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1. INTRODUCTION

In cystic fibrosis (CF) a combination of ion transport abnormalities 
results in a reduced capacity to control airway surface liquid volume 
resulting in viscous mucus that fosters bacterial growth leading to repeated 
infections, lung damage and ultimately organ failure.1,2  CF is caused by 
mutations in the gene coding for the cystic fibrosis transmembrane 
conductance regulator (CFTR) protein resulting in defective Cl- transport 
and disregulation of a host of apical ion channels. For instance, this defect is 
also linked to hyperabsorption of Na+ through the epithelial Na+ channel 
(ENaC)3-5 that underlies the abnormal physiology characterized by elevated 
basal short circuit current (Isc) and large potential difference (PD) in CF 
mucosal airway epithelia.

Traditional treatments for CF have focused on managing symptoms.  
Physically assisted therapies such as chest percussion and postural drainage 
help clear mucus secretions, while three medications are now available to 
alleviate symptoms.  Two antibiotics, Tobi and the more recently tested for 
efficacy in CF, Azithromycin, helps control infections.  The other treatment 
on the market, Pulmozyme, cleaves DNA strands from ruptured neutrophils 
to reduce excess mucus viscosity.  While these agents provide relief for 
some CF sufferers and have helped extend the average lifespan to 33, they 
do not remedy the underlying defect.  Consequently, novel approaches are 
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still sought to extend life expectancy in CF patients. Current exploratory 
therapies are in various stages of preclinical and early clinical development 
and fall into broad categories that includes antibiotics, nutritional support, 
human stem cell therapy, anti-inflammatories, mucus regulation, gene 
therapy, CFTR protein rescue and ion channel modulators to normalize ion 
transport.  Here we describe a novel method to normalize ion transport.

  Efforts to rectify dysfunctional ion transport associated with CF have 
focused on modulating ENaC, CFTR, and alternate Cl- channel function.  
There are compelling arguments for pursuing artificial activation of alternate 
Cl- channels and regulation of ENaC to counteract CF pathophysiology.6

Mucosal epithelia express Cl- channels other than the CFTR such as the 
outwardly rectifying chloride channel (ORCC), calcium activated Cl-

channels (CLCA) and volume regulated Cl- channels (ClCx) that are all 
potential targets for CF treatment.  While the ORCC appears to be controlled 
by the CFTR and is thereby compromised in CF,7-10 active CLCA channel 
activity is more abundant in CF tissue.11  In fact phenotypes with increased 
CLCA activity correlate with milder clinical manifestations.7,12-15

Stimulation of apical Cl- secretion through the CFTR and CLCA channels is 
closely associated with ENaC function and Na+ absorption in mucosal 
epithelia.5,16-19 Thus, alternate Cl- channels such as the CLCA channel and 
the ClC-x family may compensate for defects in CFTR function and could 
be utilized in a therapeutic strategy.   This idea has spawned a number of 
clinical trials.  Recently, Sucampo pharmaceuticals began testing a 
prostaglandin analog, SPI-8811, which targets ClC-x channels for efficacy in 
CF. Two other compounds in development target CLCA by elevating 
intracellular Ca2+, INS365, a PY2Y receptor agonist (Inspire 
Pharmaceuticals) and duramycin (Moli 1901).  However, some of these 
latter results have been disappointing, presumably because of the inherent 
transience of Ca2+ signaling.  

Furthermore, an increase in intracellular Ca2+ does not always lead to Cl-

secretion. We have demonstrated that the intracellular signaling molecule, 
myo-inositol 3,4,5,6-tetrakisphosphate [Ins(3,4,5,6)P4] “uncouples” Cl-

secretion from the rise in intracellular Ca2+ in mucosal epithelia.20,21  This 
regulatory role for Ins(3,4,5,6)P4 has been confirmed by several investigators 
in various tissues including a CF pancreatic epithelial cell line, CFPAC-1.22-

26 Therefore, we hypothesized that antagonistic analogs of Ins(3,4,5,6)P4  

may stimulate CLCA.  Such molecules would be expected to act 
“downstream” of the rise in intracellular Ca2+.  To test this we constructed a 
series of Ins(3,4,5,6)P4 analogs and studied their effects in monolayer 
cultures of primary CF human nasal epithelial cells that exhibit many in vivo
characteristics of CF mucosal epithelia.  Since Ins(3,4,5,6)P4 and constructed 
analogs are not membrane-permeant we masked the charged groups of these 
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compounds with bioactivatable, lipophilic groups, that enable cell entry.21,27

Once inside, the masking groups are removed and the resulting 
Ins(3,4,5,6)P4 derivatives may compete for Ins(3,4,5,6)P4 binding sites.  

