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Preface

This book was written to show that light is a primal element of life. All life
originates and develops under the influence of the light of the sun, that *‘super-
terrestrial natural force’’ (Goethe).

Sunlight influences the vital processes not only of the plant (e.g., heliotropism,
photosynthesis) and the animal (e.g., color change, maturation of the gonads)
but of man as well. The human organism too reacts ‘‘heliotropically,”’ as the 24-
hour rhythm of the sleep-waking cycle demonstrates.

Artists have always perceived clearly the intensive stimulatory effect of
sunlight on their activity. One is reminded here of Cesare Lombroso, who wrote
to his daughter ‘‘that thoughts come in the greatest profusion when (my) room is
flooded with the sun’s rays.’” Richard Wagner exclaimed: “‘If only the sun would
come out, I would have the score finished in no time.”” Bernard Shaw had a little
cottage where he worked that could be turned according to the position of the
sun. The composer Humperdinck wrote: ‘‘The sun is indispensable for my work;
that is why it is important for me to have my study face east or south.’’

As these few examples indicate, it is above all those active in the arts who
intuitively grasp the positive influence of sunlight on the psycho-physical effi-
ciency of their organism.

In an age, however, when fluorescent lighting turns night into day, we are in
danger of forgetting that man is a creature of nature as well as of culture.
Artificial light cannot replace natural daylight. As the author was recently able to
prove, exposure to bright white artificial illumination of 3,500 lux for a mere 14
days produces a stressful reaction, whereas daylight of the same intensity has a
beneficial, vitalizing effect.

In experiments performed over a period of almost three decades (1948-1975),
the author and co-workers were the first to demonstrate conclusively that the eye
is the channel for light's stimulatory effect. In order to elucidate this effect and
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separate it clearly from the visual process, in 1948 the author designated the
neural pathway conducting the photostimulus to the pituitary gland (hypophysis)
as the ‘‘energetic portion’’ of the optic pathway.* Vision itself proceeds indepen-
dently via the ‘‘optic portion’’ of the optic pathway.

The pages which follow describe a great number of diverse observations and
findings concerning the effect of light. In addition, this volume will describe how
long it took and what detours had to be made until proof was produced that
light’s effect on the human organism proceeds, like vision, via the eye.

It is the purpose of this book to demonstrate to architects as well as teachers,
physicians, and lighting experts that the source of the light rays entering the eye
is of great importance. Artificial light may be an optic substitute but it is by no
means equivalent to natural light in physiological terms. Too much artificial
fluorescent light interferes with the natural development of the child and subjects
the nervous system of the adult to inordinate stress. The health of our organism is
dependent to a large degree upon the environmental factor of light, i.e., upon the
entry of natural light into the eye.

In retrospect we can say that the introduction of electricity as the energy
source for artificial light led to the rise of modern-day civilization: The time had
passed when our forebearers went to bed at sunset. Valuable working hours were
gained and were utilized to further progress.

When incandescent lamps were still being used, lighting fixtures or lamps were
largely an expression of artistic design possessing an atmospheric character, the
most impressive example being offered by chandeliers. With the appearance of
fluorescent tubes, making inexpensive light available, daylight—which can work
like an elixir on bright summer days—was increasingly forced into the back-
ground. Light, this ‘‘special kind of substance,’”” became a goal in itself.

Classrooms and factories were built with shadowless illumination coming
from the ceiling. While it once was a chief task of architecture to introduce
daylight into interiors in suitable fashion, this problem no longer exists for the
modern architect.

Many of today’s large buildings are without windows and are completely air
conditioned. Man, who, like all living creatures, evolved under the light of the
sun, is thereby cut off not only from visible light but also from the interaction
between invisible electromagnetic rays and the earth’s electric field.

Previous official specifications for the size and number of windows as entry
points for daylight have been altered decisively. Only the so-called ‘‘vision
windows,” i.e., window slits permitting one to look out, are still prescribed in
order to counteract the negative psychological effect of the complete exclusion of
the outside world. Some buildings have windows which consist of tinted thermo-
pane. During the hot weeks of the year heat is kept out by this means. During the
remaining months, however, not only is natural light reduced by 50%, but also—
in keeping with the purpose of those windows—daylight’s spectrum is consider-
ably reduced, above all in its heat-producing, long-wave red portion. As a result
of this decrease in brightness, artificial sources of light with their abbreviated
spectrum are turned on much earlier and much more frequently during the day.

In addition, leading lighting engineers have come forward with the assertion
that artificial light is equivalent to daylight. To be sure, so-called daylight lamps
with their fluorescent tubes emit a bright light which is perfectly adequate for

*See photostimuli to the pineal gland (epiphysis) in Chapter 3.



Preface vii

vision. From morning until evening daylight yields an uneven gradient taking the
form of a curve which is relieved by natural shadows, whereas the artificial light
of fluorescent tubes emits an even, monotonous, shadowless brightness of linear
constancy. The spectrum of artificial light is considerably abbreviated, although
there are isolated examples of fluorescent tubes with a spectrum approaching
that of daylight. Daylight illuminates places of work from the side; artificial light,
on the other hand, illuminates predominantly from the ceiling. The shadowless
monotony of artificial light impedes physiologically important adaptive processes
of the eye, e.g., pupil response and visual purple regeneration. Bright artificial
light entering the eye does intensify the matutinal excretion of cortisol and has an
intensely stimulatory effect on the organism. In the course of the day, however,
premature fatigue sets in. In addition to this, shadowless brightness impedes the
process of accurate spatial vision; metal workers in particular complain about
this in their artificially illuminated factories. The more profound effect of pro-
tracted intensive artificial light on human metabolism and hormone balance has
already been discussed.

In conclusion, to define the crucial issue of today, such an important environ-
mental factor as light must once again be correlated with the needs of man as a
creature of nature. Man, in his daily routine, requires the influence of natural
environmental factors to a certain degree. Among these are daylight, with its
visible and invisible electromagnetic radiation, as well as the unfiltered pure air of
the atmosphere and the changing temperature of the external world. Since places
of work to a large extent exclude contact with nature, dining and recreation
rooms on the premises should be designed to offer a certain compensation.
Finally, our homes should also be planned with this purpose in mind. Man, ‘‘the
Unknown’’ (Alexis Carrel), has already reached a remarkably high level of
civilization in the last decades due to the introduction of many technological
options; he should now devote a portion of his energies to the study of those life
factors which are indispensable for the maintenance of his health and thus of his
existence.
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Introduction

Light, like air and water, is a basic element
of life. Goethe (1831) called the sun, the
dispenser of this light, a ‘‘superterrestrial
natural force.”

In the transition from an aquatic form of
life to life on land, our habits and vital func-
tions have adapted themselves to the sun’s
light in an evolutionary process that has
been occurring for millennia. The 24-hour,
day-night rhythm regulated the natural
course of the day through the changing
seasons.

Sunlight has long been recognized as an
essential factor along with air and food in the
normal development of animals and plants.
Mythic depictions by the Egyptians on the
stone reliefs of Amarna (14th century B.C.)
show the sun’s rays as hands enveloping the
Pharaoh Ikhnaton and his wife Nefretiti.

Probably the first direct reference in sci-
entific literature to the influence of the sun’s
light on normal human growth is to be found
in Hufeland (1796). In his book Macrobiot-
ics he writes:

Even the human being becomes pale, flabby,
and apathetic as a result of being deprived of
light, finally losing all his vital energy—as

many a sad example of persons sequestered in
a dark dungeon over a long period of time has
demonstrated.

In this connection Wimmer (1856),
ophthalmologist at the Munich School for
the Blind, made a valuable observation:

The youthful blind person awakens as to new
life if we succeed in enabling the eye to per-
ceive light again by removing a cataract or by
forming a new pupil.

Investigations into the significance of
light for plants go back to the eighteenth
century. The fact that they turn toward light
(phototropism) was already recognized at
that time.

Ott (1964) was the first to show the depen-
dence of leaf movements on light in his skill-
ful time-lapse films. In differentiated experi-
ments, he demonstrated that only the full
spectrum of sunlight that has not been re-
duced by any form of glass induces full
growth in plants. Growth and ripening of
apples can be retarded, even completely pre-
vented, by filtered light.

Under the influence of the polar winter
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(Marx 1946) or after polar expeditions (Gun-
derson 1969), the participants frequently
showed abnormalities in water balance ac-
companied by edema; general asthenia ac-
companied by deterioration in behavior; hy-
potonia; hypoglycemia; sinking of the basal
metabolic rate; decrease in potency and li-
bido; loss of hair; insomnia; feelings of
oppression, depression, and irritability.
These symptoms receded after sufficient ex-
posure to sunlight. Marx designated the light
deficiency of the polar winter as the patho-
genetic factor in this ‘‘hypophysial
abnormality.”’

Jendralski observed a patient in 1951 with
cataracts on both lenses and diabetes insipi-
dus with increased excretion of urine due to
a pituitary disturbance. When the successful
removal of the lenses permitted light to enter
both eyes freely, all symptoms disappeared
without any further therapeutic measures.

In 1935 the Innsbruck histologist von
Schumacher (1939) was struck by the fact
that at the Tirolian Hunt Show the number
of prizes awarded according to set standards
for deer antlers varied from year to year.
Schumacher investigated the relevant fac-
tors such as snowfall, temperature, and
amount of sunshine, coming to the conclu-
sion that the number of hours of sunlight was
the most important factor for new growth in
the antlers. Thus, the years with the greatest
number of hours of sunlight, 1932 and 1933,
had the largest number of prize-winning
antlers.

According to Schumacher, direct irradia-
tion of the fiber of the newly forming antler
is the decisive determinant. We shall return
later to this observation, which prompted
our own investigations.

Halberg (1953) has the signal honor of
having proved experimentally that within
the day-night period of 24 hours a so-called
circadian rhythm exists in almost all living
creatures, with characteristic variations of
the vital functions in both phases.

In this connection, observations of peo-
ple’s sensitivity to stimuli or medication at
specific times of day are of great empirical

significance for medical practice (Sollberger
1965; Halberg 1975). The cardiac patient, for
example, responds to diuretics better in the
evening than in the morning. The diabetic’s
morning dose of insulin is more effective the
earlier it is administered, the maximum ef-
fect occurring around 4 A.M. Some pharma-
ceutical firms have now begun to produce
special medicines taking rhythm into consid-
eration, i.e., for specific times of day. With
many diseases there is a tendency for com-
plications to occur at certain times of day.
Asthma attacks, acute heart failure, or in-
farctions most frequently occur around 4
AM.

The circadian rhythm is likewise of signif-
icance in laboratory diagnosis (blood and
urinalyses). Thus, almost all serum and uri-
nary metabolites show fluctuations based on
the time of day and this must be taken into
account in comparative tests.

Daylight per se is consequently a basic
element which connects the vital functions
occurring in the organism with the natural
chronology of the cosmos, as Hufeland ex-
pressed it, or with the Ens astrale, as Para-
celsus put it. With the daily alternation be-
tween day and night we participate in the 24-
hour circadian (circa diem) rhythmic change
from the active diurnal phase to the restora-
tive and regenerative nocturnal one (Halberg
1953).

The question that we will try to answer is
how light attains its effect on the human and
animal organism. The pages which follow
attempt to show that the stimulatory and
regulatory effect of light on the human and
animal organisms takes place via the eye.
Independently of the visual process itself
(‘“‘optic portion” of the visual pathway),
light’s entry into the eye induces the dience-
phalic-pituitary system by means of the ‘‘en-
ergetic portion’’ (Hollwich 1948) of the vis-
ual pathway. In this manner, metabolism
and the endocrine system are exposed to the
direct influence of light. If these photoimpul-
ses are absent, as is the case with the blind,
statistically significant deficiencies occur in
both the endocrine and metabolic system.
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The Energetic Portion of the Optic Nerve

In the popular mind the eye is considered
exclusively an organ of vision, and its func-
tion consists solely in the perception of vis-
ual impressions.

The chamberlike anterior section of the
eye (cornea and lens) performs accurate op-
tical transmission; the posterior section (ret-
ina) handles the reproduction of objects in
the external world. Light, with the visible
portion of its spectrum, serves as the me-
dium. In this way a miniature, inverted im-
age of objects in the external world is pro-
duced on the retina of both eyes. Conscious
perception does not take place, however,
until this image is transmitted to the visual
center of the brain. For this purpose the
sensory cells (cones and rods) of the retina
transform the physical stimulus ‘‘light”’ by
photochemical means into a neural sensory
impulse. The resulting ‘‘optic excitations”’
reach the visual center of the brain via the
‘“‘optic portion’’ of the visual pathway, i.e.,
via the optic nerve, optic chiasm, and optic
radiation. Here the visual impressions from
both eyes merge: the external object is per-
ceived in the form of a single erect image
(Fig. 1).

Along with this optic function the eye
performs another intermediary role which
has scarcely been recognized up to now but
which is no less important for the autonomic
(i.e., unconscious) vital functions. Light
stimuli entering the eye induce biological
functions in the animal and human organism.
For this purpose they use separate pathways
independent of the visual process. Thus, as a
working hypothesis, it seemed practical to
distinguish an ‘‘energetic’’ portion of the
visual pathway (Hollwich 1948) in contrast
to the ‘“‘optic”’ portion. This ‘‘energetic’
portion represents the link between retina
and hypothalamus.

Evolutionary History

In terms of evolution there is orginally a
close connection between the eye and the
hypothalamus. In the area of the diencepha-
lon, the optic vesicle develops on both sides
and inverts itself to become a double-walled
optic cup (Fig. 2). By means of the optic cup
stalk, the retina retains its connection with
the diencephalon during the process of fur-
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ther growth as well. Phylogenetically this
stalk represents a primitive feature; in the
early stages of evolution, it served as an
intermediary formation for those fibers
which later constituted the optic nerve. This
primary connection between the retina and
diencephalon is preserved even after forma-
tion of the actual ‘‘visual pathway.” Ac-
cording to Becher (1953), the transmission of
photoperception to the vegetative nuclei of
the diencephalon is, phylogenetically speak-
ing, the original task of the retina. In con-
trast to this, ‘‘vision’’ in the strict sense

Optic nerve

); (' Optic chiasm

Lateral
geniculate nucleus

Optic radiation

Visual cortex

Fig. 1. Schematic depiction of the visual pro-
cess by a reproduction of a miniature inverted
image on the retinas of both eyes. These images
merge to form a single erect image, corresponding
to the size of the object perceived, on the visual
cortex (visual center).

Diencephalic ventricle

Lens
. it
Optic cup ot
stalk

LIS LN

Fig. 2. Origin of the optic cup by inversion of
the optic vesicle on the wall of the diencephalon
(schematic).

represents a more recent development in
terms of evolution. The eye possesses two
points of connection: the ‘‘optic connec-
tion’’ to the new brain or cerebrum, which
does not yet function at birth because the
medullary sheath is missing during the first
weeks of life; and the connection to the
diencephalic-pituitary system, located in the
area of the primitive brain, which functions
from the very first day of life.

Physiological Findings

The zoologist Mast’s experiments in 1916
with the plaice’s color adaptations to its en-
vironment provided some of the first con-
vincing evidence concerning the effect of
light entering the eye: If the plaice’s head is
put against a dark background, even though
the rest of the body is lying against a light
background, the fish’s body turns dark, and
vice versa. The plaice’s color adaptation to
its background occurs via the eyes (Fig. 3).

The same holds true for color change in
the frog (Fig. 4). However, if the animal’s
eyes are kept shut by suture, as done by
Hollwich in 1958, then the color change does
not occur; the frog assumes an intermediate
shade, neither light nor dark (Fig. 5). Fur-
thermore, the color stimuli of the back-
ground have no effect if the optic nerve is
severed, the pituitary gland extirpated, or
the pituitary stalk cut. This fact led to fur-
ther experiments to find out whether the
color-change stimuli that were perceived by
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Fig. 3. Color change in the plaice. If the plaice’s head is put against a dark
background, the fish’s body turns dark, even though the rest of the body is
lying against a light background; the opposite is also true. The plaice’s color
adaptation to its background occurs via the eyes.

Fig. 4. 1In a bright environment the frog shows a light skin color (right). In a dark environment the
same frog shows a dark skin color (left).
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Fig. 5. The frog assumes an intermediate shade
when light’s entry into the frog’s eye is blocked
by suturing its lids.

Fig. 6. Exposure of the optic lobes of the frog
by fenestrating the bone of the skull (x6).

Fig. 7. Sketch of Figure 6.

Fig. 8A. Optokinetic nystagmus of a frog in a
revolving drum.

the eye were passed along the visual path-
way or along special non-optic pathways. To
determine this, the frog’s visual center was
made inoperative by means of electrocoagu-
lation (Figs. 6, 7): vision fails demonstrably
in the revolving drum experiment (Figs. 8A,
8B). Nevertheless, the frog’s color adapta-
tion to the environment is unimpaired (Figs.
8C, 8D).

We may conclude from this behavior that
hormonal regulation of color change is in-

Fig. 8B. The same frog after destroying the vis-
ual center in the brain (lobus opticus on both
sides). The frog lost his optokinetic nystagmus by
blinding; nevertheless, he is able to change his
color.



Fig. 8C. This frog’s visual centers (lobi optici)
have been destroyed by diathermy. In spite of
this, the frog exhibits a light skin color on a light
background.

duced by photostimuli reaching the pituitary
gland via connecting nerves which Holl-
wich, in a working hypothesis of 1948, de-
scribed as the ‘‘energetic portion’ in the
visual pathway as opposed to the ‘‘optic
portion”’ (Fig. 9).

Clinical and experimental research con-
firmed this biological effect of ocular light
perception on the animal and human organ-
ism, i.e., by means of the ‘‘energetic por-
tion”” of the optic system.

Anatomical Findings 7

Fig. 8D. The same frog as in Figure 8C takes on
a dark skin color when moved from a light to a
dark background. Both photographs were taken
against the same background. Note the sutures
on roof of skull.

Anatomical Findings

Is there an anatomical substrate for a con-
nection between retina and hypothalamus?
Proceeding from Ramoén y Cajal’s research
(1891), Greving was the first (1925) to locate
nerve fibers in humans which are not present
in the optic tract, but which connect the
nervus opticus with the anterior and middle

Fig. 9. Schema of the cerebrum of R. temporaria (transverse section). Solid line, visual pathway of

the optic system; broken line, energetic pathway.
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thalamic nuclei. Since these fibers pass
through the nucleus supraopticus, Greving
suspected the latter’s innervation, although
he made no further comment about their
physiological function. Frey (1935, 1951,
1955) described a ‘‘hypothalamic optic root’’
in the guinea pig: decussate and nondecus-
sate fibers extend from the eye to the central
gray matter of the third ventricle. According
to Frey, these structures may be identified
with the primary optic system. Blind am-
phibians, for example, demonstrate a con-
nection between retina and optic recess
which is still nondecussate. This pathway—
the most primitive in phylogenetic terms—
can also be found in the dog. Becher (1954,
1955) discovered in the ganglial cellular layer
of the third neuron of the retina a smaller
variety of cell which is neurosecretory and
can be considered a protuberant nucleus of
the diencephalon. In his view, these cells are
direct receptors for photostimulus and, part
of a ‘‘heliotropic causal system,”’ they rep-
resent the starting point of the vegetative
part of the optic system.

Knoche’s thorough research (1956, 1957,
1959, 1960) seems to prove the existence of a
retino-hypothalamic path. Its fibers utilize
the optic nerve as a pathway and depart
from the optic chiasm at the ventral superior
margin. They pass through the lamina ter-
minalis to the ventral gray matter. A small
few of these fibers also reach the posterior
lobe of the pituitary via the infundibulum.
Knoche proved the existence of this exact
route by means of experiments involving
degeneration. He used retrograde degenera-
tion to establish the fact that certain cells of
the third neuron in the retina were the start-
ing point of the retino-hypothalamic path-
way. Likewise, the diencephalon of patients
whose eye had had to be removed displayed
degenerative atrophy of the retino-hypotha-
lamic pathway.

Carrying forward the word of Becher and
Knoche, Bliimcke (1958) sought to discover
whether a similar fibrous connection of the
retina, certain nuclear areas of the hypothal-
amus, and the pituitary also exists in the

guinea pig and the cat. In both animals he
too found retino-hypothalamic fibers extend-
ing into the autonomic centers of the hypo-
thalamus. By selectively severing the optic
nerves, the ciliary vessels, and the ciliary
nerves as well as the central artery, Thomp-
son (1951) demonstrated that in the ferret the
retina’s ganglial cellular layer alone can be
responsible for the gonadotropic effect of
light. Jefferson (1940) and Hayhow (1959,
1960) doubt the existence of a retino-hypo-
thalamic pathway, since they were not able
to locate it in the ferret or in the cat or rat.

In recent years, however, an autoradio-
graphic method has been applied in which
radioactively marked amino acids are in-
jected into the posterior chamber of the eye;
these are incorporated and metabolized by
the retina’s ganglial cells and then trans-
ported along its axons, especially when neu-
rosecretory ganglial cells are involved.
Karlsson and Sjostrand (1971) investigated
this process very carefully, discovering in
the rabbit four different and simultaneous
rates of transport in the axon and varying
rates of assimilation in the lateral geniculate
body. The radioactivity can be traced histo-
logically in these anatomical structures.
Hendrickson et al (1970, 1972), Moore
(1973), Moore and Lenn (1972), Hartwig
(1974), and Thorpe and Herbert (1974) all
agree with this: Using the autoradiographic
method, they report finding a retino-hypo-
thalamic pathway in various mammals and
in the house sparrow. The retino-hypotha-
lamic fibers end in the nucleus suprachias-
maticus but in no other hypothalamic struc-
ture. There was no indication that the
radioactive proteins occurred outside the
area of the optic tract or the optic nuclei.
Consequently, the radioactivity found in the
nucleus suprachiasmaticus can be consid-
ered a retinal projection rather than an
artifact.

Experiments by Moore and Lenn (1972)
support this view. They severed the primary
and/or secondary optic pathways without
detecting any effect on the adrenal rhythm of
the rat; however, when they destroyed the



nucleus suprachiasmaticus they discovered
that the circadian rhythm was suspended.
Earlier experiments by Moore (1969) indi-
cate that neural connections with the pineal
gland also exist. He severed the accessory
visual pathways of monkeys, whereupon he
observed the effect of added enucleation or
prolonged light. In comparison with two
groups of monkeys who were not operated
on and who showed higher activity of
the melatonin (5-methoxy-N-acetyltrypt-
amine)*-synthesizing enzyme HIOMT
(hydroxy-indole-O-methyltransferase)t in
constant brightness than in constant dark-
ness, the animals who were kept in light and
who were still able to see although their
accessory optic tract had been operated on
demonstrated almost half the activity,
whereas blind ones showed two-thirds of the

*Hormone of the pineal gland that has an effect on
the gonads.

tPacemaking enzyme in the biosynthesis of mela-
tonin; occurs in all body tissue, reaching highest con-
centration in the pineal organ.
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enzyme activity of the control group. In the
case of both monkey and rat we can assume
that the accessory optic system plays a spe-
cial role in contrast to the other retinal pro-
jections; it probably aids in the transmission
of neuroendocrine impulses to the pineal
gland.

