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Chapter 1
The Evolution and Diversity of Pineal
and Parapineal Photopigments

Emi Kawano-Yamashita, Mitsumasa Koyanagi, and Akihisa Terakita

Abstract Pineal and related organs are major extraocular photoreceptors in non-
mammalian vertebrates. The pineal organ contains several types of photoreceptor
cells, which contribute to regulating light-dependent melatonin secretion and the
neural light response, including irradiance detection and wavelength discrimination.
Visual opsins and pineal-specific opsins have been identified from the pineal and
related organs in a wide variety of non-mammalian vertebrates. Pinopsin and parap-
inopsin are key opsins for understanding melatonin secretion in the chicken pineal
organ and wavelength discrimination in the lamprey pineal organ, respectively.
Interestingly, parapinopsin has the molecular characteristics of both vertebrate and
invertebrate opsin-based pigments, making it an important photopigment for under-
standing the molecular evolution of vertebrate visual opsins. In this chapter, we
discuss the opsin-based pigments functioning in the pineal and related organs with
a focus on parapinopsin.

Keywords Rhodopsin ¢ Parapinopsin * Pineal organ * Wavelength discrimination *
Photoreceptor cell

1.1 Pineal and Related Organs

The pineal organ is common among vertebrates and is known to be involved in syn-
thesizing and secreting the pineal hormone melatonin, a regulator of circadian rhythms
(Underwood 1985; Gern and Greenhouse 1988; Falcon et al. 1989; Samejima et al.
1997, 2000). In mammals, melatonin synthesis is controlled by light information
from the retina via the suprachiasmatic nuclei (SCN); however, most non-mammalian
vertebrates possess an intrinsically photosensitive pineal organ that regulates melato-
nin synthesis (Oksche 1971; Collin et al. 1986; Falcon 1999; Okano and Fukada
2001; Bell-Pedersen et al. 2005). In addition to melatonin secretion, pineal photore-
ceptor cells of lower vertebrates transduce a light signal to an electrical response,
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which is transmitted to the brain through pineal ganglion cells (Dodt and Heerd 1962;
Morita 1969; Dodt 1973). Interestingly, pineal and related organs of lower vertebrates
have the ability of not only irradiance detection but also wavelength discrimination,
namely “color discrimination” (Dodt and Heerd 1962; Morita 1966; Dodt 1973;
Morita and Dodt 1973). Recent studies have revealed that pineal photoreception
involves various types of opsin-based pigments including those that are pineal-
specific. The photoreceptive mechanism in the pineal and related organs will be dis-
cussed in more detail, with a focus on opsin-based pigments in lower vertebrates.

1.1.1 Anatomical and structural Observation of the Pineal
and Related Organs

The pineal organ is an outgrowth of the dorsal diencephalon and mostly located just
below the skull (Fig. 1.1) (Oksche 1965; Collin et al. 1989; Falcon 1999). Most
pineal and related organs in non-mammalian vertebrates are directly photosensitive.
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Fig. 1.1 Schematic drawings of the lamprey brain. (a) Lateral view of the lamprey brain. The
pineal organ is situated at the dorsal diencephalon. D diencephalon, M mesencephalon, ON optic
nerve, R thombencephalon, T telencephalon. (b) The lamprey pineal and parapineal organ. The
pineal and parapineal organ are located just below the skull, and are connected to the brain by the
pineal stalk. The parapineal organ has a neuronal area called the parapineal ganglion. L lumen,
P pineal organ, PP parapineal organ, PPG parapineal ganglion, ST pineal stalk
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It is generally accepted that the pineal organ receives sufficient light to activate
pineal photoreceptor cells through the overlaying tissues, which absorb, scatter, and
reflect light (Dodt and Meissl 1982). The pineal organ is mainly composed of pho-
toreceptor cells (often called pineal cells) as well as neural cells and glial cells. The
pineal photoreceptor cells are broadly classified into two morphological types, the
typical and the modified photoreceptor cells (Meiniel 1980). The typical photore-
ceptor cells in the lamprey, fish, and amphibian pineal organs possess relatively
developed morphological features similar to those of the cone photoreceptor cell of
the retina, such as outer segments and synaptic ribbons. Furthermore, the typical
photoreceptor cells connect synaptically with the second-order neurons, which
relay the neural light response (Vigh et al. 2002). The axons of the second-order
neurons converge on the pineal stalk to form the pineal nerve that projects to the
brain. In contrast, the modified photoreceptor cells have regressed outer segments
and are involved in melatonin synthesis and secretion (Meiniel 1979, 1980; Collin
et al. 1989). The modified photoreceptor cells are present in pineal organs of a wide
variety of non-mammalian vertebrates and are predominant in the reptile and bird
pineal organs. It is speculated that during the course of vertebrate evolution, the
typical photoreceptor cells were gradually replaced by the modified photoreceptor
cells and in mammals by the pinealocytes that do not have the membrane stacks or
the capacity for photoreception. This hypothesis is supported by the presence of
phototransduction-related molecules, such as opsin and arrestin, in mammalian
pinealocytes (Korf et al. 1985a, b).

