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Abstract

Five different series of kinetic studies on the fast photovoltage (FPV’s) from
the rhodopsin, intermediates B and C of the excised eye of the albino rat were
performed at room temperature. The FPV was decreasing according to a first-
order decay scheme when a series of consecutive blue flashes were given to the
dark-adapted eye. The apparent decreased fraction of the signal per blue flash
was found to be a function of the time interval between two flashes. This anoma-
lous result was explained by a mechanism in which the energy transfer occurs
from the electronically excited intermediate B to the unexcited rhodopsin. The
anomalous results of other experiments were also explained by this mechanism.
Theoretical consideration on the possibility and analysis of the energy transfer
were developed.

Introduction

The rhodopsin and three intermediates A, B, and C (hereafter they
will be abbreviated as Rh, A, B, and C) in the bleaching process of the
eye have been shown to have their individual characteristics (shapes,
magnitudes, spectral sensitivities, half-lives, etc.) of the fast photovalt-
ages (FPV’s) induced by a flash of light.** The magnitudes of those
signals, if isolated from each other, were found to be proportional to
the quantities of the respective species exposed to the light (Cone, 1965,
1967; Pak and Ebrey, 1966). Several kinetic studies have clarified the
bleaching mechanisms and the nature of the intermediates (Ebrey, 1968;
Hosoya, 1969). This is because these FPV’s are directly related to
certain molecular changes in the retina. In this sense each of these
electrical signals can be called as a spectrum. On the other hand, some
crucial experiments and considerations have been tried to get positive

* This research was carried out at Mental Health Research Institute of the Univer-
sity of Michigan, Ann Arbor, Michigan, U.S.A., supported by PHS grant GM-14035.
** Qriginally called as the early receptor potential (ERP) (Brown and Murakami,
1964). The nomenclature of FPV is by Hagins and McGaughy (1967). For additional
references see the preceding paper (Hosoya, 1969).



54 ST H. Hosova . *NSR. O0.U., Vol. 20

or negative evidence for the transfer of energy between different light-
absorbing units, 4.e., pigment molecules (Hagins and Jennings, 1959 ;
Kropf, 1967 ; Pak and Helmrich, 1968), in the. retinal rod. This idea
was suggested and encouraged by the extensive studies on the anomaly
of emission spectra of organic molecules in solutions and crystals, in
which simple spectral linearity or additivity fails due to the energy
transfer between the adjacent molecules.* The present paper reports
some kinetic study of FPV from the excised eye of the albino rat with
a particular reference to the phenomena in which a simple additivity
rule is broken dowmn. Although conclusive evidence for the energy
transfer is still lacking, this idea is one of the most possible candidates
for the explanation of the anomalous experimental results obtained.
Theoretical background for the energy transfer in the retinal rod is
discussed and analysis for interpreting the experimental results is also
developed. '

Experimental

Eyes were excised from -the dark-adapted albino rat (Sprague-
Dawley, male, about 150 g), and mounted in between two wick electrodes,
one on the cornea and the other on the retina. Measuréments were
performed 10 min after the excision lest the wave forms of the signals
should be distorted by the a and b waves of the ERG. In order to
suppress the artefact the electrodes were prevented from being exposed
to the flash light. The details of the equipments are described elsewhere
(Ebrey, 1968 ; Hosoya, 1969). The room temperature was kept at about
23°+1°C.- ' - '

For the sake of clarity and simplicity, let us adopt simple notations
for several different types of operations as in the previous paper. -

- Bleach : The operation Bleach means that a strong continuous 100 W
tungsten light was focussed into an exised eye in order to bleach all
of the Rh. The wavelengths of the light above 900 and below 480 nim
were cut off with Corning CS 1-69 and CS 3-71 filters -in order to
prevent the temperature from rising and to prevent B.from absorbing
the light to decompose. All-of the Rh was bleached at least by a
continuous illumination for 15sec. By use of various combinations of
Wratten neutral density filters the ratio of the bleached Rh to the
total number of Rh exposed to the light can be changed This opera-
tion is denoted as Partial bleach.

Blue: The operation Blue means that a 0.5 msec blue test flash was
directed into the eye with a Honeywell Strobonar 600 electronic flash,
a Cornlng CS 7-51 narrow band-path filter (365430 nm) and the diffuser.

