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SUMMARY

1. The dark current and responses to dim flashes were recorded with the suction
pipette technique from single rods in pieces of bull-frog retina taken from either the
dorsal porphyropsin or the ventral rhodopsin field.

2. The composition of visual pigment in the rods was determined by micro-
spectrophotometry. Rods from the dorsal pieces contained 70-88% porphy-
ropsing,, mixed with rhodopsing,. The ventral rods contained almost pure
rhodopsin, any possible admixture of porphyropsin being below the level of
detectability (less than 5%).

3. In most cells, the responses to dim flashes were well fitted by a four-stage linear
filter model, with no systematic differences in the response kinetics of porphyropsin
and rhodopsin rods. The amplitude of saturated responses varied between 8 and
55 pA and that of responses to single isomerizations between 04 and 3:5 pA.

4. In porphyropsin rods, discrete events similar to the response to one
photoisomerization were clearly seen in complete darkness. The dark current
amplitude histogram was fitted by a convolution of the probability densities for the
Gaussian continuous noise component and the averaged dim-flash response
waveform. This allows estimation of the frequency and amplitude of discrete events
and the standard deviation of the continuous component. The mean frequency of
discrete dark events thus obtained from six porphyropsin cells was 0057 rod™* s~ at
18 °C.

5. In rhodopsin rods, the dark current amplitude histogram appeared completely
symmetrical, indicating that the frequency of discrete events must be lower than
0-005 rod~! s7! (except in one rod where it was 0-006 events rod ™! s7!). Per molecule
of rhodopsin, the events are then at least 5 times rarer than reported for toad
rhodopsin rods at the same temperature.

6. The low rate of isomerization-like ‘dark’ events in bull-frog rhodopsin rods
shows, firstly, that results cannot be generalized across species even for rhodopsins
which appear spectrally identical. Secondly, it suggests that these events need not (in
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an evolutionary sense) constitute an irreducible noise factor which must set the
ultimate limit to the sensitivity of dark-adapted vision.

7. The difference between porphyropsin and rhodopsin rods shows that, given
(presumably) the same opsin, the pigment utilizing retinal, and absorbing maximally
at longer wavelengths produces more noise. The signal/noise ratio attained in the
photoreceptor may be an important factor in the natural selection of visual
pigments.

INTRODUCTION

The idea that the sensitivity of dark-adapted vision is ultimately limited by an
intrinsic noise due to thermal excitation of the visual pigment has its roots nearly
half a century back in time (Autrum, 1943 ; Barlow, 1956 ; Ashmore & Falk, 1977).
It received direct support when Baylor, Matthews & Yau (1980) reported the
occurrence, in the dark current of single toad rods, of discrete events which are
indistinguishable from the response to a single photoisomerization. According to
present knowledge on transduction in vertebrate rods, the most likely source of such
events is the thermal activation of rhodopsin. Subsequently, it has been shown that
the dark-adapted sensitivity of many ganglion cells in the toad retina, as well as that.
of the visually guided prey catching of the toad, is limited by a noige which could well
be due mainly to these randomly occurring events (Copenhagen, Donner & Reuter,
1987; Aho, Donner, Hydén, Larsen & Reuter, 1988).

As first noted by Barlow (1957; cf. also Stiles, 1948; de Vries, 1948), simple
physical considerations predict that the rate of thermal isomerization of a visval
pigment should strongly depend on its wavelength of maximum absorption (A ,,).
The more red-sensitive the pigment, the lower is the energy barrier for its excitation,
and the higher is the probability that the barrier may bé overcome by thermal energy
alone. This dependence of ‘dark’ noise on A,,, would strongly influence the
performance of visual systems using different pigments, favouring the use of short-
wavelength pigments for vision in dim light. Barlow proposed that this could be the
main reason for the Purkinje shift.

Presently available experimental evidence gives a somewhat contradictory picture.
In the toad, the rate of discrete ‘dark’ events per pigment molecule obtained in the
133 nm green rods (Matthews, 1984) is higher than in the 502 nm red rods (Baylor
et al. 1980). (The structural difference between the two pigments lies in the protein
part.) On the other hand, the rates per molecule in porphyropsin rods of two sturgeon
species (A, = 538 and 549 nm; Firsov & Govardovskii, 1990) have been found to
be in qualitative agreement with Barlow's idea: the estimated rate was higher for the
549 than the 538 nm pigment, and the rates of both were one order of magnitude
higher than that of toad or monkey rhodopsin (Baylor ¢t al. 1980; Baylor, Nunn &
Schnapf, 1984). However, considerable interspecies and other differences make the
interpretation of these data somewhat problematie.

The bull-frog retina offers the interesting possibility of comparing the dark noise
ol rods that differ in A,,, and the chromophoric group of their visual pigments,
but appear to be identical in other respects {(Reuter, White & Wald, 1971). The
rods in the dorsalmost part of the retina contain predominantly porphyropsin
{Aax = 523 nm) and those in the ventral part rhodopsin (A,,, = 502 nm). Yet, there
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is no basic division into two different classes of rods. because one and the same rod can
contain varying proportions of the two pigments depending on the light régime.
temperature and other factors (Reuter et «l. 1971; Tsin & Beatty, 1980; Makino,
Kuzuo & Suzuki, 1983).

In the experiments reported here, we determined the frequencies of isomerization-
like dark events in porphyropsin-dominated rods and in rhodopsin rods of the bull-
frog retina. We find that such events, per molecule of visual pigment, are at least
8 times more frequent in the former than in the latter. The difference is so large that
the dependence of noise on A, (and/or chromophorie group) could well be a major
factor in the natural selection of visual pigments. On the other hand, the low rate of
dark events we find in the rhodopsin rods of the bull frog compared with values
previously reported from rhodopsin rods of toad and monkey (Bavlor ef al. 1980,
1984) casts doubt on the idea that this type of noise constitutes an inexorable
limitation to dark-adapted sensitivity.

