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Recovery of the light response in vertebrate photoreceptors requires the shutoft of both active intermediates in the
phototransduction cascade: the visual pigment and the transducin—phosphodiesterase complex. Whichever inter-
mediate quenches more slowly will dominate photoresponse recovery. In suction pipette recordings from isolated
salamander ultraviolet- and blue-sensitive cones, response recovery was delayed, and the dominant time constant
slowed when internal [Ca®'] was prevented from changing after a bright flash by exposure to 0Ca?*/0Na’ solution.
Taken together with a similar prior observation in salamander red-sensitive cones, these observations indicate that
the dominance of response recovery by a Ca?*-sensitive process is a general feature of amphibian cone phototrans-
duction. Moreover, changes in the external pH also influenced the dominant time constant of red-sensitive cones
even when changes in internal [Ca*] were prevented. Because the cone photopigment is, uniquely, exposed to the
external solution, this may represent a direct effect of protons on the equilibrium between its inactive Meta I and
active Meta II forms, consistent with the notion that the process dominating recovery of the bright flash response

represents quenching of the active Meta II form of the cone photopigment.

INTRODUCTION

The vertebrate retina operates over a range of intensities
that exceeds 12 orders of magnitude. This wide intensity
range is enabled, in part, by the possession of two classes
of photoreceptor: the rods, which operate at low intensi-
ties and are capable of signaling the absorption of single
photons, and the cones, which respond more rapidly at
considerably higher intensities (Fu and Yau, 2007). De-
spite the duplex nature of the retina, the less sensitive
cones nevertheless have to operate over a nine—order of
magnitude intensity range, necessitating considerable ad-
aptation of the sensitivity and kinetics of their responses
during steady illumination (Baylor and Hodgkin, 1974;
Matthews et al., 1990; Schneeweis and Schnapf, 1999). In
both rods and cones, the process of phototransduction
involves an enzymatic cascade initiated by the absorption
of light by an 11-cis-retinal chromophore covalently as-
sociated with a protein opsin to form a G protein—coupled
photopigment. The light-activated (Meta II) form of the
photopigment interacts with a heterotrimeric G protein
(transducin), which in turn activates its target effector
enzyme, a phosphodiesterase that hydrolyses cGMP. The
ensuing reduction in cGMP concentration leads to the
closure of CNG channels in the outer segment mem-
brane, yielding the diminution of the circulating current
through these channels in darkness, which constitutes
the electrical response to light. The associated reduction
in Ca* influx through the CNG channels is accompanied
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by continuing Ca®* efflux via Na'-Ca*" K" exchange, lead-
ing to a decrease in the concentration of Ca*" within
the outer segment during the photoresponse (Yau and
Nakatani, 1985). This lightinduced decrease in [Ca®;is
crucial to the process of light adaptation (Burns and
Baylor, 2001; Fain et al., 2001; Lamb and Pugh, 2006),
leading to accelerated cGMP synthesis by guanylyl cyclase
(Koch and Stryer, 1988), speeded quenching of activated
photopigment by phosphorylation (Kawamura, 1993),
and increased cGMP affinity of the CNG channel (Hsu
and Molday, 1993).

To terminate the light response and restore the dark-
adapted sensitivity, all of the intermediates in the trans-
duction cascade must be quenched, and the cGMP
concentration must be restored. The translational in-
variance of the recovery of the responses to saturating
flashes of increasing intensity has been taken as indicat-
ing that response recovery is governed by a single dom-
inant time constant, which is believed to represent
the slowest of these quenching processes (Hodgkin and
Nunn, 1988; Nikonov et al., 1998; Pepperberg et al.,
1992). However, the molecular nature of the rate-limiting
step underlying the dominant time constant remains
controversial and may differ between rods and cones.
In rods, Meta II rhodopsin is quenched by its Ca*'-
dependent phosphorylation (Bownds et al., 1972; Kithn
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and Dreyer, 1972), followed by the binding of arrestin
(Kihn et al., 1984). In contrast, shutoff of transducin
results from its intrinsic GTPase activity (Arshavsky and
Bownds, 1992), which is not believed to depend on
Ca”. Whichever of these processes takes place the most
slowly will dominate the ultimate recovery of the photo-
response. In amphibian rods, the time constant that
normally dominates the recovery of the saturating flash
response does not appear to depend on Ca** (Lyubarsky
et al., 1996; Matthews, 1996), whereas a faster and Ca*'-
dependent process (Matthews, 1997) can be prolonged
to instead dominate response recovery by substituting a
modified chromophore that slows Meta II rhodopsin
quenching (Matthews et al., 2001). Thus, it would ap-
pear that the Ca*-sensitive quenching of rhodopsin
does not normally dominate recovery of the amphibian
rod saturating photoresponse, suggesting that recovery
is instead dominated by the GTPase activity of trans-
ducin (Sagoo and Lagnado, 1997). In mammalian rods,
however, this question has evoked more controversy
(Burns and Pugh, 2010). On the one hand, enhance-
ment of transducin GTPase activity by overexpression
of RGS-9 has been shown to accelerate the dominant
time constant, suggesting that recovery is dominated by
transducin deactivation (Krispel et al., 2006). In con-
trast, the increased single-photon response variability
seen upon reduced expression of arrestin and rhodop-
sin kinase has been interpreted as suggesting that rho-
dopsin lifetime might limit response recovery instead
(Doan et al., 2009). However, this confusion has re-
cently been resolved by the demonstration in mice in
which levels of both arrestin and RGS-9 were modified
that both rhodopsin phosphorylation and arrestin bind-
ing take place with a time constant of ~40 ms in the
wild-type animal (Gross and Burns, 2010), a value suffi-
ciently fast to render photopigment quenching non-
dominant in mammalian rods also.