* For the references see the reviews by Forster (1960) and by Streyer (1960).
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An electrical response was recorded across the eye.
~ Green: The operation Green is the same as Blue except a green
filter (Kodak 58B, 530430 nm) instead of a blue filter.

Yellow: This operation gives almost the same effect as the oper-
ation Green. A Corning CS 3-71 yellow filter was used (=480 nm).

dt: The operation 4t means to wait for a certain length of time
t between two operations.

Bracket: A pair of solid brackets means to repeat the processes
or operations in them several times. A

Underline: An underline means that several series of experiments
were done by changing the underlined operation.

Premises

The following facts are known and important for all the discussions-
in this paper (Hagins, 1956, 1957 ; Matthews et al., 1963-1964 ; Cone,
1965, 1967; Ebrey, 1968; Hosoya, 1969). At room temperature a Rh
molecule, when it absorbs light, changes into B through prelumi-
rhodopsin, lumi-rhodopsin, and A, at the latest, 1 msec after absorbing
the light; the green 500 nm light being the most effective. The ab-
sorption peak of B is at 380 nm. It thermally decomposes into C with
a half-life of about 2 min at room temperature. This C has an absorp-
tion peak at about 465 nm and its estimated half-life is an hour or so
at room temperature. A Dblue 1ight predominantly photo-decomposes B
into C, while very small portion of B is photo-regenerated back to Rh.
A green or yellow light on C predominantly photo-regenerates B, while
very few portion of C is photo-decomposed into the bleached substance,
1. e., all-trans-retinal and opsin. The scheme is illustrated in the fol-
lowing diagram :*

Blue
() Ay
hwws ---—>B—3 C—> Bleached substance.
S (v ?)
Green

At room temperature an operation Blue on Rh and B, respectively, gives
a biphasic FPV (cornea-negative R2 and positive R1 components) and
a cbrnea-positive B-signal, whereas C responds very weakly to Blue
(by a factor of about 0.1). Since the R2 component overwhelms the
R1 at room temperature, hereafter a special attention is focussed on
R2. With the apparatus used in this experiment, both the maximum
amplitudes of the R2 from an unbleached eye and of the B-signal from

* Straight arrows and wavy arrows, represent thermal and photo-chemical reactions.
Wavy lines in the brackets mean that the reaction is of minor importance.
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a bleached eye are about 50 xV.* A single operation of Blue bleaches
about 10 per cent of Rh.** The operation of Green or Yellow on Rh
and C, respectively give FPV (the same shape as in the case of Blue)
and a cornea-negative C-signal, whereas almost no response comes out
from B.*** With the apparatus used in this experiment, the maximum
amplitudes of the R2 and the C-signal responding to the green flash
are, respectively, 500 and 50 pV.** The above-mentioned knowledges
are illustrated in Fig. 1.

Rh B C
/\\/‘ /\
Blue ) A C
—MW>-o- > B (Rh «w=)
.f\\/‘ \/
Green
B <—vWWW—
Wi —~B (—was Bieach )
Signal RIKR2 B C
T2 f— ~ min ~ hr
A max - Green Blue . CGreen

Fig. 1. TIllustrations of several characteristics of Rh, B, and C of the albino rat
eye and their photoelectric responses and reactions. Signal shapes are schematic.
See also the footnote 3. Explanations for the items in the first column are: Blue
(Green), photoelectric responses to and reactions by a blue (green) flash; Signal,
the names of those signals and components; 7, half-lives of the intermediates B
and C in the dark at room temperature; Amax, the most sensitive wavelength regions
of the species to give the signals.

" Results and Discussion

The experiments are classified into “ blue-flash ” and “ green (or
yellow-) flash ” experiments. Hopefully, they are complementary to
each other, since B is sensitive to a blue flash and C to a green flash.

* At room temperature almost 80 per cent of the Rh is changed into and still
remaining as B even 45sec after a continuous exposure (15sec) to a strong yellow light
whose wavelengths are longer than 480nm. No photo-chemical reaction occurs in or
from B. , ‘ ,

*x Judging from the figure the efficiency of the present apparatus (the ratio of the
magnitude of the signal to the energy of the flash light) seems to be worse than the
apparatuses used by the other authors (Cone, 1065, 1967 ; Ebrey, 1968).

