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Cystic fibrosis (CF) is a life-shortening, recessive, multiorgan genetic
disorder caused by the loss of CF transmembrane conductance
regulator (CFTR) chloride channel function found in many types
of epithelia. Animal models that recapitulate the human disease
phenotype are critical to understanding pathophysiology in CF and
developing therapies. CFTR knockout ferrets manifest many of the
phenotypes observed in the human disease, including lung infec-
tions, pancreatic disease and diabetes, liver disease, malnutrition,
and meconium ileus. In the present study, we have characterized
abnormalities in the bioelectric properties of the trachea, stomach,
intestine, and gallbladder of newborn CF ferrets. Short-circuit cur-
rent (Isc) analysis of CF and wild-type (WT) tracheas revealed the
following similarities and differences: (7) amiloride-sensitive sodium
currents were similar between genotypes; (2) responses to 4,4'-
diisothiocyano-2,2'-stilbene disulphonic acid were 3.3-fold greater
in CF animals, suggesting elevated baseline chloride transport
through non-CFTR channels in a subset of CF animals; and (3) a lack
of 3-isobutyl-1-methylxanthine (IBMX)/forskolin—stimulated and
N-(2-Naphthalenyl)-((3,5-dibromo-2,4-dihydroxyphenyl)methylene)
glycine hydrazide (GlyH-101)-inhibited currents in CF animals due
to the lack of CFTR. CFTR mRNA was present throughout all levels of
the WT ferret and IBMX/forskolin-inducible Isc was only observed in
WT animals. However, despite the lack of CFTR function in the knock-
out ferret, the luminal pH of the CF ferret gallbladder, stomach, and
intestines was not significantly changed relative to WT. The WT
stomach and gallbladder exhibited significantly enhanced IBMX/
forskolin Isc responses and inhibition by GlyH-101 relative to CF sam-
ples. These findings demonstrate that multiple organs affected by
disease in the CF ferret have bioelectric abnormalities consistent
with the lack of cAMP-mediated chloride transport.
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Cystic fibrosis (CF) is the most common life-threatening, auto-
somal recessive, genetic disorder among Caucasians, occurring
in approximately 1 in 3,500 births. Mutations to the CF trans-
membrane conductance regulator (CFTR) gene and the resulting
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CLINICAL RELEVANCE

Cystic fibrosis (CF) is a lethal multiorgan disease that affects
anion transport in multiple epithelia throughout the body.
This study provides the first characterization of bioelectric
defects observed in four organs of a new CF ferret model.

protein product cause CF (1). The most common disease causing
mutation is the deletion of phenylalanine 508 (AF508) occurring
in at least one allele of roughly 90% of patients with CF (2).
CFTR acts primarily as an epithelial chloride channel that aids
in homeostatic transport of ions and water in many organs
throughout the body. Disruption of this channel leads to im-
paired chloride and bicarbonate secretion that causes dehy-
drated viscous mucus in many epithelia of the human body.
These abnormalities are thought to be the underlying cause of
the development of chronic lung disease, the primary cause of
mortality in patients with CF. The gastrointestinal tract, gallblad-
der, pancreas, liver, reproductive tract, and sweat ducts are other
organs significantly affected in patients with CF (2—4).

Animal models that accurately reproduce the CF human dis-
ease phenotype are critical to understanding the disease process
and developing therapies. To date, there are three reported species
of CF animal models, including the mouse, pig, and ferret (5-8).
Characterization of each of these models has clearly demonstrated
that species-specific differences in organ physiology and CFTR
biology influence the extent of pathologic and electrophysiologic
changes observed when CFTR is deleted or mutated (8-11). CF
ferrets have been shown to develop intestinal complications, di-
abetes, pancreatic disease, absence of the vas deferens, growth
retardation, liver disease, and an elevated risk of developing lung
infections (9, 11-13).

The airways have been, and will continue to be, a focus of CF
research, as lung disease is the main cause of patient morbidity
and mortality (2, 3). Bioelectric properties of the trachea are the
most studied among the different CF animal models. CFTR in
tracheal epithelium has been shown to be the primary cAMP-
inducible chloride channel in humans, pigs, and ferrets (12, 14).
However, mouse trachea has an alternative cAMP-inducible
chloride channel in addition to CFTR—possibly one of the rea-
sons that CF mouse models fail to develop spontaneous chronic
lung disease like that seen in the other three species (5, 15).