Cone phototransduction has been studied in less detail
than in rods, leaving open the possibility that, despite
the fundamental similarities between their transduc-
tion cascades, significant differences might exist in the
control of their responses (Fu and Yau, 2007). Recent
evidence suggests that this is indeed the case for sala-
mander red-sensitive cones, in which the time constant
dominating the recovery of the saturating flash response
has been shown to depend on Ca*" and to be speeded
by an anion substitution designed to accelerate the quen-
ching of the red cone photopigment (Matthews and
Sampath, 2010). These results suggest that photopig-
ment quenching dominates flash response recovery
in red-sensitive cones, thereby conferring Ca** depen-
dence upon their response kinetics during adaptation
over the extensive cone operating range. To determine
whether this is a general feature of cone phototrans-
duction, we have extended this approach to the other
salamander cone spectral classes. In this study, we have
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investigated the role of Ca* in modulating the flash
response in salamander UV- and blue-sensitive cone
photoreceptors. We found in both cases that the flash
response remained sensitive to Ca** for its entire dura-
tion and that the dominant time constant for recovery
of the response to a saturating flash was prolonged when
the Ca®* concentration was not allowed to fall. These
results are similar to those obtained in the red-sensitive
cone (Matthews and Sampath, 2010) and indicate that
the dominance of response recovery by Ca*-sensitive
photopigment quenching instead of transducin shutoff
is a general feature of amphibian cone phototransduc-
tion. Moreover, to study further the molecular identity
of the process dominating red-sensitive cone recovery,
we investigated the effect on the dominant time con-
stant of protons, which favor the active Meta II form of
the photopigment (Parkes and Liebman, 1984). Under
conditions where the outer segment Ca®* concentration
was maintained at its dark-adapted level, we found
that external acidification from the physiological value
speeded the dominant time constant, whereas external
alkalinisation slowed it, consistent with the notion that
protons encourage formation of the active Meta II form
of the photopigment whose quenching dominates red-
sensitive cone response recovery after a saturating flash.
Preliminary results of these findings have been presented
to the International Union of Physiological Sciences and
the Physiological Society (Zang, J., and H.R. Matthews.
2009. Proceedings of the XXXVI International Con-
gress of Physiological Sciences. Poster PIAM-12-3; Zang,
J., and H.R. Matthews. 2010. Proceedings of The Physi-
ological Society. Abstr. C30).

MATERIALS AND METHODS

Preparation and external solutions

Details of the preparation, recording techniques, light stimuli,
and fast solution changes have been described in detail elsewhere
(Matthews, 1995; Matthews and Sampath, 2010) and are pre-
sented here briefly. The majority of experiments were performed
on cones isolated from the retinae of aquatic tiger salamanders
(Ambystoma tigrinum; Charles D. Sullivan Co.); experiments on rods
instead used land-phase spotted salamanders (Ambystoma macula-
tum; Strictly Reptiles Ltd.). Animals were dark adapted (normally
overnight) and then killed under dim red illumination by stun-
ning with a cranial concussion followed by decapitation and pith-
ing according to schedule I of the Animals (Scientific Procedures)
Act (1986). Each eyeball was removed and hemisected, and pieces
of eyecup were stored in darkness at 4°C until required. Photo-
receptors were dissociated mechanically by chopping a piece of
isolated retina on a Sylgard (Dow Corning) substrate under infra-
red illumination. The resulting cell suspension was transferred to
the recording chamber on the stage of an inverted microscope
(Diaphot; Nikon) and allowed to settle for 10 min before superfu-
sion with amphibian Ringer’s solution containing 111 mM
NaCl, 2.5 mM KCl, 1 mM CaCly, 1.6 mM MgCly, 10 pm EDTA as
chelator for heavy metal ions, 10 mM glucose, and 3 mM HEPES
buffer, adjusted to pH 7.7-7.8 with NaOH. All experiments were
performed at room temperature (20°C).



Changes in Ca®" concentration during the light response were
opposed using a 0Ca*/0Na* solution designed to minimize simul-
taneously both influx and efflux of calcium across the outer seg-
ment membrane (Matthews et al., 1988; Nakatani and Yau, 1988).
This solution consisted of 111 mM guanidinium chloride, 2.5 mM
KCl, 2 mM EGTA, and 3 mM HEPES buffer, adjusted to pH 7.7
with tetramethylammonium hydroxide. In the complete absence
of added CaCl,; and MgCl,, the EGTA buffer served to reduce the
free divalent concentrations to extremely low levels (Matthews,
1996). In experiments with modified extracellular pH, the HEPES
proton buffer was substituted with an alternative membrane-
impermeant “Good”-family buffer (pH 6.6, MOPSO; pH 8.5, EPPS;
pH 9.0, CAPSO; Good et al., 1966) titrated to the indicated pH
within its buffering range.

Electrical recording, light stimuli, and fast solution exchange
The inner segment of an isolated photoreceptor was drawn into a
suction pipette so that the entire outer segment remained ex-
posed to the superfusing solution. This recording geometry may
have resulted in the collection of a smaller fraction of the circulat-
ing current than is the case when the outer segment is recorded
from directly. Suction pipette currents were filtered using a Bessel
low-pass filter (DC-40 Hz for cones and DC-20 Hz for rods) and
digitized continuously for subsequent analysis using a PC equipped
with an intelligent interface card (Cambridge Research Systems).
Figure preparation and curve fitting were performed with Origin
(Microcal Software) and QTIplot.

Light flashes of 20-ms duration were delivered from an optical
bench via a high-speed electromechanical shutter (Vincent As-
sociates); the light intensity was attenuated by calibrated neutral
density filters (Schott). In experiments on cones, the light source
was a high-intensity mercury discharge lamp (SUV-DC-E; Lumatec).
Visible light stimuli were delivered at nominal wavelengths of
578 nm (red-sensitive cones) and 436 nm (blue-sensitive cones)
via narrow band interference filters (Comar Instruments).
UV light stimuli (UV-sensitive cones) were delivered via a switchable
short-pass filter built into the light source and designed to pass
principally the 362-nm mercury line. Cones were assigned to
UV-, blue-, and red-sensitive classes on the basis of their sensi-
tivity at these wavelengths, which are close to their respective
spectral response maxima (Perry and McNaughton, 1991). In ex-
periments on rods, a tungsten—halogen light source was used
to deliver 500-nm stimuli via a narrow band interference filter.
These control experiments were performed on the so-called
“red rods,” which constitute the overwhelming majority in the
salamander retina (Hdrosi, 1975) and are identified by their
characteristic morphology and their sensitivity to 500-nm light.
The absolute intensity of light stimuli was measured at the loca-
tion of the recording chamber with a UV-enhanced silicon photo-
diode (Centronic) connected to a radiometric optometer (S370;
Graseby Optronics), which was also used to calibrate the neutral
density filters at each wavelength. In addition, a calibrated infrared
blocking filter (KG1; CVI Melles Griot) was used to prevent infra-
red wavelengths present in the output of the mercury discharge
light source in UVA mode from reaching the photodiode during
UV calibration.

