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Abstract

Cone photoreceptors provide the foundation of most of human visual experience, but because
they are smaller and less numerous than rods in most mammalian retinas, much less is known
about their physiology. We describe new techniques and approaches which are helping to provide
a better understanding of cone function. We focus on several outstanding issues, including the
identification of the features of the phototransduction cascade that are responsible for the more
rapid kinetics and decreased sensitivity of the cone response, the roles of inner-segment voltage-
gated and Ca2*-activated channels, the means by which cones remain responsive even in the
brightest illumination, mechanisms of cone visual pigment regeneration in constant light, and
energy consumption of cones in comparison to that of rods.
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Although as physiologists we have been fascinated by the ability of rod photoreceptors to
signal the absorption of single photons of light, cones are much more important to our
visual behavior. Patients with congenital stationary night blindness, who have decreased rod
function, have difficulty driving at night; but patients with age-related macular degeneration
and decreased cone function may not be able to drive at all. Cones are less sensitive than
rods but respond with much more rapid kinetics and are necessary for detecting changes in
illumination, which are critical for the precise determination of object motion and removal
of blur. Those of us who live in Southern California know very well that it is dangerous

to run in the desert on a moon-lit night, even when visibility seems quite good. Cones are
much better than rods at providing the signals we need to process the sudden appearance of a
cactus in our path.

It is therefore disappointing to realize that we know much less about cones than about rods,
especially for mammals. The reasons are largely technical: cones are smaller and, in most
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mammalian species, much less abundant than rods. As a consequence, measurements of
cone physiology and biochemistry are far more difficult. Although some progress has been
made in the study of cones in lower vertebrates [for example 14, 16, 48, 70, 90] and primates
[3, 13, 20, 81, 105], this work has yet to answer many fundamental questions about the
molecular mechanisms underlying cone function.

It therefore seems appropriate to begin this review by asking, what are the unsolved
questions of cone function? Although opinions may differ, we submit that any list would
include the following: (1) What features of the phototransduction cascade are responsible for
the more rapid kinetics and decreased sensitivity of the cone response compared to rods?

(2) What role do inner-segment channels have facilitating the rapid rise and fall of the cone
response in changing illumination? (3) Why do cones continue to provide robust responses
even in the brightest illumination? (4) How do cones renew visual pigment in constant light?
We now know that regeneration of 11-c/sretinal by the retinal pigment epithelium is only
part of the story. And finally (5), why do cones eventually degenerate after the loss of rods in
genetically inherited diseases such as retinitis pigmentosa and Leber congenital amaurosis?
Many forms of these diseases are caused by mutations in rod proteins and first produce rod
degeneration, but it is the subsequent and seemingly inevitable death of cones that cripples
the life of affected patients.

These questions are all profound and fundamental, and we do not presume to be able to
answer even one of them in its entirety. We do hope, however, that in this brief survey we
can indicate new approaches and present recent data, which may provide a novel perspective
on some of the outstanding problems of cone function.

What features of the transduction cascade are responsible for the more

rapid kinetics and decreased sensitivity of the cone response?

From many studies of visual pigment and transduction genes, we can be fairly confident
that both rods and cones evolved from a cone-like ancestor [61, 91]. We know from the
example of lamprey that this evolution was complete already in the late Cambrian [see
35]. Lampreys are agnathans or jaw-less vertebrates, whose ancestors diverged from all

of the other vertebrates about 500 million years ago [60]. Nevertheless, the responses of
lamprey rods and cones are remarkably similar to those of other vertebrates—in the dark, in
background light, and after pigment bleaching [5, 73, 74]. A physiologist, given responses
from lamprey photoreceptors placed on one side and salamander photoreceptors on the
other, would be hard-pressed to say which was which. Already in lamprey, the cones are
nearly 100 times less sensitive than rods. With time constants of response decay at least
10 times shorter, cones have the faster responses required to resolve rapid changes in light
intensity.

Recordings from lamprey photoreceptors have also resolved a long-standing question of
outer-segment anatomy. The outer segments of rods in most vertebrates have enclosed
membranous disks, but cones over most of the length of their outer segments have open
membranous lamellae. In lamprey, however, the morphologies of the outer segments of rods
and cones are identical: both are cone-like with membranous lamellae [33, 43, 54, 83, 84].
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It would therefore appear that the disks of rods in jawed vertebrates evolved after the line
leading to lamprey diverged from other vertebrates. Rod disks can therefore have little role
in determining photoreceptor kinetics or sensitivity but may contribute to some other cellular
function such as membrane renewal [73].

