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abstract

 

We determined the Ca

 

2

 

1

 

 dependence and time course of the modulation of ligand sensitivity in
cGMP-gated currents of intact cone photoreceptors. In electro-permeabilized single cones isolated from striped
bass, we measured outer segment current amplitude as a function of cGMP or 8Br-cGMP concentrations in the
presence of various Ca

 

2

 

1

 

 levels. The dependence of current amplitude on nucleotide concentration is well de-

 

scribed by the Hill function with values of 

 

K

 

1/2

 

, the ligand concentration that half-saturates current, that, in turn,
depend on Ca

 

2

 

1

 

. 

 

K

 

1/2

 

 increases as Ca

 

2

 

1

 

 rises, and this dependence is well described by a modified Michaelis-
Menten function, indicating that modulation arises from the interaction of Ca

 

2

 

1

 

 with a single site without appar-

 

ent cooperativity. 

 

Ca

 

K

 

m

 

, the Michaelis-Menten constant for Ca

 

2

 

1

 

 concentration is 857 

 

6

 

 68 nM for cGMP and 863

 

6

 

 51 for 8Br-cGMP. In single cones under whole-cell voltage clamp, we simultaneously measured changes in mem-
brane current and outer segment free Ca

 

2

 

1

 

 caused by sudden Ca

 

2

 

1

 

 sequestration attained by uncaging diazo-2. In
the presence of constant 8Br-cGMP, 15 

 

mM

 

, Ca

 

2

 

1

 

 concentration decrease was complete within 50 ms and mem-
brane conductance was enhanced 2.33 

 

6

 

 0.95-fold with a mean time to peak of 1.25 

 

6

 

 0.23 s. We developed a
model that assumes channel modulation is a pseudo–first-order process kinetically limited by free Ca

 

2

 

1

 

. Based on
the experimentally measured changes in Ca

 

2

 

1

 

 concentration, model simulations match experimental data well by
assigning the pseudo-first-order time constant a mean value of 0.40 

 

6

 

 0.14 s. Thus, Ca

 

2

 

1

 

-dependent ligand modu-
lation occurs over the concentration range of the normal, dark-adapted cone. Its time course suggests that its
functional effects are important in the recovery of the cone photoresponse to a flash of light and during the re-
sponse to steps of light, when cones adapt.
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I N T R O D U C T I O N

 

Rods and cone photoreceptors in the vertebrate retina
continuously adjust the gain and kinetics of their pho-
toresponse as a function of background light intensity.
These adjustments, known as adaptation, allow photo-
receptors to respond to signals that differ little in inten-
sity from the background light, regardless of the abso-
lute intensity of that background. The extent of adapta-
tion reflects the relative contribution of three distinct
cellular mechanisms. (a) Response compression, which
arises from the nonlinear relation between response
amplitude and light intensity. (b) Neural adaptation,
which arises from modulation of the biochemical cas-
cade that underlies phototransduction. (c) Pigment ad-
aptation, which arises from biochemical events associ-
ated with photopigment bleaching (reviewed in Fain et
al., 1996; Perlman and Normann, 1998). At light levels
that do not cause significant pigment bleaching, re-
sponse-compression dominates the mechanisms of light
adaptation in mammalian rods, including humans,

and, therefore, rods exhibit response saturation (re-
viewed in Pugh and Lamb, 1990; Perlman and Nor-
mann 1998). Rods in lower vertebrates exhibit some
neural adaptation, but even in these species limiting
background intensity exists at which rods, but not
cones, become unresponsive (Fain, 1976; Kleinschmidt
and Dowling, 1975; Miller and Korenbrot, 1993).
Cones, in contrast, are characterized by more powerful
means to modulate the phototransduction process and,
therefore, they do not exhibit response saturation even
when background illumination is raised by 6–7 log units
(Normann and Werblin, 1974; Normann and Perlman,
1979; Malchow and Yazulla, 1986; Burkhardt, 1994).

 

In isolated, dark-adapted photoreceptors, adapta-

 

tion begins to be discerned by the time the peak of
the photoresponse is reached, and it then smoothly
reaches a stationary state within a second or two (re-
viewed in Fain and Matthews, 1990; Pugh and Lamb,
1990). In the intact eyecup, however, photoreceptor ad-
aptation appears to occur in several steps. The first step
is similar to that characterized in isolated cells. Addi-
tional, slower ones allow continuing improvement of
the cone’s sensitivity to light and a stationary condition
is attained only after 2–3 min of continuous illumina-
tion (Normann and Perlman, 1979; Burkhardt, 1994).
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Modulation of Sensitivity in Cyclic Nucleotide–gated Ion Channels of Intact Cones

 

In rods and cones, light-dependent changes in outer
segment cytoplasmic Ca

 

2

 

1

 

 must occur for neural adap-
tation to proceed. If these changes are prevented, dark-
adapted photoreceptors respond to light, but the pho-
toresponses are altered in their light sensitivity, time
course, and adaptation features (reviewed in Fain and
Matthews, 1990; Pugh and Lamb, 1990). The mecha-
nisms of action of Ca

 

2

 

1

 

 are not understood in detail,
but Ca

 

2

 

1

 

 modulates the activity of several steps in the
phototransduction cascade. In rods, Ca

 

2

 

1

 

 modulates:
(a) ATP-dependent deactivation (Lagnado and Baylor,
1994; Sagoo and Lagnado, 1997); (b) rhodopsin phos-
phorylation, through the action of recoverin (S-modu-
lin) (Kawamura, 1993; Chen et al., 1995); (c) catalytic
activity of guanylyl cyclase (Lolley and Racz, 1982; Pepe
et al., 1986; Koch and Stryer, 1988), through the action
of GCAP proteins (Palczewski et al., 1994; Dizhoor et
al., 1995); (d) cGMP sensitivity of the cyclic nucle-
otide–gated ion channels (CNG channels),

 

1

 

 through
the action of a factor similar to, if not the same as,
calmodulin (Hsu and Molday, 1994; Bauer, 1996).
Much less is known about the mechanisms of action of
Ca

 

2

 

1

 

 on the transduction cascade in cones. Indirect
studies indicate that Ca

 

2

 

1

 

 regulation of guanylyl cyclase
in cones can be similar to that in rods (Miller and
Korenbrot, 1994) and the cloning of a cone-specific
S-modulin (Kawamura et al., 1996) suggests that Ca

 

2

 

1

 

-
dependent modulation of cone-opsin phosphorylation is
a likely event. In cones, too, the nucleotide sensitivity of
the CNG channels is modulated by Ca

 

2

 

1

 

 (Rebrik and
Korenbrot, 1998) through the action of a factor that is
not calmodulin (Hackos and Korenbrot, 1997; Haynes
and Stotz, 1997). To understand the specific role of
these biochemical events in the process of adaptation,
it is necessary to know in detail their dependence on
Ca

 

2

 

1

 

 and their time course.
In rods, every one of the events described above has

been shown to depend on Ca

 

2

 

1

 

 at concentrations that
overlap those expected in dark- and light-adapted cells,
somewhere between 10 and 1,000 nM. The time course
of each of the various possible Ca

