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Abstract

The pronounced peak-to-plateau sag during the rod photoreceptor
voltage response to bright light results when anonselective monovalent cation
current,

'h'

is activated by membrane hyperpolarization. Light also alters the

retinal environment by increasing extraceflular pH and calcium. The effects
of pH and calcium on

'h

gating were studied with patch-clamp in isolated

salamander rods. The midpoint of the activation curve for

'h

shifted about 5

mV per pH unit, with acidification producing positive shifts and alkalinization
producing negative shifts. Increasing extracellular [Ca2 Jresulted in a + 17 mV
shift in the activation curve relative to control, while reduction produced a - 1
mV shift. Acetate, which produces intracellular acidification, resulted in a -9
mV

activation

shift

while

ammonium,

which

produces

intracellular

alkalinization, resulted in a +6mV shift. These changes are consistant with
surface charge theory. The results suggest that light-induced changes in the
retinal environment could modify rod responses by altering

111

'h

activation.
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1.0 INTRODUCTION
Photoreceptors are specialized nerve cells that convert light energy into
an electrical signal. This electrical signal is transmitted to second and third
order retinal neurons which ultimately send the information to the visual areas
of the brain.

The light response of vertebrate photoreceptors is a complex

signal derived from the activity of cyclic guanosine monophosphate (cGMP)gated channels in the photoreceptor's outer segment and voltage-gated
channels in the inner segment (Baylor et al., 1984).
channels that underlie

'h

Of the latter, the h-

provide the primary inner segment mechanism

involved in shaping the photoreceptor response to bright light.
The purpose of this study is to examine, using voltage clamp analysis,
how changes in extracellular pH (pH0), extracellular calcium

({ CaZ1]0),

and

intracellular pH (pg.) affect the activation properties of 'h in rod photoreceptor
inner segments. The hypothesis being tested is that pH and [Ca'], alter the
voltage dependence of

1h

activation by changing the membrane surface

potential; increasing the extracellular concentration of calcium or protons shifts
activation to

depolarized potentials while

decreasing the

extracellular

concentration of calcium or protons shifts activation to hyperpolarized
potentials.

Changing intracellular pH also alters

'h

activation by producing

activation shifts opposite to those expected for extracellular changes.
The actions of pH and [Ca2,].on the light response are also modelled
using a computer simulation of the rod light response in order to establish

2
correlations between changes in activation of 'h with specific features (eg. the
peak-plateau sag) of this voltage response. Should relevant alterations in the
rod photoreceptor response be observed within physiological limits of change,
this work will establish that changes of [Ca2 ]
0 and/or pH could modulate this
important sensory signal.

1.1 The Organization of Rod Photoreceptors
Rod photoreceptors are present in the outermost neuronal layer of the
retina. Morphologically, rods can be divided into 3 parts; an inner segment
(IS), an outer segment (OS), and asynaptic terminal (Fig.1). The OS contains
the transduction machinery, such as the visual pigment rhodopsin, the GTPbinding protein transducin, cGMP-generating and -degrading enzymes and
cGMP-gated channels incorporated into the cell membrane. The IS contains
the metabolic machinery and voltage-gated channels that underlie synaptic
transmission and are involved in shaping the rod light response. The IS and
OS are connected by athin cytoplasmic bridge called the cilium (Ogden, 1989).
Rod synaptic terminals, known as spherules, make chemical synapses with
second-order retinal neurons such as horizontal and bipolar cells. Each rod is
also able to communicate electrically with other rods, and to a lesser degree
with neighbouring cones via gap junctions (Attwell and Wilson, 1980; Attwell
et al., 1984).

3

Figure 1. Diagram of adark-adapted vertebrate photoreceptor. The large bold
arrow represents the flow of "dark current" which enters via the cGMP-gated
channels of the outer segment and exits via the Kx channels of the inner
segment. The Na/Ca/K exchanger, shown in the outer segment, allows Ca2
+
and K to leave the cell while Na enters the cell. The small arrow through the
Ca channel in the inner segment represents the influx of Ca2+ that is necessary
for release of glutamate. Also shown in the inner segment is an h-channel
with no arrow indicating that it is not active in the dark.
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Figure 1.
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The OS and IS of photoreceptors are surrounded by processes of the
retinal pigment epithelial (RPE) cells. The RPE is amonolayer of cells located
between the neural retina and the choroid (a vascular structure that lies
between the RPE and sclera).

These RPE cells provide a number of

supportive functions, including the regeneration of bleached photopigment and
the uptake and degradation of discs that are shed by rods into the subretinal
space (SRS, the extracellular space that surrounds both the rod inner and
outer segment).

This space is bounded distally by the retinal pigment

epithelium (RPE) and proximally by the outer limiting membrane at the bases
of rod inner segments (Gallemore et al., 1994).

RPE cells also provide

nourishment to the retina by transporting fluid from the vascular system of the
choroid

to

the

subretinal

space,

which

functions

to

maintain

the

microenvironment of photoreceptors (Fijisawa et al., 1993).

1.2 Light Response
In the dark, the resting membrane potential of rod photoreceptors is set
by a balance between inward current through the OS and outward current
through the IS. This current flow is known as the dark current (McNaughton,
1990; see Fig. 1).

In the late 1960's it was known that, upon illumination,

vertebrate photoreceptors hyperpolarize due to the reduction of the steady
inward current of sodium ions which flow across the photoreceptor outer
segment membrane in the dark (Toyoda et al., 1969; Hagins, 1970).

Many

6
have measured the membrane current changes that occur in photoreceptor
outer segments upon illumination. An example of this kind of measurement
is shown in Fig.2 (taken from Baylor et al., 1984) which shows that as the
intensity of light is increased, a greater suppression of inward current is
observed. The overall appearance of the bright light response is conserved in
numerous vertebrates, such that the OS inward current shuts off with atime
course similar to that of arounded step function (example see Fig. 2) (Bader,
Macleish and Schwartz, 1979; Baylor et al., 1984; Cobbs and Pugh, 1987).
This waveform represents the decline of the OS inward current and is
commonly known as the photocurrent.
Until the early 80's, the understanding of how this light-induced
decrease in the OS inward current occurred was as follows: photons absorbed
by rhodopsin molecules in the intracellular disk membranes of rod OS (Penn
and Hagins, 1972; Yoshikarni et al., 1974) produced achain of chemical events
that ultimately modified the level of a diffusible internal transmitter in the
cytoplasm of the OS that controlled the light-sensitive conductance in the OS.
This internal transmitter substance was thought to modulate the dark current,
and thus the rod's membrane potential, by combining reversibly with Na
channels in the plasma membrane (Baylor and Fuortes, 1970).

In the early

1970's, the "Calcium Hypothesis" proposed that bleached rhodopsin molecules
released stored Ca" from OS disks, which proceeded to

block the OS

conductance (Hagins, 1972). The idea that Ca2, was the internal transmitter

7

Figure 2. Photocurrents and photovoltages from a rod photoreceptor in
response to brief (20 ms) flashes delived at time=0 of increasing intensity. A.
Photocurrent plotted relative to the level in darkness.

B. Simultaneously

recorded photovoltage from the same rod photoreceptor. Flash photon densities
in 500 nm photons J1m 2:1430, 255, 62.5, 11.4, 2.79 and 1.4. From Baylor et al.,
1984.
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substance was soon challenged due to the advancement of techniques such as
inside-out patch and single-channel recordings. These new techniques provided
evidence suggesting that cGMP was the true internal transmitter (Fesenko et
al., 1985; Haynes et al., 1985; Matthews, 1987). Today, it is understood that
photoreceptors hyperpolarize when exposed to light because of light-induced
hydrolysis of cGMP which leads to closure of cGMP-gated channels in the OS
(McNaughton, 1990)(Fig. 3).
The photoreceptor current response to bright light is noticeably different
than the cell's corresponding change in membrane potential (Fig. 2).

In

comparison to the simple photocurrent waveform, the change in membrane
potential (the photovoltage) is more complex. In the dark, rod photoreceptors
have a membrane potential near -35 mV. A bright flash of light produces a
hyperpolarizing response that first reaches apeak, then quickly declines to a
less hyperpolarized potential (often referred to as the "sag"), and then slowly
returns to the initial membrane potential (Baylor et al., 1984). If the
photovoltage waveform was shaped only by

the closure of OS cGMP-gated

channels, then a corresponding response should be observed when analyzing
the membrane potential. Since the photovoltage appears more complex than
the photocurrent, something in addition to the closure of cGMP-gated channels
must be occurring (Baylor et al., 1974).
In 1978, Fain et al. showed that external application of cesium chloride
removed the peak from the photovoltage such that the appearance of the

10

Figure 3. Diagram of a vertebrate photoreceptor in light.

The hydrolysis of

cGMP by light is represented by the broken molecule in the outer segment.
The Na/Ca/K exchanger in the outer segment remains active.

The inward

component of the "dark current" is lost due to the closure of the cGMP-gated
channels of the outer segment.

The decreased flow of current through Kx

channels of the inner segment is shown by athinner arrow. Voltage-gated Cachannels are no longer active in the inner segment thus no glutame release
from the synaptic terminal. The hyperpolarization activated h-channels are
active which carry a nonspecific cation current.

LIGHT CONDITION

cGMP-gated'

Figure 3.
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waveform resembled the photocurrent.

This suggested that the prominent

initial hyperpolarizing transient produced by a flash of bright light could not
be explained solely by changes in the

activity of cGMP-gated channels;

another conductance that increases during the light response and is blocked
by Cs must be responsible for shaping the photovoltage (Fain et al., 1978).

1.3

1h

in Photoreceptors
Because the photovoltage was more complex than the photocurrent, and

because Cs eliminated the peak in the photovoltage, it was proposed that the
photovoltage was

shaped by time and voltage-dependent conductances

(Schwartz, 1976; Detwiler et al., 1978; Fain et al., 1978).

A Cs-sensitive

conductance, possibly aNa or K conductance, or both, that increased during
the hyperpolarizing phase was suggested to be responsible for shaping the
bright light response (Fain et al., 1978; Werblin, 1979).
In 1980, Attwell and Wilson used the voltage clamp technique to analyze
the voltage-dependent properties of individual rods.

They observed that

hyperpolarization from the dark membrane potential produced a timedependent inward current, which they termed

A

.

This

"

A"

was not the same

transient outward K current described earlier by Conner and Stevens, 1971b).
The activation of 'A spanned between -40 and -80 mV, and the current did not
reverse in this range.

The use of the pharmacological agents, Cs

tetraethylammonium (TEA)

revealed

that

A

probably

consisted

and
of 2

13
independent currents, which Attwell and Wilson termed I. and I
i
,.

I, was

identified as an outward current that activated with depolarization over the
voltage range between -80 and -40 mV, reversed near - 105 mV, and was
blocked by external applications of TEA. The large negative reversal potential
suggested that I. may be carried by K ions. I, was characterized as an inward
current, activated upon hyperpolarization between -40 and -80 mV, reversing
near -32 mV, and blocked by external Cs (Attwell and Wilson, 1980).
Bader and colleagues ( 1982), using voltage clamp techniques, further
studied the ionic conductances in rod photoreceptors. They identified acurrent
that was activated with hyperpolarization beyond -50 mV, reversed at -32 mV
and blocked with external Cs. They renamed this the h-current

(1h),

which

had been originally called I, by Attwell and Wilson ( 1980).
I, is now known as the potassium current (I) that is activated by
depolarization between -70 and -30 mV, is quite specific for K ions, and
reverses near -75 mV (Beech and Barnes, 1989).

I
K.
, contributes to the

photoreceptor's dark membrane potential, and shapes responses to dim light.
While

'h

does not play a role in setting the dark membrane potential it is

thought to produce the pronounced peak-plateau sag during the response to
bright light (Bader et al., 1982; Barnes, 1994).
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1.4 Light-Induced [ Ca2 JChanges in the Retina
One problem with the Calcium Hypothesis was the lack of evidence that
Ca 2+ was released into the cytoplasm of rod outer segments upon illumination
and removed again in darkness. In order to investigate this problem, the net
movement of Ca2+ in rod photoreceptors of isolated rat retinas during
stimulation with light was measured using Ca2+
-selectiveelectrodes (Yoshikami
et al., 1980). Yoshikami and colleagues suggested that the release of internal
Ca 2+ could be detected by arise in its extrusion into the extracellular space.
They measured a transient, light-induced

increase in Ca2+ levels in the

extracellular space surrounding the outer segment layer, which

provided

indirect evidence supporting their hypothesis that illumination does cause an
increase in intracellular [Ca 2+ ({Ca2]1).
During the same

time period, Gold and Korenbrot

( 1980) also measured

light-induced calcium release from isolated photoreceptors. They too observed
an increase in [Ca2+]o upon illuminating the photoreceptor, and concluded,
following the hypothesis of Yoshikami et al., 1980, that this represented a
light-induced increase in [Ca2+]i (Gold and Korenbrot, 1980). Laser micro-mass
analysis demonstrated that rods contain alarge [Ca2+]i in their outer segments,
and in bright light as much as half the total [Ca 2,]
i can leave the rod during
1 min of illumination (Schroder, 1984). At the time these results suggested
that the Calcium Hypothesis was correct.
An important experiment conducted by Yau and Nakatini ( 1985) shed

15
new light on the role of calcium. They interpreted changes in the photocurrent
waveform in terms of Ca" influx and efflux through the OS plasma membrane
and suggested that light induced adecrease, rather than an increase in [Ca2 ]
1
,
contradicting the Calcium Hypothesis.