If, then, we put anatomy to one side and ask what molecular differences between the two
kinds of photoreceptors might be responsible for their physiological differences, we are
presented with an embarrassment of choice. Nearly every important transduction protein is
in some way different, either because the rods and cones express different protein isoforms
(photopigments, transducin, phosphodiesterase subunits, cyclic-nucleotide-gated channels,
Na*/Ca2*-K* transporter) or because expression levels of proteins are different (guanylyl
cyclase, GTPase-activating proteins or GAPs, and probably also phosphodiesterase).

In an attempt to elucidate which of these molecular differences are responsible for the
differences in sensitivity and response kinetics, many research groups have expressed cone
proteins in rods or have altered protein expression levels [reviewed in 51]. Some of these
experiments have revealed differences, for example for transducin [24], phosphodiesterase
[67], and increases in GAP expression [23, 59], but many attempts of this kind have resulted
in little or no change, and in no case was photoreceptor sensitivity or time course of
response decay altered by more than a factor of 2 or 3. We can then conclude that no one
molecular change can explain the entire rod/cone difference, but that many differences in
protein isoform and expression level must contribute. This conclusion is perfectly consistent
with the way we think evolution often works, by the slow and gradual accretion of many
small differences to produce a significant change in physiology or behavior.

The question then becomes, which of these differences are the most important? Because
further progress with purely experimental approaches may become increasingly complex
and technically problematic, we decided to combine experiment with theory. We began with
an accepted model of the mouse rod photoreceptor response incorporating the principal
features of the phototransduction cascade [26, 45, 46, 93, 96, 98, 99]. We then asked,

what changes have to be made in this model to fit responses to cones? To make this
approach feasible, we first needed accurate measurements of the light-induced changes

in cone outer-segment conductance. Moreover, we needed measurements from cones with
alternative genetic backgrounds, so that we could test our model by altering the expression
of transduction enzymes [as in 46]. In short, we needed recordings from mouse cones,

and we needed voltage-clamp recordings because suction-electrode recordings [79, 80],
membrane-potential recordings [4], and pharmacology-isolated cone responses from whole-
retina electroretinograms (ERG) [101, 102] are low-pass filtered by the high capacitance

of the cone membrane and do not provide unambiguous measurements of changes in
membrane conductance [90].

We were therefore very fortunate to have had a talented graduate student, Norianne Ingram,
who discovered that she could use the position and appearance of photoreceptor somata to
direct her pipettes almost unerringly to the cones [52], even though in mouse they constitute
only 3% of the total photoreceptor population [86]. In this way, whole-cell recordings from
single cones in retinal slices could be made routinely to examine their physiology.
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Examples of such recordings are given in Fig. 1 [52]. Figure 1 a and b are voltage-clamp
current responses and current-clamp voltage responses to a series of brief flashes of
increasing intensity for a wild-type (WT) mouse cone. Responses like these were shown

to originate from cones by including in the patch pipette the dye Alexa Fluor 750 (Fig. 1c,
d). The WT cell in Fig. 1 was exceptional because it had little rod input. In other recordings,
rod input to the cone could be nearly as large as the intrinsic response of the cone itself. To
study cone responses without rod interference, recordings were made from retinas lacking
rod transducin (GnatZ~'-), which almost entirely eliminates rod activity [19].

Once we had voltage-clamp measurements of changes in cone light—dependent conductance,
we worked with Jiirgen Reingruber of the Ecole Normale Supérieure in Paris to model the
cone responses [97]. We first produced a model of the rods, based both on recordings of WT
rods and rods lacking the guanylyl cyclase—activating proteins (GCAPs™), with literature
values of most of the rod parameters. We used GCAPs™'~ rods and cones because they

