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Summary

This contribution highlights the scientific development of two intertwined disciplines, photoneuroendocrinology and circadian
biology. Photoneuroendocrinology has focused on nonvisual photoreceptors that translate light stimuli into neuroendocrine signals
and serve rhythm entrainment. Nonvisual photoreceptors first described in the pineal complex and brain of nonmammalian spe-
cies are luminance detectors. In the pineal, they control the formation of melatonin, the highly conserved hormone of darkness
which is synthesized night by night. Pinealocytes endowed with both photoreceptive and neuroendocrine capacities function as
“photoneuroendocrine cells.” In adult mammals, nonvisual photoreceptors controlling pineal melatonin biosynthesis and pupillary
reflexes are absent from the pineal and brain and occur only in the inner layer of the retina. Encephalic photoreceptors regulate
seasonal rhythms, such as the reproductive cycle. They are concentrated in circumventricular organs, the lateral septal organ
and the paraventricular organ, and represent cerebrospinal fluid contacting neurons. Nonvisual photoreceptors employ different
photopigments such as melanopsin, pinopsin, parapinopsin, neuropsin, and vertebrate ancient opsin. After identification of clock
genes and molecular clockwork, circadian biology became cutting-edge research with a focus on rhythm generation. Molecular
clockworks tick in every nucleated cell and, as shown in mammals, they drive the expression of more than 3000 genes and are
of overall importance for regulation of cell proliferation and metabolism. The mammalian circadian system is hierarchically
organized; the central rhythm generator is located in the suprachiasmatic nuclei which entrain peripheral circadian oscillators via
multiple neuronal and neuroendocrine pathways. Disrupted molecular clockworks may cause various diseases, and investigations
of this interplay will establish a new discipline: circadian medicine.

Keywords Pinealocytes - Photoreceptors - Molecular clockwork - Clock genes - Lateral septal organ - Circadian rhythms -
Circannual rhythms

Introduction

To date, it is well known that biological rhythms play an
important role in body functions (cf. Korf and von Gall
2024). This contribution aims to review the scientific
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development from photoneuroendocrinology to circadian
biology which has unraveled the systemic, cellular, and
molecular bases of biological rhythm entrainment and
rhythm generation. Studies on color change mechanisms
of a teleost fish, the European minnow (Phoxinus phoxi-
nus L) performed by the later Nobel Prize Laureate Karl
von Frisch in 1911 (von Frisch 1911), mark the beginning
of a very fruitful research area on photoneuroendocrine,
circadian, and circannual systems in the twentieth and
twenty-first centuries. Von Frisch observed that shading
of the head of blinded animals results in the contraction of
melanophores, whereas illumination causes expansion of
the melanin pigment. From these experiments, von Frisch
concluded that the light-sensitive region eliciting this
response is located within the brain (skull) and suspected
it to be the pineal organ. Indeed, pinealectomy abolished
the response for 1 day, but thereafter, the light-dependent

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00441-024-03913-7&domain=pdf

218

Cell and Tissue Research (2025) 400:217-240

reactivity of melanophores returned. These results led to
the conclusion that the pineal organ of the minnow is an
important but not the only site of extraocular photorecep-
tion. This conclusion is still valid; it applies to all non-
mammalian species investigated to date and gave rise to
the concept of multiple photoreceptor systems which are
located in the retina, the pineal complex, and deep in the
brain (“deep brain photoreceptors” or “encephalic photo-
receptors”) and serve different functions. Later, Karl von
Frisch asked his student Ernst Scharrer to search for “deep
brain photoreceptors.” By doing so, Ernst Scharrer per-
formed remarkable studies with blinded minnows in which
he discovered the “gland-like nature” of hypothalamic
neurons (Scharrer 1928). Based on these investigations,
Ernst Scharrer, his wife Berta Scharrer, and Wolfgang
Bargmann founded the concept of neurosecretion and a
new biomedical discipline: Neuroendocrinology (reviewed
by Rodriguez et al. 2024).

In 1964, Ernst Scharrer presented general concepts on
photo-neuro-endocrine systems (E. Scharrer 1964) and
pointed out that they serve the translation of photic stimuli
into neuroendocrine responses. They are thus distinct from
the visual system that transforms light pulses into synaptic
responses and serves image analysis via neuronal mecha-
nisms (Fig. 1).

While the visual system allows for spatial orientation,
photoneuroendocrine systems control neuroendocrine func-
tions thereby allowing to measure and keep the time. The
input to the photoneuroendocrine system is provided by
“nonvisual” or “circadian” photoreceptors.

In general, nonvisual (circadian) photoreceptors serve as
luminance detectors and provide an important input to circa-
dian and circannual systems by entraining them to the ambi-
ent lighting conditions that serve as “zeitgeber” (Aschoff

Fig. 1 Photoneuroendocrine systems. a (blue) Visual pathway from
the retina to the lateral geniculate to the occipital cortex; (purple)
pathway for control of optic reflexes from the retina to the mesen-
cephalon (pretectal area); (purple-red) photoneuroendocrine pathway
with retinohypothalamic tract and hypothalamic neuroendocrine cent-

@ Springer

et al. 1975). The majority of nonvisual photoreceptors con-
tain photopigments with absorption maxima in the UV/blue
range of the spectrum (Guido et al. 2022) and they occur
rather early in ontogenetic development (Do and Yau 2010;
Contin et al. 2006).

The pineal complex as a component
of the photoneuroendocrine system

The pineal complex has undergone a remarkable transforma-
tion in the course of phylogeny. Being a directly light-sensi-
tive organ in poikilothermic vertebrates, it serves as a purely
neuroendocrine organ in mammals including man (Fig. 2).
In parallel to this development, the pineal-specific cells, the
pinealocytes appear as true pineal photoreceptors, modified
pineal photoreceptors, and pinealocytes sensu stricto, all
of which are believed to belong to a common cell lineage
(Fig. 3). True pineal photoreceptors have been investigated
by means of electron microscopy in teleosts (Oksche and
Kirschstein 1967, 1971), anurans (Oksche and von Harnack
1963, Oksche and Vaupel-von Harnack 1963, Ueck 1968),
urodeles (Korf 1976), lacertilians (Oksche and Kirschstein
1968) and modified pineal photoreceptors in reptiles (Hafeez
et al. 1987) and birds (Oksche and Kirschstein 1969, Oksche
and Vaupel-von Harnack 1966, Oksche et al. 1969, 1972)
(Fig. 4). True pineal photoreceptors display synaptic ribbons
in their basal processes and are synaptically connected to
intrapineal second order neurons (see below). The modified
pineal photoreceptors and mammalian pinealocytes display
also synaptic ribbons and a varying number of dense core
granules. Neurophysiological studies with directly light-
sensitive pineal organs of fish and frogs have revealed pho-
topigments with absorption maxima at 500 nm (Dodt and

b

ers (Scharrer 1964). b Key elements of photoneuroendocine systems:
(1) nonvisual photoreceptor as luminance detector, (2) endogenous
circadian rhythm generator, (3) neuroendocrine effector. The key ele-
ments may be located in a single cell (photoneuroendocrine cell)
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Fig.2 Phylogenetic transformation of the pineal complex. Macro-
scopic appearance of the pineal complex as seen in the sagittal plane
and ultrastructure of pinealocytes of the sensory line in cyclostomes
(a), teleosts (b), anurans (¢), lacertilians (d), birds (e), and mammals
(f). The pineal complex of cyclostomes and teleosts comprises a par-
apineal and a pineal organ; in anurans, the pineal complex is divided
into an extracranial frontal organ and the pineal organ; lacertilians
display an extracranial parietal eye and a pineal organ proper. Birds
and mammals only possess an intracranial pineal organ. Dotted lines,
noradrenergic (sympathetic) nerve fibers; arrows, central (pinealofu-
gal) innervation; (1), true pineal photoreceptor with regularly lamel-
lated outer segment and synaptic connections with second-order neu-