Stephan and Zucker (1972) discovered
further indications of a direct role of the
nuclei and pathways already described in the
regulation of vegetative functions. After the
nuclei suprachiasmatici in rats had been
made inoperative on both sides by electroly-
sis, the circadian rhythms regulating their
activity and drinking patterns disappeared
permanently in spite of their continuing abil-
ity to see. We can conclude from this that
neurons in these parts of the brain are re-
sponsible for eliciting these rhythms and for
adapting the organism to changes of light in
the environment. The eye fulfills a double
function here: owing to the ‘‘optic portion”
of the visual pathway it receives light for the
purpose of visual perception and owing to

Lateral
geniculate body

Visual cortex

<

Seaa=—

Nuclei of the

} hypothalamus

/
/
[}
|
%
[
/

Hypophysis

Energetic pathway
of the optic system

Fig. 10.
the retina to pituitary gland or hypophysis.

Schematic graph of the ‘‘energetic pathway’’ (F. Hollwich) of the optic nerve leading from
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that pathway’s ‘‘energetic portion’” (Holl-
wich 1948) it transmits light for the purpose
of stimulating the autonomic regulatory cen-
ters (Fig. 10).

We know that photostimuli entering the
eye influence the hypothalamus; there is fur-
ther research which takes into account the
role of the pineal gland (epiphysis cerebri)
here. Browman (1937) demonstrated that
rats exhibit permanent vaginal estrus when
subject to a light of constant intensity. Fiske
et al (1960) observed that the weight of the
pineal gland in rats decreases when they are
exposed to continuous illumination. These
observarions indicate that the pineal gland
contains a substance inhibiting the activity
of the gonads and that the formation or re-
lease of this compound decreases when the
animals are kept under conditions of con-
stant light. It was possible to prove, in addi-
tion, that the activity of the enzyme
HIOMT, which forms melatonin, depends
significantly upon the intensity of the light to
which the animal is exposed (Wurtman et al
1963, 1964a,b, 1968).

On the basis of these findings and relevant
histological investigations, Wurtmann and
Axelrod (1968), along with the Dutch neu-
roanatomist Kappers (1971), assume that
light entering the eye takes the following
path in its stimulation of the pineal gland:
Retina — inferior accessory optic tract —
median forebrain bundle — median terminal
nucleus of the accessory optic system —

Fig. 11. Schematic diagram of the neural path-
way leading from the retina to the pineal gland or
epiphysis (Ep) and possible pathways by which
the pineal gland may act upon the pars distalis of
the hypophysis (Hp) and, via this structure, on
the organs of reproduction. Ht hypothalamus, scg
superior cervical ganglion (Kappers).

preganglial sympathetic tract in the spinal
cord — superior cervical ganglia — postgan-
glial fibers (nerve conarii) — parenchyma
cells of the pineal organ — pituitary body —
secondary hormonal glands (Fig. 11).
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Light and the Pineal Gland

Almost 300 years ago the French philoso-
pher René Descartes published a drawing
showing the optic perception of events, their
transference to the brain by means of cords,
and the secretion of fluids to the extremities
by means of tubes with the aid of the pineal
gland (Fig. 12).

The first indication that the pineal organ
might play a physiological role was pre-
sented by Heubner in 1898. He described
the case of a six-year-old boy who demon-
strated premature sexual maturity after his
pineal gland had been destroyed by a tumor.
This led to many experimental attempts to
establish the pineal organ’s gonadotropic
function. Since the classic methods for in-
vestigating a secretory gland were applied
without taking neural and environmental
factors into account, many contradictory re-
sults were obtained. Disappointing experi-
ments and the observation that the human
pineal gland calcifies in puberty discouraged
further study of the organ. Later investiga-
tions demonstrated, however, that the calci-
fied pineal gland could nevertheless still be
active (Wurtman et al 1964b).

In 1917 zoologists McCord and Allen

made a further observation when they found
that the skin of frogs and tadpoles rapidly
grew paler when they were fed extracts of
the pineal glands of cows.

In 1918 the anatomist Holmgren found
sensory cells in the pineal region of amphibi-
ans and fish that were similar to photo-re-
ceptive organelles. As a result of this discov-
ery and of the easily observed, retinalike
structure of the pineal organs of lampreys
and lizards, the pineal gland was suspected
of being a ‘‘third eye.”” Upon removal of the
pineal eye of lampreys it turned out that
these animals no longer grew pale when
placed in the dark (Young 1935). Later,
Kelly’s investigations with an electron mi-
croscope (1962) showed a surprising similar-
ity between the photoreceptive cells of the
pineal organ of the frog and those of the
frog’s retina. At approximately the same
time, the neurophysiologists Dodt and
Heerd (1962) demonstrated that the pineal
organ of the frog can convert light of various
wavelengths into neural impulses.

But it was not until 1958 that the bio-
chemist and dermatologist A.B. Lerner was
able to isolate the active element in the pi-



12 Light and the Pineal Gland

Fig. 12. Reproduction of Descartes’ drawing
showing the optic perception of events, their
transference to the brain by means of cords, and
the secretion of fluids to the extremities by means
of tubes with the aid of the pineal gland (Scientific
American, 1965).

neal gland of cattle responsible for the pallid-
ness of embryonal amphibian skin. The
compound proved to be an indole derivative
and was given the name of melatonin.

Evolutionary History of the
Pineal Gland

Studies have shown that an organ was
formed at the beginning of the evolution of
living creatures with the function of trans-
mitting heat and light as well as vibrations of
the air to the body to stimulate reactions to
danger, to reproduce, and so on. This organ,
which later developed into the pineal gland,
may be considered the original form taken
by our sensory organs. Even in the case of
invertebrates (e.g., crabs and insects) there
is, in addition to the two facet eyes, a struc-
ture (‘‘the parietal eye of insects’’) corre-
sponding to the pineal organ of vertebrates.
This apparently developed before the two
laterally situated eyes. Among the oldest

animals on the evolutionary scale we find the
jawless fish (lamprey). Up until the time of
its metamorphosis into the sexually mature
animal, the hatched larva of the lamprey has
only the medial pineal eye; the rudiments of
the lateral eyes do not develop until after
metamorphosis.

In the course of phylogenesis, the pineal
organ becomes a tubular structure, one end
of which forms the vesicular, protuberant
pineal eye while the other connects with the
cerebrospinal system. A histological make-
up is found similar to that of sensory organs.
In the case of later-evolving amphibians,
typical sensory cells can be detected by
means of the electron microscope. Reptiles
(e.g., sauria, lizards, snakes, turtles) show
the highest development of the pineal gland
as a sensory organ. In their case it has an
incomplete ocular structure that contains a
miniature cornea, lens, and conical retina
with nerve fibers emanating from it. This
organ protrudes from the skull of lizards,
looking like an eye covered with skin. After
having first been described as a thermoregu-
latory organ (von Frisch), it was then as-
sumed to be a transmitter of environmental
light and color stimuli to the organism, al-
though itself being incapable of visual per-
ception. Among reptiles, however, there are
species which do not display any typical
sensory cells in their pineal organ (e.g.,
iguana, ring snake). In certain species, a
reduction in thickness of the cellular layer of
the pineal organ and its transition to a gland-
like form may be observed.

In birds, the pineal organ, which had for-
merly been a sensory organ, is totally con-
verted into a gland which betrays traces of
its history only in the embryonic stage. Sen-
sory receptors begin forming in the pineal
organ of 14- to 18-day-old chicken embryos.
This development ceases two days after
hatching. The birds have a pineal gland
which is saccular, vesicular, or—as in mam-
mals—compact.

When this morphological transformation
of the pineal gland occurs in more highly
evolved animals it is accompanied simulta-
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neously by a functional change from sensory
organ to endocrine gland. The mammalian
pineal gland, for example, no longer has any
sensory functions; it has become a ductless
gland. But even in the case of mammals the
pineal gland retains its functional connection
with light, one of its former basic character-
istics. In mammals, photostimulus is no
longer transmitted as it is in the lower verte-
brates by the pineal vesicle that is located
directly under the skull. It is now the eyes
that relay the effect of light to the pineal
gland by way of the sympathetic nervous
system.

Melatonin

Neural impulses induced by light in turn
stimulate the pineal gland to secrete a hor-
mone, melatonin, which—once released
into the bloodstream—travels to and affects
the gonads and the pituitary, adrenal, and
thyroid glands. This hormone was discov-
ered when the sexual maturation of rats was
inhibited by injections with pineal extracts.
By fractionation and purification of the pi-
neal extract, melatonin was isolated and
demonstrated to be the active inhibiting sub-
stance. In mammals it is believed to be pro-
duced in the pinealocytes which develop
from the embryonic neural epithelium. Me-
latonin, the specific hormone of the pineal
gland, has also been discovered in humans.

By contracting the pigmentary granules of
the melanocytes, melatonin causes pallid-
ness in fish, reptiles, and amphibians, thus
counteracting the hormone (chromatophore
hormone) that stimulates melanocytes and is
synthesized in the intermediate region of the
pituitary gland.

Light and Darkness

Experiments with animals in constant light
and constant darkness established the fact
that the synthesis of melatonin is governed
by light. The synthesis of melatonin from

serotonin (N-acetylserotonin) (preliminary
stage: tryptophane) is catalyzed by HIOMT
which is present in high concentrations ex-
clusively in the pineal gland of mammals
(Axelrod et al 1964). Light apparently inhib-
its this enzyme in nocturnal animals,
whereas darkness performs the same func-
tion in diurnal ones. Furthermore, not only
melatonin synthesis but also excretion is in-
creased in darkness in both humans and ex-
perimental animals (Lynch et al 1975).

Constant light (6 to 55 days) leads to di-
minished activity of HIOMT in the rat and
consequently to a reduction in the melatonin
production of the pineal gland. Constant
darkness increases the activity so that more
melatonin is produced. This effect of light on
HIOMT appears to be specific since the ac-
tivity of other enzymes present in the pineal
gland is not influenced by light. Possibly the
influence of light on HIOMT occurs by
means of secretion of noradrenalin, for an
increase of this hormone inhibits the
enzyme.

Another enzyme—the pineal gland’s N-
acetyltransferase—also appears to play a
key role in the synthesis of melatonin. It
signals vertebrates as to whether it is day or
night, regardless of whether the animal in
question is diurnal or nocturnal.

The Influence of Light via Retina—
Pineal Gland

The question now arises as to how light
influences the production of melatonin in the
pineal gland. There is no doubt that neural
pathways exist between the retina and the
hypothalamus. The experimental employ-
ment of photostimuli and of darkness, as
well as metabolic studies of the blind as
compared with those with normal sight, fur-
nish unequivocal proof of this. Moreover,
light-evoked potentials can be traced in the
hypothalamus of rats. In the rat, enucleation
of the eye and lesion in the areas of the
accessory optic nerve bundle and the sym-
pathetic nervous system interrupt the effect
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of photostimuli on the pineal gland. Severing
the optic tract behind the optic chiasm, on
the other hand, does not influence light’s
effect on the pineal gland.

From an anatomical point of view, it is
possible for light to influence the pineal
gland in the following ways:

1) Light penetrates the skull, affecting
the pineal gland directly by activating photo-
receptive elements. This possibility exists
only for lower animals; up to the present, no
characteristic photoreceptors have been
found in the pineal gland of mammals. It has
been proved that light ceases to affect the
pineal gland of adult rats after enucleation of
both eyes. It must therefore be assumed that
light's effect on mammals takes place by
means of retinal photoreceptors in the eyes
and not by means of the direct effect of light
on the pineal gland.

2) Light influences the pineal gland by
means of other neuroendocrine transmitting
materials, i.e., pituitary hormones. Hypoph-
ysectomized rats continued to demonstrate
the stimulating effect of light on the produc-
tion of melatonin by the pineal gland so that
the possibility of a pituitary transmitter can
be dismissed. Although there are proven in-
teractions between the pituitary and pineal
gland, the pituitary does not appear to play
an essential role in transferring the effect of
photostimuli to the pineal gland.

3) By way of the hypothalamus and the
pituitary gland, light influences sexual mat-
uration without the intervention of the pineal
gland. Numerous authors have demon-
strated the existence of direct neural path-
ways leading from the retina to the hypothal-
amus. Others, in turn, have cast doubt on
these findings. Autoradiographic methods
recently applied to guinea pigs, rats, cats,
and monkeys have shown direct connec-
tions between the retina and the hypothala-
mus ending in the supraoptic nucleus of the
hypothalamus but in no other region of that
organ (Moore and Lenn 1972; Hendrickson
et al 1972; Meier 1973).

4) Another possible way for light to in-
fluence the pineal gland is by means of the
autonomic nervous system. Sympathetic

nerve fibers leading from the superior cervi-
cal ganglion to the pineal gland were discov-
ered in rats (Kappers 1960). Severing the
individual nerve fibers in the rat disclosed
pathways which conduct photostimuli from
the retina to the sympathetic nervous system
(see Fig. 11).

Examinations conducted after exstirpa-
tion of the superior cervical ganglion and
after severing the sympathetic nerve fibers
lead to the conclusion that photostimuli
reach the pineal gland by this pathway.

The pineal gland functions as a neuroen-
docrine transmitter by transforming neural
stimuli into hormonal ones (melatonin) un-
der the influence of an exogenous factor
(light); these hormonal stimuli then reach the
midbrain and pituitary gland (and thereby
the gonads) through the bloodstream (Wurt-
man and Weisel 1969).

Melatonin inhibits gonad function princi-
pally by modifying the secretion of gonado-
tropic hormones in the anterior lobe of the
pituitary gland. Changes in the adenohy-
pophysis have been demonstrated after pine-
alectomy. After a certain time, alterations in
the function of the pineal gland no longer
affect the gonads (Sayler and Wolfson 1968),
i.e., normal sexual activity is ultimately pos-
sible even without the pineal gland (Kappers
1969). What is involved here then is a modi-
fying influence of the pineal gland or, in
other words, one part of a finely demarcated
regulatory system in the hypothalamus.

It should be noted that these experiments
were carried out principally on rats, which
are nocturnal. The pineal gland of birds,
which are diurnal, behaves in an opposite
fashion; in this case, the synthesis of mela-
tonin is stimulated, not inhibited, by light
(Axelrod et al 1964). Recent experiments
showed that melatonin may be involved in
mediating a photoperiod response in ham-
sters (Tamarkin and Goldman 1977). From
experimental studies (Wolfson and Turek
1977) of the photosensitive white-throated
sparrow—unlike their results in the ham-
ster—melatonin does not appear to play a
role in the photoperiodic regulation of the
avian gonadal cycle.



Interaction of the Pineal with Other
Endocrine Glands

There have been numerous descriptions of
the pineal gland’s interactions with other en-
docrine glands, especially the pituitary. Var-
ious stimuli influence the pituitary and pineal
glands in opposite ways. These two organs
are almost always related in their regulation
of peripheral endocrine glands, the pituitary
exercising a positive stimulatory effect, the
pineal a negative inhibitory one (Kiithnau
1971).

Receptor organs of the pineal’s hormonal
secretion are essentially the gonads, the thy-
roid, and the adrenal gland.

Effect on the Gonads

Experiments with animals and clinical ob-
servations indicate that a hypofunction of
the pineal leads to pubertas praecox (see
the section on blind children) and a hyper-
function to a delayed appearance of puberty.

The pineal gland inhibits the secretion of
the gonadotropic hormone by the anterior
lobe of the pituitary. Recent experimental
work indicates that there is, in addition to
this direct influence on the pituitary, also an
indirect one through the mediation of the
hypothalamus. Very recently, Vaughan,
Meyer, and Reiter (1978) published a review
about the evidence of a pineal-gonad rela-
tionship in humans.

Effect on the Thyroid Gland

Pineal extracts diminish the activity of the
thyroid gland by inhibiting the pituitary thy-
rotropic hormone. Pinealectomy causes thy-
roid hyperfunction. Here too, therefore, an
inhibitory influence is apparent.

Effect on the Adrenal Cortex

Itis assumed today that the pineal gland can
actively produce an aldosterone secretion,
i.e., under physiological conditions it par-
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takes in the mechanism of reabsorption of
water and salt. Testing of these assumptions
is still in its initial stages.

In summary, the observations and experi-
ments made to date clearly indicate that the
pineal gland is a center of neuroendocrine
regulation which converts photostimuli as
well as impulses stemming from the auto-
nomic nervous system into hormonal mes-
sages (Wurtman, Axelrod et al 1963,
1964a,b, 1968).

Light and Color Change

Lister performed the first experiments in-
volving blinded frogs in 1885. He was able to
show that an animal which has adapted to
darkness no longer demonstrates any color
change after enucleation: it stays a dark
color in bright light. The effect of light of
various wave lengths on color change in
amphibians was also described in the last
century. In 1886 Hermann discovered that
salamander larvae grow lighter when ex-
posed to red light and darker when exposed
to blue light.

Stutinsky (1939) established the fact that
the eyeless frog assumes a permanent inter-
mediate coloration which remains constant
regardless of the degree of brightness of the
environment. Rodewald (1935) covered the
frog’s eyes with a light-proof cap. When
Hollwich (1958) sutured the frog’s lids, color
change came to a halt and the frog assumed
an intermediate shade of color (see Fig. 5).
Both observations attest to the importance
of the eyes’ reception of photostimuli and
the subsequent transmission of these stimuli
to the pituitary gland.

As mentioned in the introductory re-
marks, Mast (1916) was able to prove that
color change in the plaice proceeds via the
eye.

In the photometric measurement of color
change in the plaice and sole, Wilhelm (1969)
found that the extent of pigment concentra-
tion at the range of 1-4,000 lux depends on
the logarithm of the light intensity. In the
case of series of stimuli, summation—or fa-
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cilitation and adaptation—was observed to
depend on the duration of the intervals.

There were also early suggestions that the
pituitary gland was involved in color change
in amphibians. Allen (1917) showed that
frogs turned permanently pale after extirpa-
tion of the pituitary.

Hogben (1922, 1924) was then able to
prove that pallescense in the frog after extir-
pation of the pituitary originates from a defi-
ciency of the pituitary hormone. The ani-
mals thus operated on turned dark again
after being injected with vertebrate pituitary
extract.

It was Jores (1935, 1938) who confirmed
that the melanophore hormone is of essential

importance for man as well as for animals.
He found pronounced, diurnally periodic
fluctuations which were dependent on the
light-darkness alternation in the level of me-
lanophore hormones in the blood and in the
pituitary gland.

In 1958, Hollwich, by making the frog’s
visual center inoperative by means of coagu-
lation, succeeded in proving that color
change occurs independently of the visual
process (see Figs. 8C and 8D). Via the eye
and an ‘‘energetic portion’’ of the visual
pathway distinguishable from the ‘‘optic
portion,”’ photostimuli reach the diencepha-
lon, where they influence the pituitary
gland’s hormone production.
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Light and Growth

Size and weight are the most important mea-
surements for assessing body development.
It must not be forgotten, however, that
physiologically both of these vary consider-
ably, and that heredity, standard of living,
and the acceleration of growth which can be
measured from generation to generation play
a large role. Aside from these factors, body
growth and development evince a series of
features more or less clearly connected with
the manner in which the endocrine glands
function and thus with the production of
hormones.

Height and weight, as well as the area of
the body’s surface, the musculature, the
skeleton, and other organs usually exhibit a
relatively uniform growth. More exact anal-
ysis discloses four different periods: First,
the body grows extraordinarily quickly.
Then, until puberty, there follows a slower
but relatively constant growth which runs
approximately parallel to the weight curve of
the pituitary and thyroid glands. Puberty is
accompanied by a renewed spurt of growth
obviously connected with the sudden in-
crease in weight of the gonads and adrenal
glands and their production of sex hor-

mones. The puberal spurt in growth gradu-
ally subsides until growth comes to a com-
plete halt.

The Influence of Light on the Growth
and Development of Invertebrates

The direct influence of light on the growth
and development of invertebrates was dem-
onstrated by Belyaeva (1939). If silkworm
colonies are exposed to continuous artificial
illumination during the night hours, the pro-
duction of finished silk increases by 6.5 per-
cent and the average weight of the cocoon
by 5.8 percent. Shortening the daily period
of illumination to only 12 hours brought
about a decrease in silk production of 5.8
percent.

On the basis of experiments with the corn
beetle, V. Torne (1941) proved that the in-
tensity and color of light have an influence
on development and reproduction. Red light
and total darkness turned out to be espe-
cially unfavorable in this connection,
whereas yellow and moderately subdued
light had a stimulating effect.
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The development of butterflies from cat-
erpillars likewise appears to depend upon
illumination. Miiller (1955, 1956) raised cat-
erpillars under thoroughly uniform condi-
tions, with the exception that at one time
they were subjected to long day conditions
(16 hours of light), at another to short day
conditions (8 hours of light). Under long day
conditions an acceleration of development
ensued.

The influence of the amount of environ-
mental light on appetite, weight, and growth
in length of a certain species of lizard was
described by Fox and Dessauer (1957). Their
work does not make clear, however,
whether ocularly perceived light was the de-
termining factor.

Biinning and Joerrens (1960) came to sim-
ilar conclusions about the development of
the cabbage butterfly: short day conditions
induced a diapause (a phase of rest in the
development of insects), whereas this was
inhibited in the case of the long day.

Williams (1963) was able to prove that the
light penetrating the cocoon works directly
on the brain. Stimulation of the neurosecre-
tory cells causes the secretion of a cerebral
hormone responsible for the further devel-
opment of the pupa.

The Influence of Light on the
Development of the Human Body
and Mind

Experimental evidence on light’s influence
on human body and mental development
results from studies demonstrating the effect
of the lack of perceived light by the blind.
Today’s attentive observer is not the first to
note the influence of blindness in childhood
on the development of the human body and
mind. Wimmer (1856) writes about the in-
mates of Munich’s Royal Institution for the
Blind:

Just as the color, shape, taste, and smell of
plants are altered by a lack of light, so, when
eyesight is extinguished, vegetative life contin-
ues as imperfectly as if the human being were

in a dark place where he was deprived of the
influence of light, that all-enlivening element;
for the eyes are the transmitters of light for the
organism.

And in another passage:

The whole appearance of a blind person when
deprived of sight for a long period of time
bears the markings of that underdeveloped
vegetative state, of that retarded growth due to
deficient bone formation, poor mixture of vital
fluids, and the pallor thus caused—all of
which make the body disposed to diseases
difficult to cure, especially to rachitic deformi-
ties and to scrofulous diseases. But this under-
developed vegetative state disappears again,
the body’s power of reproduction is enlivened
anew, and the organism seems to grow
younger when vision is restored—for example
by a cataract operation or the formation of an
artificial pupil—to someone who has been
blind for a long period.

In 1927 the orthopedist Lange examined
the children at the Munich Institution for the
Blind, finding frequent deformities of the
torso such as otherwise occur only rarely
(Fig. 13). This was true, however, only for
children who had been blind since birth.
When a child did not become blind until his
eighth, tenth, or 14th year, it generally dis-
played the same posture as most other
schoolchildren. The author attributed the
cause of the deformities of the torso, the
retarded growth, and the skeletal problems
to early blindness, lack of physical exercise,
and lack of light.

Yano (1954) evaluated the Ministry of Ed-
ucation’s statistics which recorded the
height and weight of all school children. He
came to the conclusion that blind children up
to the age of five or six do not differ in height
from those with normal vision of the same
age. Later, however, the average increase in
growth clearly rises more sharply in normal
children, reaching a maximal difference at
the age of 18 to 19. The standard deviation
from the average values for height is sub-
stantially greater in blind children; they ex-
hibit a substantially more irregular growth
increase than their peers with normal vision.
It seemed noteworthy, in addition, that blind
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Fig. 13. According to Lange (1927), those who become blind early in life exhibit retarded

growth and abnormal skeletal development.

girls were ahead of blind boys in growth for a
longer period than usual.