#*% At room temperature more than 90 per cent of Rh is changed into and remaining
as C, 10 min after the exposure to a strong continuous light. See also the footnote *.
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However, more reliance and emphasis is put on the former class of
experiments from the following two reasons. i) The signal responding
to a green flash seems to be changing in its shape (see, for example,
Fig. 7), whereas a blue flash gives a stable signal for a fairly long
period of time, and ii) The fact that a green flash on C regenerates B
makes the overall mechanisms terribly complicated.:

Blue flash experiments

Experiment i) [Blue 4t].* If a series of consecutive blue flashes
were given to a dark-adapted eye with a constant time interval ¢, a
normal biphasic FPV was decreasing monotonously. The signal shape
(R1 and R2) was unchanged during the experiment, although a slight
mixing of the B-sigmnal to the normal FPV is expected to change the
signal shape especially in its nodal part (see, for example, Fig. 3). A
plot of the log of the maximum intensity of each signal versus time
(or the number of flashing) gave a straight line, indicating this is a
first order decay. From the slope of this line an apparent decreased
fraction a-of the R2 per blue flash was determined. The time interval
t was changed from 20 sec to 4 min and the observed a’s are shown in
Fig. 2. As far as the experiment could be done there seem to exist
upper and lower limits for the value of a.** Between these two limits

]

0081

t (min)

Fig. 2. The apparent fraction « of the R2 component of the FPV from the
dark-adapted eye of the albino rat observed with a series of blue flashes with
a time interval of ¢t. Experiment 1.

* Arden et al. (1966) reported a change of the FPV value by a series of successive
white flashes. However, their test flash is so strong that about 70 peér cent of Rh is
bleached by a single flash. When the FPV is weakened tc about one-tenth of this
original value, the C-signal appears, which in turn is decomposing more slowly. This.
is actually observed by them as in their Fig. 2.

**% The existence of the lower limit excludes the possibility of incomplete charge-up
of the strobonar for shorter time interval experiments.
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«a is increasing with the increase of t. This is indeed a strange result,
if the value « exactly represents the fraction of the Rh bleached by a
single blue flash. Namely, i) if a blue flash gives only a normal FPV
and no other reaction is involved, the value of « is independent of ¢.
ii) If the surviving B gives the B-gignal responding to a blue flash, a
will be larger for smaller ¢ experiments, because of the opposite polarity
of the signals B and R2. On the other hand, the photo-regeneration
of Rh from B may account for the slower decay for the smaller ¢
experiments, if this regeneration is large enough. However, this
possibility was rejected by the following preliminary experiment. That
is, with the present equipments, less than a few per cent of Rh can
be regenerated by a blue flash from the system in which B is pre-
dominant. Note the difference in the several condition from what
were used by Cone (1967) to show the photo-regeneration of Rh from
B. Thus all these three mechanisms cannot explain the results obtained.

At room tefnpefatufe B has a half-life of about 2 min, which just
corresponds to the value of ¢ at which the plot in Fig. 2 shows the
sharpest change. This gives one an attractive idea that before B
decays into C the energy is transferred from a photo-excited B to one
of the unexcited Rh’s surrounding the excited B. In the Theoretical
section argument on the possibility of this energy transfer mechanism
will be given. In this mechanism B is a so-called sensitizer and Rh
an acceptor. In other words, in a partially bleached eye the sensitivity
of Rh to a blue light is enhanced by the surrounding B, which absorbs.
more efficiency the blue light than Rh and give that energy to one of
the neighboring unexcited Rh’s. The efficiency of the energy transfer
is dependent on the concentrations of B and unexcited Rh. If the
ratio of Rh and B can be changed at will, several experiments can be.
designed to give conclusive evidence for the energy transfer, as have
been successful in many spectroscopic studies. The next experiment.
was tried along this line.