Heerd 1962; Morita 1966). In the clawed toad, Xenopus
laevis, two types of responses to light stimuli, achromatic
and chromatic, were recorded from the frontal organ, while

rons giving rise to the pineal tract projecting to di- and mesencephalic
brain regions; (2), modified pinealocyte with an irregular outer seg-
ment or bulbous cilium; (3), neuroendocrine pinealocyte of the mam-
malian type lacking an outer segment and the direct photosensitivity.
In most vertebrate classes, the pineal complex comprises a circadian
rhythm generator; in some teleosts (e.g., rainbow trout) and in all
mammals, the circadian rhythm generator is absent from the pineal.
The noradrenergic innervation develops progressively in the course of
evolution. In teleosts and anurans, noradrenergic nerve fibers are only
found in the capsule of the pineal. In reptiles, they penetrate into the
pineal; in birds and mammals, they form a dense network within the
pineal (modified after Korf 1994)

the epiphysis (pineal organ proper) exhibited only achro-
matic units. The opposed color mechanism of the chromatic
response showed a maximum sensitivity at approximately
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Mammals

Anamniotes Sauropsids

a

Fig.3 a Pinealocytes of the receptor line. True pineal photorecep-
tors bearing regularly lamellated outer segments (blue) and establish-
ing synaptic contacts (red) with intrapineal second-order neurons.
They predominate in anamniotes and may or may not have rhythm-
generating capacities. Modified pineal photoreceptors predominate
in sauropsids (reptiles and birds); they bear rudimentary outer seg-
ments or just a bulbous cilium (blue), retain direct light sensitivity,

360 nm for the inhibitory and at 520 nm for the excitatory
event. The action spectrum of the achromatic response of
the epiphysis and the frontal organ peaked between 500 and
520 nm and showed no Purkinje-shift during dark adapta-
tion (Korf et al. 1981). The action spectrum of the early
receptor potential of the anuran pineal complex closely
resembled the absorption of rhodopsin indicating that the
true pineal photoreceptors whose structure resembles cones
contain a photopigment different from the retinal cones of
the frog’s lateral eye (Morita and Dodt 1975). In line with
these data, most true pineal photoreceptors bind antibodies
against bovine rod-opsin (Vigh-Teichmann and Vigh 1990;
Vigh-Teichmann et al. 1982; 1983) (Fig. 5) (for more details
on photopigments, see Ekstrom and Meissl 1997; Meissl
and Ekstrom 1993; Solessio and Engbretson 1993). Notably,
modified pineal photoreceptors of the quail were also shown
to display opsin immunoreaction (Foster et al. 1987) (Fig. 6).
This conforms to the study by T. Deguchi (1981) showing a
photopigment with an absorption maximum of rhodopsin.
Even mammalian pinealocytes express proteins which are
specific to retinal and pineal photoreceptors, such as rod-
opsin (Korf et al. 1985a) or the S-antigen (rod arrestin) (Korf
et al. 1985b) (Fig. 6) supporting the concept that they belong
to a common cell lineage with true pineal photoreceptors.
However, the immunoreactions in mammalian pinealocytes
do not indicate their direct photosensitivity, since mamma-
lian pineal organs in the adult state lack retinal derivatives
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and have rhythm-generating capacities. Purely neuroendocrine pine-
alocytes occur in mammals. They have lost the direct light sensitivity
and the rhythm-generating capacity. b Phototransduction cascade in
retinal rods and photoreceptor-specific proteins. Rod-opsin with the
prosthetic group, Galpha, beta, gamma subunits of transducin, PDE
cyclic GMP phosphodiesterase, S S-antigen (arrestin), and Ki rho-
dopsin kinase

as essential components of all known vertebrate photopig-
ments (Kramm et al. 1993). Pinealocytes of the receptor line
also comprise neuronal markers, such as neurofilaments or
synaptophysin (Fig. 6) (Huang et al. 1992).

In addition to rod-opsin, several other opsins have been
identified in true and modified pineal photoreceptors, such as
pinopsin (Okano et al. 1994), parapinopsin (Blackshaw and
Snyder 1997; Kawano-Yamashita et al. 2007), and melanop-
sin (Chaurasia et al. 2005).

True pineal photoreceptors of poikilothermic vertebrates
are synaptically connected to the intrapineal second-order
neurons which give rise to the pineal tract targeting several
areas in the diencephalon and mesencephalon. The intrapineal
neurons were best visualized by means of the histochemical
demonstration of acetylcholine esterase (Wake 1973; Wake
et al. 1974; Korf 1974). These pinealofugal neuronal projec-
tions that convey neuronal signals to various brain centers are
reduced in the course of phylogeny. Nevertheless, direct neu-
ronlike connections appear to exist between the pineal organ
and the central nervous system of mammals. These projec-
tions originate from a population of pinealocytes (Korf et al.
1986, 1990) (Fig. 7). Their functional significance remains an
issue not yet resolved.

Irrespective of the phylogenetic transformation, the pin-
eal organ of all vertebrates investigated thus far is capable of
producing and releasing melatonin. Melatonin is rthythmically
synthesized and released during darkness and, thus, represents
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Fig.4 Ultrastructure of pinealocytes of the receptor line. a—¢ Regu-
larly lamellated outer segments of true pineal photoreceptors of the
tiger salamander, Ambystoma tigrinum (a, Korf 1976), and the clawed
toad, Xenopus laevis (b, ¢, Korf et al. 1981). d, e Modified pineal
photoreceptors with rudimentary outer segments of the agamid liz-
ard, Uromastix hardwickii (Hafeez et al. 1987). OS outer segments, IS
inner segments, MT microtubules, IC interstitial cell, L lumen of the
pineal organ, arrowhead zonula adherens, arrow cilium of 9+0 type,

an important neuroendocrine information on the ambient pho-
toperiod (“hormone of darkness”). Melatonin levels mirror the
length of the night and, thus, provide an essential signal for
the control of seasonal rhythms in photoperiodic mammals
(Hoffmann and Reiter 1965; Reiter 1991).

