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Abstract

Bisphenol A, a substance commonly used in plastic manufacturing, is relatively well known as an endocrine disruptor, which
may bind to estrogen receptors and has multidirectional negative effects on both human and animal organisms. Previous studies
have reported that BPA may act on the reproductive organs, but knowledge concerning BPA-induced changes within the nerves
located in the uterine wall is extremely scant. The aim of this study was to investigate the impact of various doses of BPA on the
parasympathetic nerves located in the corpus and horns of the uterus using a single and double immunofluorescence method. The
obtained results have shown that BPA may change not only the expression of vesicular acetylcholine transporter (VAChT—a
marker of parasympathetic nervous structures) in the uterine intramural nerve fibers, but also the degree of colocalization of this
substance with other neuronal factors, including substance P (SP), vasoactive intestinal polypeptide (VIP), galanin (GAL), and
calcitonin gene—related peptide (CGRP). Moreover, BPA caused changes in the density of the overall populations of fibers
immunoreactive to the particular neuropeptides mentioned above. The characteristics of the changes clearly depended on the part
of the uterus, the neuronal factors studied, and the dosage of BPA. The mechanisms of the observed fluctuations are probably
connected with the neurotoxic and/or pro-inflammatory activity of BPA. Moreover, the results have shown that even low doses of
BPA are not neutral to living organisms. Changes in the neurochemical characterization of nerves supplying the uterine wall may
be the first subclinical sign of intoxication with this substance.
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Bisphenol A (BPA) is an organic substance, which is com-
monly used in the production of plastics (Gatimel et al. 2016).
It is present in many everyday objects, including paints, bot-
tles, containers, thermal paper, household products, and many
other things (Mikotajewska et al. 2015). With regard to its
chemical structure, BPA is similar to estrogen, resulting in
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the possibility of it having an impact on estrogen receptors
(Zhang et al. 2018). This possibility makes this substance
possibly have an adverse effect on living organisms and is
classified as an endocrine disruptor. The particular danger of
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intoxication with BPA is connected with the use of this sub-
stance in plastics that have contact with food, including food
containers, bottles, and the inner surface of tins, as well as
plates and cutlery. BPA may pass into the food and water
and get into the organism by the digestive system. Previous
studies have shown that BPA has multidirectional negative
effects on both human and animal organisms. Namely, it is
known that BPA may affect immunological and endocrine
systems, kidneys, the intestines, and the heart (Gramec
Skledar and Peterlin Masi¢ 2016; Hu et al. 2016a, b,
Rochester 2013) and exposure to this substance may result
in an increased risk of diabetes, heart attack, hypertension,
or cancer (Gao and Wang 2014; Seachrist et al. 2016).
However, the most visible effects of BPA have been observed
in the nervous and reproductive systems. The neurotoxic ac-
tivity of BPA consists of disorders in the development of pro-
cesses of neuronal cells, the inhibition of the extension of
them, and changes in synaptogenesis (Xu et al. 2013). The
mechanisms of these processes are not fully explained, but
they are probably connected with BPA-induced changes in
the intraneuronal calcium concentration (Feiteiro et al. 2018)
as well as the synthesis and expression of neuronal active
proteins, which have been observed both in the central and
in the peripheral nervous systems (Szymanska et al. 2018).
The changes mentioned above lead to disturbances in higher
neuronal functions, such as behavior, memory, and/or learning
(Johnson et al. 2016). Some neuronal symptoms may appear
only after many months of exposure to BPA (Hutter et al.
2016), and in the light of the previous studies, the participation
of BPA in the pathogenesis of neurodegenerative diseases,
including Alzheimer’s or Parkinson’s diseases, cannot be ex-
cluded (Landolfi et al. 2017; Wang et al. 2017).

In turn, within the reproductive system, BPA causes chang-
es in the uterine mucosal layer and endometrial stromal fibro-
blasts (Aghajanova and Giudice 2011). The exposure to BPA
results in an increase in the uterine mucosa thickness with the
simultaneous inhibition of apoptosis and the expression of
estrogen receptors within this part of the uterine wall (Olson
et al. 2017). In light of the previous studies, it is known that
BPA may impair the estrus cycle and puberty (Nah et al.
2011), as well as disrupt embryo implantation and pregnancy.
Even short exposure of the pregnant female to BPA may cause
impaired development and anomalies in offspring and the first
symptoms of these anomalies may occur only in the long term,
during the adult life of the offspring (Susiarjo et al. 2015).
Moreover, BPA can contribute to increase the following dis-
ease states in the reproductive system: atypical hyperplasia,
stromal polyps, endometriosis, and cervical cancer (Buck
Louis et al. 2013; Ma et al. 2015).

It should be underlined that information about the influence of
BPA on the uterine nervous system is extremely scant (Rytel
2018), and studies conceming the effects of this substance on
parasympathetic nervous structures located in the uterine wall
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do not even exist. On the other hand, it is commonly known that
the parasympathetic nervous system plays very important roles in
the regulation of the uterine physiological functions.
Parasympathetic nerves in the uterine wall are processes of neu-
rons located mainly in the inferior hypogastric ganglion and
paracervical ganglion. The crucial neuromediator for this part
of the nervous system is acetylcholine. It is known that acetyl-
choline may act on specific membrane receptors, such as five
types of muscarinic (M;_s) and nicotinic receptors (Hedrick and
Waters 2015), and in the uterine wall only muscarinic receptors
M2 and M3 have been described (Yasuda et al. 2014). The main
functions of acetylcholine in the uterus consist in stimulating the
effects of muscles. Previous studies have shown that acetylcho-
line causes an increase in the frequency and intensity of uterine
muscle contraction without significant fluctuations in the tone
(Shu et al. 2017). Moreover, acetylcholine affects intrauterine
blood vessels resulting in their dilation (Lamireau et al. 2002),
as well as stimulating the secretory activity of uterine mucosa
(Paris et al. 2000).