 

2

 

1

 

 biochemical actions
is poorly understood and the relationship between
these dynamics and the time course of adaptation is
largely undefined (Koutalos et al., 1995; Murnick and
Lamb, 1996; Matthews, 1997). In rod outer segment ho-
mogenates, guanylyl cyclase and rhodopsin kinase activ-
ity respond to abrupt Ca

 

2

 

1

 

 changes with a time constant
that has upper limit of 

 

z

 

1 s (Calvert et al., 1998).
Ca

 

2

 

1

 

 modulates the ligand sensitivity of CNG chan-
nels. The value of 

 

K

 

1/2

 

, the concentration necessary to
activate half-maximal current, increases as Ca

 

2

 

1

 

 rises.
In membrane patches detached from outer segments

 

of either rods or cones, 

 

K

 

1/2

 

 changes 

 

z

 

1.5-fold between
its extreme values (Gordon et al., 1995; Hackos and Ko-
renbrot, 1997). In intact rod outer segments, the total
Ca

 

2

 

1

 

-dependent change in 

 

K

 

1/2

 

 is also 

 

z

 

1.5 (Nakatani
et al., 1995; Sagoo and Lagnado, 1996; Rebrik and Ko-
renbrot, 1998). In intact cone outer segments, in con-
trast, the total magnitude of the shift is approximately
fourfold (Rebrik and Korenbrot, 1998). Also, at a fixed
cGMP concentration, the Ca

 

2

 

1

 

 dependence of the
cGMP sensitivity in rods has a midpoint at 

 

z

 

50 nM, but
the midpoint is 

 

z

 

290 nM in cones. Because in rods the
extent of change in 

 

K

 

1/2

 

 is small and occurs at Ca

 

2

 

1

 

concentrations expected only under bright illumina-
tion, Ca

 

2

 

1

 

-dependent channel modulation is expected
to play a limited role in the control of gain and kinetics
of the transduction signal. The converse arguments
suggest that Ca

 

2

 

1

 

-dependent channel modulation may
be of significant physiological consequence in cones.

To better understand the properties of CNG channel
modulation in cones, we report here on an analysis of
the Ca

 

2

 

1

 

 dependence of 

 

K

 

1/2

 

 in electropermeabilized
cones (ep-cones), a preparation in which the cytoplas-
mic content of a single, intact outer segment can be
rapidly controlled while measuring currents through
the cGMP-gated channels. We also analyze the kinetics
of this modulation in intact cones in which sudden
changes in Ca

 

2

 

1

 

 concentration are achieved with the
use of a “caged” Ca

 

2

 

1

 

 buffer, diazo-2 (Adams et al.,
1989). In darkness, this compound binds Ca

 

2

 

1

 

 with rel-
atively low affinity because the buffer molecule,
BAPTA, is linked by a photo-labile ester to a protecting
group (“cage”). Upon absorption of ultraviolet light,
the ester is cleaved and BAPTA is freed and able to se-
quester available free Ca

 

2

 

1

 

.

 

M A T E R I A L S  A N D  M E T H O D S

 

Materials

 

Striped bass (

 

Morone saxitilis

 

) were obtained from Professional
Aquaculture Services and maintained in the laboratory for up to
6 wk under 10:14-h dark:light cycles. The UCSF Committee on
Animal Research approved protocols for the upkeep and killing
of the animals. Diazo-2 and bis-fura-2 were purchased from Mo-
lecular Probes. Enzymes for tissue dissociation were obtained
from Worthington Biochemicals. Zaprinast was from CalBio-
chem, all other chemicals were from Sigma-Aldrich.

 

Photoreceptor Isolation

 

Under infrared illumination and with the aid of a TV camera and
monitor, retinas were isolated from the eyes of fish dark adapted
for 30–45 min. Single cones were isolated by mechanical tritura-
tion of retinas briefly treated with collagenase and hyaluronidase
as described in detail elsewhere (Miller and Korenbrot, 1993). A
Ringers’ solution was used to isolate photoreceptors, to transfer
them into the electrophysiological recording chamber, and to
maintain them during the course of the experiments. The Ring-
ers’ composition was (mM): 136 NaCl, 2.4 KCl, 5 NaHCO

 

3

 

, 1
NaH

 

2

 

PO

 

4

 

, 1 MgCl

 

2

 

, 1 CaCl

 

2

 

, 1

 

3

 

 MEM amino acids and vitamins,

 

1

 

Abbreviations used in this paper:

 

 CNG channels, cyclic nucleotide–
gated ion channels; PDE, phosphodiesterase.
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10 glucose, 0.1 mg/ml BSA, and 10 HEPES. pH was 7.5 and os-
motic pressure was 310 mOsM.

In experiments with tight-seal electrodes, cones were first iso-
lated in a modified Ringers’ in which pyruvate isosmotically re-
placed glucose. Cells were transferred in this solution onto the
electrophysiological chamber, the bottom of which was a glass
coverslip derivatized with Concanavalin A (3 mg/ml) (Picones
and Korenbrot, 1992). Cells settled and firmly attached to the
glass, and after 10 min the solution was exchanged for normal,
glucose-containing Ringers’.

 

Suction Electrodes and Electropermeabilization

 

We measured the outer segment currents from single cones us-
ing suction electrodes, as described previously (Miller and Ko-
renbrot, 1993). Electrodes were produced from Corning 1752
capillary glass (1.5 

 

3 

 

1.0-mm o.d. 

 

3 

 

i.d.) and coated with bis-
dimethyl-amino di-methyl-silane. Suction electrodes were filled with
a solution identical to the normal Ringers’, except that Ca

 

2

 

1

 

 con-
centration was 1 

 

m

 

M and MEM components were omitted. Iso-
lated photoreceptors were maintained in a recording chamber
held on the stage of an inverted microscope. Under IR illumina-
tion, and observing with the aid of TV camera and monitors, in-
dividual cone outer segments were drawn into the electrode by
gentle suction until the electrode tip sealed against the surface of
the wider inner segment. Membrane currents were recorded at 0
mV holding voltage with a patch-clamp amplifier (EPC-7; List In-
struments). Analogue signals were low-pass filtered below 50 Hz
with an eight-pole Bessel filter and digitized on line (100 Hz)
with a computer-based data acquisition system (FastLab; Indec).

Because the seal between suction electrode and single cones is
low in impedance (few molarohms), there is an unavoidable drift
in the recorded current. To minimize uncertainties due to this
drift, we used a track-and-hold circuit before data digitization.
The data acquisition software controlled this circuit and zeroed
the current immediately before the delivery of test solutions.
Data were accepted for analysis only if the holding current be-
fore and after the application of test solution (an interval of 45–
70 s) differed by less than approximately 

 

6

 

20 pA (typically ap-
proximately 

 

6

 

5% of the maximum cGMP-dependent current).
In any given data set, the error in the value of 

 

K

 

1/2

 

 due to drift
can be calculated to be no worse than 1%. This error is negligible
when compared with the variance from cell to cell, which is the
limiting source of error in our data.

