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The guinea-pig tracheal potential difference as an
in vivo model for the study of epithelial sodium
channel function in the airways

KJ Coote, H Atherton, A Young, R Sugar, R Burrows!, NJ Smith, J-M Schlaeppiz,
PJ Groot-Kormelink, M Gosling and H Danahay

Novartis Institutes for BioMedical Research, Horsham, West Sussex, UK

Background and purpose: The epithelial sodium channel (ENaC) is a key regulator of airway mucosal hydration and mucus
clearance. Negative regulation of airway ENaC function is predicted to be of clinical benefit in the cystic fibrosis lung. The aim
of this study was to develop a small animal model to enable the direct assessment of airway ENaC function in vivo.
Experimental approach: Tracheal potential difference (TPD) was utilized as a measure of airway epithelial ion transport in the
guinea-pig. ENaC activity in the trachea was established with a dose-response assessment to a panel of well-characterized
direct and indirect pharmacological modulators of ENaC function, delivered by intra-tracheal (i.t.) instillation.

Key results: The TPD in anaesthetized guinea-pigs was attenuated by the direct ENaC blockers: amiloride, benzamil and
CF552 with EDs values of 16, 14 and 0.2 ugkg ™' (i.t.), respectively. 5-(N-Ethyl-N-isopropyl) amiloride, a structurally related
compound but devoid of activity on ENaC, was without effect on the TPD. Intra-tracheal dosing of the Kunitz-type serine
protease inhibitors aprotinin and placental bikunin, which have previously been demonstrated to inhibit proteolytic activation
of ENaC, likewise potently attenuated TPD in guinea-pigs, whereas o-antitrypsin and soya bean trypsin inhibitor were without
effect.

Conclusions and implications: The pharmacological sensitivity of the TPD to amiloride analogues and also to serine protease
inhibitors are both consistent with that of ENaC activity in the guinea-pig trachea. The guinea-pig TPD therefore represents
a suitable in vivo model of human airway epithelial ion transport.
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Introduction

The epithelial sodium channel (ENaC) is composed of three
subunits (o, f and y) (Canessa et al., 1994) that are expressed
in the apical membrane of several fluid absorptive epithelia
including cortical collecting duct, colon and airway
(Kellenberger and Schild, 2002). In the human airways,
ENaC-mediated Na* absorption (Knowles et al., 1981; Davies
et al., 2005) has a key function in the regulation of mucosal
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hydration and as such contributes directly to effective mucus
clearance (Boucher, 2007). The central regulatory function
that ENaC has in the maintenance of airway mucus
clearance can be observed in two genetic diseases, cystic
fibrosis (CF) and pseudohypoaldosteronism type 1. In CF,
ENaC-mediated Na™ hyperabsorption in the absence of
normal anion secretion is widely believed to lead to the
dessication of the airway lumen that results in mucostasis
establishing the environment for chronic respiratory infec-
tions and overt inflammation (Boucher, 2007). In contrast,
systemic loss of function mutations of ENaC in pseudo-
hypoaldosteronism type 1 patients, result in a ‘hyper-
hydration’ of the airway lumen and an enhancement of
mucociliary clearance of three- to fourfold above that of a
normal healthy individual (Kerem et al., 1999).
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As such, negative regulation of ENaC function in the
airway represents a therapeutic opportunity with potential
utility in the treatment of CF lung disease and additional
diseases associated with impaired mucus clearance. Acute
inhalation of the K* sparing diuretic amiloride, an ENaC
blocker, has been demonstrated to enhance mucociliary
clearance and cough clearance in CF patients (Kohler et al.,
1986; App et al., 1990). In a 25 week study, inhaled amiloride
was also reported to show clinical benefit in CF patients
(Knowles et al., 1990), although subsequent studies failed to
validate these observations (Graham et al., 1993; Bowler
et al., 1995). This lack of robust clinical benefit with inhaled
amiloride has subsequently been ascribed to the poor
potency of the compound and a suboptimal pharmaco-
kinetic profile (Hofmann et al., 1997). As such, the identi-
fication of novel negative regulators of ENaC function, more
suited to inhaled delivery, will enable the concept to be
further tested in the clinic.

