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Abstract

We investigated the effects of protons and calcium ions on the voltage-dependent gating of the hyperpolarization-activated, nonselective
cation channel current, /,, in rod photoreceptors. 7, is a cesium-sensitive current responsible for the peak-plateau sag during the rod response
to bright light. The voltage dependence of 7, activation shifted about 5 mV per pH unit, with external acidification producing positive shifts
and alkalinization producing negative shifts. Increasing external [Ca® "] from 3 to 20 mM resulted in a large ( ~ 17 mV) positive shift in 1,
activation. External [Ca® "] (20 mM) blocked pH-induced shifts in activation. Cytoplasmic acidification produced by 25 mM sodium acetate
led to a negative shift in inactivation (— 9 mV) and internal alkalinization produced with 20 mM ammonium chloride resulted in a positive
shift (+ 6 mV). Surface charge binding and screening theory (Gouy—Chapman—Stern) accounted for the observed shifts in /;, activation, with
the best fit achieved when protons and calcium ions were assumed to bind to distinct sites on the membrane. Since light induces changes in
the retinal ionic environment, these results permit us to gauge the degree to which rod light responses could be modified via alterations in /;,

activation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The well-characterized electrical changes that occur in
vertebrate rod photoreceptors during illumination are
accompanied by changes in the chemical environment
surrounding rods during illumination. Rods in the dark have
a membrane potential of about —40 mV and hyperpolarize
in response to light. If strong enough, this hyperpolarization
activates a voltage-dependent nonselective monovalent cat-
ion current, f,. The resultant depolarizing roll-back (“peak-
plateau sag”) is the primary mechanism shaping the rod
voltage response to bright light [2,3]. At the same time, the
extracellular space surrounding rods alkalinizes during illu-
mination [10,11,39,41,54]. This change in pH, is thought to
arise from a decrease in rod metabolism. An increase in
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[Ca®"], also accompanies illumination [17,21,34,55,56].
Several factors appear to contribute to the [Ca® ] changes:
(1) reduced Ca®” influx through cyclic nucleotide gated
(CNG) channels, (2) continued extrusion of Ca>" via Na/
Ca/K exchanger, (3) increased extracellular volume and (4)
calcium pumps (or exchangers) in retinal pigment epithelial
cells [17,34].

Extracellular Ca®>* and pH are known to alter the gating
of voltage-dependent ion channels. For example, shifts in
the voltage-dependent activation of L-type calcium chan-
nels, Kx channels, Ca-activated Cl channels and h channels
in photoreceptors have been observed upon changing
[Ca® "], and/or pH, [6,7,32,43,51,52]. For each voltage-
dependent ion channel, the observed effects have been
qualitatively similar—increasing [Ca® "], or decreasing
pH, results in a shift of the activation curves to more
depolarized levels, while decreasing [Ca® ], or increasing
pH, results in hyperpolarizing shifts of the activation
curves. Ca® " and pH are thought to bring about these gating
changes via alterations of the membrane surface charge.
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Previous studies have suggested that cations, such as H" and
Ca”", alter the membrane surface charge by screening fixed
membrane charges (Gouy—Chapman theory), binding to
these charges (Gouy—Chapman—Stern theory), or through
a combination of both mechanisms [13,18,23,24,26,30,31,
37,42,50]. This work examines how pH,, [Ca® "], and pH;
affect [;, and whether or not the alterations are consistent
with surface charge theory.

Recent elaboration of the molecular structure of the
channels underlying 7, (HCN channels) in several species
offers insight into the mechanisms with which these chan-
nels gate [19,27,35,45]. Although HCN channels enter
conductive states with increasing membrane hyperpolariza-
tion, we now know that the putative voltage-sensing S4
transmembrane spanning helix of HCN channels is similar
to the S4 region of channels activated by depolarization
(positively charged residues at approximately every third
position). The fact that HCN channels share this region with
depolarization-activated channels leads to speculation that,
for HCN channels, either the S4 region is not involved in
gating, the coupling mechanism between S4 movement and
channel opening is reversed, or that other gating schemes
predominate, e.g. transitions to conducting states in HCN
channels induced by hyperpolarization reflect transitions
from inactivated to activated states (discussed in Ref.
[46]). Should HCN channel gating modifications brought
about by protons and calcium be remarkably different than
those seen in depolarization-activated channels, clues about
the mechanism by which hyperpolarization opens the chan-
nels could be provided.