lack Ca2*-dependent regulation of guanylyl cyclase, providing considerable simplification
of the model for our initial calculations. We then attempted to fit WT and GCAPs™~ cone
responses with the rod model by changing only a single kinetic parameter. In agreement
with the molecular biology, we discovered that no one parameter alteration could let us fit
the cone light response. We could however get satisfactory fits to both WT (Fig. 2a) and
GCAPs™~ cones (Fig. 2b) when we altered the rod model to produce (1) decreased gain of
the response, reflecting a reduction in amplification of the transduction cascade probably at
least in part due a decrease in transducin activation by excited visual pigment; (2) increased
rate of turnover of cGMP in darkness, perhaps due to an increase in cyclase expression and
phosphodiesterase (PDE) activity; and (3) increased rate of decay of activated PDE, likely
caused by increased GAP expression in cones and more rapid deactivation of transducin.
The root-mean-squared error was nearly the same for models with and without an additional
acceleration of decay of light-activated photopigment. We were therefore unable to exclude
the possibility that light-activated pigment decays more rapidly in cones than in rods. But
since rods and cones in mouse use the same rhodopsin kinase (GRK1), the rates of pigment
decay may not greatly differ.

In Fig. 2, we also compare for rods and cones the single-photon responses (Fig. 2¢) and
number of PDE molecules activated per photon (Fig. 2d) as calculated from our model. The
amplitude and integration times for the various single-photon responses are similar to those
actually recorded from rods [for example 8, 26, 71, 104] and cones [80, 103]. We estimated
the peak number of PDE molecules activated at any one time during the single-photon
response in both WT and GCAPs™/~ photoreceptors as a factor of 52 less in a cone than in a
rod.

Our study was confined to dark-adapted cones in response to brief flashes and is only a
beginning. We think it very likely that other mechanisms may be required to explain the
adaptation of cone responses during prolonged stimulation. A different approach may be
required because, at present, we lack an adequate model of adaptation in rods. We believe
however that we have already been able to identify some of the principal alterations in gain
and kinetics of specific steps in phototransduction that distinguish rods from cones, which
might have been responsible during evolution for the emergence of the duplex retina.

Pflugers Arch. Author manuscript; available in PMC 2022 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fain and Sampath

Page 5

What role do inner-segment channels have facilitating the rapid rise and fall

of the cone response in changing illumination?

Cones in mammals, like rods and cones in all vertebrates, have a variety of ion channels

on the membrane of their inner segments (Fig. 3), including voltage-gated Ca2* channels at
the synapse, Ca%*-activated channels permeable to K* and CI~, voltage-gated K* channels,
and hyperpolarization-activated and cyclic-nucleotide-gated (HCN) channels permeable to
both Na* and K* [see 110]. Beginning with our own work many years ago [36, 38—40],
many subsequent experiments particularly in lower vertebrates have characterized these
conductances [6, 9, 10, 12, 15, 49, 65, 68, 117], and similar experiments have also been
done on mammalian rods [30, 31, 88, 107] and cones [109, 118]. Although several attempts
have been made to quantify the effects of these conductances on the waveform of the
photoreceptor light response, these efforts have largely employed current injection to mimic
the voltage-response waveform rather than the voltage responses themselves [for example
12]. No previous study has utilized voltage clamp and current clamp to characterize the
properties of cone inner-segment channels and explain how their opening and closing
contribute to the transformation of a change of conductance in the outer segment into a
voltage response at the synapse. This approach is however the only certain way to quantify
the influence of inner-segment conductances on the kinetics of the voltage signal.

With this end in view, we have used the techniques we developed for recording from

mouse cones to characterize their inner-segment conductances. The great asset of mouse is
its genetics and the large number of transgenic animals presently available. We exploited
this advantage by doing our experiments exclusively on animals lacking connexin-36 gap
junctions, which are known to mediate electrical synapses between mouse photoreceptors
[55, see 41] and particularly between rods and cones [4]. By this means, we could eliminate
rod input into cones and also remove current flow between photoreceptors, improving the
space-clamp of our recordings.

From a series of experiments employing voltage steps and cocktails of pharmacological
agents [see 110], we were able to identify in mouse cones all of the inner-segment
conductances that have been previously described for other vertebrate photoreceptors [53].
Among these channels was one producing an outward current blocked by iberiotoxin,
which is diagnostic for Ca2*-activated BK K* channels. BK channels had been previously
described in lower vertebrates [117] but not in mammals [118].

