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Abstract

Hypophysiotropic neurons of the paraventricular nucleus of the hypothalamus
that express thyrotropin-releasing hormone (TRH) control the synthesis and
release of thyrotropin, the pituitary hormone that regulates the synthesis and
release of thyroid hormones. Thyroid hormones are pleiotropic hormones with
multiple functions involved in growth, development, and energy homeostasis.
The TRH neuroendocrine cells receive neuronal inputs from different parts of the
brain, as well as local and hormonal signals, and integrate and transduce the
information as a hormone (TRH) output. They are glutamatergic neurons; most
co-express cocaine- and amphetamine-regulated transcripts; however, their
transcriptomic characterization is still in its infancy but suggests functional
diversity. Transcription of the Trh gene is rapidly but transiently increased by
multiple signals, some of which also cause the release of TRH. This review
summarizes the basic mechanisms involved in the generation of TRH in
hypophysiotropic neurons and turnover in median eminence, and recapitulates
the multiple factors that regulate 7rh synthesis and the amount of TRH that
reaches thyrotropes, the physiological conditions and environmental stressors
that alter TRH neurons and thyroid axis status during development and in adult
animals, as well as critical sex differences.
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ADRB3 Beta 3 adrenergic receptor
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CART Cocaine and amphetamine regulated transcript

CBIR Cannabinoid receptor 1
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CRE Cyclic AMP response element

CREB cAMP-response element binding protein

CRH Corticotropin releasing hormone

DA Dopamine
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DBH Dopamine beta-hydroxylase

DEX Dexamethasone

DIO1 Deiodinase type 1

DIO2 Deiodinase type 2

DIO3 Deiodinase type 3

DMH Dorsomedial hypothalamic nucleus

E Embryonic day

E2 17p-oestradiol

EDCs Endocrine disrupting chemicals

EM66 Secretogranin II-derived peptide

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase

ERa or b Estrogen receptor o or 3

fc Fenestrated capillaries

GABA y-aminobutyric acid
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GAD
GATA2
GC
GLRA1,2,3
GLRB
Glu
GIuR
GLYT2
GR
GRE
HDAC2 or 3
HLHP-2
HPA
HPT
Jun
KLF10
KO

LC

LH
LXR

m
MAPK
MBH
MC4R
MCTS8
ME

MS

NCoR
NE
NPY
NTS

PAM
PBDEs
PC
pCREB
PKA
PKAc
PLZF
PND
PNMT
POMC
PRL
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GATA-binding factor 2
Glucocorticoid
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Glutamate

Glutamate receptor

Glycine transporter 2
Glucocorticoid receptor
Glucocorticoid response element
Histone-deacetylase 2 or 3
Helix-loop-helix protein 2
Hypothalamic-pituitary adrenal
Hypothalamic-pituitary-thyroid
AP-1 transcription factor subunit p39
Kriippel like factor 10
Knockout

Locus coeruleus

Lateral hypothalamus

Liver X receptor

Medial

Mitogen-activated protein kinase
Mediobasal hypothalamus
Melanocortin 4 receptor
Monocarboxylate transporter 8
Median eminence

Maternal separation
Undetermined position

Nuclear receptor co-repressor
Norepinephrine

Neuropeptide Y

Nucleus of solitary tract
Posterior

Peptidylgycine alpha-amidating monooxygenase

Poly-brominated diphenyl ethers
Prohormone convertase

Phosphorylated cAMP-response element binding protein

Protein kinase A
Catalytic subunit of PKA

Promyelocytic leukemia zinc finger protein

Postnatal day

Phenylethanolamine n-methyl transferase

Proopiomelanocortin
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10.1 Introduction

