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Since Holmgren's (1918) classical work on the "Parietalorgan" in the frog,
Rana temporaria, the pineal complex in lower vertebrates has attracted much
attention (for references, see the review of Wurtmann et al., 1968). In the
anurans, the pineal organ and related structures have been investigated by a
variety of techniques; ultrastructurally (Eakin et al., 1963; Oksche and Vaupelvon Harnack, 1963, 1965; Kelly and Smith, 1964; Oharlton, 1968; Ueck, 1968a,
b; Hendrickson and Kelly, 1971), autoradiographically (Oharlton, 1966b; Hendrickson and Kelly, 1969; Bunt and Kelly, 1971), electrophysiologically (Dodt and
Heerd, 1962; Dodt and Jacobson, 1963; Dodt and Morita, 1967), histo- and
cytochemically (Owman et al., 1970; Ueck, 1971) and neuroanatomically (Paul
et al., 1971; Ueck et al., 1971). These studies have confirmed the photoreceptive
function of the anuran pineal organ.
Bagnara (1963, 1965) demonstrated that the blanching reaction occurred in
larvae of the African clawed toad, Xenopus laevis, when they were confined to
darkness. The reaction decreased after the pineal organ was removed. Oharlton
(1966a) and Wakahara (1970) have investigated the body coloration of larval and
adult Xenopus with and without the pineal organ under various light conditions.
From the many studies of the pineal organ in lower vertebrates it has been postulated that the organ contains, as hormonal substances, indole derivatives such as
serotonin or melatonin (for references, see Bagnara and Hadley, 1970, 1973.)
Recently, Wakahara (1972) has shown that the pineal organ-subcommissural
organ (PO-SOO) system in larval Xenopus effects the circadian rhythm in the
mitotic activity of the tail fin. However, at present, it remains to be clarified
how the photic stimuli received by the PO photoreceptor cells are transduced to
internal humoral signals. In this respect, it was felt that more data are necessary
Jour. Fac. Sci. Hokkaido Univ. Ser. VI, Zool. 19 (1), 1973.
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on the ultrastructural alterations of the PO-SOO system. The present study
describes the morphological features of the PO in young Mrican clawed toads,
Xenopus laevis, under different light conditions.
Materials and Methods
Xenopus laevis, used in this investigation were obtained by induced matings and
cultured in laboratory aquaria. Toads three to six months after metamorphosis (about
30-40 mm in body length and 3-5 gm in body weight) were used.
For light microscopical study, thirty-six toads were divided into six groups and kept
under different light conditions as follows: group 1, natural day-night conditions (in an
outdoor pond); group 2, continuous darkness; group 3, LD 12:12 (100 lux at the light
phase); group 4, LD 12:12 (1,000 lux at the light phase); group 5, LD 12:12 (10,000 lux at
the light phase); and group 6, continuous light (10,000 lux). Throughout the experiment,
the water temperature was kept at 20-22°0 for all the experimental animals except those of
group 1 where the temperature changed 14-25°0 under natural conditions. The intensity
of light used in groups 3, 4, 5 and 6 was obtained by artificial illumination with fluorescent
lamps and white bulbs. One month later they were decapitated without anesthesia and
fixed in Bouin's fluid for histological examination. All the animals were killed between
10:00 and 11 :00 in the morning to avoid a possible circadian rhythm in the histological
features of the pineal organ. Serial sagittal sections, 10 It thick, were prepared and stained
with aldehyde fuchsin (AF) after p3rmanganate oxid9.tion and nuclear counter stain.
For electron microscopical study, the toads were confined to the following light
conditions for three weeks: (1) eight toads were placed under continuous light (10,000 lux);
(2) eight were placed in continuous darkness; (3) thirty-six toads were kept in the natural
day-night conditions of the laboratory or outdoor pond. The toads were killed by decapitation between 10:00 and 11 :00 in the morning and the dorsal halves of the brains were
dissected out and fixed with the following fiX'1tives at 0-5°0: a) 5% glutaraldehyde in
0.1 M phosphate buffer, pH 7.2 (Millonig, 1961), b) glutaraldehyde plus formaldehyde buffered
to pH 7.5 with 0.1 M phosphate buffer, and c) a three fold mixture containing glutaraldehyde, formaldehyde and acrolein buffered to pH 7.5 with 0.1 M phosphate buffer
(Rodriguez, 1969). The brains, including the pineal organ, were trimmed in the fixative.
The dissected pieces of tissues were immersed in fresh fixative for 2 to 4 hours, and after
the thorough washing with the same buffer, were postfixed in 1% osmium tetroxide buffered
at pH 7.5 with 0.1 M phosphate buffer for 2 hours. The tissues were then rinsed in distilled
water to remove phosphate, dehydrated through the ascendant ethanol or acetone and
embedded in Epon 812 (Luft, 1961). Ultrathin sections were cut on a Porter-Blum ultramicrotome and stained with lead citrate or doubly stained with uranyl acetate and lead citrate
(Reynolds, 1963). Observations were made with a Hitachi HS--7 electron microscope.