Of the channels we observed, we were able to do the most thorough analysis for the 74
current produced by HCN channels (Fig. 4). This current is activated by hyperpolarization,
with time constants of activation increasing from 25 ms near rest to less than 10 ms for
stronger hyperpolarization and with no perceptible inactivation. It had a reversal potential of
-28 + 1.2 mV (n=10), and an estimated relative permeability ratio of sodium to potassium
Pna/Pk of about 0.4, similar to that measured in other species [10, 29, 32, 49, 118]. This
current is activated during the hyperpolarizing voltage response and may have a large effect
on the kinetics of the response [39]. Experiments on the other channel types are continuing,
with the hope of assembling enough information about channel kinetics and voltage and/or
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Ca?* dependence to begin modeling the cone voltage waveform, which is the direct driver of
changes in glutamate release at the photoreceptor synapse.

Why do cones continue to respond even in bright illumination?

Many studies have shown that cones give robust responses even in the most intense
background light, in part by adaptation of the phototransduction cascade [16, 70]. Some
mechanism may allow a recovery of the cGMP concentration in the presence of a
maintained stimulus, presumably at least in part from a decrease in the rate of the PDE
and/or an increase in the rate of the cyclase. As the cGMP concentration increases, the
channels reopen and permit the cone to continue to respond to superimposed increments or
decrements of light.

Figure 5a [from 52] illustrates this phenomenon in a voltage-clamped cone in the presence
of a bright background light initially bleaching about 0.5% of the photopigment per second.
The cone was recorded in a slice of a GnatZ™/~ retina to avoid any contribution from rods.
Recovery occurred in two phases, one rapid with a time constant of a fraction of a second,
and the other much slower occurring over many seconds. As the cone circulating current
recovered, flashes of increasing intensity were superimposed on top of the background,

and the brightest of these flashes briefly saturated the cone photocurrent. These and other
measurements [16, 70] show that recovery from saturation during prolonged stimulation is
not the result of a change in the number of outer-segment channels available to be closed but
rather a consequence probably at least in part of some alteration in the rate of synthesis or
hydrolysis of cGMP.

In an attempt to discover the nature of this process, a similar (though somewhat less intense)
background light was given to a GnatZ™'~ cone which also lacked the genes for both the
GCAPs and the small molecular weight, Ca2*-binding protein recoverin (Fig. 5b, [52]). Both
the fast and the slow phases of recovery could still be observed, though both were smaller
and slower. Once again, the total number of channels available to be closed seemed not to be
affected. Responses from cones lacking only the GCAPs were similar. Moreover, responses
from cones lacking only recoverin resembled WT cones. It therefore seemed that removal

of recoverin by itself had little effect on response waveform and adaptation to background
light, whereas the effect of removal of the GCAPs was significant.

These results contrast with our recordings from rods [76]. In rods lacking the GCAPs (Fig.
5¢), responses still show some adaptation with a slow recovery of current as in cones (Fig.
5b), followed by a marked undershoot as we [26] and others [17] had previously observed.
This undershoot is of some interest, since it cannot be caused by modulation of Rh* or by
Ca%*-calmodulin-dependent regulation of the cyclic-nucleotide-gated (CNG) channels [26].
In rods, both the undershoot and current recovery are completely eliminated by deletion of
the gene for recoverin (Fig. 5d). Although the explanation of this result is still not entirely
clear, it is possible that in rods recoverin regulates the rate of the PDE [25, 76].

What process then mediates the recovery of current in a cone? The results in Fig. 5aand b
indicate that GCAP-dependent activation of the cyclase is part of the story, since when this
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mechanism is removed the cones recover less completely and more slowly [see also 101,
102]. As our modeling of cone flash responses has shown, light-activated PDE in a cone
decays more rapidly than in a rod from a higher concentration of GAP proteins [120]. There
may also be other mechanisms of transduction modulation such as channel regulation [58,
95] which may contribute to the decay of the response and prevent cone CNG channels from
ever completely closing during maintained illumination.

There is, however, one more trick the cone has up its sleeve. Mechanisms of sensitivity
modulation like those mediated by the GCAPs only have to function over a restricted
range of background light intensities in a cone, perhaps just 2-3 log units. Once the light
intensity becomes sufficiently bright, sensitivity can decline by virtue of the bleaching of
photopigment and the consequent decrease in quantum catch.

