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revert to the onset of breeding or to proceed to the
next phase, usually the moult. Ornithology offers no
precedent for temporary cessation of parental care;
so novel a suggestion requires undeniable proof.

Throughout 1956 Keith (biologist, Australian
National Antarctic Research Expeditions) kept
records of the development of wandering albatross
nestlings at Macquarie Island. The five growth-
curves (Fig. 1) show the increase in weight during
winter; and Fig. 2 shows a young albatross being
fed on July 26.

Tickell’® also discussed whether adults feed their
own or random chicks, a point on which there can be
no doubt if the birds are marked. In view of the
mounting evidence on this subject, of which only
Sladen’s'* study of the Adelie penguin (Pygoscelis
adeliae), the young of which form créches, need be
mentioned in addition to Richdale’s? proof in the case
of the royal albatross, it would be surprising indeed if
the original parent-nestling bond were not main-
tained. Many observations of banded birds at Mac-
quarie Island confirm that wandering albatross parents
feed only their own young, but nests there are much
more widely spaced than at Bird Island. Tickell’s'®
final conclusion, ‘... it must be held that the
wandering albatross, like the royal albatross, breeds
only once every two years’, also requires birds, the
identity, and history during several years, of which
are known. Matthews’sS-% conclusion (quoterd above)
on similar evidence is more carefully correct. Since
1954, 48 adults and 37 young have been banded on
Macquarie Island; frequency of breeding follows the
pattern established by Richdale® in the royal alba-
tross, namely that successful pairs breed in alternate
years and early nest failures enable the next attempt
to be made the following summer. Constancy of site
and mate is the rule. The full results of the Macquarie
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Island studies are included in an Australian National
Antarctic Research Expeditions report on the birds
of this Island to be completed during 1961.

The wandering albatross is a noble bird which has
long excited the imagination of poet, voyager and
scientist, but canards ill become it. In 1929, after
spending a full year at South Georgia and studying
large wandering albatross colonies at the end of
August, September, November to dJanuary, and
March, Matthews? produced the evidence and correct
conclusions on both winter feeding of the young and
non-annual breeding of sucecessful parents. Subse-
quent writers up to 1960, after at most a summer
contact with the bird, have done his work less than
justice. The time has come to consign much past
writing on the wandering albatross to the limbo of
ornithological mythology, and to replace speculation
with the direct evidence, based on individual identifi-
cation whenever possible, which modern ornithology
demands.
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CHEMISTRY OF VISUAL ADAPTATION IN THE RAT

By JOHN E. DOWLING

Biological Laboratories, Harvard University, Cambridge, Mass.

Rhodopsin Concentration and Visual Sensitivity
HE loss of visual sensitivity after light adapta-
tion, and the recovery of sengitivity during dark

adaptation, are common phenomena. Hecht was the
first to emphasize the idea that these processes repre-
gent the bleaching and synthesis of visual pigment.
However, until very recently, experimental attempts
to formulate the relationship between visual pigment
concentration and visual sensitivity or threshold have
not been fruitful, principally because in man, in whom
visual thresholds are most commonly determined.
pigment concentrations cannot éasily be measured.
In experimental animals, on the other hand, pigment
concentrations can veadily be measured, but special
means must be employed to estimate visual thres-
holds.

Recently, in a study of vitamin A deficiency in
rats!, I used the electroretinogram to assay retinal
function and sensitivity. I found that the electro-
rotinogram threshold of the eye rose regularly and
linearly with time on the deficient diet, similar to the
rise of psychophysical thresholds in studies of human

vitainin A deficiency?. When the measurements of
electroretinogram threshold in the deficient rata were
compared with the rhodopsin concentrations in the
retinas of the same animals, it was found that the
logarithm of the electroretinogram threshold rose
linearly with fall in rhodopsin concentration.

