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A Poem

So suddenly you are gone

It seems like just yesterday
That I was visiting you in DC
Walking in the park

Sitting in the café.

I remember telling the Suppershuttle driver
“Wait, stop! — I’ ve forgotten something”
Only to give you one last hug

One last kiss

Not knowing the truth.

Now I have your clothing

Your beautiful wedding dress

The dozens of shoes that were never enough

The socks that I used to take off

So I could tickle your feet.

I have your jewelry

Your furniture

Your plants that are growing brown under my care
I have nothing.

Now I am an old man

An empty shell

A painful image of the past
Living life to live life
Nothing more.

vii

I IRy 55 B pom o -

BV aV¥a¥ e



The Rockefeller

University Press

1114 First Avenue, 4th Floor
New York, New York 10021
(212) 327-7938

Fax (212) 327-8587

11 August 1998

Dr. David H. Hackos

Department of Physiology

University of California-San Francisco

San Francisco, CA.

Dear Dr. Hackos:

We shall be glad to grant you permission for the reproduction of the material referred to in
your letter of 31 July 1998.*

Our only requirements are that you also obtain permission from the author(s) and give
suitable acknowledgment to the source in the following manner: Reproduced from The
Journal of General Physiology by copyright permission of The Rockefeller

University Press.

Sincerely yours,

THE JOURNAL OF
GENERAL PHYSIOLOGY

& rizn
Léa7y (
Iris Vallecilla ‘

Permissions Coordinator

*JGP-vol:110,515,28,1997 - article for thesis.

viii

UCSF LRRaRy



Role of Cyclic Nucleotide-Gated Channels in the Transduction and
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Abstract

In both rod and cone photoreceptor cells, absorption of a photon by the visual
pigment rhodopsin leads to activation of a phosphodiesterase and the consequent closure
of cGMP-activated ion channels in the outer segment membrane. Since the channel is the
sole entrance pathway of Ca*™ into the outer segment, channel closure causes a decline in
the intracellular free Ca*™ concentration, which in turn alters the gain and sensitivity of
the photoresponse, leading to adaptation. In this thesis work, I have sought to
characterize the properties of the rod and cone photoreceptor cGMP-gated channels to
determine what role they play in adaptation and in defining the physiological differences
between rods and cones.

I have found that the cone channel, like to rod channel, is modulated by Ca** in

the presence of a calmodulin-like factor. However, unlike the rod channel, the cone
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channel is sensitive to physiological Ca™ concentrations. This indicates that Ca**
modulation of the channel is much more important for adaptation in cones than in rods.

I have found that the Ca™ permeability of photoreceptor cGMP-gated channels is

a function of the cGMP concentration. Thus, in these channels selectivity is linked with
the gating machinery, indicative of gating-dependent structural changes within the pore.
Taking this observation into account, I have found that in the presence of physiological
cGMP concentrations, cone channels are nearly 10-fold more permeable to Ca*™ than rod
channels, significantly greater than previously measured at much higher nonphysiological
concentrations of cGMP.

While differences in Ca™ permeability between rod and cone channels suggest a
role the channel might play in defining rod-cone differences, the critical quantity that
must be measured is the actual fractional Ca** current through the channels. Using a
fluorescence technique, I have made the first direct measurements of fractional Ca**
current through the rod and cone channels. I find that in rods, only about 25% of the
current is carried my Ca**, whereas the cone channel is essentially a Ca** channel. These

channel differences should give rise to differences in adaptation features, and possibly

some of the differences between rods and cones.
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Chapter I
Introduction



The vertebrate retina has the remarkable property of being able to accurately
detect contrast differences in a visual image despite ranges of background light intensity
of over 12 orders of magnitude. This is due partially to the adaptation process within the
photoreceptor cells and partially to the presence of two types of photoreceptor cells in the
retina; rods, which specialize at low intensity light detection, and cones, that can work
under conditions of bright background light. While the light detection process in rods is
well understood, adaptation is still poorly understood in both rods and cones and is
currently an area of intense research. The goal of the research described in this thesis is
to better understand the process of adaptation at the molecular level and to understand, at
least in part, the molecular differences between rods and cones that give rise to

differences in their adaptation abilities.

The process of phototransduction in vertebrates can be divided into two separate
enzymatic pathways, the activation cascade and the feedback pathway. The cGMP-gated
ion channel present in the outer segment membrane plays a central role in
phototransduction by linking these two pathways together as well as by generating the
electrical signal in response to light. This central role makes the channel an ideal target
for the process of adaptation as well as in defining rod-cone differences. However,
before introducing the cGMP-gated channel, it is first important to understand the
environment in which the channel is situated, both in the dark adapted state and during

the response to light.

The dark adapted state

Before a photoreceptor is presented with a light stimulus, about 1-5% of the cGMP-gated
ion channels in the outer segment membrane are open (Cobbs et al., 1985). This gives
rise to a membrane current referred to as the dark current, which in rods is about 50-
100pA and in cones is about 30-60pA. To maintain this current, a small amount of

c¢GMP must be present in the dark. This particular concentration of cGMP is held
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constant by the opposing activities of two enzymes, guanylyl cyclase, which synthesizes
c¢GMP, and cGMP phosphodiesterase (PDE), which hydrolyses it. The rate of PDE in the
dark is dependent only on the cGMP concentration, and since [cGMP] << K, (for the
PDE) under these conditions, the rate of PDE increases essentially linearly with [cGMP].
In contrast, the cyclase activity is controlled by the calcium concentration (see feedback
pathway), and therefore calcium sets the balance between these two enzymes and
determines the value of the cGMP concentration.

The intracellular calcium concentration is in turn maintained by the balance
between calcium influx through cGMP-gated channels and calcium efflux through the
Na-Ca,K exchange pump (also in the outer segment membrane). The exchange pump has
arate that is essentially linear with calcium concentration. Therefore, the channel
controls the balance of these two processes, and therefore controls the calcium
concentration. Thus, the concentration of cGMP in the dark (and therefore the dark
current) is controlled by a feedback process, where the number of open channels controls
the calcium concentration, which in turn controls (by controlling cyclase activity) the
number of open channels.

Therefore, there is a defined relationship between the cGMP and calcium
concentration. In general, if [cGMP] decreases, so will [Ca™], and vise versa. However,
changes in [cGMP] will not instantaneously affect [Ca™]. This delay is caused in part by
the finite rates of calcium influx and efflux, but also by the presence of cytoplasmic
calcium buffers. The calcium buffer is likely made up of several different components,
each with different kinetic properties, as seen by the multiexponential decay of free
calcium concentration following a rapid decline in [cGMP]. It is believed that in the dark
adapted state, about 1 in 100 Ca* ions are free (Lagnado et al., 1992). Buffers for cGMP
are also known to be present in the outer segment, most likely due to high concentrations
of PDE (Cote and Brunnock, 1993).

The activation cascade, which results in a transient rise in the PDE activity, upsets

the balance of the dark adapted state, resulting in the photoresponse. This light
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dependent decrease in [cGMP] results in a decrease in [Ca*™] as well, which initiates the
feedback process and adaptation. The molecules that define these two processes are

outlined below.

The activation cascade

Rhodopsin

The first part of the activation cascade is rhodopsin, the visual pigment of photoreceptor
cells. Rhodopsin is an integral membrane protein situated in disk membranes stacked
inside the rod outer segment (or in the disk membrane-like invaginations of the outer
segment membrane in cones). Like all proteins in the class of G-protein coupled
receptors, it contains seven transmembrane helices, which in the case of rhodopsin,
harbor the chromophore 11-cis-retinal covalently linked to Lys-296 via a protonated
Schiff base (Bownds, 1967; Dratz and Hargrave, 1983; Oseroff and Callender, 1974).
Light catalyzes a cis-to-trans photoisomerization of 11-cis-retinal resulting in all-trans-
retinal, which induces a series of structural transitions in rhodopsin eventually giving rise
to the active state Metarhodopsin II (also called Rh*).

Just as important as the activation mechanism of rhodopsin is its inactivation
mechanism. This is initiated by rhodopsin kinase, which binds to Meta-II and
phosphorylates up to eight or nine serines and threonines near the carboxy terminus
(Wilden and Kuhn, 1982; Aton et al., 1984). Arrestin recognizes phosphorylated
rhodopsin and binds to it tightly, preventing activated rhodopsin from interacting with
transducin. The time-course of these inactivation reactions is not entirely clear, but it
most likely involves many steps, each of which decay exponentially without any one

being rate limiting (Rieke and Baylor, 1996).

Transducin

The heterotrimeric G-protein transducin binds to the Meta-II state of rhodopsin, which

catalyzes the exchange of GDP for GTP in transducin (Fung et al., 1981; Stryer et al.,
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1981). The binding of GTP causes a structural change in transducin that results in the
release of the G-protein beta-gamma subunit. The alpha subunit of transducin is then
able to bind to the cGMP phosphodiesterase (PDE) gamma subunit, preventing the
gamma subunit from interacting with, and inhibiting, the PDE holoenzyme. In addition
to their signaling roles, G-proteins are enzymes with GTPase activity. The hydrolysis of
GTP to GDP allows the beta-gamma subunit to rebind the transducin alpha subunit,
bringing it back to the inactive state and providing an elegant inactivation mechanism.
However, the intrinsic GTPase activity (about 1/sec) is many times too slow to account
for the inactivation time-course that must be present in the photoreceptor cell. This fact
has revealed the presence of a GTPase activating protein (GAP) in the outer segment that
has recently been identified as RGS9 (He et al., 1998), which in the presence of PDE
gamma, increases the rate of GTP hydrolysis by a factor of 100. This inactivation time-
course is thought to be dominated by a single exponential process, which accounts for the

phenomenon of recovery translation invariance in rods (Nikonov et al., 1998).

c¢GMP phosphodiesterase(PDE)

The photoreceptor PDE consists of two nonidentical ~90 kDa catalytic subunits (alpha
and beta) and two identical ~11 kDa inhibitory subunits (gamma) (Deterre et al., 1986).
In a dark adapted photoreceptor cell, there is a small amount of active PDE present,
referred to as the dark PDE activity. While it is not clear from where this arises (it may
be due to a slight excess in the outer segment concentration of catalytic subunits over
inhibitory subunits), it is essential to photoreceptor function. The enzyme becomes half-
activated by the removal of one PDE gamma subunit, and fully active upon removal of
both gamma subunits. The function of this enzyme is to catalyze the hydrolysis of cGMP
to GMP. In this way, the concentration of cGMP decreases during the photoresponse,

which results in the closure of cGMP-gated ion channels in the outer segment membrane.



Guanylyl cyclase

The guanylyl cyclase (GC) of the outer segment is responsible for the synthesis of cGMP
from GTP. Since the activity of this enzyme is inhibited by calcium (see feedback
pathway), its activity is relatively low in the dark (when the calcium concentration is
high) compared to during the light response (when the calcium concentration drops).
This enzyme is thus functions to maintain the dark current before the light response and

to speed the recovery of the photoreceptor cell following the light response.

CGMP-gated channel and Na-Ca,K exchanger
The cGMP-gated channel is responsible for converting light dependent changes in the
concentration of cGMP to changes in membrane voltage. In the dark, a the photoreceptor
outer segment membrane has a resting potential of approximately -40mV. The channel
itself has a reversal potential near OmV since the channel is relatively nonselective for
cations. Thus, when channels close due to light dependent changes in [cGMP], the
membrane becomes more hyperpolarized, resulting in a closure of Ca™ channels at the
synaptic pedicule. This results in a decrease in the rate of neurotransmitter secretion,
transferring the signal to the other cells of the retina.
While the cGMP-gated channel does not select Na* over K*, it is significantly

more permeable to Ca*™ than the other physiologically relevant cations. This allows a
substantial amount of Ca*™ to enter the outer segment through the channel even though
the extracellular Ca** concentration may be as low as 1mM (compared with the >100mM
extracellular Na+ concentration). Calcium leaves the cytoplasm through the Na,Ca-K
exchange pump, which is an electrogenic exchanger with a stiochiometry of 4 Na* for
every 1 Ca* and 1 K*. Under physiological conditions, the rate of the exchanger is
essentially entirely dependent of the intracellular Ca™ concentration, which indicates that
this protein does not regulate intracellular calcium, it only clears it out of the outer
segment with well-defined kinetics. Thus the channel has the sole responsibility of

setting the cytoplasmic Ca™ concentration.
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The Feedback Pathway and Adaptation
Adaptation

Adaptation is often defined as the reduction in sensitivity to light when a photoreceptor is

presented with a steady background light. However, this is actually opposite to the
motivation of the process of adaptation - the photoreceptor should work to maintain
sensitivity, not reduce it. Even without the process of Ca**-dependent adaptation, a
photoreceptor becomes less sensitive to light due to a process called amplitude
compression, which is caused by the fact that cGMP-gated channels cannot close any
farther that fully closed. Thus, adaptation should be defined as the light-dependent
increase in sensitivity that counteracts decreases in sensitivity due to amplitude
compression. This allows photoreceptors to remain responsive to light over a much
larger range of background light intensities than they would have without this active
process.

Adaptation (as I have now defined it) has been found experimentally to require
changes in intracellular Ca™ concentration (Matthews et al., 1988; Fain et al., 1989). If
calcium is not allowed to change, either by altering the extracellular Ca** concentration
or by injecting the cell with a high concentrations of a Ca** buffer, adaptation fails to

occur and the cell decreases in sensitivity with background light as would be predicted

from amplitude compression. It is this calcium-dependent process which I refer to as the

feedback pathway, as is described below.

Feedback Pathway

When calcium enters the outer segment cytoplasm through cGMP-gated channels, it
binds to a number of calcium-binding proteins, which in turn alter the behavior of
specific proteins involved in phototransduction. The following list are the Ca*™*

dependent processes so far known to exist in rod phototransduction.
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1. GCAP

GCAP (Guanylyl Cyclase Activating Protein) and its interaction with guanylyl cyclase
was the first Ca** dependent process discovered to exist in rods (Lolley and Racz, 1982;
Koch and Stryer, 1988), though the identity of the GCAP protein itself was only recently
established (Palczewski et al., 1994; Dizhoor et al., 1995). GCAP binds to cyclase in a
calcium-dependent manner and acts to inhibit its activity. Thus, when the intracellular
Ca™ concentration drops during the photoresponse or during exposure to background
illumination, GCAP is no longer able to inhibit cyclase, and the cyclase activity
increases. This results in an increase in the rate of cGMP synthesis, and an increase in
the number of open channels. Adaptation results because more channels are open than
would have been if the cyclase activity were not Ca™ dependent. More open channels
means than the cell can give larger responses under bright light conditions than it would
have without adaptation. It is known that this process is relatively fast with a K| =

100nM, well within the range of physiological Ca™ concentrations (Calvert et al., 1998).

2. Recoverin

Recoverin was originally purified with the intention of finding GCAP (Dizhoor et al.,
1991; Ray et al., 1992). It was soon discovered,' however, that recoverin (also known as
S-modulin) does not interact with cyclase, but rather interacts with rhodopsin kinase in a
Ca™ dependent manner (Hurley et al., 1993; Kawamura et al., 1993). Recoverin is now
known to inhibit the activity of rhodopsin kinase, increasing the lifetime of activated
rhodopsin. Thus, when the calcium concentration declines during the light response,
recoverin dissociates from rhodopsin kinase, resulting in an increase in the kinase
activity, shortening the lifetime of activated rhodopsin. This decreases the gain of the
activation cascade, resulting in adaptation. However, recent experiments (still
unpublished) with recoverin knock-out mice seem to indicate that recoverin does not play
a physiologically significant role in rods. Whether or not it plays an important role in

cones is still under investigation.
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3. Calmodulin

Calmodulin was found to bind to the cGMP-gated channel, leading to an increase in the
channel’s sensitivity to cGMP (Hsu and Molday, 1993, 1994). In rod channel patches,
the K, for the channel can increase by a factor of 1.5-2 when Ca™*-calmodulin binds to
the channel. An increase in sensitivity to cGMP will allow more channels to open under
conditions of steady background light than would have opened without this effect,
resulting in adaptation. Experiments done in a partially intact truncated rod preparation
have shown that under physiological conditions, the K; for the Ca™ dependence of
channel K/, is about 20nM (Nakatani et al., 1995), which is lower than the minimum
value of Ca™ concentration (about 30-50nM). This low K; indicates that at least in rods,
this effect may not be important, except perhaps under very bright conditions (Koutalos
and Yau, 1996). There is still no conclusive evidence that calmodulin is in fact the
physiologically relevant modulator of the channel. Experiments with excised
photoreceptor patches have shown small differences between the endogenous modulator
and bovine calmodulin (Gordon et al., 1995; Hackos and Korenbrot, 1997; this thesis,
chpater II), suggesting that perhaps a protein similar to but distinct from calmodulin is

involved.

4. Other Ca™ dependent processes
Evidence for a fourth Ca™ binding regulatory protein that alters the gain of the activation
cascade has been found (Lagnado and Baylor, 1994). When the calcium concentration

decreases during the light response, this protein, which has not yet been identified,

apparently acts upstream of recoverin and somehow reduces the activity of light-activated

rhodopsin. The K for this calcium-dependent process has been measured to be 35nM,
which indicates that this process may not be important except at very bright light

intensities.
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It has also been demonstrated that protein kinase C is present in the outer segment
and can phosphorylate rhodopsin in a calcium dependent manner (Newton and Williams,
1993). However, recent experiments seem to indicate that protein kinase C has no

functional role in phototransduction (Xiong et al., 1997).

5. Noncatalytic cGMP binding sites on PDE

In addition to Ca™, cGMP itself may play a role in the feedback pathway in rods. It has
been found that cGMP regulates the duration of PDE activation by transducin (Arshavsky
et al., 1991, 1992; Arshavsky and Bownds, 1992; Cote et al., 1994). When cGMP binds
to the noncatalytic site on PDE, the GTPase activity of transducin is found to be much
slower than when these sites are not occupied. This means that during the light response,
when the cGMP concentration drops, these noncatalytic site no longer contain bound
c¢GMP, and therefore the inactivation rate of transducin increases. The effect of this

process is to decrease the gain of the activation cascade, resulting in adaptation.

Rod-Cone Differences

Cone photoreceptors are in general less sensitive to light (about 10-fold), have much
faster kinetics, and have more robust adaptation abilities than rod photoreceptors (Miller
and Korenbrot, 1992). The molecular differences that give rise to these physiological
differences are not yet known. It has been suggested, however, that some of the
difference is due to differences in calcium homeostasis (Miller and Korenbrot, 1994,
Miller et al., 1994). In particular, it is known that the cGMP-gated channels have a
greater Ca™" permeability in cones than in rods (Perry and McNaughton, 1991; Picones
and Korenbrot, 1990; Perry and McNaughton, 1991) and also a much faster rate of Ca™*
efflux through the exchange pump (Nakatani and Yau, 1989; Hestrin and Korenbrot,
1990; Perry and McNaughton, 1991). In this thesis, I will show that the differences in
Ca" permeability between the two channel types is in fact significantly greater than has

been previously thought. In chapter III, I will show there is a 7.5-fold difference in Ca*™*
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permeability, and in chapter IV, I will show that this leads to a 4-fold difference in Ca*™
flux, making the cone channel effectively a Ca™ channel. A much faster rate of Ca™
influx and efflux in cones should give rise to faster and larger changes in intracellular
Ca'"* concentration, leading partially to the expected differences in the physiological
properties of rods and cones. The elements that respond to Ca*™, such as GCAP,
recoverin, and calmodulin, may be able to respond better to physiological Ca*™
concentrations than their rod counterparts. In chapter II of this thesis (see also Hackos
and Korenbrot, 1997; Rebrik and Korenbrot, 1997), I will show that the cone channel, as
opposed to the rod channel, is modulated by physiological levels of Ca**. Thus in cones,
changes in intracellular Ca™ concentration may lead to larger changes in the activity of
the Ca™ response elements of the feedback pathway. However, mathematical modeling
of the photoresponse shows that differences in Ca*" dynamics cannot be the full
explanation for the rod-cone differences. In fact, many other properties, such as the
inactivation rate of the PDE, must be faster in cones to account for the observed
physiological behavior. A full analysis of the activity of the cone PDE and other
enzymes will require a biochemical preparation of cone outer segments, which is not yet

technically feasible.

Cyclic Nucleotide Gated Channels
The cGMP-gated ion channel of the photoreceptor outer segment membrane is central to
phototransduction, both in its generation of the electrical signal to light and in its control
of the cytoplasmic Ca™ concentration, which is required for adaptation. Thus, it is of
interest to investigate the role that these channels play in adaptation and the role that
differences between the rod and cone channels play in the functional differences between
these two cell types.

Photoreceptor cGMP-gated channels are members of the class of cyclic nucleotide
gated (CNG) channels. Three members of this family have been identified in vertebrates;

the rod, cone, and olfactory channels. CNG channels have also been found in numerous
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other tissues, but their importance is not as clear as it is for photoreceptors and olfactory
neurons.

The cloning and sequencing of the CNG channels have revealed that they are
members of the voltage gated channel superfamily (Kaupp et al., 1989; Jan and Jan,
1990). These channels form tetrameric structures (Liu et al., 1996), where each subunit
passes through the membrane six times. The six membrane spanning helices are labeled
S1-S6. Between S5 and S6 is the pore region (P region), which is thought to line most of
the ion permeable pathway through the channel. In CNG channels, there is an additional
large C-terminal domain that includes a cyclic nucleotide binding domain similar in
sequence to the cAMP binding domains of catabolite-activating protein (CAP), a
bacterial transcription factor, and cAMP- and cGMP-dependent protein kinase. There is
also a smaller N-terminal domain, which includes a highly charged portion that may be
proteolytically removed from the channel during processing (Molday et al., 1991).

The cloned rod, cone, and olfactory channels form active CNG channels when
expressed in either Xenopus oocytes or HEK293 cells (Kaupp et al., 1989; Bonigk et al.,

1993; Dhallan et al., 1990). However, it was noticed early on that these channels did not
display the same single channel kinetics, binding affinity to cGMP or cAMP, sensitivity
to l-cis-diltiezam and Ca™ block, and modulation by calmodulin as was seen in the native
channel. At least part of this discrepancy has been found to be due to the presence of a
second subunit of the channel, referred to as the beta subunit (Chen et al., 1993; Korschen
et al., 1995). When this is coexpressed with the alpha subunit, the resulting channels
have the correct kinetics, 1-cis-diltiezam and Ca™ block sensitivity, and calmodulin
modulation, but still have a lower affinity for cyclic nucleotide when compared with the
native channel. Furthermore, while the rod beta subunit has been cloned, it remains to be
determined whether the cone channel also has a beta subunit (it is known that the rod beta
subunit is not expressed in cones). A beta subunit has been reported for the olfactory
channel, but it is still not clear whether this is in fact the physiological beta subunit

(Bradley et al., 1994; Liman and Buck, 1994).
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The CNG channel pore is quite complex. While the pore is essentially
nonselective for small monovalent cations such as Li*, Na*, and K*, it is significantly
more permeable to divalent cations, especially Ca™ (for review, see Yau and Baylor,
1989; Menini, 1995). The permeability for NH," is much larger than the other
monovalent cations, but the channel is completely impermeable to tetramethylammonium
(TMA). Ions of intermediate sizes such as methylammonium and dimethylammonium
are partially permeable and have been used to determine the effective diameter of the
pores of rod and olfactory channel (Picco and Menini, 1993; Goulding et al., 1993). The
greater permeability for divalent cations has been shown to be due in large part to the
presence of a conserved glutamate residue (E363) in the pore - when this is changed to an
unchanged amino acid, the divalent cation permeability is greatly reduced (Root and
Mackinnon, 1993; Eismann et al., 1994). As is the case for calcium channels, divalent
cations block the pore in addition to permeating. The block is significantly different
depending on which side of the membrane divalent cations are placed; (for Ca*" block)
externally, K; = 10uM, and internally, K; = ImM. All of this behavior can be easily
explained by postulating the presence of a divalent cation binding site in the pore
(perhaps E363) that is asymmetrically located within the electric field across the
membrane. Both one and two well Eyring rate models have used this idea to successfully
predict much of the current-voltage relationship in the absence and presence of divalent
cations for both rod and cone channels (Zimmerman and Baylor, 1992; Haynes, 1995;
Wells and Tanaka, 1997).