Observations
1. Light Microscopical Study

Histological features of the pineal organ in the larval and adult Xenopus have
previously been described by the present author (Wakahara, 1968). Under light
microscopy, four cell types are distinguished: the photoreceptor cell, two types of
supportive cells and the free cell. There is little histological variation in the pineal
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Fig. 1. Number of free cells counted in the pineal lumen of animals kept in various
light conditions for a month. Each circle represents the value for each toad; columns,
average values.

organ of toads reared in different light conditions, except for the number of free
cells in the pineal lumen (Fig. 1).
The animals kept in continuous darkness had the largest number of free cells
ranging from 16 to 48, (or an average of 30.8 cells per animal), and about twice
as many as the controls, which possessed 7-25 cells (an average of 14.0 cells per
animal). The toads kept under LD 12:12 conditions with a dim light (100 lux)
contained 12 to 44 cells (or an average of 25.5 cells per animal). This amount is
slightly larger than that in toads kept in the natural day-night conditions. In
two other groups of toads reared in LD 12:12 but treated with greater intensities
of light (1,000 and 10,000 lux), the number of free cells was very small, ranging
from 3-15 (an average of 8.5 cells per toad) and 3-38 (an average of 10.8 cells per
toad), respectively. These values are comparable to that in the continuous-lightadapted animals which possessed 3-20 cells (or an average of 8.8 cells per toad).
2.

Electron Microscopical Study

All the three fixatives employed in the present study yielded similar results
with respect to the form and size of the cells and the preservation of the membrane
system and matrix. In the pineal wall, the ganglion cells were detected, which
are characterized by cored vesicles near the Golgi-complexes within the relatively
electron lucent cytoplasm. The two types of supportive cells, classified at the
light microscopical level by the presence or absence of the AF positive cytoplasmic
inclusions, were not recognized in the ultrathin sections.
In the following a description of the photoreceptor cell, supportive cell,
ganglion cell and free cell is given, which constitute the pineal organs of the toads
reared in continuous light (light-adapted) and continuous darkness (dark-adapted).
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A. Photoreceptor cell
The photoreceptor cell, the principal constituent of the pineal organ, occurs
much more frequently in the pineal floor than in the roof. It is composed of an
outer segment, an inner segment and a nucleated basal part with a basal process
extending into the neuropil zone (Fig. 2).

Fig. 2. Semi-diagrammatic illustration of the pineal wall of adult Xenopus. For
explanation, see text. BL, basal lamina; Bp, basal process of photoreceptor cell; E,
endothelial cell; G, ganglion cell; Is, inner segment of photoreceptor cell; NZ, neuropil zone;
as, outer segment of photoreceptor cell; P, photoreceptor cell; S, supportive cell; g, Golgicomplex; m, mitochondrion; mb, myeloid body; ser, smooth surfaced endoplasmic reticulum.