Epithelial ion transport processes can be directly measured
in vitro and in vivo using the short-circuit current (Isc) and
epithelial potential difference (PD) techniques, respectively.
Primary cultures of nasal, tracheal and bronchial epithelial
cells have been utilized in vitro to study ENaC function using
the Isc method (Bridges et al., 2001; Donaldson et al., 2002;
Hirsh et al., 2004). Nasal potential difference has been used
clinically in both the diagnosis of CF and in the testing of
candidate therapeutics (Knowles et al., 1981; Rubenstein and
Zeitlin, 1998). Nasal potential difference and tracheal
potential difference (TPD) have been measured in a number
of laboratory species, including mice, rats, guinea-pigs and
pigs (Takahashi et al., 1995; Grubb and Boucher, 1999;
Tomlinson et al.,, 1999; Salinas et al., 2004), where the
pharmacological modulation of predominantly Cl™ trans-
port has been examined. Although an amiloride-sensitive
component of the nasal potential difference has been
described in many of these species (Grubb and Boucher,
1999; Tomlinson et al., 1999; Salinas et al., 2004), the authors
are not aware of any in vivo studies that have directly studied
ENaC regulation in airways distal to the nose. An indirect
assessment of the function of ENaC in the airway epithelium
has been made in conscious sheep, where inhaled dosing
with the direct ENaC blocker amiloride and its analogues
benzamil and CF552 (Hirsh et al., 2004, 2008) was demon-
strated to enhance the lung clearance of “°™Tc-labelled
particles using vy-scintigraphy. Furthermore, P2Y-receptor
agonists, agents that both stimulate anion secretion and
negatively regulate ENaC in the airway (Mason et al., 1991;
Devor and Pilewski, 1999), also promoted mucus clearance
in the sheep model (Sabater et al., 1999).

An in vivo model in a small laboratory species that enabled
a direct assessment of ENaC activity in the airway epithelium
distal to the nose would be of benefit in the development of
novel negative regulators of ENaC function in the airway. To
this end, the aims of this study were (1) to probe the TPD in
both rat and guinea-pig for any evidence of ENaC function,
(2) to establish the pharmacological profile of established,
direct ENaC blockers on the TPD when delivered directly
into the airways and (3) to assess any putative sensitivity
of airway ENaC in vivo to serine protease inhibition as
had been proposed by several in vitro studies using primary
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cultures of human airway epithelial cells (Bridges et al., 2001;
Donaldson et al., 2002). These studies have established the
guinea-pig TPD as a suitable in vivo model of the human
airway epithelium in terms of ENaC-function and its
pharmacological regulation.

Materials and methods

Male Dunkin Hartley guinea-pigs (300-650g) and male
Wistar or Sprague-Dawley rats (250-450 g) (Harlan, UK) were
used during the course of these studies. All studies were
performed in accordance with the guidelines of the United
Kingdom Home Office on the operation of the Animals
(Scientific Procedures) Act 1986 and were approved by the
local Ethical Review Process. Animals were acclimatized for a
minimum of 7 days before the study, maintained on a 12h
light-dark cycle at a temperature of 21 + 2°C and humidity
of 55+5%. Animals were allowed to access food (guinea-
pigs: FD1 pellets; rats: RM1P), hay (autoclavable hay bales)
and water ad libitum.

Inhaled and i.t. dosing of animals

Test compounds (amiloride, benzamil, 5-(N-ethyl-N-iso-
propyl)amiloride (EIPA), N-(3,5-diamino-6-chloropyrazine-
2-carbonyl)-N'-4-[4-(2,3-dihydroxypropoxy)phenyl]  butyl-
guanidine (CF552), aprotinin, placental bikunin (HAI-2A),
soya bean trypsin inhibitor (SBTI), o;-antitrypsin) or
matched vehicles were administered to animals by either
inhalation of an aerosol or by i.t. instillation of solutions. For
aerosol dosing, animals were placed into a perspex chamber
containing Alpha-Dri in which they could be confined
unrestrained, and exposed to an aerosol of either vehicle
(sterile water) or compound solution generated by a
CR60—System 22 pump, pumping through a Cirrus nebuli-
ser into the chamber for 60 min. For i.t. dosing, animals were
placed under short-term anaesthesia using an inhaled
halothane/N,O mixture. When a suitable depth of anaes-
thesia was obtained (loss of pedal and blink reflex), 200 puL
of either vehicle (5% glucose solution), or compound was
instilled using a modified oral gavage needle directly into
the trachea. Animals were then allowed to recover and had
full movement before preparation for the measurement
of TPD.