Of course acetylcholine is not the only neuronal active sub-
stance in the parasympathetic nervous system. It may colocalize
with a wide range of other neuronal factors, which often play
very different (and often opposite) functions. In light of the
previous studies, it is known that all substances included in
the present investigation, namely vasoactive intestinal polypep-
tide (VIP), substance P (SP), calcitonin gene-related peptide
(CGRP), and galanin (GAL), may occur in the cholinergic ner-
vous structures of various parts of the nervous system (Landis
and Fredieu 1986; Lindestrom and Ekblad 2002; Burnstock
2013). These substances probably play roles as
neuromodulators, because their influence on cholinergic trans-
mission has been reported. For example, GAL inhibits cholin-
ergic neurotransmission in the heart (Potter and Smith-White
2005); SP increases the responsiveness of intestinal muscles to
acetylcholine (Li et al. 2014), modulates cholinergic neuro-
transmission within intra-cardiac ganglia (Zhang et al.., Zhang
et al. 2005), and together with CGRP modulates the function of
nicotinic receptors on autonomic neurons (Di Angelantonio
et al. 2003). Meanwhile, VIP enhances both the postjunctional
effect of acetylcholine and the release of this mediator from
nerve varicosities (Burnstock 2013).

It should be underlined that parasympathetic innervation
also plays important protective and adaptive roles in patholog-
ical states of the uterus (Brauer 2017), which consist in the
protection of neuronal and muscular tissues and homeostatic
maintenance in conditions modified by pathogens or toxins.
The most visible changes concern the neurochemical charac-
terization of nervous structures, which may be the first sub-
clinical symptoms of pathological states. Until now, such
changes in parasympathetic innervation of the uterus have
been observed during high exposure to hormones, inflamma-
tory processes, and cancer (Collins et al. 2000; Possover et al.
2000). Previous studies conducted on the parasympathetic
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innervation of the liver and intestines (Thoene et al. 2018a;
Szymanska and Gonkowski 2018) may also suggest that BPA
may have an influence on this part of the nervous system. So
the aim of the present study was to investigate for the first time
the impact of low and high doses of BPA on parasympathetic
nervous structures located in different parts of the porcine
uterus, which might contribute to a better understanding of
the mechanisms connected with BPA intoxication.
Moreover, due to the relatively well-known similarities in
neurochemical, physiological, and electrophysiological char-
acteristics between the human and porcine nervous systems
(Pohl et al. 2015), the obtained results may be the first step in
determining an animal model of BPA-induced changes in the
uterine innervation of humans.

Materials and Methods

The present study was performed using 15 female immature
pigs (Piétrain x Duroc breed, 18-20-kg body weight, at the
age of about 8 weeks). All animals were kept in standard
laboratory conditions with free access to water in the animal
housing of the Faculty of Veterinary Medicine (University of
Warmia and Mazury, Olsztyn, Poland). Sows were kept in
pens (6 m?; five animals in each) and fed with the commercial
feed “WIGOR 3” (WIPASZ S.A, Olsztyn, Poland), which was
administered twice a day in daily portion as recommended by
the manufacturer (1 kg/animal/day). All procedures performed
during the study received the approval of the Local Ethical
Committee responsible for experimental animals in Olsztyn
(Poland) (decision numbers 28/2013 of 22 May 2013 and
65/2013/DLZ of 27 Nov 2013).

After an adaptation period, sows were divided into three
groups (5 animals in each) according to the methods described
previously by Szymanska et al. (2018). Within a short time,
control sows (C group) received empty capsules once daily be-
fore the moming feeding (gelatin capsules, Carlson Laboratories,
Arlington Heights, IL, USA), the animals from experimental [
group (Ex I group) were treated with capsules with BPA
(BISPHENOL A, 99 +%, product number: 239658-250G,
Sigma-Aldrich, Poznan, Poland) at a dose of 0.05 mg/kg body
weight (b.w.)/day, and the pigs from experimental IT group (Ex II
group) received capsules with BPA at a dose ten times higher
(0.5 mg/kg b.w./day). Both animals from Ex I and Ex II groups
received capsules in the same manner as the sows from C group.
Every 5 days, all pigs were weighed to correlate the exact dose of
BPA.

After 28 days of BPA administration, all pigs were eutha-
nized. To this aim, the animals were premedicated with Stresnil
(Janssen, Belgium, 75 pl/kg of b.w., given intramuscularly) and,
after 20 min, an overdose of sodium thiopental (Thiopental,
Sandoz, Kundl, Austria) was given intravenously.

