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Prospects & Overviews

How rods respond to single photons:
Key adaptations of a G-protein cascade
that enable vision at the physical limit

of perception

Jiirgen Reingruber”?, David Holcman™® and Gordon L. Fain®?*

Rod photoreceptors are among the most sensitive light
detectors in nature. They achieve their remarkable sensitivity
across awide variety of species through anumber of essential
adaptations: a specialized cellular geometry, a G-protein
cascade with an unusually stable receptor molecule, and a
low-noise transduction mechanism, a nearly perfect effector
enzyme, and highly evolved mechanisms of feedback control
and receptor deactivation. Practically any change in protein
expression, enzyme activity, or feedback control can be
shown to impair photon detection, either by decreasing
sensitivity or signal-to-noise ratio, or by reducing temporal
resolution. Comparison of mammals to amphibians suggests
that rod outer-segment morphology and the molecules and
mechanism of transduction may have evolved together to
optimize light sensitivity in darkness, which culminates in the
extraordinary ability of these cells to respond to single
photons at the ultimate limit of visual perception.
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Introduction

Sensory receptors combine cell geometry with a mechanism of
detection that can signal at the physical limit of perception
(see [1]). Antennal receptors in moths sense single molecules
of pheromones [2, 3], hair cells in the ear detect vibration
nearly at the limit of Brownian motion [4], and rod photo-
receptors in the eye reliably detect single photons of light [5].
Rods (together with the photoreceptors of arthropods) are the
smallest and most efficient dim-light detectors in nature.
Moreover, a whole spectrum of rods exists in different animals
having different dimensions and distinct physiological
properties. Despite this variation, all rods share a common
feature: reliable detection of the absorption of a single photon.

How do these cells achieve this amazing feat? During the
preceding decade, many of the mysteries of single-photon
detection have been discovered. We now know that, in
mammalian retina, a photon is absorbed by a single molecule
of rhodopsin which, with high probability, changes con-
formation to an excited state (Rh*, see [6—8]). Rh* triggers a
signal cascade (Fig. 1A) that activates a small number of
molecules of the G-protein transducin [9, 10] in the very
confined two-dimensional cell membrane array of the rod
outer segment (Fig. 1B). These G proteins in turn disinhibit an

Abbreviations:

ATP, adenosine triphosphate; cGMP, cyclic guanosine monophosphate; CV,
coefficient of variation (standard deviation divided by mean); GCAPs, guanylyl
cyclase-activating proteins; GRK1, G-protein-receptor kinase 1 or rhodopsin
kinase; NCKX, sodium/calcium-potassium exchange protein; PDE, phos-
phodiesterase 6; Rh*, photo-excited rhodopsin; RK, rhodopsin kinase.
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Figure 1. Anatomy and biochemistry of rod signal transduction. A: Transduction
cascade of vertebrate photoreceptors (after [71]). B: Magnified view of part of rod
outer segment showing membranous disks containing visual pigment and cytosolic
compartments between disks (after [36]). C: Entry and exit of ions in rod outer-
segment plasma membrane through cGMP-gated channels and NCKX Ca®*

transporter (after [71]).

equal number of molecules of the effector enzyme phospho-
diesterase-6 (PDE). Activated PDEs hydrolyze cyclic guanosine
monophosphate (cGMP), a diffusible second messenger that
gates the opening of ion channels in the plasma membrane
(Fig. 1C). A decrease in the cGMP concentration reduces
channel opening and produces a brief localized decrease in
plasma membrane conductance. Remarkably, only a few
light-activated PDEs in a mouse rod (Fig. 2A) can hydrolyze
enough cGMP to generate an electrical signal (Fig. 2B) that is
large enough to signal detection to the rest of the retina and
central nervous system.

The design of the cellular mechanism reflects an
exquisite balance between reliable photon detection in
very dim light and temporal resolution. For example, in a
small mouse rod Rh* persists for an average time of only
about 40 milliseconds [6—8], which is essential to achieve
rapid temporal resolution. If the lifetime of Rh* were longer,
the responses of rods would decay slowly and would limit
our ability to detect change and motion in dim light. But
because the lifetime of Rh* is so short, only a handfull of
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activated PDE molecules must somehow pro-
duce a large enough change in cGMP and outer-
segment conductance to be detected against a
background of spontaneous fluctuations in
signal amplitude.

