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We have used recent measurements of mammalian cone light
responses and voltage-gated currents to calculate cone ATP utiliza-
tion and compare it to that of rods. The largest expenditure of ATP
results from ion transport, particularly from removal of Na+ entering
outer segment light-dependent channels and inner segment
hyperpolarization-activated cyclic nucleotide-gated channels, and
from ATP-dependent pumping of Ca2+ entering voltage-gated
channels at the synaptic terminal. Single cones expend nearly
twice as much energy as single rods in darkness, largely because
they make more synapses with second-order retinal cells and thus
must extrude more Ca2+. In daylight, cone ATP utilization per cell
remains high because cones never remain saturated and must con-
tinue to export Na+ and synaptic Ca2+ even in bright illumination.
In mouse and human retina, rods greatly outnumber cones and
consume more energy overall even in background light. In pri-
mates, however, the high density of cones in the fovea produces
a pronounced peak of ATP utilization, which becomes particularly
prominent in daylight and may make this part of the retina espe-
cially sensitive to changes in energy availability.
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The open transduction channels and associated depolarized
dark resting-membrane potential of rod photoreceptors makes

their utilization of energy high in darkness but considerably lower
even in moderate background light (1, 2). Energy expenditure could
be much higher for cones, which continue to respond in bright illu-
mination and make many more synapses onto second-order retinal
cells. In most mammals, cones represent only a small fraction of the
total number of photoreceptors, making direct measurements of ATP
turnover with biochemical techniques (3) or oxygen consumption (1)
problematic. Instead, we have used recently available voltage-clamp
recordings from mouse cones in retinal slices (4) to calculate the rate
of ATP utilization of the most energy-intensive cellular functions of
the photoreceptors.
We have characterized the light-sensitive conductance in the

cone outer segment and voltage-gated conductances in the cone
inner segment, and because ion transport is by far the greatest
component of the energy balance of photoreceptors (2) and of
neurons in the brain (5, 6), we can use these physiological mea-
surements to estimate mammalian cone ATP expenditure com-
pared with rods. Our calculations show that ATP is consumed at a
much higher rate in single cones, even in dim light but especially in
bright daylight. Because rods are so much more numerous than
cones in most mammals, the total ATP consumption of rods still
exceeds that of cones. In the primate retina, however, the high
density of cones in the fovea produces a large increase in energy
utilization in the center of the retina. Several recent publications
have implicated glucose transport or availability in the degeneration
of cones (7–10), and it is possible that this high cone ATP require-
ment has some role in the progression of cone loss. Our observations
may help explain why foveas are so rare among mammals, and why
degenerating cones first lose their outer segments, probably at least
in part to decrease the load of entering Na+.

Results and Discussion
To measure the light-dependent inward current of the cone
outer segment, we recorded voltage-clamp current responses

from both rods and cones in slices of mouse retina, using tech-
niques described previously (SI Appendix ) (4, 11, 12). We used
mice lacking connexin-36 gap junctions (Cx36−/−) to avoid any
cross-contamination of rod and cone signals (13) and to achieve
a more accurate space clamp of the cell. The light-dependent
current is produced by Na+ and Ca2+ ions, which enter through
cyclic nucleotide-gated (CNG) channels and are subsequently
removed by ATP-dependent transport of Na+ via a Na+/K+

pump and by transport of Ca2+ by Na+/K+-Ca2+ (NCKX) ex-
change. From measurements of current responses (14), and from
the voltages at corresponding light intensities (Fig. 1B), the re-
versal potential of the light response (4), and the current-voltage
curve of the light-dependent conductance (4), we calculated the
entry of Na+ into the outer segment as the sum of the Na+

