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RECORDING 

Methods for recording from mouse cones have been previously described (1, 2). In brief, mouse 

retinas (C57BL6/J) were sliced in cold HEPES-buffered Ames’ medium bubbled with 100% O2, 

which contained 2.38 g HEPES per liter and was balanced with 0.875 g NaCl per liter to give an 

osmolarity of 284 ± 1 mOsm (pH 7.35 ± 0.5). During physiological recordings, retinal slices were 

superfused at 2 ml/minute with Ames’ medium in the recording chamber while maintained at 35 

± 1.0 oC.  This solution was continuously bubbled with 95% O2/5% CO2 and buffered with 1.9 g 

per liter sodium bicarbonate to maintain pH between 7.3 and 7.4. The mM concentrations of the 

principal ions in Ames' medium are as follows (3): Na+, 143, K+, 3.6; Ca2+, 2.3; Mg2+, 2.4; Cl-, 

125.4; HCO!
", 22.6; and SO#

$", 2.4. This medium also contains 6 mM glucose. In some 

experiments, channel-blocking compounds were added to the external medium (4). These 

compounds and their applied concentrations were as follows: isradipine (10 µM; ISR; Sigma) to 

block L-type voltage-gated Ca2+ channels at the photoreceptor synaptic terminal; niflumic acid 

(200 µM, NFA, Sigma), to block Ca2+-activated Cl- channels; and tetraethylammonium chloride 

(25 mM, TEA, Sigma), to block sustained voltage-dependent K+ channels.  

 The standard internal solution for recording pipettes was a potassium aspartate (K-Asp) 

solution consisting of (in mM): 125 K-Asp, 10 KCl, 10 HEPES, 5 N-methyl-D-glucamine (NMG)-

HEDTA, 0.5 CaCl2, 0.5 MgCl2, 0.1 ATP-Mg, 0.5 GTP-TRIS, 2.5 NADPH (pH 7.3 ± 0.02 with 

NMG-OH; 280 ± 1 mOsm). In some measurements, the internal solution was a cesium methane-

sulfonate solution consisting of (in mM):  110 CsCH3O3S, 12 TEA-Cl, 10 HEPES, 10 EGTA, 2 
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QX-314-Br, 11 ATP-Mg, 0.5 GTP-Tris, 0.5 MgCl2, 1 NAD+ (pH 7.3 with CsOH; 280 ± 1 mOsm). 

This solution was used to block potassium conductances including ih (5, 6). Measured values of 

cone membrane potential were corrected by subtracting the liquid junction potential (7), which 

was measured to be approximately 10 mV for these internal solutions. Light stimuli were provided 

by ultra-bright LEDs driven with a linear feedback driver (Opto-LED; Cairn Research) and were 

monochromatic at 405 nm, a value near the isosbestic point of the S-cone and M-cone pigments 

(8). As a result, the number of cone pigment molecules activated by light was nearly independent 

of the ratio of the two pigments in any particular cone from which we recorded (9). Light intensities 

were calibrated with a photodiode (Graseby Optronics 268R) and are given as effective photons at 

the λmax of the photopigment. This meant that, for cones stimulated with 405-nm light, the number 

of photons in the stimulating light was multiplied by 0.2, to account for the decrease in pigment 

absorption for either the S or M pigments at their λmax's. This adjustment was unnecessary for rod 

responses, which were obtained with light at 500 nm near the peak spectral sensitivity of the rod 

pigment. Intensities can be converted into nominal values of rhodopsin molecules bleached (Rh*) 

or cone pigment molecules bleached (P*) by using a collecting area of 0.2 µm2 for rods and 0.07 

µm2 for cones (1). Data were filtered at 500 Hz (8-pole Bessel, Frequency Devices 900), sampled 

at 10 kHz, and recorded in an open-source, MATLAB-based program called Symphony Data 

Acquisition System (http://www.open-ephys.org/symphony/). Data traces were analyzed with 

custom scripts written in Matlab. 

