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We studied the activation of a chloride channel in
normal human bronchial epithelial cells (NHBE) by
guanylin. We have observed a background CI current
(Icibackgrouna) @and a guanylin-induced outward rectify-
ing chloride currents (ORCC) in NHBE. I packground Was
present in 93% of cells (n=114), was outwardly-rectify-
ing, and could be completely blocked by 100uM NPPB
(5-Nitro-2(3-phenyl-propylamino)-benzoic acid. Acti-
vation of cAMP-activated CI current with 200uM CPT-
CAMP (8-(4-Chlorophenylthio) adenosine-3’,5’-mono-
phosphate) occurred in only 35.3% of cells (n=34).
Guanylin activated an ORCC in 78.6% (n=11) of cells.
Guanylin also induced chloride currents in cells that
had failed to respond to CPT-cAMP (n=5). Both CPT-
cAMP and the guanylin-induced chloride currents
showed strong outward rectification. 500uM DIDS
(4,4'-diisothiocyanostibene-2,2’'-disulfonic acid) blocked
the guanylin-induced ORCC (n=10). Conclusion: Gua-
nylin activates a DIDS-sensitive ORCC in the NHBE
cell which is only modestly activated by cAMP. The
guanylin receptor in the NHBE might be of major im-
portance in the regulation of chloride channel activity
and transepithelial fluid transport in normal and ab-

normal airways. o© 1998 Academic Press

The association of cystic fibrosis with low-chloride
conductance of airway epithelia has led to extensive
efforts to elucidate alternate pathways for chloride
channel activation in the airways. In cystic fibrosis the
CFTR (Cystic Fibrosis Transmembrane Regulator)
chloride channel is genetically-rendered defective.
Transepithelial electrolyte transport in the airway epi-
thelium becomes inadequate resulting in impaired pul-
monary mucociliary clearance and ultimately respira-
tory failure. Thus much research in the past had fo-
cused on the CFTR channel and signaling pathways
that lead to its activation. It is now well established
that CFTR activity requires phosphorylation by a
cAMP-dependent protein kinase (PKA). However more
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recent reports seem to indicate that other regulatory
pathways for CFTR might exist (1-3).

Of particular interest to us was the potential role of
a cGMP-mediated pathway. This is a major mechanism
in intestinal epithelia for CFTR activation. The endoge-
nous stimulator of the intestinal cGMP-mediated path-
way has been identified as guanylin, a 15-amino acid
peptide that possesses structural homology with heat-
stable bacterial enterotoxin (STa) which is responsible
for secretory diarrhoea ( 4). Both STa and guanylin
have been shown to elevate cGMP levels and concomi-
tantly activate CFTR in intestinal epithelial cells (5).
To investigate whether a similar cGMP pathway might
exist in the airway epithelium, we considered utilizing
guanylin based on some very recent findings: guanylin
is secreted into the airways by Clara cells of the lungs
(6), STa receptors can be found in tracheal epithelia
(7), and membrane-bound guanylate cyclases (A, B, and
C) exist in the airway epithelia and cGMP elevations
can be elicited with the natriuretic peptides and STa
(8). In this report, we demonstrate that guanylin po-
tently stimulates airway epithelial chloride currents.

MATERIALS AND METHODS

Cell culture. Normal human bronchial epithelial cells (NHBE)
were purchased from Clonetics Corporation (San Diego, CA). NHBE
cells were isolated from human tracheobronchial epithelium col-
lected at the time of autopsy. Cells were delivered by Clonetics cryo-
preserved at passage 2 and cultured in our laboratory in bronchial
epithelial cell growth medium (BEGM) which is a modified LHC-9
formulation containing the following supplements essential for cell
differentiation and proliferation: bovine pituitary extract, hydrocorti-
sone, human epidermal growth factor, epinephrine, transferrin, insu-
lin, retinoic acid, triiodothyronine, gentamycin and amphotericin
B(9). Cells were maintained in culture at 37 °C in 5% CO,/95% hu-
midified air for 3 to 5 days before use. All experiments were con-
ducted on cells in passage 3 or 4.

