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Abstract

Background/Aims: Epithelial Na* channels (ENaCs) play crucial roles in control of blood
pressure by determining the total amount of renal Na* reabsorption, which is regulated by
various factors such as aldosterone, vasopressin, insulin and osmolality. The intracellular
trafficking process of ENaCs regulates the amount of the ENaC-mediated Na* reabsorption
in the collecting duct of the kidney mainly by determining the number of ENaC expressed
at the apical membrane of epithelial cells. Although we previously reported protein tyrosine
kinases (PTKs) contributed to the ENaC-mediated epithelial Na* reabsorption, we have no
information on the role of PTKs in the intracellular ENaC trafficking. Methods: Using the
mathematical model recently established in our laboratory, we studied the effect of PTKs
inhibitors (PTKIs), AG1296 (10 uM: an inhibitor of the PDGF receptor (PDGFR)) and AG1478 (10
MM: an inhibitor of the EGF receptor (EGFR)) on the rates of the intracellular ENaC trafficking in
renal epithelial A6 cells endogenously expressing ENaCs. Results: We found that application
of PTKIs significantly reduced the insertion rate of ENaC to the apical membrane by 56%,
the recycling rate of ENaC by 83%, the cumulative time of an individual ENaC staying in the
apical membrane by 27%, the whole life-time after the first insertion of ENaC by 47%, and
the cumulative Na* absorption by 61%, while the degradation rate was increased to 3.8-fold
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by application of PTKIs. These observations indicate that PTKs contribute to the processes of
insertion, recycling and degradation of ENaC in the intracellular trafficking process under a
hypotonic condition. Conclusion: The present study indicates that application of EGFR and
PDGFR-inhibitable PTKIs reduced the insertion rate (k), and the recycling rate (k,) of ENaCs,
but increased degradation rate (k) in renal A6 epithelial cells under a hypotonic condition.
These observations indicate that hypotonicity increases the surface expression of ENaCs by
increasing the insertion rate (k) and the recycling rate (k,) of ENaCs associated with a decrease
in the degradation rate but without any significant effects on the endocytotic rate (k,) in EGFR
and PDGFR-related PTKs-mediated pathways.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

The transepithelial Na* transport mediated via epithelial Na* channels (ENaCs)
participatesinvariousbodily functionsincludingregulation ofthelungalveolarfluid clearance,
the body fluid content, and blood pressure [1-13]. This ENaC-mediated transepithelial Na*
transport requires the two steps across the apical and basolateral membranes of epithelial
cells: 1) the first step is the entry of Na* across the apical membrane of epithelial cells into the
intracellular space via ENaCs expressed at the apical membrane, and 2) the second step is the
extrusion of Na* from the intracellular space across the basolateral membrane of epithelial
cells mediated by the basolateral Na*,K*-pump located at the basolateral membrane [3, 4].
It is generally considered that the rate-limiting step in the ENaC-mediated transepithelial
Na* transport is the Na* entry through the apical-membrane-located ENaC rather than the
Na* extrusion mediated by the basolateral-membrane-located Na*K*-pump. This means
that the amount of ENaC-mediated transepithelial Na* transport is mainly regulated by the
amount of the apical-membrane-located ENaC-mediated Na* entry, which is determined by
the number of ENaCs and the activity (open probability) of individual ENaCs located at the
apical membrane [3, 14-18].

Liddle’s syndrome is well known as an inherited disease developing hypertension
[19-22]. This syndrome is caused by over loaded body fluid volume due to a large amount
of renal epithelial Na* reabsorption, which results from the increased number of ENaCs
expressed at the apical membrane [19-22]. The wild type of ENaCs contains the binding site
to Nedd4-2, an E3 ubiquitin-protein ligase degrading ENaCs [19-22]. ENaCs expressed in
Liddle’s syndrome are mutated with deletion or disruption of a C-terminal PY motif [19-22],
increasing the number of ENaCslocated at the apical membrane in Liddle’s syndrome [19-22].
The number of ENaCs expressed at the apical membrane is one of the most important factors
determining the amount of the ENaC-mediated transepithelial Na* transport (reabsorption)
in the kidney, although the open probability (activity) of individual ENaC is also one of
the essentially important factors determining renal Na* reabsorption. The insertion and
endocytosis processes of ENaCs into and from the apical membrane communicating with the
cytosolic ENaC store sites and the recycling and degradation processes of ENaCs determine
the number of ENaCs expressed in the apical membrane. This means that the ENaC insertion
into and endocytosis (retrieval) from the apical membrane and the recycling and degradation
processes of ENaCs play crucial roles in determining the amount of ENaCs expressed in the
apical membrane [14, 23-25].