The actual amount of calcium that flows into the outer segment per pA of cGMP-
dependent current has not been measured directly, but it has been estimated that calcium
carries 10-15% of the dark current in rods (Nakatani and Yau, 1988; Lagnado et al.,
1991) and 21% in cones (Perry and McNaughton, 1991). These numbers were obtained
by measuring the decay of the electrogenic Na-Ca,K exchange current following a bright
light stimulus (which rapidly causes all of the cGMP-gated channels to close). By fitting

the exchange current with a single or double exponential, it is possible to extrapolate
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back to the point when half of the channels have closed. This allows an estimation of the
exchange current in the dark. Since the exchanger has a defined stoichiometry (one
calcium ion per charge carried), this gives as estimation of the amount of calcium efflux
in the dark. Since at equilibrium, calcium influx and efflux must be the same, dividing
the calcium efflux with the measured total dark current provides the percentage of the
dark current carried by calcium. However, this method is prone to error for many
reasons. Perhaps the most important is the fact that the exchange current consists of
multiple exponential timecourses probably as a result of the presence of different calcium
buffers in the outer segment cytoplasm, each with different kinetics (McCarthy et al.,
1996). As a result, it is difficult to distinguish the closure rate of the channel from the
fast exponential decay timecourses of the exchange current (especially in cones, where
the exchanger rate is extremely fast). Large errors in the calcium flux can potentially
occur by missing the fast decay processes in the exchange current. The method is also
limited because the measurement of important trends, such as the dependence of calcium
flux on [cGMP], voltage, and extracellular calcium cannot be easily measured. In chapter
IV of this thesis, I have made the first direct measurements of fractional Ca™ current
through both the rod and cone channels.

Several other studies have measured the permeability ratio between calcium and
sodium (or potassium) by determining the channel’s reversal potential under a variety of
bi-ionic or semi bi-ionic conditions (Picones and Korenbrot; 1995; Frings et al., 1995;
Haynes, 1995). While the permeability ratio (PCa/PNa) can be directly measured in
excised patch recordings, it is not straight forward to calculate calcium fluxes from
PCa/PNa measurements. However, the observed trends between rods and cones are
consistent with the exchange current measurements. The cone PCa/PNa (or PCa/PK) is
found to be about 3 times larger than the same value in rods.

The mechanism by which the cGMP binding domain actually gates the channel is
still a mystery, but many intriguing observations have been made. X-ray crystal
structures of the cCAMP binding domains of CAP (Weber and Steitz, 1987) and PKA have
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provided insights into the cGMP binding site of the channel, and the local structural
changes that occur upon binding (Kumar and Weber, 1992). One interesting question
that has been answered based on this information as well as with mutagenesis
experiments is the molecular basis for cyclic nucleotide selectivity. The rod channel is
much more sensitive to cGMP than to cAMP by about a factor of 20-50 (Kaupp et al.,
1989; Goulding et al., 1994), while the olfactory channel interacts equally well with
either CAMP or cGMP (Nakamura and Gold, 1987; Zufall et al., 1994). By making
chimeric channels in which various sections of the rod and olfactory channels were
exchanged, it was determined that a particular helix (called the C-helix) within the cyclic
nucleotide binding domain completely determined the nucleotide selectivity (Goulding et
al., 1994). This was further refined to show that aspartate residue 604 (in the C-helix)
was intimately involved in nucleotide selectivity (Varnum et al., 1995).

Further experiments have shown that there is an interaction between the N-

terminal and cyclic nucleotide binding domains. This interaction seems to be

autoexcitory — i.e. the N-terminal domain increases the binding domain’s affinity for

cyclic nucleotide (Gordon et al., 1997; Varnum and Zagotta, 1997). It was further shown : ::
that calmodulin (at least for the olfactory channel) decreases the sensitivity of the channel —
crsm——

to cAMP by specifically blocking this domain interaction. However, it is still unknown
how the cyclic nucleotide binding domain alters the structure of the channel, affecting
open probability.

Several pieces of evidence point to structural changes in the pore during the
gating process. The local anesthetic tetracaine has been found to block the channel in a
state-dependent manner (Fodor et al., 1997a, 1997b). Analysis of this state-dependence
has revealed that tetracaine binds to the pore only when the channel is in the closed state.
Furthermore, it was found that the block was not state-dependent when tetracaine was
applied to the E363G mutant channel. This implies that E363, which is known to be part
of the selectivity filter in the pore, is undergoing conformational changes during the

gating process. Structural changes in the pore have also been revealed by looking at the
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affects of sulfhydryl-specific reagents on channels containing cysteine substitutions
within the pore (Sun et al., 1996). When such a cysteine reacts with a
methanethiosulfonate (MTS) reagent, the pore becomes blocked or altered, which can be
detected electrophysiologically. Sun et al., 1996, found 3 residues that were accessible
from both sides of the membrane despite the fact that the MTS reagents tested could not
permeate the channel. It was further shown that MTS reagents can react with these
cysteines from both sides of the membrane even when the channel is in the closed state.
These data have been interpreted to show that there is not a “gate” in front of the pore on
either side of the membrane, but rather the pore itself acts as the gate. Therefore, the pore
can change structure to form either a closed gate (representing the closed state of the
channel), or the selectivity filter (when the channel is open). Surprisingly, this is not the
case in K* channels, which would be predicted to have similar pore structures based on
the high degree of sequence similarity on this part of the channel (Liu et al., 1997;
Holmgren et al., 1997). One possible caveat of the Sun et al., 1996 experiments is that
the MTS reagents may not be as membrane-impermeant as was assumed (Holmgren et
al., 1996).

Another interesting aspect of CNG channel gating is the presence of gating-
dependent subconductance states. These subconductance states were described soon after
the channel was discovered. Depending on the investigator, either one (Haynes et al.,
1986; Zimmerman and Baylor, 1986; Tanaka et al., 1987) or two (Hanke et al., 1988;
Bennett et al., 1989) subconductance states could be observed. Ildefonse and Bennett
(1991) presented evidence for the presence of three subconductance states (which are
present only at low cGMP concentrations) in addition to the fully open state, and
therefore argued that the channel has four cGMP-binding sites, where each binding state
represents one of the subconductance states. Recently, however, elegant experiments by
Ruiz and Karpen (1997) have shown that there is not a one-to-one relationship between
the number of cGMP molecules bound to the channel and the channel’s occupancy of one

particular subconductance state. Using a photo-crosslinkable cGMP analog, there were
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able to determine the number of cGMP molecules bound to a single channel and record
its electrophysiological behavior. This revealed that the channel samples each of the
conductance states under all conditions — only the probability of occupying a particular
state is dependent on the number of bound cGMP molecules. This also reveals that the
average conformational state of the pore is dependent on cGMP concentration. The fact
that the pore exists in different conformations depending on [cGMP] opens the possibility
that important pore properties (such as ion selectivity) might be dependent on [cGMP] as
well. In chapter IV of this thesis, I provide evidence that the ion selectivity of rod and
cone cGMP-gated channels is indeed dependent on cGMP concentration, suggesting that

the subconductance states represent states of the channel with altered pore structure.
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Abstract

To investigate modulation of the activation of cGMP-gated ion channels in cone
photoreceptors, we measured currents in membrane patches detached from the outer
segments of single cones isolated from striped bass retina. The sensitivity of these
channels to activation by cGMP depends on the history of exposure to divalent cations of
the membrane’s cytoplasmic surface. In patches maintained in 20 pM Ca*™* and 100 pM
Mg* after excision, the current amplitude dependence on cGMP is well described by a
Hill equation with average values of K., the concentration necessary to activate half the
maximal current, of 86 uM and a cooperativity index, n of 2.57. Exposing the patch to a
solution free of divalent cations irreversibly increases the cGMP sensitivity; the average
value of K, shifts to 58.8 uM and n shifts to 1.8. Changes in cGMP sensitivity do not
affect other functional parameters of the ion channels, such as the interaction and
permeation of mono- and divalent cations. Modulation of cGMP activation depends on
the action of an endogenous factor that progressively dissociates from the channel as Ca*™
concentration is lowered below 1 uM. The activity of the endogenous modulator is not
well mimicked by exogenously added calmodulin, although this protein competes with
the endogenous modulator for a common binding site. Thus, the modulation of cGMP

affinity in cones depends on the activity of an unidentified molecule that may not be

calmodulin.

Keywords: retina, phototransduction, calmodulin, rod photoreceptor, fish
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Introduction

Rod and cone photoreceptors and olfactory sensory neurons respond to their
appropriate stimuli with changes in membrane conductance that reflect the activity of
cyclic nucleotide-gated ion channels (Fesenko et al., 1985; Haynes and Yau, 1990;
Nakamura and Gold, 1987). In these cells, the stimuli activate enzymatic cascades that
ultimately change the cytoplasmic concentration of either cGMP (photoreceptors)

(reviews in Hurley, 1992; Pugh and Lamb, 1993; Baylor, 1996) or cAMP (olfactory

neurons) (review in Reed, 1992). Because of similarities in primary structure, the cyclic s
nucleotide-gated channels in the sensory cells have been recognized to be members of the it

same gene family (reviews in Zagotta and Siegelbaum, 1996; Finn et al. 1996; Yau and
Chen, 1995). Despite their general structural similarities, the chemical specificity and
affinity of the ligand binding sites differ among channels of the various sensory cell types
(Scott et al. 1996). For example, the channels in retinal photoreceptors have a 20- to 50-
fold higher affinity for cGMP than cAMP, whereas native channels of olfactory neurons
have nearly the same affinity for both nucleotides (review in Zagotta and Siegelbaum,

1996). Even in the same receptor cell type, the nucleotide affinity of the channels varies

from species to species (review in Zagotta and Siegelbaum, 1996), presumably optimized
to match the nucleotide cytoplasmic concentration in the cell expressing that specific
channel. Furthermore, recent experiments have shown that the ligand affinity of the
channels is not static, but changes as a function of Ca*™ concentration (review in Molday,
1996). The physiological significance of this Ca™ dependence is not fully understood.
However, it is likely to play an important role in the adaptation of the cell’s response to
changing background levels of stimulation (Kurahashi and Menini, 1997).

The extent to which Ca™ modulates the cGMP activation differs markedly between
olfactory and rod photoreceptor channels. In rat olfactory neurons, for example, affinity
for CAMP decreases over 100-fold when Ca*™ is elevated to 200 uM (Chen and Yau,
1994; Liu et al., 1994; Balasubramanian et al., 1996). Affinity is measured by the value
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of K., the concentration necessary to activate half the maximum ligand-gated current.

In rod photoreceptors, the Ca** modulation of K, has been studied in isolated membrane
vesicles (Bauer, 1996), detached membrane patches (Gordon et al., 1995) and truncated
outer segments (Nakatani et al., 1995; Sagoo and Lagnado, 1996). In all these
preparations, the K;, for cGMP activation shifts about 1.5 fold with a Ca™*-dependence
that is half maximal at about 50 nM. Because this modulation is irreversibly lost in
patches and truncated rods following exposure to solutions free of divalent cations, it has
been presumed to arise from the action of a soluble, endogenous modulator (Gordon et
al., 1995; Nakatani et al. 1995; Sagoo and Lagnado, 1996; Bauer, 1996). The molecular
identity of this endogenous modulator in rods is not fully resolved, but the possibility that
it is calmodulin has been addressed in a number of recent experiments.

Hsu and Molday (1993) first demonstrated that calmodulin can cause a Ca**-
dependent modulation of K|, in rods. In a manner similar to the endogenous modulator,
the maximum Ca**/calmodulin-dependent shift in K, is about 1.5-fold (Gordon et al.,
1995; Kosolapov and Bobkov, 1996; Bauer, 1996). The Ca"™ dependence of the shift in
K, in the presence of added calmodulin has a half-maximum value of about 50 nM in
some studies (Hsu and Molday, 1993; Bauer 1996) and 450 nM in others (Kosolapov and
Bobkov, 1996). These values, however, cannot be compared to those characteristic of the
endogenous modulator because they change with the calmodulin concentration used in
the experiments (Bauer, 1996). Gordon et al. (1995) and Bauer (1996) have directly
investigated whether the endogenous factor and calmodulin are one and the same. In
membrane vesicles there are no recognizable differences in the function of the two
molecules (Bauer, 1996). However, in membrane patches the function of both molecules
was found to differ in several respects, suggesting that the modulator in rods may differ
from calmodulin (Gordon et al., 1995). In truncated rods, pharmacological blockers of
calmodulin do not alter the Ca**-dependent modulation of K;, nor does added
calmodulin confer modulation (Sagoo and Lagnado (1996)). Finally, Haynes and Stotz
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(1997) have found that added calmodulin can modulate K., in rod membrane patches, but
not in those of cones from the same species.

The cyclic nucleotide-gated channels of cone outer segments are structurally
homologous to those of rods (Bonigk et al., 1993; Weyand et al., 1994), yet their
functional properties differ in subtle but important ways. These functional differences
may contribute to explain the differences in transduction between the two receptor types
(Korenbrot, 1995). The K, of cGMP binding is higher in cones (Haynes and Yau,
1990; Picones and Korenbrot, 1992), than in rods (Karpen et al., 1988; Zimmerman and
Baylor, 1992; Haynes and Stotz 1997); the energy of interaction of cations such as Na*
and Li* with the channel is higher in cones than in rods (rods: Menini, 1990; Furman and
Tanaka, 1990; Zimmerman and Baylor, 1992; cones: Picones and Korenbrot, 1992;
Haynes, 1995), and the blocking effect of 1-cis-diltiazem is also different (Haynes, 1992).
Of singular functional significance is the fact that the permeability and interaction of Ca*™
with the channels differ between the two photoreceptor types (Korenbrot, 1995). In
particular, the permeability of Ca*" relative to Na* is higher in cone than in rod channels
(Picones and Korenbrot, 1995). This difference is also observed in recombinant channels
formed by cone or rod a-subunits alone (Frings et al, 1995). Whether there exists a
calcium-dependent modulation of ligand binding in cone channels and what features this
modulation might have has not been previously investigated. We report here that in
membrane patches of cone outer segments, as in those of rods, there exists a Ca™
dependent modulation of cGMP activation. This modulation depends on the activity of
an endogenous modulator. We further contrast the properties of rod and cone channels
with respect to the modulatory effect of added calmodulin. In cones the endogenous

modulator is not well mimicked by calmodulin.
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Materials and Methods

Materials. We obtained striped bass (Morone saxitilis) from Professional Aquaculture
Services (Chico, CA) and tiger salamanders (Ambystoma tigrinum) from Charles Sullivan
(Memphis, TN). We received cGMP, 8-Br-cGMP and calmodulin (bovine brain
phosphodiesterase activator) from Sigma (St. Louis, MO).

Photoreceptor isolation. Methods of cell isolation are described in detail elsewhere
(Miller and Korenbrot, 1993b, 1994). Animals were dark-adapted and retinas isolated
under infrared illumination. Single cones were obtained by mechanical dissociation of
striped bass retinas maintained in a Ringer’s solution consisting of (in mM) NaCl (143),
KCl (2.5), NaHCO:; (5), Na,HPO, (1), CaCl; (1), MgCl; (1), pyruvate (S), HEPES (10),
pH 7.5, osmotic pressure 309 mOsM. Rods were isolated by mechanical dissociation of
tiger salamander retinas maintained in a Ringer’s solution composed of (in mM) NaCl
(100), KCl (2), NaHCO:s (5), Na,HPO, (1), CaCl, (1), MgCl, (1), pyruvate (5), HEPES
(10), pH 7.4, osmotic pressure 227 mOsM.

Solitary photoreceptors were firmly attached to a glass coverslip derivatized with
wheat germ agglutinin (Picones and Korenbrot, 1992). The coverslip formed the bottom
of a recording chamber held on the stage of an upright microscope equipped with DIC
optics and operated under visible light. A suspension of photoreceptors in pyruvate-
Ringer’s was placed on the coverslip and the cells were allowed to settle down and attach
for 5 minutes. The bath solution was then exchanged with a Ringer’s solution of the
same composition, but in which pyruvate was isoosmotically replaced with glucose.

The recording chamber consisted of two side-by-side compartments. Cells were held
in one compartment that was continuously perfused with Ringer’s. The second, smaller
compartment was continuous with the first one, but a movable barrier could be used to
separate them (Picones and Korenbrot, 1992). We used tight-seal electrodes to obtain
inside-out membrane fragments detached from the side of the outer segments of either

cones or rods. After forming a giga-seal and detaching the membrane fragment, we
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moved the electrode under the solution surface from the compartment containing the
intact cells to the smaller compartment. The two compartments were then separated by
the movable barrier and the tip of the electrode was placed within 100 pm of the opening
of a 300 um diameter glass capillary. We used this capillary and a rotary valve to deliver
selected test solutions onto the cytoplasmic (outside) surface of the membrane patch.

The speed of change in membrane current in response to changes in test solutions
varied from patch to patch. This variability likely reflects differences among patches in
the accessibility of their cytoplasmic surface to the bath solution. In our experiments,
following each solution change we monitored membrane current by repeated presentation
of voltage steps and waited for the current to reach a stationary amplitude. We present
and analyzed here only currents in this stationary condition (except for Figure 5).

Ionic solutions. In studies of both cone and rod membranes, we filled the tight-seal
electrodes with the same solution (in mM): NaCl (157), EGTA (5), EDTA (5), Hepes
(10) adjusted with NaOH to pH 7.5, osmotic pressure 305 mOsM. Free Ca™
concentration in this solution was < 10 ' M and total Na* concentration was 167 mM.
In all studies, the initial composition of the solution in the small compartment into which
we moved the electrode was (in mM) NaCl (157), Hepes (10) adjusted with NaOH to pH
7.5, and 20 uM free Ca™ (total 7.637), 100 uM free Mg*™ (total 2) with HEDTA (10).
We elected to use these free divalent cation concentrations because they are sufficiently
low not to block the cGMP-gated conductance (Picones and Korenbrot, 1995), yet
sufficiently high to saturate the Ca™-dependence of the phenomena studied here.

We used a titration method to produce solutions with free calcium concentrations
between 10nM and 20 pM (Williams and Fay, 1990). This method yields accurate free
calcium concentrations without the need to weigh with extreme precision chemicals of
known purity. This is particularly important because 100% pure Ca*™ buffering agents
cannot be obtained commercially (Miller and Smith, 1984). Briefly, a solution containing

(in mM) NaCl (157), HEPES (10), HEDTA (10) adjusted with NaOH to pH 7.5 was
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divided into two parts. One part (solution A) had no added calcium. Into the other part
(solution B), CaCl, was added to 9mM and the pH readjusted to 7.8. A small sample of
this solution was then titrated with a 100mM CaCl, solution while monitoring its pH.
The amount of CaCl; necessary to fully titrate HEDTA, that is to obtain pure CAHEDTA
at pH 7.5, was determined from this titration. The appropriate amount of CaCl, was then
added to the remaining solution B. Solutions A and B were mixed to obtain different free
calcium concentrations (Table 1). Volumes were calculated (EqCal, BioSoft, Cambridge,
UK) using published values for HEDTA binding constants (Martell and Smith, 1974).
The pH was adjusted to 7.5 and solutions stored at 4 °C in plastic containers for up to.
one week. Solutions containing both calcium and magnesium (at concentrations of 20
UM and 100 puM free, respectively) were made by adding to solution A appropriate
amounts of stocks of CaCl, and MgCl,. The concentration of divalent cations in these
stocks were calibrated by measuring their osmolality.

In many of the experiments reported here we tested the electrical properties of the
same membrane patch before and after removing divalent cations. Divalent cations were
removed by exposing the cytoplasmic (outside) surface of the patch to a solution
composed of (in mM): NaCl (157), HEPES (10), EDTA (5), EGTA (5) adjusted with
NaOH to pH 7.5. We refer to this solution in the following text simply as the
EDTA/EGTA solution.

Electrical Recordings. Tight-seal electrodes were made from aluminosilicate glass
(Corning 1724) (1.5 x 1.0 mm od x id). We measured membrane currents under voltage
clamp at room temperature (19-21 °C) with a patch-clamp amplifier (Model 8900, Dagan
Instruments, Minneapolis, MN). Analog signals were low-pass filtered below 2.5 KHz
with an 8 pole Bessel filter and were digitized on line at 6 KHz (FastLab, Indec, Capitola,
CA). Membrane voltage was normally held at 0 mV and membrane currents were
activated either by 110 msec long step changes to -40 mV or with a continuous voltage

ramp that swept between -70 and +70 mV at a rate of 228 mV/s. In measurements with
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Table 1

Solutions of defined free Ca™ concentration using HEDTA

Free calcium  solution A solution B
20 uM 0.0586 0.9414
5uM 0.1993 0.8007
1 uM 0.5545 0.4455
500 nM 0.7134 0.2866
300 nM 0.8059 0.1942
100 nM 0.9256 0.0744
50 nM 0.9614 0.0386
30 nM 0.9765 0.0235

10 nM 0.9920 0.0080
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voltage ramps, the voltage was stepped from 0 to -70 mV and held at that value for 200
msec before applying the voltage ramp. This was necessary because in the presence of
divalent cations there is a time dependent change in membrane current amplitude on
switching from O to -70 mV. This time-dependent change is due to the well characterized
voltage-dependent channel block by divalent cations (in rods: Zimmerman and Baylor,
1992; in cones Picones and Korenbrot, 1995). To generate I-V curves, the voltage ramp
was swept in four successive trials and the currents were signal averaged. Between
voltage ramp trials, membrane voltage was held at 0 mV for 1.2 sec. As usual, outward
currents are positive and the extracellular membrane surface is defined as ground.

We began every experiment by determining the current amplitude before and after
adding saturating cGMP concentrations. We frequently found (>50%) that membrane
patches did not respond initially to the ligand. In many instances these patches became
responsive after rapidly moving the electrode tip across the air-water interface. It is
likely, therefore, that unresponsive patches had formed closed vesicles that opened upon
crossing the air-water interface (Horn and Patlak, 1980). We only analyzed data
measured in patches in which the amplitude of the current generated with saturating
c¢GMP concentrations and the leakage current measured in the absence of cGMP did not
change by more than 10% over the course of the entire experiment. Functions were fit to
experimental data by least square minimization algorithms (Origin, MicroCal software,

Northampton, MA). Experimental errors are presented as standard deviations.
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Results

The K, of the cGMP-gated currents in cones is modulated by divalent cations.
We investigated cGMP-dependent currents in inside-out patches detached from the

plasma membrane of retinal cone outer segments. These patches contain only cGMP-

gated ion channels (Miller and Korenbrot, 1993a). The dependence of current amplitude

on cGMP concentration is well described by the Hill equation (Figure 1):

n
I = Imax [CGAfP] .. (1)
[cGMP] + K},

where I is the amplitude of the cGMP-dependent membrane current, Imax is its maximum
value, [cGMP] is the concentration of cGMP, K|, is that concentration necessary to
reach one half the value of Imax and n is a parameter that reflects the cooperative
interaction of cGMP molecules in activating the membrane current.

