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SUMMARY

1. Thermal effects on the visual transduction mechanism of toad rods were
examined by recording the membrane current of a single outer segment while
changing the temperature within the range 15-30 °C.

2. Warming increased the amplitude r,, of the saturating flash response. This
effect had a @,, of about 1-8 and may result from an increase in the light-sensitive
conductance.

3. The flash sensitivity decreased with increasing temperature, while the half-
saturating flash intensity increased.

4. There was no evidence of a temperature effect on the probability that an
incident 500 nm photon triggered an electrical response. Together with the results
in (2) and (3) this indicates that at higher temperature a successfully absorbed photon
blocked a smaller fraction of the light-sensitive conductance.

5. Upon warming, the time scale of the flash response shortened but the charac-
teristic wave form was preserved. The speed of the dim flash response, measured by
the reciprocal of its time-to-peak, had a @,, of 2:7 and an apparent activation energy
of 16:8 kcal mole™1.

6. The power spectrum of the continuous component of the dark noise could be
predicted at different temperatures by assuming that the underlying event was
shaped by two of the four delays required to fit the light response. This behaviour is
consistent with the notion that the continuous noise arises within the cascade of
processes controlling the internal transmitter concentration of the outer segment.

INTRODUCTION

A previous paper (Baylor, Matthews & Yau, 1980) described the strong effect of
temperature on the frequency of occurrence of the spontaneous events comprising
the ‘discrete’ component of the dark noise of toad rods. In the course of the
experiments, observations were made on the temperature dependence of several other
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parameters of the transduction mechanism. The present paper describes these results,
including the effects of temperature on the dark current, the light response, and the
‘continuous’ component (Baylor et al. 1980) of the dark noise. Some of the results
confirm previous findings of Penn & Hagins (1972) on rat rods and Baylor, Hodgkin
& Lamb (1974) on turtle cones. Lamb (1982) has recently performed similar
measurements on toad rods with a system permitting rapid temperature changes.

METHODS
Preparation and recording

A detailed description of the preparation and the method of recording outer segment membrane
current has been given previously (Baylor, Lamb & Yau, 1979a; Baylor et al. 1980). The outer
segment of a ‘red ' rod in a piece of isolated retina from the toad Bufo marinus was drawn by suction
into the tip of a Ringer-filled glass micropipette. Membrane current was recorded with a
current-to-voltage transducer connected to the inside of the pipette. The leakage resistance between
the pipette and the outer segment, which determined the fraction of membrane current recorded,
showed no obvious dependence on temperature when measured by applying small voltage steps
at the positive input of the current-to-voltage transducer (Baylor et al. 1979a). The transducer
output was recorded on an FM tape recorder and subsequently digitized and analysed in a PDP
11/34 computer. Power spectra were computed as described in Baylor et al. (1980).

Ringer fluid

The Ringer solution contained (mm): NaCl, 111; MgCl,, 1-6; KCl, 2:5; CaCl,, 1-0; p-glucose, 10;
HEPES, 3, buffered to pH 7-8 with NaOH. The temperature dependence of the pK, of HEPES
is 0-014 °C~! (Good, Winget, Winter, Connolly, Iyawa & Singh, 1966); the changes in hydrogen ion
concentration with temperature would be relatively small in most of the experiments reported here.

Temperature changes

The temperature of the Ringer solution containing the pieces of isolated retina was varied by
circulating water from a Peltier heat exchanger through a channel in the walls of the experimental
chamber. Temperature in the chamber was measured by a calibrated thermistor mounted within
2 mm of the tip of the suction electrode. A change in temperature required roughly five minutes
to reach steady state. Most of the electrical measurements were made after the temperature had
reached steady state. Saturating response amplitude, however, was usually monitored periodically
while the temperature was changing.

Light stimuli

The dual beam optical stimulator supplied infrared light (A > 850 nm) for viewing manipulations
with an infra-red /visible image converter attached to the inverted microscope, and a beam of visible
light for stimulating the cells. The visible beam passed through a narrow-band interference filter
(centre wave-length 500 nm) and a series of calibrated neutral density filters for controlling
intensity. The stimuli were plane-polarized with the electric vector transverse to the long axis of
the outer segment and were applied diffusely on the entire retinal piece. Stimulus intensities are
given as incident 500 nm photon densities and were calculated from the measured irradiance of the
unattenuated 500 nm light, the neutral filter attenuations, and the flash duration, which was
20 msec. The unattenuated light was measured at the end of each experimental day by placing the
probe of a United Detector Technology irradiance meter (Model 111A) at the position of the
experimental chamber.