2. Materials and methods

Larval tiger salamanders, Ambystoma tigrinum (Kons
Scientific Supply, Germantown, WI), kept at 6-8 °C in a
refrigerator under an 8:16-h light/dark cycle, were killed
by decapitation. After enucleation, the cornea and lens of
the eye were removed, and the retina was peeled out in
standard bath solution. The rods were mechanically iso-
lated with gentle trituration using a fire-polished Pasteur
pipette. The cells were then plated in 0.5-ml wells formed
with Sylgard® 182 in plastic petri dishes. Recordings were
made at room temperature (21-22 °C) from light-adapted
rods exposed to constant illumination in a Nikon Diaphot
microscope.

The standard bath solution contained (in mM): 90 NaCl,
2.5 KCl, 3 CaCl,, 8 p-glucose and 10 HEPES, and was
adjusted to pH 7.6 with NaOH. Test pH,, solutions contained
the same components as the standard bath solution except
the amount of NaOH added was changed to give a final pH
near 6.0, 7.0, 7.3, 7.9 or 8.2. Test [Ca2 ™, solutions con-
tained the same components as the standard bath solution
except the amount of CaCl, was altered from 3 mM
(control) to affect a final [Ca®*], of 0.5, 10 or 20 mM.
For internal alkalinization or acidification, ammonium

chloride (NH4Cl) and sodium acetate (NaAcetate) solutions
had equimolar concentrations of NaCl replaced with 20 mM
NH4CI or 25 mM NaAcetate, respectively. Test solutions
were superfused over the cells for 1 -2 min, and washed off
for 2—5 min. The electrode filling solution consisted of (in
mM): 100 KC1, 10 HEPES, 3.5 MgCl,, 1.5 Na,ATP and 1
EGTA, and was adjusted to pH 7.2 with KOH. All chem-
icals were obtained from Sigma Chemical Company (St.
Louis, MO). Patch pipettes were pulled from soft, thin-
walled hematocrit glass tubes (VWR Scientific, West Ches-
ter, PA) in two steps on a vertical puller (Kopf model 730,
Tujunga, CA). When filled with this solution, the pipettes
had resistances between 5 and 10 M(). Currents were
measured using the perforated patch whole-cell voltage-
clamp method [29]. The tip of the patch pipette was filled
with solution and then the pipette was back-filled with
nystatin-containing solution (150 pg/ml). The time required
to gain access to the cell, judged from the development and
decrease in time constant of capacitance currents, varied
from 1 to 10 min. The whole-cell currents were recorded
using an Axopatch-200 or Axopatch-1B amplifier (Axon
Instruments, Burlington, CA) and Basic-Fastlab software
(Indec Systems, Sunnyvale, CA).

The range of voltages over which I/, activates was
assessed with a specific voltage-clamp paradigm. No chem-
ical agents were added to block other conductances.
Instead, — 80 mV was chosen as a test potential at which
I, could be isolated. Over the range of voltages tested (e.g.
—40 to — 110 mV), Ix, is the major contaminant but its
contributions to whole cell current were removed by evok-
ing [, tails at — 80 mV (see Fig. 1), a potential that is close
to the reversal potential for /x, under the conditions tested
here (— 79 mV, Ref. [8]). Tail currents were fit with single
exponential functions and current magnitude was measured
from the exponential fit extrapolated to the beginning of the
— 80 mV step. Activation curves were fit with the Boltz-
mann equation:

Iy — 110 1
v hhot (n

V=T 0

[h,max 1+e

where I, v and 1, 110 are the extrapolated amplitudes of I,
tail current obtained after conditioning steps to /' mV and
after the most hyperpolarized conditioning step (— 110 mV
in most cases); /nmax 15 the extrapolated tail current enve-
lope amplitude (spanning the range from —40 to — 110
mV, see Fig. 1); V7, is the half-activation potential; and z is
the slope factor.

The activation parameters at each test condition (pH,,
[Ca®"], and pH;) were estimated with respect to linear
interpolation between control (before) and wash (after)
values. Statistical data are presented as means £ S.E.M.
and statistical significance was estimated using the paired
two-tailed Student’s #-test. Significance was considered at
P<0.05.
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Fig. 1. Isolation of /;, at — 80 mV. (A) Voltage clamp recording of Z, from a
rod photoreceptor. The membrane potential was held at —50 mV and
shifted for 1 s to conditioning steps ranging from —40 to — 110 mV with
10-mV increments to evoke tail currents at — 80 mV. Arrows indicate the
tail current envelope encompassing the full activation range of 7. (B) CsCl
(0.3 mM) blocked the tail currents and most of the inward current that
developed during the conditioning steps. The current gated by the
conditioning steps resembles Iy, which reverses near —80 mV under
the conditions of this experiment, and is therefore not present at — 80 mV
(7). (C) Inhibition of f;, by CsCl was measured over a range of 0.01 to 1
mM CsCl. The data were fit by a cooperative binding function having
Kp=79.6 uM and Hill coefficient of 1.47. The numbers above each data
point indicate the number of observations at that concentration.