In all vertebrates, rhythmic melatonin production is
driven by the penultimate enzyme of melatonin biosyn-
thesis, the arylalkylamine-N-acetyltransferase (Klein and
Weller 1970, Coon et al. 1995; Korf and von Gall 2006).
In mammals, the rhythm in AANAT depends on the release
of norepinephrine (NE) from the sympathetic postgangli-
onic fibers originating in the superior cervical ganglion.
NE is released from sympathetic nerve fibers exclusively
at night, activates alpha-1 and beta-1 adrenergic recep-
tors, and finally causes an increase in intracellular cAMP
levels. In rodents, transcriptional activation of the Aanat
gene is the initial step (Fig. 8). This involves activation of
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asterisk ectopic membrane whorls as outer segment remainder, tri-
angles dilated rough endoplasmic reticulum. Bars=2 pm. f Relative
spectral sensitivity of the chromatic response recorded from the fron-
tal organ of Xenopus laevis: inhibitory action spectrum (open circles);
excitatory action spectrum (dots). The light threshold of the excita-
tory component is 2.2 log units lower than the inhibitory threshold.
The curve drawn in full represents Dartnall’s nomogram v.p. 520 nm
(Dartnall 1953) (Korf et al. 1981)

cAMP-dependent protein kinase A which leads to phospho-
rylation of the transcription factor cAMP/Ca>* responsive
element binding protein (CREB) (Tamotsu et al. 1995).
The binding of phosphorylated CREB to CREs in the pro-
moter regions activates the expression of arylalkylamine
N-acetyltransferase (Aanat). AANAT is posttranslation-
ally modified and catalyzes the conversion of serotonin
to N-acetylserotonin. This is further converted into mela-
tonin by O-methyltransferation mediated by hydroxyindole
O-methyltransferase (HIOMT). In ungulates and primates,
pinealocytes constantly synthesize AANAT protein from
continually available Aanat mRNA. During the day — in
the absence of NE stimulation —, the protein is immedi-
ately destroyed by proteasomal proteolysis. At nighttime,
elevated cAMP levels cause phosphorylation of AANAT
by protein kinase A. This post-translational modification
leads to the interaction of phosphorylated AANAT with
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Fig.5 Immunocytochemical
demonstration of photoreceptor-
specific proteins and serotonin,
the precursor of melatonin in
pinealocytes of the lamprey,
Lampetra japonica, and the
mallard, Anas platyrhynchos.
a—d Sagittal sections through
the pineal (P) and parapineal
organs (PP) of the lamprey.

a Rod-opsin immunoreactive
pineal photoreceptors. Intense
labeling of outer segments
(arrowheads), protruding into
the pineal lumen. b alpha-
transducin immunoreaction is
restricted to the outer segments
of the pineal photoreceptors. ¢
Strong S-antigen immunoreac-
tion is found in outer segments
(arrowheads), perikarya, and
processes of pineal photorecep-
tors. The proximal part of the
pineal (atrium) contains cells
resembling pinealocytes of the
mammalian type; these display
a weak S-antigen immunore-
action (arrows). d Serotonin-
immunoreaction is found

in bipolar cells resembling
modified photoreceptors (stars)
and in the pinealocytes of the
mammalian type (arrows). e
S-antigen immunoreaction in
modified pineal photoreceptors
of the mallard. Bars =50 um

regulatory 14-3-3 proteins, which protect AANAT from
degradation (Ganguly et al. 2001). Increases in AANAT
protein are paralleled by increases in enzyme activity (see
Schomerus and Korf 2005). In conclusion, a common neu-
roendocrine principle, the nocturnal rise in melatonin, is
controlled by strikingly diverse regulatory mechanisms.
This diversity has emerged in the course of evolution and
reflects the high adaptive plasticity of the melatonin-gen-
erating pineal organ.

Pineal organs also express a full set of clock genes
known to be indispensable for sustained rhythm genera-
tion. PER1 is an essential component that drives rhythmic
expression of clock genes and clock-controlled genes (ccg)
bearing E-box elements in their promoter. In the mam-
malian pineal, Perl expression can be induced by the NE/
PCREB cascade which is fundamental for the control of
pineal physiology in mammals. Per/ mRNA and PERI1
protein accumulation coincide with timecourses of many
other cyclicAMP inducible genes including Aanat whose
promoter contains an E-box and can thus be classified as a
clock-controlled gene (Fig. 8).

@ Springer

Notably, melatonin synthesis varies significantly among
individual pinealocytes as shown in the rat (Rath et al.
2016), and two types of pinealocytes could be distinguished:
one type (called alpha-pinealocyte) efficiently O-methylates
N-acetylserotonin that is produced and released by beta-
pinealocytes, thereby improving the overall efficiency of
melatonin synthesis (Mays et al. 2018). According to cur-
rent knowledge, melatonin is not stored within pinealocytes
but, upon formation, is immediately released into the blood-
stream or the cerebrospinal fluid.

The rhythmic production of melatonin is under the con-
trol of circadian rhythm generators and photoreceptor cells.
In several nonmammalian species, photoreceptors, circadian
rhythm generators, and neuroendocrine effectors are colo-
calized in the pineal. Photoreceptive and neuroendocrine
functions may be even located in one cell, which has been
denominated as “photoneuroendocrine cell” by Andreas
Oksche (Oksche 1984; Oksche and Hartwig 1979; Tamotsu
et al. 1990). Later on, it was concluded that photoneuroendo-
crine cells also comprise a circadian rhythm generator (Korf
1994). The basis for adding a circadian rhythm generator
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Fig.6 a, b Rod-opsin immuno-
reaction in modified pineal pho-
toreceptors of the Japanese quail
(Foster et al. 1987), ¢ alpha-
Transducin immunoreaction in
numerous modified pineal pho-
toreceptors of the Japanese quail
(Foster et al. 1987), d rod-opsin
immunoreaction in pinealo-
cytes of C57/BI mouse (Korf

et al. 1985a), and e human
(Huang et al. 1992). f Pinealo-
cytes of the receptor line share
neuronal characteristics. Strong
synaptophysin immunoreac-
tions are observed in numer-
ous human pinealocytes. End
feet of pinealocytes contacting
the basal lamina are strongly
labeled (double arrowheads),
CT septa with connective tissue
(Huang et al. 1992). Bar in a,

b, d=25 pum, in c=40 pm, in e
20 pm, in f 30 um

to the definition of a “photoneuroendocrine cell” was laid
by Takeo Deguchi showing that the isolated chicken pineal
organ is capable of rhythm generation (Deguchi 1979).