To illustrate the role of pigment bleaching, we begin with a simple equation. In the presence
of a continuous bright background light, cones come to steady state with a fraction of
unbleached pigment equal to

1

1+ 1Pt @D

where /is the intensity of the steady light in photons pm=2 s™1 (at the A pax Of the
photopigment), Pis the photosensitivity [5.7 x 1072 pm2, see 82, 116], and zis the time
constant of regeneration. The value of zis unknown for mouse cones, but it is 120 s for
human cones [2] and 470 s for turtle cones [16, but see also 44]. Since pigment regeneration
in mouse is rather slow [see for example 66], we will take < for mouse cones to be 250 s. As
we will see, the exact value is not going to matter very much.

We can then infer from Eq. (1) that once the background intensity exceeds about 108
incident photons pm~2, /Pz will begin to be sufficiently greater than 1 so the fraction of
bleached pigment will decline in almost inverse proportion to the background light intensity.
Provided the sensitivity of the cone is linearly proportional to the pigment concentration
(which should be nearly the case at these low pigment concentrations), and provided there
still remains enough pigment to trigger phototransduction, cones from this point onward will
obey Weber’s law just from the reduction in pigment concentration [16, 70]. Since cones
begin to adapt to background light at an intensity of about 10# incident photons pm=2 [101],
they need only modulate the transduction cascade from 10% to between 106 and 107 incident
photons pm=2 until pigment bleaching takes over. This 2—3 log-unit span is about the range
over which rods adapt to background light [37]. We therefore suggest that cones do not
require any special mechanism of modulation in addition to those used by rods to prevent
saturation, though that is not to say that the two kinds of photoreceptors adapt identically
(see Fig. 5). It is sometimes thought that the ability of cones to avoid saturation is a special
feature of cone transduction and something remarkable [64]. It is quite possible, however,
that cones adapt much like rods but can continue to give robust responses even in very bright
light only because they are less sensitive.
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How do cones renew visual pigment in constant light?

The retinal pigment epithelium has long been known to convert all-frans retinal to 11-cis
retinal to support the formation of the visual pigment, but this mechanism may not be

able to regenerate pigment at a rapid enough rate to maintain cone vision in bright light
[16, 69]. Early experiments demonstrated that cone but not rod pigment can be regenerated
in frog retina in the absence of the pigment epithelium [42, 50], and Vladimir Kefalov

and his colleagues have examined this phenomenon in detail. Their work has delineated a
mechanism of pigment regeneration specifically for cones mediated by the retinal Mller
glial cells [113], which is widespread among vertebrates and present in mammals including
primates [112]. How the Miller cells isomerize retinal has however remained unclear.

In collaboration with the laboratory of Gabriel Travis, we have recently shown [75] that
Muller cells convert all-#rans retinal to 11-c¢/s retinal with a protein called retinal G protein—
coupled receptor (RGR) opsin [89]. This protein is related to the opsin photopigments

but lacks motifs required for interaction with G proteins and is probably not a signaling
molecule. Instead, as Hao and Fong [47] showed, RGR opsin can bind all-frans retinal in the
dark and convert it to 11-cis in the light.

We investigated the role of RGR opsin with pharmacologically isolated photoreceptor ERG
responses from whole, isolated retinas of GnatZ~/~ mice. Because these mice have no
functional rods, we could record cone responses without rod-signal contamination. We
showed that normal cones in the isolated retina can continue to respond in continuous
bright light, with only slow declines in peak amplitude and sensitivity, but that responses
of cones in RGR™'~ retinas (whose gene for RGR opsin had been deleted) decayed much
more rapidly. The effect of deletion of the RGR gene could be mimicked by treating RGR
*I* retinas with the compound a.-aminoadipic acid, a drug that poisons Miiller cells and
blocks the Miller cell mechanism of pigment regeneration [112]. It would therefore appear
that the light-dependent regeneration of visual pigment via RGR opsin is responsible for
Muiller cell regeneration of cone pigment in the isolated retina. This pathway uses a retinol
dehydrogenase (probably RDH10) to convert 11-c¢isretinal into 11-¢/s retinol [75], and
since cones but not rods can utilize 11-c/sretinol [56], the RGR opsin together with the
dehydrogenase can provide a cone-specific pathway for pigment regeneration within the
neural retina.