There are two major controversial hypotheses regarding the
initial CFTR-dependent mechanism that leads to the development
of CF lung disease (9). The first hypothesis generally states that
CFTR negatively regulates the activity of epithelial sodium chan-
nels (ENaCs) (16, 17); removal of this negative regulation, due to
the lack of CFTR, is thought to lead to hyperabsorption of Na*
ions—causing dehydration of the mucous lining the airways and
failure to clear and kill bacteria. The second hypothesis states
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that the lack of CI™ and HCO;™ movement through CFTR, not
Na™ hyperabsorption, directly leads to impaired innate immunity
in the airway. Recent analysis of the CFTR™'~ pig model dem-
onstrated that Na™ hyperabsorption does not occur in the new-
born CF porcine airway epithelia, but that the primary defect
involves the loss of cAMP-inducible CI ™ and HCO;™ permeabil-
ity (14).

Intestinal complications are the most consistently observed
phenotype among various CF species. Similar to humans with
CF, the CF mouse intestinal epithelia largely lack electrogenic
cAMP-inducible currents (5, 18-20), and generally have intes-
tinal pathology due to the absence of the alternative cAMP-
inducible ClI™ channel seen in the trachea (5, 21). Intestines
from infants with CF have been shown to have enhanced elec-
trogenic Na' absorption that is sensitive to amiloride (20);
however, studies using human CF and non-CF rectal biopsies
have failed to demonstrate significant differences in amiloride-
sensitive ENaC current (22, 23). The majority of studies on
mouse intestinal epithelia report minimal amiloride-sensitive
electrogenic responses (5, 24). However, enhanced amiloride-
sensitive electrogenic Na* absorption in the colon of CF ver-
sus non-CF mouse intestine was observed when animals were
maintained on a low-sodium diet (24). Another source of elec-
trogenic absorption of Na™ in the intestine is through the api-
cal Na®—glucose transporter (SLGT1). This transporter has
been shown in some studies to have increased activity in hu-
man CF tissues relative to controls (18, 19), whereas another
report showed no difference between genotypes (20). Further-
more, the activity of this channel is generally accepted to be
higher in the small intestine than in the colon (25-27). Elec-
trophysiologic characterization of the ferret and pig CF prox-
imal to distal intestinal epithelia has yet to be reported.

The stomach produces large amounts of HCI, generated by
parietal cells lining the gastric mucosa that promotes the diges-
tive process. It is well accepted that the process of acid genera-
tion depends upon the secretion of protons by the H"/K*-ATPase,
channel-dependent secretion of Cl~, and the recycling of K™ (28).
CFTR is hypothesized to be one of the pathways for Cl~ secre-
tion, because CFTR mutations and inhibitors reduce gastric
secretion (29). Short-circuit current (Isc) studies of murine gas-
tric mucosa have been shown to be sensitive to cAMP induction
and subsequent inhibition of the basolateral Cl~ source with
bumetanide—suggestive of CFTR activity (30). Studies in CF fer-
rets and pigs would be helpful in evaluating the importance of
CFTR in the production of gastric HCL

Gallbladder abnormalities, including cholelithiasis (gallstones)
and microgallbladder, occur in 15-30% of patients with CF (31,
32). The pathology of the CF gallbladder between human, ferret,
pig, and mouse is highly variable (9). The ferret gallbladder is
grossly and histologically indistinguishable from non-CF animals
(12). All CF pigs are born with microgallbladder, and their gall-
bladders are often filled with a thick mucus relative to non-CF
controls (33). Gross pathology in the CF mouse gallbladder is
minimal, but CF gallbladders lack cAMP-inducible Cl™ and lig-
uid secretion observed in wild-type (WT) controls, demonstrating
that CFTR is the main pathway for liquid secretion in the mouse
gallbladder (8). High levels of CFTR mRNA have been shown to
exist in the human and mouse gallbladder epithelium (5, 34, 35).
In addition, non-CF human gallbladder epithelia have been shown
to produce cAMP-inducible electrogenic Cl~ secretion that is
absent in CF tissues (36, 37). Functional studies on ferret and
pig CF and normal gallbladder epithelia have yet to be reported.