The cGMP-dependence of the membrane current depends on the history of exposure
of the membrane patch to divalent cations. In Figure 1 we present cGMP-dependent
currents measured in a cone membrane patch in response to -40 mV voltage steps and in
the presence of 20 uM Ca™ and 100 pM Mg™*. Currents were measured in the same
patch both before and after exposure to the EDTA/EGTA solution (panels A and B).
Also illustrated is the dependence of current amplitude on cGMP concentration (panel C).
The data points measured both before and after exposing the patch to EDTA/EGTA were
well fit by equation 1, but the values of K, and n are different. The average value of
K, shifted from 86.1 + 18 uM to 58.8 + 19 uM upon exposure to EDTA/EGTA. The
average value of n shifted from 2.57 + 0.34 to 1.80 + 0.23 (Table 2). Experimental data
were included in these averages only if cGMP activation was measured in the same patch
before and after exposure to the EDTA/EGTA solution. The shift in K;, and n reflect a
divalent cation-dependent mechanism that modulates the channel’s sensitivity to the

cyclic nucleotide.
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Figure 1. Modulation of cGMP-dependent currents in detached membrane patches. (A)
and (B) illustrate currents measured at room temperature in a patch detached from a cone
outer segment. Currents were activated with voltage steps from 0 to -40 mV in the
presence of 20 pM Ca*™* and 100 uM Mg** and various cGMP concentrations (shown are
currents at 0, 40, 60 (indicated by an arrow), 100 uM and 1 mM). Currents shown in (A)
were measured shortly after patch excision, while those in (B) were measured in the same
membrane following exposure to the EDTA/EGTA solution. The lower panels illustrate
the dependence of normalized current amplitude on cGMP concentration at -40 mV
before and after exposure to the EDTA/EGTA solution. Data points were normalized by
dividing the amplitude at each cGMP concentration tested ( I ) by the maximum current
(Imax ). (C) illustrates data measured in a patch detached from a cone outer segment.
The continuous curve is the best fit to the data of the Hill equation (text equation 1) with
K, =88.4 uM and n=2.73 before exposure to EDTA/EGTA and K, =61.4 uM and
n=1.59 afterwards. (D) illustrates data measured in rod membrane patches, where the
continuous curve is the Hill equation with K, =34.2 uM and n=2.3 before exposure to
the EDTA/EGTA solution and K, =17.9 puM and n=1.6 afterwards.
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Table 2

Modulation of cyclic nucleotide-gated gated currents in

membrane patches of rods and cone*®

cGMP
Cone Rod
Kiz (M) n N Ki»uM) n
Before exposure to 86.1 + 18 2574034 8 41.1+7 2.58 +0.43
EDTA/EGTA
solution
After exposure to 5885+193 1.8+0.23 8§ 275+62 1971028
EDTA/EGTA
solution
With added 704 +17.5 2.1+0.25 8 373+88 244+048
calmodulin
(200 nM)
8Br-cGMP
Cone
Before exposure to 22.1+3.1 2294039 6
EDTA/EGTA
solution
After exposure to 164 +3.8 1.54+035 6
EDTA/EGTA
solution

*  Under all test conditions, currents were measured in the presence of 20 uM Ca** and
100 uM Mg**

© The means under all conditions tested are statistically different from each other with
p<0.02 as determined by a one tail Student t-test. The data for cGMP activation under the

three experimental conditions specified were all measured in the same set of 8 membrane

patches.
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To compare the functional properties of rod and cone cGMP-gated channels, we also
investigated the Ca*™ dependent modulation in patches from the rod outer segments of
tiger salamanders (Figure 1, panel D). In these membranes, in the presence of 20 uM Ca*™*
and 100 uM Mg**, K, for cGMP was 41.1 + 7 uM and n was 2.58 + 0.43 before
exposure to EDTA/EGTA and K, was 27.5 + 6.2 uM and n to 1.97 + 0.28 afterwards
(Table 2). Thus, in tiger salamander rods K|, shifts by about 1.5-fold, similar to findings
in frog rods (Gordon et al., 1995). The fractional change in K|, is thus similar in rod and

cone membrane patches.

Modulation of K, is not an artifact due to phosphodiesterase activity in the
membrane patch

Detached outer segment patches can be structurally complex and may include not
only plasma membrane but fragments of disc membranes containing phosphodiesterase
(PDE) activity (Ertel, 1990). This may be a particular concern in cone outer segments,
where disc and plasma membranes are continuous. The presence of PDE in the patch can
lead to the artifactual appearance of variable cGMP titration curves (Ertel, 1990). We
tested whether this might be a possible source of experimental artifacts in cone membrane
patches by comparing cGMP-activation curves in the presence and absence of 0.5 mM
IBMX, a saturating concentration of this effective cone PDE inhibitor (Gillespie and
Beavo, 1989). IBMX had no effect whatsoever on the titration curves (data not shown).

We confirmed further that the modulation of K, is not an artifact due to the effect
of PDE by measuring the properties of membrane currents activated by 8-Br-cGMP.
This cGMP analog activates the channels, but is not efficiently hydrolyzed by the
photoreceptor PDE (Zimmerman et al. 1985). Figure 2 illustrates currents activated by
8-Br-cGMP and measured in the same patch in the presence of 20 uM Ca** and 100 pM
Mg** before and after exposure to EDTA/EGTA. As with cGMP activation, the
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Figure 2. Modulation of 8-Br-cGMP-dependent activation of current in membrane
patches detached from cone outer segments. Upper panels illustrate currents measured at
room temperature in the same membrane patch before (A) and after (B) exposure to the
EDTA/EGTA solution. Currents were activated with a voltage step from 0 to -40 mV in
the presence of 20 pM Ca"" and 100 uM Mg** and 8-Br-cGMP at 0, 5, 10 (indicated by
an arrow), 20 and 500 uM. (C) illustrate the dependence of current amplitude on 8-Br-
c¢GMP before and after exposure to the EDTA/EGTA solution. The continuous line is the
best fit to the data of the Hill equation (text equation 1). K;» =22 pM and n=2.55 before
exposure to the EDTA/EGTA solution and K, =15.5 pM and n=1.66 afterwards.
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dependence of current amplitude on 8-Br-cGMP was well described by equation 1 and
removal of divalent cations shifted K;, and n to lower values (Table 1). Thus,

modulation of the cGMP-gated currents does not reflect the activity of PDE.

Ion permeation and selectivity are not different in the two states of ligand affinity

We investigated whether the state of modulation affects other functional properties of
the cGMP-gated currents. The shape of the I-V curve reflects, according to Eyring rate
theory, the energy of interaction between permeant cations and their binding sites within
the channel (Alvarez et al. 1992). The success of this theoretical analysis is measured by
the ability to predict the shape of the I-V curves measured under various ionic conditions.
The I-V curves of the cGMP-gated channels of both cones (Picones and Korenbrot, 1992;
Haynes, 1995) and rods (Zimmerman and Baylor, 1992) can be predicted using Eyring
rate theory assuming the energy profile across the channels includes one binding site
asymmetrically located within the membrane. If the interaction between permeant cations
and the channel is affected by the state of modulation, then the shape of the I-V curve
should change.

We compared in detail I-V curves measured in the same cone membrane patch before
and after exposure to EDTA/EGTA. Figure 3 illustrates membrane currents measured
under symmetrical NaCl solutions with 20 uM Ca*™* and 100 uM Mg** on the
cytoplasmic membrane surface and no divalent cations on the extracellular surface.
Currents were measured in the presence of various cGMP concentrations in the range
between 40 pM and 1 mM, and activated with a continuous voltage ramp between -70
and +70 mV. The I-V curves were non-linear under all cGMP concentrations tested
(Figure 3). The non-linearity is generated both by the voltage dependence of cGMP
binding and the voltage dependence of divalent block (review in Yau and Baylor, 1989).
To analyze the I-V curves, we determined the voltage dependence of the binding curve

for cGMP by fitting equation 1 to the current measured at every voltage between -70 and
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Figure 3. I-V curves measured in the same membrane patch detached from cone outer
segment before (A) and after (B) exposure to the EDTA/EGTA solution. Currents were
measured in the presence of 20 uM Ca**, 100 uM Mg*™* and cGMP at 0, 40, 60
(indicated by an arrow), 100, 200 uM and 1 mM on the cytoplasmic surface of the
membrane. Currents were activated by a continuous voltage ramp between -70 mV and
+70 mV. Each trace is the average of four current ramps from which the average ramp
current measured at 0 cGMP has been subtracted. The leak conductance measured at 0
c¢GMP between 0 and -20 mV was 115 pS. The lower panels illustrate the voltage
dependence of the K, (C) and n (D) terms in the Hill equation (text equation 1) before
(thick trace) and after (thin trace) exposure to the EDTA/EGTA solution .
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+70 mV. We found n not to change significantly with voltage either before or after
exposure to EDTA/EGTA. K, , on the other hand, was voltage-dependent, but the form
of the voltage dependency was quantitatively the same before and after exposure to
EDTA/EGTA (Figure 3). Thus, the I-V curves are not affected by the state of
modulation. We obtained similar results in 5 other cone patches and 4 rod patches.
Hence, the energy of interaction between cations and the channels, in both rods and
cones, does not appear to be affected by the state of channel modulation.

We analyzed the relative Ca*™ to Na* permeabilities of the channels (PCa/PNa) in the
two states of ligand affinity. This is a physiologically important feature since PCa/PNa
differs in channels of rods and cones (Picones and Korenbrot, 1995; Frings et al., 1995).
To determine the value of PCa/PNa, we measured I-V curves (with voltage ramps) under
saturating cGMP concentrations (1 mM). The concentration of NaCl was symmetric
across the membrane, and we imposed CaCl, concentration gradients. The extracellular
membrane surface was free of Ca*" and the cytoplasmic membrane surface was exposed
to concentrations of 5 or 10 mM. The same patch was then exposed to the EDTA/EGTA
solution, and the current measurement repeated. Typical results are illustrated in Figure
4. The reversal potential shifted towards negative values as the cytoplasmic Ca™
concentration increased, indicating that the channels are more permeable to Ca** than to
Na®. The magnitude of the shift was the same before and after exposure to
EDTA/EGTA. Thus, the state of modulation does not affect the ion selectivity of the
cone channels. We obtained the same results in 3 other membrane patches. The values
of PCa/PNa, calculated from the shift in reversal voltage (Lewis, 1979), are similar to

those we have previously reported (Picones and Korenbrot, 1995).
Effects of Ca** on the endogenous modulation of cGMP affinity

The removal of both Ca*™ and Mg*™ results in an irreversible shift of cGMP affinity.

We investigated whether this shift was specific for either cation by testing whether the
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Figure 4. I-V curves measured in the same membrane patch detached from a cone outer
segment before (continuous trace) and after (open circles) exposure to the EDTA/JEGTA
solution. Currents were measured in the presence of 1 mM ¢cGMP and symmetric Na*
(167 mM) solutions. The extracellular membrane surface was free of divalent cations,
while the cytoplasmic surface was bathed with solutions containing 0, 5 or 10 mM Ca*".
Currents were activated by a continuous voltage ramp between -70 mV and +70 mV.
Each trace is the average of four current ramps, from which the average ramp current
measured at 0 cGMP has been subtracted. The leak conductance measured at 0 cGMP
between 0 and -20 mV was 70 pS. The value of membrane voltage at zero current reveals
that the channels are more permeable to Ca™ than to Na*, but this selectivity is unaffected
by the presence or absence of the endogenous modulator. For the data shown,
PCa/PNa=8.6 calculated at 5 mM assuming a constant field and using ionic
concentrations, not activities (Lewis, 1979).
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cGMP affinity shifted when only one of the two cations was removed. Removal of Mg**
alone did not shift the ligand affinity. Removal of Ca*™ alone shifted the cGMP
activation curve just as when both cations were removed, but the rate of this shift was
slower than that caused by the simultaneous removal of both cations.

We explored the effects of varying Ca*" concentration on the shift in cGMP affinity.
We measured the current activated by 60 uM cGMP in the presence of 20 uM Ca'™" and
100 uM Mg™, exposed the patch for 60 sec to solutions free of cGMP with the same
Mg*" but progressively lower Ca™* concentrations, and then repeated the current
measurement in the 20 uM Ca*™*, 100 uM Mg*" solution with cGMP. The current was
unaffected at concentrations as low as 1 pM Ca*. Below this concentration, current
amplitude increased as Ca*™ concentration declined (Figure 5). The increase in current
amplitude at a fixed, non-saturating cGMP concentration reflects shifts in K}, and n to
lower values. The current continued to increase, but even at 100 nM Ca* the current
increase was not maximal. Addition of EDTA/EGTA achieved the maximum current
enhancement and additional washes in EDTA/EGTA caused no further current
enhancement (Figure 5). We made the same observations in 6 other patches. Because the
shift in K, is irreversible, the experimental data do not reflect stationary conditions and,
therefore, cannot be quantitatively analyzed as equilibrium dose-response data .
Nonetheless, the results indicate that in detached patches, cGMP affinity is specifically

modulated by Ca*™* over a concentration range limited by about 1 uM at its upper end.

The effects of exogenous calmodulin

In rods, the Ca**-dependent modulation of ligand affinity has been attributed to the
action of an endogenous factor similar, and perhaps identical, to calmodulin.
Calmodulin confers Ca**-dependence to the cGMP activation of the channels with
features that are almost indistinguishable from those of the endogenous modulator (Hsu

and Molday, 1993; Gordon et al., 1995; Bauer, 1996). We explored the potential role of
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Figure 5. Ca™-dependence of current amplitude in the presence of the endogenous
modulator in a cone outer segment membrane patch. Currents, activated by changing
membrane voltage from 0 to -40 mV, were repeatedly measured in the same patch in the
presence of 60 uM cGMP, 20 uM Ca** and 100 uM Mg"* following 60 sec exposure to
solutions containing progressively lower Ca** concentrations. Data points were
normalized by dividing current amplitude measured after each Ca** concentration tested
(I) by the amplitude measured after exposure to a Ca*" free solution (EDTA/EGTA
solution) (Ip). The data point on the far left indicates Iy. This is the maximum possible
current since repeated washes in EDTA/EGTA solution did not results in any additional
current enhancement.
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calmodulin in the modulation of channels in cone outer segments. In these experiments,
we measured the cGMP concentration dependence of currents in the presence of 20 uM
Ca™ and 100 uM Mg"™. The membrane patch was tested before and after exposure to
EDTA/EGTA and then again in the continuous presence of calmodulin at a concentration
of 200 nM. This concentration is effective in rod membrane patches (Gordon et al.,
1995, Haynes and Stotz, 1997) and is well above the concentration that saturates
modulation in rod membrane vesicles (Hsu and Molday, 1993; Bauer, 1996). In any
event, the concentration of calmodulin used when testing its pharmacological action
affects the Ca™ dependence of the phenomenon under study, but not its features at
saturating Ca*" concentrations (see Bauer 1996 for detailed mathematical analysis).
Figure 6 illustrates typical results obtained in both rods and cones . In patches from
both photoreceptor types, as expected, exposure to EDTA/EGTA lowered the values of
K, and n in the cGMP titration curves. The addition of calmodulin in the presence of
Ca'" shifted K;» and n back towards their initial values. Whereas K,, and n essentially
reverted to their starting values in rods, the shift was never fully reversed in cones (Table
2). Thus, channels of cones and rods differ in the effectiveness with which calmodulin in
high Ca™™ shifts their sensitivity to activation by cGMP. In cones, then, the Ca™-
dependent regulation of cGMP activation is also likely to reflect the activity of an
endogenous modulator. The modulator, however, may not be calmodulin, since this

protein does not fully mimic the endogenous function.

Calmodulin competes with the endogenous modulator for binding to the channels
To test whether the endogenous modulator in cones and calmodulin share structural
features, we tested whether the two compete in their binding to the channel. We
investigated the effectiveness of added calmodulin to shift K;, or n in the presence and
absence of the endogenous modulator. If both molecules bind to the same site , then

calmodulin should be without effect when added to the membrane in the presence of the
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Figure 6. Effect of calmodulin on modulation of cGMP-dependent currents in detached
membrane patches. In cone or rod patches, currents were activated with voltage steps
from O to -40 mV in the presence of 20 uM Ca** and 100 uM Mg"™* and varying
concentrations of cGMP. Measurements were repeated in the same patch before and
after exposure to the EDTA/EGTA solution and in the continuous presence of 200 nM
calmodulin. Data points were normalized by dividing current amplitude at each cGMP
concentration ( I ) by the maximum current measured ( Imax ). The continuous line is the
best fit to the data of the Hill equation (text equation 1). In cones, K;» =101 uM n=3.15
before exposure to the EDTA/EGTA solution, K;, =78 uM, n=2.0 afterwards and X,
=87 uM, n=2.55 in the presence of calmodulin. For rods, K;, =41.2 uM, n=2.78 before
exposure to the EDTA/EGTA solution, K, =24.6 uM, n=1.98 afterwards and K, =39.4
UM, n=2.47 in the presence of calmodulin.
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endogenous modulator. That is, for calmodulin to be effective, the endogenous
modulator must first be removed from its binding site.

We measured membrane currents with voltage steps between 0 and -40 mV in 20 pM
Ca*™" and 100 uM Mg™ in the presence of 60 uM cGMP. At this cGMP concentration,
lowering K,» and n will result in an increase in current amplitude despite an unchanging
agonist concentration (see Figure 1). In the same patch we measured currents before and
after adding 200 nM calmodulin. Calmodulin was without effect on current amplitude in
membrane patches maintained in high Ca*™ and Mg"™* (Figure 7, panel A). As expected,
removal of the endogenous modulator by brief exposure to EDTA/EGTA, shifted K,
and n and therefore increased the current amplitude (Figure 7, panel B). Following
exposure to EDTA/EGTA, added calmodulin was now able to shift K, towards its
starting value (Figure 7, panel B). We obtained the same results in every patch tested
with this protocol (n=6). Thus, while calmodulin and the endogenous modulator may not

be the same, they appear to compete for a common site on the channels.

Ca™ dependence of the calmodulin-mediated modulation.

We investigated whether the channels of rods and cones differ in their interaction
with Ca**/calmodulin by testing the Ca**-dependence of cGMP activation in the presence
of 200 nM calmodulin. This Ca**-dependence is itself a function of the calmodulin
concentration (Bauer, 1996) and therefore it does not inform us as to what the Ca**-
dependence of modulation might be in the intact cell, if calmodulin were the modulator.
However, it will reflect differences in the energetics of the modulator’s binding site
between the channels of the two cell types.

We measured the Ca™-dependence of currents in membrane patches of rods and
cones in the presence of fixed concentrations of calmodulin and cGMP. In each
experiment, membrane patches were first exposed to the EDTA/EGTA solution to

remove the endogenous modulator. In patches from single cones, we measured currents
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Figure 7. Competition between calmodulin and the endogenous modulator in a cone
outer segment membrane patch. Currents were activated with voltage steps from 0 to -40
mV in the presence of 20 uM Ca™ and 100 uM Mg** Shown are difference currents
measured by subtracting from currents measured at 60 uM cGMP those measured in the
absence of the cyclic nucleotide. The leak conductance, measured in 0 cGMP at -40 mV
was 325 pS. Currents in (A) were measured shortly after excision in the absence (thick
trace) or continuous presence (thin trace) of 200 nM calmodulin. Currents in (B) were
measured after exposing the same membrane patch to the EDTA/EGTA solution. Again,
currents were measured in the absence (thick trace) or continuous presence (thin trace) of
200 nM calmodulin. Calmodulin is completely ineffective before the endogenous
modulator is removed. If the endogenous modulator is first removed by exposure to the
EDTA/EGTA solution, calmodulin then causes a shift in membrane current similar in
direction, but smaller in extent than that caused by the endogenous modulator.
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generated by 110 ms voltage steps to -40 mV in the presence of 60 uM cGMP and
varying Ca* concentration between 0 and 20 uM . In the same patch we measured the
effects of Ca™ first in the absence and then in the presence of 200 nM calmodulin (Figure
8). In cone membranes, Ca*™ in the absence of calmodulin had a small but reproducible
effect on current amplitude. The maximum change in current amplitude between 0 and
20 uM Ca*" in the absence of calmodulin was about 5%. In the data shown, we
subtracted this effect to obtain the effect of added calmodulin alone. We studied rod
channels with the same protocols except that 20 uM cGMP was used to activate the
channel. Figure 8 illustrates the Ca*™ dependence of current amplitude in the presence of
calmodulin in typical patches from both rod and cone channels.

The experimental data were well fit by the function:

1

I1=(1.,-1.) [f“++]”1 1. (2)

+
[Ca++]n Kin

where [ is the current, I,,,, is the current in the absence of Ca**, L. is the current in the
presence of a saturating Ca™ concentration, [Ca™] is the Ca™ concentration, K; is the
Ca™ concentration at which the current is inhibited by one half and n is a parameter that
reflects cooperative interaction of cation binding. This is a modified Hill equation that
indicates Ca™ interacts cooperatively with calmodulin to block the current amplitude.
For cones, K; =366 + 131 nM, n=1.6 + 0.47 and I.J/I,.,,=0.72 + 0.16 (N=9) while for
rods, K; =679 + 187 nM, n=1.81 + 0.44 and I./I,,,,=0.53 + 0.13 (N=11). These values
suggest that Ca**/calmodulin interacts with the cGMP-gated channel of both rods and

cones, but the quantitative features of this interaction differ between the two receptor

types.
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Figure 8. Ca**-dependence of the effect of calmodulin on rod and cone membrane
patches. Patches were first exposed to the EDTA/EGTA solution and then to one
containing 200 nM calmodulin and various Ca** concentrations. Currents were activated
with voltage steps from 0 to -40 mV in the presence of 60 pM cGMP for cones and 20
UM cGMP for rods. For cones, shown are currents measured in the presence of cGMP
and 0, 300 nM and 20 pM Ca**. For rods, shown are current measured in the presence of
c¢GMP and 0, 500 nM, 1 and 20 uM Ca**. The current tracings also include the current
measured in the absence of cGMP (nearly noiseless tracing). Data points are normalized
c¢GMP-dependent current amplitudes calculated by dividing current amplitude at each
Ca™ concentration ( I) by the amplitude measured in the absence of any Ca*™* ( Izero ).
The continuous curve is the best fit to the data of text equation 2. For cones, K;=357 nM,
n=1.6 and I./I,,,,=0.73. For rods, k=632 nM, n=2.4 and I./I,,,,=0.53.
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Discussion

The cGMP-gated ion channels in detached patches from cone outer segments exhibit
a Ca™-dependent modulation of their affinity for the cyclic nucleotide. The dependence
of current amplitude on cyclic nucleotide concentration is described by the Hill equation
(equation 1) and modulation is manifested as a decrease in the apparent binding affinity
(K112 ) and cooperativity (n) as the Ca™ concentration is lowered. We will refer to this as
the endogenous modulation of the channel. Endogenous modulation has been previously
reported for the cGMP-gated channels of rods, in bovine membrane vesicles (Bauer,
1996); detached frog outer segment patches (Gordon et al., 1995) and truncated outer
segments from frogs and tiger salamanders (Nakatani et al. 1995, Sagoo and Lagnado,
1996). In general, the features of channel modulation in the intact cell should not be
extrapolated using data from patches alone. In the case of rods, studies in nearly intact
truncated outer segments have demonstrated Ca™ -dependent modulation of K, that is
quantitatively the same as that measured in detached membrane patches (Table 3). The
caveat has been introduced, however, that the modulation in truncated rods, which is
measured under stationary conditions, may underestimate the extent of modulation
present in the truly intact cell (Sagoo and Lagnado, 1996). In the case of cones,
modulation measured under stationary conditions in the nearly intact outer segment is
larger in extent than that observed in detached membrane patches, the K, shifts about 4-
fold rather than about 1.5-fold (Rebrik and Korenbrot, 1997).