I have now extended thiz analysis to light and
dark adaptation. That one can use the electroretino-
gram to reflect the sensitivity of the eye has been
demonstrated by several workers®*. The most
familiar way to do this is to evaluate the change of
the electroretinogram during dark adaptation on the
basis of stimulus response curves, so estimating the
light intensities neceded to elicit constant electro-
retinogram respongses. 1 achieved essentially the
same result by measuring, at various times during
dark adaptation, the brightness of stimulus needed
to evoke a just-perceptible electroretinogram. The
electroretinogram threshold is perhaps preferable to
measguring larger, super-threshold responses, which
may be complicated by complex and changing wave-
forms.
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The experiments were performed in the following
way. Groups of animals were light-adapted for
30 min. in & white porcelain pan, brightly illuminated
with three 100-watt flood lamps. At selected times
after the lights were turned out, an animal was
selected at random and the electroretinogram
threshold recorded. BEach measurement was made
with a fresh animal, anwsthetized with nembutal
{10-15 mgm.} 5-10 min. beforehand. To prepare for
the first measurement (at 3 min.), ansesthetic was
given to one animal & few minutes before the end of
light adaptation. After an animal was anmsthetized,
it could be prepared for the experiment and its
threshold determined in about 3 min. Then the
electroretinogram was recorded over a luminance-
range of 5 log units.

The stimulus was a 1/50 sec. flash of white light,
the luinance of which could be varied continuously
with cireular photographic wedges. The electro-
retinogram was recorded from the cornea with cotton
wick electrodes connected with a Grass P-6 amplifier
and Dumont oscilloscope fitted with a camera attach-
ment. Capacity-coupled amplification was used to
yield a more stable base line.

To meagure rhodopsin, the game or other groups
of animals were light-adapted as before on the
following day. At appropriate times, an animal was
anesthetized, its eyes removed, and the retinas dis-
sected free and dropped into cold 4 per cent zlum
solution. The retinas were collected pair by pair in
this manner throughout the entire experiment. Kach
pair of retinas was finelly washed twice with water,
once again in neutral phosphate buffer, and the
rhodopsin was extracted overnight with 0-2 ml. of
2 per cent digitonin. The next day, the extract was
centrifuged clear, 0-01 ml. of 1 M hydroxylamine was
added, and the absorption spectrum was run in a
Cary recording spectrophotometer. The golution was
bleached with white light for 5 min., and the absorp-
tion gpectrum re-run. The difference in extinction
at 500 mp before and after bleaching indicated the
concentration of rhodopsin. Measurements of rhodop-
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Fig. 1. [Electroretinogram responses during dark adaptation in
the rat. The top threec lines show the time in the dark; the

logarithm of the eleetroretinogram threshold, the lowest luminance
necessary to evoke a perceptible electroretinogram ; and the
rhodopsin content expressed as percentage of the dark-adapted
ievel. The electroretinograms are evoked with 1/60 sec. flashes
of white light over a luminance range of 5 log units. The first
row of electroretinograms shows the responses of a control animal,
dark-adapted overnight. After light adaptation, the electroretino-
gram threshold is raised about 3-5 log units, and the responses at
high luminances are diminished in size. With time in the dark, the
threshold returns to normal, and the responses at higher lumin-
ances assume the dark-adapted form
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Fig. 2. Dark adaptation in the rat. Following light adaptation,

th fall of the logarithm of the electroretinogram threshold

parallels the rise in concentration of rhodopsin. Both the threshold

and rhodopsin concentration are back to the dark-adapted level
in about 100 min. @, log thresheld; O, rhodopsin

sin in rats during dark adaptation have previously
been made by Tansley® and Lewist. In all, six com-
plete experiments were performed measuring electro-
retinogram thresholds, and three complete experi-
ments measuring rhodopsin concentration.

Fig. 1 shows the electroretinogram responses
recorded in such an experiment over a range of
luminances of 5 log units. At the top of Fig. 1 the
time in the dark following light adaptation is shown,
and on the next line the logarithm of the electro-
retinogram threshold, the lowest luminance of light
which evoked a perceptible electroretinogram. The
normal threshold is set arbitrarily at 1, so that log
threshold is 0. The third line shows the rhodopsin
content, expressed as percentage of the completely
dark adapted lovel.

The first row of electroretinograms shows the
responses of a& control animal which had been dark
adapted overnight. After 30 min. of light adaptation,
the threshold recorded after 3 min. in the dark was
raised 3-50 log units (about 3,000 times). The
rhodopsin concentration was reduced to 4-5 per cent
of the dark-adapted level. With time in the dark,
the sensitivity of the eye returned gradually to the
dark-adapted state, in parallel with the rhodopsin
concentration. Dark adaptation was completed in
about 100 min.