Our previous study [26] has reported that protein tyrosine kinases (PTKs) contribute
to the hypotonicity-induced up-regulation of the ENaC-mediated transepithelial Na*
transport in renal epithelial cells. However, we still have no information on the role of PTKs
in the intracellular trafficking of ENaCs in epithelial cells. We have recently established a
mathematical model simulating the intracellular ENaC trafficking process [24]. Therefore, in
the present study, we tried to clarify the effect of protein tyrosine kinase inhibitors (PTKIs)
on the insertion, endocytotic, recycling, and degradation rates of ENaCs using an established
four-state mathematical model of intracellular ENaC trafficking [24]. We here report for the
first time the effects of PTKIs, AG1296 (an inhibitor of the PDGF receptor (PDGFR)) and
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AG1478 (an inhibitor of the EGF receptor (EGFR)), on the intracellular ENaC trafficking
process, clarifying the role of PTKs in the trafficking process.

Materials and Methods

Chemicals

NCTC-109 medium and fetal bovine serum were obtained from GIBCO (Grand Island, NY, U.S.A,, and
AG1296 (an inhibitor of PDGFR) and AG1478 (an inhibitor of EGFR) were purchased from Calbiochem (San
Diego, CA, U.S.A.); all other chemicals from Sigma (St. Louis, MO, U.S.A.). AG1296 and AG1478 were dissolved
in dimethyl sulfoxide (DMSO), the final concentration of which was 0.1%. The concentration (0.1%) of DMSO
had no effect on the short-circuit current (I, ).

Solutions

The hypotonic solution with the osmolality of 135 mOsm/kg H,0 contained 60 mM NaCl, 3.5 mM KCI,
1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 5 mM glucose, while the isotonic solution with the osmolality
of 255 mOsm/kg H,0 contained 120 mM Na(l, 3.5 mM KC], 1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 5
mM glucose. The pH of both solutions was adjusted to 7.4 with NaOH.

Cell culture

A6 cells, renal epithelial cells derived from the kidney of Xenopus laevis, were obtained from American
Type Culture Collection (Rockville, MD, U.S.A.) at passage 68, and were cultured on plastic flasks in a
humidified incubator in a culture medium at passages 76 ~ 84. The composition of the culture media was
75% (v/v) NCTC-109 (Sigma-Aldrich, Inc.), 15% (v/v) distilled water and 10% (v/v) fetal bovine serum at
27°C and 1.0% CO, in air [27]. We measured I, from A6 cells seeded at a density of 5 x 10* A6 cells/well
onto tissue culture-treated Transwell filter cups (polycarbonate porous membranes; Costar Corporation,
Cambridge, MA, USA) and cultured for 13 - 15 days. The A6 cells of approximately 3 x 10° cells/Transwell
filter cup cultured for 13 - 15 days formed a monolayer.

Measurements of short-circuit current (I ) under a hypotonic condition and application of PTKIs, AG1296

(10 uM: an inhibitor of PDGFR) and AG1478 (10 uM: an inhibitor of EGFR)

We measured L. from cultured A6 cells monolayer on the Transwell filter cup transferred to a modified
Ussing chamber (Jim’s Instrument, lowa City, IA, U.S.A.) designed to hold the Transwell filter cup by clamping
the transepithelial electrical-potential-difference to 0 mV using a high-impedance millivoltmeter (VCC-
600, Physiologic Instrument, San Diego, CA, U.S.A.) [24, 28, 29] in the hypotonic solution with and without
PTKIs, AG1296 (10 uM ) and AG1478 (10 uM). In the present study, a positive current means a net flow of
cations from the apical to the basolateral solutions; i.e., the transepithelial Na* absorption is represented
as a positive current (I ). The bathing solution was stirred by bubbling with 21 % O, / 79 % N,. During the
I, measuring time period, 24 h, no amino acids or serum was supplied to the bathing hypotonic solution.

The benzamil-sensitive I,

The hypotonicity-induced Isc was almost completely blocked by 10 uM benzamil, a specific blocker of
ENaCs [30] added to the apical solution 24 h after application of the hypotonicity, as previously shown [23,
31]. Further, in the apical solution containing 10 pM benzamil, the application of hypotonicity did not induce
any significant I .. Therefore, the hypotonicity-induced I consists of the ENaC-mediated current.

Temperature
Since A6 cells are derived from the kidney of Xenopus laevis (an amphibian cell line), all experiments
were performed at 22 ~ 23°C.

