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Summary

Why do vertebrates use rods and cones that hyperpolarize, when in insect eyes a single depolarizing
photoreceptor can function at all light levels [1,2]? We answer this question at least in part with a
comprehensive assessment of ATP consumption for mammalian rods from voltages and currents and
recently published physiological and biochemical data. In darkness, rods consume 108 ATP s 1,
about the same as Drosophila photoreceptors [3]. lon fluxes associated with phototransduction and
synaptic transmission dominate; as in CNS [4], the contribution of enzymes of the second-messenger
cascade is surprisingly small. Suppression of rod responses in daylight closes light-gated channels
and reduces total energy consumption by >75%, but in Drosophila light opens channels and increases
consumption five-fold [5]. Rods therefore provide an energy-efficient mechanism for high-sensitivity
vision in dim light not present in rhabdomeric photoreceptors. Rods are metabolically less “costly”
than cones, since cones do not saturate in bright light [6,7] and use more ATP s~ for transducin
activation [8] and rhodopsin phosphorylation [9]. This helps to explain why the vertebrate retina is
duplex, and why some diurnal animals like primates have a small number of cones, concentrated in
a region of high acuity.
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Results and Discussion

Outer Segment

Vertebrate rods and cones have two distinct regions, an outer segment containing the enzymes
and channels of the phototransduction second-messenger cascade and an inner segment with
mitochondria, ion pumps, nucleus, and presynaptic terminal. In the outer segment, the principal
contributors to ATP consumption are the Na* influx through cGMP-gated channels and
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enzymatic processes necessary for signal transduction. To calculate the energy required to
pump out Na* entering through the channels, which must be removed to keep the cell at steady-
state, we assumed a normal dark resting current of 25 pA; mouse rod responses in excess of
20 pA are routinely observed in our laboratories. Since approximately 7% of the current is
from Na*/Ca2* exchange, we could directly estimate the Na* influx in darkness (see
Supplementary Material). We then divided by 3 to calculate ATP consumption by the Na*/
K* pump, as 3 Na* ions are pumped out of the rod for every ATP. The dependence of ATP
consumption on light intensity over the physiological range was evaluated from measurements
of mouse rod current responses to steady illumination [10] and are shown in Fig. 1A. ATP
utilization falls by anamount equivalent to 2.3 x 108 ATP s~1 per pA decrease in inward current,
from about 5.7 x 107 ATP in darkness to zero at an intensity of about 104 Rh* s™1, which closes
all the cGMP-gated channels.

For enzymatic components, photoexcited rhodopsin (Rh™) produces the exchange of GTP for
GDP on the a subunit of transducin (T,); the GTP is hydrolyzed by the GTPase activity of
T, in conjunction with the proteins of the GAP complex [see 11]. Although it was once thought
that a single Rh™ could produce as many as 500 T,-GTP molecules during its lifetime, more
recent measurements indicate that, in vivo, this number is closer to 20 in a dark-adapted mouse
rod [12]. ATP is also required to phosphorylate rhodopsin. Though under certain conditions
as many as 6—7 phosphate groups can be attached to the rhodopsin molecule [13], under most
conditions many fewer sites appear to be phosphorylated, probably no more than 3 [14,15].
Reduction of all-trans retinal to all-trans retinol and regeneration of 11-cis retinal in the retinal
pigment epithelium would require another 2-3 ATP molecules. Altogether, we therefore
estimated the total number of ATP’s required for transducin activation and response
termination by multiplying the number of Rh™ by 25 (Fig. 1A). These are probably
overestimates in bright illumination, since the rate of rhodopsin kinase is apparently accelerated
in light [16], and this would reduce the number of T,GTP’s formed per Rh*.

The ATP required for cGMP synthesis as a function of light intensity was calculated (see
Supplemental Material) from the dependence of the cGMP cyclase on Ca2* concentration
[17], the maximal cyclase activity of mouse retina [18], and the free-Ca2* concentration in the
mouse rod outer segment [19]. We assumed that in steady illumination the rod free-Ca?*
concentration scaled with the value of the outer segment current [20]. Fig. 1A gives the ATP
required for cGMP synthesis as a function of light intensity, as well as the total ATP
consumption of transduction in the outer segment, which closely follows that required for the
influx of Na* except at the brightest intensities. Thus in darkness [21, 22] and over the
physiological operating range of the rod, the extrusion of Na* dominates the consumption of
ATP required for the outer segment, while the contribution from the biochemistry of signal
transduction is unexpectedly small.