In mammals, rhythmic melatonin synthesis is controlled
by “extrapineal” signals transmitted from nonvisual photore-
ceptors located in the inner retina (see below) and the central
rhythm generator in the suprachiasmatic nuclei (SCN) of
the hypothalamus. Transmission of these signals involves
a complex neuronal chain, whose last member is the sym-
pathetic innervation originating from the superior cervical
ganglion. As described above, this innervation is manda-
tory to maintain the rhythm of the melatonin biosynthesis
in the mammalian pineal organ. Interestingly, norepineph-
rine, the major neurotransmitter in the sympathetic nerve
fibers, elicits opposite effects on melatonin biosynthesis in
birds and mammals: it stimulates the melatonin biosynthesis
in the mammalian pineal organ but inhibits the melatonin

formation in the chicken. This conversion occurs at the level
of the adrenoreceptors.

Pineal messengers other than melatonin

It has been repeatedly suggested that the pineal organ syn-
thesizes and secretes other substances than melatonin. In
the rat pineal gland, the endocannabinoid arachidonoyl
ethanolamide (AEA) showed rhythmic changes with
higher levels during the light period and reduced amounts
at the onset of darkness. Norepinephrine, the essential
stimulus for nocturnal melatonin biosynthesis, acutely
down-regulated AEA and other endocannabinoids in cul-
tured pineal glands. These temporal dynamics suggest
that AEA exerts time-dependent autocrine and/or par-
acrine functions within the pineal. Moreover, endocan-
nabinoids may be released from the pineal into the CSF or

@ Springer
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Fig.7 Interrelationship
between the pineal organ

and the epithalamic region
(habenular nucleus, pretectal
area) as shown by S-antigen
immunocytochemistry. a, b
Several cells in the rat medial
habenular nucleus display
S-antigen immunoreaction and
are considered “displaced”
pinealocytes (Rodriguez et al.
1988). H, habenular nucleus;
111, third ventricle; PC, plexus
choroideus. Bar=100 um (a)
and 20 pm (b). ¢ S-antigen
immunoreactive pinealocytes
in the proximal portion of the
mouse pineal organ give rise to
long axonlike processes (arrow-
heads) penetrating into the brain
(Korf et al. 1990). PR, pineal
recess. Bar=40 pym. d Electron
microscopic demonstration

of S-antigen immunoreactive
pinealocyte processes (stars)

in the habenular nucleus of the
mouse. Preembedding method.
An immunonegative terminal
containing clear synaptic vesi-
cles (arrows) forms a conven-
tional synapse with one of the
immunolabeled processes (Korf
et al. 1990). Bar=5 um

bloodstream (Koch et al. 2015). Immunohistochemical and
immunoblot analyses demonstrated CB1 and CB2 recep-
tor proteins, N-acyl phosphatidyl ethanolamine hydrolyz-
ing phospholipase D (NAPE-PLD), an enzyme catalyzing
endocannabinoid biosynthesis as well as fatty acid amide
hydrolase (FAAH), an endocannabinoid catabolizing
enzyme, in pinealocytes and in pineal sympathetic nerve
fibers identified by double immunofluorescence with an
antibody against tyrosine hydroxylase (Fig. 9). Thus, the
rat pineal gland comprises a full endocannabinoid system
(Koch et al. 2008) indicating that endocannabinoids may
be involved in the control of pineal physiology since can-
nabinoids attenuate norepinephrine-induced melatonin
biosynthesis in the rat pineal gland by reducing aryla-
lkylamine N-acetyltransferase activity without involve-
ment of cannabinoid receptors (Koch et al. 2006). This
effect was specific since cannabinoids did not influence the
activity of hydroxyindole-O-methyltransferase (HIOMT),
the last enzyme in melatonin biosynthesis.

@ Springer

Other substances produced by the pineal organ may be
of peptidergic nature. Antibodies directed against secre-
tory glycoproteins of the subcommissural organ (AFRU,
ASO 470) were shown to cross-react with cells in the pineal
organ of lamprey larvae, coho salmon, a toad, two species of
lizards, domestic fowl, albino rat, and bovine. The AFRU-
immunoreactive cells were identified as pinealocytes of the
receptor line (pineal photoreceptors, modified photorecep-
tors, or classical pinealocytes, respectively). These findings
support the concept that several types of pinealocytes exist,
which differ in their molecular, biochemical, and functional
features. They also indicate the possibility that the AFRU-
and ASO-immunoreactive material found in certain pinealo-
cytes might represent a proteinaceous or peptide compound,
which is synthesized and released from a specialized type
of pinealocyte in a hormone-like fashion (Rodriguez et al.
1988).

Release of putative peptidergic messengers from the pin-
eal would require an open blood—brain barrier and indeed
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Fig. 8 Norepinephrine-dependent signal transduction and gene
expression in rodent pinealocytes. Norepinephrine (NE), released
from postganglionic fibers, activates alphal and betal adrenergic
receptors. Respective signal transduction cascades lead to the phos-
phorylation of the transcription factor cAMP/Ca.** responsive ele-
ment binding protein (CREB). The binding of phosphorylated CREB
to CREs in the respective promoter regions activates the expression
of arylalkylamine N-acetyltransferase (Aanat) and Perl. AANAT

several studies have revealed that the pineal organ lacks a
blood-brain barrier as is typical for most of the circumven-
tricular organs (rainbow trout, Omura et al. (1985); mouse,
Mgiller et al. (1978); rat, Hewing and Bergmann (1985); ger-
bil, Hewing and Bergmann (1985); hamster, Hewing and
Bergmann (1985); Chen et al. (1994)) (Fig. 10).
Ontogenetic studies have shown a differential maturation
of retinal and pineal photoreceptors during development.
In the clawed toad, Xenopus laevis, correlations between
the ontogenetic occurrence of two photoreceptor-specific
proteins, S-antigen and rod-opsin, and the maturation of
the neurohormonal effector system involved in melatonin-
dependent color-change mechanisms showed that (i) the
molecular mechanisms of photoreception develop simul-
taneously in retina and pineal complex; (ii) most pineal
photoreceptors differ from retinal rods in that they contain
immunoreactive S-antigen but essentially no immunoreac-
tive rod-opsin; and (iii) the differentiation of phototrans-
duction processes coincides with the onset of melatonin-
dependent photoneuroendocrine regulation of color-change
mechanisms (B. Korf et al. 1989). On the other hand, the
pineal complex of teleost fish matures earlier than the retina
and has the ability to perceive light information much earlier

©
®

is posttranslationally modified by binding 14-3-3 proteins and cata-
lyzes the conversion of serotonin to N-acetylserotonin. This is fur-
ther converted into melatonin by O-methyltransferation mediated by
hydroxyindole O-methyltransferase (HIOMT). PER1 is an essential
component of the negative regulator complex that drives rhythmic
expression of clock genes and clock-controlled genes (ccg) (from
Korf and von Gall 2024, with permission)

than the retina (van Veen et al. 1984, Ostholm et al. 1987). In
general, nonvisual photoreceptors appear to develop earlier
in phylogeny and ontogeny than visual photoreceptors. This
holds also true for the nonvisual photoreceptors in the retina
of the lateral eyes (Berson et al. 2002; Contin et al. 2006;
Do and Yau 2010).

