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in Hypertonic Solutions Containing Nonelectrolytes
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Abstract In hypertonic solutions made by adding non-
electrolytes, K* channels of squid giant axons opened at
usual asymmetrical K* concentrations in two different time
courses; an initial instantaneous activation (/y) and a sig-
moidal activation typical of a delayed rectifier K™ channel
(Ip). The current—voltage relation curve for Iy was fitted
well with Goldman equation described with a periaxonal
K' concentration at the membrane potential above
—10 mV. Using the activation—voltage curve obtained from
tail currents, K channels for I;y are confirmed to activate at
the membrane potential that is lower by 50 mV than those
for Ip. Both Ijy and Ip closed similarly at the holding
potential below —100 mV. The logarithm of In/Ip was
linearly related with the osmolarity for various nonelec-
trolytes. Solute inaccessible volumes obtained from the
slope increased with the nonelectrolyte size from 15 to 85
water molecules. K* channels representing I, were blocked
by open channel blocker tetra-butyl ammonium (TBA)
more efficiently than in the absence of Iy, which was
explained by the mechanism that K channels for I, were
first converted to those for /1y by the osmotic pressure and
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then blocked. So K™ channels for I were suggested to be
derived from the delayed rectifier K™ channels. Therefore,
the osmotic pressure is suggested to exert delayed-rectifier
K™ channels to open in shrinking rather hydrophilic flexible
parts outside the pore than the pore itself, which is com-
patible with the recent structure of open K+ channel pore.
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Voltage-gated ionic channels are typical membrane pro-
teins imbedded in a lipid membrane where they are con-
trolled by the membrane potential for ions to permeate
across the membrane. A recent structural analysis of volt-
age-gated K+ channels (Jiang et al. 2003a, b) has suggested
that the gating process does not complete only in the lipid
environment (Armstrong and Hille 1998). Furthermore,
voltage sensors themselves seemed to be working in
hydrophilic environments because protons (Starace and
Bezanilla 2004) and cations (Tombola et al. 2005, 2007;
Sokolov et al. 2007) are able to permeate through the
voltage sensor sheath imbedded in the membrane. How-
ever, roles of aqueous environment facing extracellular and
intracellular sides of the membrane have not been analyzed
extensively in the view-point that they control the gating of
ionic channels because voltage sensing is generally thought
to be effective in a hydrophobic lipid environment.
Concentrated nonelectrolytes first applied to a squid
giant axon in order to demonstrate that the time course of
ionic currents was slowed down depending on the solution
microscopic viscosity (Kukita and Yamagishi 1976, 1979)
and a precise mechanism for this effect was analyzed with
the flexible structural model (Kukita 1997, 2000) for
sodium channels, suggesting that solvent molecules near
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voltage sensors should have a crucial role in the overall
gating process.

Considering that the osmotic pressure shrinks some
space from which solutes are segregated in cells (Van
t’Hoff 1901) and macromolecules (Tanaka 1981; Rand
2004), Zimmerberg and Parsegian (1986) first demon-
strated that the hypertonic solution prepared with non-
electrolyte molecules larger than the orifice of the pore
decreased the open probability of ion channels (VDAC,
voltage-dependent anion channel) because the pore was
compressed in order to suppress their opening. Then they
tried to explain the decrease of macroscopic K currents of
squid giant axon in hypertonic solutions by the same
mechanism (Zimmerberg et al. 1990) to assess the pore
interior volume. After we have known the structure of open
(Doyle et al. 1998) and closed (Cuello et al. 2010) K*
channels, it is fruitful to observe osmotic effects on neu-
ronal voltage-gated K™ channels carefully and analyze data
with recent structural data in mind.

In this paper I report that in hypertonic solutions squid
K™ channels activated in the two different time course, i.e.,
the initial jump component (/) and the delayed activating
component (Ip). The component /Ijy is attributed to open
K™ channels activated by the osmotic pressure and closed
by hyperpolarization in the similar way to the component
Ip. The logarithm of the ratio of these two components is
proportional to the osmotic pressure and the solute inac-
cessible volume varied from 15 to 85 water molecules with
the nonelectrolyte size. The component I, was blocked
efficiently by open channel blocker tetra-butyl-ammonium
(TBA) as if in hypertonic solutions, most K channels that
originally showed the delayed activation kinetics in the
absence of TBA were first opened by the osmotic pressure
and then blocked by TBA directly without going through a
delayed activation process. This osmotic effect is opposite
to the osmotic suppression of channel opening (Zimmer-
berg et al. 1990) but is compatible to the recent 3D
structure of K* channel pore because the osmotic pressure
was supposed to rather exert on the flexible structure out-
side the pore than the rigid-shaped pore itself.

A preliminary report was previously published (Kukita
2001).

Materials and Methods

Axon Preparations

Squid (Doryteuthis bleekeri, Loligo kensaki, and Sepio-
teuthis lessoniana) were obtained at Ine, Kyoto, Japan, and
kept in a circulating tank for a week before experiments.

On removal from the tank, the squid were immediately
killed by decapitating with fine scissors following the
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guidelines of animal care of National Institute for Physio-
logical Sciences (Japan). The hindmost stellar giant axons
(400-800 pwm in diameter) were prepared and intracellu-
larly perfused by a modified axoplasm squeezing method
(Kukita 1997, 2000).

A periaxonal K* accumulation free axon (KAF axon)
was obtained from a conventional intracellularly perfused
axon by further perfusing externally with solutions con-
taining additionally 0.5 to 1 M urea, which was kept con-
stant throughout the experiment to keep an osmotic
gradient (Kukita 1988).

Electrophysiology

The membrane potential was measured with a glass capil-
lary electrode containing a floating platinum wire with
asbestos-filled tip (Conti et al. 1984) and an equivalent
modified tip without asbestos. Voltage clamping was per-
formed as previously described (Kukita and Mitaku 1993).
The holding potential was kept constant at —80 mV slightly
below a resting membrane potential and the leakage current
at this voltage was practically zero. Series of test pulses
were applied from a preconditioning pulse of 0.2 to 0.8 s at
—100 or —150 mV. The series resistance was made as small
as possible by the proper alignment of electrodes and was
carefully compensated to minimize its effects, particularly
when the concentration of nonelectrolytes was increased.
All membrane current data were digitized with a 12-bit A/D
converter (Autonics 204C, Japan) using a sampling time of
1040 ps after passing through a low-pass Bessel filter with
a cutoff frequency from 40 to 10 KHz adjusted on the basis
of the sampling theory. Data were analyzed with a micro-
computer (NEC PC9801FA and PC9821V200, Japan).
Most of capacitive transient was subtracted on-line using a
variable transient produced in a dummy membrane circuit.
Furthermore, a remaining linear capacitive response was
subtracted off-line (Conti et al. 1984). After subtracting
leakage with a scaling, the remaining capacitative transient
and the linear leakage current were completely removed but
the baseline current was the current at the preconditioning
pulse (—100 or —150 mV) and current traces were shifted
to adjust the zero current level at the holding potential of
—80 mV (see the broken line before each trace).