Experiment 1) Partial bleach Blue. We can change the ratio of
Rh and B in the retina by a continuous illumination (15 sec) of the
yellow light with different intensity by use of various combinations.
of mneutral density filters. Shortly after this operation (45 sec) an
electrical signal responding to a blue flash was measured. Depending
on the degree of the bleaching the resultant signal shape is gradually
changing from the normal R1-R2 signal to the B-signal as in Fig. 3.
The signals in the intermediate stage were turned out to be the mixing
of these components. If we fix the value of the abscissa on the oscil-
loscope, say 2 msec after the trigger, the magnitude of the signal S is
increasing with the optical density D of the mneutral density filter
inserted in front of the bleaching light. However, since one eye can
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Fig. 3. The signal shapes
from partially bleached eye
©of the albino rat responding
to a blue flash. The scales
of the signal intensities,
which are about 50V, are
not given, since they are
obtained from different eyes.
The D values in the figure
are the optical densities of
the neutral density filters
inserted between the eye
and the continuous vyellow
light for bleaching. Experi-
ment 1i.

be used only for omne
measurement, S should
be mnormalized. The
filled circles in Fig. 4
are the plots of the
values of S/R versus
D, where R is the

3 2 D l 0
Fig. 4. The results showing the energy transfer
between B and Rh. Five curves (# 0-4) are the plots of
Equation (6) with different values of 7, showing the
predicted relation between the signal intensity and the
bleaching light intensity. Read the top abscissa. The

4

filled circles are the observed values of (S/R—b)/(a—b)

from the partially bleached eye of the albino rat re- -
sponding to a blue flash; ¢=0.7, b=—0.7. S is obtained
with a blue flash 45sec after the partial bleaching,
while R is the reference R2 value from the same eye
obtained with the same blue flash 10 min before the
bleaching. The eye was bleached by a continuous 15
sec illumination of a yellow light with a different
combination of neutral density filters, with the optical
density of D. Read the bottom abscissa. The coin-
cidence of the top and bottom scales at the value of
one is accidental. The open circles were obtained
similarly to the filled circles except that the second
test blue flash was given 10 min after the partial
bleaching, a=0.7, b=—0.2. Both the points at the far
right and left represent filled and open circles. All
the values R and S are the readings on the oscillo-
scope at 2 msec after the trigger. Experiments i and
111.

magnitude of the reference R2 signal (taken at 2 msec after the trigger),
which was measured with the same blue flash 10 min before the partial
bleaching. The length of the time 10 min was chosen to suppress the
contaminating effect of B responding to the test blue flash. Actually
in Fig. 4 the ordinate is regraduated from 0 to 1 in order to compare
with the theoretical values (see Theoretical). It should be noted that
several points are above the left asymptote of the curve 0 and that
the observed curve abruptly begins to fall off at D=25 and reaches
the bottom within one and a half unit change of D.

As will be shown in the Theoretical part the plot should give a
sigmoid curve like x=exp(—cl) as the curve 0 in Fig. 4 (Equation (4)),
if theres is no energy transfer between the pigment molecules. The
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“

region of the critical change has about two and a half log units of the
abscissa. Since the constant ¢ is unknown, a parallel transformation
of the curve along the abscissa was ftried so that the best coincidence
with the observed points is attained. However, the observed points
seem to deviate appreciably from the curve 0 but rather to follow the
curve 2 or 3. The group of curves 1-4 in Fig. 4 were calculated from
Equation (6) on the basis of the energy transfer, where the efficiency
of the energy transfer is increasing in this order (see Theoretical). A
reference experiments are needed to know to what extent the curve O
is followed by the observed points which are obtained under such a
condition that the energy transfer is not expected. The following two
Experiments 111 and 1w were designed along this line.

Experiment 111) Partial bleach At Blue. This is different from Ex-
periment i1 only in that the operation Blue is delayed by 10 min after
the partial bleaching. During this period of time more than 90 per
~cent of B is supposed to decay into C or bleached substance, neither
of which responds to the blue light used. In this experiment the ex-
pected signal is almost the R2 component, whose magnitude is propor-
tional 'to the amount of the remaining Rh, and therefore the energy
transfer is not expected. The open circles in Fig. 4 are the plots of
the S/R versus D followed by a re-normalization. The values S and
R have the same meanings as in Experiment 41, but they are averaged
values over several measurements. Since the signal shape is sensitive
to the temperature change and it was difficult to maintain a constant
temperature for a long period of time, the observed S/R values are
more erronecus than those in Experihzent 1. However, they seem to
fit the curve 0 rather well. This in turn supports the statement that
something anomalous is happening in Experiment ii.

