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Abstract

Opsins, like many other G-protein-coupled receptors, sustain constitutive activity in the absence of ligand. In
partially bleached rods and cones, opsin’s activity closes cGMP-gated channels and produces a state of “pigment
adaptation” with reduced sensitivity to light and accelerated flash response kinetics. The truncated retinal analogue,
b-ionone, further desensitizes partially bleached green-sensitive salamander rods, but enables partially bleached
red-sensitive cones to recover dark-adapted physiology. Structural differences between rod and cone opsins were
proposed to explain the effect. Rods and cones, however, also contain different transducins, raising the possibility
that G-protein type determines the photoreceptor-specific effects of b-ionone. To test the two hypotheses, we
applied b-ionone to partially bleached blue-sensitive rods and cones of salamander, two cells that couple the same
cone-like opsin to either rod or cone transducin, respectively. Immunocytochemistry confirmed that all salamander
rods contain one form of transducin, whereas all cones contain another. b-Ionone enhanced pigment adaptation in
blue-sensitive rods, but it also did so in blue- and UV-sensitive cones. Furthermore, all recombinant salamander rod
and cone opsins, with the exception of the red-sensitive cone opsin, activated rod transducin upon the addition of
b-ionone. Thus opsin structure determines the identity of b-ionone as an agonist or an inverse agonist and in that
respect distinguishes the red-sensitive cone opsin from all others.
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Introduction

In vertebrate rods and cones, light isomerizes the 11-cis retinal
chromophore to the all-trans conformation, converting the visual
pigment to a form that can activate the G-protein, transducin.
Eventually, the pigment is phosphorylated and all-trans retinal
dissociates, but opsin retains a weak ability to activate transducin,
and that activity produces a Ca2�-dependent desensitization of the
phototransduction pathway known as “pigment or bleaching ad-
aptation” ~reviewed in Ebrey & Koutalos, 2001; Fain et al., 2001;
McBee et al., 2001!. Photoreceptors recover from pigment adap-
tation after replacement 11-cis retinal, supplied by pigment epi-
thelial cells, regenerate the visual pigment, and quench opsin’s
activity.

A number of retinoids, including 11-cis retinol, 11-cis 13-
demethylretinal, and the truncated analogue b-ionone relieve pig-
ment adaptation in red-sensitive ~RS! cones ~Jones et al., 1989; Jin
et al., 1993; Corson et al., 2000!, but intensify it in green-sensitive
~GS! rods ~Jones et al., 1989; Kefalov et al., 1999; Corson et al.,
2000!. Kefalov et al. ~1999! proposed an “Opsin Hypothesis,”

wherein a fundamental difference in the structures of rod and cone
opsins causes retinoids to enhance rod opsin’s activity, but quench
that of cone opsin. Rods and cones, however, also express different
transducins ~Fung et al., 1992; Lee et al., 1992; Peng et al., 1992;
Ong et al., 1995!. So in an alternate “Transducin Hypothesis,”
different binding and activation requirements of rod and cone
transducins could specify a retinoid as an agonist or an inverse
agonist. These competing hypotheses were tested by applying
b-ionone to partially bleached blue-sensitive ~BS! rods and cones
of salamander, which were previously shown to contain the same
cone-type pigment, coupled to rod and cone transducins, respec-
tively ~Ma et al., 2001b!. According to the Opsin Hypothesis,
b-ionone should relieve pigment adaptation in BS rods and BS
cones. On the contrary, the Transducin Hypothesis predicted that
b-ionone should relieve pigment adaptation in BS cones, but
intensify it in BS rods.

Materials and methods

Animals

Care and use of all animals conformed to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and
institutional guidelines. Larval tiger salamanders ~Ambystoma
tigrinum, Charles D. Sullivan, Inc., Nashville, TN! were main-
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tained in Holtfretter’s solution with a twofold higher salinity on a
14-h light010-h dark cycle at 168C to 208C for physiological
experiments and on a 12-h light012-h dark cycle at 88C to 108C for
all other experiments.

Nomenclature

For consistency, we define salamander rods and cones according to
the color of light to which they are most sensitive; for example, GS
rods contain rhodopsin and respond optimally to green light, while
BS rods contain an SWS2 pigment which absorbs maximally in the
blue. It should be pointed out that historically GS and BS rods are
referred to as red and green rods, respectively.