The initial component of the outward current was
obtained from the flat region a few hundreds ps after a
transient at the instance of voltage step because this tran-
sient was contaminated with unsubtracted artifacts and
gating currents.

A current measurement was performed after waiting for
a longer time (15-30 min) because an exchange of viscous
and hypertonic intracellular solutions takes a longer time
and completed after rinsing a few times the tubing for an
inlet capillary. A complete solution exchange was
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monitored by the change of the capacitative transient. A
continuous intracellular perfusion was checked throughout
the experiments by monitoring a continuous outflow from
the outlet capillary.

The temperature was maintained by circulating external
solution through a heat exchange unit and all experiments
were performed at approximately 10°C.

Solutions

The control external solution was TMA-ASW (TMA-
artificial seawater), containing (in mM) 450 tetra-methyl-
ammonium chloride (TMA-CI), 10 KCI, 20 CaCl,, 30
MgCl, and 15 Tris—HEPES (pH 8.0); 0.5 urea-TMA-ASW
and 1 urea-TMA-ASW for KAF axons were TMA-ASWs
containing further 0.5 and 1 M urea, respectively. A low
chloride external solution 1/5 CI-ASW was prepared by
replacing TMA-Cl with TMA-Methanesulfonate. TTX
(200-600 nM) was added to the external solution to
remove sodium currents completely. The control internal
solution was K-IS, containing (in mM) 160 KF, 40
K-phosphate, and glucose, which was used to adjust the
osmolarity. Tetra-butyl-ammonium chloride (TBA) was
applied to internal solutions by adding a drop of 1| M TBA
solution to get a final TBA concentration.

Hypertonic solutions were prepared by adding nonelec-
trolytes to the external and the internal control solutions,
keeping a molar concentration (M) of electrolytes equal as
described in the previous paper (Kukita 1997). Various
nonelectrolytes, i.e., ethylene glycol, glycerol, erythritol,
glucose, sorbitol and sucrose, were used to change the
osmolarity.

Hypertonic electrolyte solutions were prepared by
increasing KF in the internal solution and TMA-Cl and
K-Cl in the external solution in the condition that the ratio
of K™ concentration in internal and external solutions, i.e.,
Ko/K; was kept constant. Isotonic solutions of a high
solution resistivity were made by diluting control isotonic
solutions, i.e., TMA-ASW and K-IS, with the isotonic
sorbitol solution containing only pH buffer and the ratio
Ko/Ky was kept constant in these solutions.

Measurement of Osmolarity

The osmolarity of solutions was measured with a freezing
point osmometer (Fiske Mark 3, USA) as described in the
previous paper (Kukita 1997). Osmolarities above
4000 mosmol 1~ were obtained by extrapolating the data as
a function of the molar concentration of nonelectrolytes. The
mean osmolarity of a pair of internal and external solutions
was used as the solution osmolarity for the data analysis.
External and internal solutions were pairs of solutions con-
taining the same molar concentration of nonelectrolytes

whose osmolarity were balanced within 5% or whose
osmolarity was imbalanced to remove a periaxonal K*
accumulation by additional urea in the external solution for
KAF axons (Kukita and Yamagishi 1983; Kukita 1988). As
seen in results, small urea molecules did not cause additional
observable osmotic effects on K* channels.

Calculation for Model of TBA Blocking

A calculation of differential equations for the model
described in Scheme 1 and Fig. 9C-a were performed with
Mathematica 7 (Wolfram, USA). A nonlinear curve fitting
was performed with FigP software (Biosoft, UK).

Results

K* Channels at Asymmetrical K* Concentrations Open
Instantaneously on Depolarization More

with Symmetrically Increasing Nonelectrolyte
Concentrations

Typical traces of squid K™ currents in isotonic solutions are
characterized by their sigmoidal (delayed) activation on
depolarization (Fig. 1A-a, B-a), which is typical of squid
delayed rectifier K™ channels (Hodgkin and Huxley 1952).
As the osmolarity was increased with sorbitol, a small por-
tion of K channels was clearly activated instantaneously on
depolarization (Fig. 1A-b, ¢, B-b, ¢), which was not reported
by former investigators (Zimmerberg et al. 1990). Remain-
ing K* channels are activated sigmoidally in a usual manner
but in a slower time course with increasing the sorbitol
concentration. Inward tail currents at the end of depolariza-
tion were much larger in conventional axons (Fig. 1A) than
in periaxonal K accumulation-free (KAF) axons (Fig. 1B)
because a periaxonal K™ accumulation was up to a few
hundred millimoles in conventional axons but it was very
little in KAF axons. The difference between a baseline of
current trace at —100 mV prepulse and a zero current level at
the holding potential of —80 mV (shown with the broken line
before each current trace) was negligibly small. As listed in
Table 1, the leakage current is much smaller than /jy in both
conventional and KAF axons and it is smaller in conven-
tional axons than in KAF axons. After this I will designate the
initial jump as Ijy and the delayed activating component
activated with the time course designated by #, as Ip
(Fig. 1D) and Ig is the sum of Iy and Ip.

Looking at current—voltage relations for Iy (Fig. 1E, F),
outward currents Io decreased with sorbitol concentration
without any change of the voltage dependence as reported
by previous investigators (Zimmerberg et al. 1990). Cur-
rent—voltage relations look roughly straight but they are
composed with the activation curve of K* channels and the
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Fig. 1 Delayed activating K currents in hypertonic solutions were
anticipated with a stepwise activation. A Typical traces of K*
currents of a conventional axon at the sorbitol concentration of (in M)
0 (a), 1 (b) and 2 (c), respectively. Membrane potential was changed
from prepulse of —100 mV to —40 to 80 mV by 30 mV and returned
to —100 mV as shown in C. A broken line before each trace was a
zero current level at the holding potential of —80 mV. Vertical bars
show 2 mA/cm? (a and b) and 1 mA/cm? (). A horizontal bar shows
5ms. B Typical traces of KV currents of a periaxonal K*
accumulation free (KAF) axon (a—c). Other legends are the same as
in A. C Membrane potential was changed from long prepulse of
—100 mV to variable values and then returned to —100 mV, while it
was usually held at —80 mV during the intermediate time. D Outward
current (Ip) is composed of initial jump (/1y) and delayed-activating

current—voltage relation of open K* channels and the per-
iaxonal K accumulation distorted the curve additionally in
conventional axons (Fig. 1E). Even if they were obtained in
KAF axons, the activation curve should be carefully
obtained using the open K channel current—voltage
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component (/p) activated with time constant of #;,, (half-rise time).
E Peak K currents (Io) of a conventional axon are plotted as a
function of membrane potential. Data were normalized as if Io at
80 mV (vertical arrow) in control solutions was 100, and then were
averaged (n = 12). Error bars are shown on one side or masked by
marks. Sorbitol concentrations were (in M) O (open circles), 0.5 (solid
circles), 1 (open squares), 1.5 (solid squares), and 2 (open triangles),
respectively. F Peak K* currents (I) of KAF axons are plotted as a
function of membrane potential. Averaged data (n = 13) with SEM
are plotted in the same way as in E. G, H Averaged values of the
activation time t, of conventional axons (n = 12) (G) and KAF
axons (n = 13) (H) are plotted as a function of membrane potential
with SEM. Other legends are the same as E

relation (Kukita 1988; Clay 1991) in place of linear current—
voltage relations (Clay 2000). For these reasons, I did not
perform a further analysis to obtain the activation curve but
K" channels look to be activated above 0 mV (Fig. 1F).
The activation voltage is not much different from data in a
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Table 1 Iy and leakage current