The cytoplasmic content of the cone outer segment was con-
trolled by electropermeabilizing the inner segment membrane
and continuously superfusing with the “ep-solution,” composed
of (mM): 140 cholineCl, 5 glucose, 0.4 Zaprinast, and 10 HEPES.
pH was 7.5 and osmotic pressure 310 mOsM. The ep-solution con-
tained 1 mM free Mg

 

2

 

1

 

 and various amounts of free Ca

 

2

 

1

 

, cGMP,
or 8Br-cGMP, according to the design of the experiment. The so-
lutions of defined Ca

 

2

 

1

 

 and Mg

 

2

 

1

 

 concentration were prepared by
mixing appropriate amounts of CaCl

 

2

 

, MgCl

 

2

 

, and the buffering
agents EGTA (2 mM) or HEDTA (2 mM), calculated according to
the equilibrium constant listed in Martell and Smith (1974).

The cone electropermeabilization method is described in de-
tail elsewhere (Rebrik and Korenbrot, 1998). In brief, a single
cone was first drawn into a suction electrode, and then two sharp
tungsten microelectrodes, electrically insulated except at their
tip (1 

 

m

 

m) (A-M Systems) were positioned opposite each other
and pressed against the surface of the inner segment. Single,
brief (1–10 ms) voltage pulses 1–5 V in amplitude were applied
between the metal electrodes. Successful electropermeabilization
was apparent by a sudden and subtle change in the visual appear-
ance of the inner segment membrane. Ep-solutions flowed con-
tinuously from a 100-

 

m

 

m diameter glass capillary connected

 

through a micromanifold to solution reservoirs maintained un-
der positive pressure (DAD-12; Adams and List). The ep-solu-
tions were selected with electronically controlled switch valves,
and solution changes were complete in 

 

,

 

100 ms.

 

Membrane Currents in Intact, Single Cones

 

We measured membrane currents under voltage clamp using
tight-seal electrodes in the whole-cell mode. Electrodes were pro-
duced from aluminosilicate glass (1.5 

 

3

 

 1.0 mm o.d. 

 

3

 

 i.d., No.
1724; Corning Glassworks). Single cones were firmly attached to
the glass bottom of a recording chamber and maintained in
darkness on the stage of an inverted microscope equipped with
DIC. Under IR illumination, and observing with the aid of TV
camera and monitors, electrodes were sealed onto the side of the
inner segment. Currents were recorded with a patch-clamp am-
plifier (Axopatch 1D; Axon Instruments, Inc.). Analogue signals
were low-pass filtered below 200 Hz with an eight-pole Bessel fil-
ter (Kronh-Hite) and digitized online at 1 kHz (FastLab).

The tight-seal electrode-filling solution was composed of
(mM): 115 K

 

1

 

 gluconate, 20 K

 

1

 

 aspartate, 33 KCl, 1 diazo2, 0.1
bis-fura2, 1.04 MgCl

 

2

 

 (to yield 1 mM free Mg

 

2

 

1

 

), 0.258 CaCl

 

2

 

 (to
yield 600 nM free Ca

 

2

 

1

 

), and 10 MOPS. pH was 7.25 and osmotic
pressure was 305 mOsM. Free Ca

 

2

 

1

 

 and Mg

 

2

 

1

 

 were calculated us-
ing the equilibrium constants reported for dark diazo-2 (Adams
et al., 1989) and bis-fura-2. The solution could also contain 8Br-
cGMP and Zaprinast (0.4 mM), but it lacked triphosphate nucle-
otides and, therefore, could not sustain endogenous synthesis of
cGMP (Hestrin and Korenbrot, 1987; Rispoli et al., 1993).

 

Uncaging Diazo-2 and Measuring the Rate of Ca

 

2

 

1

 

 
Sequestration In Vivo

 

The instrument we developed to uncage and simultaneously mea-
sure membrane current and fluorescence in isolated, dark-
adapted bass single cones is described in detail elsewhere
(Ohyama, T., D.H. Hackos, S. Frings, V. Hagen, U.B. Kaupp, and
J.I. Korenbrot, manuscript submitted for publication). Ca

 

2

 

1

 

 con-
centration was monitored using bis-fura-2, a structural analogue of
fura-2 with slightly lower affinity for Ca

 

2

 

1

 

 (

 

K

 

d

 

 z 

 

520 nM in the
presence of 1 mM Mg

 

2

 

1

 

) and higher molar extinction coefficient
than fura-2. Fluorescence was excited by 380-nm light and emis-
sion intensity measured in the range between 410 and 600 nm us-
ing a photomultiplier operated in photon counting mode (50-ms
counting bins). Our instrument allowed us to use relatively low in-
tensity 380-nm light to excite bis-fura-2 fluorescence (2.55 3 108

photons ? mm22 s21), an important feature necessary to avoid un-
caging diazo-2 with this light. In each cell, fluorescence was cor-
rected for cross talk between excitation and emission paths by sub-
tracting from the cell signal the mean of the signal measured un-
der identical conditions, but in the cell’s absence. To assure that
fluorescence intensity signaled only Ca21 concentration in the
outer segment, fluorescence excitation light was restricted to the
outer segment alone with the use of an aperture that created an
18-mm diameter circle of light centered on the outer segment
(Ohyama, T., D.H. Hackos, S. Frings, V. Hagen, U.B. Kaupp, and
J.I. Korenbrot, manuscript submitted for publication).

To uncage diazo-2, we delivered the light of a Xe flash (200 J,
0.3-ms duration at half-peak) (Chadwick-Helmuth) by focusing
the lamp’s arc onto a single cone using the same microscope ob-
jective used to visualize the cell. Uncaging light was spectrally se-
lected below 400 nm using optical filters (Hoya Filters). Uncaging
and measurement of the consequent changes in membrane cur-
rent and fluorescence began 3 min after achieving whole cell
mode, a sufficient time for equilibration of small molecules, as ev-
idenced by attainment of steady state cell bis-fura2 fluorescence
intensity. Experiments were completed within the following 3–5
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min. After that time, loss of the modulator was apparent by drift in
current amplitude and weakening of the effects of uncaging light.

Data Analysis

Selected functions were fit to experimental data using nonlinear,
least square minimization algorithms (Origin; Microcal Soft-
ware). Experimental uncertainty throughout is presented as stan-
dard deviation. Simulations were executed with dynamic simula-
tion software (Tutsim; Actuality Corp.).

R E S U L T S

We measured the Ca21 dependence of ligand sensitivity
in cGMP-gated currents of electropermeabilized, single
cones (ep-cones). In this preparation, outer segment
membrane currents are measured with suction elec-
trodes at 0-mV holding potential. To generate an elec-
tromotive force that drives the cGMP-gated currents,

measurements are conducted under an ion concentra-
tion gradient with Na1, a permeable cation, in the ex-
tracellular medium and choline1, an impermeant cat-
ion, in the intracellular medium. Also, there is only 1
mM Ca21 in the extracellular medium to reduce the
ion’s influx through open CNG, and thus to minimize
intracellular Ca21 loading. Under these conditions, ac-
tivation of cyclic nucleotide-gated channels generates a
sustained, inward current (Fig. 1).