Although evidence of hypothalamic control of anterior pituitary hormones began to
accumulate in the 1940s, it was not until 1969 that the structure of a hypothalamic
factor that induces the secretion of thyrotropin was solved (reviewed in Joseph-
Bravo et al. 2015a); it received the name thyrotropin-releasing hormone (TRH)
(Boler et al. 1969; Burgus et al. 1969). The hypothalamus has long been considered
the center of homeostasis. Localized at the base of the brain, it contains nuclei that
contact many areas in the brain; among these hypothalamic nuclei, the
paraventricular nucleus (PVN) contains neurons whose axon terminals do not
make synaptic contacts with other neurons but instead approximate fenestrated
capillaries. Some of the neurons with a small somatic size, called parvocellular,
project their axons to the median eminence, where they secrete releasing or
inhibiting factors near portal vessels that transport them to the anterior pituitary to
control synthesis and release of adenohypophysial hormones; they are called
hypophysiotropic neurons (Watts 2015). Hypophysiotropic PVN neurons that
express TRH control the synthesis and release of thyrotropin (TSH), the pituitary
hormone that regulates the synthesis and release of thyroid hormones (TH, T4, and
T3) from the thyroid gland. These neuroendocrine cells receive neuronal inputs from
different parts of the brain, as well as local and hormonal signals, and transduce
the integrated information as a hormone (TRH) output that controls the function of
the hypothalamic-pituitary-thyroid (HPT) axis (Fig. 10.1). To study the
hypophysiotropic TRH neurons it is necessary to consider the physiology of the
HPT axis, including the efficient feedback mechanisms common to all neuroendo-
crine axes, provided by the hormones released by the target organ (in this case T4
and T3) that maintain axis homeostasis (Fekete and Lechan 2014; Hoermann et al.
2015; Joseph-Bravo et al. 2015a, b). In this chapter, we review the mechanisms that
determine TRH metabolism and the activity of the hypophysiotropic TRH neurons,
including findings that appeared after recent comprehensive reviews (Joseph-Bravo
et al. 2015a, b, 2016; Chatzitomaris et al. 2017; Rodriguez-Rodriguez et al. 2019;
Charli et al. 2020).

10.2 Hypophysiotropic TRH Neurons

TRH is a peptide formed of three amino acids with the NH and COOH terminal ends
modified: pyroglutamyl-histidyl-prolinamide. Soon after its discovery (detailed in
Joseph-Bravo et al. 2015a), specific antibodies recognizing TRH allowed its detec-
tion by immunohistochemistry in nerve terminals of the median eminence, as well as
in neurons of the PVN, various nuclei of the hypothalamus, brain regions, and spinal
cord; it was necessary to use colchicine to prevent axonal transport and observe the
peptide in cell bodies (Lechan and Jackson 1982). Elucidating the mode of TRH
synthesis was a challenge that was overcome by the use of recombinant DNA
techniques. These permitted characterization of the mRNA sequence encoding the
protein precursor of TRH (proTRH) (Lechan et al. 1986) and the identification of the
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Fig. 10.1 Hypophysiotropic TRH neurons regulate the hypothalamic-pituitary-thyroid axis. In
rats, hypophysiotropic TRH neurons are localized in mid-caudal PVN and receive projections from
two leptin-responsive neuronal populations located in the ARC (aMSH/CART and NPY/AgRP),
from the suprachiasmatic nucleus, and from adrenergic afferents from the brainstem.
Hypophysiotropic TRH neurons express aMSH receptor (MC4R) and NPY receptors (Y1, YS5).
Nerve terminals of hypophysiotropic TRH neurons reside in the ME, from where TRH is released
next to portal vessels that transport it to the pituitary. and stimulates synthesis and release of TSH;
TSH regulates in the thyroid synthesis and secretion of T4; T4 is partially deiodinated to T3 in
thyroid and in target tissues. TH processing by deiodinases and their chemical structure are depicted
on the left; light blue circles represent iodine atoms. Figure created with BioRender.com, modified
from Joseph-Bravo et al. (2015b, 2017)

gene (Lee et al. 1988). These discoveries led to complementary immunohistochemi-
cal approaches with proTRH antibodies, and in situ hybridization with nucleotide
probes against proTRH mRNA, which revealed rat PVN parvocellular and some
magnocellular cell bodies containing 7rh mRNA/proTRH in the PVN and in
neurons of other hypothalamic nuclei (Lechan et al. 1987).

The neuroanatomical localization of TRH hypophysiotropic neurons was
evidenced by the systemic administration of fluorogold into rats. The tracer was
taken up by the median eminence and transported retrogradely to neurons in the
PVN that express 7rh mRNA (Fekete et al. 2000). Hypophysiotropic TRH neurons
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are thus the parvocellular cells localized in the mid and caudal zones of rat PVN. In
mice, TRH neurons are localized only in the middle zone of PVN (Kadar et al. 2010).
Within the mid and caudal areas of the PVN, there are also parvocellular neurons that
are not hypophysiotropic, though their efferents have not been characterized. In rats,
the anterior or rostral PVN contains a population of parvocellular TRH neurons that
send projections into various hypothalamic and extrahypothalamic nuclei (Wittmann
et al. 2009). TRH is also expressed in a few magnocellular neurons located in the
mid-PVN. These neurons project to the neurohypophysis where TRH modulates
oxytocin and vasopressin release (Ciosek and Izdebska 2009). This heterogeneity
has to be taken into account whenever data from the whole PVN are obtained.