In this study, we evaluated the bioelectric properties of the
newborn CF and WT ferret trachea, intestine, stomach, and gall-
bladder. The major goal of this study was to define changes in
electrogenic movement of sodium and chloride in these various

epithelia between genotypes. All CF organs tested retained sig-
nificantly reduced cAMP-induced chloride currents relative to
WT controls. CFTR mRNA was present throughout all levels
of the WT intestine without any significant regional trends in
expression. Interestingly, CF ferret intestines produced signifi-
cantly greater electrogenic sodium absorption in response to
application of apical glucose. In the trachea, changes in sodium
currents in response to amiloride were not different between
genotypes; however, some CF animals demonstrated much greater
changes in 4,4'-diisothiocyano-2,2’-stilbene disulphonic acid
(DIDS)-responsive chloride currents, suggesting that the ac-
tivity of non-CFTR chloride channels may be elevated in a sub-
set of CF animals. Finally, studies evaluating the pH of the
gastrointestinal tract demonstrated no significant differences
in lumenal pH of the stomach, gallbladder, and intestine be-
tween genotypes. These studies characterizing bioelectric ab-
normalities in multiple types of epithelia from the CF ferret
model provide useful information on which to better under-
stand CF pathophysiology in each of these organs.

MATERIALS AND METHODS

Animal Usage and Tissue Harvest

All experimentation involving ferrets was performed using protocols ap-
proved by the Institutional Animal Care and Use Committees of the
University of Iowa. Details of genotyping are described elsewhere
(12). The animals used in this report ranged from 4 to 24 hours of
age. In all electrophysiologic experiments, CF (CFTR™'") and WT
(CFTR™'™) samples were evaluated. The intestine was quickly excised,
flushed with warm Ringer’s solution, and divided into four equal-length
segments (R1, R2, R3, and R4) before Isc measurement or snap freez-
ing in liquid nitrogen for RNA analysis. The stomach, gallbladder, and
trachea were also harvested and opened longitudinally for electrophys-
iologic measurements.

Quantitative PCR

CFTR and GAPDH transcripts levels were used to compare the rela-
tive abundance of CFTR message throughout the four regions of the
ferret intestine. Frozen pulverized intestinal tissue was ground in a mor-
tar and pestle under liquid nitrogen; 100 mg of the homogenized tissue
powder was used for preparation of total RNA using TRIzol reagent
(Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized using
2 ng of total RNA, the SuperScript III First-Strand Synthesis System
(Invitrogen), and GAPDH and CFTR primers. GAPDH (302 bp
amplicon): forward, 5'-AGCAATGCCTCCTGTACCACCA-3'; re-
verse 5'-CGGCAGGTCAGATCCACAACAG-3'. CFTR (307 bp
amplicon): forward 5'-TGGTGCTCCTGTCCTGAAAGATATC-3;
reverse 5'-CCTTCTCTGCAAACTTGGAGATGTC-3'. Quantitative
RT-PCR was performed using the iCycler iQ5 (Bio-Rad Laboratories,
Hercules, CA) with Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA). The average Ct values for duplicate
PCR runs were used to calculate the relative abundance of CFTR/
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcripts for
each sample using the ACt method (relative abundance of CFTR/
GAPDH transcripts — zf(average CFTR:Ct — average GAPDH:Ct)).

Ussing Chamber Analysis

Freshly harvested newborn ferret WT and CF trachea, stomach, intes-
tine, and gallbladder were opened longitudinally and mounted in a
P2300 Ussing chamber system using the P2307-2mm sliders (Physio-
logic Instruments, San Diego, CA). All tissues were harvested into
Ringer’s solution containing 1 wM indomethacin, and this level of
indomethacin was maintained throughout the experiment to eliminate
stimulation of cAMP production by endogenous prostaglandins (22,
38). Isc and resistances (R) were measured using a VCC MC8 Multi-
channel voltage/current clamp (Physiologic Instruments) as previously
reported (10, 39). For more details on electrophysiologic measurements
see the online supplement.
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Luminal pH Measurements

Luminal pH measurements of the stomach, gallbladder, and four regions
of the intestine were made using a 500-wm pH electrode, 100-pum refer-
ence electrode, and pH/mV Meter Measuring System and software (Uni-
sense, Aarhus, Denmark). For more details see the online supplement.

