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1. Summary

Estrogen (E2) and thyroid hormones (THSs) play pivoltal roles in central nervous system
(CNS) development, including cell division, cell proliferation, cell maturation and apoptosis. In
the mature CNS, these hormones regulate metabolism on cellular and organismal levels.
Thus, E2, THs and certain other hormones (such as ghrelin, leptin and insulin) not only
regulate the energy metabolism of the entire organism, but simultaneously also regulate
important homeostatic parameters of neurons involved in the neuroendocrine regulation of
energy balance. It is, therefore, obvious that the mechanisms through which these hormones
exert their effects are plentiful and include both intra- and intercellular actions. Although the
referred hormonal mechanisms are versatile, experimental investigation of simultaneous
hormone-induced mechanisms is technically extremely difficult. To top those difficulties, the
normal physiological setting of metabolic parameters depend on a plethora of interactions of

the aforementioned, so-called trophic hormones.

Given these difficulties, in the present work we focused on the investigation of the
classical action mechanisms of E2 and THs, i.e., the effects that these two important
hormones exert on the expression levels of their own- and each other’s cognate receptors.
Since many of the hormonal effects are eventually shaped by both neurons and glia, we
included the examination of glial effects in the hormone-induced changes in E2 receptor (ER)
and TH receptor (TR) expression levels. In addition to the effects of the natural hormone
ligands, we also tested whether bisphenol A (BPA), one of the best known endocrine
disruptors (an environmental pollutant) that can act on both ERs and TRs, could alter the
regulatory effects of E2 and THs on TR expression levels.

In order to establish well-controlled conditions during our experiments, we examined
ligand-hormone receptor interactions using an in vitro experimental model. Primary
cerebellar cell culture, as a widely used in vitro model, was chosen and used for these
studies. This experimental model provides the possibility to investigate estrogenic cellular
effects without having to count with the de novo estrogen synthesis of the tested cells (a
unique feature of cerebellar cells is the absence of estrogen synthase activity). Results were
analyzed in two major contexts. First, results were evaluated and interpreted in the context of
the physiological relevance of the used experimental model and the possible meaning of the
results in cerebellar development. Thus, the first part of this work lies on the grounds of
original physiology research. Second, since both E2 and THs play major roles in the
regulation of energy balance, be it cellular or organismal (hypothalamic) we attempted to

interpret the observed hormone effects in the context of the complex hormonal regulation of



feed-intake. Therefore, the second part of this work, while considers and includes our own
experimental results as well, also provides an up-to-date physiological review of the most
likely integrative regulatory mechanisms that take place in (brain) cells and the
neuroendocrine hypothalamus to regulate the energy balance of the organism.

Results of the present study reveal that, in the developing cerebellum, there is a highly
complex interplay between E2 and THs in the maintenance of normal levels of each-other’s
cognate receptors, and that the hormone effects are most probably mediated by the glia. Our
observations implicate that abnormalities in glial and/or thyroid functions or in tissue E2/TH
levels impact, on multiple levels, cerebellar development, cerebellar functions later in life,
and the regenerative capability of the cerebellar tissue in case of injury, all of which should
be considered in the diagnostics and treatment of relevant clinical conditions. The present
results clearly indicate that BPA markedly interferes with the normal hormonal regulation of
TR expression and thereby may lead to yet unknown biological consequences, either

beneficial or adverse, in the developing cerebellum.



2. Introduction and aims

Numerous studies provided evidence for the role of 17B3-estradiol (estrogen, E2) (Ikeda,
2008; Fan et al., 2010) and thyroid hormones (THs), i.e., triiodothyronine, thyroxine (T3 and
T4) (Koibuchi, 2008; Horn and Heuer, 2010) in the regulation of normal cerebellar
development. Estrogen, as a traditionally known female reproductive hormone and THs, best
known as regulators in energy homeostasis, are unique in that they play key roles in the
regulation of several other physiological processes as well. Such E2-TH regulated processes
are neuronal/glial maturation (also involved in other somatic cells) and migration (Kirby et al.,
2004; Belcher et al., 2009), and the regulation of the intracellular metabolism, latter which
significantly affects most intracellular events on its own. The listed hormonal regulatory
effects are mediated by at least three known major mechanisms: 1. Specific (cognate)
receptors (E2-, TH receptors, ERs and TRs) that function as transcription factors when
activated by bound hormone ligands (generally considered as genomic effects) (Ikeda, 2008;
Fan et al.,, 2010; Jakab et al., 2001; Belcher and Zsarnovszky, 2001); 2. Putative plasma
membrane-bound/incorporated ligand-receptor complexes that activate rapid, non-genomic
intracellular signaling cascades (e.g., Pekary et al., 2006; Belcher, 2008; Leonard, 2008);
and 3. Crosstalk on multiple levels of genomic and/or non-genomic E2- and TH-activated
intracellular signaling pathways (Vasudevan et al., 2001b; Zhao et al.,, 2005), where
hormone effects are evident but the exact role of the ligand alone or ligand-receptor complex
is not yet clarified. Thus, the numerous trophic effects of E2 and THs that are mediated by
ERa,B and TRa,f, are the result of the two hormone’s interactive effects on the expression
level of each-other’s receptors, thereby modulating intracellular mechanisms that depend on
the receptor’s signal-mediating functions. ERs (Shughrue et al., 1997) and TRs (Murray et
al., 1988; Hodin et al., 1989) are widespread in the brain, however, their expression level
depends on the brain region, age (Bernal, 2007; Al-Bader et al., 2008) and functional-
hormonal status of the organism. Thus, it is not known, how ER-TR receptor expression
levels correlate with real-time hormonal conditions and to what extent ER-TR gene
transcriptional activity correlates to ER-TR protein synthesis in the developing cerebellum. To
address these questions, in the present study we established a primary cerebellar granule
cell culture as an in vitro experimental model that is suitable to investigate isolated granule
cell responses to various single- or combined hormone treatments and/or glial effects could
be experimentally manipulated. Glia-containing (Glia+) or glia-reduced (Glia-, see Materials
and Methods) cerebellar granule cell cultures were treated with either E2, T3, T4 or a
combination of these hormones, and resulting receptor expression levels were determined by

guantitative real-time PCR (gPCR) and Western blot techniques. Results were compared to



non-treated controls (NtC) and to samples obtained from 14-day-old (age-matched, non-
treated) in situ cerebella. Since our experiments on ERa mRNA and protein expression
levels resulted in highly variable values (unpublished observations), those studies will only be
regarded in a general context when appropriate.

Endocrine disrupting chemicals (EDs), such as phytoestrogens or environmental
pollutants (also some micotoxins, such as zearalenone) are selective ER and/or TR
modulators and can act as agonists or antagonists of the hormones in question. During
development, EDs can influence normal hormonal homeostasis and lead to immediate
and/or life-long consequences (e.g., Zsarnovszky et al., 2007; Miodovnik et al., 2014). With
regard to ED effects in the cerebellum, it was previously shown that bisphenol A (BPA) can
rapidly activate ERK1/2 in primary cerebellar granule cell cultures (Wong et al., 2003) and
also, after injection of BPA into the cerebella of newborn rat pups (Zsarnovszky et al., 2005).
These effects were dose-dependent, with a U-shaped dose-response curve, which could
indicate compound actions of BPA. In support of these findings, Mathisen et al. (2013)
described that perinatal BPA exposure increased Pax6 (transcription factor playing a role in
granule cell development and migration) in newborn mice cerebella and in cerebellar cell
cultures. In the hippocampus, BPA modulated dendritic morphogenesis via effects on ER (Xu
et al., 2014). Likewise, BPA also promoted dendritic growth in maturing cerebellar Purkinje
cells (Shikimi et al., 2004). This is consonant with previous results from our laboratory (Wong
et al., 2003; Zsarnovszky et al., 2005).

In addition to interactions between BPA and ERs, BPA can alter thyroid-specific gene
expression (Gentilcore et al.,, 2013) and functions (lwamuro et al., 2006; Delfosse et al.,
2014). Our studies indicated that the ratio of THs to E2 in the CNS is critical for the regulation

of nuclear receptor expression (Scalise et al., 2012).

While a growing body of evidence indicates that EDs, including BPA, interfere with
CNS development, the exact mode of BPA action, and how it alters TR expression levels
currently is not clear. In the present study, as part of a more extensive study, we examined to
what extent BPA alters TRa, mRNA and protein expression levels in primary cerebellar cell
cultures and investigated the effects of combined treatments when cultured cells were co-
exposed to a combination of the hormones. We also examined whether the glia could

modulate hormone and/or BPA effects on TR mRNA and protein expression levels.
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AIMS OF THE THESIS

A.

Establishing a suitable in vitro experimental model for our experiments by finding and
applying specific and goal-oriented modifications to the well-established primary

cerebellar cell culture systhem (Scalise et al., 2012);

Determination of the individual and combined effects of 17-beta-estradiol (E2) and
thyroid hormones (THs) on their own and each other’s specific receptors (ERpB,
TRa,B) (Scalise et al., 2012);

Determination of the potential effects of BPA on the expression of TRa,3 (Somogyi et
al., 2016);

Interpretation of our findings in the context of the cerebellum (Scalise et al., 2012);

Interpretation of our findings integrated into the available relevant literature in the
context of cellular and hypothalamic estrogen- and thyroid hormone effects, with

special regard to the hypothalamic regulation of feed-intake (Somogyi et al., 2011).
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3. Materials and Methods

3.1. Animals

Since neither previous studies nor our own results indicated gender differences in the
developing rat cerebellum, both male and female Sprague-Dawley rat pups (body weight:
18-20 g; vendor: Charles-River Laboratories, Inc., Hungary) were used in these studies.
Timed pregnant Sprague-Dawley rats were obtained from the vendor at least four days
before they gave birth. Animals were kept under standard laboratory conditions, with tap
water and regular rat chow ad libitum in a 12-h light, 12-h dark cycle. The date of the pup’s
birth was considered as postnatal day 0 (P0). Animals were used for granule cell preparation
on their P7. Considering the differences between the in vitro and the physiological-biological
conditions, we found it important that besides the results of the various treatments we also
indicate how these results compare to values obtained from age-matched reference
samples. Therefore, calculating with P7 plus 7 days of incubation time, which results 14-day-
old cells post partum, we also used cerebella taken from P14 rat pups to determine
physiological levels of receptor mRNA and protein levels; heretofore we refer to these as the
in situ reference samples, however, all measurement results (including the determination of
BPA effects) are normalized to the ntC of the Glia+ cultures. Following the guidelines
established by the National Institutes of Health, the use of animals was approved by the
Animal Welfare Board at Szent Istvan University Faculty of Veterinary Sciences and were

approved by the regional animal welfare authority (registry No: 22.1/3947/003/2008).