Single cell recording

Salamanders were dark-adapted overnight, decapitated and retinal
tissue prepared under infrared illumination ~Makino et al., 1999!.
A piece of retina was mechanically dissociated, placed in the
recording chamber and perfused continuously with Ringer’s con-
sisting of ~mM!: 108 NaCl, 2.5 KCl, 1.0 MgCl2, 10 HEPES, 1.5
CaCl2, 0.02 EDTA, 10 glucose, 7.5 � 10�4 bovine serum albumin
~BSA, Fraction V, g-globulin-free, Sigma, St. Louis, MO!, pH 7.6
at 208C to 228C. Photocurrents were recorded from the inner
segment of a single rod or cone with a suction electrode and a
patch clamp amplifier ~Axopatch 200A, Axon Instruments, Foster
City, CA!, low-pass filtered with an 8-pole Bessel ~30 Hz, �3 dB!
and digitized at 400 Hz. No corrections were made for the delay
introduced by filtering. Cells were stimulated with light from a 75
W xenon arc lamp that passed through a six-cavity interference
filter ~10 nm bandwidth at half-maximal transmission, Omega
Optical, Brattleboro, VT! and an electronic shutter. A nominal
duration of 22 ms was used for test flashes. Cells were identified
by inspection and by their responses to flashes at 377 nm, 440 nm,
500 nm, and 620 nm. The light was calibrated with a photometer
~UDT 350, Graseby, Orlando, FL! through a 200-µm diameter
pinhole ~Melles Griot, Carlsbad, CA! placed at the level of the
recording chamber.
b-Ionone was obtained from Sigma, re-distilled and dissolved

in absolute ethanol. This stock was diluted with Ringer’s to
concentrations between 10- and 40-µM and a final concentration of
ethanol �0.1%. In control experiments, perfusion with 0.1% eth-
anol had no effect on the flash responses of any of the cells either
before or after bleaching. b-Ionone was introduced through one
channel of a theta tube. Ringer’s ran through the other channel. A
waste port positioned across from the theta tube established lam-
inar flow from the two channels with little interfacial mixing.
Because of the hydrophobicity of b-ionone, the actual concentra-
tion exiting the theta tube ranged from 5–17 mM, as determined
spectroscopically.

During an experiment, responses to test flashes were first
recorded in Ringer’s. Cells were then exposed to bright light:
2.2–4.0 � 108 photons mm�2 at 600 nm for RS cones, 7.6–37.0 �
107 photons mm�2 at 460 nm for BS cones, 1.4–3.4 � 107

photons mm�2 at 360 nm for UV-sensitive ~UVS! cones, 9.4–
11.0 � 107 photons mm�2 at 520 nm for GS rods, and 4.1–8.9 �
107 photons mm�2 at 400 nm for BS rods, in order to bleach a
fraction of the pigment. The fractional bleach was calculated using
the formula:

F � 1 � exp@�IPt# , ~1!

where I is the light intensity in photons mm�2 s�1, t is the duration
of the bleach, and P is the photosensitivity. Values used for P were
~µm2 molecule�1!: 5.4 � 10�9 for GS rods and RS cones, 3.4 �
10�9 for BS rods, 5.8 � 10�9 for BS cones ~Makino et al., 1991!
and 9.3 �10�9 for UVS cones ~Makino & Dodd, 1996!. The lower
P for BS rods than for BS cones adjusts for the reduced efficacy of
bleaching at 400 nm compared to 460 nm ~see above!. The
bleaching regimens used most frequently were chosen to reduce
the post-bleach circulating current in each cell type by 30% to
50%. Test flash responses were recorded after a minimal post-
bleach interlude of 30 min for cones and BS rods and 90 min for
GS rods to allow for stabilization of the cell’s condition. Additional
flash responses were recorded while perfusing the cell with b-ionone
and after being returned to Ringer’s to wash away the b-ionone.

The stimulus-response relation was fit with the Hill equation:

r0rmax � i n0@i n � i0.5
n # , ~2!

where r is the response amplitude, rmax is the saturating response
amplitude, i is flash strength, and n is the Hill coefficient. i0.5, the
flash strength at which one half of the maximal dark current was
suppressed for each cell type, and n were determined from the fit
for each cell.