Measurement of tracheal potential difference

Preparation of agar bridges. Bridges were prepared according
to a previously reported method (Takahashi et al., 1995).
Agar (3.5%) was dissolved in Hank’s buffered salt solution
(pH 7.4, 280-305 mosm kg ! H,O) by heating in a water bath
at 100°C. A 30-40cm length of polyethylene tubing, of
which one end was bevelled at an angle of 20-60°, was then
filled with the agar ensuring no air bubbles were formed or
trapped within the tubing. The bevelled tip of the tube was
then dipped in the liquid agar, creating a small bulge. The
exploring and reference electrodes were constructed of an
Hank’s buffered salt solution/agar bridge linked to a calomel
half cell by immersion in 1 M KCI.



Tracheal potential difference measurements. At various times
after the completion of dosing with test compounds, guinea-
pigs were first administered Hypnovel (midazolam
5mgmL~') 1mLkg " (i.p) as a preanaesthetic agent followed
10min later by a 1mLkg™" (i.p.) injection of Narketan10
(100mgmL~" ketamine) and Rompun (25 mgmL™" xylazine)
in water for injections mixed at a ratio of 2:1:1, respectively.
Rats were administered an i.p. injection (8 mLkg ') of a 1:1:2
mix of Hypnorm (fentanyl 0.32mgmL~!, fluanisone
10mgmL™') and Hypnovel in water for injections. Once
under surgical anaesthesia, animals were placed supine
and the throat area was shaved. The trachea was visualized
near the sternum using minimal blunt dissection. A lateral
incision was made in the trachea near the sternum. The
bevelled end of the exploring electrode was inserted into the
lumen of the cephalad region of the trachea, ensuring
that respiration was still possible. The bevelled end of the
reference agar bridge electrode was placed adjacent to the
trachea in electrical contact with the flesh of the throat, and
the area was moistened with Hank’s buffered salt solution. PD
measurements were taken by an IsoMil (WP, Stevenage, UK)
through a PowerLab 16/S, and recorded on data capture
software Chart for Windows (PowerLab, ADInstruments,
Chalgrove, UK). Stable PD values were recorded at a distance
of either 5 mm (distal) or 25 mm (proximal) from the tracheal
incision. Data are expressed as mean absolute PD values +
s.emean (mV) and were compared using either Student’s
t-test (single group to group comparisons) or a one-way
ANOVA followed by Dunnett’s post hoc test (for comparisons
of multiple doses to a single-vehicle control) with signifi-
cance assumed when P <0.05. Dose-response data were fitted
using GraphPad Prism (GraphPad Software Inc.), and the
dose required to induce 50% of the compound effect (EDsc)
was calculated.

Cell culture and short-circuit current assay

Human bronchial epithelial cell culture. Human bronchial
epithelial (HBE) cells were cultured at an air-liquid interface
based upon a previously described method (Atherton et al.,
2003) on Snapwell inserts. The method of Atherton et al.
(2003) was followed with the exception that from the first day
of establishment of an air-liquid interface, HBE cells were fed
with a DMEM:HAMS F-12 (1:1) media containing 2% Ultroser
G with gentamycin (50pgmL™") and amphotericin B
(50ngmL™Y), rather than the BEGM-supplement-based media
previously described. Cells were used for Isc assay between days
7 and 21 after the establishment of the air-liquid interface.

Transiently transfected rat and guinea-pig ENaC in Fisher rat
thyroid cells. The rat ENaC a1, f1 and y1 subunit cDNAs
were reverse transcription PCR (RT-PCR)-amplified from a
commercially available rat kidney cDNA library. Primers were
designed based on database sequences NMO031548 (1),
NMO012648 (f1) and NMO017046 (y1). The guinea-pig ENaC
a1l cDNA was RT-PCR-amplified from a commercially available
guinea-pig kidney cDNA library wusing primers based
on the GenBank database sequences AF071230 (cavia cobya)
and AJ249596 (cavia porcelus). The guinea-pig ENaC p1 and y1
subunit cDNAs were RT-PCR amplified from a commercially
available guinea-pig kidney cDNA library. The primers were
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designed, based on the alignments of human, mouse and rat
sequences as, at the time, no guinea-pig sequences were
deposited in the databases for f1 or yl. All amplified PCR
fragments were cloned in the pCR4-Topo vector and se-
quenced. Sequence verified inserts for all six subunits
were subsequently subcloned by RT-PCR in the pXOON
expression vector (from the start to stop codon only and
introducing the general Kozak consensus sequence GCCACC
immediately upstream of the start codon). The pXOON vector
is a modified (extended multiple cloning site) pXOOM vector,
which is a dual-function vector for protein expression in both
mammalian cells and Xenopus laevis oocytes (Jespersen et al.,
2002). The integrity of all six clones was confirmed by
restriction enzyme digests and by double-stranded sequencing.
The sequences for all six subunits were deposited in GenBank;
rat ENaC ol =EU627515, rat ENaC PB1=EU627516, rat
ENaC y1=EU627517, guinea-pig ol =EU627512, guinea-pig
B1=EU627513, guinea-pig y1 =EU627514.