Ca21-dependent CNG current modulation in cones is
mediated by the interaction of the CNG channel pro-
tein with a diffusible, unidentified factor (Rebrik and
Korenbrot, 1998). This factor washes out from the ep-
cones at rates that accelerate as Ca21 concentration de-
clines (Rebrik and Korenbrot, 1998). To define the
equilibrium features of the interaction of Ca21, cyclic
nucleotides, the channels, and their modulator, the

Figure 1. Activation of cGMP-dependent currents in the intact outer segment of electropermeabilized cones. In each panel are shown
inward outer-segment currents activated by step increments in cytoplasmic cGMP concentrations. Data in each panel were measured in
different cells and measurements were completed within 180 s of the moment of electropermeabilization. Each panel illustrates data mea-
sured in the presence of different Ca21 concentrations between 0 and 20 mM, as labeled. Solutions also included constant concentrations
of Mg21 (1 mM) and Zaprinast (0.4 mM), a phosphodiesterase inhibitor. cGMP concentrations tested at 0 Ca21 were 0, 80, 160, 320, and
1,000 mM. At all other Ca21 concentrations, cGMP tested were 0, 62.5, 125, 250, 500, and 1,000 mM. The data in each panel are analyzed to
illustrate the dependence of peak current amplitude on cGMP. The continuous lines are Hill functions (Eq. 1) optimally fit to the experi-
mental data. For the data shown: at 0 mM Ca21, K1/2 5 112 mM and n 5 2.0; at 0.2 mM Ca21, K1/2 5 141.5 mM and n 5 2.1; at 0.5 mM Ca21,
K1/2 5 171 mM and n 5 1.8; at 2 mM Ca21, K1/2 5 259.8 and n 5 1.98; at 5 mM Ca21, K1/2 5 295 mM and n 5 2.5; and at 20 mM Ca21, K1/2 5
331 mM and n 5 2.15.
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concentrations of the interacting components must be
constant. To maintain stationary conditions as well as
possible, in spite of the potential loss of the modulator,
we electropermeabilized the cones in the presence of
the solution to be tested, completed all measurements
within 180 s of electropermeabilization, and tested only
a single Ca21 concentration in each cell.

Ca21 Dependence of Cyclic Nucleotide Sensitivity in 
Electropermeabilized Cones

The dependence of membrane current on cytoplasmic
cGMP in dark-adapted ep-cones in the presence of vary-
ing concentrations of cytoplasmic Ca21 is illustrated in
Fig. 1. All solutions contained 1 mM free Mg21 and 0.4
mM Zaprinast, an effective inhibitor of cone cGMP-spe-
cific phosphodiesterase (PDE) (Gillespie and Beavo,
1989). To compare data among many cells, we normal-
ized current amplitude by dividing the current mea-
sured at each cGMP concentration tested by the maxi-
mum current measured in the same cell. As described
before (Haynes and Yau, 1990; Picones and Korenbrot,
1992), the current amplitude increases with cGMP with
a dependence well described by the Hill equation:

(1)

where I is the current amplitude measured at the cGMP
concentration, cGMP. Imax is the maximum current
measured, K1/2 is the cGMP concentration at which I
has the value Imax/2, and n is an adjustable parameter
that denotes cooperative interactions. The same func-
tion applied to data measured in the presence of all
Ca21 concentrations tested, but the values of K1/2 (and
not n) changed with Ca21.

To analyze Ca21 dependence in detail, we deter-
mined the value of K1/2 in the presence of Ca21 at con-
centrations between 0 and 20 mM. Each Ca21 concen-
tration was tested in a different cone and K1/2 values
were averaged (Fig. 2). Ca21 dependence is well de-
scribed by a modified Michaelis-Menten equation:

(2)

where K1/2 (Ca21) is the value of K1/2 at a given Ca21 con-
centration. and  are the extreme values of K1/2,
at 20 and 0 mM Ca21, respectively. CaKm is the Ca21 con-
centration at the midpoint between and The
values of K1/2, their errors, and details of the statistical
universe sampled are presented in Table I. Optimum fit
of the Michaelis-Menten equation (Eq. 2) to the mean of
the data was obtained with CaKm 5 857 6 68 nM.

To insure that the effects reported for cGMP are not
confounded by the possible hydrolysis of cGMP by PDE
in the outer segment (in spite of the presence of Zapri-

I cGMP( )
Imax

------------------------
cGMP[ ] n

cGMP[ ] n K1 2⁄
n+

-----------------------------------------,=

K1 2⁄ Ca( ) K1 2⁄
hi K1 2⁄

low–( ) Ca[ ]
Ca[ ] KCa

m+
------------------------------ K1 2⁄

low+=

K1 2⁄
hi K1 2⁄

low

K1 2⁄
hi K1 2⁄

low .

nast), we carried out the same class of measurements
using 8Br-cGMP also in the presence of Zaprinast. 8Br-
cGMP is an effective activator of cone CNG channels
(Hackos and Korenbrot, 1997), but a poor substrate of
PDE (Zimmerman et al., 1985). We obtained the same
results with 8Br-cGMP as with cGMP (Fig. 3). The nor-
malized current amplitude increased with nucleotide
concentration with a dependence well described by the
Hill equation. The values of K1/2 changed with Ca21

with a dependence well described by the modified
Michaelis-Menten equation (Eq. 2) (Fig. 3). The values
of K1/2, their errors, and details of the statistical uni-
verse sampled are presented in Table I. Optimum fit of
the Michaelis-Menten equation to the mean of the data
was obtained with CaKm 5 863 6 51 nM.

Cytoplasmic Loading of Intact Single Cones

To investigate the time course of the CNG channel
modulation, we studied isolated single cones with tight-
seal electrodes in the whole-cell mode. The electrode
filling solution lacked nucleotide triphosphates and,
therefore, cones could not sustain endogenous synthe-
sis of cGMP (Hestrin and Korenbrot, 1987; Rispoli et al.,
1993). When the cells’ cytoplasm equilibrates fully
with the electrode-filling solution, cGMP-gated channels
should be inactive and cones should exhibit an outward
current at 235 mV because voltage-dependent K1 chan-
nels in the inner segment should be active (Barnes and
Hille, 1989; Maricq and Korenbrot, 1990). Indeed, in
the absence of GTP and ATP and 3 min after achieving
whole-cell mode, single striped bass cones exhibited an
outward current 21.1 6 12.3 pA (n 5 35) in amplitude.

