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serotonin content and plasma melatonin level in the
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Abstract: The study was conducted to investigate diurnal changes in pinealocyte ultrastructure, pineal serotonin content and
plasma melatonin concentration in the domestic pig. The immature pigs (n=24) were kept under a cycle of 12 h light : 12 h
dark, with a photophase between 0800 and 2000. During the photophase the animals were exposed to direct sunlight. After
four weeks the gilts were slaughtered at 0900, 1400, 2100 and 0200. The pineals were removed and divided into two parts -
one for quantitative ultrastructural study (by a point count method) and one for serotonin assay. Simultaneously, blood samples
were taken for melatonin assay. The relative volume of mitochondria in pinealocyte perikarya was significantly higher at 1400
than at 0200 and 0900 as well as at 2100 than at 0200. The relative volume of Golgi apparatus was higher at 0900 and 1400
than at 0200. The relative volume of dense bodies of the MBB-1 type in pinealocyte perikarya was significantly lower at 1400
and 2100 than at 0900. In contrast, the relative volume of MBB-2 was higher at 1400 than at 0900 and 0200. The numerical
density of DCV in perikarya was significantly higher at 0200 than at 1400. No significant differences were found in rough
endoplasmic reticulum, lysosomes and multivesicular bodies. The pineal serotonin content showed a prominent rhythm with
the maximum at 1400. The plasma melatonin concentration was significantly higher at 0200 than at 0900, 1400 and 2100. The
obtained results demonstrate that both pinealocyte ultrastructure and pineal biochemistry in the pig undergo significant changes
in the course of the diurnal rhythm. 
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Introduction

Melatonin, the best known output of the pineal gland,
shows a prominent diurnal rhythm of its synthesis and
release with the peak at night. In mammals, this rhythm
is endogenously driven by the suprachiasmatic nucleus
of the hypothalamus and controlled by light acting via
the retina and the retinohypothalamic tract [10]. The
suprachiasmatic nucleus influences the endocrine func-
tion of mammalian pinealocytes by the multisynaptic
pathway, which reaches the pineal gland as the sympath-
etic nerve fibers. Norepinephrine released from these
fibers is the main neurotransmitter responsible for the
nocturnal increase in the activity of serotonin N-ace-
tyltransferase, the enzyme that controls melatonin secre-
tion at a step of conversion of serotonin into

N-acetylserotonin [10]. The mechanisms regulating the
activity of serotonin N-acetyltransferase in mammalian
pinealocytes differ significantly between species inves-
tigated up till now: the rat, the Syrian hamster, the sheep
and the pig [10, 18]. These differences are probably
responsible for the variability in shape and amplitude of
the diurnal melatonin profiles observed in mammals.
Beside the rhythmic melatonin secretion, another conse-
quence of the diurnal changes in serotonin N-ace-
tyltransferase activity is a prominent rhythm of the
pineal serotonin content with high level during the day
and low at night [24, 33, 37, 38]. In contrast to the
melatonin rhythm, the diurnal changes in pineal sero-
tonin level were rather infrequently investigated. 

The studies performed on rodents and lagomorphs -
the rat [15, 16, 17, 27], the mouse [2], the Syrian hamster
[6, 39], the Chinese hamster [1], the golden hamster [9],
the gerbil [45], the chipmunk [13, 14], the ground squir-
rel [14], the guinea-pig [42] and the rabbit [35] - dem-
onstrated some relationships between morphology of
pinealocytes and time of day. Diurnal changes were
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reported in dimensions and structure of nuclei as well as
in cross-section area or a number of several cytoplasmic
substructures in pinealocytes. It should be noted that the
obtained results revealed several considerable disagree-
ments and interspecies differences in morphological
aspects of the pineal rhythmicity. Moreover, ultrastruc-
tural studies dealing with the pineal rhythm are several
times less frequent than those concerning the melatonin
level and the serotonin N-acetyltransferase activity. Up
till now, the ultrastructure of pinealocytes in the domes-
tic animals (except for the rabbit) during the photophase
and scotophase has never been compared. 

The morphology and physiology of the pig pineal
gland show several species-specific features concern-
ing: (1) diurnal patterns of plasma melatonin level, (2)
mechanisms of adrenergic regulation of melatonin se-
cretion, and (3) ultrastructure of pinealocytes. 

The results of studies concerning melatonin secretion
in the domestic pig are controversial. Several investiga-
tors reported the presence of nocturnal rise in circulating
melatonin level only under certain lighting conditions,
like the equatorial lengths of photophase and scotophase
[26] or the exposition to high intensity illumination
during photophase [11]. In other studies, no nocturnal
rise in plasma or serum melatonin was found irrespec-
tively of light conditions [4, 5, 7, 8] or the diurnal rhythm
of the pineal hormone level in the blood was observed
under a wide range of day-lengths: from 8 to 16 hours
[21, 30, 40, 41]. The diurnal profiles of circulating
melatonin level in the pig are characterised by low
amplitude of day-night changes and resemble type "C"
of the Reiter’s classification [21, 30, 40, 41]. A long-
term blood sampling in gilts showed the lack of repea-
tability of the diurnal melatonin patterns on consecutive
days [20]. 