RGR opsin is also present in the retinal pigment epithelium (RPE) [75], where it has been
shown also to produce a light-dependent regeneration of visual pigment [119]. Because
the expression of RGR opsin is higher in the RPE than in Muller cells, it would be
reasonable to expect that the RPE would make a bigger contribution to light-dependent
regeneration than the Muller cells, though the relative contributions of these cell types is
not presently known. In addition to RGR opsin, the retina has a second light-dependent
pathway utilizing N-retinylidene-phosphatidylethanolamine (N-ret-PE) [57]. The all-trans
retinal released from opsin after bleaching condenses with phosphatidylethanolamine to
form a retinal-lipid intermediate. lllumination of N-ret-PE can then photoisomerize the
retinal to the 11-c¢/sisomer, which can rebind to opsin and regenerate visual pigment. This
pathway also contributes to cone sensitivity [57, 75].
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We have long appreciated that many invertebrates including insects can use light to
regenerate photopigment, and we now know that vertebrates can do this feat as well. At
present, we have little information about the relative contributions of N-ret-PE, RGR opsin,
and the classic pigment-epithelium visual cycle to the regeneration of cone pigment. The
contribution of different mechanisms may be dependent on the intensity of background
illumination, perhaps with the N-ret-PE and RGR-opsin pathways only important in very
bright light. Future research will need to specify the relative roles of Muller cells and RPE in
providing 11-cisretinol to cones. These experiments will be challenging, because recordings
will have to be made either from intact animals or whole eyecups, and biochemical
measurements of cone pigment in most mammals are problematic because cones are present
in such low numbers. We now have an abundance of possible pathways but need much more
information about their function and relative importance.

Why do cones eventually degenerate after the loss of rods in genetically

inherited rod diseases?

One of the unsolved mysteries of retinal disease is why mutations in rod proteins cause

the eventual death of cones [see 78]. Cone death begins to occur at about the time that

rod degeneration is mostly complete [94]. Cones first lose their outer segments, then axon
and synaptic pedicle, and finally most of the inner segment to form rounded cell bodies
[11, 18, 63]. These “dormant” cones can remain viable for a prolonged period of at least

a year in mouse but several years in pig [114], often sprouting telodendria throughout the
remnant of the outer nuclear layer as if in search of synaptic partners [63] before completely
degenerating. Although many possible explanations have been given for why cones die
after the death of rods, including oxidative stress and microglial activation, recent work has
indicated that cones may die from a lack of metabolic energy [115]. Cone degeneration is
preceded by changes in the insulin/mTOR pathway and can be delayed by treatment with
insulin [94] or activation of mTOR [111]. Rods may enhance the viability of cones through
the trophic factor RACVF [62] by promoting glucose transport [1], and degeneration can be
delayed by increasing glucose uptake [114].

Given the possible importance of glucose utilization in degeneration, we thought it might
be useful to estimate the rate of energy expenditure in cones. We have previously shown
that a physiological characterization of rod responses can be used to estimate rod ATP
utilization, in darkness and in background light [85], but similar calculations have not been
made for cones. With this goal in mind, we used patch-clamp recordings from Cx367/~
cones to measure photocur-rents to steps of light to estimate the steady-state rate of entry
of Na* into the outer segment as a function of light intensity. We also recorded voltage
responses to steps of light, and we combined these voltages with measurements of the
voltage dependence of the major inner-segment conductances (as in Fig. 4). To these
numbers, we added estimates of ATP required for the synthesis of cGMP by guanylyl
cyclase, on the assumption that the light dependence of the Ca2* concentration and cyclase
activity are similar in cones and rods. Slight differences would have little effect on our
estimates, because ion transport is by far the largest utilizer of ATP in photoreceptors [85]
as in neurons in the brain [7, 108]. The rates of ATP utilization for synaptic transmitter

Pflugers Arch. Author manuscript; available in PMC 2022 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fain and Sampath

Page 10

synthesis and vesicle formation, pigment phosphorylation and regeneration, and protein
synthesis and outer-segment renewal are all much smaller by comparison.