Additional neurotransmitters have been characterized in TRH neurons of the
PVN. Eighty percent of hypophysiotropic TRH neurons express cocaine- and
amphetamine-activated transcript (CART) in the rat PVN (Fekete et al. 2000), and
many (not quantified) in the mouse PVN (Kadar et al. 2010). Vesicular glutamate
transporter 2 is expressed in the hypophysiotropic TRH neurons, suggesting that
these neurons use glutamate as neurotransmitter (Hrabovszky et al. 2005; Farkas
et al. 2020). Several other peptides and neurotransmitters have been reported in
parvocellular TRH neurons (Table 10.1), but a careful assignment to
hypophysiotropic or non-hypophysiotropic type is lacking (Table 10.1). The vari-
able match between parvocellular TRH neurons and some neuronal inputs
(Table 10.2) suggests heterogeneity of TRH hypophysiotropic neurons, with subsets
being responsive to specific stimuli (Sanchez et al. 2001). The potential heterogene-
ity and limited information about the proteome of hypophysiotropic TRH neurons
complicates the adscription of a specific Trh cluster from published transcriptomes
(Box 10.1, Fig. 10.2) (Chen et al. 2017; Zeisel et al. 2018) to hypophysiotropic TRH
neurons. Furthermore, a discrepancy between the TRH cluster ascribed to the PVN
in the study of Zeisel et al. 2018 and the chemical identity of hypophysiotropic
neurons based on immunohistochemistry and in situ hybridization warrants further
study.

Box 10.1. Can Non-spatial Information Provide Spatial Information
About Molecular Marker Expression in the Hypothalamus? Retrieving
Spatial Information with New Generation Tools

The brain is one of the organs with the most cellular diversity per unit volume.
Obtaining spatial definition is always a challenge, and this is not an exception
for the paraventricular nucleus of the hypothalamus, a nucleus that shows
marked morphological differences in its neuronal populations, along with the
expression of a large repertoire of neuropeptides. This information has been
retrieved for many years with classical techniques as immunohistochemistry
and in situ hybridization, methods that allow a high spatial definition of the
molecular architecture. The incorporation of diverse fluorescent markers
allowed the detection of more than one molecular marker from the same cell

(continued)
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Table 10.1 Partial transcriptome/proteome of parvocellular PVN TRH neurons

Gene name in

Protein rodents Localization® Species | References®
BDNF Bdnf nPVN Rat Smith (1995)
CART Cartpt mPVN (80%) | Rat Fekete (2000), Broberger
(1999)
pCREB Crebl a, m, pPVN Rat Sotelo-Rivera (2017),
(20-40%) Campos (2020)
Not detected Mouse | Campos (2020)
DIO3 Dio3 nPVN Human | Alkemade (2005)
ME (27%) Rat Kallé (2012)
EM66 Scg2 pPVN, ME Rat El Yamani (2013)
FOS Fos a, m, pPVN Rat Sanchez (2001)
GHSR Ghsr nPVN Rat dos-Santos (2018)
GLRA1,2,3, Glral,2,3, Glrb nPVN Mouse Varga (2019)
GLRB
GR Nr3cl mPVN Rat Cintra (1991), Ceccatelli
(1989)
HLHP-2 Nhlh2 nPVN (41%) Mouse | Jing (2004)
KLF10 KIfl10 nPVN Rat Martinez-Armenta (2015)
Kv1.2, 1.3, Kcna3, Kcna2, mPVN Rat Lee (2012)
42,43 Kcnd2, Kend3
MC4R Mcdr nPVN Rat Harris (2001)
MCTS8 Slcl6a2 nPVN Human | Alkemade (2005)
Rat Kall6 (2012)
Nesfatin-1 Nucb2 nPVN (small Rat Kohno (2008)
%)
PCl1, PC2 Pcskl, Pcsk2 a, mPVN Rat Sanchez (1997)
PLZF Zbtb16 pPVN Mouse | Cheng (2020)
SIM2 Sim2 a, mPVN Mouse Goshu (2004)
SOCS-3 Socs3 mPVN (10%) | Rat Harris (2001)
pSTAT3, Stat3, Stat5a, nPVN Rat Huo (2004), Perello (2010),
pSTATS Stat5b Not detected Mouse Campos (2020)
THRal, o2, Thra, Thrb nPVN Human | Alkemade (2005)
p2 Rat Lechan (1994)
THR1a, o2,
p1, p2
VGLUT2 Slc17a6 nPVN, ME Rat Hrabovszky (2005)

