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While cydtic fibross transmembrane conductance
regulator (CFTR) iswdl known to function asa CI
channd, some mutetions in the channd protein
causng cydtic fibross (CF) disrupt another vita
physologicd  function, HCO;  transport.
Pathologicd implications of deralled HCO;
trangport ae clealy demondrated by the
pancreatic dedtruction that accompany certan
mutations in CF. Despite the crucid role of HCOs'
in buffering pH, litle is known about the
relaionship between cause of CF pathology and
the molecular defects aisng from specific
mutations. Using eectrophysiologica techniques on
basolaterdly  permesbilized  preparations  of
microperfused native sweat ducts, we investigated
whether: @) CFTR can act as a HCOs conductive
channd, b) different conditions for simulaing
CFTR can dter its sdectivity to HCO; and, c)
pancregtic insufficiency corrdate with HCOs
conductance in different CFTR mutations. We
show that under some conditions stimulating CFTR
can conduct HCO;. HCO3 conductance in the
gpical plasma membranes of swesat duct appears to
be mediated by CFTR and not by any other CI
channd because HCO5™ conductance is abolished
when CFTR is. @) deactivated by removing CAMP

and ATP, b) blocked by 1 mM DIDS (4,4-
diisothiocyanostilbene-2,2-disulfonic acid) in the
cytoplasmic bath and, ¢) absent in the plasma
membranes of DF508 CF ducts. Further, the
HCO;/CI sdectivity of CFTR appears to be
dependent on the conditions of simulating CFTR.
That is, CFTR activated by CAMP + ATP appears
to conduct both HCO5” and CI' (with an estimated
sdectivity ratio of 0.2 to 0.5). However, we found
that in the agpparent complete absence of CAMP
and ATP, cytoplasmic glutamate activates CFTR
Cl- conductance without any HCOs™ conductance.
Glutamate activated CFTR can be induced to
conduct HCO5 by the addition of ATP without
CAMP. The non-hydrolysable AMP-PNP (5-
adenylyl imidodiphosphate) cannot subdtitute for
ATP in activating HCOs;™ conductance. We dso
found that a heterozygous R117H/DF508 CFTR
swest duct retained sgnificant HCOs™ conductance
while a homozygous DF508 CFTR duct showed
virtualy no HCO;™ conductance. While we suspect
that the conditions described here are not optimal
for sHectively activating CFTR CI' and HCOg3
conductances, we surmise that CFTR may be
subject to dramatic dterations in its conductance,
a leest to these two anions under digtinctly
different physologicd conditions which require
didinctly different physologica functions Thet is
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physologicdly, CFTR may exhibit CI" conductance
with and/or without HCO;™ conductance. We aso
surmise tha the severity of the pathogenesis in CF
is cdosy reaed to the phenotypic ability of a
mutant CFTR to express a HCOs conductance.

It is well established that CFTR is a CAMP and
ATP activated CI' channd [1, 2]. However,
evidence particularly from the studies on pancrestic
function indicates that HCO; ion transport is
ggnificantly affected in CF [3, 4, 5. Now the
question becomes how this CI" channd &ffects the
transport of another mgor physologica anion
HCO;. A clear answer to this question seems
essentid to understand the pathogenesis of CF and
to develop appropriate therapies to cure it.
Possble role(s) of CFTR in HCO; secretion
include 1) CFTR may control another anion
channel permeable to HCOg', 2) CFTR may work
in concert with a CI'/ HCO3 exchanger, and/or 3)
CFTR it sdf may be a HCO; sdective channd
under specific intracellular regulatory conditions.
Recently moddling of pancregtic ducts [5]
indicates that at least in the distd portions of the
pancregtic duct very high concentrations of lumina
HCO; (140 mM) can be achieved through a
HCO; sdective anion channd located in the apicd
plasma membrane. However, redively smaller
HCO3/Cl sdectivity (0.2) of CFTR precludes
secretion of predominantly HCO;' rich fluid into the
lumen unless the intrecdlular CI° concentration
remans negligible A potentid solution of this
problem could be physologicdly increesng the
sectivity of CFTR to HCO; over Cl. Even
though we do not have other examples in which an
ion channd undergoes a physologica change in
sdectivity, we present evidence here which
demondtrates that CFTR can show high sdectivity
to both HCO; and CI'. More sgnificantly, the CI
/HCO; oHectivity of CFTR can be changed

depending up on the nature of conditions of
activation.