METHODS
Biological materiul and preparation

Medium-sized bull-frogs (Rana cafesbeiana) were procured from KONS Scientifie Co.. Ine.
(Germantown, WI 53022, USA) and kept on a 12 h:12 h light-dark cycle at 15 °C in basins with
a white floor, the purpose being to favour the development of the dorsal porphyropsin field (see
Tsin & Beatty, 1980). The frogs were used between 1 and 3 months from delivery and were not fed
during that time. The night before an experiment. the frog was kept in darkness at room
temperature. It was killed and double-pithed and the eyes were enucleated under dim red light. The
anterior portion was removed and a small segment of the eyecup was excised from the desired
region (dorsal or ventral). The segment was transferred to a Petri dish containing Ringer solution
{eomposition (mm): NaCl, 90, KCI, 2-5; MgSO,, 1:0; CaCl,, 1-0; NaHCO,, 5:0; glucose, 10; HEPES,
10; pH 7-5-7-7) in which the retina was isolated. (A lower Ca®* concentration, 0-5 mM, was used in
a few experiments where we attempted to increase the response amplitude of the rods. The practice
was abandoned as it appeared to give no advantage in signal/noise. but the question was not
studied systematically.) The rest of the eyecup was stored in a moist light-tight box at 4 °C’; viable
pieces of retina could be obtained for at least 6 h after dissection. The retina of the second eye was
isolated for visual inspection of the extent of the porphyropsin field. which could be clearly
distinguished from the rhodopsin field by its violet colour.

Microspectrophotometry

Recording. A small piece of retina was placed in a drop of Ringer solution on a microscope slide
and gently torn and shaken to produce isolated outer segments. The preparation was closed with
a cover-glip and sealed at the edges with Vaseline. The microspectrophotometer, constructed in the
Leningrad laboratory (Govardovskii & Zueva, 1988), was not equipped with an infra-red converter,
so the field was examined and adjustments made using deep red light (A > 680 nm). This light
caused no significant bleaching for at least 10 min. The dimensions of the measuring beam varied
from 2 x 35 to 3 x45 um. The light was linearly polarized in the plane of the discs of the outer
segments.

Determination of pigment composition. The recorded spectra of ventral rods were accurately fitted
with the Dawis (1981) nomogram for 502 nm rhodopsin (see Fig. 1B below). This agrees with earlier
measurements on bull-frog rhodopsin in digitonin extracts, where A, has been determined with
high accuracy (501-54 1 nm; Reuter et al. 1971 and Tom Reuter, personal communication ; see also
Makino-Tasaki & Suzuki, 1984). Tsin & Beatty (1980) have reported A,,, = 499 nm, but presented
no evidence that would make it possible to assess the significance of this deviation.

The dorsal rods were assumed t6 contain a mixture of rhodopsin,, and a porphyropsin, for which
Aqay could not, however, be inferred from our microspectrophotometry with aceyracy better than
ca+ 5 nm. We therefore had to rely on published evidence for the exact value to use when fitting
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recorded spectra with sums of nomograms. There are two reasons for our choice of 523 nm rather
than 522 nm as reported by Reuter ef al. (1971) and Tsin & Beatty (1980). Firstly, the porphyropsin
spectrum determined from a porphyropsin-rhodopsin mixture is liable to underestimate A,
somewhat. Secondly, the difference between a rhodopsin at 502 nm and its corresponding
porphyropsin would typically be larger than 20 nm (Bridges. 1967). It is worth emphasizing,
though, that our conclusions would not be significantly affected by an error of one or twé
nanometres in the assumed porphyropsin absorbance peak.

Current recording from single rods

The techniques for suction pipette recording from single rods were basically as described by
Baylor, Lamb & Yau (1979). Small pieces of retina (ca 0-5 mm square) were placed in a
300 ul Plexiglas chamber filled with Ringer solution. The recording pipette was introduced
horizontally through the open side of the chamber, where the surface of the solution was
continuously exposed to a stream of moist oxygen. A suitable rod protruding laterally from the
piece of retina was selected under infra-red video inspection. The temperature in the chamiber was
between 17 and 19 °C and was measured with a microthermistor. The silanized pipettes had tip
diameters of 7-8 um and ‘open’ resistances of 2-3 MQ. The resistances increased by 3- to 4-fold
when a cell had been successfully drawn into the pipette, which was connected by an Ag-AgCl
electrode to a current-to-voltage converter. The voltage signal was amplified (bandpass 0—4-3 Hz
or :016-4-3 Hz, in some cases 0-016-10 Hz; 4-pole active Butterworth filter) and continuously
recorded on an FM tape-recorder. In addition, light responses were recorded and stored on a digital
averager. The records shown in the figures are penwriter tracings replayed froni tape through the
averager. During replay, long-lasting records were usually digitized at 100 ms intervals and then
sent to the penwriter at a higher frequency (normally 40 ms per point), so the curves shown in the
figures are somewhat low-pass filtered by the penwriter. Matched-filtered records (like those in
Fig. 3) with effective bandwidth below 1 Hz are not affected by this procedure. When necessary,
digitization was performed at a higher frequency.

Light stimulation

The light came from a stabilized source with interference filters and neutral density filters
inserted in the beam. The transmittance of the filters was calibrated with a Hitachi 150-20
spectrophotometer. The light was plane-polarized with the electric vector approximately
perpendicular to the axis of the rod. Stimuli were 50 ms full-field flashes delivered by an
electromagnetic shutter. The unattenuated intensity of the light incident on the preparation (60
quanta gm~2 s7! at the stimulus wavelength 537 nm) was ieasured by a calibrated photomultiplier
(calibration standards by the Institute of Metrology. Leningrad). Using estimated collecting areas,
appropriate pigment densities (see Results) and a quantum efficiency of bleaching of 0:67. we
obtained first estimates of the numbers of photoisomerizations that given light flashes were
expected to produce in rods. This calibration, however, was used only to guide our initial choice
of stimulus light intensities. In the guantitative analysis of the results we did not rely on this
physical light calibration, but on statistical analysis of the recorded dark and light noise (see
below).