3.2. Preparation of primary granule cell cultures

Primary cerebellar cultures were prepared as described earlier (Wong et al., 2001) with
modifications, as follows. Animals were sacrificed by quick decapitation and the cerebella
removed. Cell cultures were prepared without enzymatic treatment and were maintained in
serum- and steroid-free conditions as previously described (Wong et al., 2001). It was our
goal to determine isolated cellular responses to the treatments applied. Therefore, to prevent
cell-to-cell adherence and thus exclude the masking effects resulting from direct (physical)
cellular contact, cerebellar cell suspensions were diluted in culture media until they reached
a final cell number of 2300-2700 granule cellss/mmz2 after 7 days of incubation. Under such
conditions, more than 95% of cells in cultures were granule neurons. Cerebella of rat pups

were seeded into separate culture dishes (i.e., 6 dishes per treatment, n=6).
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3.3. Treatments

For analysis of mature primary cerebellar granule cells in a glia-reduced environment
(Glia-), a final concentration of 10 uM cytosine B-D-arabinofuranoside (AraC; Sigma Aldrich
Ltd., Hungary, Cat. #C1768) was added 24 hr after seeding to inhibit the proliferation of non-
neuronal cells. In contrast, no AraC was added to the media for analysis of neurons grown in
a glia-containing environment (Glia+ experimental groups). Cultures were treated with either
of the following hormones (at physiologically relevant concentrations) 7 days after seeding
and 6 hours (for gPCR) or 18 hours (for Western blot) before harvesting: 17B-estradiol (E2,
1.16x10-10 M, Sigma Aldrich Ltd., Hungary, water soluble, Cat. #E4389); 3,3’,5-triiodo-L-
thyronine (T3, 0.92 nM, Sigma Aldrich Ltd., Hungary, Cat. #T2877); L-thyroxine (T4, 65 nM,
Sigma Aldrich Ltd., Hungary, Cat. #T1775); E2+T3 or E2+T4; BPA, (10-10 M, Sigma Aldrich
Ltd., Hungary), (at concentrations described above) BPA+E2; BPA+T3; BPA+E2+T3;
BPA+T4; BPA+E2+T4. Reference cultures without any hormone treatments were included in
both the Glia- and Glia+ groups (ntC[Glia-/+]). (see Table 1) The presence or absence of glia
in the cultures was verified and illustrated as shown below (2.2.6., please see Scalise et al.,
2012).

Table 1. Experimental groups of the study

Glia-containing cultures Glia-reduced cultures Intact brain
Glia+ (AraC-) Glia- (AraC+) samples
ntC ntC
E2 E2
T3 T3
T4 T4
w E2+T3 E2+T3
g E2+T4 E2+T4 i situ
g BPA BPA
= BPA+E2 BPA+E2
BPA+T3 BPA+T3
BPA+T4 BPA+T4
BPA+E2+T3 BPA+E2+T3
BPA+E2+T4 BPA+E2+T4
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3.4. Western blot studies

Cell harvesting was performed as described by Wong et al. (2001). Samples were then
homogenized in (in mM) 20 Tris-HCI, pH 7.5, 150 NaCl, 1 PMSF, 1 EGTA, 1 EDTA, 2.5
sodium pyrophosphate, 1-beta-glycerol phosphate, and 1 NasVO, plus 1 mg/ml Pefabloc, 10
pg/ml leupeptin 10 pg/ml pepstatin, 1 ug/ml aprotinin, and 1% Triton X-100, 0.05% sodium
deoxycholate. Homogenates were sonicated for 5 sec a total of 5 times and cleared by
centrifugation at 14000 x g for 1 min at 2°C. Protein concentrations were determined with a
bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Western blotting and densitometric
analysis were performed by standard protocols (Wong et al., 2001). Membranes were
blocked with 5% nonfat dry milk for 1 hr in Tris-Buffered Saline and Tween and incubated
with appropriate antisera (Primary antibodies: anti-estrogen receptor beta, Sigma Aldrich,
Hungary, Cat. #E-1276, dilution: 1:1000; anti-thyroid hormone receptor alphal, AbD Serotec,
UK, Cat. #0100-0486, dilution: 1:1000; anti-thyroid hormone receptor betal, AbD Serotec,
UK, Cat. #0100-0484, dilution: 1:555. Secondary antibodies: peroxidase labeled goat-anti
rabbit 19G, Vector Laboratories, UK, Cat. #PI-1000, dilution: 1:2000; peroxidase labeled
horse-anti mouse 1gG, Vector Laboratories, UK, Cat. #PI-2000, dilution: 1:2000).
Immunoreactive bands were visualized onto preflashed X-ray film by enhanced
chemiluminescence. Multiple exposures of each blot were collected, and used for
densitometric analysis. Optical densities were calculated as arbitrary units, normalized to the
protein concentrations of samples, and to a reference sample (cerebellum obtained from a

14-day-old rat pup) that has been added to each gel.

3.5. Quantitative real-time PCR measurements

RNA was isolated from the cell samples using TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA, Cat. #15596-026) according to the manufacturer's instructions. Reverse
transcription polymerase chain reaction was carried out as described by Sayed-Ahmed et al.
(2004). Primer sequences were as published by Billon et al. (2002, for TRa), Kariv et al.
(2003, for TRB), and Vaillant et al. (2002, for ERB). Cellular gene expression was quantified
by quantitative PCR reactions (QPCR; LightCycler 2.0, F. Hoffmann-La Roche Ltd, Basel,
Switzerland) using LightCycler DNA Master SYBR Green | fluorescent dye (Hoffmann-La
Roche Ltd, Basel, Switzerland, Cat. #15015099001). Aliquots of cDNAs were dispensed
according to the manufacturer’s instructions. The gPCR cycles and controls were planned
according to the manufacturer’s instructions and were optimized for each primer pair.

Amplified products were identified by agarose gel electrophoresis, melting point and
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sequence analysis (Applied Biosystems ABI 3100 Genetic Analyzer, Agricultural
Biotechnology Center, Godollé, Hungary). Real-time PCR threshold cycle (Ct) data were
analysed using the REST-XL software version 2.0 (Pfaffl et al., 2002). The target Ct of each
sample was normalized to the Ct of the reference gene (rat cytoplasmic beta actin) in the
same sample. Ct values in the treated groups were compared to the control group.
Differences in the Ct values were converted into relative amounts of mRNA based on the
assumption that the amplification efficiency was 2.00. Control mRNA value (ntC[Glia+] group)
was arbitrarily set to 1 and results from other groups were expressed as fold changes relative
to the ntC[Glia+] control group.

3.6. Immunohistochemical labeling of glial fibrillary acidic protein
(GFAP)

Astroglia in the cultures was identified by immunohistochemical labeling for the specific
astroglia marker GFAP (see Figure 1). Standard immunohistochemistry protocol was
followed as described earlier (Wong et al., 2003), with the exception of the visualisation
method. Specifically, binding of the antibodies (primary antibody: polyclonal rabbit anti-
GFAP, dilution: 1:200, Cat. number G4546, Sigma-Aldrich Hungary; secondary antibody:
biotinylated goat anti-rabbit 19G, Vector Laboratories, Burlingame, CA) was visualized with
diamino-benzidine by the avidin-biotin peroxidase complex method following standard
protocols (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA). In negative control
experiments, the primary antibody was omitted. Omission of the primary antibody resulted in
no immunostaining. Stained cultures (kept in washing solution after staining) were examined
and photographed in a Zeiss Axiovert 135 inverted microscope. Images were processed for
publication by Adobe Photoshop v. 7.0 software.
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Glia- — | Glia+ | ‘ o4

Figure 1. Identification of GFAP labeled glia in primary cerebellar cell cultures. a: Cultures not
treated with cytosine B-D-arabinofuranoside (Glia+) contained numerous GFAP-labeled glial cells that
possessed long cell processes (arrows). b: Negative control experiment, where omission of the primary
antibody for GFAP was ommited during the process of immunostaining (Glia-). Small arrow points to a
granule neuron. c: Cytosine B-D-arabinofuranoside treated cultures (Glia-) contained very few,
scattered GFAP positive large cell bodies that have not developed any cell processes; their glial origin
could only be determined by their GFAP content. Bars represent 50 um.

3.7. Statistical analyses

All data that have been presented are representative of at least three independent
measurements. Statistical analyses were conducted using Excel (Microsoft, Microsoft Co.,
Redmond, WA, USA) and GraphPad Prism version 4 (GraphPad Software, San Diego, CA),
by means of one-way ANOVA with Tukey’s multiple comparison test. The level of statistical

significance in differences between treatment groups as shown in the figures is p < 0.05.
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4. Results

4.1. General observations

In general, all experimental conditions applied resulted in increases in MRNA
expression levels compared to respective in situ samples. Increased mRNA levels, however,
were accompanied by an increase in ERB protein levels, while TR[Glia+] protein levels were
generally comparable to-, and TR[Glia-] protein levels were lower than those measured in
situ. The variance in mMRNA[Glia-] values was remarkably higher than under all other
experimental conditions. In general, protein expression levels were higher, while mRNA

levels were lower in Glia+ groups compared to respective Glia- cultures.

4.2. Effects of E2 and THs on TRa

4.2.1. Western blot results:

In general, in Glia+ cultures the levels of TRa protein expression did not differ
significantly from that detected in situ. E2 treatment, however, resulted in an exception by
inducing a significant fall in TRa protein levels compared to in situ results. It is worthy of note
that in Glia+, levels of variances were considerably higher than in the Glia- group. In the
latter experimental group (Glia-), where the growth of glia was blocked, all samples, including
the non-treated control (ntC), displayed significantly lower TRa protein expression than that
seen in the in situ cerebellum. Additionally, T3, T4 and E2+T4 treatments led to a significant
reduction in TRa protein expression compared to their comparably treated Glia+

counterparts.

4.2.2. PCR results:

The overall pattern of TRa mRNA and TRa protein expressions markedly differed from
each other (Figure 2). All Glia+/- samples had significantly higher TRa mRNA levels than the
in situ samples. Variances within Glia+ groups were markedly lower compared to those in
ntC[Glia-] and T3-T4[Glia-] samples. The relative amount of TRa mRNA in the Glia+
subgroup was less dependent on the hormone ligand used than the highly variable TRa
MRNA expression levels in the different Glia- samples. The mean values of ntC[Glia-] and
T3[Glia-] groups were particularly higher than their Glia+ counterparts. When comparing all
TRa results (including gPCR and Western blots), the most heterogeneity in values occurred
in the TRa mRNA[Glia-] subgroup. Interestingly, all TRa mRNA[Glia-] expression levels were

higher than TRa protein[Glia-] values relative to their own in situ samples.
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TRalpha mRNA and protein expression levels after hormone
treatments in the presence (Glia+) or absence of glia (Glia-)
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Figure 2. TRa mRNA and protein expression levels after hormone treatments in the presence (Glia+) or
absence (Glia-) of glia. a2 TRa mRNA expression. The overall pattern of TRa mRNA- and TRa protein
expressions markedly differed from each other. All Glia-/+ samples had significantly higher TRa mRNA levels
than the in situ reference. b: TRa protein expression. In general, in Glia+ cultures, the levels TRa protein
expression did not differ from that in in situ cerebellar samples. E2 treatment, however, resulted in an exception
by inducing a significant fall in TR-levels compared to in situ results. In Glia-, where the growth of glia was
blocked, samples displayed significantly lower TRa expression than that seen in situ. Abbreviations: ntC: non-
treated control; E2: estrogen; T3: triiodothyronine; T4: thyroxine; Glia-: treated with cytosine B-D-
arabinofuranoside; Glia+: not treated with cytosine B-D-arabinofuranoside. Levels of significance: single letter if
p<0.05; double letter if p<0.01; triple letter if p<0.001.
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4.3. Effects of E2 and THs on TR

4.3.1. Western blot results:

As with TRa, overall TR protein expression levels in the Glia+ group were comparable
to those detected in in situ samples, nevertheless, in non-treated Glia+ controls significantly
lower TR protein levels were observed (Figure 3). The presence of physiological amounts of
T3 or T4 maintained TR protein expression near in situ values and were significantly higher
than in the Glia+ non-treated controls. Although mean TR protein values were higher in all
Glia+ treatment groups than in their non-treated control, only T3 or T4 differed significantly
from ntC[Glia+]. In contrast, all hormone treatments in the Glia+ group resulted in
significantly higher TRB protein levels than that found in non-treated Glia- controls (with the
exception of E2+T4[Glia+], where this difference did not reach significance).