Elevated basal Isc is a prominent characteristic of cultures of CF human 
nasal airway epithelia that distinguishes it from normal tissue and recent 
studies suggest that it is directly linked to pathophysiology of CF lung 
disease.6 Although basal Isc is largely driven by Na+ channel activity (ENaC) 
it has been closely associated with both CFTR as well as flux through other 
Cl- channels.5,16-19 For example, CFTR inhibits sodium absorption through 
ENaC such that CF epithelia exhibit a 2-3 fold increase in sodium absorption 
relative to normal epithelia.28  Moreover, CLC coexpression with ENaC in 
Xenopus oocytes inhibits ENaC activity29 and lack of lung disease in CF 
mice has been attributed to enhanced CLCA activity relative to human 
lungs.11  However, the mechanism for these effects of chloride channels on 
ENaC remains controversial. We chose to screen our compounds for 
efficacy in lowering basal Isc because it is convenient to measure and is 
particularly relevant to CF pathophysiology.  

2. METHODS

2.1 Materials:

Surgically excised nasal polyps were obtained from volunteers in 
collaboration with Dr. Bonnie Ramsey at Children’s Hospital, Seattle.   
Informed consent was obtained prior to receiving tissue specimens.  All 
protocols were in compliance with institutional guidelines and approved by 
the Institutional Review Board at Children’s Hospital in Seattle.  INO-4995, 
inositol polyphosphates, phosphate/PM and other membrane-permeant 
inositol polyphosphate analogs were obtained from SiChem GmbH, 
Germany. All other reagents were provided by Sigma-Aldrich unless 
otherwise indicated.

2.2 CF Human Nasal Epithelial (CFHNE) Cell Culture

Surgically obtained nasal polyps were transported on ice in a sterile 
container containing a 1:1 mixture of Dulbecco’s modification of minimum 
essential medium Eagle and Ham’s F-12 nutrient medium (DMEM/F-12)
(Irvine Scientific, Santa Ana, CA) supplemented with 100 U/ml penicillin, 
0.1 mg/ml streptomycin, 10 mM HEPES, and 2 mM L-glutamine.  CF tissue 
was homozygous for the ∆F508 mutation. The tissue samples were washed 
(5X) by suspending in 40 ml of Joklik’s modification of minimum essential 
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medium eagle (JMEM) at 4°C, allowing the tissue to settle to the bottom of 
the tube, and aspirating the supernatant.  The tissue was then transferred to 
JMEM containing 200 U/ml penicillin, 0.2 mg/ml streptomycin, 0.1 mg/ml 
gentamycin sulfate (Clonetics, San Diego, CA), and 0.1 µg/ml amphotericin-
B (Clonetics), and 0.1% protease (Sigma), washed an additional 2X, 
suspended in 15 ml of JMEM in a 10 cm tissue culture dish, and incubated at 
4°C for 24 hrs.  The tissue samples were gently triturated, the connective 
tissue aseptically removed, and the remaining cell suspension centrifuged at 
1000 rpm for 5 min.  The supernatant was aspirated and pellet resuspended 
in 10ml JMEM with 0.025% trypsin-EDTA and allowed to incubate for 5 
min. after which 10% fetal bovine serum (FBS) was added to deactivate the 
trypsin, and the cell suspension was centrifuged at 1000 rpm.  The 
supernatant was aspirated and cell pellet resuspended in a proliferation 
media consisting of keratinocyte-serum free medium (KSFM)(Gibco-BRL, 
Grand Island, NY) containing 5 ng/ml EGF (Gibco), 50 µg/ml BPE (Gibco), 
100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2 mM L-glutamine.  The 
cell suspension was transferred to two 10 cm tissue culture dishes coated 
with 1 µg/cm2 Vitrogen (Becton-Dickinson, Bedford, MA), incubated at 
37°C in an humidified atmosphere of 5% CO2 and 95% air.  The cells were 
70-80% confluent after 6 days with the media being replaced with every 
other day.  The cells were then trypsinized using 0.025% trypsin-EDTA for 
5 min.  The cell suspension was collected, the trypsin deactivated with 10% 
FBS, and centrifuged at 1000 rpm for 5min.  Cell counts were determined by 
hemocytometer.  There was a typical yield of 3-4 x 106 cells per dish. The 
cells (passage 1) were then cryopreserved for future experiments.  Passage 1 
cells thawed from cryovials were cultured until they reached 90% 
confluence when they were trypsinized and plated on permeable supports 
(passage 2) (snapwells).   

