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Abstract

Norepinephrine released from sympathetic innervation plays the main role in the regulation of
melatonin secretion in mammalian pinealocytes. The present study was conducted for the following
reasons: 1) to establish whether the pinealocyte chondriome is controlled by norepinephrine, 2) to
determine the effect of adrenergic stimulation on mitochondria, and 3) to characterize adrenoceptors
involved in the regulation of the chondriome.

The static organ culture of the pineal gland was used. The explants were incubated for 5 consecu-
tive days in control medium and between 20:00 and 08:00 in medium with the presence of 10 μM
norepinephrine – adrenergic agonist; isoproterenol – beta-adrenoceptor agonist; cirazoline,
methoxamine, M-6364 – alfa1 – adrenoceptors agonists or PMA – activator of PKC. The explants
were then subjected to ultrastructural examination and morphometric analysis.

The incubation of explants in the presence of norepinephrine or isoproterenol caused a decrease
in the relative volume and the numerical density of mitochondria and induced an increase in the
percentage of free mitochondria in pinealocytes. Significant changes in these parameters were not
observed after treatment with methoxamine, cirazoline, M-6463 and PMA.

The results obtained show that the chondriome of pig pinealocytes is controlled by norepineph-
rine acting via beta-adrenoceptors. Adrenergic stimulation, repeated for five consecutive days of
organ culture, causes a decrease in the number of mitochondria and a shift in the distribution of
mitochondria from the form of networks and filaments into the form of single particles. This indicates
the intensive remodeling of the mitochondria network, which is closely linked to the metabolic status
of the cell.
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Introduction

Pinealocytes, the primary cells of the mammalian
pineal gland, are the sites of melatonin synthesis. The
noradrenergic innervation originating from the su-
perior cervical ganglia is the most important neuronal
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input regulating rhythmic synthesis and the release of
melatonin. Norepinephrine (NE) influences the activ-
ity of pinealocytes through two postsynaptic adrener-
gic receptors: β1 and α1 (Ho and Chik 1990, Gupta et
al. 2005). In all studied mammals, β1-adrenoceptors
are responsible for the nocturnal increase in
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melatonin secretion, while the role of α1-adrenocep-
tors varies markedly between species (Simonneaux
and Ribelayga 2003, Lewczuk et al. 2014).

Hitherto, the effect of neurotransmitters regula-
ting melatonin secretion on the ultrastructure of pin-
ealocytes has not been well recognized. Experimental
data concerning the changes in pinealocyte morphol-
ogy under various physiological and experimental con-
ditions showed that mitochondria, among several
examined organelles, appear to be one of the most
dynamic cytoplasmic structures (Karasek et al. 2002,
Nowicki et al. 2002, Redondo et al. 2003, Kus et al.
2004, Zielińska et al. 2006). However, only simple
quantitative assessments of mitochondria have been
included in previous pineal studies, and more detailed
analyses are needed.

Mitochondria have both general roles and cell
specific functions. In pinealocytes, they are involved in
the indole metabolism as sites of tryptophan hy-
droxylation (Hori et al. 1976) and amine oxidative
deamination (Przybylska et al. 1994a) and are also
involved in calcium turnover (Lewczuk et al. 1994). It
is now well known that mitochondria continuously
change their volume and shape through frequently oc-
curring fusion, fission, and movements (Rube and van
der Bliek 2004). These events are regulated by poorly
recognized, complex mechanisms (Benard and Kar-
bowski 2009, Palmer et al. 2011, Van Laar and Be-
rman 2013). Mitochondria are also able to vary their
morphology between mitochondrial networks and
fragmented disconnected arrays (Kuzmicic et al.
2011). Generally, they exist in the following two inter-
converting forms: small isolated particles or extended
filaments, networks or clusters (Skulachev 2001). It is
assumed that a single mitochondrion represents
a transient fraction of the chondriome (Bereiter-Hahn
2008). The mitochondrial distribution in the cells also
changes (Dedov et al. 2000, Mironov 2007). Alter-
ations in mitochondrial morphology (i.e., volume, dis-
tribution and aggregation) are associated with
changes in cell metabolism (Larsen et al. 2012, Elgass
et al. 2013, Chistiakov et al. 2014). The dynamics of
mitochondria are crucial in the maintenance of cellu-
lar homeostasis and adaptation (Otera and Mihara
2011, Otera et al. 2013). The structural and functional
heterogeneity of mitochondria creates the possibility
that subpopulations of these organelles can carry out
diverse processes within different areas of the cell
(Collins et al. 2002).