Solutions and drugs. The normal external solution contained (in
mM): NaCl 140, MgCl, 2, CaCl, 2 and 4-(2-hydroxyethyl)-1-pipera-
zine ethanesulfonic acid (HEPES) 10. The normal pipette solution
contained (in mM): KCI 125, HEPES 10, MgCl, 2, ethylenebis(oxoni-
trilo)tetraacetate (EGTA) 2, and ATPy4 5. For isolating chloride cur-
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rents, Na* and K* were replaced by NMDG and the pH was adjusted
to 7.3 with methanesulfonic acid or Tris. To separate the leak conduc-
tance from chloride currents, internal Cl ion concentration was re-
duced to 45 mM using glutamic acid (Eevcry approximately -31 mV
from the Nernst equation).

NPPB was obtained from Calbiochem (La Jolla, CA). Guanylin
was purchased from Peninsula Laboratories, Inc. (Belmont, CA). All
other drugs were from Sigma Chemicals unless indicated otherwise.

Voltage-clamp recording. The whole cell patch clamp recording
technique was used to record membrane ionic currents (10, 11). Prior
to recording from them, NHBE cells were partially detached using
trypsin and then perfused with normal external solution. This pro-
duced a more rounded profile for the cells which facilitated patch
recording and cell isolation. Voltage clamp experiments were per-
formed on nonconfluent single cells at room temperature. The volume
of the external solution in the recording chamber (35mm culture
dish) was approximately 2 ml and the rate of perfusion was 6 ml/
min. Membrane currents were recorded using an Axopatch 200A
Patch Clamp Amplifier (Axon Instruments, Inc., Foster City, CA).
After obtaining a giga ohm-seal (45.2 = 8.2 G2, n = 114), additional
suction was applied to break the cell membrane and enter the whole-
cell configuration. Capacitive currents elicited by a 10 mV depolariz-
ing pulse from -80 mV were recorded and then compensated. Repre-
sentative capacitive traces were used to calculate cell capacitance
determined using the equation C,, = 7. l/AE,, (11), where C,, =
membrane capacitance, 7. is the time constant for cell membrane
charge, -1, is the peak of the capacitive current and AE,, is clamp
potential. The C,, varied from 7.8 to 162 pF with an average of
47.4 + 3.1 pF (n = 114). Membrane currents were generated by the
following three voltage pulse protocols: 1) For drug-effect time course
experiments; V,, (holding potential) = —30 mV, V. (clamp potential)
=60 mV and T, (clamp time) = 1 s. 2) For voltage ramp experiments;
Vi 30 MV, Vgamp (ramp potential range) = —100 to 100 mV, Tramp
= 3s. 3). For current-voltage step experiments (I-V); V,, = =30 mV,
V. = —120 to 120 mV with 20 mV (or 10 mV) stepsand T, = 1 s. In
all three protocols the voltage pulses or ramps were applied at
0.1 Hz.

Data analyses. Membrane currents were digitally recorded and
analyzed using pCLAMP software (p)CLAMP Version 6.0.1, Axon In-
struments Inc., Foster City, CA). Further analyses of data and prepa-
ration of figures were accomplished with the program suite, Microsoft
Excel and ORIGIN (MicroCal, Northampton, MA.). Data were pre-
sented as Mean + SEM. Student’s t-test for paired data was used to
compare control conditions with other interventions. A p value of <
0.05 was considered statistically significant.

RESULTS

The characteristics of the background chloride cur-
rent, lcipackgrouna-  1He human bronchial epithelial cell
cultures (NHBE) contained a background chloride cur-
rent as previously reported by us (12). In order to fully
differentiate the effects of guanylin, we first character-
ized this background current in solutions where the
sodium and potassium were replaced by NMDG (meth-
ods). The background chloride current, lcpackground, Was
observed in the majority of cells (93 % of cells; 106 out
of 114) and were 2.7 = 0.5 pA/pF at 60 mV. Any cell
with a current of less than 50 pA at 100 mV was consid-
ered devoid of a significant background -current.
lcibackgrouna €Xhibited strong outward rectification, but
the degree of rectification varied from cell to cell. The
lcipackground CUFTENt Was seen to run down over time.
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Run-down started immediately after cell-membrane
break-in but slowed greatly after 8 min in 6 of 10 cells.
The averaged run-down was 43 = 5.3 % (from 5.3 *+
1.7 to 2.8 = 0.8 pA/pF at 60 mV, n = 6). In general the
kinetics for I pavkgrouna Were fast activating ( < 2 ms)
and sustained although in 19 out of 106 cells an inacti-
vating phase could be seen at voltage above 60 mV
and in 7 out 106 cells slow activating kinetics were
observed. The time constant of inactivation and activa-
tion at 100 mV was 1291 + 417 ms (n = 19) and 442
+ 79 ms (n = 6) respectively. The inactivation and
activation became progressively faster as the potential
was clamped to more positive potentials.