Lower vertebrates have pineal-related organs, such as the parapineal organ (lam-
preys and fishes), the frontal organ (anuran amphibians), and the parietal eye (liz-
ards), in addition to the pineal organ. The parapineal organ is located in the intracranial
region below the pineal organ. In the lamprey, the parapineal organ has a well-devel-
oped structure similar to the pineal organ, and a characteristic neuronal area called the
parapineal ganglion, containing many ganglion cells (Fig. 1.1b). In teleosts, the
parapineal is very small and has a vestigial morphology. The frontal organ of anuran
amphibians is found in the extracranial region and is connected to the pineal organ by
the nerve fiber. The lizard parietal eye, situated on the top of the head, has a lens and
aretina, similar to the lateral eyes. It is speculated that the frontal organs and parietal
eyes developed from a frontal part of the pineal organ and parapineal organ at an
ancestral stage, respectively (Kappers 1965; Oksche 1965). The frontal organ and
parietal eye exhibit a neural light response, which will be discussed later.

1.1.2 Functional Properties of Pineal and Pineal-Related
Organs and Functional Opsins

As described above, pineal and related organs are involved in both light-dependent
melatonin secretion and neural light-sensing. Opsins involved in melatonin secre-
tion will be discussed first followed by neural light-sensing opsins, with a particular
focus on wavelength discrimination.
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1.1.2.1 Opsins Important for Melatonin Secretion in the Pineal Organ

The pineal photoreceptor cells that secrete melatonin, which correspond to the mod-
ified photoreceptor cells through morphological classification, have been identified
immunohistochemically (Meiniel 1979, 1980). In the lamprey pineal organ, the
melatonin-secretory photoreceptor cells were identified by both antibodies against
serotonin, a precursor of melatonin, and against opsins (Tamotsu et al. 1990, 1994).
These studies revealed that a red-sensitive cone opsin was present in most of the
melatonin-secretory photoreceptor cells in the lamprey. A red-sensitive cone opsin
was also detected in the lizard and frog pineal organs by immunohistochemistry
(Masuda et al. 1994), suggesting that melatonin secretion may be controlled by long
wavelength light in lower vertebrates.

In the chicken pineal organ, the red-sensitive cone opsin (iodopsin) is also pres-
ent and considered to be involved in melatonin secretion (Okano et al. 1994, 1997).
However, the involvement of other opsins in controlling melatonin secretion was
investigated because the spectral sensitivity of red-sensitive opsin-based pigments
could not completely account for the action spectrum of the inhibitory effect of light
on serotonin N-acetyltransferase (NAT) activity, a key enzyme in the synthetic path-
way of melatonin in the chicken pineal organ (Deguchi 1981). “Pinopsin” was iden-
tified as the first extraocular photopigment in the chicken pineal organ (Okano et al.
1994; Max et al. 1995). Pinopsin was successfully expressed in HEK293 cells and
a recombinant pinopsin pigment reconstituted with 11-cis retinal exhibited an
absorption maximum at 468 nm, identifying it as a blue sensitive pigment (Okano
et al. 1994). The photoproduct of the recombinant pinopsin activates a visual G
protein transducin in vitro in a light-dependent manner (Nakamura et al. 1999). The
absorption spectrum of pinopsin together with that of the red-sensitive opsin-based
pigment accounts for the action spectrum of inhibition of pineal NAT activity in the
chicken pineal organ (Okano et al. 1994; Okano and Fukada 1997).

It has been suggested that pinopsin may play a role in synchronizing the phase of
the endogenous circadian oscillator with an environmental dark-light cycle, such as
the photic entrainment of the melatonin production rhythms (Okano and Fukada
1997, 2001). In chicken pineal cells, the rhythmic production of melatonin is regu-
lated by two pathways, the acute suppression pathway and a photic-input pathway
to the oscillator to reset the circadian clock (the phase-shifting effect of the circa-
dian clock). Two types of G protein, Gtl and Gg/11, colocalize with pinopsin in the
chicken pineal photoreceptor cells (Matsushita et al. 2000). It has been hypothe-
sized that pinopsin triggers two types of phototransduction cascades involving Gtl
and Gg/G11. On the other hand, recent studies have shown that melanopsin, which
functions as a circadian photoreceptor in mammals (Provencio et al. 1998; Hattar
et al. 2002; Panda et al. 2002), is also expressed in the chicken pineal organ (Bailey
and Cassone 2005). It is of interest to see how melanopsin, which is suggested to
drive a Gq/G11-type G protein signaling (Panda et al. 2002; Koyanagi and Terakita
2008; Bailes and Lucas 2013), contributes to the regulatory mechanisms coopera-
tively with pinopsin.



1 The Evolution and Diversity of Pineal and Parapineal Photopigments 5

Reptiles (Kawamura and Yokoyama 1997) and amphibians (Yoshikawa et al.
1998) also possess the pinopsin gene, but fish and mammals do not. In the toad
(Bufo japonicus), pinopsin is localized to the brain, specifically the anterior preoptic
nucleus of the hypothalamus (Yoshikawa et al. 1998). Interestingly, pinopsin is
localized in both the retina and pineal of a diurnal gecko (Phelsuma madagas-
cariensis longinsulae) (Taniguchi et al. 2001), whereas in lizards, pinopsin is
expressed only in the pineal [ruin lizard (Podarcis sicula), iguana (Iguana iguana))
and parietal eye [ruin lizard and side-blotched lizard (Uta stansburiana)] (Frigato
et al. 2006; Su et al. 2006; Wada et al. 2012).