All Glia- groups displayed significantly lower TR protein expression levels than that seen in
in situ samples. At the same time, Glia- group members did not significantly differ from each
other, however, E2-, T3-, T4- and E2+T3 treated cultures had significantly lower TR protein
levels than their Glia+ counterparts.

4.3.2. PCR results:

As with TRa mRNAs, TRB mRNA expression levels were higher in all cultures (with the
exception of E2[Glia+]) than in situ. Glia+ samples displayed particularly low variances with
the exception of T3[Glia+], where the relatively high mean value was accompanied with high
variance. Interestingly, in the Glia- subgroup, T3 samples had the highest mean as well, with
low variance. Comparison of gPCR and Western blot results revealed that, as in the case of
TRa, TRB mRNA[GIlia-] values were higher, while TR protein[Glia-] values were lower than

their respective in situ samples.
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TRbeta mRNA and protein expression levels after hormone
treatments in the presence (Glia+) or absence of glia (Glia-)
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Figure 3. TRB mRNA and protein expression levels after hormone treatments in the presence (Glia+) or
absence (Glia-) of glia. a: TRB mRNA expression. As with TRa mRNAs, TRB mRNA expression levels were
higher in all cultures than in in situ reference. Comparison of qPCR and Western blot results revealed that, as in
the case of TRa, TR mRNA[GIlia-] values were higher, while TRB protein[Glia-] values were lower than their
respective in situ reference. b: TRB protein expression. As with TRa, overall TR expression levels in the Glia+
group were comparable to those in in situ, nevertheless, in non-treated Glia+ controls significantly lower TR
protein levels were observed. All hormone treatments in the Glia+ group resulted in significantly higher TRf levels
than that found in Glia- non-treated controls (with the exception of E2+T4[Glia+], where this difference did not
reach significance). All Glia- groups displayed significantly lower TRB expression levels than that seen in situ.
Abbreviations: ntC: non-treated control; E2: estrogen; T3: triiodothyronine; T4: thyroxine; Glia-: treated with
cytosine B-D-arabinofuranoside; Glia+: not treated with cytosine B-D-arabinofuranoside. Levels of significance:

single letter if p<0.05; double letter if p<0.01; triple letter if p<0.001.
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4.4. Effects of E2 and THs on ERf

4.4.1. Western blot results:

In general, ERB protein levels were remarkably higher in cultures than in in situ
samples (Figure 4.); in this comparison, however, differences from the non-treated control
only reached significance in T3[Glia+] and E2+T4[Glia-]. In the Glia+ group, only T3
treatment resulted in a difference from the non-treated control of the group. In Glia+ cultures,
where T4 or E2+T3 was added to the culture medium, ER[B protein expression levels were
significantly (and near significantly in E2+T4 treated) higher than the Glia- non-treated
control. Finally, in the Glia+ group, we found a significant difference in ERB protein
expression levels between T3 treated (lower values) and T4- or E2+T3 treated (higher
values; E2+T4: near significant) cultures.

4.4.2. PCR results:

The overall pattern of ERB mRNA expressions resembled that of TRs in that both
Glia+/- subgroups had higher values than in situ, and in general, Glia- values superseded
those of the Glia+ samples. However, comparison of gPCR and Western results suggest that
in their apparent adjustment to the applied experimental conditions, cultured cells
presumably reacted by increasing both their ERB mRNA and protein expression levels
relative to their respective in situ reference. ERB mRNA expression was significantly higher
in ntC[Glia-] than in T3, T4, E2+T3, E2+T4 [Glia+] and E2, E2+T3[Glia-]. Within the glia-
reduced groups (Glia-) E2- and E2+T3 evoked significantly lower response in ERB mRNA
expression than did T4.
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ERbeta mRNA and protein expression levels after hormone
treatments in the presence (Glia+) or absence of glia (Glia-)
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Figure 4. ERB mRNA and protein expression levels after hormone treatments in the presence (Glia+) or
absence (Glia-) of glia. a: ERB mRNA expression. Comparison of PCR and Western results revealed that in their
adjustment to the applied experimental conditions, cultured cells reacted by increasing both their ERB mRNA and
protein expression levels relative to their respective in situ reference. b: ERB protein expression. ERB protein
levels were higher in cultures than in in situ samples. Abbreviations: ntC: non-treated control; E2: estrogen; T3:
triiodothyronine; T4: thyroxine; Glia-: treated with cytosine p-D-arabinofuranoside; Glia+: not treated with cytosine
B-D-arabinofuranoside. Levels of significance: single letter if p<0.05; double letter if p<0.01; triple letter if p<0.001.
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4.5, Effects of BPA on TRa

4.5.1. Western blot results (Figure 5):

In Glia+ cultures, TRa receptor protein expression was maintained at significantly
higher than the ntC level in all treatment groups, with the exception of E2 treatment.

However, no significant differences were found between these treatment groups.

In contrast, in Glia- cultures, significant differences were found between groups treated with
hormones only and those exposed to BPA as well. Under these circumstances, hormone
treatments without BPA did not result in significant differences from the ntC[Glia-]. In Glia-,
BPA treatment alone resulted in the expression of just as much receptor protein as BPA in
combination with any of the hormones used. Finally, it is worthy of note that variances in

values were smaller in Glia- cultures.
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Figure 5. TRa protein expression in primary cerebellar cell cultures treated with BPA, E2, TH or a
combination of these substances. In the presence of glia (Glia+), E2 alone did not cause a significant change
compared to the ntC. In glia-destroyed environment (Glia-), significant differences were detected after BPA
exposure compared to hormone-only treated cultures. All data that have been presented are representative of at
least three independent measurements. Data show mean values +/- SEM. Statistical analyses were conducted
using one-way ANOVA with Tukey’s multiple comparison test (n=6). The level of statistical significance in
differences between experimental groups is p < 0.05. Smaller size letters above the columns indicate significant
differences from columns labeled with larger size letters.
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4.5.2. PCR results (Figure 6):

Non-treated controls of Glia+ and Glia- significantly differed from each other, with
higher TRa mRNA values in Glia- cultures. Such a difference was found between BPA[Glia+]
and BPA[Glia-] as well. With respect to combined treatment groups, with the exception of
T3+BPA, an opposite effect was evident: TRa mRNA expression was lower in E2+BPA,
T4+BPA, E2+T3+BPA and E2+T4+BPA cultures of Glia- than of Glia+.
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Figure 6. TRa mRNA expression in primary cerebellar cell cultures treated with BPA, E2, TH or a
combination of these substances. In Glia+ cultures, BPA decreased TRa mRNA expression compared to the
ntC and resulted in mRNA levels lower than after E2 or TH treatment. In Glia- cultures, however, TRa mRNA
expressions were less different between the BPA and TH treated groups. It is suggested that the glia may
mediate BPA effects on transcription. All data that have been presented are representative of at least three
independent measurements. Data show mean values +/- SEM. Statistical analyses were conducted using one-
way ANOVA with Tukey’s multiple comparison test (n=6). The level of statistical significance in differences
between experimental groups is p < 0.05. Smaller size letters above the columns indicate significant differences

from columns labeled with larger size letters.
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4.6. Effects of BPA on TR

4.6.1. Western blot results (Figure 7):

TRPB protein expression values measured in analogous subgroups of Glia+ and Glia-
cultures were relatively close to each other, with the notion that, as we published earlier
(Scalise et al., 2012), values from groups treated with hormones were only somewhat (but
significantly) lower in Glia-. TR protein expression levels were about twice as high in groups
treated with BPA or BPA as well, than in cultures not treated with BPA, regardless of the
presence or absence of glia. With respect to BPA exposure, clear glia effect on TR protein

expression was only observed in analogous E2+BPA and E2+T4+BPA groups.
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Figure 7. TRB protein expression in primary cerebellar cell cultures treated with BPA, E2, TH or a
combination of these substances. Receptor protein expression levels were about twice as high in groups
treated with BPA or BPA as well, than in cultures not treated with BPA, regardless of the presence or absence of
glia. Clear glia effect was only observed in analogous E2+BPA (columns D vs P) and E2+T4+BPA groups
(columns L vs X). All data that have been presented are representative of at least three independent
measurements. Data show mean values +/- SEM. Statistical analyses were conducted using one-way ANOVA
with Tukey’s multiple comparison test (n=6). The level of statistical significance in differences between
experimental groups is p < 0.05. Smaller size letters above the columns indicate significant differences from

columns labeled with larger size letters.
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4.6.2. PCR results (Figure 8):

Differences between the members of the Glia+ and Glia- groups show comparable
trends, although distinct differences between analogous treatment subgroups may be
remarkable and resemble, in many respects, our TRa-related findings. Specifically, two
exceptions were found from the above stated phenomenon: 1. TR mRNA expression in
T3+BPA cultures were considerably higher in Glia- compared to Glia+ cultures; 2. In
E2+T3+BPA treatment groups, TRB mRNA was significantly and prominently higher in Glia+

than in Glia-.
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Figure 8. TRB mRNA expression in primary cerebellar cell cultures treated with BPA, E2, TH or a
combination of these substances. E2 and E2+BPA effects do not seem to be glia-dependent. However, when
T3 was also added to the culture medium, significant differences were found between Glia+ and Glia- cultures. In
Glia+ cultures, co-exposure of the cells to BPA and E2 or E2+T3 resulted in a nearly 3 magnitude increase in TR
transcription. All data that have been presented are representative of at least three independent measurements.
Data show mean values +/- SEM. Statistical analyses were conducted using one-way ANOVA with Tukey’s
multiple comparison test (n=6). The level of statistical significance in differences between experimental groups is
p < 0.05. Smaller size letters above the columns indicate significant differences from columns labeled with larger
size letters.
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5. Discussion

In discussing our results from hormone treatment studies, we consider our in situ data
as a reference, where tissue integrity and the molecular environment, at the time of
sampling, were intact, however, data are normalized to the ntC of the Glia+ (as were in BPA
studies as well). Compared to in situ samples, Glia-/+ cultures lost their tissue integrity; in
addition, in Glia- cultures the glia is blocked from growing and proliferating; E2 groups are
deprived of THs, T3/T4 groups are deprived of E2, and the non-treated controls of Glia-/+
groups are deprived of both E2 and THs (we are aware that such an approach to analyze our
data is substantially simplistic, as there are countless biological differences between in situ

and in vitro biological materials.

As mentioned above, when BPA effects were tested, results were normalized to the
ntC[Glia+], since such comparison of the BPA effects are directly relevant to the values

measured after the treatments with hormones only.

5.1. General observations

The primary cerebellar granule cell culture has been extensively used over the past
decade for the study of cellular responses to various experimental cues. A question that we
should first address is with regard to the effect of glia in the adjustment of ER and TR
expression levels. In the present study, we compare endocrine effects in glia-containing
versus glia-reduced cultures. Differences between these groups is clearly the result of the
presence or ,absence” of glia, since in Glia- cultures granule neurons extremely outnumber
sporadic and rudimentary glial cells and, therefore, it seems to be safe to interpret the

treatment effects in Glia- as if they were only exerted by neurons.