To ascertain whether the background current was
predominantly carried by chloride ions, the cells were
exposed to three different external solutions ([Cl],),
containing chloride concentrations of 148, 95 and 15
mM, while [CI];, of pipette solution was kept at 45 mM.
The results showed that the values of the reversal po-
tential for chloride, Eey(c)y, Were —26.7 = 2.2, —13.6 =
2.4 and 20 = 2.2 mV at [CI], of 148, 95 and 15 mM
respectively (n = 7). The Eeycy 0f chloride were plotted
against the log [Cl], and was fitted by a linear equation
(y = a + k*X) expressed as a solid line going through
the data points (Figure not shown). The slope k, repre-
senting the changes in E,ycy with a 10-fold [CI], incre-
ment, was 45.5 mV/decade. This result is close to the
theoretical value for a pure CI™ selective channel (55.3
mV/decade), which shows that the background CI cur-
rent is largely ClI selective.

The CPT-cAMP-induced chloride current. Since gu-
anylin could be influencing the cAMP activation path-
way, we found it appropriate to evaluate the character-
istics of a cAMP-induced chloride current in our prepa-
ration. An outwardly-rectifying time-independent
current was induced at room temperature in the pres-
ence of 200 uM CPT-cAMP (CPT) in 35.3 % of cells (12
out of 34) examined. In responding cells 200uM CPT-
CAMP increased the chloride current 11+ 3.1 fold from
5.5 + 1.4 to 52.1 +20.2 pA/pF (n = 12, p < 0.01). The
CPT-cAMP-induced chloride current was partially re-
versed (29.1 +=12.8 %) upon washout (n = 4) and fully
blocked by 0.1 mM NPPB (96.4 = 0.06 %, n = 2). An
example of these experiments is illustrated in Figure
1A. The three top panels show the steady state control
current, the CPT-cAMP-induced current and the ramp
currents recorded before and after application of CPT-
cAMP. It is evident from voltage step data and the
ramp that the CPT-cAMP-induced current is time-in-
dependent and outwardly rectified. The inset of figure
1A displays the averaged ramp current from 12 experi-
ments and shows strong outward rectification of the
CPT-induced chloride current. The bottom panel of
figure 1A shows the time course from a single experi-
ment at a test voltage of 60 mV. The effect of CPT
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FIG. 1. Characterization of the chloride channel induced by CPT-cAMP and guanylin. In panel A, the top two traces are control and
after 18 min of CPT-cAMP perfusion. The dotted line indicate 0 pA. The 3rd panel from the top is the ramp I-V recorded in the presence
(CPT) and absence (C) of CPT-cAMP solution. The inset is averaged normalized ramp currents before and during CPT-cCAMP (n=12). In
the bottom panel of figure A, the amplitude of the ORCC was measured at 60 mV and plotted against time for the same cell shown in panel
3. The ORCC was induced by 200 uM CPT-cAMP and fully blocked by NPPB 0.1 mM. Panel B: ldentical experiments were carried out to
with guanylin activation of the chloride current. The top two panels show recording in control solution and after application of guanylin 1
uM for 15 min. The dotted line indicates 0 pA. The 3rd panel from the top is the ramp I-V recorded in the presence and absence guanylin.
The inset is the averaged ramp current from 10 cells before and during guanylin. The bottom panel is the time course of an experiment
from the same cell as in panel 3 illustrating the activation of ORCC by 1 yM guanylin and block by NPPB 100uM.

reached a steady state within 15 min and the current
was completely inhibited within 2 min by application
of 0.1 mM NPPB.

The guanylin-induced chloride current. We tested
the effect of guanylin on NHBE cell and compared its
activity with that of CPT-cCAMP. A time-independent
current was induced at room temperature in the pres-
ence of 1-5 uM guanylin. 78.6 % of cells (11 out of 14)
showed significant responses within 5-10 min of gua-
nylin application. Thus, compared to a maximal con-
centration of CPT-cCAMP which induced currents only
35.3 % of the time, guanylin had a much higher rate for
the activation of chloride currents in airway epithelial
cells, despite the relatively low concentration of peptide
applied. The results show that the chloride current was
increased to 41.7 pA/pF from 2.3 + 0.6 pA/pF in the
presence of guanylin (32.7 + 17.7 times, n = 11). Gua-
nylin-induced chloride currents were not reversible
after 5-10 min of washout (only reduced by 15.8 = 11.3
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%, n = 2) but were fully blocked by 0.1 mM NPPB (96.5
+ 0.84 %, n = 4). An example of the experiments is
illustrated in figure 1B. The three top panels of figure
1B show the steady state control current, 1 uM gua-
nylin-induced current and the ramp currents before
and after application of guanylin. The inset shows aver-
aged ramp currents from 11 cells. The bottom panel of
figure 1B shows the time course of the experiment at
a test voltage of 60 mV from the same cell. The effect
of guanylin reached a steady state within 15 min and
the current was completely inhibited in 2 min by 100
uM NPPB. The results indicate that guanylin has a
much higher activity than CPT-cAMP on the chloride
channel but the time to reach the maximum effect is
slower compared to CPT-cCAMP.