Outer segment
The outer segment of the photoreceptor cell is a stack of flattened sacs of the
plasma membrane of ciliary derivatives. It is connected to the inner segment
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by a connecting piece in which the ciliary fibrils arise from the centriole located
in the inner segment (Figs_ 7 and 8), and by finger-like cytoplasmic processes which
also arise from the inner segment (Figs. 11-15). The outer segment varies in form
and size, from those evidently fully developed (Figs. 3 and 4) to the one with a
thin stack of sacs (Fig. 10). The outer segment with a thinner stack of sacs has
a longer plasma membrane. The outer segment composed of about 100 flattened
sacs is of 1-3,1t in width, while the one with a stack of 30-50 sacs measures 10,lt
or over. Concentrically arranged plasma membranes sometimes accompanying
whorls of myelinated membrane in the center are observed in the lumen (Fig. 11).
In general the outer segments are less developed in the two experimental
groups than in the control group (Figs. 5 and 6). The segment with a stack of
100 or more flattened sacs of the plasma membrane, are rare in the light- and darkadapted animals. Instead, only an apparent remnant, membranous structure is
present (Fig. 6, arrows). The outer segment in the light- and dark-adapted
animals, thus shows a wide diversity in morphology, presumably due to a lesser
degree of development. The transfiguration of the plasma membrane into vesicles
and tubules, a phenomenon sometimes encountered within the osmium tetroxidefixed materials, was not observed in this study.
Inner segment
The inner segment of photoreceptor cells is distinguished from the nucleated
basal part by a constriction, or neck, where the cell is connected with neighboring
supportive cells by desmosomal junctions (Fig. 18). The inner segment contains
mitochondria, Golgi-complexes, rough and smooth surfaced endoplasmic reticula,
centrioles, free ribosomes and presumed glycogen particles. Occasionally, in all
groups of toads, microtubules are observed running from the basal part to the
inner segment through the neck region (Fig. 18). In contrast to the relatively
underdeveloped outer segment in the light- and dark-adapted animals, the inner
segment of the experimental groups usually contains a more developed rough
surfaced endoplasmic reticula and Golgi-complexes than the control group (Figs.
16 and 17). The rough endoplasmic reticula, mostly with parallel cisternae but in
some cases vesicular in form; are observed in the apical half of this segment.
The Golgi-complexes are distributed from the neck region to the subapical region,
an association with the vesicles and tubules. They usually contain medially
electron dense matrix.
Basal part
The photoreceptor cell has in its basal part an indented nucleus usually with a
prominent nucleolus and disseminated chromatin. The perinuclear cytoplasm
contains mitochondria, Golgi-complexes, rough and smooth surfaced endoplasmic
reticula, lysosome-like bodies, free ribosomes and presumed glycogen particles.
No apparent difference was found among the three groups of animals on the
ultrastructure of the nucleus and cytoplasm except for the lysosome-like bodies,
which are usually larger in number in the light- and dark-adapted animals than
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the control group.
The basal process extending into the neuropil zone contains numerous small
vesicles about 400-600 A in diameter and a few mitochondria within a relatively
electron dense cytoplasm. Frequently, the basal process of the photoreceptor cell
containing numerous small vesicles penetrates the basal lamina which separates
the pineal organ from the habenular commissure fiber (Fig. 21). In one specimen
of the light-adapted group, numerous, presumably glycogen, particles are present
in the basal part of the photoreceptor cell (Fig. 19). They are electron dense,
about 500-700 A in diameter, without the external limiting membrane, and therefore can be distinguished from the vesicles in the basal processes of other photoreceptor cells.

B. Supportive cell
This type of cells characteristically contains large, spherical mitochondria,
a considerable amount of vesicular smooth surfaced endoplasmic reticula and a
peculiar membrane structure, or "myeloid body". In the dark-adapted animals,
the myeloid body is larger than those both in the normal control and light-adapted
animals (Figs. 22-27). The length of the myeloid body in the dark-adapted
animals (an average of 2.14 fl in 42 myeloid bodies) and is more than those of the
control and light-adapted animals (an average of 1.48 and 1.45 fl in 48 and 22
myeloid bodies, respectively). Also there are larger numbers of myeloid bodies in
the dark-adapted animals than in the other two groups, although no conclusive
evidence is yet available because of a relatively small number of specimens
examined.
In constrast to the supportive cells in the pineal floor, those located in the
pineal roof frequently have peculiar whirled membranous structures of remarkable
morphological diversity (Fig. 29). Some are morphologically similar to the
membranous structures in the free cell. In the light- and dark-adapted animals,
peculiar whirled membranous structures were frequently encountered within the
supportive cells of the pineal roof and sometimes even in those of the pineal floor.
Further, many lysosome-like bodies, of various size and forms, are present in the
supportive cells of the light-adapted animals, and their contents indicate that the
membranous structure is in different stages of disintegration. In one case, several
such lysosome-like bodies were observed occupying a large part of the cytoplasm
(Fig. 30). In one specimen of the light-adapted group, a supportive cell was
found to attach closely to the outer segment of the photoreceptor cell (Fig. 31).
Differences in the smooth endoplasmic reticula, mitochondria, Golgi-complexes,
microtubules and fine filaments (Fig. 28) are hardly noticeable ultrastructurally.
C.

Ganglion cell and neuropil zone

The ganglion cell is characterized by its relatively round nucleus and electron
lucent cytoplasm. In normal animal, the nucleus contains a prominent nucleolus
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and uniformly distributed chromatin granules (Fig. 32). The cell is also
characterized by abundant ribosomes that are aggregated to form rosettes and by
cored vesicles (about 800-1,500 A in diameter) located near elaborate Golgicomplexes (Fig. 33). The lamellar and vesicular rough surfaced endoplasmic reticula
are well developed in the perikaryon. A number of electron dense particles
without external limiting membrane, presumably glycogen, are also present. Mitochondria are generally small in size, but sometimes an extremely large mitochondrion is found with the packed cristae running parallel to the long axis. Also
present in a normal animal was a large electron dense body (about 0.8-1.2 f' in
diameter) consisted characteristically of membranous whirled structures (Fig. 32).
Ultrastructurally the ganglion cell in the two experimental groups is almost the
same as that depicted in the control group except in the number of cored vesicles.
In the light-adapted animals, the cored vesicles are more abundant in the perikaryon than in the dark-adapted and control animals. However, no difference
was found in the size and form of the cored vesicles among the three groups.
The neuropil zone has a complicated structure, intermingled with the basal
processes of the photoreceptor cells, presumably dendritic processes of the
ganglion cells and myelinated and unmyelinated nerve fibers of unknown origin,
located deeply in the pineal wall (Fig. 34). The amount of minute vesicles
contained in the basal process of the photoreceptor cell is much greater at the distal
end than in the proximal part. Large granules (about 800-1,000 A in diameter)
probably with the external limiting membrane are observed among numerous
uniformly elaborated minute vesicles (Fig. 20). The mitochondria in the distal
part of the basal process is sometimes aggregated to form a cluster. The
presynaptic part of the synaptic apparatus is composed of synaptic rods or ribbons
and numerous synaptic vesicles which surround them (Fig. 34). No difference was
found in the number and structure of these organelles between the two experimental
groups and the normal control group.
D.