Data presentation and statistics
Results shown in Tables are expressed as the mean * standard error (S.E.). Statistical significance was
determined by Student’s t-test, and p < 0.05 was considered significant.
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Results

Simulation of intracellular ENaC trafficking

Our previous study [24] has established a four-state mathematical model of ENaC
trafficking (Fig. 1) with the following components: an insertion state (Insert) of ENaCs that
can be trafficked to the apical membrane with the insertion rate, k; an apical membrane
state (Apical) where Na*-conducting ENaCs stay; a recycling state (Recycl) where ENaCs are
retrieved from an apical membrane state (Apical) with the endocytotic rate, k,, and then
trafficked to the insert state (Insert) with the recycling rate, k,, communicating with the
apical membrane state (Apical), or to a degradation state (Degrad) with the degradation rate,
k, (see Fig. 1). As reported in our previous study [24], the change in the amount of ENaCs
staying at each state is represented by the following differential equation (see equation (1)

- (4))-

dln_ide;t(t) = —k; Insert(t) + kg Recycl(t) (W,
M%Ctal(t) = ky Insert(t) — kg Apical(t) @
“%fd@ = kg Apical (t) - (kg + kp) Recyc(t) (3)
‘“)%Td(t) = kp Recycl(t) ),

Fig. 1. An intracellular ENaC trafficking model. 1) An insertion state (Insert): this state contains ENaCs
that access to the apical membrane with an insertion rate into the apical membrane (kl). 2) An apical
membrane state (Apical): this state contains ENaCs that function as Na*-conducting (permeant) pathways
across the apical membrane. 3) An recycling state (Recycl): this state contains ENaCs retrieved from the
apical membrane with an endocytotic rate (kE), and then the ENaCs are back to the insertion state (Insert)
with a recycling rate (kR), or to a degradation pathway (Degrad) with a degradation rate (kD). Insert (t) is
the amount of ENaCs localized at the insertion state, Insert, at time = t. Apical (t) is the amount of ENaCs
localized at the apical membrane state, Apical, at time = t. Recycle (t) is the amount of ENaCs localized at
the recycling state, Recycl, at time = t. Degrad (t) is the amount of ENaCs localized at the degradation state,
Degrad, at time = t. t is the time elapsed after applying the hypotonic condition to the cells.
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where t is the time elapsed after application of a hypotonic solution with or without
10 uM AG1296 and 10 pM AG1478, and Insert (t), Apical (t), Recycl (t) and Degrad (t) are
respectively the amounts of ENaCs staying at the insertion state (Insert), the apical membrane
state (Apical), the recycling state (Recycl) and the degradation state (Degrad) at time = t. We
defined respectively Insert , Apical , Recycl, and Degrad  as the values of the variables, Insert,
Apical, Recycl and Degrad just before application of hypotonicity (i.e., the values of Insert,
Apical, Recycl and Degrad at time (t) = zero), a general solution for each variable can be

obtained as follows:

k l k k
Insert (t) =C; £t exp(lt) + C, gt mexp(mt) + Cq 2 +nexp(nt) (5),
k; ky k;
Apical (t) = Cy exp(lt) + C, exp(mt) + C; exp(nt) (6),
ki +0D)(kg+1 k k
Recycl (t) = Clm exp(lt) + C, (k& m) Cleg + m) exp(mt)
k[ kR kI kR
ki+n)kg+n
3( : k)l(( £ )exp(nt) (7,
1 kr
Degrad (t) =C, k(z kel y expglt) +C, P exp(mt)
kD k1+n kE+n
3 - exp(nt) + C, (8).

The following equations (9), (10), (11) and (12) respectively provide C,, C,, C, and C,
appearing in equations (5), (6), (7) and (8), while [, m or n is one of the three roots, r, of the
cubic equation (13) (c.f,, Cardano’s Formula for cubic equation):

C. = k](k[ + kE +m+ Tl) InS@T'tO - (kE + m)(kE + Tl) Apicalo - kaR Recyclo (9)
v (I=m)(n—1D '
_ k(g + kg + 1 +n) Inseety — (kg + 1) (kg +n) Apicaly — k; kg Recycly (10)
2T (1-m)(m—n) ’
_ ky(k;+ kg + 1 +m) Inserty — (kg + ) (kg + m) Apicaly — k; kg Recycly 1
3T (m—n)(n—1) .

kp
Cy = Degrady+ ———{[kikg(k; + kg + |+ m+n) — Imn] Insert,
krplmn

— (kg + D (kg +m) (kg +n) Apicaly — k;kgkg Recycly} (12),

T3 + (k[ + kE + kR + kD)Tz + (kaE + k[kR + k[kD + kEkR + kEkD)T+ kaEkD =0 (13)