Noise induced by the molecules of trans-
duction is the greatest problem faced by any
sensory receptor at the limit of physical detec-
tion. A mouse rod outer segment contains of
the order of 10® molecules of rhodopsin, 10’
molecules of the G-protein transducin, and 10°
molecules of PDE. This very large number of
signalling proteins must inevitably produce
spontaneous activation. How is it possible for
a single rhodopsin molecule and a small number
of molecules of transducin and PDE nevertheless
to produce a large enough signal to transmit
reliable detection?

Considerable evidence indicates that the
remarkable ability of the rod to detect single
photons in dim light and reliably signal this
detection to the rest of the nervous system
depends upon an effective combination of cell
ga2+ geometry and biochemistry provided by several

key adaptations: (i) outer segment compartmen-

Na *

Na'/Ca?"-K" Oo talization through internal membrane lamellae to

oK* h
Caz+o ® N iy ® achieve a high photopigment density and rapid
o & o(’ activation; (ii) exceptionally low spontaneous

®s ?I? activity of rhodopsin; (iii) an effector enzyme
PlSsig : whose catalytic efficiency is so great that light-
membrane dependent hydrolysis of cGMP is limited only by

the rate of cGMP binding; (iv) regulation of PDE
density and spontaneous PDE activation to
limit dark noise without compromising temporal
resolution; (v) localized changes in ¢cGMP and
Ca®", which provide spatially confined modula-
tion of membrane conductance and feedback
control of cGMP synthesis; and (vi) mechanisms
of turn-off that limit variability in the amplitude
and waveform of the response.

We describe the role of these adaptations in more detail in
the following. One constant theme of our consideration is an
apparent co-evolution of rod biochemistry and cell geometry
to maintain temporal resolution with a sufficient signal-to-
noise ratio to allow rods to detect dim light.

Compartments increase sensitivity and
regulate diffusion

The outer segment of a mammalian rod has a highly
elaborated membrane structure that parcels the cytoplasmic
space into about a thousand nearly separate functional
compartments (Fig. 1B). These membrane-delimited compart-
ments organize phototransduction into distinct regions where
single-photon absorptions are converted into an electrical
signal. This extensive membranous area is necessary because
the proteins involved in the early steps of the photo-
transduction cascade are membrane bound: rhodopsin is

Biocessays 37: 0000-0000, © 2015 WILEY Periodicals, Inc.
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Figure 2. PDE activation and single-photon responses of mouse
rods. A: Repeated stochastic simulations of light-activated PDE after
absorption of a single photon (black) together with the mean
response (red). B: Successive suction-electrode recordings of
single-photon responses (black) together with the mean response
(red). Currents have been normalized to the circulating current in
darkness. Both A and B reprinted from Reingruber et al. [10] with
permission of the authors, copyright 2013 National Academy of
Sciences, U.S.A.

an integral membrane protein, and both the G-protein
transducin and PDE have lipid attachments that anchor them
to the membrane [11]. Attaching the proteins to the membrane
increases the amplification and speed of transduction by
constraining diffusion to two dimensions instead of three.
The high number of internal disks is an adaptation to achieve
a high concentration of these membrane-bound proteins in
the outer segment. Moreover the tight packing of rhodopsin at
an effective concentration in the outer segment of 3 mM
increases the probability that a photon is absorbed when it
passes through the outer segment, reaching of the order of
60% for a mouse rod only 24 pm in length [12]. This high
concentration of photopigment is amplified by the orientation
of rhodopsin in the disk membrane and the directional and
waveguide properties of photoreceptors [13], as well as by
other mechanisms that focus light onto the rod photopigment
and further enhance the sensitivity of photon detection [14].

The membrane-bound processes of the transduction
cascade are confined to the compartment where photon
absorption occurs, but there is also diffusional exchange of
the second messenger cGMP between compartments. This
exchange is absolutely necessary because, as we show in more
detail below, single-photon detection requires longitudinal
spread of the change in cGMP up and down the outer segment
in order to open a sufficient number of ion channels in the
plasma membrane. Whereas diffusion within the cytosol of a
compartment is relatively unobstructed and rapid, diffusional

Biocessays 37: 0000-0000, © 2015 WILEY Periodicals, Inc.
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exchange between compartments along the longitudinal axis
of the outer segment is hindered by the internal disks and
achieved through narrow gaps between the disks and plasma
membrane. Longitudinal diffusion is further enhanced by
incisures, which are infoldings of the disks that increase
regions of interconnecting cytosol. The small rods of mice
have only a single incisure, but the larger rods of amphibians
may have as many as 25-30 [15]. Longitudinal diffusion
depends on the surface area of the narrow openings through
which diffusion can occur (including the incisures), relative to
the total disk surface [16, 17]. In summary, outer segment
compartmentalization allows for a high density of membrane-
bound proteins needed for high light sensitivity. In addition,
the highly evolved geometry of the outer segment regulates
diffusion and contributes to the amplitude and spread of the
signal.