Rapid solution changes from Ringer’s solution to 0Ca* /0ONa*
solution were achieved by translating the interface between two
rapidly flowing streams of solution across the exposed outer seg-
ment using a computer-controlled stepper motor coupled to the
microscope stage (Matthews, 1995, 1996). The rapid solution
change could be performed in ~50 ms, estimated from the rising
phase of the junction current driven by the liquid junction poten-
tial between the dissimilar solutions in the suction pipette and
bath. Junction currents were obtained by exposing the outer seg-
ment to the solution change during steady light of sufficient in-
tensity to completely suppress the circulating current. The timings

of solution changes were determined from the half-rise times of
the junction current. The outer segment current was obtained by
subtracting the junction current from the suction pipette current
recorded during the experimental protocol.

RESULTS

Ca”" modulates UV- and blue-sensitive cone

response recovery

To explore the effect of Ca** concentration on the time
course of response recovery in salamander UV- and
blue-sensitive cones, a 0Ca%*/0Na* solution designed to
minimize simultaneously both Ca*" influx and efflux
(Matthews et al., 1988; Nakatani and Yau, 1988) was
used to delay the dynamic fall in Ca* concentration,
which normally accompanies the response to a bright
flash (Matthews and Sampath, 2010). Because the outer
segment was returned to Ringer’s solution while the re-
sponse remained in saturation, the outer segment Ca*"
concentration would then have fallen from near its origi-
nal dark level to the greatly reduced level established
within <200 ms when all the CNG channels are closed
(Sampath et al., 1999) before the onset of response re-
covery. The effect of this manipulation on the timing of
response recovery was used to investigate the period
over which quenching of the transduction cascade re-
mains sensitive to Ca? (Matthews, 1997).

This approach is illustrated for a UV-sensitive cone in
Fig. 1 A. First, the cone outer segment was stepped into
0Ca* /0Na' solution; this solution change was accompa-
nied by a negative junction current driven by the liquid
junction potential between the guanidinium-substituted
solution in the bath and the Ringer’s solution in the
suction pipette. A bright flash was delivered 1 s later,
suppressing the inward dark current carried by guani-
dinium through the CNG channels of the outer seg-
ment membrane. At a variable time thereafter, while
the flash response still remained in saturation, the outer
segment was returned to normal Ringer’s solution,
thereby allowing the Ca*" concentration to fall before
the onset of response recovery. The recovery phases are
replotted in Fig. 1 B after subtraction of the junction
current. The time at which the response recovered
from saturation by 25% (Fig. 1 B, dashed line) was mea-
sured as in previous studies (Matthews, 1997; Matthews
and Sampath, 2010) and is plotted in Fig. 1 C as a func-
tion of the time spent in 0Ca?"/0Na* solution after the
flash. When the flash was delivered in the absence of
the solution change (Fig. 1 B, heavy trace), thereby allow-
ing the outer segment Ca®* concentration to fall imme-
diately, the response recovered to the criterion level in
just over 2 s. However, when the outer segment was
exposed to 0Ca*"/0Na* solution, response recovery was
progressively delayed in direct proportion to the time
spent in this solution after the flash (Fig. 1 C, solid re-
gression line). The relatively small response amplitude
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Figure 1. Effect on the bright flash response in

a salamander UV-sensitive cone of superfusion

with 0Ca®/0Na* solution. (A) Superimposed re-
sponses to saturating flashes in Ringer’s solution
(heavy trace) and upon exposure to 0Ca* /0Na*
solution from 1 s before the flash until progres-
sively increasing times thereafter (light traces).
Top traces represent solution change and flash
command timings. Suction pipette currents in-
clude a junction current resulting from the liquid
junction potential between the dissimilar solu-
tions in pipette and bath. Each trace is the mean
of two responses; measurements were bracketed
symmetrically in time. The bright flash delivered

2.5 x 105 photons pmf2 at 362 nm. (B) Recov-
ery phases of the responses from A after subtrac-
tion of the junction current obtained on the
return to Ringer’s solution after a 2-s exposure
to 0Ca*/0Na’ solution at the end of the experi-
ment. For each trace, the junction current has
been offset in time to coincide with the return to

Ringer’s solution. Data have been digitally low-
pass filtered at 20 Hz. The heavy trace denotes
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seen in this example may reflect, in part, reduced cur-
rent collection in the outer segment—exposed recording
geometry, whereas the early response “peak” seen in this
and some other control responses is likely to represent
the behavior of voltage-gated conductances in the inner
segment membrane within the recording pipette. Equiv-
alent results obtained from a blue-sensitive cone using
this protocol are shown in Fig. 2. Again, it can be seen
that the time taken for the response to recover to the
criterion level increased in direct proportion to the time
spent in 0Ca*"/0Na* solution after the flash (Fig. 2 C).
Because the outer segment Ca®* concentration would
have fallen rapidly upon the return to Ringer’s solution,
the progressive delay in response recovery seen when
the outer segment was exposed to 0Ca®*/0Na’ solution
during the period of saturation cannot have resulted
from rapid effects of Ca®* on guanylyl cyclase or the
CNG channel. Instead, these observations indicate that
the transduction cascade remained sensitive to Ca** for
the entire duration of the response in salamander UV-
and blue-sensitive cones, as has been shown to be the
case for the red-sensitive cones of this species (Matthews
and Sampath, 2010), and in dramatic contrast to the
situation in salamander rods (Matthews, 1996, 1997).
Collected data from this protocol are shown in Fig. 3
for seven UV-sensitive cones (Fig. 3 A) and six blue-
sensitive cones (Fig. 3 B). The increase in the time for
25% recovery when compared with the corresponding
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the response in Ringer’s solution. (C) Depen-
dence of response duration on the time spent
in 0Ca* /0ONa* solution after the flash. Response
duration was measured as the time taken after the
flash for 25% recovery of current (dashed line
in B). Times of the solution changes were mea-
sured from the half-relaxation time of the junc-
tion current. Regression line of slope 0.43 was
fitted using a least-squares algorithm.

control response in Ringer’s solution rose linearly with
the time spent in 0Ca* /0ONa* solution after the flash
with a slope of 0.43 + 0.07 (+SEM) in UV-sensitive cones
and 0.62 = 0.05 in blue-sensitive cones. The linearity of
this relationship is consistent with the notion that in
UV-and blue-sensitive cones, as in red cones (Matthews
and Sampath, 2010), the process that dominates re-
sponse recovery depends on the outer segment Ca**
concentration, decaying only slowly when [Ca®]; is main-
tained at its initial dark-adapted level and then acceler-
ating once [Ca?']; is allowed to fall (Matthews et al.,
2001). This simple model would imply, if the solution
changes and the concomitant fall in [Ca*]; were in-
stantaneous, an acceleration of the time constant dom-
inating recovery by a factor of 1.8 in UV-sensitive and
by a factor of 2.6 in blue-sensitive cones (see Fig. 9 and
Eq. 2 in Matthews et al., 2001).