Mechanisms of adrenergic activation of melatonin
secretion in the pig pineal are completely different from
those in the investigated rodent species [18]. Norepine-
phrine stimulates melatonin synthesis in pig pinealo-
cytes without an induction of transcription and
translation of serotonin N-acetyltransferase, most likely
by an increase in the affinity of this enzyme to serotonin
[18]. In contrast, the synthesis of new molecules of
serotonin N-acetyltransferase is necessary for the acti-
vation of melatonin secretion in the rat and the Syrian
hamster [10]. The specific pathway of adrenergic regu-
lation of the pineal secretory activity in the domestic pig
is probably responsible for the characteristic pattern of
diurnal changes in plasma melatonin level [18, 20, 21,
40, 41].

The pig pinealocytes possess a unique structural fea-
ture: the abundance of cytoplasmic dense bodies called
membrane bound bodies - MBB [19, 22, 47]. Based on
morphological criteria, MBB were divided into two
types: MBB-1 with variable, irregular structure and
MBB-2 with regular, multilamellar structure. Dense

bodies of the MBB-1 type are present both in cell bodies
and cell processes including their terminals located in
the perivascular spaces. In contrast, dense bodies of the
MBB-2 type occur only in pinealocyte perikarya. The
changes in morphology and relative volume of MBB
were observed during postnatal development as well as
under various physiological and experimental condi-
tions [for review see 47]. Several experimental data
suggest that these structures are involved in secretory
activity of pig pinealocytes [19, 22, 47].

The present study was undertaken to compare the
ultrastructure of pig pinealocytes as well as the pineal
serotonin content and the plasma melatonin concentra-
tion at four different time-points of the 24-hour cycle.
The pigs were kept for one month under regime of 12
hours light : 12 hours dark and exposed to direct sunlight
during the photophase. These light conditions combine
two environmental factors, which have been reported as
promoting diurnal changes in melatonin secretion in the
pig: the equatorial lengths of photophase and scotophase
[26] with the high intensity of light during photophase
[11].

Materials and methods

Animals and experimental protocol. The experiment was per-
formed in Poland from May 11 to June 11. The female crossbred pigs
(n=24) aged 95 ± 3 days were purchased from a commercial farm
with natural length of photoperiod. After arrival to the animal labor-
atory the gilts were kept under a cycle of 12 h light : 12 h dark (a
photophase from 0800 to 2000). During the photophase the animals
were kept in a pig run with a small roof enabling to take the refuge
from too intensive sun-light or rain. At 2000 the animals were driven
from the pig-run to the adjacent light-proof animal-laboratory room,
where they were kept in darkness up to 0800. The gilts had free access
to water and were fed twice a day (at 0800 and at 1500).

After four weeks under this light regime, the pigs were slaught-
ered as follows: 6 gilts between 0845 and 0915 (time-point 0900 -
the second hour of the photophase), 6 gilts between 1345 and 1415
(time-point 1400 - the middle of the photophase), 6 gilts between
2045 and 2115 (time-point 2100 - the second hour of the scotophase)
and 6 gilts between 0145 and 0215 (time-point 0200 - the middle of
the scotophase). During the night the pigs were slaughtered under
dim red light with intensity below 2 Lx. 

Handling of animals and slaughtering procedure were performed
in agreement with "Principles of laboratory animal care" (NIH pub-
lication No 86-23, revised 1985) and Polish law on the protection of
animals.

Collection of blood and pineal samples. The blood samples were
collected during the slaughter by a puncture of the cranial caval vein.
The blood plasma was prepared with the use of heparin (Polfa -
Poland) as an anticoagulant and stored at -20˚C until melatonin assay.

The pineal glands were removed no later than 3 min after the heart
stopped beating and divided in sagittal plane into two parts - the right
and the left ones. The right parts were immediately fixed for the
ultrastructural investigations whereas the left ones were weighted
and stored in liquid nitrogen until serotonin assay.

Ultrastructural investigations. The tissues were fragmented, im-
mersion fixed (2 h, 4˚C) in a mixture of 1% paraformaldehyde and
2.5% glutaraldehyde in 0.2 M phosphate buffer (pH 7.4), washed,
postfixed in 2% osmium tetroxide (2 h, room temperature) and
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embedded in Epon 812. Three blocks from each animal were selected
at random for sectioning. Ultrathin sections, stained with uranyl
acetate and lead citrate were examined in a Tesla BS 500 trans-
mission electron microscope. The chemicals used for tissue prepara-
tion were electron microscope- or analytical-purity grade. 