To detect CNG channel modulation in the absence of
ATP and GTP, we activated the channels with exogenous
ligand. We added 8Br-cGMP and 0.4 mM Zaprinast to
the electrode-filling solution, which also contained 1
mM diazo-2 and 0.1 mM bis-fura-2 with 1 mM free Mg21

and 600 nM free Ca21, a value close to that of CaKm (see
above). In Fig. 4, we illustrate typical membrane cur-
rents measured in different cones at 235 mV with elec-

T A B L E  I

Agonist Sensitivity of cGMP-gated Currents in Electropermeabilized Single 
Cones at Different Ca21 Concentrations

Ca21

cGMP 8Br-cGMP

K1/2 n N K1/2 n N

mM mM mM

0 120.6 6 9.3 2.01 6 0.3 20 14.7 6 0.66 1.4 6 0.38 4

0.2 157.1 6 19.8 2.47 6 0.41 6

0.5 197.4 6 55.8 2.07 6 0.32 15 32.9 6 3.2 1.42 6 0.24 3

1 44.9 6 4.9 1.49 6 0.23 3

2 265.1 6 21.8 2.21 6 0.31 9 57.4 6 3.7 1.4 6 0.13 3

5 312.2 6 84.7 2.19 6 0.39 9 65.5 6 7.75 1.8 6 0.5 3

20 316.4 6 43.9 2.11 6 0.49 16 71.1 6 16.4 1.33 6 0.18 3
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Figure 2. cGMP dependence of cone outer segment current as a function of cytoplasmic Ca21. (Left) The dependence of normalized
current amplitude on cGMP in the presence of various Ca21 concentrations, as labeled. Each data set was measured in a different ep-cone.
The continuous line is the Hill equation that best fits the experimental data. At 0 mM Ca21, K1/2 5 112 mM and n 5 2.0; at 0.2 mM Ca21,
K1/2 5 141.5 mM and n 5 2.1; at 0.5 mM Ca21, K1/2 5 214 mM and n 5 2.1; at 2 mM Ca21, K1/2 5 259.8 and n 5 1.98; and at 20 mM
Ca21, K1/2 5 331 mM and n 5 2.15. (Right) The dependence of the K1/2 value of the Hill equation on Ca21. The data points are the aver-
age (6SD) of measurements in different ep-cones. Complete statistical information is given in Table I. The continuous line is a modified
Michaelis-Menten function (Eq. 2) that best fits the experimental data. The value of CaKm is given in the figure.

Figure 3. 8Br-GMP dependence of cone outer segment current as a function of cytoplasmic Ca21. (Left) The dependence of normalized
current amplitude on 8Br-cGMP in the presence of various Ca21 concentrations, as labeled. Each data set was measured in a different ep-
cone. The continuous line is the Hill equation that best fits the experimental data. At 0 mM Ca21, K1/2 5 15.1 mM and n 5 1.11; at 0.2 mM
Ca21, K1/2 5 37.6 mM and n 5 1.1; at 0.5 mM Ca21, K1/2 5 49.5 mM and n 5 1.67; at 2 mM Ca21, K1/2 5 57.2 and n 5 1.6; and at 20 mM Ca21,
K1/2 5 77 mM and n 5 1.8. (Right) The dependence of the K1/2 value of the Hill equation on Ca21. The data points are the average (6SD)
of measurements in different ep-cones. Complete statistical information is given in Table I. The continuous line is a modified Michaelis-
Menten function (Eq. 2) that best fits the experimental data.
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trode filled with solution containing either 15 or 30 mM
8Br-cGMP. After attaining whole-cell mode, an inward
current developed slowly that reached a peak and then
declined to a stationary value. This time course reflects
the activation of the outer segment inward current as
the nucleotide loads the cell and cGMP-gated channels
open, followed by channel block due to increasing cyto-
plasmic Ca21 concentration. Because of this associated
cytoplasmic Ca21 load, we elected to carry out these ex-
periments in a Ringers’ solution containing 0.1 mM
Ca21, rather than the normal 1 mM. This allowed us to
maintain cytoplasmic Ca21 within reasonable bounds.

With 15 mM 8Br-cGMP in the electrode, the time for
current to reach peak had an average value of 15.8 6
2.4 s (n 5 8, range 13.3–20 s). The decay from peak to
steady state values was well described by a single expo-
nential with average time constant of 32.7 6 7.6 s (n 5
8, range 21.4–41.0). The stationary current was, on av-
erage, 246 6 17 pA for 15 mM 8Br-cGMP (n 5 21) and
2415 6 107 pA for 30 mM 8Br-cGMP (n 5 8). Since the
photocurrent in the bass single cone outer segment at
240 mV is, on average, 23 6 8 pA in amplitude (Miller
and Korenbrot, 1993), the extent of steady state CNG
channel activation by 15 mM 8Br-cGMP is close to that
in the normal, dark-adapted cell.

Ca21-dependent CNG Channel Modulation in the Intact Cone

We caused a rapid (,, 50 ms, see below) decrease in
cytoplasmic Ca21 by uncaging diazo-2 in intact cone
outer segment. In the presence of 15 mM cytoplasmic
8Br-cGMP, the uncaging flash caused a slow increase in
current that reached a peak and then slowly returned
towards its starting value (Fig. 5). Within the first 6–8
min after establishing whole-cell mode, responses of

similar features could be generated repeatedly by sim-
ply waiting z2 min between flashes. After longer inter-
vals, the responses became smaller and even disap-
peared. The change and eventual loss of the response
is almost certainly due to the slow and irreversible loss
of modulator, just as occurs in the ep-cones. Data pre-
sented here were collected in the interval between 3
and 6 min after achieving whole-cell mode.

In the presence of constant 8Br-cGMP, the increase in
current caused by uncaging diazo-2 can reflect Ca21-
dependent modulation of channel sensitivity as proposed
here, but other mechanisms could also explain the find-
ing. For example: (a) Ca21-dependent activation of gua-
nylyl cyclase (GC), which in turn synthesizes cGMP; (b)
activation of Ca21-dependent currents that are not cyclic
nucleotide gated; and (c) a direct effect of light. The GC
hypothesis is most unlikely because the cones were in-
tentionally made free of nucleotide triphosphates and,
without GTP, GC cannot synthesize cGMP. The absence
of endogenous cGMP is made evident by the fact that in
darkness and in the absence of GTP and ATP, cGMP-
gated channels close and the holding current at 235
mV drifts from a starting value near zero to a steady state
value of 21.1 6 12.3 pA (n 5 35) (due to the activity of
voltage-gated K1 channels, as discussed above). More-
over, under these conditions, dark-adapted cones do not
respond to light, however bright it may be.

To test that the flash-generated current is indeed
caused by CNG channel modulation, we tested the re-
sponse to uncaging flashes in cones loaded with solu-
tions modified as follows: (a) free of 8Br-cGMP (to test
whether a cyclic nucleotide–independent current is ac-
tivated by lowering Ca21) and (b) diazo-2 replaced by 1
mM BAPTA (to test whether light alone, in the absence

Figure 4. Rate of equilibration
between cone outer segment cy-
toplasm and lumen of tight-seal
electrode. Shown are whole-cell
membrane currents measured in
two different cones at 235-mV
holding voltage. At the arrow
mark (WCR) (time 5 0), whole-
cell mode was attained and the
contents of the cell cytoplasm be-
gan to exchange with the solu-
tion filling the tight-seal elec-
trode. This solution contained ei-
ther 15 or 30 mM 8Br-cGMP, as
labeled, and 1 mM diazo-2, 1 mM
free Mg21, and 600 nM free Ca21