1.1.2.2 Opsins Involved in the Neural Light Response in the Pineal
and Related Organs

In addition to the photoreceptor cells secreting melatonin, pineal organs in most
lower vertebrates, such as lamprey, fishes, amphibians, and reptiles, contain typical
photoreceptor cells (based on morphology) that transduce a captured light signal to
an electrical response, which is then transmitted to the brain via the pineal ganglion
cells (Dodt and Heerd 1962; Morita 1969; Dodt 1973). The frequency of neural
discharge in the pineal ganglion cells is modulated by light, demonstrating that the
pineal organ provides light information to the brain (Dodt 1973). In addition, sev-
eral electrophysiological studies have established that the pineal organs of lampreys,
fishes, and frogs have two types of ganglion cells, which show chromatic and ach-
romatic responses. In the lamprey, the neural activity of achromatic-type ganglion
cells is inhibited by visible light that can be detected by green-sensitive photorecep-
tor cells (Fig. 1.2a). On the other hand, chromatic-type ganglion cells receive and
integrate light signals from two types of the photoreceptor cells, UV- and green-
sensitive, and the neural activity of chromatic-type ganglion cells is inhibited and
excited by UV and visible light, respectively (Fig. 1.2b).

The functional relation of the pineal photoreceptor cells to the ganglion cells has
been well investigated for the pineal organ of the river lamprey, Lethenteron japoni-
cum (Morita et al. 1989). The achromatic-type ganglion cells of the lamprey pineal
show a maximum sensitivity at 525 nm, which correlates with the wavelength of
maximal sensitivity of the green-sensitive pineal photoreceptor cells (Uchida et al.
1992). In addition, recombinant lamprey rhodopsin bound to the native chromo-
phore 3,4-dehydroretinal (retinal A2) exhibits an absorption maximum at ~525 nm
(Fig. 1.3a). The absorption spectrum of lamprey rhodopsin corresponds to the spec-
tral sensitivity of the green-sensitive photoreceptor cells (Fig. 1.3a).
Immunohistochemical analysis clearly showed that lamprey rhodopsin was distrib-
uted to the outer segments of the pineal green-sensitive cells, which were identified
by electrical recordings (Fig. 1.3c). These results suggest that the achromatic-type
ganglion cells receive and integrate light signals from the green-sensitive photore-
ceptor cells containing rhodopsin in the lamprey pineal organ (Fig. 1.2a). On the
other hand, in the pineal organ of the river lamprey, the maximum sensitivities of the
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Fig. 1.2 Two types of the neural light responses in the lamprey pineal ganglion cells. (a) The neu-
ral activity of achromatic-type ganglion cells is inhibited by visible light that is received by green-
sensitive photoreceptor cells. (b) The neural activity of chromatic-type ganglion cells is inhibited
by UV light and excited by visible light. The chromatic-type ganglion cells receive and integrate
light signals from two types of the photoreceptor cells, UV- and green-sensitive photoreceptor cells

inhibitory and excitatory responses of the chromatic-type ganglion cell were
recorded at approximately 380 nm and 540 nm, respectively (Uchida and Morita
1994). Comparison of the spectral sensitivity of the achromatic and the antagonistic
chromatic responses indicates that the pineal UV sensitivity is involved in the antag-
onistic chromatic response, which underlies the pineal wavelength discrimination
(Uchida and Morita 1994), but not the achromatic response (Uchida et al. 1992),
even though the green-sensitivity relates to both the chromatic and achromatic
responses in the river lamprey.

1.1.2.3 UV Photopigment Underlying Wavelength Discrimination
in the Pineal Organ

Tamotsu and Morita (1990) showed that a UV-sensitive opsin-based pigment with
molecular properties different from those of vertebrate visual pigments may be pres-
ent in the pineal organ of the lamprey (Tamotsu and Morita 1990), namely reversible
photoisomerization of the chromophore retinal with UV and visible light, thereby
suggesting the existence of a novel UV-sensitive opsin-based pigment. In fact, an
opsin underlying UV sensitivity, including a member of the UV/violet group, has
not been isolated from the pineal organ or eye of the river lamprey, although rod
opsin (rhodopsin in rod photoreceptors) and red-sensitive cone opsins were
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Fig. 1.3 Comparison of spectral sensitivities of UV- and green-sensitive photoreceptor cells and
absorption spectra of opsin-based pigments in the lamprey pineal organ. (a) Relative spectral sen-
sitivities of UV-sensitive cells (magenta squares) and green-sensitive cells (green circles). The
response amplitude to each wavelength light stimulus was normalized by the maximum amplitude.
The individual relative response curves were averaged (n=3). Vertical bars indicate standard devi-
ations. The absorption spectra of the recombinant parapinopsin (magenta broken curve) and green-
sensitive porphyropsin (retinal A2-based rod opsin pigment) (green broken curve), which bind to
the native chromophore, 3,4-dehydroretinal (retinal A2) and exhibit absorption maxima at ~370 nm
and ~525 nm, respectively, are superimposed with the relative spectral sensitivities. (b)
Immunohistochemical localization of parapinopsin (magenta) at the dorsal region in the lamprey
pineal organ. Scale bar, 100 pm. L lumen, P pineal organ, PP parapineal organ. (Inset in b)
UV-sensitive cell is labeled with intracellularly injected neurobiotin (red) after recording spectral
sensitivities as shown in a. The parapinopsin immunoreactivity (green) is observed in the outer
segment of neurobiotin-labeled cell (arrow). (¢) Immunohistochemical localization of rod opsin
(porphyropsin, green) at the ventral region in the lamprey pineal organ. (Inset in ¢) Green-sensitive
cell is labeled with intracellularly injected neurobiotin (red) after recording spectral sensitivities as
shown in a. The rod opsin immunoreactivity (green) is observed in the outer segment of neurobiotin-
labeled cell (arrow)