The applied experimental conditions lead to increases in mRNA expression levels
compared to respective in situ samples. This observation suggests that loss of tissue
integrity generates a need for more E2 and TH action in the cultured cells in order for the
cells to adapt to their new environment and to maintain the highest possible cell vitality
(Duenas et al., 1996; Zhu et al., 2004; Lamirandet al., 2008; Spence et al., 2009; Shulga et
al., 2009; Mirzatoni et al., 2010). In addition, it should be considered that the cultured cells
were obtained from immature, developing cerebella; therefore, maintenance of gene
activation necessary for the completion of genetically programmed developmental processes
may also require higher transcriptional activity of ligand bound TRs and ERs under the

experimental conditions that we used. Interestingly, characteristic differences in the patterns
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of TRa, mRNA[Glia+] vs TRa, mRNA[Glia-] and protein[Glia+] vs. protein[Glia-] suggest
that glial cells play key roles in the regulation of neuronal TRa, protein biosynthesis, as
higher than normal TRa,B mRNA expression levels accompanied lower than normal TRa,f3
protein levels in the absence of glia. One of the possible glial functions might be the
mediation of molecular signals towards granule neurons that may be necessary links
between the transcription and translation of TR genes. It should be noted, however, that the
cell density in our cultures was set to minimize physical cellular contact. Therefore, all
interactions in intercellular signaling observed could be accounted for by predominantly
paracrine signaling, thereby supporting previous observations that paracrine signaling can
activate gene expression in the brain of rodents or humans as well (Freitas et al., 2010).
End-products, or so-called key-proteins, of protein biosyntheses usually play feedback roles
to down-regulate their own biosynthesis. In this respect, it is also possible that glial cells play
a role in the aforementioned negative feedback signaling, therefore, the lack of glia may
result in flawed feedback in receptor biosyntheses and thus, imbalanced transcriptional and
translational activities, leading to overt mMRNA synthesis and insufficient protein production in

glia-reduced neuronal populations.

With regard to ERP, increased mRNA[Glia+/-] levels were also accompanied by
increased ERPB protein[Glia+/-] levels, regardless of the presence or absence of glia. This
observation indicates that balancing the transcription and translation of ERB gene is not or is

less dependent on glial contribution than that of the TR genes.

5.2. Effects of E2 and THs on TRa

Results from the Glia+ subgroup show that loss of tissue integrity, on its own, does not
alter the expression level of TRa proteins, with the only exception of the E2[Glia+] group. The
maintenance of normal levels of TRa protein, however, seems to require higher than normal
transcriptional activity, as relevant TRa mRNA[Glia+] expression levels were significantly
increased compared to those in situ. This is consistent with previous findings that
hypothyroidism leads to an increase in TR expression levels (Chattopadhyay et al., 1995;
Gerebenet al., 1998), although in our experimental model this was only reflected in TRa,
MRNA expression, but not in receptor protein levels. The increase in TRa mRNA expression
might also be the result of a compensatory mechanisms to ameliorate the reduction of
nutrient substrates in the culture compared to in situ conditions. Increased TRa levels in CNS
cells after ischemic conditions support this idea (Zhu et al., 2004). Additionally/alternatively,
the observed increase in transcriptional activity may also reflect a regenerative action on the

part of explanted cells (Panaite and Barakat-Walter, 2010).
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When cultured cells were deprived of THs (E2 treatment only), not even increased
transcriptional activity could maintain in situ levels of TRa protein production. Comparison of
similarly treated subgroups of Glia+/Glia- samples revealed that non-treated controls[Glia+/+]
do not differ significantly from each other in their TRa protein levels. This phenomenon,
however, was backed by significantly different respective ntC[Glia-] vs. ntC[Glia+] mRNA
expression values. Therefore, it is reasonable to conclude that granule neurons possess a
high degree of adaptability on (TRa) transcriptional level to compensate for the lack of glia

and resulting lack of possible neuron-glia interactions.

These findings suggest that the clear overall glial effect on TRa protein production is
dependent on the presence of the hormones used. The overall glial effect was not seen with
respect to TH-deprivation (E2[Glia+]), as TRa protein expression values for both E2[Glia+/-]
subgroups were equally and significantly lower compared to in situ levels. This observation
implies that with respect to TRa protein expression, effects of THs, but not those of E2, are
conveyed by glial cells. In turn, this phenomenon may also indicate that when the glia is
present, cerebellar TRa protein expression depends on the presence of either of the used
THSs, but not on E2. Cerebellar glial cells are able to present T3 to granule neurons due to
their T4 to T3 conversion by type 2 deiodinase activity (Guadano-Ferraz et al., 1997).
Further, excess amounts or unnecessary T3 in neurons is deactivated by type 3 deiodinase
(Escamez et al., 1999; Peeters et al.,, 2001). In order to prevent neuronal T3 deactivation
before its physiological role is accomplished and to protect neurons, glial cells can inhibit
neuronal type 3 deiodinase activity (Lamirand et al., 2008). This interactive mechanism
between the glia and neurons might be the reason why TRa,B[Glia+/-] protein expressions
tended to be at near similar levels. It is also possible, however, that the glial contribution to
the maintenance of normal levels of TRa protein levels is not dependent on glial type 2
deiodinase activity, but rather, on some other glial signaling mechanism. Deprivation of
cultured neurons from both E2 and THs or from E2 alone (ntC[Glia+]) does not lead to a
significant change in TRa protein expression, although mean values were decreased. If glia
growth was blocked (ntC[Glia-]), the latter decrease reached significance. This significant
decrease in TRa protein levels observed in all Glia- samples was accompanied by
remarkably high mRNA expression levels (compared to respective in situ samples), where
there was a significant heterogeneity between TRa mRNA[Glia-] groups. The
aforementioned, treatment- (ligand-) dependent heterogeneity in mRNA levels might
demonstrate how granule neurons attempt to maintain a subnormal but steady expression
level of TRa proteins with the lack of glial contribution. Specifically, results from TRa
MRNA[Glia-] samples suggest that the most TRa mRNA is required when no receptor ligand

is present (ntC[Glia-]), while, considering the mean values, deprivation of neurons from either
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T4 or E2 (T3[Glia-] group) resulted in a state with the second highest TRa transcriptional
activity. In contrast, mean values of E2/T4/E2+T3/E2+T4[Glia-] samples were closer to those
in situ, suggesting that the potency of T3 to induce TRa mRNA synthesis differs from that of
the other hormones used, although, due to the high SEM values for the T3 treatment group,
these differences did not reach significance. Altogether, mean values of TRa mRNA[Glia-]
groups may indicate that in the absence of glia, TRa transcriptional activity may depend
more on E2 than on THs. Additionally, the highly variable mean and SEM values also
suggest that neurons that lack the glial contribution, possess a high degree of adaptability in
TRa,B transcriptional levels to maintain a realtively steady (and lower than normal) level of

TRa,B protein expression.

5.3. Effects of E2 and THs on TR

In Glia+/- non-treated controls, TRB protein expression levels fell significantly as
compared to in situ values. Based on this observation, one may speculate that loss of tissue
integrity leads to a decrease in TRB protein expression. However, in the presence of glia
(Gliat), loss of tissue integrity alone does not lead to a decrease in TR protein expression,
as removal of both E2 and THs was necessary to reach the aforementioned significant
decrease; addition of any or both of these hormones prevented a loss in TRB protein
expression. In contrast, all subgroups deprived of glia (Glia-) displayed TR protein levels
significantly lower than those detected in situ, regardless of the presence or absence of
physiological amounts of E2 and/or THs. Therefore, it appears that the hormonal effects on
the maintenance of normal TR protein expression levels are mediated by glial cells. This
idea is supported by the finding that analogously treated counterparts (all Glia- groups)
displayed significantly lower levels of TR protein. Interestingly, in the presence of glia (Glia+
groups), only THs maintained TRP protein expression values at in situ levels so as to
significantly differ from the non-treated control of the Glia+ group; nevertheless, all other
treatment subgroups showed higher TRB protein expression values than their Glia+ non-
treated control (albeit these differences did not reach significance). Comparison of E2[Glia-
/+] subgroups indicated that the glia mediates both E2 and TH effects: deprivation of cultures
from THs resulted in lower TRB protein expression when the glia is absent, however, a glia-
mediated E2 effect was also detected, as E2,T3,T4,E2+T3[Glia+] values were significantly

other than those in the non glia containing samples.

As in the case of TRa, measured TRB protein levels were backed by significantly
higher than normal mRNAs, suggesting that there may be compensatory mechanism(s) in
cultured cells on a transcriptional level to maintain the TRB protein expressions observed.

Although there is no distinction between TRa and TRp isoforms here, other researchers do
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make a distinction between TRa and TRp isoforms since TRa and TRB are derived from
separate genes (Lazar, 1993; Oppenheimer et al., 1995; Vasudevan and Pfaff, 2007); this
may explain the relatively minor differences detected between TRa and TR expression

patterns (both transciptional and translational levels).

It is perplexing that T3 in the TRa and TRB and T4 in the ERB mRNA expression
graphs would show increased fold changes in Glia- groups. However, previous work may
offer some explanation (Zhao et al., 2005; Vasudevan and Pfaff, 2007), proposing that E2
and THs (T3, T4) may act synergistically and are subject to both genomic and nongenomic
mechanisms characteristic of members of the nuclear family of steroid receptors (Evans ,
1988).

5.4. Effects of E2 and THs on ERB

The most salient observation was the overall increase in ERB mRNA and protein
expression levels in cultures compared to in situ values. This finding suggests that loss of
tissue integrity induces an increase in ERB mRNA and protein expression, regardless of the
presence or absence of glia. It is speculated that such an increase in ERB (mMRNA and
protein) might be a reparative/regenerative response on the part of cerebellar cells, and
highlights the potential role of ERB in the regulation of neuronal viability (Lee and McEwen ,
2001; Wong et al., 2003). With regard to ERB mRNA expression pattern, there are many
similarities between ligand-induced TR and ER transcriptional activities. For example, Glia+
values were closer to each other than those in Glia- samples. There were clear differences in
both the magnitude and ligand-dependent variances between respective Glia+ and Glia-
groups, which indicates the apparent effect of glia in the regulation of neuronal ER gene
transcription. On the other hand, granule neurons seem to possess a great degree of
adaptability in their ERB transcriptional activity so as to set a final ER protein level adequate

to the experimental conditions applied.

An interesting observation is that, while Glia+ vs. Glia- ERB mRNA values displayed a
considerably different pattern and therefore suggest obvious glial effects in the regulation of
ERP gene transcription, Glia+ protein expression values were much less different from those
found in Glia- ERB protein groups. This finding may suggest that the neuronal adaptability
mentioned above could compensate for the absence of glial contribution. This idea raises the
question of what is the exact role of glia in the regulation of neuronal ERB (and TRa,f)
expression, if ERB (and TRa,B) protein expression values do not show (when comparing
treatment groups within given Glia+ and/or Glia- goups) such an apparent regulatory role for

the glia. ERB has been identified in both neurons and glia of the developing cerebellum
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(Jakab et al., 2001; Price and Handa, 2000). Therefore, it is reasonable to assume that
mechanisms that set ERB expression levels that are adequate to a given environment are
available in both cell types. This assumption does not rule out the possibility of glia-neuron
interaction(s), when the glia is present, to synchronize their ERB biosynthetic activity for

optimal adjustment to conditions of the present experimentation.

