of the artificial sun rather than the
bird’s position. The technique will be
particularly useful for evaluating the
bird’s ability to compensate the daily
and annual variations of Sun’s move-
ment, and in investigation of the ac-
curacy of the bird’s internal clock. Simi-
lar measurements are possible while the
bird is in flight in a wind tunnel.
DennNis L. McDoNALD
Department of Zoology,
Duke University, Durham,
North Carolina 27706

References and Notes

1. G. Kramer, J. Ornithol. 94, 201 (1953); G. V.
T. Matthews, J. Exp. Biol. 30, 243 (1953);
C. J. Pennycuick, ibid. 37, 573 (1960).

2. H. E. Adler, Ergeb. Biol. 26, 235 (1963); M. E.
Meyer, J. Comp. Physiol. Psychol. 58, 403
(1964); K. Schmidt-Koenig, in Advances in
the Study of Behavior, D. S. Lehrman, Ed.
(Academic Press, New York, 1964), vol. 1,
p. 217.

3. D. S. Blough, J. Exp. Anal. Behav. 1, 31
(1958).

4. Supported by PHS fellowship 1-F1-GM-37,712-
01, by NIMH grant MHO4453 to P. H. Klop-
fer, and by ONR grant NONR 1181 and
NASA grant NGR-34-001-019 to P. H. Klopfer
and K. Schmidt-Koenig, whom I thank for
advice.

28 June 1968 [ ]

Rhodopsin Photoproducts: Effects on Electroretinogram
Sensitivity in Isolated Perfused Rat Retina

Abstract. Isolated perfused retinas of albino rats were exposed to brief sat-
urating flashes of white light which bleached about 50 percent of the rhodopsin
present. Transient photoproducts of the reaction could be detected for about 30
minutes. The b-wave threshold increased by some 3 logarithmic units immediately
after the flash and remained stable at this level thereafter. This suggests that the
longer-lived intermediate products of rhodopsin photolysis do not influence scotopic

visual sensitivity.

It is now well established from stud-
ies on the rat retina, which contains
primarily rods (), and cone-deficient
retinas of humans (2) that the logarithm
of the scotopic visual sensitivity is
linearly related to the concentration of
rhodopsin in the rods. In the isolated
perfused retina of the frog—which
contains both rods and cones—a simi-
lar result has been found under condi-
tions in which electroretinogram b-wave
thresholds are determined by the rod
system alone (3). However, these studies
were carried out under steady-state con-
ditions, in which presumably only in-
tact rhodopsin or free retinal (retinalde-
hyde) and opsin were present in the
rods.

After a rhodopsin molecule absorbs
a photon, it passes through a series of
short-lived intermediate states before
the carotenoid chromophore hydro-
lyzes from the opsin (4—6). Whether
some or all of these photoproducts af-
fect visual sensitivity is not clear. Re-
cently, Donner and Reuter (7) have
observed that the rate of thermal decay
of one photoproduct, metarhodopsin
II, parallels an early increase in the
sensitivity of ganglion cells in the frog
eye cup during dark-adaptation. These
authors have suggested, therefore, that
the concentration of metarhodopsin II
may determine thresholds in the initial
stage of rod adaptation.

To investigate directly such possible
relationships, we have examined the ef-
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fects of brief intense light flashes on
the isolated retina of the albino rat.
Retinas were mounted in a perfusion
chamber inside a recording spectropho-
tometer, making it possible to measure
both electroretinogram (ERG) thres-
holds and rhodopsin absorption spectra
in rapid sequence with the same prep-
aration. A previous report (8) describes
the preparation in detail and shows that
the rapid, “neural” phase of dark-
adaptation occurs in the viable, iso-
lated rat retina, but that slow, “photo-
chemical” adaptation does not occur
because rhodopsin does not regenerate
under such conditions in vitro. Thus,
after a partial bleach, the absolute
sensitivity of the preparation is perma-
nently decreased in proportion to the
amount of rhodopsin bleached. There
is a linear relation between rhodopsin
concentration and the logarithm of
ERG sensitivity in the isolated per-
fused rat retina, similar to the relation
between rhodopsin and ERG sensitiv-
ity that exists in the intact rat eye
1, 8).

We exposed isolated perfused rat
retinas to flashes from a xenon pho-
totube (Ultrablitz Meteor SP-GH). This
procedure bleaches about 50 percent of
the rhodopsin in the retina (9-11),
leaving it initially in the form of tran-
sient photoproducts whose decay we
could measure for comparison with b-
wave thresholds determined on the
same preparation. Since no rhodopsin

regenerates in the isolated rat retina
under these conditions (8), any changes
in sensitivity that occur after the neural
component of adaptation is completed
may be attributed to the decay of
photoproducts.

In a typical experiment, threshold b-
wave responses (20 pv criterion) and
absorption spectra were first recorded
from the dark-adapted preparation. Af-
ter these base-line measurements were
made, the retina was exposed to a
single white flash from the xenon flash
gun. Immediately thereafter, absorption
spectra and b-wave thresholds were
recorded in alternate succession until
no further changes were observed. The
retina was then exposed for 10 minutes
to a bright white light from a tungsten
source, which bleached nearly all the
remaining rhodopsin. After this bleach,
measurements of threshold and absorp-
tion spectra were continued for about
20 minutes.