Statistical Analysis

Changes in Isc after each drug were analyzed by a mixed-effects model,
where genotype (and region for intestine) was a fixed effect and litter
and tissue were random effects to account for the relatedness in ani-
mals from the same litter and multiple tissues from the same animal. I,
analysis was conducted using PROC MIXED in SAS version 9.3 (SAS
Institute, Cary, NC). Intestinal mRNA comparisons were made by simple
repeated measures in SPSS version 18 (Chicago, IL), with Bonferroni’s
post hoc comparisons. The pH comparisons were made by MANOVA in
SPSS version 18.

RESULTS

CFTR Knockout Ferret Tracheal Epithelia Demonstrate
Abnormalities in cAMP-Inducible and DIDS-Sensitive Anion
Currents Relative to WT Controls

Isc of CF and WT newborn tracheal epithelia were measured
after the sequential addition of amiloride, DIDS, 3-isobutyl-
1-methylxanthine (IBMX), and forskolin, N-(2-Naphthalenyl)-
((3,5-dibromo-2 4-dihydroxyphenyl)methylene)glycine hydrazide
(GlyH-101), and bumetanide (Figures 1A and 1B and Table E1
in the online supplement). The WT Igc responses to each of
these compounds were remarkably similar to previously pub-
lished data using polarized cultured adult ferret tracheal epithe-
lia (40). Amiloride was used to inhibit ENaCs and resulted in
Isc changes of —3.65 (£1.93) and —0.64 (+1.8) pA/cm? for WT
and CF, respectively (Figure 1C). This nonsignificant difference
between genotypes is consistent with other reports evaluating
amiloride-sensitive transepithelial potential difference in a ferret
tracheal xenograft model (10-12). The addition of DIDS, an
inhibitor of the majority of non-CFTR electrogenic epithelial
chloride channels, inhibited transepithelial current to a signifi-
cantly greater extent in CF relative to WT tracheas (P = 0.0401;
Figure 1C and Table E1). Interestingly, the variance of the DIDS
response was significantly greater (fivefold) for CF animals
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relative to the WT littermates (P < 0.05 by F test) (Figure 1D).
Evaluation of the distribution of Algc DIDS responses for each
tissue and animal evaluated (Figure E1) demonstrated that the
observed increased variance in CF animals was attributable to
higher responses in a subset of animals. This variability between
CF animals might be explained by heritable modifier genes that
act to compensate for the loss of CFTR in CF airways through the
hyperactivation of a compensatory chloride channel. Of note, we
evaluated the addition of UTP in the presence of amiloride, which
gave no significant genotypic differences in current or the variance
of current—in the presence of 100 uM amiloride, changes in tra-
cheal Igc in response to 100 uM UTP were 5.3 (+2.1) pA/cm? for
CF animals (n = 7 animals) and 6.4 (=1.3) wA/ecm? for non-CF
animals (n = 6 animals). This observation suggests that purinergic
P2Y?2 receptor—stimulated Ca™2-activated chloride channels may
not be responsible for the enhanced electrogenic anion transport
observed in CF ferret tracheas.

As expected, the addition of cAMP agonists (IBMX and forsko-
lin) induced Isc to a significantly greater extent (P = 0.0008) in WT
than in CF tracheal tissues (Figure 1C). The subsequent inhibition
of the cAMP-induced CFTR-dependent Igc with GlyH-101 was
also greater in WT samples (P = 0.0029), consistent with the greater
response to IBMX/forskolin. Inhibition of the basolateral Na-K-Cl
(NKCC1) cotransporter with bumetanide also led to significantly
different responses between genotypes (P = 0.0276), with little or
no change in CF animals. Interestingly the effect of summing the
GlyH-101 and bumetanide responses for WT animals resulted in
a net change in Isc of 61.7 wA/cm?, which was significantly greater
than IBMX/forskolin-inducible Isc of 44.4 MA/cmZ. This differ-
ence in current of 17.3 wA/cm? supports previous findings seen in
ferret airway epithelial cultures, and suggests that there is sub-
stantial basal CFTR activation in the WT ferret trachea (40).