Immunocytochemistry

Retinas were fixed with 4% paraformaldehyde ~pH 7.4! for 3–5 h.
All procedures were performed at room temperature ~228C! unless
noted otherwise. Tissues were washed in Tris-buffered saline, and
then incubated in 0.5% NaBH4 for 5 min to minimize autofluo-
rescence. After three washes, retinas were made permeable with
0.2% Triton X-100 for 30 min, then blocked overnight in 3%
IgG-free BSA, 5% normal donkey serum at 48C. Tissues were
incubated overnight at 48C with rabbit anti-UVS cone opsin ~1:200
dilutions, J.-X. Ma, unpublished data!, washed three times, and
subsequently incubated with Cy-5-conjugated donkey anti-rabbit
IgG ~1:100 dilution! for 1 hr, followed by three more washes.
Retinas were transferred to rabbit anti-RS cone opsin ~CERN 956,
1:100 dilution! ~Vissers & DeGrip, 1996! conjugated with Alexa
Fluor 568 ~Molecular Probes, Eugene, OR! for 1.5 h. All tissues
were incubated overnight in rabbit g globulin serum at 48C, and
washed 5 times. Retinas were subsequently stained with FITC-
conjugated rabbit anti-cone transducin a-subunit ~TA-2, 1:300
dilution! ~Ryan et al., 2000! for 2 h, washed three times, and
incubated for 5 min in normal rabbit serum. Tissues were then
incubated in Cy-2-conjugated monoclonal mouse anti-FITC ~1:100
dilution, Jackson Immuno Research Laboratories, Inc., West Grove,
PA! for 1.5 h to enhance the signal for anti-cone transducin
labeling. Tissues were washed several times in buffer, fixed in 4%
paraformaldehyde for 15 min, washed once in buffer and once in
distilled water. Finally, tissues were flattened on slides, treated
with Prolong anti-fade solution ~Molecular Probes! and cover slips
were added.

Other retinas were used to test for the co-localization of rod and
cone transducins. After blocking non-specific labeling ~see above!,
retinas were incubated with FITC-conjugated rabbit anti-rod trans-
ducin ~TA-1, 1:300 dilution! ~Ryan et al., 2000! and biotin-
conjugated TA-2 ~1:300 dilution! in 3% BSA for 2 h. Tissues were
washed three times, then incubated with Texas Red-conjugated
streptavidin ~1:50 dilution! and FITC-conjugated anti-FITC ~1:50
dilution! in 1% BSA for 1 h. After washing in buffer and once in
distilled water, retinas were mounted on slides as described earlier.
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Labeled tissues were viewed with a laser confocal microscope
~Carl Zeiss Inc., Jena, Germany! and an integrating CCD camera
~CCD100, Dage-MTI, Michigan City, IN!. Images were collected
with a Dual Pentium Pro 200 Imaging workstation ~Dell Comput-
ers, Round Rock, TX! equipped with a Flashpoint 128 capture
board ~Integral Technologies, Indianapolis, IN!, and processed
with LSM 5 Image Examiner software ~version 5.0, Carl Zeiss!.
The resultant images were pseudocolored and merged as a color
montage.

Activation of recombinant salamander pigments

Methods for expressing salamander opsins in COS cells, preparing
membranes, and purifying transducin from bovine retina were
described previously ~Baehr et al., 1982; Wessling-Resnick &
Johnson, 1987; Robinson, 2000; Das et al., 2004!. Transducin
activation was evaluated using a GTPgS binding assay ~Robinson
et al., 1992; Robinson, 2000!. The reaction mixture consisted of
~mM!: 10 MES, 1 Tris buffer ~pH 6.5!, 100 NaCl, 5 MgCl2, 1
DTT, 0.002 transducin, 10% glycerol ~v0v!, 5–50 � 10�6 opsin,
and 0.003 @35S#-GTPgS ~3.3 Ci0mmoL!. Immediately prior to the
start of the assay, 1 µL ethanol alone or containing 11-cis retinal
~10 mM final concentration! or b-ionone ~100 mM final concen-
tration! was added. Ten microliter aliquots were spotted at 1 min
intervals onto nitrocellose filter membranes attached to a vacuum
manifold. @35S#-GTPgS binding to transducin was determined by
scintillation counting. Because of the variability of opsin expres-
sion, experiments on a given opsin type were carried out using

aliquots of membranes drawn from the same batch of COS cells
and subjected to a separate analysis of variance using Stata ~ver-
sion 6, StataCorp, College Station, TX!.