The most parts of the hypotonicity-stimulated I, were blocked I, by benzamil,
a specific inhibitor of ENaC [32], added after the application of hypotonicity [23, 26, 31,
33-35], and the application of 10 uM benzamil to the apical solution almost completely
diminished the hypotonicity-induced I.. Therefore, the hypotonicity-induced I . consists of
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Fig. 2. Hypotonicity-induced short-circuit currents (I;) and fitted (simulated) I, obtained using a four-
state mathematical model. A) Red circles and line respectively indicate a typical control time course of
experimentally observed hypotonicity-induced I, (red circles) and the fitted (simulated) I . using equation
(6) (red line) in the absence of PTKIs (control). Blue squares and line respectively indicate a typical time
course of hypotonicity-induced I (blue squares) and our model’s prediction of I (blue line) in the presence
of PTKIs, AG1296 (10 uM) and AG1478 (10 uM). B) Normalized Isc to each peak value of Isc = 1. Red circles
and line respectively show the normalized Isc in the absence of PTKIs (control). Blue squares and line
respectively show the normalized Isc in the presence of PTKIs (control).

the ENaC-mediated current indicating that the hypotonicity-induced I, is generated by the
ENaC-mediated transepithelial Na* transport. We have also reported that the application of
hypotonicity elevates the ENaC-mediated I by increasing the number of ENaCs staying in the
apical membrane but not the activity (open probability) of individual ENaCs [34]. This means
that hypotonicity increases the number of ENaC staying at the apical membrane by regulating
the intracellular ENaC trafficking without any effects on ENaC activity. Hypotonicity induced
abiphasic change in I : an increase followed by a decrease in I, without application of PTKIs
(control) (red circlesin Fig. 2A). Although hypotonicstress also showed a biphasic changein I
even in the presence of PTKIs, AG1296 (10 uM) and AG1478 (10 pM) (blue squares in Fig. 2A)
similar to control (without of PTKI), application of PTKIs decreased the hypotonicity-induced
I, (Fig. 2A). Apical (t) is the amount of ENaCs staying at the apical membrane state (Apical in
Fig. 1) at time = t. This means that /. (t) is proportional to Apical (t), where I, (t) is I, at time
=t under conditions that ENaCs have constant activity (open probability). Based on the facts,
we fitted the value of Apical (t) represented by equation (6) to the experimentally observed
I, (red circles without application of PTKIs (control) and blue squares with application of
PTKIs (PTKI) in Fig. 2A) using equations (9) - (13), and we obtained the values of k, k,, k,
and k. Solid lines in Fig. 2A show the simulated I, obtained from the fitting of equation (6)
to the experimentally measured I : the red solid line shows the fitted I, without application
of PTKIs (control: Fig. 2A), and the blue solid line shows the fitted I in the presence of PTK]I,
AG1296 (10 uM) and AG1478 (10 uM) (Fig. 2A). Fig. 2B shows the experimentally observed
I, and the simulated I . in the absence or presence of PTKIs normalized to each peak value
of I, under each condition, respectively. Interesting, 1. in without PTKIs (control in Fig. 2B)
reached a peak at an earlier time and faster decreased than that in the presence of PTKIs
(PTKIin Fig. 2B). As mentioned above, we obtained the values of k, k,, k, and k, via the fitting
process, which are shown in Table 1. Application of AG1296 (10 uM) and AG1478 (10 uM)
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significantly reduced Table 1. Evaluated values of ENaC’s trafficking rates in the absence
k, of ENaC to the apical (control) and presence of PTKIs, AG1296 (10 uM) and AG1478 (10 uM).
membrane by 56%, and * significantly different between control (n = 6) and PTKIs (n = 6) atp <
k, of ENaC by 83%, but  0.005. #, significantly different between control (n = 6) and PTKIs (n = 6)
increased k, to 3.8-fold atp<0.01. # significantly different between control (n = 6) and PTKIs (n

without any significant = 6)atp < 0.001. NS, no significant difference between control (n = 6) and
effect on k. PTKIs (n = 6)

Fig' 3A shows . Insertion Endocytosis Recycling Degradation
the amount of ENaCs  Condition ki (h1) ke (1) ke (h-1) ko (h-1)
localized at each state  Control 0414 % 0.050 0.251 +0.008 0.357 + 0.092 0.896 + 0.135
shown in Fig. 1: Insert  PTKis 0.183+0.024*  0272+0041N  0.059+0.008#  3.363+0.487 ##