The porphyropsin content of each cell intended for recording was characterized by its relative
spectral sensitivity in the long-wavelength vegion. which could be quickly assessed as the ratio of
sensitivities at 635 and 337 nm (84,,/8;;,). The intensities of a 537 and a 635 nm stimulus were
adjusted to elicit the same response amplitunde. and the intensity ratio (Z;,,//4,,) Was recorded. The
mean ratio of the most short-wavelength-sensitive rods from the ventral retina was taken as 1. Tn
porphyropsin-rich rods from the dorsal retina, this value, which will be referced to as the “red/green
ratio’, varied between 4 and 6-1.

The specimen holder. manipulators. microscope and preamplifier were situated in a light-tight
Faraday cage. During recordings, the light intensity in the cage as measured by the calibrated
photomultiplier was less than one quantum per 500 s per rod. To exclude stray lght even more
rigorously. the specimen holder was further covered by a black box during the recordings.

Analysis

It was not possible to count discrete isomerization-like events rveliably from the records, as the
amplitude ratio of the discrete and continuous components (see Bayvlor ¢t al. 1930) of the dark noise
was not high enough. Attempts to improve the ratio by matched filtering {see Fig. 3) were not
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particularly successful becanse of the similar spectral compositions of the two noise components.
Therefore, the event rate was determined from frequency histograms of the dark current
amplitude. The record was digitized at 10 or 20 Hz and the histogram of current values was plotted
(cf. Fig. 4). Since the discrete events are unipolar current decrements. they add a small negative
shoulder to an otherwise symmetrical noise amplitude distribution.

One way of estimating the event rate, f. from such a histogram (Baylor ef «l. 1980; Matthews,
1984) is by the first moment, M,. which is equal to the mean value of the noise current, 7:

M, =i= JL Ppli) di :fﬁ i) dt. (1)
- 0

However, this requires that the zero level of the noise current (i.e. the mean value without discrete
events) be known, which is not possible unless discrete events can be reliably sorted out by some
independent method. Baylor et al. (1980) made the assumption that one tail of the distribution (the
positive or right-hand tail in our Figs 4 and 6) was unaffected by discrete events and fitted it by
a Gaussian presumed to represent the continuous component. This rationale, however, produces a
systematic error, which in the conditions of our experiments was unacceptably large (up to 50 %
as found by computer simulation). Therefore, we chose to estimate both the frequency and the
amplitude of discrete events by fitting the comnplete experimental histogram with the probability
density function for the sum of Gaussian noise and randomly occurring events having the shape of
the single-photon response. This function. p(:) (the probability density for a given value ¢ of the
dark current). is obtained as the convolution integral of the probability densities for the discrete
and the continuous components, p, and p,. assumed to be independent (Bendat & Piersol, 1966):

pli) = J Ppli—) plo) de, @)
where r is any current value that the discrete noise component may take on. (In our case, py(x) + 0
only when 0 <a <z, (the amplitude of the quantal event), so the integral can be taken
as the sum of two parts, from 0 to x,, and from x,,, to 0.) p, is a Gaussian of zero mean and
variance o (the variance of the continuous noise).

To transform eqn (2) into a time integral, let the frequency of discrete events be f, and assume
that the probability for two or more events to overlap is negligible (1/f 3 the duration of a discrete
event; analysis has shown that this does not significantly affect our results). Then the full record
can be represented as a series of stretches of mean duration 1/f, each containing one single discrete
event, whereby z = r(t) (the waveformn of the discrete event) and p,(x) = 1/|dr/df| (normalizing
factors omitted). Observing that da = (dr/dt)dt, eqn (2) becomes

pli) = f”ex})[—(i—r(tw/zaﬂdt. 3)

Optimizing the fit of eqn (3) to the experimental histogram allows the determination of the in-
teresting parameters with good accuracy. This is possible for the following reason. Although eqn (3)
contains three parameters (f. o and the single-quantum response amplitude), only two, (o, f) or
(o, amplitude). can be varied freely to fit the histogram. The amplitude and the frequency of events
are interconnected through the third moment M, (the skewness of the histogram), which can be
calculated independently :

M, = Jm #p(i)di =fr () dt. 4)

The use of eqn (4) rests on two assumptions: (1) the mean value of the recorded current is zero (AC
recording): (2) the continuous noise is symmetrical. so the skewness is entirely due to discrete
events. For the calculations of p(i) and M,, the waveform of the discrete event r(t) was assumed to
be indistinguishable from the single-quantum response. Tt was approximated by a four-stage
‘Poisson’ model response (Baylor, Hodgkin & Lamb, 1974; see eqn (5)) passed through the
recording system. by which an excellent fit to recorded dim-flash responses could usually be
obtained (Fig. 2B).

The goodness of fit of computed probability distributions and experimental histograms was
judged by eye. In porphyropsin rods, the procedure generally allowed determination of the event
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rate with an error of less than 10 %, as assessed by computer simulations with a Gaussian noise
generator.

The procedure also fixed the amplitude of the discrete event in porphyropsin rods with good
precision. Changes of n1o more than + 10 % around an optiinal value, with constant M,, perceptibly
degraded the fit of theoretical and experimental histograms (see Fig. 4, dotted lines). We therefore
used the histogram analysis as our standard method for estimating the amplitude of discrete dark’
events in porphyropsin rods. On the other hand, we could independently determine the amplitude
of the response to a single photoisomerization from the variance/mean ratio of the amplitudes in
a sequence of responses to flashes of constant, very low mean intensity (see Baylor ef al. 1979, 1980,
1984; Matthews, 1984). In each cell, the waveform of the averaged response from all flash
presentations was used as a template for reading the amplitudes of the single responses. The
amplitudes were measured manually from records plotted on expanded time scales as the change
in current from the time around the flash to the time around the peak of the averaged response.
In all our recordings from porphyropsin rods, the amplitude of the single-photon response thus
determined agreed within +20 % with the dark event amplitude obtained from ‘dark’ histograms
(see Table 1).

