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For decades, photoreceptors have been an outstanding model
system for elucidating basic principles in sensory transduction
and biochemistry and for understanding many facets of neuro-
nal cell biology. In recent years, new knowledge of the kinetics of
signaling and the large-scale movements of proteins underlying
signaling has led to a deeper appreciation of the photoreceptor’s
unique challenge in mediating the first steps in vision over a
wide range of light intensities.

First Steps in Vision Occur in Photoreceptor Outer
Segments

Retinal photoreceptors transduce information obtained in
the form of absorbed photons into an electrical response that
can be relayed across synapses to other neurons in the retina. In
vertebrate photoreceptors, photon absorption and visual sig-
naling take place in the outer segment (Fig. 1), a sensory cilium
tightly packed with stacks of membranous discs containing
extremely high densities of visual pigments and other signaling
proteins. This morphological arrangement allows photons to
be efficiently absorbed as they pass through the outer segment.
The signal from activated visual pigment (rhodopsin in rods or
cone opsins in cones) must then be sufficiently amplified to
generate an electrical response that overcomes intrinsic noise.
Transduction from the light-absorbing visual pigment into an
electrical response utilizes a G protein signaling pathway
termed the phototransduction cascade, which leads to a
decrease in the second messenger cGMP and the closure of
cGMP-sensitive cation channels. The resulting hyperpolariza-
tion transiently decreases the release of glutamate from the
photoreceptor synaptic terminals, signaling the number of
absorbed photons to the rest of the visual system. Remarkably,
photoreceptors both detect low light levels (single photons in
the case of rods) and continue to rapidly and reliably signal
changes in light intensity as illuminance increases over 10
orders of magnitude during the course of a typical day.

* This is the second article in the Thematic Minireview Series on Focus on
Vision.
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Phototransduction: Rhodopsin Activation,
Amplification, and Deactivation

Phototransduction has been the subject of many comprehen-
sive reviews (1-4). Here, we provide a framework introduction
and briefly summarize the latest findings that are shaping our
understanding of this first step in vision.

Phototransduction begins when a photon causes cis-trans-
isomerization of the chromophore 11-cis-retinal, which
induces a rapid conformational change to the protein’s fully
active form, R*. R* activates molecules of the G protein trans-
ducin by catalyzing GDP/GTP exchange on the transducin
a-subunit, Ge, (Fig. 1). Ga*GTP separates from the transducin
By-subunits and binds to the y-subunit of its effector, cGMP
phosphodiesterase (PDE),® which releases this subunit’s inhib-
itory constraint on the catalytic a- and B-subunits of PDE. Acti-
vated PDE rapidly hydrolyzes cGMP, thereby reducing its con-
centration in the cytoplasm and causing cGMP-sensitive cation
channels in the plasma membrane to close. The closure of
channels reduces the inward cation current, resulting in a tran-
sient photoresponse generated within milliseconds (Fig. 2).

The photoresponse persists until each phototransduction
protein becomes deactivated through the action of one or more
regulatory enzymes (Fig. 1). Specifically, each R* in rods must
be phosphorylated at multiple C-terminal sites by rhodopsin
kinase, with each added phosphate partially reducing the rate
with which R* can activate transducin (5). After the addition of
three phosphates (6 —8), arrestin (Arrl in rods and Arrl and
Arr4 in cones) binds to R* with high affinity, completely block-
ing subsequent transducin activation. Likewise, transducin and
PDE remain active until transducin hydrolyzes GTP. This
hydrolysis is catalyzed by a triumvirate complex of proteins
consisting of RGS9-1, GB5-L, and ROAP (the “RGS9 complex”)
(9). Finally, cGMP is restored through the action of guanylate
cyclase (GC) (10).