Fifteen micrographs at × 8 000 magnification were taken from
each block (i.e. 45 micrographs per animal) using modified syste-
matic random sampling [43]. The upper left corner of each gird
aperture showing a pinealocyte perikaryon was photographed until
an appropriate sample set was obtained. Altogether 1080 prints
photographically enlarged to × 20 000 were used to estimate the
relative volume (expressed as the percent of cytoplasm of pinealo-
cyte perikaryon) of the following cell components: mitochondria,
Golgi apparatus, rough endoplasmic reticulum, lysosomes, mem-
brane bound bodies type one (MBB-1) and type two (MBB-2) using
a point-count method [43]. The numerical density (expressed as the
number per 500 µm2 of cytoplasm area of pinealocyte perikaryon)
of dense core vesicles (DCV) and multivesicular bodies was also
estimated. 

Serotonin assay. The frozen left half-parts of the pineal glands were
homogenized (on ice-bath) in glass homogenizers containing 24 mg
of PCMPS (p-chloromercuriphenylsulphonic acid in form of mon-
osodium salt) and 20 mg of EDTA (ethylenediaminetetraacetate
disodium salt) in 2 mL of phosphate buffer (0.2 M, pH 7.8). Two
aliquots (0.9 mL) were taken from each homogenate for duplicate
assay. Serotonin was extracted from the homogenates as described
by Welch and Welch [44]. The serotonin content was determined
based on its native fluorescence measured at excitation wavelength
295 nm and emission wavelength 330 nm in a Baird Nova Spectro-
fluorimeter (England). Blank samples (prepared using 50 µl distilled
water instead of pineal gland) and standard solutions of serotonin
were run through all steps of the extraction. Intra-assay coefficient
of variation was below 6%. The chemicals used in serotonin assay
were analytical purity grade. The organic solvents were purchased
from Merck (Germany), other chemicals from Sigma (USA). 

Melatonin assay. Concentration of melatonin in blood plasma was
measured by a direct RIA using R/R/19540-16876 antibody (a gift
from JP Ravault, INRA Nouzilly, France) and 2-125I-iodomelatonin
(2200Ci/mM, Du Pont NEN, USA) according to the validated pro-
cedure [25, 34]. All other chemicals used in the melatonin assay were
purchased from Sigma (USA), except for the precipitation reagent
B-60 which was from INRA Nouzilly (France). The samples were
run altogether in triplicates. Intra-assay coefficient of variation was
below 6%.

Statistical analysis. The data were analyzed using a one-way ana-
lysis of variance followed by Duncan test. A value of p ≤ 0.05 was
considered as significant. 

Results

Pinealocyte ultrastructure

From the qualitative point of view, the ultrastructure of
pinealocytes in the pigs slaughtered at four different
time-points of the diurnal cycle was similar (Fig. 1) and
closely resembled that previously described in immature
gilts [19, 22]. However, the quantitative analysis re-
vealed several differences between pinealocytes of the
investigated groups of animals (Fig. 2). 

The relative volume of mitochondria in pinealocyte
cell bodies was significantly higher in the group of pigs
slaughtered at 1400 than at 0200 and 0900. The signifi-

cant difference in the relative volume of mitochondria
was also found between the groups of pigs slaughtered
at 2100 and 0200. The relative volume of Golgi appara-
tus was significantly higher at 0900 and 1400 than at
0200. No significant differences were found in the
relative volumes of rough endoplasmic reticulum and
lysosomes in pinealocyte cell bodies between the inves-
tigated groups of gilts. 

The total relative volume of MBB in pinealocyte cell
bodies did not show significant diurnal changes. How-
ever, the relative volume of MBB-1 in perikarya was
significantly lower at 1400 and 2100 than at 0900 and
the relative volume of MBB-2 was significantly higher
at 1400 than at 0900 and 0200. 

The numerical density of DCV in pinealocyte peri-
karya was significantly higher at 0200 than at 1400. The
number of DCV did not differ significantly between the
groups of pigs slaughtered at other time-points of the
diurnal cycle. 

The mean numerical density of multivesicular bodies
in pinealocyte perikarya was approx. four times lower
in the group of the pigs slaughtered at 0200 than in three
other groups of animals, but these differences were not
significant.

Pineal serotonin content

The mean serotonin content in the pineal gland ranged
from 36.43 ng/mg of wet tissue in the pigs slaughtered
at 0200 through 39.98 and 66.60 ng/mg of wet tissue in
animals killed respectively at 0900 and at 2100 to 93.42
ng/mg of wet tissue in the gilts slaughtered at 1400 (Fig.
3). The significant differences were found between the
groups of pigs slaughtered at 1400 vs. 2100, 0200 and
0900 as well as at 2100 vs. 0200 and 0900. There were
no significant differences in the pineal serotonin concen-
tration between the groups of pigs killed at 0200 and
0900. 