Green (or Yellow) flash experiments
In the next two experiments, a yellow or green flash was used
instead of a blue flash as in Experiments i—ii1. Originally Experiments
w and v were performed in order to get supporting evidence for the
mechanism that the energy absorbed by B is transferred to Rh.
However, it was found that Experiment v really supports this mecha-
nism, while Experiment v does not. In the last part of this section
the interrelationships among all of the five experiments in this paper
will be discussed.
) Experiment w) Partial bleach Yellow. This experiment differs from
Experiment i1 only in that a yellow test flash was given to a partially
bleached eye instead of a blue flash, a pure FPV signal being recorded.
Since the yellow light is not absorbed by B, the magnitude of the RZ
signal, S, responding to this yellow flash should be proportional to the
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amount of the unbleached
Rh remaining after the
partial bleaching. The filled
circles in Fig. 5 are the
plots of the observed quan-
tity (S/R—0b)/(a—b), where
R is the value of the R2
signal observed with a blue
flash 10 min before the
partial bleaching. Both the
values S and - R are the
readings on the oscilloscope
at 2 msec after the trigger.

These points were found -

to follow very closely the
curve of Equation (4). This
result, together with that
of FExperiment 11, shows
that the simple exponential
relation (4) is observed for
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Fig. 5. A reference experiment to the result
of Fig. 4. The values of S (R2-component) were
obtained with a yellow flash on a partially bleached
eye of the albino rat 45sec after the bleaching.
R is the reference R2 value taken from the same
eye with a blue flash 10 min before the bleaching.
The bleaching was done just in the same way as
the experiment in Fig. 4. All the values R and
S are the readings on the oscilloscope at 2 msec
after the trigger and a and b are, respectivel‘y,
13.0 and 0. Read the bottom abscissa. The curve

is drawn according to Equation (4) where no
energy transfer mechanism is involved. Read the
top abscissa. Experiment iv.

the case where energy
transfer is not expected
and that the deviation of
the points of Experiment 11 from the curve 0, or Equation (4), is much
larger than the experimental error and therefore is meaningful.
Results similar to Experiment iv were obtained from the experi-
ment in which a green test flash was used instead of the yellow flash.

Experiment v) [Green At]. By flashing consecutively green test
flashes with a constant time interval ¢, the size of the FPV signal is
decreasing expomnentially. From the slope of the plots, log of the
maximum amplitude of the R2 component versus time, a fraction « is
obtained by which the FPV signal is decreasing. A series of experi-
ments were performed with different values of ¢ from 30 sec to 4 min.
Similarly to Experiment i, the value « is changing with ¢ as in Fig. 6.

This experiment was originally designed to provide a reference to
Experiment 1, since a series of green flashes instead of blue flashes
was thought not to give B a chance to absorb light but induces only
Rh excitation as long as the resultant C is much fewer than Rh.
However, the shape of the FPV signal was found to be changing
appreciably by a successive flashing of the green light. The longer
the time interval ¢, the larger the change is. The result of the ex-
periment with ¢=8 min is shown in Fig. 7 but excluded from the plot
in Fig. 6. Thus the effect of the C-signal is shown not to be negligible.
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Fig. 6. The apparent fraction « of rat eye responding to 'a series of
the R2 component of the FPV from the successive green flashes. The time
dark adapted albino rat eye observed with interval is 8 min. Note that a bi-
a series of green flashes with a time phasic signal is decreasing its inten-
interval of t. Experimeut v. ' sity and losing the Rl component.

Experiment v.

Further the C-signal itself was also found to be changing the shape
slowly. A kinetic analysis would be terribly complicated from several
reasons, e.g., photo-regeneration of B from C (Cone, 1867 ; Hosoya, 1969),
a possible energy transfer from C to Rh, etc. Therefore further dis-
cussion or conjecture on this experiment is pending.