Immediately after euthanasia, the uteri from all animals
were collected. The organs were put into 4% buffered para-
formaldehyde (pH 7.4) for 1 h (room temperature—tt) in or-
der for fixation to occur. Then tissues were rinsed in phosphate
buffer for 72 h, put into 18% phosphate-buffered sucrose and
stored at 4 °C. After at least 3 weeks, the fragments of the uteri
were included for further study, i.e., the fragment of the uterine
corpus (c.0.5 cm long) located just below the uterine bifurca-
tion and fragments of the left and right uterine horns (c. 0.5 cm
long, positioned about 1 cm from the oviduct) was collected
and frozen at — 22 °C. Then tissues were cut into 14-pm-thick
sections with the cryostat (HM 525, Microm International,
Germany) and mounted on microscopic slides. Slides were
stored at —20 °C until the single and double immunofluores-
cence labeling. This labeling was performed according to a
previously described method (Majewski et al. 2002) using
antibodies against vesicular acetylcholine transporter
(VAChT—used here as a marker of parasympathetic nervous
structures), substance P (SP), vasoactive intestinal polypeptide
(VIP), galanin (GAL), and calcitonin gene—related peptide
(CGRP) (the exact specification of antibodies is presented in
Table 1). Slides with fragments of the uterus were dried for 1 h
(rt) and blocked with solution with the following composition:
10% normal goat serum, 0.1% bovine serum albumin, 0.01%
NaN3, 0.25% Triton x-100, and 0.05% thimerosal in PBS for
1 h in a humidity chamber (1t). Then slides with tissues were
incubated overnight with one (single immunofluorescence
technique) or a mixture of two (double immunofluorescence
technique) antibodies received from different mammal species
(humid chamber, rt). The next day, fragments of the uterus
were incubated in the humidity chamber for 1 h (rt) with
species specific secondary antibodies marked with various
fluorochromes (Table 1). Then slides with the fragments of
the uterus were treated with buffered glycerol and covered
with coverslips. Between each stage of the labeling, slides
were rinsed in PBS for 30 min. During the present study, a
typical test of the labeling specificity was performed, such as
the pre-absorption of the antisera with an appropriate antigen,
omission, and replacement tests.

Labeled fragments of the uterus were evaluated with an
Olympus BX51 microscope equipped with epi-fluorescence
and appropriate filter sets. The density of VAChT-like immuno-
reactive (LI) nerves was determined by the average number of
such fibers per microscopic observation field (0.1 mm?).
VAChHT-LI nerves were counted in five randomly selected mi-
croscopic observation fields in the mucosal and muscular layers
of six sections of the uteri (30 observation fields of the mucosal
and muscular layers of each part of the uterus from each animal
were included into the experiment), located at least 100 pum apart
(to prevent double counting of the same nerves). During the
counting, no attention was paid to the length of the nerves.
Long, medium, and short nerve fibers were included into the
study and counted as one fiber. Moreover, the density of nerves
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Table 1

List of antisera and reagents used in immunohistochemical investigations

Primary antibodies

Antigen Code Species Working dilution Supplier

CGRP MAB317 Mouse 1:1000 Millipore, Temecula, CA, USA

SP 8450-0505 Rat 1:1000 BioRad Hercules, CA,USA

VIP 9535-0504 Mouse 1:2000 Biogenesis Ltd., Poole, GB

GAL T-5036 Guinea pig 1:2000 Peninsula Labs, San Carlos, CA, USA
VACHhT H-V007 Rabbit 1:2000 Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA
Secondary antibodies

Reagents Working dilution Supplier

Alexa fluor 488 donkey anti-mouse IgG 1:1000 ThermoFisher Scientific, Waltham, MA, USA
Alexa fluor 488 donkey anti-rat [gG 1:1000 ThermoFisher Scientific,

Alexa fluor 488 donkey anti-guinea pig IgG 1:1000 ThermoFisher Scientific,

Alexa fluor 546 donkey anti-rabbit IgG 1:1000 ThermoFisher Scientific,

immunoreactive to VAChT, SP, VIP, GAL, and CGRP as a per-
centage of the area of the field in animals of all groups was
measured using the computer program ImageJ2 Free (ImageJ
developers, 2009). This evaluation was conducted in 30 areas
of the field (of an area of 0.325 mm?) for the mucosal and
muscular layers of each animal.

In turn, to determine the neurochemical characterization of
VACHT-LI nerves, at least 500 such fibers located in the mu-
cosal and muscular layers of each part of the uterus studied
were examined for the presence of each other substance. The
degree of co-localization of VAChT with other neuronal fac-
tors was shown as a percentage of nerves immunoreactive to
the particular substances with regard to the number of
VAChT-LI nerves (such nerves were considered representing
100%). In this part of the experiment, at least ten sections
(located at least 100 um apart) were evaluated from the par-
ticular parts of the uterus from each animal in order to study
the co-localization of VACHT along with each of the other
neuronal factors studied. During this counting, in a similar
way to the counting of the VAChT-LI nerves, no attention
was paid to the length of nerves, in which the co-localization
of substances studied was noted. The microphotographs were
made using an XM 10 digital camera (Olympus, Japan). The
obtained data were pooled and presented as a mean = SEM.
Statistical analysis was carried out using Student’s ¢ test
(Statistica 9.1, StatSoft, Inc., Cracow, Poland). The differ-
ences were considered statistically significant at p <0.05.