NH,4Cl and NaAcetate were utilized to increase or
decrease pH; of the rods (see Refs. [44,48,49]). A super-
fusion protocol similar to that utilized by Takahashi and
colleagues was used in the present study so that their
measurements could be used as approximations for expected
pH; changes in rod photoreceptors.

We determined the degree to which the effects of pH,
and [Ca® "], on I, gating are consistent with surface charge
theory. The Grahame equation [20,36] describes the rela-
tionship between the density of membrane surface charges,
concentration of ions in the medium, and the surface
potential:

PG =Y Cle T 1), (2)
i=1

where ¢ is the surface charge density in ¢ /A%, Gis a
constant with value of 270 A2 e~ ! Ml/z, RT/F=25.3 mV at
22 °C, C; is the concentration of the ith ion species in the

bulk solution, z; is its valence, and ,, is the surface potential
in mV.

Assuming that H" and Ca®>" ions bind to common
negative surface charges [18], the apparent charge density
is reduced and now the relationship between the apparent
and true negative surface charge density is [31]:

o
1+ Ku[HT]* + Koo [CaF)*

(3)

Oa

where K}y and K, are the apparent association constants for
H" and Ca®" ions, respectively.

Assuming that H" and Ca®" bind to different surface
sites, the relationship between the apparent and true neg-
ative surface charge density is [9,24]:

a1 )

Oy = + )
1+ Ku[HT* 1+ Ke [Ca®F)*

(4)

where g, and o0, are true surface densities of binding sites
for H" and Ca® ", respectively.

In Egs. (3) and (4), [H']* and [Ca®*]* are the surface
concentrations of H" and Ca””", respectively, which are
related to bulk concentrations [H'] and [Ca®] by the
following relations:

[H+}* = [HJr]eXp(_lpoe/kT)v
[Ca®*]* = [Ca®"Jexp(—2y,¢/kT). (5)

For the fixed charge densities in a range of 25 to 6400
A2, Egs. (2) and (5) were numerically solved together with
Eq. (3) or Eq. (4) by varying Ky and Kc,. Experimental
shifts in [, activation were fitted with calculated changes in

Yo

3. Results
3.1. Tail current measurement protocol isolates I,

This investigation required a reliable means for isolating
I,,. A voltage clamp recording paradigm used to isolate /;, is
presented in Fig. 1A. This record is from a rod photo-
receptor that was voltage clamped at a holding potential of
— 50 mV, and then stepped for 1 s to a series of conditioning
steps, each decremented by 10 mV (ranging from — 40 to
— 110 mV), before a test step to — 80 mV was applied to
generate tail currents.

The conditioning steps evoke two superimposed currents,
I;, and Iy, but the test step to — 80 allows I, to be isolated
in the tails (see Materials and methods). To confirm that this
protocol effectively isolates /;, in the tail currents, CsCl was
superfused over the cells since external Cs' is a known
blocker of I;, but not of Ixx [8]. Fig. 1B shows that
application of 0.3 mM CsCl effectively blocked the tail
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Fig. 2. External acidification shifts /;, activation to positive potentials. (A) Voltage clamp recording of 7, at control pH,, 7.6, at test pH,, 7.3 and upon wash. (B)
Boltzmann equation fits of the activation curve for £, at pH, 7.6 (control and wash, open symbols) and at pH,, 7.3. (C) A plot of AV, vs. pH,. The number of
cells studied is shown near each symbol. The solid line represents a linear regression fit described by AV;,=39.8 mV — 5.25 mV/pH* (pH unit).

currents evoked at — 80 mV and most of the inward current
that developed during the conditioning steps. The current
remaining is iy, as described previously [8].

Cs" blocked I, in a dose—response manner (Fig. 1C).
Block of I, was calculated by comparing the tail current
envelope in the test solution to that in control (indicated by
arrows in Fig. 1A). The dose dependence was fitted assum-
ing a cooperative interaction between Cs' and h channels
that gave values for Kp and n (Hill coefficient) of 79.6 uM
and 1.47, respectively.