Free cell and other structures in the lumen

A greater number of free cells are present in the pineal organ of the darkadapted animals. The cells are extremely variable in shape and size and usually
contain mitochondria, smooth and rough surfaced endoplasmic reticula, lysosomelike bodies and a large number of membranous inclusions (Figs. 36 and 37). The
membranous inclusions show various degrees of disintegration of the plasma
membrane, from being almost intact concentrically arranged to the whirls of the
myelinated membrane, or to the membranous debris within the lysosome-like bodies
of various electron densities.
In general, the free cell has numerous endoplasmic reticula and is devoid of the
Golgi-complexes. However, a peculiar type of free cell was sometimes observed
which, like the photoreceptor cell, had an ellipsoid-like cluster of mitochondria,
well developed Golgi-complexes with associated vesicles and even the finger-like
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cytoplasmic processes closely surrounding the outer margin of the outer segment
(Fig. 37). Such "photoreceptor-like" free cells are found not only in the darkadapted animals but also in the light-adapted and control animals (Figs. 38 and 39).
Further, the cytoplasmic processes containing numerous microtubules and elongated
mitochondria are present in the pineal lumen of the dark-adapted animal (Fig. 40).
It was not confirmed, however, where these cytoplasmic processes had originated
from.
Extraordinarily large vesicles (up to 45 ft in diameter) appeared in the pineal
lumen of the light-adapted animals. These vesicles contain minute particles of
different electron densities. Having no external limiting membrane, these
particles might be similar to the presumed glycogen particles that are observed
in the pineal parenchymal cell.
Discussion