(t) is the amount of ENaC

localized at the insertion

state (Insert), at time = ¢t; Apical (t) is the amount of ENaCs localized at the apical membrane
state (Apical), at time = t; Recycl (t) s the amount of ENaCs localized at the recycling state
(Recycl), at time = t; Degrad (t) is the amount of ENaCs localized at the degradation state
(Degrad), at time = t, where t is the time elapsed after application of a hypotonic solution to
the cells. The solid and dotted lines respectively show the amounts in the absence (control)
and presence of PTKIs. Panels a, b ¢, and d in Fig. 3B represent respectively the amounts
of ENaCs localized at Insert (t), Apical (t), Recycl (t) and Degrad (t). The amount of ENaC
localized at the insertion state (Insert), Insert (t), decreased faster in the absence of PTKIs
(control: the red solid line in Fig. 3B-a) than that in the present of PTKIs (the blue dotted
line in Fig. 3B-a). This phenomenon would occur mainly due to the larger value of k, in the
absence of PTKIs (control) than that in the presence of PTKIs (Table 1). The amount of ENaC
localized at the apical membrane state (Apical), Apical (t), faster increased followed by faster
diminution in the absence of PTKIs (control: the red solid line in Fig. 3B-b) compared with
that in the presence of PTKIs (the blue dotted line in Fig. 3B-b). The phenomenon observed
in the rising phase of Apical (t) would be mainly due to the larger value of k, in the absence
of PTKIs (control) than that in the presence of PTKIs (Table 1). The falling phase of Apical
(t) with a faster rate observed in the absence of PTKIs (control) shown in Fig. 3B-b would
be caused by faster depletion of the ENaC amount at the insertion state (Insert) (the ENaC
source to the apical state) in the absence of PTKIs (control in Fig. 3B-a) compared with that
in the presence of PTKIs (PTKI in Fig. 3B-a). The amount of ENaCs localized at the recycling
state (Recycl), Recycl (t), was much larger in the absence of PTKIs (control: the red solid
line in Fig. 3B-c) than that in the presence of PTKIs (the blue dotted line in Fig. 3B-c). This
phenomenon would be due to the larger amount of ENaC localized at the apical membrane
(Apical), Apical (t), in the absence of PTKIs (control) than that in the presence of PTKIs (Fig.
3B-b) and the larger value of k, and smaller value of k, in the absence of PTKIs than that
in the presence of PTKIs (Table 1). The amount of ENaC localized at the degradation state
(Degrad), Degrad (t), a little bit faster increased in the absence of PTKIs (control: the red
solid line in Fig. 3B-d) than that in the presence of PTKIs (the blue dotted line in Fig. 3B-
d). This phenomenon would be caused by the larger amount of ENaC at the recycling state
(Recycl), Degrad (t), in the absence of PTKIs (control) than that in the presence of PTKIs (Fig.
3B-c) even though the value of k in the absence of PTKIs (control) was much smaller than
that in the presence of PTKIs (Table 1).
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Fig. 3. Time-dependent changes in the amounts of ENaCs localized at four states, Insert, Apical, Recycl
and Degrad, shown in Fig. 1. A) Solid and dotted lines respectively indicate the amounts of ENaCs localized
at each four-state in the absence (control) and presence of PTKIs, AG1296 (10 uM) and AG1478 (10 uM).
Four states consist of an insertion state (Insert: blue lines), an apical membrane state (Apical: red lines),
a recycling state (Recycl: green lines), and a degradation state (Degrad: purple lines) as shown in Fig. 1.
Insert (t) (blue lines) shows the amount of ENaC localized at a state, Insert, at time = t: Apical (t) (red lines),
the amount of ENaCs localized at a state, Apical, at time = t: Recycl (t) (green lines), the amount of ENaCs
localized at a state, Recycl, at time = t: Degrad (t) (purple lines), the amount of ENaCs localized at a state,
Degrad, at time = t. t is the time elapsed after exposure of the cells to the hypotonic solution. Insert (t),
Apical (t), Recycl (t) and Degrad (t) respectively represented by equations (5), (6), (7) and (8) are described
using the values of k, k,, k,and k, determined by fitting Apical (t) to the experimentally observed I, . B) The
panels, a, b, ¢, and d respectively show Insert (t), Apical (t), Recycl (t) and Degrad (t) in the absence (control:
red solid lines) and presence (blue dotted lines) of PTKIs, AG1296 (10 uM) and AG1478 (10 pM).
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Recycling ratio of endocytotic ENaCs to the apical membrane; R,

The endocytotic ENaCs move into the recycling state (Recycl). These ENaCs located at
the recycling state (Recycl) have two opportunities as moving sites: 1) the insertion state
(Insert) (Fig. 1) or 2) the degradation state (Degrad) (Fig. 1). The recycling ratio of ENaC (R,)
is represented by the following equation.