Fig. 2 compares the rise in thodopsin concentration
and fall of electroretinogram threshold during dark
adaptation. It is scen that the log threshold falls in
strict parallelism with the rise in rhodopsin concen-
tration.

Fig. 3 compares the relationship between rhodopsin
concentration and log threshold both during dark
adaptation and night blindness owing to vitamin A
deficieney. It is clear that the logarithm of the
electroretinogram threshold, even under these dif-
ferent conditions, rises and falls linearly with the
concentration. of rhodopsin. This relationship is
expressed by the equation:

log I;jI, == 3-6 (R,— R R,

in which I, and R, are, respectively, the threshold
and rhodopsin concentration in dark-adapted control
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Fig. 3. The relation between rhodopsin content of the retina and

the visual threshold in animals dark-adapted after cxposuce to

brightlight, and in animals night-blind due to vitamin A deficiency.

In both instanees, the same relationship is observed : the log

threshold rises linearly with fall in rhodopsin concentration
@, Night blindness ; O, dark adaptation

animals, and I and R, are, respectively, the threshold
and rhodopsin concentration in vitamin A-deficient
or partly dark-adapted animals.

This result is not wholly unexpected. Wald has
pointed out the striking qualitative similarity between
the synthesis of chicken jodopsin and rhodopsin in
solution, and the course of human cone and rod dark
adaptation’. This comparison is valid only provided
that one compares the logarithm of the visual
throshold with the concentration of visual pigment.
Wald has also offered a theory which may explain
such a relations®.

Recently, Rushton ef al. have made direct measure-
ments of the rise and fall of human visual pigments
in the living human eye during light and dark
adaptation®!?, and these measurements show a
striking parallelism between the course of human
light and dark adaptation, and the course of bleaching
and re-synthesis of the visual pigments. Again, this
relationship is evident only when the logarithm of
the visual threshold is compared with the concen-
tration of visual pigment!!.

Very recently, Rushton has compared the regener-
ation of rhodopsin and the course of dark adaptation
under the same conditions in a colour-blind subject,
and has also found that the logarithm of the threshold
falls in parallel with the increase of rhodopsin content
in the eye!s.

There have been several previous attempts to
correlate the electroretinogram with visual pigment
concentration®-15, all of which have attempted to
correlate the increase of visual pigment concentration
with the increase in size of the b-wave potential elicited
with a constant test-flash. As Riggs has pointed out,
no simple proportionality exists between magnitude of
electroretinogram response and the logarithm of
stimulus intensity in the vertebrate eye®. Further-
more, the shape of curve obtained by plotting
magnitude of response against time in the dark for in-
tensity of a single flash may vary with the luminance
of the test-flash selected!®. As can be seen from
Yig. 1, if the test light is too dim, one does not begin
to record an electroretinogram until considerable
quantities of rhodopsin have accumulated in the
retina. This may explain why Granit, Munsterhjelm
and Zewi failed to record an electroretinogram in the
cat until 40 per cent of the visual pigment had
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been regenerated'. 1In the rat, as we have seen
(Fig. 1), one can record an electroretinogram at any
concentration of rhodopsin provided that the test
stimulus is bright enough.

On the other hand, if the test stimulus were very
bright, large fluctuations in rhodopsin might oceur
with little effect on the size of the electroretinogram
potential. A preferable procedure on all counts is to
evaluate the sensitivity of the eye by measuring the
light intensities required to evoke a constant potential,
perhaps most simply as here the just perceptible
electroretinogram.

In summary, following 30 min. of intense light
adaptation, the rhodopsin concentration of the eye
of the rat is lowered to less than 5 per cent of the
dark-adapted level, and the electroretinogram thres-
hold has risen about 3-50 log units (about 3,000
times). With time in the dark, the logarithm of the
electroretinogram threshold falls in strict parallelism
with the rise of rhodopsin concentration. Both log
threshold and rhodopsin content of the eye recturn
to the dark-adapted level in about 100 min.