entering the CNG channels plus the Na+ entry required to ex-
port Ca2+ via the exchanger (SI Appendix) (2). We assumed that
the exchanger current was 10% of the total current (15) and
divided the net Na+ entry by 3 to give the ATP consumed by the
Na+/K+ ATPase. The exact value of the exchanger current has a
relatively small effect on the total Na+ entry that we calculated
(Eq. 6 in SI Appendix); doubling its fraction from 10% to 20%
increases the Na+ influx by only 10%. Our calculation ignores
the outward current carried by K+ through the CNG channels,
which would lead us to underestimate the value of the Na+ in-
flux. This effect is again small; we estimated this K+ current to be
approximately 14% of the total current in darkness (SI Appendix)
and to decrease as the cone hyperpolarizes toward the K+

equilibrium potential in the light.
We next considered ion influx through voltage-gated channels in

the inner segment. Pumping of Ca2+ in the inner segment makes an
important contribution to photoreceptor ATP utilization (2), be-
cause both rods and cones have resting inward Ca2+ currents (iCa)
in darkness to support a continuous release of neurotransmitter
(16). We routinely measured maximum values of iCa >50 pA in
cones (Fig. 1C) (4); rod iCa was much smaller, with currents rarely
exceeding 10 pA, consistent with the smaller size of the rod spherule
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compared with the cone pedicle and the single glutamate release
site made by rods onto rod bipolar cells and horizontal cells. After
directly measuring the voltage dependence of the current for both
photoreceptor types (Fig. 1C), the influx of Ca2+ was interpolated
at each light-induced change in membrane potential (Fig. 1B). Ca2+

is extruded from the inner segment by a plasma membrane ATPase
rather than by Na+-dependent transport (17–19), so ATP utilization
can be estimated simply by dividing Ca2+ influx by 2.
Entering Ca2+ gates a Ca2+-activated Cl− current, which can be

almost as large in amplitude as the Ca2+ current (4). Because the
mechanism of Cl− transport is still unclear, no attempt was made
to take it into consideration. As Fig. 1C shows, however, the Ca2+

current is much larger for cones than for rods, which should also
be true of the Ca2+-activated Cl− current. Therefore, including
any ATP required to transport Cl− would only augment the dif-
ference between the two kinds of photoreceptors and would not
change the main conclusions of this study.
Both rods and cones also have a mixed Na+/K+ conductance

provided by hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels (16), which produce a current, ih (4). The rod
and cone currents have a similar voltage dependence (Fig. 1D),
as expected based on their predominantly HCN1 composition
(20–22). To calculate Na+ entry through these channels (SI
Appendix), we used cone voltage responses (Fig. 1B), the relative
permeability of the channels for Na+ (4), the ion concentration
gradients, and the Goldman–Hodgkin–Katz current equation
(23). This calculation also includes the energy required to pump

back the K+ leaving through HCN channels and other voltage-
gated K+ channels (16), since the Na+/K+ ATPase produces
homeostasis of both Na+ and K+ at steady-state, in darkness or
in steady light.
In addition to ion influx, the most important additional con-

tributor to ATP utilization is likely to be synthesis of cGMP by
guanylyl cyclase (2). The rate of the cyclase is modulated by the
guanylyl-cyclase activating proteins (GCAPs), which increase the
production of cGMP as the outer segment Ca2+ concentration
declines during illumination. We assumed that the Ca2+ con-
centration in mouse cones is directly proportional to the current
through the CNG channels, as previous experiments have shown
to be true for salamander rods (24) and cones (25); and because
rods and cones use similar cyclases and GCAPs, we estimated
cyclase activity from the known rod maximum and minimum
cyclase rates and the dependence of the rate on Ca2+ concen-
tration (SI Appendix) (26). Since cyclase is likely to be more
highly expressed in cones by as much as a factor of 10 (27), we
increased cone values by this factor. Nevertheless, the contri-
bution of the cyclase even after this adjustment was relatively
small compared with that required for ion pumping. Conse-
quently, even substantial alterations in the assumptions we have
made in calculating the ATP required for cGMP synthesis would
be unlikely to have a significant effect on the energy balance of
the photoreceptor.
Fig. 2 summarizes the intensity dependence of ATP utilization