CFTR HCO; pemedhility: In an ealier study
using physiologica concentrations of HCO; (25
mM) we were unable to detect HCO;s
permeability in the sweat duct [6]. However,
severd gudies from other |aboratories usng much
higher iso-osmotic concentration of HCOs (3 135
mM) reported a rdatively smadl CFTR HCOs
conductance [7, 8, 9]. We have therefore
investigated whether CFTR in the gpicd
membranes of the native sweat duct is permesble
to HCO;3; under these conditions. We now have
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Figure 1. cAMP + ATP activated CFTR conducts HCO; This
experiment was designed to test whether CFTR is permesble to
HCOs™ from lumen to cdll and vice versa by following HCO;
diffuson potentidls and conductance. HCO;  diffusion
potentials were generated by perfusing with 140 mM HCOs™ on
one sde and 140 mM gluconate on the contraateral sde of the
epithdium. Notice that CFTR wasimpermeable to HCO;™ from
lumen to cytosol when cytosolic bath was perfused with
gluconate. In contrast, HCOs™ was clearly permesble from cell
to lumen when the lumen was perfused with gluconate. CFTR
Cl" conductance was messured as CI” diffuson potentials
(generated by 140 mM CI" in the cdl and 140 mM gluconate in
the lumen) and conductance to obtain HCO,;/Cl™ selectivity of
CFTR. CI' and HCO; permesbility was indicated by an
increase in the respective anion diffusion potentials and a
corresponding decrease in the magnitude of negetive voltage
deflections in response to 50 nA/500 MS transepithelia
constant current pulses.
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evidence which suggest that activating CFTR with
CAMP and ATP gimulate both CI' and HCOgs
permesbility (Figure 1) with a CI/HCOs" sHectivity
of about 0.5 or better. Furthermore, the evidence
that HCO3™ permeshiility is abolished after inhibiting
CFTR either by removing ATP and cAMP or by
adding the channd blocker DIDS (1 mM) to the
cytoplasmic bath indicate that HCO;™ permesbility
in the gpicd membrane is due to CFTR and not
due to any other ClI channd (results not shown).
The fact that HCOs; <Hectivity of CFTR was
detectable at reatively high HCO;™ concentration
[4, 6] may raise the question of whether changesin
the concentration of HCO5™ or other organic anions
in the cytosol influence the HCOs; sdectivity of
CFTR?

Altered CI/HCO; SHectivity: Ealy dudies
revedled that CFTR appears to conduct HCOs
from the cdl into the lumen irrespective of the ion
compogtion in the lumen (Cl , gluconate and
HCOy3). However, CFTR HCO; conductance
from lumen to cytosol is dependent on the cytosolic
ion-composition, i.e. CFTR conducts HCOs™ when
CI' but not gluconate (Glu-) is present in the
cytoplasm (Figure 1 and reference [4]). These
results suggested that the rdative HCOs™ sdlectivity
of CFTR is not fixed but may dter as a function of
cytosolic ion compodtion. In addition, the following
evidence suggest that the CI/HCO; Hectivity of
CFTR can be dtered by changing the conditions of
gimulating CFTR. Recently we discovered that
cytosolic glutamate dimulales CFTR  CI
conductance in the complete absence of CAMP
and ATP. Figure 2 is a representative example of
an dectrophysologicd experiment showing that
glutamate done activates CFTR CI' conductance.
In this experiment gpplication of 140 mM
glutamate to the cytoplasmic bath resulted in a
lage increese in CI diffuson potentid and
conductance. However, we were intrigued by the
fact that glutamate activated CI' but not HCOs
conductance through CFTR as indicated by the
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Figure 2. The effect of glutamate on CFTR CI” and HCOs
conductances.

In this experiment subgtituting glutamate for gluconate in the
cytoplasmic bath resulted in a large increase in CI” diffusion
potentia (generated by 140 mM CI' in the lumen and 140 mM
glutamate in the cytoplasmic bath) and conductance in the
complete absence of CAMP and ATP. Notice that substituting
lumind CI” with impermeant anion gluconate reversed the anion
diffusion potentid to the junction potential vaues indicating
that glutamate, in fact, activated ClI” conductance. In contrest,
substituting HCO5™ for gluconate (in the lumen) in the presence
of glutamate in the cytoplasmic bath had little effect on the
anion diffuson potentids or conductance suggesting thet
glutamate done did not activate CFTR HCOs  conductance.
However, addition of 5mM ATP to the cytoplasmic beth in the
presence of glutamate resulted in alarge increese in both HCO4
and CI" conductances as indicated by changes in the respective
ion diffuson potentials and electrical conductances.

lack of HCO; diffuson potentids when
impermeant anion gluconate was subgtituted by
equimolar concentration of HCO;™ in the lumen
(Figure 2). These results indicated that cytosolic
glutamate activated CFTR sdlectively permesble
to CI' but not to HCO;. However, we and
others have reported that hydrolytic and non-
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hydrolytic ATP binding play a dgnificant role in
CFTR channd function [10, 11].