List is presented in alphabetical order of peptide/protein names
“In parenthesis: percentage of TRH neurons or terminals expressing the gene or protein
*To save space, “et al.” was omitted from references
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Table 10.2 Direct neuromodulatory afferents to parvocellular PVN TRH neurons
Molecules Origin Localization® Species | References”
AgRP ARC mPVN Rat Légradi (1999), Fekete (2002a)
CART ARC a, m, pPVN Rat Fekete (2000)
CART C1-C3 mPVN Rat Wittmann (2004a)
CRH pPVN Rat Liao (1992)
DBH only A2, A6 mPVN Rat Fiizesi (2009)
(36.5%)
GAD ARC a, mPVN Rat Fekete (2002b)
(10%)
Galanin a, mPVN Rat Wittmann (2004b)
GLYT2 RMg, a, m, pPVN Mouse Varga (2019)
VLPAG
NPY ARC m, pPVN Rat Toni (1990a), Liao (1991), Légradi
(1998)
NPY RVLM, mPVN Rat Toni (1990a), Liao (1991),
C1-C3 Wittmann (2002)
PACAP Cl1 mPVN Rat Légradi (1997)
PNMT C1-C3 mPVN Rat Légradi (1997), Wittmann (2004a),
(63.5%) Fiizesi (2009)
POMC/ax ARC a, m, pPVN Rat Liao (1991), Fekete (2000)
MSH
Somatostatin pPVN Rat Liao (1992)
TRH mPVN Rat Toni (1990b)
VGLUT2 a, m, pPVN Rat Wittmann (2005)
(100%)

The list is presented in alphabetical order
“Percentage of TRH neurons contacted
"To save space, “et al.” was omitted from references

Box 10.1 (continued)

and subject. With the accessibility of new technologies, such as powerful
computers and practically unlimited data-storage units, hypothalamic
investigations are starting to take advantage of bioinformatics and sequencing
technologies, delivering massive amounts of information. This is the case for
single-cell RNA sequencing (scRNAseq) (Fig. 10.2a), a technique that
allowed more information about cell expression in the hypothalamus to be
obtained than all the information gathered in the past ~60 years. scRNAseq
shows that TRH neuron phenotypes of the hypothalamus are diverse
(Fig. 10.2b). With this technique, a high level of mRNA counts per cell can
be retrieved, surpassing classical histological methods allowing the detection
of heterogeneity among individual cells. However, many cells (and their
transcriptome) may be underrepresented, as just a small percentage of the
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Box 10.1 (continued)

cells are sampled, and the final decision about cell types (as clusters) depends
on how the clustering algorithms are refined with different information, such
as previous findings and brain expression maps. It is likely that soon enough a
detailed map of the hypothalamic cell types will be prepared based on
transcriptomics.