Our studies on the morphology of the pig pineal
gland showed mitochondria as structures of pin-
ealocytes, which are highly sensitive to various experi-
mental manipulations. Changes in the relative volume
of mitochondria were observed after administration of
progesterone, progesterone with estradiol (Wy-

rzykowski et al. 1990), melatonin (Przybylska et al.
1994b, Lewczuk and Przybylska-Gornowicz 2000),
p-chlorophenylalanine and amiflamine (Przybylska et
al. 1994b). The bilateral ovariectomy of sows also
caused modifications in mitochondria (Wyrzykowski
et al. 1992). Similarly, our data indicate that the vol-
ume of mitochondria is controlled by environmental
light conditions (Lewczuk and Przybylska-Gornowicz
2000). Until now, it has not been determined whether
NE, the main driving force behind melatonin syn-
thesis (Ho and Chik 1990), exerts any influence on
mitochondria in pig pinealocytes.

The role of adrenergic receptors in mitochondrial
biogenesis and function has been the subject of many
investigations performed on various cell types (Chiang
et al. 2012, Wills et al. 2012, Branco et al. 2013, Peter-
son et al. 2013, Pennanen et al. 2014). The aim of the
present study was to characterize the effect of NE as
well as β- and α1-adrenergic agonists on mitochondria
in pig pinealocytes in organ culture. Our study is the
first to provide a detailed analysis of changes in the
chondriome of mammalian pinealocytes in response
to adrenergic stimulation. Although it has well been
established that the mitochondrial population exists as
a three-dimensional network, two-dimensional imag-
ing using transmission electron microscopy is still re-
garded as the golden standard for quantitative analy-
sis of mitochondria (Larsen et al. 2012), and this
method was used in the present study.

Materials and Methods

Animals and pineal glands

Female crossbred pigs, 12 individuals, 95 ± 5days
of age, weighing 30-35 kg were purchased 14 days be-
fore the experiments from a commercial piggery (with
natural length of day) and used in the investigation.
The animals were kept in a room, in which natural
lighting from windows (in April) was supplemented
during the day with fluorescent illumination with
a light intensity of 500 lx at the level of the animals’
heads. The fluorescent illumination was automatically
turned on at 06:00 and turned off at 20:00. The gilts
had free access to water and were fed twice daily
(08:00 and 14:00) with standard food.

The gilts were slaughtered between 10:00 and
10:30 a.m. The pineal glands (4 in each experiment)
were removed under sterile conditions as quickly as
possible and placed in Hanks’ Balanced Salts Solution
(Sigma, USA) with penicillin (1000 U/ml, Sigma-Al-
drich, USA), streptomycin (100 μg/ml, Sigma-Aldrich,
USA) and amphotericin B (2.5 μg/ml, Sigma-Aldrich,
USA).
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Table 1. Treatment schedule in the first experiment.

Day 1 Day 2 Day 3 Day 4 Day 5

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 24:00

Group C C C C C C C C C C C

Group NE-1 C NE C NE C NE C NE C NE

Group NE-2 C C C C C C C NE NE NE

Explanations: C – incubation in control medium, NE – incubation in medium with 10 μM of NE

Table 2. Administration schedule of drugs in the second experiment.

Day 1 Day 2 Day 3 Day 4 Day 5

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 24:00

Group C C C C C C C C C C C

Group ISO C ISO C ISO C ISO C ISO C ISO

Group MTX C MTX C MTX C MTX C MTX C MTX

Group CIR C CIR C CIR C CIR C CIR C CIR

Explanations: C – incubation in control medium, ISO – incubation in medium with 10 μM of isoproterenol, MTX – incubation in
medium with 10 μM of methoxamine, CIR – incubation in medium with 10 mM of cirazoline.