Fisher rat thyroid (FRT) cells were cultured in T162 cm?
flasks with F-12 Ham nutrient-mix supplemented with 10%
foetal bovine serum, 100 UmL™! penicillin and 100 pg mL™!
streptomycin (growth media) at 37°C in a humidified
atmosphere of 5% CO, (Sheppard et al., 1994). FRT cells
were transiently transfected with the plasmids encoding
either rat or guinea-pig ENaC subunits using Fugene 6
according to the manufacturer’s conditions. Transfections
were performed in growth media further supplemented with
amiloride (10 pM). After overnight transfection, the FRT cells
were trypsinized and seeded onto snapwell inserts at
1.65 x 10° cells per insert using growth media supplemented
with dexamethasone (30nM) and amiloride (10puM). The
inserts were fed on both the apical, and the basolateral side
on day 1 post-seeding. Cells were used for Isc assay on day 2.

Short-circuit current assay. At the stated time in culture, the
ion transport properties of HBE or transfected FRT cells were
examined using the short-circuit current technique. Cells on
Snapwell inserts were mounted in vertical diffusion cham-
bers and were bathed with continuously gassed Ringer
solution (5% CO; in Oy pH 7.4) maintained at 37°C
containing (in mM): 120 NaCl, 25 NaHCOs;, 3.3 KH,POy,,
0.8 K,HPO4, 1.2 CaCl,, 1.2 MgCl, and 10 glucose. The
solution osmolarity was always between 280 and
300mosmolkg~! H,O for all physiological salt solutions
used. Cells were voltage clamped to 0 mV (model EVC4000;
WPI) and the Isc was measured. Transepithelial resistance
(Rt) was measured by applying a 1 or 2mV pulse at 30s
intervals and calculating Ry by Ohm’'s law. Data were
recorded using a PowerLab workstation (ADInstruments).
Direct ENaC blocker compounds were added to the apical
chamber from a 1000-fold stock solution (prepared in
dimethylsulphoxide) to achieve a cumulative concentra-
tion-response in terms of the inhibition of the basal Isc. At
the completion of the concentration-response, a supra-
maximal concentration of amiloride (10 uM human; 30 uMm
guinea-pig/rat) was added. ICso, values were calculated
(GraphPad Prism) assuming that the cumulative current
inhibition achieved with the test compound and supra-
maximal amiloride concentration reflected the total ENaC-
mediated Isc.
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Materials
FD1 pellets, Alpha-Dri, RM1P and autoclavable hay bales, were
obtained from Lillico (Crawley, UK). Sterile water, water for
injections and 5% glucose solution, were from Baxter
Healthcare (Northampton, UK); halothane, Merial (Harlow,
UK). The CR60—System 22 pump was from Medic-Aid Ltd
(Bognor Regis, UK); Cirrus nebuliser, Sunrise Medical
(Stourbridge, UK); modified oral gavage needle, Vet-Tech Solu-
tions (Macclesfield, UK); polyethylene tubing, Portex (London,
UK); calomel half cell, Fisher (Waltham, MA, USA). Hypnovel
(midazolam 5mgmL~') was from Roche (Welwyn Garden
City, UK); Narketan10 (100mgmL’1 ketamine), Vetoquinol
(Buckingham, UK); Rompun (25mgmL™' xylazine), Bayer
(Uxbridge, UK); Hypnorm (fentanyl 0.32 mgmL™?, fluanisone
10mgmL~"), Janssen (High Wycombe, UK). HBE cells were
from Lonza (Slough, UK); Ultroser G, Pall BioSepra (Cergy
St Christophe, France). The rat kidney cDNA library was
obtained from Biochain Institute Inc. (Hayward, CA, USA) and
the guinea-pig kidney cDNA library from AMS Biotechnology
(Abingdon, UK). The pCR4-Topo was from Invitrogen (Paisley,
UK); Fugene 6, Roche Biosciences (Palo Alto, CA, USA). Unless
stated otherwise, cell culture media (including Hank’s buffered
salt solution) and plastics were purchased from Invitrogen
(Paisley, UK) and Fisher Scientific (Loughborough, UK),
respectively. Chemicals were purchased from Sigma (Poole,
UK) with the exceptions of CF552 and placental bikunin that
were produced in-house. A truncated form of placental
bikunin was used as described previously (Bridges et al., 2001).
All drug and molecular target nomenclature conforms
with the British Journal of Pharmacology’s Guide to
Receptors and Channels (Alexander et al., 2008).