Estimation of effective light intensities. The amplitude of the discrete dark event as determined by
histogram analysis in porphyropsin rods was also used for calculating the mean number of
photoisomerizations per rod (denoted Rh*) per flash actually produced in each particular flash
session. (The amplitude of the averaged flash response was divided by that of the discrete event.)
By taking the grand mean of estimates from many cells (with due correction made for the volume
of outer segment drawn into the pipette), the effect of quantal variation between single sessions
could be eliminated, yielding a calibration which represents the estimate from an ‘infinitely ’ long
flash session. These intensity values are referred to as ‘nominal intensities . The nominal intensities
for rhodopsin rods were obtained by correcting for the absorbance difference between rhodopsin
and porphyropsin rods at the stimulus wavelength, 537 nm. All numbers and rates of light-induced
isomerizations (Rh* or Rh* s7!) given in the present work are based on this ‘biological ’ calibration.

Rhodopsin rods. In rhodopsin rods, the dark current histogram was completely symmetrical (see
Results), implying that discrete dark events were either very rare or very small, or both. Thus,
neither the rate nor the amplitude could be directly estimated from the histogram alone. Instead,
the single-quantum response amplitude was determined from flash sessions, and this amplitude was
then used to estimate the possible rate of such events from the dark current histogram. The quantal
amplitude was determined in two different ways: (1) by dividing the amplitude of the averaged
flash response by the nominal flash intensity (as calibrated in experiments with porphyropsin
rods); (2) by taking the ratio of response variance to mean responuse amplitude (see above). The
estimates obtained by these two methods were in good agreement (see Table 1). In addition, some
cells were exposed to dim steady illumination and their ‘light’ current histograms analysed (see
Fig. 7).

RESULTS

Porphyropsin distribution in the bull-frog retina

Althongh our frogs were kept under conditions favouring a high proportion of
porphyropsin (see Methods), there was considerable variation between animals in the
size of the porphyropsin fields, as was evident even from a casual visual inspection
of isolated retinas. In some cases, the porphyropsin was restricted to a narrow
crescent in the dorsalmost part of the retina. To determine the pigment composition
of different rods, we perforined microspectrophotometric measurements on rod outer
segments from various retinal locations.

The porphyropsin/rhodopsin ratio of the rods was determined by fitting the
recorded spectra with sums of nomograms (Dawis, 1981) for rhodopsing, and
porphyropsing,, (see Methods). Thanks to the large dimensions of bull-frog rod outer
segments, the quality of the absorption spectra was sufficient for a fairly accurate
determination.

Figure 1 illustrates the fitting of nomograms to the spectra of a porphyropsin-rich
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rod (Kig. 14) and a rhodopsin rod (Fig. 1B). To fit the absorption spectrum in
Fig. 14. it was necessary to assume a 20 % admixture of rhodopsin. It could not be
satisfactorily fitted with any pure porphyropsin nomogram, regardless of A_,.. On
the other hand, the spectrum in Fig. 1 B contains no detectable trace of porphyropsin

N\

A  Dorsal

mewsbm

B Ventral
\
\
0.04
Mw o osemonenn
400 500 600

Wavelength {(nm)

Fig. 1. Microspectrophotometric records of the absorption spectra of single rod outer
segments from the dorsal (4) and ventral (B) retina. The spectrum of the dorsal rod is well
fitted by the sum of nomogram curves for porphyropsin,,, and rhodopsin,g, in the molar
ratio 0-8/0-2 (smooth curve in 4). The ventral rod contained virtually pure rhodopsin
(smooth continuous curve in B): a 10% admixture of porphyropsin could have been
reliably detected (dashed curve in B). Vertical scale bar: absorbance.

the fit becomes perceptibly poorer if as small an admixture as 10 % of porphyropsing,,
is assumed (dashed curve). We found that rods in the same restricted neighbourhood
had quite similar pigment compositions which changed smoothly across the retina.
This was ascertained by recording absorbance spectra in sequence from many rods
protruding from the edges of relatively large (several millimetres) retinal pieces.
In rods from the dorsalmost part of the retina we found (molar) proportions of
porphyropsin,,, ranging from 66 to 88% (744 1-3%, n = 38). All rods from the
ventral retina contained rhodopsing,, without detectable contamination by por-
phyropsin. The validity of this conclusion depends, however, on the reliability of
nomogram data in the long-wave end of the spectrum. Dawis’ (1981) nomogram is
based mainly on Dartnall’s (1953) absorbance values for Rana temporaria rhodopsin,
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but R. catesbeiana and R. pipiens rhodopsins in digitonin extracts show markedly
lower absorbances beyond 580 nm than predicted by the Dartnall-Dawis nomogram
(Tom Reuter, personal communication). The reason for this discrepancy is unclear,
but if we adopt Reuter’s values for the absorbance of bull-frog rhodopsm our purest
rhodopsin rods might contain 5% of porphyropsin.

Time (s)

<
e
€
g
3
Q

40 L 1400 Rh*

0 ~

< L
2 B
5 L
Q

8L 19 Rh*

Fig. 2. 4, family of superimposed responses from a ventral (rhodopsin) rod to 50 ms
flashes of increasing intensity. The number of isomerizations (nominal intensity, see
Methods) is shown beside the response in each case. The response to the dimmest flash is
the average of sixteen trials; the larger responses are single sweeps. B, the response to
nineteen isomerizations shown on expanded scales, fitted with a curve depicting the
response of a four-stage *Poisson’ model with @ = 3:562 57! (eqn (5) in the text) passed
through the recording system. Bandwidth 0:016-10 Hz, digitization at 100 Hz. Tem-
perature 19 °C.