 

 

 

 



CALCULATIONS 

Na+ Influx Through cGMP-gated Channels of Outer Segment. The total flux as current into 

the rod outer segment is the sum of the current passing through the cyclic-nucleotide gated 

(CNG) channels and the current carried by the Na+/Ca2+-K+ exchanger, 

 (1) 
 

For rods, the current through the channels was taken directly from suction-electrode recordings. 

For cones, the current through the channels was calculated from the change in conductance 

measured from voltage-clamp recordings at the resting potential, together with the driving force 

estimated from the voltage at each of the light intensities, together with published measurements 

of the current-voltage curve of the conductance and the reversal potential of the light response 

(2). The part of this current carried by Na+ is the sum of the current carried by Na+ though the 

channels plus the current carried by Na+ through the exchanger, 

   (2) 
 

We calculate the Na+ current carried through the channels first.  It is approximately equal to the 

total current minus the exchange current minus the fraction of the inward current through the 

channels carried by Ca2+,  

  (3) 
 

If we ignore any Ca2+ diffusing from the outer segment into the inner segment, the value of the 

Ca2+ current entering the rod at steady state will be equal to twice the exchange current, and we 

have 

 (4) 
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And because 4 sodium ions are transported inward by the exchange transporter for each net 

charge transported inward (10), the value of the Na+ flux as a current transported inward is four 

times the value of the exchange current, 

 (5) 
 

The total current carried by Na+ is therefore given by 

 (6) 
 

 It is not possible with present methods to measure the exchange current of a mammalian 

cone, because the light response rises so rapidly that the component of current produced by the 

exchanger cannot be separated from that produced by the closing of the CNG channels. We used 

instead the value of 10% (i.e. iEx = 0.1iT) from the measurements of Perry and McNaughton for 

salamander cones (11), where the kinetics of the light response are much slower than in 

mammals. This value would change in background light as a result of changes in Na+ and Ca2+ 

driving forces and the voltage dependence of Na+/Ca2+-K+ transport (10), but these effects are 

likely to be small. Even doubling the fraction of the exchange current to 20% would only 

increase the Na+ influx by 1.2/1.1 or about 10%, which would not substantially alter the curves 

in Fig. 2 and would, if anything, only increase the difference between rods and cones. 

 Our calculation of the current carried by Na+ ignores the small fraction of the current 

through the CNG channels carried outward by K+. We estimated this fraction from the GHK 

current equations (12), 
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(7) 

The ratio IK/INa is then given by 
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If we assume that PK/PNa is the same for mouse cone CNG channels as for channels in other cells 

and is about one (see 13), Eq. (8) gives a value of -0.14 at the membrane potential and ionic 

conditions of our recordings. And since the current carried by Na+ and K+ is given by 

𝐼&' + 𝐼? = 𝐼&' + 𝐼&'
LM
LNO

= 𝐼&'(1 + 𝛼)    (9) 
 

with α = -0.14, the value of the sodium current would be underestimated by about 16% at the 

resting membrane potential of a cone in darkness. This error will decrease as the membrane 

potential hyperpolarizes and the driving force for K+ decreases in the light.   

 We have also ignored the fraction of current carried by Mg2+, which is unknown for a 

mouse cone but has been estimated as about one-third the value of the Ca2+ current in toad rods 

(14).  It may therefore represent about 3% of the total current and would lead us to overestimate 

the part of the current carried by Na+ by approximately this percentage.   

 

Na+ Entering Inner Segment Through HCN channels (ih). The net current through the HCN 

channels at any voltage is given by  

𝐼T = 𝐼&' + 𝐼? = 𝐼?
LNO
LM
+ 𝐼? = 𝐼?(𝛼 + 1)    (10) 

 

where α is now the ratio of the sodium current to the potassium current, calculated as a function 

of voltage from Eqs. (7) and (8) and from the previously determined value of PNa/PK of 0.35 (2).  

The value of IK was then obtained by dividing the total current by (α + 1), and IK was subtracted 

from It to give the value of the current carried by Na+. 

