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INTRODUCTION

Retinal rods and cones of mammals are complex structures that perform an
impressive number of functions within the tiny volume of a few tens of femptoliters.
Highly specialised structures at the outer segment are optimised to transduce into
an amplified electrical signal the photons they absorb with remarkable efficiency.
The signals generated at the outer segment spread then passively along the inner
segment and the cell body and eventually reach the synaptic ending; from there,
they either depolarise or hyperpolarise the associated retinal neurones by modu-
lating the rate of transmitter release.

The processes associated with both transduction and synaptic transmission have
been extensively investigated and unravelled to include also molecular details (22,
21, 25, 5). This is in contrast with the still baffling knowledge on the functions of
the inner segment and cell body. These regions, located, perhaps strategically, in
between the transductive and synaptic compartments, must cope with the heavy
metabolic and synthetic needs of the visual cell.

The existence of a large cationic current flowing passively in darkness across the
surface membrane of photoreceptors (12) requires efficient and expensive mecha-
nisms for transporting ions uphill. Energy is also required for a variety of synthetic
processes which include, among others, renewal of the specialised outer segment
membranes and the production of synaptic transmitter.

There are reasons to believe that the processes occurring at the inner segment
of mammalian rods have a control on both signal transduction and transmission.
Rod adaptation has been recently found to be influenced by the partial block of
Na+/K* ATPase (10), which is known to operate in rods at the inner segment (23).
A variety of ionic conductances have also been described at the inner segment,
where they are thought to play an important role in shaping the waveform of the
voltage response to light (11, 1, 3, 27).

The aim of the present study is to analyse some of the processes taking place in
the metabolic compartments of the visual cell and to evaluate how they interact
with specific sensory functions to maintain photoreception efficient and robust.
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METHODS

Experiments were performed on male albino guinea-pigs (Cavia porcellus) reared according
to Institutional guidelines for animal care. Enucleation was performed on animals sacrificed by
a lethal dose of anesthetics (300 mg Kg' ketamine and 80 mg Kg™' thiopental). Dark adapted
retinas (2 h) were isolated and chopped under infrared illumination (A>900 nm) with the help
of an infrared converter.

The preparation was then placed in the experimental chamber (volume 350 ml), mounted on
an inverted microscope, and perfused with oxygenated buffered Locke solution, whose compo-
sition was in mM: NaCl 145; KCI 3.6; MgCl, 2.4; CaCl, 1.2; Hepes 5; Na-Ascorbate 0.05;
glucose 10.

The experimental chamber, whose body was made of Perspex, was enclosed in a copper block,
housing 4 resistors connected to a voltage source. A small thermistor, inside the experimental
chamber, provided the feedback to a 8088 microprocessor based personal computer controlling
the output of the voltage source. In this way the temperature in the chamber could be set at any
level between room temperature, usually 18°C, and 39°C, the body temperature of guinea-pigs.

Membrane current and light response were recorded by means of suction electrodes from rod
outer segments attached to small pieces of retina (4). The recording apparatus and light-
stimulation were as previously reported (8, 10).

Membrane current was also measured from inner segments of isolated rods by the whole-cell

clamp method (13).

RESULTS

The efficiency by which rods signal light changes rests upon a variety of
delicately balanced transformations, which ultimately determine the light-sensitiv-
ity and the ability to adjust it as a function of the ambient illumination. Most of
these transformations are thermodynamically unfavourable and need to be coupled
to processes with negative free-energy changes. It seems therefore reasonable to
suppose that the extent by which metabolism affects the sensory functions of the
visual cell can be best evaluated by measuring both sensitivity and adaptation.

Temperature dependence of light-adaptation.

The temperature dependence of the dark current has been previously investi-
gated. The value of the Q,, was found at around 2, which corresponds to an
activation energy of about 15 KCal M (24, 2, 20, 8, 26).

The effect of varying temperature on the current response of a rod is illustrated
in Figure 1. In A are responses to 20 msec light flashes of increasing intensity
obtained at 16.6°C. In B are the responses from the same rod at 36.1°C. The
normalised response amplitudes at 16°C (open circles) and 36°C (filled circles),
measured 300 and 100 msec after light onset respectively, are plotted in panel C.
The continuous lines, interpolating the experimental points, are saturating exponentials
of the form:

R (I) = (1-e -Kj-l)
R max

equation 1)
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Fig. 1. - Flash response at two different temperatures.