Saller (1961) also reports on variations in
height of 58 male and 55 female inmates of
the Bavarian Institute for the Blind. In the
case of this sample, which was not homoge-
neous as to the time blindness occurred, he
found that growth proceeds regularly as far
as increase in height is concerned but that it
is clearly retarded in all age groups. He as-
cribes this growth deficiency in the blind to
the lack of photostimulus, among other fac-
tors: ‘‘heliogenic acceleration via retina and
pituitary.”’

On the basis of observations of 694 blind
children in Karl Marx-Stadt, Liebe and
Keller (1965) found that blind children are
more frequently retarded than children with
normal vision in regard to speed of growth
and to intellectual development. Those who
became blind early (in the first year of life)
were considerably more affected than those
who became blind later (after the first year).
The authors leave open the question as to
the ultimate cause of the retardation, since

in their opinion the general lack of contact
and an injury causing the blindness could
also be involved along with the failure of
light to strike the retina.

Using the Vogt somatogram, Kaloud
(1970) studied growth in blind children.
Compared with normal children of the same
age, their bodies are clearly underdevel-
oped. There are differences in the case of
amaurotic patients insofar as blind children
show the strongest deviations beginning at
birth, with only a slight increase in growth
occurring after their 12th year. Those regain-
ing their sight by means of surgery exhibit a
spurt in growth, and children becoming blind
late (after puberty) show no difference from
those with normal vision.

We observed that blind girls reach their
menarche half to one year earlier compared
with sighted girls. This is a remarkable dif-
ference between the retarded development
of growth and the earlier sexual maturation
of blind girls. Wurtman, Axelrod, and Phil-
lips (1963), Zacharias and Wurtman (1964),
Wurtman and Weisel (1969), and Axelrod
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(1970) found the pineal hormone melatonin
likely to be the substance that caused gonad
inhibition. Therefore, light input via the eyes
stimulates and its absence diminishes the
formation of a gonad-inhibiting substance in
the pineal.

Sella—Pituitary Growth

An explanation for the retarded growth and
much smaller increase in the height of chil-
dren who became blind early in life is offered
by the data on sellar area presented by Holl-
wich in 1951. X-ray examinations of the
skull indicated that the blind have a sella
which is smaller in area on the average than
that of persons with sight. Conspicuous here
was the fact that it is predominantly those
becoming blind early in life who possess
smaller than normal sellae. On the other
hand, the sellar areas of those who became
blind later in life lie within the range of the
norm (Fig. 14).

An explanation for this condition is given
by the developmental curve of the normal
sella. This is divided into two stages: in the

first five years of life the sella attains 80
percent of its surface area in rapid growth;
during the following 15 years it grows the
remaining 20 percent gradually.

In accord with these findings, the analysis
of the sellar area of 74 blind persons showed
that the time at which blindness occurred
influences the development of the sella. If it
occurred in the first years of life, the sella
usually remains small. If it occurs later, i.e.,
in the second developmental stage, then
larger sellar areas result. Since the pituitary
is located in the intrasellar area, very small
sellae also mean smaller, i.e., hypoplastic,
pituitaries. This leads to the conclusion that
photostimuli also have a stimulatory effect
on the development of the pituitary. These
experiments were corroborated by Fuchs
(1953), von Schumann (1953), Biichner and
Kukla (1954), as well as by Wassner (1954).

The Growth Hormone (HGH)

The growth of an organism depends on or-
derly metabolic functioning and sufficient
nourishment, but the actual impulse for

75mm? 87mm?
74 Blind 20 Seeing persons
68 mm? 76 mm*? 80mm?
25 Blind 18 Blind 37 Blind
(early total blinded)|(early blinded with a (late blinded)
small rest of vision)

Fig. 14. Schematic graph of the average value of the sella plane of 74 blind and

20 normal control persons (scale 1:1).
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growth proceeds from the growth hormone.
The human growth hormone (HGH)* plays
a role in a large number of vital processes.
The anabolic effect is manifested in nitrogen
retention, the increased transport of amino
acids to the cell, increased synthesis of pro-
tein accompanying the formation of DNA T
and ribosomes, and also in its influence on
the activity of bone marrow and of cellular
defense. The anabolic effect is paralleled by
a catabolic effect: gluconeogenesis from
proteins is decreased by mobilizing energy
from fat deposits in case energy needs are
not being met continuously. As an insulin
antagonist HGH inhibits glucose utilization,
especially in the musculature, and thereby
raises the level of blood sugar. More insulin
is needed to bring glucose to the cells. The
diabetogenic effect, earlier described as the
‘‘contra-insular principle of the pituitary,”
also explains the heightened insulin sensitiv-
ity of an organism after hypophysectomy. In
this connection attention should be called to
our experiments with those becoming blind
when young who suffered from pituitary hy-
pofunction and who reacted to an insulin
tolerance test with a drop in blood sugar (see
p. 63).

The effect of the growth hormone on
water balance is partly a renotropic one con-
sisting of an increase in tubular secretion
and electrolyte retention. The increase in
skin turgor is to be ascribed more to the
increased synthesis of water-retaining extra-
cellular substances. These functions of the
hormone are naturally essential not only
during the age of growth but also after full
body height is attained since protein utiliza-
tion continues throughout life. Another
name for HGH-—the somatotropic hor-
mone—indicates this situation. The growth-
fostering effect of the hormone appears to be
constituted of several specific effects. Along

*Peptide hormone of the pituitary gland; influences
growth, fat and glucose metabolism (diabetogenic ef-
fect). Newer desigation is somatotropic hormone
(STH).

tDeoxyribonucleic acid: characteristic component
of nucleic proteins.

with the anabolic effects influencing the en-
tire organism, a protein that acts specifically
upon bone growth originates under the influ-
ence of this hormone: it is called the ‘‘sulfa-
tion factor,”” also known today as somato-
medin. Normal growth results only when all
factors work together harmoniously (Buten-
andt 1974).

Since it has become possible to analyze
the growth hormone with radioimmunologi-
cal methods, many authors have recently
turned their attention to the clarification of
the circadian rhythm of HGH. Kowarski et
al (1971) described a portable pump for the
extended collection of blood in order to ana-
lyze the course of this hormone’s secretion.
De Laet et al (1974) attempted to demon-
strate by these same means a daily curve for
the growth hormone. The fluctuations in
HGH plasma level were so slight, however,
that it was possible to establish in merely
summary fashion that there was a higher
secretion of HGH during the period from 6
P.M. to 6 A.M. than from 6 A.M. to 6 P.M. By
the additional application of radioactively
marked HGH, Alford et al (1973) were able
to trace the hormone’s metabolization. They
discovered that the secretion of the growth
hormone was almost three times greater at
night than during the day. The change from a
lying to an upright position had a strong
influence on the rate of metabolization. Plot-
nik et al (1975) traced HGH’s circadian
rhythm in children, teenagers, and young
adults under conditions of normal physical
activity. In all three groups, during the day
as well as at night during sleep, peaks of
secretory activity occurred. These were
lower, however, for the adults than for the
children and teenagers. Plasma levels, low
during the early morning hours, showed a
steady rise until evening. Food intake did
not cause any significant changes. During
the night the growth hormone level again fell
back to the low morning values. Since the
half-life period of HGH—determined from
the fall in plasma level—was significantly
higher than the true half-life period of metab-
olization, the authors concluded that at no
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time of day is there complete inactivity in
HGH secretion such as is postulated, for
example, for adrenocorticotropic hormone
(ACTH).*

Hollwich (1973) and Dieckhues (1974)
presented the first data on the influence of
ocular light perception on the HGH level.
There is not only a significant difference in
HGH level between the seeing and the blind,
but in the case of a cataract patient a signifi-
cant rise in the level can be determined after
removal of the cataract and complete restitu-
tion of light’s entry into the eye. On the
other hand, there is no difference between
the blind and the seeing in the level of hy-
droxyproline as parameter for the formation

*Regulates glucocorticoid synthesis (cortisol, corti-
sone, androgen) in the zona fasciculata and reticularis of
the adrenal cortex.

of collagen. If the daily curves of HGH se-
cretion in the seeing and the blind are com-
pared with each other (Dieckhues 1974), it is
striking, first, that the daily fluctuations (am-
plitudes) are lower, and, second, that the
mean daily figures are lower for the blind
than for those with normal vision. This re-
search demonstrates again that the function
of the organism is very closely connected
with daylight and the alternation between
light and dark. When light is cut off com-
pletely, as, for example, in the case of blind-
ness, its stimulatory and regulatory effect is
absent, the diurnal rhythmic fluctuations are
barely discernible any longer, hormone se-
cretion is severely diminished, and there is a
“‘neuroendocrine deficit.”” It would appear
that the individual hormonal regulatory sys-
tems are still intact but that their normal
activity is reduced.
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Light and Body Temperature

When we speak about human body tempera-
ture, it must be understood that all parts of
the body do not have the same temperature.
Rather, there exists a complicated spatial
temperature field which is also subject to
temporal variations. The heat produced in-
side the organism is constantly flowing out-
ward; thus, for purely physical reasons a
temperature variance occurs between the in-
ternal and external parts of the body. In
addition, there is a temperature drop in the
extremities from proximal to distal so that an
axial as well as a radial temperature variance
exists.

It is important to distinguish a homoio-
thermal (warm blooded) body core from a
poikilothermal (of varying temperature)
body surface. The interior of the torso and of
the head constitute the body core, the skin
and extremities constitute the body surface.
External and internal influences on body
temperature (air temperature and move-
ment, atmospheric humidity, physical labor)
call for an equalization in temperature. Es-
sential for the regulation of heat emission
(physical thermoregulation) is the transfer of
heat to the body surface through the circula-
tion of the blood. From there, heat emission

ensues by means of radiation, convection,
conduction, and evaporation—depending on
the organism’s function and activity in its
different parts. Heat production (chemical
thermoregulation) ensues as a result both of
metabolism of the liver and other internal
organs and of the release of mechanical and
chemical energy in the skeletal muscle. The
hypothalamic region in particular is of deci-
sive importance in the regulation of tempera-
ture. The thermoregulatory centers react to
local changes in temperature and perform
the function of temperature antennae that
are influenced directly by the core tempera-
ture and indirectly by skin temperature. Im-
pulses reach the heat center by reflection via
the skin’s thermoreceptors, the temperature
of the blood itself, and the direct influence of
heat or cold on the cutaneous vessels. Ther-
moregulation is maintained with the aid of
positive and negative feedback mechanisms.

Diurnal Rhythm of Body
Temperature in Adults

The first studies concerning body tempera-
ture changes throughout the day were done



24 Light and Body Temperature

by Jiirgensen (1873). According to his inves-
tigations, maximum temperature occurs be-
tween 5 P.M. and 8 P.M., minimum tempera-
ture between 2 A.M. and 6 A.M. Jiirgensen
found the average difference between mini-
mum and maximum to be one degree Centi-
grade. Liebermeister (1875) soon established
that this temperature change is essentially
independent of external factors such as ac-
tivity, diet, and sleep.

By means of maximum elimination of
muscular activity, Johannson (1898) ob-
tained a substantial reduction in, but not a
complete elimination of, the daily fluctua-
tions in temperature. On the basis of this, he
concluded that the cause of the diurnal-noc-
turnal rhythm was to be found in the physi-
cal work and exercise associated with the
day and the rest associated with the night.

According to Hormann (1898), nocturnal
rest as well as lack of food intake causes a
drop in temperature. He explained the ab-
sence of temperature fluctuations in a stu-
porous patient as the result of elimination of
external stimuli, especially light.

According to Volker (1927), a change in
living habits—not only in the form of a di-
rect reversal but also a shift in schedule of
six to eight hours—is probably capable of
shifting the temperature rhythm but not
eliminating it completely. In making a com-
parison with temperature curves done in Ice-
land, he ascertained that there is a local time
link with the sun, although it does not have
any further influence. Volker sees the
rhythms of the life processes he studied as
‘“‘subject to an as yet undetermined cosmic
principle.”’

Forsgren (1929, 1935) sees the 24-hour
variation in body temperature along with
fluid excretion as determined predominantly
by liver function, although he is unable to
explain the cause. Menzel (1950) also re-
ports on a characteristic body rhythm
whereby the temperature curve coincides
with the diuresis curve. Menzel (1962) re-
ports on changes in axillary temperature (or
body surface temperature) during the winter
season. The maximum in winter is said to be
at 3 P.M., in summer at 8 P.M.

Diurnal Rhythm of Body
Temperature in Infants

The development of periodic diurnal temper-
ature regulation shows itself very clearly in
the infant in the course of the first weeks and
months of life. The first extensive investiga-
tions in this area were done by Jundell
(1904). He attributes the observable increase
in temperature amplitudes in the course of
development to the decrease in temperature
during the night.

Mullin (1939) reports that the temperature
curve is established with regularity from the
sixth month on and is fully developed from
the eleventh month on. He confirms that
amplitude owes its initial increase to the
drop in night temperatures. Kleitman et al
(1937) observed that daily temperature fluc-
tuations start increasing virtually from birth.
This early development of periodicity from
the fifth day of life on had already been
mentioned by von Béarensprung (1851) and
more precisely described and explained by
Sommer (1880). The curves done by de Rud-
der and Petersen (1935) were based on the
temperatures of one- to three-month-old in-
fants; an amplitude of .45 degree Centigrade
was found. The extremely extensive and
careful measurements and records made by
Kleitman and Engelmann (1953) confirm
that a clear-cut sleep—waking periodicity is
already established in the infant in the first
four weeks of life.

Hellbriigge (1965) also later analyzed Jun-
dell’s data and enlarged upon them through
his own observations of schoolchildren. In
the first to third weeks of life body tempera-
tures do not exhibit any day-night differ-
ence. The daytime level does not rise until
the fifth to tenth week. However, the infants
do not show a clear indication of day—night
periodicity until the tenth to sixteenth week,
at which time there is an increase in the
daytime figures and also a decrease in the
nighttime temperature. Especially in the
case of the development of sleep periodicity
in infants—studied extensively by Kleitman
and Engelmann (1953) and Parmelee
(1961)—Hellbriigge speaks of the infant’s in-



Disturbances in Temperature Rhythm Caused by Changes in Diurnal Rhythm 25

nate circadian periodicity, based on an endo-
genic self-induced oscillation. In the course
of the first weeks of life, depending on the
degree of maturation of the organ or system
in question, it gradually changes into a 24-
hour periodicity.

Disturbances in Temperature
Rhythm Caused by Changes in
Diurnal Rhythm

Numerous studies have been conducted on
the reaction of body temperature when the
normal 24-hour activity rhythm is changed.
By means of electric registration of tempera-
ture, Benedict and Snell (1902) monitored
the rectal temperature of a night worker. For
12 nights they took a reading every four
minutes and on the last day during the day as
well. In spite of certain irregularities the
studies clearly show that the basic outline of
the temperature curve is in no way influ-
enced by the reversal of life pattern. Bene-
dict (1904-1905) repeated the experiments
with a night watchman who had been follow-
ing a reversed life pattern for eight years
without interruption, finding the same result:
there was no sign of any adaptation to this
reversed sleep—waking rhythm.

As early as 1927 Volker pointed out that
reversal of life pattern, while producing no
direct reverse in temperature rhythms,
nevertheless is probably capable of causing
it to shift. Bjerner and Swensson (1954)
characterize the specific quality of shift
work as it influences diurnal rhythm. The
shift worker does have the possibility of act-
ing in opposition to his environment’s peri-
odicity but remains conscious of this un-
usual action and as a result retains a
connection with the original periodicity and
its time indicators (clocks). Hildebrandt’s
(1973) opinion on the reversal of life pattern
is that in shift work only a few functions are
able to adapt themselves to this reversal. He
found that body temperature continues to
reach a maximum during the day and a mini-
mum during the night. The change from light
to darkness by itself does not suffice to in-

vert all of man’s biologic functions as it does
in the case of animals.

Experiments with isolation can also be
informative about the nature time indicators
must have if an individual who has been cut
off from his environment is to retain his
circadian periodicity. In Kleitman’s cave ex-
periment (1939) the body temperature of his
co-worker assumed a new rhythm after a
sleep—waking rhythm of 28 hours which had
lasted for several weeks. In the case of
Kleitman himself, the 24-hour body temper-
ature rhythm remained constant. Menzel
(1962) brought about total inversion in body
temperature of a 27-year-old bed-ridden mi-
crocephalic patient by changing the lighting
and the pattern of food intake.

Mills and Stanbury (1952) found in the
case of five experimental subjects kept in a
basement that even with an artificial sleep-
waking rhythm of 12 hours the 24-hour body
temperature rhythm remained constant.

The research group Aschoff, Poppel, and
Wever (1969) conducted experiments for
three to four weeks in complete isolation,
with free choice regarding daily schedule
and lighting. Under these conditions a shift
of 12 hours appeared by the 12th day in the
measurement of body functions (body tem-
perature, beginning of activity, and maxi-
mum urinary excretion), including the sleep-
waking rhythm. The mean diurnal period
was lengthened by one hour and amounted
to 25.9 hours. With a change in the experi-
mental conditions, i.e., a transition from
weak to brighter lighting, the three measured
functions decreased by .6 to 1.0 hours. In a
second experiment with reversed sequence,
i.e., a transition from brighter to weaker
lighting, periodicity was increased by an
equal amount.

Wever (1969) discusses the hypothesis
that by closing the eyes a light-darkness
alternation continues to exist, even with
constant lighting. The same conditions
would then exist as with optional lighting.
But as experience shows, merely closing the
eyelids is not sufficient to eliminate fully the
perception of light. The use of eye covers
during naps proves this. In a room illumi-
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nated by artificial or natural light, anyone
can prove for himself that light also pene-
trates closed eyelids. Perception of light is
completely eliminated only when we hold
both hands over our closed eyes.

The influence of perception of even slight
amounts of light is confirmed by studies (to
be cited later) of temperature reactions (Jo-
res 1934a,b, 1935a) and metabolism (Holl-
wich 1948-1974) in the case of complete or
partial absence of light perception.

Further experiments by the above-men-
tioned research group of Aschoff, Poppel,
and Wever (1969) indicate that an artificial
light-darkness alternation adjusts human cir-
cadian periodicity only to periods of approx-
imately 24 hours. Thus, when all time indica-
tors have been eliminated, an endogenic
independent periodicity may exist.

Interruptions in Temperature
Rhythm in the Blind

As early as 1934 Jores observed four vir-
tually blind persons during a one-day con-

finement to darkness. In two cases he noted
a suspension of temperature rhythm and in
the other two a distinctly altered rhythm. He
concluded that even in the case of the blind,
light is one factor among others to which we
must ascribe an influence on the 24-hour
periodicity of temperature regulation. Rem-
ler (1948), unlike Jores, does not believe that
the light-darkness alternation influences hu-
man diurnal periodicity.

In their water immersion test, Tromp and
Bouma (1967) established without question
that 41 blind boys ranging in age from 6 to
18 had an insufficient thermoregulatory
mechanism.

In summary, we can say that human body
temperature reaches a high point in the
course of the day and during the night sinks
to a low point: This temperature rhythm,
however, is subject to slight individual varia-
tions. When all exterior ‘‘time indicators’’
are experimentally eliminated, independent
periods of individual body functions appear
which differ in length and can be modified by
numerous external influences. In this con-
nection, temperature rhythm is a relatively
constant factor.
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Light and Kidney Function

Observations concerning the temporal as-
pects of water excretion go back to the last
century. The first exhaustive studies, which
are still relevant today, were made by
Quincke (1877, 1893). Quincke was the first
to observe the matutinal flow of urine. From
this observation as well as from experiments
demonstrating that the nocturnal decrease in
urine occurs only when sleeping in a hori-
zontal position, Quincke concludes that this
position promotes excretion of urine. Jores
(1935) conducted tests pertaining to this
question on ten night watchmen. He divided
fluid intake equally over a period of 24
hours, with food intake occurring only dur-
ing the night. The relationship between diur-
nal and nocturnal urine patterns did not
change. A further shift toward diurnal excre-
tion even became evident. A recumbent po-
sition during the day promoted water excre-
tion, as already discovered by Quincke and,
after him, a whole series of investigators
(Seyderhelm and Goldberg 1927). Jores con-
cludes from this that sleep as such cannot
directly inhibit water excretion, especially
since among his experimental subjects there
was one person who had been continuously

employed for eight years as a night watch-
man so that the deficiency of excretion dur-
ing the experiment could not be the result of
adaptation to the reversal in life pattern.
Besides sleep, it has been above all the
lack of fluid and food intake which, since
Quincke’s time, has been seen as the cause
of this condition. There are numerous stud-
ies along these lines, for example, one by
Campbell and Webster (1922), who had their
subjects go without food and liquid during
the day and let them eat and drink at night,
and those by Simpson (1924, 1926) and Jores
(1935), who administered fluids every two
hours to their subjects. All these experi-
ments indicated that there was no variation
in the temporal aspects of water excretion.
Forsgren (1935) connected the rhythmic
variations in kidney function with liver func-
tion; the secretory, i.e., disassimilatory,
phase of metabolic activity is followed by
increased diuresis, i.e., by a ‘‘flow of water
and disassimilation products,’’ along with an
increase in heat production and body tem-
perature. Simultaneously with the assimila-
tory phase, diuresis tapers off and body
temperature drops. Forsgren sees the
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rhythmic function of the kidneys in the total
context of the body’s metabolism and rejects
an independent rhythm of diuresis.

By administering equal amounts of water
every hour to two experimental groups con-
sisting of 42 and 35 subjects respectively,
Gerritzen (1938) was able to demonstrate
that the 24-hour rhythm of diuresis reaches a
minimum after midnight and a maximum
around 1 p.M.. Since the alimentary intake
was the same every hour and diuresis exhib-
ited a distinct rhythm, the kidney’s rhythmic
impulse must originate in the organism itself,
i.e., in the liver, according to Gerritzen’s
view.

Menzel (1950) studied the diurnal rhythm
of both urine excretion and rectal tempera-
ture in the case of 26 ill and healthy people
confined to bed. Over a 24-hour period the
amount of urine as well as the urine’s chlo-
ride, urea, and creatinine content along with
the rectal temperature were measured every
three hours. According to Menzel’s conclu-
sions, kidney function customarily occurs in
a 24-hour rhythm and in integral segments of
24 hours.

Sirota et al (1950) studied diurnal fluctua-
tions in kidney function in 18 healthy males
to whom they administered test substances
continuously (inulin and para amino hippuric
acid [PAH]) normally found in the urine.
The day-night relationship of urine flow,
measured by means of both test substances,
showed a significant decrease in urine flow
at night along with an increase in tubular
water reabsorption and a relatively constant
glomerular rate of filtration and plasma flow.
Corresponding to the deep sleep phase from
midnight to 4 A.M., the glomerular filtration
rate also declines. Thus, the decrease in
urine production is attributed mainly to
an increased nocturnal rate of water
reabsorption.

Water Balance
On a wall relief in Egypt, Fuchs (1965) dis-

covered a blind harpist with a puffy face and
bloated habitus, in other words, with signs

of a disturbed water balance. If the inducing
influence of light is lacking—as is the case
with the blind—a modification of water bal-
ance occurs (Hollwich 1948). For someone
with sight, normal diuresis is distinguished
by a small amount of urine excreted noctur-
nally with a high specific gravity and by a
larger amount excreted during the day with a
low specific gravity. The modification of
water balance in the blind person causes us
to conclude that he experiences reduced effi-
ciency of the antidiuretic pituitary hormone
which is normally active at night. This be-
comes especially apparent when the water
balance is subjected to stress by Volhard’s
water loading test or when, in addition, the
antidiuretic hormone of the posterior pitu-
itary lobe is injected. Tests of 67 blind per-
sons compared to 20 persons with normal
sight revealed that the blind have a lesser
amount of diurnal urine whereas the amount
excreted nocturnally increases in the form of
nocturia (Fig. 15). The totally blind therefore
very often display a puffy appearance and
bloated habitus (Fig. 16).