Relations among the experiments and other possible mechanisms

Let us summarize the interrelationships among these five experi-
ments. FExperiments 11t and tw support the statement that the energy
transfer from B to Rh can explain the anomalous result of Experiment
1. On the other hand, if we discard the result of Experiment v because
of the tangling of so many complicated factors, the results of Experi-
ment 1 are in favor of the energy transfer mechanism from B to Rh.

However, there is another possibility that both the results of
Erxperiments 1 and v might be explained by the following mechanism.
Suppose that the efficiency of the electrical signals, the ratio of the
magnitude of the signal to the number of the pigments excited, is a
function of ordering of the pigments. Recall the following two facts
in the Premises. i) A blue flash induces almost the same magnitudes
of the R2 component and the B-signal from the eyes in which Rh and
B are, respectively, predominant in spite of the fact that B is far more
sensitive to a blue light than Rh. 1ii) Although Rh and C have similar
sensitivities to a green light, the maximum amplitude of the R2 com-
* ponent is by far larger than the C-signal responding to the same green
flash. It is highly possible that a dark-adapted eye has a structure of
ordered Rh, whereas in the eye where B or C is predominant the
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pigments are disordered to a considerable extent. Then the larger the
time interval ¢t between two flashes, the more the ordered structure of
the pigments is lost and therefore the decreased fraction « of the
signal per flash increases with ¢. It might also be inferred that an
unknown mechanism of adaptatlon is responsible to the anomalous
results of FExperiments 1 and v.

Theoretical

First in this section a possibility of the energy transfer in the
rod outer segment is discussed from theoretical view point, secondly
it is predicted how the energy transfer breaks the simple relation be-
tween the fraction of the bleached Rh versus the bleaching light
intensity, and finally it is shown that this relation also holds in the
case where Rh’s are clustered into small group (multimer) and therefore
the inspection of the observed relation of these two quantities cannot
differentiate the number of Rh’s, if ever, in each cluster.

Calculation of the critical distance of the energy transfer

Let us first examine the possibility of the energy transfer in the
rod with the theory of resonance transfer by Forster (1948, 1960).
The critical distance R, is determined by the following equation,

R,= ’\/ 9x10%(In 10)’c*crg]
167'n*N%?

at which an electronically excited sensitizer S has a 50-50 chance of
giving its energy to an acceptor A. J is an overlap integral between
the emission spectrum e (v) of A and the absorption spectrum fg(v) of
S in the wave number scale and is approximated as in the far-right

side of the following expression, where v, is the wave number of the
0-0 band of the spectrum of S.

J= Swfs(v)é'A(V)dV= Smes(ZVo-—V)eA(v)du

The quantity # is an angular factor depending on the relative orient-
ation of the transition dipoles of S and A and the average over a
random orientation yields #*=2/3. The fluorescence life-time of B in
the medium concerned (with a refractive index of n) is zg, which is
the product of the quantum yield 7 of the emission and the matural
radiative life-time <%. If the emission is via a singlet excited state of
S (¢.e., fluorescence), 7% is in the order of nanoseconds. The universal
constants ¢ and N are, respectively, the velocity of light in cm sec™

and the Avogadro’s number. If n is assumed to be 1.3, R, is turned
out to be
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R,= [ 0% (ip i&).
v,

Hagins and Jennings (1859) evaluated the R, value for a pair of
excited and unexcited Rh’s to be 19A which is much smaller than the
mean distance between two nelghbormg Rh’s (55A in the rabbit rod)
even if »g was assumed to be unity. Their conclusion is that energy
transfer among Rh’s is umnlikely to occur. This small probability of
the energy transfer is mainly due to the very small value of the
integral J between the absorption and fluorescence spectrum of Rh.*
On the other hand the fact that the intermediate B absorbs light
maximumly at about 380 nm gives a reasonable conjecture that the
fluorescence spectrum of B and the absorption spectrum of Rh almost
coincide as shown in Fig. 8. A
. rough estimate of this overlap
1 integral J (for a pair of B*-
| Rh) is larger than the case of
1 Rh*-Rh by a factor of 10%
giving R, almost as large as
1 the mean distance between two
neighboring pigment molecules..
If <¢ is assumed to be one