Investigators continued to measure

light-induced calcium changes in rods and the results were relatively
consistent. The typical response elicted by light was a transient Ca 2'efflux
from the OS, followed by atransient influx after illumination. The maximum
light-induced change in [Ca2 ]
0ranged from 0.23 jiM to 0.2 mM (Yoshikanii et
al., 1980; Yau and Nakatini, 1985; Gold, 1986; Miller and Korenbrot, 1987).
The light-induced [Ca2]0 change is now understood. In the dark, Ca 2
+
influx through cGMP-gated channels is balanced by Ca 2+ efflux through
KfNa/Ca2

exchangers

in

the

outer

segment (Schnetkamp,

1989).

Illumination reduces the Ca' influx without, in the immediate term, affecting
the efflux, resulting in anet Ca2+ efflux and consequently adecline in the free
[Ca2+]i within the outer segment (Yau and Nakatani, 1985; Nakatani and Yau,
1988).

The Ca 2' efflux initially increases after illumination but rapidly

declines due to the decrease in [Ca 2 I
i
.During the recovery of the dark current
after a bright flash, the Ca2+ movement should transiently be a net influx,
because free [Ca2 ]
1 has to be replenished by the resumed Ca 2+ influx before
extrusion can be restored to dark level conditions (Yau and Nakatani, 1985).
The sequence of events described above

explains the light-induced [Ca2 ]
0

changes observed in isolated photoreceptors and isolated retina but does not
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explain changes in [Ca2,]"measured in intact retinal preparations (eyecup).
Light-evoked [Ca2 ]
0 changes measured at the level of the photoreceptor
(subretinal space)using an eyecup preparation actually indicated a biphasic
response: an initial rapid increase in [Ca 2 ]
0 followed by a slower decrease in
[Ca2 ]
0 during illumination (Livsey et al., 1990). This differed from previous
observations because the decrease was observed while illumination was still
on, not after the light was turned off. In an attempt to account for this novel
result, Livsey et al. discussed two possible ways in which RPE cells could be
involved. They first suggested that the RPE may contain alight-activated Ca2
+
exchange and/or pumping mechanism. Their second suggestion postulated that
the light-induced shrinkage of RPE cells leads to an increase in the
extracellular volume surrounding photoreceptor cells, thereby diluting [Ca2 I
0.
Concurrent with the report by Livsey et al. ( 1990) was evidence for Ca2
,
uptake by frog RPE cells (Salceda, 1989). Salceda ( 1989) identified the
presence of a Na-Ca 2 exchanger that released Ca2+ from RPE under
depolarized conditions, while light induced an increase of Ca2, uptake, possibly
due to the reversal or inhibition of the Na-Ca2+exchanger. Fijisawa ( 1993) also
identified aNa-Ca 2 exchange mechanism of the RPE that could regulate the
[Caa 210 of the subretinal space by removing Ca 2'during illumination. Huang
and Karwoski ( 1992) used an extracellular ionic probe tetramethylammonium
(TMA) to demonstrate that alight-evoked increase in the extracellular space
does occur. The above results strengthen the explanations put forth by Livsey
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et al. ( 1990) for the unexpected changes in [Ca2 ]
0.
In 1994, Gallemore and colleagues took measuring light-induced [Ca2
,].
changes in the retina one step further by utilizing an intact cat eye
preparation. By advancing a Ca2'-selecfive microelectrode through the darkadapted retina, a dark transretinal calcium gradient was measured.

This

gradient showed an approximate 1m]VE difference between the rod synaptic
terminal (2 mM [Ca 2]0) and the tip of the rod outer segment (3 mM [Ca2 ]
0).
This transretinal gradient ceased to exist upon illumination, resulting in a
uniform 2 mM [Ca2+surrounding the rod.
Gaflemore and colleagues ( 1994) suggested that the dark transretinal
calcium gradient was due to a flux of calcium ions across the RPE with
subsequent diffusion through the retina. The light-induced decrease in [Ca2 ]
0
was thought to be due to a sudden decrease in the flux of calcium ions across
the RPE and an increase in SRS volume. Calcium release from photoreceptors
via the KfNa/Ca 2 exchanger, combined with the decrease in the calcium flux
and increase in SRS volume, maintains {Ca2 ]
0 during illumination at a
relatively stable and lower level than in the dark.

1.5 Light-Induced pH Changes in the Retina
Early measurements of light-evoked changes in pH,, in retina were
carried out using H+
sensitive electrodes in eyecup and isolated retina
preparations (Borgula et al., 1989; Oakley and Wen, 1989; Murray et al., 1991).
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Consistently, an increase in ph
illumination, was observed.

0 ranging

from 0.02 to 0.04 pH units during

Light-evoked changes in pH0 were measured in

the intact cat eye, and amuch larger increase of 0.20 pH units at the level of
the photoreceptor was measured (Borgula and Steinberg, 1984; Yamamoto et
al., 1992).

In all of the above pH experiments, the change in pH0 was

relatively slow.

For example, in the intact eye experiments, at the onset of

illumination the light-induced alkalinization had atime constant of 64 see, and
took 8-12.5 min to return to the dark-adapted level after the offset of
maintained illumination (Yamamoto et al., 1992)
The major source of acid production in the photoreceptor is from energy
metabolism, and the major energy currencies required are ATP and GTP (Hsu
and Molday, 1991; Koskelainen, 1994). Among amultitude of other functions,
ATP is necessary in the IS to fuel Na'
-K' ATPases which are critical for
maintenance of concentration gradients needed to sustain ,the dark current
(Winkler, 1981).

ATP is also necessary in the OS for phosphorylation of

rhodopsin, reduction of retinaldehyde, and the synthesis of GTP from GDP by
nucleoside diphosphokinase (Bownds et al., 1972; Kuhn and Dreyer, 1972).
GTP is required in the OS to activate the G-protein transducin and to
synthesize cGMP, which is necessary to gate the light sensitive conductance
(Berger et al., 1980; Fung and Stryer, 1980; Koch and Stryer, 1988).
The major metabolic pathway operating in the OS is anaerobic glycolysis
and the major pathways in the IS are aerobic glycolysis and respiration
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(Winkler, 1981; Hsu and Molday, 1991).

It has been known for many years

that the retina has a high oxygen consumption rate and one of the highest
metabolic rates among tissues studied (Graymore, 1969; Sickel, 1972; Winkler,
1981). Since some biproducts from metabolism are acidic, e.g. lactate and H,
it is expected that photoreceptors would be quite acidic (Katz and Oakley,
1989). Photoreceptors extrude acid by utilizing p11 regulatory mechanisms to
maintain internal pH at a desired level, resulting in the extracellular
environment of the rod being relatively acidic.
Upon illumination, the metabolic energy requirement for photoreceptors
is decreased due to the closure of cGMP-gated channels and loss of the dark
current. The decreased metabolic activity tends to produce less acid internally
thus less acid is extruded making the external solution surrounding the
photoreceptors relatively more alkaline (Borgula et al., 1989; Oakley and Wen,
1989; Yamamoto et al., 1992).
A pET0 gradient along the length of the rod photoreceptor has been
demonstrated in intact eye studies. In the dark, the IS is exposed to an acidic
environment; more distally toward the OS the extracellular space is more
alkaline. The p110 gradient spans a0.3-0.4 pH unit change from the proximal
portion of the IS to the tip of the OS (Yamamoto et al., 1992).

Under

illumination, the IS is exposed to much more alkaline conditions than in the
dark, resulting in a flattening of the pH gradient (Yamamoto et al., 1992).
Lactate uptake by the RPE cells (Yamamoto et al., 1992) could have arole in
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creating the p110 gradient.

1.6 Ca" and PH Alter Ion Channel Gating
Extracellular Ca2'and pH are known to alter the gating of voltagedependent ion channels.

For example, shifts in the voltage-dependent

activation of L-type calcium channels, Kx channels, Ca-activated Cl channels
and h channels in photoreceptors have been observed upon changing [Ca2 ]
0
and/or pH,, (Barnes and Bui, 1991; Barnes et al., 1993; Kurenny and Barnes,
1994; Wollmuth, 1994; Piccolino et al., 1995; Woilmuth, 1995).

For each

voltage-dependent ion channel the observed effects have been qualitatively
similar. That is, increasing [Ca 2]0 or decreasing p110(more acidic) resulted in
shifting the activation curves to more depolarized levels, while decreasing
[Ca2+]"or increasing pIT0(more alkaline) resulted in hyperpolarized shifts of the
activation curves.

Ca2+ and pH are thought to bring about these gating

changes via alterations in the membrane surface charge.
The original explanation for this phenomenon was proposed by Huxley
to Frankenhaeuser and Hodgkin back in 1957. Huxley suggested that calcium
ions may be adsorbed at the outer edge of the membrane thereby creating an
electric field inside the membrane which adds to that provided by the resting
membrane potential.

In this way, adsorbed calcium ions might alter the

distribution of other charged particles inside the membrane without changing
the over-all potential difference between inside and outside (Frankenhaeuser
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and Hodgkin, 1957).
This idea was similar to the Gouy-Chapman diffuse double layer theory
(Grahame, 1947). It assumes auniform distribution of charge and states that
the electrostatic force of negative charges on the cell membrane accumulates
various cations in the bulk phase which thereby determines the surface
potential quantitatively.

This phenomenon is also known as the "screening

effect" (McLaughlin et al., 1971).
Using this screening idea, the Negative Fixed Charge model was
suggested by Gilbert and Ehrenstein ( 1969) to better explain their Ca2'
-induced
shifts. They assumed that anegative fixed charge was uniformly distributed
over the outer surface of the membrane and that calcium ions from the
external solution could bind to the negative fixed charges, thus neutralizing
them (Gilbert and Ehrenstein, 1969). Using this assumption, they utilized a
modified form ofthe Gouy-Chapman equation developed by Stern ( 1924) that
included specific binding of Ca2, to the negative sites.

This modification

enabled Gilbert and Ehrenstein to successfully model their experimentally
measured Ca2'
-inducedvoltage shifts.
The late 60's early 70's thus provided two rationales as to why [Ca2
+
changes can alter ion channel gating: 1) Ca2+ screening membrane surface
(Gouy-Chapman theory) and 2) Ca2+binding to membrane surface charges
(Gouy-Chapman-Stern theory).
Chapman

equation

to

Many investigators have used the Gouy-

fit their results,

suggesting

a screening

effect
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(McLaughlin et al., 1971; Ohmori and Yoshi, 1977; Kass and Krafte, 1987;
Hank and Sheets, 1992), while others have utilized the Gouy-Chapman-Stern
equation to fit their experimental data, suggesting a binding effect or a
combination of screening and binding (Gilbert and Ehrenstein, 1969; Hille et
al., 1975; Kostyuk et al., 1982; Wilson et al., 1983; Kass and Krafte, 1987;
Krafte and Kass, 1988; Cukierman and Krueger, 1990; Hank and Sheets,
1992).
The negative surface charges involved in the attraction of extracellular
cations were initially thought to be located within the lipid membrane or at
least in the vicinity of the channel (Gilbert and Ehrenstein, 1969; McLaughlin
et al., 1971; Hille et al., 1975), however, recent studies using charged and
neutral bilayers have shown that the negative charges are located primarily
on the ion channel (Green et al., 1987; Cukierman et al., 1988).

Negative

surface charges are also thought to be present on the intracellular side of the
membrane, as changing internal ion concentrations also affects ion channel
gating (Chandler et al., 1965).