In order to eliminate exogenic factors,
Hollwich (1955; Hollwich and Dieckhues
1974a,b) also performed the Volhard water

Fig. 15. The Volhard water balance test on the
blind in comparison with the normal sighted. The
four-hour water excretion is lower in the blind
than in the normal sighted, whereas nocturnal
water excretion in the blind increases compared
to the normal sighted (nocturia). Hatched bar,
sighted (n = 20); shaded bar, blind (n = 67).
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test on patients who for all practical pur-
poses had been blind for years as a result of
cataracts of both eyes (Fig. 17). Just as in
the previous case of the blind, the amount of
urine was also less during the day whereas
nocturnal excretion was increased in the
form of nocturia. Postoperatively—after re-
moval of the cataracts and restoration of
light’s entry into the eye (Fig. 17)—the Vol-
hard water test on these same patients
showed normal results. The major amount
of the water administered was excreted dur-
ing the day and nocturnal excretion fell to
normal levels (Fig. 18).

According to Volker (1927) there is a con-
nection between the course of normal urine
excretion and an inner rhythmic process. In
comparative experiments carried out in
Hamberg and Northern Iceland, he suc-
ceeded in proving the hypothesis, still dis-
puted at the time, of an inner rhythm based
on local time. The test subjects were exam-
ined under invariable experimental condi-
tions (confinement to bed, standardized in-
take of water and food, etc.). The customary
rhythm of water excretion was retained even
if the subjects altered their sleep-waking pat-
terns. Volker demonstrated that this body-
based rhythm of vital processes also applied
to temperature and basal metabolism as well
as to pulse and blood pressure.

By using a modified water stress test
(based on Gerritzen 1938), Remler (1948) too
found inverse water excretion with nocturia
in half of his blind experimental subjects.
Corroborating the studies of Hollwich
(1948), von Schumann (1953), using the Vol-
hard water shock, discovered a lowered
four-hour value and an increased nocturnal
value (nocturia). As opposed to those who
became blind at an early age but who re-

Fig. 16. Top: An 87-year-old patient who gradu-
ally reached a state of virtual blindness over a
period of ten years as a result of cataracts on both
eyes. Note the bloated appearance. Bottom: The
same patient three weeks later after cataract sur-
gery. Note the general revitalization and facial
tautening resulting from a clinically observed gen-
eral elimination of fluids.
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tained low vision (i.e., ranging from those
able to recognize hand movements to those
able to count the number of fingers held up)
and as opposed to those who became blind
later in life (usually with a greater degree of
vestigial vision), those who became totally
blind when young (amaurosis) displayed the
greatest deviations. Fuchs (1953) reports the
same results from his studies of ten persons
who became totally blind when young, ten
who became practically blind when young,
and 14 who became practically blind when
older. Wassner (1954) studied diuresis in 21
blind children after the Volhard water shock
finding a markedly delayed water excretion
in the case of 13 who had become blind
early, whereas the group retaining more vi-
sion showed slighter deviations.

Lobban and Tredre (1964) likewise noted
nocturia in 27 totally blind persons and, in
addition, a disturbance in their rhythm of
excreting sodium and chloride. Jendralsky
(1951) reports on his single observation of a
case of diabetes insipidus in a person blind

Fig. 17. Top: A patient with cataracts in both
eyes. Only a minimal amount of light can pene-
trate the eyes through the extremely opaque len-
ses. Bottom: The same patient seen after surgery
to remove both opaque lenses. Unhindered entry
of light into the eye.
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Fig. 18. The Volhard water balance test before
and after cataract surgery. In this test water ex-
cretion for a four-hour period was measured in
patients who had been blind for years as a result
of cataracts in both eyes. Before cataract surgery
(in the blind state) the four-hour value was lower,
after surgery (complete photoperception) normal
water excretion was found. Shaded bar, before
surgery; hatched bar, after surgery.

as a result of cataracts on both eyes. After
the cataracts were removed and the normal
entry of light into the eyes was restored,
water excretion became normal.

The change in the rhythm of diuresis has
been traced to a reduced efficacy of adiure-
tin secreted principally during the night by
the posterior pituitary lobe. The varying pat-
tern of urine excretion in those with sight
and those who are blind becomes clear
above all when the water stress test is com-
bined with the injection of the hormone of
the posterior pituitary lobe containing antidi-
uretic hormone (ADH)* (Hollwich 1948). In
the case of control subjects with vision, the
four-hour figure is reduced by half while the
specific gravity remains high; in the case of
the blind, there is only a slight reduction of

*ADH determines the concentration power of the
kidneys.



ten percent in urine excretion but a sharp
drop in specific gravity.

Hofmann-Credner (1953) influenced di-
uresis by the use of flicker lighting after the
Volhard water shock. They found a marked
inhibition of urine excretion despite a rise in
the kidney’s glomerular filtrate. The rise in
the ADH plasma level is interpreted as the
diencephalon’s stimulus response to the
flicker lighting, as a result of which the anti-
diuretic hormone (ADH) is excreted.

Electrolyte Balance

Closely connected with water excretion
through the kidney is the regulation of elec-
trolyte metabolism. The first report on the
diurnal rhythm of electrolyte excretion in
healthy people was published after World
War L.
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Norn’s findings (1929)—based mainly on
experiments carried out on himself—re-
vealed that when he measured the kidney’s
excretion of potassium, sodium, and chlo-
ride hourly, there were lower amounts dur-
ing the day than at night. Electrolyte excre-
tion revealed the smallest amounts in the
early morning hours, rising then in the
course of the morning to reach its highest
point in the early afternoon. Norn found this
to be most pronounced in potassiun excre-
tion. If the experimental subject slept during
the day, then the excretionary pattern was
reversed. He said, ‘‘The rhythm exhibited is
(consequently) determined by the natural
change between the day’s activity and the
night’s inactivity or sleep.”” Campbell and
Webster (1922a,b) also believe that the al-
teration in excretionary rhythm is connected
with the alteration in the sleep-waking
rhythm.
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Fig. 19. Mean values, standard deviation, and significance of changes of metabolites (serum) in 220
“‘practically blind”’ subjects and 14 subjects with severely impaired vision compared with 50 subjects
with normal vision. The blind subjects had significantly lower serum levels of glucose, protein, sodium,
chloride, inorganic phosphate and cortisol, and significantly higher levels of nonprotein N, cholesterol,

uric acid, creatinine, bilirubin, and calcium.
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Manchester (1933) proved that the diurnal
rhythm of sodium and potassium is also
maintained with fasting and going without
fluids on the one hand and with a water
intake of approximately two liters on the
other. Menzel (1950, 1952) described the
rhythmic excretion of chlorine and several
organic substances, at the same time point-
ing out the possible significance of varying
rhythms for the differential diagnosis of ill-
nesses. Doe et al (1956) likewise found an
excretionary rhythm for sodium and potas-
sium, with the excretion of potassium
closely correlated with corticoid excretion.

Bartter and Delea (1962) also saw a diur-
nal rhythm in the urinary excretion of so-
dium and potassium in a group of female
experimental subjects. Bresnik and Hohe-
negger (1967) observed a continuous de-
crease in calcium excretion from a matutinal
maximum to a nocturnal minimum. The
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maximum amount of phosphate excretion
took place at night.

Mills (1964) reports on a 105-day-long
confinement in a cave in constant darkness.
The speleologist used a watch and spoke
once a day with someone outside; thus, he
was not completely isolated from external
influences (social indicators of time). The
only thing that was completely eliminated
was the physiological day-night sequence in
the form of an alternation between light and
darkness. A sleep-waking rhythm of some-
what more than 24 hours ensued; potassium
excretion in the urine followed this rhythm.
The rhythm of urinary excretion of sodium
and chloride remained constant for a period
of over two months, but then became com-
pletely irregular. Within three days after the
termination of this experiment in constant
darkness, all rhythms became normal again.

Lobban (1965) reports on the amounts of
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Fig. 20.

Changes in metabolites (urinary output). In blind

subjects the urine shows an increase in the sodium/potassium
ratio as well as lowered values for calcium, chloride, inorganic
phosphate, urea-nitrogen, 17-ketosteroids 17-hydroxycorti-

coids and a fall in the uric acid/creatinine ratio.
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Fig. 21.

Percentage changes in metabolic values in the serum of 110 cataract patients

before (blind) and after (normal sighted) cataract surgery. Postoperatively, there was a rise
in the serum levels of sodium, chloride, phosphate, protein, glucose, and cortisol as well as
a fall in the serum levels of potassium, calcium, urea-N, cholesterol, free fatty acids, uric
acid, creatinine, and bilirubin. The changes were statistically significant (p .02) in the case
of potassium, cholesterol, free fatty acids, uric acid, bilirubin, glucose and cortisol. Shaded

bar, before surgery; open bar, after surgery.

electrolyte excretion in the blind. For a pe-
riod of 24 hours she kept a record of the
water and electrolyte excretion of ten blind
males. In this study, only the group of five
totally blind persons demonstrated—simul-
taneously with the nocturia already discov-
ered by Hollwich (1948) by using Volhard’s
stress tests—a shift in the excretion of chlo-
ride and sodium to the afternoon. Potassium
amplitudes were reduced whereas the
rhythm in general was unaffected. In further
studies by Lobban and Tredre (1967), 27
totally blind persons exhibited considerable
temporal deviations in the amounts of water,
sodium, and chloride excreted. Thirty-four
persons who became blind between the ages
of 12 and 61 but were still able to distinguish
between light and dark demonstrated the
same quantity of excretion as normal-
sighted individuals. Nine older blind persons
deviated temporally in their diuresis rhythm

from the rest of the group but not from
comparable test subjects with sight.

Simenhoff’s study (1968) agrees with
Lobban and Tredre’s findings that when
light-dark perception is present, a normal
excretory rhythm is maintained. Upon the
incidence of total blindness, the rhythms
were altered or completely missing; in the
case of congenital amaurosis a complete re-
versal of the cycle occurred.

Tromp and Bouma (1967) as well as Holl-
wich and Dieckhues (1967a, 1971b,c) pub-
lished comparative studies on the total
amounts of electrolyte excretion in the urine
over a 24-hour period. In their study of 41
boys aged 6 to 18 (14 with amaurosis, 8 with
perception of light, and 19 with severe visual
impairment), Tromp and Bouma (1967) re-
port an increased amount of sodium ex-
creted in the urine.

Hollwich and Dieckhues (1967a, 1971b,
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Fig. 22. Percentage changes in metabolic values
in urine in 110 cataract patients before (blind) and
after (normal sighted) cataract surgery. Postoper-
atively, there was a rise in the 17-ketosteroid and
17-OH-corticosteroid excretion in the urine as
well as a fall in the excretion of calcium, chloride
and bilirubin. The differences were significant (p
.02) in the case of the Na/K ratio, and for chlo-
ride, bilirubin, 17-ketosteroids, and 17-OH-corti-
costeroids. Shaded bar, before surgery; open bar,
after surgery.

p< 0.0005

¢), in studying 360 visually impaired patients
(220 of them virtually blind) in comparison
with 50 persons with normal vision, found
alterations in the electrolyte balance in the
form of an adrenal cortical insufficiency:
lowered amounts of sodium, chloride, and
inorganic phosphate, and a slightly in-
creased potassium level appeared in the
serum. In the urine from a 24-hour period,
sodium excretion and the sodium-potassium
quotient were increased, in keeping with
Tromp’s findings. The amounts of calcium,
chloride, and inorganic phosphate were re-
duced (Figs. 19, 20). The same alterations
were found in 110 cataract patients who
were virtually blind before surgery. Postop-

eratively, after restoration of light’s entry
into the eye, electrolyte values became nor-
mal in the serum as well as in the urine (Figs.
21, 22).

Alteration in Diurnal Rhythm
Caused by a Shift in the Daily Time
Pattern

Artificially altered periods of diurnal activity
have always posed difficult and sometimes
severe problems for those affected. In a
study of 10 night nurses, Jores (1933) sug-
gests that a reversal of life pattern will not
alter the rhythm of urinary excretion. These
studies, devoted exlusively to diuresis, were
repeated in 1941 -by Hauff, again using
nurses as subjects (Menzel 1962). Even the
excretion of urea and urobilinogen was un-
changed, i.e., less at night than during the
day, in spite of night work and a meal eaten
at midnight. Norn (1929) discovered that a
night watchman, after six weeks of night
duty, did experience a reversal in his diurnal
rhythm of sodium, potassium, and chloride
excretion.

Experiments that artificially alter the
length of the day and the resulting influence
on human circadian rhythm have elicited
strong interest on the part of all investiga-
tors. Mills and Stanbury (1952) already es-
tablished the persistence of the 24-hour
rhythm of water and electrolyte excretion in
the case of five subjects who experienced a
sleep-waking rhythm of 12 hours for the two
days they spent in a basement. We know
today from the work of Aschoff et al (1969,
1970, 1973, 1974) that a deviation from the
autonomic 24-hour rhythm occurs only
when all time indicators are completely
eliminated.

Lewis and Lobban (1954) observed the
diuresis rhythm of an expedition in Spitsber-
gen. The eight members of this expedition
experienced a 22-hour day in shared isola-
tion for six weeks during the polar summer.
The individual members exhibited various
reactions to the 22-hour rhythm of work.
Almost all of them exhibited a continuation
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of the endogenic 24-hour rhythm of water
excretion, although the 22-hour environmen-
tal rhythm and other disturbing factors
which it was not possible to identify more
specifically seemed to superimpose them-
selves. Seven of the experimental subjects
displayed marked nocturia, especially when
their period of sleep coincided with their
local time at home.

In a further study, Lewis et al (1956) re-
port on electrolyte excretion during the 22-
hour days. For seven of the experimental
subjects the existence of the 24-hour potas-
sium rhythm was clearly preserved. For
some subjects there were indications of tem-
porary complete disassociation of the diur-
nal rhythm from that of electrolyte
excretion.

In an experiment by Mills and Thomas
(1957), a subject who had been on duty as a
night watchman for four weeks maintained
an unchanged potassium rhythm. The diur-
nal rhythm of sodium and chloride was also
maintained although only slightly altered.
Phosphate excretion, on the other hand, did
not reveal the usual sharp drop in the early
morning but in late evening instead.

Lobban (1963) investigated workers on
the night shift in a mine on Spitsbergen. The
workers lived mostly in groups in camps; the
community’s activity conformed to the shift
pattern. According to this plan, the shift
schedule of each worker remained un-
changed for the entire year. In this way,
factors of the social environment were re-
duced to a minimum and thus could not
disturb adaptation to the unusual working
hours. At monthly intervals, Lobban mea-
sured water and potassium excretion in or-
der to study the influence of the change of
natural light patterns: the periods of con-
stant darkness in winter, the periods of light
and darkness in spring and fall, and those of
constant daylight in the summer. For six
night shift workers the rhythm of potassium
excretion maintained itself well for six
months, demonstrating a correlation with
the activity pattern of the experimental sub-
ject. The highest excretory rate occurred
between midnight and 8 A.M. for those be-

ginning work at 4 p.M. The diuresis rhythm
during the winter months of constant dark-
ness proved to be markedly abnormal. The
regular diurnal rhythm did not reappear until
the spring months; it was dissociated, how-
ever, from the potassium rhythm. In May,
with its constant daylight, maximal rates oc-
curred between 8 A.M. and 4 p.Mm. The au-
thor concluded from this that the six miners
on the night shift reacted like ‘‘nocturnal
animals’’ with regard to their excretion of
potassium and like ‘‘diurnal animals’’ with
regard to their diurnal rhythm.

Sharp (1960a) reports on an expedition
in Spitsbergen: the six participants experi-
enced an astonishingly exact reversal of di-
uresis, pH value, potassium and sodium ex-
cretion, and of the specific gravity of their
urine as a result of the day-night reversal
occasioned by their work (made possible by
the conditions of the polar summer). This
inversion was complete six days after the
beginning of the reversed work schedule. A
further stipulation of the experiment (1960b)
required the participants in the expedition to
remain in their darkened tents for three
hours after being awakened. This procedure
caused a reduction in the diurnal peak of
diuresis and in sodium and potassium excre-
tion with a corresponding increase in noctur-
nal values. On the basis of his research,
Sharp posits the conclusion that the diurnal
rhythm of diuresis and sodium and potas-
sium excretion is controlled by a single dom-
inant factor whose nature, however, is not
known.

Lobban gives a detailed report on electro-
lyte and water balance disturbances under
conditions of polar summer in Spitsbergen
and among Eskimos. In experiments lasting
six weeks, when there was a scarcely dis-
cernible difference in brightness between
day and night, Lobban (1960) found the fol-
lowing: the experimental subjects were pro-
vided with wristwatches according to the
group they belonged to; the watches of some
indicated a ‘‘day’’ of 22 hours, the watches
of the others one of 27 hours. All activities
were conducted as usual within this abnor-
mal time frame, and urine was also col-
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lected. In most cases the diuresis rhythm
adapted itself to the new division of time
without great difficulty; the rhythm of potas-
sium excretion, however, appeared very
slowly, if at all. During the 22-hour day, only
one out of eight subjects became adapted;
during the 27-hour day, two persons exhib-
ited good adaptation. In contrast ‘to water
excretion, which adapted well to a changed
rhythm, the rhythm of potassium excretion
retained its original frequency.

Further series of experiments in this area
were carried out by Simpson and Lobban
(1967), this time with a 21-hour day. It was
not until after five weeks that the shortened
day-night alternation brought about an adap-
tation in the rhythm of corticosteroid and
potassium excretion. An astonishing sub-
phenomenon also took place: if an artificial
“day”’ occurred at the time of periods of
deep sleep at the subject’s own home, then a
very slow adaptation resulted. This observa-
tion indicates that the 24-hour rhythm is fun-
damental to the excretory rhythms. Further-
more, these studies confirm Lobban’s (1960)
postulated hypothesis of two different con-
trol mechanisms for the regulation of these
rhythms: the hypothalamic-hypophysial axis
for water and salt and the adrenal cortex for
potassium.

After these surveys of participants in ex-
peditions and those with nighttime work it
was a logical step to study the inhabitants of
the Arctic regions themselves for their endo-
genic rhythms. Stated briefly, Lobban (1967)
found such a high number of abnormalities
in the excretionary rhythm of inhabitants of
the Arctic that an average excretionary pat-
tern for the native population was much
harder to establish than for a control group
of eight inhabitants of temperate zones. In a
comparison of the relative amplitude of the
rhythm of potassium excretion, the Euro-
pean control group displayed the largest am-
plitudes, followed by the Indians during the
polar summer, then by the Indians during
the polar winter, and finally by the Eskimos.

According to Lobban, ethnological differ-
ences and differences in age, activity, and
customs do not adequately explain these

findings. She contends that the normal daily
alternation of light and darkness in the envi-
ronment is necessary not only for the main-
tenance of kidney rhythm but is also a causal
factor for its establishment in early child-
hood. In 1972 this author reported on studies
she undertook 16 years after her first experi-
ments with Arctic Indians. In the first of
these (Lobban 1967), the Indians in winter
camp exhibited an excretory rhythm with
lesser amplitude and temporal increase in
comparison with European control subjects.
Moreover, there were no differences noted
based on sex or age. In a second study of a
group of Indians closely related to the first
one, she found that they had completely
changed their life style and had assumed
“modern”’ ways of life. This time her find-
ings were almost completely the same as in
the cases of the control subjects; however,
the adults—especially the older Indians—
continued to show a distinct time lag.

Krieger et al (1969) studied circadian peri-
odicity of steroids and electrolytes under
differing light conditions. Urine samples
were collected at four-hour intervals from
two healthy subjects who were hospitalized
for several weeks in order to determine the
effect on electrolyte excretion of a normal
light-day rhythm, of a normal day with con-
stant light, and of an inverted sleep rhythm
with constant light. The authors discovered
a weak correlation between electrolyte ex-
cretion and periods of sleep. In the experi-
ment with the inverted sleep pattern, the
rhythm of potassium excretion showed a
distinctively irregular pattern in contrast to
that of the normal day with constant light.
Thus, sleeping conditions appear to have a
stronger effect on circadian rhythm than pe-
riods of darkness.

Alteration in Diurnal Rhythm
Caused by Rapid Change of Location

Abruptly occurring time shifts have reached
problem proportions for those affected, es-
pecially since the introduction of mass air
travel. Physical and mental efficiency, espe-



cially that of the flight crew, are threatened
by severe stress.

Gerritzen (1962) attempted to determine
the maximum time required for electrolyte
excretion and diuresis to adapt to local time
after a rapid time change of five hours be-
tween Amsterdam and New York. At the
same time, he was also interested in finding
out to what extent the disharmony between
endogenic rhythm and local time is responsi-
ble for the symptoms of disturbance caused
by rapid time change. Immediately after the
time shift an abnormality in the diurnal ex-
cretory rhythm of all electrolytes occurred:
amplitude decreased and even after 4 days
normal amplitude had not been reestab-
lished, but shifted to the ‘‘correct’ point in
local time. Although it could be assumed
that the experimental subjects had not yet
completely adapted themselves to local time
in New York, it was still remarkable that all
rhythms were restored to normal immedi-
ately after the return flight. When a flight
was immediately followed by a return flight,
there was a severe disturbance in excretory
rhythm. This was not sufficient, however, to
bring about an immediate return to normal
rhythm in local Amsterdam time. Gerritzen
concluded from this that a flight accompa-
nied by time change causes greater distur-
bances and alterations in diurnal rhythm
than a return to place of origin, especially
when the organism is not yet completely
adapted to the foreign day—night pattern.

LaFontaine et al (1967) conducted their
studies on flight crews on the Paris to An-
chorage route. They came to the conclusion
that a relatively short stay in Alaska of 20
hours with a time change of 11 hours is not
enough to have any lasting effect on the
circadian rhythms under study. There was
only a slight reduction in the amplitudes of
diuresis, of sodium, potassium, and corti-
coid excretion and negligible disturbances
during flight. Upon returning, however, im-
mediate restoration of preflight rhythms oc-
curred. From these studies it can be deduced
that if the return flight takes place by the
next day, the organism continues to operate
according to its local time even on long

Diurnal Rhythm in Children 37

flights involving time changes. The authors
do not consider what effect longer stays in-
volving time change have on biologic
rhythms.

Conroy and Mills (1970) studied a family
of three on a flight from Winnipeg to Man-
chester. After the flight, the excretory
rhythm of potassium occurred irregularly,
without the recognizable pattern of a sinus
rhythm; complete adaptation to local time
was attained only after a week had passed.
Readaptation after the return flight occurred
within a similar period of time. Sodium ex-
cretion followed an even more irregular pat-
tern than potassium excretion. In these
experiments an immediate reversal in
phosphate excretion was observed, i.e., the
matutinal decrease adapted itself to local
time but did not attain a sinusoid curve with
amplitudes in a 12-hour rhythm.

Continuing his studies on the effect of
time changes on intercontinental flights,
Gerritzen (1966) subjected four groups of
five students each to strictly standardized
experimental conditions: hourly intake of
fluid and food, hourly collection of urine for
two to three days. He discovered that under
these conditions the rhythmic excretion of
water and electrolytes can be suppressed by
means of light reversal. On the other hand,
the creation by means of light manipulation
of maximum excretion at a different defini-
tive time of day than that determined by
endogenic rhythm is not possible for short
time periods. The goal of his research
proved to be unattainable: shifting circadian
periodicity by means of light manipulation in
order to facilitate more rapid adaptation of
the flight crew to the foreign local time and
thus to maintain their physical and mental
efficiency.