The endogenous modulation is Ca*" dependent, but the quantitative features of this
dependence cannot be fully studied in membrane patches because modulation is
irreversibly lost as Ca™ concentration is reduced and, therefore, equilibrium dose-
response curves cannot be determined. In cone patches the shift in K, is observed at
concentrations starting at and below 1 uM Ca** in the presence of 100 uM Mg**. This
differs from data reported for modulation of channels in rods. In rod membrane patches,

under experimental conditions similar to those we have reported for cones, modulation
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Table 3

Modulation of cGMP-activated current

in rod outer segments

Membrane Patches

K1z (WM) n
Endogenous 41.1+7 2.58+043
modulator
Free of modulator 27.5+6.2 1.97 +0.28

(1) Tiger salamander, this report
(2) Bullfrog, Nakatani et al., 1995
(3) Tiger salamander, Sagoo and Lagnado, 1996
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(1)

(1)

Truncated outer segments

Kip (WM)
40

37+8

27
28+6

n

24

23106

22+06

(2)

(3)

(2)
(3)



occurs starting at and below 22 nM (Gordon et al., 1995). This difference is significant
and may suggest that in cones channel modulation may play a role in dim light, when
only small changes in Ca*" concentration are expected, whereas in rods it may play a
relevant role only in signals generated by relatively bright light (see Bauer, 1996). It is
important to recognize that the Ca™* dependence of modulation reported for other rod
preparations, for example, washed bovine membrane vesicles (Bauer, 1996) or amphibian
truncated rods (Nakatani et al., 1995, Sagoo and Lagnado, 1996) may differ from data in
detached patches because in each preparation the conditions of equilibrium between the
modulator and the channel may be different. In the detached membrane patch the
effective concentration of unbound modulator is essentially zero. Therefore, the initial
condition (high Ca*™) is not at equilibrium and the modulator is kinetically “locked” onto
the channel. The only information that can be reliable established is the Ca™
concentration at which the modulator becomes “unlocked” over a reasonably short time
course (60 secs).

The features of the interaction between the modulator and the channel in the intact
cone photoreceptor and its functional role in transduction and/or adaptation are yet to be
specified in detail. Although the magnitude of the modulation, a shift of about 1.5-fold in
K, may appear modest, the effect of this modulation on current amplitude can be
expected to be large, particularly at low cGMP concentrations. From our experimental
results, the change in current expected when Ca*™ changes from 1 uM to 10 nM is given

by:

hi i
% - [cGupp| CEMFT 4 Ky (3)
hi [cGMPY*+ K ] on“’

where I;, and Iy; are the currents at 10 nM and 20 pM Ca*", respectively, [cGMP] is the
ligand concentration, K}, and K}; are the values for K, and n, and ny; are the values for n

at 10 nM and 20 uM Ca™, respectively. Figure 9 plots equation 3 with [cGMP] in units
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Figure 9. The effect of Ca"™ modulation of ligand affinity on current amplitude as a
function of cGMP concentration . Data points are the ratio of current amplitudes
activated by cGMP at -40 mV in the same cone membrane patch before (I;) and after (I;,)
exposure to the EDTA/EGTA solution. cGMP concentration is expressed in units of Kj;,
the value of K, measured before exposure to the EDTA/EGTA solution. The continuous
curve is the function presented in the text as equation 3. The data shown are a single set
selected because their values are similar to the statistical mean of our experimental
sample. For the data shown K,=88.4 uM, n,=2.73 and K;,=61.4 uM, n;,=1.59.
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of K, . Also shown are data points for currents activated by various cGMP
concentrations and measured in a single cone patch before and after exposure to the
EDTA/EGTA solution. The concentration of cGMP in the dark can be expected to be
between 0.16x and 0.31xKj}; since only 1 to 5% of the channels are open in darkness
(Cobbs et al., 1985). Thus, if the modulation of the channel in the intact cell is similar to
that in the patch, the amplitude of the light sensitive current could change by as much as
5- to 10-fold in response to changes in cytoplasmic Ca™ concentration. As equation 3

indicates, and Figure 9 illustrates, the effectiveness of Ca* as a modulator increases

PRREEL o ST

dramatically as the cGMP concentration is lowered. Under steady illumination, when :3~|vmﬁ?“’
S

c¢GMP concentration is expected to be lower than in the dark, the physiological role of oy ;‘:
Ca*" modulation is likely to be especially significant. ::,:f:
The endogenous modulation of K/, in photoreceptor membrane patches is :::::n
irreversibly lost upon removal of divalent cations, but can be restored, even if to a limited -:E

extent, by calmodulin. These results suggest that endogenous modulation arises from the .

activity of a “calmodulin-like” protein, since calmodulin not only restores modulation but :%
also competes with the endogenous modulator for the same binding site. As has been __:;;
argued in reports of similar phenomena in rod patches, it is unlikely that Ca*™ modulation ::"2

arises from phosphorylation, since test solutions lacked nucleotides, or from phosphatase
activity, because these enzymes are inhibited by lowering Ca™ (Gordon et al., 1995).
Thus, modulation of both rod and cone channels likely arises from the activity of an
endogenous factor that, like calmodulin, interacts with the channel in a Ca*™* -dependent
manner: it is bound to the channels at high Ca**, dissociates from them in the absence of
Ca*" and is then lost to the solution.

The molecular identity of the endogenous modulator is under investigation.
Calmodulin exists at high concentration in the rod outer segment (Kohnken et al., 1981;
Bauer, 1996). Hsu and Molday (1993) first reported that calmodulin causes a Ca*™-

dependent shift in K}, in rod channels of thoroughly washed bovine outer segment
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membrane vesicles (see also Hsu and Molday, 1994, Bauer, 1996). Similarly,
Ca**/calmodulin shifts the K;, of channels in rod outer segment membrane patches
(Gordon et al., 1995; Kosolapov and Bobkov, 1996; Haynes and Stotz 1997). Gordon et
al. (1995) compared the functional properties of the interaction of the endogenous
modulator and calmodulin with the channels in frog rod outer segment membrane
patches. Several features of this interaction were quantitatively different between
calmodulin and the endogenous modulator, and the authors were not convinced the two
molecules were the same. In contrast, Bauer (1996), in studies of bovine rod membrane
vesicles, did not find quantitative differences between the endogenous modulator and
added calmodulin. Thus, the endogenous modulator in rods is “calmodulin-like”, but it is
not possible to confirm that it is calmodulin itself.

In contrast to the relative similarity between calmodulin and the endogenous
modulator in studies of isolated rod membranes, added calmodulin was found ineffective
in inducing a Ca*™*-dependent shift of K., in truncated rods of tiger salamander from
which the endogenous modulator was first removed (Sagoo and Lagnado, 1996). This
finding is surprising because calmodulin, independently of whether it is the endogenous
modulator, should have had an effect on the truncated outer segment current since it

modulates the channel in membrane patches detached from the same cells (our Figure 6),

as well as in patches from frog rods (Gordon et al., 1995; Kosolopov and Bobkov, 1996).

We do not have a simple explanation for this experimental puzzle, but it is possible that
calmodulin cannot efficiently gain access to the channels within the truncated outer
segment.

Data are not available on the concentration of calmodulin in cone outer segments nor
its association with their cGMP-gated channels. In our direct comparison, we found that
calmodulin did not quantitatively mimic the activity of the endogenous factor:
Calmodulin shifted K;, and n to a lesser extent than did the endogenous factor. Indeed,

Haynes and Stotz (1997) have reported that in patches of catfish cone outer segments,
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calmodulin entirely failed to modulate X, . They, however, did not explore the
properties of a possible endogenous modulator: in their experiments the initial condition
was to hold the membrane patch in a solution containing EDTA and EGTA to remove
any endogenous modulator. Thus, while calmodulin does not appear to modulate K/, in
catfish cones, whether any modulation occurs at all is unclear. While it might be
surprising that cones in striped bass exhibit modulation while those in catfish do not, it is
possible. This issue should be addressed experimentally.

The failure of bovine calmodulin to fully mimic the action of the endogenous
modulator in striped bass cones could be due to sequence differences between bovine and
fish calmodulin, rather than the non identity between calmodulin and the endogenous
modulator. This is not likely, however, since the amino acid sequence of calmodulin is
nearly 100% identical among vertebrates (Friedberg, 1990). While the endogenous
modulator may not be calmodulin in cones, the two molecules are likely to have structural
features in common. Calmodulin is a member of a large family of proteins that contain
EF hands, a Ca™-binding structural motif consisting of a select sequence of about 30
amino acids that fold into a helix-loop-helix pattern (Kretsinger, 1979; Klee and
Vanaman, 1982). Since the endogenous modulator binds Ca™ and competes with
calmodulin for binding to the channels, it is probably also a member of this family of
Ca™ binding proteins. We have found, however, that other EF hand-containing proteins
expressed in photoreceptors, such as GCAP1 and GCAP 2 (review in Polans et al., 1996)
do not restore modulation to the channels. Furthermore, these proteins do not compete
with calmodulin for binding to the channels (Hackos, Palcweski, Baher and Korenbrot,
unpublished observation). Knowledge of the specificity of interaction with the channel of
different members of the EF hand protein family will be important for the eventual
identification of the endogenous modulator.

The state of channel modulation does not affect other functional properties of the

channel. In both rods and cones the interaction and permeation of mono- and divalent
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cations with the channel are unaffected by the state of modulation, as is the voltage-
dependence of cGMP binding. Since these functional properties likely reflect the

structure of the “pore” region of the channel, the interaction between the endogenous

modulator and the channel probably occurs in a structural domain distant from the “pore”.

The interaction between calmodulin, Ca™ and the target protein is complex. The
binding affinity of the three elements for each other changes depending on the identity of
the target protein. For example, calmodulin in solution binds four Ca** ions with
affinities in the micromolar range, but in the presence of a target protein the affinity for
Ca™ can be elevated by several orders of magnitude (review in Klee, 1988; Gnegy,
1995). Moreover, the Ca™-dependence of a calmodulin-mediated effect on a given target
protein changes with the mole ratio of calmodulin to target protein (Bauer, 1996).
Therefore, the Ca**-sensitivity of the modulation by calmodulin observed in membrane
patches of rods or cones cannot be assumed to be the same as in the intact cell unless the
mole ratio of channel to calmodulin were the same. The differences in Ca**-dependence
of K;» modulation in rod and cone channels in the presence of calmodulin must reflect

differences in the molecular details of the interaction of calmodulin with the channels.
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Abstract

Cyclic nucleotide-gated ion channels in photoreceptors select Ca™ over Na* and
are blocked by Ca™ in a voltage-dependent manner. Previous studies have investigated
these features in the presence of cGMP concentrations sufficient to open all available
channels. In intact cells, however, at most only a few percent of the channels are open
since the physiological cGMP concentration is low. We investigated ion selectivity and
channel block as a function of cGMP concentration in membrane patches detached from
the outer segments of either tiger salamander rod or striped bass cone photoreceptors.
Recombinant bovine rod channels expressed in Xenopus oocytes were also examined.
We measured I-V curves and reversal potentials in the presence of bi-ionic solutions of
differing monovalent cations or in the presence of symmetric solutions of Na* with
divalent cations added to the cytoplasmic membrane surface. The relative selectivity
between Na* and either NH,*, Cs*, methylammonium or dimethylammonium is the same

at all cGMP concentrations tested (from 0 to 1 mM) for the rod, cone channels, and

recombinant channels. In contrast, the relative selectivity between Na* and either Ca*™* or

Sr** changes by a factor of about 3.42 and 4.25 respectively in rod channels and 1.55 (for

Ca*") in cone channels as a function of the cGMP concentration. When both the o and
subunits of the bovine rod channel are expressed, a similar cGMP-dependent shift (2.14-
fold) in Ca*™ selectivity is observed. In contrast, the divalent cation selectivity of

channels made from the a subunit alone is independent of cGMP. The dependence of

Pdivalent/PNa on cGMP in all channels tested (except those made from o subunits alone)

is well described by a Hill function with the same parameters that describes the cGMP
dependence of current amplitude (open probability). Thus, surprisingly, the divalent
cation selectivity of photoreceptor cyclic nucleotide channels is correlated with gating.
The se results suggest that the pore can exist in at least one intermediate gating state
present at low cGMP concentrations which has divalent cation selectivity properties

dist inct from those of the fully open state.
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Introduction

Ion channels gated by cGMP are present at high concentrations in the outer
segment membranes of both rod and cone photoreceptors. These channels generate
electric signals in response to light-induced changes in the cGMP concentration. In the
dark, only a small fraction (1-5%) of the total number of channels are open at any one
time (Cobbs et al., 1985). Light activates a cGMP phosphodiesterase (PDE) which
lowers the cGMP concentration, causing channels to close, resulting in an electrical
response. Therefore, under physiological conditions, the fraction of open channels is
always between zero and 1-5%, which implies that the cGMP concentration is
significantly lower than the channel’s K, for cGMP binding.

The pore of the cGMP-gated channel is relatively nonselective, allowing sodium,
potassium, calcium and magnesium to permeate the channel under physiological
conditions. Calcium permeation is a particularly important property of the pore since
calcium acts as a second messenger communicating information about the number of
open channels to the cell’s internal biochemical machinery (Korenbrot and Miller, 1986;
Torre, et al., 1986). In particular, calcium plays a critical role in the process of light
adaptation, which does not occur if calcium concentration changes are prevented by
manipulation of the solution bathing the cells (Nakatani and Yau, 1988b; Fain et al.,
1989; Matthews et al., 1990). Phototransduction in cones is qualitatively similar to that
in rods and it is thought that the basic transduction mechanisms are the same (Hestrin and
Korenbrot, 1990). However, cones are roughly 10-100 fold less sensitive to light than
rods, they have much faster time courses, and are able to adapt over a much greater range
of background light illumination than rods. The mechanisms underlying these differences
are not known, but may be due in large part to differences in calcium homeostasis

between the two cell types (Miller and Korenbrot, 1994a; Miller et al., 1994b) - in
particular, differences in the rate of calcium efflux through the Na-Ca,K exchanger and

diff erences in the calcium permeability of the cGMP-gated channels.
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Exactly how much calcium permeates the channel has been studied in the intact
cell by measuring the decay properties of the electrogenic Na-Ca,K exchange pump
following a bright light flash, or by measuring the reversal potential when the channel is
placed in calcium and sodium gradients. The first technique allows an indirect estimation
of the fractional calcium current under physiological conditions, which has been found to
be 10-15% in rods and 20-25% in cones (Perry and McNaughton, 1991; Lagnado et al.,
1992; Nakatani and Yau, 1988a; Cobbs and Pugh, 1987). Reversal potential
measurements have revealed calcium to sodium permeability ratios of 8.3 in rods and
20.3 in cones (Picones and Korenbrot, 1995), indicating that cone channels are about 2.4-
fold more permeable to calcium than rod channels. However, all permeability
measurements to date have been made with channels opened by saturating and therefore
non-physiological concentrations of cGMP. While attempts to calculate fractional
calcium current from relative permeability measurements have been made (Wells and
Tanaka, 1997; Haynes, 1995a), it has remained an assumption that calcium permeability
and other pore properties do not vary as a function of [cGMP].

The classical model of an ion channel pictures the selectivity filter and gate as
separate and independent structures (Hille, 1992). Thus, while the gating machinery
controls access to the pore, it does not affect pore properties such as ion selectivity.
Therefore, classically, calcium permeability would not be expected to vary as a function
of [cGMP]. However, two recent sets of experiments indicate that cGMP-gated channels
may not function in this classical way: 1) It has been demonstrated (Sun et al., 1996) that
the gate and the selectivity filter are confined to the narrow region of the pore. In the
closed state of the channel, the pore acts as a gate, preventing all ions from permeating,
while in the open state the pore behaves as a selectivity filter, preventing only certain ions
frorm permeating. Thus, the pore changes structure as the channel is gated. 2) Several
inte rmediate gating states (subconductance states) have been identified and the

probability of the channel existing in any one substate has been shown to be a function of
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the cGMP concentration (Ruiz and Karpen, 1997). Thus, the channel can exist in states
with altered pore structure at low cGMP concentrations.

Using excised patches from the outer segment membrane of both rod and cone
photoreceptors, we show that the permeability for divalent cations increases as a function
of cGMP concentration. This indicates that the channel’s gating machinery is coupled to
the selectivity filter. We further show that this increase is much greater for rod channels
than for cone channels, which reveals that under physiological cGMP concentrations,
cone channels are about 7.5-fold more permeable to calcium relative to sodium than rod
channels, significantly larger than has been previously measured at saturating
concentrations of cGMP. Experiments with recombinant bovine rod channels reveals that
cGMP-dependent shifts in divalent cation permeability are a property of heteromeric o
channels and not channels made from the a subunit alone. The permeabilities of several
monovalent cations relative to sodium were found not to change as a function of [cGMP],
including bulky organic cations, implying that the physical size of the pore does not
change when the channel is gated, only the relative selectivity for divalent cations. These
data indicate that at low cGMP concentrations, the channel can exist in a substate with a
different pore structure and therefore different pore properties than the channel state that
exists at saturating [cGMP]. This “intermediate” state has lower divalent cation
selectivity and possibly increased sensitivity to divalent cation block, but identical pore

size and monovalent ion selectivity when compared with the fully open state.
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Materials and Methods

Materials. We obtained striped bass (Morone saxitilis) from Professional Aquaculture
Services (Chico, CA) and tiger salamanders (Ambystoma tiginum) from Charles Sullivan
(Memphis, TN). We received cGMP and 8-Br-cGMP from Sigma Chemical Co. (St.
Louis, MO). l-cis-diltiazem was a generous gift of Tanabe Seiyako Co., LTD. (Osaka,

Japan).

Photoreceptor Isolation. Methods of cell isolation are described in detail elsewhere
(Miller and Korenbrot, 1993b; Miller and Korenbrot, 1994a). Animals were dark adapted
and retinas were isolated under infrared illumination. Single cones were obtained by
mechanical dissociation of Striped Bass retinas maintained in a Ringer’s solution
consisting of (mM): 143 NaCl, 2.5 KCl, S NaHCO;, 1 Na,HPOq,, 1 CaCl,, IMgCl,, 5
pyruvate, 10 HEPES, pH 7.5, osmotic pressure 309 mOsM. Rod outer segments were
isolated by mechanical dissociation of tiger salamander retinas maintained in a Ringer’s
solution composed of (mM): 100 NaCl, 2 KCl, 5 NaHCOs, 1 Na,HPO,, 1 CaCl,, 1
MgCl,, 5 pyruvate, 10 HEPES, pH 7.5, osmotic pressure 227 mOsM.

Solitary photoreceptors were firmly attached to a glass coverslip derivitized with
either wheat germ agglutinin or concanavalin A (Picones and Korenbrot, 1992). The
coverslip was placed into the chamber and held firmly down with a glass clamp. Cells
were visualized with an upright microscope equipped with DIC optics and operated under
visible light. A suspension of photoreceptors in pyruvate Ringer’s was placed on the
coverslip and the cells were allowed to settle down and attach for 5 min. The bath
solution was then exchanged with a Ringer’s solution of the same composition, but in
which pyruvate was isosmotically replaced with glucose.

The recording chamber consisted of two side-by-side compartments. Cells were
held in one compartment that was continuously perfused with Ringer’s. The second,

smaller compartment was continuous with the first one, but a movable teflon barrior
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could be used to separate them (Picones and Korenbrot, 1992). We used tight-seal
electrodes to obtain inside-out membrane patches detached from the side of the outer
segments of either cones or rods. After forming a giga-seal and detaching the patch, we
moved the electrode under the solution surface to the second compartment and then
separated the two compartments using the movable barrier. The tip of the electrode was
then placed within 100 um of the opening of a 30-um diameter glass capillary. We used
this capillary and a rotary valve to deliver selected solutions onto the cytoplasmic surface

(outside) of the membrane patch.

Expression of Channels in Xenopus oocytes. Plasmids containing either the o or B
subunits of the bovine rod channel flanked by the beta-globin 5’ and 3’ untranslated
regions (Liman et al., 1992) were kindly provided by the laboratory of William Zagotta
(Univ. of Washington, Seattle, WA). We used this vector linearized with Pst I (o
subunit) or Nhe I (B subunit) as a template for in vitro runoff transcription. Transcription
reactions were conducted using 7ug of template DNA, 0.33 mM NTPs, 1.33 mM
m7G(5’)ppp(5’)G cap analog (GibcoBRL), 10 mM DTT, 150 units of Rnasin (Promega)
and 80 units of T7 RNA polymerase (Promega) in an optimized transcription buffer
(Promega) with a total volume of 150ul. This reaction was allowed to proceed for 2.5
hours at 37°C. The Template DNA was then removed by adding 5 units of RQ1 DNase
(Promega) and incubating at 37°C for an additional 30 min. We then purified the
resulting RNA by extractions with phenol/chloroform (1:1, vol/vol) and chloroform
followed by ethanol precipitation. Using this procedure, we generally obtained about
200pg of RNA, which was resuspended in 100ul of diethyl pyrocarbonate-treated water at
a concentration of about 2ug/ul. Ready-to-inject Xenopus laevis oocytes were obtained
from the laboratory of L.Y. Jan (Univ. of California, San Francisco, CA). Each oocyte
was injected with 45 nl of RNA (90 ng). When both a and b subunits were injected

together, we mixed the RNA at a mole ratio of 4:1 (B:ct) before injection. The oocytes
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were then maintained in ND96 media supplemented with 2.5 mM sodium pyruvate, as
well as 100 units/ml penicillin and 100 pg/ml strepyomycin at 18°C with continuous
gentle agitation. Oocytes were suitable for patch clamp experiments 2-5 days after
injection. Immediately before patch clamping, oocytes were incubated for 5 min. in a
hypertonic solution composed of (mM): 200 NaCl, 10 HEPES, 1CaCl,, 1MgCl,, pH 7.5.

The vitelline membrane could then be mechanically removed with fine forceps.

Ionic Solutions. In studies of both rod and cone photoreceptor membranes, we filled the
electrodes with the same solution (mM): 150 NaCl, S BAPTA, 10 HEPES, adjusted with
TMA-OH to pH 7.5, osmotic pressure 300 mOsM. BAPTA was used as a calcium
chelator so that any calcium entering the internal solution from the outside was rapidly
removed without changing the internal pH, which effects the calcium permeability of
cGMP-gated channels (Tanaka, 1993). Free Ca** concentration in this solution was

< 10'°M. In all studies, the patch was initially exposed to a solution composed of (mM):
150 NaCl, 1 EDTA, 1 EGTA, 10 HEPES, adjusted with NaOH to pH 7.5 for at least 2
min. in order to completely remove the endogenous modulator of the channel (Hackos
and Korenbrot, 1997).