These intracellular membrane charges, like

extracellular charges, are thought to be located on the channel and on the lipid
membrane (Cukierman et al., 1988).
Currently, divalent and monovalent cations are thought to alter channel
kinetics by both surface charge screening and by binding to specific sites
located near and on the ion channel (Zalman et al., 1991; Kwan and Kass,
1993). How changes to the extracellular concentrations of Ca2'and H lead to
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an alteration in gating is presented in Fig. 4. The screening/binding effect by
a cation, eg. divalent cation in Fig. 4, leads to a reduction in the surface
potential and thus an increase in the transmembrane potential. This resulting
change in the transmembrane electric field is then thought to be detected by
the S4 voltage sensor of voltage-gated ion channels (Catterall, 1988) which
gives rise to an alteration in channel activation.

Thus changes in the

transmembrane electric field via alterations in external cation concentrations
produce a change, equivalent to a change in membrane potential, which
directly affects the activation range of voltage gated ion channels (Hille, 1982).

1.7 Summary
Vertebrate photoreceptors hyperpolarize in response to illumination.
This hyperpolarization activates anonselective monovalent cation current,
1hhas

Th

a depolarizing role that provides the primary mechanism involved in

shaping the photoreceptor response to bright light. Illumination is also known
to produce changes in pH0 and (Ca 2 }
0at the level of photoreceptors. This work
will examine how p110, (Ca2]0, and pH. affect

'h

and whether or not the

alterations are consistent with surface charge theory.
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Figure 4. Cations alter the membrane electric field. The electrical potential
profile NJ(x) near a membrane with fixed negative charges and bathed in an
electrolyte solution.

The slope of the bold curve (x) is proportional to the

strength of the electric field within the membrane. The membrane potential
EM is the potential difference between the bulk solutions. A. In zero [Ca2+

Wo

is anegative value. B. In High [Ca2
,]0, ji=O. In both A and B EM is the same
but the transmembrane electric field is altered upon increasing [Ca2
+
Modified from Hille, 1984.

Figure 4.
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2.0 MATERIALS AND METHODS

2.1 Isolation of Rod Photoreceptors
Larval tiger salamanders, Amby stoma tigrinum (
Kons Scientific Supply,
Germantown, WI), were kept at 6.5°C in a fridge with an 8-h light cycle.
Animals were killed by decapitation and the heads hemisected.

After

enucleation, the cornea and lens of one eye were removed, and the retina was
peeled out in standard bath solution (composition described below). The other
eye was stored in standard bath solution at 6.5°C for later use. The rods were
mechanically isolated from the retina by gentle trituration with afire-polished
Pasteur pipette.

The cells were then plated in 0.5 ml wells formed with

Sylgard 182 in plastic Petri dishes. Only intact rods (i.e. containing both inner
and outer segments) were

utilized.

Recordings

were

made

at room

temperature (21-22 °C) from rods exposed to constant bright illumination from
aNikon microscope, and thus were thoroughly light-adapted (Barnes and Hille,
1989).

2.2 Solutions
The standard bath solution contained (in mM) 90 NaCl, 2.5 KC1, 3
CaCl 2,8 glucose, and 10 EIEPES, and was adjusted to pH 7.6 with NaOH.
Test pH0 solutions contained the same components as the standard bath
solution except an appropriate amount of NaOH was added to give afinal pH
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of 6.0, 7.0, 7.3, 7.9 or 8.2.

Test [Ca 2,]"solutions contained the same

components as the standard bath solution except the amount of CaCl 2 was
altered from 3 mM (control) to a final [Ca 2,]oof 0.5, 10, or 20 mM.

The

ammonium chloride (N114C1) solution was the same as the standard bath
solution except that 20 mM N114C1 replaced an equimolar concentration of
NaCl. The sodium acetate (NaAcetate) solution was the same as the standard
bath

solution

except

that

25

mM NaAcetate

replaced

an

equimolar

concentration of NaCl.
The artificial internal solution (AIS) consisted of (in mM) 100 KC1, 10
HEPES, 3.5 MgCl 2,1.5 Na 2ATP and 1EGTA, and was adjusted to pH 7.2 with
KOH.

The AIS [Ca 2,].should be around 10 nM under these conditions

(Kurenny and Barnes, 1994).

A stock solution (30 mg/ml) of nystatin was

prepared in dimethyl sulfoxide (DMSO). 25 iii of nystatin stock solution was
added to 5ml of MS to give a final concentration of 150 ig/m1 nystatin MS
solution.
The pH of each solution was measured before each experiment with a
Corning model 240 pH meter (Corning, NY). All chemicals were obtained from
Sigma Chemical Company ( Saint Louis, MO).

2.3 Perforated-Patch Recording And Analysis
Patch pipettes were pulled from soft, thin-walled hemacrit glass tubes
(VWR Scientific, West Chester, PA) in two steps on a vertical puller (Kopf
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model 730, Tujunga, CA). When filled with MS the pipette resistance was
between 5 and 10 MI).

The bath reference electrode consisted of a bath

solution-filled agar bridge with aAg-Cl wire immersed in the standard bath
solution in the bridge holder.
Currents were measured using the perforated-patch clamp method (Korn
et al., 1991). The tip of awhole-cell patch pipette was filled with MS and then
the pipette was backfihled using nystatin containing MS solution.

Light

positive pressure was applied to the pipette before it was immersed in the bath
solution. By pressing the pipette against the inner segment of an intact rod
photoreceptor cell and then applying a small negative pressure (suction), a
gigaohin seal was created between the pipette and the rod membrane.
Nystatin, a polyene antibiotic, diffused to the tip of the pipette and formed
monovalent permeable channels in the patch of the cell membrane which
allowed electrical access to the cell. This was monitored as aslow increase in
transient current required to charge the membrane in response to a
rectangular voltage command.

The time required to gain access to the cell

varied from approximately 1to 10 minutes.
In all of the voltage clamp experiments, the membrane potential was
controlled using an Axopatch-200 or Axopatch-1B amplifier (Axon Instruments,
Burlington, CA) and the transmembrane current required to maintain the
desired voltage was measured. The membrane current was low-pass filtered
at 1000 Hz (-3dB point, four-pole Bessel) and recorded digitally at 500 Hz ( 12
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bit resolution) with a386 computer and 80 KHz Labmaster A/D board utilizing
Basic-Fastlab software (Indec Systems, Sunnyvale, CA).

The Basic-Fastlab

software also generated the voltage-clamp command stimuli and provided the
programs for data analysis, while Sigma Plot (Jandel, San Rafael, CA) and
Corel Draw (Corel Corporation, Canada) were used in graph preparation.
was

monitored as an inward relaxation,

due to its

activation,

'h

when

hyperpolarizing conditioning steps from -50 mV were applied. At the end of
the conditioning steps atail current envelope developed at the onset of the -80
mV test potential.
No

chemical

conductances.

agents

were

added

to

block

any

contaminating

Instead, -80 mV was chosen as the test potential which

effectively isolated

1h

For the range of voltages tested, I
K,, is the major

contaminate and was removed by evoking tail currents at -80 mV.
protocol isolated

1h

This

in the tails because -80 mV is close to the reversal potential

for I (-79 mV) making the driving force for K ions and I minimal (Beech
and Barnes, 1989).
The value for the reversal potential of I (Erev) was calculated using
the Goldman-Hodgkin-Katz voltage equation (hue, 1984)

Erev

= 21n
F

Na

[
Na]

O

1Na

[
Na]

i

+PK[K]

[
K]

(1)

where R=8.3145 J/(moloK), T=temperature (K), F=9.649x10 4 C/mol, Z--valence
and P=ion permeability, PNafPK=O•024 (Beech and Barnes, 1989).
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The voltage step to -80 mV also removes most of the K component of 'h'
which has a permeability ratio (
PNaIP K)near 0.2 (Hestrin, 1987), resulting in
Na being the main charge carrier. Since the kinetic properties of

'h

are not

afunction of the permeating ion species (Woilmuth and Hille, 1992), it does not
matter whether

'h

is carried by Na, as at -80 mV, or by acombination of Na

and K at other potentials.
Tail currents were fitted with single exponential functions.

Time

constants (t) obtained following the three most positive conditioning voltage
steps were averaged to yield the mean time constant at -80 mV. The current
magnitude was measured from the exponential fit extrapolated to the
beginning of the -80 mV step.

Activation curves were fitted with the

Boltzmann equation:

(Ih,v — Ih,_110)

(Ih

where

'h,.

max

)

-

'h,rnax

is the tail current envelope amplitude (in pA), V112 is the half-

activation potential and zis the slope factor.

'h,v

current obtained after conditioning step to V (mV).
'h

(2)

1+exp( v+ V1/2)

is the amplitude of
'hllO

'h

tail

is the amplitude of

tail current obtained after the most hyperpolarized conditioning step (- 110

mV in most cases).
Changes in the activation properties of

'h

were assessed through tail

current-derived activation curves which revealed the activation range, the
activation midpoint, and the equivalent gating charge.

The activation
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parameters at each test (pH., [Ca 2'
1.and pH1)were estimated with respect to
those obtained by linear interpolation between control and wash. Statistical
data are presented as mean ± S.E.M. and statistical significance was estimated
using paired two-tailed Student's t-test.

2.4 Superfusion of the Rod Cells
Bath perfusion was accomplished using an eight way valve to control
perfusate, and bath volume was maintained near 1.0 ml by aheight-adjustable
tube connected to a suction pump. This allowed rapid bath applications, and
smooth nonpulsatile exhaust of media. The control and wash solutions', if not
indicated otherwise, consisted of standard bath solution maintaining external
pH and calcium at 7.6 and 3 mM respectively.

Test solutions contained

varying pH and/or (Ca2
,]".
Upon superfusion of control solution, current records were obtained. The
test solution was then superfused for about one minute, or the time taken for
approximately 5ml of solution to flow, before current records were taken. The
cell was then washed with the control solution and after 1 minute, current
records were taken again.
Experiments in which pq. was changed differed with respect to the time
the test solutions were superfused. The pH test solutions containing NH4C1 or
NaAcetate were superfused for two minutes before recordings were taken. This
protocol followed that presented in Takahashi et al. ( 1993), as described in the
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following section.

2.5 Changing Intracellular pH in the rods
The commonly used compounds NH4C1 and NaAcetate were utilized to
alter pH of the rods. As has been previously shown in retinal horizontal cells
from fish retina (Takahashi et al., 1993), NH4Cl increases pH (increased
alkalinity) while NaAcetate decreases pH (increased acidity) (Takahashi and
Copenhagen, 1992; Takahashi et al., 1993).

Takahashi and colleagues

quantified the internal pH changes brought about by NaAcetate and NH4C1
applications, using fluorescent pH indicators. After a2minute application of
25 mM NaAcetate and 20 mM NH4C1 solution they observed changes in pH of
-0.6 and +0.2 pH units, respectively. A superfusion protocol similar to that
utilized by Takahashi and colleagues was used in the present study so that
their observed values could be used as approximations for expected pH
changes in rod photoreceptors.
NaAcetate and NH4C1 are advantageous in that they are able to change
pH while holding pH. constant. These compounds achieve this task because
NH4C1 and NaAcetate are aweak base and acid, respectively. Because these
species are incompletely dissociated in aqueous solution at pH 7.6, there are
some uncharged molecules of the acid or base present which are able to
penetrate the cell membrane and subsequently alter

pH

(Thomas, 1984).

When NaAcetate solution is applied, the uncharged form of acetate enters the
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cell due to the concentration gradient.

Once inside the cell it can rapidly

dissociate into H and acetate ions causing adecrease in the intracellular pH
(see Fig. 5). The NH4C1 solution acts in asimilar manner to increase the pg..
The dissociation of NH4 to NH3 and H allows NH3 to permeate into the cell.
Once inside, NH3 serves as a H

acceptor which leads to an increase

(alkalinization) of the cell's interior pH (Thomas, 1984; see Fig. 5).

The

disadvantage of using these reagents is that we do not know exactly what the
change in intracellular pH will be.

However, what is of primary interest is

apprpximately how much the pH changes and in what direction.