Results

The Influence of BPA on the Number of VAChT-LI
Nerves

During the present investigation, VAChT-positive nerves were
observed in all parts of the uterus studied both under
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physiological conditions and after the impact of BPA (Fig. 1,
Table 2, Table 3). In the muscular layer of the uterine corpus in
control animals, the average number of such nerves amounted to
above 27 fibers per observation field, while in the uterine horns
these values oscillated around 20 fibers (Table 2). The number of
VAChAT-LI nerves in the uterine mucosa amounted to about 20
fibers per observation field, both in the uterine corpus and in the
horns (Table 3). The influence of BPA on the number of VAChT-
LI nerves in the wall of the uterus depended on the part of this
organ, as well as the dose of the toxin. Low doses of BPA caused
an increase in the number of VAChT-LI intramuscular nerves in
the uterine corpus on average by about 7 fibers per observation
field. An interesting situation was observed in the uterine horns.
Namely, in the right horn, the administration of low doses of BPA
resulted in an increase in the average number of VAChT-LI fibers
(by around 5 fibers per observation field on average), while in the
left horn the toxin did not affect the density of such nerves
(Table 2). Simultaneously, the changes in the number of
intramucosal VAChT-positive nerves under low doses of BPA
were observed neither in the uterine corpus nor in the horns
(Table 3).

High doses of BPA caused a clear increase (compared to
control animals) in the number of intramuscular VAChT-LI
nerves in the uterine corpus and horns (Table 2). These doses
of BPA (contrary to low doses of this toxin) caused an increase
in the average number of intramucosal VAChT-LI nerves in
the uterine corpus (Table 3). Furthermore, the high doses of
BPA caused an increase in the number of VAChT-LI nerves in
the mucosal layer of the right horn, without any such changes
in the nerves of the left horn (Table 3).

Both the character and severity of changes in the density of
VAChHT-LI nerves under the impact of low and high doses of
BPA designated using the computer program Imagel]2 Free
were compatible with the results obtained during the counting
of the fibers in microscopic observation fields, presented
above (Table 4).
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Fig. 1 VAChT-positive nerves
(VAChT+ green) in the (I)
muscular layer of the uterine
body, (II) mucosal layer of the
uterine body, (III) muscular layer
of the uterine horns, (IV) mucosal
layer of the uterine horns of
control animals (a) and pigs
treated with low (b) and high (c)
dose of bisphenol A. Nerves
immunoreactive to VAChT are
indicated with arroheads

The Influence of BPA on the Neurochemical
Characterization of VAChT-LI Nerves in the Muscular
Layer of the Uterine Corpus

In the muscular layer of the uterine corpus under physiological
conditions, the largest percentage of VAChT-positive nerves
(more than 20% of all cholinergic fibers) were simultaneously
immunoreactive to VIP (Fig. 2, Table 2). A slightly less num-
ber of cholinergic nerves showed the presence of SP and/or
CGRP. In turn, GAL was observed in the least number of
cholinergic nerves. Both low and high doses of BPA affected
the neurochemical characterization of cholinergic nerves in
the muscular layer of the uterine corpus (Table 2). The most
visible changes concerned the number of fibers simultaneous-
ly immunoreactive to VAChT and VIP, the percentage of
which was higher in comparison to the control animals by
about 14 percentage points (pp) in the E1 group and by about
27 pp in the E2 group (Table 2).

BPA-induced changes were also found in VAChT+/SP+
and/or VAChT+/CGRP+ nerves (Fig. 2, Table 2). The per-
centage of the former increased by about 11 pp under low
doses of BPA and about 14 pp in animals treated with high

doses of the toxin. In the case of the latter (VAChT+/CGRP+
nerves), these values amounted to 9 pp and approximately
16 pp, respectively. The least visible changes were observed
in VAChT+/GAL+ nerves. Their number was higher by about
3 pp in animals from the E1 group and about 6 pp in pigs from
the E2 group.

The Influence of BPA on the Neurochemical
Characterization of VAChT-LI Nerves in the Muscular
Layer of the Uterine Horns

Under physiological conditions, the largest number of
VAChHT-LI nerves (slightly above 15% of all nerves immuno-
reactive to VAChT) located in the muscular layer of the uter-
ine horns also contained VIP. The other neuronal factors stud-
ied were present at less than 10% of all nerves immunoreac-
tive to VAChHT (Fig. 3, Table 2). Low doses of BPA caused a
clear increase in the number of VAChT+/VIP+ and/or
VAChT+/CGRP+ nerves. The percentage of the former was
higher in comparison to control animals by more than 14 pp,
and the latter by above 9 pp. The administration of low doses
of BPA also resulted in an increase in the number of VAChT-
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Table 4 The density of nerve fibers immunoreactive to the particular substances in the muscular and mucosal layers of the corpus and right and left
horns of the uterus in control animals (C group) and pigs treated with low (E1 group) and high (E2 group) doses of bisphenol A

Corpus of the uterus Right horn Left horn
C group El group E2 group C group El group E2 group C group E1 group E2 group
Muscular layer
VAChT 3.08+0.32% 4.12+0.1 428+0.13" 3.001+0.12"° 321+0.08 355+0.07° 289+009" 3.08+0.09 344007

SP 1.57 £ 0.04° 1.86 +0.09* 2.72 £ 0.11° 1.08 + 0.08™
VIP 235+ 0.08° 3.12 +0.09* 4.11 £0.07°° 1.94 +0.11%®
CGRP 197 +0.1™ 3.06 +0.09° 3.62 +0.08* 126+ 0.07%