All solutions (including the solutions described above) were made by mixing
calibrated stock solutions. Stock solutions of permeant cations were made by weighing
out enough solid to make a 900 mM solution. The osmotic pressures of this solution as
well as several serial dilutions were then measured and compared to numbers in the
Handbook of Chemistry and Physics (CRC). Any differences were corrected for by either
adding more solid or diluting the solution until the numbers matched. This was necessary
for obtaining accurate solutions since we found that even new bottles of monovalent or
divalent cation chloride salts had absorbed enough water to cause significant errors in
cation concentration. TMA-OH was used to titrate the pH in all solutions since it did not

add any additional permeant cations.
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Solutions used in Xenopus oocyte recordings identical to the photoreceptor cell
solutions except that Cl” ions were replaced with methansulfonate in order to eliminate
the very large divalent-activated CI” conductance in these membranes (Miledi and Parker,
1984). These solutions were made my titrating 150mM methansulfonic acid the
appropriate monovalent hydroxide salt. In order to use a AgCl electrode in the absence of
CI' ions, we designed a pipette holder that included a AgCl plug imbedded in a 1.5% agar
solution containing 1M KCI which was immediately adjacent to the methansulfonate

internal solution.

Electrical Recordings. Tight-seal electrodes were made from aluminosilicate glass
(1724; Corning Glass Works, Corning, NY) (1.5 x 1.0 mm, o.d. x i.d). We measured
membrane currents under voltage clamp at room temperature with a patch clamp
amplifier (#8900; Dagan Instruments, Minneapolis, MN). Analog signals were low pass
filtered below 1.0 kHz with an eight pole Bessel filter and were digitized on line at 3 kHz
(FastLab; Indec, Capitola, CA). Membrane voltage was normally held at 0 mV and
membrane currents were activated with continuous voltage ramps from either -70 to +70
mV or -30 to +30mV lasting either 1.0 or 0.5 sec. in duration respectively. Before
applying the voltage ramp, the voltage was stepped from 0 to -70 mV or from 0 to -30
mV and held at that value for 200 ms. This was necessary because in the presence of
divalent cations, there is a time-dependent change in the membrane current amplitude on
switching from O to -70 mV. This time-dependent change is due to the well characterized
voltage-dependent channel block by divalent cations (in rods, Zimmerman and Baylor,
1992; in cones, Picones and Korenbrot, 1995). Between voltage ramps, membrane
voltage was held at 0 mV for 2-5 sec. As usual, outward currents are positive and the
extracellular membrane surface is defined as ground.

We found that when working with high-current patches in the presence of bi-ionic

solutions of monovalent cations, holding the voltage at 0 mV between ramps resulted in a
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sustained current (as a result of the non-zero reversal potential) that after a few seconds
caused enough cation mixing to alter the measured reversal potential in a cGMP-
dependent manner. This problem was completely eliminated by simply setting the
holding potential to the reversal potential between ramps. We began each experiment by
measuring I-V curves under symmetric NaCl solutions, first in the absence and then in the
presence of 1 mM cGMP. The point at which these two curves meet was use to define
the zero-voltage point for all the I-V curves measured during the experiment. After the
experiments, these curves were again measured. We only analyzed data measured in
patches in which this zero-voltage point did not change and in which the leak and
saturated conductance did not change by > 10%. Functions were fit to experimental data
using least square minimization algorithms (Origin; MicroCal Software, Northampton,

MA). Experimental errors are presented as standard deviations.

Permeability Calculations. We calculated permeability ratios using the Goldman-
Hodgkin-Katz constant field current equation. Under conditions of bi-ionic monovalent

cation solutions, we used the equation:

FAY,,
PX _[Nal, -5 a0
PNa  [X]

where PX/PNa is the permeability ratio of the cation X relative to Na*, AV, is the
measured reversal potential, [Na], is the extracellular Na* activity, and [X]; is the
intracellular activity of cation X. F, R, and T have there usual thermodynamic meanings.
In conditions of symmetric Na* with Ca™ (or other divalent cation) added to the
intracellular side of the membrane, we used the following equation derived from a more

general equation given by (Lewis, 1979)

e, (5 )

PNa 4[Ca],
where [Na] is the Na* activity on both sides of the membrane and [Ca]; is the intracellular

Ca™ activity.
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Ionic activities for the monovalent cations used in this study were calculated using
activity coefficient tables (Robinson and Stokes, 1959). Activity coefficients for Ca** in
the presence of monovalent cations were taken from Butler (1968) and then squared in
accordance with the Guggenheim convention. Coefficients for Sr** were assumed to be

the same as for Ca**.
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Results

The ratio between Ca™ and Na* permeability depends on cGMP concentration

We investigated cGMP-gated channels in inside-out patches detached from the
plasma membrane of tiger salamander rod outer segments. These patches contain only
cGMP-gated ion channels (Miller and Korenbrot, 1993a). Fig. 1 illustrates I-V curves
recorded under conditions of saturating cGMP (500 uM) and in either symmetical
solutions of 150 mM Na*, or symmetrical 150mM Na* with 10mM Ca*" added to the
cytoplasmic side of the patch. In the absence of Ca*™, the I-V curves exhibited a reversal
potential of zero (as is expected under symmetrical solutions), and a slight outward
rectification characteristic of rod cGMP-gated channels, as has been noted before
(Menini, 1990; Furman and Tanaka, 1990; Zimmerman and Baylor, 1992). The addition
of Ca*" causes two characteristic changes in the I-V; the reversal potential shifts toward
more negative values and the current is blocked by Ca*™ in a voltage-dependent manner.
The negative reversal potential shift indicates that Ca*™ is more permeable than Na*.

We found for the rod channel an average reversal potential shift in 10mM Ca™ of
~-6.3 £ 0.27 mV, which results in an average value for PCa/PNa of 6.48 * 0.35 (using eqn.
2). This is similar to previously published values measured under conditions of saturating
cGMP (Picones and Korenbrot, 1995). However, under physiological conditions, only 1-
5% of the total number of channels in the rod outer segment are open in the dark (Cobbs
et al., 1985), indicating that the physiological cGMP concentration is very low. To test
whether the pore has the same Ca*™ selectivity at lower and more physiological cGMP
concentrations, we measured I-V curves at several subsaturating concentrations of cGMP
(5, 10, 20, 40 uM) with symmetric 150mM Na* and 10mM Ca** on the cytoplasmic side
of the patch (Fig 2a). Since even small changes in the leak current can result in large
changes in the apparent reversal potential, we analyzed recordings only when there was

no significant change in the leak conductance during a measurement of a collection of I-V
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Figure 1. Effect of 10mM Ca** on the I-V curve recorded from the retinal rod channel.
Recordings were made from inside-out patches detached from tiger salamander outer
segment membranes. Currents were activates with a voltage ramp from —-70mV to
+70mV with a 1 sec timecourse. In conditions of symmetric 150mM NaCl and in the
absence of divalent cations, 300uM cGMP elicited a large current with a slightly
outwardly rectified I-V curve, as shown. With 10mM Ca** added to the cytoplasmic side
of the patch, the current it blocked in a voltage-dependent manner and the reversal
potential is shifted to the left (inset). This indicates that these channels are permeable to
Ca*". The extent of the reversal potential shift in this patch is =7.3 mV, which with eqn.
2 implies Pca/PNa = 7.8. The currents shown have been altered by the subtraction of the
leak current recorded under the same conditions in the absence of cGMP.
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Figure 2. Method for rapidly obtaining large numbers of I-V curves at different cGMP
concentrations. Initially, the patch was exposed to a solution 150mM NaCl and I-V
curves were recorded in both the absence and presence of 300uM cGMP (A). The point
where these two curves meet is defined as 0 mV for the rest of the experiment. The patch
was then exposed to a solution containing both 150mM NaCl and 10mM Ca**. I-V
curves under these conditions were then obtained for 0, 5, 10, 20, and 300uM cGMP (A)
using at voltage ramp protocol from -30mV to +30mV. (B) Measurement of the current
at +15 mV (indicated by the dashed line) yielded a set a points that could be well fit by a
Hill equation with the following parameters: K, = 10.3uM, n = 2.48. This Hill function
was then be used to determine the cGMP concentrations for each of the I-V curves shown
in panel C. These were recorded by first exposing the patch to 300mM cGMP, and then
allowing the cGMP to slowly diffuse out of the patch (which took about 1 min.). The
resulting cGMP concentrations were then plotted as a function of time (D). A line could

be fit well to these data when graphed on a lin-log plot, indicating that cGMP diffused out
of the patch exponentially with a time course of 6 sec.
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curves. This however was very difficult to achieve when attempting to measure I-V
curves at many different cGMP concentrations. Therefore, we used an alternative method
to rapidly record a large number of additional I-V curves at differing cGMP
concentrations by first exposing the patch to a pulse of SO0uM cGMP, and then allowing
the cGMP to slowly diffuse out of the patch while repeatedly measuring I-V curves. The
rate of cGMP diffusion was highly variable form patch to patch, but in many cases, this
timecourse was slow enough (> 1 min) that individual I-V curves (each measured in 1/2
sec) could be assumed to have been measured at constant [cGMP]. To determine the
actual values of [cGMP] for each ramp, we measured the K, and hill coefficient for the
patch. Briefly, a point was chosen from each ramp (usually +15mV) and compared to the
following Hill function fitted to the I-V curves measured at known [cGMP] (Fig 2b).

j= 1 __LcGMP] 3)
[cGMPT" +K,,"

where [ is the amplitude of the cGMP-dependent membrane current, [, is its maximum
value, [cGMP] is the concentration of cGMP, K|, is that concentration necessary to
reach one half the value of I, and n is a parameter that reflects the cooperative
interaction of cGMP molecules in activating the membrane current. The resulting cGMP
concentrations were then graphed as a function of time (Fig 2c). A line could be well fit
to the points graphed on a log-lin scale, indicating exponential diffusion of cGMP out of
the patch as expected for a simple first-order diffusion process.

Fig. 3a shows a blown-up view of the center of several I-V curves measured at
different cGMP concentrations. The reversal potential shifts toward less negative
voltages as the cGMP concentration decreases. This reveals that the channel becomes
more permeable to Ca*" as it is gated. Fig. 3b shows the reversal potential plotted as a

function of [cGMP] and fig. 3c shows PCa/PNa as calculated by Eqn. 2 plotted as a
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Figure 3. Relative Ca™* permeability as a function of cGMP concentration. Panel A
shows a blown-up view of the I-V curves shown in fig. 2. The concentration of cGMP
calculated for each of the I-V curves is indicated to the right of each curve (in uM). The
reversal potentials were measured by fitting a line to the I-V curves from -15 to +10 mV.
The point with which this line intersected the leak current (recorded in 10mM Ca**) was
taken as the reversal potential. These reversal potentials were then plotted with respect to
c¢GMP concentration (B). Open circles indicate reversal potentials measured from I-V
curves at experimentally defined cGMP concentrations (S, 10, 20, 300 uM). Closed
circles are reversal potentials determined from I-V curves measured while allowing
cGMP to diffuse slowly out of the patch, where the cGMP concentrations have been
determined from the Hill equation (see fig. 2). The curve through the data is the same
Hill function (K, = 10.3uM, n = 2.48) defined for this patch were we have adjusted the
minimum and maximum values to fit the data. For this patch, min = -2.0 mV, max =
6.1mV. Panel C shows the same data after application of eqn. 2 to determine PCa/PNa
for each measured reversal potential. Open and closed circles have the same meaning as
before. The same Hill function as before was graphed onto the data with min = 1.7 and
max = 5.93.
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function of [cGMP]. Both reversal potential and PCa/PNa can be well fit to the following

Hill function

. . [cGMPY"
= min+ (max— min)
PNa [cGMPT" +K,,"

4

by allowing the minimum and maximum values to vary while using the same K, and n
that describes the cGMP-dependent current as a function of [cGMP]. The minimum
value of the Hill function is uncertain due to the difficulty of determining the reversal
potential from such a small signal. We found the average parameters to be min = 1.89 +
0.52, max =6.48 £0.35,K,,=17.2 £ 8.6 uM, n = 2.43 £ 0.37 (n=14). The extent of the
decrease in relative Ca* permeability between saturating cGMP and zero cGMP

(max/min) was found to be on average 3.42 + 0.95 (n=14).

Shifts in the reversal potential are not present in symmetrical Na* solutions
Patches excised from the rod outer segment often have so many channels that a -70 mV
voltage pulse produces currents as high as 1-2 nA. These high current voltage pulses
show an slow exponential decline even in symmetrical Na* solutions. This is caused by
an accumulation of excess Na* ions on one side of the patch, resulting in a Na* gradient
and thus a shift in the reversal potential (Zimmerman and Baylor, 1992). To verify that
the reversal potential shifts observed in the presence of 10mM Ca** while allowing
cGMP to slowly diffuse out of the patch are not an artifact caused by this mechanism, we
looked for the presence of reversal potential shifts as a function of [cGMP] in
symmetrical Na* solutions, were no such shifts should occur. Fig. 4a shows I-V curves
measured under these conditions at a large number of different cGMP concentrations
generated with the cGMP washout technique in a similar way as shown in figs. 2 and 3.
Fig. 4b plots the reversal potential as a function of [cGMP], and reveals that the reversal

potential is completely independent of [cGMP], as expected. This shows that the shifts
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Figure 4. Reversal potential as a function of cGMP in symmetic 150mM NaCl
conditions. We activated tiger salamander patches with voltage ramps from -30mV to
+30mV to determine the I-V curves under conditions of symmetric 150mM NaCl
solutions. After fitting a Hill function to the current at +15 mV at defined cGMP
concentrations (K = 10.1 uM, n = 2.43), we exposed the patch to 300uM cGMP and
allowed the cGMP to diffuse out of the patch while recording I-V curves (panel A). A
blown-up view near the origin is shown in panel B. The reversal potentials were
measured by fitting a line to the data between —10mV and +10mV and plotted as a
function of cGMP concentration (panel C). The reversal potential was zero for all cGMP
concentration tested (dashed line).
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observed as a function of [cGMP] in the presence of 10mM Ca*" are real, and not the
result of an artifact due to changes in the Na* gradient. Changes in the Ca++ gradient
might also occur under these conditions, but this would result in reversal potential shifts

in the opposite direction to those observed.

The ratio or Sr** to Na* permeability is also a function of [cGMP]

With the observation that the ratio of the Ca™ to Na* permeability changes as a function
of [cGMP], it was of interest to determine whether this [cGMP] dependency was true for
other divalent cations besides Ca™*. Mg was found too difficult to work with since its
permeability at saturating [cCGMP] is smaller than that of Ca*", and it is a more potent
blocker of the rod cGMP-gated channel. This makes the reversal potential shifts caused
by Mg** difficult to measure, especially at low [cGMP]. While Sr™" is also less
permeable than Ca*”, it is a weak blocker, and thus the reversal potential is easy to
measure accurately. We recorded I-V curves in the presence of 20mM Sr** applied to the
cytoplasmic side of the channel (fig. 5a). In the presence of saturating cGMP (500uM),
the reversal potential was found to be =5.3 £ 0.21 mV (n=8). Using eqn. 2, this indicates
that PSr/PNa =2.71 £ 0.13. Fig. 5a shows I-V curves measured under the same ionic
conditions with differing [CGMP]. The reversal potential was found to shift to less
negative values as [cGMP] was decreased. Fig. 5b plots the reversal potential as a
function of [cGMP]. As was found in the case of Ca*", the reversal potential shifts due to
Sr** could be well fit to a Hill function with K;, = 14.8 £ 6.2 uM and n = 2.6 £ 0.32
(n=8), identical parameters as the Hill function that describes current as a function of
[cGMP] in the presence of 20mM Sr**. This was also true for fig. Sc, where PSt/PNa is
plotted as a function of [cGMP]. The average parameters obtained (by fitting with eqn. 4)
were min = 0.64 £0.27, max =2.71 £ 0.13,K,,=14.8 £ 6.2, n =2.6 £ 0.32 (n=8). The

extent of Sr*" permeability decrease was on average 4.25 + 2.75 (n=8).
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Figure 5. Relative permeability for Sr** as a function of cGMP concentration. (A) I-V
curves of the current activated by 0, 5, 10, 20, 40, or 300 uM cGMP were obtained from —
30mV to +30mYV under conditions of symmetric 150mM NaCl and in the presence and
absence of 20mM Sr++ applied to the cytoplasmic side of the patch. Additional curves
were obtained by the cGMP washout method (fig. 2). As before, a Hill function (K1/2 =
11.0mM, n = 2.1 for this figure) was fit to the currents measured at +15mV from the I-V
curves measured at defined cGMP concentrations from which we calculated the cGMP
concentrations of all the other I-V curves. (B) Reversal potentials measured from the I-V
curves plotted as a function of cGMP concentration. Open circles represent reversal
potentials measured at defined cGMP concentrations and closed circles are data from
c¢GMP washout experiments. The Hill function plotted onto the data is the same Hill
function determined above adjusted so that min = -1.38 mV and max =-5.33 mV. (C)
PSr/PNa calculated from eqn. 2 for each measured reversal potential (C). The same Hill
function was fit to the data with min = 0.47 and max = 2.71.
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The selectivity between different monovalent cations does not change as a function
of [cGMP]

We tested whether cGMP-dependent shifts in permeability ratios was specific to divalent
cations by determining whether the reversal potential in the presence of bi-ionic solutions
of Cs* and Na* or NH4* and Na* changes as a function of [cGMP]. Cs* and NH,* were
chosen since they both are significantly different in permeability compared with Na*, Cs*
being less permeable and NH,4* being more permeable. Under bi-ionic conditions of
either 150mM Cs* or 150mM NH,4" at 500uM cGMP, the reversal potential was found to
be 18.1 + 1.6 mV (n=8) for Cs+ and —22.2 +2.2 mV for NH4" (n=6) (Fig. 6). From Eqn.
1, we find that PCs/PNa = 0.50 + 0.03 (n=8) and PNH4/PNa =2.44 + 0.21 (n=6). Ramps
at different [cGMP] were measured using either defined cGMP solutions or by allowing
cGMP to slowly diffuse out of the patch. In both cases, the reversal potentials for bi-
ionic solutions of Cs* and NH4* remained the same at all cGMP concentrations tested.
Thus, the selectivity of the channel for monovalent cations does not change as a function
of [cGMP].

We also tested bi-ionic solutions of methlyammonium and Na* or
dimethlyammonium and Na*. These organic monovalent cations are significantly less
permeable than their parent molecule NH,* since they are bulky enough to not fit very
well through the cGMP-gated channel pore. Since these organic monovalent cations are
therefore sensitive to the dimensions of the pore, the permeability of methyammonium
and dimethlyammonium and many other organic cations of various sizes and shapes have
been used to show that the rod cGMP-gated channel pore has dimensions of
approximately 0.38 x 0.5 nm (Picco and Menini, 1993). At 500uM cGMP, we found the
reversal potentials to be 16.5 £ 1.5 mV (n=4) for methlyammonium and 52.0 + 2.2 mV
(n=5) for dimethlyammonium (fig. 7). Eqn. 1 gives relative permeabilities of 0.53 + 0.03
for methylammonium and 0.13 10.011 for dimethylammonium, in agreement with

previous measurements (Picco and Menini, 1993). We then varied cGMP concentration
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Figure 6. Selectivities of Cs* and NH,' relative to Na* as a function of cGMP
concentration. We measured a series of I-V curves from —70mV to +70mV in either bi-
ionic solutions of 150mM CsCl and NaCl (A) or 150mM NH4Cl and NaCl (B). The
c¢GMP concentrations were calculated using a method similar to that shown in fig. 2.
Also plotted in A and B is the I-V curve at 500 pM cGMP in symmetric 150mM NaCl
solutions, which defined OmV. Reversal potentials determined from the I-V curves were
plotted as a function of cGMP for both measurements in Cs* (C) and NH,* solutions (D).
The the dashed line represents the mean value of these reversal potentials, which were
18.6 mV for Cs* and -20.8 mV for NH,", yiclding (after application of eqn. 1) PCs/PNa =
0.49 and PNH4/PNa = 2.31. Open circles indicate data recorded at defined cGMP
concentrations, as before.
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Figure 7. Selectivities for methylammonium and dimethylammonium relative to Na+ as
a function of cGMP concentration. We measured a series of I-V curves from -70mV to
+70mYV in either bi-ionic solutions of 150mM methlyammonium-Cl and 150mM NaCl
(panel A) or 150mM dimethylammonium-Cl and 150mM NaCl (B). Either 0, 5, 10, 20,
30, 40 or 500uM cGMP was used to activate the cGMP-dependent current. Also shown
in A and B are I-V curves measured in symmetric NaCl for use in defining the 0 mV
point. Reversal potentials were determined from the I-V curves and plotted as a function
of cGMP for methlyammonium (C) and dimethylammonium (D) solutions. The dashed
line represents the mean value for the reversal potentials, which was found to be 16.0 mV
for methylammonium and 51.5 mV for dimethylammonium.
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to obtain a series of I-V curves, the reversal potentials of which were measured (fig. 7).
As in the cases of Cs+ and NH,4*, we found no changes in reversal potential and therefore
permeability of these organic monovalent cations as a function of [cGMP]. Therefore,
the selectivity for organic monovalent cations, and thus the effective pore diameter, does

not change as a function of [cGMP].

Sensitivity to divalent cation block increases with decreasing [cGMP]
cGMP-dependent changes in divalent cation permeability likely reflect state-dependent
changes in the detailed interaction of the pore with divalent cations. These differences in
pore structure might lead to differences in other divalent cation dependent phenomena
such as voltage-dependent pore block. To examine this possibility, we determined the
sensitivity to block by Ca*" in the presence of different cGMP concentrations. I-V curves
were measured in the presence of 150mM symmetric NaCl solutions with and without
5mM Ca** added to the cytoplasmic side of the patch at several defined cGMP
concentrations. To reduce noise, 5-10 I-V curves were recorded and averaged for each
condition tested. Plotted in fig. 8a are g/gmax curves obtained by dividing the I-V curve
recorded in the presence of SmM Ca*™ by I-V curve recorded in the absence of Ca*™ for
each cGMP concentration tested. This indicates the extent of block by 5SmM Ca*™ as a
function of voltage. Thus, as cGMP is decreased, the extent of block and therefore the
sensitivity to block by Ca*™ increases. Fig. 8b shows the sensitivity to block as a function
of [cGMP] at -40 mV. The same Hill function used to describe the cGMP-dependence of
either channel current or divalent cation permeability is plotted with the data, showing
that Ca++ block has the same dependence of [cGMP]. Fig. 8c shows the effect of cGMP-
dependent Ca™ block on the K1/2 of the channel (shown as a function of voltage at zero
and SmM Ca*™). Ca'" block dependent on [cGMP], by definition, must cause an apparent
shift in channel’s sensitivity to cGMP. This increase in K., is shown at -40mV as a

function of cGMP in fig. 8d. Thus, whether Ca*" is altering gating or blocking the pore
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Figure 8. Calcium block as a function of cGMP concentration. (A) Blocking functions
(g/gmax) graphed as a function of voltage and obtained by dividing leak subtracted I-V
curves obtained in symmetric 150mM NaCl solutions with SmM Ca*™ added to the
cytoplasmic side of the patch by leak subtracted I-V curves obtained in the absence of
Ca™. CGMP-dependent currents were activated by 5, 10, 20, 40, or 300 mM cGMP as
indicated to the right of each curve. (B) Fractional calcium block at 40 mV (dashed line
in panel A at <40 mV shows origin of this data) graphed as a function of cGMP
concentration. The same Hill function (K. = 9.43 uM, n = 1.4) that describes the current
at —-40mV in the presence of SmM Ca'* (see panel D) is shown plotted with the data. The
min and max values for this function were adjusted to fit the data (min = 0.095, max =
0.33). (C) Effect of cGMP-dependent Ca** block on the effective K, for cGMP binding.
These curves were calculated by fitting point-by-point the I-V curves at either zero or
5mM Ca*" to a Hill equation (eqn. 3). (D) Fractional current (/Imax) measured at —
40mYV plotted as a function of cGMP in either the absence (open circles) of presence
(closed circles) of SmM Ca**. Hill functions were fit to these data, which represent a
single point in C (dashed line), with parameters K, = 9.43uM, n = 1.4 (zero Ca*™) and
Kin= l4.2|.lM, n=1.5 (SmM Ca“').



in a cGMP-dependent way cannot be distinguished using the data presented here (see

discussion).