In normal mouse rods, the expression level of the RGS9 com-
plex rate-limits the recovery of the rod’s response to both single
photons and bright flashes of light (11). Altering the expression
level of ROAP changes the cellular content of the entire RGS9
complex (11, 12). Underexpression of ROAP reduces the level of
the RGS9 complex and makes rod responses much slower to
recover (11, 13), whereas R9AP overexpression increases the
RGS9 content and makes photoresponses recover much faster
(11, 14, 15). Interestingly, the rod responses of every mamma-
lian species examined so far recover with approximately the
same time constant of ~200 ms. This similarity suggests that
the expression level of the RGS9 complex is tightly regulated
and that there is some evolutionary pressure that sets this rela-
tively slow time constant for rod vision. Notably, cones express
more RGS9 than rods (16, 17), which is likely to contribute to
their faster recovery. Indeed, recent physiology experiments
with salamander cones suggest that the rate-limiting step for

3 The abbreviations used are: PDE, phosphodiesterase; GC, guanylate cyclase;
GCAP, GC-activating protein.
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FIGURE 1. Rod phototransduction. Left panel, schematic of the compartmentalization of a rod cell, including the outer segment (OS), inner segment (/S),
nuclear region (N), and synaptic terminal (ST). Right panel, phototransduction activation and deactivation reactions. The upper disc illustrates photoexcited
rhodopsin (R¥) activating transducin (Ga, G, and Gy subunits) and PDE (a-, 3-, and y-subunits). cGMP synthesized by GC is hydrolyzed by activated PDE. The
reactions in the lower disc represent cascade deactivation. R* is quenched by phosphorylation by rhodopsin kinase (RK; GRK1), followed by arrestin (Arr)
binding. Transducin and PDE are deactivated by the RGS9-1-G5-L-R9AP complex, which accelerates the rate of GTP hydrolysis on Ga,. cGMP synthesis by GC
restores cGMP to its dark level. The right panel was modified from Ref. 58 with permission.
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FIGURE 2. Adaptation of rod photoresponses. A, outer segment membrane current (upper trace) in response to flashes presented in the dark or in the
presence of background light activating 150 R*/s. Ticks on the lower trace represent flashes, and the step represents background light. The onset of background
light evoked a large and rapid decrease in inward current (upward deflection) that subsequently relaxed to a steady-state level over tens of seconds, reflecting
the engagement of adaptation mechanisms. Flashes delivered on this background yielded small responses that were largely obscured by the current fluctu-
ations produced by the background light, despite the flashes on the background being >3 times brighter than the flashes delivered in the dark (8.5 versus 2.5
R*/flash). B, comparison of averaged dark- and light-adapted flash responses of the cellin A. The black trace is the average of 28 flash responses given in the dark;

the red trace is the average of 26 flash responses given on the background. The dark current was 15 pA, and the temperature was 36 °C.

the recovery of cone responses is the deactivation of cone opsin
(18).

The ability of rods to generate sizable responses to the
absorption of single photons arises in part from the signal
amplification conferred by the activation of many transducin
molecules by a single R*. The rate of transducin activation in
rods is ~150 s~ ! in cold-blooded vertebrates (19) and 2—3-fold
faster in mammals (20). This rate is far higher than those meas-
ured in other G protein signaling pathways, undoubtedly
because of the unusually high density of transducin on the disc
membrane (~1:8 molar ratio with rhodopsin in mice). How-
ever, despite the high rate of transducin activation, the number
of activated Ga, molecules produced during the single photon
response is actually surprisingly small, ~10-15 in the mouse.
This is because the effective lifetime of R* is relatively brief, ~40
ms (13, 14), and even during the brief time before arrestin binds,
the rate of transducin activation is being gradually diminished
by sequential phosphorylations. In mouse rods, the brief effec-
tive lifetime of R* is set by the rate of its phosphorylation and by
the concentration of arrestin (14). Remarkably, the concentra-

JANUARY 13,2012+VOLUME 287-NUMBER 3

tion of arrestin available for R* binding is continuously buffered
by its self-association into dimers and tetramers, neither of
which can bind R* (21, 22). Arrestin oligomerization not only
regulates R* lifetime but helps to minimize the adverse conse-
quences of high arrestin levels on photoreceptor viability (23).