Results

Identification of transducins in salamander rods
and cones

For a full evaluation of the Transducin Hypothesis, it was neces-
sary to know which transducin was expressed in each type of
photoreceptor. Rod transducin a-subunit is present in both kinds of
rods, whereas cone transducin a-subunit is present in BS cones
~Ma et al., 2001b!. Here we show that RS cones and UVS cones
also contained cone transducin a-subunit ~Figs. 1A to 1F!. The
absence of any cells doubly labeled for rod and cone transducin
ruled out co-localization of the G-proteins ~Figs. 1G to 1I!.

Effects of b-ionone on partially bleached rods and cones

The procedure for testing the Opsin and Transducin Hypotheses is
shown for a GS rod in Fig. 2. After a partial bleach of the rod’s
pigment, circulating current was lost, flash sensitivity decreased,
and response kinetics accelerated. The same was true for every
photoreceptor type; all rods and cones succumbed to pigment
adaptation after partial bleaching. Pigment adaptation in GS rods
was heightened by the continuous application of b-ionone ~Fig. 2!,
consistent with Kefalov et al. ~1999!. Augmentation readily re-

Fig. 1. Segregation of rod and cone transducins. Whole-mounted salamander retinas were immunolabeled for either RS cone ~A, shown
in red! or UVS cone ~D, shown in purple! opsin, and cone transducin a-subunit ~shown in green, B, E!. All RS cones and UVS cones
were doubly labeled yellow ~C! and light blue ~F!, respectively in the composites. Anti-rod transducin ~G, green! and anti-cone
transducin ~H, red! labeled non-overlapping populations of photoreceptors ~I!. Scale bar � 16 mm ~A to F!, 40 mm ~G to I!.
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versed within minutes after washing cells with Ringer’s. b-Ionone
had a similar effect on partially bleached BS rods ~Fig. 3!, which
express a cone-type pigment coupled to rod transducin. These
results are not consistent with the Opsin Hypothesis, but instead
they support the Transducin Hypothesis.

When compared to the rods, b-ionone had the opposite effect
on partially bleached RS cones; circulating current and flash
sensitivity recovered partially and flash response kinetics slowed
~Fig. 4; see also Jin et al., 1993!. The majority of our cone
experiments were carried out on single cones, but we did record
from two double cones that also express RS cone pigment ~Attwell

et al., 1983; Sherry et al., 1998!. In each case, inner segments of
both members of the double cone were drawn into the suction
pipette. As with single RS cones, b-ionone relieved pigment
adaptation induced by partial bleaching ~results not shown!.

Interestingly, the circulating current was always greatest in RS
cones just after initiation of perfusion with b-ionone when we
often observed up to 100% recovery. When perfusion continued
for 30 min or longer, the circulating current declined, and washout
usually resulted in lower flash sensitivity and faster response
kinetics than observed just prior to treatment ~Figs. 5A, 5B!. There
was also a slow loss of response amplitude and sensitivity in

Fig. 2. Enhancement of pigment adaptation with b-ionone in a GS rod. ~A!Averaged responses to 500 nm flashes of increasing strength
from left to right: in the dark-adapted state, following a 40% pigment bleach, in the presence of 15 mM b-ionone and after washout
of the b-ionone. The flash monitor is shown below the dark-adapted flash response family. The circulating current was reduced after
bleaching and then reduced further during perfusion with b-ionone ~gray traces!. ~B! Stimulus-response relations for the four
conditions illustrated in A. The relations include some responses not shown in A. Responses were normalized by the maximal response
recorded under each of the respective conditions and fit with Eq. ~2!. �, dark-adapted ~rmax � 37 pA; Hill coefficient � 1.1; i0.5 � 4
photons mm�2!; �, after partial bleach ~rmax � 18 pA; Hill coefficient � 1.3; i0.5 � 49 photons mm�2!; �, during b-ionone perfusion
~rmax � 3 pA; Hill coefficient � 1.5; i0.5 � 390 photons mm�2!; �, after washout of b-ionone with Ringer’s ~rmax � 16 pA; Hill
coefficient � 1.3; i0.5 � 49 photons mm�2!.