Nonvisual photoreceptors in the inner retina
of the lateral eye

In mammals, which, according to current knowledge, lack
encephalic and pineal photoreceptors (at least in the post-
natal stage), the retina harbors nonvisual photoreceptors,
which are located in the ganglion cell layer, lack special-
ized outer segments, and contain a peculiar photopigment,
denominated as melanopsin (Opn4) (Fig. 11). Melanopsin
was discovered in directly photosensitive melanophores
of the tailfin of Xenopus laevis larvae by Mark Rollag and
colleagues (Provencio et al. 1998) and later on found to be
conserved in the course of evolution (Provencio et al. 2000,
Brainard et al. 2001). Melanopsin is retinaldehyde-based; its
peak absorbance is in the blue region of the spectrum and
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Fig. 9 Immunohistochemical demonstration of two enzymes involved
in endocannabinoid synthesis and degradation, N-acyl phosphatidyl
ethanolamine hydrolyzing phospholipase D (NAPE-PLD), and fatty
acid amide hydrolase (FAAH) in coronal brain sections obtained
from male rats kept under 12 h light:12 h dark cycle with light on at
zeitgeber time 0 (ZT00) and light off at ZT12. Scale bars=50 um. a
NAPE-PLD immunoreaction was found in virtually all pinealocytes.
b The NAPE-PLD immunoreaction was associated with the pinealo-
cyte nuclei and was also found in varicosities and terminals of intrap-

distinct from that of rod and cone cell photopigments for
vision. The human melanopsin gene consists of ten exons
and is mapped to chromosome 10g22. These chromosomal
localization and gene structure differ significantly from
that of other human opsins that typically have four to seven
exons. The deduced amino acid sequence of melanopsin
shares greatest homology with cephalopod opsins. The pre-
dicted secondary structure of melanopsin indicates the pres-
ence of a long cytoplasmic tail with multiple putative phos-
phorylation sites, suggesting that its function may be finely
regulated. A survey of 26 anatomical sites indicates that,
in humans, melanopsin is expressed only in the eye. In situ
hybridization histochemistry shows that melanopsin expres-
sion is restricted to cells within the ganglion and amacrine
cell layers of the primate and murine retinae (Provencio et al.
2000). In the chicken retina, melanopsin was expressed in
ganglion and horizontal cells (Contin et al. 2006; Morera
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ineal nerve fibers running in the perivascular space (arrows). ¢ Preab-
sorption of the NAPE-PLD antibody with the corresponding blocking
peptide abolished the NAPE-PLD immunoreaction. d FAAH immu-
noreaction was evenly distributed in the pineal gland. e The FAAH
signal was exclusively located in the cytoplasm of numerous pineal-
ocytes (stars). f Preabsorption of the FAAH antibody with the cor-
responding blocking peptide abolished the FAAH immunoreaction.
Reproduced from Koch et al. (2008) with permission

et al. 2016). Notably, melanopsin expression is not observed
in the photoreceptor layer of the outer retina where rods and
cones are located that initiate vision. The unique inner reti-
nal localization of melanopsin suggests that it is not involved
in image formation but rather mediates nonvisual photore-
ceptive tasks, such as the entrainment of circadian rhythms
and the acute suppression of pineal melatonin. The anatomi-
cal distribution of melanopsin-positive retinal cells is similar
to the pattern of cells that form the retinohypothalamic tract,
a projection from the retina to the suprachiasmatic nuclei of
the hypothalamus, the primary circadian rhythm generator
in mammals (Hannibal et al. 2014).

Melanopsin photoreceptive cells cooperate with classi-
cal rods and cones. Transgenic mice lacking melanopsin
still retain nonvisual photoreception, suggesting that rods
and cones could operate in this capacity. Mice with both
outer-retinal degeneration and a deficiency in melanopsin
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Fig. 10 a Corrosion cast preparation of the vascular supply of the
rainbow trout pineal organ. EV pineal end vesicle, St pineal stalk.
Bar=200 pm (Ali et al. 1987). b—e Blood—brain barrier is open in the
rainbow trout pineal organ (Omura et al. 1985). b Neuropil in pineal
parenchyma. Ferritin particles are confined to clear vesicles in recep-
tor cells. Note that a synaptic ribbon (arrowhead) and a dense-core
vesicle (asterisk) are free of the particles. Arrows indicate sensory
synapses between basal processes (bp) of receptor cells and den-

exhibited complete loss of photoentrainment of the circadian
rhythm generator, pupillary light responses, photic suppres-
sion of pineal melatonin biosynthesis (arylalkylamine-N-
acetyltransferase transcript), and acute suppression of loco-
motor activity by light. This indicates the importance of both
nonvisual and classical visual photoreceptor systems for
nonvisual photic responses in mammals (Panda et al. 2003).

drites (d) of nerve cells. Twenty-four hours after intraperitoneal fer-
ritin injection. ¢ Intercellular passage of tannic acid is stopped at the
junctional complex (arrowheads). Pineal lumen (L) free of the tracer.
OS outer segment, IS inner segment of pineal photoreceptor (P).
Bar=5 pum. d, e Accumulation of horseradish peroxidase 24 h after
intraperitoneal injection of the tracer. Pineal parenchyma (PA) dis-
plays many tracer granules, pineal lumen (L), erythrocytes (E). Bar in
d 40 pum, in e 20 um

Like the pineal organ, the retina is capable of synthesiz-
ing melatonin via the same biosynthetic pathway that also
operates in the pineal (Tosini and Menaker 1996; Tosini
et al. 2012; Iuvone et al. 2005). However, the amount of
melatonin produced by the retina is small compared to that
in the pineal gland, the primary source of circulating mel-
atonin, and retinal melatonin is thought to act as a local
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Cryptochromes?

Fig. 11 The retina comprises visual photoreceptors (rods, cones) with
their specific opsins (rod-opsin, cone opsins) in the outer retinal layer
and intrinsically photoreceptive ganglion cells and amacrine cells in
the inner retinal layer. The latter serve as luminance detectors and
contain melanopsin (Hattar et al. 2002) or other photopigments (cryp-
tochromes, vertebrate ancient opsin). In mammals, the intrinsically
photoreceptive ganglion cells employ the neuropeptide PACAP as a
transmitter and their axons form the retinohypothalamic tract. In addi-
tion, they are capable of melatonin synthesis

neuromodulator within the eye. Melatonin is synthesized in
classical photoreceptors (Cahill and Besharse 1993) as well
as in melanopsin containing ganglion and horizontal cells
(Garbarino-Pico et al. 2004; Morera et al. 2016). In most
vertebrate species, retinal melatonin synthesis and levels are
high during the night and low during the day (Tosini et al.
2008); however, retinal melatonin levels are high during the
daytime in trout (ligo et al. 1997), chicken (Contin et al.
2006), and a diurnal rodent (Gianesini et al. 2015). In the
vast majority of the species investigated thus far, melatonin
synthesis in the retina is under the control of retinal circa-
dian clocks since the retinae of fish, amphibians, reptiles,
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birds, and mammals synthesize melatonin in the rhythmic
fashion when they are maintained in vitro under constant
darkness (reviewed in Iuvone et al. 2005). Expression of
melanopsin, clock genes, and the key melatonin synthesiz-
ing enzyme, arylalkylamine N-acetyltransferase (AA-NAT),
appears very early in development in both cell populations
suggesting that nonvisual photoreceptors develop at early
developmental stages (Diaz et al. 2014).