Light Adaptation: Role of Calcium

Rods and cones employ many mechanisms to avoid satura-
tion by bright light and to adjust the amplitude and time course
of their photoresponses to ever-changing ambient illumina-
tion, a process collectively known as light adaptation (Fig. 2) (2,
24). Historically, most photoreceptor adaptation was thought
to be mediated by the decline in intracellular Ca*>" that accom-
panies the photoresponse. The levels of Ca®>* fall in light
because its influx is reduced when cGMP-gated channels close,
whereas Ca®" efflux via the Ca®>*/K*/Na™ exchanger contin-
ues. The reduction in intracellular Ca®" is sensed by several
different Ca®"-binding proteins, including GC-activating pro-
teins (GCAPs), which stimulate cGMP synthesis by GC when
Ca®" falls (10). The Ca*>*"/GCAP-dependent regulation of GC
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activity forms a powerful feedback mechanism in which the rate
of cGMP synthesis increases as Ca®" falls during the response
to light, helping to restore cGMP levels rapidly and allowing the
c¢GMP channels to reopen.

There are two GC isoforms in photoreceptors, RetGC1 and
RetGC2, and also several different GCAPs, with all vertebrates
expressing at least two, GCAP1 and GCAP2; the relative
expression levels of GC1/GC2 and GCAP1/GCAP2 are not
equivalent in rods and cones (10). Likewise, the Ca** depend-
ence of GC1 and GC2 regulation by GCAP1 and GCAP2 is
different. However, the maximal ranges of each GC activity
regulation by each GCAP are comparable (see discussion in Ref.
25).

These properties of GC regulation by Ca®* have important
functional consequences, as revealed in recent experiments
that utilized knock-out mice lacking one or both GCs and one
or both GCAPs and crossed each of these strains for biochem-
ical characterization and electrophysiological recordings.
Although both pairs, GC1/GC2 and GCAP1/GCAP2, function
in normal rods (26 —28), GCAP1 appears to respond to the fall
in Ca®>" more rapidly because it has lower affinity for Ca>",
whereas GCAP2 releases Ca®" a bit more slowly at lower Ca*>*
concentrations (25). As a result, GC activation by GCAP1
affects earlier stages of the photoresponse, whereas GC activa-
tion by GCAP?2 affects photoresponse recovery later (28 —30).
Overall, the GC activity in light-adapted rods can be ~10-fold
higher than the activity in darkness (28, 31-33), comparable
with the activity change measured biochemically over the phys-
iological range of Ca®" (25, 34-36).

In cones, the maximal extent of the Ca®>*-dependent GC reg-
ulation is thought to be comparable with that in rods. However,
the dark Ca®* level in cones is lower than in rods (37, 38),
suggesting that the degree to which the light-evoked change of
Ca®>" could activate GCs is smaller in cones than in rods. This
was experimentally confirmed in a recent direct comparison of
rod and cone light responses in double GCAP1/GCAP2 knock-
out mice (39).

The fall in intracellular Ca*>* also affects other calcium-bind-
ing proteins, including recoverin. Ca®*-bound recoverin inhib-
its the ability of GRK1 to phosphorylate R* (40, 41). Experi-
ments using rods of recoverin knock-out mice indicate that this
regulation by recoverin has a relatively minor effect on dim
flash responses but a larger effect on bright light responses and
responses to steady light (15, 42). Importantly, there is no
dynamic regulation of R* deactivation during the small brief
changes in Ca®" that accompany the single photon response in
rods or the flash response in cones; all of the dynamic regulation
appears to be conferred by GCAP-dependent GC modulation
alone (33, 39). Instead, it seems that inhibition of the actions of
recoverin, which requires sequestration of its myristoyl tail and
extrusion from the disc membrane, requires larger and longer
changes in intracellular free Ca>*, like those occurring during
steady moderate light. The dynamics of the Ca®"-myristoyl
switch has been recently described (43) and presumably confers
the light dependence of recoverin translocation to the inner
segment upon steady illumination (see below).