2.6 Surface Potential Theory
In order to determine whether the observed shifts in

1.

gating could be

caused by alterations of the surface potential, astrategy similar to that used
by Wilson et al., ( 1983), Krafte and Kass ( 1988), and Kwan and Kass ( 1998)
was utilized to calculate theoretical expectations for the surface potential.
The Grahame equation (Grahame, 1947; McLaughlin, 1977) describes
the

relationship

between

the

density

of membrane

surface

charges,

concentration of ions in the medium, and the surface potential:

1?

a=(1/G)2(E

C.(exp[-Z jFill c/RTI -1))

(3)

i1

where cy is the surface charge density in
a

of 270

(A2/charge)(mole/litre)112,

RTIF

=

eiA2,

G is aconstant and has avalue

25.3 mV at T = 22°C, C1is the
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Figure 5. Intracellular pH can be altered utilizing ITaAcetate and NH4C1. A.
The neutral form of NH4 ,NH3 is able to permeate into the cell's interior.
Once inside, NH3serves as aH acceptor which results in increasing pH1(more
basic). B. The uncharged form of acetate, H3CCO 2H (acetic acid) is able to
permeate the cell membrane and once inside it liberates a proton thus
decreasing pH4(more acidic). Modified from Thomas, 1984.
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NH 4

NH 3

more basic

more acidic
Figure 5.
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concentration of the ith ion species in the bulk solution in moles per litre, Z
is its valence, and W.is the surface potential in mV. This equation describes
how xV.changes in response to a screening effect by extracelitilar ions.
If we assume that H' and Ca2+ ions bind to common negative surface
charges, as described by Gilbert and Ehrenstein ( 1969), the apparent charge
density is reduced, and now the relationship between the apparent and true
negative surface charge density is (Krafte and Kass, 1988):
a
1+KH[H 4'] * +Kca[Ca 2+]"

where KH and K

a are

(4)

the apparent association constants for H4
'and Ca2"' ions,

respectively, to negative charges of a surface charge a.
If W and Ca2+ bind to different surface sites, the relationship between
the apparent and true negative surface charge density is (Begenisich, 1975;
Hille et al., 1975):

1+
0

1+Kfl[H+]*

0

2

1+Kj,Ca 24'] 4
'

(5)

where al and a2 are true surface densities of binding sites for H" and Ca2+
respectively.
In equations 4 and 5,

[111*

and [Ca2+1* are the surface concentrations of

H and Ca24', respectively, which are related to bulk concentrations [Hi and
[Ca2+1 by the following equations (Kwan and Kass, 1993):
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[Hi =[H }
exp( -r
0e/kT),

[Ca2i * =[Ca2]exp(-2qr0e/kT).

(6)

The fitting of the experimental data was performed using a program
written in Quick Basic. For the fixed charge densities in arange of 25 to 6400
eiA2,equations 3and 6were numerically solved together with equations 4 or
5 by varying K. and

Ka•

The results of the best fit obtained at particular

charge densities were used in generation of the activation shifts predicted by
the surface charge screening mechanism.
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3.0 RESULTS

3.1 Tail Current Measurement Protocol Isolates

'h

A voltage clamp recording of 'h is presented in Fig. 6A. This record is
from a representative rod photoreceptor cell that was voltage clamped at a
holding potential of -50 mV, and then stepped for one second to a series of 10
mV decremental conditioning steps ranging from -40 to 110 mV before atest
pulse to -80 mV was applied to generate tail currents. The conditioning steps
evoke two superimposed currents,

'h

and I, but the test step to -80 allows

1h

to be resolved in the tails (as explained in Methods).
In order to confirm that the chosen protocol effectively isolates

'h

in the tail

currents, CsCl was superfused over the cells; external Cs is aknown blocker
of

1h

but not of I (Beech and Barnes, 1989). Figure 6B shows that external

application of 0.3 mM CsCl effectively blocked the tail currents evoked at -80
mV and most of the inward current that developed during the conditioning
steps. I
K,is believed to be the remaining portion of the current evoked during
the conditioning steps.
A dose-response experiment was conducted to determine how effectively
Cs blocks

'h

Test solutions were prepared by adding 0.01, 0.03, 0.1, 0.3 or 1

mM CsCl to the standard bath solution. The percent block of

'h

at different

CsCl concentrations is shown in Fig. 7. Block of 'h was calculated by
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Figure 6. Block of

1h

with CsCl. A. Voltage clamp recording of

'h

from arod

photoreceptor cell. The membrane potential was held at -50 mV and stepped
for 1second to conditioning steps ranging from -40 mV to - 110 mV in 10 mV
steps with tail currents being evoked at -80 mV.
current envelope.

Arrows indicate the tail

B. 0.3 mM CsCl blocks the tail currents and most of the

inward current that developed during the conditioning steps.

4°

A

Control

B

0.
3 mM CsCJ

125 pA
0.5 sec
—50 mV
—80 mV

Figure 6.
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Figure 7. Cs dose response curve. Inhibition of 'h by CsC1 was measured over
a range of 0.01 to 1mM of CsC1. The data was fitted with a smooth curve
having aKD of 0.02 mM and n (Hill coefficient) of 1.5.
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comparing the tail current envelope amplitude (indicated by arrows on Fig 6
A) of the test solution with those of control. The graphed data were fitted with
an S-shaped line using the equation:

[Cs

+]n

(7)

[Cs ']'+KD

where n is the apparent number of CsCl molecules needed to block

'h'

and lCD

is the dissociation constant for the following equation:

O+n[Cs

(8)

],'aO

where 0 is the number of open channels and

°

bocked

blocked by CsCL The fitted curve gave avalue for

is the number of channels
KD

and n (Hill coefficient)

of 0.02 mM and 1.50 respectively.

3.2 Activation Curve Produced From

I.

Tail Currents

The chosen voltage clamp paradigm is advantageous in that it first,
isolates

'h

and second, describes the voltage range of 'h activation. Figure 8A

shows a voltage clamp recording from a rod, and the activation of

'h

can be

identified by examining the tail current envelope. The upper three overlapping
tail current traces of the envelope represent

'h

activation after the current had

been completely deactivated by relatively depolarized conditioning steps. As
the conditioning steps become more negative, e.g. -70 mV,

'h

became activated
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Figure 8. Activation curve for

1h

constructed from tail currents. B.

'h

activation

curve was obtained by fitting tail currents in A with single exponentials. The
data was fitted with asmooth curve using aBoltzmann function with aVL,
2 of
-76 mV.
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and the tail current is shifted to account for this activity.

'h

is near half

activation after the -80 mV conditioning step which puts the tail current
almost in the middle of the tail current envelope. The three lower overlapping
current traces represent partial deactivation of

'h

after the current had been

maximally activated by hyperpolarizing conditioning pulses.
By fitting the tail currents with single exponentials and then plotting
the normalized amplitude vs. voltage, an activation curve emerges (Fig. 8B).
The activation curve for

'h

is somewhat different from that for most voltage-

gated ion channels in that the curve resembles abackward S rather than a
normal S.

This is because

'h

activates with hyperpolarization, and not with

depolarization. The activation curve indicates that

'h

is activated at potentials

negative to -60 mV and becomes fully activated by - 100 mV.

3.3 Changing External pH Alters

'h

Gating

The effect of bath solutions with pH values of 7.0, 7.3, 7.9, and 8.2 was
tested on rod cell
Fig. 9.

'h•

An example of how changing p110 affected

1h

is shown in

The current traces obtained from arod that was initially exposed to

control (pH. 7.6) solution, then to amore acidic solution (pH0 7.3), and finally
washed with control. From the heights of the tail current envelopes one can
see that the maximum magnitude of

'h ( 1i,m)

was not affected by changing

pH., however the activation range of 'h was affected. With careful comparison
with the tail current trace elicited following the -80 mV conditioning step in
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Figure 9. External acidification shifts
representing ahigher level of

'h

'h

tail currents closer to those

activation. A. Voltage clamp recording of 'h

at external pH 7.6. B. The tail current elicted after the -80 mV conditioning
step has shifted closer to the bottom three overlapping tail currents at external
pH 7.3. C. Recovery of 'h upon wash (external pH 7.6).
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pH. 7.6, it is apparent that in pH. 7.3 solution the trace has shifted closer to
those traces representing fully activated

'h'

which is indicative of a shift in

activation to depolarized levels. In this cell a +3.6 mV shift in V112 can be seen
in the tail current derived activation curves (Fig. 10).
Figure 11 shows current traces obtained from a rod that was initially
exposed to control solution (pH,, 7.6), then to amore alkaline solution (pH. 8.2),
and finally washed with control solution.

Again

changing pH,,; however, the activation range of

'h

'hm

was not affected by

was shifted.

With careful

examination of the tail current trace elicited following the -70 mV conditioning
step in pH,, 7.6, it is apparent that this trace has shifted closer to those traces
representing fully deactivated

'h

in pH. 8.2 solution, which is indicative of a

shift in activation to hyperpolarized levels. In this cell a -2.2 mV shift in V112
can be seen in the tail current derived activation curves (Fig. 12).
This type of analysis was conducted for each test pH0solution, and shifts
in V112 (AV,/2 )obtained from different cells were combined and averaged. The
resulting data are plotted against pIT0relative to the value
control pH0 7.6 (Fig. 13).

V112 =0 defined for

The numbers beside each data point indicate the

number of cells at each pH. measurement. Within the range of 7.0 to 8.2, AV112
depended near linearly on pH, yielding apositive shift of 5.25 mV per pH unit
acidification.

The values for zV112 and relative changes in other activation

parameters during pH0changes are summarized in Table 1.
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Figure 10. Changes to external pH cause reversible shifts in
tail current derived activation curve for

'h

'h

activation. The

at external pH 7.6 (control and

wash) is represented by the Boltzmann function-fitted line connecting the open
symbols. The line connecting the filled circles is aBoltzmann function that
represents the tail current derived activation curve for

'h

at external pH 7.3.
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Figure 11. External alkalinization shifts

'h

tail currents closer to those

representing alower level of 'h activation. A. Voltage clamp recording of 1h at
external pH 7.6. B. The tail current elicted after the -70 mV conditioning step
has shifted closer to the upper three overlapping tail currents at external pH
8.2. C. Recovery of 'h upon wash (external pH 7.6).
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Figure 12. Changes to external pH cause reversible shifts in
tail current derived activation curve for

'h

'h

activation. The

at external pH 7.6 (control and

wash) is represented by the Boltzmann function-fitted line connecting the open
and filled circles.

The line connecting the open squares is a Boltzmann

function that represents the tail current derived activation curve, for
external pH 8.2.

'h

at
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Figure 13. Shift in

'h

activation curve caused by pH0.V2 shift was estimated

in each cell by subtraction of interpolated V112 value at control pH,, 7.6 from
that at tested pH0. Number of cells studied is shown near each symbol. The
solid line represents linear regression described by V112 shift (mV)=39.8-5.25(pH
unit).
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Table 1
Effects of pH0 on activation parameters of
n

pH.

AV112 (mV)

'h

Relative
'h, max

Relative
Z

Relative
'C

6

6.98-7.07

2.37±0.5
.001<P<.01

0.92±0.05
0.2<P<0.3

0.88±0.11
0.3<P<0.4

1.02±0.06
0.7<P<0.8

6

7.26-7.32

1.83±.04
.01<P<.02

0.96±0.02
0.8<P<0.9

0.99±0.06
0.5<P<0.6

1.01±0.03
0.7<P<0.8

9

7.92-7.95

-1.69±0.7
.02<P<.05

1.09±0.02
.O01<P.<.O1

1.04±0.07
0.5<P<0.6

0.95±0.03
0.5<P<0.6

7

8.20-8.31

-4.00±0.8
.001<P<.01

1.27±0.11
.02<P<.05

1.37±0.11
.01<Pcz.02

0.86±0.05
.02<P<.05
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An analysis of variance (ANOVA) was performed on each activation
parameter in Table 1. No statistical difference was found between values for
V112 in the pH (6.93-7.07) group and the pH ( 7.26-7.32) group, F=0.27;

p>O.6104.

A statistical difference was calculated between values for AV

2 in

the pH ( 7.92-7.95) goup and the pH (8.20-8.31) group, F=6.48; p>O.0177. The
Tukey's HSD value equals 1.33.
values for relative

'h, max

in the pH (6.93-7.07) group and the pH (7.26-7.32)

group, F=0.0.18; p>O.6722.
values for

1h,

max

No statistical difference was found between

A statistical difference was calculated between

in the pH (7.92-7.95) group and the pH (8.20-8.31) group,

F=5.80; p>O.0240.

The Tukey's HSD value equals 0.1192.

No statistical

difference was found between values for relative Zin the pH (6.93-7.07) group
and the pH (7.26-7.32) group, F=0.69; p>0.4161. A statistical difference was
calculated between values for Z in the pH (7.92-7.95) goup and the pH (8.208.31) group, F=7.90; p>O.0099.