Plasma melatonin concentration

The mean plasma melatonin concentration was signifi-
cantly higher at 0200 than at 0900, 1400, and 2100 (Fig.
4). No significant differences in plasma melatonin level
were found between the groups of pigs slaughtered at
0900, 1400 and 2100.

Discussion

The obtained results demonstrated the presence of ro-
bust diurnal rhythms of the plasma melatonin concentra-
tion as well as the pineal serotonin content in gilts kept
under a cycle of 12 h light : 12 h dark and exposed to
direct sunlight during photophase. 

The plasma melatonin concentration was approx.
five times higher in the middle of the night than in the
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Fig. 1. A. Part of pinealocyte perikaryon with dense bodies, type MBB-1 (arrows) and MBB-2 (arrowheads). The pineal gland of the pig
slaughtered at 0200. × 20 000. B. Part of ending of pinealocyte process showing numerous dense bodies, type MBB-1. The pineal gland of
the pig slaughtered at 0200. × 25 000.
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middle of the day. The obtained results confirmed the
presence of diurnal rhythm of the plasma melatonin level
in pigs kept under equatorial lengths of photophase and
scotophase reported previously by several authors [26,
40] including us [20]. However, it should also be noted

that some studies have concluded that the domestic pig
does not exhibit diurnal melatonin patterns typical for
other mammalian species [4, 5, 7, 8], even when pigs are
kept under a cycle of 11.5 h light : 12.5 h dark and
exposed to direct sunlight [8]. The sources of this dis-

Fig. 2. The mean (±SEM) relative volume of mitochondria, Golgi apparatus, rough endoplasmic reticulum, lysosomes, MBB-1 , MBB-2 and
total MBB as well as the mean numerical density of DCV and multivesicular bodies in pinealocyte cell bodies of pigs slaughtered at 0900,
1400, 2100 and 0200. The values signed with different letters are significantly different from each other at p ≤ 0.05.
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crepancy remain still unknown, although several possi-
bilities have been taken into consideration, experimen-
tally tested and widely discussed [4, 8, 11, 19, 21, 30,
40, 41]. 

The present results show also a prominent diurnal
rhythm of the pineal serotonin content in the domestic
pig. The serotonin level was the highest in the middle of
light phase. One hour after the onset of darkness, the
pineal serotonin content was significantly lower than at
1400. The lowest levels of this amine in the pineal gland
were found in the middle of the dark phase and one hour
after the onset of light phase. Wyrzykowski et al. [46]
measured the pineal serotonin content at three time-
points during daytime: 0700, 1200 and 1900 in 8-9-
month-old gilts kept under two different lighting
regiments. The serotonin content in the pineal gland was
markedly higher at noon (1200) than in the morning
(0700) and in the evening (1900) in pigs kept in natural
lighting conditions (June - the length of day about 16
hours). In animals kept in a dark room with limited
artificial illumination (light twice a day: from 0600 to
0700 and from 1400 to 1530), the highest amount of
serotonin in pineal gland was noted in the natural morn-
ing (0700), a bit lower at noon (1200) and nearly twice
as low (in comparison with the morning and noon) in the
evening (1900).

Up till now, the presence of a 24-hour rhythm of
serotonin level in the mammalian pineal gland has been
shown only in rodents: the rat [33, 38], the Syrian
hamster [37] and the cotton rat [24]. In each of these
species, the pineal serotonin level increases gradually
from the nocturnal minimum to the midday maximum
and then remains at high level until the onset of darkness

when it drops. The amplitude between the daytime maxi-
mum and the nighttime minimum differs between the
examined species. 

An interesting feature of the pig pineal gland is an
extraordinarily high amount of serotonin comparing to
the other investigated mammalian species, reported at
first by Sellei and Fruchiger [36] and more recently by
Wyrzykowski et al. [47]. The latter group examined
serotonin content in subcellular fractions and found
mainly cytosolic localization of this indoleamine in the
pig pineal. The present results also demonstrate a rela-
tively high content of serotonin in the pig pineal gland
what confirms the previously reported data.

Summing up, the results of studies on plasma mela-
tonin and pineal serotonin levels let us conclude that the
secretory activity of the pineal gland shows obvious
diurnal changes in the investigated pigs. These data
provide us with a good motivation for a detailed study
on diurnal changes in pinealocyte ultrastructure.

The changes in pinealocyte ultrastructure occurring
in the course of light-dark cycle were not as prominent
as in a case of the investigated biochemical parameters.
However, the quantitative studies revealed significant
differences in the relative volumes of mitochondria,
Golgi apparatus, MBB-1 and MBB-2 as well as in the
numerical density of DCV between pinealocytes of gilts
killed at different time-points of photophase and scoto-
phase. No significant diurnal changes were found in the
other investigated structures: lysosomes, rough endo-
plasmic reticulum and multivesicular bodies. 