Table 3. Administration schedule of drugs in the third experiment.

Day 1 Day 2 Day 3 Day 4 Day 5

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 08:00

08:00
– 20:00

20:00
– 24:00

Group C C C C C C C C C C C

Group PMA C PMA C PMA C PMA C PMA C PMA

Group M-6463 C M-6463 C M-6463 C M-6463 C M-6463 C M-6463

Explanations: C – incubation in control medium, PMA – incubation in medium with 10 μM of PMA, M-6463 – incubation in
medium with 10 μM of M-6463.

All experimental procedures on animals were per-
formed in accordance with Polish and EU law. They
were approved by the Local Ethics Committee for Ex-
periments on Animals in Olsztyn.

Organ culture

The pineal glands were transported to the cell cul-
ture lab within less than 3 minutes. Each pineal gland
was divided into several explants, which were random-
ly assigned to the control and experimental groups.
These tissue pieces were placed on the meshes of tis-
sue culture inserts (Netwell 74 μm, Costar, USA) in
a 12-well culture plate containing 0.5 ml BGJb Fit-
ton-Jackson modification medium (Life Technologies,
USA) with the addition of 5% calf serum (Sigma-Al-
drich, USA), penicillin (100 U/ml, Sigma-Aldrich,
USA), streptomycin (100 μg/ml, Sigma-Aldrich) and

amphotericin B (0.25 μg/ml, Sigma-Aldrich). The ex-
plants were incubated in a humidified atmosphere of
80% oxygen and 5% carbon dioxide at 37oC in
a Kendro BB6060 incubator (Germany). The medium
was changed twice daily (at 08:00 and 20:00) by trans-
ferring the inserts to a new culture plate with medium
which had been pre-incubated, under the conditions
described above, for one hour.

Experimental protocols

The experiments were designed in a way that en-
sures: 1) complete degeneration of the sympathetic
nerve endings and elimination of endogenous NE
from the pineal tissue due to the five-day-long culture
period, 2) exposure of explants to adrenergic agonists
exclusively during subjective night, which overlaps
with the time of physiologically occurring release of
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NE from the intra-pineal nerve endings, 3) interrup-
ted exposition of explants to agonists (in 12hr-long
cycles) to reduce a large down-regulation of receptors,
4) treatment of explants with agonists each day to
prevent a large upregulation of receptors. Moreover,
repeated exposure to experimental factors during con-
secutive days usually results in partially additive ef-
fects, which facilities the detection of morphological
alternation. An exception to this concept was the pro-
tocol of group NE-2, in experiment I, which was used
to check the effect of single, one-day-long stimulation
with NE performed after 96 hours of preincubation
period.

Experiment 1

The tissue pieces were assigned to three groups
(n=4). The explants of the control group (C) were
incubated in the control medium during the whole
experiment, and the explants of groups NE-1 and
NE-2 were incubated in the control medium or me-
dium with 10 μM NE (Sigma-Aldrich, USA) in ac-
cordance with the schedule presented in Table 1. At
the end of the experiment (at 24:00, day 5), the ex-
plants were removed from the tissue culture inserts,
fixed, and prepared for ultrastructural investigations.

Experiment 2

The tissue pieces were assigned to four groups.
The explants of the control group (C ) were incubated
in the control medium during the whole experiment.
The explants of experimental groups were incubated
by turns, 12 hours in the control medium and 12 hours
in the medium with adrenergic agonists (all from Toc-
ris, UK) as follows: group ISO – with 10 μM isop-
roterenol, group MTX – with 10 μM methoxamine
and group CIR – with 10 μM cirazoline, according to
the schedule presented in Table 2. On the last day of
culture, the tissue pieces were removed (at 24:00)
from the tissue culture inserts and were prepared for
observation in the transmission electron microscope.

Experiment 3

The tissue pieces were assigned to three groups.
The explants of the control group (C) were incubated
in the control medium for the whole experiment, and
the pineal of groups PMA and M-6463 were incu-
bated by turns in the control medium and the medium
with 10 μM phorbol 12-myristate 13-acetate (PMA,
Sigma-Aldrich, USA) or 10 μM M-6463 (Tocris, UK),

according the schedule presented in Table 3. After
the experiments, the tissue pieces were prepared for
ultrastructural investigations.