Figure 1 shows the absorption curves
for one experiment. Beginning 45 sec-
onds after the flash, there is a sharp
decrease in absorption above 430 nm
and an increase in absorption at lower
wavelengths. Five minutes after the
flash, absorption decreases in the near-
ultraviolet, maximally at about 380 nm,
and there is a significant increase at
longer wavelengths, maximal in the vi-
cinity of 465 to 475 nm. Later there
are progressive decreases in absorption
at all wavelengths below about 550 nm.
This fading continues for about 30 to
50 minutes, after which the tracings
stabilize. After the final prolonged
bleach, the spectra remain stable for at
least 20 minutes, from about 420 to
650 nm. Below 420 nm, sequential
spectra often reveal a slight decrease
in absorption. This probably represents
free retinal being reduced to retinol
(vitamin A,).

The difference spectra of the tran-
sient dark processes occurring after a
flash (Fig. 1, inset) were obtained by
subtracting the stabilized tracings re-
corded 40 to 60 minutes after the flash
(curves 9 to 11) from the tracings re-
corded 45 seconds after the flash (curve
3), when the near-ultraviolet absorption
was maximum, and the curve beginning
5 minutes after the flash (curve 4), when
the longer wavelength absorption
reached its peak. These spectra reveal
the existence of two photoproducts, one
absorbing maximally at about 380 nm
and the other at about 470 nm. These
probably correspond to metarhodopsin
IT and a later intermediate with maxi-
mum absorption, as determined in digi-
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Fig. 1. Sequential absorption spectra from
an isolated and perfused albino rat retina
after exposure to a single white flash.
Curves 1 and 2, dark-adapted controls;
curve 3 begins 45 seconds after the flash:
curve 4, 5 minutes; curve 6, 15 minutes;
curve 9, 40 minutes; curve 11, 60 minutes.
The retina was then exposed for 12 min-
utes to bright tungsten light. Spectra 12
through 15 were recorded at intervals dur-
ing the 45 minutes after cessation of the
bleaching light. For clarity, some spectra
were omited when this figure was drawn
from the original spectrophotometer trac-
ing. Hence, numbering is not sequential.
Spectra were recorder at 2.5 nm/sec. The
inset shows the difference spectra for the
principal intermediate photoproducts in
this experiment.

tonin extracts of cattle rods, at 467
nm (5,6, 11, 12).

Figure 2 shows typical time courses
of tne formation and decay of these
photoproducts. Absorption at 380 nm
is maximum by the time the first spec-
trum is recorded, and then it decays
over the next 30 to 40 minutes. The
465- to 475-nm peak behaves somewhat
differently. Absorption at these wave-
lengths rises rapidly over the first 5
to 10 minutes, and then falls slowly
over the next 30 to 50 minutes. It is
our impression that the substance which
absorbs maximally at 465 to 475 nm
decays somewhat more slowly than the
substance absorbing maximally at 380
nm, although variations of the time
course of fading of these peaks in dif-
ferent experiments make a definite con-
clusion difficult.

Also shown in Fig. 2 are b-wave
thresholds, recorded from the prepara-
tion at various times after the flash,
for comparison with the photoproduct
decay curves. After the flash, the thresh-
old rises by an amount which corre-
sponds to the bleaching of about 50
percent of the rhodopsin present (I, 8).
In our experiments, the first threshold

Fig. 2. Time course of photoproduct de-
cay in the dark at 30°C for the experiment
shown in Fig. 1. The ordinate on the left
indicates changes in optical density relative
to the first absorption spectrum recorded
after the flash (Fig. 1, curve 3). The line
connecting the symbols (X) shows the
time course of changes in the b-wave
threshold following a flash. Relative light
intensity values are shown on a logarith-
mic scale on the right-hand ordinate. The
circled X’s at the lower left and upper
right indicate light intensities required to
produce a criterion b-wave response in the
totally dark-adapted state before the bright
flash (dark control) and after a 12-
minute exposure to a bright tungsten light
which bleached nearly all of the rhodopsin
present.
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is recorded 4 minutes and 30 seconds
after the flash, by which time the neural
phase of adaptation is completed (Z, 8).
From this time until the retina is sub-
jected to a final bleach, the b-wave
threshold remains stable despite con-
tinued photoproduct decay. When vir-
tually all of the rhodopsin has been
bleached, the threshold stabilizes some
6 log units above its initial value in the

dark., This total range of sensitivity,
and the approximately 3-log-unit rise
in threshold seen in most experiments
after a 50 percent bleach, are consist-
ent with previous results in the eye of
the intact rat and in the isolated rat
retina (I, 8).

Further experiments confirmed that
the slow spectral changes seen after a
single white flash are due to the fading
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of photoproducts. Retinas were exposed
first to a saturating white flash and
then, at 10-second intervals, to two
near-ultraviolet flashes produced by in-
terposing a Corning CS 7-51 filter be-
tween the xenon flash gun and the prep-
aration. The photoproduct difference
spectra in such experiments showed
significantly less fading of the 380-nm
photoproduct, whereas the fading of
the 465- to 475-nm peak was greater
than that in those experiments in which
retinas were exposed to a single white
flash.