The relative volume of mitochondria in pinealocytes
of the investigated pigs increased significantly between
0900 and 1400, remained at high level up to 2100 and

Fig. 4. The mean (±SEM) concentration of melatonin (pg/ml) in
blood plasma of pigs slaughtered at 0900, 1400, 2100 and 0200. The
values signed with different letters are significantly different from
each other at p ≤ 0.05.

Fig. 3. The mean (±SEM) content of serotonin (ng/mg of wet tissue)
in the pineal glands of pigs slaughtered at 0900, 1400, 2100 and 0200.
The values signed with different letters are significantly different
from each other at p ≤ 0.05.
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then decreased during night to the lowest value noted at
0200. The present results are rather surprising, because
the opposite diurnal rhythms of the relative volume of
mitochondria, with the peaks at night, have been de-
scribed in the majority of investigated rodents - the rat,
the Syrian hamster and the gerbil (see below). The
explanation of this discrepancy is difficult. On the other
hand, the present results correspond very well with the
data obtained in the organ culture [23] that showed an
increase in the relative volume of mitochondria in pig
pinealocytes cultured in medium without norepine-
phrine and a decrease in response to the incubation in
the presence of norepinephrine (in vivo norepinephrine
is released in the pineal at night). In contrast to the in
vitro study, the treatment of gilts with sympathicolytic
and sympathicomimetic drugs during four consecutive
days did not influence significantly the relative volume
of mitochondria in animals slaughtered at midnight [19].
The decrease in the relative volume of mitochondria in
pinealocytes was noted in pigs kept in continuous illumi-
nation during two weeks and the increase - in animals
kept in continuous darkness during two weeks [22]. 

The relative volume of Golgi apparatus was signifi-
cantly lower in pinealocytes of pigs killed at 0200 than
during the day at 0900 and 1400. Like in the case of
mitochondria, the present results are in agreement with
our in vitro studies, showing a decrease in the relative
volume of Golgi apparatus in response to the treatment
of pig pinealocytes with norepinephrine [23]. The
relative volume of Golgi apparatus in pig pinealocytes
was not affected by the administration of sympathico-
lytic and sympathicomimetic drugs [19] or by the expo-
sition of gilts to continuous darkness and continuous
illumination [22]. In the rodents investigated up till now,
except for the golden hamster, the relative volume of
Golgi apparatus did not show significant diurnal fluctu-
ations [9, 13, 15, 39, 45]. It should be underlined that
according to the commonly accepted model, the secre-
tion of melatonin occurs without participation of Golgi
apparatus. 

It is generally believed that Golgi apparatus is in-
volved in formation of DCV in mammalian pinealocytes
[12]. In our study, the numerical density of DCV in
perikarya of pig pinealocytes was significantly higher in
the middle of the night than in the middle of the day. The
diurnal rhythm in the number of DCV in pinealocytes
was described in several species [2, 9, 13, 15, 27, 35, 39,
45]. In rabbit pinealocytes, the number of DCV near
Golgi apparatus was the highest at 1200 and the lowest
at 2400 [35]. In contrast, the number of DCV in endings
of pinealocyte processes was the highest at the night-
onset [35]. The numerical changes in DCV were found
to be particularly pronounced in mouse pinealocytes,
where the late-photoperiod maximum was more than
four-fold higher than the late-scotophase minimum [2].
In the majority of other studies performed on the rodents,

the highest number of DCV was observed during the
light phase or at light-dark transition (see below). 

It is well established that the number of DCV in
pinealocytes of mammals [2, 12] including the domestic
pig [19, 22] is controlled by norepinephrine and strongly
depends on the environmental light conditions. The in-
crease in the numerical density of DCV in pig pinealo-
cytes was noted after the administration of clorgyline
(MAO-inhibitor), the exposition of animals to continu-
ous darkness and the treatment with norepinephrine in
the organ culture [19, 22, 23]. The present data confirm
the lack of any close relationship between the dimen-
sions of Golgi apparatus and the number of DCV in pig
pinealocytes, previously found in the in vitro study [23].