Distribution of Retinene and Vitamin A in the Eye
during Light and Dark Adaptation

On exposure to light, rhodopsin bleaches to a
mixture of retinene (vitamin A aldehyde) and the
protein, opsin. The retinene may then recombine
with opsin, forming rhodopsin again, or it may be
reduced to vitamin A. After an intense and prolonged
light adaptation, almost all the retinene in the eye
is transformed to vitamin A7,

Several years ago, Wald observed in frogs that the
bulk of the vitamin A formed after light adaptation
disappears from the retina!’. More recently it has
been shown that the total amount of retinene and
vitamin A in the frog’s eye does not vary during
light and dark adaptation!® ; thus it seemed probable
that exchanges of vitamin A occur between the visual
cells and the pigmented layers (pigment epithelium
and choroid) that lie in contact with them. Probably
most, if not all, of these exchanges involve the pig-
ment epithelium, the long processes of which envelop
the outer segments of the visual colls. In many
animals the pigment epithelium also contains con-
siderable stores of vitamin A, even in the dark-
adapted state?!”.

Histological evidence for the exchange of vitamin
A between retina and pigment epithelium has been
obtained by Jancs6é and Jancs6!® and Greenberg and
Popper:?, who observed typical vitamin A fluorescence
in the pigment epithelium of the rat after light
adaptation, which disappeared on dark adaptation.
In agreement with the latter observations, L have
found that the pigment epithelium of the albino rat
contains no detectable stores of vitamin A in the
dark-adapted state.

The distribution of retinene and vitamin A during
light and dark adaptation has not hitherto been
studied quantitatively. The albino rat seemed ideally
suited for this purpose, both because in this animal
the pigment epithelium contains no vitamin A when
dark adapted, and because (unlike the frog) the
retina readily separates from the back of the eye in
either the light- or dark-adapted condition.

Far these experiments, groups of animals (weighing
150-200 gm.) were dark adapted overnight, and then
brightly light adapted in a white porcelain pan
illuminated with three 100-watt flood lamps. For
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I'ig. 4. Distribution of retinene and vitamin A in the eye during
light- and dark-adaptation. During light adaptation, the retinene
content of the eye falls, as the retinene, liberated on bleaching
of rhodopsin, is reduced to vitamin A, Vitamin A in the retina
rises for a time, and then declines, while the bulk of the vitamin A
moves into the pigment layers. During dark adaptation, these
processes are reversed. The retinene content of the eye increases,
as thodopsin is re-formed ; and reciprocally the vitamin A in the
pigment layers and retina declines, Dark adasptation is completed
in about 100-120 min.

dark adaptation, the animals were placed in a small
darkroom. At selected times during light- or dark-
adaptation, the animals were anssthetized with
nembutal (15 mgm.), their eyes enucleated, and the
retinas and pigment layers dissected apart, and
placed separately in small mortars. (Throughout this
article 1 shall refer to the back of the eye (pigment
epithelium, choroid and sclera) as the pigment layers,
even though there is no pigment in these tissues in
the albino rat.) For each measurement, three animals
(six eyes) were used.

The tissues were dried by grinding with a small
amount of sodium sulphate, and the resulting powder
transferred to a test-tube and extracted by vigorous
stirring in 3 ml. of chloroform. After centrifugation, the
clear chloroform extract (2-2-2-4 ml.) was drawn off,
evaporated to dryness, and 0-3 ml. of fresh chloroform
added. The amount of vitamin A and retinene in the
extracts was determined by the Carr—Price reaction.
For this, 0-25 ml. of the chloroform extract was
mixed with 0-5 ml. of saturated antimony trichloride
solution and the absorption spectrum from 700 to
500 my run immediately in the Cary recording
spectrophotometer.  Retinene absorbs maximally
at 664 mu, and vitamin A absorbs maximally at
620 myp. When mixed, the amounts of vitamin A
and retinene can be calculated by means of simul-
taneous equations?!.

Fig. 4 shows the results. It is convenient to
express these in terms of the total potential vitamin
A content of the eye; that is, vitamin A plus
retinene, free and bound.