Deep brain (encephalic) photoreceptors

As already suggested by the early experiments by von Frisch,
a third set of photoreceptors outside the retina and the pin-
eal complex seems to exist in non-mammalian vertebrates.
It has been known for many decades that such encephalic
photoreceptors are involved in the photoperiodic control of
the seasonal cycle of reproduction. An action spectrum for
this response described an opsin photopigment with a Amax
of ~ 492 nm (Foster et al. 1985), but the precise location of
the deep encephalic photoreceptors as well as the the specific
identity of the photopigment has remained enigmatic for a
long time.

Considering the morphological correlate of extraretinal
and extrapineal photoreception, it is of note that nonmam-
malian vertebrates are endowed with a widespread system
of cerebrospinal fluid (CSF)-contacting neurons. This sys-
tem was discovered and extensively described by Vigh and
Vigh-Teichmann (cf. Vigh and Vigh-Teichmann 1998, for a
comprehensive synopsis of the system; for a recent review,
see Wyart et al. 2023). Neurons may contact the ventricu-
lar CSF via their dendrites, axons, or perikarya. Most of the
CSF-contacting neurons send their dendritic processes into
the ventricular cavity, where they form ciliated terminals.
These ciliated endings resemble those of known sensory
cells. By means of axons, the CSF-contacting neurons also
may contact the external CSF space, where the axons form
terminals of a neurohormonal type similar to those known in
the neurohemal areas.

In the hypothalamus, a conspicuous accumulation of
CSF-contacting neurons is found in the paraventricular
organ (PVO). Here, the neurons form three layers, they con-
tain serotonin immunoreactivity, and the outer layer of neu-
rons is dopaminergic. These neurons send their axons into
the median eminence where they are in close contact with
gonadotropin-releasing hormone (GnRH) immunoreactive
nerve fibers. In 2010, Nakane et al. (2010) succeeded in
demonstrating Opsin 5 (OPNS; also known as Gpr136, Neu-
ropsin, PGR12, and TMEM13) mRNA in the paraventricular
organ (PVO) of the Japanese quail. Immunohistochemistry
identified Opsin 5 in CSF-contacting neurons and their
axons extending to the external zone of the median eminence
adjacent to the pars tuberalis of the pituitary gland, which
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translates photoperiodic information into neuroendocrine
responses. The action spectrum showed peak sensitivity
(lambda(max)) at approximately 420 nm and short-wave-
length light stimuli between UV-B and blue light-induced
photoperiodic responses in eye-patched, pinealectomized
quail. Thus, Opsin 5 appears to be one of the deep brain
photopigments that regulate seasonal reproduction in birds.

A prominent CSF-contacting neuronal area was also found
in the telencephalon in the region of the nucleus accumbens
and the lateral septum (Korf and Fahrenkrug 1984) which
has been denominated as lateral septal organ (Kuenzel and

Fig. 12 Location of the lateral septal organ. a Frontal section through
the mallard brain (Korf and Fahrenkrug 1984). b Frontal sec-
tion through the brain of the Nile crocodile. LS lateral septum, NA
nucleus accumbens, DVR dorsoventral ridge, Co Cortex (Hirunagi
et al. 1994). ¢ Numerous VIP-immunoreactive CSF contacting neu-
rons send their apical dendrites into the cerebrospinal fluid of the lat-
eral ventricle (LV) where they show a bulbous swelling. Bar=30 pum.
d Immunoelectron microscopy of a VIP-immunoreactive CSF con-

van Tienhoven 1982). This aggregation of CSF-contacting
neurons was immunolabeled with antibodies against chicken
vasoactive intestinal polypeptide (VIP). Deeper layers of the
lateral septum and the nucleus accumbens are richly inner-
vated by VIP-immunoreactive nerve fibers (Fig. 12).

As shown in pigeon and mallard, VIP-like immunoreac-
tive cerebrospinal fluid (CSF)-contacting neurons project
to small, presumably peptidergic nerve cells of the lateral
septum suggesting that VIP serves as a neuromodulator
(-transmitter) in this area (Hirunagi et al. 1994, 1995). By
use of immunohistochemical single- and double-labeling

Co

DVR

EP

—

tacting neuron shown in the insert. The CSF contacting dendrite
runs between two ependymal cells (EP) and terminates with a bul-
bous swelling. Bar=5 um. e Diagrammatic representation of direct
contacts between VIP immunoreactive CSF-contacting neurons of
the LSO and a GnRH immunoreactive neuron in the lateral septum.
BD basal dendrite, A axon, AT VIP immunoreactive axon terminal
contacting a GnRH immunoreactive neuron in the lateral septum
(Kiyoshi et al. 1998)
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techniques and electron microscopy, synaptic contacts
between VIP-like-ir axon terminals and GnRH-like-ir cell
bodies or dendrites were demonstrated suggesting functional
interactions between VIP and GnRH neurons in the lateral
septal-preoptic area (Kiyoshi et al. 1998) (Fig. 12). The lat-
eral septal organ seems well conserved across species, it
was also demonstrated in 11 reptilian (chelonian, lacertilian,
ophidian, crocodilian) species (Hirunagi et al. 1993).

With regard to the photopigments, several candidates have
emerged including rod-opsin; melanopsin (OPN4); neurop-
sin (OPNS); and vertebrate ancient (VA) opsin. cDNA clon-
ing of chicken melanopsin shows its expression not only
in the retina and pineal organ but also in the brain where
expression was observed in the lateral septal area (Fig. 13)
and medial preoptic nucleus (Chaurasia et al. 2005). In the
ring dove, CSF-contacting (CSF) neurons in both the septal
and the tuberal areas are labeled by RET-P1, a monoclonal

Fig. 13 Melanopsin in situ H .
hybridization histochemistry ;

of deep brain photoreceptors f
in the chicken lateral septal
organ. a Brightfield photomi-
crograph of a methylene green
stained section of the chicken
septum. b Darkfield photomi-
crograph of the same section
after in situ hybridization of a
melanopsin-specific riboprobe.
¢ Darkfield photomicrograph
of adjacent section hybridized
with a sense control riboprobe. .
Bar=100 um. d Melanopsin J <
expression in the lateral septal B
organ, rostral portion, and e iy
caudal portion of the lateral sep- '3
tal organ of 1-day-old chicken.