5.5. Possible mechanisms of ligand-dependent ER-TR interactions

Although early reports are controversial about the presence of TRs in astrocytes of the
rat brain (Carlson et al., 1994), the majority of the relevant studies reported that both ERs
and TRs are expressed in cerebellar glia (Kolodny et al.,, 1985; Ortiz-Caro et al., 1986;
Hubank et al., 1990; Lebel et al., 1993; Leonard et al., 1994; Carlson et al., 1996) and
neurons (Wallis et al., 2010) as well. Thus, both cell types are direct targets of both E2 and
THs. Therefore, hormonal and receptorial interactions are possibly intracellular, as well as
intercellular via interactions between glial cells and neurons. ERs and TRs bind to hormone
response elements (ERES), present in the promoter region of certain genes, as either homo-
or heterodimers. Lee et al. (1998) suggested that ERB can bind to TRs and form ER-TR
heterodimers in yeast and mammalian two-hybrid tests. In addition, Zhu et al. (1996) pointed
to the existence of an identical half-site at the hormone response elements, possibly shared
by ERs and TRs. The latter observation suggests that ERs and TRs may compete for binding
to their promoter binding sites and, although both Lee’s and Zhu'’s results were obtained from
cultured and transfected cells, these findings altogether implicate the possibility of a high
degree of co-operation between certain functions of E2 and THs. Such a possibility is
supported by a number of other studies as well (Vasudevan et al., 2001a; Vasudevan et al.,
2001b; Vasudevan et al., 2002; Vasudevan and Pfaff, 2005).

As mentioned above, one of the likely mechanisms of hormonal-receptorial interactions
involve hormonal signaling through specific receptors, i.e., ERs and TRs, that are
transcription factors and, thus, are able to activate genes that possess estrogen- and/or
thyroid hormone responsive elements (EREs, THRES). Since TH actions through TRs can
modulate E2-induced transcription from ERESs in neuroblastoma cells (Zhao et al., 2005), it is
possible that such mechanisms also function in neurons and glia of the developing
cerebellum. Moreover, the findings of Zhao et al. (2005) also suggest a more complex
interplay between the two hormones, as the aforementioned genomic interaction was
mediated by mitogen-activated protein kinase (MAPK) activation, and other studies report
that both E2- and THs can activate the MAPK pathway (Wong et al., 2003; Zsarnovszky et
al., 2005; Ghosh et al., 2005; Lin et al., 2009). Interestingly, TH-dependent MAPK-activation
can also lead to ER phosphorylation (Tang et al., 2004). The MAPK pathway is but one of
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the rapid, non-genomic intracellular signaling mechanisms that represent potential crosstalk
between E2 and TH signaling (a broad review of the molecular mechanisms of crosstalk
between E2 and THS was provided by Vasudevan and Pfaff (2005). For example, brain
derived neurotrophic factor (BDNF) can also be activated by both hormones (Koibuchi et al.,
1999; Sasahara et al., 2007). The cited literature also indicates that E2- and/or TH-induced
MAPK- or BDNF activation mediates developmental signals. Since activation of genes
involved in the regulation of developmental processes is sequential and follows a well
defined temporal pattern (Wechsler-Reya, 2003), the exact roles of the two hormones in the
regulation of neurodevelopment seem to be even more inter-related, making distinctions
more difficult to identify, as inadequate/imbalanced hormonal signaling is likely to affect a
longer period of neurodevelopment. As part of this complexity of the discussed hormone
interactions, it is worth mentioning that, especially in the cerebellum, the glia plays an
important role in the mediation of developmental signals (maturational, migrational) towards

neurons (Yamada and Watanabe, 2002; Morest and Silver, 2003).

Considering that we used a relatively diluted cell suspension to minimize physical cell-
cell contact, all glial effects observed (a form of glia-neuron interaction) could mostly be
mediated by a paracrine way of intercellular signaling. Since previous study indicated that
neuron-astroglia interactions in the cerebellum involve both cell contact and soluble factors
(Martinez and Gomes, 2005), it is possible that one of the reasons for detecting differences
between in situ and in vitro results is the lack of cell contact-based signaling mechanisms in

our experimental model.

5.6. Effects of BPA on TRa

Receptor mRNA levels:

Under in vitro circumstances it is especially interesting that BPA alone suppresses TR
MRNA expression. This finding is supported by the findings of Sheng et al. (2012), however,
earlier data also suggest that the suppressing effect of BPA on TRs may only be temporary,
and symptoms that emerge later in life resulting from perinatal exposure to BPA may develop
on the grounds of BPA-linked mechanisms indirectly (Xu et al., 2007). The observation that
ntC values in Glia- cultures superseded those measured in ntC Glia+ suggests that the glia
plays a role in the regulation of transcription, regardless of the type of receptor examined,;
even when cells were only treated with BPA alone, consequential decrease in TR
transcription was more remarkable if the glia was present in the culture. While these

observations are in concordance with previous results (Yamaguchi et al., 2006; Fauquier et
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al., 2014), our data also show that BPA’s effects on TR transcription is multifactorial and, in

addition, differ depending on the presence or the absence of glia.

In contrast to the suppressing effect of BPA on receptor mRNA expression, the
combination of BPA with any of the hormones provoked remarkably high transcriptional
activity, regardless of the hormone used or the receptor examined. Such a robust ED effect
has been reported earlier (Zhang et al., 2013), yet, this finding should still be alarming. To
our knowledge, currently there is no explanation for this additive effect, although it is likely
that the ability of BPA to act on TRs plays a role in the potentiation of transcription (Zoeller,
2005).

Receptor protein levels:

It was generally observed that effects of BPA or BPA in combination with E2 and/or
THSs on translation (receptor protein expression) were less prominent than those found with
regard to mMRNA expression. Since the specific cellular effects of hormones are mostly
mediated by their cognate receptors, this observation can explain why the biological effects
of BPA-exposure could have remained masked or even unrecognized for a long time in spite
of the dramatically increased transcriptional activity. Several studies suggested that exposure
to EDs early in life leads to altered CNS development and functional deficiencies later in
adulthood (Mathisen et al., 2013). The present results suggest that the final, altered outcome
of hormonal signaling during ED exposure may only partly account for those anomalies,
since the increased material and energy consumption by CNS cells in the process of
enhanced transcription could also lead to energy-deficient intracellular conditions that could
be, at least in part, responsible for developmental deficiencies. This idea is consonant with
the report of Nakagawa and Tayama (2000) that BPA toxicity caused a decrease in cellular
ATP levels in hepatocytes.

The unproportional ED effects in transcription versus translation also indicate that
regulatory mechanisms that are interposed between transcription and translation, such as
microRNA regulation, may also be affected by EDs, as indicated by Avissar-Whiting et al.
(2010) and Tilghman et al (2012). These mechanisms apparently play a crucial role in
blunting-buffering ED effects downstream of transcription. This idea not only warrants further
research of these mechanisms, but also shows that the potential vulnerability of such

interposed regulatory mechanisms may determine the severity of ED effects.

TRa mRNA: Glia+ vs Glia- (Figure 1):

While differences between the Glia+ and Glia- groups show comparable trends, it is

noteworthy that in Glia+, BPA treatment alone resulted lower TRa mRNA expression than E2
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treatment alone, in contrast to the opposite findings in Glia- cultures. Whether or not
differences between treatment groups compared to their respective ntC followed similar
trends (changes relative to each other), results indicate that the differences are due to glial
effects. One possible mechanism underlying the afore-mentioned idea is that the glia may
mediate BPA effects on the level of transcription in a T3-dependent manner, which is likely
due to the astroglia’s ability to convert T4 to T3 through deiodination (Leonard, 1988).

TRa protein: Glia+ vs Glia- (Figure 2):

In Glia+, TRa receptor protein expression nearly doubled when the cultures were
exposed to any of the used ligands, with the exception of E2. E2 treatment alone did not
cause a change in receptor protein level when compared to the ntC. Thus, the potency of
BPA, as a known estrogenic chemical, to influence TRa expression more than E2 underlines
the importance of BPA to be considered as a general nuclear receptor modulator, rather than
just a chemical with estrogenic or thyroid effect.

In Glia- cultures, major (and significant) differences were found between groups treated with
the hormones only and those exposed to BPA as well. This observation suggests that in the
presence of glia, THs must be present for the maintenance of the afore-mentioned double
levels of TRa protein expression (compared to ntC[Glia+]), and that under such
circumstances BPA does not further increase the TH-regulated TRa expression. The finding
that in Glia- cultures these two-fold ntC values were only detected if BPA was present alone
or in combination with the hormones indicates that in neurons of Glia- cultures BPA
determined the actual TRa protein expression values, regardless of whether the hormones
were present. Finally, the smaller variances in Glia- cultures may be due to the more unified

response of the homogeneous cell populations compared to those with mixed cell types.

TRa mRNA vs TRa protein (Figures 1 vs 2):

Comparison of TRa mRNA and protein expression patterns suggest that the seemingly
ligand-independent receptor protein expression levels were based on highly ligand-
dependent transcriptional activity, especially in cultures treated with BPA or BPA in
combination with any of the hormones. In Glia+ cultures, with the exception of the ntC and
the E2 treated group, TRa protein expression levels were comparable (no significant
differences), but were two fold compared to ntC. This phenomenon means that these cell
populations could either not produce more TRa protein (because of their limited capacity or
the activation of some down-regulating mechanism), or the detected increased TRa
expression levels after treatments were necessary for the maintenance of survival under the
applied experimental conditions. Although robust increases in transcription (e.g., in Gliat:
E2+BPA, T3+BPA, T4+BPA and E2+T3/T4+BPA) may potentially exhaust cellular energy
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sources, it is more likely that the comparison of transcription and translation reveals one of
the cellular adaptation mechanisms, in the form of a high degree of plasticity on
transcriptional level to maintain a relatively steady receptor protein expression. In fact, this

idea or concept may apply to our TRp results as well.

While results are apparent, the question of whether in situ levels of TRa receptor
protein in BPA or Unproportional reactions in transcription vs translation, of the cells to BPA
treatment alone also suggests that BPA could act to influence receptor protein expression
levels in a receptor-independent manner, i.e., independently of potentially binding to TRa.

5.7. Effects of BPA on TR

TRB mRNA: Glia+ vs. Glia- (Figure 3):

Differences between the members of Glia+ and Glia- groups resemble, in many
respects, to those found with regard to TRa mRNA. Differences between respective
treatment groups in Glia+ vs Glia- suggest that the mediating role of glia in the regulation of
neuronal TR receptor expression is ligand dependent, and also indicates that this mediating
activity, in addition to the mere glial presentation of T3 (after conversion of T4 to T3) to
neurons, contains additional functional element(s) as well, whose identification warrants

further experiments.

TR protein: Glia+ vs. Glia- (Figure 4), mRNA vs. TR protein (Figures 3 vs 4):

The overall pattern of TR protein expression values may suggest that there is no glial
contribution in the determination of the actual TRB protein expression levels. It is, therefore,
important to consider the role of glia in the regulation of TR transcription, since the simple

examination of potential glia effects on TR protein expression would be misleading.

It is also interesting that exposure to BPA, alone or in combination with any of the

hormones used, leads to significantly elevated TR protein expression.