Because guanylin appears to activate chloride chan-
nels more effectively than CPT-cAMP, we conducted
further experiments to see if guanylin could stimulate
the chloride channel in cells that were partially or com-
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FIG. 2. Outward rectifying chloride channel (ORCC) activity activated by 200 uM CPT-cAMP (CPT) and 1 uM guanylin from same cell.
Panel A: The amplitudes measured at 60 mV were plotted against the time for control and after application of CPT and guanylin. The
figure shows that CPT partially activates a ORCC after 10 min, at which time 1uM guanylin is applied which dramatically increases the
rate of activation of ORCC. 100mM NPPB completely blocks the current. The current traces indicated by (a), (b), (c) and (d) were recorded
from control, CPT, CPT + guanylin and NPPB. Figure B shows that a 10 minute application of CPT-cAMP fails to activate ORCC in this
cell, however ORCC was dramatically increased by subsequent addition of 1M guanylin. This guanylin sensitive current was fully blocked
by NPPB 100 uM. The traces indicated by (a), (b), (c) and (d) were recorded from control, CPT, CPT + guanylin and NPPB, respectively.

pletely unresponsive to CPT-cAMP. The experiments
show that guanylin not only further increased the chlo-
ride currents partially activated by CPT-cCAMP (n = 2),
but also activate the currents in cells that did not re-
spond to CPT-cAMP (n = 2). The averaged data from
five cells show that CPT-cCAMP partially activate the
current from 4 = 1.1 to 10.8 + 3.7 pA/pF (3.2 = 0.8
times, n =5, p > 0.05) and that guanylin further in-
crease the amplitude of this current to 27.8 + 7.9 pA/
pF (2.8 = 0.3 times, n = 5, p < 0.05). NPPB at 100 uM
completely blocked all chloride currents including the
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background, CPT-cAMP- and guanylin- induced cur-
rents. The magnitude of current enhancement by gua-
nylin was slightly lower in these CPT-cAMP-insensi-
tive cells (27.8+7.9 vs. 41.7+17.5pA/pF). Figure 2A is
an example of these experiments. The inset shows the
current traces recorded from control (a), in the presence
of CPT-cAMP (b), guanylin (c), and NPPB (d). Figure
2B shows an outward rectifying chloride current acti-
vated by 1 uM guanylin but not by 200 uM CPT-cAMP.
The inset shows current traces recorded from control
(), in the presence of CPT-cAMP (b), guanylin (c), and
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FIG. 3. Panel A illustrate the background, guanylin-induced current and a residual current after application DIDS 0.5 mM. The dot
line indicate the base line. In panel B, a ramp currents are shown for control, guanylin and DIDS. Panel C shows the time course of the
experiment during control, 20 min of guanylin application and 5 min of DIDS exposure for test pulse to 60 mV.

NPPB (d). The above results suggest that guanylin has
a greater ability to induce chloride channels in airway
epithelial cells than does CPT-cAMP.

The effects of other cyclic-nucleotide mobilizing pep-
tides. In order to ensure that the effects by guanylin
were not due to non-specific peptidergic effects, we also
evaluated other peptides, pituitary adenyl cyclase acti-
vating peptide (PACAP38), secretin, and adrenomedul-
lin on these airway cells to ascertain if they also in-
duced chloride currents. These peptides have been re-
ported to mobilize cAMP in various tissues (13-18). In
fourteen experiments, PACAP38 (n = 7), Secretin (n =

54

3) and Adrenomedullin (n = 4) had no significant effect
on the airway chloride currents. Therefore we con-
cluded that unlike guanylin, these peptides fail to in-
duce chloride currents in the airway epithelial cell.