In situ hybridization with an 1
anti-melanopsin riboprobe.

Coronal frozen sections are d!
slightly counterstained with cre-

syl violet. Arrowheads, selected

labeled neurons. Bar=100 pm. -
Reproduced from Chaurasia F
et al. (2005) with permission -

T -t

~= Vs il

L
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antibody to opsin that reacts with inner and outer segment
membranes of rod photoreceptors in a variety of vertebrates.
Double-label techniques demonstrated that RET-P1-positive
cells of the lateral septal organ coexpress VIP-like immu-
noreactivity. VIP-positive cells in other brain areas are not
RET-P1-positive (Silver et al. 1988). Also in passerine birds,
the lateral septum was found to express rod-opsin (Wang and
Wingfield 2011), and notably, two novel groups of rodopsin-
immunoreactive cells were identified in the magnocellular
part of paraventricular nucleus (PVN) of the hypothalamus
and in the medial basal hypothalamus (MBH) of the white-
crowned sparrow, Zonotrichia leucophrys gambelii (Zhao
et al. 2018).

Apparently, also vertebrate ancient (VA) opsins play a role
as photopigments of encephalic photoreceptors. These photo-
pigments were isolated in 1997 and thought to have a restricted
taxonomic distribution, confined to agnatha and teleost fish, but
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Output pathways of the Pars tuberalis

Ts .

} «— Dio2
T Dio3
S

4
Melatonin GnRH

long day short day

Pars distalis

‘retrograde’

Tachykinins, VEGF

‘anterograde’

Prolactin, LH ACTH

Nakao et al. 2008; Ono et al. 2008; Yasuo et al. 2009, 2010, Yasuo and Korf 2011 Korf 2018, Korf and Moller 2021

Fig. 14 Schematic drawing of rodent pars tuberalis (PT) in the coro-
nal plane and its input and output pathways. Photoperiodic informa-
tion is transformed into melatonin signals acting on MT1 melatonin
receptors expressed in the PT in high density, and various peptidergic
and lipidergic messenger molecules are produced in the mammalian
PT in response to the melatonin signal. Thyrotropin (TSH) com-
prises a common subunit and a specific beta subunit (TSHB). TSHB
is a messenger molecule in the retrograde pathway from the PT to
the ependymal cell layer of the third ventricle (tanycytes), which
expresses the TSH receptor (TSHR) as well as type 2 (Dio2) and type
3 deiodinases. These enzymes regulate the local concentration of trii-

odothyronine (T3) that subsequently affects gonadotropin-releasing
hormone (GnRH) secretion from axon terminals in the median emi-
nence. Candidate messengers of the anterograde pathway are 2-ara-
chidonoylglycerol (2-AG), tachykinins, and different splice forms of
VEGF and TAFA3. They act on endocrine cells and folliculo-stellate
cells in the pars distalis (PD) and affect angiogenesis in the portal
vessels (for details, see text). III: third ventricle; PN: pars nervosa; PI:
pars intermedia; ACTH: adrenocorticotropic hormone, LH: luteiniz-
ing hormone hormone; LH: luteinizing hormone. Reproduced from
Korf (2018) with permission

the isolation of VA opsin from chicken revealed that the two
isoforms spliced from this gene (cVAL and cVA) are capable
of forming functional photopigments and strongly implicate a
role for VA opsin in mediating the avian photoperiodic response.
Some studies suggest that VA opsin is co-expressed with both
gonadotropin-releasing hormone (GnRH) and arginine-vasotocin
(AVT) neurons and speculate that GnRH and AVT neurosecre-
tory pathways are endogenously photosensitive (Garcia-Fernan-
dez et al. 2015). Investigations on the role of VA and OPNS in
the avian photoperiodic response of Japanese quail, Coturnix
Jjaponica, suggested that the photoperiodic response involves at
least two photoreceptor types and populations working together
with VA opsin playing a dominant role (Perez et al. 2023).

In conclusion, the location of these encephalic photo-
receptors seems to follow a general morphologic pattern

«Fig. 15 Median eminence of a melatonin-proficient C3H mouse. End-
feet of vimentin-immunoreactive tanycytes (red) engulf GnRH immu-
noreactive axons running in the outer layer of the median eminence
(green). Bar=50 um
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cytoplasm

activation

Fig. 16 The molecular clockwork consists of transcriptional/transla-
tional feedback loops of clock genes. These encode transcription fac-
tors that activate (CLOCK and BMALI1) and inhibit (PER and CRY).
BMALI (B) and CLOCK (C) activate the expression of Pers and
Crys. PER and CRY proteins form a negative regulatory complex that
in turn inhibits the activity of BMAL1 and CLOCK and thus their
own expression. Post-translational modification, which is primarily
mediated by casein kinases (CK1, &/8) and phosphatases, delays the

(Bauplan): they are not randomly distributed but con-
centrated in two prime locations with CSF-contacting
neurons, the lateral septal organ and the paraventricular
organ. Notably, these photoreceptors are directly con-
nected to the gonadotropin-releasing hormone (GnRH)
system in the lateral septum and the median eminence
(Kiyoshi et al. 1998, Saldanha et al. 2001; Nakane et al.
2010). Deep brain photoreceptors employ a variety of
photopigments and occur in different brain regions.
Opsins with absorption maxima in the blue/UV region,
such as Opn2 (rhodopsin), seem to be expressed through-
out the year while expression of Opn3 (encephalopsin)
and Opn5 (neuropsin) displayed a seasonal rhythm (Mar-
chese et al. 2024). Also, medaka was shown to undergo
seasonal behavioral change accompanied by altered
expression of opsin genes, resulting in reduced visual
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breakdown of the negative regulatory complex, resulting in circadian
periodicity of the feedback loop. Output of the molecular clockwork
is provided through clock-controlled genes (Ccg) that encode clock-
controlled proteins (CCP) which regulate the expression of 3000
genes involved in metabolism and cell proliferation. m methylation,
ac acetylation. Reproduced from Korf and von Gall (2021) with per-
mission

sensitivity to mates during winter-like conditions (Shim-
mura et al. 2017).