Fig. 3. Enhanced pigment adaptation by b-ionone in a BS rod. ~A! Averaged responses to 440 nm flashes of increasing strength are
shown from left to right: for the dark-adapted state, after a 13% pigment bleach, during subsequent treatment with 15 mM b-ionone
and after washout of b-ionone. The circulating current decreased after bleaching and was reduced further during perfusion with
b-ionone ~gray traces!. ~B! Stimulus-response relations for the four conditions illustrated in A. Responses were normalized by the
maximal response recorded under each of the respective conditions and fit with Eq. ~2!. �, dark-adapted ~rmax � 16 pA; Hill
coefficient � 1.2; i0.5 � 14 photons mm�2!; �, after partial bleach ~rmax � 9 pA; Hill coefficient � 1.4; i0.5 � 98 photons mm�2!;
�, during b-ionone perfusion ~rmax � 3 pA; Hill coefficient � 1.3; i0.5 � 336 photons mm�2!; after washout of b-ionone with Ringer’s
~rmax � 8 pA; Hill coefficient � 1.2; i0.5 � 85 photons mm�2!.
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dark-adapted RS cones during prolonged exposure to b-ionone
~Figs. 5C, 5D!. It would seem that b-ionone slowly displaced the
native chromophore of unbleached pigment ~Matsumoto et al.,
1975! ~Fig. 5!. Thereafter, b-ionone freely exchanged within the
binding pocket during perfusion because the truncated retinoid
cannot form a covalent bond with opsin. The ensuing washout
removed b-ionone and generated apo-opsins. So, although the
immediate effect of b-ionone is to promote recovery of dark-
adapted physiology by occupancy of the ring recognition domain,
it slowly replaced the cis retinal and created additional apo-opsins.
To avoid this situation, we lowered the concentration of b-ionone
applied to RS cones and restricted the time spent in retinoid to
20 min or less.

If the Transducin Hypothesis were true, then BS cones would
respond to b-ionone in a manner similar to RS cones because both
contain cone transducin. To our surprise, b-ionone enhanced pig-
ment adaptation in BS cones, decreasing the circulating current
and flash sensitivity, and accelerating flash response kinetics ~Fig. 6!.
In five cells, the effects were even reinstated after washout by a
second round of perfusion with b-ionone ~e.g., Fig. 6B!, confirm-
ing that the effects elicited by the retinoid were reversible and
reproducible. Moreover, three partially bleached UVS cones re-
sponded to b-ionone with enhanced pigment adaptation ~results
not shown!. Averaged results for all the different rods and cones
are summarized in Table 1 and Fig. 7. The finding that all partially
bleached rods and cones except for RS cones were desensitized by
b-ionone argues that transducin type does not determine the iden-
tity of b-ionone as an agonist or an inverse agonist.

b-Ionone activates all recombinant opsins
except RS cone opsin

As a final test, recombinant salamander opsins were assayed for
their ability to activate purified bovine rod transducin. There was
a low level of constitutive activity for all opsins ~Fig. 8!. With GS
rod opsin, GTPgS binding to transducin was elevated slightly by
11-cis retinal at early time points ~Fig. 8A! because of a brief
period of stimulation of opsin prior to rhodopsin regeneration and

full quench ~Kefalov et al., 2001!. Notwithstanding, the basal level
of activity of each of the four opsins decreased on incubation with
11-cis retinal as shown by the decreased rates of GTPgS binding
in Fig. 8. Addition of b-ionone in place of 11-cis retinal increased
GTPgS binding for GS rod ~1.3 6 0.1-fold!, UVS cone @1.3 6
0.1-fold, from Kono ~2006!# , and BS cone ~2.06 0.04-fold! opsins
~Figs. 8A to 8C, triangles!, indicating activation of opsin. Red-
sensitive cone opsin alone exhibited a 4.8 6 0.5-fold decrease in
GTPgS binding rate in the presence of b-ionone ~Fig. 8D!. The use
of rod transducin for all assays indicated that the variable effects of
b-ionone did not require different transducins.