In completely dark-adapted animals, about 95 per
cent of this potential vitamin A is bound as retinene
in rthodopsin. About 5 per cent is stored as vitamin
A in the retina. No vitamin A is found in the pigment
layers.

On exposure to bright light, rhodopsin is bleached,
liberating retinene. The retinene content of the
retina, however, rapidly falls, as the released retinene
is reduced to vitamin A. Reciprocally, the retinal
vitamin A increases, and almost immediately vitamin
A appears in the pigment layers.

With further time in the light the retinene content
ot the retina continues to fall, and after 30 min.
reaches a level 10-15 per cent of the total potential
vitamin A content of the eye. The retinal vitamin A,
on the other hand, increases during the first 10 min.
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of light adaptation to a maximal level representing
about 30 per cent of the total, and then gradually
declines. After 45-60 min., it forms plateaux at a
level of 10-12 per cent of the total.

The vitamin A in the pigment layers increases
throughout the period of light adaptation. After
60 min., 75-80 per cent of the ocular vitamin A is
found here. Retinene is never found in the pigment
layers ; the reduction of retinene to vitamin A takes
place solely in the retina, and it is only vitamin A
that migrates from the retina into the pigment layers.

It appears from Fig. 4 that there is more vitamin
A present in the pigment epithelium after 1 hr. of
light adaptation than there is total vitamin A (in-
cluding retinene) in the eye to begin with. This is
probably not the case; this artefact seems caused
by my method of extraction, which removes vitamin
A more efficiently than retinene. With equal amounts
of vitamin A and retinene in a tissue, 1 extract only
about 85 per cent as much retinene as vitamin A.
This discrepancy could readily be corrected in the
figure, but the raw data as they stand seem explicit
enough.

During dark adaptation, these processes are re-
versed. The retina recaptures vitamin A by binding
it as retinene in rhodopsin. The increase in retinene
coneentration during dark adaptation closely parallels
the measured increase of rhodopsin concentration
{compare Figs. 2 and 4).

With this increase of retinene, there is a reciprocal
fall of vitamin A concentration in the pigment layers.
The retinal vitamin A, on the other hand, stays
relatively constant during the early stages of dark
adaptation, and then gradually declines to its dark-
adapted level of 4-5 per cent of the total vitamin A.

Dark adaptation is completed in about 100-120
min, I find at this time, however, a small amount
of vitamin A in the pigment layers, which gradually
disappears over the next few hours. During this time
there is no increase of retinene or retinal vitamin A,
s0 presumably this bit of vitamin A diffuses away
into the blood stream. The origin and significance of
this superfluous vitamin A is obscure.

Vitamin A in both the eye and body may exist in
two forms : it ecirculates in the plasma as the free
alcohol, but it is stored in the tissues primarily as
the ester. It has been suggested that the vitamin A
alcohol of the tissues is in equilibrium with that of
the blood, and that through esterification a tissue can
concentrate vitamin A independently of this equi-
librium®?. Krinsky has demonstrated the esterifica-
tion of vitamin A in the eye tissues of cattle, and has
found that much of the vitamin A, both in the retina
and in the pigment epithelium, is esterified?®:.

It is of interest to inquire as to the state of vitamin
A in the pigment layers of the rat after 60 min. of
light adaptation. For this, six animals were light
adapted for 1 hr., their eyes enucleated, dissected,
and the pigment layers extracted for vitamin A, as
described above. The ester and alcohol fractions
were separated on a column of alumina ‘weakened’
with 5 per cent water. Esterified vitamin A is eluted
from such a column with 4 per cent acetone in
petroleum ether, while free vitamin A is eluted with
20 per cent acetone in petroleum ether®:. The frac-
tions were assayed for vitamin A by the Carr—Price
reaction. In two experiments, it was found that
92 per cent of the vitamin A in the pigment epithelium
after 60 min. of light adaptation was esterified.
Krinsky found that in cattle 87 per cent of the
vitamin A in the pigment epithelium was esterified?.
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Vitamin A exists in the tissues in several geometric
configurations, cis-trans isomers of one another®,
The bleaching and synthesis of rhodopsin involves a
eycle of stereo-isomerization : rhodopsin is syn-
thesized from 11-¢is (neo-b) retinene, and on bleaching
releases all-frans retinene?®s.