identified immunohistochemically (Tamotsu et al. 1990, 1994). This stimulated the
search for a novel UV-sensitive pigment in the pineal organ.

Parapinopsin, which was first identified from the catfish pineal and parapineal
organs (Blackshaw and Snyder 1997), is such a UV-sensitive pigment (Koyanagi
et al. 2004); spectroscopic analysis of recombinant lamprey parapinopsin contain-
ing native chromophore 3,4-dehydroretinal (retinal A2) showed that parapinopsin
exhibits an absorption maximum at 370 nm in the UV region, clearly indicating that
parapinopsin is a UV-sensitive opsin (Fig. 1.3a). Interestingly, the phylogenetic tree
of opsins, including parapinopsin, indicates that two lines of UV pigments, UV cone
opsin (UV/violet group) and parapinopsin (PP group), have evolved independently
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Fig. 1.4 Phylogenetic positions of opsins specific to the pineal and related organs. (a) Opsins have
been classified into eight groups based on amino acid sequence similarity. (b) Phylogenetic rela-
tionships of vertebrate visual and non-visual pigments. Opsins specific to pineal and related
organs, such as pinopsin, parapinopsin, parietopsin, and exo-rhodopsin, belong to the vertebrate
visual pigment/non-visual pigment group. PT parietopsin, PP parapinopsin, VA VA-opsin, P
pinopsin, LWS long wavelength-sensitive pigment, SWS/ short wavelength-sensitive pigment 1,
SWS2 short wavelength-sensitive pigment 2, MWS middle wavelength-sensitive pigment, RH rho-
dopsin (rod opsin). The scale bar indicates 0.1 substitutions per site

RH

in the vertebrate lineage, providing a striking example of convergent evolution
(Fig. 1.4b). In addition, we also revealed that parapinopsin has molecular properties
different from that of vertebrate visual pigments, yet is similar to those of inverte-
brate visual pigments, in agreement with the finding of reversible photoisomeriza-
tion of chromophore retinal in the lamprey pineal organ by Tamotsu et al. (1990).

The possible expression of parapinopsin in the UV-sensitive photoreceptor cells
of the pineal organ was investigated using electrophysiological and
immunohistochemical techniques (Koyanagi et al. 2004). Intracellular hyperpolar-
izing responses demonstrate the highest sensitivity at ~380 nm from the lamprey
pineal cells. The spectral sensitivity closely resembles the absorption spectrum of
recombinant parapinopsin (Fig. 1.3a). The immunohistochemical analysis clearly
shows that parapinopsin is distributed in the outer segments of the UV-sensitive
cells that were identified by electrophysiological recordings (Fig. 1.3b). These
results demonstrate that parapinopsin is responsible for UV reception in the lam-
prey pineal organ. In addition, parapinopsin expression is found only in the pineal
(Kawano-Yamashita et al. 2007), suggesting that parapinopsin involvement may be
limited to pineal UV reception.

Parapinopsin homologs have also been isolated from rainbow trout and the
clawed frog pineal and related organs, where the UV sensitivity has been electro-
physiologically detected (Morita 1966; Korf et al. 1981; Koyanagi et al. 2004).
Recently, parapinopsin was found in the parietal eye of the green iguana, Iguana



1 The Evolution and Diversity of Pineal and Parapineal Photopigments 9

iguana, which responds to UV light (Wada et al. 2012). Therefore, parapinopsin
may be a common molecular basis of pineal UV reception for wavelength
discrimination.

1.1.2.4 Characterization of the Parapinopsin-Containing UV
Photoreceptor Cells in the Lamprey Pineal Organ

In order to understand how UV light signals captured by parapinopsin are transmit-
ted to ganglion cells, which generate the antagonistic chromatic response, it is
important to investigate the distribution of parapinopsin-containing cells and their
neural projections histologically. Parapinopsin is localized predominantly in the
dorsal layer of the lamprey pineal organ (Fig. 1.3b) (Koyanagi et al. 2004). In con-
trast, thodopsin is distributed predominantly in the ventral layer (Fig. 1.3c)
(Koyanagi et al. 2004). Remarkably, both parapinopsin and rhodopsin are expressed
in the peripheral region, which is the dorsoventral border region of the lamprey
pineal organ; however, the two pigments are never colocalized in the same photore-
ceptor cell (Kawano-Yamashita et al. 2007).