Results

Species crossreactivity of direct ENaC blockers

The potencies of amiloride and benzamil on human and rat
ENaC have been described previously (Bridges et al., 1989;
Hirsh et al., 2004), although only limited data are available
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Figure 1

for guinea-pig (Liebold et al., 1996). CFS552 represents a
recently described ENaC blocker with potency data available
for human, canine and ovine ENaC (Hirsh et al., 2008) but
not guinea-pig or rat. To enable the interpretation of in vivo
data, the potencies of these compounds were assessed in
cell-based Isc assays. In addition, EIPA, a related pyrazine-
acylguanidine compound that is inactive on ENaC, was
studied. The cultured human bronchial epithelial cells and
transiently transfected FRT cells (expressing rat or guinea-pig
ENaC) displayed a spontaneous basal Isc that was sensitive to
inhibition by direct ENaC blockers. Non-transfected FRT
cells displayed no basal or amiloride-sensitive Isc (data not
shown). The potencies of the ENaC blockers were maintained
across species with a potency order of CF552>benzamil >
amiloride > EIPA (Table 1), consistent with the established
pharmacology of ENaC (Kleyman and Cragoe, 1988).

Comparison of rat and guinea-pig TPD: sensitivity to inhaled
benzamil

The guinea-pig and rat (Wistar and Sprague Dawley)
displayed a spontaneous, lumen-negative TPD in vivo.
The absolute TPD value was, however, dependent upon the
electrode placement in the trachea. The TPD measured in
the distal trachea (S5mm from the tracheal incision) was
consistently smaller than that measured in the proximal

Table 1 ENaC blocker potency on human, guinea-pig and rat ENaC in
vitro

Compound Human Guinea-pig Rat
Amiloride 6.66+0.13 (93) 6.27+0.30 (37)  6.33+0.20 (24)
Benzamil 7.70£0.22 (9) 7.42+0.03 (30) 7.55+0.28 (15)
CF552 8.62+£0.15(12) 8.42%0.31(32) 8.46+0.18 (14)
EIPA <4.52 (4) <4.52 (4) <4.52 (6)

plCso data for selected ENaC blockers on human (bronchial epithelial cells),
and guinea-pig or rat ENaC in transiently transfected Fisher Rat Thyroid cells.
Mean plCs, values £ s.d. (n-value) calculated from short-circuit current assays
are shown.
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The tracheal potential difference (TPD) measured in both guinea-pig and rat in vivo is dependent upon the site of placement of the

exploring electrode. A sample raw data trace illustrates the effect of moving the exploring electrode in 5 mm increments from the distal to
proximal trachea in the guinea-pig (a). The TPD measured in the proximal tracheal was consistently larger than that in the distal region, in both
guinea-pig and rat (b). Mean data + s.e.mean are shown. * Indicates P<0.01 with n=6-9 animals per group. (c) A typical raw data trace from
a guinea-pig study, further illustrating the stability of the TPD over several minutes.
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Figure 2 Mean absolute potential difference values +s.e.mean recorded in both the distal (a) and proximal (b) regions of the guinea-pig,
Wistar or Sprague—-Dawley (SD) rat trachea, immediately following a 60 min exposure to an aerosol of vehicle (water for injections) or benzamil
(100 uMm). Benzamil significantly attenuated the potential difference in the distal trachea of guinea-pigs only; n=6-13 animals per group.

* Indicates P<0.001, using Student’s two-tailed t-test.

region in both species (Figure 1). Figure 1la illustrates the
effect of ‘walking’ the exploring electrode up the trachea of a
naive, untreated guinea-pig, from the distal to proximal
regions.

In this example, the TPD increased as the electrode was
moved proximally, and as it was then withdrawn from
the trachea, the TPD reduced. The raw data traces shown in
Figures la and c illustrate the stability of the PD in the
guinea-pig trachea over a period of several minutes. A similar
stable PD was consistently observed in the rat (data not
shown).