As the pigment composition is the crucial factor in the present study. we regularly
checked the absorption spectra of rods from the same small pieces of retina that were
used for the electrophysiological experiments. The control pieces for the ‘dorsal ™ cells
listed in Table 1 contained 789+ 1:3% of porphyropsin,,, (n = 20). In addition, the
red/green ratio (see Methods) was determined in each porphyropsin rod intended for
dark current recordings. The highest value of the ratio found was 61, which is
assumed to correspond to the highest proportion of porphyropsin found by
microspectrophotometry, 88%. For the dorsal rods listed in Table 1, the mean
red/green ratio was 55102, which would indicate 77-6 +3:5 % of porphyropsin.
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Surprisingly, there was no significant difference in specific absorbance between
rhodopsin and porphyropsin rods (00156 + 0002 ym™! and 0014640005 pm™*,
respectively). The mean dichroic ratio was 3 in both celi types. Assuming the molar
absorbance of rhodopsin to be 40600 cm™ Mm~! and that of porphyropsin to be

[ A NN A ey g

50 s 5s

Fig. 3. The outer segment current of a porphyropsin rod in darkness (cell No. 5 in Table 1).
Each pair of traces (4, B and () represents one uninterrupted 400 s dark recording; in
each pair. the lower (smoother) record is a matched-filtered version of the upper one.
Between two subsequent dark sessions, the sensitivity of the cell (response amplitude per
isomerization) was monitored by recording a sequence of dim-flash photoresponses (not
shown). In D, the waveform of one ‘discrete’ negative deflection (indicated by an arrow
in 4) is compared with the averaged photoresponse to the mean flash intensity 2-2 Rh*
(sixteen presentations). The amplitude of the averaged response has been reduced by the
factor 22 and is then seen to give a good fit to the event. The saturating response
amplitude of this cell was 33 pA. The red/green ratio was 58, corresponding to 83%
porphyropsin. Recording bandwidth 0-016—4-3 Hz, digitization at 10 Hz for the long
recordings and at 100 Hz for the averaged response. The left-hand time calibration bar

(50 s) refers to the long records (4—('); the right-hand bar (5 s) to record D. Temperature
17 °C.

30000 cm™! m7! (Dartnall, 1972), we obtain visual pigment concentrations of 3 mm
for (pure) rhodopsin, and 277 mm for the porphyropsin in a 0:8/0:2 porphy-
ropsin/rhodopsin mixture (per litre total outer segment volume). These values were
used for the calculation of the numbers of visual pigment molecules per rod outer
segment.

A General response properties
The basic response properties were similar in thodopsin and porphyropsin rods. A

family of responses from a rhodopsin rod to flashes of different intensities is shown
in Fig. 24. The waveforms and intensity dependence are similar to those observed
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in current responses from toad rods (Baylor et al. 1979, 1980; Lamb, 1984). The
amplitude of saturated responses varied between 8 and 55 pA, and the half-
saturating flash intensity was approximately 20 Rh* in sensitive cells. The amplitude
of the single-quantum response was (0-4-3:5 pA. Dim-flash responses could usually be

0-04 —
F
E
3 -
a
2
o

0

Current (pA)

Fig. 4. Dark current amplitude histogram for the porphyropsin rod in Fig. 3, with
superposed theoretical probability distributions (smooth curves). Abscissa: outer segment
current amplitude relative to mean level; inward current positive. The dashed curve is a
Gaussian of standard deviation 0-32 pA, representing the continuous noise component.
The continuous line is the theoretical current distribution for the sum of the single-photon
response and the continuous noise, calculated according to eqn (3) in the text, with the
amplitude of the discrete event 12 pA and the rate of events 0-024 s™!. The dotted lines
have been computed for event amplitudes 10% larger and smaller than the optimal
12 pA, ie. 1'32 and 1-09 pA (M, = constant then gives event rates 0-018 and 0-032 g7,
respectively). They are shown to demonstrate how sensitive the analysis is to the
amplitude of the discrete event. Recording bandwidth 0016-4-3 Hz, digitization at
10 Hz. Record duration 1178 s, histogram bin width 0-032 pA.

well described by a four-stage *Poisson’ model (Fuortes & Hodgkin. 1964; Baylor
et al. 1974, 1979), as illustrated in Fig. 28:

r(t) = kl(ot)? e ™, (5)

where [ is the flash photon density, k is a sensitivity constant and « is a rate constant.

Dark noise in porphyropsin rods
Eaxperimental protocol

Both porphyropsin and rhodopsin rods were subjected to the samé experimental
protocol. When the rod had been successfully drawn into the pipette, the saturated
response amplitude, sensitivity. and red/green ratio were determined. After that,
160 s "light’ sessions alternated with 400 s *dark ’ sessions. During a light session, the
cell was stimulated at L0 s intervals with dim (ca 15 Rh*) 537 nm flashes. Thus, the
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sensitivity of the cell (pA/Rh*) was monitored. The dark noise was estimated from
dark records obtained between successive light sessions.

Daiscrete events

Figure 3 displays three dark recordings from a porphyropsin rod. Superposed on
a more or less symmetrical ‘continuous’ noise. ‘discrete’ negative deflections
resembling single-photon responses can be distinguished. To illustrate the similarity.
the deflection marked by an arrow in A4 is plotted together with the averaged single-
photon response on expanded scales in panel D). In the top trace of Fig. 3. it is
possible to count at least eight such putative discrete events. Such deflections could
readily be seen in all porphyropsin rods where the recording was silent enough.
However, it was often impossible to decide whether a deflection represented a
discrete event distorted by noise, or just an unusually large excursion of the
continuous noise. Matched filtering did not improve the situation much. as seen from
the lower records (smoother traces) in each of the pairs 4, B and (/' in Fig. 3. Hence.
the frequency of diserete dark events could not be reliably estimated by direct
counting.