Diurnal Rhythm in Children

Hellbriigge (1960, 1965) traced, among other
things, the development, formation, and sta-
bilization of a 24-hour rhythm in infants from
birth. Independently of fluid intake, urine
excretion reveals a 24-hour periodicity as
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early as the fourth week, whereas potassium
and sodium excretion was not evident until
the age of three and one-half months. In
addition, his studies of phosphate and creati-
nine excretion did not demonstrate a day-
night periodicity until the fourth month. In
the case of creatinine and chloride excretion
it was not until the 16th month that a reason-
ably significant difference between day and
night amounts was found. According to
Hellbriigge, the infant possesses an innate
circadian rhythm, at the basis of which is an
endogenic, self-induced fluctuation. De-
pending upon the organ’s state of maturity,
this endogenic frequency is supposed to be
transformed into a 24-hour periodicity. In
his view, effective time indicators are, above
all, the effects of temperature and periodi-
cally recurring stimuli connected with the
baby’s care as well as social time indicators.
It remains unclear why he excludes a time-
indicating function of the light—darkness al-
ternation in spite of the very early function-
ing of the energetic portion of the visual
pathway, and this mainly on the basis of
measurements of electric skin resistance and
the periodicity of epidermal mitoses.

In her most recent studies of Eskimo chil-
dren (1974) during all four seasons, Lobban
found a much more distinct formation of
renal excretionary rhythm than in the case of

their parents, especially in spring and fall
when light serves as a natural time indicator.
In the polar summer, the fact that their activ-
ity takes place throughout the whole day is
probably the cause of the complete disorgan-
ization of rhythms. Specifically, potassium
rhythm developed two secretory peaks, a
situation also found in earliest infancy (Hell-
briigge 1960). In the constant darkness of
polar winter, the orderly social environment
and diurnal periodicity in school appear to
be responsible for the maintenance of renal
excretory rhythms, which is not the case for
the parents of the Eskimo children.

Forecast

The most recent studies of circadian rhythm
in the renin-angiotensine-aldosterone sys-
tem utilizing chromatographic and radioim-
munological methods are of great promise
for further clarification of the endogenic reg-
ulatory mechanisms, in particular of the re-
nal excretory rhythm (Breuer et al 1974;
Grim et al 1974; Kaulhausen et al 1974; Vag-
nucci et al 1974; Katz et al 1975; Kowarski et
al 1975). To be sure, these studies are con-
ducted primarily for clinical purposes, but
they can also be significant for further clarifi-
cation of the cause of circadian rhythms.
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Light and Blood Count

Blood, according to Goethe in Faust 1, is a
‘‘special kind of juice.”” Blood is of manifold
significance to the organism: its functions
are partly autonomous, partly of an interme-
diary nature; the bloodstream serves as the
transmitting agent to and from the cells and
organs. Furthermore, the blood carries out
the exchange of hormones and other sub-
stances regulating the organs and cell
function.

But blood also has an autonomous na-
ture. Its corpuscular elements are living
cells, each category of which has its own
structure, metabolism, and functions. The
composition of blood is subject to constant
change, even under normal circumstances.
It also follows from the fact that blood is
involved so closely with the whole organism
that a change in blood count accompanies
almost all ailments and abnormalities of the
organism.

Red Blood Cell Count

Numerous mechanisms are responsible for
the direction and regulation of erythropoie-

sis. Thus, the autonomic nervous system
plays a role in the transmission of red cells to
the body’s periphery, especially in cases of
emergency. Lack of oxygen is a specific
stimulus for the formation of red blood cells.
A special agent stimulating erythropoiesis is
erythropoietin, which is formed (or at least
is activated) in the kidneys. When there is
reduced need, normally the number of
erythrocytes decreases due to a slowdown in
production or, less frequently, due to hemol-
ysis. There is still uncertainty concerning
the processes that contribute to the constant
maintenance of normal cell counts in the
peripheral blood.

The role of light in the formation of blood
is not clearly evaluated in the relevant litera-
ture and is frequently even strictly denied.
Most studies merely serve the purpose of a
broad orientation and are so heterogeneous
that a generally valid statement is scarcely
possible. To some extent, older experimen-
tal methods, which do not always utilize the
results of recent innovations, are involved
here.

Earlier researchers (Graffenberger 1893;
Marti 1897: Schoenenberger 1898; Grober



40 Light and Blood Count

and Sempell 1919; Clark 1921; Hobert 1923;
Miles and Laurens 1926a,b) were not able to
give persuasive evidence of light’s effect on
the blood count. The reason for their varying
findings might have been errors in method as
well as varying experimental conditions, es-
pecially those having to do with the duration
and amount of exposure to light.

The basic question of whether placing
light-adapted animals in complete darkness
for an extended period has an effect on the
number of their erythrocytes has been inves-
tigated repeatedly. Oltramare (1919) found
no reduction in erythrocytes in various ani-
mals (rabbits, guinea pigs, roosters, doves,
frogs, newts, and fish) who spent three
months in darkness.

Grober and Sempell (1919) investigated
the hemoglobin and erythrocyte values in
horses who had spent years in the dark tun-
nels of coal mines without natural daylight.
Illumination consisted solely of isolated,
weakly burning carbon filament lamps. They
found a uniform reduction in hemoglobin
along with a marked increase in erythro-
cytes. Their assumption was that the excel-
lent care given the animals, the abundant
feed, and strenuous work compensated for
the absence of daylight so that such a lack,
lasting for years, did not cause clear-cut ane-
mia in the mine horses.

In his studies on the influence of ‘‘bad
air’’ on general growth, blood counts, and
condition of the organs, Cropp (1922) sub-
jected young white rats to darkness, finding
no uniform difference between these animals
and control animals kept in light. He con-
cluded from this that the absence of light
does not have a negative effect on the gen-
eral development and erythropoiesis of the
growing organism.

We owe to Hobert (1923) the first orienta-
tive attempt to explain the effect of light in
the case of posthemorrhagic anemia. He
made two groups of four white mice each
anemic by draining off 50 percent of their
blood supply. Wherecas the mice kept in
darkness died after two days, their blood
showing a decrease in Hb and erythrocytes,
the blood of those kept in daylight regained

its original count in two weeks. Ultraviolet
irradiation shortened the period of regenera-
tion to nine or ten days.

Haberlein et al (1923) traced the develop-
ment of hemoglobin content in the blood of
ailing urban children who were exposed to
the influence of the North Sea climate. The
rise in the curve of their progress chart cor-
relates clearly with the length of daily expo-
sure to sunshine. Like Isachsen (1925), Ha-
berlein found the highest hemoglobin levels
in the sunny spring and summer months, the
lowest levels in the months of November
and December with their dearth of sunshine.
He explained this by pointing out that the
body receives more chemically active radia-
tion by the sea due to the increased reflec-
tion of sunshine, just as it does in the high
mountains due to the thinner layer of air.

Laquer (1924) deserves mention for his
isolated observation: he exposed himself to
a mountain climate for one month and, ex-
perimenting on himself with the aid of Gries-
bach’s Congo red method, he measured total
blood volume, which showed a marked in-
crease in erythrocytes and in the total
amount of blood. He does not attribute the
decisive effect of the mountain climate to the
lower partial pressure of oxygen which had
been generally assumed. Since a genuine
increase in blood occurs even at the rela-
tively low altitudes of the city of Davos,
Switzerland, Laquer sees the very intensive
solar radiation as the possible causal agent.

Upon keeping five dogs in constant dark-
ness for nine months, Miles and Laurens
(1926a) discovered an initial fall in hemoglo-
bin and erythrocyte levels with subsequent
fluctuations levelling off at subnormal levels.

Several authors have dealt with variations
in the diurnal rhythm of hemoglobin and
erythrocytes in connection with the day-
night alternation. In his survey of the litera-
ture, Jores (1935a) reports on proven physio-
logical diurnal fluctuations between higher
morning levels and lower evening levels of
up to half a million erythrocytes.

Renbourn (1947) discovered a continuous
fall of hematocrit in rabbits during the
course of the day. In humans, hemoglobin



content together with hematocrit falls mark-
edly from 7 A.M. until after midnight. In the
course of a year, the author found evidence
for an increase in blood parameters during
the summer.

Unshelm (1968) and Unshelm and Hage-
meister (1971) investigated fluctuations re-
lated to the time of day in the number of
erythrocytes and in hemoglobin content of
cows. In accordance with the studies al-
ready mentioned, they discovered a maxi-
mum in the morning and a minimum in the
evening. In the case of hemoglobin content,
the day-to-day influence was greater than
the factor of the time of day, which agrees
with the results obtained by Brown and
Goodall (1946), who made the same findings
for humans.

A clear contrast to the apparently slight
reactive behavior of the blood count of noc-
turnal rats and mice (Hollwich and Tilgner
1964a) is offered by diurnal birds (Hollwich
1953): seven-week-old roosters were kept in
a darkened room for ten weeks during the
summer months. The result was pronounced
anemia: pale combs and leg skin, general
loss of tone, reduction of hemoglobin by
half. The eyelids of 20 roosters were subse-
quently sutured, the eyelids of ten were left
open. Both groups—the experimental and
control birds—were exposed to sunlight for
five days for two hours in the morning and
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two hours in the afternoon, and hemoglobin
levels were then examined. The following
picture emerged: light hastened the regener-
ation of red blood cells when the lids were
open but not when they were sewn shut
(Figs. 23, 24). The varying behavior of he-
moglobin levels in the two groups demon-
strates that the full regenerative effect of
light becomes active only when it enters the
eye. These experiments confirm Heil-
meyer’s (1942) view: ‘“‘the old common
sense belief that sunlight promotes the pro-
duction of blood appears clearly in regenera-
tion experiments, i.e., when a higher effi-
ciency than usual is demanded of the bone
marrow.’’

Blood Sedimentation Reaction

Blood sedimentation is dependent on the
protein spectrum and fibrinogen content of
blood and, thus, to the extent that pathologi-
cal factors can be excluded, is an indirect
indicator of the way the former vary accord-
ing to the time of day. There is a tendency
for total protein content in humans to rise
between 8 A.M. and noon, to fall in the
afternoon, and to reach a minimum during
the night (Kroger et al 1928; Renbourn 1947;
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Seaman et al 1965). As early as 1924 Wester-
gren reported pathological daily fluctuations
in the blood sedimentation rate (BSR)* of
over 20 mm. Katz and Leffkowitz (1928)
presumed here a certain parallel to the daily
temperature curve. But these authors also
did not attribute any special significance to
these fluctuations.

To clarify the question of the degree to
which there are regular daily fluctuations of
blood corpuscles, Jores (1934b, 1935a) con-
ducted experiments, based on Westergren’s
principle, in which measurements of the sed-
imentation rate were taken every two hours
for 24 hours in normal as well as pathological
cases. The results were unequivocal. Ex-
tremely regular fluctuations occurred, with
an evening peak reaching as much as 50
percent of the normal rate.

Unshelm (1968) found significant daily
fluctuations for the hematocrit level in cows
with a maximum in the morning and a mini-
mum in the evening. This progressive reduc-
tion was interrupted by rises at noon and 4
P.M. Reinberg (1974) reached similar
conclusions.

Tromp (1973, 1974) compiled data from
blood banks, starting with the assumption
that differing geographical spreads and cli-
matic conditions must be reflected in the
hematological data of blood donors. He ob-
tained an enormous amount of data in this
manner. In a study lasting 18 years, he found
that blood sedimentation values in the Neth-
erlands were lowest in winter and highest in
summer and were clearly distinguishable
from month to month. The blood pigment
content was higher in fall and winter than in
spring and summer. Short-term fluctuations
in sedimentation values are frequently influ-
enced by the blood’s fibrinogen level, which
rises on very warm days along with the
BSR. In Tromp’s view, BSR values in
healthy male blood donors are dependent
mainly on fluctuations in fibrinogen level,
which in turn are influenced to a great extent

* The erythrocyte sedimentation rate is dependent
upon a complex of change in the protein balance.

by atmospheric conditions. In addition, with
a decrease in the degree of latitude and alti-
tude, the proportion of low BSR values de-
clines. Along with the influence of climate
and altitude Tromp discusses an influence of
light which can explain the following differ-
ing types of blood count: from the equator .o
the north pole an increasing proportion in
low blood sedimentation values and a rise in
the content of blood pigment.

A Russian research group was studied
during the winter months in the Antarctic
(Vencenoscev 1972). A fall in hemoglobin
concentration as well as in the number of
erythrocytes was seen, but it was under the
physiological threshold. By the beginning of
the polar summer all the measured elements
had become normal again. Vitamin and salt
deficiency, cold, alterations of the magnetic
field as well as cosmic radiation and annual
photo periods are discussed as causes for the
change.

In contrast to the red blood corpuscles
the leukocytes are nucleate elements, in
other words, genuine cells. Granulocytes
and monocytes possess the two important
qualities of phagocytosis and chemotaxis,
which explains their importance in fighting
off infective agents. Lymphocytes and
plasma cells are responsible for the synthe-
sis of antibodies. This highly important func-
tion is performed by specific cells in the
lymph nodes, spleen, and reticuloendothe-
lial system of the liver and bone marrow.

White Blood Cell Count

The exposure of organisms to ultraviolet ra-
diation was in its turn a point of departure
for investigating the effect of light on the
white blood count.

Clark (1921) exposed rabbits to daily ul-
traviolet radiation; after a rapid drop on the
first day he found a sharp increase in leuko-
cytes, specifically in the lymphocyte count.
There was a subsequent return to normal
values in the course of three weeks. Upon
closer investigation, however, she was able



to demonstrate an in part opposite effect in
other areas of the spectrum. Hobert (1923)
irradiated anemic mice and found an imme-
diate rise in the leukocyte count paralleling
the changes in the red blood count already
mentioned.

Koenigsfeld (1921) studied the influence
of irradiation with artificial sunlight on hu-
man metabolism and blood count. He ob-
served a marked effect on the leukocyte and
white blood cell counts. This took the form
of a considerable increase in the number of
leukocytes shortly after irradiation, if it had
been prolonged. He places leukocytosis
brought about by irradiation on the same
level as ‘‘digestive leukocytosis’” (which we
shall return to later). In his view, as in the
digestive processes leukocytes are not pri-
marily formed anew, but rather strengthened
demands are made secondarily on the leuko-
cytic apparatus and cells are mobilized.
Spode (1954a,b, 1955a,b) studied the reac-
tion of the white blood cell count to ultravi-
olet irradiation of a cutaneous area in the
case of an albino rabbit. Depending on the
original total leukocyte count, there was
either no reaction or a strong one. In the
case of low original values there was a rise,
in the case of medium values no effect, and
with high amounts a drop in the numbers of
cells. In the differential blood count, neutro-
phils always increased whereas lymphocytes
always decreased. Daily fluctuations were
clearly superimposed upon the course of the
curve (we shall return to this later). Similar
results were also obtained in experiments
involving irradiation with visible light. In the
behavior of the white blood cells Spode saw
a typical stress reaction, such as has often
been observed with unspecific stimuli of var-
ious kinds. He attributes special significance
to the fact that reactions occur such as are
generally ascribed only to ultraviolet light,
although the active radiation stimulus be-
longs solely to the visible portion of the
optic spectrum.

When mice were exposed to short, very
intensive photostimuli (5,000 lux white
light), Surowiak and Tilgner (1966) ob-
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served—along with the expected eosino-
penia—altered relations between neutro-
phils and lymphocytes, to the advantage of
the latter. Two weeks of darkness led to a
depression of the white blood corpuscles;
the effect of strong light after darkness
brought the values of the white blood count
back to the normal level. The authors attrib-
ute this exclusively to the effect of the ocular
perception of light.

A relatively large number of publications
primarily in the area of human medicine deal
with fluctuations, dependent upon the time
of day, of the total leukocytes, and above all
of the eosinophilic granulocytes. Distinct
fluctuations dependent on the time of day in
the total leukocyte count in humans have
been described by Sabin et al (1925), who
observed a regular fluctuation in the leuko-
cyte count at hourly intervals. Shaw (1927)
was not able to find this cycle; instead, he
discovered two peaks with a higher after-
noon value, almost a tidelike behavior.

Diurnal periodicity of leukocyte values
was emphatically rejected by Ponder et al
(1932), who carried out Sabin’s experiments
under conditions of light exercise, finding no
indication of fluctuations and explaining all
such findings as methodological errors.
Nevertheless, they could not help but notice
that in their series of experiments too an
afternoon rise in leukocytes occurred very
frequently.

Thereafter, Jores (1934a,b, 1935a) tried
carefully to eliminate methodological errors
and found a very constant evening peak in
the leukocyte count when it was tested
hourly. In addition, he studied the question
of the degree to which fluctuations in the
periphery are merely changes in distribu-
tion, discovering that fluctuations in the leu-
kocyte count occur in the blood of the heart
as well as the blood of the vena cava infe-
rior—only that the amounts in the peripheral
blood are greater. Jores concludes from his
studies that leukocytes display a regular
rhythm in the peripheral blood, with an in-
variable increase in the evening hours and a
minimum in the morning hours. This means
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that the physiological movements of leuko-
cytes can be classified in the category of
diurnally periodic processes.

Bartter et al (1962) found a pronounced
diurnal rhythm for monocytes, polymorpho-
nuclear neutrophils, and lymphocytes. They
saw this as an exact copy of the corticoid
rhythm, in which the number of circulating
lymphocytes falls as the blood levels rise
and the number of polymorphonuclear leu-
kocytes rises. These peripheral fluctuations
in blood cells depend on the secretory peaks
of the corticosteroids. In their investigations
of rhythm in obstetrics and gynecology, Ma-
lek et al (1962a,b) observed among other
things the behavior of leukocytes. Total leu-
kocyte count, polymorphonuclear neutro-
phils, and staff cells displayed a maximum
during the day and a minimum at night,
whereas eosinophils and lymphocytes exhib-
ited, as expected, a reverse pattern. The
authors regarded this curve, which they
found in hospitalized pregnant women
shortly before delivery, as significant for lab-
oratory measurements rather than as the
expression of a diurnal rhythm controlled by
light.

Sharp (1960c) was able to demonstrate a
direct effect of light in the case of the healthy
human. Varying the daily physiological pat-
tern, he exposed his experimental subjects
to an additional three-hour period of dark-
ness after they had awakened and begun
light exercise. This had the effect of sharply
reducing physiological eosinopenia and lym-
phopenia. After exposure to light there was
a further prolonged drop in both types of
blood cells. The diurnal minimum occurred
belatedly during the three hours spent in
darkness. Under unchanging conditions of
constant light during the polar summer in
Spitsbergen (1960b), lymphocytes and baso-
phil periodicity proved to be related to the
sleep-waking rhythm. By reversing this
rhythm, inverse diurnal rhythms of these
blood cells occurred after a three to six-day
period of adjustment.

Continuing earlier studies on fluctuations
of various hormonal and metabolic parame-
ters, Hollwich and Dieckhues (1973) investi-

gated diurnal fluctuations in blood count as
related to the perception of light on the part
of the blind and of control subjects with
normal sight. Blind people, whose percep-
tion of light was totally lacking or sharply
reduced, exhibited a diurnal rhythm which
deviated from the norm. Furthermore, these
authors were the first to point out that the
absolute number of leukocytes in the practi-
cally blind is lowered in a most significant
fashion. In the differential blood count the
number of lymphocytes and neutrophils in
the blind was also reduced. Reticulocytes
and hematocrit value behaved the same as
for leukocytes. All diurnal values of the
blood count were lower than in the cases of
those with normal sight. Studies of cataract
patients before (practically blind) and after
(sight restored) surgery (Figs. 25A, B)
yielded the same results. The absence of
photostimulation of the eye leads—as stud-
ies by the same researchers (1966, 1967a)
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Fig. 25A. Diurnal fluctuations in blood count
(median value and range of fluctuations) in blind
and normal-sighted people. The normal matutinal
rise of leukocytes, neutrophils, and lymphocytes
does not occur in the blind. In addition, the ab-
solute number of blood cells is significantly lower
in the blind (t-test: .0005 p .01).
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Fig. 25B. For reticulocytes the normal sighted
have a dual-peaked course of curve. The blind
exhibit an inverse behavior with a lowering of the
absolute number of reticulocytes. The blind and
normal sighted have a different behavior of he-
matocrit. The normal course of the curve with a
fall until noon and a subsequent rise is only
weakly distinguishable in the blind. The hemato-
crit value is significantly lower for the blind. Solid
line, blind (n = 25); broken line, normal sighted
(n = 25).
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using the Thorn test (1948) indicate—to re-
duced pituitary activity due to a secondary
insufficiency of the adrenal cortex. This in
turn causes a decrease in total leukocytes
and a shift.in the differential blood count.

Thrombocytes

The formation of thrombocytes begins in the
giant cells of the bone marrow, the mega-
karyocytes. The blood platelets are extraor-
dinarily sensitive structures whose exact
measurement causes certain difficulties. It is
understandable that data on the number of
thrombocytes can vary greatly, since we are
confronted here with extremely fragile ele-
ments. This appears to be the main reason
why the behavior of thrombocytes exposed
to light has been studied relatively little.
Laurens and Sooy (1924) studied the
thrombocyte count in three groups of rats
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who 1) had been exposed to the sun, 2)
exposed to daylight, or 3) had been kept in
darkness. The latter exhibited the lowest
values, the animals who had been in the sun
the highest ones, whereas the count for the
rats who had been exposed to daylight was
in the middle.

The first information concerning physio-
logical diurnal fluctuations in thrombocyte
counts in humans was provided by Kranz-
feld (1925), who measured the blood platelet
count every two hours in healthy women in
the middle of their menstrual cycle. The au-
thor of this study reported a rise until 4 p.Mm.
and a subsequent drop until 10 p.M. Sabin
and co-workers (1925) reported finding simi-
lar behavior for thrombocytes and leuko-
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Fig. 26A. Comparison of rhythm in thrombo-
cytes between normal and blind people during the
diurnal phase of the 24-hour period. Thrombo-
cytes of people with normal vision show marked
diurnal changes. In blind persons this rhythm is
disturbed. The amplitude is lowered and the abso-
lute number of thrombocytes in the blood is re-
duced. Broken line, normal sight (n = 250); solid
line, blind.
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Fig. 26B. Circadian thrombocyte rhythm (individual curves) in the blind and in 10 persons
with normal ocular light perception. Individual pattern of the diurnal fluctuation of thrombo-
cytes in the two categories: Diminution of the diurnal rhythm in the blind with a reduction of

the total number of thrombocytes in the blood.

cytes; precise information was lacking, how-
ever, especially numerical data. Goldeck et
al (1950) measured periodic thrombocyte
movements in ten healthy patients. A count
was taken every three hours over a 24-hour
period under the most constant external con-
ditions possible. Their studies reveal a dis-
tinct rise around noon, usually reaching a
high point at 3 p.M., whereas the lowest
value occurs in the night between 9 and 11
p.M. Even taking into account the margin of
error of the counting method used, these
results give statistical proof of an endogenic
24-hour rhythm.