While Charlton (1968) could only distinguish two types of cells, the "include
cell" and "support cell" in the pineal organ of Xenopus Iaevis, in this study at least
three cell types have been detected electron microscopically: the photoreceptor
cell, ganglion cell and supportive cell. The glia cell, which has been distinguished from the supportive cell by its localization and cytoplasmic properties in
Rana by Oksche and Vaupel-von Harnack (1963), could not be distinguished in this
study. In addition, the free cell in the pineal lumen, which may correspond to
"Freie Zelle" (Oksche and Vaupel-von Harnack, 1963) or "macrophage" (Kelly and
Smith, 1964; Deck, 1968a), is a common constituent of the pineal organ in spite
of its morphological diversity.
It has been shown light microscopically that the free cells in the pineal lumen
increase in number as the animals stay in continuous darkness. Although some
alterations in the morphology of the pineal organ or frontal organ of the lower
vertebrates have been reported to occur under various light conditions (GrunewaldLowenstein, 1956; Eakin et al., 1963), the increase in the number of free cells in the
pineal lumen of the dark-adapted Xenopus was reported for the first time in this
paper. This increase is also confirmed by electron microscopy. It should be
noted the toads treated with a 24-hour cycle of LD 12:12, with a dim illumination
of 100 lux at the light phase, have a similar number of free cells to those of darkadapted animals.
Kelly and Smith (1964) postulated that the free cell in the anuran pineal lumen
originated from the macrophage. The present investigation, however, clearly
demonstrates the presence of "photoreceptor-like" free cells. Because the
"photoreceptor-like" free cells in the pineal lumen were observed in the two
experimental animals as well as in the control animals, and as these cells and
their neighboring tissues were well preserved electron microscopically, the possibility of these cells being fixation artifacts is excluded. Further, the supportive
cells contain a membranous structure similar to the ones observed in the free cells
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and the presumed dendritic or axonal processes of the ganglion cell are present in
the pineal lumen. These features indicate that the free cells in the pineal lumen
originated from the pineal parenchymal cells.
The diverse morphology of the outer segment of photoreceptor cell in lower
vertebrates is well known; (in fishes: Breucker and Horstmann, 1965; Oksche and
Kirschstein, 1967; Riideberg, 1968, 1969; Takahashi, 1969; Takahashi and
Kasuga, 1971; Murphy, 1971; in amphibians: Eakin et al., 1963; Oksche and Vaupelvon Harnack, 1963, 1965; Kelly and Smith, 1964; Deck, 1968a; Hendrickson and
Kelly, 1971; in reptilians: Collin, 1967; Oksche and Kirschstein, 1968; Petit, 1969).
Some of these morphological differences may actually be fixation artifacts, and
therefore are not real. In the present study, the transfiguration of the plasma
membranes that form the outer segment was avoided by using proper fixation
methods. Evidence has been presented to support the hypothesis that the outer
segment of the pineal photoreceptor cell shows a degeneration-regeneration cycle
as postulated by Holmgren in 1918. It has been demonstrated that the number
of the regularly arranged outer segment is smaller in the light- and dark-adapted
animals than the control animals. This may indicate that in the outer segment
the degenerative process is more dominant than the regenerative process. In
addition, large outer segment-like structure has been observed (Figs. 44-46) in
the pineal organ of toads which, with their eyes bilaterally removed, were reared
under day-night conditions for a month. The inset of Fig. 44 clearly illustrates
that lamellated plasma membranes arrange intricately to form a voluminous mass.
This suggests that the regenerative process of the outer segment prevails over the
degenerative one under that condition, hence resulting in an extraordinarily large
outer segment-like structure.
Deck (1968a) has postulated that degeneration of the outer segments occurs
in two ways ultrastructurally: the membrane complexes are discharged from the
apex, or lysis begins in the basal portion. It was not determined which degeneration process dominates under the experimental conditions. Kelly and Bunt (1971)
have demonstrated autoradiographically that the outer segments of the pineal
photoreceptor cell are on a continual renewal process such as Young and his
coworkers have postulated in the retinal photoreceptors (Young, 1967; Young and
Droz, 1968; Young and Bok, 1969). More precise investigations are necessary to
understand thoroughly the relationship between the light (or dark) and the
degeneration-regeneration process of the outer segments.
The increase in size and number of the myeloid bodies in the supportive cell
of the dark-adapted animals as compared to those of the control and light-adapted
animals may give some clue to the function of this organelle in relation to the
pineal photoreception.
An increase or decrease in the number and size of the free cells in the pineal
lumen and of the myeloid bodies in the supportive cells are dependent on light
conditions. This indicates that the anuran pineal organ has a photoreceptive
function. However, a secretory function of this organ cannot be excluded. The
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large vesicles observed in the pineal lumen of the light-adapted animals strongly
suggest apocrine secretion from the supportive cells such as that reported in fish
ependymal cells (Marquet et al., 1972). Applications of modern biochemical
techniques on the pineal organ has revealed the possible production, storage and/or
release of certain chemicals by the pineal organ in anurans (for references, see
Wurtman et al., 1968). Using autoradiographical methods, Charlton (1966b) has
demonstrated that the pineal organ of Xenopus laevis produces melatonin and the
photoreceptor cell appears to be the site of its production. On the other hand,
Owman et al. (1970) demonstrated with the aid of the fluorescent microscope that
serotonin, the precursor of melatonin, is present both in the photoreceptor cell
and supportive cell in Rana esculenta and R. pipiens. The presence of welldeveloped Golgi-complexes in the supportive cell and even in the photoreceptor cell
stresses the possibility of the secretory function of these two sites.
Summary

The pineal organ of the Mrican clawed toads, Xenopus laevis, kept in different
light conditions was investigated by using light and electron microscopes. In
the toads kept for a month in continuous darkness the organ contained more
abundant free cells in the lumen than the organ in those kept in the usual daynight conditions, LD 12:12 (10,000 and 1,000 lux at the light phase, respectively)
or the continuous light (10,000 lux). The increase in number of the free cells was
found in animals kept in LD 12: 12, with a dim light, 100 lux, at the light phase.
Electron microscopically, these free cells were shown to have originated from the
pineal parenchymal cells.
The outer segments of the photoreceptor cells were less developed in the lightand dark-adapted animals compared with those in the control animals. The
myeloid bodies in the supportive cells increased in size and possibly in number
in the dark-adapted animals. In the pineal lumen of the light-adapted animals,
large vesicles were present. These vesicles probably originated from the supportive cells and contained numerous presumed glycogen particles.
The author wishes to express his sincere appreciation to Professor Tomoji Aoto for his
kind guidance and encouragement during the course of this investigation and for
improvement of the manuscript. The author wishes also to thank Mr. Y. Takakuwa and
Miss S. Tsutsui for their competent technical assistance.

References
Bagnara, J. T. 1963. The pineal and the body lightening reaction of larval amphibians.
Gen. Compo Endocrinol. 3: 86-100.
- - - 1965. Pineal regulation of body blanching in amphibian larvae. Prog. Brain Res.
10: 489-504.
- - - and M. E. Hadley 1970. Endocrinology of the amphibian pineal. Am. Zoologist
10: 201-216.