Sorbitol Sucrose Glucose Erythritol Glycerol Ethylene glycol
Conventional
In 3.65 + 0.33 2.44 £ 0.46 3.61 £0.32 2.01 £ 0.59 3.49 £ 0.51 2.53 £0.52
Leak 0.09 £+ 0.01 0.06 £ 0.01 0.05 £ 0.02 0.06 £+ 0.01 0.02 £+ 0.01 0.06 &+ 0.02
n=12 n=7 n =21 n=4 n=>5 n=4
KAF
In 4.02 £+ 041 225 +£ 034 292 +£0.28 3.16 £ 0.30
Leak 0.26 + 0.02 0.12 £+ 0.01 0.03 £+ 0.005 0.15 +£ 0.02
n=13 n=4 n==6 n=238

Slope conductances of Iy after leakage subtraction and leakage currents (Leak) in mS cm ™2 are listed at nonelectrolyte concentrations of (in M)
2,1, 2, 2, 4 and 6 for sorbitol, sucrose, glucose, erythritol, glycerol, ethylene glycol, respectively. The slope conductance of I;y was obtained
between 60 and 80 mV and that for leakage currents (Leak) was obtained between —100 and —140 mV. Averaged values with SEM are listed for

conventional axons and KAF axons

Table 2 Fitting parameters for Goldman equation

M Conventional axon KAF axon
KO Vs KO Vs
0.5 12.0 -9.5 6.6 -39
1 14.4 8.0 9.2 2.0
1.5 13.6 17.0 17.4 —1.7
2 17.3 17.0 154 1.2
M Ko Vs Ko Vs
TMA-ASW 2 18.7 16.4
1/5 CI” ASW 2 19.8 8.8
M KO Vs KO Vs
Ig 2 10.2 11.5
I 2 9.2 2.0

Top parameters obtained by fitting current—voltage relations for /1y at the sorbitol concentration (in M) of 0.5, 1, 1.5 and 2 for conventional axons
and KAF axons. Fitted curves are shown in Fig. 2A and B by grey lines. Averaged data (n = 12) of conventional axons and those (n = 13) of
KAF axons were fitted with Goldman equation (Eq. 1). Middle parameters obtained by fitting current—voltage relation of /iy at a sorbitol
concentration of 2 M in TMA-ASW and one-fifth CI~ ASW. Averaged data (n = 8) of conventional axons were fitted with Eq. 1. Bottom
parameters obtained by fitting outward current at the end of short depolarization for 1 ms (/g) and Iy for KAF axons. Fitted curve were shown
with grey lines (Fig. 2C, D). Averaged data (n = 4) were fitted with Eq. 1

previous report (White and Bezanilla 1985) of squid K+
channels in which K channels were reported to activate
with a half activation voltage of approximately 6 mV.

Activation time constants increased with sorbitol con-
centrations but their voltage dependence did not change
(Fig. 1G, H), which was consistent with the previous report
(Zimmerberg et al. 1990).

Current—Voltage Relations of Initial Jump (/1n) are
Described with Goldman Equation

In an asymmetrical Kt concentration, i.e., external K"
concentration K of 10 mM and the internal Kt concen-
tration K; of 200 mM, a current—voltage relation of open

K* channel is nonlinear and was described with the
Goldman equation (Kukita 1988; Clay 1991). To qualify
how data are fitted with Goldman equation, I introduced an
additional parameter Vs to the original Goldman equation.
Current—voltage relations for Iy were much more nonlin-
ear than those of Iy (Fig. 2A, B) and were fitted with
modified Goldman equation (Eq. 1).

200 — Koexp(—Y¥)

I —exp(—+5%)

I =1Ia(V —Vs) (1)

where ¢, Kp, and Vs are a fixed theoretical value RT/F of
24.4 mV at 10°C, an external K™ concentration and a
correction parameter, respectively.
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Fig. 2 The initial jump (/in) increased with sorbitol concentrations
and its current-voltage relation was described with Goldman
equation. A, B Averaged initial jump (/;y) of conventional axons
(A, n = 12) and KAF axons (B, n = 13) are plotted as a function of
membrane potential with SEM, which are shown on one side or
hidden by marks. Values were normalized as in Fig. 1E, F and then
averaged. Data were fitted with a modified Goldman equation (Eq. 1)
in a voltage range from —10 and 80 mV (shown with a horizontal
arrow and a vertical dotted line) and then extrapolated. Parameters
for fitting are listed in Table 2, top line. C Outward currents on a short
depolarization for in ms 1 (open circles), 2 (solid circles), and 4 (open
squares) are plotted as a function of membrane potential. Data were
normalized to 100, at the end of 4 ms depolarization of 80 mV
(vertical arrow) and then averaged (n =4). Only Iz for 1 ms

Current—voltage relations were fitted well with Eq. 1 in
the voltage range between —10 to 80 mV where K
channels were activated fully as shown later. Because
correction parameter Vs are close to zero, it was justified
that current—voltage relations were fitted with Goldman
equations (Table 1, top). Ko ranged (in mM) from 12 to 17
for conventional axons and from 7 to 17 for KAF axons
(Table 1), which is slightly influenced by a different peri-
axonal K* accumulation in these preparations at the resting
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depolarization (open circles) were fitted with Eq. 1 in a voltage range
between —10 and 80 mV (shown by the vertical broken line and a
horizontal arrow) and then extrapolated. Parameters for fitting are
listed in Table 2, middle line. Tail currents on returning to —100 mV
(solid triangles) and —150 mV (open triangles) averaged at the
saturating level are plotted (see Fig. 3B). D The initial jump (/y) is
plotted as a function of membrane potential. Data are fitted with Eq. 1
and fitting parameters are listed in Table 2, bottom line. Other legends
are the same as C Inset Definition of current components. E,
F Averaged Io (left-hand ordinate) and I (right-hand ordinate) of
conventional axons (E, n = 12) and KAF axons (F, n = 13) are
plotted as a function of sorbitol concentration. Data were obtained at
80 mV (open squares, open circles) and 50 mV (solid squares, solid
circles) with SEM (shown on one side or hidden by marks)

condition but a periaxonal K% accumulation is not
remarkable at the start of the voltage jump comparing with
those at the end of a long depolarization.