In connection with earlier research on the
absence of matutinal eosinopenia in the
blind (Hollwich and Tilgner 1964b, 1965,
Hollwich and Dieckhues 1966), Hollwich
and Dieckhues (1972b) investigated the
question of the diurnal thrombocyte rhythm
in 250 blind persons. After they received
light, the matutinal behavior of thrombo-

cytes was measured in 50 cataract patients
before and after removal of the opaque lens.
Like the diurnal eosinophilic fluctuations,
thrombocytes also normally show a diurnal
rhythm reaching a maximum at 8 A.M. with a
subsequent drop until midnight, interrupted
by a second peak around 5 p.M. Starting at
midnight, there is in turn a gradual increase
until the maximum in the early morning
hours. In contrast to the thrombocyte count
in persons with normal sight, the matutinal
decline does not take place in the blind.
Rather, their thrombocytes display an in-
verse behavior with a matutinal rise reaching
a maximum in the afternoon. The two daily
peaks cannot be found in the blind either.
Moreover, the absolute thrombocyte count
in the blind is also significantly lower than in
those with normal sight (Figs. 26A, B).
These studies reveal the different behavior
of thrombocytes in the blind and in those
with normal sight.
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In cataract patients with diminished ocu-
lar perception of light due to opaque lenses,
the abnormal matutinal rise in thrombocytes
between 8 and 11 A.M. becomes normal after
surgery. After free passage of light to the
interior of the eye was restored, thrombo-
cytes showed a regular decline between 8
and 11 A.M., just as in those with normal
sight (Fig. 27). Further, a rise in the absolute
thrombocyte count was exhibited postopera-
tively after restoration of normal ocular per-
ception of light. With nutritional and envi-
ronmental conditions remaining constant,
postoperative variations in thrombocyte
count in the same test person can only be
attributed to the restored passage of light to
the retina.

Because of the possibility of studying vir-
tually blind cataract patients pre- and post-
operatively, Hollwich and Dieckhues
(1972b) were in a position to conduct a care-
fully directed experiment which might be
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Fig. 28. Decrease of thrombocytes after blindness. The chart shows the postoperative blindness of a
67-year-old female patient in her remaining good eye. In the first four weeks of her blindness the
thrombocyte count decreased slowly by approximately 40 percent. During the following time (period of
observation 1 year) subnormal values of the thrombocyte level such as are characteristic for the blind

developed.
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reproduced at any time. Analogous to the
movement of eosinophils, ocular photostim-
uli affect the function of the adrenal cortex
and thus the rhythm and extent of thrombo-
cyte fluctuations. The authors were also able
to demonstrate the reverse process in the
behavior of the thrombocyte count in a pa-
tient who had become acutely blind. In the
study, a 67-year-old woman had lost the
sight of one eye as a child in an accident
while playing and lost sight in the other eye
due to an intraocular infection; as a conse-
quence she was practically blind. The
thrombocyte count was taken beginning on
the day she became blind, and thrombocyte
values consistently lower than normal were
found. After four weeks the values attained
the level of thrombocytopenic values char-
acteristic for the blind (Hollwich and Dieck-
hues 1972b) (Fig. 28). This observation re-
veals the significance of intact ocular
perception of light on thrombocyte fluctua-
tions: if photostimuli are absent, then appar-
ently there is a lack of stimulation to activate
the adrenal cortex. The fact that Hollwich
and Dieckhues (1972b) were able to stimu-
late the adrenal cortex in the blind as well as
in cataract patients by injections of ACTH
and thus cause a drop in thrombocytes
points to the correlation of thrombocyte
count with adrenal cortical activity. ACTH
therefore had the same effect in this experi-
ment as the ocular perception of light.

Eosinophilic Blood Cells

Photostimuli also affect the number of eosin-
ophilic cells just as they do other blood cells.
Domarus (1931) was probably the first to
point out that it was specifically the number
of eosinophils which showed considerable
diurnal fluctuation. He found that the first
matutinal value was always higher than
those found in the following hours. Physical
activities and food intake had no effect. Do-
marus attributed the matutinal drop in eosin-
ophils after awakening to the transition be-
tween sleep and waking or, in other words,

to the influence of the autonomic nervous
system.

Subsequently, Djavid (1935) also found
characteristic differences in the absolute eo-
sinophil count measured at different times of
day. The relatively high fasting values fall
during the morning hours and clearly, and to
some extent even considerably, rise again in
the course of the afternoon. According to
Djavid, there is an independent diurnal fluc-
tuation of eosinophils that is unconnected
with illness, age, sex, and life pattern.

In counting eosinophils in the circulating
blood at three-hour intervals, Appel (1939)
as well as Jores (1934a,b, 1935a, 1938) found
a matutinal fall followed by a constant rise in
the count lasting till nighttime. To determine
the cause of these fluctuations, Appel (1939)
first assumed that, as believed earlier, diges-
tion and nutrition played a role here. Experi-
ments with fasting as well as with various
diets, however, induced no variation in the
diurnal eosinophilic curve. After making
studies of night nurses, Appel discovered
that it was the sunrise and not the act of
awakening which was followed by a fall in
eosinophil count, independently of the
rhythm of physical activity. Further re-
search showed that the earlier the sun rose,
the earlier the fall in the number of eosino-
phils occurred. From these results of his
research, Appel concluded that light has the

. decisive influence on the 24-hour rhythm of

eosinophils.

As proven by experiments on the blind
(Hollwich and Tilgner 1964b; Hollwich
1964a,b; Hollwich and Tilgner 1965; Holl-
wich and Dieckhues 1966, 1968), the transi-
tion between sleep and waking does not
have any substantial influence on the matu-
tinal fall of eosinophil cells; rather, it is the
ocular perception of light which is responsi-
ble for this.

Photostimuli entering the body via the
eye have two marked effects. First, many
observations indicate that light entering the
eye adapts the endogenically determined
adrenal cycle to the physiological light-dark-
ness alternation. Thus, ocular light percep-
tion is of indirect significance for the rhythm



of the eosinophil count in the peripheral
blood. According to Aschoff (1954) and Hal-
berg (19595), it fulfills the function of a time
indicator. This view is supported by the fact
(among others) that deviations in the rhythm
of eosinophils occur after total blindness by
double enucleation (Kresbach and Rabel
1954; Landau and Feldmann 1954).

Second, light entering the eye assumes
the function of a stress inducer, providing an
example of a general adaptive syndrome.
The prerequisites for this process are inten-
sive stimulatory levels of light (high intensity
of illumination or flicker light) (Figs. 29, 30)
and functional efficiency of the eye and neu-
roendocrine system (Hollwich and Dieck-
hues 1968).

Ponte and co-workers (1960) obtained
similar results when they exposed 15 healthy
male adults to intermittent photostimulus
and found an eosinophil count 25 percent
lower than in the control subjects. The
serum electrolytes sodium and potassium,
on the other hand, showed no significant
change.

In studies of normal levels of eosinophil
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Fig. 29. Changes of eosinophils by flicker light

of various frequencies in a subject with normal
vision. The eosinophil count was measured when
the subject was exposed to various frequencies of
flicker light and constant light intensity (50 lux).
Increase in the frequency of the flicker light

causes a stronger eosinopenic effect which occurs
early.
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Fig. 30. Changes of eosinophils by light of var-
ious intensity in a subject with normal vision. The
eosinophil count was measured as light intensity
increased. With increase in the lux number, the
eosinopenic effect occurs earlier and more
distinctly.

count, Fisher and Fisher (1951) discovered a
matutinal eosinophil drop, which could also
be caused by adrenal extracts.

Doe et al (1956) followed diurnal fluctua-
tions in corticosteroid urine excretion,
plasma level, and eosinophil count in 25
healthy males under identical environmental
conditions. They found a diurnal eosino-
philic curve following the plasma 17-OHCS*
level.

Halberg et al (1958) observed the devel-
opment of diurnal eosinophilic rhythm in six
patients who had suffered from hemiplegia
as well as from intractable epilepsy since
childhood. Hemidecortication was per-
formed on these patients; the diseased cere-
bral hemisphere and portions of the stem
ganglia were removed depending on the ex-
tent of the disease. Postoperative observa-
tion showed that the diurnal eosinophilic
rhythm remained unaffected. The authors
conclude from this that the cerebral hemi-
spheres are not necessary for the establish-
ment of this rhythm.

*17-Hydroxycorticosteroid (cortisone, cortisol), an
excretory product of cortisol.
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In his experiments with healthy test per-
sons, Sharp (1960b,c) found a decrease in
matutinal eosinopenia as soon as physical
activity was initiated during extension of the
period of darkness. In another series of ex-
periments during the polar summer (1960)
with constant conditions of exposure to
light, food, and work rhythm, a complete
reversal in the eosinophilic rhythm occurred
just three days after the work rhythm had
been shifted by 12 hours. Sharp attributes
the fact that these results were often not
obtained in earlier research by other authors
to the all too frequent presence of disturbing
external factors, which assume the functions
of time indicators.

Radnot et al (1960, 1964) chose hospital-
ized patients for their research who, because
of extended confinement under similar envi-
ronmental conditions, could be observed
both with and without the effect of light.
Under normal light conditions the familiar
diurnal eosinophilic curve occurred. Since
the nature of their eye treatment already
required a binocular bandage, the patients
could easily be observed in darkness for long
periods. As the length of the period of dark-
ness increased, matutinal eosinopenia de-
creased until it showed only an insignificant
diurnal fluctuation. The authors attribute
this effect primarily to the elimination of
natural photostimulus.

In diseases of the optic nerve and retina,
an impairment of the field of vision can oc-
cur to varying degrees. In studying cases of
such diseases, Radnot and Wallner (1965)
found that exposure to light affected the eo-
sinopenic reaction. Even in cases of severe
peripheral impairment of the visual field,
they found the matutinal or experimentally
inducible drop in eosinophils unchanged
when degenerations in pigment were pres-
ent. If, however, the macula was affected by
degeneration; chorioretinitis; or diabetic,
hypertonic, or myopic retinopathy; then, de-
pending on the extent of visual deterioration
or impairment of the central field of vision,
an eosinophilic reaction could no longer be
elicited. The authors conclude that the diur-

nal fluctuation in eosinophil count is depen-
dent on the function of the macula region of
the retina and thus can be used to test ma-
cula function. This assumption was corrobo-
rated by the results of studies of diseases of
the optic nerves: normal eosinopenia oc-
curred in all clear-cut, uncomplicated cases
of optic neuritis, retrobulbar neuritis, and
optic atrophy. This also applied to those
cases in which there were severely reduced
vision and appreciable central scotoma. The
absence of the eosinopenic reaction in ma-
cula degeneration when vision is good and
central scotoma is slight supports the view
that the optic and autonomic functions of the
eye are separate, as postulated by Hollwich
(1948) in his hypothesis of an ‘‘energetic
portion of the optic system.”’

Koleszar (1968) studied the effect of pho-
tostimulus on eosinophils in 163 eyes (90
persons) with eye diseases. He also found
that in all diseases not accompanied by ma-
cula changes, there was no effect on the
normal eosinophil reaction, but when the
fovea centralis was damaged the photoener-
getic reaction did not take place.

Appel and Hansen (1952) conducted stud-
ies of the effect of impaired photoperception
on the behavior of the diurnal eosinophil
curve. They discovered a complete reversal
of this curve in totally blind test subjects. In
spite of the great dispersion of measured
values, they were able to detect a sharp
increase in matutinal values (in contrast to
the values of those with normal sight) as well
as a drop toward evening. Levy and Conge
(1953) observed a levelling of the diurnal
curve in blind persons (whose blindness had
varying causes). The first measurement took
place relatively late, at 9 A.M. In contrast to
all other researchers mentioned, however,
the authors did not find matutinal eosinope-
nia in test persons with good sight. They
found a high initial value almost equal to the
evening value.

Landau and Feldmann (1954) studied en-
dogenic matutinal eosinopenia in the blind.
They compared the eosinophil count in the
early morning hours with the later morning



count and ascertained that eosinopenia oc-
curs more markedly in those with normal
sight than in the blind.

In a study already mentioned of the effect
of unimpaired macula function on eosino-
philic reaction, Radnot and To6rok (1957)
also discovered that opacity of the eye me-
dia can influence matutinal eosinopenia.

Even though other exogenic stimuli func-
tion as synchronizing factors in the move-
ment of eosinophils, there is no doubt that
ocular photostimuli play the dominant role.
This emerges from the studies already cited.
In addition, intensive ocular photostimuli
can elicit stress reactions. They cause,
among other things, an increase in the activ-
ity of the adrenal cortex. As hormone secre-
tion increases in the blood, the eosinophil
count drops off. Hollwich and Tilgner (1963)
found a reduction in eosinophil count in hu-
mans and animals after intensive exposure
to light (Fig. 31); after the use of flicker light,
Ponte et al (1961) found the same in adults
and Kriens (1956) found the same in
children.

In detailed series of experiments by Holl-
wich and Tilgner (1963b, 1964) and Hollwich
and Dieckhues (1966, 1967b, 1968, 1972a,b,
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Fig. 31. Mean relative eosinophil counts in fe-
male mice of uniform age 60 minutes after a one-
hour period of exposure to white artificial light at
various levels of intensity.
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Fig. 32. Daily fluctuations in the eosinophil
count in man and in mouse (diagram of the values
of v. Domarus, Halberg, and of research con-
ducted by Hollwich and Tilgner).
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Fig. 33. Diurnal variation in 300 blind and 50
normal-sighted individuals. In the normal sighted
there is a significant fall in the value of eosinophils
in the forenoon which is missing in the blind. Dot-
ted line, normal sighted (n = 50); solid line, blind
(n = 300).
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Fig. 34. Circadian eosinophil rhythm (individual curves) in both the blind and per-
sons with normal ocular light perception. Individual pattern of the diurnal fluctua-
tion of eosinophils in the two categories. Diminution of the diurnal rhythm in the
blind with a reduction of the total number of eosinophils in the blood.

1973, 1974), the presence of a sinusoid eosin-
ophil movement corresponding to the phys-
iological light-darkness rhythm was estab-
lished in persons with normal sight (Fig. 32).
This rhythm is no longer ascertainable in 300
blind test subjects (Figs. 33, 34). If the be-
havior of eosinophilic movement is observed
in patients blinded by cataracts before and
after removal of the opaque lens, then pre-
operatively only a faint or virtually nonexis-
tent eosinophil drop can be traced; postoper-
atively, however, normal physiological
behavior is restored (Fig. 35). Totally blind
test subjects who demonstrated neither ma-
tutinal eosinopenia nor the diurnal sinusoid
pattern reacted to intramuscular ACTH in-

jections with a sudden fall in eosinophils,
which indicates normal functioning of the
adrenal cortex but at the same time an ab-
normality in ACTH excretion by the pitu-
itary (Fig. 36). The postoperative influence
of light on cataract patients therefore causes
the same eosinopenic effect as the preopera-
tive ACTH injections when light was
excluded.

This becomes especially clear in compar-
ing the behavior of eosinophils when ACTH
is injected with the reaction to light stress in
the form of flicker light treatment: after ad-
aptation to darkness intermittent photosti-
muli elicit marked eosinopenia, which, ac-
cording to Radnot and Wallner (1965), can
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Fig. 35. Behavior of eosinophils before and
after cataract extraction (n = 50). The chart
shows the change of eosinophils of 50 cataract
patients with a vision less than 1/20. There is an
absence of the normal morning eosinopenia in the
blind. After cataract extraction restoration of nor-
mal behavior (morning fall of eosinophils) occurs
in the same subjects.

be used to test retina function in the case of
opaque media. A significant dependence of
eosinopenia on vision was noted: with 1/20
vision eosinopenia did not occur, with 1/10 it
appeared beneath the physiological thresh-
old, with 1/5 it began to approach normal
values (Fig. 37).

Halberg and Vissher (1950) conducted re-
search on the behavior of eosinophils in noc-
turnal laboratory animals. Inbred strains of
mice exhibited lower eosinophil values at
midnight than in the morning. In further ex-
periments Halberg et al (1953a) investigated
the influence of feeding, social stimuli, and
environmental conditions in addition to the
effect of constant light. If the rhythm of
exposure to light was reversed, eosinophil
values also showed an inversion after an
interval of four to five days. A change in
feeding times and the use of food with re-
duced caloric content produced the same
effect, although more slowly. Rats also
showed lower eosinophil values at night than
in the morning (Halberg et al 1954a). In blind
as well as enucleated mice (Halberg et al
1954b), diurnal and nocturnal values proved
to be similar after enucleation and after the
exclusion of light. In cases of blindness from
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Fig. 36. Thorn-Test of 25 practically blind cata-
ract patients. There is no decrease of eosinophils
in the morning in blind patients. The same pa-
tients show an eosinopenia of 52 percent after the
injection of ACTH. This confirms that the adrenal
glands in cataract-blinded patients are well func-
tioning. The reason for the absence of morning
eosinopenia is therefore the lack of light induction
of the adrenal glands by the way of the hypotha-
lamic-hypophyseal system.
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Fig. 37. Fifty cataract patients with different
visual acuity were exposed to intermittent flicker
light (intensity of illumination 50 lux, 60 flashes
per minute: light-darkness ratio 1:1). With weak
visual acuity (reduced light perception) the eosin-
openic effect of the light is weak; when visual
acuity increases (more light perception), the ef-
fect is stronger.
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birth, environmental factors alone are of
importance.

Hollwich and Tilgner (1963b) exposed
normal sighted and blind mice to artificial
white light as well as to monochromatic light
of varying wavelengths. Two different series
of experiments were conducted under identi-
cal conditions and during the ascendant
phase of eosinophil movement. They dis-
covered that 60 minutes after an hour-long
exposure to white artificial light of 1,000 lux
intensity, mice with normal vision exhibited

pronounced, statistically verified eosin-
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Fig. 38. Average eosinophil count in female
mice with normal vision 60 minutes after a one-
hour period of exposure to white artificial light at
a level of 1,000 lux (A) compared with the count
in controls before (Group O) and after (Group B)
the experiment.
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Fig. 39. Average eosinophil count in blind mice
60 minutes after a one-hour period of exposure to
white artificial light (1,000 lux). Group A is com-
pared with the count in blind controls (Group B).
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openia of about 36 percent (Fig. 38). Under
identical experimental conditions, blind ani-
mals on the other hand did not display eo-
sinopenia (Fig. 39). The exposure to differ-
ent wavelengths (436, 546, 632, and 707 nm)
resulted in an eosinopenia of 65-70 percent.
These experiments demonstrate that inten-
sive exposure of the eyes to light apparently
lowers the eosinophil count by increasing
the activity of the adrenal cortex.

In the mouse there is a quantitative, linear
relationship between the logarithm of the
intensity of exposure and the magnitude of
the eosinopenic effect (Tilgner 1966, 1967).
To summarize, these findings reveal that in
animals as well as humans the occurrence of
eosinopenia caused by photostimulus is
linked to the ocular perception of light.
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Light and Metabolic Functions

Endogenic Lipid Metabolism

Until approximately 1926 research in the
field of internal medicine appeared to indi-
cate that the concentration of serum choles-
terol is virtually constant in the healthy per-
son insofar as alimentary stress does not
cause an increase which then disappears af-
ter a few hours. A series of experiments
conducted by Georgi (1944) demonstrated
that blood samples taken at the same time of
day from males in good mental and physical
health did not reveal any significant fluctua-
tions in serum cholesterol over a period of
weeks and months. In contrast to the men-
tally healthy, the mentally ill suffering from
depression showed increased cholesterol
levels ranging from slight to severe. In order
better to understand this abnormality in cho-
lesterol balance, Georgi conducted choles-
terol tolerance tests (using olive oil) finding
that the levels of blood cholesterol produced
a curve. He searched subsequently for auto-
nomic fluctuations in concentration that
were not induced by stress and discovered a
diurnal curve with a rise in the morning, a
peak at noon, and a drop in the afternoon.
Peterson et al (1960) divided their test

persons (healthy medical students) into so-
called labile subjects and stabile subjects
following lengthy preliminary tests to deter-
mine the constancy of their cholesterol con-
tent. The test subjects were brought to an
emotionally agitated state by means of so-
phisticated methods of stimulation (cold,
acoustical stimuli, psychic stress), and then
their cholesterol fluctuations were com-
pared. Without stress, a diurnal rhythm was
found with a matutinal rise, a midday drop,
and a sharp rise in the evening, which then
dropped again at night. With additional
psychic stress, however, the labile group
exhibited considerable deviations in their
cholesterol fluctuations.

Stockli (1966) attempted to refine these
findings by studying 15 nonhospitalized peo-
ple with normal metabolism. He discovered
rhythmic diurnal cholesterol fluctuations of
a regular nature in these experimental sub-
jects. Among them were some individuals
with slight and some with considerable fluc-
tuations. His curves revealed also a consis-
tent matutinal rise reaching a midday peak
with a subsequent marked cholesterol drop
ending during the course of the afternoon.

Using 48 subjects, Buhl (1966) conducted
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a series of tests which extended into the
night as well. He found varying curves
which he divided into six main groups. Com-
mon to them all was a basic four-hour
rhythm, interrupted by a three-, five-, or
seven-hour rhythm around the time of mid-
day and afternoon. In all these groups, in the
afternoon and evening as well as in the night
there was a cholesterol drop which showed a
tendency to approach the matutinal (fasting)
level.

The extent of endogenic cholesterol bio-
synthesis, a function of the liver, depends
principally on the cholesterol content of the
diet, since cholesterol has an inhibitory ef-
fect on its own biosynthesis. On the other
hand, along with the carbohydrate and fat
content of the diet, numerous hormones af-
fect cholesterol metabolism: insulin defi-
ciency increases synthesis and blood levels;
the thyroid hormone and estrogen have an
antagonistic effect.

It is not only cholesterol that exhibits an
endogenic rhythm. In comparative experi-
ments with normal sighted and enucleated
rats under natural conditions of light and
darkness, Hollwich et al (1966) demon-
strated in the rats with normal sight a 60
percent increase in free fatty acids parallel-
ing an increase in daylight, whereas enu-
cleated rats under the same conditions of
light, heat, and diet did not reveal any
changes in the free fatty acids in their
serum—neither did the control animals kept
in darkness. Similar experiments on rabbits
who had been subjected to a five-day-long
period of darkness preceding the test
showed comparable results. Hollwich et al
(1966) studied further the effect of light
stress on the metabolism of free fatty acids,
attempting to determine to what degree the
effect of stress-inducing photostimuli on fat
metabolism proceeds via the eye. Exposed
to flicker light as well as to regular light,
animals with normal sight displayed an in-
crease in free fatty acids. In rats and rabbits,
normal daylight and artificial light affect fat
metabolism by increasing the free fatty acids
in the serum; these effects depend, however,
on intact ocular perception of light.

The first studies of fat metabolism in the
blind were made by Hollwich and Dieckhues
(1967¢c). Twenty-five cataract patients whose
blood was taken under identical conditions
before surgery showed an elevation in serum
cholesterol and free fatty acids which re-
ceded to normal levels after surgery when
the influence of light had been restored. An-
other study showed that persons with im-
paired vision demonstrated a fat metabolism
behavior located between that of the blind
and normal sighted (Hollwich and Dieck-
hues 1971b,c). Plasma concentration of free
fatty acids is regulated by a large number
of nutritive and nervous factors. But here,
too, the hormones that are dependent on
the diencephalic-pituitary system—adrena-
lin, somatotropic hormone (STH),* ACTH,
thyrotropin (TSH),T thyroid, and corticoste-
roids—again appear as direct or indirect li-
polytic factors. Thus, the connection with
‘‘the energetic portion of the optic pathway’’
is once again established.

Protein Metabolism

Farkas (1928) described a rhythm in the
component parts of blood plasma. He found
a certain regularity in the shift of protein
fractions in favor of globulins. Total protein
decreased toward evening. These findings
were tested and confirmed by Lang (1930).
In 15 out of 20 cases he discovered a globulin
increase toward evening. Only three cases
showed no fluctuation and two showed an
increase in albumen. By continuously mea-
suring serum proteins over a period of sev-
eral days, Doring et al (1951) discovered a
pronounced diurnal rhythm with a minimum
in the early morning hours. When the sleep-
waking rhythm was reversed, they observed
a shift in the protein minimum along with the
altered sleep pattern. The results of a further
series of measurements conducted on exper-

*Peptide hormone of the pituitary gland. Influences
growth and fat and glucose metabolism (diabetogenic
effect). Also known as human growth hormone (HGH).