Panel A. Responses of a guinea-pig rod to a 20 msecs flash of increasing intensity (3, 5, 10, 44,
179, 813 photons pm™), measured at 16.6°C. Every trace is the average of 4 sweeps, sampled at 333
Hz, filtered at 20 Hz and digitally smoothed with a 30 msec wide window.

Panel B. Responses, from the same rod as in A (light intensities in photonsum™: 5, 23, 179, 813, 2643,
6370, 12000), but at 36.1°C. Every trace is the average of 2 sweeps, sampled at 167 Hz, filtered at
30 Hz and digitally smoothed by a 30 msec wide window.

The amplitude of the response, measured 100 msec (open symbols) and 300 msec (filled symbols)
after the flash for panel A and B respectively, are plotted normalized in panel C. The continuous lines
interpolating the experimental points are best fits to the equation I, with K; = 0.0079 (filled circles)
and 0.00163 (open symbols) um™ photon, corresponding to an I,; of 88 and 425 photons pm™.

where R(I) is the response amplitude as a function of the light intensity I, R, is
the maximal amplitude of the dark current and K, is a constant with the dimension
of wm? photon''. The half-saturating light intensity (I,s), an indicator of light-
sensitivity, was obtained from K; by the relation: I —1“—2 In this example rais-
ing the temperature from 16.6°C to 36.1°C increased I, from 88 to 425 photons
um 2, which corresponds to a decrease in sensitivity of about 0.7 logunits. In other
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three rods the change in sensitivity with temperature was somewhat smaller, with
an average difference of 0.39+0.1 log units (mean + S.E.) in the range between 16
and 35°C.
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Fig. 2. - Step response at two different temperatures.

In A is the response to 15 second steps of light (2, 16 and 171 photons pum? s'!), from the same
rod as in figure 1 at 16.6°C. The stimulation protocol is reported at the bottom of panel A. Note the
5 seconds gap in the time axis. Traces are the average of 4 sweeps, recorded at sampling rate of 6 msec,
filtered at 20 Hz and digitally smoothed by a 60 msec time window.

In B are the responses, from the same rod as in A but at 36.1°C, to 10 secs steps of light (16, 171,
715, 12544 photons pm s'), at 36.1°C. A 5 s gap. between 5 and 10 s from background onset, is
indicated on the time axis. The traces are the average of 2 sweeps, recorded at a sampling rate of 6
msec, filtered at 20 Hz and digitally smoothed by a 60 msec window.

The normalized amplitudes, measured at peak (open symbols) and 5 s after background onset (filled
symbols), are shown in panel C for the traces of panel A (triangles) and B (circles). The continuous
lines interpolating the experimental points at peak are saturating exponentials, according to equation
2, with Ks = 0.0745 um? photon™' s (16.6°C) and Ks = 0.00258 pm™ photon™' s (36.1°C). The dashed
curve interpolating the normalized response amplitudes mesured 5 s after background onset at 36.1°C
is the best fitting hyperbolic relation of the form: R(I) = {+5z, where R(J) is the normalised response
amplitude as function of I, the background intensity and I is the background intensity giving an half-
maximal response. For this cell I,; was 325 photons pm-2 s,
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Raising the temperature, from 16°C to 36°C, affects both amplitude and kinetics
of the photoresponse, as shown in Fig. 1. At 36°C the dark-current amplitude is
19.2 pA, more than two times the value of 8.2 pA measured at 16°C. The activation
energy (Ea), obtained from the Arrhenius plot is 11 KCal M for this cell and
ranged from 10 to 17 in other three rods, with an average value of 12 KCal M.
The kinetics is accelerated by increasing temperature, as shown by measuring the
time to peak which is 100 msec at 36.1°C and 300 msec at 16.6°C.

Changes in sensitivity in rods are usually associated with modifications of the
light-adapting properties of photoreceptors. Light-adaptation is recognised by a
light-dependent decrease in sensitivity and by the current re-activation during
prolonged illumination.