Parapinopsin-containing cells possess important histological characteristics that
allow the assignment of the properties of pineal UV reception and neural projection
to chromatic-type ganglion cells. Dye coupling, which indicates cell connection
through gap junctions, was characterized in the basal processes of UV photorecep-
tor cells by intracellular injections (Koyanagi et al. 2004; Kawano-Yamashita et al.
2007). The UV photoreceptor cells are connected to each other, making a large
photoreceptive field of at least 250 pm x 100 um in area. Coupling in a large photo-
receptive field may enable an averaging of the UV light information reaching the
pineal organ and to help cancel the effect of shade.

In the lamprey pineal organ, most of the ganglion cells are localized in the ven-
tral and peripheral regions, whereas only a few are localized in the dorsal region; the
localization pattern of the ganglion cells is therefore different from that of the
parapinopsin-containing cells, implying that they do not interact directly. However,
parapinopsin-containing cells form a wide neural network, and almost all the basal
processes from these cells are in direct contact with the ganglion cells in the periph-
eral region (Kawano-Yamashita et al. 2007), where many responses of chromatic-
type ganglion cells have been recorded (Uchida and Morita 1994). These results
suggest that in the lamprey pineal organ, the ganglion cells of the peripheral portion
receive UV light information from the UV photoreceptor cells and that this drives
the antagonistic chromatic response.

1.1.2.5 Visible Light Absorption in Wavelength Discrimination
in the Lamprey Pineal

How visible light is captured and transduced in wavelength discrimination of lam-
prey pineal organ is of high interest. In chromatic-type ganglion cells, neural firing
is inhibited and excited by UV and visible light, respectively (Uchida and Morita
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1994). UV photoreceptor cells show hyperpolarizing responses to all wavelengths
of measuring light (Uchida and Morita 1990; Koyanagi et al. 2004). Taken together
with the finding that chromatic-type ganglion cells directly receive UV light infor-
mation from the parapinopsin-containing cells (Kawano-Yamashita et al. 2007), it
has been suggested that hyperpolarization of UV photoreceptor cells may cause
suppression of the release of excitatory transmitters, such as glutamate, and produce
the subsequent inhibitory responses of chromatic-type ganglion cells, analogous to
light response and phototransduction of retinal photoreceptor cells. However, it
remains unclear whether the pineal photoreceptor cells involved in the excitatory
response to visible light are depolarized or hyperpolarized by light stimulation and
whether they connect indirectly with chromatic-type ganglion cells through an
interneuron. The maximum sensitivities of the excitatory responses are reported to
be 540 nm (Uchida and Morita 1994), which is not in accordance with the absorp-
tion maximum of lamprey rhodopsin (Hisatomi et al. 1997) bearing the native
chromophore 11-cis 3,4-dehydroretinal (retinal A2) (1,.,=525 nm) (Fig. 1.3a).
Therefore, it is possible that photoreceptor cells containing an opsin other than
lamprey rhodopsin could be involved in the excitatory response.

1.1.2.6 Opsin-Based Pigment Involved in the Electrophysiological
Response in the Other Pineal-Related Organs

Parapineal organs, frontal organs, and parietal eyes are known as pineal-related
organs. The lamprey has a well-developed parapineal organ, where parapinopsin and
rhodopsin are present (Koyanagi et al. 2004); however, an electrophysiological
response has not yet been reported. On the other hand, the lizard parietal eye, which
evolved from the parapineal, can detect the ratio of UV/blue to longer wavelength
light. Interestingly, in the parietal eye, chromatic antagonism resides in the photore-
ceptor cells themselves; that is, the photoreceptor cells hyperpolarize and depolarize
to light in a wavelength-dependent manner (Solessio and Engbretson 1993; Su et al.
2006). This chromatic antagonism mechanism in a single photoreceptor cell is unique
to the parietal eye photoreceptor cells. The photoreceptor cells in the side-blotched
lizard (Uta stansburiana) have two antagonistic light signaling pathways, which lead
to hyperpolarizing and depolarizing responses with maximal sensitivity to blue and
green lights, respectively. Recently, the molecular basis of these two pathways was
revealed: the blue-sensitive pinopsin and the green-sensitive parietopsin are colocal-
ized in a single photoreceptor cell and underlie antagonistic light responses (Su et al.
2006). The hyperpolarizing response to light is mediated by pinopsin, which activates
a cGMP-phosphodiesterase through gustducin to lower cGMP concentrations, conse-
quently closing cyclic nucleotide-gated (CNG) channels. On the other hand, the depo-
larizing light response is mediated by parietopsin (named after a parietal eye opsin).
Light absorption by parietopsin causes elevation of cGMP levels through activation of
Go, which is suggested to inhibit the cGMP phosphodiesterase, consequently opening
CNG channels. Interestingly, the recent study by Wada et al. (2012) indicated that
parietopsin colocalizes with the UV-sensitive pigment parapinopsin instead of
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pinopsin in the parietal eye of iguana (Iguana iguana), which can discriminate UV
and visible light. This finding strongly suggests that parapinopsin may serve as a
UV-sensitive pigment in the wavelength discrimination pathway in a single photore-
ceptor cell. It is very interesting that the photopigment used in combination with pari-
etopsin varies between two lizard species.