kg[ENaC] Recycl _ kg

Rp= =
R kR[ENaC]Recycl + kD [ENaC] Recycl kR + kD

(14),

where [ENaC], ., is the amount of ENaCs staying at the recycling state (Recycl). As
shown in Table 2, retrleved ENaCs of 28% would be recycled to the insertion state (Insert)
under control conditions of hypotonic stress without PTKIs, and PTKIs almost completely
blocked the recycle of ENaCs to the insertion state (Insert in Fig. 1) from the recycling state
(Recycl in Fig. 1) (R, = 2% in the presence of PTKIs, meaning most of endocytic ENaCs are
degraded without recycling). This means that PTKs facilitate the transition of ENaCs from
the recycling state (Recycl in Fig. 1) back to the insertion state (Insert in Fig. 1) with the
ENaC’s recycling ratio, R, = (k,/(k, + k,)) (Table 2), by both increasing the recycling rate (k)
and decreasing degradation rate (k) of ENaCs (Table 1).

Relocation number (N,) of an individual ENaC to the apical membrane

We also estimated how many times (N,) individual ENaCs stay to the apical membrane
state (Apical) after the first endocytosis process (Fig. 1). Thus, equation (15) based on R,
= (k./(k, + k,)) (see equation (14)) indicates the recycling number (R,) how many times
ENaCs are recycled to the apical membrane state (Apical) during the whole life of ENaCs
after the first endocytosis process (Fig. 1).

(o)

X PN ke \3 kn \ Kk
M= () () () e _Z( i) = (15).
kR+kD kR+kD kR+kD kR+kD kD

The calculating results are shown in Table 2. Appllcatlon of PTKIs almost completely
blocked the relocation to the apical membrane: PTKIs significantly diminished N, (= k,/k,)
by 95% from 0.400 £ 0.065 to 0.019 + 0.002 (n = 6; p < 0.00025) due to a decrease in the
value of R, = (k,/(k, + k,)) (Table 2).

Cumulative Na* absorption (I )

Another interesting point is how PTKs contribute to the cumulative Na* absorption
(cumulative I, as coulombs). PTKIs treatment decreased the cumulative ENaC-mediated
epithelial Na* transport by 35% from 185, 871 + 7, 667 to 122, 238 + 8,399 uC/cm?/day (n
=6; p < 0.00025: Table 2). If the PTKIs-induced reduction in the cumulative Na* absorption
(Table 2) would be caused only by the modulation of the intracellular ENaC trafficking, it
depends on the time how long ENaCs stay in the apical membrane. Therefore, we estimated
the residency time (T,,) and the cumulative time (T,,,,) of an individual ENaC staying in the
apical membrane.

CTAM.

Table 2. Estimated values of the recycling ratio, R, (= (k,/(k, + k,)) (%) of ENaC and the relocation number
how many times ENaC is relocated to the apical membrane state (Apical), N, (= k,/k,) after the first retrieval,
and the cumulative Na* absorption (I,.) (uC/cm?/day) in the absence (control) and presence of PTKIs,
AG1296 (10 uM) and AG1478 (10 uM). *, significantly different between control (n=6) and PTKIs (n=6) at p
< 0.0001. # significantly different between control (n=6) and PTKIs (n=6) at p < 0.00025

— Recycling ratio, Relocation number of ENaC to the apical ~ Cumulative Na* absorption (Isc)
ondition

Rr (=kr/(kr+kp)) (%) membrane state, Nr (=kz/kp) (uC/cm2/day)
Control 2783 +3.14 0.400 £ 0.065 185,871 + 7,667

PTKIs 1.83+0.22* 0.019+£0.002 # 122,238 £8,399 #
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Residency time of an
individual ENaC in the apical
membrane after insertion;
T, (=1/k)

The reciprocal of the
endocytotic rate of ENaC is its
mean residency time in the
apical membrane; T, (= 1/
k). The values of T, (= 1/
k) observed in the absence
(control) and presence of PTKIs
were respectively 4.010 + 0.137
h (n =6) and 4.035 + 0.484 h (n
= 6; no significant difference)
(Table 3). This means that PTKs

Table 3. Residency time of ENaC in the apical membrane T,,;
how long an individual ENaC stays at the apical membrane each
time after the insertion of ENaCs into the apical membrane
(T,,= 1/k,) and the cumulative time how long an individual ENaC
stays at the apical membrane during its whole life-time period
before degradation (T,,,,, =(1+N,)/k,= (1+k,/k,)/k,), and whole
life-time (T,,,) after the first insertion to the apical membrane
(Tyr = 1/k, + N(1/k, + 1/k, + 1/k,) + 1/k, = 1/k_+ (k,/k,) (1/
k, + 1/k + 1/k,) + 1/k,) in the absence (control) and presence
of PTKIs, AG1296 (10 uM) and AG1478 (10 uM). ’, significantly
different between control (n=6) and PTKIs (n=6) at p < 0.05. #,
significantly different between control (n=6) and PTKIs (n=6) at
p <0.005. ™, no significant difference between control (n=6) and

PTKIs (n=6)

L COIlditiOl‘l TAM (= 1/kE) (h) TCTAM (h) TWLT (h)
sensitive to AG1296 (10 uM) 5 o 4010+0.137 56030297  9.349 + 1.004
and AG1478 (10 uM) have no  pry 4.035+0484N  4110+0493*  4912+0431+#

contribution to the residency
time of an individual ENaC in
the apical membrane after its
insertion to the apical membrane.