A third Ca>"-dependent adaptation mechanism is the regu-
lation of the sensitivity of the cGMP-gated channels by calmod-
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ulin or calmodulin-like proteins (44). When Ca>* falls in light,
calmodulin dissociates from the channel, increasing the chan-
nel’s sensitivity to cGMP. This allows the channel in a light-
adapted cell to operate at a lower cGMP concentration range
than in a dark-adapted photoreceptor. Recent work in intact
mammalian rods indicates that the overall effect of this sensi-
tivity modulation is relatively modest and has a slow onset (45).
In cones, however, the effect is more rapid and has greater mag-
nitude (46, 47).

Taken together, these Ca>* feedback mechanisms account
for most adaptation that occurs at low-to-moderate levels of
light intensity, developing over a period of seconds. Ca*>*-inde-
pendent mechanisms also contribute to adaptation in photore-
ceptors, most notably the increased cGMP turnover in constant
illumination (48). When the PDE activity is high in steady light,
the activation of the same amount of PDE by a photon results in
a smaller fractional change in the overall PDE activity. This
produces a smaller and briefer change in cGMP, resulting in a
smaller response that recovers more quickly. These contribu-
tions of the steady PDE activity to the amplitude and time
course of photoresponses may not be intuitive and so have been
reviewed using various physical analogies (48, 49). Finally, light
adaptation has also been documented to occur at longer time
scales of tens of seconds in both lower and higher vertebrates
(50, 51), although the underlying mechanisms remain
unknown.

Several Signaling Proteins Translocate between
Subcellular Compartments in Response to Light

A different type of adaptation mechanism induced by sus-
tained bright light involves massive translocation of several
phototransduction proteins between the outer segment and the
rest of the photoreceptor cell (52—55). Illumination causes sig-
nificant fractions of transducin and recoverin to exit rod outer
segments, whereas arrestin translocates in the opposite direc-
tion. These processes take place over the course of several
minutes.

The adaptive nature of transducin translocation in rods was
demonstrated by experiments that correlated the loss of trans-
ducin from outer segments with a nearly 10-fold reduction in
signal amplification in the phototransduction cascade (56).
This effect is likely mediated by the reduction in the rate of
transducin activation by R* because this rate is dependent on
the transducin concentration (19, 20). Although transducin
translocation takes place at light intensities saturating rod light
responses (see below), this reduction in signal amplification
may be adaptive after the bright light is dimmed or extin-
guished, e.g. as dusk approaches, and vision is gradually switch-
ing from being cone-dominant to rod-dominant.

Although still awaiting experimental validation, the func-
tional role of translocation of other proteins is thought to be
adaptive as well. Outer segments contain only a small fraction
of total cellular arrestin in the dark (23, 57). As a result, phos-
phorylated R* produced by fairly low light levels could rapidly
deplete the outer segment of free arrestin, slowing subsequent
R* quenching. Thus, arrestin translocation provides a means to
supply additional protein as needs arise upon illumination.
Recoverin translocation from outer segments may also play an

VOLUME 287+-NUMBER 3-JANUARY 13,2012



adaptive role by increasing the amount of rhodopsin kinase
available to phosphorylate R*. This could contribute to light
adaptation by speeding R* deactivation and reducing photore-
sponse sensitivity in a deeply light-adapted rod.

A complementary role of protein translocation may be to
protect rods from adverse effects of persistent light exposure
(58, 59). In bright light, rods contribute little to vision, and
instead of transducin running fruitlessly through the activa-
tion/deactivation cycle, it is stored away in a different cellular
compartment to reduce energy consumption (60, 61). This
energy-saving mechanism can reduce the metabolic demand in
the rods (see Ref. 58 for a specific calculation of associated
energy savings), which can protect cells from death and dys-
function (60).