Ca** controls the dominant time constant of UV- and blue-
sensitive cones

The duration of the response to supersaturating flashes
is believed to be governed by the dominant time constant
for the shutoft of the phototransduction cascade, which
can be determined from the slope of the plot relating the
time for the response to recover to a criterion level to
the natural logarithm of the flash intensity (Pepperberg
etal., 1992; Nikonov et al., 1998). This approach, which
has been applied previously to salamander red-sensitive
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Figure 2. Effect on the bright flash response in
a salamander blue-sensitive cone of superfusion
with 0Ca®/0Na* solution. (A) Superimposed re-
sponses to saturating flashes in Ringer’s solution
(heavy trace) and upon exposure to 0Ca*"/0Na*
solution from 1 s before the flash until progres-
sively increasing times thereafter (light traces).
Top traces represent solution change and flash
command timings. Suction pipette currents have
not been corrected for the junction current.
Each trace is the mean of two responses. The

bright flash delivered 3.3 x 10° photons pm 2 at
436 nm. (B) Recovery phases of the responses
from A after subtraction of the junction cur-
rent as in Fig. 1 B. Data have been digitally low-
pass filtered at 20 Hz. The heavy trace denotes
the response in Ringer’s solution. (C) Depen-
dence of response duration on the time spent in
0Ca® /0ONa' solution after the flash. Response du-

ration was measured as the time taken after the
flash for 25% recovery of current (dashed line
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cones (Matthews and Sampath, 2010), was used to inves-
tigate the effect of Ca®* on the dominant time constant
more directly in UV-sensitive (Fig. 4) and blue-sensitive
(Fig. 5) cones. Values of the dominant time constant ob-
tained from a series of saturating flashes of increasing
intensity delivered in normal Ringer’s solution (Figs. 4 A
and 5 A), when [Ca®']; is free to fall during the response,
were compared, in different cells, with values obtained
after stepping the outer segment into 0Ca**/0Na’ solu-
tion (Figs. 4 B and 5 B), which opposes the light-induced
fall in Ca* concentration (Matthews and Sampath,
2010) and which, in both cases, considerably retarded
response recovery as in red-sensitive cones (Nakatani and
Yau, 1988; Matthews et al., 1990). These responses were
then corrected by the subtraction of junction currents,
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in B). Regression line of slope 0.58 was fitted
using a least-squares algorithm.

and the times for 25% response recovery were measured
as in previous figures.

Collected recovery time data obtained under these two
conditions from junction current-corrected responses
are plotted in Figs. 4 C and 5 C for UV-and blue-sensitive
cones, respectively. For both receptor classes, the time
for the response to recover to a 25% criterion level var-
ied approximately linearly with the natural logarithm of
the flash intensity. The slope of this relationship was
relatively shallow in Ringer’s solution (Figs. 4 Cand 5 C,
open circles), when [Ca*']; was free to fall during the
flash response, yielding values for the dominant time
constant of 0.38 = 0.05 s from eight UV-sensitive cones
and 0.39 + 0.04 s from 11 blue=sensitive cones. In con-
trast, the slope of this relationship was increased when

Figure 3. Collected data illustrating the de-
pendence of the prolongation of response
duration on the time spent in 0Ca®/0Na* so-
lution after a bright flash as in Figs. 1 and 2.
Response prolongation was measured for each
cone as the difference between the time taken
after the flash for the response to recover by
25% when exposed to 0Ca*/0Na" solution
for the indicated period and the time for 25%
recovery of the same cone in Ringer’s solu-
tion. (A) Mean data from seven UV-sensitive
cones, as in Fig. 1; error bars represent SEM.
Regression line of slope 0.43 + 0.07 was fitted

0.0 04
Time in 0Ca”/0Na" solution after flash (s)

0.0 0.4 0.8 1.2

using a weighted least-squares algorithm.
(B) Mean data from six blue-sensitive cones, as
in Fig. 2. Regression line of slope 0.62 = 0.05.
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UV cones

Figure 4. Determination of the domi-
nant time constant from the depen-
dence of UV-sensitive cone response
duration on supersaturating flash in-
tensity. (A and B) Superimposed suc-
tion pipette current recordings of the
responses from two representative UV-
sensitive cones. (A) Flashes delivered to
a UV-sensitive cone in Ringer’s solution.
(B) Flashes delivered to another UV-
sensitive cone in 0Ca®/0Na’ solution,
without correction for the junction cur-
rent. In both cases, the intensity of the
362-nm flashes increased from 1.7 x 10°
to 2.5 x 10° photons pm_2. Each trace is
the mean of two responses. (C) Mean
data for the dependence of response
duration on flash intensity in Ringer’s
solution (protocol as in A; open circles;
eight cells) and 0Ca%/0Na* solution
measured after junction current cor-
rection (protocol as in B; closed circles;

nine cells). Error bars denote SEM.
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the flash was delivered in 0Ca*"/0ONa' solution (Figs. 4 C
and 5 C, closed circles), which opposed the dynamic fall
in Ca® concentration during the response, yielding val-
ues for the dominant time constant of 1.04 + 0.12 s from
nine UV-sensitive cones and 0.80 = 0.15 s from six blue-
sensitive cones. These results indicate that when the
Ca®" concentration is allowed to fall, the time constant

e

Flash intensity (photons pm‘z)

Regression lines of slopes 0.38 + 0.05 s
(Ringer’s solution) and 1.04 + 0.12 s
(0Ca*/0Na* solution) were fitted by a
weighted least-squares algorithm.