We therefore asked what role, if any, ATP playsin
determining the anion sdlectivity of CFTR channd.
Surprisngly, we found that adding ATP in the
presence of glutamate apparently induced a HCOs
conductance in CFTR as shown in Figure 2. Still,
asin the case of CAMP + ATP simulated CFTR,
glutamate + ATP activated CFTR was more
sdectiveto CI than HCO;3'. The glutamate + ATP
induced HCO; sdectivity gppeared to involve
ATP hydrolyss because, the non-hydrolyzable
ATP analog, AMP-PNP falled to activate CFTR
HCO; conductance. Prliminary results indicated
that the non-specific kinase inhibitor staurosporine
(10° M) did not block glutamate activated CFTR
Cl and HCO; conductances suggesting that
phosphorylation of CFTR [11] may not be
involved in the activation process (results not
shown). Even though, we are not yet certain of the
physologica conditions under which CFTR
functions as a HCO; <Hective channd, these
results may suggest that the anion sdectivity of
CFTR may be physologicdly atered to function
ather as an exdusvedy CI or HCO5™ channd. We
suspect that glutamate may act on a cytoplasmic
receptor associated with CFTR or that it may
mimic a messanger or ligand that physiologicaly
activate CFTR. The physologicd implications of
such aposshility is sgnificant. For example, CFTR
may function either asaHCO;" sdective channd in
tissues which predominantly secrete HCO; (eg.
pancrestic ducts) or act as a Cl' channd in tissues
which predominantly secrete or absorb CI' (eg.
swest glands).

Correlation between HCO3; Selectivity of
Mutant CFTR and Severity of Pancreatic
Diseasein CF

The observation that CFTR is permeable to HCO5
seems to provide a physologicd bass for

abnorma HCOs; secretions and the resultant
pancregtic pathology in CF. However, it is well
known that about 10% of CF patients retain
pancregtic insufficiency [12]. While CF patients
expressng certain mutant forms of CFTR (eg.
DF508, GFF1D CFTR) are generdly pancrestic
insufficient, others (e.g., R117H CFTR) appear to
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Figure 3. The effect of activating R117H CFTR with
glutamate on HCO; and CI” conductances.

Notice that simulating CFTR with cytosolic glutamate aone
did not activate HCO; conductance in this duct. However,
addition of 5 mM ATP activaed both HCO; and CI
conductances which is indicated by an increase in HCO;” and
Q" diffuson potentials from lumen to cdl generated by either
140 mM HCO; or 140 mM CI' againg glutamate in the
cytoplasmic bath. Also notice that the increases in the
respective anion diffuson potentids were followed by
increases in dectricd conductances as shown by a decrease in
the negative voltage delections in response to 50 nA/500 mS
transepithelid current pulses. This experiment also shows that
in this CF duct both HCO; and CI” conductances are relaively
smaller as compared to the wild type CFTR from norma ducts
as shown in Figures 1 and 2 which is indicated by rddively
gndler changes in HCO; and CI' diffuson potentids and
conductances.
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Figure4. Lack of HCO; and CI" conductancesin a DF508 CF
duct.

In this experiment we tested the effect of CAMP + ATP on
both CFTR HCO; and CI” conductances. As shown, HCO;
and CI" gradients were established ether from lumen to cdl or
vice versa while perfusng the contrdaterd side with the
impermeant anion gluconate. Simulating CFTR with CAMP +
ATP had little effect on either HCO4 or CI” diffusion potentials
and conductance suggesting that the HCO; and CI
conductances in wild type (horma) and R117H DF508 CF
ducts are mogt likely due to activation of CFTR and not likely
dueto activation of any other CI" conductance.