The Tukey's HSD value equals 0.17.

statistical difference was found between values for relative

t

in the pH (6.93-

7.07) group and the pH (7.26-7.32) group, F=0.03; p>O.8618.
difference was calculated between values for

t in

the pH (8.20-8.31) group, F=3.18; p>O.0886.
calculated between values for

t in

No

No statistical

the pH (7.92-7.95) group and
A statistical difference was

the pH (6.93-7.07, 7.26-7.32) group and the

pH ( 7.92-7.95, 8.20-8.31) group, F=4.45;

p>O.0466.

The 95% confidence

intervals for the pH (6.93-7.07, 7.26-7.32) group was 1.014±0.06076 and the
95% confidence intervals for the pH ( 7.92-7.95, 8.20-8.31) group was
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0.926±0.0658. Since the 95% confience intervals showed overlap between the
2 groups the changes are not significantly different.

Surprisingly, not all

activation parameters were shifted upon changing pH0as surface charge theory
predicts equivalent changes in all parameters.

3.4 Alterations in pH 1Alter

'h

Gating

To check the possibility that alterations in pH alter

'h'

the commonly

used agents NaAcetate and NH4C1 were utilized to alter pHi.In order to make
the interior of the photoreceptor more acidic, 25 MM

NaAcetate was

superfused for two minutes over the cells. Using results from Takahashi et al.
(1993), an estimated change in internal pH of -0.6 pH units could be expected.
An example of how

NaAcetate affected

'h

is shown in Fig. 14.

After

application of NaAcetate, anoticeable 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 appearance of the tail

current envelope also was changed during and after the NaAcetate superfusion,
which can be explained by pHi-induced shift of

t.

Tail current derived

activation curves show a -9mV shift after NaAcetate superfusion and a7mV
overshoot positive to control upon wash (Fig. 15).
In the four cells examined, a two minute application of NaAcetate
always resulted in shifting the activation curve of

'h

to negative potentials.
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Figure 14. Decreasing internal pH with acetate (NaAcetate) shifts
to hyperpolarized levels. A. Voltage clamp recording
solution. B.

'h

of

'h

'h

activation

in standard bath

after superfusion of 25 mM NaAcetate for two minutes. A shift

of the tail current elicted after the -80 mV conditioning step closer to the four
upper over lapping tail currents indicates that

'h

activates at more . negative

potentials in NaAcetate. C. Over-recovery of 'h upon wash.
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Figure 15. Internal acidification by NaAcetate shifts

'h

activation negative,

while washout results in apositive shift. The activation curve for

'h

in control

solution (standard bath solution) is represented by the Boltzmann functionfitted line connecting the open circles.

The activation curve for

'h

with 25 MM

NaAcetate is represented by the Boltzmann function-fitted line connecting the
filled circles.

The activation curve for

Th

after wash with standard bath

solution is represented by the Boltzmann function-fitted line connecting the
open triangles.
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The previously mentioned overshoot upon wash however was only observed
once.

One cell maintained

'h

activation at a hyperpolarized level after

removing NaAcetate from the bath.

Due to difficulty in maintaining stable

current recordings after NaAcetate application, wash current traces were not
obtained in two cells. However, since stable current records were obtained for
control and test, shifts in

'h

activation were measured.

Increases in internal pH were accomplished using a two minute
application of 20 mM N114C1.

From previous experiments using retinal

horizontal cells a +0.2 pU unit change could be expected (Takahashi et al.,
1993). An example of how NH4C1 affected

'h

from one cell is shown in Fig. 16.

Examining the tail currents elicited after the -70 mV conditioning step
indicates that activation has been altered. During NH4C1 application, the tail
current is now shifted down towards those tail currents that represent fully
activated

1h

A change in the shape of the tail current envelope is also

observed during NH4CI, which can again be explained by a pHi-induced shift
of

t.

A 7 mV shift in activation can be observed through the tail current

derived activation curves (Fig. 17).
positive shift in

'h

Of the five cells studied, all showed a

activation. In two cells the effect of N114C1 was reversed

following wash, while two cells overshot the control level by -7 and -9 mV
respectively. This overshoot could be explained by an increase in acidification
from NH4 entering the cell. Due to difficulty in maintaining stable current
recordings after N114C1 application, wash current traces were not obtained in
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Figure 16. Increases in internal pH by NH4C1 shifts
levels.

A. Voltage clamp recording of

solution). B.

1.

'h

'h

activation to depolarized

in control solution (Standard bath

after superfusion of 20 mM NR4C1 for two minutes. Careful

examination of the tail current elicted after the -70 mV conditioning step
shows that

'h

activates at more positive potentials in the NH4C1 solution. C.

Recovery of 'h upon wash with standard bath solution.
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Figure 17. Internal alkalinization by NH4CI shifts Ih activation positive. The
activation curve for

'h

in standard bath solution (control and wash) is

represented by the Boltzmann function-fitted line connecting the circles. The
line connecting the squares is a Boltzmann function that represents the
activation curve for I after superfusion of 20 mM NH4CI for two minutes.
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one cell. However, since stable current records were obtained for control and
test, a shift in

'h

activation was measured. The values for

AV,,2

and relative

changes in other activation parameters during changes in pH test are
summarized in Table 2.

3.5 Changing External Calcium Alters

Gating

h

The pH0 results suggest that the surface potential may be altered by
pH0,since increasing the concentration of external protons shifted

'h

activation

positive while decreasing the concentration of external protons shifted
activation negative.

'h

The following experiments measured the effect of

changing extracellular calcium on

'h

activation. Bath solutions containing 0.5,

10 and 20 mM calcium were chosen as test solutions, with the standard bath
solution containing 8mM as control.
An example of how calcium affected
was decreased from 10 to 3mM ashift in

'h

'h

is shown in Fig. 18. As [Ca2+

activation in the hyperpolarizing

direction was apparent in the tail currents. The tail current evoked after the

-

80 mV conditioning step in 10 mM [Ca2i0 was near those tail currents
representing fully activated

'h

(
Fig. 18A). Contamination by Ca-currents in 10

mM Ca2, is not expected, as Cacurrent activation will be shifted positive in 10
mM Ca2 .After superfusing the same cell with 3mM [Ca2]0, the tail current
evoked after the -80 mV conditioning step was shifted towards the middle of
the tail current envelope, indicating that V112 was near -80 mV (Fig. 18B). A
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Table 2
Effects of pH on activation parameters of 'h
Agent/
Effect

AV,/2 (mV)

4

NaAcetate/
Acidify

5

NH4Cl/
Alkalinize

n

Relative

Relative

I
h, max

Relative
Z

-9.0±2.3
.05<P<.02

0.88±0.11
0.4<P<0.3

1.21±0.31
0.6<P<0.5

0.76±0.11
0.1<P<.05

5.8±1.3
.O1<P<.02

0.76±0.15
0.3<P<0.2

1.34±0.15
0.1<P<.05

0.84±0.07
O.1<P<.05
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Figure 18. A positive shift in

'h

activation with increasing external calcium is

revealed in the tail currents. A. Voltage clamp recording of

'h

at [Ca"]. 10

mM. B. The tail current elicted after the -70 mV conditioning step has shifted
closer to the upper three overlapping tail currents at [Ca2 ]
0 3 mM. C. No
change in the tail currents is observed in [Ca2 1
0 0.5 mM.
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test solution containing 0.5 mM [Ca2,]
o was then applied but no further shift
in activation was observed (Fig. 18C).

For the 0.5 and 10 mM [Ca2 ]
0 test

solutions, control was 3mM [Ca 2J0, however for simplicity only one control is
shown in Fig. 18.
The height of the tail current envelope changed very little indicating
that

'h,.

was not affected by changes in [Ca2 J
0.The Ca 2+
-inducedshift of the

activation curve is depicted in the tail current-derived activation curves (Fig.
19). Values for

AV1,2

obtained at [Ca2]0 0.5, 10, and 20 mM from different cells

were combined and averaged. The resulting data were plotted against [Ca2 ]
0
relative to the value

V2=0

defined at 3mM [Ca2]0 (Fig. 20). The maximum

positive shift in activation was observed upon superfusion of the cells with 20
mM [Ca 2]0 and the minimum shift was observed upon decreasing [Ca2 1
0to 0.5
mM. The values for

AV . 2 and

relative changes in other activation parameters

during each [Ca 2 }
0 test are summarized in Table 3.

3.6 Are pH. and [ Ca 2J0-Induced Changes Independent of One Another?
The previous experiments showed that changes in p110 and [Ca2i0 can
alter the activation range of

'h•

Qualitatively, the results appear to be

consistent with the hypothesis that pH0 and [Ca2,]
o can alter

'h

activation via

modifications to the membrane surface potential. The following experiments
were conducted to identify whether pH,, and [Ca2]0 affect the surface charge
in asimilar manner. If protons and Ca2"bind to similar negative sites, no pH.-
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Figure 19. Increasing external calcium shifts
levels.

'h

activation to more depolarized

The line connecting the open squares is a Boltzmann function that

represents the activation curve for

'h

at 3mM external calcium concentration.

The line connecting the open circles is a Boltzmann function that represents
the activation curve for

'h

at 10 mM external calcium concentration. The line

connecting the open triangles is a Boltzmann function that represents the
activation curve for

'h

at 0.5 mM external calcium concentration.
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Figure 20. Shift in Ihactivation curve caused by extracellular calcium. V
was estimated in each cell by subtraction of interpolated V

2 value

2shift

at control

[Ca2 ]
0 3 mM from that tested (Ca 2'
1.. The number of cells used to calculate
each shift is shown near each symbol.
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Table 3
Effects of [Ca2 ]
0 on activation parameters of 'h
n

[Ca2+1
0

L\V112 (mV)

Relative

'h,max

Relative
Z

-0.79±0.4
0.2<P<0. 1

1.07±1.04
0.1<P<0.2

1.15±0.11
0.2<P<0.3

0.91±0.04
.05<P<0. 1

Relative

6

0.5

7

10.0

4.15±0.7
0.001<P

0.96±0.04
0.1<P<0.2

0.91±0.12
O.4<P<0.5

1.12±0.08
0.1<P<0.2

5

20.0

14.39±2.2
.01<P<.001

0.90±0.05
0.1<P<0.2

0.62±0.15
0.1<P<.05

0.82±0.05
.01<P<.001
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induced shift should be observed in high [Ca2i0 and likewise no Ca"-induced
shift should occur in low pH0.This would be expected because at a saturating
level of Ca2'all the negative sites would be occupied by Ca2'and subsequent
pH0 changes would not affect activation due to the absence of free binding
sites.

Similarly, changing [Ca2+at saturating pH0 levels would not be

expected to shift
protons.

'h

activation because all binding sites would be occupied by

However, if these ions bind to different negative sites, activation

shifts would be expected in both cases.
In an attempt to determine whether the changes in activation induced
by pH,, are affected by [Ca2+]0' pH,,-induced changes were measured in high
calcium, 20 mM [Ca2hi0. The conditioning steps in many of these experiments
were initiated at -20 mV in order to measure full

'h

activation, due to the 20

mM Ca 2 -induced depolarizing shift. Contamination by Ca-currents in 20 mM
Ca 2+ is not expected, as Ca-current activation will also be shifted positive in 20
mM Ca2+
.An example of how high calcium affected pH-induced shifts is shown
in Fig. 21. Tail currents were not affected much by an alkalinization from pH.
7.6 to pH. 8.2 in 20 mM calcium. The tail current-derived activation curves in
Fig. 22 show a small ( 1 mV) change when pH0 was increased in this cell.
Acidifying the rods from pH0 7.6 to pH0 7.0 in high calcium also did not affect
'h

activation. Values for zV

2 and

other activation parameters from different

cells were combined and averaged and are presented in Table 4. No significant
shifts in

'h

activation parameters were observed during changes to pH0 7.0 or
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Figure 21. High extracellular calcium blocks the pH-induced gating shifts.
Voltage clamp recordings of 'h with external pH being 7.6 and 8.2 in A and B
respectively while extracellular calcium remained at 20 mM. The tail currents
show only small changes in

'h

gating.
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Figure 22. Activation curves show block, of p11-induced gating shifts in high
calcium.

The activation curve for

'h

at external pH 7.6 and calcium 20 MM

is represented by the Boltzmann function-fitted line connecting the open
circles.

The line connecting the open squares is a Boltzmann function that

represents the activation curve for

'h

at external pH 8.2 and calcium 20 mM.
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Table 4
Effects of changing p110 in 20 mM {Ca2i0 on activation parameters of 'h
n

pH.