The effect of temperature on current re-activation during steady illumination is
illustrated in Figure 2. In A are the responses to steps of light of increasing
intensity measured at 16.6°C. At this temperature the kinetics of the photoresponse
is slow and sustained. Responses to steady light at 36.1°C are shown for compari-
son in panel B. In these conditions, at intermediate levels of illumination the
response consists of an initial peak, followed by a relaxation which reaches the
plateau in 2-3 seconds after the onset of the background illumination.

In panel C the normalized response amplitude, measured at peak (open sym-
bols), or 5 seconds after the onset of steady light (filled symbols), is plotted as a
function of the level of illumination. The curve drawn through the experimental
points was obtained from a saturating exponential of the form:

equation 2) R = (1 - ) Ks/

RITI'AX

where R(J) is the response amplitude in pA, R, is the dark current amplitude
in pA, I is the background intensity in photons pum™ sec'and K, is a constant.

At 36.1°C (circles), the saturating exponential provides a good fit to the inten-
sity-response curves for measurements taken at the peak. When plateau values are
considered, then a better fit is obtained with a hyperbolic relation of the form:
#: #, where R(I) is the response amplitude, R_,, is the dark current, I
is the backgsroound intensity in photons pum™ sec”', and ECj, is the background
intensity that induces 50% of the response.

The effect of cooling is reminiscent of that induced by strophanthidin (10), a
drug known to selectively inhibit the Na'/K*-ATPase. The increase in internal
sodium concentration ([Na])), caused by the pump inhibition, reduces the affinity
of the Na*:Ca**;K* exchanger for internal free calcium ([Ca],) and slows calcium
extrusion (10).

The results illustrated in Figure 3 support the idea that also the changes in
sensitivity, observed at different temperatures, are associated with differences in
the kinetics of calcium extrusion by the exchanger. The light-insensitive compo-
nent of membrane current (29) attributed to the operation of the exchanger is
shown to relax toward zero during the response to a bright flash of light at 16.6°C
(A) and 36.1°C (B). The exchange current is normalized to the dark current of 8.2
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Fig. 3. - Exchange current at two different temperatures.

Light-insensitive components of the membrane current measured after a bright, 20 msec, flash

delivering 813 photons um-?, from a guinea-pig rod at 16.2°C (A) and 36.1°C (B). The dashed curve
in A is the best fit to the experimental data of a single exponential decay process with a time constant,
T = 766 msec. The dark current was 8.2 pA.
The dashed curve in B is the best fit to data of a monoexponential decay process with T = 168 msec.
The dark current was 19.2 pA. The zero current level is indicated by the dotted line in both panels.
The traces are the average of 4 and 2 sweeps for panel A and B respectively. Sampling rate was 3 ms
for panel A and 6 msec for panel B. Data were filtered at 20 Hz and digitally smoothed by a 30 msec.
wide window.

(A) and 19.2 pA (B), and fitted (dashed curve) by a single exponential with a time
constant of 722 msec (A) and 166 msec (B).

The effect of temperature on sensitivity and adaptation as well as those induced
by pump inhibitors may ultimately be explained by a change in [Na]. A further
contribution to [Na]; turn-over in rods come from the existence of voltage-depend-
ent conductances, located at the rod inner segment. Figure 4 illustrates current
measurements obtained in whole-cell voltage-clamp from the inner segment of a
guinea-pig rod. Hyperpolarizing and depolarising voltage steps from an holding
potential of -40 mV, a value which is close to the rod membrane potential in
darkness, activate time and voltage dependent currents as shown in the middle
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Fig. 4. - Voltage-dependent currents of guinea-pig inner segment.