The electrophysiological responses have also been recorded from chromatic- and
achromatic-type ganglion cells in the frog frontal organ, which differentiated from
a frontal portion of the pineal organ (Dodt and Heerd 1962). It was reported that the
wavelengths of maximum sensitivity for inhibitory and excitatory responses were
355 nm and 515 nm, respectively. Because parapinopsin was isolated from the
clawed frog (Xenopus tropicalis) tissue containing the frontal organ (Koyanagi et al.
2004), it is suggested that parapinopsin may control UV reception for the inhibitory
response.

Overall, parapinopsin may be a common UV-sensitive pigment for wavelength
discrimination of UV and visible light in various pineal-related organs.

1.2 The Evolution of Pineal and Parapineal Photopigments

More than 2,000 types of opsins have been identified thus far and are classified into
at least eight groups on the basis of amino acid sequence similarity: vertebrate visual
and non-visual opsin, Opn3 (encephalopsin)/TMT-opsin, invertebrate Go-coupled
opsin, cnidarian Gs-coupled opsin, Opn5 (neuropsin), Gg-coupled visual opsin and
Opn4 (melanopsin), peropsin and retinal photoisomerase (Fig. 1.4a) (Terakita 2005;
Terakita et al. 2012). Since the discovery of pinopsin (Okano et al. 1994), multiple
types of non-visual opsins have been identified. Several lines of evidence suggest that
these different types of opsins are expressed in pineal and related organs in a wide
variety of non-mammalian vertebrates. Immunohistochemical and molecular bio-
logical investigations revealed that non-visual opsins, pinopsin (Okano et al. 1994),
parapinopsin (Blackshaw and Snyder 1997), exo-rhodopsin (Mano et al. 1999), VA
opsin (Philp et al. 2000), melanopsin (Bailey and Cassone 2005), and parietopsin (Su
et al. 20006) are present in the non-mammalian pineal and related organs in addition
to the rod and cone visual pigments (Vigh et al. 2002). As seen in the phylogenetic
tree, opsins specific to pineal and related organs, exo-rhodopsin, pinopsin, parapi-
nopsin, and parietopsin, are closely related to vertebrate visual opsins, suggesting an
important evolutionary connection to vertebrate visual opsins (Fig. 1.4b).

The molecular phylogenetic tree including the members of Opn3 (encephalop-
sin)/TMT opsin as an out-group suggests that visual opsins arose from non-visual
opsins. Previous studies revealed that upon light absorption, non-visual opsin-based
pigments, such as Opn3 (encephalopsin)/TMT-opsin, Opn4 (melanopsin), and
OpnS5 (neuropsin)-based pigments, convert to a stable photoproduct, which activates
G proteins and then reverts back to the original dark state by subsequent light
absorption, as found for invertebrate visual pigments (Gq-coupled visual opsin)
(Koyanagi et al. 2005, 2013; Koyanagi and Terakita 2008; Yamashita et al. 2010;
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Fig. 1.5 Schematic drawings of molecular and spectroscopic properties of opsin-based pigments.
(a) Opsin-based pigments are divided into two groups based on the molecular properties of their
photoproducts, bleaching pigments and bistable pigments. (b) In the physiological conditions, the
photoproduct of bleaching pigments become “colorless” with its absorption maximum at ~380 nm
(UV region), as a result of chromophore release (a, upper diagram), whereas the photoproducts of
bistable pigments have absorption maxima in the visible region, as a result of retaining the chro-
mophore (a, lower diagram)

Kojima et al. 2011; Matsuyama et al. 2012). The photoreversible or photointercon-
vertible property of the two stable states (dark state and photoproduct) is called a
bistable nature, which is quite different from the molecular properties of the verte-
brate rod and cone visual pigments (Fig. 1.5) (Terakita 2005; Terakita et al. 2012).
The photoproduct of such visual pigments releases the chromophore retinal and
bleaches (becomes colorless) (Fig. 1.5). Detailed spectroscopic investigations indi-
cated that pinopsin and exo-rhodopsin also have the bleaching property but their
photoproduct (Meta II) decay rates are between those of rod and cone visual pig-
ments (Nakamura et al. 2001; Tarttelin et al. 2011). In addition, parietopsin and
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VA-opsin also have the bleaching property (Sato et al. 2011; Sakai et al. 2012).
However, parapinopsin is bistable, similar to Opn3 (encephalopsin)/TMT-opsin
homologs and Gqg-coupled visual opsin, as suggested by reversible photoisomeriza-
tion of chromophore retinal in the lamprey pineal organ (Tamotsu and Morita 1990).