RESULTS

Fig. 1 shows the effects of a temperature change on flash responses from two rods.
In the upper set of records the temperature was decreased from 22-5 to 18-:8 °C and
then returned, while in the lower set the change was from 19-2 to 26:3 °C. At higher
temperature the amplitude of the saturating response was larger and the responses
faster as indicated by a shortened time to peak amplitude and an accelerated decay.
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Saturating photocurrent

Fig. 2 shows collected results from five cells on the variation of saturating response
amplitude, r,,,, with temperature. Saturating amplitudes were determined by
applying bright flashes as temperature was changed continuously at a rate of
0-5-1'5 °C min~!. Values of 7., for each cell have been scaled to unity at 20 °C by
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Fig. 1. Effects of a temperature change on flash responses from two rods. Superimposed
traces, with the change in outer segment current relative to the level in darkness plotted
as a function of time after the flash. Diffuse 20 msec flashes at 500 nm, delivered at ¢t = 0.
Outward changein membrane current drawn upwards. Recordings processed with a six-pole
low-pass filter of cut-off frequency 6 Hz. 4, temperature lowered from 22:5 to 18:8 °C and
returned. Flash photon density was increased by factors of about 4-7 between 0-054 and
27 photons ym™%. In each family the three lower traces are averages of six to forty
responses while the two upper traces are single sweeps or averages of two or three
responses. B, temperature raised from 19-2 to 26-3 °C and returned. Flash photon density
increased by factors of about 47 between 0-051 and 140 photons gm~2. In each family
the two upper traces are single sweeps; from below upwards the other traces are averages
of 20, 10, 5, and 2 responses respectively. Cell 4 of Table 1.

interpolation. In the linear plot on the left r,,, increased approximately linearly with
warming between 14:1 and 254 °C. On the right is an Arrhenius plot of the same
results; the slope of the linear regression line gives an activation energy of
10'5 kcal mole™?, corresponding to a @,, of 1:8 between 15 and 25 °C.

Previous work (Penn & Hagins, 1972; Baylor et al. 1979a) has shown that the
saturating photocurrent represents complete suppression of the steady inward ‘dark
current’ of the outer segment. On this basis warming increased rp,, by increasing
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the dark current. The records of Penn & Hagins (1972, fig. 2) show a similar effect
in rat rods.

The change in a rod’s saturating response was often not completely reversible after
prolonged (> 15 min) temperature changes of over 5 °C (see Table 1). This may be
due to long term changes in intracellular sodium concentration or some other
deleterious effect on the cell. Effects associated with changes in intracellular sodium
concentration might be only very slowly reversible (see Yau, McNaughton &

Hodgkin, 1981).
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Fig. 2. Dependence of saturating response, 7., on temperature. Collected results from
five rods. Responses from each cell have been scaled by interpolation to a value of unity
at 20 °C. 4, linear plot of r,,, vs. temperature. B, Arrhenius plot of same results. The
slope of the linear regression line in B corresponds to an activation energy of
10-5 kcal mole™. Saturating amplitudes were determined by intermittent bright flashes
as temperature was changed continuously at a rate of 0-5-1-5 °C min™'.

Flash sensitivity and half-saturating flash intensity

Table 1 and Fig. 3 collect results from six experiments to examine the effect of
temperature on the sensitivity SR to dim flashes, estimated from the ratio of the
peak amplitude of the average response to the flash photon density. Results were
selected from experiments in which the sensitivity returned to at least roughly the
initial value when the temperature was returned to its initial value. In about half
the experiments this did not occur, making interpretation difficult. As can be seen
in Fig. 3, warming usually reduced sensitivity. The @,, of the average effect was 1-61,
as calculated from the fractional changes in SR. Because warming reduced SR while
increasing 7p,,,, it appears that at a higher temperature each incident photon on
average gave a smaller fractional reduction in dark current. This would imply that
the half-saturating photon density i, should increase on warming. The response—
intensity relations in Fig. 4 show this effect in the records of Fig. 1. The half-saturating
flash intensity i, was estimated by fitting the Michaelis relation

L =t (1)
Tmax 't
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Fig. 3. Temperature dependence of flash sensitivity, SR (pA photon~! um?). Collected
results from cells 1-6 of Table 1; same cell symbols. Sensitivities at the starting
temperature were averaged from the initial and final values.