CFTR Is Expressed throughout the Ferret Intestine

One of the roles of CFTR in the intestine is to aid in the hy-
dration of the luminal contents by promoting secretion of chlo-
ride and bicarbonate, primarily from the intestinal crypts of
Lieberkiihn. Unlike humans, mice, and pigs, the ferret intestinal
tract lacks a cecum and ileocolic valve (41). The relatively short
ferret intestine is unique in that there are no gross anatomical

A Amiloride B Amiloride
& DIDS E DIDS Figure 1. Bioelectric characterization of the cystic fibrosis
g IBMX/Forskolin § IBMX/Forskolin (CF) and wild-type (WT) neonatal ferret trachea. Newborn
;—M GlyH-101__ 3 CF GlyH-101__  ferret CF and WT tracheas were mounted in Ussing cham-
» Bumet = Bumet  bers and short-circuit current (Isc) measured with sequen-
5 min 5 min tial addition of amiloride, 4,4'-diisothiocyano-2,2’-stilbene
disulphonic acid (DIDS), 3-isobutyl-1-methylxanthine
% (IBMX)/forskolin, N-(2-Naphthalenyl)-((3,5-dibromo-2,4-
dihydroxyphenyl)methylene)glycine hydrazide (GlyH-101),
and bumetanide (Bumet). (A and B) Representative |sc
C DIDS Response tracings for (A) WT and (B) CF tracheas. (C) Quantification
] of the change in Isc for each of the indicated drugs. Values
e ] %o :: EQ S SS depict the mean = SEM for n = 8 WT kits (25 measure-
G 8 ments) and n = 7 CF kits (23 measurements). The average
% ] ©%0° o o values for multiple tissues from each animal were used to
g o0 00° 00° calculate the mean and SEM. (D) Vertical scatter plot of
g 030 ogo the individual DIDS Alsc measurements from data shown
in (C) with the CF animals also split into two groups based
o0 o0® on differences in responses. Marked comparisons demon-
WT CE CF CF stliate significgnt differences between WT and CF as dfter-
Al Al Grp-1 Grp-2 mined by a mixed model repeated measures analysis (*P <

(8 kits) (7 kits) (4 kits) (3 kits)

0.05, P < 0.003). IF, IBMX/forskolin.
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landmarks by which to differentiate regions of the small intes-
tine and colon at birth (42). Therefore, with the goal of evalu-
ating the distribution of CFTR expression throughout the ferret
intestinal tract, we divided the intestine equally by length into
four segments (R1, R2, R3, and R4), as shown for WT and CF
intestines in Figures 2A and 2B. These segments were then used
to evaluate CFTR mRNA expression (Figure 2C). Ferret CFTR
and GAPDH mRNA levels were analyzed by quantitative RT-
PCR, and the relative CFTR levels are shown as 2~ 2T values in
Figure 2C. No significant differences in CFTR mRNA were
observed along the length of the WT ferret intestine. These
findings are different from CFTR mRNA in situ hybridization
studies on the human gut suggesting that CFTR is more highly
expressed in the small intestine relative to the colon (34).

Proximal to Distal Characterization of the Bioelectric
Properties of WT and CF Ferret Intestine

To evaluate electrophysiologic changes in the intestine caused by
the lack of CFTR, we performed Isc measurements on R1-R4
regions of CF and WT newborn ferret intestine (Figure 3 and
Tables E2 and E3). Changes in Igc after amiloride treatment, to
block ENaC-mediated sodium transport, were minimal between
the different intestinal segments and between genotypes. As
expected, the addition of the cAMP agonists, IBMX/forskolin,
significantly (P < 0.0001) increased Igc in WT relative to the
corresponding CF tissues, which lacked substantial responses.
Consistent with CFTR mRNA levels not changing significantly
between intestinal segments (Figure 2C), cAMP-inducible Isc
demonstrated no significant regional trends (P = 0.2303). Sur-
prisingly, unlike WT tracheas, addition of the CFTR inhibitor,
GlyH-101, failed to inhibit cAMP-inducible Isc in WT intestine,
suggesting organ-specific differences in the efficacy of this
CFTR inhibitor (Figure 3C). Others have also reported similar
findings in the intestine of other species when using GlyH-101
(43, 44). We also did not observe inhibition of cAMP-mediated