Inner Segment

Since the major contributors to ATP consumption in the inner segment are voltage-gated
influxes of Na* and Ca2*, which must be pumped out to achieve homeostasis, we needed first
to know how steady light affects the mammalian rod membrane potential. No measurements
of this kind had previously been made, so we performed perforated-patch recordings to measure
voltage responses to light steps from mouse rods in retinal slices (see legend to Fig. 2). We
used 5 s light steps, the longest we could employ and obtain reliable measurements, since total
recording time lasted only a few minutes before the pipette went whole-cell. The voltage
hyperpolarized with increasing light intensity from a dark resting potential of —37.3 + 2.3 mV
(Fig. 2A), with the waveform in bright light showing a characteristic rapid relaxation or “nose”,
caused by activation of a Na*/K* current activated by hyperpolarization, usually referred to as
i (Fig. 2A, insert). These results are broadly consistent with previous measurements from
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amphibians [for example, 23]. In Fig. 2B we give the mean value of the membrane potential
averaged from 4.5 to 5 s after the beginning of the light step. Measurements at the brightest
light intensities may overestimate the amplitude of the voltage change, since the membrane
potential appeared still to be gradually changing between 4.5 and 5 s. As we shall argue below,
the effect of this error on the calculation of ATP utilization is likely to be small.

We combined these measurements of voltage with previous determinations of mean
conductance and voltage-dependence of iy, in guinea-pig rods [24] to calculate the current
through the i;, channels (see Supplementary Material). To calculate the value of the Na* influx,
we used the GHK current equation with Pya/Pk of 0.3 [24] and assumed values of [Na*]; of
30 mM and [K+]; of 100 mM. The voltages in Fig. 2B were then used to calculate the Na*
influx through iy, channels as a function of light intensity, which again was divided by three
from the stoichiometry of the pump to give ATP consumption (Fig. 1B). A similar strategy
was used to calculate the value of the Ca2* influx through voltage-gated Ca?* channels at the
synaptic terminal from measurements of mouse rod Ca2* currents [25]. We assumed that the
currents inactivate as in salamander [26], but since Ca2* currents decrease with
hyperpolarization, the exact assumptions we made about activation or inactivation made very
little difference to the ratio of total rod ATP consumption in darkness and in light. Currents
were divided by 2 since Ca?* is divalent, and since one Ca?* is pumped by the Ca?* ATPase
per ATP expended (Fig. 1B). Fig. 1B also gives the sum of the contributions from iy, and the
Ca?* and the total ATP consumption summed from processes in inner and outer segments.

In addition to iy and the Ca2* conductance, mammalian photoreceptors have an outwardly
rectifying K* current [24,27,28] and a Ca?*-dependent CI~ current [27,28], which we have not
considered in our calculations. Both are likely to be small over the physiological range, and
since both are activated by depolarization and therefore decreased with hyperpolarization, they
would only increase the light-dark difference in rod ATP consumption. ATP required for the
synthesis of glutamate and recycling into synaptic vesicles would also be larger in darkness,
when the vesicles are being released, than in the light. Even in darkness each rod releases only
a few hundred vesicles per second [29] requiring a total of no more than 2—4 x 108 ATP s71
[4], a small fraction of the ATP needed for ion pumping. ATP required for protein synthesis
and macromolecular turnover is similarly small [4,21] and is unlikely to be much different in
light and dark.

ATP Consumption in Darkness and Saturating lllumination

The results in Fig. 1 show that light produces a large decrease in ATP consumption due mostly
to the decrease in ion influx through the cGMP-gated and Ca?* channels, which is not
compensated by the ATP required for the biochemistry of transduction. This conclusion is little
affected by small errors in our measurements of membrane potential in Fig. 2B, since
depolarization opens Ca2* channels but reduces i, producing compensating effects on ATP
consumption. Our conclusion is also robust even to large changes in our assumptions: the gain
of transduction or the mean value of conductance of i, could be increased by a factor of 3 with
only a modest change in the light-dark difference.