Our quantitative estimates were therefore always based on analysis of the
frequency histogram of the dark current amplitude, as shown in Fig. 4. A detailed
description of the analysis is given in the Methods section. The mean frequency of
discrete events thus estimated from the dark current of six porphyropsin rods at
18 °C was 0-027 s (Table 1). The outer segment volumes given in Table 1 (mean
1875 pm?®) refer to the part apparently inside the pipette, measured from the tip of
the pipette. Since the constriction separating ‘inside’ from ‘outside ” does not in fact
lie at the tip, it was (somewhat arbitrarily) assumed that the recordings were made
from approximately 75% of that volume; this gives a mean recording volume of
1400 gm?®. Recalculated to the whole volume of an average bull-frog rod (3000 x#m?),
the event frequency then becomes 0-057 rod™* s71.

Continuous noise

The Gaussian or continuous component of the recorded dark current noise (see
Fig. 4) also appeared to be mainly of cellular origin. The variance of the instrumental
noise recorded with an open pipette was normally just above the Johnson noise level
expected from the resistance of the pipette, and in matched-filtered records (reducing
the effective bandwidth to ca 05 Hz), the open-pipette noise was negligible
compared with the fluctuations of the current when a rod had been sucked in. The
standard deviation o of the continuous noise stood in a fairly constant ratio
(0-32+0:02, » = 11) to the amplitude of the quantal response, despite substantial
variation in the absolute values recorded from different cells. This was true of both
porphyropsin and rhodopsin rods. The Pearson coefficient for linear correlation be-
tween ¢ and the single-photon response amplitude for the cells in Table 1 is r = 0:96.
This correlation is hardly due to the trivial possibility that the pipette records
wvarying proportions of the outer segment current, because in the same sample of cells
the amplitudes of the quantal response and the saturated response correlated but
weakly (r = 0-47). Whatever the reason for the variation in absolute values, the
strong correlation suggests that the continuous noise largely stems from the same
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source as the discrete events, i.e. the phototransduction machinery of the rod (cf.
Baylor et al. 1980).
Dark noise in rhodopsin rods

When stimulated with flashes of light, rhodopsin and porphyropsin rods behaved
very similarly. The single-photon response amplitudes were similar (see Table 1), and

A AN M A MM AMM g AU U MM A
C WAAANAAAMANI iy A s AL AT st o A A A iy~ M
E - ihpmrmpbnns s d i Al gty st A i S e A M gy

_.0s__ [2 pA

Fig. 5. Outer segment current of a rhodopsin rod (No. 9 in Table 1) in darkness (B, (* and
E) and when presented with dim flashes at 10 s intervals (1 and D). The alphabetical order
A4 to E corresponds to the sequencé of recording. The saturating response amplitude was
8-2 pA. The single-quantum response amplitude as determined by relying on the nominal
flash intensity (1-:25 Rh*) was 0-43 pA; as determined from the variance-to-mean ratio of
thirty-two flash responses it was 0-39 pA. The standard deviation of the continuous noise
was 0-13 pA. No clear discrete events are seen during the dark records (comprising 1188 s).
Temperature 17 °C.

in both cell types repeated stimulation with flashes of constant low mean intensity
elicited response amplitudes which varied in a manner suggestive of Poisson
variation in the numbers of isomerizations produced on cach presentation (cf.
Fig. 54 and D).

To our surprise, however, it was usually impossible to detect any convincing
discrete events in the dark records of rhodopsin rods. In Fig. 5B, ' and E, not one
single such event can be identified during 20 min of dark recording. Consistent with
that, the dark current amplitude histogram displayed in Fig. 6 appears completely
symmetrical, with no hint of the occurrence of unipolar events. As shown by the
negative tail of the distribution displayed on expanded scales in Fig. 6 5, the upper
limit to a discrete event rate that might pass undetected lics at ca 0-005 Rh* 571,

It might be argued that the apparent absence of discrete cvents is due only to our
inahility to detect them. If, for instance, the light calibration were slightly inaccurate
and the cells showed some kind of ‘supralinear’ behaviour (Capovilla, Cervetto &
Torre, 1983), responses to single photoisomerizations might be submerged in the
continuous noise and those which we interpret as single-quantum responses could in
fact be due to two or more isomerizations. We tested this possibility by recording the
current of rhodopsin rods during illumination with steady background lights of
nominal intensity less than 0-1 Rh* s, In these conditions, the probability of



DARK NOISE IN RHODOPSIN AND PORPHYROPSIN RODS 685

A
0.05

Z

2 [

o

o

n- —
0 _—:':7 T T T T T T T T ns
-0.5 0 0.5
P Current (pA)

0-005

Probability

1

-0-25

Current (pA)

Fig. 6. 4, dark current amplitude histogram and theoretical probability distributions for
the rhodopsin rod in Fig. 5. 1230 s dark record digitized at 20 Hz. Recording bandwidth
0016-4-3 Hz; histogram bin width 0-016 pA. The continuous curve is a Gaussian of unit
area and standard deviation 0:13 pA. The dashed curve gives the probability distribution
according to eqn (3) under the assumption that discrete isomerization-like events of
0-43.pA amplitude occur at a rate of 0-0075 s™'. B, the negative tail of the histogram in
A on expanded scales. The dashed curves give the probability densities for dark event
rates 0-0075 and 0-005 s™t. The latter value approximately represents the lowest rate that
would be detected by our analysis.