Because Kq did not change with decreasing external C1™
to one-fifth, there was no contribution of ClI™ to Iy
(Table 1, middle). Replacing internal K* with Nat or
TMA, Iy decreased with I (data not shown).

The current—voltage relation for /g at 1 ms was quite
different from those at 2 and 4 ms and could be fitted with
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Goldman equation (Fig. 2C) as that of Iy (Fig. 2D)
because a delayed activating component was not yet acti-
vated (Table 1, bottom). Obtained Ko was roughly equal to
the K concentration in the external solution (i.e., 10 mM)
which means that the reversal potential is approximately
—73 mV. Although tail currents at the saturated level was
slightly below the extrapolated curve for /g (1 ms) and /Iy,
the current—voltage relation for I;y are remarkably non-
linear and the current is really reversed at the membrane
potential near Ex.

Io and Iy changed with sorbitol concentrations in a
reverse fashion (Fig. 2E, F); Io decreased but Iy increased
with sorbitol concentrations. Because Iy has a peak around
1.5 M, the number of K* channels activated is suggested to
increase osmolarity-dependently while single K* channel
conductance decreased in the same manner as in Io with
sorbitol concentration.

K" Channels Contributing Iy are Activated
at the Membrane Potential Lower by 50 mV than Those
Contributing Ip

Comparing with tail currents on returning the membrane
potential to —100 mV (Fig. 1B-a—), tail currents on
returning to —150 mV were large enough for a further
analysis (Fig. 3A). To clarify the characteristics of Iy
separately with those of Ip, the tail current after the short
depolarization was recorded with increasing the population
of Ip. Because a short depolarization from —150 mV for
1 ms did not activate Ip, tail currents observed were mainly
attributed to Iy (Fig. 3A-a).

An activation curve could be estimated from tail current
records, even if the current—voltage relation was nonlinear.
The amplitude of tail current before the delayed activating
component appeared could be fitted with Eq. 2 (Fig. 3B)
with fitting parameters (Table 3).

IMax
=17 exp(—K(V = Vip)) @)
where Iy.x, K, and Vy, are a maximum current, a parameter
for steepness, and a half-activation voltage, respectively.

Iy was activated with the half-activation voltage of
approximately —50 mV and the delayed activating com-
ponent was activated at much higher membrane potential.

The time constants (fpecay) Of the closing process of /iy
increased slightly with a depolarizing voltage (Fig. 3C,
1 ms) in the range where only Iy is observed but markedly
increased (Fig. 3C, 2 and 4 ms) as the population of Ip
increased.

The population of I at the end of a short depolarization
was redefined as Ipg/liy using Ipg (Eq. 3) in place of Ip.

Ing = Iz — Iy (3)

where Ipg and Ig are the delayed-activating component and
the K™ current at the end of a short depolarization,
respectively.

The decay time constants (fpecay) Were plotted against
Ipg/liN, which increased with the duration and the magni-
tude of depolarization (Fig. 3D). Considering that the
decay time constant was a kind of a weighted average of
time constants of Iy and Ipg, the decay time constant
should depend on Ipg/liy. When Ipg/ly is less than 0.5,
decay time constants are mainly attributable to those of Iy
and they increased in proportion to Ipg/In. Although the
dependence on Ipg/Iiy seemed to be slightly weaker for a
longer depolarization (Fig. 3D-b, 4 ms), the decay time
constants of the initial jump component Iy also increased
with time as explained by the activation process Scheme 1.
The delayed rectifier K channels are thought to be acti-
vated by depolarization through many successive closing
states in Scheme 1 (Gilly and Armstrong 1982; Hille 2001)
and the kinetics of closing processes is also affected where
K™ channels occupy in intermediate closing states.

Co=2Ci=2C: 2 2 G20

Scheme 1

where C;’s and O are successive closed states and a final
open state.

Therefore, Iy could close through the similar closing
pathway controlled by the voltage sensor.

Irn for Various Nonelectrolytes Decreased
with Decreasing Osmolarity

On reducing a sorbitol concentration from 2 to O M in the
same axon as in Fig. 1B, the current amplitude increased
and their time course became faster (Fig. 4A). Values of
Iy were roughly doubled but they were much smaller
than those at sorbitol concentration of 2 M. Decreasing
nonelectrolyte concentrations was much more difficult
because it took a longer time than increasing nonelec-
trolyte concentration and must be carefully performed not
to damage axons. For these reasons, the magnitude of Ig
was restored to only 65% of that in control solutions at
the beginning of each experiment. However, it is difficult
to say that lost K channels may contribute to the
increase of Iin.

Average values of Ijy at the start and at the end of
experiments with the maximum values of Iy, which were
observed at the second maximum concentration but not the
maximum concentration (Fig. 4B). Iy recovered almost to
the initial level in conventional axons (Fig. 4B-a) but it
recovered poorly in KAF axons (Fig. 4B-b). However, it
was clear that Iy decreased with decreasing osmolarity
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Fig. 3 Initial jumps were activated voltage dependently. A K*
currents activated with a short depolarization of (in ms) 1 (a), 2 (b),
and 4 (c) in 2 M sorbitol solutions were accompanied with inward tail
currents at the end of depolarization. A membrane potential was
depolarized from (in mV) —150 to —40, —10, 20, and 50 and returned
to —150 mV as shown in (d). A zero current level at the holding
potential of —80 mV is indicated by a horizontal broken line before
each family of traces. Vertical and horizontal bars show 0.2 mA/cm?
and 2 ms, respectively. B Amplitudes of tail current (/1,;) at the end
of a short depolarization for (in ms) 1 (a), 2 (b), and 4 (c) are plotted
as a function of amplitude of the short depolarization. Tail currents
were obtained as if /g at the end of 4 ms depolarization of 80 mV was
normalized to 100 (shown by a vertical arrow in Fig. 2C) and then
averaged (n = 4). Averaged data with SEM were fitted with Eq. 2
with parameters listed in Table 3. Tail currents saturated at around

Table 3 Parameters of activation curve for Iy

ms Vin Invtax K

1 -51.0 —10.3 0.038
2 —55.9 —9.8 0.072
4 —-50.4 —10.7 0.044

Parameters obtained by fitting activation—voltage curves (Fig. 3C-a,
b, ¢) with Eq. 2. Iyax, K and V, are a maximum current, a parameter
for steepness and a half-activation voltage, respectively
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—10, before the delayed activating component was remarkable.
C Decay time constants of inward tail currents (fpecay) are plotted as a
function of the amplitude of short depolarization. fpecays were
obtained by fitting tail current traces with a single exponential
function (see inset of Fig. 2D). Averaged data (n = 4) with SEM
(shown on one side) are plotted. The duration of depolarization was
(in ms) 1 (open circles), 2 (solid circles), and 4 (open squares).
D fpecays are plotted as a function of Ing/lin. Ipg Was the delayed-
activating component partially activated at the end of a short
depolarization (as shown in the inset of Fig. 2D), which was much
smaller than a fully activated level Ip shown in Fig. 1D. Values of
Ipg/Iin were close to zero during a short and small depolarization and
progressively increased as a delayed-activating component became
remarkable. Other legends are the same as in C

even if the osmotic pressure was increased with any
nonelectrolytes.