Voltage pulses of 2 s duration were applied, from an holding voltage of -40 mV, to an isolated
guinea-pig rod (in the upper panel) and the whole-cell clamp current recorded in these conditions is
illustrated in the middle panel. The current amplitudes, measured at the end of the 2 s voltage steps,
are plotted as a function of the activating voltage. The traces were sampled at 500 Hz and filtered at
200 Hz by a four pole Bessel filter. The series resistance of 30 MQ was 50 % compensated.

panel of figure 4. The I/V relation, measured at the end of the 2 second activating
voltage steps, is S-shaped, as shown in the bottom panel. Qutward rectification is
likely to include a substantial Cl- conductance, since on repolarization to -70 mV,
close to the potassium reversal potential, a large inward current is observed as
expected for a ion whose reversal potential is close to 0 mV. Inward rectification
in retinal rods has been previously attributed to I,, whose activation during the
light-response is responsible for the characteristic waveform of the voltage re-
sponse of both amphibian (11, 3, 1) and mammalian rods (27). The response is
characterised by an initial hyperpolarizing peak, quickly sagging to a much depo-
larised level. A typical feature of I, is its permeability to both sodium and potas-
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Fig. 5. - The main mechanisms involved in the regulation of [Ca], and [Na], as presented in schematic
form.

[Ca], turn-over is controlled by the balance between the influx through the light-sensitive channel,
indicated by the box 1, and the uphill extrusion through the 4Na*:1Ca’*;1K* exchanger, indicated by
the box 2.

[Na*] turn-over is controlled by the balance between influx and efflux. Influx is through the light-
sensitive channel, the exchanger and the hyperpolarization activated channel, indicated by the box 3.
Efflux is carried out by the Na*/K* ATPase located at the inner segment and labelled by the box 4.
The inner segment channel, labelled by the box 5, is the potassium channel which closes the circuit
for the dark current circulating between outer and inner segment.

Note that any change in [Na], will affect the exchanger leading to a change in [Ca];.

leaking out through specific channels located at the inner segment closes the dark
current loop (12).

Despite close similarities, between the effects of strophanthidin and those of
cooling, it is important to note, however, that the action of Na*/K* pump inhibitors
and that of temperature are not identical. The rising phase of the photoresponse,
for instance, is not appreciably affected by strophanthidin, but clearly slowed by
cooling. These observations suggest that while the pump inhibitor and the associ-
ated rise in [Na];, do not interfere with the activation steps involved in signal
transduction (10), temperature must influence the enzymatic steps involved in the
transduction cascade.
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Another difference between the effects of strophanthidin and those of tempera-
ture is their degree of reversibility. Mammalian rods can be kept for hours at 4°C
in Locke solution and when the temperature is raised their dark current quickly
increases, with a Q10 ranging between 2 and 3. The effect of strophanthidin has
been found to be reversible, provided exposures to the drug were short-lasting (10).
Prolonged exposure to the inhibitor invariably resulted in irreversible damage of
the visual cell. Both cooling and strophanthidin reduce [Na], turn-over by inhib-
iting the Na*/K* pump, but they do it in different ways. Strophanthidin blocks the
pump in the E,~P configuration, thus preventing the modulation of the ATPase
activity by [Na],. Under these circumstances the steady influx of sodium in the dark
will cause an uncontrolled rise in [Na], until the complete suppression of the dark
current. Cooling may instead reduce the rate of translocation at a given [Na], but
leave the pump with the possibility of increasing the rate of pumping as [Na],
raises. In this way a steady-state will be reached, in which a residual dark current
can still be modulated by light.

As suggested by Hodgkin (16), the design of photoreceptors as dark sensor, may
implement a form of metabolic sharing between light and dark. This idea was
supported by the estimates of the metabolic cost of the dark current in rat rods (12).
Specifically they estimated a rather high ATP consumption in darkness, 2.5x10-'¢
moles rod"' sec”’, mostly used by the pump to balance the steady inflow of positive
cations, through the outer segment light-sensitive channels. This early study was
the first to note the metabolic consequences of a sustained sodium influx in
darkness. We will now extend these estimates by including the contribution of I,
channels and by comparing the energy load of a rod in the dark and during
illumination.

The metabolic cost of the dark-current.