The results of our calculations are given in Fig. 6. For rods (Fig. 6a), the largest expenditure
of ATP is that required to pump out Na* entering through the CNG channels of the outer
segment. The total energy requirement drops precipitously as the light intensity increases
and the rods approach saturation. For cones (Fig. 6b), the largest expenditure is that required
to remove Ca2* entering voltage-gated channels at the synapse. Because cones make many
more synapses than rods onto second-order horizontal and bipolar cells, they require more
ATP to maintain the Ca* concentration constant in steady light. The rate of ATP expenditure
of cones remains high even in bright light because cones continue to give robust responses.
This difference can be more clearly appreciated in Fig. 6¢, where we compare the rates

of total ATP utilization in rods and cones. Cones are clearly a lot more metabolically
expensive.

In most mammals, rods are much more abundant than cones, and this has the consequence
that total energy expenditure across the whole of the retina continues to be greater for rods
than for cones even in bright light. In the primate fovea, however, the high concentration of
cones produces a sharp peak in ATP expenditure, which is present in darkness (Fig. 6d) and
becomes more prominent in mesopic background light (Fig. 6e). This peak remains large
under photopic conditions during daylight (Fig. 6f), with the result that the fovea acts as an
important sink of ATP in primate (including human) retina, which could make this part of
the retina especially at risk when glucose transport or availability is decreased [1, 27, 94,
114].

The high metabolic cost of cones may explain why, in diseased retinas, the cones first lose
their outer segments [11, 63] and remain viable as rounded cell bodies [94]. It is sometimes
thought that cones lose their outer segments to avoid the cost of having to renew them.

We think it more likely that outer segments are lost to prevent Na* entry through CNG
channels. An increase in intracellular Na* concentration can produce an increase in Ca2* by
decreasing Ca?* export via NCKX exchange [22], and an increase in Ca2* in photoreceptors
as in other cells can trigger apoptosis [see 92].

Future perspectives

Although our understanding of cone physiology has progressed more slowly than for rods,
we think the future is bright. Since it is now possible to make routine, reliable recordings
from mouse cones, we will be able to exploit mouse genetics to understand cone function
and dysfunction in greater detail. We are particularly interested in two avenues of research.
As Fig. 3 illustrates, there are at least 5 different voltage-gated or Ca?*-activated channels
in the cone inner segment, which are likely to have significant effects on the shaping of the
cone voltage response and the mechanism of transmission at the photoreceptor synapse. It
would be interesting to explore the function of these channels by recording from cones in
which the gene for one or more of the conductance mechanisms had been deleted. It is quite
fortunate that animals with deletions in each of the inner-segment channels have been made
and are available. One of these animals has already been exploited by two groups [30, 107],
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who recorded from animals lacking HCNZ, a gene for the 7, current known to be expressed
in mouse photoreceptors [72, 77]. Both groups examined effects only on rods or rod-driven
signals. In preliminary experiments before the pandemic closed down our lab, we were able
to show that the 75, current of Fig. 4 is eliminated in cones lacking the HCNI gene. We are
anxious to continue these experiments to try to understand the role of this current in shaping
the waveform of the cone voltage response.

We can also use our new techniques to record from cones in degenerating retina. \ery

little is known about the changes in photoreceptor physiology during degeneration. Because
several mouse lines are available showing progressive but not overly rapid degeneration
(such as the retinal degeneration 10 or rd10line), it should be possible to record from

cones as they lose their outer segments, send out processes, and round up into isolated cell
bodies. We are particularly curious about “dormant” cones, which have elicited considerable
interest because they have been considered to be a target for cone reanimation [see 100].
They maintain a surprisingly depolarized resting potential but are reported to have no light
responses with presumably no CNG channels [18]. It is therefore unclear which channel
type is keeping the membrane potential depolarized. It is intriguing that cone degeneration
is accelerated in animals lacking the HCNI gene [106]. We are hopeful that recordings

from cones at various stages during degeneration will provide new insights into the role of
inner-segment channels and the mechanisms of cell death, which may help design treatments
to rescue and restore cone function.
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Fig. 1.