Photon absorption is amplified by the
G-protein transducin and by
phosphodiesterase activation

The high concentration of rhodopsin and optical properties of
the photoreceptors guarantee a high probability of photon
absorption, which must then trigger the production of a
detectable and reproducible signal. For this task, a sophis-
ticated biochemical signaling pathway functions within the
structural constraints imposed by the rod geometry. The first
step of the signaling pathway is provided by a G-protein-
coupled amplification process leading to activation of a PDE
effector enzyme. There are 10’ molecules of the G protein
transducin in a dark-adapted mouse rod outer segment [18]
distributed within about 800 compartments [12], giving
somewhat more than 10" transducin molecules per compart-
ment, equally distributed on the two facing disk membranes.
Such a high concentration of G protein is unprecedented:
photoreceptors may be rivaled only by olfactory receptors,
which also use a cyclic-nucleotide-dependent cascade.

Although the concentration of transducin is rather high, it
is nevertheless limiting because even small decreases cause
fewer transducins to become activated during the short
lifetime of Rh*, hence reducing the gain of the cascade [19, 20].
As a consequence, migration of transducin out of the outer
segment in very bright light can decrease light sensitivity,
reducing ATP consumption and preventing photoreceptor
light damage [21, 22]. The concentration of PDE is about 10-
fold less than that of transducin — of the order of 10° molecules
per rod outer segment or about 10°> molecules per compart-
ment; but when PDE expression is decreased by half, there is
little change in the rod response [23].

Biochemical and physiological measurements indicate
that Rh* can produce a few hundred activated transducin
molecules per second [24], but because the mean lifetime of
mammalian Rh* is of the order of 40 ms (see [25]), the mean
number of activated transducin molecules is only about 5-10.
This small number of transducin molecules activates an equal
number of phosphodiesterase molecules by binding to the
inhibitory vy subunits of the PDE and relieving PDE inhibition
(see [9]), all within the membrane of the compartment
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containing the single Rh*. The activated PDE molecules
(Fig. 2A) then hydrolyze cGMP to produce the change in outer
segment conductance and current (Fig. 2B). Activated trans-
ducin deactivates much more slowly than it binds to and
activates PDE. This ensures that transducin accomplishes its
task of activating the PDE. As a consequence, the gain of
transduction is determined primarily by the gain of transducin
activation by Rh*, together with the gain of cGMP hydrolysis
during the lifetime of activated PDE.

How can such a small number of activated PDE molecules
produce a signal sufficiently large to overcome background
noise? A partial explanation is provided by the properties of
the enzyme itself: light-activated PDE is an almost perfect
enzyme [24, 25], whose rate is limited only by the rate of
collision of the enzyme with its substrate cGMP. As a result,
the rate of cGMP hydrolysis depends on the encounter rate,
which in turn is determined by cGMP diffusion and the
geometry of the compartment (primarily its radius, see [26]).
Because the compartment of a mouse outer segment is small
and cGMP diffusion within a compartment is fast, the
hydrolysis rate is so high that the small number of PDE
molecules activated by a single photon is sufficient to generate
a decrease in the cGMP concentration large enough to produce
a detectable response (Fig. 2B).

PDE efficiently hydrolyses cGMP within a compartment,
but there must also be spread of the change in cGMP
concentration up and down the outer segment produced by
longitudinal diffusion. If there were no cGMP spread between
compartments, a single photon absorption would rapidly
deplete the 40 or so molecules of cGMP freely available within
the compartment and would close channels adjacent only to
this one compartment. The change in membrane conductance
would then be small relative to the conductance of the whole
of the outer segment, and the response to a single photon
would be lost in the noise [10].