Sensitivity of chloride currents to DIDS. It has been
reported that in airway epithelia, outward rectifying
chloride currents (ORCC) is much more sensitive to
DIDS, compared to CFTR (19). Thus we used DIDS to
help determine whether the guanylin-induced chloride
current was likely to be ORCC or CFTR. 14 cells were
tested after induction of chloride currents in the pres-
ence of 1-5 yM guanylin. An outwardly-rectifying chlo-
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ride current was induced in 10 of 14 cells by guanylin
after which 500 uM DIDS was added to the external
solution for 10-20 min. Ten experiments showed that
DIDS (0.5 mM) strongly blocked the guanylin-induced
current from 11.4 + 3.3 to 0.49 = .29 pA/pF at 60 mV
(n = 10, p < 0.01). An example of these experiments
is depicted in figure 3. Guanylin (5 M) activate a large
outwardly rectifying chloride current that is completely
blocked by 500uM DIDS as is the background chloride
current seen in control. Similar results were obtained
from the ramp currents recorded in the presence of
control, guanylin-containing, and DIDS-containing so-
lutions, as depicted in figure 3B. The time course of
current changes in the presence of guanylin and DIDS
at 60 mV are illustrated in figure 3C. Chloride current
increase 5 fold within 20 min of guanylin application,
and this guanylin-induced current is completely
blocked by DIDS (500 uM).

DISCUSSION

The data presented suggest that (a) human airway
epithelial cells possess a small background chloride
conductance. (b) Guanylin activates an outwardly-rec-
tifying, chloride current that is blocked by 500 yuM
DIDS. (c) The action by guanylin seems to be quite
specific since other cyclic nucleotide-mobilizing pep-
tides such as adrenomedullin, secretin, and PACAP-
38, have no effect on the airway epithelial chloride cur-
rents. (d) There is no evidence for a DIDS- insensitive
CFTR current activated by guanylin in this airway cell
culture.

It is of interest that guanylin activates a predomi-
nantly outward-rectifying chloride current in the
present study. Most reports have demonstrated a gu-
anylin-cGMP-dependent activation of CFTR currents
with a linear current-voltage relationship (20). Fur-
thermore, in the present study, the guanylin-induced
currents could be blocked by 500 uM DIDS, which
according to most reports, does not block the CFTR
chloride channel (19).

The fact that the observed currents were outwardly-
rectifying and blocked by 500 M DIDS could be the
result of a secondary activation of ORCC by a guanylin-
stimulated CFTR. This link between the two chloride
channels has recently been demonstrated by other in-
vestigators (19). In fact, in this study CPT-cCAMP also
activated outwardly-rectifying currents. On the other
hand, guanylin could be exerting a direct action on
ORCC. The guanylin receptor, Guanylate Cyclase type
C (GCC) has a protein tyrosine kinase activity in addi-
tion to its better-known guanylate cyclase activity (21)
but the ion-channel target of the tyrosine kinase has
not yet been identified. Thus, guanylin’s action on epi-
thelial chloride channels is not limited to the gastroin-
testinal tract and the peptide can elicit effects on the
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airway as well. This finding seems to be consistent with
the accumulating evidence that guanylin might also be
associated with the airways. Using immunoblot analy-
ses and immunocytochemistry, investigators have de-
termined that Clara cells of the lungs are a major
source of guanylin in the airways (6). Furthermore,
guanylate cyclase C, the putative guanylin receptor,
has been found to be expressed in human and bovine
airway epithelia (22). In vitro receptor autoradiogra-
phy has revealed the presence of STa-binding receptors
in airway epithelia of the opposum (7). The bacterial
heat-stable enterotoxin STa has structural homology
with guanylin and act on the same receptor. The stimu-
lation by cGMP of airway epithelial chloride channel
has also recently been reported (23).

Single-channel recording would be necessary to help
establish the true identity of the chloride channel acti-
vated by guanylin. It also remains to be demonstrated
if inhibitors of protein tyrosine kinase can block the
activation of ORCC by guanylin. Further experiments
would also be appropriate in determining if guanylin
can activate chloride currents in airway epithelia in
the presence of protein kinase A inhibitors, or with an
antibody against CFTR. In conclusion this study shows
that guanylin is a potent activator of an ORCC in pri-
mary cultured human airway epithelial cells and that
guanylin can activate this current in cells which are
unresponsive to CPT-cAMP. This suggests that gua-
nylin is directly activating ORCC in these airway cells.
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