GAL 042 +0.07° 069 +0.05* 0.76 + 0.07°* 0.30 + 0.05%

1.46 + 0.08% 2.13 +0.13° 1.03 £ 0.07° 1.38 +0.09° 221 +0.12*
2.74 + 0.07°
1.72 +£ 023 258 +0.19° 1.31+0.07° 1.87 +0.06* 2.61 +0.12*
0.44 + 0.03* 0.62 + 0.29°° 0.24 + 0.03®® 0.50 + 0.04°

2.88 +0.09° 2.00+0.11%® 2.67 +0.06° 2.80 + 0.08"

0.57 + 0.05°

Mucosal layer

VACHT 1.99+0.15° 205+0.11 229+0.10° 1.46+0.06
SP 3.61 £0.09%° 4.62 +0.17° 637 +0.14°*° 2.07 +0.10®
VIP 1.73 + 0.08™® 295+ 0.19° 4.13 + 027 1.26 £ 0.17®
CGRP 125+ 0.08"% 1.84+0.07° 2.59+0.07> 1.1 +0.08®
GAL 037 +0.05° 042 +0.08° 0.64 +0.06™ 0.22 +0.04°

1.69 + 0.07
249 £0.13% 454+ 1.13%° 213 £0.09® 2.68 £ 0.11* 4.63 + 0.14*
1.68 £ 0.09° 232 +0.07° 1.15+ 1.14% 1.58 +0.09% 221 + 0.07™
1.85 + 0.07°° 2.10 £ 0.16° 1.17 + 0.08" 1.92 + 0.08"
0.42 + 0.04°

2.05+0.05> 1.53+£007 1.75+0.05 2.13+0.06

2.04 +0.11°

0.43 +0.04° 025+ 0.05® 047 +0.04* 039 + 0.04°

The density of nerves are presented as an average percentage of the area of the field using the computer program ImageJ2 Free (Image] Developers,

2009)

D jfferences for particular substances between C group and E1 group
® Differences for particular substances between C group and E2 group
¢ Differences for particular substances between E1 group and E2 group

The results were considered statistically significant P <0.05

positive nerves showing the presence of SP (by above 4 pp).
Contrary to other substances, low doses of BPA did not
change the degree of co-localization of VAChT with GAL.
In animals treated with high doses of BPA, the increase in

Fig. 2 VAChT-positive nerves
(VAChT+ red) immunoeractive to
SP (I), VIP (II), and CGRP (III)
(green) in the muscular layer of
the uterine body of control
animals (a) and pigs treated with
low (b) and high (c) dose of
bisphenol A. Nerves
simultaneously immunoreactive
to VAChT and other substances
(yellow) are indicated with
arrowheads

VAChT/SP

VAChTNVIP

u

VAChT/GGRP
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the degree of co-localization of VAChT with the majority of
other substances studied in comparison to the control group
was observed, and the most visible changes concerned
VAChT+/VIP+ fibers (an increase of more than 21 pp). In a
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Fig. 3 VAChT-positive nerves
(VAChT+ red) immunoreactive to e
GAL (I), CGRP (II), and VIP (III) /‘
(green) in the mucosal layer of the )
uterine body of control animals
(a) and pigs treated with low (b)
and high (c) dose of bisphenol A.
Nerves simultaneously
immunoreactive to VAChT and
other substances (yellow) are
indicated with arrowheads

VAChT/CGRP -

\g

VAChTNVIP

similar way to low doses of BPA, high doses of the toxin did
not affect the number of VAChT+/GAL+ nerves in the left
horn, but interestingly increased the number of such fibers in
the right horn (Fig. 3, Table 2).

The Influence of BPA on the Neurochemical
Characterization of VAChT-LI Nerves in the Mucosal
Layer of the Uterine Corpus

Under physiological conditions, the largest number of cholin-
ergic nerves located in the mucosa of the uterine corpus also
showed the presence of VIP. This peptide was observed in
more than 12% of all VAChT-LI nerves (Fig. 4, Table 3). A
clearly lower number of cholinergic nerves (below 6%) were
simultaneously immunoreactive to CGRP, GAL, and/or SP
(Fig. 4, Table 3).

The most visible changes induced by low doses of BPA
concerned VAChT+/VIP+ and VAChT+/CGRP+ nerves. The
increase in the former (in comparison to control pigs) was
about 8 pp, while the latter increased by about 10 pp
(Table 3). The increase of the percentage of VAChT+/SP+
and/or VAChT+/GAL+ nerves was significantly lower and
did not exceed 3 pp (Table 3).

High doses of BPA caused more visible changes in the case
of VAChT+/VIP+ and VAChT+/CGRP+ nerves (Fig. 4,
Table 3). The percentage of VAChT+/VIP+ nerves in animals
ofthe E2 group was higher in comparison to that in the control
pigs by about 20 pp. In the case of VAChT+/CGRP+ fibers,
this value amounted to 17 pp. The changes in the percentage

VAChT/GAL VAChT/GAL.

of VAChT+/GAL+ and/or VAChT+/SP+ were less visible and
achieved only about 3 pp (Table 3).