T(KK) nanosecond and v, is taken as
Fig. 8. Relations between the absorption 5x10*cm™, the values of R;s

and fluorescence spectra of Rh and B. Inten- are calculated as 43, 29, and
sities are normalized to unity. a: Absorp-
tion spectrum of Rh of the ox (Collins, F.D.,

1.0

05

Relative Intensity

201&, respectively, for the values

Love, RM. and Morton, R.A. (1952). Bio- of 7s=1.0, 0.1, and 0.01** In
chem. J. 51,292.). &: Fluorescence spectrum the rat rod the average dis-
of Rh of the cattie (Guzzo and Pool, 1968). tance between two Rh’s is

b: Absorption spectrum of B of the cattle . b
~ es A
(Matthews et al., 1963-1964). B: Mirror timated to be about 50A as

image of b, the Stokes shift being assumed are the cases for the rabbit
as 6000cm-!. No wavelength correction is (Hagins and Jennings, 1959),
made. Both the maximum molar extinction cattle and frog (Wolken, 1963).

coefficients of the Rh and B absorptions are . . .
in the
estimated to be 42000 by Matthews et al. Several intermediates

(1963-1964). bleaching process might be less

rigidly bound in the bed of
the opsin and might have a chance to get closer to other pigment
molecules. Therefore it is very probable that energy absorbed by B

* Since no fluorescence data of Rh was available at that time, they estimated the
J value from the spectra of vitamin A. Although they reported j to be 1.4x101°cm3
mmole~2, this is obviously an overestimation by a factor of ten.

** To the author’s awareness the only information on 5 of the pigments in the rod
is by Guzzo and Pool (1968). They report the 5 of Rh to be 0.05. The value for B
might be larger than this.
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is transferred to Rh in the rod outer segment.

The above discussion is based on the assumption that the energy
difference between the maxima of the absorption and fluorescence
spectra (Stokes shift) of B is-about 6000 cm~'. According to this result
even if the Stokes shift is 4000 or 8000 cm™' (namely, the energy dif-
ference between the maxima of the fluorescence spectrum of B and
the absorption spectrum of Rh is #2000 cm™?), the integral J is reduced
only by a factor of 0.7 giving a negligible effect (< 0.94) on R,.

Similar thing might happen between a pair of molecules, an ex-
cited C and an wunexcited Rh (C*-Rh), from the following argument.
The former species is reported to have higher excitation energy (465
nm) than the absorption spectrum of Rh but the difference is still
2000 cm~ making the energy transfer possible. There is also a possi-
bility of the energy transfer between a pair of B*-C. However, further
discussion will be deferred until more quantitative knowledges on C
are accumulated. As has been mentioned earlier in this paper, the
phenomena in which C is involved to a considerable extent are rather
complicated owing to the several factors, e.g. photo-regeneration to B,
possibility of a mixture of several species (recall that the shape of the
C-signal is changing in some stage of FPV kinetics), etc. In conclusion
the following point should be emphasized. Although there is no a
priort reason for or against the energy transfer in the rod, the transfer
from some bleaching intermediate, especially B, to Rh is much more
probable than the transfer among Rh’s, and, if 80, it might be involved
in the light-adaptation mechanism.

Prediction of the physical quantity in the energy transfer mechanism

The next problem is to predict how the physical quantity is affected
by the energy transfer. The relation between the fraction 2 of un-
bleached Rh’s and the light intensity I is known as

x=exp(—cl) (1)

where ¢ is a positive constant pertineht to the apparatus and the
wavelength of the light used (Hagins, 1957 ; Cone, 1963). It can easily
be shown that the curve (1), if it is plotted in the x—log I scale, is
identical to the curve x=exp(—I) after a parallel transformation along
the abscissa. Therefore we do not need the value of ¢. Suppose that
shortly after the partial bleaching of Rh with a yellow light, a Dblue
flash is shone and the electrical response is measured (Experiment ii).
Since both of the biphasic FPV and cornea-positive B-signal respond
to the blue light, the total electrical signal shape is their mixture as
in Fig. 3. Assume that for the system in which more than two dif-
ferent kinds of pigments p’s are coexisting, each p contributes to an