The current flowing in darkness across the surface membrane of a rod (J;) is the
sum of a light-sensitive component, due to passive flux trough the cGMP sensitive
channels (J,) and a light-insensitive current (Je,), associated with the electrogenic
operation of the exchanger (29). Sodium flows inwardly through the light-sensitive
channels (Jy,p)) (6, 15) and is transported in by exchange with Ca*. Assuming then
that most of the J, is carried by Na* and Ca? and consideri ng that the Ca**
contribution to J;, corresponds to a value of twice Jz, we have:

JT—B-.IEx

INa (D) = ey

Considering then the stoichiometry of the exchanger (7), the fraction of sodium
transported (Jy,..) into the cell will be:

4.7

CX

FeV

INa (ex) =

Because on average J,, in a rod is about 7% of the total membrane current it turns
out that with a J; of 30 pA, the sodium component will be 14.5 mM sec .
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The metabolic cost paid by the cell to offset such a massive influx and to
maintain [Na]; at the comfortable level of 10 pM can be obtained considering that
the hydrolysis of 1 ATP powers the exchange of 3 sodium ions. The estimated
influx of sodium of 14.5 uM sec™' will then require 4.8 UM ATP sec' to keep [Na],
at steady-state.

In addition to the energy supplied to the metabolic pump, a rod in darkness must
dissipate energy in at least two other sets of processes, such as those associated to
the spontaneous isomerization of rhodopsin and to the synthesis of chemical
transmitter molecules. In the present paper however we should consider only the
spontaneous isomerization of rhodopsin. In general, every rhodopsin molecule,
when activated (Rh*) either spontaneously or by light, requires between 2 and 9
ATP molecules for quenching of Rh*. A variable number of transducin molecules
(100 - 10,000) is then activated sequentially by a single Rh* and activation of
transducin (T#*) requires a GTP molecule.

The rate of rhodopsin isomerization in darkness is given by the equation
‘“z]: () — K « Rh (t), where Rh(t) is the number of rhodopsin molecules in the outer
segment at time t and K is the rate constant for spontaneous isomerization of Rh.
We will take K as 5.2x10"", from the estimate for monkey rods at body temperature
(4). The number of Rh in a guinea-pig outer segment is obtained assuming a
concentration of 3 uM in a total volume of 0.046 pl. Therefore a guinea-pig rod
will contain 83x10° molecule of rhodopsin, and the rate of spontaneous isomerization
will be 4.3x10 Rh" sec”!, corresponding to 1.4 pM sec! of ATP, assuming that 9
ATP molecules are required for Rh* quenching.

Before being quenched, by phosphorylation and the consecutive capping by
arrestin, Rh* will diffuse in the disk membrane and activate sequentially a large
number of transducin molecules. The estimates for the number of T  activated by
a single Rh", in mammalian rods, range from about 100 to 10,000, and different
estimates may reflect methodological differences (25). In the present estimates we
will assume a value of 5,000 transducin molecules formed for isomerized rhodopsin
every second. Considering that, in a mammalian rod at body temperature, the
single photon response is complete in about 0.5 seconds, then, 2,500 GTP mol-
ecules will be taken up by transducin following a spontaneous isomerization.
Taking into account a rod volume of 0.046 pl, and assuming that every GTP
molecule is formed by exchange of an energy-rich phosphate group between GDP
and ATP, we have that the formation of T* during a spontaneous event will cost
about 0.4 nM ATP s’

The energetic cost associated with the cGMP flux in darkness can be estimated
from the Michaelis-Menten relation for basal, unstimulated, guanylate cyclase
(GC). With a K, of 274 uM, a turn-over of 1 sec! and a concentration of GC in
the outer segment of 30 M, the rate of cGMP production will be 23 uM sec™! (17).

All these estimates suggest that, in darkness, the largest component of the
metabolic expense is the uphill extrusion of sodium by the Na'/K*ATPase.
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The metabolic expense during bright illumination.

In order to evaluate the occurrence of a metabolic sharing, as suggested by
Hodgkin (16), the energy dissipated in darkness must be compared with that
dissipated during exposure to a bright, saturating, light.

In mammalian rods illumination with a light inducing 5,000 isomerization sec’ will
close all the light-sensitive channels (8), thus preventing sodium influx through the
channels or, after a delay, through the exchanger. In these conditions energy will
be required for the quenching of active rhodopsin, for the GTPase activity of active
transducin and for the cGMP flux through the maximally active guanylate cyclase.

A bright light isomerizing 5,000 rhodopsin molecules every second will require
1,6 UM ATP sec’!, assuming that every active rhodopsin requires 9 ATP molecules
for quenching.