The Influence of BPA on the Neurochemical
Characterization of VAChT-LI Nerves in the Mucosal
Layer of the Uterine Horns

In control animals, the largest number of VAChT-LI nerves
located in the mucosal layer of the uterine horns showed the
presence of VIP. This substance was noted in about 8% of all
cholinergic nerves. Other substances studied were present in
smaller numbers of VAChT-positive fibers, and the degree of
co-localization of VAChT with other neuronal factors did not
exceed 4% of all VAChT-positive nerves (Table 3).

Low doses of BPA caused a clear increase (by about 10 pp in
comparison to the control group) in the degree of co-localization
of VAChT with CGRP (Table 3). Interestingly, the administration
of low doses of BPA resulted in an increase in the percentage of
VAChT+/SP+ nerves in the right hom (by about 2 pp), while it
did not affect the same such nerves in the left horn. Moreover,
low doses of BPA did not affect the number of VAChT+/VIP+
and/or VAChT+/GAL+ fibers (Fig. 5, Table 3).

In animals treated with high doses of BPA, the largest
changes concerned VAChT+/CGRP+ and/or VAChT+/VIP+
fibers. The percentage of the former increased in comparison
to that in the control pigs by about 15 pp, and the second by
about 10 pp (Fig. 5, Table 3). Less visible changes (an increase
of about 2 pp) were observed in the case of VAChT+/GAL+
and/or VAChT+/SP+ nerves (Fig. 5, Table 3).

@ Springer



876

Neurotox Res (2019) 35:867-882

Fig. 4 VAChT-positive nerves
(VAChT+ red) immunoeractive to
SP (I), VIP (II), and GAL (III)
(green) in the muscular layer of
the uterine horns of control
animals (a) and pigs treated with
low (b) and high (c) dose of
bisphenol A. Nerves
simultaneously immunoreactive
to VAChT and other substances
(yellow) are indicated with VAChTVIP >
arrowheads ' Vv

VAChT/SP

VAChT/GAL

VAChT/SP

VAChT/GAL

’ ; 2

VAChT/GAL

The Influence of BPA on Nerves Immunoreactive
to VIP, SP, CGRP, and/or GAL

During the present study, it was demonstrated that both low
and high doses of BPA not only change the density and neu-
rochemical characterization of VAChT-LI nerves, but also re-
sult in fluctuations of the overall populations of fibers
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immunoreactive to the particular neuropeptides included in
this study (Table 4).

In the muscular layer of the uterine corpus and horns under
physiological conditions, the highest density was noted in the
case of nerves immunoreactive to VIP (Table 4). In turn, the
population of GAL-LI nerves was the lowest. Generally, both
doses of BPA studied caused an increase in the density of
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Fig. 5 VAChT-positive nerves
(VAChT+ red) immunoeractive to
SP (I), VIP (II), and CGRP (III)
(green) in the in the mucosal layer
of the uterine horns of control
animals (a) and pigs treated with
low (b) and high (c) dose of
bisphenol A. Nerves
simultaneously immunoreactive
to VAChT and other substances
(yellow) are indicated with
arrowheads

VAChT/SP

VAChTVIP

nerves immunoreactive to the investigated neuropeptides,
whereby the changes noted under the impact of the high doses
of the toxin were much more visible in the animals treated
with high doses of the toxin (Table 4). Moreover, clearer fluc-
tuations were noted within the corpus of the uterus. Such a
situation was observed in nerves immunoreactive to the ma-
jority of neuropeptides studied. The only exception was the
population of nerves immunoreactive to GAL, the density of
which was not modified by either low or high doses of BPA
(Table 4).

In the mucosal layer of the control animals, the highest
density was observed in the case of SP-LI nerves (Table 4).
The least numerous population (similar to the muscular layer)
was nerves immunoreactive to GAL (Table 4). Changes in the
density of the intramucosal nerves immunoreactive to these
particular neuropeptides were analogous to those noted within
the muscular layer (Table 4).

Discussion

Previous studies have shown that BPA—a substance com-
monly found in plastic articles—is dangerous for living organ-
isms and excessive exposure to this substance may contribute
to an increase in the incidence of various serious diseases and
disturbances, including cancer, heart attack, diabetes, impair-
ment of fertility, or abnormal changes in higher cortical func-
tions (Gramec Skledar and Peterlin Masi¢ 2016; Hu et al.
2016a, b; Rochester 2013; Gao and Wang 2014;

VAChT/SP

VAChT/SP

Seachrist et al. 2016). Despite the relatively well-known sig-
nificant toxicity of BPA, many aspects connected with the
effects of this substance on humans and animals are not fully
clear. One of them is the level of tolerable daily intake (TDI)
of BPA. Due to the fact that the lowest dose of BPA, at which
symptoms of intoxication have been observed, clearly de-
pends on the internal organ, the species of animal, the method
of administration, and the duration of the exposure (Rochester
2013; Szymanska et al. 2018; Thoene et al. 2018), establish-
ment of a safe dose for this substance is very difficult. For a
long time according to European Food Safety Authority
(EFSA), the TDI of BPA was established at a dose 0.05 mg/kg
b.w./day (EFSA 2006). However, some studies have shown
that this dose may affect the immune system (Halimi et al.
2016) and therefore in January 2015, the EFSA reduced the
TDI of BPA to 4 pg/kg b.w./day (EFSA 2015). The latter
dosage has been made temporary, and the determination of a
definitive TDI for BPA depends on further toxicological
studies.