Longitudinal cGMP diffusion ensures that substrate is not
depleted for the extremely efficient light-activated PDE,
thereby increasing the pool of ion channels affected by
photon absorption. Experimental evidence ([27], see also
[28, 29]) and theoretical calculation [10, 16] both give a value
of the longitudinal diffusion constant of about 40 pm?s~,
which allows the change in cGMP concentration to spread a
few micrometers on either side of the compartment absorbing
the light [10, 27, 30]. Simulations show [10] that longitudinal
diffusion of this order is more than sufficient to allow a single
photon to close about 5% of the channels open in darkness.
Thus the high efficiency of the PDE enzyme together with
diffusion within and between compartments permits a
detectable response to a single photon even though very
few G proteins and effector enzymes are activated.

Fidelity is limited by background noise

To detect a single photon absorption with fidelity, a rod must
generate a signal sufficiently larger than the fluctuations that
produce background noise. In darkness, there are two sources
of noise in a rod [31]: spontaneous activation of rhodopsin and
continuous noise produced by spontaneously active PDE [29].
Because a rod outer segment contains so many rhodopsin

Prospects & Overviews B B

molecules, and because spontaneously activated rhodopsin
produces a response that is identical to the one produced by
rhodopsin activated by light, it is crucial that spontaneous
activations occur very infrequently to minimize dark signals
that could be confused with photon absorptions. Indeed, on
average single rhodopsin molecules spontaneously activate
only once every several hundred years [31]. This high stability is
an essential feature of rod photodetection and one of the most
remarkable properties of the rhodopsin photopigment. Other
G-protein receptor molecules activate spontaneously at a much
higher rate [32]. Although spontaneous responses are very
infrequent, they can be summed together from many rods
within the retina and central nervous system and may be
ultimately responsible for setting the behavioral threshold of
vision [31, 33].

In addition to spontaneous activations of rhodopsin, there is
continuous dark noise in the rod produced by random activation
and deactivation of PDE [29, 34]. There is also noise due to fast
spontaneous openings and closings of the cyclic nucleotide-
gated channels, but the amplitude of this noise is small and its
frequency range is much higher than that of the rod light
response [29, 35]. The PDE noise, on the other hand, is well
within the frequency range of the response [29, 31]. Its amplitude
depends upon the average number of spontaneously activated
PDE molecules in a compartment, which we call Pg,; as well
as the rate of cGMP hydrolysis by a spontaneously activated
PDE, which we denote as k;p. In darkness, cGMP hydrolysis by
spontaneously activated PDE is indispensable to counteract
the dark activity of the guanylyl cyclase, the enzyme that
synthesizes cGMP. The average number of spontaneously active
PDEin a compartment determines the value of the dark turnover
rate of cGMP Bgax, Which is equal to the product of P;p and
ksp [36]. The value of Bganc sets the steady state cGMP
concentration in darkness, and it is also important for temporal
resolution and response gain.

In mouse present evidence indicates that Py, is about 1 [10]
and Bgark approximately 4 per second [27]. Thus on average
only a single PDE molecule (out of a total of about 10°) is
spontaneously active in each compartment at any one time.
From Pzp and Bgark, We can estimate that ks, is of the order
45, This value for the hydrolysis rate of spontaneously
activated PDE is surprising, because it is much smaller than
the diffusion-limited rate of light-activated PDE, which is
about 60s~! [10].

The mechanism responsible for the difference in hydrol-
ysis rates is presently unknown, but it is crucially important. If
the rate of spontaneously activated PDE had a value of 605,
a single spontaneously activated PDE per outer-segment
compartment would produce a turnover rate B4.q of about
60s'. Such a high value would drastically reduce the
amplitude of the single-photon response (Fig. 3A), because
light-activated PDEs would have to compete against a much
higher level of spontaneous cGMP hydrolysis. The amplitude
of the light response could be maintained only if a greater
number of PDEs were activated in the light, but more PDEs
could be activated only if the lifetime of Rh* were increased,
which would increase the duration of the light response and
decrease temporal resolution.