AV,/2 (mV)

Relative
1 h,

max

Relative
Z

Relative

6

8.2

-0.9±1.2
0.5<P<0.4

1.03±0.04
O.5<P<0.4

1.30±0.19
0.2<P<0. 1

1.06±0.09
0.6<P<0.5

6

7.0

0.0±1.2
P<0.9

1.04±0.03
0.3<P<0.2

1.24±0.20
0.4<P<0.3

1.02±0.08
0.9<P<0.8
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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 pH0affects
calcium induced shifts, experiments were carried out in pH0 6.0 while [Ca2+
was changed.

When cells were superfused with bath solution pH0 6.0,

changing [Ca2]0 from 3 to 20mM, although resulting in very unstable cells,
produced anegative shift in V112 of about 10 mV (Fig. 23). This Ca2 -induced
shift can be seen in the tail current derived activation curves in Fig. 24. The
values for AV v2 and other activation parameters are summarized in Table 5.

3.7 Surface Potential Alterations
Surface potential theory (Krafte and Kass, 1988) was utilized to aid in
the interpretation of the data. Estimates of surface charge density and binding
constants in the surface potential equations (equations 3, 4, 5, and 6) were
determined by first assuming that shifts in

1h

activation were due to pH,, and

Ca2 -induced changes in
The predicted shift in

'h

activation from the surface potential equations

were compared with experimentally-derived values. A pure screening effect
without binding was first tested. This involved solving together equations 3
and 6in which there are only two unknowns, the surface charge density and
surface potential. To calculate

wfor

a given c, pIT0 and [Ca2 1
0,Eq. 3 and 6

were solved using a simple iteration method. Together Eq. 3 and 6 computed
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Figure 23. Low pH does not block Ca2 -induced gating shifts. Voltage clamp
recordings of 'h where external pH is held constant at pH 6.0 and the external
calcium is changed from [Ca2 ]
0 3 to 20 mM are present in A and B
respectively. Tail currents show that increases in [Ca2 ]
0 shifts the gating of
'h

to positive potentials.
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Figure 24.

1h

activation curves are shifted to depolarized levels with increases

in extracellular calcium in acidic conditions. The activation curve for

'h

at pH

6.0 and [Ca2]0 3 mM is represented by the Boltzmann function-fitted line
connecting the open circles. The activation curve for

1h

at pH 6.0 and external

calcium 20 mM is represented by the Boltzmann function-fitted line connecting
the filled circles.
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Table 5
Effects of changing [Ca"],, in pH 6.0 on activation parameters of 'h
n

[Ca2i0

AV112 (mV)

Relative
h, max

2

20

10.36±.07
.01<P<.001

0.98±.004
0.2<P<0. 1

Relative

Relative

0.99±0.03
0.8<P<0.7

0.85±0.001
.01<P<.001

z

r
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the predicted shifts in gating associated with changes in [Ca2,]"when pH0was
constant and the predicted shifts in gating associated with changes in pH.
when [Ca2,].was constant. Numerous different computations were carried out
using surface charge densities within the range of 1 e750

k

to 1 e16400

A2.However ,the predicted gating shifts did not fit the experimental data.
The next model tested assumed that Ca2+ and protons bind to common
surface charges. This involved solving Eq. 3and 6together with Eq. 4, which
contained four unknown variables; surface charge density, surface potential,
and the binding constants for H and Ca2 .Numerous different computations
were carried out while varying values for surface charge density and binding
constants.

Figure 25 illustrates a solution from Eq. 3,4, and 6. For the

simulation, values were chosen that best matched the experimental conditions:
of 1 e12400

A2,KH of

1.39x10 6 M

1 (pKa=6.14)

and

Ka

of 1.33x10

2

M'.

Tables 6 and 7 compares the theoretical values obtained from Eq.3,4, and 6
with the experimentally-derived values for the high [Ca2+]
0(20 mM [Ca 2
+]0)and
low pH,, (pH. 6.0) data, respectively. The values obtained in the simulation
were calculated in the absence of the data obtained at 0.5 MM [Ca2 ]
0 as no
good fit could be obtained otherwise.
To obtain abetter fit, Eq. 5which assumes that protons and Ca2+ bind
to independent membrane sites, was utilized. This involved solving together
equations 3,5, and 6 which contains five unknown variables; surface charge
densities, surface potential, and binding constants for H and Ca2'
.Figure 26
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Figure 25. Predictions from surface charge theory assuming Ca" and protons
bind to common surface charges. The dotted line represents the solution from
Equations 3, 4, and 6 that best matched the experimentally obtained (solid
line) values for A. pH-induced shifts in Ih activation and B. Ca"-induced shifts
in

'h

activation. The equations used values for o= 1&/2400

M', and

KCa

of 1.33x10 2 M1.

A2,
KH of 1.39 x10 6
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Table 6
Experimentally-derived p110-induced 'h activation shifts in 20 mM [Ca2 ]
0
compared with theoretical predictions from Equations 3, 4, and 6.
pH0

Experimental shift
EtV112 (mV)

Theoretical shift
AV 2 (mV)

7.0

0.0±1.2

+0.1

8.2

-0.9±1.2

-0.3

Table 7
Experimentally-derived Ca2+
-induced 1h activation shifts in pH0 6.0 compared
with theoretical predictions from Equations 3, 4, and 6.
[Ca'],, (mM)

20

Experimental shift
(mV)
10.36±.07

Theoretical shift
zV3,
2 (mV)
4.42
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illustrates asolution that best matched the experimental conditions: (Y, of 1e3200

A2,

2

of 1 &/3200

A2,KH of 8.66x10 7 M 4 (pKa=7.94)

and K

a of

52.3 W.

Tables 8and 9compare the values obtained from equations 3,5, and 6with the
experimentally-derived values for the high [Caa2 ]
0(20 mM [Caa2i0) and low pH.
(pH. 6.0) data, respectively. As above, the values obtained in the simulation
were calculated in the absence of the data obtained at 0.5 mM [Ca2'1
0 as no
good fit was possible otherwise.
The results of these computations indicates that the theoretical
predictions for changes in surface potential agree well with the measured pHinduced gating shifts but not with the Ca2 -induced gating shifts.

3.8 Computer Modelling of the Rod Light Response: Do pH changes
alter the response via Ih?
A computer simulation of the rod response to bright light was utilized
to ascertain whether modifications to

'h

activation resulting from physiological

p110 and [Ca2 ]
0 changes affect this response. The simulation computed cell
voltage, i.e. photovoltage, in response to abright flash via integration of total
membrane current after calculation of current contributions from voltage-gated
currents in the inner segment. The voltage-gated currents incorporated in the
model were

'h'

I
K. and

Ca'

These currents were described in terms of the

Hodgkin-Huxley kinetic formalism where a 2-state model was chosen to
describe the activation of each current.
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Figure 26. Predictions from surface charge theory assuming Ca 2'and protons
bind to independent surface charges. The dotted line represents the solution
from Equations 3, 5, and 6 that best matched the experimentally obtained
(solid line) values for A. pH-induced shifts in 'h activation and B. Ca2'
-induced
shifts in
/3200

'h

activation. The equations used values for c= le/3200

A2,
KH of 8.66 x10 7 M 1,and

Ka

of 52.3 M1.

A2,

2 1e
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Table 8
Experimentally-derived p110-induced 'h activation shifts in 20 mm [Ca2 1
0
compared with theoretical predictions from Equations 3, 5, and 6.
pH0

Experimental shift
V112 (mV)

Theoretical shift
zV (mV)

7.0

0.0±1.2

+0.9

8.2

-0.9±1.2

-1.7

Table 9
Experimentally-derived Ca2+
-induced 'h activation shifts in pH0 6.0 compared
with theoretical predictions from Equations 3, 5, and 6.
[Ca2
+]o(MM)

20

Experimental shift
i\V 2 (mV)
10.36±.07

Theoretical shift
zV1,
2 (mV)
9.62
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The activation and
in Fig. 27.

t

curves for

'h

and I
K.used in the model are shown

The direction of the activation curve for I
K.is opposite that of

because I
K.activates with depolarization. The

t

'h

curves for both currents are

bell shaped with their peaks, the slowest values of r, corresponding to the
midpoint of the activation curve.

The activation and rcurve for

' Ca

is shown

in Fig. 28. Similarly to I, I activates with depolarization. The rod's dark
membrane potential, -35 mV, is marked by the vertical dotted line on both
figures. The activation parameter data for
and

Barnes ( 1994),

Hestrin ( 1987),

h

the

and I
c.came from Kurenny

present

study

and

personal

communication from Kurenny.
Values for the cGMP-gated photocurrent were chosen from published
data for salamander rods (Baylor et al., 1984, their Fig. 1; rod photocurrent in
response to a bright flash of light, 1430 photons/pm') (Fig. 29A).

The

photocurrent was fitted using the following equation

1
•

-e

0.05)_

33 _ t
+( 1-e 0.8))

(9)

(:- 1)-3.8

1+
e

0.45

which combines an exponential and an S-shaped equation, where

Is

is the

simulated photocurrent (pA), iis ascaling factor and tis time ( s). In Fig. 29A
an inward dark current is -25 pA, and, as abright light is flashed, the current
approaches zero due to the closure of the cGMP-gated channels. The current
remains at zero for almost 2seconds, due to adaptational mechanisms occuring
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Figure 27. Comparision of the voltage ranges over which
Activation and ccurves for

'h

'h

and I
K.activate.

as used in the computer reconstruction of the

light response are shown in solid lines and I
& curves are shown in dotted lines.
The rod's dark membrane potential is marked by the vertical dotted line at -35
mV.

The activation parameter data for I
N.and

Barnes ( 1994) and the present study.

'h

came from Kurenny and
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Figure 28. Activation and

r curves for

reconstruction of the light response.

'Ca

as used in the computer

The rod's dark membrane potential is

marked by the vertical dotted line at -35 mV. The activation parameter data
for

'Ca

came from personal communication from Kurenny.
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Figure 29. Rod photocurrent and photovoltage in response to a bright flash,
A. The photocurrent in response to a bright flash measured from published
data for salamander rods (Baylor et al., 1984, their Figure 1; response to 1430
photons/pm').

The inward current is near -25pA, and as a bright light is

flashed the current approaches zero. B. The computer generated photovoltage
in response to a .bright flash (20 ms) with and without

1h

gating.
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in the outer segment, eg. regeneration of rhodopsin, and synthesis of cGMP.
The return of the photocurrent to -25 pA is due to the activation of cGMPgated channels in the OS. This current trajectory was applied to the computer
model with the following current components: gn(E-E), gn(E-E),
and gn(E-E), in which E is the membrane potential, Eh, E,
E

a and EL

are reversal potentials for h current,

kK

current, Ca current and

leak current with values equal to -32, -74, 40 and 0, respectively;
ca
'Ca

are the maximum conductances underlying

'h

gh, gK.

(
1.41 nS), I (0.68

and

nS) and

(
1.00 nS) respectively; and nh , nK.and nea are values between 0and 1that

represent the proportion of channels in the open state. A voltage-independent
leak conductance,

9L,

of 0.01 nS and a membrane capacitance of 16 pF were

assumed.
The photovoltage in response to asimulated bright flash of light (applied
at t=Os) is shown in Fig. 29B. The characteristic features of the photovoltage
are represented in the produced waveform. That is, the membrane potential
undergoes an initial hyperpolarization followed by a subsequent relaxation
(apparent sag) to less negative potentials which slowly recovers back to the
dark level. When

'h

gating was removed from the simulation no apparent sag

was obtained.
Figure 30 takes acloser look at the various current components that are
generated by the model. The photocurrent in response to abright flash of light
(applied at t=ls) is shown in Fig. 30A as areference. In the dark there is a30
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Figure 30. Currents of the voltage-gated ion channels as generated by the
computer model. A. The photovoltage in response to aflash of light at t=ls as
described in Fig. 29. Currents of Kx, h, and Ca are shown in B, C, and j,
respectively.
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pA outward current contribution from I
K.
(Fig 30B).

Upon illumination, I
K.

becomes deactivated but not fully. I
K,, remains at this new level for about 2
seconds after which it appears to mirror the photocurrent and slowly returns
to the dark level. As expected, Fig. 30C shows that

'h

does not have arole in

setting the dark membrane potential as there is zero current contribution from
'h

at this potential.

However, as light is flashed

'h

becomes activated, thus

producing an inward current responsible for the apparent sag in the
photovoltage. About 2 seconds after the flash, the activation of 'h terminated,
and it returned to the dark state.
soon as light is flashed

'Ca

'Ca

is present during dark conditions but as

is deactivated for about 2.75 seconds (Fig. 30D).