This finding suggests that BPA could influence TRP protein in a hormone ligand-
independent manner, as also indicated with regard to TRa. Again, this conclusion would be
misleading regarding the effects of BPA on TR protein expression, therefore we conclude
that BPA effects on transcription and translation should be comparatively evaluated to
understand the complexity of BPA, and maybe other ED effects on the regulation of TR

expression.
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Further considerations

To the best of our knowledge, no clear definition of the differences between the
functional roles of TRa and TR is available, most probably because of the usual co-
activation of these receptors by their common ligands, as reviewed earlier (Somogyi et al.,
2011). There are, however, studies reporting on physiological functions partly regulated by
either of these receptors. Based on knockout and knockin experiments, TRa was found to
influence cardiac functions, thermogenesis, hemopoiesis, and the maturation of intestines
and bones (O'Shea et al.,, 2005; Plateroti et al., 2006). TRB is crucial for normal,
physiological endocrine and sensory functions such as those regulated by the hypothalamic-
pituitary-thyroid axis, hepatic reactions to T3, behavior, audition, color sensation, and tactile
senses (Amma et al., 2001; Ng et al., 2001; Flores-Morales et al., 2002; Abel et al., 2003;
Esaki et al., 2003; Siesser et al., 2005). TRa and TR, however, can be co-expressed in the
same tissues and can substitute for each other’s function to a certain extent (Gothe et al.,
1999). Considering the latter potency of TRs together with the similarities and differences
between TRa-TR receptor protein expression patterns in our experiments in Glia- vs Glia+
cultures allow us to reasonably suggest that one or more regulatory mechanisms interposed
between transcription and translation is/are affected by BPA exposure. This idea is
supported by reported alterations in microRNA expression in human placenta cells (Avissar-
Whiting et al., 2010), MCF-7 breast cancer cells (Tilghman et al., 2012) and ovine fetal ovary
(Veiga-Lopez et al., 2013) after BPA-exposure. In our experimental model, one or more of

these mechanisms may function in the glia and/or neurons.

We are aware that the in vitro conditions, in general may, by themselves, substantially
modify physiological parameters. Yet, it is more than likely that the observed BPA effects,
combined with numerous biologically linked mechanisms, also occur in vivo, with the notion
that in vivo, TRB expression is restricted to specific ontogenetic states and is highly tissue
specific (Bradley et al., 1994). Altogether, this idea is consonant with results from animal
models that have shown that hypothyroidism during critical periods of development causes a
variety of abnormalities in the central nervous system (Pasquini and Adamo, 1994; Martinez-
Galan et al., 1997; Simorangkir et al., 1997), and that TRa and TRB can compensate for
each other’s hypofunction. Finally, it should be noted that a growing body of evidence exists
to show that BPA and other EDs increase intracellular reactive oxygen species, generate
oxidative stress conditions in mitochondria and endoplasmic reticulum (Huc et al., 2012;
Babu et al., 2013), and activate apoptotic processes, such as the caspase 3 and caspase 9
apoptotic pathways, altogether leading to cell death and poor tissue development. The
intracellular mediators of these ED effects towards influencing TR expression are currently
studied.
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6. Review of the physiological effects of estrogen,

thyroid hormones and their biological interactions

6.1. Estrogen

Traditionally, estrogens (mostly 173-estradiol, E2) have been regarded exclusively as
sex hormones, and indeed, many of their direct actions are exerted on reproductive organs
and tissues. Estrogens are primarily synthesized within the developing follicles of the ovaries
and exert an influence on the female reproductive system. However, other sites of
biosynthesis are present throughout the body, including the adipose tissue and the brain
itself. Adipose tissue contributes significantly to the maintenance of plasma concentration of
E2. Besides the adipose tissue, aromatase (estrogen synthase) expression is also found in
muscle, skin fibroblasts, osteoblasts and chondrocytes of bones, vascular endothelial and
aortic smooth muscle cells, Leydig cells, as well as a humber of sites in the brain including
the medial preoptic/anterior hypothalamus, the mediobasal hypothalamus and the amygdala
(Nelson and Bulun, 2001; Sharpe 1998). Estrogens exert an effect on almost every cell type,

regulating an eclectic assortment of functions.

In males, regulation of E2 mainly occurs through the conversion of testosterone using
aromatase enzyme throughout the body, including the adipose tissue that represents a major
source of ovary-independent production (Sharpe 1998). A positive relationship was
described between body mass index and plasma E2 levels in men and postmenopausal
women and circulating levels of E2 decreased in response to fasting or energy restriction in
fertile women (Mystkowski and Schwartz 2000). Rats lacking estrogen receptor alpha (ERa)
or aromatase have increased fat mass and hyperlipidemia (Meli et al., 2004). This suggests
that E2 has a role in signalling the central nervous system (CNS) about the status of

peripheral energy stores.

It has long been known that E2 modulates hunger (Meli et al., 2004; Wade et al., 1985;
Shimomura et al., 1989). The question, however, how much is the share of E2 alone,
besides other relevant hormones, in the regulation of food-intake, is not fully known. Apart
from the actual initiation of food-intake, effects on energy expenditure highly influence
evolving hunger signals. Therefore, E2 can modulate feedback hunger signals through its
central and peripheral regulatory role in the initiation of heat-production (Uchida et al., 2010).
The homeostatic functions of E2, such as reproduction, stress responses, feeding, sleep
cycles and temperature regulation were originally thought to be mediated through E2’s

classical intracellular/nuclear receptors (ERs), ERa and ERpB, which act as transcription
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factors, binding to the ERE (Qiu et al., 2003; Qiu et al., 2006) of respective genes. Keeping
with the general context of this review, a recent study reported that elimination of ERa
(ERaKO) from the hypothalamic ventromedial nucleus (VMN) in rats leads to the
development of metabolic syndrome, with a significant deficit in energy expenditure (Musatov
et al., 2007). In addition to nuclear ERs, there are other extranuclear pathways activated
after ligands bind to the ER in the plasma membrane (Wong et al., 2003; Belcher and
Zsarnovszky, 2001), or activate intracellular proteins directly responsible for the regulation of
cellular energy levels, such as the uncoupling proteins (UCP) (Horvath et al., 1999) or
ectonucleotidases (Kiss et al., 2009). Estrogens can also initiate cellular actions through
membrane-bound E2-sensitive molecular complexes, such as G-protein coupled receptor 30
(GPR30), ion channels and receptors for other ligands (Ropero et al., 2008). An interesting
mechanism of estrogenic effects is the synaptogenic influence of E2 on hypothalamic
neuronal connectivity. It is now well established that E2 induces synaptic reorganization in
the hypothalamus to regulate the secretion and release of GnRH and, consequentially,
pituitary LH release (Naftolin et al., 2007). Synaptic plasticity plays a crucial role in the
hypothalamic mediation of leptin and ghrelin effects as well (Horvath, 2005), and overall
synaptic reorganization in the hypothalamus seems to be shaped by all three hormones (E2,
leptin and ghrelin). However, E2 appears to exert its own synaptogenic influence in the
hypothalamus, since apart from the ovarian cycle, hunger is also modulated by the actual
levels of E2 (Wade et al., 1985; Shimomura et al., 1989). It is now well established that
estrogens (17-beta-estradiol above all) are trophic hormones. As such, a plethora of studies
reported that E2 interacts with other trophic hormones, including the ones discussed in this
review, to regulate developmental events and energy metabolism (food-intake and energy
expenditure)(Kalsbeek et al. 2006; Gao and Horvath 2007; Gao and Horvath 2008; Olofsson
et al., 2009). A relevant selection of these interactions will be discussed below. At this point,
we only note that E2, while targeting hypothalamic neurons, is able to influence the function
of NPY/AgRP-containing neurons of the AN, the major mediators-initiators of food-intake,
and thus play a significant role in shaping the overall outcome of NPY/AgRP neuronal activity
(Horvath, 2005; Gao and Horvath 2008). The latter role includes a blunting effect after
fasting-induced activation of these neurons (Olofsson et al., 2009). Interestingly, however, E2
not only attenuates hunger by down-regulating relevant hypothalamic “hunger cell’-activity
(NPY/AgRP neurons), but also modulates neurotransmission on pro-opiomelanocortin
(POMC) neurons (satiety cells) to attenuate the cannabinoid-induced changes in appetite
(Kellert et al., 2009).
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6.2. Thyroid hormones

Traditionally, the hormone products of the thyroid gland have been known as thyroid
hormones (THs). Today, the source and function of these hormones comprises a large body
of knowledge, allowing for a remarkably complex view on the physiological roles of THs. This
brief summary is confined to those salient TH effects that, in one way or another, are

involved in the hypothalamic regulation of food-intake.

There are various types of THs: thyroxine (T4) containing four iodine atoms is generally
considered to be a prohormone, while triiodothyronine (T3), containing three iodine atoms, is
biologically more active than T4. These two hormones are inactivated by conversion to

reverse triiodothyronine (rT3) or diiodothyronine (T2).

Thyroid hormones are crucial for the maintenance of energy-equilibrium of the body:
THs regulate the rate of metabolic processes (including the basal metabolic rate, BMR),
increase oxygen consumption and heat production. Consequently, THs are equally
necessary for normal reproduction, growth, and development (Connor et al., 2005).

In humans, most (80%) of the circulating T3 originates from the periphery (i.e., not from
the thyroid gland [TG]), where T4 is converted into T3 by the corresponding deiodinase
enzymes. The most important peripheral T3-producing organs are the liver, kidney and the
skeletal muscle (Larsen, 1997). In rats, more T3 is produced in the TG (55%) than in other
peripheral tissues (Hulbert, 2000), while in birds almost all (99%) T3 is synthesized in
peripheral tissues, outside of the TG (Darras et al., 2006).

The function of the TG is regulated by a negative feedback mechanism. The
hypothalamic nuclei produce the thyreotrop releasing hormone (TRH) that stimulates the
adenohypophysis to produce and secrete the thyroid-stimulating hormone (TSH). TSH
increases T4 production in the TG. Increase of plasma T4 concentration, in turn, down-

regulates the production of TRH, TSH, and T4 as well (Tveit and Larsen, 1983).

The peripheral T4-to-T3 conversion is catalyzed by deiodinase enzymes (St Germain
and Galton, 1997). There are three types of deiodinases in different tissues: type | (D1), type
Il (D2), and type Il (D3) deiodinase. Deiodinase 1 (D1) is expressed in the central nervous
system, especially the pituitary, in rats but not in humans (Campos-Barros et al., 1996;
Bianco et al., 2002; Gereben et al., 2008). Of the lower vertebrates, the fish brain was found
to contain D1 (Valverde et al., 2004).

D2 expression was described in the brain (including the pineal gland) and pituitary of
rats (Bianco et al., 2002) mainly as a glial enzyme most abundant in astrocytes and

tanycytes (near the mediobasal hypothalamus)( Guadano-Ferraz et al., 1997; Tu et al.,
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1997). In humans, D2 is the only TH activating 5’ deiodinase in the brain (Campos-Barros et
al., 1996).

D3 is ubiquitously expressed in the adult rat brain, especially in the forebrain, cerebral
cortex, pyramidal cells of the hippocampus, granule cells of the dentate gyrus, and in the
piriform cortex (Tu et al., 1997). These brain regions are the richest in TRs (Puymirat et al.,
1992). In neonatal rat brain, D3 expression is age dependent (Escamez et al., 1999). In
contrast to D2, D3 can be found mostly in neural cells (Tu et al., 1997).

