10) from young

adult Ossabaw pigs (aged 6–12 months, 10 males and 5 females)
were used in this study. The larynx and trachea were excised
from each animal within 20 minutes of sacrifice, in accordance
with approved protocols at the Indiana University School of Med-
icine. Larynges and trachea were transported to the laboratory in
isotonic saline solution and dissected as described below, to ob-
tain vocal fold and tracheal mucosae.

Vocal fold mucosa. Each larynx was bisected into two
hemilarynges along the mid-sagittal plane following previously
validated procedures.17 Next, within each hemilarynx shallow
horizontal incisions were made 1 cm below and above the true
vocal folds with a scalpel. The vocal fold mucosa (vocal fold epi-
thelium with its attached basal lamina) was dissected from the
underlying lamina propria. The tissue was kept moist with iso-
tonic saline throughout the dissection procedure. The vocal fold
mucosa was then prepared for cAMP assays or mounted on
Ussing chambers for electrophysiology investigations. For the
cAMP experiments involving exposure to inflammatory mediator
(experiment 3), each vocal fold was bisected yielding four vocal
fold samples from each larynx.

Tracheal mucosa. The proximal section of the trachea was
used for all investigations. Each porcine tracheum was cut along
the anterior longitudinal axis to reveal posterior mucosal mem-
brane. The tracheal mucosa was bluntly dissected from underly-
ing connective tissue. Two to four-sections of tracheal mucosae
were obtained from each animal.

Treatments
Vocal folds and tracheal mucosae were exposed to one of the

following treatments: 10 �mol/L forskolin, 10 �mol/L TNF�, or 10
�mol/L TNF� � forskolin. Dimethyl sulfoxide (DMSO) was the
dilutent for forskolin, so DMSO was used as the vehicle treat-
ment. All treatments were prepared in serum-free media
(DMEMS/F12 base media supplemented with 25 U/mL penicillin,
25 mg/mL streptomycin (Invitrogen; Carlsbad, CA), and 12
mg/mL ciprofloxacin (Voigt Global Distribution, Kansas City,
MO) just before each experiment.

Experiment 1: cAMP Concentration After
Forskolin and Vehicle Treatment

Protocol. To investigate whether exposure to forskolin
changed cAMP levels, porcine vocal fold (N � 14) and tracheal
(N � 14) mucosae were dissected as described above, and incu-
bated in serum free media (DMEMS) containing either vehicle
(DMSO) or 10 �mol/L forskolin for 30 minutes at 37°C. All ex-
periments were performed with paired vocal fold mucosae, such
that from each larynx, one vocal fold mucosa was exposed to
forskolin and the contralateral vocal fold mucosa was exposed to
vehicle. Likewise, tracheal mucosae exposed to either forskolin or
vehicle, were obtained from the same animal as the vocal fold
mucosa. Following treatment, the samples were homogenized in 1
mL ice cold acid (0.1 mol/L HCl) supplemented with 1% Triton
x-100 and centrifuged at 14,243g for 15 minutes to remove cellu-
lar debris. The supernatant was collected and stored at �20°C for
later analysis. cAMP concentrations were determined per manu-
facturer’s protocols using a Direct cAMP Enzyme Immunoassay
Kit (Assay Designs, Ann Arbor, MI). Meanwhile, the protein
concentration for each sample was determined using a RC/DC
protein assay (Biorad; Hercules, CA). To account for variations in
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the amount of tissue sample, cAMP concentrations were com-
puted as picomole/milligram protein.

Data and statistical analysis. Visual inspection and
Kolmogrov-Smirnov tests confirmed that data were normally dis-
tributed. Paired t-tests were run separately for vocal fold and
tracheal mucosae (SPSS 15.0, Chicago, IL). P � 0.05 was consid-
ered statistically significant.