.coincidence of two quanta is low, and if a substantial number of discrete events are
observed, most of them must be responses to single isomerizations. In these
experiments, the isomerization rates and single-quantum response amplitudes could

be estimated from the amplitude histogram of rod current under background
illumination.
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Figure 7 shows the results of one such experiment, with a nominal steady intensity
of 1 Rh* per 11-3 5, and including also a sequence of responses to 0-9 Rh* flashes in
darkness (trace 4). Events similar to the flash responses in 4 are readily seen in the
presence of the background (trace B), but not in darkness (trace C'). The analysis of

[ T T T T O T Y Y T 2 I A Light
g *NMMWWI MWN\(‘WWW‘VWW

C bbb ot b it 12 0

Dark — 50 s

|

Fig. 7. Light and dark noise in a rhodopsin rod (cell No. 8 in Table 1). 4. responses to
0-9 Rh* flashes. B, photon noise during continuous illumination of nominal intensity
I Rh* per 11-3 s. An analysis of the current amplitude histogram (such as shown in Figs
4 and 6) indicated one isomerization event per 12:5 s and event amplitude 0-77 pA. The
single-quantuin response amplitude as estimated from the variance-to-mean ratio of the
responses to thirty-two flashes was 0-88 pA. ', 404 s dark record. The frequency of
discrete dark events was below the resolution limit 0-005 s (1 Rh* per 200 s) of the dark
current amplitude histogram analysis. The saturating response amplitude was 294 pA:
the standard deviation of the continuous noise was 0-22 pA. Temperature 17-5 °C.

the current amplitude histogram indicated a mean event rate of one per 12-5 s during
background, close to the nominal intensity of the background, and event amplitude
077 pA. The amplitude of the single-quantum response as determined from the
variance-to-mean ratio of thirty-two flash responses was 0-88 pA. We used the more
cautious value (0-77 pA) to estimate the rate of possible dark events from the dark
current histogram, arriving at an upper limit of one event per 200 s.

It is worth noting that the negative deflections of the dark current (i.e. in the
direction of photoresponses) in Fig. 7(' correspond fairly closely to what is expected
solely from Gaussian noise with zero mean and the variance of the continuous
component. Inspecting a matched-filtered version of the dark record, we found that
five negative peaks, encompassing twenty-eight of all the 4040 points in the digitized
record (i.e. the fraction 0-0069), reach beneath the current level defined by — 250
where ¢ is the standard deviation of the matched-filtered continuous noise. This is
close to the probability 00062 for a stochastic normally distributed variable to fall
below —2-50. Moreover, the dark current never reaches down to the — 3o level, still
less to the level corresponding to the single-quantum response amplitude (—3-7¢ in
the matched-filtered record).

It is more difficult to jucdge the probability of obtaining *false negatives’ when
records are visually examined, i.e. the probability for an isomerization-like event not
to reach a detection criterion because of superposition on the continuous noise and
lntrinsic variability of the event amplitude. If the continuous noise is the only source
of variability, the probability that an event of amplitude 3-70 =hall fail to cross the
30 level is 024, that for two events 0-06 and that for three events 0-014. If it is
assumed that event amplitudes have a total standard deviation twice that of the
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dark current (see Baylor ef al. 1984), the corresponding probabilities would be 0-36,
013 and 0-05. Then, for example, if records that in fact contain two discrete events
each are scanned with a 3¢ criterion, in one case out of seven both events would be
missed. It will be noted that the resolution limit of the histogram analysis (0-005 s™,
see Table 1) leaves the possibility that, on average, every dark session (400 s) may
contain two undetected events. These considerations give some confidence in
estimation by visual inspection, the only method used by us in seven rhodopsin rods
where less-complete records were obtained (see legend to Table 1).

It thus appears unlikely that the rarity of discrete events in rhodopsin rods is an
experimental artifact. Table 1 summarizes the important response and noise
parameters for the six porphyropsin rods and five rhodopsin rods where at least two
dark sessions were successfully completed.

DISCUSSION
Do discrete events reflect thermal isomerization of the visual pigment?

The idea that the discrete dark events are due to thermal isomerization of the
photopigment has been challenged on the basis of evidence from the compound eye
(Barlow, 1989). In Limulus, the frequency of ‘quantum bumps’ can be influenced by
e.g. diurnal rhythm and efferent innervation (Barlow, Kaplan, Renninger & Saito,
1987), which is difficult to reconcile with a thermal process. According to present
knowledge of transduction in vertebrate rods, an event having the same shape as a
single-photon response must be initiated in the visual pigment molecule itself, before
the first stage of amplification. It would seem natural to identify this thermal
initiation as an isomerization of the chromophore, which is the event that normally
triggers the phototransduction cascade. The thermal parameters of the relevant
noise component in dogfish bipolar cells (Ashmore & Falk, 1977, 1982) and toad rods
(Baylor et al. 1980) are consistent with this idea. Our results showing that the rate
of rod dark events depends on the chromophoric group in otherwise apparently
identical pigments provide some additional support. In the absence of a conclusive
identification, however, we shall cautiously refer to the initiating event only as an
activation of the pigment molecule.

In Table 1, rate constants for the thermal activation of bull-frog porphyropsin and
rhodopsin have been calculated from the frequencies of discrete events by use of the
measured densities of the pigments in rods.

The probability of thermal activation bears no simple relation to the absorption
spectrum

The rate constant for thermal activation of bull-frog porphyropsin obtained here
(taken as the mean of the values in Table 1, weighted by the durations of the records
from which they were derived) is 1'2 x 107 s7. This is less than 60 % higher than the
value reported for toad rhodopsin, 0-77 x 107 57! at 18 °C* (Baylor et al. 1980). The
difference is certainly far smaller than the more than 50-fold difference predicted
from a simple consideration of the energy barriers for photoexcitation of the two
pigments (Barlow, 1957). Moreover, bull-frog rhodopsin, which has the same
wavelength of peak absorption as toad rhodopsin (Hdrosi, 1975), was found to be at
least 5 times more stable (Table 1). Both these discrepancies indicate that the
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molecular changes triggered by light and by thermal energy, respectively, proceed by
different routes. There seems to exist no necessary physico-chemical relation between
the absorption peak and the probability of thermal activation of a pigment. (This
does not, of course, exclude the possibility that some more subtle feature of the
absorption spectrum could carry information about thermal stability. Also, the
possibility of spectral (Bowmaker, Loew & Liebman, 1975) and/or chemical
(Bowmaker & Locew, 1976) polymorphism of frog rhodopsin appears intriguing in this
light.)