Relative Ca** permeability also depends of [cGMP] in cone channels

Cone cGMP-gated channels are significantly more permeable to Ca*™ than channels from
rods (Picones and Korenbrot, 1995; Haynes, 1995a; Frings et al., 1995). However, these
measurements were made under conditions of saturating and therefore nonphysiological
c¢GMP concentrations. It is therefore necessary to examine the difference in Ca™
permeability between the rod and cone channels at physiological cGMP concentrations.
Fig. 9a shows I-V curves recorded from inside-out patches excised from Striped Bass
cone outer segments under either symmetrical 150mM NaCl solutions or symmetrical
NaCl with 5SmM Ca*" added to the cytoplasmic side of the patch. At saturating cGMP,
we find a reversal potential shift of -9.4 + 0.5 mV, which implies that in cones, Pca/PNa
=21.7 £ 1.65 (n=12), consistent with earlier measurements (Picones and Korenbrot,
1995). Several I-V curves were measured in the presence of Ca™" at several different
defined concentrations of cGMP and also at many different cGMP concentrations
generated by allowing cGMP to diffuse out of the patch. Similarly to the rod channel, the
reversal potential was found to shift to less negative values as [cGMP] was decreased.
This indicates that the cone channel also becomes less permeable to Ca*™" at low [cGMP].
Fig. 9b shows reversal potential measurements graphed as a function of [cGMP], and fig.
9c shows PCa/PNa as calculated using eqn. 2 as a function of [cGMP]. The dependence
of PCa/PNa could be well described by the same Hill function (eqn. 4) that describes the
apparent cGMP binding affinity as recorded in the same patch at +15mV. On average,
we found that K;,=43+ 14 uM, n=2.8 £ 0.4, min = 14.0+ 1.6, max =21.7+ 1.7
(n=12). The extent of decrease in Ca™ permeability between saturating and zero cGMP

(max/min) was 1.55 £ 0.21 (n=12). This indicates
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Figure 9. Permeability for Ca** relative to Na+ as a function of cGMP concentration in
cone channels. (A) I-V curves generated using voltage ramps from —-30mV to +30mV on
patches excised from the striped bass cone outer segment membrane under conditions of
symmetric 150mM NacCl with SmM Ca** added to the cytoplasmic side of the patch. The
c¢GMP concentration of each curve was calculated from the Hill equation (as shown in
fig. 2) and is indicated at the right of each curve. Also shown is the I-V curve measured
in the absence of Ca*™*. (B) Reversal potential measurements plotted as a function of
c¢GMP concentration. Open circles are data obtained at defined cGMP concentrations
(10, 20, 40, 60, 600mM) and closed circles indicate data obtained by allowing cGMP to
slow diffuse out of the patch. The Hill function plotted with the data is the same as that
which describes the cGMP-dependence of the current at +15mV in the presence of SmM
Ca*™ (K1/2 = 22.5uM, n = 2.5) which has been adjusted (see eqn. 4) with min = -6.91mV
and max = -9.5mV. (C) PCa/PNa calculated using eqn. 2 and plotted as a function of
c¢GMP. The same Hill function was plotted and adjusted with min = 13.9 and max =
21.2.

-—b

92



that the ratio of relative Ca** permeability between cone and rod channels is 7.41 + 0.85

at physiological cGMP concentrations.

Selectivity between different monovalent cations is independent of [cGMP] in cone
channels

With the observation that divalent permeability is a function of [cGMP] in the cone
channel, we tested whether the selectivity for different monovalent cations was
independent of cGMP, as it is for the rod channel. As before, we studied Cs* and NH,*
permeability using bi-ionic solutions of 150mM Cs* and Na* or 150mM NH,* and Na".
Fig. 10 shows I-V curves recorded as different [cGMP] by allowing cGMP to diffuse out
of the patch for both Cs* (fig. 10a) and NH," (fig. 11b). The resulting reversal potentials
are shown for Cs* and NH," in figs. 10c and 10d respectively. On average, the reversal
potential shifted to 4.2 + 0.53 (n=5) for Cs* and —16.4 + 1.4 mV (n=6) for NH,", which
with eqn. 1 gives PCs/PNa = 0.87 £0.02 and PNH4/PNa = 1.94 + 0.11, similar to previous
measurements of monovalent cation selectivity in cones (Picones and Korenbrot, 1992;
Haynes, 1995b). We found no changes in the reversal potentials at different cGMP

concentrations.

Relative cation selectivity of recombinant bovine rod cGMP-gated channels

Cyclic nucleotide channels (at least those from rods and olfactory neurons) are made up
of two subunits, o and B (Chen et al., 1993; Bradley, J., et al., 1994; Liman and Buck,
1994; Korschen et al., 1995). Functional channels are formed with either the o, subunit
alone or with both o and P subunits together as a heteromeric channel (which we will
refer to as the o channel and the aff channel respectively). We investigated whether
expressed channels containing only the o subunit exhibit cGMP-dependent divalent
cation permeability in a similar way to native cGMP-gated channels, or whether both o

and P subunits are required. Fig. 11 shows I-V curves obtained from Xenopus oocyte
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Figure 10. Relative permeabilities for Cs* and NH,* with respect to Na* as a function of
c¢GMP concentration in cone channels. I-V curves were measured using voltage ramps
from -70mV to.+70mV while exposing a membrane patch to bi-ionic solutions of either
150mM CsCl and 150mM NaCl (A) or 150mM NH,* and 150mM NaCl (B). The cGMP
concentrations indicated to the right of each I-V were calculated from the Hill equation
(fig. 2). Also shown are I-V curves recorded in symmetric 150mM NaCl solutions.
Reversal potentials were determined as before (see methods) and plotted as a function of
cGMP for bi-ionic Cs* solutions (C) and bi-ionic NH,4* solutions (D). As before, open
circles indicate data recorded at defined cGMP concentrations. The dashed lines
represent the mean values of the reversal potentials, which were 4.3 mV and -15.8 mV
for Cs* and NH," respectively.
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Figure 11. Calcium block of recombinantly expressed rod o and aff channels. I-V
curves were generated using voltage ramps from —=70mV to +70mV on inside-out patch
from Xenopus oocytes expressing either o (A) or aff (B) bovine rod cGMP-gated
channels. Recordings were made under conditions of 150mM symmetric NaCl in either
the absence (1) or presence (4) of 600pM cGMP, and also with 10uM I-cis-diltiazem (3)
or 10mM Ca™ (2) added to the cytoplasmic side of the membrane. (C) Calcium blocking
curves (g/gmax) obtained by dividing the I-V curve recorded in the presence of 10mM
Ca** by the I-V curve in the absence of Ca** (both at 600mM cGMP) and plotted as a
function of V — V. The extent of block between —10mV and +10mV was found to be
86.7% for the aff channel and 95.9% for the o channel, indicating that the aff channel has

3.25-fold higher current than the & channel at voltages near the reversal potential in the
presence of 10mM Ca*".
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patches containing either the bovine rod o subunit (fig. 11a) or aff heteromeric channels
(fig. 11b) under conditions of either symmetrical 150mM Na* solutions or symmetrical
Na* with 10mM Ca** added to the cytoplasmic side of the patch. To verify that we have
indeed correctly assembled off heteromeric channels, we also determined the I-V curves
in the presence of 10pM I-cis-diltiazem, which only blocks aff channels (Chen et al.,
1993; Korschen et al., 1995). As expected, l-cis-diltiazem did not block the channels
when the o subunit is expressed alone (fig. 11a), but it does partially block channels
formed from both subunits (fig. 11b), indicating that most of the channels in the patch
contained B subunits. Fig. 11c shows that homomeric o channels are much more
sensitive to block by Ca*™ than of channels, as has been noted before (Korschen et al.,
1995).

In order to look for shifts in PCa/PNa as a function of cGMP, we measured I-V
curves in the presence of symmetric 150mM Na* with 10mM Ca*™ added to the
cytoplasmic side of the membrane at 0, 40, 60, 80, and 600 uM cGMP (a channel, fig.
12a; aff channel, fig. 12b). We also measured a large number of I-V curves by allowing
c¢GMP to diffuse out of the patch as before (not shown). In patches containing only the o
subunit, the measured reversal potential is the same at all cGMP concentrations tested,
while in patches containing aff channels, the reversal potential increases with cGMP
concentration in a similar way as that of the native rod channel (fig. 3). Fig. 12c shows
the reversal potentials plotted as a function of [cGMP] and fig. 12d shows the PCa/PNa
as calculated by Eqn. 2 plotted in the same way. On average, we found for channels
made from only the o subunit a reversal potential shift of 4.8 + 1.2 mV (n=7), which
implies that Pca/PNa = 4.6 + 0.79. As in the case of the native channel, both the reversal
potential and Pca/PNa for the of channel could be well fit by a Hill function (eqn. 4) with
the same parameters as describes the current as a function of cGMP. On average, we

found these parameters to be AV ey max =-8.4 1 1.1 mV, AVy min=-4.6+2.2 mV,
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Figure 12. Relative Ca™ permeability as a function of cGMP in expressed rod o and aff
channels. We recorded I-V curves from membranes containing either o. (A) or off (B)
channels using voltage ramps from —-30mV to +30mV at several different cGMP
concentrations (0, 20, 40, 80, 600uM) under conditions of symmetric 150mM NaCl with
10mM Ca™ added to the cytoplasmic side of membrane. To reduce noise, each I-V curve
shown is the average of 10 curves measured at each cGMP concentration. Additional
curves were recorded without averaging using the washout technique described in fig. 2
(not shown). Also shown are I-V curves measured in the absence of Ca*™" to define the
OmV position. Reversal potential values were determined by fitting a line to each I-V
curve from —10mV to +10mV and calculating the voltage at which each line crossed the
I-V curve measured in the absence of Ca*™. (B) Reversal potentials for both o and o
channels plotted as a function of cGMP concentration. Squares represent measurements
from patches with only a channels and circles are from aff channel recordings. Open
symbols are data measured at defined cGMP concentrations. The mean value for the a
channel reversal potential (dashed line) is =5.2 mV. The same Hill function that
describes the current-cGMP relationship for this patch (K, = 45.4uM, n = 2.45) is also
plotted and modified to fit the aff channel data with parameters min = -4.38 mV and max
=-8.0 mV. (D) PCa/PNa calculated from egn. 2 and plotted as a function of cGMP
concentration. Symbols are the same as in C. The mean PCa/PNa for the a channel
(dashed line) is 5.1 and the Hill function adjustment parameters are min = 4.1 and max =
8.8.
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Figure 13. Relative permeabilities for Cs* and NH,* with respect to Na® as a function of
c¢GMP concentration in recombinant o and aff channels. No cGMP-dependent reversal
potential shifts are observed in the presence of bi-ionic solutions of NH," and Na* (B, D)
or Cs* and Na* (A, C) for either channels made from the o subunit alone (A, B) or
channels made from both ot and P subunits (C, D). Measured reversal potentials for Cs*
(E) or NH4" (F) are shown plotted as a function of [cGMP]. For these recordings, the
average reversal potentials are: o, Cs*, 28.3 mV; of}, Cs*, 22.5 mV; o, NH,*, -31.8 mV;
ab, NH,", -24.5 mV.
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PCa/PNajx =9.4+ 1.1, PCa/PNapi, =44 £ 1.4, K;,=452£ 156 uM, n=2.6 £ 0.24
(n=12), with a total extent of permeability difference (max/min) of 2.14 £ 0.63 (n=12).
To determine whether the permeability shifts we observed for the aff channel were
specific for divalent cations, we tested whether the permeabilities for the monovalent
cations Cs* and NH," changed as a function of cGMP concentration. Fig. 12 shows I-V
curves recorded from channels made from either o subunits alone or both o and
subunits in the presence of bi-ionic solutions of Na* and either Cs* and NH,*. In all
cases, Cs* was significantly less permeable than Na* and NH," was significantly more
permeable. All I-V curves were qualitatively similar to equivalent recordings of native
rod channels (fig. 6) except in the case of the homomeric o channel in the presence of bi-
ionic solutions of Na* and Cs*, which displays a saturation-like nonlinearity at membrane
potentials more negative than the reversal potential (fig. 12a). We found no evidence of
c¢GMP-dependent shifts in recordings of either channel in the reversal potentials and
therefore permeabilities of either Cs* and NH,*. The o channel was in general more
selective among monovalent cations than the of channel. Mean values of V., for the a
channel were Cs*, 28.6 £ 2.5 mV (n=8); NH,*, -31.2 + 1.8 mV (n=8) and for the of§
channel were Cs*, 21.9 £ 1.9 mV (n=6); NH,*, -24.5 + 2.2 mV (n=6). Using eqn. 1, this
implies for the o channels PCs/PNa = 0.33 + 0.03 and PNH4/PNa = 3.49 £ 0.25, and for
the aff channels PCs/PNa = 0.43 £ 0.32 and PNH4/PNa = 2.67 £ 0.23.
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Discussion

In this study we show that photoreceptor cyclic nucleotide-gated channels exhibit
calcium permeability that is dependent on the concentration of cGMP (fig. 2). Under
conditions of high cGMP, calcium permeability is relatively high. However, when the
channels are presented with more physiologically relevant concentrations of cGMP,
calcium permeability is significantly smaller. The dependence of calcium permeability
on [cGMP] can be very well described by the same Hill function used to describe the
open probability of the channel as a function of [cGMP]. Shifts in permeability were not
seen for any of the monovalent cations tested. Other divalent cations such as Sr** show
the same dependence of permeability with [cGMP] as does Ca**. This effect is seen in
CNG channels from both rods and cones and in recombinant rod channels made from
both o and B subunits, but is absent in recombinant channels containing only o subunits.

In the traditional model of an ion channel, the ion permeation pathway (pore) and
gating mechanism are viewed as two separate and independent protein structures (Hille,
1992). In this simple model, the gate should affect access of ions to the pore, not the
structure of the pore itself. Since the pore is defined as the part of the channel that
directly interacts with the permeating ions, any gating-induced alteration in ion selectivity
must be viewed as an alteration in the structure of the pore. Thus, our observation that
the relative selectivity of divalent over monovalent cations changes as a function of
gating must be viewed as evidence for gating-induced alterations in the pore structure.

One possible alternative explanation that could give rise to the gating-dependent
selectivity changes we have observed here is that there are actually two or more distinct
species of cGMP-gated ion channels present in our patches. One of the channel types
would have relatively high sensitivity to cGMP but a rather low divalent cation
permeability. The other type of channel would have a lower sensitivity to cGMP and a
high divalent cation permeability. Thus, at saturating cGMP concentrations, both of the

channel types would be open and therefore the observed relative permeability for divalent
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cations would be the weighted sum of the permeabilities of the two channel types. As the
c¢GMP concentration is lowered, the low sensitivity channel would start to close, causing
the observed divalent cation permeability to decrease since a larger fraction the total open
channels would be of the high sensitivity, low divalent cation permeable type.

In photoreceptor membranes, there is evidence that there may be two distinct species
of cGMP-gated channels present (Koch et al, 1987; Torre et al., 1992). Experiments on
bovine outer segment vesicles reveal the presence of two cGMP-dependent components
that show different Ca** efflux kinetics. However, since the kinetically fast (high
permeability) component has higher affinity for cGMP, this observation cannot explain
the results presented here (Koch et al., 1987). There is in fact evidence that these two
kinetic components may reflect vesicles with and without Na-Ca,K exchanger pumps and
not two different types of cGMP-gated channels (Schnetkamp, P.M., 1987). Single
channel recordings from the rod inner segment membrane occasionally show cGMP-
gated channels with slower kinetics than the much more common rapid flickering channel
(Torre et al., 1992). These slow channels may represent channels composed of only o
subunits. However, no difference in cGMP binding affinity was observed between the
two channel types.

In Xenopus oocytes expressing af channels, we expect that some percentage of the
observed channels contain only o subunits. However, we find that o channels are in
general slightly less sensitive to cGMP ( K;,,=52.3 £+ 10.8 uM (n=7) for o channels and
K1/2 =45.2 + 15.6 uM (n=12) for of channels in the presence of 10mM cytoplasmic
Ca*™") and are less permeable to divalent cations. Therefore, mixtures of o and of§
channels cannot explain the shifts in divalent cation permeability that we observe. The
effect of a small amount of contaminating o channels should in fact be a small decrease
in the total extent of the measured cGMP-dependent reversal potential shift. It is

possible, however, that some form of modulation specific to off channels alters the

properties of a fraction of the expressed channels, creating in effect two types of channels.
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While the only known form of modulation specific to off channels is calmodulin binding,
which is known not to affect Ca™ permeability (Hackos and Korenbrot, 1997), it is
possible, though unlikely, that some other form of modulation, for example
phorphorylation, it playing a role in our observations.

We believe that cGMP-dependent shifts in divalent cation permeability are reflective
of real structural changes in the pore. Gating dependent structural changes in the CNG
channel pore have been observed previously in several experiments. Fodor et al. (1997)
observed that the pore region has an altered structure in the closed state of the channel.
They found that the local anesthetic tetracaine blocks the bovine rod a channel in both a
voltage dependent and state dependent manner, suggestive of a molecule that binds within
the pore but is sensitive to the gating state of the channel. Furthermore, they found that
the mutation E363G within the pore substantially decreased tetracaine block. This
suggests that a salt bridge between the positive change of tetracaine and the negative
charge of E363 is important for tetracaine binding. The fact that tetracaine does not bind
to the open channel may indicate that a conformational change within the pore alters
either the position of E363 or its accessibility to tetracaine. Sun et al. (1996) have shown
when certain residues known to be within the pore are altered to cysteines, they are
accessible to cysteine-modifying reagents when applied to either the internal or external
side of the channel in either the open or closed state. This argues against the flap-door
mechanism for gating that has been proposed for K* channels and suggests that the pore
itself gates CNG channels. This also implies that the CNG channel pore undergoes
structural changes during gating.

While pore structural changes are necessary to explain cGMP-dependent selectivity
changes, they are not sufficient. Since the closed state of the channel does not conduct,
its presence does not alter the selectivity of the pore, even if its structure is different from
that of the open state. At least one conducting intermediate gating state is required. To

explain the cGMP-dependent divalent cation permeability shifts observed here, this
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intermediate state should be preferentially present at low cGMP concentrations and
should have a significantly smaller divalent cation permeability than the fully open state
(fig. 13). An excellent candidate for such an intermediate state or states are the well
known subconductance states of CNG channels.

The CNG channel subconductance states have been well described previously
(Haynes et al., 1986; Zimmerman and Baylor, 1986; Tanaka et al., 1987; Hanke et al.,
1988; Bennett et al., 1991). Generally, 2-3 subconductance states have been observed at
low cGMP concentrations, and since CNG channels are tetrameric with four cyclic
nucleotide binding sites (Liu et al., 1996), these subconductance states have been
interpreted as representing the distinct states of one, two, or three bound cGMP
molecules. Ruiz and Karpen (1997) have recently shown that this interpretation is
incorrect. Using the photocrosslinkable cGMP analogue APT-cGMP, they were able to
isolate single CNG channels locked in a specific ligand-bound state. The results indicate
that the number of bound cGMP molecules alters the probability of occupying particular
gating states, but does not define which state is occupied. In addition, the channels do not
have a significant open probability until at least three ligands are bound. Triply liganded
channels display two strong subconductance states in addition to the fully open state,
while the fully liganded channel mainly occupies only the fully open conductance state.

Can our results be explained if the proposed intermediate state suggested by this
study is identified as the subconductance state or states of the triply liganded channel?
Ruiz and Karpen (1997) only examined o channels which, as we have shown, has
divalent cation permeability that is not cGMP-dependent. Therefore, we would predict
that these subconductance states do not have different selectivities for divalent cations.
The native channel certainly has gating-dependent subconductance states, but there is no
information yet available as to which gating states these represent. Therefore, we would
suggest that at least one of the subconductance states of the native channel must have

reduced divalent cation permeability. To directly test this idea, it would be necessary to
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Figure 14. Intermediate state model. The observed shifts in divalent cation permeability
as a function of gating can be explained by the presence of an intermediate gating state
separate from the fully open state that has reduced permeability to divalent cations yet
has the same relative monovalent selectivity and pore dimensions as the fully open
channel. Furthermore, this intermediate state should exist only when the cGMP binding
sites are partially but not fully saturated.
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directly record the reversal potential from single triply liganded heteromeric aff channels
in the presence of 10mM Ca*™ or 20mM Sr**, which is extremely difficult since divalent
cations at these concentrations strongly block the channel in a flickery manner. On
theoretical grounds, however, a simple model of two conducting states (triply-liganded
and fully saturated) each with different divalent cation selectivities cannot fully explain
our results. This is due to the fact that a two conducting-state model with four total
binding sites predicts that divalent cation selectivity as a function of cGMP concentration
should show much lower coopertivity than we observe here since only one binding event
differentiates these two states. Thus, a more complex mechanism must be occurring.

Intermediate gating states have been studied in voltage-gated K* channels as well.
Chapman et al. (1997) have observed subconductance states during activation of the
Kv2.1 voltage-gated K* channel. However, as they pointed out, subconductance states do
not necessarily represent states with altered pore structures. It is possible that they
represent times when the channel rapidly opens and closes, which upon filtering yields
the appearance of subconductance states. Recently, however, Zheng and Sigworth (1997)
have shown, at least in the mutant Shaker K* channel they examined, the subconductance
state must indeed have an altered pore structure since its selectivity among monovalent
cations is different from that of the fully open state.

What types of cGMP-induced structural changes in the pore might give rise to
changes in the divalent cation permeability? Our observation that the relative
permeabilities of the bulky organic monovalent cations methlyammonium and
dimethlyammonium do not change as a function of cGMP suggests that the proposed
intermediate state has the same physical pore dimensions as the fully open state.
Differences in selectivity between the intermediate state and the open state are therefore
suggestive of differences in the detailed positioning of the divalent cation selectivity filter
within the pore. E363 has been shown to be an integral part of this filter since removing

this negative charge substantially reduces calcium block and permeation (Root and
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MacKinnon, 1993; Eismann et al., 1994). The suggestion that this residue might be
changing its position during the gating structural transitions (Fodor et al., 1997) leads to
the possibility that this may be part of the explanation for the reduced divalent cation
permeability of the intermediate state. However, channels made from the o subunit
alone, with which most of the investigations of structural transitions in the pore have been
made, do not show cGMP-dependent shifts in divalent cation permeability. It is possible
that the same structural changes occur in the pores of both o and o8 channels but that
actual changes in selectivity only occur in the context of the af pore. Alternatively, the
of pore may undergo cGMP-dependent structural changes distinct from those of the o
pore.