-
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Figure 2. Ferret intestinal CF transmembrane conductance regulator
(CFTR) expression is observed through all regions of the ferret intestine.
(A and B) Gross images of newborn WT and CF intestines and methods
for region assignments. Each intestine was divided into four equal
length regions (R1-R4) as indicated. The arrowhead (B) indicates the
start of microcolon (MC) in the CF example. Scale bars represent 2 cm.
(C) Tissue from midportion of each of the indicated regions was used
for RNA analysis. Quantitative RT PCR was performed on RNA to de-
termine the relative abundance of ferret CFTR mRNA normalized to
GAPDH mRNA levels. Data represent the mean + SEM 2727 (n = 12
animals for each genotype). There was no statistical difference between
regions by simple repeated measures analysis.

anion currents in response to CFTR;n172, S-nitro-2(3-phenylpropyl-
amino)benzoate (NPPB) and glibenclamide (data not shown).
As in human intestine (19, 20), ferret intestine also demon-
strated a lack of electrogenic response to DIDS, suggesting low
or absent levels of electrogenic calcium-mediated chloride trans-
port throughout the intestine (data not shown). Bumetanide, an
inhibitor of the basolateral NKCC1 cotransporter, also marginally
inhibited cAMP-inducible Isc in WT intestine, and had no effect
on the CF intestine (Figure 3C). Finally, 20 mM dextrose, fol-
lowed by 100 wM phlorizin, was added to the mucosal bath to
test tissue viability. Addition of dextrose generates an electrogenic
Na* absorption via apically located SGLT1 channel. SGLT1 ex-
pression in other species has been shown to be the highest in the
small intestine and significantly lower in the colon (25-27). In
agreement with other species, we observed a proximal-to-distal
gradient (R1 > R4) of dextrose-stimulated Isc in both CF and
WT intestines (P = 0.0115). Interestingly the dextrose-stimulated
currents were significantly higher in CF intestines relative to WT
(P = 0.0033; Figure 3C and Tables E2 and E3). Overall, these
differences in electrogenic ion transport between CF and WT
intestine, most notably IBMX/forskolin response (P < 0.0001),
demonstrate that the CF ferret intestine has significantly altered
electrogenic ion transport.

Gastric, Intestinal, and Gallbladder Luminal pH Is Not Altered
in Newborn CF Ferrets

In CFTR-knockout (KO) ferrets, growth retardation can be
partially alleviated by oral administration of omeprazole (a pro-
ton pump inhibitor). We therefore hypothesized that there may
be a CFTR-dependent change in gastrointestinal pH that is
important for nutrient absorption (12). To test this hypothesis,
we evaluated how the lack of CFTR influenced the luminal pH
of the stomach, gallbladder, and gastrointestinal tract. Results
from these studies demonstrated that pH was not significantly
different between genotypes for the intestine, stomach, or gall-
bladder (Figure 4). These results differ from those from other
species tested, where duodenal pH is significantly lower in
humans with CF (45) and CFTR-KO mice (46, 47). It should
be noted, however, that the pH of the gastrointestinal tract is
significantly influenced by feeding, and this was not controlled
for in the current studies.

Bioelectric Characterization of the Newborn Ferret Stomach
and Gallbladder

Next, we sought to measure Isc on the newborn ferret stomach
using the same Isc protocol employed with the intestine (Figure
5 and Table E4). There was no significant difference among
genotypes in the amiloride response. However, as expected,
the change in Isc after IBMX/forskolin treatment was signif-
icantly greater in WT animals relative to the CF animals (P <
0.0001). WT animals also showed increased inhibition by GlyH-101
in comparison to CF animals (P = 0.0227); however, GlyH-101
was only able to inhibit 25% of the cAMP-induced Igc response.
Furthermore, unlike the intestine, there was an equally significant
decrease in Igc for both genotypes upon inhibition of NKCCl1
with bumetanide, with no difference between genotypes (P =
0.1030). This suggests that there are likely non-CFTR Cl™ chan-
nels that control a major portion of electrogenic current in the
ferret stomach.