Another neuroprotective aspect of protein translocation may
arise from reduced cellular signaling caused by the redistribu-
tions of transducin, arrestin, and recoverin. This is because apo-
ptosis of rods, particularly in rodents, is often associated with
excessive signaling of the phototransduction cascade (59, 62).
Also neuroprotective could be the light-dependent transloca-
tion of another signaling protein, Grb14, which moves to rod
outer segments in response to light (63), thereby facilitating
insulin receptor signaling in these cells (64). Stimulation of the
insulin-mTOR (mammalian target of rapamycin) pathway was
recently shown to protect photoreceptors against stress-in-
duced apoptosis (64) and delay cone death in a mouse model of
retinitis pigmentosa (65).

Mechanistic Insights into Arrestin and Transducin
Translocation

At this point, the field has reached the consensus that protein
translocation, at least in the light-driven direction, occurs by
diffusion (Refs. 52—54 and 6668, but see Refs. 69 and 70).
Although diffusion may underlie the movement of proteins, the
light-dependent changes in their distribution patterns are
explained by the appearance or disappearance of specific pro-
tein-binding sites in individual subcellular compartments.

For example, phosphorylation of large amounts of R* in
bright light generates binding sites for arrestin, which serves as
at least one major driving force for its outer segment accumu-
lation in light (e.g. Ref. 66). However, at the light intensity trig-
gering arrestin movement, the number of arrestin molecules
entering the outer segment was estimated to exceed the num-
ber of produced R* by ~30-fold, and this stoichiometry was
dependent on the extent of phototransduction activation (57).
This suggests that additional light-dependent binding sites
control arrestin distribution and release. One candidate for
binding arrestin is the microtubular cytoskeleton (66, 71),
which is by far more abundant in the inner than outer segment
(72). However, it remains unknown whether this interaction
with microtubules could be regulated by light. It has been
recently hypothesized that arrestin translocation is triggered by
phosphoinositide signaling downstream from rhodopsin and
that both phospholipase C and PKC are involved (73). Likewise,
the return of arrestin to the inner segment in the dark can also
be achieved by diffusion following its release from rhodopsin, as
the latter becomes regenerated, and the putative binding sites
in the inner segment are restored.
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FIGURE 3. Mechanism of transducin translocation. A, the translocation of
transducin requires the activation and separation of its functional subunits.
The heterotrimer is tightly associated with the membrane as a result of the
cooperative action of its two lipid moieties. Individual subunits have a lower
membrane affinity, allowing their dissociation from the disc membranes
while transducin remains activated. B, in dim light, activated transducin binds
to PDE and is rapidly deactivated by the RGS9 complex before it can dissoci-
ate from the membrane. G, in bright light, translocation occurs when there is
more activated transducin than PDE. This excess transducin, neither retained
on the membrane by PDE nor rapidly deactivated by RGS9, stays activated
sufficiently long to dissociate from the membrane to the cytosol and ulti-
mately diffuse out of the rod outer segment. This figure was modified from
Ref. 88 with permission.

Notably, the passive redistribution of arrestin caused by its
binding to phosphorylated R* would fail to rapidly replenish the
outer segment pool of free arrestin after a bright flash because
arrestin diffusion from the inner segment takes minutes to be
completed (54, 57). In contrast, a pre-emptive release of arres-
tin from the inner segment-binding sites at the onset of illumi-
nation should better compensate for its outer segment deple-
tion to support normal R* deactivation during photoreceptor
exposure to bright light.

The mechanism of transducin translocation in rods is under-
stood in greater detail (52—54) and is based on the difference in
membrane affinities between the a3y-heterotrimer of transdu-
cin and its individual Ga, and G 3,7y, subunits. In dark-adapted
rods, the heterotrimer is tightly associated with the outer seg-
ment disc membranes due to the combined action of two lipid
modifications on the Go, and Gy, subunits (Fig. 34) (74, 75).
Upon transducin activation by R*, G, binds GTP and separates
from Gf3;y,. Because each separated subunit has only one lipid
modification, their membrane affinities become significantly
reduced, allowing their dissociation from the disc membranes
and subsequent diffusion from the outer segment through the
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rod cytoplasm. Indeed, mutations of either subunit enhancing
their membrane affinity caused a marked reduction in transdu-
cin translocation efficiency (68, 76), and the efficiency of Ga,
translocation is inversely proportional to the hydrophobicity of
its acyl group (77).