Discussion

The opposing effects of b-ionone on partially bleached GS rods
and RS cones ~Jin et al., 1993; Kefalov et al., 1999! led to an Opsin
Hypothesis wherein occupancy of a portion of the chromophore-
binding pocket activates rod opsin but quenches cone opsin. Yet, a
Transducin Hypothesis was also plausible in which rod transducin,
but not cone transducin, is activated by opsins with b-ionone. To
determine whether opsin or transducin specified b-ionone as an
agonist or an inverse agonist, we compared the behavior of BS
rods to that of BS cones from salamander, because the two cells
use the same cone-type opsin with different transducins ~Ma et al.,
2001b!.

In single cell recordings, b-ionone activated opsin and inten-
sified pigment adaptation in partially bleached GS rods and BS
rods, consistent with the Transducin Hypothesis. But, it also had
the same effect on BS cones and UVS cones. By immunofluores-
cence, all rods were shown to contain the rod transducin a-subunit,
all cones to contain the cone transducin a-subunit and no photo-
receptor expressed a transducin mixture. The effect of b-ionone on
partially bleached cells irrespective of their transducin type argued
against the Transducin Hypothesis.

Yet, we cannot completely dismiss some role for transducin
type. G-protein bg-subunits contribute to receptor binding ~re-
viewed in Clapham & Neer, 1997; Downes & Gautam, 1999!, and
several b-subunits have been cloned from salamander retina ~Ryan

Fig. 4. Attenuation of pigment adaptation with b-ionone in a RS cone. ~A! Responses to 620 nm flashes quickened and decreased in
amplitude after 74% pigment bleach, but showed recovery in the presence of 6 mM b-ionone ~gray traces!. ~B! Stimulus-response
relations for the four conditions in A, showing some recovery of sensitivity with b-ionone after partial bleach. �, dark-adapted ~rmax �
12 pA; Hill coefficient � 0.9; i0.5 � 2109 photons mm�2!; �, after partial bleach ~rmax � 5 pA; Hill coefficient � 1.0; i0.5 � 60690
photons mm�2!; �, in b-ionone ~rmax � 10 pA; Hill coefficient � 1.1; i0.5 � 23371 photons mm�2!; �, washout of b-ionone with
Ringer’s ~rmax � 6 pA; Hill coefficient � 1.2; i0.5 � 87404 photons mm�2!.
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et al., 2001!. At present, the pattern of cellular expression is known
only for the transducin a-subunit. A complete rejection of the
Transducin Hypothesis must therefore await the characterization of
transducin b- and g-subunits in salamander photoreceptors.

All-trans retinal and b-ionone induce phosphorylation of GS
rod opsin and binding to arrestin, reducing opsin’s ability to
activate transducin ~Craft et al., 1994; Nir & Ransom, 1992;
Sakuma et al., 1996; Smith et al., 2000! and in some species,
distinct pigment kinases ~Hisatomi et al., 1998; Weiss et al., 1998,
2001!. Retinoids also inhibit cyclic nucleotide-gated channels
~Dean et al., 2002!, which could effect circulating current, but
b-ionone is a poor channel inhibitor ~Horrigan et al., 2005!making
this interaction an unlikely source for its effects.

Assays using recombinant salamander rod and cone opsins and
purified bovine rod transducin in a reconstituted system verified
that b-ionone promoted GTP exchange on rod transducin by all
opsins, except RS cone opsin for which it had the opposite effect.
This result ruled out a mechanism requiring photoreceptor type-
specific expression of different transducins or other phototrans-
duction proteins such as rhodopsin kinase and arrestin. So whereas
a role for other phototransduction components in retinoid modu-
lation of pigment adaptation remains to be explored, the overall
profile of b-ionone’s effects on bleached photoreceptors could be
explained simply in terms of structural differences across opsins.
The Opsin Hypothesis in its original form, however, must be
modified because a generalized distinction between rod and cone