TaBLE 1. Dependence of flash sensitivity on temperature. Cell symbols as in Figs. 3 and 6. SP was
measured after temperature change had reached steady state. r,,,, was averaged from values just
before and after the dim flash run to determine SR. i, was estimated by interpolation in plots of
response amplitude vs. log intensity

SR N

Temp- (pA % "max/SF
erature Tmax photon™! (photons (photon theax
Cell (°C) (PA) pm?) pm™?) pm™?) (sec)
1. & 250 150 169 0-82 0-89 1-05
188 11-5 156 072 0-74 1-47
24'5 130 11-4 0-86 1-14 114
2. A 189 17-8 254 0-55 0-70 171
251 21-0 14:5 0-88 145 096
189 139 20-4 046 068 1-56
3. v 200 16:3 227 0-51 072 152
264 175 137 1-05 1-28 0-84
195 135 180 0-59 075 1-56
4. 0 192 163 13-4 075 122 1-20
26-3 21-0 146 12 1-43 0-68
191 152 14:2 105 1-08 1-48
5 © 187 184 21-2 — 0-87 1-66
305 259 97 — 2:63 0-53
19-2 12:5 156 — 0-80 127
6. B 200 169 159 — 1-06 1-36
28-8 21-2 54 — 400 0-50

187 136 103 — 1-32 1-90
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to the experimental points at each temperature. In 4, cooling from 225 to 18:8 °C
shifted the curve to the left and reduced the value of ¢, from 0-62 to 041 photons gm—2.
In B, warming from 19-2 to 26-:3 °C increased i, from 092 to 1-33 photons gm™2.
Similar results are evident in Table 1 for cells 1-3, where the values of ¢, were
estimated by interpolation in plots of peak flash response amplitude vs. intensity.
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Fig. 4. Response-intensity relations at different temperatures. Results from the two rods
of Fig. 1. Peak response amplitude divided by saturating amplitude plotted against flash
photon density (logarithmic scale). 4, results from Fig. 1.4, determined in the sequence:
0, 22'5 °C; A, 188 °C; O, 22'5 °C. Continuous curve drawn from eqn. (1) with i, = 0-62
photon um~%, fitted by eye to points at 22:5 °C. Dotted curve drawn from eqn. (1) with
i, = 041 photon gm™2. B, results from Fig. 1 B, determined in the sequence: [J, 19-2 °C;
A, 26:3 °C; O, 191 °C. Continuous curve drawn from eqn. (1) with ¢, = 0-92 photon gm™2
fitted to data at 19-2 and 191 °C; dotted curve drawn from eqn. (1) with i, = 1-33 photon
pm~2,

The average effect on four cells, including that of Fig. 4 B, had a Q,, of 1-89. The effect
on i, in cells where a range of flash intensities was not used can be estimated from
the ratio r,,,, /SR, which, for a Michaelis relation, is identical to i,. The average effect
on this parameter from all six cells of Table 1 had a Q,, of 2-29.
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Quantum efficiency

The results just described showed that warming decreased SP and increased i,.
These changes might result from a reduction in the size of the single photon effect
or from a decrease in the probability that a photon incident on the rod will trigger
a response. The probability of response generation can be assessed by determining
the probability that a very dim flash of fixed applied intensity generates no response
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Fig. 5. Probability of failure in dim flash runs at different temperatures. Collected results
from four rods, with each symbol representing a different cell. Each flash run was at fixed
intensity and consisted of thirty-one to sixty trials. Intensities were adjusted so that the
probability of failure exceeded 0-25. The proportion of failures was estimated from
histograms of response amplitude as described by Baylor et al. (1979b).

at all. Such ‘failures’ are an inevitable consequence of the Poisson statistics
governing the probability that dim lights will evoke photoisomerizations. Fig. 5
collects results from four experiments in which the probability of failure was
determined at different temperatures. The strength of the 500 nm flash was adjusted
so that failures occurred in about one third of the trials. The probability of failure
was estimated from response amplitude histograms as described previously (Baylor
et al. 1979b). There is no sign that the probability of failure varied systematically
with temperature in the range explored. Given the scatter in the results and the
difficulty in performing the experiment satisfactorily, a small temperature effect
cannot be ruled out. Nevertheless, the temperature dependence of SR and ¢, observed
here probably cannot be explained by a changed likelihood of quantal response
generation. Instead, warming appeared to lower SP by reducing the size of the
quantal photocurrent. The concomitant rise in ¢, implies that upon warming a
smaller fraction of the light-sensitive conductance was blocked during the successful
quantal response.