3.2. External pH (pH,) affects I, gating

An example of how changing pH, affects /;, is shown in
Fig. 2. The current traces were obtained from a rod that was

initially exposed to control solution (pH,, 7.6; Fig. 2A), then
to a more acidic solution (pH,, 7.3; Fig. 2B) for 1 min, and
finally washed with control solution (Fig. 2C). The equal-
sized tail current envelopes obtained in this cell show that
the maximum magnitude of /;, was not affected by changing
pH,, but that its activation was shifted in the positive
direction. In this cell a +3.6 mV shift in V;,, was observed
(Fig. 2D).

This type of analysis was conducted for each test pH,
solution, and shifts in V7, (AV;,,) obtained from different
cells were combined and averaged. The resulting data are
plotted against pH, relative to the value AV;,=0 defined
for control pH, 7.6 (Fig. 2E). The linear fit yielded a
positive shift of 5.25 mV per pH unit acidification. In
addition to changes in the activation curve midpoint, pH,

Table 1
Effects of pH, on activation parameters of /;,
pH, AV, (mV) I1 max (normalized) Z (normalized) T (normalized)

6.98-7.07 (n=6)
7.26-7.32 (n=6)
7.92-7.95 (n=9)
8.20-831 (n=7)

2.37+0.50, 0.001 <P<0.01

1.83 +£0.04, 0.01 <P<0.02
—1.69%0.7,0.02<P<0.05
—4.00£0.8,0.001 <P<0.01

0.92+0.05,0.2<P<0.3
0.96 +£0.02, 0.8<P<0.9
1.09 +0.02, 0.001 <P<0.01
1.27 £ 0.11, 0.02<P<0.05

0.88£0.11, 0.3<P<0.4
0.99 £0.06, 0.5<P<0.6
1.04 £0.07, 0.5<P<0.6
1.37£0.11, 0.01 <P<0.02

1.02 £ 0.06, 0.7<P<0.8
1.01 £0.03, 0.7<P<0.8
0.95+0.03, 0.5<P<0.6
0.86 = 0.05, 0.02<P<0.05
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Fig. 3. Decreasing internal pH shifts /7, activation to more negative
potentials. Voltage clamp recording of 7, in control (A), after superfusion of
25 mM NaAcetate (B) and wash (C). An estimated decrease in pH; of 0.6
pH units would be expected with this treatment (Takahashi et al. [49]). (D)
Activation curves for 7, from the cell illustrated. Note the overshot positive
shift during wash.

induced small changes in the amplitude of [, the slope
factor of the activation curve, and the time constant for
current activation at — 80 mV. The values for AV, and the
normalized changes in other activation parameters (maxi-
mum current amplitude, slope factor, time constant) during
the pH, changes, including their significance levels, are
summarized for all cells studied in Table 1. Although
current amplitude increased with increasing pH, and the

time constant for activation at — 80 mV became shorter as
pH increased, few of the activation parameter change were
statistically significant.

3.3. Changes in pH; alter I, gating

To make the interior of the photoreceptor more acidic, 25
mM NaAcetate was superfused for 2 min over the cells.
Using results obtained in retinal horizontal cells [49], an
estimated decrease in pH; of 0.6 pH units would be
expected. An example of how NaAcetate affected 7, is
shown in Fig. 3. During application of NaAcetate, a change
in the tail currents is apparent. The tail current evoked after
the — 80 mV conditioning step is shifted from the middle of
the tail current envelope to the upper boundary, indicating
an activation shift in the hyperpolarizing direction. The
speed with which the tail currents developed (7) also
changed during and after the NaAcetate superfusion, an
effect that can be explained by pHj-induced shifts of the
activation curve provided that the 7 vs. voltage curve shifts
the same amount as the activation curve. Tail current
derived activation curves show a —9 mV shift after
NaAcetate superfusion and a 7 mV overshoot positive to
control upon wash (Fig. 3D). Such a large overshoot during
washout of NaAcetate may be caused by the increase in pH;
expected to accompany the rapid loss of protons from the
cytoplasm as protonated acetate molecules leave the cell in
this nominally bicarbonate-free system. In four cells studied,
NaAcetate superfusion shifted activation by —9 + 2.3 mV,
reduced /;, magnitude to 88 = 11% of control, increased
slope factor by 121 &+ 31%, and shortened 7 to 76 = 11% of
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§ N, 75
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—

=50 mV | 1
-; | -80 mV
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c O = NH,CI
o
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Fig. 4. Voltage clamp recording of J;, in control (A) and after superfusion of
20 mM NH4CI (B). (C) Activation curves for /;, from the cell illustrated.
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Fig. 5. External calcium shifts J, activation. Voltage clamp recording of I, with [Ca® "], of 0.5 (A) and 10 mM (B). (C) Activation curves for I, from the cell
illustrated in (A) and (B) fitted with the Boltzmann function. (D) A¥;,, vs. [Ca®>"],. The number of cells studied is shown near each symbol.

control values. Only the changes to V;, were statistically
significant (P <0.05).