2.3 Monolayer Preparation for Ussing studies

Epithelial cells (passages 2 or 3)  were prepared for Ussing Chamber and 
fluid transport studies using Snapwell permeable supports (0.4µm pore 
size)(Corning Costar, Cambridge, MA) coated with 1 µg/cm2 Vitrogen.  
Cells were plated at 105 cells/cm2 in KSFM.  After 2 days, the media was 
changed to bronchial epithelial growth medium (BEGM )(a 1:1 mixture of 
DMEM (MediaTech/Cellgro, Herndon, VA) and bronchial epithelial basal 
media (BEBM) (Clonetics/Biowhittaker, Walkersville, MD), with the 
following supplements: hydrocortisone (0.5 µg/ml), insulin (5 µg/ml), 
transferrin (10 µg/ml), epinephrine (0.5 µg/ml), triiodothyronine (6.5 ng/ml),
bovine pituitary extract (52 µg/ml), EGF (0.5 ng/ml), all-trans retinoic acid 
(50 nM, Sigma), penicillin (100 U/ml, Sigma), streptomycin (0.1 mg/ml, 
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Sigma), non-essential amino acids (1X, Sigma), and bovine serum albumin 
(fatty acid-free, 3 µg/ml, Sigma).  Cells were grown in the BEGM for 1 
week, at which point an air-liquid interface (ALI) culture system was 
initiated.30 The cells were grown for 2 weeks at ALI, fed every other day 
basolaterally until use in the Ussing chamber (usually 7-10 days).

2.4 Ussing Chamber Studies 

Monolayers of CFHNE were mounted in modified Ussing chambers 
(Physiologic Instruments, San Diego, CA) using Ringers bicarbonate 
solution containing (in mM): 115 NaCl, 2.4 K2HPO4 0.4 KH2PO4, 1.2 
MgCl2, 1.2 CaCl2, 25 NaHCO3, 10 glucose; unless otherwise indicated.  
Experiments were carried out at 37°C and the pH adjusted to 7.4 by gassing 
with 95%O2/5%CO2.  After an open-circuit equilibration period of 10 min, 
the transepithelial PD was recorded and the monolayers were voltage 
clamped at 0 mV and the resulting Isc was continuously recorded.  A periodic 
bipolar voltage pulse monitored resistance calculated using Ohm’s Law.  In 
acute experiments, drugs were added to the apical or basolateral 
compartment, as indicated, and the changes in response recorded.  In 
preincubation experiments, compound dissolved in 100 µl of Ringers was 
added to the apical surface of monolayers growing on snapwells.  After a 2
hour incubation at 37° C in a CO2 incubator, the apical media with 
compound was removed, monolayers were washed with BEGM and returned 
to ALI for indicated time prior to mounting in Ussing chambers. 