Kinetics of light response

Warming strongly accelerated the flash response. In the experiment of Fig. 14,
for example, the time-to-peak, t,e,y, of the dim flash response shortened from 2-4 sec
at 186 °C to 14 sec at 22-5 °C. In the experiment of Fig. 1B, ¢, shortened from
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Fig. 6. Arrhenius plots of reciprocal time-to-peak (1/t,c,) of dim flash response against
reciprocal absolute temperature. Collected results from nine rods, each symbol representing
a different cell. The values of ¢,.,, before and after the temperature change have been
averaged, as well as the control temperatures, which were within 1-3 °C of each other. The
mean slope of the straight lines fitted to individual experiments is 8427 +2106 K (s.p.),
giving an activation energy of 16-8 kcal mole™.
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Fig. 7. Effect of temperature on kinetics of flash responses. Response divided by flash
photon density plotted against time after the flash on double logarithmic coordinates.
Temperature was changed from 189 to 251 °C and returned. At each temperature, families
like those of Fig. 1 were obtained, with flash intensities varying by factors of about 4-7
from 0-051 to 25 photons xm~2. 20 msec flashes at 500 nm. Responses to the three brightest
flashes not low-pass filtered ([], ©, @); responses to lower intensities (O, A) processed
with a 6-pole low-pass filter of 20 Hz cut-off. Continuous curves drawn according
to eqn. (3) with @ = 0-82 sec™ (first run at 189 °C), 1-54 sec™? (25'1 °C), and 0-87 sec™!
(final run at 189 °C). Cell 2 of Table 1.
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1-2 sec at 192 °C to 068 sec at 26-3 °C. Fig. 6 shows Arrhenius plots of 1/, against
reciprocal absolute temperature collected from nine cells. The mean slope of the
straight lines fitted to the points from individual experiments corresponds to an
activation energy of 16-8 kcal mole™ and a @, of about 2-7 between 15 and 25 °C.
The activation energy estimated here is close to the value of 15:8 kcal mole™ reported
by Penn & Hagins (1972) for rat rods.

Despite substantial shortening in the response at higher temperatures, the wave
form was preserved, as illustrated in Fig. 7. In this experiment response families
were obtained from a rod at two temperatures, as in Fig. 1, and the response
amplitude divided by flash intensity is plotted against time on double logarithmic
co-ordinates, allowing comparison of wave forms in the presence of changes in scale
(see Baylor, Hodgkin & Lamb, 1974; Baylor et al. 1979a). The continuous curve
which fits the dim flash response at both temperatures is a plot of

r(t) = ikeat (1 —e~at)3, 2)

where k is a sensitivity constant, a is a rate constant, ¢ is flash intensity and ¢ is time
after the flash. This is the impulse response of a sequence of four delay stages with
time constants 1/a, 1/2a, 1/3a and 1/4a arranged in any order; this expression, or
the alternative one described below, has been shown to describe the rod’s dim flash
response near 20 °C (Baylor et al. 1979a). In Fig. 7, a has values of 0-82 sec™! (left)
and 0-87 sec™! (right) at 18:9 °C and 1-54 sec™! at 25:1 °C. Thus the shape of the
response was preserved apart from a change in time scale, corresponding to a shift
along the time axis in Fig. 7. On the filter model this would be expected if all four
time constants had approximately the same temperature dependence.

Broadly similar results were obtained from nine other rods. In five cells the dim
flash response near 20 °C was fitted better by the expression

r(t) = ik(at)® e, 3)

which represents the impulse response of four delay stages each having the same time
constant 1/ (see Fuortes & Hodgkin, 1964 ; Baylor et al. 1974 ; Baylor et al. 1979a).
In these cells also the main effect of temperature was to shift the responses on the
logarithmic time axis. At 20 °C or lower such double log plots invariably showed the
initial rise of the flash response to have a slope of 3, consistent with the four-stage
models of eqn. (2) and (3). At temperatures above 25 °C, however, three of the ten
rods required five or six stages to fit their flash responses; this might be explained
by the unmasking of additional shorter delays less sensitive to temperature.

Continuous component of dark noise

The membrane current of toad rods is noisy in darkness but becomes quiet when
the light-sensitive conductance is lowered by a bright light (Baylor et al. 1980). The
dark noise has been separated into a discrete component, thought to represent
thermal isomerization of rhodopsin, and a continuously present component of
smaller amplitude. Little is known about the continuous component, but it has
been suggested to arise within the cascade of processes that controls the internal
transmitter concentration of the outer segment. Further support for this notion is
provided by the similar dependence of the noise spectrum and flash response kinetics
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on temperature. In the experiment of Fig. 8, the shape of a rod’s dim flash response
and its continuous noise spectrum were determined at three temperatures, 15 °C (4),
19-8 °C (B) and 255 °C (C).