Many patients with CF will develop complications of the gall-
bladder due to viscous bile and the development of gallstones
that are known to increase the risk of pancreatitis (31, 36).
The newborn CF ferret gallbladder is histologically indistin-
guishable from the non-CF littermates (12). Given the lack of
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pathology in the newborn CF ferret gallbladder, we hypothe-
sized that alternative, non-CFTR cAMP-inducible pathways
for electrogenic chloride movement might exist in the gallblad-
der. Contrary to this hypothesis, IBMX/forskolin induced sig-
nificantly larger C1™ currents in WT relative to CF gallbladder
samples (P = 0.0003). Furthermore, GlyH-101 inhibited IBMX/
forskolin-induced Cl™ currents in the gallbladder of WT, but
not CF, animals (P = 0.0136; Figure 6 and Table ES). Although
there are no early histopathologic differences between newborn
CF and WT ferret gallbladders, these data demonstrate that
CFTR is functional in the ferret gallbladder, and that older CF
ferrets may still be predisposed to gallbladder disease.

DISCUSSION

Isc analysis of the trachea, stomach, intestine, and gallbladder
functionally confirmed the expected lack of CFTR in neonatal
CF ferret organs, as evident by the lack of cAMP-inducible
changes in current as seen in the WT controls. Interestingly, the
inhibition of these currents with GlyH-101 was organ specific.
Previous findings have shown that species-specific differences
exist in the sensitivities of human, pig, ferret, and mouse CFTR
to different CFTR inhibitors using cultured primary polarized
airway epithelia (40). In the ferret, GlyH-101 was most effective
at inhibiting cAMP-mediated electrogenic chloride secretion in
the airway epithelium (40). In WT trachea, GlyH-101 inhibited
all of the cAMP-mediated chloride current assigned to CFTR
based on the lack of current in CF animals. This is in agreement
with other studies on CFTR using newborn ferret tracheal xe-
nograft transepithelial potential difference measurements and
ectopic expression studies of ferret CFTR in polarized CF hu-
man airway epithelia (10-12). The percent GlyH-101-sensitive
inhibition of the IBMX/forskolin-stimulated currents was less
or absent in the gallbladder (66%), stomach (25%), and intes-
tine (0%). Furthermore, IBMX/forskolin—stimulated current
in the WT intestine was also nonresponsive to bumetanide,
CFTRun172, NPPB, and glibenclamide (Figure 3 and data not
shown). One possible explanation for these observations is that
apically applied compounds, such as GlyH-101, do not easily ob-
tain access to the CFTR pore deep within the intestinal crypts of
Lieberkiihn and potentially the gastric glands due to the high level
of fluid secretion. In the case of serosally applied bumetanide, we

hypothesize that the muscular layers likely prevented bumetanide
access to the NKCC1 transporter. Given the small size of the
newborn ferret intestine, it was not possible to strip the muscular
layer from the intestinal epithelium to test this hypothesis.

The increased variance of CF tracheal responses to DIDS, rel-
ative to WT, was another unexpected observation. The signifi-
cantly higher variance was likely the result of two different
groups of CF animals with normal and above-normal values (Fig-
ure 1D and Figure E1). One potential explanation for the broad
range of DIDS responses in CF animals could be the existence
of a modifier gene(s) that acts to increase apical localization of
a DIDS-sensitive electrogenic anion channel in the absence of
CFTR. This finding is consistent with enhanced Ca**-activated
chloride channel activity in tracheas of CFTR-KO mice (5, 15).
Although such compensatory responses in CFTR-KO mice were
uniform, the outbred nature of the ferret model and variable
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Figure 4. The pH of the stomach, gallbladder, and intestine of the CF
ferret is not different relative to WT animals. The luminal pH of the
stomach, gallbladder, and intestine were measured immediately after
killing of WT (open bars) and CF (solid bars) newborn kits. These mea-
surements were made using a pH and reference electrode from Unisense,
as described in the MaTeriALS AND METHODS section. The chart represents
the quantification of the pH of the stomach, gallbladder, and four quad-
rants of the intestine. Data represent the mean = SEM pH from seven CF
and eight WT kits with one measurement per animal. There were no
significant differences between genotypes for any of these organs.
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Figure 5. Bioelectric characterization of the CF and WT neonatal ferret
stomach. Newborn WT and CF ferret stomach was mounted in Ussing
chambers and Isc was measured after sequential addition of amiloride,
IBMX/forskolin, GlyH-101, and bumetanide. (A and B) Representative
Isc tracings for WT and CF stomach respectively. (C) Quantification of
the Alsc of WT (gray) and CF (black) stomachs. Data represent the
mean = SEM (WT: n = 8 kits; CF: n = 6 kits) with one measurement
per animal. Marked comparisons demonstrate significant differences
between genotypes as determined by mixed model repeated measures
analysis (*P < 0.0001, TP = 0.0227).