3. RESULTS

3.1 Acute effect of INO-4995 on amiloride-inhibitable Isc

The effect of INO-4995 on the electrical properties of monolayers of 
human CF nasal epithelia was tested in Ussing chambers.  The results 
depicted in Figure 1-3 show that adding 5 µM INO-4995 to the apical 
compartment of Ussing chambers results in a decline of Isc leading to 
baseline over 100 minutes.  This effect is not observed in monolayers treated 
similarly with INO-4949, an unesterified analog of INO-4995 or with the 
enantiomer of INO-4995, INO-4987. There was also a more gradual decline 
in monolayers that were not treated with compound which was not 
noticeably different from that of monolayers treated similarly with INO-
4949, an unesterified analog of INO-4995 or with the enantiomer of INO-
4995, INO-4987.  Consistent with results of other investigators stimulation 
of purinergic receptors with 100 ATP increased Isc when added after 
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amiloride (Figure 1).  However, 100 µM ATP caused a drop in basal Isc 
comparable to that caused by preincubation with 5 µM INO-4995 (Figure 2 
and 3).  Similar results have been described by other investigators who 
attributed the purinergic induced drop in Isc to inhibition of ENaC.17,19  Since 
we suspected the gradual decline in the non-treated monolayers was due in 
part to the prolonged time course necessary to see a full effect, we sought 
alternative protocols to minimize this artifact.

Figure 1. INO-4995 at the indicated doses and time was added to the apical compartment of 
Ussing chambers in which monolayers of primary CF human nasal epithelia (CFHNE) were 
mounted.  Short circuit current (Isc) was recorded.  This experiment is representative of 5.
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Figure 2. Comparison of the effect of INO-4995 and a de-esterified derivative, INO-4949 on 
basal Isc. 

Figure 3. Comparison of the effect of INO-4995 with its enantiomer, INO-4987 on basal Isc in 
CFHNE.
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3.1.1 Peak effect and reversibility 

As it took 1-2 hours to obtain a maximal inhibition of basal Isc following 
acute addition of INO-4995 in our early experiments (Figure 1-3), we 
incubated monolayers for 2 hours with compound and then returned the 
monolayers to air liquid interface and incubated them for 24 hours before 
measuring their Isc in Ussing chambers.  This resulted in a stable dose-
dependent inhibition of basal amiloride-inhibitable Isc (Figure 4).  These 
results demonstrated that the inhibition of Isc with INO-4995 is long lasting 
but raised the question of whether the inhibitory effect was reversible.  
Hence we probed the duration of basal Isc inhibition by measuring electrical 
properties including basal Isc in Ussing chambers at 8, 24, 48, and 72 hours 
after a two hour incubation with INO-4995.  The results showed that the 
effect of a 2 hour incubation with 5 µM INO-4995 was virtually unchanged 
between 8 hours and 24 hrs after incubation (Figure 5).  At 24 hours post
exposure INO-4995 still shows ~40% inhibition of basal Isc relative to 
control values, comparable to inhibition observed at 8 hours.  The effect was 
reversible, however, when treated monolayers were tested 48 and 72 hrs later 
(Figure 5).  In fact by 48 hours the inhibitory effect of INO-4995 diminished 
to near control values.  The data demonstrates that 5 µM INO-4995 
reversibly inhibits Isc for 22-48 hours (Figure 5).

Figure 4. Comparison of the effect of 2 and 5 µM INO-4995 on amiloride-inhibitable Isc

24 h after a 2 h incubation with compound.
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Figure 5. Time-dependent recovery of basal Isc inhibition following a single dose of 5µM 
INO-4995 (2 h exposure):  Inhibition of basal Isc measured at 8, 24, 48, and 72 hours after 
exposure.  Control=100%, n=11.  Data calculated from the analysis of the Isc at 10min.  Mean 
+/-SEM of the percent inhibition.  

In a separate experiment when monolayers were treated with 10 µM 
INO-4995 for 2 hours and Isc tested 4 hours later, the degree of inhibition 
was comparable to the level of inhibition obtained with 10 µM INO-4995 at 
the 24 hour time point (data not shown) indicating that basal Isc inhibition by 
INO-4995 remains near maximal levels for from 2 to at least 24 hours.

Figure 6. Effect of duration of preincubation with INO-4995 on its inhibition of basal Isc in 
CF human nasal epithelia.
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3.1.2 Optimizing incubation duration.

In order to assess the rate of entry of compound into the cells, the 
duration of apical incubation with INO-4995 was varied from 30 min. to 4 
hrs.  At respective times the buffer containing the compound or vehicle was 
removed and the monolayers returned to ALI culture. After 24 hrs from the 
time the compounds were first administered, the monolayers were mounted 
in Ussing chambers and the basal Isc was measured.  

While all incubations resulted in reduced Isc, the major increase in 
potency occurred within the first 30-60 min, with no further change observed 
with longer incubations exceeding 60 min. (Figure 5).