66 H. Hosova NSR. 0.U., Vol. 20

electrical signal independently from others by an amount S, proportional
to the number of the excited molecules, whose life-time is long enough
to induce the change of the surrounding ionic species and hence the
electrical response. KEspecially for Experiment vt we have the R2 and
B component as
Sgo/R=azx
(2)
Sg/R=b(1 —x)
where a and b are constants.* The magnitudes of the signals S should
be divided by a reference signal value R (the R2 component of the
FPV), which has been obtained before the bleaching, since the data
taken from different eyes are to be compared with each other. Further-
more it is understood that all the signal values are the readings on
the oscilloscope at a certain time, e.g., 2 msec, after the trigger.
In the case where energy is not transferred, the total signal
intensity S°/R is expressed as

S°/R = (Sg,+Sg)/R

=b+(a—>b)exp(—cl) (3)
or
(S°/R—b)[(a—Db)=exp(—cl). (4)

The curve 0 in Fig. 4 was drawn according to Equation (4). The
values of a and b can be obtained from the two experiments in which
no bleaching light (x=1) and the strongest bleaching light (x=0) are
given, respectively. Then the plot of (S/R—b)/(a—Db) versus a quantity
linearly related to logl (e.g. the optical density D of the mneutral
density filter used for the partial bleaching experiment; D=log I, —
log I, I, being the intensity of the bleaching light without any neutral
density filter) should fit the curve 0 in Fig. 4, by a parallel transfor-
mation along the abscissa.

If a simple mass action law is assumed to hold in the energy
transfer mechanism, the probability of the emergy transfer from B to
the unbleached Rh is proportional to the product of the fraction of the
two components, nx(l—x). The fractions of Rh and B are then changed
ihto x+7x(1 —x) and (1 —x)—yx(1l—2x), respectively, where » is a positive
constant. The magnitude of the electrical signal S°**/R as the result
of the energy transfer is then

* During the time between the Bleach and Blue (actually 45 sec in this experiment)
a 1—2-%z portion of B decays into C and the bleached substance, both of which are in-
sensitive to the blue light used. ¢ is the half-life of B. Therefore the quantity Sg/R
in Equation (2) should be 2-Y7.b(1—x). However, this effect is omitted from the pre-
‘sent discussion for the sake of simplicity. '
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SR = afe 4 7a(1— )} +b{(1 — ) —no(l —a))

=S°R+nr(a—b)(1—2x). ‘ (5)
or
(Se*/R—b)/(a—b)=exp(—cl)-+nx(1l—1x)

=exp(--cI){1-+7(l—exp(—cl))j . (6)

In Fig. 4 calculated values of (S°t/R—b)/(a—b) are plotted with several
positive values for 7.

Effect of sub-units

Suppose that all the N Rh’s in the rod are clustered into m n-mers,
N=nm (n>1).. By the exposure to a bleaching light a fraction z is
left unbleached. Further suppose that all the bleached Rh’s remain
as B, the total numbers of Rh and B being, Nx and N(1-—zx), respec-
tively. In the individual sub-units the number of the unbleached Rh,
i, out of n pigments varies from 0 to » with the probability

Assume that the number of B’s (or Rh’s) which donate (or accept) the
energy to Rh’s (or B’s) within the same sub-unit is proportional to the
product of the numbers of both the components.

n—1

neY (1) = npi— =ni(n—1i)/n,

n
where 7 is the same constant as in Eq. (5). The total number N&* of
the energy transfer ig

Nst= mP, (i (i)
=0
oomy < n!

n i m %('n —2)x (1 — x)n——i

_ _ s | (n—2)! 1101 i1
=mn(n—1)x(l—x) ; 1) i 1)! ' (1—2x)

v ~ k! 11 — g )o—1

- =myp(n—1)x(l—1x) ggﬁmx (1—x)
Ny Pl w1, (7

while for the case in which there is no sub-unit the total number of
the energy transfer N°©t is

Net=mnnx(l—wx) (8)

By analogy to the derivation of Equation (5) the signal S&f/R expected
from the n-mer sub-unit system is
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S:t/R=S"/R+pe(a—b)(1—a)(1—1/n)  (n>1). (9)

However, there is no way of differentiation between groups of curves
(5) and (9), since 7 in (5) and p»(1—1/n) in (9) are the constants to be
determined from the experiments.
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