Fig. 5. Effects of prolonged exposure to b-ionone on RS cones. ~A! Partial bleaching decreased response amplitude and accelerated
response kinetics ~solid black trace! to a saturating flash ~620 nm; 3.0 � 106 photons mm�2!. Immediately after immersion in 14 mM
b-ionone, dark current recovered and response kinetics slowed ~solid gray trace!, but after a cumulative 12.5 min of perfusion in
b-ionone, circulating current declined and response kinetics accelerated ~dashed gray trace!. Washout of b-ionone in Ringer’s after
25 min in retinoid resulted in an additional decline in the response ~dashed black trace!. ~B! Stimulus-response relations for the RS cone
in A. When compared to the cell in Ringer’s ~�, corresponding to the solid black trace in A; rmax � 4 pA; Hill coefficient � 1.3; i0.5 �
237278 photons mm�2!, relative sensitivity improved threefold initially in the presence of b-ionone ~�, corresponding to the dashed
gray trace in A; rmax � 8 pA; Hill coefficient � 1.0; i0.5 � 89509 photons mm�2!. After washout of the b-ionone, the flash sensitivity
was reduced threefold from post-bleach values ~�, corresponding to the dashed black trace in A; rmax � 2 pA; Hill coefficient � 2.6;
i0.5 � 913779 photons mm�2!. ~C! Responses to saturating flashes ~600 nm; 1.9 � 105 photons mm�2! for a dark-adapted double cone
were similar in amplitude and kinetics whether measured in Ringer’s ~solid black trace! or measured during the first few minutes of
perfusion with 17 mM b-ionone ~solid gray trace!. Following 25 min of perfusion with b-ionone, the response to the same 600 nm
flash decreased in amplitude and its recovery kinetics accelerated ~dashed gray line!. These changes became more pronounced upon
return of the cell to Ringer’s after a total period of exposure to b-ionone for 35 min ~dashed black line!. ~D! Stimulus-response relations
for the cell in C. Relative sensitivity decreased 3-fold after �25 min in b-ionone ~�, corresponding to the dashed gray trace in C;
rmax � 6 pA; Hill coefficient � 0.9; i0.5 � 5407 photons mm�2! compared to that in Ringer’s ~�, corresponding to solid black trace
in C; rmax � 8 pA; Hill coefficient � 1.1; i0.5 � 1846 photons mm�2!. After washout of the b-ionone, the flash sensitivity was reduced
70-fold ~�, corresponding to the dashed black trace in C; rmax � 3 pA; Hill coefficient � 0.9; i0.5 � 133604 photons mm�2!.
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Fig. 6. Enhanced pigment adaptation by b-ionone in a BS cone. ~A! Responses to 440 nm flashes were progressively smaller and faster
after 86% pigment bleach and during exposure to 17 mM b-ionone. The effects of b-ionone reversed after washing the cell with
Ringer’s. ~B! Further loss of sensitivity after bleaching with b-ionone for the BS cone in A. Stimulus-response relations include a
second exposure to b-ionone and washout ~ and �, respectively! not shown in flash responses. �, dark-adapted ~rmax � 4 pA; Hill
coefficient � 1.0; i0.5 � 61 photons mm�2!; �, after partial bleach ~rmax � 2 pA; Hill coefficient � 1.4; i0.5 � 1551 photons mm�2!;
�, first exposure to b-ionone ~rmax � 1 pA; Hill coefficient � 1.1; i0.5 � 41130 photons mm�2!; �, first washout ~rmax � 2 pA; Hill
coefficient � 1.3; i0.5 � 1457 photons mm�2!.

Fig. 7. Effects of partial bleaching and b-ionone on flash responses of rods and cones. Measures after partial bleach ~white bars! and
subsequent exposure to b-ionone ~hatched bars! for ~from left to right!: GS rods, BS rods, BS cones, UVS cones, and RS cones.
Circulating current ~A to E!, relative sensitivity ~F to J!, time-to-peak ~K to O!, and integration time ~P to T! were normalized to the
dark-adapted control values ~black bars!. The ratios represented by the graphs and the parameters given in Table 1 characterize the same
cells under the three conditions: dark-adapted, after partial bleaching and during subsequent treatment with b-ionone. Cells were
bleached to reduce the circulating current by 30% to 50% resulting in 43 ~GS rod!, 16 ~BS rod!, 73 ~BS cone!, 20 ~UVS cone!, and
96 ~RS cone! % pigment bleached on average per cell type. All parameters decreased upon partial bleach. Exposure to b-ionone
accentuated pigment adaptation in all cells except RS cones, for which pigment adaptation was relieved. Percent pigment bleached was
calculated as described in Methods. Error bars are 6 SEM.
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pigments is not warranted. Rather, a division between RS cone
opsin and all other opsins is more appropriate.