13 14 15 16
e e e

dominating saturating flash response recovery is acceler-
ated, shortening by 2.7-fold in UV-sensitive and 2.1-fold
in blue-sensitive cones when [Ca*']; declines from its
dark-adapted level to the value during response satura-
tion. This approach to determining the dominant time
constant is based on the approximate translational in-
variance of the recovery of the bright flash response

Figure 5. Determination of the domi-
nant time constant from the depen-
dence of blue-sensitive cone response
duration on supersaturating flash inten-
sity. (A and B) Superimposed suction
pipette current recordings of the re-
sponses from two representative blue-
sensitive cones. (A) Flashes delivered
to a blue-sensitive cone in Ringer’s so-
lution. (B) Flashes delivered to another
blue-sensitive cone in 0Ca%/0Na* solu-
tion without correction for the junction
current. In both cases, the intensity of
the 436-nm flashes increased from 7.3 x
10* to 6.1 x 10° photons pm ™2 Each
trace is the mean of two responses.
(C) Mean data for the dependence of
response duration on flash intensity in
Ringer’s solution (protocol as in A; open
circles; 11 cells) and 0Ca®'/0Na* solu-
tion measured after junction current
correction (protocol as in B; closed cir-
cles; six cells). Error bars denote SEM.
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(0Ca*/0Na’ solution) were fitted by a
weighted least-squares algorithm.
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(Lyubarsky et al., 1996; Nikonov et al., 1998), which has
been illustrated previously in red cones (Matthews and
Sampath, 2010). Although it is tempting to interpret fur-
ther the waveform of response recovery at times after
attainment of the 25% recovery criterion, there are po-
tential risks in doing so in 0Ca**/0Na’ solution, espe-
cially at later times well after recovery from saturation,
by when total guanidinium influx may have become sig-
nificant (Fain et al., 1989) and stability of Ca®" concen-
tration in this solution may have been compromised
(Matthews and Fain, 2003). We have therefore not sys-
tematically investigated any subtle deviations from trans-
lational invariance in these experiments.
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Figure 6. Effect of pH on the responses of red-sensitive cones
in the absence of lightinduced changes in Ca® concentration.
Flashes of increasing intensity were delivered in 0Ca*/0Na* solu-
tion buffered to pH 6.6, 7.7, 8.5, and 9.0. The left-hand panels show
superimposed suction pipette current recordings of the responses
without correction for the junction current from four representa-
tive cones. Each trace is the mean of two responses. Top traces rep-
resent solution change and flash command timings. Bright flashes
at 578 nm were delivered between 1.1 x 10* and 3.6 x 10° photons
pm? (also see right-hand panels in Fig. 7). The righthand pan-
els plot collected data for the mean dark current in each solution
(mean + SEM; data were collected from 9 cones at pH 6.6, 49 cones
at pH 7.7, 12 cones at pH 8.5, and 16 cones at pH 9.0).

The dominant time constant of red-sensitive cones

is modulated by pH

In salamander red-sensitive cones, the dominant time
constant has been suggested to represent photopig-
ment quenching not only through its dependence on
Ca®" concentration (Kawamura, 1993) but also because
it can be accelerated by the removal of external chlo-
ride ions (Matthews and Sampath, 2010), a manipula-
tion that influences an anion-binding site on the long
wavelength-sensitive cone photopigment (Kleinschmidt
and Harosi, 1992; Wang et al., 1993). This notion was
investigated further by exploring the effect of rapid
changes in extracellular pH on the dominant time con-
stant in red-sensitive cones. Protons are known to favor
the active Meta II form of the photopigment (Parkes
and Liebman, 1984), which must be quenched to termi-
nate the response to light. In cones, the photopigment
is contained in invaginations of the outer segment
plasma membrane and therefore is directly accessible
to the external solution (Nilsson, 1964), whereas the
other components of the phototransduction cascade
are only accessible from the cytoplasm. By briefly expos-
ing the cone outer segment to 0Ca®'/0Na" solutions ti-
trated to different pH values with membrane-impermeant
buffers (Good et al., 1966), the proton concentration
experienced by the photopigment could be manipu-
lated without influencing any other component of the
phototransduction cascade while preventing any light-
induced changes in outer segment Ca*" concentration.

The approach adopted is illustrated in Fig. 6. The left-
hand panels show suction pipette current recordings
from four illustrative red-sensitive cones of supersa-
turating flashes of progressively increasing intensity
in 0Ca®/0Na" solutions at pH 6.6, 7.7, 8.5, and 9.0.
The outer segment was stepped into 0Ca**/0Na* solu-
tion 1 s before each flash and returned to Ringer’s solu-
tion at 5 or 8 s thereafter; the solution change to the
guanidinium-substituted solution was accompanied by
a substantial junction current. It can be seen qualitatively
that as the pH increased, response recovery was progres-
sively retarded. The righthand panels plot collected
data from several such experiments for the magnitude
of the circulating current in darkness in each of these
0Ca*/0Na* solutions of different pH. At pH 6.6, the
mean circulating current was markedly depressed, most
probably representing proton block of the CNG chan-
nels (Picco et al., 1996).

Fig. 7 examines in more detail the effect of these pH
changes on the timing of red cone response recovery.
In the left-hand panels, the same responses are shown
again after subtraction of the junction currents. The time
for each response to recover to the criterion level
(Fig. 7, dashed lines) was measured to allow the domi-
nant time constant to be determined. The right-hand
panels plot collected data from several such experiments
at each pH for the time for 25% recovery against the
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Figure 7. Effect of pH on the dominant time constant of red-

sensitive cones in the absence of lightinduced changes in Ca*
concentration. Flashes of increasing intensity were delivered in
0Ca®* /0Na' solution buffered to pH 6.6, 7.7, 8.5, and 9.0. The
lefthand panels show the responses of the four representative
cones of Fig. 6 after subtraction of the junction current. The top
trace represents flash command timings. Dashed lines represent
the 25% criterion recovery level. The closed circles in the right-
hand panels plot mean data for the dependence of response du-
ration on flash intensity in 0Ca*/0Na* solution buffered to the
indicated pH values (error bars denote SEM; data were collected
from 9 cones at pH 6.6, 49 cones at pH 7.7, 12 cones at pH 8.5,
and 16 cones at pH 9.0). The open circles in B represent the cor-
responding relationship obtained when the flashes were delivered
in Ringer’s solution at pH 7.7 (mean + SEM; 17 cells). Regression
lines were fitted using a weighted least-squares algorithm; their
slopes are plotted as the dominant time constant in Fig. 8 A.

natural logarithm of the flash intensity (Fig. 7, closed
circles). The slopes of the regression lines fitted to the
data increased monotonically with increasing pH, rep-
resenting a graded variation in the dominant time con-
stant with external pH when the outer segment Ca**
concentration was held at its dark-adapted value. In ad-
dition, Fig. 7 B also includes collected data obtained
when the flashes were presented in normal Ringer’s so-
lution (open circles), thereby allowing the light-induced
fall in [Ca*]; to speed the time constant dominating the
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recovery of the red-sensitive cone responses (Matthews
and Sampath, 2010).