If the light were made sufficiently bright, would further activation of transducin and
phosphorylation of rhodopsin alter our conclusion? We calculated maximum and minimum
rates of ATP consumption in darkness and bright light for all of the major components of rod
energy utilization (Fig. 3). We could take values for outer segment Na* influx, voltage-
dependent currents, and cGMP cyclase directly from Fig. 1, since at 104 Rh* s, the current,
membrane potential, and Ca2* concentration have all reached limiting values that do not change
when the light is made even brighter. In the phototransduction cascade, however, ATP
consumption will continue to increase for light levels that exceed those required to close all
the cGMP-gated channels. We therefore calculated the maximum possible rate of ATP
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consumption in the following way. We took the turnover number of the GTPase activity as 10
s~1 based the rod limiting time constant of about 100 ms in bright backgrounds [10]. The
concentration of transducin is of the order of one-twelfth that of rhodopsin [30] or about 0.25
mM. ATP utilization could therefore not exceed 2.5 mM s~ or 1.7 x 107 ATP s™1. But since
above a light intensity of about 5000 Rh* s™1, up to 80% of the transducin migrates to the inner
segment [31], the ATP consumption is unlikely to exceed 3 x 106 ATP s71. To this would be
added the ATP used to phosphorylate rhodopsin. Since the kinase concentration of an outer
segment is about 30 uM and its turnover number 3 ATP s71, the maximum rate of ATP
consumption for phosphorylation is only about 100 uM s~ or 6 x 10° ATP s™1 [15]. When all
of these values are summed, the total energy consumption of the rod declines from about 108
ATP s71in darkness to less than a quarter of this value in bright light (Fig. 3).

Rods and retinal oxygen consumption

Rods use most of their energy to pump ions and maintain ion gradients with relatively little
used for second-messenger cascades, in agreement with previous inferences for retina [22] and
central nervous system [4]. Photoreceptors are normally dependent on oxidative metabolism
[22], and since one O is required for 6 ATP’s, and rods represent about half of the wet weight
of an adult mouse retina of about 10 mg (A. Ruiz and D. Bok, personal communication), our
value of 108 ATP s™1 is equivalent to 5.5 ml O, min-1 per 100 g wt tissue weight at 37°C, in
good agreement with measurements from a variety of mammalian retinas in darkness [32]. The
rod specific metabolic rate of 13 pmole ATP min~1 g1 in darkness is less than half that of a
cortical neuron [4]. In bright light, retinal O, consumption decreases by 40%-60%[21,32,
33]; our calculations indicate that this is mostly due to the drop in ATP consumption by the
rods but is not as large as Fig. 3 would predict, probably because the O, measurements are
contaminated by cones and other retinal cells.

Itis unlikely that this modest increase in PO5 is harmful to the cell even when the illumination
is maintained for long periods. The value of 20 PO, mmHg found in the vicinity of the rod
mitochondria in bright light is similar to the value measured by Linsenmeier and Braun [33]
in both darkness and light in the inner retina of the cat. Since the cells of the inner retina are
exposed to an oxygen tension of about 20 mm Hg continuously during the life of the organism
and remain unaffected, it is unlikely that the increase in oxygen tension caused by exposing
the rods to steady light would be deleterious. This would argue against the notion [34] that
continuous stimulation of the rods by real or equivalent light can produce deleteriously elevated
O, in the outer retina and lead to cell death. Larger levels of PO, could however be produced
by the death of a significant percentage of the rods during inherited retinal degeneration, since
much of the ATP and O, consumption in the outer retina would be lost. It is possible that this
would accelerate the rate of degeneration of the remaining photoreceptors [34].

Rods versus cones in the duplex retina

The large light-dependent decrease in energy consumption for the rod is unlikely to occur also
inacone. In darkness, a cone’s ATP expenditure should be similar to a rod’s, since mammalian
rods and cones have similar dark currents [35] and a similar amplitude and voltage-dependence
of inner segment Ca2* current [27,36]. However, in bright light, a cone will use much more
ATPthanarod. In cones, the influx of Na* through the cGMP-gated channels never falls further
than about half that in darkness even in the brightest bleaching intensity [see for example 6,
7]; moreover, the turnover number of transducin is at least 2X greater [8], and the activity of
rhodopsin kinase is significantly higher [9]. Though we cannot give a complete accounting,
the ATP required in bright light in a cone is likely to be at least as large as that required in
darkness and much higher than in a rod in the light.
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Cones therefore impose a higher metabolic “cost” than rods, which the animal would do well
to reduce. In many mammals, rods greatly outnumber cones, so that exposure to bright steady
light produces a net decrease in retinal ATP and O, utilization [21,32,33]. Thus, for nocturnal
animals energy utilization by the retina is highest in darkness when the animal is active, but it
is considerably less during the day when the animal is quiescent. Many animals that are mostly
diurnal, such as primates, also have rod-dominated retinas, and this places little extra metabolic
demand on the organism, since rods and cones expend nearly the same amount of ATP in
darkness, but in the light the rods are “cheaper”. As a rule, it should be more economical to
limit the number of cones and to place them in a specialized region of high acuity like the fovea
or visual streak.