Ultrastructural investigations

Explants were immersion fixed (2 hours, 4oC) in
a mixture of 2.5% glutaraldehyde and 1% paraformal-
dehyde in 0.2 M phosphate buffer (pH 7.4), washed,
postfixed in 2% osmium tetroxide for 2 hours, and
embedded in Epon 812. Ultrathin sections, stained
with uranyl acetate and lead citrate, were examined
with a Tecnai 12 Spirit G2 BioTwin transmission elec-
tron microscope (FEI, USA).

For quantitative studies, 30 electronograms at
a magnification of 8000x were taken from each ex-
plant using a modified systematic random sampling
(Weibel 1979). A point count analysis (Weibel 1979)
was employed, as characterized in detail in our previ-
ous work (Lewczuk and Przybylska-Gornowicz 1997),
to estimate the relative volume (expressed as the per-
cent of cytoplasm of pinealocyte perikaryon) and the
numerical density of mitochondria (expressed as the
number of mitochondria per 60 μm2). The percen-
tages of mitochondria occurring in the form of small
isolated particles or complexes (networks and ext-
ended filaments) were also determined.

Statistical analysis

The morphometric data were analyzed using
one-way analysis of variance followed by the Duncan
Test as a post-hoc procedure. Statistical analyses were
performed using Statistica 10.0 software (StatSoft,
USA).

Results

The structure of the examined explants was
well-preserved and only single degenerating or dead
cells were observed. From a qualitative point of view,
the ultrastructure of cultured pinealocytes exhibited
the typical features of these cells in the domestic pig,
described in detail in our previous works (Lewczuk
and Przybylska Gornowicz 1997, 2000a). Briefly, the
pinealocyte cytoplasm showed the presence of short
cisterns of rough endoplasmic reticulum, small dictyo-
somes of the Golgi apparatus, lysosomes, mitochon-
dria, numerous membrane bound dense bodies, and
microtubules (Fig. 1). Mitochondria occurred as ran-
domly distributed, isolated particles or formed com-
plexes such as filaments or networks (Fig. 1).
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Fig. 1. The ultrastructure of pinealocytes in explants of pig pineal glands. Note the various forms of mitochondria: a) A network
and single particles of mitochondria close to the network (experiment 1, group C); b) Mitochondria forming an extended
filament. Note the clearly visible site of mitochondria fusion (experiment 1, group NE-1); c) Small networks and single particles
of mitochondria in the neighborhood of the dictyosomes of Golgi apparatus (experiment 2, group ISO); d) A large network of
mitochondria. The membranes of individual elements forming the network have been cut at different angles, which resulted in
the poor visibility of the mitochondrial outlines. Therefore, the contours of mitochondria forming the network were outlined by
a black line (experiment 3, group C).
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Fig. 2. Results of morphometric analysis of the chondriome
in pinealocytes in experiment 1: a) Relative volume of
mitochondria in the pinealocyte perikarya; b) Numerical
density of mitochondria in the pinealocyte perikarya; c) Per-
centage of mitochondria occurring as isolated particles in
pinealocyte perikarya. Values marked with different letters
are significantly different at p≤0.05 from each other. The
explants were incubated in the control medium during the
whole experiment (group C) or exposed to NE on days
1 – 5 (group NE-1) or exclusively on day 5 (group NE-2),
according to the schedule presented in Table 1.
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Fig. 3. Results of morphometric analysis of the chondriome
in pinealocytes in experiment 2: a) Relative volume of
mitochondria in the pinealocyte perikarya; b) Numerical
density of mitochondria in the pinealocyte perikarya; c) Per-
centage of mitochondria occurring as isolated particles in
pinealocyte perikarya. The values marked with different let-
ters are significantly different at p≤0.05 from each other. The
explants were repeatedly exposed to isoproterenol (group
ISO), metoxamine (group MTX), and cirazoline (group
CIR) according to the schedule presented in Table 2. The
explants of group C served as control.
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Fig. 4. Results of morphometric analysis of the chondriome
in pinealocytes in experiment 3: a) Relative volume of
mitochondria in the pinealocyte perikarya; b) Numerical
density of mitochondria in the pinealocyte perikarya; c) Per-
centage of mitochondria occurring as isolated particles in
pinealocyte perikarya. The explants were incubated in the
control medium (group C) or repeatedly exposed to M-6463
(group M-6463) or PMA (group PMA) according the sched-
ule presented in Table 3.