D1 and D2 activate (when pH<7, D1 may also inactivate), while D3 inactivates TH. In
mammals, the bulk production of T3 is mediated by D1. D1 is expressed in the liver, kidneys,
TG, skeletal muscles, lung, and in the hypophysis (Rudas et al., 1993; Van der Geyten et al.,
1999; Kohrle, 1999; Pezzi et al., 2003; Bianco and Larsen 2005). In mammals, hepatic and
kidney-derived D1 is the most important source of T3. These organs produce T3 and release
it into the bloodstream. Therefore, these are called hormone-exporting organs (Kohrle, 1999;
Pezzi et al., 2003; Larsen et al., 1981). D2 is also expressed in the liver in birds but not in

mammals (Darras et al., 2006).

Peripheral tissues can adjust the ratio of active and inactive THs, according to their
actual energy needs and energy supply through their deiodinase activity. Therefore, the
peripheral tissues can become more or less independent from the central regulatory
processes. In case of appropriate energy supply, the body primarily needs T3, thereby
turning on TH-activating deiodination (Pezzi et al., 2003; Larsen et al., 1981; Rudas and
Pethes 1986).

Thyroid hormones act through binding to their cognate receptors (thyroid hormone
receptors, TRs). TRs are nuclear receptors that can stimulate ligand-dependent transcription
of certain genes (Sap et al.,, 1990; Brent et al., 1991). In mammals, there are four TR
isoforms, TRa 1-2 and TRB 1-2, encoded by two highly conserved genes (Thra and Thr),
respectively (Shi et al., 1992; Zhang and Lazar, 2000). TRa2 has not been found in non-
mammalian species (Koenig et al., 1989). Unlike the other TRs, TRa2 acts as a week
repressor instead of functioning as a receptor of T3 (Salto et al., 2001). TRs have both
triiodothyronine (T3)-dependent and -independent functions. Interestingly, T3 can convert a

T3-independent repressor into a T3-dependent activator (Chen and Evans, 1995).

The distribution pattern of Thra and Thr3 is age- and tissue-dependent. While TRa1 is
widely expressed, TRB 1-2 mRNA expression is restricted to specific ontogenetic states and
is highly tissue specific (Bradley et al., 1994). Based on knockout and knockin experiments,
Thra was found to influence cardiac functions, thermogenesis, hemopoiesis, and the

maturation of intestines and bones (Bradley et al., 1994; Angelin-Duclos et al., 2005; O'Shea
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et al., 2005; Plateroti et al., 2006). Thr@ is crucial for the proper endocrine and sensory
functions such as the hypothalamic-pituitary-thyroid axis, hepatic reactions to T3, behavior,
audition, color sensation, and tactile senses (Amma et al., 2001; Ng et al., 2001; Flores-
Morales et al., 2002; Abel et al., 2003; Esaki et al., 2003; Siesser et al., 2005; Forrest et al.,
1996). TRa1 and TRB1 isoforms can be co-expressed in the same tissues and can substitute

for each others’ function to a certain extent (Forrest et al., 1996; Gothe et al., 1999).

Nutrients entering the small intestines elicit enteroglucagon production in the intestinal
wall that reaches the liver before the absorption of the nutrients (Drucker, 2002). Absorbed
nutrients quickly enter the liver through the portal vein. Carbohydrates, and to a lesser extent
proteins, induce hepatic D1 gene expression (Danforth and Burger, 1989; Bartha, 1993;
Brown et al., 1997) and down-regulate D3 activity. T3, in turn, increases hepatic and
muscular glucose transporter (GLUT 1 and 5) gene expression (Hulbert, 2000; Matosin-
Matekalo et al., 1999). The latter also enhances hepatic TH-activation (Sato and Robbins,
1981). Increased energy intake, therefore, induces increased plasma T3 concentration that
increases BMR (Pezzi et al.(2003). Increased, but still physiological plasma T3
concentrations, in turn, trigger appetite in the hypothalamic VMN. This is a self-strengthening
mechanism (Kong et al., 2004; Gydrffy et al., 2008).

In piglets, thyroid hormone plasma concentration (mostly T3) increases sharply after
food intake, reaching its peak after 60 min. The rise in thyroid hormone concentration mainly
depends on the energy content of the food and is relatively independent from the glucose
concentration of the blood (Hulbert, 2000). In contrast to feeding, starvation elicits a
decrease in plasma T3 concentration in mammals. T4 response to starvation, however,
depends on the species. For example, starvation leaves plasma T4 concentration unaffected
in humans (Hugues et al., 1984), but in rats (Kaplan and Utiger, 1978; Boelen et al., 2008)
and swine (Slebodzinski et al., 1982; Macari and Baraldi, 1983; Houpt et al., 1986) plasma
T3 concentrations drop after starvation. In chickens, starvation causes decreased plasma T3
and increased plasma T4 concentration (Van der Geyten et al.,, 1999; King et al., 1977,
Scanes, C.G., Griminger, 1990; Buyse et al. 2002; Reyns et al., 2002) due to increased
hepatic D3 (Tu et al., 1999) and decreased hepatic D2 activity and gene expression (Gyérffy
et al., 2009). In cows, effects of starvation are difficult to examine due to the characteristics
of rumen function. Therefore, the effect of fluctuations in feeding on plasma thyroid hormone
concentration was tested and it was found that reduced food intake resultedin decreased

plasma thyroid hormone concentration (Pethes et al., 1985).
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Dairy cows represent a unique category with regard to thyroid hormone physiology.
These animals can enter a physiologically starvation-like period during lactation when energy
metabolism turns towards so-called negative energy balance (NEB). Under such conditions,
plasma T4 concentration reaches its nadir and T3 plasma concentration is low. Later, plasma
TH concentrations increase and reach their peak during the dry period (Pethes et al., 1985).
Romo et al.(1997) and Pezzi et al.(2003) found that hepatic D1 activity is the lowest during
early lactation and suggested a possible role of fatty liver in the decreased enzyme activity
and the consequently decreased hepatic TH activation. However, decreased feed (and
consequently carbohydrate) intake can also be acting in the background of decreased TH
activation since T4-to-T3 conversion is a carbohydrate dependent process (Danforth and
Burger, 1989) and glucose directly triggers hepatic D1 expression (Brown et al., 1997).

As mentioned above, hypothalamic NPY/AgRP neurons are in a special position to
trigger food-intake, and both leptin and ghrelin are able to influence the activity of these cells.
Coppola et al.(2007) clearly demonstrated that AN NPY/AgRP neurons are supplied with T3
by hypothalamic tanycytes, and that T3, imported from tanycytes, can activate intracellular
mechanisms in NPY/AgRP cells to increase neuronal firing and consequentially, to initiate
food-intake. These observations imply a possible interaction between the three hormones
discussed so far, in the regulation of NPY/AgRP neuronal activity. However, according to
Ishii et al. (2008), subcutaneously injected T3 results in hyperphagia via hypothalamic
adenosin monophosphate activated protein kinase (AMPK) phosphorylation, without effecting
local (hypothalamic) NPY- or POMC mRNA expression levels, suggesting that additional
mechanisms may also be involved in the hypothalamic regulation of food-intake.

6.3. Physiological interactions between estrogen and thyroid

hormones.

Although clinical reports point to a relationship between thyroid disorders and insulin
sensitivity particularly prevalent in older populations of females more than males, the
mechanisms which link sex steroids, thyroid hormones and metabolic homeostasis in both
sexes are not well known (Wu, 2000). In postmenopausal women receiving E2 treatment,
lower levels of free T3 and free T4 have been observed although there was no rise in serum
TSH (Franklyn et al., 1983). Although E2 treatment did not alter the serum concentrations of
TSH in euthyroid or untreated hypothyroid rats, it increased the T3 effect in serum TSH in
hypothyroidrats. Estrogen treatment increased thyroid hormone receptor expression in the
pituitary, suggesting that an increase in thyroid receptors may be induced by E2 in rats

(Franklyn et al., 1987). During development, treatment with testosterone and E2 had similar
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effects in both sexes, producing lower levels of a and b subunit mMRNA in exogenous sex
steroid- treated hypothyroid rats compared with hypothyroids not receiving exogenous sex-
steroid treatment. These data suggest that gonadal steroids render the pituitary thyrotroph
cells more sensitive to THs (Ahlquist et al., 1987). This mechanism between estrogen
receptor and thyroid hormone receptor interaction will be explored further, keeping in mind
the relationship as it pertains to feeding,appetite, metabolism and energy balance modulated
by sex hormones, particularly E2 in women. Thyroid hormones affect reproductive
behaviours of both males and females in addition to playing a permissive role in the
photoperiodicity of both sexes (Fitts et al., 1998; Fitts et al., 2001; Dahl et al., 1994). Both
THs and sex steroids modulate metabolic homeostasis and oxidative metabolism at the
tissue level via their respective non-genomic membrane and genomic nuclear receptors,
sometimes acting synergistically between genomic and non-genomic mechanisms
(Vasudevan et al., 2001d; Vasudevan et al., 2001c; Vasudevan and Pfaff, 2007; Klieverik et
al., 2009; Maratou et al., 2009; Peppa et al., 2010; Alaynick et al., 2010) as described
above. These mechanisms, in turn, feed back into the regulation of the hypothalamo—
pituitary— adrenal axis, hypothalamo—pituitary—gonad axis, as well as the ‘hypothalamus—gut’
circuits (Konturek et al., 2004; Stanley et al., 2010; Suzuki et al., 2010). Additionally, THs
contribute to the maintenance of nonreproductive conditions, homeostasis in both male and
female birds and mammals, for example, intracellular sites of activity including mitochondria,
endoplasmic reticulum, plasma membrane, synapse (Zhang and Lazar, 2000; Lazar 1993),
lipogenesis, lipolysis, thermogenesis, growth, development, differentiation (Zhang and Lazar,
2000; Oppenheimer and Schwartz, 1997; Oppenheimer et al., 1991), mylenation of axons
(Farsetti et al., 1991) via nuclear recruitment of co-activators and co-repressors by
ligandbound nuclear receptors (Vasudevan et al., 2002). Mood and cognition in women are
also affected by E2 and thyroid hormones — signals that underlie appetitive behaviour at
converging pathways in the hypothalamic nuclei, brain stem and target organs of humoral
and efferent signals (Klieverik et al., 2009; Maratou et al., 2009; Peppa et al., 2010; Konturek
et al., 2004; Bauer and Whybrow 2001; Bauer and Whybrow 2003; Scott et al., 1997). Such
mechanisms conduct cross-talk among isoforms of nuclear ERs and TRs in diverse tissues
and in terms of genomic expression (Vasudevan et al., 2001a; Lazar 1993; Schwartz et al.,
1994; Vasudevan et al., 2001b; Vasudevan et al., 2001c;). While it is tempting to envision an
overlapping function between ER and TR subtypes and isoforms, different co-localisation
studies indicate distinct non-overlapping functions (Lazar 1993). In support of this idea, the
phenotypes of the specific knock-out models suggest functions unique to specific isoforms
(Vasudevan et al., 2002). On the other hand, the modulation of the signals arising from E2
and thyroid hormones converging must influence underlying behaviour, such as appetite,