The results obtained during the present investigation have
shown that a dose of BPA at the level of 0.05 mg/kg b.w./day
indeed causes changes in the expression of neuronal factors in the
parasympathetic nerves supplying the uterine wall. Together with
previous studies on the enteric nervous system (Szymanska et al.
2018), these observations may suggest that the abovementioned
dosage is not neutral for living organisms, and changes in the
nervous system may be the first subclinical signs of intoxication
with BPA. In light of this data, the decision of the EFSA to
reduce the TDI of BPA was fully justified.
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It should be underlined that the exact mechanisms of the
observed changes have not yet been fully explained.
Fluctuations in the expression of neuromediators may be the
result of the direct neurotoxic effects of BPA. Such effects
have been reported in previous studies (Viberg and Lee
2012), where the influence of BPA on synapses and dendrites
has been shown. Most likely, the changes observed in the
present study arise from protective and adaptive processes.
This thesis is supported by the fact that during the present
investigation BPA-induced changes were noted in populations
of nerves immunoreactive to almost all neuronal factors stud-
ied, and all these substances are known as neuroprotective
factors. In the light of previous studies, among substances
included into this experiment, VIP is the most powerful pro-
tective factor. This peptide increases the survivability of neu-
rons undergoing damage from various agents, such as inflam-
mation, intoxication, and axotomy (Rytel and Calka 2016a, b;
Makowska et al. 2018). This protection is achieved by induc-
ing stimulatory effects in glial cells (Li et al. 2018). The pro-
tective and adaptive functions of other substances studied are
less known, but previous studies have reported that GAL pre-
serves brain cells during neurodegenerative processes (Lang
etal. 2015), SP protects neurons against apoptosis (Lallemend
et al. 2003), and CGRP, which is first of all a sensory
neuromediator and/or neuromodulator (Luger 2002), takes
part in repair processes within the nervous tissue (Rytel and
Catka 2016b; Makowska and Gonkowski 2018). It cannot be
excluded that the increase of VAChT-LI nerves noted in the
present study under the impact of BPA may be connected with
an abnormal neurogenesis of this toxin. Until now, such
neurogenesis has only been described within the central ner-
vous system and it is known that this phenomenon results
from a BPA-induced increase in the number and activity of
glial cells leading to alterations in the expression of neuronal
factors and changes in the neuro-inflammatory status of the
nervous tissue (Takahashi et al. 2018). The mechanisms of
BPA-induced neurogenesis in the peripheral nervous system
are unknown, but probably it is closely linked to the pro-
inflammatory activity of this toxin (Savastano et al. 2015),
which is further described in a later section of this article.

The second possible mechanism of observed changes, es-
pecially in nerves located in the muscular layer, may be con-
nected with the influence of BPA on the smooth muscles.
Previous studies have reported that BPA causes relaxatory
effects on the muscles within the digestive tract and uterus
(Szymanska et al. 2018; Rytel 2018), but mechanisms of this
action still remain not entirely clear. Some in vitro experi-
ments on the uterus of rodents have shown that BPA inhibits
the expression of contractile proteins taking part in oxytocin
and prostaglandin-related pathways (An et al. 2013). Other
studies have reported that BPA affects the expression of cal-
modulin and the phosphorylation of calcium/calmodulin de-
pendent kinase in male reproductive organs (Qian et al. 2014),
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which suggests that the influence of this toxin concerns mus-
cular contraction and is connected with disorders of calcium
ion current. This thesis is supported by observations on the
various parts of the nervous system, where BPA significantly
changes the intracellular concentration of Ca®*. Moreover,
processes connected with BPA-induced influence on the uter-
ine muscles are probably similar to mechanisms taking place
in the heart, in which these processes have been investigated
in detail. Namely, in the heart, BPA inhibits electrical conduc-
tion (Posnack et al. 2014), influences protein kinase A (PKA)
and Ca(2+)/CaM-dependent protein kinase 11 (CAMKII) sig-
naling pathways (Gao et al. 2013), and also affects the han-
dling of calcium ions (Ramadan et al. 2018). Moreover, it is
known that BPA may affect neuronal nicotinic receptors
(Borea et al. 2004). Given the above, BPA-induced fluctua-
tions in the expression of VAChT as well as changes in the
neurochemical characterization of cholinergic nerves ob-
served during the present study may be the result of a direct
impact of the toxin on muscles and neuromuscular junctions.
Moreover, because the relaxatory effects of BPS have been
reported in previous studies (Jones et al. 2016), it stands to
reason that the increase in the number cholinergic nerves not-
ed after BPA administration is rather due to a suppression of
acetylcholine release than an increase in the synthesis of this
neuromediator.

The changes observed during the present study may also
arise from the relatively well-known pro-inflammatory char-
acteristics of BPA. Previous studies have reported that this
substance intensifies the synthesis of pro-inflammatory cyto-
kines, such as TNF-« and IL-6 (Savastano et al. 2015) with a
simultaneous decrease in the expression of anti-inflammatory
factors, including IL-10 and transforming growth factor-f3
(TGF-3) (Huetal. 20164, b). It is also known that BPA increases
IgG2 and IgA secretion and suppresses macrophage adhesion
(Segura et al. 1999). The pro-inflammatory action of BPA also
consists in the induction of prostaglandin-endoperoxide syn-
thase 2 (COX 2) by the mitogen-activated protein kinase path-
way (Song et al. 2017) and the suppression of lymphocyte
mitogenesis (Sakazaki et al. 2002). On the other hand, it is
commonly accepted that the nervous system plays a crucial
role in the inflammatory processes, and fluctuation in the ex-
pression of neuromediators and/or neuromodulators is one of
the first reactions of the nervous tissue to inflammation
(Ackermann 2013). Moreover, all neuronal substances studied
during the present investigation are factors that take part in
inflammatory and immunological mechanisms. Namely, SP
has pro-inflammatory properties that act on receptors local-
ized to immune cells and increases TNF-« expression. VIP
stimulates the production of IL-1«, IL-1f3, IL-3, and IL-6
within glial cells (Choi et al. 2013). Moreover, this peptide
inhibits macrophage activity (Delgado et al. 1999). In turn,
GAL causes an increase in the expression of IFN-y and IL-
12/23 (Koller et al. 2017) with a simultaneous inhibition in the