4. DISCUSSION

CF airway epithelia are characterized by accelerated sodium absorption 
and attenuated response to Cl- secretagogues acting through cyclic AMP but 
not calcium pathways.  Although Cl- secretion in response to secretagogues 
is transient, the defect in sodium absorption is constant and detectable in 
cells that have not been exposed to triggering agents.   In addition, while the 
impact of the Cl- secretory defect may be more localized, the sodium 
absorption defect is observed consistently throughout the airway mucosal 
epithelia.   Therefore, the defect in sodium absorption may be as relevant to 
CF pathophysiology as Cl- secretion.  For this reason, we focused our initial 
studies on the effect of INO-4995 on parameters directly linked to the 
sodium absorption defect, basal amiloride-inhibitable Isc that was directly 
proportional to the initial potential difference (PD) across the monolayers. 

Addition of INO-4995 directly to the apical compartment of Ussing 
chambers containing CF airway epithelia resulted in a slow decline of basal 
Isc (Figures 1-3).  This effect did not occur in monolayers exposed to a de-
esterified form of the drug that would not be expected to cross the membrane 
and gain entry to the cell (Figure 2).   In addition, an enantiomer of INO-
4995 was without effect (Figure 3) demonstrating stereospecificity.  The Isc

response to the drug is gradual, and complicated analysis of early studies.  
This lag time may reflect the kinetics of entry and de-esterification of the 
prodrug to the active drug inside the cell or it may reflect other processes set 
in motion following release of the de-esterified product inside the cell that 
are necessary for Isc inhibition.  Further complicating interpretation is the 
decline in Isc in untreated monolayers possibly due to nutritional deficiencies 
in Ringers solution or to the periodic voltage pulses used to monitor 
resistance. Although these are potentially interesting questions to elucidate, 
we wanted to first characterize the physiological action of INO-4995 and 
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identify a parameter that would be useful for dose/response analysis and 
comparison with other compounds.  In order to circumvent some of the 
confounding variables, we exposed monolayers to compound for 2 hours in 
the incubator after which we returned the cells to air liquid interface culture 
and measured amiloride-inhibitable Isc in Ussing chambers 22 hours later.   
This protocol resulted in a stable change in Isc measurable at the 22-hour 
time point (Figure 4) that was more amenable to comparative analysis.

In addition, this demonstrated that INO-4995 could have a long lasting 
therapeutically relevant affect after a relatively brief exposure.  We then 
sought to determine when the peak effect occurred and whether and over 
what time course the effect was reversible.  The data depicted in Figure 5 
indicate that a single 2 hour exposure to 5 µM INO-4995 reduces Isc with 
little change for 8-22 hours after addition.  Although some inhibition was 
still observable after 48 hours, basal Isc completely returned to normal by 72 
hours.  In another experiment we saw no difference between a 4 and 24-hour 
incubation.  Therefore, based on the kinetics of the effect shown in Figure 1 
and the time course data, INO-4995 inhibition of basal Isc reaches its peak 
within the first 2 hours of exposure and remains at this level for more than 
22 hours.   

We also questioned whether the duration of exposure might play a role in 
the magnitude of the inhibition.  Longer exposures could result in diffusion 
of more prodrug into the cell and accumulation due to deesterification to the 
active drug.  The data shown in Figure 6 demonstrate that the maximal effect 
is obtained with a 1 hour incubation when monolayers were incubated with 5 
µM INO-4995 and that no further increase in efficacy was observed with 
longer incubations, presumably due to breakdown of compound in 
extracellular buffer after 1 hour incubation.  

Based on these studies we can formulate an optimal experimental 
protocol for evaluating INO-4995 inhibition of basal Isc and comparing its 
effects to other compounds.

5. CONCLUSIONS

The effects of inositol polyphosphates on ion flux in CF mucosa 
described here suggest a novel therapeutic approach to the treatment of 
cystic fibrosis.  These studies indicate that transient exposure to an inositol 
polyphosphate analog, INO-4995, causes long lasting but ultimately 
reversible changes in therapeutically relevant electrophysiological properties 
of CF human nasal epithelia.  This avoids a major problem encountered with 
other ion channel regulators that have been advanced as potential CF 
treatments, limited duration of action.  
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