While the stoichiometry of retinal heteromeric aff channels has not yet been
determined, olfactory aff channels have been shown to exist in a 2:2 stoichiometry
(Shapiro and Zagotta, 1998). If this were true for retinal channels as well, then half of the
pore is constructed from the B P region, which is very different in sequence when
compared with a. One particular notable difference is the glycine rather than glutamate at
position 363 in the B sequence. A better understanding of how these sequence
differences relate to the observed functional differences will be obtained by doing
detailed chimeric analysis.

We find, as have others (Colamartino et al., 1991; Karpen et al., 1992), that Ca**
block of native rod cGMP-gated channels is cGMP-dependent, though in some cases this
is a small effect. This could be due either to direct effects on gating (as is the case for
Ni*™), or it could be due to a structural changes in the pore. There is no way to
distinguish between these two mechanisms from déta presented here since both effects
lead to the other. Ca™ modulation via calmodulin or an endogenous modulator cannot
explain the effect since it is reversible (data not shown) and since we specifically
removed this modulation by washing the patch in a solution containing ImM EDTA and

ImM EGTA prior to all experiments. If it were due to the same pore structural change
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that alters divalent cation permeability, the cGMP-dependence of the two effects should
be the same. We find that the extent of Ca™ block does indeed have the same cGMP-
dependence as Ca™" permeability, which is suggestive but not proof that this effect may
be due to an alteration in pore structure.

cGMP-dependent changes in Ca™ permeability should give rise to cGMP-dependent
changes in the fractional Ca** current through the channel. We have recently found that
this is indeed the case, at least for the native rod channel (this thesis, chapter IV). In these
experiments, a rod outer segment is placed under whole-cell voltage clamp and loaded
with the calcium sensitive fluorescent dye fura-2 and caged cGMP. A xenon flash lamp
is then used to release cGMP into the cytoplasm, which rapidly opens cGMP-gated
channels, causing a current and a fluorescence change, both of which are measured. The
fluorescence change per unit charge carried through the channel (the integral of the
current measurement) reveals a quantity proportional to the fractional Ca™ current
through the channel. Flashing the same cell with different light intensities (to release
different concentrations of cGMP) reveals that the fractional Ca** current increases as a
function of cGMP concentration, as expected from the results presented here.

What physiological role might cGMP-dependent changes in Ca™ permeability play
in photoreceptor function? Since photoreceptor physiology occurs at very low cGMP
concentrations, one consequence of these observations is that the channel spends most of
its time in intermediate gating states with significantly lower Ca™ permeability than the
more typically studied fully open state. However, since the Ca™ permeability appears to
reach a minimum (non-zero) value at very low cGMP concentrations, we would not
expect the Ca™ permeability to change significantly during the normal physiology of a
photoreceptor cell. If any effect does occur, it will cause the calcium current to decrease
slightly more than expected as the channels close during a light stimulus, possibly

extending the range of light-adaptation. In other types of cells where CNG channels are
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present, however, cGMP (or cAMP) may reach much higher concentration levels,
resulting in more significant physiological effects of cGMP-dependent Ca*™ permeability.
Cone CNG channels are known to be more permeable to Ca*™ than rod channels
(Picones and Korenbrot, 1995; Frings et al., 1995; Haynes, 1995a). In particular, Picones
and Korenbrot (1995) have shown that cone channels are 2.4-fold more Ca**-permeable.
It has been suggested that this difference partially accounts for the functional differences
between the two cell types (Korenbrot, 1995). At saturating cGMP concentrations, we
find that cone channels are 3.3-fold more Ca™ permeable than rod channels, consistent
within experimental error with previous measurements. However, at cGMP
concentrations more relevant to physiology, we find cone channels to have 7.4-fold
greater Ca™" permeability, significantly larger since cone channels show smaller cGMP-

dependent changes in divalent cation permeability than rod channels.
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Abstract

Cyclic nucleotide-gated ion channels mediate the electrical response to light in both rod
and cone vertebrate photoreceptor cells. These channels allow both monovalent and
divalent cations to permeate under physiological conditions. Ca*™ ions entering the cell
through these channels modulates the gain and kinetics of the photoresponse and is
essential for the process of adaptation. While the total current through the cGMP-gated
channels is easily measured in an active photoreceptor cell, the fraction of this current
that is carried by Ca™ has not previously been measured directly. In this study, we make
the first direct measurements of fractional Ca™ current through native photoreceptor
channels under physiological conditions. This is done by simultaneously measuring total
current via whole-cell voltage clamp and Ca*™ influx using fura-2 fluorescence
immediately after rapidly activating the channels by photolysing caged 8-bromo cGMP.
These measurements are calibrated by doing similar experiments under nonphysiological
conditions where Ca*™ is the only permeant cation present. We find that the fractional
Ca™ current is 20-25% in rods and essentially 100% in cones when the channels are
activated with physiological (low) cGMP concentrations. Surprisingly, we find that the
fractional Ca*™ current in rods is a function of [cGMP], and increases to a value of 33.9%
at high cGMP concentrations. In contrast, the fractional Ca** current in cones decreases
as a function of [cGMP] — possibly due to the depletion of Ca™ in the disc-like
membrane invaginations present only in cones. The observation that under physiological
conditions the fractional Ca™ current is significantly larger in cones than in rods may

offer an explanation of the much faster Ca™ dynamics in cones.

Keywords: retina, phototransduction, calmodulin, rod photoreceptor, fish
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Introduction

Rod and cone photoreceptors of the vertebrate retina generate the electrical
response to light by closure of ion channels gated by cGMP in the outer segment
membrane (Fesenko et al., 1985; Haynes and Yau, 1990). This closure results in a
hyperpolarization of the photoreceptor membrane, which leads to reduced secretion of
neurotransmitter at the synapse. The photoreceptor cGMP-gated channel is also the
major entrance pathway for calcium ions into the outer segment cytoplasm. Therefore,
when these channels close during the response to light, calcium influx decreases while
calcium efflux through the outer segment Na,Ca-K exchange pump remains the same,
resulting in a light-dependent decline in the cytoplasmic free calcium concentration.

Intracellular calcium acts as a second messenger communicating information
about the number of open channels to the internal biochemical machinery, affecting and
gain and kinetics of the photoresponse (Korenbrot and Miller, 1986; Torre et al., 1986).
If cytoplasmic Ca*™ concentrations are prevented by manipulation of the solution bathing
the cells, the process of light adaptation is blocked (Nakatani and Yau, 1988; Fain et al,
1989; Matthews et al., 1990). Several outer segment calcium binding proteins have been
identified that modulate key parts of the phototransduction pathway (for review, Polans et
al., 1996). Guanylyl cyclase activating protein (GCAP) binds calcium to activate
guanylyl cyclase, which is involved in the resynthesis of cGMP during recovery and
adaptation (Gorczyca et al., 1994; Palczewski et al., 1994), recoverin modulates the rate
of rhodopsin phosphorylation and inactivation in a calcium-dependent manner (Dizhoor
et al., 1991; Lambrecht and Koch, 1991; Kawamura et al., 1993), calmodulin (or a similar
molecule) binds the cGMP-gated channel itself, altering its sensitivity to cGMP (Hsu and
Molday, 1993; Gordon et al., 1995), and a forth calcium-sensitive factor may be involved

in modulating the gain of the activation cascade (Lagnado and Baylor, 1994).
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Phototransduction in cones is fundamentally similar to that in rods. Many of the
proteins involves in cone phototransduction has been identified as isoforms of the
respective proteins in rods. However, cones are much less sensitive to light than rods,
have much faster photoresponse kinetics, and show more robust adaptation features than
rods. The detailed molecular differences that give rise to these physiological differences
are not well understood, but it has been proposed that these differences, at least in part,
are due to differences in calcium homeostasis between the two cell types (Miller and
Korenbrot, 1994; Miller et al., 1994). Specifically, cGMP-gated channels of cones have a
greater permeability to calcium than rod channels (Perry and McNaughton, 1991; Picones
and Korenbrot, 1995; Frings et al., 1995), and the efflux of Ca*™ through the exchanger is
much faster in cones (Nakatani and Yau, 1989; Hestrin and Korenbrot, 1990; Perry and
McNaughton, 1991). In addition, some of the Ca**-sensitive elements of the cone
phototransduction machinery may be better tuned to respond to physiological changes in
Ca™ in cones than the respective proteins in rods (Koutalos et al, 1996; Hackos and
Korenbrot, 1997; Rebrik and Korenbrot, 1997).

Given the extreme importance of calcium dynamics in the photoresponse, it is of
great interest to define precisely how intracellular Ca™ concentration is controlled by the
c¢GMP-gated channel. While the total current through the channels in the dark is easily
measured in both rods and cones, the percentage of this current carried by calcium has not
been directly measured. Indirect estimates have been made by examining the
multiexponential decay of the exchange current following a bright light flash, which
causes all the channels to close. This decay curve is then extrapolated back to the point
where half of the channels have closed. Because of the fact that the exchanger has a fixed
stoichiometry of 1 Ca*™ ion per unit charge carried across the membrane, a calculation of
the exchange current immediately after the channel closure allows an estimation of the
calcium efflux through the outer segment membrane. Since the influx and efflux of

calcium must be the same at equilibrium, the fractional calcium current through the
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channel can be derived. Measurements of the fractional Ca™ flux through photoreceptor
cGMP-gated channels using this technique have been made in both rods (18%; Nakatani
and Yau, 1986) and cones (21%; Perry and McNaughton, 1991).

In this study, we make the first direct determinations of the fraction of current
carried by calcium (Pf) through both the rod and cone cGMP-gated channels under
physiological conditions. Using the fluorescent Ca™" indicator dye fura-2, we are able to
directly measure Ca*™ flux while simultaneously measuring ion current through the
channel, providing us with a direct means to determine Pf under a variety of conditions.
Furthermore, we show that Pf, at least in the rod channel, increases as a function of

cGMP.
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Materials and Methods

Materials. We obtained striped bass (Morone saxitilis) from Professional Aquaculture
Services (Chico, CA) and tiger salamanders (Ambystoma tiginum) from Charles Sullivan
(Memphis, TN). Fura-2 was obtained from Molecular Probes, Inc. (Eugene, OR). Caged
8-bromo cGMP was kindly provided by Dr. Volker Hagen (Forschungsinstitut fur

Molekulare Pharmakologie, Berlin, Germany).

Photoreceptor Isolation. Methods of cell isolation are described in detail elsewhere
(Miller and Korenbrot, 1993b,1994). Animals were dark adapted and retinas were
isolated under infrared illumination. Single cones were obtained by mechanical
dissociation of Striped Bass retinas maintained in a Ringer’s solution consisting of (mM):
143 NaCl, 2.5 KCl, 5 NaHCO3, 1 Na,HPO,, 1 CaCl,, IMgCl,, 5 pyruvate, 10 HEPES,
pH 7.5, osmotic pressure 309 mOsM. Rod outer segments were isolated by mechanical
dissociation of tiger salamander retinas maintained in a Ringer’s solution composed of
(mM): 100 NaCl, 2 KCl, 5 NaHCO;, 1 Na,HPO,, 1 CaCl,, 1 MgCl,, 5 pyruvate, 10
HEPES, pH 7.5, osmotic pressure 227 mOsM.

Solitary photoreceptors were then firmly attached to a glass coverslip (which
made the bottom of the recording chamber) derivitized with either wheat germ agglutinin
or concanavalin A (Picones and Korenbrot, 1992). Cells were visualized with an inverted
microscope equipped with DIC optics and operated under infrared light. A suspension of
photoreceptors in pyruvate Ringer’s was placed on the coverslip and the cells were
allowed to settle down and attach for S min. The bath solution was then exchanged with
a Ringer’s solution of the same composition, but in which pyruvate was isosmotically

replaced with glucose.
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Photometry. The single-cell microfluorimeter used in these experiments is illustrated in
fig. 1. The instrument is basically an inverted microscope that operates under infrared
illumination (830-900 nm), uses video cameras to visualize the cells, and is equipped
with DIC optics (Differential Interference Contrast) to enhance contrast. Fura-2
fluorescence was excited with UV light produced by a 150 W xenon arc lamp. Clean
380nm light was obtained by passing this light through two cold mirrors followed by
10cm of 2M CuSO; (to remove infrared and red light) and the following filters: WG280,
WG295T, 2xWG360, 7-51, and a 380nm interference bandpass filter. In addition, the
excitation light was passed through a coiled, 1 mm core diameter silica fiber optic cable
to “scramble” the fluorescence excitation light to achieve a more uniform and
homogenous illumination of the cell being studied despite the use of an inherently
inhomogenous arc lamp source {Ellis, 1985}. This light was then presented to a cell
(which had previously been selected and placed into whole-cell voltage clamp) using a
Nikon epi-fluorescence system and a Nikon UV-40 objective lens.

In conventional epi-fluorescence microscopes, the fluorescence light is collected
with the same microscope objective used to observe the cell. This multifunction requires
the use of several dichroic mirrors and beamsplitters, first to combine and then to separate
the various optical beams required in the measurement. This is inefficient because a large
fraction of the protons (> 80%) are lost due to reflection or refraction at each of these
various elements. Combined with the unavoidable inefficiency due to the fact that
fluorescence-emitted photons are scattered over a 2% solid angle, conventional epi-
fluorescence microscopes use a very bright source to collect generally very dim images.
We optimized the instrument (by improving the efficiency of collection of the emitted
photons) to be able to use a dim fluorescence excitation light as possible in order to avoid
premature uncaging of the caged cGMP necessary for these experiments. This was done
by collecting the emitted light with a highly efficient custom-made water immersion

three-lens compound objective (N.A. = 0.65) with a working distance of 2.8 mm. Since
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Figure 1. Schematic illustration of single cell microfluorometer. Three optical paths
combine through mirrors (M) and dichroic mirrors (DM) to converge onto the microscope
objective. The pathways bring light from any one of three sources: Tungsten (W), Xenon
flash (XF), or Xenon steady (XS) source. Shutters (S), filters (F) and apertures in the
optical paths select wavelengths and control presentation of light to the photoreceptor
cells. The XS source that excites fluorescence is scrambled by a fiber optic (FO) to
achieve homogeneous illumination. Fluorescence light emitted from the single cells is
collected by a water immersion lens and transferred through a fiber optic (FO) to the
photomultiplier tube (PMT). Cells are observed through the microscope objective with
the aid of a TV camera.
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this lens has a low magnification (2.5x), its light transmittance is higher than the 40x
objective lens we used for imaging. The light from this lens is coupled directly onto the
end of a single fiber optic (360 pwm core diameter, N.A. = 0.47) which brings the light to a
highly sensitive cooled (-20°C) photomultiplier tube (PMT) (Hammamatsu R943-02).
Precise positioning of the collection lens was accomplished by directing light from an
infrared laser diode back through the lens and imaging this light with the main oil-
immersion objective. Light from a 200J xenon flash lamp (Strobex Model 278;
Chadwick-Helmuth Co., El Monte, CA) required for photolysing caged-cGMP was also
focusing by the 40x objective lens onto the cell. In order to prevent damage to the PMT
during the 0.3 msec flash from the flash lamp, a high-speed shutter was placed in front of
the PMT. The closure of this shutter was precisely timed by a microprocessor-controlled
circuit which verified that the shutter closed correctly (by monitoring the PMT signal)
before permitting the discharge of the flash lamp. The signal from the PMT was obtained
by photon counting using a S0 msec counting window and calibrated against a
fluorescence bead standard (Fluoresbright carboxy BB 4.5 micron microspheres;

Polysciences, Warrington, PA) to obtain fluorescence measurements in bead units (B.U.).

Electrical Recordings and Ionic Solutions. Tight-seal electrodes were made from
aluminosilicate glass (1724; Corning Glass Works, Corning, NY) (1.5 x 1.0 mm, o.d. x
i.d). We measured whole-cell membrane currents under voltage clamp at room
temperature with a patch clamp amplifier (Axopatch-1D; Axon Instruments, Foster City,
CA). Analog signals were low pass filtered below 200 Hz with an eight pole Bessel filter
and were digitized on line simultaneously with the PMT signal at 100 Hz (FastLab; Indec,
Capitola, CA).

Ionic Solutions. For rod experiments, we used the following intracellular pipette-filling
solution (mM): 58 K-gluconate, 20 K-aspartate, 20' KCl, 20 NaCl, 0.5 MgCl,, 15 MOPS,
pH 7.25, 228 mOsM osmotic pressure. We will refer to this solution as TSIS (tiger

salamander intracellular solution). For the cone experiments, the following intracellular



solution was used (mM): 105 K-gluconate, 20 K-aspartate, 10 KCl, 20 NaCl, 0.5 MgCl2,
15 MOPS, pH 7.25, 303 mOsM osmotic pressure. This solution will be referred to as FIS
(fish intracellular solution). Generally, 2mM fura-2 and SOuM caged 8-bromo cGMP
was added to these solutions immediately before starting the experiments. Caged 8-
bromo cGMP solubilized in DMSO to make a 50mM stock solution, which was twice-
serially diluted with intracellular solution and fura-2 in order to remove as much of the
DMSO as possible since DMSO interfered with front-filling patch pipettes. This solution
could be used within 3-4 hours before significant hydrolysis of the caged 8-bromo cGMP

occurred.

Functions were fit to experimental data using least square minimization algorithms

(Origin; MicroCal Software, Northampton, MA). Experimental errors are presented as

standard deviations.
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Results

Measurement of Calcium Flux through Rod Photoreceptor cGMP-gated Ion
Channels

Rod cGMP-gated ion channels are highly permeable to calcium as well as other
monovalent and divalent cations. While the total current can easily be determined, the
fraction of the current carried by calcium has not been directly measured through
channels of intact rods under physiological conditions. We chose to measure fractional
calcium current (Pf) by simultaneously measuring both calcium influx using fura-2
fluorescence and total cGMP-dependent current using the whole-cell voltage clamp
technique. After patch break-through, 5 min. was allowed for complete exchange of the
intracellular solution with the solution inside the patch electrode, which contained 2 mM
Fura-2 and 50uM caged 8-bromo cGMP. Since this solution did not contain ATP or
GTP, any open cGMP-gated channels present in the dark closed with the timecourse of
the solution exchange. Fura-2 was used at the high concentration of 2mM in order to
eliminate the effects of any endogenous Ca*" buffers that might be present in the outer
segment.

The total fluorescence of a rod outer segment filled with 2mM Fura-2 at 380nm
was found to be 3.48 + 2.25 bead units (BU). A bright flash from the Xenon flash lamp
released sufficient cGMP to generate a transient cGMP-dependent current of 400-1000
pA which activated within 5 msec of the flash and decayed exponentially with a
timecourse of 5.4 + 2.3 sec (fig. 2). To prevent damage to the photomultiplier tube
(PMT), a shutter in front of the PMT was closed during the flash and immediately opened
afterwards (see methods), introducing a short spike artifact into the fluorescence
recording (fig. 2b). Once the channels were opened, the Fura-2 fluorescence at 380nm
rapidly decreased to a minimum value within 2 sec, by which time the dye was
completely saturated with Ca™. This minimum fluorescence value is similar to the

recorded fluorescence from a cell not loaded with Fura-2. Since the channels completely
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Figure 2. Measurement of Ca*" flux (f) through rod cGMP-gated channels. (A) A bright
flash from a Xenon flash lamp is given at t = 1.25 sec., as indicated by arrow.
Immediately after the flash, a large cGMP-dependent current (440 pA) is observed, which
decays back to zero with an exponential timecourse of ©T = 6.3 sec. (B) Fluorescence
measured at 380 nm is shown in bead units as a function of time. A shutter closes in
front of the PMT immediately before the flash, causing the spike artifact at t = 1.25 sec.
After the flash, Ca™ rapidly enters the cell, binds to fura-2, and causes the fluorescence at
380 nm to decrease. Fura-2 becomes completely saturated at 3.5 sec (2.25 sec after the
flash). The remaining fluorescence after 3.5 sec is due to scatter of the fluorescence
excitation light. (C) The change in fluorescence is plotted with the current integral
(charge displaced across the membrane). Text equation 1 gives f = 0.0074 BU/pC for this
dataset. Using the average fmax (see results), we find for this dataset Pf = 65%.

124



closed within about 25 sec. after a flash, the Na,Ca-K exchange pump in the rod outer
segment membrane was able to completely remove the Ca™ from the cell within about 5
min., which enabled us to repeat the experiment on the same cell multiple times with
identical results.

The interior of the cell acts as a integrator for the Ca** signal, while the measured
whole-cell current reflects the instantaneous value the total current through the channel.
To compare the two signals, we computed the integral of the whole-cell current and fit
this function with the change in the fluorescence signal (fig. 2c) to obtain the

proportionality constant f using the following equation:

f=—thm_ M
I,,dt

total

where AFsg is the change in fluorescence over some time interval At, the Loy is the
intergral over the same time interval of the total cGMP-dependent current. Iy itself is
given by the equation:

1

tolal=ICa+IMg+1Na+IK (2)
Recordings from x rods gave on average f = 0.0038 £ 0.00049 B.U./pC (n=14). The
quantity f is proportional to the fractional Ca*™ current shortly after the flash (while Fura-

2 is a linear Ca** detector).

Calibration of the Calcium Flux Measurement in Rods

The actual value of the fractional Ca™ current (Pf) is obtained only after
calibration of the Ca** flux signal. We carried out this calibration measurement by doing
the experiment under conditions where the whole-cell current was carried entirely by
Ca*™*. Under physiological conditions, Na*, K*, and Mg*" permeate the channel in
addition to Ca™. Na* was removed from both the intracellular and extracellular sides of
the membrane and replaced with N-methyl D-glucamine (NMDG), which does not

permeate either the rod or cone cGMP-gated channels (Stotz and Haynes, 1996). Since
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replacing Na* with NMDG also interferes with the activity of the Na-K,Ca exchange
pump, we exchanged the solutions immediately before (1-2 sec.) the flash using a
perfusion system (see methods). An active exchange pump is necessary for these
experiments since it removes any Ca*™ that enters the cell through the leak current during
the 5 min. internal exchange step. Mg** was also removed from both sides of the
membrane to eliminate Mg*" current. K* ions, however, could not be removed from the
intracellular solution since this also interferes with the activity of the exchanger.
Therefore, we used an intracellular solution containing 2.5 mM K* and an extracellular
solution containing 10 mM K", which defines a K* equilibrium potential of —35 mV (see
methods). Under these conditions in the absence of extracellular Ca** ions, the channel
conducted no net current at —-35 mV, as shown in fig. 3a. Therefore, the addition of 1
mM external Ca™ gave rise to a current carried entirely by Ca*™ ions (fig. 3b). On
average, this current was 230 * 120 pA immediately following the flash, and decayed
exponentially with a similar timecourse as the experiments done under physiological
conditions (3.2 1.8 sec.). Rapid Ca™ influx was also revealed by the fluorescence
signal (fig. 3c). We then integrated the whole-cell current signal and fit this to the
fluorescence signal to obtain the proportionality constant fmax (fig. 3d) using the
following equation:

ARy

Smax = _[ I.dt

3)

The quantity fmax represents the amount of fluorescence change caused by the influx of 1
pC of Ca™ ions. On average, we found fmax = 0.0114 +- 0.0012 BU/pC (n=5). The
fractional Ca™" current is obtained as Pf = f/fmax, which was found to be 33.9 +4.3%
(n=14) for the rod cGMP-gated channel.
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Figure 3. Calibration of the Ca** flux measurement in rods. Several seconds before the
flash, a rod photoreceptor cell is bathed in a solution in which Ca*™ ions are the only
permeable cations present. (A) At t = 1.25 sec., a flash from the Xenon flash lamp
activates a cGMP-dependent current carried only by Ca**. Immediately after the flash,
this current is 127 pA, which rapidly decays with an exponential timecourse of T=1.8
sec. (B) Fluorescence recorded at 380 nm. Immediately after the flash, fluorescence
from fura-2 decreases as Ca** enters the cell. (C) The fluorescence change is plotted
with the current integral. Eqn. 1 gives fmax = 0.0101 BU/pC for this dataset.
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Fractional calcium current is a function of the cGMP concentration in rods.
Measurements in patches from rod outer segments membranes have revealed that
the divalent cation permeability of these channels is dependent of the concentration of
cGMP (this thesis, chapter III). To test whether this results in a cGMP-dependence of the
fractional calcium current, we measured Pf as a function of flash intensity. The intensity
of the Xenon flash lamp was varied by placing neutral density filters (0, 0.3, and 0.6
0.D.) immediately in front of the lamp. This allowed us to reduce the concentration of
uncaged cGMP by either 50% (0.3 O.D.) or 75% (0.6 O.D.). The resulting flash-
activated currents are shown in fig. 4a. The activation of these cGMP-dependent currents
also resulting in a Ca++ influx as shown in fig. 4b. The cGMP-dependent currents were
integrated as a function of time and plotted with the fluorescence changes measured at
380 nm (fig. 4c). The change displaced axis was scales so that the 0 O.D. current
intregral fit the fluorescence change measured at that same flash intensity. Fluorescence
changes recorded at either 0.3 or 0.6 O.D. were consistently below the current intregral
curves calculated at these flash intensities. This indicates that at low cGMP concentration
(low flash intensity), the fractional Ca™ current was significantly less than when the
channel was under conditions of high (0 O.D.) cGMP concentrations. Using eqn. 1, we
find on average foo p. = 0.0038 + 0.00049 BU/pC (n=14) (as before), fo30.p.= 0.0031 +-
0.00042 BU/pC (n=11), and fy¢0.p.= 0.0025 + 0.00045 BU/pC (n=7). By applying eqn. 2
with a value for fmax = 0.0114 +- 0.0012 BU/pC (n=5) (as calculated before), we find
that Prop. = 33.9 £ 4.3%, Prsop. =27.4+3.7%, and Pryeop. = 22.4 £ 3.9%. Therefore,

the fractional Ca*™ current in rods decreases as the cGMP concentration is lowered.