Having established a methodology for the assessment
of the spontaneous TPD, our next aim was to test for any
evidence of an ENaC-mediated component to this PD in
both rat and guinea-pig. Animals were exposed to an aerosol
of benzamil (100 uM) or vehicle (sterile water for injections)
for 60min after which the TPD was measured in both the
distal and proximal portions of the trachea in the same
animals (Figure 2). Control, vehicle-exposed guinea-pigs
showed a spontaneous TPD in the distal trachea, whereas
benzamil-treated animals displayed a significantly reduced
TPD (Figure 2a). There was no significant effect of benzamil
on the proximal tracheal PD in the same animals (Figure 2b).
Wistar rats did not show any sensitivity of either the distal
or proximal TPD to inhaled benzamil (Figures 2a and b,
respectively). Likewise, Sprague-Dawley rats failed to display
any evidence of an ENaC-mediated component to the TPD
(Figures 2a and b). The guinea-pig was therefore used for
subsequent studies to establish the pharmacological profile
of the benzamil-sensitive portion of the distal TPD.

Pharmacological profile of direct ENaC blockers on guinea-pig
tracheal potential difference

All subsequent studies were performed using i.t. dosing of
test compounds. This route of administration, in contrast to
inhalation of aerosol, enabled an accurate regulation of
delivered dose. Amiloride, benzamil and CF552 all dose-
dependently attenuated the guinea-pig TPD (Table 2); EDsg
values were assessed at 60 min following compound admin-
istration. In contrast, the ENaC-inactive amiloride-analogue,

Table 2 The effects of ENaC blocker compounds on the guinea-pig
tracheal potential difference

Compound  EDsy (ug kg’7; i.t.) Dose (ug kg”; it.) TPD (mV) n
Amiloride 16 0 -10.5+£1.1 10
3.0 -9.8+£1.2 6

30 -6.0£0.4* 8

300 -4.4+0.2* 4

3000 -4.3+£04% 4

Benzamil 14 0 -88+0.5 20
1.0 -10.1+1.4 7

10 -6.0£0.4 5

100 -43+0.6° 6

1000 -3.0£0.5* 6

10000 -29+09* 6

CF552 0.2 0 -10.5%£1.0 9
0.01 -9.8£0.9 4

0.1 -7.8+£0.9 4

1.0 ~-7.1£04° 4

10 -51+03* 4

100 -5.2+04* 6

EIPA >300 0 -9.7+£1.3 5
300 -10.0£0.6 5

Mean absolute tracheal potential difference values *s.e.mean obtained in
groups of guinea-pigs dosed with either vehicle (0.2mL 5% dextrose) or test
compound by i.t. instillation. One-way ANOVA followed by Dunnett’s
multiple comparison test was used to test for differences between
compound-treated and vehicle control groups.

4P<0.01.

®P<0.05.

EIPA was tested up to the limit of solubility in 5% dextrose.

EIPA, did not significantly attenuate the TPD at the highest
dose that could be administered in solution, 300 pgkg™'.

The effects of serine protease inhibitors on the guinea-pig tracheal
potential difference

The broad spectrum serine protease inhibitors aprotinin and
placental bikunin have been demonstrated to attenuate

British Journal of Pharmacology (2008) 155 1025-1033



ENaC regulation in the guinea-pig airway in vivo
1030 KJ Coote et af

Table 3 The effects of serine protease inhibitors on the guinea-pig tracheal potential difference in vivo

Compound (Mw) EDso (ug kg’l,' it.) EDsg (pmolkg”; it.) Dose (pmolkg”; it.) TPD (mV) n
Aprotinin (6.5 kDa) 0.26 38 0 -10.0+0.8 1
15 -8.2+1.1 6

153 —6.0+0.6 4

1530 —48+1.1° 4

15300 —4.7+0.6° 7

Placental bikunin (21.0 kDa) 0.19 8.8 0 -10.8+0.6 8
1.5 —9.8+0.6 5

15 —7.0£0.7° 5

150 —5.0+0.4° 6

1500 —4.7+0.4° 7

SBTI (20.1 kDa) >320 >16 000 0 ~10.8+0.9° 8
16 000 -10.8+1.0 9

aq-antitrypsin (51.3 kDa) >744 >14500 0 -10.8+0.9° 8
14 500 -9.8+0.9 9

Mean absolute tracheal potential difference values + s.e.mean obtained in groups of guinea-pigs dosed with either vehicle (0.2 mL 5% dextrose) or serine protease
inhibitor by i.t. instillation. One-way ANOVA followed by Dunnett’s multiple comparison test was used to test for differences between compound-treated and

vehicle control groups.

?P<0.05.

®p<0.01.

“Common, shared control group.