(see text for details). As the cyclic
nucleotide loaded the cell, CNG channels in the outer segment were activated and an inward current developed. The current reached a
stationary value after z2 min, indicating concentration equilibrium between cell cytoplasm and the electrode lumen.
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of Ca21 changes can cause channel activation). Typical
results of these tests are shown in Fig. 5. In the absence
of 8Br-cGMP, the holding current at 235 mV was out-
ward, 21.1 6 12.3 pA (n 5 35), and reflects the activity
of voltage-dependent K1 channels in the inner seg-
ment. Uncaging flashes caused a decrease in Ca21, but
failed to generate changes in current. In the absence of
diazo-2, 15 mM 8Br-cGMP sustained a stationary inward
current and light flashes also failed to change the cur-
rent. The same occurred in every cell we tested (8Br-
cGMP free, n 5 4; diazo-2 free, n 5 5). Also, adding 10
mM BAPTA to the electrode-filling solution blocked
the flash-generated current change (data not shown).
Examination of the data, however, shows a large and
very fast spike at the moment of flash (Figs. 5–7). The
spikes are inevitable artifacts caused by the high-energy
discharge of the capacitors in the Xe flash instrument.
Thus, control experiments indicate that the slow change
in current generated by uncaging diazo-2 arise specifi-
cally from activation of cyclic nucleotide–gated current
caused by lowering cytoplasmic Ca21.

Time Course of Flash-generated Sequestration 
of Cytoplasmic Ca21

The electrode-filling solution was buffered with dark di-
azo-2 and bis-fura-2 to attain 1 mM free Mg21 and 600
nM free Ca21; however, the effective Ca21 concentra-

tion in the cone outer segment may differ from this
value because of the action of endogenous mechanisms
that control cytoplasmic Ca21 (Yau and Nakatani, 1985;
Miller and Korenbrot, 1987; Lagnado et al., 1992).
Chemical measurements have demonstrated that in the
absence of buffers, uncaging diazo-2 fully sequesters
Ca21 within 2 ms after a flash (Adams et al., 1989). In
the cytoplasmic space and in the presence of endoge-
nous and exogenous buffers, the kinetics of Ca21 se-
questration by uncaging diazo-2 could be different and
must be experimentally determined.

To determine the speed of Ca21 sequestration in a sin-
gle cone outer segment caused by uncaging diazo-2, we
measured the fluorescent signal of cytoplasmic bis-fura-
2 excited at 380 nm and emitted in the range between
410 and 600 nm. Under these conditions, a decrease in
Ca21 causes an increase in fluorescence intensity. Fluo-
rescence intensity signaled only free Ca21 in the outer
segment because an optical aperture restricted fluores-
cence excitation light to the outer segment alone. Fig. 6
illustrates a typical result in a cone loaded with 15 mM
8Br-cGMP (with Zaprinast). In the absence of an uncag-
ing flash, cell fluorescence intensity was constant, indi-
cating a steady Ca21 concentration unaffected by the
380-nm fluorescence excitation light. This is important
because it demonstrates that the fluorescence monitor-
ing light alone did not uncage diazo-2. Presentation of

Figure 5. Time course of Ca21-dependent CNG current modulation and control experiments. (Left) Whole-cell membrane current mea-
sured at 235-mV holding voltage in a single cone loaded with standard electrode-filling solution containing 15 mM 8Br-cGMP, 0.4 mM Zap-
rinast, 1 mM diazo-2, 0.1 mM bis-fura-2 with 600 nM free Ca21, and 1 mM free Mg21. 1.5 s after starting the record, at the time indicated by
the spike in the record, a Xenon flash uncaged diazo-2, causing a slow increase in the inward current that reached a peak in z1.4 s, and
then returned towards its starting value. At the peak, membrane conductance was enhanced 2.26-fold. (Right) Currents measured at 235
mV in two different cones, each loaded with a modified electrode-filling solution. Two control conditions were tested: (a) omitting 8Br-
cGMP (0 mM 8Br-cGMP), and (b) replacing diazo-2 with 1 mM BAPTA (0 mM Diazo-2). Free Ca21 and Mg21 remained at 600 nM and 1 mM,
respectively. In the absence of 8Br-cGMP, the net current was outward because CNG channels are closed and current flows through voltage-
gated K1 channels in the cone inner segment. The uncaging flash did not cause a current change in either of the control experiments.
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Figure 6. Time course of
changes in membrane current
and cytoplasmic Ca21 concentra-
tion in a cone outer segment
caused by uncaging diazo-2. The
single cone was loaded with stan-
dard electrode-filling solution
containing 15 mM 8Br-cGMP, 0.4
mM Zaprinast, 1 mM diazo-2, 0.1
mM bis-fura-2 with 600 nM free
Ca21 and 1 mM free Mg21. 1.5 s af-
ter starting the record, at the time
indicated by the double-ended ar-
rowhead in the record, a Xenon
flash uncaged diazo-2. (Top) The
fluorescence excited at 380 nm
and emitted in the 410–600-nm
range. A rise in fluorescence in-
tensity indicates that uncaging di-
azo-2 caused a rapid initial de-
crease in Ca21 concentration,
which then slowly drifted back to-
wards its starting value. (s) Data
in counts per 50-ms bin. The con-
tinuous line depicts the analytical
function (Eq. 3) that optimally de-
scribes the time course of Ca21

concentration change. (Bottom)
The whole-cell membrane cur-
rent at 235-mV holding voltage
measured simultaneously. The
sudden Ca21 sequestration caused
a slow 3.75-fold increase in mem-
brane conductance that reached
to a peak in z1.35 s.

an uncaging flash caused an instantaneous increase in
fluorescence, which then slowly recovered towards its
starting value (Fig. 6). The increase in fluorescence in-
dicates that Ca21 concentration decreased within 50 ms
of the flash. This value, however, is an upper limit on
the actual speed of sequestration imposed by the band-
width of the photon counting instrumentation. Ca21

reached a minimum, and then slowly recovered, pre-
sumably because of additional Ca21 influx through the
newly activated CNG channels.

We found that in all cells tested the Ca21 concentra-
tion change caused by uncaging diazo-2 was well de-
scribed by an exponential process (Fig. 6):

(3)

where is the concentration preceding the flash,
is the maximum decrease in concentration,

and is the concentration at the end of the sam-
pling period (23 s after the uncaging flash). t 5 0 is the
moment the flash is presented and is the time constant
of decline between the peak and ss values. We note that
ss is not truly a stationary value; 2–3 min after a flash,
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Ca21 concentration returned to its original “dark”
value. This very slow recovery is expected from the
eventual equilibrium between cell cytoplasm and elec-
trode lumen.

We did not calibrate in situ the 380-nm bis-fura-2 flu-
orescence in absolute units of Ca21 concentration, a
difficult task that is even less reliable when only a single
excitation wavelength is used (Williams and Fay, 1990).
Concentration changes in each cell, however, could be
expressed in units of by dividing changes in fluo-
rescence by the intensity measured in the same cell be-
fore the uncaging flash. The flash-generated Ca21 con-
centration changes and their time course were remark-
ably similar among different cells. For nine cones,

5 0.52 6 0.07, 5 0.70 6
0.08, and tCa 5 5.38 6 0.35 s.