These observations agree with those
of Matthews et al. (5), who showed that
a flash of intense near-ultraviolet light

rapidly converts metarhodopsin II to a
mixture of rhodopsin, isorhodopsin, and
the 467-nm intermediate. This proce-
dure differentiates metarhodopsin II
from a mixture of free retinal and
opsin, which has a similar absorption
spectrum but does not undergo rapid
spectral shifts immediately after near-
ultraviolet irradiation.

Our results are also consistent with
recent studies of the early receptor po-
tential (ERP) in the rat eye (12). These
studies correlated components of the
ERP with the presence of metarho-
dopsins I and IT and the 467-nm inter-
mediate, and determined the time
courses of formation and decay of these
photoproducts. In the rat, metarho-
dopsin I is formed almest immediately
after a saturating flash and decays in
a few milliseconds at physiological tem-
peratures. This explains why we did not
observe this intermediate in our ex-
periments. On the other hand, at room
temperature in the rat or rabbit eye,
metarhodopsin II forms with a half-
time of 1 msec and decays over several
minutes, whereas the 467-nm inter-
mediate forms and decays even more
slowly (11, 12).

Our results demonstrate that the pres-
ence of metarhodopsin II and the 467-
nm intermediate after a bleaching ex-
posure does not affect scotopic visual
sensitivity in the rat retina. This con-
clusion differs from that of Donner
and Reuter (7), who have proposed
that metarhodopsin II affects scotopic
sensitivity in the frog. Our results sug-
gest that, after the completion of neural
adaptation, the rod threshold is simply
determined by the fraction of intact
rhodopsin in the retina.

It may be argued that neural adap-
tation is somehow related to photo-
product decay [see, for example, (7)],
but our results make this suggestion un-
likely. Although most of the neural re-
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covery takes place almost immediately
upon cessation of the adapting light,
it usually continues for some 4 to 5
minutes {/, §). The photoproducts seen
in our experiments are still present
and decaying long after neural adap-
tation has ended. On the other hand,
earlier photoproducts—prelumirhodop-
sin, lumirhodopsin, and metarhodopsin
I—disappear in the rat retina within
milliseconds after the flash at physio-
logical temperatures (4, 11, 12), long
before neural recovery is complete. In
addition, neural adaptation may change
electroretinographic thresholds by sev-
eral logarithmic units even though neg-
ligible rhodopsin has been bleached
(I, 8). In such a situation, the concen-
tration of intermediates must be ex-
tremely small, yet neural adaptation
can be as extensive as when consider-
able bleaching has occurred.

RoBEeRT N, FRANK

Joun E. DOWLING
Wilmer Institute, Johns Hopkins
University School of Medicine,
Baltimore, Maryland 21205
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Enzymatic Synthesis of Melatonin
in Avian Pineal Body:
Extraretinal Response to Light

Abstract. In the chick pineal body,
activity of the melatonin-forming en-
zyme  hydroxyindole-O-methyl trans-
ferase is greater in the light than in
darkness. Neither bilateral enucleation
of the eyes nor sympathetic denervation
prevented this light-induced elevation of
enzyme activity. This fact indicates that
in the bird, in contrast to mammals,
neither the retinas nor sympathetic in-
nervation of the pineal body are essential
for environmental control of melatonin
formation.

Enzymatic synthesis of melatonin
by hydroxyindole-O-methyl transferase
(HIOMT) in the pineal organs of birds
is enhanced in the light and suppressed
by darkness (/). In the rat, on the
other hand, pineal activity is greater in
the dark than in the light (2). Informa-
tion about lighting appears to reach the
pineal body via retinal receptors and
sympathetic nerves in the rat (3). We
here report experiments with birds indi-
cating that this light-influenced pineal
HIOMT activity is independent of the
eyes and of sympathetic innervation.

Male White Rock chicks were reared
from the day of hatching under a 14-
hour photoperiod (LD 14:10), given
free access to food (chick starter) and
water, and provided with heat without
light during the brooding period, ac-
cording to standard rearing practice.
Pineal bodies were denervated by re-
moval of both superior cervical sympa-
thetic ganglia within the first 4 days
after hatching (4). Birds were anesthe-
tized with Combuthal (5). Removal of
the ganglion could be readily confirmed
by the development of permanent ipsi-
lateral ptosis; transitory erection of the
head feathers sometimes occurred dur-
ing the first hours after ganglionectomy
(6). In some controls both ganglia were
exposed but not removed. Both eyes
were removed from other chicks (1 to 3
days old). In some cases, the second eye
was removed 1 day after the first; in
others, both eyes were removed during
the same operation. After enucleation,

.the orbits were packed with gelatin foam,

and the eyelids were sutured shut.
Survival was good after both operations.

When 4 weeks old, all chicks were
transferred to either continuous light
(LD 24:0) or constant darkness (LD
0:24) in environment chambers so de-
signed that they could be completely
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