A Baar value of around 4 s ! could be achieved even with a
ksp of 60 s~ ! by greatly reducing the value of Pg,. Reducing P,

Biocessays 37: 0000-0000, © 2015 WILEY Periodicals, Inc.
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Figure 3. Simulations of single-photon responses for a mouse rod
with modified PDE kinetics or expression. Currents have been
normalized to the circulating current in darkness. A: Simulations
assuming a rate of spontaneous cGMP hydrolysis set equal to the
diffusion-limited rate for light activated PDE. This high spontaneous
PDE rate would give a Bgar Of approximately 55 s~'. B: Simulations
of single-photon responses again assuming a rate of spontaneous
cGMP hydrolysis set equal to the diffusion-limited rate for light
activated PDE as in A but with a PDE density that is 13-fold lower
than normal to reduce the amount of spontaneous PDE activations
S0 that Byar IS Maintained at 4.1s~". C: Single-photon simulations
with the PDE density reduced by a factor of 5 so as to be the same
as in toad. All of A-C reprinted from Reingruber et al. [10] with
permission of the authors, copyright 2013 National Academy of
Sciences, U.S.A.
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would however increase the level of dark noise. Most of the
time there would be no spontaneously activated PDE per
compartment, and the cGMP concentration would increase. A
sudden spontaneous PDE activation would then produce a
large reduction in the cGMP concentration because of the high
ksp of the PDE. The average cGMP concentration would remain
constant, but there would be pronounced fluctuations, which
would produce elevated dark noise. The single-photon
response would be nearly undetectable (Fig. 3B) unless many
more PDEs were activated by light by increasing the lifetime of
Rh*, again decreasing temporal resolution. A more detailed
analysis suggests that on average around one spontaneously
activated PDE per compartment is optimal and needed to
restrict the noise to 2-3% of the dark current amplitude,
which is at the limit of single-photon detection [10]. These
considerations suggest that there must be mechanisms that
cause rods to fix the properties of spontaneous PDE activation
to optimize background noise, signal gain, and temporal
resolution. How this regulation occurs is still unclear.

Of mice and toads

The contrasting effects of signal gain and background noise
can be highlighted by comparing mouse rods with the rods of
the toad Bufo marinus [10]. A toad rod outer segment is 4-5
times larger in diameter than a mouse rod and has a
compartmental volume nearly 20 times greater (see Fig. 4).
As a result of this larger diameter, the diffusion-limited
hydrolysis rate is much reduced in a toad rod, and many more
PDEs must be activated to cause a change in cGMP
concentration large enough to produce a detectable response
to a single photon (compare Fig. 4A with Fig. 2A). The
activation of so many PDEs requires a much longer lifetime of
light-activated Rh*, with the consequence that the single-
photon response lasts much longer in a toad than in a
mammal (compare Fig. 4B with Fig. 2B). Rh* deactivation is so
slow in toad that it is probably rate-limiting for the decay of
the response [37, 38]. This is in contrast to mouse, where the
lifetime of Rh* is much shorter and PDE deactivation limits
response decay [6, 7, 39]. Although the temporal resolution of
vision is much poorer in a toad than in a mammal in part also
as a result of the lower body temperature of amphibians,
sensitivity is actually enhanced because rods integrate
responses to single photons over a much longer time [40].
This longer integration time makes it possible for a toad to
detect a slowly moving worm in much dimmer light than
would be possible for a human observer [41, 42].

Although many more PDEs must be activated by light in a
toad than in a mouse, a spectral analysis of the dark noise
indicates that the number of spontaneously active PDEs per
compartment is about the same [10, 29]: P_jp has again a value
of about one. This finding is unexpected — we would have
predicted a higher number from the much larger compartment
size in toad compared to mouse. If, however, the number of
spontaneously active PDEs were larger in toad, the basal rate
of hydrolysis of cGMP in darkness would be higher, and an
even larger number of light-activated PDEs would be required
to signal the absorption of a photon. More light-activated PDEs
would mean yet a longer lifetime of Rh* and a further decrease
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Figure 4. PDE activation and single-photon responses of toad rods.
Toad rod outer segment drawn to approximately the same scale as
mouse rod in Fig. 2. A: Stochastic simulations of light-activated PDE
after absorption of a single photon (black) together with the mean
response (red), as in Fig. 2A. B: Simulations of single-photon
responses with amplitude and time course similar to suction-
electrode responses [5, 37]. Currents have been normalized to the
circulating current in darkness. Both A and B reprinted from
Reingruber et al. [10] with permission of the authors, copyright 2013
National Academy of Sciences, U.S.A.

in temporal resolution. A higher basal rate of cGMP turnover
would also waste precious ATP.