Values for the dominant time constant derived from
the slopes of the fitted regression lines are plotted
against the corresponding pH in Fig. 8 A. The closed
circles represent the time constant obtained at each pH
in 0Ca* /0Na* solution, whereas the open circle denotes
the dominant time constant measured when the flashes
were delivered in pH 7.7 Ringer’s solution. When the
outer segment Ca*" concentration was held at its dark-
adapted value, the dominant time constant varied in a
graded manner with external pH, slowing by a factor of
2.2 upon alkalinisation to pH 9.0 from the normal phys-
iological value of pH 7.7 and shortening by a factor of
1.9 when the external solution was acidified to pH 6.6.
At pH values outside this range, cell survival was com-
promised. For comparison, the dominant time constant
at pH 7.7 was accelerated by an even greater factor of
2.4 when the outer segment Ca* concentration was al-
lowed to fall during the saturated flash response in
Ringer’s solution (Matthews and Sampath, 2010).

These data are replotted as the corresponding rate
constants in Fig. 8 B and have been fitted by a modified
Henderson-Hasselbalch equation (solid curve):

pK-pH
1 1010[71&171_[ + B}, (1)
+

R=R, x{(l - B)x
where R, is the maximum value for the rate constant,
set equal to its measured value when the saturating
flash is delivered in Ringer’s solution (Fig. 8 B, open
circle and dashed line), R,,, x B represents the mini-
mum value for the rate constant at high pH, and pKis
the acid dissociation constant for the proton-binding
site, which influences the dominant response termina-
tion process. The data could be best fitted with a value
for pKof 7.1 £ 0.1 and a value for B of 0.22 + 0.04, which
are close to those found for the effects of protons
on the equilibrium between the Meta I and II forms
of rhodopsin in native rod disk membranes at 20°C
(Mahalingam et al., 2008).

Because [Ca®']; was maintained at its dark value
throughout the flash response, these changes represent
the actions of pH on the dominant time constant gov-
erning response termination. As the photopigment is
the only component of the cone transduction cascade
directly exposed to external protons, the simplest inter-
pretation of this result is that protons might act by mod-
ifying the proportion of cone photopigment in the
active Meta II form that can be quenched. However, an
alternative interpretation of this result would be that ex-
ternal pH changes might instead either act at some
other nonspecific external site or, alternatively, despite
the use of impermeant buffers, result in a sufficient
change in cytoplasmic pH to affect subsequent stages of
the transduction cascade. To exclude these possibilities,
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Figure 8. Dependence of the dominant time constant on pH

in red-sensitive cones. (A) Dominant time constant plotted as a
function of pH, obtained from the slopes of the regression lines
fitted to the data of the righthand panels of Fig. 7. Closed cir-
cles represent measurements in 0Ca*/0Na* solution; the open
circle denotes the dominant time constant when the flash was
delivered in Ringer’s solution at pH 7.7. Error bars represent
SEM calculated by the weighted least-squares fitting algorithm.
(B) Corresponding rate constants, calculated as the reciprocal of the
dominant time constant, plotted as a function of pH. The closed
circles, representing measurements in 0Ca* /0Na' solution, have
been fitted with the modified Henderson-Hasselbalch relation-
ship of Eq. 1 using a least-squares algorithm. The fitted curve was
constrained to a maximum rate constant (R,,,) corresponding to
the dominant time constant measured in Ringer’s solution (open
circle and dashed line), yielding a pK of 7.1 + 0.1 and a minimum
baseline rate, B, at a high pH of 0.22 + 0.04.

similar experiments were performed in salamander
rods, whose photopigment is located in the membrane
of the disks, which are topologically separate from the
outer segment plasma membrane (Brown et al., 1963)
and therefore inaccessible to external protons.

Fig. 9 presents results obtained from rods using a pro-
tocol analogous to that used earlier for cones. The left-
hand panels show junction-corrected suction pipette
current recordings from three illustrative salamander
rods of supersaturating flashes of increasing intensity in
0Ca*/0ONa' solutions at pH 6.6, 7.6, and 8.6, and the mid-
dle panels plot the corresponding times for 25% response

recovery as a function of the natural logarithm of flash
intensity in the same three cells. The outer segment was
stepped into 0Ca*'/0Na’ solution 2 s before each flash
and returned to Ringer’s solution 15 s thereafter to
allow for the much slower kinetics of rod phototrans-
duction. Successive exposures evoked a progressive dim-
inution of the circulating currentin 0Ca%/0Na"*solution,
perhaps as the result of the accumulation of guanidin-
ium within the cytoplasm (Fain et al., 1989; Matthews,
1995). To minimize the effect of this decline on the av-
eraged data, flashes were delivered symmetrically in
time, with first decreasing and then increasing intensity,
and the responses were averaged pairwise across the pro-
tocol, whereas the times for 25% recovery were mea-
sured individually for each response and averaged at
each flash intensity. It can be seen qualitatively from
these sample cells that pH had little effect on the timing
of rod photoresponse recovery, whereas the slopes of
the regression lines fitted to the recovery time data,
which represent the dominant time constant for re-
sponse recovery, were similarly unaffected by pH. The
right-hand panels plot collected time constant data from
several such experiments at each pH as the means of the
slopes of the regression lines fitted to the recovery time
data for each rod. It can be seen that external pH
changes had no systematic effect on the dominant time
constant for rod recovery, and the differences between
the means were not significant (one-way ANOVA; F =
1.05, P = 0.37). The lack of effect of both increases and
decreases in pH on the rod dominant time constant in-
dicates that the systematic changes that were observed in
red-sensitive cones are unlikely to result either from
nonspecific actions of external protons or from changes
in cytoplasmic pH but instead represent actions of exter-
nal protons on the exposed cone photopigment.

DISCUSSION

Ca?* dependence of response duration is a general feature
of amphibian cone phototransduction

This study has investigated the mechanism that regu-
lates termination of the light response in salamander
UV-sensitive and blue-sensitive cones. In both of these
cone classes, the quenching of the transduction cascade
remained sensitive to Ca* for the entire duration of the
bright flash response (Figs. 1-3), in common with red-
sensitive cones (Matthews and Sampath, 2010) but in
dramatic contrast to the rods of this species (Matthews,
1996; Matthews et al., 2001). In consequence, the time
constant that dominates bright flash response recovery
is modulated by the dynamic fall in Ca*" concentration
that takes place during the light response (Figs. 4 and 5),
as in red-sensitive cones (Matthews and Sampath, 2010).
Thus, control of the dominant time constant by Ca*
appears to be a common feature of phototransduction in
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Figure 9. Lack of effect of pH on the dominant time constant of salamander rods in the absence of light-induced changes in Ca*" concen-
tration. Flashes of increasing intensity were delivered in 0Ca?*/0Na" solution buffered to pH 6.6, 7.6, and 8.6. Bright flashes at 500 nm were
delivered between 6.7 and 111 photons tm 2 and were presented in a time-symmetrical sequence. The left-hand panels show the responses
of three representative rods after subtraction of the junction current. Each trace is the mean of two responses to flashes presented sym-
metrically in time and has been normalized according to the initial current just before the flash. The top trace represents flash command
timings. The closed circles in the middle panels plot the dependence of response duration on flash intensity for each cell; each point is the
mean of the values from two symmetrically presented responses. Regression lines were fitted using a least-squares algorithm; their slopes
represent the dominant time constant in each cell. The right-hand panel plots collected data from several cells for the mean value of the
time constant fitted individually to each cell at pH 6.6 (seven cells), pH 7.6 (eight cells), and pH 8.6 (six cells); error bars represent the
SEM. The time constants are not significantly different at the three pH values (one-way ANOVA; F = 1.05, P = 0.37), indicating that external