10.3 Setting the Concentration of TRH That Reaches
the Anterior Pituitary; a Multi-level Task

10.3.1 TRH-Gene Transcription

The Trh gene has been sequenced in several species and the consensus sequences of
response elements to various transcription factors have been identified in the pro-
moter region (Hollenberg et al. 1995; Diaz-Gallardo et al. 2010a, b; Cote-Vélez et al.
2011; Guo et al. 2004) (Fig. 10.3). Initial work centered on recognizing the binding
sites for thyroid hormone receptors (THR), to explain the negative feedback TH
exerts on the axis; TH inhibits 7rh transcription in vivo, exclusively on
hypophysiotropic neurons of the PVN (Dyess et al. 1988; Sugrue et al. 2010). Due
to the low concentrations of receptors in cells, and even lower concentrations of their
transcripts, the mode of synthesis was first studied with cells transfected with Thr
and Trh-gene promoter linked to a reporter such as luciferase; of the two receptors
THRa and THR, products of independent genes, THRp binds either as a monomer,
homodimer or heterodimer with retinoid acid receptor X (RXR), to the DNA
sequence called Site 4, containing half of a TH-response element (THRE), previ-
ously identified in other T3-regulated genes; increased transcription was detected in
absence of T3 but repressed in its presence (Hollenberg et al. 1995). Studies with KO
mice allowed NCoR to be defined as the nuclear repressor involved (Astapova and
Hollenberg 2013), and the isoform THRp2 as the one responsible for feedback (Abel
et al. 2001). The model of unliganded THR bound to DNA having an opposite effect
to that when THR is bound to T3 is now questioned, since in transfected cells
reporter transcription lacks the constraints of chromatin, and transfection can gener-
ate receptor concentrations higher than that normally found in tissues. More sensitive
methodologies such as chromatin immunoprecipitation-DNA sequencing (Nakato
and Sakata 2020) have recently been applied to liver of hypo- and hyperthyroid
mice; various THRE with different affinities for THRf1 (the receptor found in liver)
and for either T3-positively or -negatively regulated genes have been identified
together with chromatin remodeling changes (Ramadoss et al. 2014; Grgntved
et al. 2015). An analysis of the problems encountered can be found in various
articles (Vella and Hollenberg 2017; Flamant et al. 2017; Sasaki et al. 2018).
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Fig. 10.3 Regulation of Trh transcription and proTRH processing. (A) Schematic representation
of a TRH hypophysiotropic neuron. Identified receptors are depicted in the membrane, and some of
the regulatory elements that modulate Trh transcription (mentioned in Sect. 10.3.1) are marked in
the design of the Trh-promoter region. During translation and ER translocation, the signal sequence
(red) of preproTRH is cleaved. ProTRH undergoes processing by PC1/3, PC2, CPE, QC and PAM
to TRH (Sect. 10.3.2). TRH is released into the extracellular space in a calcium-dependent manner.
Figure modified from Joseph-Bravo et al. (2016), Perello and Nillni (2007), created with
BioRender.com. (B) Co-expression pSTAT3 and 7rh mRNA in neurons at the parvocellular
mid-level of the PVN of an adult male control rat, revealed by a combination of radioactive in
situ hybridization (for 7rh mRNA) and chromogenic immunohistochemistry (for pPSTAT3) on rat
brain slices (Bregma -1.9; Paxinos and Watson 2004). (a) Dark field 5X micrograph of 7rh mRNA-
positive neurons (white dots). (b) Bright field 5x micrograph of pSTAT3-positive cells (brown
staining). (¢) 40X magnification of rectangle in b); white arrow: pSTAT3-positive cell (brown
color); black arrow: co-expression of 7rh mRNA (silver grains) and pSTAT3; empty arrow:
pSTAT3 negative Trh mRNA-positive neuron
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Findings on liver samples with THRpI still might not be representative of
regulation of TRH in PVN or TSH in adenohypophysis, since THR2 is the isoform
involved in the negative feedback of Trh and Tshb transcription, and recent studies
have identified three aminoacids present in helix 10 of THR2 that are responsible
for the formation of a homodimer, fully functional for transcription repression of
Tshb (Pinto et al. 2017). This supports chromatin-immunoprecipitation analyses
performed on stable cell lines expressing Trh, showing that T3 promotes THRp
and histone-deacetylase 3 (HDAC3) binding to 7rh promoter; binding of HDAC3
was transient (1560 min) (Ishii et al. 2004). Similar experiments with primary
cultures of rat hypothalami showed THRB2 and HDAC?2 bound to a fragment of 7rh
promoter containing Site 4 (—242/+34). It remains to be determined whether chro-
matin compaction due to deacetylation expels the receptor and other factors from
chromatin (Diaz-Gallardo et al. 2010a; Ishii et al. 2004; Sotelo-Rivera et al. 2017).
Recently, the relevance of THR binding to Site 4, and to an equivalent site in Tshb,
has been questioned since these are near the transcription start site; instead, it is
proposed that binding of transcription factor GATA2 to site —357/-352 increases Trh
transcription, and that THRB2-bound T3 binds to GATA?2 in a tethering fashion,
repressing Trh transcription (Kuroda et al. 2020, Fig. 10.3). Thus, the whole picture
of how T3 regulates Trh transcription remains incomplete.

Other response elements that bind transcription factors that respond to extra- and
intra-cellular signals are depicted in Fig. 10.3. Foot-printing analyses demonstrated
that in primary hypothalamic neurons cAMP analogs promote nuclear proteins
binding to an extended area that includes cAMP, Kriippel, KEM and SP-1 recogni-
tion elements (Diaz-Gallardo et al. 2010a, b; Cote-Vélez et al. 2011; Pérez-Monter
et al. 2011). Upstream of this extended CRE the binding site for STAT3 has been
detected (Guo et al. 2004). The element that binds glucocorticoid receptor (GR) is a
half site that is stabilized as a heterodimer with c-JUN or ¢-FOS; this site is called
composite GRE and its activity depends on the bound partner (Diaz-Gallardo et al.
2010b; Cote-Vélez et al. 2008). Furthermore, various transcription factors may form
heterodimers with THR like RXR, LXR, to name a few. The multiple combinations
of transcription factors able to bind THRE, CRE, STAT, or GRE sites are likely to
contribute to the multifactorial regulation of Trh transcription (Joseph-Bravo et al.
2015b, 2016; Kouidhi and Clerget-Froidevaux 2018).