How can P, have the same value in these two species
despite the large difference in compartment volume? The
answer seems to be that the biochemical concentration of PDE
and, therefore, the density of PDE molecules in a compartment
is several times lower in toad than in mouse. Put another way,
the density of PDE in a mammal is several times higher, about
500 wm 2 of disk membrane versus 100 wm 2 in amphibians
(see [43]). If the PDE density were reduced in mouse to be the
same as in toad, the value of P;‘p would also be reduced,
leading to greater noise and a commensurate reduction in
Baark- As a result, both the amplitude and time course of the
mouse single-photon response would be greatly altered
(Fig. 3C). The increase in PDE expression in a mammalian
rod has no effect on the gain of transduction, because the
number of PDEs activated by a photon depends upon the
number of transducins produced per Rh*, which is not altered
by a change in the density of PDE molecules.

These observations provide a remarkable insight into the
evolution of a mammalian rod: one of the key adaptations in a
mammal is an increase in the expression level of PDE to
compensate for the reduction in outer segment diameter. As
a result, a mouse rod can respond to a single photon by
closing approximately the same percentage of outer segment
channels as in a toad, but it can use many fewer G proteins

Prospects & Overviews B B

and effector molecules and achieve higher temporal reso-
lution. The biochemistry of transduction and the geometry of
the outer segment may have evolved together so as to ensure
the detection of single photons.

Calcium produces feedback control of
cGMP synthesis

Calcium enters the rod through cGMP-gated channels in the
outer segment (Fig. 1C). These channels are cationic and
permeable to monovalent cations such as Na* and K*, but
they are also quite permeable to divalent ions including
Ca*" [44]. As a result, 10-15% of the current entering the outer
segment in darkness is carried by Ca’", and this Ca®' is
continuously expelled by a very active Na™*/Ca>™-K ™" (or NCKX)
exchange protein also located in the outer segment (see [45]).
In rods, the NCKX proteins are associated in a complex with
the channels, in a ratio of two exchange molecules per
channel molecule [46, 47]. The closing of the channels
decreases Ca?" influx into the outer segment, and continued
export by the NCKX exchanger produces up to a 10-fold
decrease in the free-Ca>* concentration in a mammalian rod,
from about 250nM in darkness to about 25nM in bright
light [48]. Because of high exchanger activity and strong Ca*"
buffering [49], the longitudinal distribution of Ca®" is nearly
independent of the diffusion of calcium but simply mirrors the
longitudinal distribution of cGMP which controls channel
opening [10, 30].

The change in Ca®" alters the activity of the guanylyl
cyclase, the enzyme that synthesizes cGMP. The activity of
the cyclase is regulated by Ca’"-binding proteins called
guanylyl cyclase-activating proteins (or GCAPs), which
control the rate of synthesis of cGMP in the following way
(see Fig. 5A and [50]). In darkness, the divalent binding sites of
the GCAPs are mostly occupied by Ca®", and the GCAPs
keep the rate of the cyclase rather low and just sufficient
to replace the cGMP hydrolyzed by the dark spontaneous
rate of the PDE. In the light when PDE is activated, the
c¢GMP concentration falls, channels close, and the free-Ca®"
concentration decreases; Ca*" falls off the divalent binding
sites of the GCAPs and is replaced by Mg®", and this
substitution greatly accelerates cyclase activity. As a con-
sequence, the cyclase makes additional cGMP, opposing the
action of the PDE. The GCAPs, therefore, provide negative
feedback: activation of PDE decreases cGMP, which closes
channels, decreases Ca", activates the cyclase, and increases
cGMP synthesis to oppose the initial decrease produced by
light.

Deletion of the GCAPs causes a large increase in the size of
the single-photon response as well as a dramatic slowing of
response decay (Fig. 5B). These effects have been extensively
investigated [27, 51-53] and are known to be produced in the
following way. When the GCAPs are deleted, cyclase activity is
no longer modulated, and the single-photon response is larger
in amplitude because the change in cGMP concentration is
larger: there is no light-dependent increase in cGMP
production to counteract the decrease produced by the
PDE. Responses decay more slowly because the cyclase rate is

Biocessays 37: 0000-0000, © 2015 WILEY Periodicals, Inc.
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Figure 5. Regulation of guanylyl cyclase by small molecular-weight
Ca?*-binding guanylyl cyclase activating proteins (GCAPS). A:
Schematic drawing indicating binding of Ca%* and small molecular-
weight GCAPs to cyclase. B: Comparison of mean responses from
41 wild-type (WT) rods (black) and 21 rods lacking the genes for the
GCAP proteins (green). Single-photon responses were calculated
from the squared mean and variance (for example [66]). Currents
have been normalized to the circulating current in darkness, giving
the faction of channels closed as a function of time. The fraction of
channels closed is thus the same as the normalized current defined
in the legends to Figs. 2-4.

not accelerated in the light. The cGMP concentration is no
longer able to track the decay rate of PDE but recovers more
slowly with the basal rate of the cyclase [52].