be pancregtic sufficient. We therefore sought to
determine whether there is a correlation between
the pancreetic sufficiency and the ability of mutant
CFTR to conduct HCOg'. In other words, if CFTR
HCO; conductance has a physologicd role in
pancreatic HCO; secretion and pancrestic
pathology in CF, R117H CFTR should retain
some degree of HCO; conductance, while the
DF508 CFTR expressing ducts should not conduct
HCO;. Figure 3 is a representaive example
showing sgnificant HCO;” and CI conductances in
the apica plasmamembranes of sweat ducts from
an R117H/DF508 CF subject, even though the
magnitude of these conductances appear to be
gmaller as compared to that of wild type CFTR
(Figure 2). Since DF508 CFTR is asent in the
plasma membrane of these ducts, we attribute the
HCO; permesbility in these ducts primarily to the
R117H CFTR mutant. In contrast, the apical
membranes from a pancregtic insufficient CF
subject (homozygous for DF508 CFTR) were

impermegble to both CI' and HCO; when
dimulated with CAMP and ATP as shown in
Figure 4. These results indicate that there is a
drong correation between the pancredtic
aufficiency, and the HCO;  conductance of the
CFTR genotype. These observations emphasize
the potentid role of CFTR in regulating HCO3
concentration (hence control of pH) in norma
exocrine secretions and in the pathogenesis of CF.

Conclusion

We showed that CFTR conducts both CI' and
HCO;. The HCO;/ClI <Hectivity of CFTR
gopears to be a function of intracdlular ion
composition and mode of activation of CFTR.
Furthermore, the corrdlation between the HCO;
conductance of different mutants of CFTR and the
severity of pancregtic disease in CF suggest a
ggnificant role for CFTR in managing pH and
epithdid HCO5 trangport in norma and disease
conditions.

M ethods

We isolated single swest ducts from fresh biopsies
of human skin. Segments of ducts greater than
1,000 mm were microperfused with a double barrel
lumind micropipette that served to pefuse and
record transepithelid voltage on one sde and to
pass condtant current pulses on the other. This
arangement dlowed edimation of the specific
membrane conductance from the cable equation
[13]. After confirming the integrity of the perfused
tubule, we applied 1,000-5,000 unitsmL of dpha
toxin from Staphylococcus aureus to the bath
solution in order to sdectively permegbilize the
basolatera membrane [14]. This procedure leaves
the epithelium with an intact and functiond gpicad
membrane and a non-sdective basd membrane
permesable to molecules of up to about 5,000 mwu.
Since activation of CFTR is exquistely sengtive to
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ATP and cAMP, its activity can be readily
controlled in this preparaiion by controlling the
presence of ether of these nuclectides in the
cytosolic bathing solution. Thet is, addition of 10
MM cAMP plus 5 mM ATP activates CFTR in
seconds whereas removal of either CAMP or ATP
from the cytosolic bath deactivates the channd.
We then determined the permesbility of the gpica
membrane to HCO; and CI reative to the
impermeant gluconate anion by measuring the
transgpica membrane diffusion potentiad generated
by chemicad gradients for these anions and the
smultaneous changes in membrane conductances.
Our genera experimental protocol was to firg
inactivate CFTR and perfuse the cytosol with K-
gluconate or K-glutamate while changing the
compodtion of the lumind perfusate from gluconate
to CI' to HCOs,, not necessaily in that order (we
used the K* sdt, the duct gpicd membrane is
impermeable to K*). We then activated CFTR and
repeated the luminad perfusate changes. Next, we
deactivated CFTR by withdrawing ATP and/or
CAMP and continued to perfuse the lumen of the
tubule with 150 mM K-gluconate while we
proceeded to change the compodtion of the
cytosolic bath from gluconate to ClI' to HCO3' as
before. These maneuvers were repested again after
activating CFTR a second time and the
transepithdid diffuson potentid differences and
conductances were recorded after each change on
dther dde of the membrane. The fact that there
were no sgnificant changes in dectricd parameters
until CAMP and ATP were added provides strong
evidence that CFTR is the only dgnificant,
activatable ionic conductance in the membrane
under these conditions. After establishing that there
were no sgnificant changes in specific conductance
or diffuson potentid through the apical membrane
50 long as CFTR remained inactivated, we omitted
these steps in the protocol in order to increase
experimenta efficency.

The lumina perfuson Ringer's solutions contained
(inmM) NaCl (150), K (5), PO, (3.5), MgSO,
(1.2), Ce* (1), and amiloride (0.01), pH. 7.4. CI-
free lumind Ringer's solution was prepared by
complete subgtitution of Cl- with impermeant anion
gluconae. The cytoplasmic/bath solution contained
K (145), gluconate (140), PO, (3.5), MgSO,
(1.2), and 260 mvl Ca&* buffered with 20 mM
(EGTA: Sigma, . Luis, USA) to 80 nM free
Cca®* pH 6.8. Glutamate (140 mM), K ATP (5),
and cAMP (0.1), were added to the cytoplasmic
bath as needed. After permesbilization of the
basolateral membrane of the duct, we have
perfused lumen ether with KCI, K-gluconate or
KHCO; (140 mM each).
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