Internal pH was increased by 2-min applications of 20
mM NH,4CI, which were expected to produce increases in
pH; of between 0.2 and 0.5 pH unit [44,49]. An example of
how NH,4CI affected 7, is shown in Fig. 4. The tail current
elicited after the — 70 mV conditioning step was displaced
during NH4C1 application towards the tail currents that
represent fully activated [, indicating that the activation
range of , was shifted to more positive potentials. A change
in the time constant of the tail current envelope was also
observed during NH4Cl application, which can again be
explained by a pH;-induced shift of 7. A +7 mV shift in
activation is seen in the tail current derived activation curves
(Fig. 4C). The values for AV, and normalized changes in
other activation parameters during changes in pH; can be
summarized as follows for five cells tested: AV, shifted
positive by 5.8 + 1.3 mV, current magnitude was reduced to
76 £ 15% of control, the slope factor increased by
134 £+ 15%, and the activation time constant was shortened
to 84 &+ 7% of control. Only the shift in AV, was statisti-
cally significant (P <0.02).

3.4. Changes in external calcium shift I, gating

Considered within the established framework of surface
charge effects, our pH, results suggest that surface poten-
tial may be altered by protons. Next the effect of varying
[Ca® "], on I, activation was studied. An example of how
[Ca® "], affected I, is shown in Fig. 5. As [Ca®"], was
increased from 0.5 to 10 mM, a shift in /;, activation in the
depolarizing direction was apparent in the tail currents. For
example, the tail current evoked after the — 80 mV
conditioning step in 10 mM Ca®", is nearer the tail
currents representing fully activated [, (Fig. 5B) than it
was in 0.5 mM Ca®", (Fig. 5A). The Ca®" sensitivity of
gating is depicted in the tail current-derived activation
curves (Fig. 5C).

Values for AV}, obtained at [Ca® '], 0.5, 10, and 20 mM
from different cells were combined and averaged. The
resulting data were plotted against [Ca®*], relative to the
value AV,,=0 defined at 3 mM [Ca®*], (Fig. 5D). The
values for AV, and relative changes in other activation
parameters during changes in [Ca® "], are summarized in
Table 2.

Table 2

Effects of [Ca '], on activation parameters of 7,

[Ca®™], AV (mV) I1y max (normalized) Z (normalized) 7 (normalized)

0.5 mM (n=06) —0.8+£04,0.1<P<0.2 1.07 £0.04, 0.1<P<0.2 1.15£0.11, 0.2<P<0.3 0.91 £0.04, 0.05<P<0.1
10 mM (n=7) 42+0.7, P<0.001 0.96 £ 0.04, 0.1<P<0.2 091 £0.12, 0.4<P<0.5 1.12£0.08, 0.1<P<0.2

20 mM (n=5) 144+2.2,0.001<P<0.01

0.90+0.05, 0.1<P<0.2

0.62+0.15, 0.05<P<0.1 0.82 £ 0.05, 0.001 <P<0.01
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Fig. 6. High [Ca® "], eliminates proton-induced gating shifts. (A) Voltage
clamp recordings of f, at pH, 7.6 and 8.2 while [Ca® "], remained at 20
mM. (B) £, activation curves fitted with Boltzmann function.

3.5. Protons and calcium do not act independently

Qualitatively, the above results appear to be consistent
with the hypothesis that pH, and [Ca®"], can alter I,
activation via modifications of the membrane surface poten-
tial. If protons and Ca®" bind to similar negative sites, the
pH,-induced shift should be abolished in high [Ca® '], and,
likewise, a great reduction in Ca®*-induced shift should
occur in low pH,. In contrast, if these ions bind to different
negative sites, activation shifts would be expected in both
cases.