The obtained results demonstrated significant diurnal
changes in the relative volumes of MBB-1 and MBB-2
in pinealocyte cell bodies. The abundance of these
bodies is a unique structural feature of the pig pineal
[47]. The relative volume of MBB-1 in perikarya de-
creased during the first part of the photophase and it was
significantly lower at 1400 and 2100 than at 0900. In
contrast, the relative volume of MBB-2 increased signi-
ficantly between 0900 and 1400. As a consequence of
the opposite changes in MBB-1 and MBB-2, the total
relative volume of dense bodies in pinealocyte perikarya
did not vary significantly in the course of the diurnal
rhythm. Our previous studies have undoubtedly demon-
strated that the number of MBB in pinealocyte cell
bodies is controlled by light [22] and the adrenergic
innervation [19]. The opposite changes in the total
relative volume of MBB in pig pinealocytes were found
after the exposition to continuous light and continuous
darkness for two weeks [22] as well as after the repeated
treatment with sympathicolytic and sympathicomimetic
drugs [19]. The exposition to continuous illumination
and the administration of α-methyl-p-tyrosine (an in-
hibitor of norepinephrine synthesis) or propranolol (a
β-antagonist) resulted in the increase in the total relative
volume of MBB [19, 22]. Moreover, the recently per-
formed in vitro studies demonstrated that the treatment
with β-agonists during five consecutive days resulted in
decreased relative volume of MBB in pinealocyte cell
bodies [32]. 

The current state of our knowledge about the ultra-
structure of mammalian pinealocytes over a 24 h period
comes almost exclusively from the studies performed on
the rodents: the rat [15, 16, 17, 27], the golden hamster
[9], the Syrian hamster [39], the chipmunk [13] and the
gerbil [45]. 

In the most frequently investigated rat pinealocytes,
Lew et al. [17] reported the peak in dimensions of
nucleus in the middle of the light period. At the same
time, the presence of deep nuclear indentations and close
association of mitochondria with nuclear folds were
observed [17]. According to the same authors, the vol-
ume of nucleolus was the highest one hour after light

Diurnal rhythms in the pig pineal gland 161



onset [16]. In contrast, Karasek et al. [15] found that the
sizes of nuclei and nucleoli in rat pinealocytes were
higher during scotophase than during photophase.
Among the cytoplasmic substructures of rat pinealo-
cytes, the cross-sectional areas of mitochondria and
rough endoplasmic reticulum were higher at night than
during daytime, whereas the areas of lysosomes, Golgi
apparatus and vacuoles containing flocculent material
show no diurnal changes [15]. Inconsistent data were
obtained in the case of DCV [15, 27]. McNulty et al. [27]
observed a peak in the number of DCV at night, while
Karasek et al. [15] found higher number of DCV during
the day than during the night. The discrepancies reported
in diurnal changes of the nuclear dimensions and the
number of DCV in rat pinealocytes may have their
sources in differences in light regimes and measurement
techniques used in the studies.

The analysis of morphological changes occurring
during the diurnal rhythm in pinealocytes of the gold-
en hamster showed the peak values for nucleus, nucle-
olus, rough and smooth endoplasmic reticulum, Golgi
apparatus, dense bodies and DCV at the light:dark
interface [9]. In Syrian hamsters, the relative volumes
of mitochondria, lysosomes, rough endoplasmic re-
ticulum, vacuoles containing flocculent material and
lipid droplets in pinealocyte perikarya were higher at
night than during the day [39]. In contrast, the number
of DCV in the pinealocyte cell bodies and in the
endings of processes was higher during daytime than
at night [39]. In gerbil pinealocytes, the diurnal
changes were reported in mitochondria, smooth and
rough endoplasmic reticulum, DCV and microtubules
[45]. Microtubules and DCV reached the peak one
hour before light-off, while mitochondria and both
forms of endoplasmic reticulum - one hour after light-
off. 

A prominent number of morphological studies on
diurnal variations in mammalian pinealocytes con-
cerned synaptic ribbons which generally showed
marked changes in the course of day-night rhythm and
in response to modifications of illumination conditions
[1, 6, 14, 27, 42]. However, these structures are very
rarely observed in pig pinealocytes and for this reason
they were not taken into consideration in the present
study.

The comparison of the results obtained in the
domestic pig and in the other investigated mammals
demonstrates large interspecies differences in the
diurnal changes occurring in the pinealocyte ultra-
structure. They include both the variability of sub-
cellular components showing rhythmic changes in
the course of light-dark cycle as well as in the time-
points when the maximum and minimum values
occur. These interspecies differences probably re-
flect a considerable heterogeneity in the pinealocyte
ultrastructure [3] and in the innervation of the pineal

gland [28, 29, 31] as well as in the mechanisms govern-
ing melatonin secretion in mammals [10, 18]. The func-
tional significance of the variability in the subcellular
organization of mammalian pinealocytes and in the mor-
phological manifestation of diurnal changes occurring
in these cells remains completely unknown. 

Acknowledgements: The authors wish to express their deep thanks
to Dr. J.P. Ravault (INRA, Nouzilly, France) for melatonin anti-
bodies and to Dr. Henryk Zielin´ski (Polish Academy of Sciences,
Olsztyn) for his kind help in serotonin assay. Thanks are also due to
Krystyna Targon´ska, Anna Koncicka and Jacek Sztorc for their
skillful technical assistance. 