Cumulative time of an individual ENaC residing in the apical membrane before degradation;

T

Aﬂﬂ’ough the mean residency time of an individual ENaC in the apical membrane is not
regulated by PTKs sensitive to AG1296 (10 uM) and AG1478 (10 uM), we know that some
parts of ENaCs are recycled to the apical membrane subsequently to the retrieval (see Table
2). Therefore, it is interesting to calculate the mean cumulative time (T,,,) that a channel
will spend in the apical membrane before entering the degradative pathway, which reflects

the cumulative Na* absorption. The T, is expressed as follows.

. (1 :Z) ki (16),

where N, (see equation (15)) is the number how many times an individual ENaC
is recycled to the apical membrane after the first retrieval. PTKIs treatment significantly
decreased the value of T, by 27%: T,,,, 4.101 + 0.493 h in PTKIs-treated cells (n = 6);
5.603 + 0.297 h in control cells (n = 6; p < 0.05: Table 3). This decrease in T, caused
by PTKIs treatment would be one of the reasons that the cumulative Na* absorption was
reduced by PTKIs treatment. Indeed, PTKI treatment reduced the cumulative Na* absorption
by 34% (Table 2). The PTKIs treatment-induced decrease in the cumulative Na* absorption
would be a little bit larger than that in T, (27% in Table 2). This means that in addition
to the PTKI-induced decrease in T,,,,, the PTKI treatment would diminish the cumulative
Na* absorption by affecting another factor contributing to the ENaC-mediated epithelial Na*
transport, such as the open probability (activity) of ENaCs. However, even though some parts
of PTKIs treatment-induced decrease in the cumulative Na* absorption might be caused by
a decrease in the open probability of ENaC, the main cause of the PTKIs treatment-induced

decrease in the cumulative Na* absorption would be the decrease in T, of ENaC.

1
Terav = (14 Ng) T
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Whole life-time of ENaC after the initial insertion to the apical membrane; T, ,
We further studied the effect of PTKIs treatment on the whole life-time of ENaC (T,,,)
after the initial insertion of ENaC into the apical membrane. The whole life-time of ENaC
(T,,;) is determined by the following equation.
( 1 1 1 ) 1
TWLT—kE+NR kR+kI+kE +ku (17),

where N, (equation (15)) is the number how many times an individual ENaC is recycled
to the apical membrane after its first endocytosis from the apical membrane (the apical state:
Apical) into the cytosolic space (the recycling state: Recycl). The values of T, of ENaC after
the first insertion into the apical membrane were respectively 9.349 + 1.004 h in the absence
of PTKIs (control) (n = 6) and 4.912 + 0.431 h in the presence of PTKIs (n = 6; p < 0.005:
Table 3), indicating that the treatment of the cells with PTKIs significantly shortened the

T, This estimation suggests that PTKs sensitive to the PTKIs contribute to keep T, longer.

Discussion

The present study indicates that PTKs contribute to the regulation of the intracellular
ENaC trafficking: the rates of insertion, recycling and degradation. Our previous study [26]
has reported that a hypotonic stress activates JNK/SAPK via receptor tyrosine kinases (RTKs)
withoutanyligand application, 2) the RTK-JNK/SAPK cascade mediates the stimulatory action
of the hypotonic stress on the ENaC-mediated epithelial Na* transport, and 3) PI3-kinase
is involved in the RTK-JNK/SAPK cascade for the hypotonic stress-induced stimulation of
the Na* transport. This study [26] has indicated that the treatment with PTKIs, AG1296 (10
uM) and AG1478 (10 uM), reduces the ENaC-mediated epithelial Na* transport. However, we
have no information on how these PTKIs reduce the ENaC-mediated epithelial Na* transport.
PI3-kinase regulates the intracellular trafficking and the activity (open probability) of
ENaCs [36]: 1) PI3-kinase activates and recruits serum- and glucocorticoid-induced kinase
1 (SGK1) to ENaCs, regulating the endocytosis of ENaCs by phosphorylating (inactivating)
Nedd4-2, and resulting in a longer stay of ENaCs in the apical membrane [37-39]; 2) PI3-
kinase increases the activity (open probability) of ENaC by disinhibiting the ENaC-inhibitory
pathway, Raf, via activation of SGK1 [40, 41].