Experiment 2: Ion Transport After Forskolin
and Vehicle Treatment

Short-circuit current (ISC) is a measure of net ion transport.
By convention, an increase in ISC indicates an increase in anions
moving in a secretory direction (from mucosa toward the surface)
or cations moving in an absorptive (into the mucosa) direction.
Ion transport was measured with Ussing chambers and current
voltage clamp (World Precision Instruments, Sarasota, FL).18

Protocol. First, the Ussing system was calibrated.17,18 Dis-
sected vocal fold mucosa was mounted on pins between two
halves of an Ussing chamber. Two voltage electrodes and two
current electrodes (Ag�/AgCl electrodes with Agar—3 mol/L KCl
salt bridges; World Precision Instruments, Sarasota, FL) were
inserted into the Ussing chamber on either side of the vocal fold
membrane. Ten milliliter of serum-free media was placed in the
luminal and serosal bathing reservoirs. The temperature of both
reservoirs was maintained at 37°C and the tissue was kept viable
by oxygenating the media with 95% O2 and 5% CO2. The spon-
taneous transepithelial potential difference across the tissue was
clamped to zero and ISC was continuously monitored as a measure
of net ion transport. Transepithelial resistance was measured
throughout each experiment by applying 2 mV pulses across the
membrane every 200 seconds and measuring the resultant cur-
rent deflection. Vocal fold mucosae were allowed to reach a stable,
relatively unchanging baseline (�45 min) before the addition of
effectors such as forskolin.

Use of porcine model for vocal fold ion transport
studies. Previous research on vocal fold ion transport has used
ovine and canine models.9,11 To confirm the use of the porcine model
for ion transport studies, we first sought to establish the presence of
major ion transporters (Na� and Cl�) in porcine vocal fold mucosa.
A series of experiments were performed where the vocal fold mucosa
was exposed to either a Na� channel inhibitor (amiloride, 10 �mol/L)
or a Cl� channel inhibitor (NPPB: 5-nitro-2-(3-phenylpropylamino)-
benzoic acid, 100 �mol/L) in counterbalanced order, in the absence
of forskolin. Amiloride and NPPB were only added to the apical
bathing media after tissue had reached a stable baseline. At the
concentrations used, amiloride is a specific inhibitor of the epithelial
sodium channel (ENaC) and NPPB is an inhibitor of the cystic
fibrosis transmembrane regulator (CFTR) chloride channel.

Forskolin and vehicle treatment. Having confirmed the
feasibility of using porcine vocal fold mucosa for ion transport stud-
ies (see Results section), we examined whether the increase in cAMP
following forskolin treatment would be functionally translated into a
change in ion transport (ISC). Therefore ISC was continuously mea-
sured after treatment with either forskolin (N � 5) or vehicle (N �
5). As in experiment 1, vocal folds from each larynx were exposed to
both treatments. Briefly, once the vocal fold mucosa had reached a
stable baseline, 10 �mol/L forskolin or vehicle was added to both the
apical and basal reservoirs and ISC was measured for 30 minutes.
Baseline and posttreatment ISC were normalized to the area of the
chamber (normalized ISC � ISC/1.13 cm2). The normalized ISC is
hereafter referred to as the ISC (�A/cm2). To further examine
whether the forskolin-stimulated changes in ISC were associated
with changes in Na� absorption or Cl� secretion, tissues were
treated with amiloride or NPPB, pre- and postforskolin addition.

Data and statistical analysis. Visual inspection and
Kolmogrov-Smirnov tests confirmed that data were normally dis-

tributed. After verifying that baseline ISC did not differ in vocal
fold mucosae exposed to forskolin or vehicle treatment (t � 0.753,
df � 4, P � .493), paired t-tests were employed to investigate
whether exposure to forskolin as compared with vehicle would
significantly increase ISC from baseline (SPSS 15.0). P � 0.05 was
considered statistically significant.

Experiment 3: cAMP Concentration After
Exposure to Inflammatory Mediator

To examine whether exposure to an inflammatory mediator
(TNF�) significantly altered cAMP levels, porcine vocal fold and
tracheal mucosae were incubated in TNF� (10 �mol/L); forskolin
(10 �mol/L); or TNF� � forskolin at 37°C for 30 minutes (N � 6)
and 2 hours (N � 6). cAMP was extracted and measured as in
experiment 1.