Ratio of I1y to Io Does not Depend on the Membrane
Potential

Because the single channel conductance of K™ channel was
reported to decrease by a unilateral application of hyper-
tonic solution from the inside of K* channels (Starkus et al.
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Fig. 4 Effects of hypertonic solutions were reversible. A K* currents
decreased on reducing sorbitol concentration from 2 to 0 M. Iy
decreased markedly while /g increased with accelerating the activa-
tion time course. Sorbitol concentrations were (in M) 2, (a), 1.5 (b), 1
(c), 0.5 (d), and O (e) (left). A broken line before each family of traces
is a zero current level at the holding potential of —80 mV. Vertical
and horizontal bars show 1 mA/cm? and 5 ms. Traces from the same
axon as in Fig. 1B were shown. B Ijys for various nonelectrolytes
were recovered when hypertonic solutions were restored to isotonic

1995; Shimizu and Oiki 2004), it could be supposed that
the single channel conductance decreases by the nonelec-
trolyte application from both sides. Furthermore, the
entrance of the open pore of K channel (Cuello et al.
2010) looks wide enough for nonelectrolytes to enter into it
to decrease the single channel conductance. Assuming that
species of K* channels and then their single channel
properties were the same in K™ channels for I;y and I, the
ratio of Iy to Io was interpreted to be the ratio of K"
channels contributing to Ijy in total K™ channels. Plotting
this ratio as a function of membrane potential (Fig. 5A, C),
it is concluded that this ratio increased with a sorbitol
concentration but not dependent on membrane potential
suggesting the previous assumption was correct.

In place of In/lp, the ratio of Iy to Ip (In/Ip) is
plotted as a function of membrane potential (Fig. 5B, D).
Values of Inn/Ip are slightly voltage dependent but are
strongly dependent on sorbitol concentration. Data
obtained from conventional axons and KAF axons are
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solutions. Three bars with SEM for each nonelectrolyte show the
control (left, white bar), the maximum value (middle, black bar), and
the recovered value (right, gray bar). Nonelectrolytes are indicated
above bars with their concentration in M at which I has a maximum
value below bars. When the maximum value was during the returning
course to 0 M, it was parenthesized. The number of experiments is
shown in parenthesis. Data of conventional axons () and KAF axons
(b) are shown

quite similar, even though leakage currents of these
axons were different.

Considering normal transition states of K channels are
successive closing states coupling with voltage-sensors, a
transition to produce Ijy should occur in the early stages.
K™ channels in the state Cy are equilibrated with those in
the state Ci(IT) with the equilibrium constant Kgq as Eq. 5.

Ci = Ci(IT) (4)
Kpq = 111_11; (5)

where k is the number of intermediate state in Scheme 1.

Because K™ channels in any intermediate states were
affected by the osmotic pressure, the sum of K channels
opened by the osmotic pressure can be considered to be
equal to the initial value Kgq at time of 0 because Cy varies
time dependently with the sum of all states to be equal to
unity in Scheme 1.
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Fig. 5 I1n/Io and I1N/Ip are independent of membrane potential. A, B
In/lo and Iin/Ip on a logarithmic scale are plotted as a function of
membrane potential. Sorbitol concentrations were (in M) 0 (open
circles), 0.5 (solid circles), 1 (open squares), 1.5 (solid squares), and
2 (open triangle). Data of conventional axons (A, B) (n = 12) and
those of KAF axons (C, D) (n = 13) are plotted with SEM, which
was shown on one side

Equilibrium Constant Kgq is Dependent on Solution
Osmolarity

The equilibrium constant Kgq for a different size of non-
electrolytes was plotted on the logarithm scale as a function
of osmolarity and could be fitted with Eq. 6 (Fig. 6).

KEQ = KC . exp(ﬁ . AH) (6)

where K¢, § and AIT are an equilibrium constant in control
solutions, a slope of data on the logarithmic plot and a
difference in osmolarity of hypertonic solutions from that
of control solutions, IT-TI, in osmol/l, respectively.

The equilibrium constant (Kgg) is described generally as
in Eq. (7).

Keg — exp (2—;}) (7)

AG = Vina - ATT (8)

where AG, AIl, and Viy4 are a free energy difference, I1-
IIy in N m~2 and a solute accessible volume in m>,
respectively, and R and T are the gas constant and the
absolute temperature. The equilibrium constants Kgq
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Fig. 6 Logarithmic values of Kgq are linearly related with osmolar-
ity. A Kggs on a logarithmic scale are plotted as a function of
osmolarity. Data for each nonelectrolyte are shifted horizontally with
the abscissa for clarity. Kggs at 80 mV on a logarithmic scale are
plotted as a function of osmolarity (osmol 17') with SEM, which are
shown in one direction or hidden by marks. Data of conventional
axons were fitted with Eq. 6. Nonelectrolyte species are shown near
the data. B Data of KAF axons are plotted as a function of osmolarity,
which was the osmolarity of solutions without urea (the same
osmolarity as in A) in place of a measured osmolarity of solutions
containing urea

obtained from KAF axons were quantitatively similar to
those from conventional axons (Fig. 6B).

Solute Inaccessible Spaces are Distributed Outside
the Pore

As shown in Egs. 6 and 7, the slope [ is the solute inac-
cessible volume in 1/mol and dividing f§ by Avogadro’s
number N,, the solute inaccessible volume (in A3 ) for one
K™ channel was obtained.

The number of water molecules per one K* channel was
obtained as expressed with Eq. 9.

Vina

N:
W Vi

©)
where V,, is the volume of one water molecule.

Because the solute inaccessible volume Vina and the
number of water Ny, were obtained at a variable mem-
brane potential and did not depend significantly on
membrane potentials, they were averaged between 0 and
80 mV for various nonelectrolytes are plotted as a



F. Kukita: Squid K™ Channel Opened by Osmotic Stress

- 90
A 2500
L 80
2000 70
L 60
é 1500 L =
< 50 )
>2 - 40
1000 [ 30
500 | 20
L 10

ol ; ; ; .
0 100 200 300 400
Molecular Weight
of Nonelectrolyte

-0

Fig. 7 A solute inaccessible volume Viya increased with the
molecular weight of nonelectrolytes. A Vinas of conventional axons
are plotted as a function of molecular weight of nonelectrolytes.
Values at variable voltages are averaged between 0 and 80 mV for
each nonelectrolyte. The left-hand ordinate shows Vinya in A® and the

function of nonelectrolyte molecular weight (Fig. 7).
Similar values of Viya was obtained when data were
plotted as a function of osmolarity of the corresponding
control solutions ignoring the contribution of urea because
urea was as small as ethylene glycol to cause the osmotic
effects.