To determine whether the changes in activation induced by
pH, are affected by [Ca®*],, pH,-induced changes in I,
activation were measured in 20 mM [Ca?*],. Since high
calcium produced a large positive shift in V7, the condition-
ing steps in many of these experiments were initiated at — 20
mV in order to measure full /, activation. An example of how
elevated [Ca” ], affected pH-induced shifts is shown in Fig.
6. Tail current-derived activation curves were not affected
much by an alkalinization from pH, 7.6 to pH,, 8.2 in 20 mM
[Ca®™], (Fig. 6), and these reflected an insignificant
— 0.9+ 1.2 mV shift in V), in six cells. Other activation
parameters (maximum current amplitude, 103 £ 4%; slope
factor, 130 + 19%; and time constant, 106 = 9%) showed no
significant changes as well. Acidification from pH, 7.6 to

pH, 7.0 in elevated [Ca® "], also failed to affect , activation
(AVyp, 0.0 £ 1.2 mV; maximum current amplitude, 104 +
3%; slope factor, 124 £ 20%; and time constant, 102 & 8%).
No significant shifts in [, activation parameters were
observed during changes to pH, 7.0 or 8.2 from pH, 7.6.

The above experiments demonstrated that pH,-induced
shifts in activation are suppressed by high calcium. In order
to observe how pH, affects calcium-induced shifts, experi-
ments were carried out in pH, 6.0 while [Ca®"], was
changed. Under these conditions, changing [Ca® "], from
0.5 to 20 mM produced a positive shift in V7, of about 10
mV in the cell shown (Fig. 7), although cell stability was
compromised. In two cells, average values for AV;,, were
10.4 £ 0.1 mV, which were significant at the P<0.01 level.
Owing to this large shift, normalized values of time constant
for activation at — 80 mV were also significant (P <0.01) at
85 £ 1%. The other activation parameters (maximum cur-
rent amplitude, 98 + 1%; and slope factor, 99 + 3%) failed
to reach significance when compared to control.

Surface potential theory was utilized to aid in the
interpretation of the data. Estimates of surface charge
density and binding constants in the surface potential
equations (see Materials and methods) were determined
assuming that shifts in [, activation were due to pH, and

A pH 6.0
2
0.5 mM [Ca
I |50 PA
P et e aEOA
e 0'25 S
/
H 6.0
B »p 2+
20 mM [Ca ],
N =<
-30 mV
-50 mV | )
; —] —-80 mV
2+
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1.04 ® =[Ca ], 20 mM
c
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-
2 o5}
-
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L
- 0.0
[0}
1 1 1 1 1
-80 -60 —40
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Fig. 7. An acidic environment reduces the effects of Ca>" on gating shifts.
(A) Voltage clamp recordings of I, in [Ca® '], of 0.5 and 20 mM while pH,
was 6.0. (B) The activation curves for I, fitted with Boltzmann function.
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Ca®"-induced changes in ,. The predicted shift in I,
activation from the surface potential equations were com-
pared with experimentally derived values including the data
in high calcium and low pH.

A model where only screening effects were assumed
(Egs. (2) and (5)) failed to fit the experimental data.

The next model tested assumed that Ca”>" and protons
bind to common surface charges. This involved solving
Egs. (2) and (5) together with Eq. (3). The following
parameters provided the best fit to the experimental data:
o=1/6.1e” A2, Ky=8.1x10" M~ "' (pK, 7.91) and
Kca=500 M~ .

To obtain a better fit, Eq. (4), which assumes that protons
and Ca® " bind to independent membrane sites, was utilized.
This involved solving together Egs. (2), (4) and (5). The
solution that best matched the experimental conditions had
the following parameters: g; = 1/33.4e™~ A~ 2 6,=1/10.75¢"
A72 Ky=2.0%x10" M~ ! (pK, 7.29) and Kc,=1 M~ 1.

4. Discussion

This work examined the effects that pH and Ca® " have
on the activation of the hyperpolarization-activated cation
current [, in isolated salamander rod photoreceptors. Our
results establish that gating of hyperpolarization-activated ;,
in rod photoreceptors is affected in a manner that is
essentially identical to that of depolarization-activated ion
channels when exposed to surface charge modulating agents
such as protons and extracellular calcium. This suggests that
the fundamental mechanisms governing the voltage-sensi-
tivity of /;, channel gating are similar to those described for
depolarization activated channels. This is consistent with the
knowledge that S4 (voltage sensing) regions for both HCN
channels and channels activated by depolarization are of
similar composition. Classical treatment of 7, kinetics in
cone photoreceptors identified at least two ‘closed’ states,
favored by depolarization, and at least three ‘open’ states,
favored by hyperpolarization [5]. Although far from con-
clusive, our present results support the proposed hypothesis
that hyperpolarization-induced transitions from non-con-
ducting to conducting states in HCN channels arise from
transitions from inactivated to open states [46]. If so, it
seems unlikely that true closed states, favored by strong
membrane hyperpolarization, are observed in the HCN
channel gating scheme at least over the range of membrane
potentials that can be tested.