Experiment 1

The repeated treatment of explants with NE for
a period of 5 days resulted in a significant decrease in
the relative volume and the numerical density of
mitochondria in pinealocytes, compared to the control
explants (Fig. 2a,b). In contrast, the single,
28-hour-long incubation of the explants with NE did
not induce significant changes in the relative volume
and the numerical density of mitochondria (Fig. 2a,b).

The percent of mitochondria occurring in the form
of isolated particles was significantly higher in pin-
ealocytes of both NE-treated groups than the control
group (Fig. 2c).

Experiment 2

The relative volume and the numerical density of
mitochondria in pinealocytes were significantly lower
in the group of explants treated with isoproterenol than
in the control group and the groups incubated in the
presence of methoxamine and cirazoline (Fig. 3a,b).

The percent of mitochondria in a form of isolated
particles in pinealocytes was significantly higher in the
isoproterenol-treated group than in the other groups
(Fig. 3c). The treatment with methoxamine and cirazo-
line did not result in significant changes in either the
relative volume or the numerical density of mitochon-
dria in the occurrence of these organelles in the form
of isolated particles (Fig. 3a,b,c).

Experiment 3

The treatment with M-6463 did not result in statis-
tically significant changes in the relative volume and
the numerical density of pinealocyte mitochondria in
comparison with the control group (Fig. 4a,b). Further-
more, no significant changes were found in the creation
of complex forms by pinealocyte mitochondria in re-
sponse to treatment with M-6463 (Fig. 4c).

PMA treatment also caused no significant changes
in the analyzed parameters of the pinealocyte chon-
driome (Fig. 4a,b,c).

Discussion

The results of previous experiments, performed in
vivo, demonstrated a close relationship between light
conditions and pinealocyte mitochondria, which sug-
gests an involvement of the adrenergic input in the
regulation of these organelles (Lewczuk and
Przybylska-Gornowicz 2000a, Redondo et al. 2003,
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Kus et al. 2004, Lewczuk et al. 2004). The exposition of
pigs to continuous, 14-day-long illumination resulted in
a decrease in the relative volume of mitochondria
(Lewczuk and Przybylska-Gornowicz 2000a). On the
other hand, the exposure to continuous darkness lead
to an increase in the relative volume of mitochondria
(Lewczuk and Przybylska-Gornowicz 2000a). In rats
kept in constant darkness, the number of mitochondria
increased, while in constant light, their number de-
creased (Kus et al. 2004). Concerning diurnal changes,
in gilts kept under a 12 hr. light: 12 hr. dark cycle, the
relative volume of mitochondria was significantly high-
er in pigs slaughtered at 14:00 than at 02:00 (Lewczuk
et al. 2004). In contrast, in sheep pinealocytes, the rela-
tive volume of mitochondria was significantly greater in
animals killed at night (Redondo et al. 2003). Seasonal
changes in the amount of mitochondria have been ob-
served in pinealocytes of the domestic pigeon (Madhu
and Manna 2010). The results of pharmacologic studies
are less conclusive. The administration of amiflamine
(MAO-A inhibitor), a drug which increases the content
of endogenous NE (Oxenkrug et al. 1991), to immature
pigs increased the relative volume of mitochondria in
pinealocytes (Przybylska et al. 1994), whereas a similar
treatment with clorgyline (another MAO-A inhibitor)
has no effect on the relative volume of mitochondria in
these cells (Lewczuk and Przybylska-Gornowicz 1997).
Changes in mitochondria in pig pinealocytes were
not observed after the intravenous administration
of isoproterenol, dobutamine, propranolol, and
α-methyl-p-tyrosine (Lewczuk and Przybylska-
-Gornowicz 1997).