Like the photocurrent and IK.,'Ca slowly returns to the dark level but, unlike
the prior two,

' Ca

undergoes an overshoot before reaching its dark level.

Another way to examine the voltage-gated channels utilized in the model
is to look at the gating of each. Figure 31 demonstrates how n, the proportion
of channels in the open state, changes upon illumination. The photocurrent is
shown again (Fig. 31A), to give areference point with which to compare the
changes that occur. In the dark, about 95% of the channels underlying

IK.

are

open, and upon illumination the channels deactivate slowly and reach a
minimum after 2 seconds at the 22% activated state (Fig. 31B). The channels
then slowly reactivate in a sigmoidal manner back to the dark level.
Illumination activates

'h

to a transient 5.5% activated state which slowly

recovers to the dark state, (Fig. 31C). The model has the channels underlying
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Figure 31. Gating components of the voltage-gated ion channels as generated
by the computer model. A. The photovoltage in response to aflash of light at
t=ls as described in Fig. 29. Gating components of Kx, h, and Ca are shown
in B, C, and D, respectively.
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'Ca

about 5.5% activated during dark conditions and illumination resulting in

the closure of the channels (Fig. 31D). The channels remain closed almost 1
sec longer than the photocurrent. The recovery of the gating component (nCa)
to dark conditions also shows an apparent overshoot before reaching dark
levels.
From

previous

studies,

the

maximum

expected

light-induced

alkalinization is near 0.2 pH units (Borgula and Steinberg, 1984; Yamamoto
et al., 1992). Assuming that the normal rod extracellular pH is near pH 7.6,
then Fig. 13 indicates that the maximum expected change in
would be about - 1 mV.

'h

activation

Intact eye experiments suggest that the maximum

expected light-induced decrease in [Ca2i0 is near 1 mm (Gallemore et al.,
1994).

Assuming that the normal rod [Ca2, ]ois 3 mM [Ca2 ]
0,then Fig. 20

indicates that amaximum expected change in

'h

activation would be about -0.5

mV.
The above reasoning suggests that the expected physiological change in
'h

activation during illumination is near 1mV; thus, the computer model was

adjusted accordingly. Figure 32 shows that the rod light response is altered
when the V112 for

'h

is changed by + 1and - 1mV.
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Figure 32. Changes to

'h

gating minimally affects the photovoltage. •A. The

photocurrent in response to abright flash, as described in Fig. 28.

B. The

simulated photovoltage in response to abright flash when the midpoint of 'h
activation is changed by + 1and - 1mV.
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4.0 DISCUSSION

4.1 Overview
Illumination is known to cause changes in pH. and [Ca2,].levels
surrounding photoreceptor cells. This work examines the effects that pH and
Ca2'have on the hyperpolarization-activated cation current,

'h'

in isolated

salamander rod photoreceptors. It was determined that increasing [Ca2+or
[H'] 0 shifted the activation curve for
[H+]
0 shifted the curve negative.

'h

positive, while decreasing [Ca2+or

Altering pH shifted

'h

activation in the

opposite direction to the shift produced by extracellular p11 manipulations.
Predictions from surface charge theory were utilized to assist in drawing
conclusions about the actions of pH,, and [Ca2+]0on

1h

activation. A model of

the rod bright light response was utilized to determine the physiological effects
changing pH. and [Ca2+

4.2

'h

might have on the rod bright light response.

Attributes
'h'

also known as I. and I, appears to be a current that is commonly

expressed as it has been identified in many different preparations. These
include photoreceptor cells, sino-atrial node pacemaker cells, nodose ganglion
cells, prepositus hypoglossi neurons, stretch receptor neurons, motor neurons,
thalamic relay neurons, hippocampal CAI pyramidal neurons, and smooth
muscle cells (Benham et al., 1987; Hestrin, 1987; Barnes and Hille, 1989;
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Bobker and Williams, 1989; Hagiwara and Irisawa, 1989; Edman and Grampp,
1990; McCormic and Pape, 1990; Kiehn and Harris-Warrick, 1992; Maccaferri
et al., 1993; Ingram and Williams, 1994).

Throughout these different cell

types, the characteristic features of 'h remain constant.

'h

is characterized as

amixed Na'
-K' current activated with membrane hyperpolarization. It has no
time-dependent inactivation, is selectively and reversibly blocked by external
Cs, and has areversal potential depolarized relative to the resting membrane
potential.

The half activation potential for

'h

ranges from -67 to - 105 mV

among different cell types, and this value varies depending on the ionic
constituents of the extracellular and intracellular solutions.
In many cell types

'h

appears to be regulated by intracellular cAMP

(Difrancesco et al., 1986; Hagiwara and Irisawa, 1989; Akasu and Tokimasa,
1992; Ingram and Williams, 1994; Longoni, 1994), protein kinase A (Akasu and
Tokimasa, 1992) and

G-proteins (Yatani et al., 1990).

Using the above

methods of regulation, neurotransmitters are able to modulate the activity of
'h•

Heart sino-atrial nodal cells, for example, provide a demonstration of

neurotransmitter modulation of cardiac

'h•

Noradrenalin, acting on

adrenoceptors, stimulates cAMP formation, resulting in apositive shift of the
'h

activation curve (Difrancesco et al., 1986);

Acetylcholine, acting on

muscarinic receptors, results in a negative shift of the

'h

activation curve

(Difrancesco and Tromba, 1988).
Modulation of

'h

by serotonin has been identified in crustacean motor
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neurons and prepositus hypoglossi neurons (Bobker and Williams, 1989; Kiehn
and Warrick, 1992).

Serotonin augments

'h'

and the suggested route is

through receptor stimulation of adenylate cyclase (Bobker and Williams, 1989)
which shifts the activation curve positive. Until recently, serotonin was the
only known neurotransmitter that modulated neuronal
also been shown to modulate

Inhibition of

'h•

'h•

Dopamine, has now

by dopRmine is thought to

'h

occur via two different intracellular paths. Longoni ( 1994), using bovine rod
photoreceptors, found that dopamine, acting via acAMP-dependent mechanism
produced a negative shift in

'h

activation.

In Xenopus photoreceptor rods,

Witkovsky and Akopian (submitted) have suggested that dopamine produces
its inhibitory effect through a G-protein D2 receptor which requires the
presence of intracellular calcium but not cAMP.
Extracellular divalent cations, such as Ca" and Co", acting by altering
surface charge, also modulate
of these ions shifts

'h

concentrations shifts

'h•

Increasing the extracellular concentrations

activation positive, while lowering the extracellular
'h

activation negative (Edman and Grampp, 1990;

Wolimuth, 1995). Alterations in [Ca2,]
i also affect

'h

activation; intracellular

calcium is thought to act directly on the channels underlying

'h

resulting in a

positive shift of activation (Hagiwara and Irisawa, 1989).
The

depolarizing role

hyperpolarization.

of

'h

aids

the

recovery

from

periods

Controlling cell excitability is a main function for

many different cell types.

'h

'h

of
in

controls the pacemaker activity of sino-atrial cells
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and controls the firing pattern for thalamic cells, CAl pyramidal neurons, and
superior colliculus-projecting neurons (DiFrancesco, 1981; McCormick and
Pape, 1990; Maccaferri et al., 1993;
activation of

'h

Solomon and Nerbonne, 1993).

Tonic

also contributes to setting the resting membrane potential of

many different cell types (Bobker and Williams, 1989; McCormick and Pape,
1990; Kiehn and Harris-Warrick, 1992).

In photoreceptors,

'h

does not

contribute to the dark membrane potential, but instead is thought to be
involved in shaping the bright light response by partially counterbalancing the
light induced hyperpolarization (Bader et al., 1982; Bader and Bertrand, 1984).

4.3 Isolation of

'h

The chosen voltage clamp paradigm proved to be very effective in
isolating

'h'

as was shown in Fig. 6. Use of this paradigm allowed recordings

to be done in a drug-free environment.

For the most part, the only

contaminating conductance was a potassium current, I.

This minor

complication was solved by evoking tail currents at -80mV, which allowed the
isolation of 'h• External application of CsCl confirmed the presence of 'bin the
tail currents.
sensitivity of

Construction of a Cs dose response curve revealed the
'h

to Cs (Fig. 7). This result was similar to the dose-response

obtained previously by Woilmuth ( 1995) who also used salamander rod
photoreceptors. Values obtained in the present study indicate that Cs is aless
potent blocker than

Wolimuth observed, as he obtained a K05 near 0.02
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whereas mine was near 0.09.

This discrepancy is most likely due to the

different recording conditions. For example, the use of the nystatin perforated
patch retains important cytosolic components in the cell rather than being
washed out of the cell into the patch pipette as occurred with the ruptured
patch recordings of Wollmuth ( 1995). Since cAMP has been suggested to be
involved in the regulation of 'h' loss of cAMP or adenylate cyclase (or both) via
pipette dialysis may have affected the Cs

sensitivity in Woilmuth's ( 1995)

preparation. A more likely explanation is that Wollmuth ( 1995) used 20 MM
K lacking Na in the external solution, whereas Iused 2.5mM K and 90mM
Na'. Addition of Na has a tendency to reduce the sensitivity of

'h

to Cs

(Wollmuth, 1995).
The dose-response curve in Fig. 7was fitted with aHill coefficient of 1.5,
indicating that at least 2 molecules are needed to block the channels
underlying

'h•

This is probable, as the permeation pathway of

'h

channels

appears to contain at least three ion binding sites, with at least two sites
having ahigher affinity for K over Na and another site with ahigher affinity
for Na

over K, Cs

(Wollmuth, 1995).

having much greater affinity than either K

or Na

Two Cs could effectively bind to two of these sites thus

blocking the flow of current. It is expected that the site of 'h block by Cs is in
the h-channel pore (Wollmuth, 1995).
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4.4 Modification to

'h

Gating by External pH

Ihave shown through the analysis of tail current derived activation
curves, that changing pH0 does alter the gating of

'h

in salamander rod

photoreceptor cells. Similar p110induced shifts have been observed in other ion
channels such as calcium, potassium and calcium-activated chloride channels
in photoreceptors, and calcium channels in the heart and sympathetic neurons
(Irisawa and Sato, 1986; Krafte and Kass, 1988; Barnes and Bui, 1991; Barnes
et al., 1993; Kwan and Kass, 1993; Klockner and Isenberg, 1994; Kurenny and
Barnes, 1994; Zhou and Jones, 1996). Qualitatively, my values were similar
to all these studies, in that increasing p110(more alkaline) shifted

1h

activation

to more hyperpolarized values, while decreasing pH. (more acidic) caused
depolarized shifts. Quantitatively, the size of my p110induced shifts observed
with

'h

activation were similar to the values obtained by Kurenny and Barnes

(1994) and Krafte and Kass ( 1988) ( see Table 10).

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.

Information about the

chemical identity of the surface charge can arise from studies of activation as
a function of pH, since changing pH may titrate acidic and basic groups that
may contribute to ion channel function. For example, Krafte and Kass ( 1988)
found that pH.-induced shifts were well described by changes in surface
potential caused by binding of 114ions to negative charges on the cell membrane
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Table 10A
Source: Krafte and Kass ( 1988)
Cell Type

Cardiac Ventricular

Test pH.

AVV2 (mV)
relative to pH. 7.4

8.6

-1.60,-5.00

8.0

-1.75

7.1

+1.95

6.8

+2.70

Table lOB
Source: Kurrenny and Barnes ( 1994)
Cell Type

Rod Photoreceptor

V 2 (mV)
relative to pH. 7.6

Test p110

8.2
7.8

-2.5
-

-1.9

7.8

+8.0

7.0

+8.0.

Table IOC
Source: Current study
Cell Type

Rod Photoreceptor

Test pH.

AV112 (mV)
relative to pH. 7.6

8.2

-4.00

7.9

-1.69

7.3

+1.83

7.0

+2.37
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with a pK of 5.8.

This value was obtained through analysis of a sigmoid

shape curve of V112 over arange of extracellular pH from 5to 10. I was unable
to determine the pK for proton binding from my pH0 experiments, as alinear
relationship between V

2 and

pH,, was observed.

To my knowledge, this is the first report demonstrating that external pH
modulates

'h

by shifting activation. A previous study utilizing lobster stretch

neurons showed no pH.-induced shifts in the I activation curve (Edman and
Grampp, 1990).

They suggested that no shifts were observed because the

neurons were exposed to a relatively high (25 mM) [Ca2]0 which effectively
blocked

the

relatively

small

changes in the

extracellular

monovalent

concentration.