1.2.1 The Molecular and Biochemical Properties
of Parapinopsin as an Evolutionary Intermediate

Parapinopsin is a member of the Gt-coupled opsin group composed of vertebrate
visual and non-visual pigments but has a bistable nature, unlike other members of
this group (Koyanagi et al. 2004). Our previous studies suggested that the amino
acid residue that serves as the counterion is related to the molecular properties of the
photoproduct. For opsin-based pigments, the chromophore retinal binds to the
highly conserved lysine residue at position 296 (Lys 296, bovine rod opsin (rhodop-
sin) numbering system) through a Schiff base linkage (Pitt et al. 1955; Hargrave
et al. 1983; Findlay and Pappin 1986). Various types of opsin-based pigments with
absorption maxima in the visible light region possess a “protonated” Schiff base
linkage. In the protein moiety, the positive charge on the protonated Schiff base is
unstable, and therefore a counterion, a negatively charged amino acid residue is
needed to stabilize the positive charge. In vertebrate visual pigment, glutamic acid
at position 113 serves as the counterion (Sakmar et al. 1989; Zhukovsky and Oprian
1989; Nathans 1990). In contrast, Glul81 acts as the counterion in invertebrate pig-
ments as well as in retinochrome, a retinal photoisomerase in squid photoreceptor
cells, suggesting that Glul81 was the counterion in the ancestral vertebrate visual
pigments (Terakita et al. 2000, 2004). The counterion position is therefore a key site
in defining the diversity of opsins and their pigments.

Although parapinopsin has an amino acid sequence similar to those of vertebrate
visual pigments, it has the molecular properties of a bistable pigment, similar to
invertebrate visual pigments (Gg-coupled visual opsin) and Opn3 (encephalopsin)/
TMT-opsin-based pigments. These observations indicate that parapinopsin is one of
the key pigments for understanding the molecular evolution of vertebrate visual pig-
ments. Parapinopsin has glutamic acid residues at both positions 113 and 181, simi-
lar therefore to vertebrate visual pigments. However, mutational analyses have
revealed that Glu181 is the functional counterion residue, as found for invertebrate
rhodopsins (Terakita et al. 2004). Therefore, this suggests that the molecular proper-
ties of photoproducts, namely photoregeneration (bistability) and bleaching, may
relate to counterion position and that vertebrate visual pigments having bleaching
property might have evolved from an ancestral vertebrate bistable pigment similar
to parapinopsin.

Interestingly, the G protein activation efficiency of both parapinopsin and
invertebrate-type pigment, which have Glul81 as the counterion, is much lower
(1/20-1/50) than that of vertebrate visual pigments (Terakita et al. 2004). However,
previous studies revealed that the rhodopsin—G protein interaction sites are located
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far from amino acid residues at positions 113 and 181, indicating that the different
positions of counterion residues do not account by themselves for the difference in
G protein activation efficiency. Thus, it is of interest to establish how the different G
protein activation efficiencies are generated. Upon photoreception, some conforma-
tional changes take place in opsin-based pigments to activate the G protein. Site-
directed spin labeling studies using bovine rod opsin-based pigment (rhodopsin)
have revealed that movement of the cytoplasmic end of the sixth transmembrane
helix is essential for pigment activation (Farrens et al. 1996; Hubbell et al. 2003;
Altenbach et al. 2008). Using a site-directed fluorescence labeling technique, the
difference in G protein activation efficiency between parapinopsin and bovine rod
opsin-based pigment was investigated in relation to differences in the movement of
helix VI (Tsukamoto et al. 2009). The movement of helix VI was similar in the two
pigments, but the movement was greater in bovine rod opsin-based pigment than in
parapinopsin. Amplitude differences of conformational changes likely led to the
different G protein activation efficiencies between these pigments (see Chap. 7).

1.2.2 The Evolutionary Interaction of the Phototransduction
Molecules with Opsins

The light response of vertebrate visual cells is achieved by light-absorbing visual
pigments coupled to signal transduction proteins such as visual G protein transducin
and visual arrestin, the latter of which binds to the light-stimulated visual pigment
to shut off G protein-mediated signaling (Yau and Hardie 2009). As described
above, the molecular properties of the photoproduct, which activates the G protein,
are different between parapinopsin and vertebrate visual pigments. Therefore, we
speculated that the signal transduction mechanism driven by parapinopsin was dif-
ferent from that of vertebrate retinal photoreceptors. Our immunohistochemical
study suggested that transducin is the G protein coupled to the pigment in the
parapinopsin-containing photoreceptor cells (Kawano-Yamashita et al. 2011).
Arrestin binding to the parapinopsin photoproduct in the lamprey pineal organ how-
ever was found to involve p-arrestin, which is generally not bound to opsin-based G
protein-coupled receptors (GPCRs); it is present in the parapinopsin-containing
photoreceptor cells and translocates to the outer segments in a light-dependent man-
ner (Kawano- Yamashita et al. 2011). These findings suggest that f-arrestin binds to
light-stimulated parapinopsin to shut off signaling of the G proteins in the pineal
photoreceptor cells, which is similar to the function of visual arrestin binding to
light-activated rod opsin-based pigment (Philp et al. 1987).