ENaC activity in primary cultures of human airway epithelial
cells (Bridges et al., 2001; Donaldson et al., 2002). In contrast,
SBTI and o4 -antitrypsin failed to significantly influence ENaC
activity in these cell types (Bridges et al., 2001). The in vivo
experimental design assumed that the rate of onset of action
of the protease inhibitors would be similar in the guinea-pig
to that observed in primary cultures of human airway
epithelial cells. In primary cultures of human airway
epithelial cells, a 90 min incubation with protease inhibitor
was sufficient to see an apparent maximal inhibition of
amiloride-sensitive Isc. As such, the TPD was assessed at 2h
after i.t. dosing with each of the serine protease inhibitors.
Aprotinin and placental bikunin both attenuated the TPD
(Table 3). In both cases, the TPD was reduced by ~5mV,
similar to the magnitude of PD inhibition observed with the
direct ENaC blockers. In contrast to aprotinin and placental
bikunin, SBTI and «;-antitrypsin did not significantly affect
the TPD at doses of 16000 and 14 500 pmol kg~ *, respectively.

Studies were then undertaken to establish whether the
serine protease inhibitor-sensitive component of the TPD
was ENaC-mediated. The effects of placental bikunin and
CF552 were examined when dosed independently and
when combined in a single-dose formulation. At 2h after
dosing, both CF552 (2mgkg '; i.t.) and placental bikunin
(15nmolkg™%; it) significantly attenuated the TPD
(Figure 3). When co-administered, there was no greater
attenuation of the TPD than that was obtained with either
compound alone (Figure 3).

Discussion

There now exists good evidence to link airway mucosal
hydration with mucus clearance in human diseases, most
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Figure 3 Mean absolute potential difference values*s.e.mean
illustrating the attenuation of the basal potential difference in the
guinea-pig trachea following i.t. instillation of vehicle (0.2mL 5%
dextrose), CF552 (2mgkg™"), placental bikunin (15 nmolkg™") or a
combination of CF552 with placental bikunin. One-way ANOVA
followed by a Dunnett’s multiple comparison test was used to
determine differences between compound-treated and vehicle
control groups. ** Indicates P<0.01; n=5-6 animals per group.

notably in CF (Boucher, 2007). Modulators of airway
epithelial ion transport processes therefore represent
approaches to enhance mucosal hydration and thereby
promote mucus clearance. The overall aim of this study
was to establish a small animal model that was suitable for



the study of negative regulators of ENaC function in the
airways, in vivo.

In this study, rat and guinea-pig both displayed a stable,
spontaneous, lumen-negative TPD consistent with published
data (Takahashi et al., 1995). However, the data indicated
that the PD could vary considerably depending upon the
placement of the exploring electrode in the trachea. When
placed in the proximal tracheal, PD measurements of >20 or
>10mV were observed in guinea-pig and rat, respectively
(Figures 1 and 2), that are consistent with published values
(Takahashi et al., 1995). TPD measurements made in the
distal trachea revealed a consistently lower PD value than
that observed in the proximal region.

Based upon its commercial availability and approximate
10-fold superior potency over amiloride in all species
examined (Table 1; Kleyman and Cragoe, 1988; Bridges
etal., 1989; Liebold et al., 1996), benzamil was selected for an
initial evaluation of TPD sensitivity in both rat and guinea-
pig with compound delivery by inhalation of a nebulized
solution. In the guinea-pig, only the distal PD was sensitive
to inhaled benzamil, consistent with an ENaC-mediated
component of this TPD (Figure 2a). In the rat, the TPD was
insensitive to benzamil, irrespective of the site of electrode
placement. As only the guinea-pig distal trachea displayed a
benzamil-sensitive component to the PD, this species was
selected for all subsequent studies.