It is worth noting that the toad and bull-frog rates of spontaneous rhodopsin
activation may well differ by much more than the factor 5. Firstly. that factor
is limited by the resolution of our analysis. Secondly, we cannot exclude that some
discrete events in rhodopsin rods could be due to a small admixture of porphyropsin.
In fact, we cannot estimate any meaningful lower limit for the rate of discrete events
in bull-frog rhodopsin rods.

General correlation between absorption spectra and thermal stability

Available data still suggest that a red shift in the absorption maximuin is in
general accompanied by lower thermal stability. Rate constants for thermal
activation have been determined for three porphyropsins: bull-frog (present
study: A, =523 nm, rate constant 1-2x 107 7, the hybrid sturgeon Huso
huso x Acipenser nudiventris (A, = 538, rate constant 7x107"s™!) and the
sturgeon Acipenser baeri (A,,, = 549 nm, rate constant 1-06 x 1071% s71) (Firsov &
Govardovskii, 1990).. In this admittedly limited material, there is a monotonic
increase of the thermal activation rate with A ... This tendency could be important
in the selection of visual pigments for a given mode of life in a particular light
environment.

It must be emphasized, however, that the bull-frog’s use of porphyropsin rather
than rhodopsin for underwater vision cannot be understood in terms of the
signal/noise ratio attained at the absolute threshold. Even in a ‘favourable’ case
(deep in yellow fresh water with maximal transmission at 590 nm : see Jerlov, 1968),
porphyropsing,, will absorb at most 3 times more light than rhodopsing,,. Meanwhile,
the frequency of isomerization-like events due to the porphyropsin is more than
8 times higher. Thus, the noise standard deviation will also be larger by at least 3-fold,
and performance at the absolute threshold will not improve. Rather, the higher
capacity of porphyropsin to catch photons in fresh water could become a dominant
advantage in suprathreshold visual tasks, where the statistical fluctuations in the
number of quanta is the main source of noise. Another possibility is that the
ecological significance has to do with cone rather than rod vision. The distribution of
retinal, and retinal, in the retina determines the character not only of the pigments
in red rods, but of those in cones and green rods as well (cones: Semple-Rowland &
Goldstein, 1981 ; green rods: Makino-Tasaka & Suzuki, 1984).

Are opsins that have to co-operate with retinal, particularly stabilizing ?

The present data show that both the chromophore and the protein can influence
the thermal stability of the pigment. Further experiments are needed to clarify the
relative roles of these factors. It may be hypothesized that the structure of bull-frog
opsin has been sclected to compensate for the intrinsic instability of the long-
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wavelength 3-dehydroretinal chromophore. Then the low noise in bull-frog rhodopsin
rods compared with those of the toad could be a consequence of combining this
highly stabilizing opsin with the relatively stable retinal, chromophore. Interest-
ingly, no Bufo species hitherto studied (including Bufo marinus) has been found
to use porphyropsin even in the tadpole stage (Peskin, 1957 : Crescitelli, 1958 ; Muntz
& Reuter, 1966), whereas all Rana tadpoles investigated have a large proportion of
porphyropsin (Wilt, 1959; Muntz & Reuter. 1966). In other words. it seems that toad
opsin, in contrast to frog opsin, never needs to co-operate with the retinal,
chromophore. Whether this correlates with a consistent difference between the
opsins of toads and frogs is a question that would merit further study.

Discrete rod events and the dark light

The insight that the thermal stability of a visual pigment is in no simple way
determined by the spectral absorption characteristics, but subject to independent
natural selection, has important consequences. The hypothesis that the absolute
sensitivity is limited by noise from ‘dark’ isomerizations draws much of its
fundamental beauty from the idea that non-negligible thermal activation is an
inescapable property of the excitable molecules used for vision (Autrum, 1943 ; Stiles,
1948 ; de Vries, 1948; Barlow, 1957 ; Donner, 1989). This would set an irreducible
noise level, while, on that view, many other noise sources could be reduced by natural
selection. The apparent stability of bull-frog rhodopsin casts serious doubt on this
idea. It makes the similarity in temperature-corrected dark event rates of rhodopsin
rods in toad and monkey (Baylor et al. 1980, 1984) as well as dogfish (Ashmore &
Falk, 1977, 1982) appear as cither fortuitous, or as the result of evolutionary
convergence. A third possibility is that the highly stabilizing bull-frog opsin is indeed
a unique evolutionary innovation. It also forces a re-evaluation of correlations
between the dark light measured in one species and rod event rates recorded in other
species (Baylor et al. 1984; Donner, Hydén & Reuter, 1986; Reuter, Donner &
Copenhagen, 1986: Aho. Donner, Hydén. Reuter & Orlov, 1987: Aho et al. 1988;
Donner, 1989).

Note added in proof. A recent work by Corson. C'ornwall, MacNichol, Mani & Crouch (1990) shows
that incorporation of 4-hydroxyretinal as chromophore in the pigment of Ambystomea tigrinum vods
induces excess membrane tuctuations with a power spectrum similar to that of the photon
response. The apparent instability of the artificial pigment indicates the importance of the
chromophore as such; the spectral shift in this case is towards the blue compared with native
rhodopsin (A, = 470 nm and 520 nm, respectively).

We are much indebted to Protfessor Tom Reuter for his valnable suggestions and stimulating
discussions. We are also grateful for the statistical advice of Dr Mikhail V. Vorobyev. This work
formed part of joint project No. 22 of the Academy of Sciences of the USSR and the Academy of
Finland. K. D. was also sapported by grant 017455 of the Academy of Finland.
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