Photoresponses of mouse cones recorded with whole-cell patch clamp. a Current responses
from a WT mouse cone. The soma of the cone was voltage clamped and held at — 50

mV. Brief flashes of between 22 and 2100 pigment photoisomerizations (P*) per flash

were presented at time = 0 ms. b Voltage responses from the same cone as a in current
clamp, stimulated with the same light flashes. Data traces in aand b are averages of seven
presentations. ¢ An individual cone visualized with the dye Alexa Fluor 750 dialyzed into
the cell from the recording pipette. d Merged image of ¢ (pseudo-colored red) and wide-field
image of the same retinal slice. Scale bar, 20 um. From [52]
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Fig. 2.

M?)del of mouse cone response. Black traces are responses from GnatI™'~ cones (a)

and GnatI™'=;GCAPs~ cones (b). Recordings were made on a GnatI™~ background to
eliminate rod input. Thus, GnatI™~ cones are essentially WT cones without rod input. Both
sets of recordings were fitted concurrently by altering the parameters of the rod model,
and red traces are the best fits obtained by decreasing transduction gain, increasing dark
c¢GMP turnover, and accelerating decay of light-activated PDE. ¢ Calculated single-photon
responses of WT and GCAPs™~ rods and cones. d Calculated number of PDEs activated
by light as a function of time. PDE activation amplitude and kinetics are unaffected by

the presence or absence of the GCAPs and are therefore the same for both GnatZ/~ and
Gnat1™'=;GCAPs™~ cones. The indications x154 and x168 in ¢, and x52 in d, mean that
displayed responses have been multiplied by the specified factor. From [97]
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Fig. 4.
HCN currents of mouse cones, measured with voltage-clamp. Leak-subtracted currents

from cone held at — 50 mV and stepped for 400 ms to potentials of — 25 to — 135

mV in increments of 10 mV. Gray lines are fits to single exponential functions to give
activation time constants, which varied from 25 ms near rest to less than 10 ms for strong
hyperpolarizing steps. We observed no significant inactivation. From [53]
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Fig. 5.

Rgsponses of mouse photoreceptors to steps of illumination. Current responses from a
GnatI™!~ cone (a) and a Gnatl™!~;Rv'=; GCAPs™~ cone (b) from [52]. Gnat1™'~ cones
lacked rod input, and GnatI™=;Rv'=;GCAPs™~ cones also had genes for both recoverin and
the GCAPs deleted. Recordings show first the response to a brief, saturating flash (~5000
P*/flash) followed by exposure to steady light in (a) of 110,000 P*/s and in (b) of 30,000
P*/s. Five seconds after the steady light was turned on, a graded series of stimuli were
given from 1800 to 29,000 P* per flash. The dashed line indicates the initial peak-current
response. Mean responses of 16 GCAPs™~ (c) and 19 GCAPs™'~;Rv"!~ rods (d) from [76]
to 60-s steps of light at an intensity of 950 photons um=2 s~1. Gray traces give + standard
error of the mean (S.E.M.) calculated point by point. Deletion of recoverin eliminated both
the slow decline of current during illumination and the undershoot at stimulus cessation
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ATP consumption in rods and cones in steady light. Net ATP consumption for rods (a) and
cones (b) as a function of light intensity in photons s71, effective at the Ay of the rod

or cone photopigments. ATP consumption was calculated from physiological measurements
(see text) and is given as ATP consumed s~1 for CNG channels (icng, black squares),

HCN channels (i, blue triangles), Ca2* influx at synaptic terminals (/c, cyan diamonds),
guanylyl cyclase (GC, red circles), and the sum of all four (Total, purple stars). ¢ Total

ATP consumed for rods (red) and cones (black). Data are means + S.E.M. d—f Total

ATP consumption for rods and cones as a function of retinal eccentricity for human

retina, calculated from the data in part (c) and the density of photoreceptors [87]. Energy
expenditure was calculated for three ambient light intensities: scotopic (d, darkness, 0
effective ¢ cell™! s71); mesopic (e, 12,600 effective ¢ rod~1 s™1 or 12,500 effective ¢ cone™!
s71); and photopic (f, 8.8 x 107 effective ¢ rod™1 s™1 or 8.7 x 107 effective ¢ cone™1 s71).
We used mouse values for cone light—dependent currents, even though foveal cone outer
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segments are three times longer than mouse cones [21, 34] and likely have larger circulating
currents. No attempt was made to take into consideration the difference in the number of
synaptic ribbons in the pedicles between foveal and peripheral cones [28]
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