pH has no systematic effect on the dominant time constant in rods.

all three cone classes, exhibiting a more than twofold
modulation over the physiological Ca®" concentration
range (Figs. 3-5 and 7 B). This is the case despite the
considerable differences in sensitivity and response ki-
netics that exist between the different cone classes in
this species (Perry and McNaughton, 1991; Makino and
Dodd, 1996). Moreover, the light-induced Ca* decay in
blue-sensitive cones is ~2.2-fold slower than that in red-
sensitive cones (Sampath et al., 1999), corresponding
well with the ratio of 2.3 between the dominant time
constants for response recovery in Ringer’s solution in
these two cone classes (Figs. 5 B and 7 B). This observa-
tion suggests that the dynamics of the decline in Ca**
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concentration may be well matched to the absolute mag-
nitude of the dominant time constant in each cone class.

It is important to note, however, that the approach
used in this study was designed to investigate the domi-
nant time constant governing the recovery of the re-
sponses of cones to saturating flashes. Itis thus not clear
whether the Ca®' dependence of the cone dominant
time constant would necessarily apply for the responses
to still higher or lower flash intensities, for which the
relative importance of response termination mecha-
nisms may differ. For example, at intensities that cause
significant photopigment bleaching, cone response re-
covery may be dominated by the direct decay of the
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to record from red cone photoreceptors. The suction pipette was filled with normal Ringer’s solution, whereas the outer segment was
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Meta Il form of the photopigment (Estevez etal., 2006),  cone pigment (Wang et al., 1993), further red-shift its

whereas it has been suggested that transducin quench-  action spectrum (Kleinschmidt and Harosi, 1992), and
ing may play the dominant role in cone response recov-  appear to prolong its catalytic lifetime (Matthews and
ery at dim flash intensities (Korenbrot, 2012). Sampath, 2010). The shortening of the dominant time
constant by withdrawal of external Cl™ thus supports
Modulation of the dominant time constant by external pH the notion that Ca**-sensitive photopigment quenching
in red-sensitive cones dominates red-sensitive cone recovery (Matthews and
The ability of Ca** to modulate the dominant time con-  Sampath, 2010).
stant in red-sensitive cones has been proposed to im- In this study, brief changes in external pH in the solu-

plicate photopigment quenching as the rate-limiting  tion bathing the outer segment were found to modulate
process in the shutoff of the cone phototransduction  the dominant time constant of red-sensitive cones in a
cascade (Matthews and Sampath, 2010). In rods, this ~ graded manner (Figs. 6 and 8). In particular, external
process involves phosphorylation of the active Meta II  acidification accelerated the dominant time constant,
form of rhodopsin, which is known to depend on Ca**  indicating that protons must target the rate-limiting pro-
(Kawamura, 1993; Chen et al., 1995; Klenchin et al., cess directly (Pugh, 2006). In cones, the surface of the
1995). In cones, photopigment phosphorylation takes  outer segment is invaginated to form sacs whose mem-
place rapidly after illumination (Tachibanaki et al.,  brane contains the photopigment (Fig. 10 A), in con-
2005), is required for normal response recovery  trast to the topologically distinct disks of the rod outer
(Rinner et al., 2005) before capping by a cone-specific ~ segment (Brown et al., 1963). Consequently, the exter-
arrestin (Renninger et al.,, 2011), and is modulated by ~ nal solution contacts not only the CNG channels and
Ca? (Kennedy et al., 2004). In red-sensitive cones, ex- sodium—calcium exchanger, but also the extracellular
ternal Cl” ions bind to the long wavelength-sensitive  face of the photopigment, which in a rod would be located
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within the disk lumen. Protons are known to block CNG
channels (Picco et al., 1996), thereby influencing the
magnitude of the dark current (Fig. 6), and to reduce the
saturated sodium—calcium exchange current (Hodgkin
and Nunn, 1988). However, these actions seem unlikely
to have influenced response kinetics in these experi-
ments because Ca” fluxes across the outer segment
membrane were already incapacitated by exposure to
0Ca*/0Na' solution, thereby rendering both sodium-
calcium exchange and the CNG channels irrelevant
from the point of view of calcium homeostasis. This
conclusion is strengthened by the lack of effect of exter-
nal pH on the dominant time constant of salamander
rods (Fig. 9), in which the photopigment is located in
the disk membrane and therefore is not accessible to the
external solution and in which rhodopsin quenching is
not the process normally dominating response recovery.
This result argues against the possibility that changes in
dominant time constant in cones might result from non-
specific actions of protons at some other external site.
Furthermore, it also indicates that such brief changes in
external pH are unlikely to have exerted their actions on
the cone dominant time constant by altering the pH of
the outer segment cytoplasm. Consequently, the changes
in cone dominant time constant seem likely to represent
actions of protons on the exposed extracellular face of
the cone photopigment itself.

Biochemical studies on rhodopsin provide an indica-
tion as to how protons might exert these actions on the
cone photopigment. Rhodopsin quenching requires
phosphorylation of its Meta II form, which is accessible
to rhodopsin kinase (Kihn, 1978; Kuhn et al., 1982).
For any level of rhodopsin kinase activity, the quench-
ing rate of the total activated pool of rhodopsin would
be expected to be affected by any manipulation that in-
fluences the position of the equilibrium between its
Meta I and II forms. An example is provided by the
slowed and Ca**-sensitive response recovery observed in
rods regenerated with the 9-demethylretinal chromo-
phore (Corson et al., 1994; Matthews et al., 2001), which
shifts this equilibrium strongly toward the Meta I form
(Meyer et al., 2000; Vogel et al., 2000). Protons have
been shown to favor the active Meta II form of rhodop-
sin in bovine disk membrane suspensions (Parkes and
Liebman, 1984). Consequently, rhodopsin quenching
might be expected to be more rapid at acidic pH and to
be retarded at alkaline pH.