The number of water molecules varies from 13 to 85
depending on the molecular size and there was not a cutoff
in its size. Variable solute inaccessible spaces might be
distributed in parts outside the pore.

Iy was not Observed in Both Hypertonic Electrolyte
Solutions and Isotonic Solutions with a Lower
Electrolyte Concentration

Nonelectrolytes in hypertonic solutions inevitably increase
the solution resistivity even if electrolyte molar concen-
trations were equal throughout experiments. I performed
two experiments to check the effect of the solution resis-
tivity; experiments in hypertonic electrolyte solutions
(Fig. 8A—C) and those in isotonic solutions whose elec-
trolyte were replaced partly with sorbitol in order to
increase the solution resistivity (Fig. 8D-F).

Increasing the osmolarity with keeping the ratio of K*
concentrations in external and internal solutions (Ko/Kp)
equal, K¥ currents increased (Fig. 8A-b) without obser-
vable Iy (Fig. 8B). A remarkable I;y was observed at Ky
of 1 M but the ratio of Iy to I was as small as could be
explained by the osmotic effect of small molecules
comparing with data for ethylene glycol (Fig. 7A). Time
constants increased in hypertonic electrolyte solutions
(Fig. 8C) by about twofold as described by previous
investigators (Wagoner and Oxford 1987), but was
smaller than in hypertonic nonelectrolyte solutions
(Fig. 1E, F).
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right-hand ordinate shows the number of water molecules that can
occupy this volume. Data of glucose and sorbitol are overlapped.
B Vinas of KAF axons are plotted as a function of molecular weight
of nonelectrolytes. A dotted line shows the data of A

When electrolytes were replaced with nonelectrolytes
keeping both the solution osmolarity and the ratio of K*
concentrations (Ko/Kj) constant, the solution resistivity
increased up to eightfold, which was more than that of
hypertonic solutions containing nonelectrolytes in which
the solution resistivity increased at most by 3.5-fold. In
these isotonic solutions, K' currents decreased with
decreasing Kj (Fig. 8D-a—c) but the current trace showed
typical characteristics of a delayed-activating kinetics
without initial jumps. In solutions whose solution resis-
tivity was increased by about eightfold (Fig. 8B-c), Iy was
not observable (Fig. 8E). Therefore, it is concluded that
osmotic effects of nonelectrolytes are not affected by an
inevitable increase of the solution resistivity.

TBA Blocks I in Hypertonic Solutions in Fast
Blocking Process Rather than in Normal Slow Process

If K™ channels for I;y and Ip are derived from different
species of K* channels, they are blocked by open channel
blockers independently of each other, changes in popula-
tion by the application of K* channel blocker TBA (tetra-
butyl ammonium) means that K* channels can be con-
verted to each other and then it is concluded that K™
channels for Iy and I are derived from the same molec-
ular species.

TBA is well-known open K™ channels blocker with the
typical blocking kinetics (Fig. 9C-a) (French and Shouki-
mas 1981; Hille 2001; Li and Aldrich 2004; Yahannan
et al. 2007), which was confirmed for K* channels in
isotonic solutions (blue traces in Fig. 9A). Typical char-
acteristics are that K™ currents in the presence of TBA
(blue traces in Fig. 9A) overlap with those in the absence
of TBA (black traces in Fig. 9A) in the rising phase and are
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Fig. 8 I;ny was not observed in hypertonic solutions with increased
electrolytes and in isotonic solutions with decreased electrolytes.
A K7 currents of the conventional axon in hypertonic solutions
containing concentrated electrolytes have not remarkable /jys (b and
c). Electrolytes were increased with ratios of internal and external K*
concentrations equal. Ko/K; were (in mM) 10/200 (a), 30/600 (b), and
50/1000 (c¢). A membrane potential was depolarized from a prepulse
of —100 mV to (in mV) —40, —10, 20, 50, and 80. Vertical and
horizontal thick bars on the right side show 2 mA/cm? and 2 ms. B I,
and Iy are plotted as a function of Kj. I at 80 mV (open squares) and
50 mV (open circles) are shown on the left-hand ordinate and Iy at
80 mV (solid squares) and 50 mV (solid circles) are shown on the
right-hand ordinate. Data with SEM (shown on one side or masked
by marks) are plotted (n = 5). C Activation time constants (f1/,) are
plotted as a function of membrane potential. Ko/K; are (in mM)
10/200 (open circles), 20/400 (solid circles), 30/600 (open squares),
40/800 (solid squares), and 50/1000 (open triangles). Data with SEM
(shown on one side or masked by marks) are plotted (n = 5). D K™
currents of the conventional axon in isotonic solutions had not

explained by the blocking mechanism that K* channels
were activated normally and then blocked after they
opened (French and Shoukimas 1981; Hille 2001)
(Fig. 9C-a). The model calculation shows the same
blocking profile (Fig. 9B).
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Iins (a, b, and ¢), while KT current decreased with decreasing K"
concentration. Electrolytes in TMA-ASW and K-IS were diluted with
isotonic sorbitol solutions containing only pH buffers. At the same
time, the solution resistivity increased. Ratios Ko/Kj were kept equal
and were (in mM) 5/100 (a), 2.5/50 (b), and 1.25/25 (c). A membrane
potential was depolarized from a prepulse of —100 mV to (in mV)
—40, —10, 20, 50, and 80. Vertical thick bars on the right hand are (in
mA/cm?) 2 (a and b) and 1 (¢), and a horizontal thick bar shows 2 ms.
E Ip and Iy are plotted as a function of a degree of dilution. /o at
80 mV (open squares) and 50 mV (open circles) are shown on the
left-hand ordinate and Iy at 80 mV (solid squares) and 50 mV (solid
circles) are shown on the right-hand ordinate. Data with SEM (shown
on one side or masked by marks) are plotted (n = 4). F Activation
time constants (#1,,) are plotted as a function of membrane potential.
Ratios (Ko/K7) are (in mM) 10/200 (open circles), 5/100 (solid
circles), 2.5/50 (open squares), and 1.25/25 (solid squares). Data
were not significantly different and then overlapped. Data with SEM
(shown on one side or masked by marks) are plotted (n = 4)