4.1. Modification of I, gating by external and internal pH

The changes in gating of HCN channels in salamander
rod photoreceptor cells reported here are similar to pH,-
induced shifts that have been observed for other ion channels
such as calcium, potassium and calcium-activated chloride
channels in photoreceptors, and calcium channels in the
heart and sympathetic neurons [6,7,25,28,31,32,33,58].

Quantitatively, the pH,-induced shifts obtained in this study
were similar to the values obtained for rod Kx channels [32]
and cardiac Ca channels [31]. Generally, these pH,-induced
shifts in gating have been described by the Gouy—Chapman
theory that incorporates alterations to the membrane surface
potential caused by proton binding to specific sites on the
membrane surface.

However, two recent studies of external pH action on 7,
gating found no effects. Heterologously expressed in FLP-
IN-293 cells, HCN1 and HCN4 channels showed almost no
external pH sensitivity in the range reported in our work, but
showed dramatic flattening of the activation curve in the
range of pH 3—4 [47]. In rat thalamic slices, no effect of pH,
on [, whatsoever was detected in experiments with either
HEPES or HCO;3 buffered salines [40].

An earlier study utilizing lobster stretch neurons showed
no pHy-induced shifts in the / activation curve [16]. It was
suggested that no shifts were observed because the neurons
were exposed to a relatively high (25 mM) [Ca’ "], which
effectively blocked the relatively small changes in the
extracellular monovalent concentration.

Whereas the external actions of pH that we described
here were apparently not seen in thalamic neurons [40],
changing the internal pH of rod photoreceptors altered the
gating of [, in a similar manner as in thalamic neurons.
Acidifying the interior of the cell, using sodium acetate,
shifted the activation curve to a more hyperpolarized level,
similar to the effect seen in thalamic neurons which used
lactate or direct acidification of the pipette solution [40].
Alkalinizing the interior, using ammonium chloride, shifted
the activation curve to more depolarized potentials, again
similar to the thalamic report which used TMA [40]. These
shifts were in the opposite direction to the measured
extracellular pH induced shifts, which is the expected result
because negative charges have been identified on the
cytoplasmic membrane surface and the intracellular ionic
composition has been shown to alter channel gating [12].
For example, shifts in Na channel gating as [Ca®"]; was
altered that were opposite to the measured shifts induced by
extracellular calcium have been reported [13]. This obser-
vation was reasoned to be due to alterations in the mem-
brane surface potential. Since our results also show that
extracellular and intracellular pH changes shift 7, activation
in opposite directions, we propose that intracellular pH
alters the cytosolic surface potential.

Assuming that the changes we attempted to make to
internal pH were of the same magnitude as the changes
measured in rods [44] and horizontal cells [49], then the
shifts we observed in V7, were larger upon changing pH;
than upon changing pH,. This finding is similar to results
obtained with Na channels when intracellular calcium ion
concentration was changed [13]. This increase in proton
sensitivity might be due to a higher affinity of protons to
intracellular sites on the protein (different amino acids are
titrated), or to pH effects on channel regulatory mechanisms.
A single cytosol-accessible histidine residue has been sug-
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gested to determine the pH sensitivity of expressed HCN2
channels, which underlie 7, in heart and brain [59]. Internal
pH is known to affect the activity of cAMP-dependent
protein kinase (PKA), however, this can be ruled out in
the present work since PKA has not been shown to regulate
activity of /, in rods [1,15].

4.2. Modification of I, gating by Ca’*

I, activation is altered by changing the external concen-
tration of calcium. This type of alteration of an ion channel
by divalent ions has been observed in other ion channels
such as Q channels from lobster stretch receptor neurons, Ca
channels from heart, K channels from photoreceptors and
heart, Na channels from bullfrog skeletal muscle and heart,
and h channels from rod photoreceptors [14,16,22,23,26,33,
52,53,57]. The divalent-induced shifts in ion channel acti-
vation are generally explained on the basis of a surface
potential hypothesis. Divalent cations are thought to pro-
duce their effect by screening negative surface charges
through titration of specific binding sites. Quantitatively,
our values are similar to Ca” -induced shifts previously
measured for /;, in rod photoreceptors and I, from lobster
stretch receptor neurons [16,52].

4.3. Competition between protons and calcium

Our results suggest some degree of interaction between
Ca’" and H" for membrane surface charges. Interactions
between Ca® " and protons have been previously observed:
pH- and Ca®"-induced shifts in ion channel gating were
reduced as [Ca’ ], and [H'],, respectively, were increased
[24,33,42,53].