The metabolic cost associated with GTP hydrolysis by transducin is more
difficult to estimate, since the number of active transducin produced by a constant
light isomerizing, at steady state, 5,000 rhodopsin molecules is presently unknown.
In view of the amplification present in the transduction cascade, however, the
figure will lie in between the estimate for rhodopsin quenching and those for
cGMP hydrolysis and synthesis.

The hydrolysis rate of fully activated phosphodiesterase has been reported as 0.3
UM sec! (17). In these conditions guanylate cyclase will be fully activated and
c¢GMP synthesis will be 0.23 uM sec™' (17). Therefore, the metabolic cost for signal
transduction will be about 0.6 UM sec-1 of high energy phosphate groups. This
amount must be added to the energy required to offset the Na* influx through the
hyperpolarization activated channels.

The contribution of I, to [Na], turn-over may be estimated from the observation
that a light closing all the light-sensitive channels will bring the membrane poten-
tial from -40 to -60 mV. The current flowing through the I, channels can be
estimated by considering an equivalent model of the rod membrane, with a leakage
conductance in parallel with the light-sensitive conductance in darkness and with
the I, conductance in light. A leakage resistance of 1.6 GQ with an internal battery
of -90 mV and a parallel light-sensitive resistance of 2 G2 with an internal battery
of 420 mV, will give a dark potential of -41 mV and an input resistance of 0.9 GQ,
in agreement with ref. (27). A bright, saturating, background light will transiently
bring the membrane potential at around -70 mV, activating the I,, whose resistance
and reversal potential are respectively 1.9 GQ and -25 mV (9). The current of 18.5
pA through the I, channels is then estimated, from the Goldman-Hodgkin-Katz
equation to be carried for 50% by sodium. This sodium current corresponds to 4.3
mMoles sodium sec' and to an ATP consumption of 1.4 mMoles sec™.

Therefore the total energetic expense during bright steady illumination is esti-
mated as 2 mMoles ATP sec, a value close to that estimated in darkness. This
supports the idea that the metabolic load of a photoreceptor is evenly distributed
in light and darkness (16).
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ATP and glucose turn-over in mammalian rods.

For an assumed internal ATP concentration of 5 mM, we have an ATP turn-over
in darkness of approximately 500 msec, a figure close to the internal sodium turn-
over. This estimate does not take into account possible sources of high energy
phosphate groups, like the creatine/creatine-P system, which buffers ATP and
slows its change.

Glucose consumption can be estimated by considering the ATP yeld of oxidative
phosphorylation (36 ATP/glucose) and glycolysis (4 ATP/glucose). A rod with an
efficient oxidative metabolism, responsible for 90% of ATP production, will
require 0.75 mM Glucose-6P sec’'. Assuming an internal concentration of Glucose-
6P of 7.5 mM its turn-over can be estimated to be 10 seconds. In these conditions,
1 minute of glucose deprivation is expected to completely suppress the light
response of mammalian rods. Making an allowance of 1-2 minutes for the dead
spaces, this is in agreement with the observation that light response is blocked after
bathing rods for several minutes in glucose free solutions (Demontis and Cervetto,
unpublished).

It is worth of note that glucose-6P turn-over will increase to 2.8 seconds when
half of the ATP is produced by glycolysis, suggesting that a concomitant suppres-
sion of glucose and oxygen availability will rapidly suppress the ability of the
visual cells to respond to light.

The observations and the estimates reported here may have interesting implica-
tions when considering conditions in which oxygen and blood supply to the retina
are altered. It seems reasonable to suppose that metabolic deficits or changes in
retinal or choroidal circulation, such as those occurring in a number of vascular
diseases, may be detected at very early stages by simple non-invasive determina-
tion of visual adaptation.

SUMMARY

The effects of temperature on rod sensitivity and adaptation are analysed in the
general context of the energy requirements of photoreception.

The dependence of adaptation on the [Na], turn-over appears to be critical in
mammalian rods where the metabolic load is particularly heavy because of both
temperature conditions and large Na* influx.

Estimates of the energy dissipated by rods in darkness and during bright illumi-
nation show that the metabolic load is reasonably well distributed. From this
analysis it also results that most of the energy, which a rod dissipates in both
darkness and light, is needed to keep [Na], and [Ca], low.
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