Comparable traces for I in hypertonic solutions were
easily observed after current traces were shifted upward
(red traces in Fig. 9E) but they increased much slowly
because K" channels were already blocked before they
were fully activated (Fig. 9C-b fast). A population of K+
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Fig. 9 Open K channel blocker TBA suppressed both Iy and I, but
in a different way. A K" currents of conventional axon in the
presence of TBA (tetra-butyl ammonium) in the internal solution
(blue traces) are shown comparing with control K* currents in the
absence of TBA (black traces) on the same horizontal and vertical
scales. A membrane potential was changed from —100 mV to 0, 40,
and 80 mV at the instance shown with an upper arrow. Black and
blue traces are depicted on the same horizontal and vertical scales
and the baseline of blue and black traces are the same for each TBA
concentration. Vertical and horizontal bars on the right hand show
2 mA/em? and 2 ms, respectively. Numbers above each trace show
TBA concentration in mM. B Current traces (blue traces) calculated
according to the model (C-a and C-b slow) in which K* channels
were blocked by TBA after they opened along the delayed activating
pathway. Blocking rates were increased in proportional to TBA
concentration. The black trace is that in the absence of TBA. C The
scheme that TBA blocks K™ channels in isotonic solutions (a) and in
hypertonic solutions (b). *Cs are equal to Ci(IT)s in Eq. 4. D K*
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currents in hypertonic solutions containing 2 M sorbitol were
suppressed by TBA (red traces). Current traces in the absence of
TBA (black traces) were shown on the same scale (a). As TBA
concentration increased (in mM) to 0.2 (a), 1 (b), and 5 (c), currents
decreased concentration dependently. Vertical and horizontal bars on
the right hand of traces show 0.5 mA/cm?® and 5 ms, respectively.
E Current traces in the presence of TBA (red traces in B) were
represented by shifting upward for a rising phase of I to be matched
to traces in the absence of TBA (black traces) at the start of
depolarization (upper arrow). Horizontal red traces before the voltage
change show the corresponding baseline shift. Current traces (red
traces) in the presence of 0.2 (@) and 1 mM TBA (b) were presented
on the same vertical and horizontal scales. Other legends are the same
as in A. F Current traces calculated in which K* channels were
blocked by TBA both in slow and fast blocking pathways (C-b).
These were obtained with reducing the initial value to one-third of
that in B. The black trace is that in the absence of TBA
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channels blocked in a usual slow blocking time course
(Fig. 9C-b slow) decreased with TBA concentration as
shown in Fig. 9F.

Iy in hypertonic solutions was remarkably blocked by
TBA as shown in the baseline shift (Fig. 9C) because K*
channels were open even at this early stage (Fig. 9C-b).

TBA Suppressed K Currents More Effectively
in Hypertonic Solutions

Ip was blocked by TBA in the isotonic solutions and in
hypertonic solutions independently of the membrane
potential (Fig. 10A) because TBA blocked K channels at
the end of the activation time course. Initial jump (In)
were blocked more effectively than I, because K* chan-
nels for I;y were opened steadily above 0 mV (Fig. 10B).
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Fig. 10 TBA blocks K* components independently of membrane
potential. A Percentage changes of I with the application of TBA in
the isotonic solutions (open marks) and in hypertonic solutions
containing 2 M sorbitol (solid marks) are plotted. Values of I, in the
absence of TBA are normalized to 100 in isotonic and hypertonic
solutions at each membrane potential (not shown). TBA concentra-
tions are (in mM) 0.2 (circles), 1 (squares), and 5 (triangles). Data in
isotonic solutions (n = 6) and those in hypertonic solutions (n = 8)
are plotted with the SEM. B Percentage change of Iy in hypertonic
solutions are shown at the TBA concentration of (in mM) 0.2 (solid
circles), 1 (solid squares) and 5 (solid triangles). Values of Iy in the
absence of TBA are normalized to 100, at each membrane potential
(not shown). C Percentage changes of steady currents (Istp) are
plotted as a function of membrane potential. Open marks show steady
currents in isotonic solutions, and solid marks show those in
hypertonic solutions. TBA concentrations are (in mM) 0.2 (circles),
1 (squares), and 5 (triangles). Steady currents in the absence of TBA
are normalized to 100, at each membrane potential (not shown). D The
maximum slope in the rising phase of K* current trace is plotted as a
function of the membrane potential. The slope of K current in the
absence of TBA is normalized to 100, at each membrane potential. E,
F TBA blocking time constants (fgjock) are plotted with SEM as a
function of membrane potential in isotonic solutions (open marks,
E) and in hypertonic solutions (solid marks, F). They were obtained
from a current decay after the peak in the presence of TBA. TBA
concentrations are (in mM) 0.2 (circles), 1 (squares), and 5 (triangles)
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The blocking of the total K current (I) by TBA at the end
of the long depolarization for up to 64 ms (Istp) was
almost equal in both isotonic and hypertonic solutions
(Fig. 10C) at higher TBA concentration and the affinity of
TBA does not look different in isotonic and hypertonic
solutions. The maximum slope during activation decreased
much more markedly in hypertonic solutions than in iso-
tonic solutions (Fig. 10D).

The blocking time constants fgj.xs decreased with
membrane potential because the activation time constant
increased with membrane potential, while the blocking rate
increased with TBA concentration (Fig. 10E, F). The
blocking time constants were larger in hypertonic solutions
by three times (Fig. 10F) than those in isotonic solutions
(Fig. 10E) because the activation is slower in hypertonic
solutions.

Iy was blocked by TBA less than Igpp but it was
blocked to the same extent as TBA concentration increased
(Fig. 11A). On the other hand, Ip was blocked more effi-
ciently in hypertonic solutions than those in isotonic
solutions (Fig. 11B) and the difference of Ip and the
maximum slope of the activation were enlarged (Fig. 11C)
with TBA concentration. Because fgjooS are correlated
with t,,s at variable TBA concentration (Fig. 11D), the
initial value of I is estimated by extrapolating the block-
ing curve to time zero. This initial value in hypertonic
solutions was approximately 25% of that in isotonic solu-
tions (Fig. 11E) at TBA concentration of 1 mM corre-
sponding that 75% of I, was converted to Iy to be blocked.
At TBA concentration of 5 mM, I, was 3% (Fig. 11B) and
almost K channels were supposed to be blocked in the fast
pathway (the broken line in Fig. 11F).

Discussion

K" currents in concentrated nonelectrolyte solutions are
characterized with their initial stepwise activation Iy pre-
ceding a usual sigmoidal activation I at usual asymmet-
rical K™ concentrations. This was explained that squid
delayed rectifier K™ channels, which usually activate on
depolarization in a sigmoidal and delayed activation
kinetics in the isotonic solutions are partly opened by the
osmotic pressure. These Kt channels close at the mem-
brane potential below the resting membrane potential and
activate at the membrane potential by 50 mV lower than
the usual activation voltage of the squid delayed rectifier
K™ channels. Closing time constants for I obtained by tail
currents vary with the amplitude and the duration of the
preceding depolarization in the similar way to those of Ip.