A Kinetic Model of CNG Channel Modulation

Examination of the data in Figs. 5 and 6, each a differ-
ent cone, shows that, after an uncaging flash, cytoplas-
mic Ca21 changed more rapidly than did the mem-
brane current. The difference in the early time course
of the fluorescent and current signals is illustrated in
detail in Fig. 7, data measured in yet a different cone.
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After an uncaging flash, Ca21 concentration reached its
minimum within 50 ms, yet current increased with an
exponential time course and reached a peak only after
z0.9 s. At the peak, the nucleotide-gated conductance
was enhanced 3.85-fold. In seven cells, Ca21 was always
minimal within 50 ms, and current reached peak in a
mean time of 1.25 6 0.23 s. Conductance enhance-
ment at the peak was, on average, 2.33 6 0.95-fold.

We developed a kinetic model that successfully
matched experimental data. Let us simply assume that
CNG channels exist at concentration g1 in conductance
state S. Conductance state is the product of single chan-
nel conductance and probability of opening. Thus,
membrane conductance is the product of g1 and S.
Upon Ca21 binding, and in the presence of the modu-
lator, the channels change to a new concentration g2 of
conductance state S. Membrane conductance changes
as channel concentration changes from g1 to g2. We do
not specify the molecular mechanisms underlying the
change in channel concentration (and, therefore,
membrane conductance), we simply assume that con-
centration change is pseudo first order, characterized
by a time constant tg (Gutfreund, 1995) (Eq. 4):

(4)

then, when g1(0) .. Ca(t) (Eq. 5):

k12
g1 t( ) Ca t( ) g2↔ t( );+

k21

(5)

where (Eq. 6):

(6)

and Ca(t) is the Ca21 concentration given by Eq. 3.
To test the adequacy of the model, we fit data simu-

lated by the model to experimental results. To this end,
and for each set of experimental data: (a) we fit Eq. 3
to the measured fluorescence change and used the re-
sulting analytical expression to describe Ca(t) for that
data set. (b) We simulated changes in membrane con-
ductance using the model above; the simulation pre-
dicts the change in conductance caused by a defined
change Ca21 provided as an input. (c) We systemati-
cally varied the values of tg to best match simulated and
experimental data. The kinetic model could be made
to simulate experimental data well (Fig. 8). For seven
cells, with fits of similar quality to that shown in Fig. 8,
mean value was tg 5 0.40 6 0.14 s.

D I S C U S S I O N

Activation of cGMP-gated ion channels in intact cone
photoreceptors depends on agonist concentration, but
their sensitivity, how much agonist is necessary for acti-
vation, depends on Ca21. Ligand sensitivity decreases as

dg2 t( )
dt

---------------
1
τg
---- Ca t( ) g2 t( )–[ ] ,=

τg k12g1 0( ) k21+[ ] 1–=

Figure 7. High time resolution
of the initial time course of
changes in membrane current
and cytoplasmic Ca21 concentra-
tion in a cone outer segment
caused by uncaging diazo-2. The
single cone was loaded with stan-
dard electrode-filling solution
containing 15 mM 8Br-cGMP, 0.4
mM Zaprinast, 1 mM Diazo-2, 0.1
mM bis-fura-2 with 600 nM free
Ca21, and 1 mM free Mg21.
(Top) The outer segment fluo-
rescence excited at 380 nm and
emitted in the 410–600 nm
range; (bottom) the membrane
current measured simulta-
neously at 235-mV holding volt-
age. At time t 5 0, the uncaging
flash was delivered causing a
rapid (,50 ms) loss of cytoplas-
mic Ca21 and a much slower
change in membrane current.
The sudden Ca21 sequestration
caused a slow fourfold increase
in membrane conductance that
reached to a peak in z0.95 s.
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Ca21 increases, and this relationship is well described
by a Michaelis-Menten function (Eq. 2), suggesting that
modulation arises from the noncooperative binding of
Ca21 to a single site. This apparent simplicity belies the
fact that the molecular events underlying the Ca21-depen-
dent modulation involve interaction among at least
three distinct molecules: Ca21 ions, a modulator pro-
tein, and the ion channels (themselves constituted by
alpha and beta subunits; Gerstner et al., 2000). The in-
teraction likely occurs on the channel’s b subunit, by
analogy to the case in rod CNG channels (Hsu and
Molday, 1994; Grunwald et al., 1998; Weitz et al., 1998).
The modulator is a soluble factor that is lost from cones
in the absence of Ca21 and Mg21 (Hackos and Koren-
brot, 1997; Rebrik and Korenbrot, 1998). The identity
of the modulator has not been established, but it is not
calmodulin, since exogenous calmodulin does not
mimic its action (Hackos and Korenbrot, 1997; Haynes
and Stotz, 1997) and the calmodulin blocker Mastopa-
ran (400 nM) does not block modulation in ep-cones
(our unpublished observations).

In the experiments with ep-cones, we minimized the
extent of modulator loss by conducting all measure-
ments in the presence of 1 mM Mg21 and completing
them within 180 s of inner segment permeabilization.
In intact cones under whole-cell voltage clamp, modula-
tor was still lost, but at a much slower rate. We mini-
mized modulator loss in intact cones by completing all
measurements in a window between 3 and 6 min after
attaining whole-cell mode. This period was long enough

to allow equilibration between the cell and electrode lu-
men, and yet not so long as to loose the modulator.

The Ca21-dependent modulation of channel sensitiv-
ity, quantitatively expressed by the value of CaKm (Eq. 2)
is the same whether channels are activated with cGMP
or 8Br-cGMP, z860 nM. This observation is important
because it indicates that the interaction between Ca21,
modulator, and channel is independent of the ligand
gating the channel. In a previous report (Rebrik and Ko-
renbrot, 1998), we measured the Ca21 dependence of
the cGMP-gated current at a single nucleotide concen-
tration and defined KCa as the Ca21 concentration at
which the current amplitude was half maximal. That is
not the same definition as we have given CaKm here (Eq.
2), a measurement of the Ca21 dependence of ligand
sensitivity. Ca21-dependent channel modulation in in-
tact rods has been explored only at a single ligand con-
centration and KCa was found to be z50 nM Ca21 (Naka-
tani et al., 1995; Sagoo and Lagnado, 1996), compared
with 286 nM for cones (Rebrik and Korenbrot, 1998).
CaKm has not been measured in rods. Since the free Ca21

in a dark-adapted outer segment is in the range 400–600
nM (rods: Korenbrot and Miller, 1989; Gray-Keller and
Detwiler, 1994; McCarthy et al., 1994; cones: Sampath et
al., 1999), in cones, but not rods, channel modulation is
significant in darkness and even small changes in Ca21

concentration, as may occur in response to dim lights,
will affect channel sensitivity. Channel modulation in
rods can be expected to be of consequence only in the
presence of bright illumination.