feeding, homeostasis and metabolism, concentrated in hypothalamic nuclei.
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Two genes, Thra and ThrB, encode the mammalian nuclear receptors for T3,
confirming that T3 acts directly on transcription. TRa1 (and TRa2) (Oppenheimer and
Schwartz, 1997; Vasudevan et al., 2001b) is encoded by the Thra gene, and TRB1 and TRB2
are encoded by the Thrb gene; another TRB3 isoform that may be ratspecific (Williams,
2000). These receptors have a similar, if not identical, structure, containing a central DNA-
binding domain and a C-terminus domain, which activates transcription upon ligand binding
(Flamant et al., 2007). Both ERs and TRs are ligand-dependent nuclear transcription factors
that can bind to an identical halfsite, AGGTCA, of their cognate hormone response elements
(HRE), although generalisations of receptor crossactivity are not easily made. For example,
co-transfection of a mutated TRa1 also inhibited the E2 effect without binding to the
AGGTCA sequence (Zhu et al., 1996). Studies of inhibitory effects of liganded TRa1 on E2
induction suggest that ERs and TRs may interact to modulate E2-sensitive gene expression,
in a ligand-dependent and isoform-specific manner such as for the hypothalamic
preproenkephalin (PPE) promoter (Zhu et al., 1996). However, in contrast to TRa, the
isoforms TRB1 and TRP2 failed to inhibit E2-induced activation of the consensus ERE but,
rather, attenuated E2-mediated transcriptional activation (Scott et al., 1997). Thus, ER and
TR isoforms have modular protein structures with high homology in the central DNA-binding
domain where they bind common enhancer elements (ERE) within the promoter sequence
modulating gene transcription (Vasudevan et al., 2001c; Scott et al.,, 1997; Evans 1988,
Mangelsdorf et al., 1995; Dellovade et al., 1996; Dellovade et al., 1999b; Dellovade et al.,
2000; Zhao et al., 2005).

TRs and ERs are members of the nuclear receptor superfamily, composed of forty-
eight ligand-activated Zn-finger transcription factors involved in important physiological
functions such as metabolism and energy homeostasis, carbohydrate and lipid metabolism in
addition to development, reproduction, etc (Evans 1988; Mangelsdorf et al., 1995; , Sonodo
et al., 2008, Jeong and Mangelsdorf, 2009). Briefly, members of the superfamily of nuclear
receptors reside in either the cytoplasm or nucleus of the cell. When ligands or small
molecules bind to the cytoplasmic nuclear receptor complex, it undergoes conformational
change, dimerisation and translocation to the nucleus where it binds to a sequence of DNA
called the HRE. There the nuclear receptor complex then co-recruits or co-represses other
proteins downstream at the promoter site where transcriptionfactors are activated and

changes in cell function ensue.

Specifically, half of the T3 consensus response element DNA sequence is identical to
the ER response element (ERE); therefore TRs bind to a consensus ERE (Scott et al., 1997,
Vasudevan et al., 2001b; Dellovade et al., 1996; Dellovade et al., 1999a, Dellovade et al.,

1999b) on several receptor genes in the hypothalamus. TRs and ERs are both present in rat
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hypothalamic nuclear extracts and bind to the promoter regions in the hypothalamic gene
PPE, causing interations between liganded TRs and ERs that affect PPE transcription (Bauer
and Whybrow 2003; Dellovade et al., 1999b). Likewise, the oxytocin (OT) gene promoter has
a composite hormone response element to which several members of this superfamily of
nuclear receptors can bind to whereby thyroid hormones interfere with E2-stimulated OT
MRNA reducing E2- stimulated behaviour (Vasudevan et al., 2001b; Dellovade et al., 1999b).
The ERE identified in the promoter region of the progesterone receptor (PR) is also bound by
thyroid hormone receptors (Scott et al., 1997). Progesterone, important in reproductive
behaviour, correlates with a rise in appetite in cycling women (Asarian and Geary, 2006).
Thus, since T3 may reduce E2-dependent sexual behaviour through interactions between
TRs and ERs in the nuclei of hypothalamic neurons which underlie sexual behaviour (Zhu et
al., 1996), their interaction may modulate eating behaviour in women throughout the cycle by
acting at the nuclear receptor superfamily concensus ERE as outlined above. Indeed,
cursory searches for feeding and ERs, TRs, PR, OT and PPE return hundreds of papers

altogether on feeding and each of the factors referred to above.

Over the past 30 years much has been explored on the interaction of thyroid hormones
and E2 at regions of DNA co-activating and co-repressing genomic expression (Zhu et al.,
1997) and the non-genomic membrane-initiated molecular mechanisms of hormone
signalling (Zhao et al., 2005), i.e. the cross-talk that produces a synergy between activation
and repression of genomic and non-genomic mechanisms (Sonodo et al., 2008;). Using a
reproductive behavioural assay of rats, i.e. lordosis, it has been shown that sex hormone-
dependent hypothalamic gene expression and behaviour are influenced by synaptic inputs
which interfere with estrogen receptordependent neuroendocrine function and behaviour
(Zhu et al., 1997). For example, the two different genes that code for TRa1 and TRB have
opposite effects on female sexual behaviours (Lazar 1993;, Dellovade et al., 2000), whereas
hypothalamic neurons that express E2-sensitive genes, for example, the PPE promoter, are
inhibited by TRa1 in the ventromedial hypothalamus (VMH) but not the amygdala or caudate/
putamen (Zhu et al., 1996; Dellovade et al., 1999b; Sonodo et al., 2008). High doses of
thyroid hormones reduce lordosis behaviour of ovariectomised E2-treated female mice
(Morgan et al., 2000) but in total pituitary RNA levels, dependent upon new protein synthesis,
E2 induced increases while T3 inhibited E2 induction (Alarid et al., 2003). Studies of sex
specificity between E2 and thyroid hormones in the regulation of pituitary function found that
pituitary weight and total cellular RNA levels were significantly decreased following
ovariectomy in females but increased following gonadectomy in males without changes in
pituitary DNA levels compared with intact rats. Estrogen treatment produced a significant

increase in pituitary RNA in ovariectomised females but not gonadectomised males, although
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concomitant administration of T3 blocked the increase in pituitary RNA in females (Zhu et al.
1997). In contrast, thyroid hormone inhibited ERa proteolysis in pituitary lactotropes, did not
prevent induction of prolactin gene expression or proliferation and inhibited the ERE reporter
gene, suggesting that other endocrine factors can indirectly modulate ERa activity (Alarid et
al., 2003).

Thyroid hormone receptor is known to bind an ERE which inhibits E2-dependent
transactivation (Adan, et al., 1992). Areas of the brain involved in reproductive functions and
behaviour may play a role in other appetitive behaviours such as appetite and food seeking,
namely the olfactory bulb, hippocampus and granular layer of the cerebellar cortex, where
TRa1 and TRo2 transcript levels are highest. Feedback mechanisms common to
reproduction and feeding/appetitive/energy homeostasis occur in hypothalamic nuclei. For
example, such mechanisms exist in the paraventricular nuclei (PVN) with hypophysiotrophic
neurons projecting to the median eminence (ME), and preautonomic neurons controlling
autonomic projections to the liver (Konturek et al., 2004;, Farsetti et al., 1991; la Fleur et al.,
2000; Buijs et al., 2003), arcuate nucleus (AN) (Klieverik et al., 2009; Scott et al., 1997),
supraoptic nucleus (SON) particularly the TRa (Adan et al., 1992; Bradley et al., 1989), and
adrenal afferents to the brainstem and suprachiasmatic nucleus (SCN) via separate
sympathetic and parasympathetic neuron populations (Buijs et al., 2003). In addition, cross-
talk between E2 and thyroid hormones modulates the activity in the hippocampus and
amygdala contributing to cognition and mood, triggers for emotional eating in women
(Vasudevan and Pfaff, 2007).

Nuclear receptors such as ERs and TRs bind low-molecular-weight ligands of E2,
selective estrogen response modulators, T3 and T4 (Fitts et al., 2001; DuSell et al., 2008),
where they co-activate and corepress transcription factors at targeted genomicregions
(Alaynick et al., 2010, Evans, 1988; Mangelsdorf et al., 1995; DuSell et al., 2008; Rangwala
et al., 2010; Davis et al., 2008). However, E2 and thyroid hormones also bind to plasma
membrane receptor sites initiating non-genomic, ion and intracellular Ca?* channels, and G-
protein-coupled secondary messenger cascades discussed above (Ropero et al., 2008;
Vasudevan et al., 2001c; Vasudevan and Pfaff, 2007; Zhao et al., 2005; Sonodo et al., 2008;
Glass et al.,, 1988). Future investigation into the regulation of metabolic homeostasis
between the central nervous system and peripheral tissue may incorporate genomic analysis
of the superfamily of nuclear receptors (ERs and TRs) in concert with the neuromodulatory

factors outlined above.
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7. Conclusions

Results of the present study reveal that, in the developing cerebellum, there is a highly
complex interplay between E2 and THs in the maintenance of normal levels of each-other’s
cognate receptors, and that the hormone effects are most probably mediated by the glia. Our
results explain at least some, and raise even more, questions regarding the role and
mechanisms of E2 and THs in neurodevelopment, and underscore the importance of the
optimal/physiological ratio of E2/THs in the precise orchestration of cerebellar development,
memory formation and neuroprotection when necessary. On the other hand, our
observations implicate that abnormalities in glial and/or thyroid functions or in tissue E2/TH
levels impact, on multiple levels, cerebellar development, cerebellar functions later in life,
and the regenerative capability of the cerebellar tissue in case of injury, all of which should
be considered in the diagnostics and treatment of relevant clinical conditions. Considering
the extreme complexity of interactions between E2 and TH signaling, both intracellularly and
intercellularly, it is reasonable to hypothesize that the failure of the integrated ER-TR
signaling at one or more points may account, at least in part, for the formation of neuron- or

glia-based tumours.

With regard to BPA effects on TR expression levels, some important conclusions can
be drawn: 1. BPA alters E2 and TH regulated TR expression; 2. The glia modulates
(mediates?) the detected BPA effects.

The questions of exactly why and how are BPA-caused actual mRNA and protein
levels set at the detected values remain unanswered and warrant further experiments. One
of the possible explanations may be that a receptor protein-related negative feedback
mechanism limits the intensity of the BPA effects. Alternatively or additionally, the cellular
energy and material supplies may set a limit to the intensity of BPA effects. Regardless of
which of these explanations may be true, the present results clearly indicate that BPA
markedly interferes with the normal hormonal regulation of TR expression and thereby may
lead to yet unknown biological consequences, either beneficial or adverse, in the developing

cerebellum.
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8. New scientific results

In the present series of experiments we

established a new in vitro experimental model based on previous experience and
applied new, goal-oriented modifications that allowed for the investigation of cellular
responses without physical intercellular contacts-pointed out the physiological
relevance of the results gained from the applied in vitro experimental model by the

comparison of results from cultured cells and in situ tissue;

provided evidence for the ligand-dependent regulation of ER3 and TRa, mRNA and

protein expression levels;

implied the existence of a likely regulatory mechanism between ER and TR
transcriptional and translational levels through the comparative analysis of gPCR and

Western blot results;

provided correlative evidence for the mediating role of the glia in the ligand-

dependent regulation of neuronal ERB and TRa, mRNA and proteins;

provided in-depth analysis of the potential integrated hormonal mechanisms that
govern the hypothalamic regulation of feed-intake based on the present results and
the most recent literature data.
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