heritable penetrance of meconium ileus in CFTR-KO ferrets (12)
is consistent with the existence of modifier genes that effect elec-
trogenic anion transport in this outbred species. However, the lack
of genotypic differences in tracheal currents produced after UTP
stimulation appears to rule out purinergic P2Y?2 receptor—stimulated
Ca"2-activated chloride channels as a modifier influencing the
variable DIDS response in CF ferrets.

Of all the CF models, the CF ferret appears to have the most
severe defects in nutrition and growth. Oral administration of ome-
prazole (an inhibitor of H*/K"-ATPase) to CF ferrets improves
weight gain (12), and also improves fat absorption in CF mice
(48), suggesting that raising the gastrointestinal pH may be ben-
eficial to growth. It was thus surprising that neither the stomach
nor intestinal tract had reduced pH in the newborn CF ferrets.
The chloride channel required for acid production by gastric
glands is debated, with reports citing CFTR, CLC2, or an un-
known channel as its source (28). Enhanced gastric acid secre-
tion in patients with CF has been previously observed (49-51);
however, these findings differ from studies in AF508-CFTR mice
that exhibit reduced gastric acid secretion in comparison to con-
trol mice (52). Duodenal pH in humans with CF (45, 53) and
CFTR-KO mice (46, 47) has also been shown to be lower than
in non-CF controls. Although our studies demonstrated no differ-
ences in gastrointestinal pH in newborn CF ferrets, we cannot
conclude that alterations in pH may occur with increased age
and/or after feeding. Alternatively, the dissimilarity in findings
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Figure 6. Bioelectric characterization of the CF and WT neonatal ferret
gallbladder. Newborn WT and CF ferret gallbladder was mounted in
Ussing chambers and Isc was measured after sequential addition of
amiloride, IBMX/forskolin, GlyH-101, and bumetanide. (A) Representa-
tive Isc tracings for WT (gray) and CF (black) gallbladder respectively.
(B) Quantification of the Alsc response in the gallbladders of WT (gray)
and CF (black). Data represent the mean = SEM (WT: n = 13 kits; CF:
n = 14 kits) with one measurement per animal. Marked comparisons
demonstrate significant differences between genotypes as determined by
mixed model repeated measures analysis (*P = 0.0003, 1P = 0.0136).

between the various CF models may reflect species-specific dif-
ferences between carnivores and omnivores and the manner in
which food is digested in their gastrointestinal tract. A second
potentially interesting finding relevant to defects in nutrient
absorption was the observation that CF ferrets retained signifi-
cantly higher (~ fourfold) electrogenic Na* absorption in response
to glucose at all levels of the intestine, which was inhibited by
phlorizin (an inhibitor of the SGLT1 transporter). This enhanced
activity of the SGLT1 Na*/glucose transporter in CF could be
caused by compensatory up-regulation of the channel to enhance
glucose absorption by a dysfunctional intestine. Alternatively, hy-
perpolarization of the intestinal epithelium could occur in the
absence of CFTR and create a greater electrogenic driving force
for the absorption of Na™. Regardless of the mechanism for this
observation, it could be particularly relevant to recent observa-
tions that CF ferrets have abnormal glucose tolerance and defects
in insulin secretion (13).

In conclusion, previous reports have shown that the CF ferret
develops many of the human disease phenotypes, including bac-
terial lung infections, CF-related diabetes, meconium ileus, mal-
nourishment, pancreatic disease, and abnormalities of the vas
deferens (9, 11-13). Comparative characterization of the bio-
electric properties of epithelia from several organs of neonatal
WT and CF ferrets has set the stage for a better understanding
of the pathophysiologic mechanisms of CF disease in each of
these organs.

Author disclosures are available with the text of this article at www.atsjournals.org.
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