The conformational transition to the active Meta II
form of rhodopsin has been shown to involve two pro-
tonation switches (Fig. 10 C). The first takes place via an
internal proton transfer from the protonated Schiff
base to its glutamic acid counterion (E113; Jaeger etal.,
1994). Although deprotonation of the Schiff base is
often presented as the crucial step in Meta II formation
(Longstaff et al., 1986), it appears to be the protonation
of the counterion that is necessary for activation (Fahmy
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etal., 1995) because a Meta II-like photoproduct can be
formed even when the Schiff base is also still protonated
(Vogel et al., 2001). The second switch involves pro-
ton uptake at a highly conserved glutamic acid-binding
site (E134) located in the ERY motif at the cytoplasmic
face of transmembrane helix 3 (Arnis et al., 1994). It is
this second proton switch that is believed to give rise to
anomalous pH dependence of the Meta I/Meta II equi-
librium (Mahalingam et al., 2008) by stabilizing the
active Meta IIb form at acidic pH. In native rod disk
membranes, the two protonation switches become par-
tially uncoupled at physiological temperatures, giving
rise to an entropy-stabilized but unprotonated Meta Ila
state at alkaline pH in which the activating movement
of helix 6 has already taken place (Mahalingam et al.,
2008; Zaitseva et al., 2010). Comparison of the pH titra-
tion curve for the formation of the active Meta II con-
formation of rhodopsin in native disk membranes
(Mahalingam et al., 2008) with the pH dependence of
the rate constant for removal of the rate-limiting inter-
mediate in the red cone photoresponse (Fig. 8 B) re-
veals a striking correspondence.

Homologous sites are present in the salamander red
cone pigment (E128 and E149; Xu et al., 1998) for the
counterion (Fig. 10 B, Glu) and ERY motif (Fig. 10 B,
ERY), respectively. In addition, the anion-binding site
of the human medium and long wavelength cone pig-
ments is believed to involve a histidine residue in the
extracellular loop between helices 4 and 5 (H197; Wang
et al., 1993) that is conserved in the salamander red
cone pigment (H196; Fig. 10 B, His; Xu et al., 1998). This
has been suggested to form part of a complex Schiff
base counterion in its native chloride-liganded state
(Kleinschmidt and Harosi, 1992), which would form
only after protonation.

So which of these sites for proton binding might con-
tribute to the effect of pH observed in these experi-
ments? Although it is tempting to attribute a role for
proton binding to the ERY motif, it seems unlikely that
brief exposure of the cone outer segment alone to a
0Ca®/0Na* solution of modified pH containing an im-
permeant buffer would have substantially affected the
pH of the cytoplasm itself. The ERY motif in the red cone
pigment is located just beyond the cytoplasmic face of
helix 3 (Xu et al., 1998), and so is not in direct contact
with the external solution. Although an influence of ex-
tracellular protons on this site cannot be completely ex-
cluded because internal water molecules are present
within the transmembrane region of the photopigment
(Okada et al., 2002), it seems more likely that protons
exert their effect through protonation of the counterion
(Fig. 10 C, Glu) or the anion-binding site (Fig. 10 C, His),
both of which are located on the extracellular face of the
red cone pigment (Fig. 10 B), and so either or both might
potentially contribute. One potential way of discriminat-
ing between these two possibilities would be to extend



these studies in the future to blue- or UV-sensitive cones,
which lack the anion-binding site (Kleinschmidt and
Harosi, 1992). Nevertheless, the precise site at which pro-
tons influence the red cone pigment remains unknown.

Implications for cone light adaptation

The sensitivity of photoreceptors is reduced during light
adaptation to preserve useful signals when the back-
ground light intensity rises. Although the overall photo-
transduction cascade is thought to be similar in both
photoreceptor classes, cones do not saturate even in
the presence of bright background light (Baylor and
Hodgkin, 1974; Matthews et al., 1990; Schneeweis and
Schnapf, 1999), whereas rods can only function over a
more modest range of intensities. Although photopig-
ment bleaching will contribute to cone desensitization at
the highest intensities (Burkhardt, 1994; Paupoo et al.,
2000), at dimmer intensities changes in Ca** concentra-
tion seem likely to play a major role. The decline in Ca**
concentration that occurs during the light response serves
to accelerate photopigment phosphorylation (Kawamura,
1993; Chen et al., 1995; Kennedy et al., 2004), speed the
synthesis of cGMP (Koch and Stryer, 1988), and enhance
the cGMP affinity of cGMP-gated channels (Hsu and
Molday, 1993; Rebrik et al., 2000). Because most compo-
nents of the phototransduction cascade exhibit different
molecular properties in the two receptor classes, quanti-
tative differences between the individual components
and their expression levels seem likely to contribute
to the different photoresponse properties (Fu and Yau,
2007). In salamander rod photoreceptors, many of the
adaptational changes in photoresponse waveform and
sensitivity can be accounted for by the increase in cGMP
turnover evoked by steady light (Nikonov et al., 2000),
which may be elevated by 10-20-fold over the full ada-
ptational intensity range (Hodgkin and Nunn, 1988;
Cornwall and Fain, 1994; Nikonov et al., 2000). In con-
trast, cyclase rates may be elevated by only 3.5-fold in sala-
mander cones during bright illumination (Cornwall
et al.,, 1995), suggesting that cGMP turnover may play a
considerably more modest role in the control of response
sensitivity and time course than in rods (Matthews and
Sampath, 2010). Furthermore, despite exhibiting more
extensive adaptation and a wider calcium dynamic range
(Sampath et al., 1999) than rods (Sampath et al., 1998;
Woodruffetal., 2002), the responses of mammalian cones
appear to be modulated by guanylyl cyclase-activating
proteins to a lesser degree than mammalian rods (Sakurai
et al., 2011), suggesting that differential modulation of
the guanylyl cyclase rate cannot account for the adapta-
tional differences between the two receptor classes. In con-
trast, visual pigment kinase appears to be modulated to
a greater degree in cones than in rods (Arinobu et al,,
2010). The demonstration in the present study that
dominance of cone bright flash response recovery by
Ca*"-sensitive pigment quenching is a general feature of

amphibian cone phototransduction may provide an
additional mechanism by which background light can
modulate the sensitivity and time course of the cone pho-
toresponse over its extensive adaptation range.
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