References

[ 1] Aida I, Sakai Y, Matsushima S, Kamiguchi Y, Mikamo K
(1986) A quantitative study of synaptic ribbons in pinealocyte
of adult Chinese hamsters (Cricetulus griseus) under different
photoperiodic conditions. Cell Tissue Res 244: 107-113

[ 2] Benson B, Krasovich M (1977) Circadian rhythm in the number
of granulated vesicles in the pinealocytes of mice. Effects of the
sympathectomy and melatonin treatment. Cell Tissue Res 184:
499-506

[ 3] Bhatnagar KP (1992) The ultrastructure of mammalian pinea-
locytes: a systematic investigation. Microsc Res Tech 21: 85-
115

[ 4] Bollinger AL, Wilson ME, Pusateri AE, Green ML, Martin TG,
Diekman MA (1997) Lack of a nocturnal rise in serum concen-
trations of melatonin as gilts attain puberty. J Anim Sci 75:
1885-1892

[ 5] Bubenik GA, Pang SF, Cockshut JR, Smith PS, Grovum
LW, Friendship RM, Hacker RR (2000) Circadian variation
of portal, arterial and venous blood levels of melatonin in
pigs and its relationship to food intake and sleep. J Pineal
Res 28: 9-15

[ 6] Diaz C, Alverez-Uria M, Tolivia J, Lopez JM (1990) Circadian
changes in synaptic ribbons and spherules in pinealocytes of the
Syrian hamster (Mesocricetus auratus). Cell Tissue Res 262:
165-169 

[ 7] Diekman MA, Brandt ML, Green ML, Clapper JA, Malayer JR
(1992) Lack of a nocturnal rise of serum melatonin in prepuber-
tal gilts. Domest Anim Endocrinol 9: 161-167

[ 8] Diekman MA, Green ML (1997) Serum concentrations of me-
latonin in prepubertal or postpubertal gilts exposed to artificial
lighting or sunlight. Theriogenology 47: 923-928

[ 9] Dombrowski TA, McNulty JA (1984) Morphometric analysis
of the pineal complex of the golden hamster over a 24-hour
light:dark cycle. I. The superficial pineal in untreated and opti-
cally enucleated animals. Am J Anat 171: 359-368

[10] Ganguly S, Coon SL, Klein DC (2002) Control of melatonin
synthesis in the mammalian pineal gland: the critical role of
serotonin acetylation. Cell Tissue Res 309: 127-137

[11] Griffith MK, Minton JE (1992) Effect of light intensity on
circadian profiles of melatonin, prolactin, ACTH and cortisol in
pigs. J Anim Sci 70: 492-498

[12] Karasek M (1986) Quantitative aspects of the ultrastructure of
the mammalian pinealocyte. In: Advances in pineal research,
Vol 1. Reiter RJ, Karasek M [Eds], John Libbey & Co, London,
pp 9-18

[13] Karasek M, King TS, Hansen JT, Reiter (1982) A quantitative
ultrastructural study of the pinealocyte of the chimpunk (Tamias
striatus) during the daytime and at night. J Neurosci Res 7:
397-401

[14] Karasek M, King TS, Richardson BA, Hurlbut EC, Hansen JT,
Reiter RJ (1982) Day-night differences in the number of pineal

162 B. Lewczuk et al.



"synaptic" ribbons in two diurnal rodents, the chimpunk (Ta-
mias striatus) and the ground squirrel (Spermophilus richard-
sonii). Cell Tissue Res 224: 689-692 

[15] Karasek M, Stankov B, Lucini V, Scaglione F, Esposti G,
Mariani M, Fraschini F (1990) Comparison of the rat pinealo-
cyte ultrastructure with melatonin concentrations during day-
time and at night. J Pineal Res 9: 251-257

[16] Lew GM, Payer A, Quay WB (1982) The pinealocyte nucleolus.
Ultrastructural and stereological analysis of twenty-four-hour
changes. Cell Tissue Res 224: 195-206 

[17] Lew GM, Washko K, Quay WB (1984) Quantitation of ultra-
structural twenty-four-hour changes in pineal nuclear dimen-
sion. J Pineal Res 1: 61-68 

[18] Lewczuk B (2002) Mechanisms of adrenergic regulation of
melatonin secretion in the pig pineal gland - in vitro study (in
Polish). Dissertations and monographs, Wydawnictwo UWM,
Olsztyn, 60: 1-158

[19] Lewczuk B, Przybylska-Gornowicz B (1997) Effects of sym-
pathicolytic and sympathicomimetic drugs on pineal ultrastruc-
ture in the domestic pig. J Pineal Res 23: 198-208

[20] Lewczuk B, Przybylska-Gornowicz B (1997) Effects of sym-
pathicolytic and sympathicomimetic drugs on plasma immu-
noreactive melatonin in the domestic pig. J Pineal Res
23:209-220 