 



ATP Consumption by Guanylyl Cyclase. The rate of the guanylyl cyclase is regulated by the 

guanylyl-cyclase activating proteins (GCAPs) and is maximal when the Ca2+ concentration is 

minimal, and minimal when the Ca2+ concentration is maximal. The rate of the cyclase cannot be 

measured in mouse cones because there are too few photoreceptors to make biochemical 

measurements. The cyclases and GCAPs are however similar in the two kinds of photoreceptors 

(15), so we have assumed that cyclase in cones behaves much like cyclase in rods, for which 

biochemical measurements are available (16, 17). For rods, the dark rate of the cyclase when 

outer segment Ca2+ is minimal is about 3 x 106 cGMP synthesized per rod per second (for details 

of this calculation, see SI of 18).  The rate of synthesis in the light is 0.1 of this value (16), or 3 x 

105 cGMP s-1. Since 2 ATPs are required to regenerate the GTP from which cGMP is 

synthesized by guanylyl cyclase, the expenditure of ATP for cGMP synthesis would range from 

about 6 x 105 ATP s-1 in darkness to 6 x 106 ATP s-1 in bright light.  

We have estimated the dependence of the cyclase on light intensity in the following way.  

We assumed that the free-Ca2+ concentration in the cone outer segment is proportional to the 

outer segment current, as seems to be true from experiments on salamander cones (19) and rods 

of both salamander (20) and mouse (17).  The free-Ca2+ concentration was then estimated from 

the equation 

[𝐶𝑎]VW55 = X[𝐶𝑎]Y'WZ − [𝐶𝑎][E\]T^X1 − 𝑖`T5a^ +	[𝐶𝑎][E\]T                     (11) 

where [Ca]free is the free-Ca2+ concentration in the outer segment, [Ca]dark and [Ca]light are the 

values of the free-Ca2+ concentration in darkness and in a light bright enough to close all of the 

channels, and istep is the mean normalized photocurrent response of a mouse cone to steps of light 

from Fig. 1B.  The values of [Ca]dark and [Ca]light were assumed to be the same as for mouse rods 



(17), namely approximately 240 nM in darkness and 50 nM when all the channels are closed by 

saturating light. 

The cyclase activity could then be calculated at each light intensity from the free-Ca2+ 

concentration and the equation  

                                                                                                 (12) 

as given in Olshevskaya et al. (16), where A is the activity of the enzyme, Amax and Amin are the 

maximum and minimum activities (3 x 106 cGMP s-1 and 3 x 105 cGMP s-1), [Ca]free is the free-

Ca2+ concentration taken from Eqn. (11), and Km and n are constants equal to 70 nM and 2.2 

(16).  The enzyme activities were then multiplied by 2 in order to calculate the ATP expenditure 

required to synthesize cGMP, and then multiplied by 10 because cyclase is more highly 

expressed in cones (see 21). Because cyclase contributes only a small amount to the overall ATP 

consumption of either a rod or a cone (Figs. 3A and 3B), our estimates may be in error by a 

factor of 2 – 3 without significant effect on our conclusions. 

 
Visual Pigment Regeneration. The number of pigment molecules bleached in bright, constant 

illumination is relatively small. The fraction bleached at steady state F can be shown to be given 

by (IP𝜏)/(1+ IP𝜏), and the rate of bleaching by (1-F)IP, where I is the intensity of light, P the 

photosensitivity, and 𝜏 the time constant of regeneration. The maximum rate at steady state for 

large I is therefore given by the rate of bleaching, which can be no greater than the rate of 

regeneration or 1/𝜏. For rods, 𝜏 is several thousand seconds in mouse (22) and 400 s in man (23), 

giving a maximum Rh* s-1 at steady state even in the brightest light of about 104 Rh* s-1 in 

mouse and perhaps 10-fold greater in man. Even at 10 ATPs per rhodopsin, the energy required 

for rod pigment regeneration is unlikely to exceed 106 ATPs per second. For cones, the rate of 
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regeneration in the intact eye is unknown for mouse but unlikely to exceed the value of 120 

seconds measured for human (24), giving between 105 – 106 pigment molecules regenerated per 

second. Some fraction of chromophore re-isomerization is done by light itself and would require 

minimal ATP turnover (25). Even ignoring this fraction, the ATP required for regeneration 

would be relatively small by comparison to ion transport, which in bright light is much larger for 

cones than for rods (Fig. 2C of article). 
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