11-¢is Vitamin A has not been identified in any
tissue of the body, except in the eye?®. There Krinsky
has found that up to 65 per cent of the vitamin A in
the pigment epithelium may be 1l-cis?. It is of
interest to inquire what isomer of vitamin A is found
in the pigment epithelium after prolonged Ilight
adaptation. With this in view, the vitamin A was
extracted from the pigment layers of six light-adapted
animals as described above. The content of 11.czs
vitamin A was determined by isomerizing with light
in the presence of iodine, according to the method of
Wald and Brown?. In two such experiments, no
I1-cis vitamin A was detected.

There is considerable evidence, however, that in
some animals the pigment epithelium does isomerize
vitamin A!82%28  agnd it seems reasonable that
vitamin A while in the pigment epithelium of the
rat might undergo isomerization. Recently, Hubbard
and Colman have shown that the amount of 11-cis
vitamin A in the eye of the frog remains relatively
low during the course of dark adaptation. Then,
when the retina has ceased to remove it to form
rhodopsin, the amount of 1l-cis vitamin A in the
eye Increases 2-3 fold®. It seemed, therefore, that
my failure to detect 11l-¢is vitamin A might be due
to insufficient time for detectable quantities of 11-cis
vitamin A to accumulate. I have tested this thesis
in preliminary experiments by incubating the backs
of light-adapted rat eyes in phosphate buffer for
pericds up to 4 hr., but have not as yet heen suc-
cessful in demonstrating the production of 1l-cis
vitamin A. s

In summary, most of the vitamin A formed from
retinene during light adaptation rapidly moves into
the pigment epithelium., After 60 min. of light
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adaptation, 75-80 per cent of the total ocular vitamin
A ig found in the pigment epithelium, mainly as
vitamin A ester. During dark adaptation, the
vitamin A returns from the pigment epithelium to
the retine as rhodopsin is regenerated. In the fully
dark-adapted state, the pigment epithelium contains
no detectable amount of vitamin A.

This investigation has been supported in part by
grants from the National Science Foundation and
the U.S. Public Health Service.
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EFFECT OF POLYVINYL ALCOHOL ON CHLOROPHYLL AND HAM
IN CHLORELLA AND TENDIPES

The Level of Chlorophyll in Chlorella
pyridinosa

N experiments on Pisum sativum L., it was found

that polyvinyl alcochol when applied to soil increased
the chlorophyll content of the green parts of the plants
(ref. I, and unpublished work by H.F.N.and L.R.). In
order to determine what additional factors contribute
to this increase we decided to study the alga Chlorella
pyridinosa which had been bred directly in an aqueous
solution of polyvinyl alecohol. Polyvinyl alcohol pro-
duced in Poland (known as ‘Salvar’, ‘Polyviol’, ‘Alvyl’,
and by other names) was used for these experiments.
Tt was intended to earry out the experiments in aqueous
cultures with Pruess medium, on which a rapid growth
of Chlorella has been observed?. However, preliminary
experiments showed that one of the elements of that
medium, casein, led to errors in measurement. In view
of this, cultures from ponds in Biatystok were set up in
aquaria of 500-ml. capacity. In order to avoid con-

tamination and to remove zooplankton organisms, the
culture was filtered by means of a triply folded gauze,
after which 400 ml. of the filtrate from the Chlorella
culture were poured into each aguarium,

The polyvinyl alcohol was prepared as a 10 per cent
aqueous solution and different quantities added to the
different cultures to pive various concentrations of
polyvinyl aleohol in them. Concentrations which gave
an increase in chlorophyll content were used; they
were: 0-00001, 0-0001, 6-001, 0-01, 0-1, 0-5, and 1 per
cent. Two aquaria with cultures but no polyvinyl
alcohol were used as controls. The experiment lasted
14 days. As early as the tenth day of the experiment,
a difference in the intensity of the green colour
could be detected with the naked eye. On the four-
teenth day of the experiment, 50-ml. specimens were
taken from each aquarium and filtered through No. 5
gauzes. The filtered specimens were then dried for
three days in a dark room at a temperature of 4-18° C.
Chlorophyll was extracted with ethanol and the content
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