[21] Lewczuk B, Przybylska-Gornowicz B (2000) The effect of
continuous darkness and illumination on the function and the
morphology of the pineal gland in the domestic pig. I. The
effect on plasma melatonin level. Neuroendocrinol Lett 21:
283-291

[22] Lewczuk B, Przybylska-Gornowicz B (2000) The effect of
continuous darkness and illumination on the function and the
morphology of the pineal gland in the domestic pig. II. The
effect on pinealocyte ultrastructure. Neuroendocrinol Lett 21:
293-299

[23] Lewczuk B, Przybylska-Gornowicz B (2002) Effect of nore-
pinephrine on ultrastructure of pig pinealocytes in organ culture
- qualitative and quantitative study (in Polish). In: Abstracts of
XXXVIII Symposium of Polish Histochemical and Cytochemi-
cal Society, Mie˛dzyzdroje, pp 65-66 

[24] Matthews SA, Evans KL, Morgan WW, Petterborg LJ, Reiter
RJ (1982) Pineal indoleamine metabolism in the cotton rat,
Sigmond hispidus: studies on norepinephrine, serotonin, N-ace-
tyltransferase activity and melatonin. Prog Clin Biol Res 92:
35-44

[25] Mauget R, Ravault JP, Chesnau D, Locatelli A, Saboureau M,
Sempre AJ, Lacroix A (1990) Peripheral plasma melatonin
concentrations in the European wild boar: circadian and seaso-
nal variations. J Reprod Fertil, Suppl 40: 371

[26] McConnell SJ, Ellendorff F (1987) Absence of nocturnal plas-
ma melatonin surge under long and short artificial photoperiods
in the domestic sow. J Pineal Res 4: 201-210

[27] McNulty JA, Fox LM, Lisco SJ (1987) Pinealocyte dense-cored
vesicles and synaptic ribbons: a correlative ultrastructural-bio-
chemical investigations in rats and mice. J Pineal Res 4: 45-59

[28] Nowicki M, Wojtkiewicz J, Seremak B, Sulik M, Ostaszewski
J, Lewczuk B, Majewski M, Przybylska-Gornowicz B (2003)
Specific distribution pattern of nerve fibers containing catecho-
lamine-synthesizing enzymes, neuropeptide Y and C-terminal
flanking peptide of NPY (CPON) in the pineal gland of the
chinchilla (Chinchilla laniger) - an immunohistochemical
study. Folia Histochem Cytobiol 41: 193-200

[29] Nowicki M, Lewczuk B, Papiewska M, Przybylska-Gornowicz
B (2003) Demonstration of nerve fibers immunoreactive to
peptide N-terminal histidine C-terminal isoleucine (PHI) and
vasoactive intestinal peptide (VIP) in the pig pineal gland. Folia
Histochem Cytobiol 41: 141-147

[30] Paterson AM, Martin GB, Foldes A, Maxwell CA, Pearce GP
(1992) Concentrations of plasma melatonin and luteinizing
hormone in domestic gilts reared under artificial long or short
days. J Reprod Fertil 94: 85-95

[31] Przybylska-Gornowicz B, Helboe L, Lewczuk B, Moller M
(2000) Somatostatin and somatostatin receptors in the pig pineal
gland during postnatal development: an immunocytochemical
study. Anat Rec 259: 141-149

[32] Przybylska-Gornowicz B, Lewczuk B (2002) Influence of α-
and β-agonists on the ultrastructure of pig pinealocytes in vitro
(in Polish). In: Abstracts of XXXVIII Symposium of Polish
Histochemical and Cytochemical Society, Mie˛dzyzdroje, p 79

[33] Quay WB (1963) Circadian rhythm in rat pineal serotonin and
its modifications by estrous cycle and photoperiod. Gen Comp
Endocrinol 3: 473-79 

[34] Ravault, JP, Arendt J, Tobler I, Chesneau D, Maulin O (1989)
Entrainments of melatonin rhythms in rams by symmetrical
light/dark cycles of different period length. Chronobiol Int 6:
329-339

[35] Romijn HJ, Mud MT, Wolters PS (1976) Diurnal variations in
number of Golgi-dense core vesicles in light pinealocytes of the
rabbit. J Neural Transm 38: 231-237

[36] Sellei K, Frauchger E (1968) Melatonin und Serotonin in der
Glandula pinealis bei einigen Tierarten. Schweiz Arch Tierheilk
110: 395-398

[37] Steinlechner S, Steger RW, King TS, Reiter RJ (1983) Diurnal
variation in the serotonin content and turnover in the pineal
gland of the Syrian hamster. Neurosci Lett 35: 167-172

[38] Sun X, Deng J, Liu T, Borjigin J (2002) Circadian 5-HT
production regulated by adrenergic signaling. Proc Natl Acad
Sci USA 99: 4686-4691
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