Figure 8. Experimental and
simulated changes in membrane
current caused by sudden Ca21

loss in a cone outer segment in
the presence of unchanging 8Br-
cGMP. Experimental data (noisy
traces) are currents measured at
235 mV in a cone loaded with
standard electrode-filling solu-
tion containing 15 mM 8Br-
cGMP, 0.4 mM Zaprinast, 1 mM
diazo-2, 0.1 mM bis-fura-2 with
600 nM free Ca21, and 1 mM
free Mg21. At the arrow, Ca21

was sequestered by uncaging di-
azo-2. The Ca21 concentration
change in the cell was measured
(not shown) and described by
Eq. 3 with 5 0.72,

5 0.91, and tCa 5
5.55 s. Simulated data (smooth
traces) are the results of simula-
tions that assume channel modu-
lation is a pseudo–first-order pro-
cess rate limited by the kinetics
of Ca21 concentration change,
with time constant tg 5 0.32 s.
The same data are shown at two
different time resolutions.
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In both rods and cones in the dark, z3–5% of all
cGMP-gated channels are active. Because the ligand
sensitivity of the channels in the two receptor types is so
different (Rebrik and Korenbrot, 1998), the standing
cytoplasmic concentration of cGMP is likely higher in
cone than in rod outer segments. If we assume that, in
darkness, free cytoplasmic Ca21 in both photoreceptors
is 600 nM and 3% of the channels are active, then our
data indicate that free cGMP concentration is z10 mM
in rod outer segments and 52 mM in cones.

Signal transduction in olfactory neurons arises from
odorant-dependent changes in cytoplasmic cAMP,
which, in turn, activates specific CNG-gated channels.
The ligand sensitivity of these channels decreases with
increasing Ca21 (Liu et al., 1994; Balasubramanian et
al., 1996; Kleene, 1999), and this modulation plays a
role in odor adaptation (Kurahashi and Menini, 1997).
At first glance, the extent of sensitivity modulation in
olfactory CNG channels appears larger than in cones:
K1/2 can change by up to ninefold. However, to obtain
such a large change, Ca21 must change from 0.1 mM to
3 mM. Detailed exploration of Ca21 dependence of K1/2

in olfactory neurons reveals one range of changes that
plateaus between 1025 and 1024 M Ca21 and a second,
distinct range at higher Ca21 (Kleene, 1999). In the low
range of Ca21 concentration, which overlaps the range
explored in this report, the change in K1/2 in the olfac-
tory neurons is approximately three- to fourfold, not
that different from cones.

In the intact cones, we found a relatively large vari-
ance in the values of K1/2 at any given Ca21 concentra-
tion (Table I). Also, the value of n, while independent
of Ca21, differs between cGMP and 8Br-cGMP, as re-
ported before (Rebrik and Korenbrot, 1998). The vari-
ance in the value of K1/2 may reflect various states of
channel phosphorylation. Native rod channels or re-
combinant channels formed by homopolymers of alpha
subunits alone, demonstrate a range of K1/2 values
(Molokanova et al., 1997; Ruiz et al., 1999) that can be
changed by phosphorylation/dephosphorylation of a
specific tyrosine (Molokanova et al., 1997, 1999). In
cone outer segment membrane patches, addition of
ATP can change CNG channel sensitivity (Watanabe
and Shen, 1997); this phenomenon, however, is ob-
served only some of the time and, though it may arise
from CNG channel phosphorylation, inconsistent ob-
servations in “detached” outer segment patches can be
confounded by the fact that elements of the transduc-
ing cascade can remain as part of the patch. While chan-
nel ligand sensitivity changes with the state of phosphor-
ylation, little information is now available on whether
such channel phosphorylation changes in the course of
light responses. It must be noted, however, that accessi-
bility to phosphorylation in homopolymeric alpha sub-
units changes with gating (Molokanova et al., 1999).

Modulation of K1/2 by phosphorylation has not been
definitely demonstrated in cones, but probably occurs.
Modulation by phosphorylation, however, is unlikely to
play a role in the results presented here since nucle-
otide triphosphates, both ATP and GTP, were absent
from the cells, both in ep-cones and in the whole-cell
mode. The lack of nucleotide triphosphates in the in-
tact cones was verified by the fact that holding currents
recorded in the absence of 8Br-cGMP were positive, re-
flecting current flowing out of the cone through volt-
age-gated K1 channels in the inner segment unopposed
by the activity of outer segment channels. Absence of
triphosphate nucleotides substrates also assured us that
Ca21-dependent guanylyl-cyclase was not active in the
cones studied in this report.

We measured the kinetics of sensitivity modulation at
a fixed ligand concentration, 15 mM 8Br-cGMP. We
elected this concentration because it activated channels
to an extent comparable with that of a normal dark-
adapted cone. In the presence of higher 8Br-cGMP
concentrations, we observed, in addition to sensitivity
modulation, small current changes that reflected flash-
induced hydrolysis of the nucleotide. It must be recalled
that 8Br-cGMP is a poor substrate of the photorecep-
tors’ PDE when compared with cGMP, but the enzyme
can nonetheless hydrolyze it. Indeed, photoresponses
can be measured in rods loaded with 8Br-cGMP alone
(Cameron and Pugh, 1990).

The time course of the Ca21-dependent change in
ligand sensitivity is slower than that of the Ca21 change
itself. The kinetics of the change in sensitivity is well de-
scribed as a pseudo–first-order process rate limited by
the Ca21 concentration change with a time constant of
z0.4 s. The kinetics of most of the Ca21-dependent
events in the phototransduction cascade of rods or
cones is not known with precision (Calvert et al., 1998).
In the absence of specific information, it has been com-
mon, and reasonable, to assume that Ca21-limited re-
actions are “instantaneous” (Miller and Korenbrot,
1994; Nikonov et al., 1998). These assumptions, how-
ever, have generally gone unproven and it is important
to determine, when possible, the precise kinetics of
Ca21-dependent reactions.

In bass single cones, voltage-clamped current re-
sponses to dim light flashes reach peak in 80–100 ms
and recover fully within 300 ms (Miller and Korenbrot,
1993). Because channel modulation has a relatively
slow time constant of response, it is reasonable to ex-
pect that channel sensitivity will change little in the ac-
tivation phase of a single, dim flash response. Channel
modulation must be significant in the course of recov-
ery after a dim flash and certainly in response to bright
flashes that saturate the photoresponse or steps of light
longer than a few seconds at any intensity. While the ex-
act details of the contribution of channel modulation
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to the transduction process are yet to be defined, chan-
nel modulation may be the first process that can be said
to operate as part of the mechanisms that modulate
transduction in cones, but not rods.

In bass single cones, as in all cones, the response to a
constant dim flash changes as a function of the inten-
sity of background light against which the flash is pre-
sented. In general, the peak amplitude decreases as the
background intensity rises, and the relationship be-
tween peak current and background intensity is de-
scribed by the Weber law (Miller and Korenbrot, 1993).
The time course of the effect of background on the
flash response, however, is not instantaneous. A flash
presented immediately after the light step generates a
small amplitude response. The amplitude of this flash-
generated response becomes larger as the interval be-
tween the onset of the light step and the presentation
of the test flash increases, until an unchanging ampli-
tude response is obtained that follows the Weber law.
This process in striped bass cones has an exponential
time course of z1-s time constant (Miller and Koren-
brot, 1993). Changes in CNG channel sensitivity occur
over this time domain and, therefore, can be expected
to play a critical role in this adaptation process.
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