10.3.2 Pre-pro-TRH Translation and Processing

The primary transcript, a heterologous RNA (2.6 Kb) that contains three exons and
two introns, is processed to a mature mRNA that encodes preproTRH (Lechan et al.
1986). As for all secretory proteins, after translation and translocation into the lumen
of the endoplasmic reticulum, the propeptide is transported to the Golgi
apparatus where it may be cleaved and sorted into secretory granules in the
trans-Golgi (Fig. 10.3) (Perello and Nillni 2007). The sequence glutamine-histi-
dine-proline-glycine that leads to TRH is repeated five times in rat and six times in
human proTRH; processing enzymes convert it to pGlu-His-ProNH,, which is the
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active form. All enzymes and cofactors are inside the secretory granule and
processing continues inside it during its transport through the axon; the processed
peptides are enriched at the nerve terminal. In contrast to the extensive knowledge of
POMC tissue-specific processing (Cawley et al. 2016; Harno et al. 2018), the
functions of the diverse cryptic peptides derived from TRH precursors have been
only partially characterized (Nillni 2010).

The expression of processing enzymes is regulated by many factors, including
TH (Nillni 2010) and the concentration of Cu*™ ions, which are a cofactor of the
enzyme peptidyl glycine alpha-amidating monooxygenase (PAM) (Giraud et al.
1992). Furthermore, processing of neuropeptides can be affected by altered calcium
homeostasis or REDOX state at the level of the endoplasmic reticulum (stressed
ER), disrupting the adequate folding of the precursors necessary for their transport to
the trans-Golgi; for example, fasting or increased inflammatory markers induce
changes in ER molecules involved in folding; their effects have been demonstrated,
for example, in an inadequate processing of POMC, decreasing aMSH levels (Cakir
and Nillni 2019).

10.3.3 Signals on Hypophysiotropic TRH Neurons Soma Regulate
Synthesis and Release of TRH

Immunocytochemical analyses have revealed nerve terminals containing diverse
neurotransmitters and neuropeptides in close apposition to the cell body of TRH
neurons, suggesting a rich innervation (see Table 10.2), although it is not always
clear that they make contact on hypophysiotropic neurons; use of CART coexistence
could aid this characterization (Fekete et al. 2000). Furthermore, the expression of
neurotransmitter or peptide receptor(s) in the TRH neurons suggest a functional
interaction. For example, «MSH nerve terminals contact TRH neurons in the PVN
(Fekete et al. 2000), and TRH neurons express melanocortin receptor 4 (MC4R)
(Fekete and Lechan 2014). Nerve terminals containing other Arc peptides such as
NPY or AgRP (Fekete and Lechan 2014) are observed on TRH cell bodies in the
PVN and the administration of these peptides in appropriate physiological
conditions modifies Trh expression (Fekete and Lechan 2014). These somatic inputs
have the potential to modify the rate of action potential generation by the TRH
neurons, although this has been seldom studied. One of the few studies that moni-
tored the spiking activity of the TRH neurons demonstrated a rapid inhibitory effect
of glucocorticoids, mediated by endocannabinoid-induced inhibition of glutamate
release from neurons contacting parvocellular TRH neurons in the PVN (Di et al.
2003). Most evidence about TRH neurons activity is indirect, either being gained
in vitro or using serum TSH concentration as a surrogate measure of TRH release.
The in vitro data suggest TRH is released by exocytosis, in response to action
potentials that open voltage-dependent Ca®* channels (Joseph-Bravo et al. 1979).
The coexistence of neuropeptides from distinct precursors in hypophysiotropic TRH
neurons (including CART), as well as the existence of two different types of
secretory granule containing TRH from the first precursor cleavage (differing in
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cryptic peptides) (Perello and Nillni 2007), leave unanswered questions as to how
secretion is regulated. Action potential frequency dependency differs for secretory
granules containing peptides and for neurotransmitter vesicles (van den Pol 2012)
but, the characteristics of secretory granules exocytosis differing in peptide content
are still unknown, which opens many questions regarding their function.