The difference spectra of the continuous noise were obtained by subtracting
bright-light spectra from spectra of stretches of dark record not containing obvious
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Fig. 8. Power spectra of continuous dark noise at three temperature 4, 15 °C; B, 19-8 °C;
C, 255 °C. Noise spectra (bottom) obtained by subtracting spectrum in bright light from
spectrum of selected stretches of dark current containing no discrete events. Continuous
curves through the power spectra were calculated from S(f) = S(0) [1 + (27f/)?] 72, where
S8(0) is an arbitrary constant (zero-frequency asymptote), fis frequency and « is a constant
with values of 0-71 sec™!, 1-50 sec™ and 3-00 sec™! in 4, B and C respectively. Top insets
show averaged responses to dim flashes at each temperature. 20 msec flash delivered at
time indicated by arrow. Continuous curves in the insets drawn according to eqn. (3) with
same a value as in the corresponding noise spectrum. Inset calibration bars 2 sec and
1 pA.

discrete noise events. At all three temperatures the form of the noise spectrum could
be predicted on the assumption that the underlying event was shaped by two of the
four slow processes in the flash response (Baylor et al. 1980). For example, at 15 °C
(A) the flash response was fitted by eqn. (3) with & = 0-71 sec™!. The curve fitted to
the noise spectrum at this temperature is a product of two Lorentzians, each of cut-off
frequency 0-71/2m Hz. The same equations were fitted at higher temperature, with
values for a of 1-50 and 3-00 sec™! respectively at 19-8 and 255 °C. Thus despite the
changes in time scale the flash response and noise remained in the same relation to
one another. Similar results were observed in each of four other experiments.
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DISCUSSION

Dark current. 1t is the light-sensitive conductance that limits the dark current
(Bader, MacLeish & Schwartz, 1979), so that the increased current observed with
warming would be simply explained by an increase in outer segment conductance.
Although we cannot exclude an increase in driving force on the current, due to
accelerated sodium pumping, the form of the current—voltage relations observed by
Bader et al. (1979) suggests that very large changes in reversal potential would be
required to give the observed changes in current. Unfortunately our experiments
lacked sufficient time resolution to indicate whether warming increased the dark
current instantaneously, as expected for a direct effect on the rate of ion permeation.
Recent experiments by Lamb (1982), with a rapid flow system, show that the current
change follows the temperature change with a delay less than about 5 sec. The ionic
conductance of bulk aqueous solution has a Q,, of 1-23 (see Moore, 1964), while
conduction through the Na channel of squid axon has a @,, of 1-6 (Chandler & Meves,
1970). The dark current of rods had a @,, of 1:8 in our experiments and 2-1 in Lamb’s
(1982) experiments with faster temperature changes. The temperature sensitivity of
the rod current might imply that the mechanism of ion permeation is different from
that in conventional aqueous channels. Alternatively, however, temperature might
exert its large effects by an indirect mechanism involving changes in the concentration
of internal transmitter.

Quantum efficiency. A photon incident on a rod can cause an electrical response only
if it is absorbed in a rhodopsin molecule, isomerizes it, and changes the internal
transmitter concentration near the light-sensitive channels. In our experiments the
joint probability of all three events showed no obvious temperature dependence.
Although several lines of evidence indicate that warming increases the molecular
extinction coefficient of rhodopsin at long wave-lengths (St. George, 1952; Denton
& Pirenne, 1954 ; Srebro, 1966) this effect is small and confined to wave-lengths longer
than about 600 nm. For the 500 nm light used here the probability of absorption in
rhodopsin should have been constant. The constant probability of response thus
indicates that absorbed photons continued to trigger electrical changes with the same
efficiency at different temperatures. Previous work indicated this to be about 0-5 near
20 °C (Baylor et al. 1979b).

Kinetics. The temperature-induced changes in the time-to-peak of the dim flash
response were consistent with an activation energy of 16-8 kcal mole™!. This is much
larger than that of 9-8 kcal mole™! found in turtle cones (Baylor et al. 1974),
suggesting an important difference in the transduction mechanism.

In the four-stage filter models of eqns. (2) and (3) the time-to-peak is proportional
to the time constant 1/a. Since in most experiments the temperature fixed the value
of & without changing the number of stages or the symmetry of the flash response,
the apparent activation energy of 17 kcal mole™ may be regarded as characteristic
of each of the four processes, or perhaps an average over the four processes.

This work was supported by grant EY 01543 from the National Eye Institute, USPHS and by
the Alfred P. Sloan Foundation.
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