PO in Light/Dark-Adapted Xenopus

11

Bagnara, J. T. and M. E. Hadley 1973. Chromatophores and color change. Prentice-Hill,
Inc., Englewood Cliffs.
Breucker, H. and E. Horstmann 1965. Elektronenmikroskopische Untersuchungen am
Pinealorgan der Regenbogenforelle (Salmo irideus). Prog. Brain Res. 10: 259-269.
Bunt, A. H. and D. E. Kelly 1971. Frog pineal photoreceptor renewal: preliminary observations. Anat. Rec. 171: 99-116.
Charlton, H. M. 1966a. The pineal gland and color change in Xenopus laevis Daudin.
Gen. Compo Endocrinol. 7: 384-397.
____ 1966b. The uptake of C14 5-hydroxytryptamine creatinine sulfate and C14 5methyl-methionine by the epiphysis of Xenopus laevis. Compo Biochem. Physiol.
17: 777-784.
- - - - 1968. The pineal gland of Xenopus laevis, Daudin: a histological, and electron
microscopic study. Gen. Compo Endocrinol. 11: 465-480.
Collin, J.-P. 1967.
Structure, nature secretoire, degenerescence partielle des photorecepteures rudimentaires epiphysaires chez Lacerta viridis (Laurenti). C.R. Acad.
Sc. Paris 264: 647-650.
Dodt, E. and E. Heerd 1962. Mode of action of pineal nerve fibres in frogs. J.
Neurophysiol. 25: 405-429.
- - - - and M. Jacobson 1963. Photosensitivity of a localized region of the frog diencephalon. Ibid. 26: 752-758.
- - - - and Y. Morita 1967. Conduction of nerve impulses within the pineal system of
frog. Pfliigers Arch. ges. Physiol. 293: 184-192.
Eakin, R. M., Quay, W. B. and J. A. Westfall 1963. Cytological and cytochemical studies on
the frontal and pineal organs of treefrog, Hyla regUla. Z. Zellforsch. 59: 663-683.
Grunewald-Lowenstein, M. 1956. Influence of light and darkness on the pineal body in
Astyanax mexicanus. Zoologica 41: 119-128.
Hendrickson, A. E. and D. E. Kelly 1969. Development of the amphibian pineal organ; cell
proliferation and migration. Anat. Rec. 165: 211-228.
- - - - and
1971. Development of the amphibian pineal organ; fine structure
during migration. Ibid. 170: 129-142.
Holmgren, N. 1918. Zur Kenntia der Parietalorgane von Rana temporaria. Arkiv Zool.
11: 1-13.
Kelly, D. E. and S. W. Smith 1964. Fine structure of the pineal organs of the adult frog,
Rana pipiens. J. Cell BioI. 22: 653-674.
Luft, J. H. 1961. Improvements in epoxy embedding methods. J. Biophys. Biochem.
Cytol. 9: 409--414.
Marquet, E., H. J. Sobel, R. Schwarz and M. Weiss 1972. Secretion by ependymal cells
of the neurohypophysis and saccus vasculosus of Polypteru8 ornatipinnis (Osteichthyes). J. Morph. 137: 111-130.
Millonig, G. 1961. Advantages of a phosphate buffer for OsO, solutions in fixation. J.
Appl. Phys. 32: 1637.
Murphy, R. C. 1971. The structure of the pineal organ of the bluefin tuna, Thunnus thynnus.
J. Morph. 133: 1-16.
Oksche, A. and H. Kirschstein 1967. Die Ultrastruktur der Sinneszellen im Pinealorgan
von Phoxinu8 laevis L. Z. Zellforsch. 78: 151-166.
and
1968. Unterschiedlicher elektronenmikroskopischer Feinbau der
Sinneszellen im Parietalauge and im Pinealorgan (Epiphysis cerebri) der
Lacertilia. Ein Beitrag zum Epiphysenproblem. Ibid. 78: 159-192.
- - - - and M. Vaupel-von Harnack, M. 1963. Elektronenmikroskopische Untersuchungen
an der Epiphysis cerebri von Rana esculenta. Ibid. 59: 582-614.