Direct i.t. instillation of test compounds was preferred over
inhalation of a nebulized solution for all subsequent studies
because it enabled an accurate and efficient delivery of dose.
The i.t. dosing required the guinea-pigs to be placed under
a short acting (<5min) halothane/N,O anaesthesia.
Halothane has been previously reported to attenuate airway
epithelial ion transport processes including amiloride-sensi-
tive Na™ transport both in vitro and in vivo (Molliex et al.,
1998; Rezaiguia-Delclaux et al., 1998; Roch et al., 2006),
although there is evidence that these observations may be
species-dependent (Nielsen et al., 2000). Because of the short
period of exposure to halothane, and with the TPD being
measured 60min after dosing, any putative impact of
halothane on tracheal epithelial ion transport processes
and therefore TPD was anticipated to be of limited
significance and would have been controlled through the
use of time-matched vehicle-treated animals. TPD was
measured in guinea-pigs 60min after i.t. dosing with test
compound or vehicle, at which time a clear ENaC-blocker
sensitive component of the spontaneous PD was evident.
Dose-response studies revealed a blocker potency order in
vivo of CF552 > benzamil = amiloride » EIPA that was incon-
sistent with the in vitro potency order of CF552>benzami-
1> amiloride > EIPA. In contrast to the in vitro paradigm, the
pharmacokinetics of these blockers will probably have a
significant impact on the in vivo potency, as efficacy was
assessed 60min after dosing. As such, it is possible that
benzamil could be cleared from the airway lumen more
rapidly than amiloride, resulting in the higher than
predicted EDso value. In-house in vitro permeability assays
using cultured HBE cells indicate a significantly greater
apical to basolateral permeability of benzamil when com-
pared with amiloride (data not shown) that would be
consistent with a faster lumenal clearance of benzamil in

ENaC regulation in the guinea-pig airway in vivo
KJ Coote et al 1031

vivo. Likewise, inhaled benzamil and amiloride demon-
strated a similar in vivo potency in the sheep mucociliary
clearance model despite a 10-fold greater in vitro potency of
benzamil over amiloride in this species (Hirsh et al., 2004).
Together these data are consistent with an ENaC-mediated
component of the TPD in the guinea-pig.

The next aim of this study was to evaluate any putative
regulation of the TPD by serine protease inhibitors. The
Kunitz-type macromolecular serine protease inhibitors apro-
tinin and placental bikunin have been previously demon-
strated to attenuate ENaC activity in HBE cells derived from
both normal and CF airways, whereas o;-antitrypsin and
SBTI were without effect (Bridges et al., 2001; Donaldson
et al., 2002). An assessment of this potential ‘channel-
activating protease’ (CAP) mechanism of ENaC regulation
would further support the evidence for an ENaC-mediated
component of the TPD in the guinea-pig and would also
offer support for the in vitro to in vivo translation of this
mechanism. The current model of CAP regulation of ENaC
function in the airways proposes that ENaC is inserted into
the apical membrane of the epithelial cells in an inactive
state, and that an interaction (direct or indirect) with a CAP
is required for activation. The airway CAP has been proposed
to be the membrane-anchored trypsin-like serine protease,
prostasin (PRSS8), based upon sequence homology to the
xenopus CAP (Vallet et al., 1997), co-expression data
(Donaldson et al., 2002) and gene silencing studies (Tong
et al., 2004). The CAP-mediated activation of ENaC has been
demonstrated to be as a consequence of an increase in
channel open probability (Adebamiro et al., 2005). In the
presence of a CAP inhibitor, such as aprotinin or placental
bikunin, ENaC would not become activated upon insertion
into the plasma membrane resulting in a steady decline in
epithelial ENaC-mediated Na* transport as active channel is
internalized. In vitro, HBE cell studies have indicated a
maximal effect of Kunitz-type inhibitors on ENaC by
approximately 90 min after addition (Bridges et al., 2001).
Two hours was therefore selected as the time point for
assessing CAP inhibitor activity in vivo in the guinea-pig. At
this time, both aprotinin and placental bikunin potently
attenuated the TPD to a similar degree to that observed with
the direct ENaC blockers, that is, ~5mV. In contrast,
az-antitrypsin and SBTI were without effect on the TPD. To
confirm whether aprotinin and placental bikunin were
attenuating the ENaC-mediated component of the TPD,
the effects of CF552 and placental bikunin either alone or in
combination were studied. That both the direct (CF552) and
indirect (placental bikunin) blockers of ENaC attenuated the
TPD to the same degree, and that in combination there was
no greater effect than that with either agent alone, are
consistent with activities on a common pathway, that is,
ENaC. Together, these CAP inhibitor data are consistent with
the published macromolecular inhibitor profile in the
human airway epithelium and provide the first in vivo data
to support a function for CAP regulation of ENaC in the
airways.

The guinea-pig TPD model described here offers the
potential to study both the potency and durability of
negative regulators of ENaC function, whether delivered
topically into the airways or following systemic exposure.
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Furthermore, the ability to directly monitor the activity of
airway ENacC in vivo will enable a confirmation of compound
mechanism. This system will therefore have the potential to
complement models of mucociliary clearance, such as the
conscious sheep, where the downstream consequence of
attenuated ENaC function can be assessed.
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