Data and statistical analysis. Raw data violated as-
sumptions of normality hence Friedman’s Analysis of Variance by
ranks nonparametric statistics were used with treatment (TNF�,
forskolin, TNF� � forskolin) as the repeated measure (SPSS
15.0). Separate Friedman statistics were applied to vocal fold and
tracheal mucosae at 30 minutes and 2-hour exposures. P � 0.05
was considered statistically significant.

RESULTS

Experiment 1: cAMP Concentration After
Forskolin and Vehicle Treatment

Figure 1 demonstrates the effects of 30 minute expo-
sure to forskolin on cAMP concentrations in porcine vocal
fold and tracheal mucosae. Exposure to 10 �mol/L forskolin
significantly increased cAMP concentration as compared
with vehicle in porcine vocal fold mucosae (t � 7.23, df � 6,
P � .01). Likewise, there was a significant increase in cAMP
concentrations in porcine trachea exposed to forskolin as
compared with vehicle (t � 2.78, df � 6, P � .03).

Experiment 2: Ion Transport After Forskolin
and Vehicle Treatment

Figure 2 (A–F) confirm the feasibility of using porcine
vocal fold mucosae for ion transport studies. As depicted in
Figures 2A and B, the predominant component of basal
ISC is sensitive to NPPB whereas a smaller portion of
the current is sensitive to amiloride. The directionality
of ion movement indicates that basal ISC is formed by a
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Fig. 1. Bar graph representing mean � SE of cAMP concentration in
porcine vocal fold and tracheal mucosae treated with forskolin (filled
bars) or vehicle (unfilled bars).
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combination of Cl� secretion and Na� absorption, with
Cl� secretion dominating. These data are consistent with
previous findings in ovine vocal fold11 and support the
utility of the porcine vocal fold model.

Figures 2C and D demonstrate representative traces
of the effects of forskolin on ISC. Forskolin caused an
immediate increase in ISC. After the stimulatory response
to forskolin had waned, the vocal fold mucosa remained
viable. As demonstrated by the effects of amiloride and
NPPB, forskolin-stimulated ISC predominantly involves
Cl� secretion.

Figures 2E and F demonstrate representative traces
of the effects of forskolin on ISC in vocal fold mucosae
pretreated with amiloride or NPPB. Note that pretreat-
ment with 10 �mol/L amiloride (2E) did not prevent the
forskolin-induced increase in ISC. Conversely, pretreat-
ment with NPPB (2F) completely abolished the response

to forskolin, confirming that Cl� secretion is the predom-
inant component of forskolin-stimulated ISC.

Figure 3 demonstrates the average maximal ISC re-
sponse to forskolin (N � 5) and vehicle (N � 5) treated
tissue. Exposure to 10 �mol/L forskolin immediately in-
creased ISC from baseline (mean increase � 12 �A/cm2;
t � 5.71, df � 4, P � .01). Conversely, exposure to vehicle
did not significantly change ISC from baseline (mean in-
crease � 1 �A/cm2; t � 1.17, df � 4, P � .31).

Experiment 3: cAMP Concentration After
Exposure to Inflammatory Mediator

Figure 4 depicts the change in cAMP concentration after
exposure to TNF� for 30 minutes (4A) and 2-hours (4B) in
the presence and absence of forskolin. cAMP concentrations
in vocal fold mucosae did not change significantly after
exposure to TNF� for 30 minutes (�2 � 6, df � 2, P � .05)