The molecular characteristics underlying the unique response
of the RS cone to b-ionone are unknown, but two distinctive
features of RS cone opsins may provide clues. Vertebrate GS rod
opsins possess a highly conserved pair of cysteines on the carboxy
terminus ~Pittler et al., 1992!, to which palmitates are attached
~Ovchinnikov et al., 1988!, and insertion of the palmitates into the
membrane leads to the formation of a fourth cytoplasmic loop
~Moench et al., 1994a; 1994b!. Removal of both palmitates from
bovine rhodopsin reduces the ability of all-trans retinal to activate
opsin, which is restored upon re-palmitoylation ~Sachs et al.,
2000!. All salamander cone opsins retain one of the cysteines on
their carboxy terminal tails except RS cone opsin ~Chen et al.,
1996; Xu et al., 1998; Ma et al., 2001a!. Perhaps the presence of
a fourth loop is a prerequisite for pharmacologic activation with
b-ionone.

Second, the RS cone visual pigment has higher rates of spon-
taneous dissociation into opsin and chromophore ~Kefalov et al.,
2005! and thermal activation of the phototransduction cascade
~Rieke & Baylor, 2000! than pigments formed from GS rod or BS
cone opsins. The gradual desensitization of both partially bleached
and dark-adapted RS cones in the presence of b-ionone is a

Table 1. Flash response parameters for dark-adapted rods and
cones. Values are given as mean 6 SEM, n. rmax, the response
amplitude for a saturating flash, provides a measure of the
circulating current. i0.5 characterizes sensitivity; it is the flash
strength that gives rise to a half-maximal response at the
wavelength to which the cell is most sensitive. Kinetic
parameters are given for dim flash responses, whose amplitudes
were �0.15rmax. Dim flash responses have the same shape as
the single photon response. Time-to-peak, tp, was taken as the
interval from mid-flash to the peak of the dim flash response,
and integration time, Ti, as the response integral divided by
response amplitude. Values for RS cone do not include results
from double cones or from experiments with long exposures
to high concentrations of b-ionone.

Cell Type rmax, pA
i0.5,

photons mm�2 tp, ms Ti, ms

GS rod 24 6 3, 5 5 6 1, 5 696 6 64, 5 5660 6 3470, 4
BS rod 16 6 3, 6 12 6 1, 6 5816 37, 6 3710 6 2180, 6
RS cone 9 6 1, 9 1860 6 240, 9 166 6 8, 7 244 6 29, 7
BS cone 8 6 1, 14 1216 22, 14 559 6 56, 10 1750 6 370, 4
UVS cone 8 6 1, 3 510 6 252, 3 375 6 29, 3 880 6 180, 3

Fig. 8. Effects of b-ionone on the activation of recombinant salamander ~A! GS rod, ~B! UVS cone, ~C! BS rod0BS cone, and ~D! RS
cone opsins. The rate of opsin-stimulated @35S#-GTPgS uptake by transducin, given by the slope of the line through the points ~�!,
decreased after pigment regeneration with 11-cis retinal, �; p � 0.008 for each opsin type by ANOVA, followed by a Scheffe test.
Addition of 100 mM b-ionone to opsin, , increased the rate of @35S#-GTPgS binding to transducin for all opsins, except the RS cone
opsin, where there was a decreased rate ~panel D, p � 0.001!. Error bars are 6 SEM, n � 4 for assays with BS rod0BS cone opsin,
n � 3 for assays with all other opsins. The data for the UVS cone opsin alone and with 11-cis retinal are reprinted with permission
from the Federation of the European Biochemical Societies
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reflection of the inherent instability of its pigment. The chromophore-
binding pocket of RS cone opsin contains several hydroxyl-
bearing amino acids that tune the pigment to longer wavelengths
~reviewed in Yokoyama, 2000!. If in addition to spectral tuning,
pigment instability resulted from the presence of these hydroxyl
groups, then quench of bleached RS cone opsin by the chromo-
phore ring may have been a necessary compensation to prevent
excessive loss of flash sensitivity prior to regeneration. Functional
differences between rod and cone pigments have long been appre-
ciated, but our study adds to a growing body of evidence revealing
important differences across cone pigments beyond their spectral
absorptions, and will guide future work into their structural bases.
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