The hypophysial pars tuberalis—an
interface controlling seasonal functions

The pars tuberalis (PT) is an important interface between
neuroendocrine centers in the hypothalamus and the pars
distalis of the pituitary. The PT plays an essential role in
the regulation of seasonal functions, in particular seasonal
reproduction, and may even be the seat of the circannual
clock (Lincoln et al. 2006). In nonmammalian vertebrates,
light information on the season is perceived by encephalic
photoreceptors such as the paraventricular organ. In mam-
mals, the main input signal to the PT driving its physiology
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Fig. 17 Hierarchy of the mam-
malian circadian system. The
central rhythm generator is
located in the bilateral suprachi-
asmatic nuclei of the hypo-
thalamus (SCN). The SCN is
entrained to the ambient photo-
period by light/dark information
perceived in the retina by circa-
dian photoreceptors employing
melanopsin and transmitted to
the SCN via the retinohypotha-
lamic tract (RHT) which uses
glutamate and PACAP as neu-
rotransmitters. Output pathways
of the SCN targeting peripheral
oscillators are provided by
paracrine mechanisms, neuronal
pathways (sympathetic and
parasympathetic nerve fibers),
and hormones (glucocorticoids,
melatonin). The system controls
a variety of body functions,
such as the sleep—wake cycle,
body temperature, hormones,
and metabolic activity (modified
after Korf and von Gall 2021)
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cycle RHT
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Fig. 18 Synchronization of peripheral body clocks requires differ-
ent agents. While the liver clock is synchronized by stimuli from the
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Fig. 19 Body functions affected
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Clock proteins
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is melatonin. The duration of the melatonin signal decodes
the ambient photoperiod: It is long in long nights and
becomes shorter in spring when the nights get shorter (Reiter
1991).

The PT transmits its signals via two output pathways: a
retrograde pathway directed from the PT to the hypothala-
mus and an anterograde pathway directed from the PT to
the hypophysial pars distalis (anterior lobe) (Fig. 14). The
retrograde pathway of the PT employs thyroid stimulating
hormone subunit beta (TSHB) as messenger and controls a
local thyroid hormone system within the mediobasal hypo-
thalamus via deiodinase (DIO) 2 and 3. This retrograde path-
way has been discovered in Japanese quail (Yoshimura et al.
2003; Nakao et al. 2008). TSH triggers molecular cascades
mediating thyroid hormone conversion in the ependymal
cell layer of the infundibular recess of the third ventricle.
The local accumulation of T3 in the mediobasal hypothal-
amus appears to activate the gonadal axis by stimulating
the release of GnRH which involves neuro-glial interaction
between GnRH terminals and tanycytes in the median emi-
nence (Fig. 15). Tanycytes widely express the thyroidhor-
mone receptor o (TRa) suggesting that the melatonin-driven
T3 signal targets these nonneuronal cells (Quignon et al.
2020). Notably, PT-derived TSH does not affect thyroid
functions, because it is rapidly degraded in the general cir-
culation (Ikegami et al. 2014). The retrograde pathway is
conserved in photoperiodic reproducing mammals (sheep
and hamsters) and even in inbred mice provided that they
are able to produce melatonin (Yasuo et al. 2009; Ono et al.
2008; Yasuo and Korf 2011; Korf 2018; Korf and von Gall
2024).
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The anterograde pathway is implicated in the control
of prolactin secretion, targets cells in the pars distalis, and
employs small molecules as signal substances collectively
denominated as “tuberalins.” Several “tuberalin” candidates
have been proposed, such as tachykinins and endocannabi-
noids (EC). The PT-intrinsic EC system was first demon-
strated in Syrian hamsters and shown to respond to photo-
periodic changes (Yasuo et al. 2010a). Subsequently, the EC
system was also demonstrated in the PT of mice, rats, and
humans (Yasuo et al. 2010b). To date, 2-arachidonoylglyc-
erol (2-AG) appears as the most important endocannabinoid
from the PT. Likely, targets for the EC are folliculo-stellate
cells of the pars distalis which contain the CB1 receptor
and appear to contact lactotroph cells. The CB1 receptor
was also found on corticotroph cells which appear as a fur-
ther target of the EC. Taken together, the results support the
concept that the PT transmits its signals via a “cocktail” of
messenger molecules which operate also in other brain areas
and systems rather than through PT-specific “tuberalins.”
Furthermore, they may attribute a novel function to the PT,
namely the modulation of the stress response and immune
function known to display seasonal variation even in humans
(Dopico et al. 2015).

The discovery of clock genes

Research on biological rhythms was revolutionized after
the discovery of clock genes in Drosophila (see Hall 2003;
2005; Luo et al. 2012; Abruzzi et al. 2011; Rosbash et al.
2007; Young 2018) for which Jeff Hall, Micheal Rosbash,
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and Michael Young were awarded with the Noble Prize for
Medicine and Physiology in 2017. Later on, clock genes and
molecular clockwork were identified in mammals (Fig. 16)
(Sun et al. 1997; Albrecht et al. 1997; Antoch et al. 1997,
King et al. 1997, Tei et al. 1997; Shigeyoshi et al. 1997,
Yamaguchi et al. 2001; Shearman et al. 1997; Kume et al.
1999; see Korf and Stehle 2002, for review). These compara-
tive studies clearly show that molecular clockwork is highly
conserved during evolution and is of utmost importance for
life and physiology.

Molecular clockworks are ticking in each nucleated cell
of the body, but in complex organisms such as mammals
including man, the circadian system shows a remarkable,
hierarchical organization: the central rhythm generator,
e.g., the conductor of the system is located in the bilateral
suprachiasmatic nuclei (SCN) of the hypothalamus which
generate a self-sustained endogenous rhythm. The SCN
orchestrates subordinate “peripheral” oscillators (e.g., liver,
hippocampus, hypophysial pars tuberalis) via the autonomic
nervous system (sympathetic and parasympathetic) (Buijs
and Kalsbeek 2001) as well as glucocorticoids and mela-
tonin as output signals (Fig. 17).

Melatonin, the hormone of darkness made in the pin-
eal, is a prominent rhythmic hormonal output of the cir-
cadian system. It modulates the rhythmic activity of some,
but not all subsidiary oscillators, and feeds back onto the
SCN. Moreover, melatonin controls seasonal reproduction
and metabolism in photoperiodic mammals and partici-
pates in the seasonal phase control of the cortisol rhythm
(Chakir et al. 2015). While melatonin is essential to control
the PT physiology, it is not needed to coordinate the liver.
This organ strongly depends on glucocorticoids and feeding
stimuli (Fig. 18).

Future perspectives

When circadian rhythms are perturbed or misaligned, as a
result of jet lag, shiftwork, or other lifestyle factors, adverse
health consequences arise, and the risks of diseases such
as cancer, cardiovascular diseases, or metabolic disorders
increase (Fig. 19). Circadian disruption is associated with
enhanced tumor formation and metastasis via dysregulation
of key biological processes and modulation of cancer stem
cells (CSCs) and their specialized microenvironment. Identi-
fying circadian therapeutic targets could facilitate the devel-
opment of new treatments that leverage circadian modula-
tion to ablate tumor-resident CSCs, inhibit tumor metastasis,
and enhance response to current therapies (Wang et al. 2024;
Zheng et al. 2024). The timing of immunotherapy infusions
affects survival and immunologic correlates in patients
suffering from metastatic renal cell carcinoma (Patel et al.

2024). Chrono-tailored treatment strategies (Butler et al.
2024) will increase treatment efficacy and reduce adverse
side effects advance (Hassan et al. 2021a, b). All these stud-
ies clearly show that time (timing) matters in medicine and it
is now time to develop a new discipline: circadian medicine
(Ruan et al. 2021; Kramer 2023).
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