12

M. Wakahara

Oksche, A. and M. Vaupel-von Harnack, M. 1965. Vergleichende elektronenmikroskopische
Studien am Pinealorgan. Prog. Brain Res. 10: 237-258.
Owman, Ch., Riideberg, C. and M. Ueck 1970. Fluoreszenzmikroskopischer Nachweis
biogener Monoamine in der Epiphysis cerebri von Rana esc ulenta und Rana
pipiens. Z. Zellforsch. 111: 550--558.
Paul, E., Hartwig, H. -G. and A. Oksche 1971. Neurone und zentralnerviise Verbindungen
des Pinealorgans der Anuren. Ibid. 112: 466-493.
Petit, A. 1969. Ultrastructure, innervation et fonction de l'epiphyse de I'Orvet (Anguis
jragilis L.). Ibid. 96: 437-465.
Reynolds, E. S. 1963. The use of lead citrate at high pH as an electron opaque stain in
electron microscopy. J. Cell BioI. 17: 208-212.
Rodriguez, E. M. 1969. Fixation of the central nervous system by perfusion of the cerebral
ventricles with a threefold aldehyde mixture. Brain Res. 15: 395-412.
Riidberg, C. 1968. Structure of the pineal organ of the sardine, Sardina pilchardus sardina
(Risso), and some further remarks on the pineal organ of Mugil spp. Z. Zellforsch.
84: 219-237.
- - - - 1969. Light and electron microscopic studies on the pineal organ of the dogfish,
Scyloirhinus canicula L. Ibid. 96: 548-581.
Takahashi, H. 1969. Light and electron microscopic studies on the pineal organ of the
goldfish, Carassius auratus L. Bul. Fac. Fish., Hokkaido Univ. 20: 143-157.
- - - - and S. Kasuga 1971. Fine structure of the pineal organ of the medaka, Oryzias
latipes. Ibid. 22: 1-10.
Ueck, M. 1968a. Ultrastruktur des pinealen Sinnesapparates bei einigen Pipidae und
Discoglossidae. Z. Zellforsch. 92: 452-476.
- - - - 1968b. Granulierte marklose Nervenfasern in der Epiphysenregion von Anuren.
Ibid. 90: 389-402.
- - - - 1971. Strukturbesonderheiten der Anurenepiphyse nach prolongierter Osmierung
und Anwendung der Acetylcholinesterase-Reaktion. Ibid. 112: 526-541.
- - - - , Vaupel-von Harnack, M. and Y. Morita 1971. Weitere experimentelle und
neuroanatomische Untersuchungen an den Nervenbahnen des Pinealkomplexes der
Anuren. Ibid. 116: 250--274.
Wakahara, M. 1968. Observations on developing pineal organ in the African clawed toad,
Xenopus laevis D. J. Fac. Sci., Hokkaido Univ., Ser. VI, Zool. 16: 346-352.
- - - - 1970. Effects of the removal of pineal organ and eyes on the pigmentary response
in Xenopu8 laevis. Ibid. 17: 422-431.
1972. Daily variation in mitotic rate in tail-fin epidermis of larval Xenopus
laevis and its modification by pineal organ-sub commissural organ system and
photoperiods. Neuroendocrinology 9: 267-277.
Wurtman, R. J., Axelrod, J. and D. E. Kelly 1968. The pineal. Academic Press, New
York and London.
Young, R. W. 1967. The renewal of photoreceptor cell outer segments. J. Cell BioI. 33:
61-72.
- - - - and B. Droz 1968. The renewal of protein in retinal rods and cones. Ibid. 39:
169-184.
- - - - and D. Bok 1969. Participation of the retinal pigment epithelium in the rod
outer segment renewal process. Ibid. 42: 392-403.

PO in Light/Dark-Adapted Xenopus

13

Explanation of Plates I-XIII
Abbreviations:
BL,
Bp,
E,
F,
G,
Is,
NZ,
Os,
P,
PL,

S,

basal lamina
basal process
endothelial cell
free cell
ganglion cell
inner segment
neuropil zone
outer segment
photoreceptor cell
pineal lumen
supportive cell

c,
g,
lb,
m,
mb,
n,
nu,
rer,

centriole
Golgi-complex
lisosome-like body
mitochondrion
myeloid body
nucleus
nucleolus
rough surfaced endoplasmic reticulum