in rods (Fig. 2A) and cones (Fig. 2B) due to the CNG channels,

Fig. 1. Light responses and voltage-gated currents of mouse cones. (A and B) Cones from Cx36−/− retinas were illuminated with 4 s of steady 405-nm light at
following intensities (in effective photons s−1 at the λmax value of either the M or S cone pigment): 4.4 × 104, 2.1 × 105, 8.1 × 105, 2.3 × 106, 4.8 × 106, 9.6 × 106,
2.4 × 107, 4.8 × 107, 6.6 × 107. (A) Mean current responses from four cones held at a membrane potential of −50 mV. (B) Mean voltage responses from seven
cones to the same light-intensity steps as in A. Red bars indicate region of responses averaged to calculate steady-state response. (C) Amplitude of Ca2+

current to depolarizing voltage steps in darkness, measured in the presence of 200 μm niflumic acid in the external perfusion solution to block Ca2+-activated
Cl− currents (4). Photoreceptors were held at −70 mV and then stepped for 0.75 s to depolarizing potentials (−50 to 0 mV in 10-mV increments). Data show
peak current and current measured just before termination of the voltage step (“steady”) plotted against holding potential. Symbols are mean ± SEM values
for 14 cones and 9 rods. The horizontal line indicates zero current. (D) Mean ih current from 7 cones and 13 rods recorded as in Ingram et al. (4) by holding Vm

at −30 mV and stepping for 400 ms to hyperpolarizing potentials (−25 mV to −85 mV in 10-mV increments). We included 25 mM tetraethylammonium and 10
μm isradipine in the external perfusion solution to block K+ and Ca2+ currents. The horizontal line indicates zero current.
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HCN channels, Ca2+ extrusion, and cGMP production. From
these components alone, cones require roughly 108 ATPs/s even
in bright light (Fig. 2B). Contributions of pigment phosphoryla-
tion, synaptic vesicle synthesis, and protein synthesis are likely to
be small in comparison. To phosphorylate bleached pigment,
cones in mice use the same rhodopsin kinase (GRK1) as rods; this
enzyme is expressed at a level of several percent of the pigment
concentration and has a low turnover number (28). Even if all of
the serines and threonines of each of the bleached pigment mol-
ecules were phosphorylated, which seems unlikely (29), the rate of

ATP utilization would be unlikely to ever exceed 106 s−1. Re-
generation of pigment is also unlikely to require >106 ATPs/s (SI
Appendix), particularly for cones, which reisomerize chromophore
at least in part via a light-dependent mechanism (30).
Cones release synaptic transmitter in darkness at the rate of a

few hundred vesicles per second (31), requiring on the order of
104 ATPs per vesicle (5, 6) for a total of ∼2 to 3 × 106 ATPs/s in
darkness, decreasing in the light. Protein synthesis to renew the
components of outer-segment membrane would require the
synthesis of ∼10% of 108 protein molecules per outer segment
per day, amounting to a few hundred protein molecules per
second. Even including lipid synthesis, the ATP required to re-
new the outer segment is unlikely to be >105 s−1, much less than
ion transport. The pumping of ions into endoplasmic reticulum
and other intracellular vesicles is also unlikely to require high rates
of ATP turnover comparable to those shown in Fig. 2. To our
knowledge, there is no evidence that ion transport across intra-
cellular vesicles or membranes must be maintained in the presence
of a large leak of ions, as in the inner and outer segments.
Fig. 2C compares our calculations of the total energy used by

rods and cones. In rods, ATP is consumed largely to remove Na+

from the outer segment and Ca2+ from the inner segment at a
rate that is highest in darkness, decreasing precipitously even in
moderate illumination as the rods approach saturation and
nearly all of the CNG channels close. Because cones never sat-
urate even in very bright light, they are much more expensive
metabolically per cell. They use almost twofold more ATP in
darkness because of the larger synaptic Ca2+ current, which in
cones requires even more energy than removal of outer seg-
ment Na+. In addition, because cones are less sensitive than
rods and do not saturate, ATP utilization remains high over a
substantial part of the range of vision and never drops to
below ∼108 ATPs/cone/s.
The consequence of this much higher energy requirement can