Because the amplitude of the single-photon response is so
much greater when the GCAPs are deleted, we might wonder
whether single-photon detection would be easier without
these proteins, notwithstanding the inevitable degradation in
temporal resolution produced by slower response decay. But
here is the rub: deletion of the GCAPs produces not only an
increase in the size of the single-photon response but also an
increase in dark noise [10, 52, 54]. Modulation of the cyclase
rate produced by the GCAPs acts as negative feedback, as we
have said, and in the absence of this feedback, the fluctuations
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of current in darkness increase as single PDE molecules are
spontaneously turned on and off. The signal-to-noise ratio of
the rods actually improves somewhat, because the size of the
single-photon response increases more than the amplitude of
the noise [54]; but the noise is more effectively passed across
the synapse between rods and second-order bipolar cells
[55, 56]. As a consequence, the signal-to-noise ratio of the
single-photon response in bipolar cells is degraded when the
GCAPs are deleted, and behaving mice are less able to detect
dim illumination [54]. Decreasing GCAP-dependent feedback
decreases visual performance.

Increasing GCAP-dependent feedback would also decrease
performance, because an increase in cyclase feedback would
reduce not only the amplitude of spontaneous noise but also
the peak amplitude of the single-photon response. Perform-
ance would be increased if GCAP expression were increased
while maintaining the amplitude of the single-photon
response at a constant value, but the amplitude could be
maintained only by increasing the number of light-activated
PDEs and the lifetime of Rh*, with a consequent broadening of
response time course and reduction in temporal resolu-
tion [10]. Thus any alteration in the level of feedback control
by the GCAPs and guanylyl cyclase would either reduce
signal-to-noise or degrade the ability of the rods to detect
change and motion.

Single-photon responses are surprisingly
constant in amplitude

One of the remarkable features of the single-photon response
is its reproducibility. Denis Baylor and coworkers [5] first
showed that the amplitude of the response varies over a
surprisingly narrow range, and many later studies have
repeated this initial finding [37, 55, 57-59]. How does a rod
achieve such a stable amplitude? Most of the amplitude
variability reflects differences in the number of light-activated
PDEs [38]. The number of light-activated PDEs ultimately
determines the amplitude of the response and depends on the
lifetime of Rh*. Thus at least part of the explanation of the
variability of the response arises from the regulation of Rh*
lifetime.

The lifetime of Rh* is controlled at least in part by
phosphorylation followed by the binding of arrestin (see
Fig. 6A and [1, 60]). Like other G-protein receptors, rhodopsin
has carboxyl-terminal serines and threonines (there are six
in mouse), and all of them can be phosphorylated by
rhodopsin kinase (RK), also known as G-protein-receptor
kinase 1 or GRK1 (see for example [61, 62]). How many need to
be phosphorylated to extinguish Rh*? Let us suppose for the
sake of argument that turning off Rh* requires a single random
event like radioactive decay, whose probability is distributed
exponentially. We can then quantitate the extent of variability
by calculating the coefficient of variation (or CV) of the
amplitude of the response, which is the standard deviation
divided by the mean. For radioactive decay, the mean and
standard deviation are equal, and the CV is one. The CV of the
amplitude of the single-photon response, on the other hand, is
much less than 1 and of the order of 0.2-0.4 [5, 37, 55, 58, 59].
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Figure 6. Mechanism of decay of Rh*. A: Schematic drawing
indicating phosphorylation of Rh* by rhodopsin kinase (RK or
GRK1), followed by binding of arrestin to phosphorylated rhodopsin.
B: Comparison of mean responses from 41 WT rods (black), 22
RKBark7 rods (blue) having one-seventh the normal expression level
of rhodopsin kinase [7], and 19 RKS5617L rods (red) having 12-times
the normal expression level of rhodopsin kinase [66]. Single-photon
responses were calculated from the squared mean and variance (for
example [66]). Currents have been normalized to the circulating
current in darkness, giving the faction of channels closed as a
function of time. The fraction of channels closed is thus the same as
the normalized current defined in the legends to Figs. 2-4.