Energy consumption by ciliary and rhabdomeric photoreceptors

Since rods and cones hyperpolarize in response to light by closing channels but invertebrate

rhabdomeric photoreceptors depolarize by opening them, rods might be expected to consume
more energy in darkness. Our calculations indicate, however, that both rods and Drosophila

melanogaster photoreceptors have nearly the same rate of about 108 ATP consumed s [3,5]
and apparently for the same reason: both have a large resting membrane conductance in part

to bias synaptic transmission to its most sensitive operating range [37,38]. In bright light ATP
consumption declines in the rod but increases in Drosophila because light opens channels, and
the total light-gated conductance is much higher than in a rod [1]. Drosophila and other insects
do this to resolve rapid changes in bright light [5]; vertebrates have two kinds of photoreceptors
and detect high frequencies with cones.

Rods enable a vertebrate retina to support good night vision by collecting light with a large
area of highly sensitive photopigment membrane, and they then economize by closing the rods
down when, with more plentiful photons, the large photoreceptive area is unnecessary. The
nocturnal spider Dinopis, the horseshoe crab Limulus, and the locust all reduce the area of
transducing membrane at dawn and rebuild it at dusk [39], and many compound eyes use
elaborate mechanical movements to constrict the photoreceptor entrance aperture and attenuate
the incoming light [40]. Many nocturnal species also use behavioral strategies to avoid light
exposure during the day. This indicates that nocturnal arthropods have to go to considerable
lengths to reduce energy usage during the day because light opens photoreceptor channels.
These observations strengthen suggestions that photoreceptor energy consumption can play a
significant role in eye evolution [41].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Principal contributors to ATP consumption in mammalian rod over the physiological range of
steady light intensities. (A) Outer segment. ATP required for extrusion of Na* entering cGMP-
gated channels (m), transducin GTP hydrolysis and rhodopsin phosphorylation (o), synthesis
of cGMP (o), and sum of all of these processes (X). (B) Inner segment and total rod ATP
consumption. ATP required for extrusion of Na* entering through iy, channels (o), extrusion
of Ca2* entering voltage-gated channels at synaptic terminal (o), sum of ATP for Na* and
Ca?* extrusion (A), and sum of ATP turnover in whole rod (). For the global sum, we used
light intensities at which voltage responses had been recorded (Fig. 2B) and estimated
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photocurrents by interpolation from step response-intensity data in Woodruff et al. [10]. See
text and Supplemental Material for details of calculations.
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Figure 2.

Perforated-patch current-clamp recordings of membrane potential from mouse rod
photoreceptors in dark-adapted retinal slices. (A) Response waveforms to 5 s light steps of
intensities 33, 83, 210, 520, 1300, 3200, and 8100 Rh* rod 1 s~1. Data from 8 cells were
averaged individually for each background light intensity and were corrected for a measured
liquid junction potential of ~10 mV. Average input resistance was 5 GCQ and average access
resistance, 300 MQ. Inset: Same responses at higher temporal resolution showing rapid
relaxation or “nose” in voltage waveform at high light intensities caused by activation of ip,.
(B) Response-intensity curve of voltage response, averaged during the interval 4.5-5 s from
the responses in A, as function of steady light intensity. Methods: Experiments were conducted
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in accordance with protocols approved by institutional IACUC committees. Light-evoked
membrane potential changes during current-clamp recordings were measured in response to
background light steps of 5 sec duration delivered from an LED (Apax ~ 470 nm). To estimate
the number of rhodopsin molecules activated per flash, we measured the light intensity of a
520 pum spot focused on the slice preparation by the 20X 0.75NA (Nikon) condenser objective
using a calibrated photodiode (United Detector Technologies, San Diego, CA). Light
intensities were converted to equivalent 501 nm photons by convolving the power-scaled
spectral output of the LED with the normalized spectral sensitivity curve for mouse rhodopsin.
These were then converted to Rh* s by estimating the collecting area of rod photoreceptors
in the experimental setup. Dim flashes were delivered during suction electrode recordings from
rod outer segments in clusters [42], and the mean Rh* per rod was determined from the scaling
of the time-dependent variance to the mean response [43]. Based on these factors we estimated
the rod collecting area in the experimental setup to be 0.18 um?2 (n = 6 rods).
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Figure 3.

Maximal and minimal ATP expenditure required for the biochemistry of the transduction
cascade and by ion extrusion in a mouse rod in darkness and in bright illumination. The letters
D and L indicate darkness and bright light. See text.
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