The application of hypotonicity activates PI3-kinase via PTKs-mediated pathways [26],
and the activity (open probability) of ENaC is maintained at a high level via the hypotonicity-
induced activation of PI3-kinase [40, 41]. Therefore, PTKIs would inhibit the hypotonicity-
activated PI3-kinase, decreasing the activity (open probability) of ENaC. In the present study,
we indicate that the PTKIs-caused diminution of the hypotonicity-induced cumulative ENaC-
mediated epithelial Na* transport (35%: Table 2) was a little bit larger than that estimated
from the PTKI-caused diminution of the T, of ENaC under the hypotonic condition (27%:
Table 3). The larger PTKIs-caused diminution of the hypotonicity-induced cumulative ENaC-
mediated epithelial Na* transport than that of T, of ENaC would be partially due to a
decrease in the activity (open probability) of ENaC caused by PTKIs, although PTKIs would
diminish the hypotonicity-induced cumulative ENaC-mediated epithelial Na* transport
mainly by decreasing T, of ENaC via a decrease in the recycling rate (k,) and an increase in
the degradation rate (k) (Table 1).

The mean value of whole life-time period of ENaC staying at the apical membrane
before degradation, T,,,,, was 5.60 h, meaning the half-life time of ENaC staying at the apical
membrane is 3.88 h on an assumption that the number of ENaC proteins staying at the apical
membrane with the life-time time period exponentially decreases against the time according
the Boltzmann distribution. Gonzalez-Montelongo et al. [42] and Yu et al. [43] have reported
the half-life time of ENaC staying at the apical membrane is 3 ~ 3.5 h. Therefore, the result
on the mean value of whole life-time period of ENaC staying at the apical membrane before
degradation, T, , is closed to that reported by Gonzalez-Montelongo et al. [42] and Yu et al.

CTAM’
[43].
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Our previous report [26] indicates that hypotonicity affects the ENaC trafficking via
activation of PDGFR and EGFR without any ligands binding to the receptors by changing
the membrane tension. Many investigators have studied the role of EGF and EGFR in the
ENaC regulation [44, 45], however the contradictory results have been reported [44, 45].
Taruno et al. [26] have report that an inhibitor of EGFR diminishes the ENaC-mediated Na*
transport in renal A6 epithelial cells by activating EGFR via the change in the membrane
tension caused by hypotonicity, suggesting that activation of EGFR would have a stimulatory
action on the ENaC-mediated Na* transport in renal A6 epithelial cells. Similar results [46,
47] have been reported that EGF activates the ENaC-mediated Na* transport via a PI3-kinase-
mediated pathway, which is involved in the ENaC intracellular trafficking [48]. On the other
hand, the application of EGF inhibits ENaCs: EGF diminishes the activity (open probability)
of ENaC via an ErbB-receptor-mediated pathway [44, 49, 50]. At present, we could not
clearly indicate the reason why the contradictory results have been reported regarding the
effect of EGF on ENaC activity and the ENaC-mediated Na* transport. Activation of EGFR
would activate variable signaling pathways after its activation such as PI13-kinase-, Rac1- and
MAPK-dependent pathways by coupling ErbB2 receptor [44], which have the stimulatory
or inhibitory action on the ENaC-mediated Na* transport. Further, the EGFR stimulation
connects with hepatocyte growth factor [51]. The substrate of hepatocyte growth factor-
regulated tyrosine substance (Hrs) is involved in the endosomal membrane trafficking [52],
and Hrs binds ENaC controlling the intracellular ENaC trafficking [53]. Thus, in various
types of cells EGF would show its stimulatory or inhibitory action on the ENaC-mediated
Na* transport dependent on which type of signaling, the stimulatory or inhibitory pathway,
connecting to EGFR, which couples with ErbB2 receptor in some cases [44]. These facts
would cause the contradictory phenomena upon the application of EGF and PTKIs.

Conclusion

The present study indicates that application of EGFR and PDGFR-inhibitable PTKIs
reduced the insertion rate (k ), and the recycling rate (k,) of ENaCs, but increased degradation
rate (k,) inrenal A6 epithelial cells under a hypotonic condition. These observations indicate
that hypotonicity increases the surface expression of ENaCs by increasing the insertion rate
(k) and the recycling rate (k,) of ENaCs associated with a decrease in the degradation rate
but without any significant effects on the endocytotic rate (k,) in EGFR and PDGFR-related
PTKs-mediated pathways.
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