Using TBA blocking kinetics typical of open channel
blockers (French and Shoukimas 1981; Hille 2001; Li and
Aldrich 2004), the population of K* channels contributing



F. Kukita: Squid K™ Channel Opened by Osmotic Stress 133
A 304 B 100 - C 100 -
L} W 2MSorh(I,) E 2M Sorb
) OM Sorb
O 1, 2M Sorb [ 2MSorb
[ L, 0M Sorb 80 7 T [ oMSorb 80
20
60 § 60 -
IS & <
g
40 1 7 40
10
20 20 4
0 - 04
0.2 1 5 0.2 1 5 0.2 1 5
TBA(mM) TBA(mM) TBA(mM)
D E 160 - M 2M Sorb F 100 -
3] {1 CJoM Sorb
H 140 T —_
] 0.2 | ® 50
[ 120 Nl
27 1 < 1 5
2 R 100 - o
£ 2 ] T
g o s 81 E
{9 0.2 % ol -y
1 8 1 E
] 40 S
1 = 20
0 - 20
0 5 10
0- - 0
Eatoex (ms) 0.2 1 0.2 1 5
TBA(mM) TBA(mM)

Fig. 11 TBA blocks Ip efficiently in hypertonic solutions. A Per-
centage changes of Iy in hypertonic solutions containing 2 M sorbitol
(black bars) with those of steady currents (/stp) in hypertonic
solutions (gray bars) and in isotonic solutions (white bars) are plotted
as a function of TBA concentration. Averaged values at 50 mV in
hypertonic solutions (n = 8) and those in isotonic solutions (n = 6)
are shown with SEM. B Percentage changes of (Ip) in hypertonic
solutions (black bars) and those of peak K currents (Io) in isotonic
solutions (white bars) and in hypertonic solutions (gray bars) are
plotted as a function of TBA concentration. In isotonic solutions,
Ip was equivalent to /g because Iy was zero. C Percentage changes in
the maximum slope of rising phase in isotonic and hypertonic
solutions in the present of TBA. D Activation time constants of

Ip in hypertonic solutions was estimated. If K* channels
contributing to Iy were different molecular species from
delayed rectifier K* channels contributing I, the popula-
tion of these K* channels, which was the sum of open K™
channels and blocked K* channels did not change. Using
the model calculation of TBA blocking (Fig. 9D), it was
concluded that this population decreased with TBA con-
centration. Most K™ channels for Ip was converted to K*
channels for Iy in the hypertonic solutions and could be
blocked by TBA efficiently before they were activated in
the delayed kinetics. Although using squid giant axons it
was difficult to prove directly that K* channels for Iy were
derived from same species of K™ channel molecules, this

Ip (t12) are plotted as a function of blocking time constants (fgjock)-
An activation time constant #;,, was defined by a half-rise time of
Ip. Open circles show data in isotonic solutions with SEM and solid
circles show those in hypertonic solutions. Figures along data show
TBA concentration in mM. E Ips at the start (0 ms) in isotonic
solutions (open bars) and in hypertonic solutions (solid bars) are
plotted as a function of TBA concentration. I, at the time of 0 ms was
estimated as In-exp (2t1/tgoe)- F The percentage of K channels
that were blocked in the slow pathway (Fig. 9C-a) was estimated by
dividing values in hypertonic solutions by the corresponding value in
isotonic solutions at the same TBA concentration. A gray dotted line
is drawn assuming that 100% of I, is blocked by TBA at 0.04 mM
and 0, at 5 mM

conversion might be a useful proof that in hypertonic
solutions same species of K channels activated directly by
the osmotic pressure and those activated after the succes-
sive closed states were equilibrated.

There may be several K* channels contributing the rest-
ing membrane potential (Goldstein et al. 2008) even in squid
giant axons but there was no report about these channels for
resting potential and only Kv families have been identified in
squid neurons (Rosenthal et al. 1996; Clay and Kuzirian
2000). T used the traditional naming as squid delayed rectifier
K™ channels in place of specific molecular species as Kvs
because there are several species possibly contributing squid
delayed rectifier K* channels, which show sigmoidal
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delayed activation kinetics, but all characteristics, including
inactivation process, was not yet explained by K* channels
identified in the cell body. Because K channels contributing
the resting membrane potential was not identified, squid
delayed rectifier K™ channels may work as these channels
because the resting membrane potential was stable enough in
hypertonic solutions to generate a usual conduction of action
potential (Kukita 1982).

Considering the mechanism of the appearance of Iy,
similar traces showing the stepwise activation are recalled.
This is a well-known reactivation kinetics after a short
hyperpolarization following the activation Scheme 1 and
was reported in squid giant axons (White and Bezanilla
1985) and in Shaker K* channels (Zagotta et al. 1994;
Schoppa and Sigwoth 1998; Zhang and Sigworth 1998;
Wang et al. 2004). This reactivation kinetics was explained
by the sequential closed states (Scheme 1) in which K
channels were residing in the later closing state close to the
open state were ready to open to present the instantaneous
activation. Contrary to these experiments with a short
hyperpolarization before the reactivation, in my experi-
ment the membrane potential was hold at —80 mV
throughout the experiments and the currents were mea-
sured after a sufficiently long preconditioning hyperpolar-
ization of —100 or —150 mV and all K* channels were in
early closing states. They were activated directly in
hypertonic solutions at the membrane potential close to the
resting potential by the aid of the osmotic shrinkage in
hydrophilic parts coupling the voltage-sensor to the pore
gate independently of states for the voltage sensors.

Osmosensitive K channels have been recently reported
(Schoenmakers et al. 1995) but they are activated by extra-
cellular application of osmotic pressure less than 0.3 osm/1
and sometimes they have been discussed in relation with
stretch-activated channels (Hamill 2006; Hammami et al.
2009) in the condition of patch clamping. On the contrary,
the experiment of intracellularly perfused squid giant axons
were performed with osmolarities on both side of the
membrane matched and the effect on membrane tension
ignored and then osmotic pressure effects were observed
even at the osmolarity above 4 osmol/l. My experiment was
intended for the osmotic pressure to exert on the protein itself
without accompanying the cell membrane expansion and
shrinkage. In this case even if osmolarity-sensitive K"
channels partly contributed to Iy, the effect was saturated at
a lower osmolarity. Furthermore the extracellular hyperto-
nicity in squid giant axons only decreased periaxonal K™
accumulation (Kukita and Yamagishi 1993; Kukita 1988)
but not affect Iry.

Previous investigators (Wagoner and Oxford 1987) did
not find the initial jump component Iy in concentrated
electrolyte solutions because they obtained data in sym-
metrical K* concentrations, in which K™ currents for the

@ Springer

initial jump were linear if existed and were completely
subtracted as the leakage component. Even in the asym-
metrical Kt concentrations, I found that I;y was much
smaller, which could be explained by the smaller size of
electrolyte than nonelectrolytes. Indeed, as shown in
Figs. 6 and 7, small nonelectrolytes such as ethylene glycol
and urea caused much smaller I;y but an interaction of
charged particles electrolytes with hydrophilic region of
K* channel might be quantitatively different from those of
nonelectrolytes. K current traces looks different from
those by previous investigators (Zimmerberg et al. 1990)
but I suppose that they might missing the data with the
large leakage currents. They described in several places
about large leakage currents and the difficulty of restoring
the osmotic effect (Wagoner and Oxford 1987; Zimmer-
berg et al. 1990). On the other hand, I demonstrated that Ijy
decreased in isotonic solutions after the hypertonic solu-
tions were gradually returned to isotonic solutions. I think
that the initial jump is a kind of leakage derived from
delayed-rectifier K' channels directly opened by the
osmotic pressure.
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