Neurotox Res (2019) 35:867-882

879

synthesis of TNF-oc and IL-1(3 (Oztas etal. 2017). The roles of
CGRP in inflammatory mechanisms are the most obscure.
Nevertheless, it is known that the expression of this substance
within the autonomic peripheral nervous system increases
during inflammatory processes. Moreover, the latest research
has shown that CGRP suppresses the expression of inflamma-
tory cytokines in the macrophages and increases the expres-
sion of anti-inflammatory factors (Duan et al. 2017). So
changes in the expression of neuronal factors may result from
inflammatory processes. Admittedly, during the experiment,
the symptoms of inflammation were not observed, but fluctu-
ations in neuromediators and/or neuromodulators may be the
first subclinical signs of pathological processes (Barbosa-
Cobos et al. 2018), and such a situation may have taken place
in the case of the present study.

Nevertheless, BPA-induced changes observed during the
present study may also result from other processes. Namely,
they may be connected with the modulation of conduction of
sensory and pain stimuli. It is known that SP and CGRP are
the crucial sensory factors occurring in neuronal cells (Bulut
et al. 2008). Although their most important roles are not con-
nected with sensory stimuli conduction, GAL and VIP have
been reported in sensory neuronal structures (Rytel and Calka
2016a, b). Moreover, it is known that the expression of
all the abovementioned substances in sensory neurons in-
creases during pathological factors, including inflammatory
processes, nerve damage, and/or intoxication (Rytel and
Calka 2016a, b). However, the hypothesis that the changes
observed in the present study are the result of sensory or
pain stimuli is unlikely, because the doses of BPA used in
the experiment were relatively low and should not cause pain
symptoms. Moreover, such symptoms were not observed in
the experimental animals. Even so, it cannot be excluded that
changes in the neurochemical characterization noted in the
experiment concern sensory nerves, because the previous
studies have reported that such nerves not only participate in
sensory and pain stimuli conduction, but also are involved in
homeostasis maintenance and the initiation of repair processes
after damage (Rytel and Calka 2016a, b).

It is difficult to determine the consequences of BPA-
induced changes in cholinergic innervation for functional ac-
tivity of the uterus. During the present study, no clinical signs
of the administration of BPA were observed in the experimen-
tal animals. Moreover, there were no macroscopic changes in
the corpus and horns of the uterus under the influence of both
low and high doses of the toxin. Considering the fact that
acetylcholine in the uterus causes the contraction of muscles,
dilation of intramural vessels, and the stimulation of secretory
activity (Paris et al. 2000; Lamireau et al. 2002; Shu et al.
2017), these kinds of effects are to be logically expected. On
the other hand, previous studies have reported that BPA acts
on the uterine muscles as a strong relaxant factor (Salleh et al.
2015). Considering this, it is very likely that the increase in the

number of VAChT-positive nerves was not the result of the
intensification of acetylcholine synthesis, but was connected
with the BPA-induced blocking of acetylcholine release from
the nerve endings and/or disorders in intraneuronal transport.
Nevertheless, the determination of consequences from the ob-
served changes for uterine activity requires further studies.

Moreover, the present investigation has shown that not all
of'the neuronal substances studied play equal roles in response
to uterine innervation after BPA exposure. Namely the obtain-
ed observations have shown that BPA affects both the density
of GAL-LI nerves and the degree of co-localization of VAChT
with GAL in some small way, which may suggest that this
neuropeptide, despite its neuroprotective and adaptive func-
tions (Lang et al. 2015; Koller et al. 2017), is not the key factor
in the mechanisms taking place in uterine innervation during
BPA-induced intoxication.

In conclusion, the obtained results have clearly indicated that
even relatively low doses of BPA administered for only a short
time are not neutral to the living organism and may cause chang-
es in the neurochemical characterization of parasympathetic
nerves located in the uterine wall. These observations suggest
that the decision of the EVSA concerning the reduction of the
tolerable daily intake of BPA was correct. However, due to the
multidirectional negative effects of BPA, as well as the various
functions of neuromediators and/or neuromodulators included in
this experiment, the exact elucidation of mechanisms underlying
these observed changes has not been easy. Most likely, the fluc-
tuations in the neurochemical characterization of the uterine
nerves are connected with the neurotoxic and pro-inflammatory
properties of BPA, but other reasons (such as the direct impact on
muscles, changes in sensory stimuli conduction, or genotoxic
effects of BPA) cannot be excluded. Therefore, an explanation
that includes all aspects connected with the influence of BPA on
uterine innervation requires further investigation.
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