+Thyroid stimulating hormone.



imental subjects confined to bed deviate in
amplitude but not in rhythm from the results
of the series conducted on experimental sub-
jects following a normal sleep and work
rhythm. Based on their comparative obser-
vations of the three series of tests, the au-
thors concluded that diurnal fluctuations in
serum protein content are related to the
sleep rhythm; the alternation between mus-
cular activity and rest causes an increase in
normal fluctuation. In addition, they discuss
the influence of the tumefaction of proteins
and of ‘‘hydremia,”’ brought about by the
stronger effect of the antidiuretic hormone at
night.

At present there are no data on the diur-
nal rhythm of blood protein content in the
blind. Hollwich and Dieckhues (1971b,c) did
find a change in protein metabolism in the
blind in the form of a negative nitrogen bal-
ance accompanied by increased protein me-
tabolism (lowered serum protein values, a
rise in rest nitrogen, uric acid, and creatinine
in the serum). In cataract patients the nitro-
gen balance (rise in serum protein) became
normal after surgery.

Liver Metabolism

Forsgren (1935) studied in detail the liver’s
role as the central controlling organ for inter-
mediary metabolism. Along with its domi-
nant role in carbohydrate metabolism, the
liver also performs important tasks in amino
acid and nitrogen metabolism, in serum pro-
tein synthesis, lipid metabolism, enzyme
synthesis, detoxification, and choleresis. It
would be too time consuming to describe all
the specific regulatory mechanisms and diur-
nal rhythms, but those metabolic activities
dependent on light should be mentioned.
The detoxifying role of the liver may be
taken as a criterion for hepatic function in
animal experiments. Reid-Hunt (1905) intro-
duced acetonitrile lethality in mice as a re-
producible experimental model. The actual
toxic effect seems to stem from prussic acid
released over a long period. The disappear-
ance of this reaction was explained by sea-
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sonal and nutritionally determined fluctua-
tions in thyroid activity.

Santo (1934), however, demonstrated that
there was not a direct parallel between ace-
tonitrile lethality and thyroid activity and
established that daylight or darkness alters
the outcome of the experiment, but he did
not find accompanying histological changes
in the thyroid gland. Light had the effect of
heightening resistance.

Proceeding from these experiments, Holl-
wich and Dieckhues (1966) tested the sensi-
tivity of white mice to acetonitrile under
normal and abnormal diurnal rhythms in
light-darkness conditions (Fig. 40). Further
series of experiments with normal sighted
and enucleated mice dealt with the influence
of constant light as well as of diurnal period-
icity on lethality. Lethality increased signifi-
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Fig. 40. Acetonitrile lethality (500 white mice).
Of 500 white mice, 250 were kept in the light and
250 in darkness. After five days each mouse was
injected subcutaneously with 1 mg of acetonitrile
per g body weight. After one day, 66 of the
animals kept in the light and 126 of those kept in
darkness died. Three days after the injection the
lethality ratio was 110 of the animals in light to
180 of the animals in darkness. Open bar, light;
hatched bar, darkness.
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cantly when light perception via the ‘‘ener-
getic portion” of the optic pathway was
eliminated by darkness or enucleation. A
disturbance of the light-darkness rhythm
also influenced sensitivity to acetonitrile, de-
pending on the duration of the disturbance.
Furthermore there were fluctuations in tox-
icity according to the time of day, with the
lowest degree of lethality occurring during
the afternoon when the experimental ani-
mals had been exposed to daylight for eight
hours.

Later experiments (Hollwich and Dieck-
hues 1974a) involved the injection of two
substances with differing effects: on the one
hand Nembutal, which is broken down by
the liver into nontoxic products, on the other
hand a primarily nontoxic substance (E 605),
which the liver transformed into a toxic
compound. Nembutal lethality among the
mice kept in darkness was greater than in
those exposed to light (Fig. 41). But an in-
verse reaction is found in the case of the E

T

605 injection. The reason for this lies in the
differing toxic effects of the two chemical
substances: whereas Nembutal is detoxified
in the liver, E 605 (nitrostigmin) is trans-
formed by the liver’s metabolic action into
the toxic cholinesterase mintacol. Since the
breakdown of Nembutal and the transforma-
tion of E 605 take place primarily in the
liver, it can be concluded from these experi-
ments that there is reduced liver metabolism
in the animals kept in darkness.

Hecht et al (1968) report on a series of
pharmacological effects dependent on the
brightness of the environment; they point
out the significance of their findings for phar-
macological and pharmaceutical research as
well as for pharmacotherapy with humans.
Nelson and Halberg (1973) investigated cir-
cadian rhythm in the sleep response of mice
injected with different doses of pentobarbi-
tal. Significant differences were found at dif-
ferent times of day in the length of sleep as
well as in the animals’ plasma level.
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Fig. 41. Nembutal and E 605 lethality of white mice in light and in darkness. For the mice kept in

darkness lethality after injection of Nembutal is greater than in the animals in light (breakdown of toxic
Nembutal by the liver). On the other hand, with the injection of E 605 lethality among the mice in
darkness is less than among those in light (transformation by the liver of primarily nontoxic E 605 into a

compound with toxic effect).
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Fig. 42A. Bilirubin content in the serum of the
blind compared to those with sight. In the blind
there is a significant rise in the bilirubin level in
the serum. Hatched bar, blind (n = 400); open
bar, normal sighted (n = 80).

Cremer et al (1958) demonstrated the
practical application of a photochemical
phenomenon when bilirubin is broken down
by light: blue fluorescent light caused a re-
duction of bilirubin in the serum of the new-
born. Friederiszick and Seitz (1970) reported
on the clinical results of phototherapy based
on the use of this light in the treatment of
icterus in the newborn. Sisson (1973) com-
pared the effectiveness in the therapy of
jaundice in the newborn (premature and full-
term births), but he tested only the treatment
of existing hyperbilirubinemia and not its
prophylaxis. Phototherapy proved to be a
very effective method of treatment, regard-
less of whether premature or full-term births
were involved.

Hollwich and Dieckhues (1974a) investi-
gated the influence of light on the liver’s
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Fig. 42B. Bilirubin content in the serum of cata-
ract patients before (blind) and after (vision re-
stored) cataract operation. The increased biliru-
bin content of the serum before surgery becomes
normal as a result of the restored ocular percep-
tion of light. Hatched bar, before surgery, (n =
150); open bar, after surgery.

bilirubin metabolism in both the blind and
normal sighted (Fig. 42A, B). Bilirubin,
which originates as hemoglobin, is broken
down in the reticuloendothelial system, is
not water soluble, and thus cannot be uri-
nated. In one of the liver’s typical metabolic
functions it is conjugated into water soluble
bilirubin-glucoronid and eliminated into the
intestine via the biliary ducts. Comparative
examination of the blind and normal sighted
reveals that the bilirubin level in the serum
of the blind is significantly higher than in the
normal sighted. One hundred and fifty pa-
tients with cataracts who were virtually
blind also displayed the stimulatory effect of
light on liver metabolism. Whereas an in-
creased bilirubin content was found before



60 Light and Metabolic Functions

surgery, it became normal after surgery, i.e.,
after unimpeded entry of light into the eye
had been restored.

Carbohydrate Balance

Experimental and clinical observations have
shown consistently that the diencephalon
can play a regulatory role in almost all au-
tonomically controlled processes of the or-
ganism. Isolated deficiencies in this area of
the brain must thus lead to abnormalities in
regulatory functions in the total organism.

Claude Bernard (1885) with his ‘‘diabetic
puncture’”’ and Bouchardat (1851) with his
discovery of the pathogenetic significance of
the pancreas for diabetes did the first scien-
tific research in this field. Langerhans (1869)
was the first to establish that carbohydrate
metabolism is regulated by the islet of the
pancreas. In 1889 Mehring and Minkowski
were able to produce diabetes mellitus in a
dog by means of pancreatectomy.

Since that time experiments and clinical
observations have consistently demon-
strated that mutual cooperation between the
pituitary and diencephalon is a significant
element in the regulation of metabolic pro-
cesses. This is also true for sugar metabo-
lism, for the data found in the literature
reveal that there is almost certainly a close
connection between carbohydrate balance
and the diencephalon.

For example, Dubois (1902) described a
“‘center’’ in the wall of the third ventricle
that when stimulated in laboratory animals
produced a decrease in glycogen formation
in the liver as well as induced sleep and
altered the rhythm of breathing. Aschner
(1929) showed that ‘‘by puncturing the base
of the 3rd ventricle, glycosuria of up to 4
percent and lasting 1 to 2 days can be pro-
duced.” This operation, which Aschner
called a ‘‘hypothalamic diabetic puncture,”’
is completely successful, that is, it leads to
hyperglycemia and glycosuria even after to-
tal extirpation of the anterior and posterior
lobes of the pituitary. It is just as successful
even after the third ventricle is damaged

from above, in other words, when there is
careful avoidance of injury to the pituitary.

These experimental findings were corrob-
orated by Leschke (1918) as well as by Ca-
mus and Roussy (1920). In experiments with
rabbits with an injured tuber cinereum, Ca-
mus et al (1923) always observed the occur-
rence of diabetes with glycemia if the tuber
nuclei and the nucleus paraventricularis
were injured. Himwich and Keller (1933)
found that direct stimulation of the hypothal-
amus resulted in hyperglycemia; D’ Amour
and Keller (1933) were able to cause hypo-
glycemic conditions by operating on the an-
terior hypothalamus. After cauterizing the
hypothalamus of dogs with silver nitrate,
Strieck (1937) produced diabetes mellitus
with hyperglycemia of 200 mg percent,
which remained constant until the animal’s
death, and with glycosuria of three percent
without an increase in basal metabolism or
alterations in temperature, pulse, or breath-
ing. The pathological-anatomical control in-
dicated extensive necrosis in the hypotha-
lamic region.

Barris and Ingram (1936) injured the hy-
pothalamus in cats, producing temporary
hyperglycemia with glycosuria. In those
cases in which the nucleus paraventricularis
was destroyed, permanent hypoglycemia
followed the temporary hypoglycemia, and
in addition an extreme sensitivity to insulin
developed.

The findings of Morgan et al (1937) agree
with these experimental observations con-
cerning the close connection between the
hypothalamus and pancreas; in five cases of
diabetes mellitus, they found considerable
cell reduction and cell loss in the nucleus
paraventricularis. Thus, these authors de-
scribe the nucleus paraventricularis as the
central stimulator of pancreas function, in
other words, as a ‘‘sugar center.”’

Blood Sugar

Numerous studies attest to the fact that light
induces carbohydrate metabolism. Diurnal
fluctuations in carbohydrate metabolism



which are related to the periodic change be-
tween light and darkness can be observed.

Moleschott (1855) thought he could prove
that animals in light produce more carbonic
acid than they do in darkness. Blind animals
also were supposed to produce less carbon
dioxide in darkness than in the light. Graf-
fenberger’s research (1893) proceeded from
the fact that agricultural animals are easier
to fatten in dark places than when they are
kept in very bright areas. He discovered that
the withdrawal of light caused production of
more body fat, without however having any
effect on the synthesis of liver glycogen. The
first finding became a well known fact, the
second can probably be attributed to the
inadequate research methods of that time.

Gigon (1929) cleared up this matter by
keeping healthy rabbits in complete dark-
ness and then testing their blood sugar level
after glucose and levulose tolerance tests.
When he compared the nitrogen and carbon
content of the blood, it became clear that the
absence of light led to an abnormality in
sugar assimilation, which proceeded nor-
mally only in the presence of light.

Jores (1934) found that blood sugar levels
were higher in four rabbits whose eyes were
kept closed by clamps for three days than in
animals who had been kept in the normal
diurnal rhythms of light and darkness. More
recent experiments (Hollwich and Dieck-
hues 1967b) confirm Jores’ findings: after
light’s entry into the eyes has been elimi-
nated, there is first of all a rise in blood sugar
until the fourth day, followed by an abrupt
and then a later gradual fall to subnormal
hypoglycemic levels (Fig. 43).

Forsgren (1935) found a diurnally
rhythmic fluctuation in liver glycogen in ex-
periments with rabbits and on this basis as-
sociated human carbohydrate metabolism
with the liver. Deuel et al (1938) made the
same observation in rats.

In detailed metabolic experiments with
chicks, Elfvin et al (1955) traced the course
of the diurnal curve of liver glycogen. Given
the normal physiological light-darkness al-
ternation, liver glycogen exhibits a 24-hour
rhythm with a nocturnal minimum. The
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Fig. 43. Influence of darkness on the blood/

glucose level. Blood sugar was measured daily at
8:30 A.M. on an empty stomach in 25 patients
experiencing total darkness. After an initial sharp
rise up to the fourth day, there followed a drop in
blood sugar to subnormal values, at first sharp
and later more gradual. The fasting value of blood
sugar in the normal sighted, on the other hand,
shows only slight fluctuations. Solid line, 25 peo-
ple binocular; broken line, 25 people in normal
light-dark rhythm.

change from dissimilation to assimilation
(called the intermediary phase by these au-
thors) takes place during the night. An in-
verse light-darkness rhythm causes an inver-
sion of the glycogen rhythm—the length of
the intermediary phase is proportional to
that of the period of darkness. In these au-
thors’ opinion this diurnal biorhythm is in-
fluenced by exogenic factors (among them
the earth’s rotation, day-night change in
light intensity, temperature, and so on) and
endogenic ones (autonomic nervous system
and hormones). Halberg et al (1960) discov-
ered a similar situation in their experiments
on mice.

Raab (1939) noted a fall in blood sugar
levels after a seven-, nine-, or fifteen-day
confinement to darkness undergone by five
human volunteers wearing bandages over
both eyes.

Hollwich and Dieckhues (1967b) con-
ducted similar experiments on 25 patients
with eye ailments who wore bandages over
both eyes. In agreement with Jores’ findings,
they first observed an increase in blood
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sugar levels from 93 to 106 mg percent which
lasted for four days, then, however, a sharp
drop to 83 mg percent lasting till the seventh
day, and up to the 14th day a more gradual
fall to 75 mg percent (Fig. 43).

Insulin

Banting and Best’s discovery (1922) that in-
sulin is the vital hormone that regulates car-
bohydrate metabolism and the subsequent
isolation of the hormone led to further ex-
periments and discoveries. To investigate
the question of whether or in what way the
absence of photo impulses affects the regula-
tion of carbohydrate metabolism, we (Holl-
wich et al.) included grape sugar and insulin
tolerance tests in the experiments.

As early as 1950, Hollwich had conducted
a functional test of carbohydrate balance on
blind subjects based on a method developed
by Staub and Traugott. This method in-
volves a double alimentary glucose toler-
ance test administered with an interval of
one and one-half hours. In the healthy per-
son the second dose of grape sugar, which is
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Fig. 44. Average curve of the blood-sugar level
of 40 persons born blind compared with normal-
sighted persons after insulin test (Radoslav) with
subcutaneous injection of 0.2 E/kg body weight.

given at the time when the blood sugar is
normally already falling, either causes no
rise in blood sugar at all or only a slight
additional one.

In his first orientative experiments on ten
blind persons and using Staub and Trau-
gott’s double grape sugar tolerance test,
Hollwich obtained negative results seven
times in the form of a deviation from the
norm. Only three times did he find a normal
reaction. In these cases of initial reduced
reactivity, the rise in blood sugar after the

Fig. 45. Behavior of blood sugar of 25 patients before and after cataract surgery. After the vision has
been reestablished the average value of blood sugar increases from 85.6 mg% to 98.5 mg%. Closed

circle, before surgery; open circle, after surgery.



first tolerance test was lower than the norm
whereas after the second test it always ex-
ceeded the first peak. Thus, Hollwich found
in the blind a reaction deviating from the
norm both in the first and the second rise in
blood sugar. His findings were corroborated
by Fuchs (1953), von Schumann (1953), and
Wassner (1954). In the following years, Holl-
wich validated his findings through the use
of increased numbers of patients (Hollwich
1963; Hollwich and Dieckhues 1967).

The insulin tolerance test based on Ra-
doslav (Hollwich 1954, 1965) is used today
especially in cases of abnormality in STH
secretion. In those persons with normal me-
tabolism, it causes a drop in blood sugar to
half of the original level after half an hour
and a simultaneous sharp, long-lasting rise in
STH in the blood. As a result of the pitu-
itary’s counter-regulatory action, the origi-
nal level is reached again or is exceeded
after one to one and one-half hours. In blind
persons to whom the insulin tolerance test is
administered blood sugar drops far below
the critical level, which indicates that the
pituitary’s antagonistic counter-regulation
takes place only belatedly and below the
physiological threshold (Fig. 44). Thus, ac-
cording to Hollwich, the results of both tol-
erance tests indicate a connection between
blindness and a dysfunction of the hypophy-
sial portion of blood sugar regulation.

If the behavior of blood sugar in cata-
ract patients is tested before and after sur-
gery (Hollwich and Dieckhues, 1967b,
1971a,b,c), a significant rise in blood sugar
from 87.5 mg percent to 98.5 mg percent is
found after surgery under unchanging con-
ditions of diet and environment (Fig. 45).
The varying results of the Staub-Traugott
tolerance test seen in the virtually blind state
before surgery and in the state of restored
sight after surgery can, under the same un-
variable and stationary environmental con-
ditions, serve as a further proof that light’s
entry into the eye has an influence on the
regulation of sugar balance (Fig. 46).

In recent times, several researchers have
described a diurnal rhythm of insulin secre-
tion, which has become measurable by
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Fig. 46. Glucose stress (Staub-Traugott) of 25
patients before and after cataract surgery. Fifty g
of glucose was given to 25 ‘“‘blinded’’ cataract
patients, and again 50 g after one and one-half
hours. The blood sugar was determined every
half-hour. After the second administration the
increase of blood sugar was much higher than
after the first one creating the two-peaked curve
with an enlarged second peak. After vision had
been reestablished the second blood sugar peak
was smaller because of sufficient production of
insulin. Solid line, before surgery; broken line,
after surgery.
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means of exact quantitative radioimmuno-
logical methods (Jarrett 1974; Lakatua et al
1974a,b; Lestradet et al 1974; Reinberg et al
1974; Thum et al 1975). On the basis of pre-
vious knowledge, insulin secretion was as-
sumed to interfere with the cortisone and
STH rhythms (Lestradet 1974; Lakatua et al
1974). The continuing study of the diurnal
profile of blood sugar in correlation with
serum insulin (Thum et al 1975) in particular
provides the possibility of assessing pre-
cisely light’s effect on carbohydrate metab-
olism by means of future light experiments
with normal sighted and blind subjects. In
view of today’s knowledge, the constancy of
this metabolic rhythm and the preservation
of normal levels are maintained by two inter-
related regulatory systems: 1) alimentary
regulation of blood sugar performed princi-
pally by the hormones of the pancreas and
the adrenal glands; and 2) central autonomic
regulation which is influenced by light’s
entry into the eye and is controlled by the
diencephalic-pituitary system.



9

Light and Thyroid Function

The close connection between the functions
of the gonads and the thyroid in their effect
on growth, reproduction, molting, and bird
migration prompted experiments concerning
the influence of varying light conditions on
thyroid function. Schildmacher (1938) dis-
covered that the thyroid colloid of the male
garden redstart evidenced absorption in the
fall (September to December). The degree of
absorption was not noticeably influenced by
additional exposure to light or the injection
of male sex hormones. On the other hand,
the injection of thyroxine was very effective;
thyroid glands in a storage state with an
extremely flat epithelium were formed. Ex-
posure to artificially lengthened days from
March to April caused molting and weight
increase in castrated male green finches; the
thyroid’s advanced state of absorption indi-
cates the organ’s heightened activity (Rau-
tenberg 1952). Artificially shortened days in
summer do not affect the annual rhythm of
thyroid activity in green finches. Exposure
to lengthened days, however, increases the
production of the thyrotropic (TSH) hor-
mone (Schildmacher 1956).

In the fall season, Tixier-Vidal and As-

senmacher (1959) studied seven-month-old
male Peking ducks who had been raised in a
natural environment and were in a condition
of autumnal gonad involution. Under con-
stant temperature conditions, they were ex-
posed either to constant light or constant
darkness for three weeks in order to test the
effect of varying light conditions on thyroid
function. In a control group kept in natural
light conditions, moderately heightened thy-
roid excretion appeared with simultaneously
heightened iodine fixation and sharply in-
creased synthesis and storage. Constant
light effected additional stimulation of thy-
roid function, constant darkness brought
about a reduction. The most pronounced
period of thyroid function when testicular
development begins in the months of Janu-
ary and February is followed by a drop in
activity as the testes approach their maxi-
mum functioning (March and April).
Hollwich and Tilgner (1962) expanded
upon the experiments by Benoit (1934, 1938,
1961a,b, 1964) and Tixier-Vidal and Assen-
macher (1959) involving photostimulation of
the gonads. They studied 95 Peking ducks
over a period of five years. The thyroid was



also studied in order to trace the connections
between gonad development and thyroid
function (Fig. 47). Among the various possi-
ble ways of obtaining information on thyroid
activity, the authors chose to measure the
size of the cell nucleus. Irradiation of the
ocular regions of five-month-old drakes with
monochromatic light having a wavelength of
707 nm (red light) resulted in an increased
average volume of the cell nuclei of the folli-
cles; this was an expression of an increase in
functional activity. Here for the first time a
connection was established experimentally
between the wavelength of the light entering
the eye and the size of the nuclei found in the
thyroid. The differences in the volumes of
the follicle cell nuclei may to a certain extent
be considered the expression of functional
or metabolic changes in the thyroid. Radnot
and Orban (1955), working with ducks, also
obtained results pointing to a stimulating in-
fluence of light on the thyroid.

Bergfeld (1930) attributed the seasonal
differences in thyroid activity in rabbits to

Fig. 47.
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the seasonal variations in light intensity.
Santo (1934) tested the effect of light on
acetonitrile resistance in white mice. Ani-
mals with a heightened thyroid activity that
were kept in darkness required lower doses
to cause death, animals kept in light needed
higher doses. Brands (1954) found that light
causes a significant drop in stored radioac-
tive iodine in the thyroid of mice. Miline
(1952) irradiated the eyes of adult rabbits
while shielding their bodies from the light.
White light caused a fall in thyroid activity,
while red light caused a rise. Milin and Cig-
lar (1956) observed histological signs of thy-
roid hyperfunction in rabbits after irradiation
with sunlight.

Constant light as well as constant dark-
ness affects thyroid activity in white mice
(Puntriano and Meites 1951). In constant
light there is a marked reduction in thyroid
weight, radioactive iodine absorption, and
thiouracil reaction; on the other hand, in
constant darkness these increase. It appears
that constant light results in reduced thyroid

Testicles of the drake number 86. This shows the condition after irradiation

of the ocular region with monochromatic light with a wavelength of 707 nm (intensity
of illumination 2.45 x 10~*W/cm?; total duration of illumination 120 hours within 29
days). Uninterrupted stages of spermatocystogenesis and spermiohistogenesis. Chro-

mium-osmium-acetic acid. Paraffin 6. Scale, 250:1.
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function in mice, while constant darkness
results in increased function. Dale et al
(1972) exposed growing rabbits to varying
periods of light and then measured the con-
tent of iodized amino acids in their thyroid
and the TSH content of the pituitary. The
group of rabbits in constant light showed the
greatest increase in thyroid synthesis and
TSH content, the reverse effect was found
for the group in constant darkness. In the
opinion of Dale et al, these results indicate
clearly that constant light stimulates the hy-
pothalamic-pituitary-thyroid axis. Shimada
et al (1973) recorded the EEG of the hypo-
thalamus in chickens stimulated by flicker
light. The EEG waves of the tested region
were directly related to flicker frequency.
The authors were able to prove that, de-
pending on flicker frequency, protein-bound
iodine (PBI)* rose significantly as a parame-
ter for the amount of thyroid hormone in the
serum.