be more clearly appreciated from the distribution of rods and
cones in the retina. In mouse, rods greatly outnumber cones (32,
33) and consume much more ATP in darkness (Fig. 3A). As the
ambient light intensity increases (Fig. 3 B and C), rod energy
utilization decreases, but because rods are so much more
abundant, they continue to consume more ATP than cones over
the entire retina. This situation is dramatically different in pri-
mates, whose cones are physiologically quite similar to those of
mouse (34, 35). Cones are again less numerous (36, 37) and less
important consumers of ATP overall (Fig. 3D), but throughout
most of the range of daily illumination, the high concentration of
active cones in the very center of the retina produces a large and
prominent peak of ATP consumption at the fovea (Fig. 3 E and
F). Because the outer segments of primate cones are approxi-
mately three times longer than those of mouse cones (38, 39),
they would be expected to have larger circulating currents and an
even greater energy requirement than we have estimated. Hu-
mans, like most mammals, have many more rods than cones, but
cluster cones together in the fovea to improve acuity at the center
of gaze while keeping the total number of these more expensive
cells to a minimum. This strategy reduces the overall consumption
of ATP by the retina but has one disadvantage: it creates a small
region with a particularly high energy requirement, which could
make the fovea at especially high risk when glucose transport or
availability is diminished (7–10).
Our observations may provide some explanation for why a

fovea is so rare among mammals and other vertebrate species.
The metabolic cost associated with maintaining a high density of
cones at the center of the visual field would make sense only if
there were a selective pressure for particularly high visual acuity
and temporal resolution. The high metabolic cost may also help
explain why cones in diseased retinas first lose their outer seg-
ments (41, 42) and can then remain viable for a very long time as
rounded cell bodies (7). These “dormant” cones have been

Fig. 2. ATP consumption in rods and cones in steady light. (A and B) Net
ATP consumption for rods (A) and cones (B) as a function of light intensity in
photons s−1, effective at the λmax of the rod or cone photopigments (SI
Appendix). ATP consumption was then calculated from physiological mea-
surements in Fig. 1 (SI Appendix), due to CNG channels (iCNG, black squares),
HCN channels (ih, blue triangles), Ca2+ influx at synaptic terminals (iCa, cyan
diamonds), guanylyl cyclase (GC, red circles), and sum of all four (total,
purple stars). (C) Total ATP consumed for rods (red) and cones (black). Data
are mean ± SEM.
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proposed as potential targets for clinical intervention (9, 43). It is
widely surmised that cones lose their outer segments to spare the
energy to reform them. We think it more likely that outer segments
are lost to prevent Na+ load from entry through CNG channels. An
increase in intracellular Na+ can produce an increase in Ca2+,
because the decrease in the Na+ gradient produces a decrease in
Ca2+ export via NCKX exchange (44); an increase in Ca2+ in
photoreceptors as in other cells can trigger apoptosis (45).

Materials and Methods
All experiments were performed in accordance with the rules and regulations
of the NIH guidelines for research animals, as approved by the Institutional
Animal Care and Use Committee of the University of California Los Angeles.
Mice were kept under cyclic light (12-h on/12-h off) with ad libitum food and
water in approved cages. Male and female mice were used in approximately
equal numbers and were between 2 and 6 mo of age. To limit both the
contribution of rod signals to cone responses and the spread of signal from a
recorded cone, we recorded from mice that lacked the gap-junction protein
connexin 36 (12). Cx36−/− mice were generated by David Paul from Harvard

University (46) and obtained from Sam Wu of the Baylor College of Medi-
cine. Rods and cones were voltage-clamped in dark-adapted retinal slices.
Methods of recording and calculations of ATP turnover were similar to those
described in our previous publications (2, 4, 11, 12). A more detailed de-
scription is given in the SI Appendix.

Data Availability. All the data in the paper are given in the figures except
for the traces in Fig. 1 A and B. The data for these traces have been de-
posited and are available in University of California, Los Angeles (UCLA)
Dataverse (https://dataverse.ucla.edu/dataset.xhtml?persistentId=doi:10.25346/
S6/R3JVO2).
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