Fig. 2. (A, B) Basal electrogenic ion trans-
port (ISC) in porcine vocal fold mucosae be-
fore addition of either 100 �mol/L NPPB (a
Cl� channel inhibitor) or 10 �mol/L amilo-
ride (a Na� channel inhibitor), in counterbal-
anced order. Basal ISC is a combination of
Cl� secretion and Na� absorption. To de-
termine the relative contribution of each ion
species (Cl� or Na�) to basal ISC, ion chan-
nel inhibitors (NPPB or amiloride) were
added. The greater decrease in ISC after
addition of NPPB as compared with amilo-
ride, demonstrates that the dominant com-
ponent of basal ISC is Cl� secretion. (C, D)
Vocal fold mucosal response to forskolin.
Forskolin was added initially, followed by 10
�mol/L amiloride and 100 �mol/L NPPB in
counterbalanced order. The greater magni-
tude of decrease in forskolin-stimulated ISC
after addition of NPPB as compared with
amiloride suggests that the dominant com-
ponent of ISC is still Cl� secretion. (E, F)
Effects of amiloride and NPPB before the
addition of forskolin. Pretreatment with 10
�mol/L amiloride did not prevent a
forskolin-stimulated increase in ISC. How-
ever, pretreatment with 100 �mol/L NPPB
completely abolished the stimulatory ef-
fects of forskolin on ISC, confirming that Cl�

secretion is the dominant component of ISC.
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or 2 hours (�2 � 4.6, df � 2, P � .09). Likewise, there was
no significant change in tracheal cAMP concentration af-
ter exposure to TNF� for 30 minutes (�2 � 6, df � 2, P �
.05) and 2 hours (�2 � 4.6, df � 2, P � .09). There was high
variability in the data as demonstrated by the large error
bars in Figures 4A and B. It is noteworthy that data in
this experiment confirmed our findings for the stimula-
tory effects of forskolin on cAMP levels observed in exper-
iment 1, with even 2-hour exposure to forskolin signifi-
cantly increasing cAMP concentration in vocal fold (mean
increase � 43 pmol/mg) and tracheal mucosae (mean in-
crease � 90 pmol/mg) (gray bars, Fig. 4B).

DISCUSSION
The present study investigated the effects of forskolin

on cAMP concentrations and ion transport in porcine vocal
fold mucosa in vitro, and further examined whether cAMP
concentration would be altered following exposure to an
inflammatory mediator. cAMP in an important intracel-
lular second messenger that regulates ion transport
across the cell membrane.12 Here we demonstrate that
cAMP levels are increased after brief exposure to forsko-
lin, and that cAMP regulates ion transport in porcine
vocal fold mucosae. To our knowledge, cAMP-mediated ion
flux and the effects of forskolin on cAMP concentration
have not been quantified previously in porcine vocal fold
mucosae. Our novel findings add to the emerging literature
on ion transport mechanisms and intracellular signal trans-
duction in the vocal folds. The increase in cAMP concentra-
tion in trachea after application of forskolin is consistent
with published data12 and validates the experimental tech-
niques used in this study.

Previous research on vocal fold ion transport has used a
canine or ovine model.9,11 We used a porcine model in these
studies because anatomic and histological studies have dem-
onstrated similarities between porcine and human vocal
folds.19,20 For example, the biomolecular composition of
porcine vocal folds is more similar to humans than other
commonly used animal species. Furthermore, the nature

of junctional complexes in stratified squamous epithelia of
porcine vocal folds is similar to human vocal folds.

To document the feasibility of using the porcine
model for ion transport studies, we conducted a series of
experiments to confirm the presence of Na� and Cl�

transport in vocal fold mucosae (Figs. 2A–E). We focused
on Na� and Cl� as these are the primary ions mediating
salt and water transport in the respiratory airway,12 and
because these ions transporters have been localized to the
vocal fold mucosa, and regulate superficial hydration.9,11

Based on the directionality of vocal fold ion movement
(Figs. 2A and B), we suggest that basal ISC (before fors-
kolin treatment) is a combination of Cl� secretion and
Na� absorption with the Cl� secretory response dominat-
ing. The addition of forskolin caused an immediate, albeit
transient increase in ion flux. However, once this tran-
sient response returned to baseline, Cl� secretion re-
mained the dominant ion flux. Addition of amiloride or
NPPB before forskolin treatment further demonstrated
that increases in intracellular cAMP stimulated both
ENaC driven Na� absorption and CFTR-mediated Cl�

secretion, with the latter comprising the majority of
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stimulated ISC. As increased Cl� efflux in epithelial tissue
is accompanied by increased water secretion, treatment
with forskolin could enhance superficial vocal fold hydra-
tion. However, the feasibility of using forskolin as a phar-
macological treatment awaits further investigation.