This basic mechanism illustrated in Fig. 34 suggests that the
extent of transducin translocation should be simply propor-
tional to the number of activated transducin molecules pro-
duced by light. However, in real rods, translocation is observed
only after light intensity reaches a critical threshold, producing
~4000 R*/rod/s (77). This is likely because, in dimmer light, all
of the activated Ge, rapidly binds its membrane-associated
effector, PDE (Fig. 3B), which retains Ge, on the disc mem-
branes. In addition, PDE serves as a cofactor for the GTPase-
activating RGS9 complex (78) to allow rapid deactivation of Ge,
and its return to the high membrane affinity state of the trans-
ducin heterotrimer. Thus, transducin translocation can occur
only in light that is bright enough to activate transducin in
excess of PDE (Fig. 3C), a condition that is achievable because
photoreceptors have ~10-fold more transducin than PDE in
their disc membranes. Such excess activated Ge, can be neither
retained on the discs by PDE nor rapidly deactivated by RGS9,
and so it dissociates from disc membranes. As a result, trans-
ducin translocation occurs at precisely the light intensity at
which phototransduction signaling is becoming saturated in
the sense that no additional activated Ge, can successfully drive
additional PDE activity.

We are just beginning to understand the transportation
mode by which transducin returns to rod outer segments in the
dark. Most likely, transducin relocated to the inner segment
re-forms the afy-heterotrimer, whose membrane affinity is
extremely high; thus, it is hard to imagine that it can return to
the outer segment by diffusion. A motor-based mechanism (69,
70) is unlikely to help as well because molecular motors are not
known to extract lipidated proteins from membranes. A solu-
tion to this problem was offered (79) by demonstrating that the
knock-out of UNC119, a protein capping the acylated N termi-
nus of Ga, (79, 80), significantly impairs transducin return to
the outer segment in the dark. In this mechanism, UNC119 acts
by keeping Ga apart from Gf3,7y, and by maintaining Ga, in the
soluble form to allow its diffusion to the outer segment. On the
basis of the finding that UNC119 elutes G, from membranes
only in the presence of GTP, one study proposed that UNC119-
dependent transducin return from the inner segment is initi-
ated by the spontaneous activation of transducin (79). Indeed,
the rate of spontaneous activation (81) is very close to that of
transducin return (56). Another study found that UNC119 is
able to pull Ge, from the membrane-bound transducin trimer,
suggesting that no such spontaneous activation would be
required (80). Once Ge, is bound to UNC119, solubilization of
GpB;7y; could be subsequently facilitated by the isoprenoid-
binding protein PrBP/6 (82, 83) or by another Gf3; y;-interact-
ing protein, phosducin, shown to reduce Gy, membrane
affinity (84) and assist Gf3, 7y, translocation, at least in the light-
induced direction (85). What remains to be understood is the
directionality of transducin movement, i.e. why, in the dark,
transducin subunits solubilized by these proteins end up in the
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outer segment rather than distributed evenly throughout the
cell.

Why Transducin Does Not Translocate in Wild-type
Cones

Cones are unique in their ability to adapt to light of essen-
tially any intensity without saturating their photoresponses. It
may appear that they could benefit from signal amplification
control conferred by transducin translocation even more than
rods. However, transducin does not translocate in cones under
normal conditions (67, 86 —89). It was first proposed that cone
transducin does not translocate because its subunits (Ge,. and
GPB57s) do not separate upon activation (67). However, a recent
study argued that there is no difference in the mechanism of
transducin translocation in rods and cones and instead pro-
vided evidence that cone transducin does not translocate
because it is not normally activated in excess of PDE (88). This
is achieved because of cones’ exquisite efficiency in rapid deac-
tivation of all phototransduction proteins at virtually all light
intensities. When the steady-state level of activated transducin
in cones was experimentally increased by slowing phototrans-
duction deactivation, robust translocation of Ge,. and GB;7vs
occurred (88). The minimal light intensity allowing transducin
translocation in these experimental models rendered cones
unresponsive to light, consistent with the idea that, in both rods
and cones, transducin translocates only when the biochemical
cascade is saturated.