The data from the in vivo experiments, described
above, raise a question about the factors and mechan-
isms that control mitochondria in mammalian pin-
ealocytes. In view of this, in the present study, we ana-
lyzed the role of adrenergic input in the regulation of
the pinealocyte chondriome by testing the effects of
NE and selective agonists of adrenergic receptors in
the static organ culture of pig pineal explants. The data
show significant decreases in the relative volume and
the numerical density of mitochondria in pig pin-
ealocytes as a result of the repeated, 12-hour-long
treatment with NE, performed over the course of five
consecutive days. However, the single, 28-hour long in-
cubation with NE caused no significant changes in the
chondriome parameters, which indicates the complex
nature of the analyzed processes. The significant de-
creases in the relative volume and the numerical den-
sity of mitochondria were also observed after the treat-
ment with isoproterenol, a very potent beta-agonist. In
contrast, no significant changes in both measures of the
chondriome were observed after the incubation in the
presence of α1-adrenoceptor agonists methoxamine,
cirazoline and M-6463. Moreover, in treatment with

PMA, an activator of protein kinase C, the enzyme
involved in the alpha1adrenoceptor signal transduction
pathway was also ineffective. It is worth noting that the
adrenergic stimulation induced no changes to the aver-
age size of mitochondria, as the proportions of the rela-
tive volume to the numerical density were similar in the
control and experimental groups (data not shown).
Therefore, it is possible to conclude that the number of
mitochondria in pig pinealocytes is controlled by NE
via stimulation of beta-adrenoceptors. The decrease in
the number of mitochondria observed in our study may
come as a result of their higher turnover or the inhibi-
tion of their formation (Tomanek 1989, Dhillon and
Schulte 2011).

Mitochondria have been reported to be highly dy-
namic and mobile (Müller et al. 2005, Larsen et al.
2012). The plasticity of the amount and structure of
mitochondria is a well-known phenomenon (Perkins
and Ellisman 2007, Dhillon and Schulte 2011,
Przybylska-Gornowicz et al. 2012, Escobar-Henriques
and Anton 2013). The processes of mitochondrial bi-
ogenesis, fusion and fission could be involved in various
important cell functions. These phenomena are asso-
ciated with changes in cell metabolism, cell develop-
ment, and cell death. They are also involved in the
transmission of signaling messengers and the exchange
of metabolites within the cell (Chada and Hollenbeck
2003, Kuzmicic et al. 2011, Pennanen et al. 2014).
Changes in mitochondrial morphology can consequent-
ly affect the functioning of the respiratory chain, the
regulation of the mitochondrial permeability transition
pore, and the interaction with other organelles
(Piquereau et al. 2013). Mitochondrial dysfunction
would thus give rise to predictable defects in cells and
tissues (Chan 2006, Sasaki 2010). Several pathologies
have been associated with perturbations in the cellular
machinery which coordinate the biogenesis and trans-
formations of mitochondria (Duchen 2004, Elgass et al.
2012, Otera et al. 2013). The structural forms of chon-
driome strictly depend on the amount of these or-
ganelles. High density of mitochondria in some cells, or
within regions of the cell, results in the formation of
clusters, networks or̀ mitochondrial’ filaments and low
density means occurrence of mitochondria as isolated
particles (Mironov 2006, 2007, Perkins and Ellisman
2011). Furthermore, mitochondrial fission not only en-
ables the proper distribution of mitochondria but also
contributes to the selective removal of damaged or-
ganelles (Escobar-Henriques and Anton 2013). The
maintenance of mitochondria in mammalian cells is
a complex process regulated mainly by the GTPase
family of proteins (Otera and Mikara 2011, Reddy et
al. 2011).