All these observations point to light’s thy-
rotropic effect, although the question of how
this comes about remains open at present. It
is highly probable that light of long wave
length plays an important role here, as in the
case of the gonads.

Walfish et al (1961) suspected diurnally
rhythmic fluctuations of the thyroid hor-
mones in humans when they discovered
fluctuations in the serum of persons with
euthyroidism after a single injection of radio-
actively marked thyroxine. The rate of dis-
appearance increases progressively in the
course of the day, reaching a maximum at 2
A.M. The authors attribute this phenomenon
to changes in plasma volume. Studies of the
dynamics of endogenic iodine metabolism
were conducted by Mertz and Isele (1964).
They investigated the dynamics of thyroid
function by measuring the serum concentra-
tion of PBI for two to three days after a
tracer dose had been administered to young
healthy males with euthyroidism. In spite of
considerable individual fluctuation, the
mean values of PBI concentration in the
serum are lowest in the morning hours,

*Total iodine bound to protein in the thyroid gland.

reaching a maximum at midnight; the differ-
ences in mean value between the midnight
maximum and matutinal minimum are statis-
tically significant here. Total iodine-131 con-
centration in the serum displays a similar
24-hour characteristic pattern. The authors
exclude the possibility of a ‘‘thinning effect’’
of plasma as the cause of the diurnally peri-
odic fluctuations, leaving unanswered the
question of whether a central phenomenon
at the level of the hypothalamus is involved
in the dynamics of iodine metabolism or
whether peripheral interferences with other
factors play a role.

Motivated by the partially equivocal find-
ings on the diurnal rhythm of thyroid hor-
mones, Vernikos-Danellis et al (1972) under-
took a long-term study of eight healthy
hospitalized males in whom the disturbing
influences of their customary environment
and activity rhythms were eliminated. Dur-
ing the eight weeks that the experiment
lasted, serum concentration of the thyroid
hormones was measured repeatedly over pe-
riods of 48 hours. Half of the test subjects
carried out a standardized exercise program
in bed. There were significant fluctuations
for T3 (trilodotyronine) and T4 (thyroxin)*
with the maximum at 7:30 A.M. In contrast
to the stable cortisone rhythm, the thyroid
hormones exhibited an essentially less stable
diurnal rhythm, which did however return
completely to its regular phasic condition
upon increased bed rest, particularly in the
subsequent ten-day control period. These
authors suspect that thyroid rhythm is de-
pendent on body position. De Costre et al
(1971) also reported that the serum T4 values
reached a maximum between 8 A.M. and 1
P.M. and a minimum at 2 A.M. They attrib-
uted these variations to hydremia along with
changes in position during the night. Nicol-
off (1970) measured variations in radioactive
iodine excreted in the urine. In this way he
also found a diurnally rhythmic fluctuation
in the thyroid’s excretion of iodized meta-
bolic products. His measurements still

*Hormones are secreted by the thyroid gland and
influence basal metabolism by increasing oxidation
(mitochondria).



pointed, however, to an inverse rhythm—a
maximum between 40 minutes after mid-
night and 7:20 A.M. and a minimum between
1:20 p.M. and 8:40 p.M.—in other words,
high levels of excretion during the period of
minimal activity.

O’Connor et al (1974) applied radioimmu-
nological methods to trace the plasma-thy-
roxine profile in healthy males. They mea-
sured the plasma concentration of T4 at
20-minute intervals; with the use of this
short-interval collection technique, they
demonstrated the existence of sudden,
short-term T4 fluctuations in all the test sub-
jects. The average T4 concentration was
slightly higher during the waking period than
during sleep—in other words, relatively
constant in general. O’Connor et al were not
certain that the rises in T4 concentration are
of thyroidal nature. Studies of the diurnal
fluctuations of TSH can be illuminating here
but have thus far often yielded unsatisfac-
tory results (Vanhaelst et al 1972; Webster et
al 1972; Weeke 1973).
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Hollwich (1973, 1974) was the first to re-
port on studies of thyroid function in the
blind. He measured the free capacity of the
thyroxine-binding protein (T3 test) as well as
serum thyroxine (T4 test) as parameters for
thyroid activity. A slight but significant thy-
roid hypofunction was found in the blind as
compared to healthy control subjects. The
same observation was made when compar-
ing the condition of cataract patients before
and after surgery. Serum thyroxine became
normal when the entry of light into the eye
was restored; the T3 test remained un-
changed. His co-worker Dieckhues (1974)
expanded the experiments to include the
measurement of diurnal hormone curves.
Amplitude is reduced in the blind and mean
values are lower than for the normal sighted.
Here too, the comparison of individual
curves for the blind and normal sighted im-
pressively demonstrates differences in the
fluctuations in the diurnal hormone curves
caused by the absence of light’s stimulatory
and regulatory effect as it enters the eye.
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Light and Sexual Function

It has long been suspected that light condi-
tions play a role in the annual cycle of the
sexual function in animals. Rowan (1925-
1928), for example, observed North Ameri-
can finches who migrate every fall to their
far distant winter quarters in the south. In
captured birds, artificial daylight approxi-
mating the length of days in summer induced
premature activity of the gonads, which had
already regressed to their winter minimum.
This exposure to light interrupted the natural
migratory rhythm. Upon being set free, the
finches broke off their migration and re-
turned north even though it was still winter.

Rowan concluded from this that scarcity
of food and weather conditions are only ex-
ternal motives for bird migration. In his
view, the annual flight of the finches he stud-
ied depends on two factors: the inner phys-
iological factor of the gonads, which, during
a certain stage of development and activity,
is regulated by an external factor, the length
of daylight.

Bissonette (1931, 1932, 1933, 1939) stud-
ied the sexual function in starlings and jays.
By exposing the birds to red light at night, he
succeeded in shortening the period of winter

dormancy of their gonads. The acceleration
of gonadal development and spermatogene-
sis proceeded in proportion to the degree of
increase in light intensity. Full spermatogen-
esis and activation of the epididymus, which
usually do not occur until brooding time,
now took place in December.

Ringeon (1942) observed the effects of
extended exposure to red or green light in
the house sparrow. By means of red light he
induced an almost full maturation of the go-
nads in the female as well as male birds;
green light had practically no effect.

By varying the length of periods of light,
Burger (1939, 1940, 1947, 1953) was able to
activate the gonads almost at will. Depend-
ing on the length of day involved, the star-
lings he studied went through successive pe-
riods of gonadal activation and retrogression
with subsequent renewed activation. By ma-
nipulating the periods of light, Emlen (1969)
brought about physiological readiness for
the spring and fall migrations in the blue
bunting. In late spring, using a replica of the
springtime night sky, he tested the orienta-
tive tendency of two groups of birds. Al-
though an identical replica was used for both



groups, the birds prepared for spring migra-
tion oriented themselves northwards, those
prepared for autumn migration became ori-
ented southwards.

At the ornithological station on the island
of Hiddensee, Schildmacher (1938, 1952,
1956) observed that the effective factor caus-
ing rutting in birds and mammals is the sea-
sonal variation in the length of daylight. The
gonads mature in the course of changes in
intensity of light exposure, the male gonad
reacting more quickly than the female. If the
eyes are shielded from the effect of light,
then such maturation does not take place,
just as in the case of hypophysectomy.

Detailed studies by Benoit (1934, 1938,
1961a,b, 1964) as well as by Benoit, Walter,
and Assenmacher (1950) and Benoit and As-
senmacher (1955) demonstrated the effect of
ocular light perception on the function of
testicles and ovaries. Light had a marked
influence on sexual maturation in young
male Peking ducks. Sexual maturation oc-
curred first in the group of birds raised under
conditions of normal light. Constant dark-
ness had a greater inhibitory effect than arti-
ficial constant light (Benoit et al 1959). This
reaction, known as the photosexual reflex,
revealed that although light is not absolutely
necessary for gonadal development, it does
stimulate and synchronize gonadal activity
(Benoit 1961a). As early as 1938, Benoit
postulated the existence of extraretinal re-
ceptors for light. In 1964 he attempted to
prove their existence in series of experi-
ments that involved covering the eye and
cranial regions, enucleation, severing the
optic pathway, and cranial trephination. Ac-
cording to his investigations, direct expo-
sure of the retina to light is clearly most
effective. By irradiating various portions of
the optic system—including the hypothala-
mus via the orbit after enucleation—in-
creased neurosecretion of the hypothalamus
can be achieved, which in turn stimulates
gonad growth via the pituitary. Wave-
lengths of visible red produced the greatest
stimulatory effect (Benoit et al 1966).

Since blind Japanese quail respond with
evidently normal gonadal function to the
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stimulus of long periods of light via the skull
in spite of the absence of ocular light percep-
tion, Homma et al (1972) infer that ence-
phalic photoreception suffices to activate go-
nadal function. Similar observations were
made by Sayler and Wolfson (1968a,b) re-
garding the Japanese quail and by Menaker
and Keatts (1968) regarding the house spar-
row. They too consider extraretinal photore-
ceptors to be sufficient to activate the sexual
function in these birds.

Radnot (1954, 1961) also experimented
with ducks. By means of periodic nocturnal
illumination of the eyes during the gonadal
dormancy period, she induced testicular
growth and spermogenesis in the drake and
ovarian and tubal function as well as egg
laying in the duck. Secondary sexual mani-
festations (e.g., the cockscomb) also devel-
oped noticeably in the case of chickens.

Hollwich and Tilgner (1961a,b, 1962,
1963a) continued Benoit’s experiments in-
volving the activation of the photosexual
reflex in Peking ducks, supplementing them
by experiments with monochromatic light of
equal intensity (Fig. 48). They reached the
following conclusions: irradiation of the ocu-
lar region with long-wave monochromatic
light strongly stimulates testicular develop-
ment (red = 16-fold; orange = 6-fold) in
contrast to light of short-wave lengths. Par-
alleling this, histological examination of
the testicles reveals stimulation of
spermatogenesis.

Studies of the dependence of the sexual
function on light in the domestic chicken
have had concrete economic implications.
Warren and Scott (1936) demonstrated that
egg laying is not dependent on the time of
day. Additional artificial illumination during
the winter months induces maximum laying
(Fraps 1959). Regulation of the periods of
light can to a large extent control the onset
and amount of laying as well as the time of
molting (Jochle 1962). Therefore, in order to
obtain the best possible steady production,
the poultry farmer keeps his laying hens in-
doors, exposing them to spring-like light
with a high red content (Mehner et al 1962,
1973). With the right combination of illumi-
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Fig. 48. Testes of five-month-old ducks whose eyes were illuminated for 29 days
(total of 12 hours) with monochromatic light of uniform intensity (2.45 X 10~* W/cm?)
but of different wavelength. The numbers above the testes indicate the wavelength,
and those below the testes the identity number of the animals.

nation and temperature control, not only
does laying activity begin earlier but produc-
tion is considerably higher too. As opposed
to hens raised under normal conditions, 50
to 80 more eggs per hen per laying period
can be produced (Kalich 1962).

There were also early attempts to prove
that light influences the sexual cycle in mam-
mals. These efforts were hampered by the
fact that the experimental animals live under
greatly varying conditions of light. Thus, a
majority of laboratory animals belongs to the
group that becomes active in dusk or dark-
ness—in other words, at a time when thy-
roid function and metabolism are increasing
(Radnot 1961). This in turn influences the
activity of the gonads and other endocrine
glands. It must also be taken into considera-
tion that some domesticated species such as
rats and hamsters, who are seasonal breed-
ers in their natural state, are turned into
year-long breeders when subjected to labo-
ratory conditions with controlled environ-
mental factors such as light, climate and diet

(Reiter 1969). These observations are al-
ready an indication that in some species cer-
tain external factors experienced by the ani-
mals in their natural surroundings influence
the reproductive cycle. The majority of wild
animals reproduces at a specific time of year
that is characteristic for the species. In the
opinion of many authors, mating time is tem-
porally fixed in the species so that the young
are born at that season most favorable for
their survival. With domestication, the natu-
ral rhythm no longer applies because the
environmental conditions have been stabi-
lized; however, fluctuations in light and tem-
perature can produce artificially such pe-
riods of reproductive activity or its absence
as can be observed in the animals’ natural
state.

Luce-Clausen et al (1939) discovered that
light plays a role in rats’ reproductive pro-
cesses insofar as darkness delays sexual ma-
turation. Fiske (1941) found a retardation of
sexual development in rats kept in constant
darkness. Constant light increased the con-



tent and secretion of the follicle-stimulating
hormone* (FSH), but lowered the levels for
the luteinizing hormonef (LH). Constant
darkness, on the other hand, lowered the
FSH content and raised the LH content.
Pituitary extract from animals kept in light
promoted ovary development to the point of
follicle formation as a result of the effect of
FSH whereas pituitary extract from animals
kept in darkness caused the luteinization of
the ovary as a result of the effect of LH.
Pomerat (1942) discovered in his series of
experiments that extended periods of dark-
ness cause a reduction in the size of rats’
ovaries; histologically speaking, however,
increased pituitary activity ensues. Pomerat
believes this is the mechanism which can
produce estrus in nocturnal animals or in
animals who rut very early in the year in
spite of the absence of light.

Jochle (1963) discovered a loss of the
functional rhythms specific to the two sexes
after extended exposure to light. Female rats
displayed permanent estrus and hypertrophy
of the genital tract as a result of the perma-
nent production of estrogen from cystic folli-
cles; their reproductive capacity, however,
was unimpaired. Critchlow’s findings (1963)
were contradictory. On the one hand, estrus
in female rats which followed extended ex-
posure to light did not occur after enuclea-
tion; on the other hand, this effect did occur
after all connections between the retina and
the brain had been destroyed. Critchlow
concluded that the eyes are essential for
light-induced changes in the pituitary-ovar-
ian system in female rats but that the classi-
cal and accessory neural connections behind
the optic chiasm are not.

In 1967 Hoffmann also examined the
question of the effect of light on the regula-
tion of the estrus cycle in female rats, finding
that light appears to be necessary for normal
functioning of the pituitary-ovarian system.
The findings presented were that blind rats,

*This hormone stimulates the follicles in the female
and spermatogenesis in the male.

+This hormone stimulates ovulation in the female
and the interstitial cells of Leydig (testosterone) in the
male.
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i.e., those whose eyes had been surgically
removed, did not react to light. Constant
light did not cause persistence of their vagi-
nal epithelial cycle nor did inverted diurnal
exposure to light alter the onset of epithelial
hornification in the vagina. If 21-day-old rats
were blinded, or, retaining their eyesight,
were placed in absolute darkness, they
showed no alterations whatsoever in their
cycle up to the age of eight months. How-
ever, if animals whose vaginal cycle had
already begun had their eyes removed or
were placed in absolute darkness, then their
cycles became longer after two to three
months of darkness; in approximately one-
quarter of the animals, the cycle even
stopped completely.

Fendler (1967) compared sexual develop-
ment in newborn rats under conditions of
constant illumination and constant darkness.
The animals exposed to light showed an in-
crease in the oxytocin content of the neuro-
pituitary and of the hypothalamus as well as
hypertrophy of the adrenal glands and
testicles.

Further reports on the role of light in
activating the gonads in rats were presented
by Baker and Ransom (1932), Whitaker
(1940), and Lyman (1943). Wurtman and
Weisel (1969) studied newborn rats exposed
to fluorescent lighting of varying spectral
composition. They found that both male and
female rats kept under normal white fluores-
cent lighting for 50 days displayed smaller
gonads and a smaller spleen weight than
those rats irradiated with artificial light simi-
lar to the sun’s spectrum (Vita-lite bulbs).

Using lighting filaments for the direct con-
stant exposure of the hypothalamic region to
light, Lisk and Kannwischer (1964) pro-
duced permanent estrus as well as an in-
crease in the weight of the pituitary and the
ovaries in enucleated rats. Clarke and Ken-
nedy (1967) found that temperature and the
duration of exposure to light influence the
rutting season in voles also. They attributed
underdevelopment of the gonads in their ex-
perimental animals to involution after estrus
or to inhibited development in young ani-
mals due to short days. Long days promote
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weight gain in young animals as well as de-
velopment of the testicles and accessory sex
glands. Summer temperatures heightened
this reaction; in mature animals gonad invo-
lution did not occur under summer condi-
tions. In this respect, laboratory animals
showed a substantially better response than
captured voles. Direct measurement of the
sex hormones in rats kept in constant dark-
ness revealed that the plasma testosterone
level is sharply reduced as compared to the
animals kept in light (Kinson and Peat 1971).

Constant light can elicit permanent estrus
in older rats more easily than in younger
ones. Along with a loss of weight of the
ovaries and a weight gain of the uterus, con-
stant light caused an inversion of the FSH
and LH serum levels in contrast to control
animals (Daane and Parlow 1971). Wurt-
man and Weisel (1969) found that the spec-
tral composition of the light source used had
an effect on rats too. Animals of both sexes
developed smaller gonads under cold white
fluorescent lighting than under light sources
similar to sunlight.

The mouse reacts almost identically to
the rat in light experiments. Braden (1957)
found accelerated ovulation in light-dark-
ness cycles with a severely shortened phase
of darkness. Mice also respond to constant
light with permanent estrus (Jochle 1963).
Echave Llanos et al (1967) studied light’s
influence on the sinusoid rhythm of the mito-
sis rate in the epithelium of the mammary
glands in mice. Light inversion was followed
by a phasic shift and increased amplitude in
the mitosis rate. Ellendorf and Smidt (1971)
exposed newborn mice to varying light con-
ditions. They found that constant darkness
as opposed to constant light and to light-
darkness alternation inhibit body growth and
sexual development.

Bloch (1964, 1965) reported on his studies
of genital function in mice. Frequent mani-
festations of disintegration of the ova and
follicles and a continuous descent of the
testes were observed under conditions of
constant light and constant darkness as well
as of irradiation with 10 hours of artificial
light (300 lux) alternating with a 14-hour con-

finement to darkness. The alterations in re-
action observed in constant light and con-
stant darkness and the increase in the weight
of the pituitary did not appear, however,
with intermittent exposure to light.

Light caused a weight gain in the testicles
of male golden hamsters (Radnot 1961). Gas-
ton and Menaker (1967) were able to demon-
strate a positive correlation between periods
of light and size of the gonads in the case of
adult animals only; he found no correlation
between body weight and testicle weight.
Reiter (1969) reported gonadal involution in
male and female golden hamsters within a
few weeks following enucleation. Gonadal
involution occurs under conditions of con-
stant darkness: spermatogenesis stops, tu-
bular epithelial cells and accessory sex
glands degenerate, and testosterone produc-
tion is reduced (Desjardins et al 1971). Frehn
and Liu (1970) studied the influence of tem-
perature and varying periods of light on the
golden hamster’s testicular development.
Fourteen hours of daylight and an unchang-
ing summer temperature did not cause any
alteration in testicular weight; however, re-
ducing the period of light to eight hours led
to a testicular weight loss of 90 percent.

Exposure to cold also caused a rapid
weight loss. After reaching a low point in the
eighth week of the experiment, weight re-
turned to its original level in the 16th week
when the longer period of light treatment
was used. Frehn and Liu see the results of
this experiment as proof that cold as well as
the shortening of periods of light influences
the nature of testicular function. Elliott et al
(1972) exposed golden hamsters to a short-
day rhythm with unvarying six-hour periods
of light but with lengthening periods of dark-
ness reaching a final total of 60 hours. The
animals’ diurnal activity was checked by
measuring their use of a treadwheel. In cy-
cles lasting one or two entire days, the short
day led to testicular regression whereas in
cycles lasting one and a half or two and a
half days testicle weight was maintained.
These results indicate that light exerts an
influence on the gonads via an internal circa-
dian clock.



In 1940 Marshal investigated the effect of
varying intensities of irradiation on the oc-
currence and duration of estrus, finding that
light’s ability to cause the premature onset
of the cycle correlates with the intensity of
irradiation. Light also had the effect of caus-
ing the testes of the male ferret to descend as
early as December.

In rabbits, cats, and ferrets, ovulation oc-
curs in response to the secretion of gonado-
tropin after mating. This mechanism can be
used to test gonadotropin-inhibiting sub-
stances. Farrell et al (1968) found that the
ovulation induced by mating did not occur in
the light-deficient seasons in particular but
practically always took place in spring. Us-
ing this knowledge they caused a practically
constant readiness for ovulation by means of
supplemental artificial lighting approximat-
ing the light of springtime. Smelser et al
(1934) studied the effect of additional light
on the rate of ovulation after mating had
taken place. A comparison between rabbits
kept in light and those kept in darkness re-
vealed no additional stimulatory effect of
light on ovulation. On the other hand, if
young rabbits are kept in constant darkness,
a significant retardation of testicle develop-
ment may be observed after two months;
however, no difference in body growth can
be observed (Radnot and Strobl 1964). Faure
et al (1971) exposed female rabbits of vary-
ing stages of sexual maturity to irradiation
with fluorescent lighting. In the spring and
fall they discovered that after at least ten
days of exposure to light for 14 hours a day
there was marked follicular maturation
which in winter could be obtained only by
exposure to longer periods of light. But
young rabbits approaching sexual maturity
displayed, especially in winter, a more rapid
reaction up to the time of ovulation. Walter
and his co-workers (1968) reported on pho-
toperiodic regulation of sexual activity in
male and female rabbits. Fifteen males and
30 females were divided into three groups
and were exposed to light for 8, 12, and 16
hours each within a 24-hour period for the 9
months that the experiment lasted. The
mean weight of the testicles was highest for
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the males exposed to the shortest periods of
light (8 hours) and lowest for those with the
longest periods of light (16 hours). The same
pattern was true for body weight. The sper-
matozoid count of the epididymis was higher
in the rabbits with an 8-hour than with a 16-
hour period of light. The results were ex-
actly the reverse for the females: 44 percent
of the females with a 16-hour period of light
accepted the male during the experiment
whereas 22 percent with an 8-hour period of
light always rejected the male.

Estrus normally appears in the spring in
female ferrets, but when they are kept under
continuous illumination estrus can appear at
any time of year. On the other hand, estrus
appears at the normal time in the following
spring in ferrets blinded in summer and fall,
regardless of prevailing light conditions. Es-
trus did not occur in mature ferrets kept
under short-day conditions during the sum-
mer. When the same animal was then trans-
ferred to long-day conditions, estrus did oc-
cur. The appearance of the first estrus in
young ferrets is normally limited to spring.
Ferrets born and raised under continuous
illumination have their first estrus at any
time of year. Shortened periods of daylight
accelerate the first appearance of estrus; ar-
tificially long days delay it. When immature
ferrets were transferred from a short to a
long day, the first estrus was sharply accel-
erated or indefinitely delayed, depending on
the age of the ferret experiencing the change
in light conditions. These observations do
not indicate the existence of an endogenic
rhythm period which determines the time at
which estrus will occur, but they do denote
that environmental light is the main regula-
tory factor. Age and estrus history also influ-
ence the ferret’s response to changes in en-
vironmental light conditions (Th