Besides playing an important role in regulating ion
transport, cAMP also acts as a secondary messenger for a
variety of inflammatory mediators in biological tissue. But
again, the effects of inflammatory mediators on cAMP in
vocal fold mucosae are not known despite the potential for
vocal fold exposure to inflammatory perturbations associ-
ated with smoke particulate, inhaled pollutants and aller-
gens, laryngopharyngeal reflux, intubation, and impact
stress. Knowledge of the intracellular molecules mediat-
ing vocal fold response to inflammatory mediators is es-
sential, to develop pharmacological treatments to prevent
the negative phonatory consequences associated with in-
flammation such as vocal fatigue, dysphonia, and laryn-
geal disease.15,21–25

TNF� is a potent primary inflammatory mediator
that is upregulated after an inflammatory perturbation.15

TNF� can trigger a series of cellular events including
expression of nitric oxide synthase, induction of adhesion
molecules, and expression of other inflammatory cyto-
kines. The presence of TNF� has been confirmed after an
episode of acute vocal fold inflammation. Verdolini et al.16

used a single subject design to demonstrate an increase in
TNF� concentration of vocal fold secretions overlying vo-
cal fold epithelium after 1 hour of prolonged voice use. As
vocal fold mucosa is the first tissue layer exposed to me-
chanical stress, allergens, and reflux, and as TNF� re-
duces cAMP concentration in other tissue, effectors that
increase cAMP levels could serve as effective anti-
inflammatory agents.

The absence of a significant change in cAMP concen-
tration after exposure to TNF� does not rule out activa-
tion of cAMP by inflammatory mediators. The nonsignifi-
cant effect could be associated with the exposure duration,
dose of inflammatory mediator, or the choice of inflamma-
tory mediator. TNF� was selected because it may be up-
regulated after vocal fold inflammation. However, other
inflammatory mediators that influence cAMP concentra-
tion (e.g., PGE2) are also associated with vocal fold inflam-
mation and may induce more robust changes in cAMP
concentration. The effects of other inflammatory cytokines
on cAMP concentration and ion transport await further
investigation. We selected 30-minute and 2-hour exposure
durations to investigate the short-term response to in-
flammatory perturbations. However, longer exposure du-
rations will also need to be investigated. Although viable
vocal fold mucosae were used in all experiments, and
experimental manipulations were performed in a warm
oxygenated media, it is possible that exposure to the in-
flammatory mediator in vitro did not trigger some of the
signal transduction mechanisms that may be present in
vivo. Future studies are needed to investigate the effects
of vocal fold inflammation on ion transport in an in vivo
model. Furthermore, when compared to human vocal
folds, porcine vocal folds have higher levels of hyaluronan,
an osmotically active biomolecule, which can influence ion
transport. Therefore, the methods reported here will need

to be applied to excised fresh cadaver larynges. Gender
has not been reported to influence cAMP concentration in
other tissues. However, as the biomolecular composition
and morphology of male vocal folds are different from
female vocal folds, we examined cAMP concentration in
both male and female porcine tissue (data not shown). The
absence of a significant gender effect confirmed previous
research on the nonsignificant interaction between gender
and cellular cAMP levels.

CONCLUSIONS
In vitro cAMP assays and electrophysiological tech-

niques were used to demonstrate that constitutive adeny-
lyl cyclase activator, forskolin, increased cAMP concentra-
tion in porcine vocal fold mucosa and that this increased
cAMP concentration was manifested as increased ion
transport. We further demonstrated that the increased ion
transport was predominantly associated with increased
Cl� secretion. Our novel findings contribute to a better
understanding of the intracellular mechanisms that un-
derlie vocal fold ion transport. As Cl� secretion is accom-
panied by water secretion, data from the present study lay
the groundwork for pharmacological therapies that in-
crease surface hydration using mechanisms that are in-
trinsic to the vocal folds.
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