10.3.4 In the Median Eminence, Hypophysiotropic TRH
Varicosities/Nerve Endings and Tanycytes Form a Functional
Unit That Controls TRH Output into Portal Vessels

In the external layer of the median eminence, nerve varicosities and terminals of
TRH neurons are localized next to other nerve terminal types, cells of the portal
capillary vessels and various glial cell types including tanycytes (Fig. 10.4a, Box
10.2) (Miiller-Fielitz et al. 2017; Rodriguez-Rodriguez et al. 2019). Tanycytes
express TH transporters, deiodinase 2 (DIO2) and TRH-degrading ectoenzyme
(TRH-DE), important elements in regulating HPT axis activity (Fig. 10.4b). In the
median eminence, T4 transported from the circulation into tanycytes is deiodinated
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Fig. 10.4 End-feet of tanycytes of the median eminence control TRH release and extracellular
turnover. (a) Photomicrograph showing the alignment of vimentin-expressing tanycytes of the ME
along the 3V and immunodetection of TRH in terminal buttons reaching the external zone of the
ME, a region irrigated by fc that allow TRH transport to the anterior pituitary. (b) Diagram of
elements involved in controlling TRH release and turnover in the external layer of the ME. Released
TRH released into the extracellular space may reach the capillary vessels and travel to the
adenohypophysis, or it may interact with TRH-R1 localized on B2-tanycytes and increase the
activity of TRH-DE, which inactivates TRH, and modify the position of tanycyte end feet, limiting
TRH diffusion. In addition, when Glu, a co-transmitter in TRH neurons, binds to GluR in tanycytes,
it increases the cytosolic Ca>* concentration and the activity of DAGLa, leading to the synthesis of
2-AG. 2-AG feeds back onto TRH neurons through CB1R and inhibits TRH release. The amount of
TRH that reaches anterior pituitary thyrotrophs may also be reduced by the activity of
thyroliberinase, which is present in the portal capillary. Figure created with BioRender.com
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to T3 by DIO2 (Fekete and Lechan 2014) and T3 is transported to the extracellular
compartment of the median eminence. T3 feedback effect on TRH synthesis is
proposed to be due to T3 captured by TRH nerve terminals and retrograde axonal
transport to the nucleus at the level of the cell body where it inhibits transcription
(Fekete and Lechan 2014). p2-tanycytes may also control the amount of TRH
released from nerve terminals, based on the activity of TRH neurons. Optogenetic
activation of TRH neurons in the median eminence promotes glutamate release,
which enhances intracytosolic calcium concentration and diacylglycerol lipase o
activity (DAGLw) in tanycytes leading to the synthesis of 2-arachinodonoylglycerol
(2-AG), which feedbacks onto TRH neurons through cannabinoid receptors
1 (CB1R), thereby inhibiting TRH release (Fig. 10.4b; Farkas et al. 2020).

TRH-DE is an ectopeptidase with high specificity towards TRH, present on the
surface of tanycytes, that cleaves the pyroglutamyl residue and inactivates TRH in
the extracellular space after its release from nerve terminals of TRH neurons.
Although the portal capillaries are fenestrated (they have transcellular pores that
allow diffusion of macromolecules, including TRH released from nerve terminals),
the amount of TRH that enters the lumen of the portal vessels is likely to be limited
by TRH-DE activity. T3 enhances Trhde expression, probably contributing to a
decrease in serum TSH concentration (Sanchez et al. 2009). In addition, TRH
released into the median eminence interacts with TRH-receptor 1 (TRH-R1) also
localized on P2-tanycyte surface and increases the activity of TRH-DE in tanycytes
and the size of tanycyte end-feet, likely reducing TRH flux into the portal vessels
(Miller-Fielitz et al. 2017).

Therefore, both the somatic and terminal compartments of hypophysiotropic
TRH neurons dictate TRH output into portal capillaries. Furthermore, TRH output
may also be further reduced by the activity of a serum isoform of TRH-DE
(thyroliberinase) in the portal circulation, which is regulated by multiple factors
(Charli et al. 2020).