Considering the significance of mitochondrial
fusion and fission, the present study investigated, for

B. Przybylska-Gornowicz et al.826



the first time in pinealocytes, the effect of adrenergic
stimulation on the occurrence of mitochondria in the
form of networks and filaments or as isolated particles.
The obtained results show that NE treatment caused
a decrease in the percentage of mitochondria-formed
networks/filaments and an increase in the percentage
of free mitochondria when compared to the control
group. Notably, this phenomenon concerned both
groups of explants treated with the NE. Similar
changes were also found after the incubation of the
pineal explants in the medium with isoproterenol,
which indicates an important role of beta-adrenocep-
tors in the regulation of mitochondrial fission and
fusion. The lack of significant effects of methoxamine,
cirazoline and M6463 on the percentages of single
mitochondria particles and mitochondria-formed net-
works or filaments excluded the involvement of α-ad-
renoceptors as essential components of this regulatory
mechanism.

Our data mostly comply with the results obtained
in the research of other tissues that show adrenergic
regulation of the chondriome in various cell types. It
has been demonstrated that NE promotes mitochon-
drial fission leading to a decrease in the mitochondrial
mean volume and an increase in the relative number of
mitochondria per cell in rat neonatal cardiomyocytes
(Pennanen et al. 2014). However, in contrast to pig
pinealocytes, NE acts on cardiomyocytes through al-
pha1-adrenoceptors. The in vivo administration of clen-
buterol, a beta2-adrenoceptor agonist, induced promi-
nent ultrastructural changes in mitochondria in the
skeletal muscle of mice (Sundal and Sharma 2007). An-
other agonist of beta2-adrenoceptors, formoterol,
stimulated mitochondrial biogenesis in cultured adult
feline cardiomyocytes (Wills et al. 2012) and rabbit re-
nal tubule cells (Wills et al. 2012, Peterson et al. 2013).
Interestingly, isoproterenol and NE were ineffective in
these in vitro models (Wills et al. 2012, Peterson et al.
2013). It has been demonstrated that the betaad-
renoceptor pathway enhances mitochondrial function
in human neural stem cells (Chiang 2012). Notwith-
standing, betaadrenergic stimulation does not influ-
ence the mitochondrial biogenesis in the skeletal
muscle in the human (Robinson et al. 2010). In sum-
mary, the literature data and our results showed that
adrenergic input plays an important role in the regula-
tion of the chondriome in mammals, but the receptors
and mechanisms involved in these processes differ be-
tween cell types and species.

Individual particles of mitochondria are highly dy-
namic and the increase in their participation in com-
parison to networks/filaments may be interpreted as
a sign of chondriome structural reconstruction (Arnold
et al. 2011). Mitochondrial dynamics are responsible
for the reaction of mitochondria to functional require-

ments and result in changes in intracellular distribution
of these organelles (Chada and Hollenbeck 2003, Be-
reiter-Hahn et al. 2008). The elevation in the percen-
tage of individual particles of mitochondria noted by us
as the result of treatment of pinealocytes with NE or
isoproterenol indicates an increase in mitochondrial
dynamics. Comparison of the current results with those
concerning the secretion of melatonin in the pig pin-
ealocyte in vitro suggests the potential role of
mitochondrial dynamics in the synthesis and secretion
of melatonin. Incubation of the pig pineal explants in
the presence of NE at a concentration of 10 μM (ident-
ical with the one used by us in the present experiments)
caused a 4-5-fold increase in melatonin secretion.
A significant increase in melatonin secretion was also
observed in the presence of isoproterenol; however, no
changes in the melatonin output were noted in re-
sponse to the treatment with methoxamine and cirazo-
line at a concentration of 10 μM (Lewczuk 2002).

In conclusion, the obtained results demonstrate
that the mitochondria in pig pinealocytes are under
adrenergic control. The beta-adrenoceptors appear to
play a major role in this regulation. Adrenergic stimu-
lation caused remodeling of the mitochondrial net-
work, which is known to be related to the metabolic
status of the cell. Further studies are required to clar-
ify the relationship between the organization of chon-
driome and the physiology of pinealocytes.

Ethical approval: All applicable international,
national, and institutional guidelines for the care and
use of animals were followed. The experimental pro-
tocol including animal euthanasia was approved by
the Local Ethical Commission for Experiments on
Animals at the University of Warmia and Mazury in
Olsztyn.
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