In various mammalian GPCR systems, p-arrestin generally has two major func-
tions that are carried out through binding to stimulated GPCRs (Lohse et al. 1990;
Ferguson et al. 1996a, b; Goodman et al. 1996; Krupnick and Benovic 1998): termi-
nation of GPCR signaling to G proteins, and an involvement in the clathrin-mediated
internalization process that removes receptors from the membrane to desensitize the
cell. With respect to the latter function, p-arrestin has a clathrin binding domain,
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Fig. 1.6 A schematic presentation of the correlation between the molecular evolution of photopig-
ments and arrestins. The right and left trees show the phylogenetic relationships of photopigments
and arrestins, respectively. Three types of arrestins are shown but only two have a clathrin-binding
domain (the filled circle). The arrows that connect the trees indicate the biochemical interactions
between photopigments and arrestins

which visual arrestin lacks (Fig. 1.6). Interestingly, B-arrestin colocalizes with
parapinopsin and not with the G protein in the granules observed in the parapinopsin-
expressing cells under light illumination (Kawano-Yamashita et al. 2011). Our anal-
ysis of the interaction of parapinopsin with p-arrestin in HEK 2938 cells revealed
that lamprey fp-arrestin modulated the internalization of parapinopsin in a clathrin-
and light-dependent manner, similar to mammalian p-arrestin. It was therefore sug-
gested that the granules in the cell body were generated in a light-dependent manner
by p-arrestin-mediated internalization of parapinopsins from the outer segment,
photoreceptive portions.

Internalization mediated by p-arrestin, namely, the removal of the light-activated
parapinopsin, may be responsible for cell recovery after activation. The photoprod-
uct of the visual pigment rhodopsin is unstable, and therefore, visual cells recover to
the original dark state in the time taken to release of the chromophore, all-trans reti-
nal, from the photoproduct. However, parapinopsin converts to a photoproduct that
is stable and does not bleach. Therefore, the parapinopsin photoproduct does not
release the chromophore retinal or is not degraded, even under strong light (Koyanagi
et al. 2004). In this context, parapinopsin internalization mediated by p-arrestin may
play an important role in photoproduct removal in the course of recovery to the origi-
nal dark state. In Drosophila visual cells, where the visual pigment is converted to a
stable photoproduct, the visual pigment interacts with invertebrate-type arrestins to
terminate signal transduction (Dolph et al. 1993) and trigger light-induced internal-
ization of visual pigments (Alloway et al. 2000; Kiselev et al. 2000; Satoh and Ready
2005). Interestingly, although invertebrate-type arrestins do not contain a clathrin-
binding domain, they are implicated in light-induced clathrin-mediated internaliza-
tion of visual pigments through interaction with another adaptor protein, AP-2 (Orem
et al. 2006). As a result, this internalization leads to photoreceptor cell degeneration.
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Therefore, it can be speculated that the arrestin-mediated internalization of bistable
pigments is a general strategy for completely eliminating the light-activated pigment
from the signaling cascades to restore photoreceptor cell conditions to the original
dark state. In addition, the removal of photoproduct from the outer segments results
in the down-regulation of parapinopsin function. This down-regulation may partially
contribute to light adaptation and desensitization of photoreceptor cells to light, sim-
ilar to the down-regulation of ligand-binding GPCRs through internalization (Lohse
et al. 1990; Ferguson et al. 1996a, b; Goodman et al. 1996; Krupnick and Benovic
1998; Lefkowitz 1998).

Vertebrate visual arrestins are found in a wide variety of vertebrates, including
the lamprey (Kawano-Yamashita et al. 2011). In most of these animals, visual arres-
tin is localized not only to the visual cells of the retinal but also to the pineal photo-
receptor cells, which contain a pigment that bleaches (Collin et al. 1986). In other
words, most visual arrestins function with bleaching pigments, regardless of their
localization. This observation strongly supports the functional relationship between
visual arrestin and bleaching visual pigments. Interestingly, in ascidians, which are
the invertebrates that are most closely related to vertebrates, opsin-based pigments
bind to arrestin, which has a function similar to the vertebrate B-arrestin (Nakagawa
et al. 2002). Therefore, vertebrate visual arrestins appear to have diversified from
their ancestral vertebrate “f-like” arrestin, for function in visual cells. It is possible
therefore that vertebrate visual arrestins lack a clathrin-binding domain and are
hence unable to function as a mediator of internalization because of the newly
acquired bleaching property of the associated visual pigments that no longer require
internalization for the inactivation of photoproducts. This is a strong argument in
support of the notion that the evolution of visual pigments promoted the diversifica-
tion of other signal transduction proteins and the acquisition of a phototransduction
cascade that is unique to the vertebrate visual cell. That is, we can speculate that
opsin evolution is correlated with the evolution of visual arrestin based on the find-
ings of a pineal opsin, parapinopsin (Fig. 1.6).

1.3 Conclusion

Various types of opsin-based pigments are expressed in the pineals and related organs.
Parapinopsin, which functions as the UV-sensitive photopigment in wavelength dis-
crimination, is an important opsin-based pigment for understanding the molecular
evolution of vertebrate visual opsins. Although parapinopsin has an amino acid
sequence similar to those of vertebrate visual opsins, it shows photoreversibility and
is therefore bistable in nature, similar to invertebrate visual pigments and unlike ver-
tebrate visual pigments, which have a bleaching property. Based on the spectroscopic
and biochemical properties of parapinopsin, vertebrate visual pigments that undergo
bleaching may have evolved from the ancestral vertebrate opsin-based pigment with
a bistable nature, similar to parapinopsin. Moreover, acquisition of the bleaching
property during molecular evolution of vertebrate visual pigment may have promoted
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the emergence of visual arrestin. Thus, we can predict that the bleaching property of
opsin-based pigment may have facilitated the molecular evolution of other signaling
proteins that specifically couple to bleaching visual pigments.
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