Although very small shifts remained apparent as a trend,
pHo-induced gating shifts were reduced to a level that did
not reach statistical significance when measured in 20 mM
[Ca®™],. This may indicate that protons and Ca’™ are
competing for the same site, and that at 20 mM [Ca® "],
most but not all of these sites are occupied by Ca’".
Alternatively, protons and Ca?" may bind to different sites
and when Ca” * occupies all of its sites this obstructs protons
from reaching their sites.

The persistence of a large Ca? *-induced shift in pH, 6.0
can be explained by assuming that the proton concentration
was not high enough to effectively influence the interaction
of Ca®>" with the binding sites. This idea seems feasible
since it required pH, 5.0 and lower to neutralize the
membrane charges in cardiac ventricular cells [31]. The
presence of two binding sites, one where protons and Ca®*
ions compete and another where only Ca®” ions bind (see
Ref. [33]), is also another possibility.

4.4. Surface potential theory

Divalent and monovalent cation—induced shifts in chan-
nel kinetics can be efficiently explained by alterations in the

surface potential [16,31]. The surface charge equations that
were used in this study were relatively effective in matching
the data. Predictions best fit the data when protons and Ca®*
were assumed to bind to separate sites; however, the values
obtained for surface charge density were not in general
agreement with some previously reported results. Our val-
ues for charge densities of about one negative charge per
few tens of A2 is much higher than 1/140e™ A= %and 1/
300e~ A~ 2 calculated for cardiac cells [23.33] and 1/210e™
A~ 2 calculated for sympathetic neurons [58]. Somewhat
different values for pK, were also observed: Previously
published pK, values ranged from 5.0 to 6.9 [33,58],
whereas pK, 7.29 was calculated using Egs. (2), (4) and
(5) in the present study. This pK, value suggests that a
protein containing an amino acid with an ionizable amino
group (pK, 8.0), e.g. lysine, or sulfthydryl group (pK, 8.5)
may play a role in binding protons. The amino groups of
membrane phospholipids could also play a role in attracting
protons.

The Ca®*-induced shifts in normal pH (pH 7.6), how-
ever, were not adequately fit by assuming H" and Ca® " bind
to independent or common surface charges. This suggests
that Ca® " may have different affinities for the binding sites.
For example, at a low [Ca®'],, Ca’ " may bind tenaciously
to the channel and eliminate the expected change in surface
potential. Another possible explanation is that Ca®* could
alter channel function by binding directly to the channel
protein and change its conformation in a manner that
renders it unable to follow the expected surface potential
predictions.

4.5. I, and the rod response to bright light

[lumination is known to cause changes in pH, and
[Ca® "], in the interstitial space surrounding photoreceptor
cells. The present results therefore indicate that naturally
occurring changes in protons and calcium could modify the
rod response to bright light by shifting the voltage range
over which /, activates. Light-induced changes in pH, have
been fairly well characterized as increases in pH of approx-
imately 0.2 pH units in the bulk interstitial space (reviewed
in Ref. [4]). Larger alkalinizations may occur in restricted
zones around the cells, and in particular, the largest pH
changes do occur in the region surrounding the photo-
receptor inner segments. A 0.2 pH unit increase would,
according to the present assessment, shift the activation of [,
by about 2.5 mV in the negative direction. This in turn
would effectively reduce [, activation, with the net effect on
rod membrane potential being a hyperpolarization of about
the same magnitude. This could be a significant dynamic
modification of the rod bright-light response.

Changes in [Ca® ], have also been carefully investigated
because such studies held the prospect of defining the role of
Ca”” in the phototransduction cascade [56]. Recordings of
light-induced increases in [Ca” "], appeared to support the
original ‘““calcium hypothesis” of phototransduction, yet
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were later reinterpreted in view of the still-current perspective
that light closes Ca” * permeable channels (the CNG channels
of the outer segment) while Ca® * extrusion persists, and that
changes in the interstitial volume occur. Nevertheless, light-
induced [Ca? '], increases of 0.2 to 200 pM remain in the
vicinity of the outer segments [21,38,55,56]. At the level of
the synaptic terminal and inner segments of rods, where HCN
channels are located, the change in [Ca® "], appears to be
much smaller [17]. Thus it is doubtful that endogenous
changes in [Ca® '], provide a significant modulating influ-
ence on I, making [Ca® '], an unlikely modifier of the rod
light response via this mechanism.
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