4.5 Modification to

1h

Gating by Internal pH

Changing the internal pH of the rod photoreceptor also altered the
gating of I
h . Acidifying the interior of the cell, using sodium acetate, shifted
the activation curve to amore hyperpolarized level. Alkalinizing the interior,
using ammonium chloride, resulted in shifting the activation curve to more
depolarized potentials.

These shifts were in the opposite direction to the

measured extracellular p11-induced shifts. However, this was not unexpected
because previous studies have identified the presence of negative charges on
the cytoplasmic membrane surface and have found that changing the ionic
composition can alter channel gating (Chandler et al., 1965). For example,

124
Cukierman et al. ( 1988) observed shifts in Na channel gating as [Ca2i1was
altered, that were opposite to the measured shifts induced by extracellular
calcium.

This observation was reasoned to be due to alterations in the

membrane surface potential. Since my results also show that extracellular and
intracellular pH changes shift

'h

activation in opposite directions, Ipropose

that intracellular pH is altering the cytosolic surface potential in a similar
manner as pH0. That is, pH is titrating specific binding sites, which results
in the channel sensing a membrane potential change due to an altered
transmembrane electric field, e.g. see Fig. 4.
Larger shifts in V112 were observed upon changing pH than upon
changing pH0,similar to results of Cukierman et al. ( 1988) with calcium. This
may be explained by: 1) a decreased number of surface charges on the
cytoplasmic membrane surface compared to the extracellular surface, 2) a
larger than expected change in pH induced by NH4C1 and NaAcetate, 3) a
higher density of intracellular binding sites on the channel itself, and 4) higher
affinity of protons to intracellular sites (different amino acids are titrated).
My results differ from Kurenny and Barnes ( 1994), in that they found
that changing pllj did not affect the gating of the potassium current, I, in
salamander rod photoreceptors. This difference may be due to the methodology
utilized. Kurenny and Barnes used aruptured patch configuration and each
pH experiment was conducted using different pipettes, which only allowed for
comparison of absolute gating changes between different cells. I, on the other
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hand, used nystatin permeablized-patch, and pH was changed by using
externally applied agents that were known to alter the interior pH, allowing
relative changes in

'h

gating from the same cell to be measured.

The pH experiments required the equimolar substitution of NaCl with
25mM NaAcetate or 20 mM N114C1. It is not expected that the 20 mM loss of
Na in the NH4C1 experiments would directly affect the gating of

'h'

since

extracellular changes in Na do not affect the activation curve of salamander
'h

(
Bader and Bertrand, 1984).

Ammonium ions, however, can permeate

'h

channels, and in external solutions containing no K or Na, 20 mM NH4
shifts the activation curve positive by about 10 mV (Wolimuth and Hulle, 1992).
An explanation for this NH4 induced shift was not given,

but it seems

reasonable that this effect could be caused by a decrease in intracellular pH
due to NH3 entering the cell.

4.6 Modification to
'h

'h

Gating by Ca"

activation is altered by changing the external concentration of

calcium. This type of alteration of an ion channel by divalent ions has been
observed in other ion channels such as

Qchannels from lobster stretch receptor

neurons, Ca channels from heart, K channels from rod photoreceptors, Na
channels from bullfrog skeletal muscle, planar lipid bilayers and heart, K
channels from heart, and h channels from rod photoreceptors (Cukierman and
Krueger, 1990; Edman and Grampp, 1990; Hahin and Campbell, 1983; Hanck
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and Sheets, 1992; Kass and Krafte, 1987; Kwan and Kass, 1993; Woilmuth,
1994; Woilmuth, 1995; Zalman et al., 1991). The divalent-induced shifts in ion
channel activation are generally explained on the basis of a surface potential
hypothesis.

Divalents are thought to produce their effect by

screening

negative surface charges, and Ca2+ especially, through titration of specific
binding sites.
Qualitatively my results are similar to the previously mentioned studies,
in that increasing [Ca2J0 shifted the
while decreasing [Caa2 ]
0 shifted

'h

'h

activation curve to depolarized levels

activation to more hyperpolarized levels.

Quantitatively, my values are similar to Ca2 -induced shifts previously
measured for

'h

in photoreceptors, I from stretch receptor neurons, and

'Ca

from cardiac myocytes (Edman and Grampp, 1990; Kwan and Kass, 1993;
Wollmuth, 1995) ( see Table 11).

4.7 Competition Experiment Discussion
My results suggest some level of interaction between Ca2+ and H' for
membrane surface charges. Interactions between Ca2+ and protons have been
previously observed: pH- and Ca2 -induced shifts in ion channel gating were
reduced as [Ca2]0

and [His,

respectively, were increased (Woodhull and Hille,

1970; hue at al., 1975; Ohmori and Yoshi, 1977; Kwan and Kass, 1993).
Similarly, I observed that pH.-induced gating shifts were reduced in high
[Ca2']0 and that Ca2'
-inducedshifts were also reduced in low pH., but to aless
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Table hA
Source: Wolimuth ( 1995)
Cell Type

Rod Photoreceptor

Test [Ca2+1W112 (mV)
relative to 2 mM [Ca2+
20 mM

+17 mV

Table 11B
Source: Edman and Grampp ( 1990)
Cell Type

Stretch Receptor

Test [Ca 2 J
0

zV112 (mV)
relative to 12.5 mM [Ca2 J
0

25 mM

+5.0

50 mM

+9.0

Table 11C
Source: Kwan and Kass ( 1993)
Cell Type

Cardiac Myocytes

Test [Ca2+].

VL,
2 (mV)
relative to 5 mM [Ca2
+]o

10 mM

5

20 mM

9

30 mM

13

Table liD
Source: Current study
Cell Type

Rod Photoreceptor

Test [Ca2+

V 2 (mV)
relative to 5mM [Ca2i0

0.5 mM

-0.79

10 mM

+4.15

20 mM

+14.39
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extent.
The pH.-induced gating shifts were reduced when measured in 20 MM
{Ca"]., but small shifts were . still apparent. This may indicate that protons
and Ca 2'are competing for the same site, and

at

20 mM [Ca2,]. most but not

all of these sites are occupied by Ca2'
. Alternatively, protons and Ca2, may
bind to different sites and when Ca2+ occupies all of its sites this obstructs
protons from reaching their sites.
The Ca2'
-inducedgating shift was reduced in p110 6.0; the Ca2+
-induced
shift in

'h

activation was about 4 mV less than when measured in pH0 7.6.

This persistence of alarge Ca2+-inducedshift can be explained by protons and
Ca2+ competing for the same binding site, different sites, or a combination of
the two. If we assume that Ca2'and protons bind to the same sites, the above
result can be explained by assuming that the pH,, was not low enough to block
all the available sites. At pIT0 6.0 more sites would be occupied than at pH0
7.6, due to the increase in proton concentration. Therefore, changing [Ca2 ]
0
would produce a smaller shift in activation.

The idea that pIT0 was not low

enough seems feasible since it required pH,, 5.0 and lower to neutralize the
membrane charges in cardiac ventricular cells (Krafte and Kass, 1988).

In

addition, even if pH0 6.0 was low enough to titrate all the sites, Ca2'
-induced
shifts could still be expected since Ca2+ can cause shifts through a screening
mechanism in addition to a binding mechanism.

It is also possible that

protons and Ca2+bind to different sites, and that when protons completely
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occupy all proton sites this decreases Ca 2'binding efficiency. The presence of
two binding sites, one site where protons and Ca 2, ions compete and another
where only Ca2+ ions bind, as Kwan and Kass ( 1993) suggest, is also another
possibility.

4.8 Surface Potential Alterations
Many investigators feel that divalent/monovalent-induced shifts in
channel kinetics can be efficiently explained by divalent/monovalent-induced
alterations in the surface potential (Krafte and Kass, 1988; Edman and
Grampp, 1990).

The surface charge equations that were used in my study

proved to be relatively effective in matching the data. Predictions best fit the
data when protons and Ca 2+ were assumed to bind to separate sites, however,
the values obtained for surface charge density were not in general agreement
with previous results. My value of le/3200
and 1e1300

A2calculated for cardiac

Kass, 1993) and 1e/210

A2is

much lower than 1&/140

A2

cells (Hank and Sheets,. 1992;Kwan and

A2 calculated

for Sympathetic neurons (Zhou and

Jones, 1996). A different value for pK. was also observed. Previous calculated
values ranged from 5.0 to 6.9 (Kwan and Kass, 1993; Zhou and Jones, 1996),
whereas apKa of 7.94 was calculated using equations 3,5, and 6in the present
study. A PKa of 7.94 suggests that aprotein containing an amino acid with an
ionizable amino group (PKa= 8.
0), eg. lysine, or sulfhydryl group (pK=8.5) may
play a role in binding protons.

The amino group

(PKa=8.0)

on membrane
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phospholipids could also play arole in attracting protons.
The Ca 2+
-inducedshifts in normal pH (pH 7.6), however, were poorly
fitted by assuming H

and Ca 2+ bind to independent or common surface

charges. This suggests that Ca2+ may have different binding affinities for the
binding sites. For example, at alow [Ca 2+]., Ca2 may bind tenaciously to the
channel thus eliminating the expected change in surface potential. Another
possible explanation is that Ca2+ may alter the channel directly by binding to
it and causing achange in its conformation, thus rendering it unable to follow
the expected surface potential predictions.

4.9 Computer Simulation and Physiological Relevance
Exposure to bright light causes rod photoreceptors to undergo a
hyperpolarizing response that first reaches amaximum peak, quickly declines
to a less hyperpolarized level, and then slowly returns to the initial dark
membrane potential (Bader et al., 1982).
effectively modelled in Fig. 29.

This bright light response was

Modifications were made to the model to

incorporate the expected physiological light-induced changes in

'h

activation,

and the response waveform was subsequently altered (Fig. 32). As can be seen
in Fig. 32, modest changes in the response occur in the -60 to -70 mV range.
These apparent changes in the modelled light response are not thought
to affect the gain at the output synapse of a single rod photoreceptor, as the
rod can only signal a 6 mV change (relative to the dark membrane potential
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of -35 mV) to second-order cells (Attwell et al., 1987).

This phenomenon is

known as signal clipping. Since the model predicts that the response is altered
near -60 or -70 mV, which is 25 and 35 mV away from the dark potential,
these changes would not be detected by second-order cells.
However, since rod photoreceptors are electrically connected to each
other by gap junctions (Attwell and Wilson, 1980), voltage changes greater
than 5mV can be detected. For example, the signal produced by illuminating
only one rod with bright light will be passed on to neighbouring rods via gap
junctions producing smaller hyperpolarizations which consequently affect the
synaptic responses. The result of this electrical coupling is the production of
alarger response in the second-order cell that receives input from coupled rods,
than if no coupling had occurred (Attwell et al., 1987).
When the retina is exposed to broad-field illumination, voltage changes
greater than 5mV are not detected using rod-rod gap junctions since all rods
produce the same response, thus large signals are clipped. However, since rods
are also weakly connected via gap junctions to cones, the large signals can
affect signal processing by altering the cone output synapses.
Even though alterations in

'h

activation appear to affect the light

response outside the rod photoreceptor synaptic operating range, signal
processing may be modulated by pH0 and [Ca2+via rod-rod and rod-cone gap
junctions.
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5.0 CONCLUSION
It is known that PH. and [Ca2 ]
0levels change in the eye in response to
illumination.

These changes play an important role in modulating several

voltage-dependant ion channels. This study examined the effects that pH and
[Ca 2+ ]oon the nonselective cation current,

'h'

in salamander rod photoreceptors.

The results show that within the physiological range, changes in pH0 and
[Ca210 have minimal effects on the strongly hyperpolarizing bright light
response of rods.

However, in coupled rods,

an effect by PH,, and Ca 2 0 is

expected.
From a biophysical perspective this was an important study as it
demonstrated how channel opening was affected by pH and [Ca 2+ ]oin this
unusual type of channel.

The h-channels are unusual in that they open in

response to hyperpolarizaticin, rather than in response to depolarization as is
the case in "normal" voltage-gated ions channels.

In spite of this reversed

mechanism pH and [Caa2i0 produced similar shifts in modulatory channel
opening as seen with depolarization-activated channels.
With this work, the characterization of pH effects on rod photoreceptor
electrical properties is complete. In conjunction with previous studies on Kxchannels, Ca-channels, Ca-activated Cl-channels and cGMP-activated channels,
this work completes the picture of how rod ion channels are affected by pH0.
Taken together, a fairly complete characterization of how endogenous pH
changes occuring in the retina can affect rod function in a physiologically
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significant manner is now available.
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