ser,

smooth surfaced endoplasmic
reticulum

All figures except for Figs. 44--46 are of the specimens embedded in Epon 812 and
stained with uranyl acetate and/or lead citrate.
Figs. 3 and 4. Fully developed outer segments of photoreceptor cells in control
animals. X 16,000.
Fig. 5. Many focus plane electron micrographs of a pineal organ of a control animal.
The pineal lumen is crowded with many outer segments, which are consisted of a stack of
Hattened sacs or of concentrically arranged plasma membranes. X 4,000.
Fig. 6. Membranous remnants (arrows) are observed in the pineal lumen of a darkadapted animal. X 3,000.
Figs. 7 and 8. Electron micrographs of the connecting piece of photoreceptor cells
of the control (Fig. 7) and the dark-adapted animals (Fig. 8). Ciliary fibrils (arrows) are
observed running from the centriole through the connecting piece. Note that the membranous remnants in the lumen of the dark-adapted animal occupy a position corresponding to the outer segment of the photoreceptor cell in control animal. Fig. 7, X 16,000;
Fig. 8, X 12,800.
Figs. 9 and 10. Outer segments of photoreceptor cells consist of concentrically
arranged plasma membranes (Fig. 9) or of thin stack of Hattened sacs (Fig. 10) in control
animals. X 10,000.
Figs. 11-15. Finger-like cytoplasmic processes of photoreceptor cells in control (Figs.
11, 13 and 14), dark- (Fig. 12) and light- (Fig. 15) adapted animals. The processes apparently come from inner segment (Figs. 11 and 12), closely surrounding outer segment (Figs. 13,
14 and 15). Fig. 11 and 12, X 16,000; Figs. 13, 14 and 15, X 12,500.
Figs. 16 and 17. Inner segment of photoreceptor cell in control (Fig. 16) and lightadapted (Fig. 17) animals. Rough surfaced endoplasmic reticula and Golgi-complexes
are well developed in the light-adapted one. X 8,000.
Fig. 18. Nucleated basal part of photoreceptor cell in a light-adapted animal.
Microtubules (arrows) are observed running from the inner segment to the basal part
through the neck region, where the photoreceptor cell is connected by neighboring supportive cells through desmosomal junctions (arrowheads). X 10,000.
Fig. 19. An electron micrograph of a portion of basal nucleated part of a photoreceptor cell in light-adapted animal, showing huge accumulation of, presumably glycogen
particles. X 16,500.
Fig. 20. Distal part of the basal process of a photoreceptor cell in control animal.
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Relatively large granules (arrows) are seen among uniformly elaborated minute vesicles.
X 20,000.
Fig. 21. Basal process of a photoreceptor cell in a control animal, penetrating the
basal lamina. X 10,000.
Figs. 22-27. Myeloid bodies in supportive cell of the control (Figs. 22 and 23), the
dark- (Figs. 24, 25 and 26) and the light-adapted (Fig. 27) animals. They are larger in
dark-adapted animal than in the light-adapted and control animals. X 16,000.
Fig. 28. Supportive cell of a control animal having well developed Golgi-complexes.
X 16,000.
Fig. 29. Myelinated membranous structure in a supportive cell of light-adapted animal.
X 12,500.
Fig. 30. Extremely developed lysosome-like bodies in supportive cell of light-adapted
animal. X 12,500.
Fig. 31. Electron micrograph of a supportive cell and the outer segment of a photoreceptor cell in light-adapted animal. Note that the supportive cell is closely attached to
the photoreceptor cell's outer segment, which is connected to the cell's inner segment by
the connecting piece (arrow). X 6,000.
Figs. 32 and 33. Electron micrographs of ganglion cells in the control (Fig. 32) and
the light-adapted animals (Fig. 33). Many cored vesicles are seen near the Golgi-complexes in the light-adapted animal. Fig. 32, x9,300; Fig. 33, X 20,000.
Fig. 34. Electron micrograph showing the neuropil zone in a control animal.
Synaptic bars (arrows) of various size are observed. X 12,000.
Figs. 35 and 36. Free cell in pineal lumen of a dark-adapted (Fig. 35) and a control
animals (Fig. 36), showing wide variety of morphology of inclusion. X 6,000.
Fig. 37. "Photoreceptor-like" free cell of control animal, showing nucleus, ellipsoidlike cluster of mitochondria, well developed Golgi-complexes and finger-like cytoplasmic
process (arrow). X 6,000.
Figs. 38 and 39. "Photoreceptor-like" free cells of light- (Fig. 38) and dark-adapted
animals (Fig. 39). Fig. 38, X 9,000; Fig. 39, X 6,000.
Fig. 40. Dendritic or axonal processes in the pineal lumen of dark-adapted animal.
Both mitochondria and microtubules are elongated. X 5,000.
Figs. 41 and 42. Large vesicles in the pineal lumen of light-adapted animal. They
contain a large number of particles, presumably of glycogen, with varying electron densities. X 11,500.
Fig. 43. Vesicles originating from the free surfaced of the supportive cell in lightadapted animal. X 10,000.
Fig. 44. A large outer segment-like structure in pineal lumen of an animal whose eyes
had been removed bilaterally and kept in normal day-night conditions for a month.
X 5,000. Inset: higher magnification (X 24,000) of a section through the larger outer
segment-like structure. Osmium tetroxide-fixed, styrene methacrylate-embedded, nranyl
acetate-stained.
Figs. 45 and 46. Microphotographs of larger outer segment-like structures in blinded
animals. Arrowheads, outer segments of photoreceptor cells; arrows, large outer segment-like structures. Bouin-fixed, paraffin-embedded. Fig. 45, AF-stained, x900; Fig.
46, Heidenhain's iron hematoxylin-stained. X 900.
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