Clearly, such biochemical saturation does not normally
occur in cones, which can adapt to ambient illumination of the
brightest intensity within a period of only a few seconds. On the
other hand, rods are easily saturated in daylight, and the result-
ing transducin translocation does not impair overall visual
function while likely providing neuroprotection. Thus, the
presence or absence of transducin translocation can be viewed
as an evolutionary adaptation of each photoreceptor type:
translocation allows rods to transition into a deeply light-
adapted, energy-saving mode, whereas its absence in cones
allows signaling under all natural conditions.

What are the mechanisms employed by cones to avoid more
than a momentary saturation of their phototransduction cas-
cade in bright light? Particularly critical is the deactivation rate
of cone R*. Not only has phosphorylation of cone R* been
shown to be more rapid than that of rod R* (87, 90), but also
cone R* has been long known to undergo a much more rapid
thermal decay than rod R* (e.g. Ref. 91). The latter is essential
because photoreceptors have much less rhodopsin kinase than
rhodopsin. Accordingly, rhodopsin kinase can be easily satu-
rated by excess R*, and the phosphorylation rate of individual
R* molecules falls drastically as the light intensity increases (e.g.
Refs. 87 and 92).

Both phosphorylation- and arrestin-independent deactiva-
tion of R* are much more efficient in cones than in rods (93—
95). To illustrate this point, Fig. 4 shows a direct comparison of
the flash response kinetics in rods and cones of wild-type mice
and mice lacking visual arrestin(s). In arrestin knock-out rods,
the response undergoes an initial partial recovery due to R*
phosphorylation, but a persistent plateau of remaining activity
recovers very slowly with a time constant of ~1 min, reflecting
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FIGURE 4. Faster arrestin-independent R* deactivation in cones than in
rods. A, comparison of average normalized dim flash responses of WT and
arrestin-1 knock-out (Arr1 KO) rods. The final response recovery in the arrestin
knock-out rod has a time constant comparable with that for the thermal
decay of R*, ~50 s. B, comparison of average normalized dim flash responses
of a WT cone and a double knock-out cone lacking both arrestin-1 and arres-
tin-4 (Arr1/Arr4 KO). The recovery phases of the cone responses are much
more similar with and without arrestins; the double knock-out response
decays with a final time constant of ~750 ms. Traces in A were adapted from
Ref. 100, and those in B from Ref. 94 with permission.

the thermal decay rate of rod R* (96). Arrestin knock-out cones
also display slower photoresponse recovery, but the effect is
comparatively small. The time constant of the final recovery
phase in this case is ~50-fold faster than that of arrestin knock-
out rods, consistent with more rapid thermal decay of cone R*.

There are several additional mechanisms that contribute to
the lack of phototransduction saturation in cones. First, cone R*
activates transducin at a slower rate than rod R*. This effect is
particularly prominent in fish (97), but the difference in the
activation rate in mice does not exceed 2-fold (98). Second,
transducin deactivation mechanisms by the RGS9 complex
seem to be faster in cones than in rods (16, 17). Third, in per-
sistent bright light, there is a steady-state depletion of available
visual pigment, which decreases the efficiency of photon cap-
ture and thus decreases cascade activation (99). These mecha-
nisms in cones prevent biochemical saturation of the cascade in
bright light, and, combined with other adaptation mechanisms,
prevent electrical saturation caused by the complete closure of
the cGMP-gated channels. Altogether, these processes allow
continued signaling of changes in illumination across a wide
range of light intensities.
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