Measurement of Ca++ flux through the cone cGMP-gated channel
Perry and McNaughton (1991) have shown by extrapolating the decay of the exchange
current that the fractional Ca™ current through the cone channel is 21%. Relative

permeability measurements in excised patches have revealed that cone channels are 2.5-8
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Figure 4. Dependence of Pf on flash intensity (cGMP concentration). (A) Flashes of
different intensity (0 O.D., 0.3 O.D., or 0.6 O.D.) were successively applied to the same
rod photoreceptor cell. The cell was allowed to recover for 3 min. after each flash. (B)
Fluorescence measurements at 380 nm following flashes of different intensities (as
indicated). As expected, Ca*™ enters the cell more slowly when fewer cGMP-gated
channels are opened. (C) Fluorescence changes plotted with current integrals (flash
intensities are indicated in O.D.). The current integrals are scaled so that the 0 O.D. curve
fits the fluorescence measured at 0 O.D. Fluorescence changes measured at either 0.3
O.D. or 0.6 O.D. are consistently smaller than expected from the current integrals. For
this dataset, we find Pfoop = 68%; Pfo30p = 60%; Pfosop = 49%.
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fold more Ca™ permeable than rod channels (Picones and Korenbrot, 1995; Frings et al.,
1995; Haynes, 1995; this thesis, chapter III). In order to verify that cone channels have a
greater Pf for Ca™ than rod channels, we chose to measure this quantity directly by
recording fura-2 fluorescence and whole-cell current simultaneously from a single striped
bass cone following an uncaging flash from a Xenon flash lamp. As in the rod
experiments, cones were placed into whole cell voltage clamp and filled with 2mM fura-2
and 50mM caged 8-bromo cGMP. After waiting S min. to allow the cell’s endogenous
intracellular solution to become completely replaced with the pipette solution, the Xenon
flash lamp was discharged, resulting in a rapid current increase (fig. 5a) and a subsequent
decrease in the fura-2 fluorescence as measured at 380 nm (fig. Sb). We then integrated
the current recording and scaled it with the change in fluorescence (fig. 5c). To obtain
this match, the average scaling constant f = 0.0019 + 0.00017 BU/pC (eqn. 1).

These Ca*™ flux measurements were then calibrated my doing similar flux
measurements in the absence of Na*. As with rods, we replaced Na* on both sides of the
membrane with NMDG. Since intracellular K* is necessary to for the activity of the Na-
Ca,K exchange pump (which kept intracellular Ca™ as low as possible before and
between flashes), we added 10mM K to the intracellular NMDG solution. Adding 2.5
mM K to the extracellular solution and using a —35 mV holding potential prevented any
net K* current through the channel (as was done in the rod experiments). Normal
Ringer’s was used as the extracellular solution until a few seconds before the flash, when
this solution was rapidly exchanged with the NMDG extracellular solution. Under these
conditions, the measured whole-cell cGMP-dependent current is only carried by Ca*™ (fig.
6a). Using eqn. 3, we obtained on average fmax = 0.0035 +- 0.0019 BU/pC for the cone
channel. Thus, we find that Pf = 55.1 + 5.0% for the cone channel, which is larger than

the rod Pf (measured using 0 O.D. flash intensity) by a factor of 1.63.
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Figure 5. Measurement of Ca*™ flux through cone cGMP-gated channels. (A) A flash
from the Xenon flash lamp is applied to a cone photoreceptor at t = 1.25 sec. This
activates a cGMP-dependent current of 425pA, which decays back toward zero with an
exponential timecourse of t = 1.4 sec. (B) Fluorescence recorded at 380 nm during and
after the flash. As Ca"™ enters the outer segment, the fluorescence decreases and
eventually starts to recover due to the much faster Na-Ca,K exchange pump in the cone
outer segment membrane. (C) Change in fluorescence plotted with current integral. For
this dataset, f= 0.0016 BU/pC.
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Figure 6. Calibration of the Ca** flux measurement in cones. This measurement was
done with NMDG replacing all the permeant cations except for Ca™. (A) The flash in
this case activates a current carried only by Ca*™ ions (in this patch 61pA). This current
rapidly decays with an exponential timecourse of t = 0.56 sec. (B) Fluorescence
recording measured at 380 nm, showing the influx of Ca*" into the outer segment. (C)

Fluorescence changes plotted with current integral. Using eqn. 3 gives fimax = 0.0036
BU/pC for this patch.

132



Fractional calcium current decreases as a function of cGMP concentration in cones
While the permeability of Ca™ relative to Na* is a function of cGMP in patches excised
form the cone outer segment membrane (this thesis, chapter III), the extent of this
dependence is 1.55 fold, significantly lower than the extent of the cGMP-dependence in
rods (3.42 fold). A consequence of this difference is that the cone channel is as much as
7.5-fold more permeable to Ca** compared to the rod channel at low cGMP
concentrations. To test whether of cone Pf is dependent on [cGMP] as it is in rods and to
determine the difference between the rod and cone Pf at physiological cGMP
concentrations, we determined the Pf at several different flash intensities. To vary the
flash intensity, we placed different neutral density filters (0, 0.3, 0.5, 0.6 O.D.) in front of
the Xenon flash lamp. Fig. 7a shows cGMP-dependent currents opened after flashes of
different intensity and fig. 7b shows the resulting change in the fluorescence measured at
380 nm, indicating a Ca** influx through the channels. We then determined the charge
influx by integrating the current data, which was scaled with AFsg so that the current
integral and AF curves measured with 0 O.D. flashes match each other (at times shortly
after the flash), and plotted as a function of time (fig. 7c). Fluorescence curves for less
intense flashes (0.3 and 0.6 O.D.) consistently showed larger than expected changes. This
indicates than in cones, fractional calcium current increases as cGMP concentration is
decreased, with is opposite in direction as seen in rod cells (fig. 4) and opposite in
direction as expected from excised patch recordings of calcium permeability. We find on
average foo.p.= 0.0019 £ 0.00017 BU/pC (as before), fy30.p. = 0.0031 £ 0.00063 BU/pC,
and fo60p.= 0.0038 £ 0.0011. By applying eqn. 3 with a value for fimax = 0.0035 +
0.0019 BU/pC (as calculated before), we find that Pfyop. = 55.1 £ 5.0% (n=22), Pfy30p.=
89.1 £ 18% (n=12), and Pfp60p. = 110 £ 31% (n=3).
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Figure 7. Dependence of Pf on flash intensity in cone photoreceptors. (A) Flashes of
varying intensity (0 O.D., 0.3 O.D., 0.6 O.D.) from the Xenon flash lamp activate
different amounts of cGMP-dependent current. (B) Fluorescence measured at 380 nm
decreases after the flash, indicating Ca*™ flowing into the cell. (C) Fluorescence changes
plotted with current integrals. The current integrals are scaled so that the 0 O.D. curve fits
the fluorescence measured at 0 O.D. Fluorescence changes measured at either 0.3 O.D.
or 0.6 O.D. are consistently larger than expected from the current integrals. For this
dataset, we find Pfoop = 52%; Pfo30p = 74%; Pfo.sop = 94%.
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Discussion

We present here the first direct measurements of the fractional Ca*™ flux through
the rod and cone photoreceptor cGMP-gated channels. These measurements were done
under physiological ionic conditions by measuring both the whole-cell current and
calcium influx (by fura-2 fluorescence) simultaneously immediately after photolysing
caged 8-bromo cGMP. We calibrated the measurements by doing additional experiments
under conditions were the only possible net current was that carried by Ca*". In this way,
we determined the effective fluorescence change per unit charge transferred. From these
data, we determined the fractional Ca** current (Pf) for both channels. Furthermore, we
found that Pf for both rod and cone channels varied with flash intensity (cGMP
concentration). The Pf for the rod channel increased with [cGMP], as expected from
measurements of Ca** permeability as a function of [cGMP] (this thesis, chapter 2). In
contrast, the cone Pf decreased with [cGMP], in opposite direction as expected from the
permeability measurements.

Several conditions must be met in order to accurately determine the fractional
Ca™ current using this technique (Neher, 1995). First, all of the Ca*™ entering the cell
must cause a fluorescence change. This must be true in both the f and fmax
measurements. Specifically, each Ca*™ ion that enters the cell is assumed to bind to a
fura-2 molecule and add to the fluorescence signal in a linear manner. Any Ca*™ ions that
are either bound by intracellular Ca™ buffers or transported out of the cell through the
Na-Ca,K exchange pump or through open cGMP-gated channels will not be counted in
the fluorescence signal and will lead to an error in the value of the measured Pf.
Furthermore, as fura-2 starts to become partially saturated, some of the Ca** ions will
remain free upon entering the cell, and will not be counted. We solved these potential
problems by using a very high concentration of fura-2 (2mM), which out-competes the
endogenous Ca*™ buffer and lengthens the time before the dye becomes saturated. Before

the dye is saturated, we assume that the free Ca*™ concentration is very low (<100nM),
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which also effectively prevents Ca*™ efflux through the exchange pump. To verify that
2mM fura-2 was sufficient to solve these problems, we used 4mM fura-2 for several fmax
measurements (n = 6) with identical results (data not shown). The point when the current
integral diverges from the AFsg, curve was taken as the time when fura-2 becomes
partially saturated. Only data measured before this occurs was used in f and finax
calculations.

A second condition that must be met to obtain accurate Pf measurements is that the
fluorescence from all fura-2 molecules in the cell must be measured with equal efficiency.
This means that the fluorescence excitation and detection windows must be homogenous,
a condition not always met in fluorescence microscopes. Part of this problem is due to
the non-homogenous wandering image of the arc in the Xenon lamp. We solved this
problem by passing the excitation light through coiled fiber optic to scramble the image
of the arc (Ellis, 1985). In addition, we measured the intensity of a standard fluorescent
bead (see methods) at different positions within the detection window, verifying that the
efficiency of detection varied by < 5% within this window.

We found that the 8-bromo cGMP-dependent current following the discharge of the
flash lamp was transient in nature, decaying to zero within several seconds (fig. 1). This
can either be due to a decline in the sensitivity of the channel to 8-bromo cGMP or a
rapid removal of 8-bromo cGMP from the outer segment cytoplasm. Experiments with
photoreceptor cGMP-gated channels in excised patches indicate that the channel should
not deactivate or desensitize within the timecourse of these experiments. However, the
cGMP-sensitivities of rod and cone channels are known to be modulated by Ca™ and a
calmodulin-like protein (Gordon et al., 1995; Hackos and Korenbrot, 1997). Therefore, a
possible mechanism for the transient nature of the currents in these experiments is that
upon entering the cell through the channel, Ca** ions interact with the channel to cause a

decrease in sensitivity to cGMP (resulting in a time-dependent closure of the channels).
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However, we have found that the inactivation of the current after a flash occurs even in
the absence of extracellular Ca™ (Hackos and Korenbrot, unpublished observations).

A more likely explanation is that 8-bromo cGMP is being removed in a time
dependent manner from the cytoplasm. There are several ways that this could happen.
One possibility is that the released 8-bromo cGMP is rapidly hydrolyzed of the cGMP
phosphodiesterase (PDE) present in the outer segment. This, however, is very unlikely
since the rate of hydrolysis of 8-bromo cGMP by this PDE is extremely slow (about
4000-fold slower than cGMP hydrolysis). We find that the rate of the time-dependent
inactivation of the current following a flash is only slightly slower after 8-bromo cGMP
release than after cGMP release. Another possibility is that 8-bromo cGMP, which is
moderately membrane permeable, rapidly leaks out of the photoreceptor cell. We find,
however, that the time-dependent inactivation occurs even in the presence of S0uM 8-
bromo cGMP in the extracellular media. We believe that the inactivation is due to the
presence of high concentrations of cGMP buffer within the outer segment. Cote and
Brunnock (1993) have shown that rod photoreceptor outer segments have two classes of
cGMP buffers, one of which is high affinity (60nM) with a capacity of 30uM, and the
other which is lower affinity (6.6uM) with a capacity of 78 uM. Thus, the total buffering
capacity should be 108 uM. Since we are releasing subsaturating concentrations of 8-
bromo cGMP (the rod channel’s K/, for 8-bromo ¢cGMP is about 3 uM), we expect that
at most 2-5 uM is released per flash. This is much lower than the capacity of the cGMP
buffers, and therefore at equilibrium should be essentially completely bound by the
buffers, as we observe. This technique should allow the kinetic parameters of these
buffers to be determined.

We find that the fractional Ca™ current in rods increases as a function of cGMP
concentration (see fig. 8a). This is consistent with previous observations of relative
divalent cation permeability in excised rod outer segment patches (this thesis, chapter III).

In cones, however, Pf decreases as a function of [cGMP], which is in the opposite
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function of flash intensity. Error bars indicate S.E.M.
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direction as is seen in excised patches (fig. 8b). One possible explanation of this is that
Ca™ may be rapidly depleted from the extracellular surface of the membrane. Even small
amounts of Ca** depletion would be expected to have large effects since Pf decreases
very steeply with decreasing extracellular Ca™ (Frings et al., 1995). The greater the flash
intensity, the greater the amount of Ca*" depletion will occur, giving rise to a cGMP-
dependent decrease in Pf. This is expected to be a much larger problem in cones since
the outer segment membrane is continuous with disc-like membrane invaginations,
whereas in rods, and outer segment membrane is separate from the disc

membranes. Therefore, the cone channel is expected to exist within the invaginations,
where the diffusion of Ca*" is highly restricted. Thus, a local Ca** depletion will occur in
cones.

Under physiological conditions (at low cGMP concentrations), however, the outer
segment current is only 50-100 pA, which may be too small for Ca™ depletion to occur.
In these conditions, we find that in rods, Pf = 23% and in cones, Pf = 110%. Therefore,
cone channels, which are effectively Ca*™ channels, allow about 4-fold higher fractional
Ca™ currents than rod channels. Our values of Pf for both rod and cone channels are
larger than previous indirect measurements (rods 18%; Nakatani and Yau, 1986 and
cones 21%; Perry and McNaughton, 1991). These discrepancies are most likely due to an
underestimation of the exchange current following a bright flash stimulus. This is
particularly true for cones since the fast part of the exchange timecourse may be almost as
fast as the rate of inactivation of the channel, making it difficult to detect. The much
larger Ca*™ flux rate in cones may explain part of the physiological differences between

rod and cone photoreceptor cells.
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Chapter V
Summery and Conclusions
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Rod and cone photoreceptor cells differ in their physiological roles and properties.
Rods are designed for low level light detection, and therefore sacrifice response kinetics
for enhanced sensitivity. Cones, in contrast, are designed to be able to rapidly detect
contrast differences in an image despite large amounts of background light. Cones are
therefore much less sensitive to light, have faster response kinetics, and have much more
robust adaptation abilities than rods. Understanding what molecular differences between
the two cell types give rise to these important physiological differences has been the
motivation for this thesis work.

While the basic mechanism for phototransduction is thought to be the same in
cones as in rods, the detailed molecular properties of the enzymes involved in cone
phototransduction have proved very difficult to determine. This is mostly due to the
difficulty of obtaining biochemical quantities of the cone enzymes due to the lack of a
good biochemical preparation of cone outer segments. Patch clamp technology, however,
allows the investigation of a subset of the cone molecules at the single-cell level. In
particular, the cone cGMP-gated channel can be readily studied.

I've chosen to make a detailed comparison between the rod and cone
photoreceptor cGMP-gated channels in the hopes on finding functional differences that
might give rise to part of the physiological difference between the cell types. In
particular, I have focused on the interaction between the channel and Ca** ions, since
differences in Ca™ homeostasis have been proposed to be important in defining rod-cone
differences (Miller and Korenbrot, 1994; Miller et al., 1994). There are four aspects of
the channel’s interaction with Ca** that I have examined in this thesis. 1) Ca**-
calmodulin modulation of the K, for cGMP binding (chapter II); 2) Relative Ca™
permeability (chapter III); 3) Voltage-dependent Ca™ block of the pore (chapter III); 4)
Fractional Ca™ current through the channel under physiological conditions (chapter IV).

I have found that the cone channel, like the rod channel, is modulated by
intracellular Ca™ (chapter II). This modulation is dependent on a small molecule that

remains attached to the patch in the presence of Ca*™, but is rapidly released from the
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Rod and cone photoreceptor cells differ in their physiological roles and properties.
Rods are designed for low level light detection, and therefore sacrifice response kinetics
for enhanced sensitivity. Cones, in contrast, are designed to be able to rapidly detect
contrast differences in an image despite large amounts of background light. Cones are
therefore much less sensitive to light, have faster response kinetics, and have much more
robust adaptation abilities than rods. Understanding what molecular differences between
the two cell types give rise to these important physiological differences has been the
motivation for this thesis work.

While the basic mechanism for phototransduction is thought to be the same in
cones as in rods, the detailed molecular properties of the enzymes involved in cone
phototransduction have proved very difficult to determine. This is mostly due to the
difficulty of obtaining biochemical quantities of the cone enzymes due to the lack of a
good biochemical preparation of cone outer segments. Patch clamp technology, however,
allows the investigation of a subset of the cone molecules at the single-cell level. In
particular, the cone cGMP-gated channel can be readily studied.

I’ve chosen to make a detailed comparison between the rod and cone
photoreceptor cGMP-gated channels in the hopes on finding functional differences that
might give rise to part of the physiological difference between the cell types. In
particular, I have focused on the interaction between the channel and Ca™ ions, since
differences in Ca*™" homeostasis have been proposed to be important in defining rod-cone
differences (Miller and Korenbrot, 1994; Miller et al., 1994). There are four aspects of
the channel’s interaction with Ca** that I have examined in this thesis. 1) Ca**-
calmodulin modulation of the K/, for cGMP binding (chapter IT); 2) Relative Ca™
permeability (chapter III); 3) Voltage-dependent Ca™ block of the pore (chapter II); 4)
Fractional Ca*™ current through the channel under physiological conditions (chapter IV).

I have found that the cone channel, like the rod channel, is modulated by
intracellular Ca™ (chapter II). This modulation is dependent on a small molecule that

remains attached to the patch in the presence of Ca*™, but is rapidly released from the
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patch when Ca™ is brought below about 1 uM in concentration. Once this molecule is
removed from the patch, purified calmodulin will cause a Ca**-dependent modulation of
the K/, for cGMP, but not to the same extent (in cones) as the endogenous modulator.
Ca™ modulation of rod and cone channels is similar, except that in rods, a much lower
Ca™™ concentration is required to release the modulator (Gordon et al., 1995).

Cone cGMP-gated channels have a larger relative Ca™ permeability than rod
channels (Picones and Korenbrot, 1995; Haynes, 1995; Frings et al., 1995). I have found
that this difference is in fact 7.5-fold, much larger than has previously been measured
since other investigators did not take into account cGMP-dependent changes in Ca*™*
permeability (chapter III). The observation that Ca** permeability is cGMP-dependent
also reveals interesting information about the gating mechanism of cGMP-gated
channels. While divalent cation permeability was found to change as a function of
[cGMP], the permeabilties of several monovalent cations of different sizes (Cs*, NH,*,
methylammonium, and dimethylammonium) were found to be independent of cGMP
concentration. Furthermore, while recombinant bovine rod cGMP-gated channels made
from both o and B subunits showed cGMP-dependent Ca*™ permeability, channels made
from only o subunits showed no cGMP-dependence of its Ca™ permeability. These
results suggest that in native cGMP-gated channels, there must be an intermediate gating
state present at low cGMP concentrations that has low divalent cation permeability, but
the same interactions with monovalent cations and overall pore dimensions as the fully
open state.

While the observation that the relative Ca™ permeability of the cone channel is
much larger than that of the rod channel is suggestive of an important rod-cone
difference, the quantity that is most important for the physiology of the cell is the actual
Ca™ current through the channel. Since cones and rods have similar outer segment
membrane currents in the dark, if cones have a larger Ca™ current than rods, then they
must have a larger fractional Ca™ current. I have found that this is indeed the case

(chapter IV). By making the first direct measurements of fractional Ca** current (Pf) in
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both rod and cone photoreceptors using simultaneous whole-cell current and single-cell
fluorescence measurements, I find that in rods, Pf = 23%, and in cones, Pf = 110%.
Thus, the cone cGMP-gated channel is essentially a Ca* channel under physiological
conditions.

Taking my results together suggests that differences between the rod and cone
cGMP-gated channels may indeed play a role in defining the physiological differences
between the two cell types. A greater Ca™ flux through the cone channel means that
light-dependent changes in intracellular Ca™ will be faster and larger in cones than in
rods. This should lead to a faster photoresponse timecourse (since guanylyl cyclase will
become activated more rapidly), and to greater adaptation abilities in cones, as is
observed. Also, the fact that the cone channel is more readily modulated by Ca** (since
the Ca*™-dependence of this modulation is closer to the physiological range of Ca™
concentrations) may further enhance the cones adaptation abilities.

However, mathematical modeling of the rod and cone photoresponses indicates
that differences between the rod and cone cGMP-gated channels cannot fully explain the
known physiological differences. Therefore, other molecular differences must be
present, such as a greater rate of transducin inactivation. Eventually, the technology will
become available to study the activities of all the phototransduction components in cones,
enabling a better understanding of the molecular mechanisms that give rise to the rod-

cone differences.
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