One widely accepted explanation of the low CV is that
rhodopsin inactivation occurs through multiple steps that
require several amino acids to be phosphorylated. Many
studies have shown that Rh* can be multiply phosphorylated
(for example [61, 62, 63]), though there is no agreement about
how many and which serines or threonines participate in
rhodopsin inactivation and arrestin binding. Some experi-
ments seem to indicate that phosphorylation of all six sites in
mouse occurs during Rh* inactivation [64, 65], but it is difficult
to conceive how this could happen during the short lifetime of
Rh*. The concentration of rhodopsin kinase is at most a
few percent of the rhodopsin concentration [61, 66], with a
turnover rate (at least in bright light) of only 1-3 phosphor-
ylations per second [61]. Although arrestin binds poorly to
singly phosphorylated Rh*, it can bind almost fully when
already three of the six sites are phosphorylated [67]. Sites are
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probably not phosphorylated at random, because Kennedy
and coworkers have shown that serines are among the first
to be phosphorylated [61], whereas the recent results of
Azevedo and coworkers [68] indicate that phosphorylation of
threonines is especially important for terminating Rh* activity.
Despite clever and determined attempts by many investiga-
tors, we still do not know the specificity of the kinase or time
course of its action.

It is also unclear whether phosphorylation is the only
mechanism responsible for Rh* inactivation [37]. If it were, the
gain of transduction should depend upon the concentration
or activity of the kinase, which is normally such a small
percentage of the rhodopsin concentration that it is unlikely to
be saturating. Experiments directly varying the expression
level of rhodopsin kinase show, however, that a change of
over 80-fold from 7-fold smaller to 12-fold larger produces an
overall change in the single-photon response amplitude of
only about a factor of 2 (Fig. 6B, [7, 66]). The amplitude of
the single-photon response is remarkably insensitive to the
expression level of the kinase, and the lifetime of Rh* may not
be determined by kinase action alone [66].

Other mechanisms have also been proposed to contribute
to the small variability of the single-photon response. Ca*"-
dependent feedback of the cyclase has been the target
of several studies claiming that it does [58, 59] or does not [10,
37, 55, 69, 70] influence response variability. Particularly
significant are the recent results of Gross and coworkers [59],
which show that the CV of the single-photon response
amplitude is increased when the genes for the GCAPs are
deleted, from a mean value of 0.34 in WT to 0.42 in GCAPs "/~
rods. Contributions have also been suggested for local
saturation of cGMP hydrolysis within compartments and a
nonlinear relationship between cGMP concentration and
outer-segment conductance [70].

Conclusions and prospects

Vertebrate rods detect single photons with a cell geometry
that confines transduction to compartments of high lateral
diffusion, together with an extremely stable G-protein
receptor molecule and an effector enzyme so efficient that
its activity is limited only by its collision rate with its cGMP
substrate. A single Rh* produced by photon absorption
activates only 5-10 PDE molecules in a mammalian rod, but
this number is sufficient to produce a detectable change in
plasma membrane conductance. Moreover, the number of
activated PDEs, the rate of spontaneous PDE activity, and
feedback control by the guanylyl cyclase all appear to be
optimally adapted to rod geometry: any increase or decrease
would make the single-photon response either too small, too
long-lasting for mammalian vision, or undetectable above
background noise. In amphibians, whose rods have much
larger outer segments, the lifetime of Rh* and number of
activated PDEs are much greater, and single-photon
responses decay more slowly. Amphibian rods have poorer
temporal resolution than mammalian rods but integrate
photon signals over a longer time, resulting in slower but
more sensitive behavioral responses. Considerable progress
has been made understanding how responses to single
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photons are produced, but we still do not fully understand
the role of Ca’" or the surprisingly small variability in
single-photon response amplitude. Rh* is extinguished by
phosphorylation and arrestin binding, but the identity of the
phosphorylated sites and the time course of phosphorylation
are still unknown. The biochemistry and geometry of the rod
may have adapted together to insure single-photon detection
across species, but it is unclear whether these adaptions
occurred independently or were coupled together by some
other mechanism. These open questions will undoubtedly
be the focus of future research for understanding the
remarkable sensitivity of rods to single photons.
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