Box 10.2. Tanycytes

Brain ventricles are lined with a simple layer of ependymocytes that allow a
free exchange of molecules between cerebrospinal fluid and parenchymal
tissue (neurons and other glial cells). However, selected portions of the basal
medial hypothalamus have a modified type of ependymal cell with an elon-
gated cell body whose shape resembles that of radial glia. These glial cells are
called tanycytes; in contrast to ependymocytes, tanycytes are joined through
tight junctions that limit the passage of substances from brain parenchyma to
cerebrospinal fluid by pericellular diffusion. Cytoplasmic tanycyte extensions
establish contact with neurons of nearby hypothalamic nuclei or basement
membranes surrounding capillaries; various subtypes are distributed according
to their dorsoventral position in the third ventricle wall. The most basic
classification divides tanycytes into four subtypes: al tanycytes, adjacent to

(continued)
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Box 10.2 (continued)

the ventromedial nucleus of the hypothalamus and part of the dorsomedial
nucleus; a2 tanycytes, which mostly contact the arcuate nucleus parenchyma;
B1 tanycytes, which localize to the lateral zone of the median eminence, and
contact the external limiting membrane of the brain and the portal capillaries;
and finally, in the ventral part of the third ventricle/parenchyma interface,
B2 tanycytes, which send end feet that approximate portal capillaries in the
medial zone of the median eminence. Multiple cellular properties explain the
influence of tanycytes in hypothalamic signaling (Rodriguez-Rodriguez et al.
2019). They serve as a bidirectional conduit for the transfer of signaling
molecules from the systemic circulation and the hypothalamus. In addition,
tanycytes can sense metabolites and hormones from the cerebrospinal fluid,
peripheral circulation, or arcuate nucleus, process and transmit this informa-
tion to adjacent hypothalamic nuclei, through the release of multiple types of
signals. Tanycytes are dynamic; they can retract their body to turn the blood—
brain barrier leaky and regulate the secretion of neurohormones. Finally,
tanycytes are progenitors that can differentiate into neurons and integrate
into hypothalamic circuits (Goodman and Hajihosseini 2015; Prevot et al.
2018; Ebling and Lewis 2018; Bolborea et al. 2020).

10.4 Regulation of the Activity of Hypophysiotropic TRH
Neurons; Impact on Thyroid Axis Function

10.4.1 Feedback Regulation of HPT Axis Occurs at Multiple Levels

As the activity of TRH hypophysiotropic neurons triggers the activity of the HPT
axis, regulation of TRH-neuronal activity has been studied in many paradigms that
show alterations in the circulating levels of TSH or TH. HPT axis activity is also
regulated at additional levels of the axis and at targets. TH are pleiotropic hormones
with many effects in almost every cell; they regulate basal metabolic rate, energy
expenditure, thermogenesis, and autonomic function, to mention just a few examples
(Fliers et al. 2014; Mullur et al. 2014; Giammanco et al. 2020).

The negative feedback effects of TH provide a good example of their concerted
action on the HPT axis at all levels; T3 inhibits 7rh and TSH synthesis, stimulates
degradation of released TRH, TH-metabolism, and cellular transport in a tissue-
specific manner (Mendoza and Hollenberg 2017; Nillni 2010; Joseph-Bravo et al.
2016; Séanchez et al. 2009; Lazcano et al. 2015); at the peripheral level, deiodinases
have an exquisite control of the cellular and circulating concentration of T3 (Bianco
et al. 2019). Low T3 or T4 and high TSH serum concentrations are the clinical
references that define the hypothyroid condition, with the opposite for hyperthyroid-
ism: high serum T3 and low serum TSH concentrations. These pathological
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conditions are accompanied by disturbances that affect the function of many organs.
Hypothyroid individuals present fatigue, weight gain, constipation, dry hair and
skin, cardiovascular risk factors, dyslipidemia and increased atherosclerosis, which
are many of the symptoms related to metabolic syndrome (Sanchez Jimenez and De
Jesus 2020; Biondi and Cooper 2019).

10.4.2 Hypophysiotropic TRH Neurons and Nutrient Status

Alterations of nutrient status during fasting and food restriction, or during
hypercaloric diet intake, change HPT axis activity by the concerted action of
circulating leptin concentrations and the activity of the Arc-peptidergic neurons
(Fekete and Lechan 2014; Joseph-Bravo et al. 2017). Neurons of the Arc, with a
“loose” blood-brain barrier, sense hormones and metabolites that reflect the
nutritional status of the organism. Two main populations of Arc neurons are those
synthesizing POMC or NPY, which have opposite effects on food intake (anorectic
and orexigenic respectively) and on PVN Trh expression (POMC neurons stimulate
while NPY neurons inhibit) (Fig. 10.1; Fekete and Lechan 2014). Leptin is a
hormone released by adipose tissue that stimulates the synthesis of TRH directly
in PVN neurons via STAT3 activation, and indirectly through activation of «MSH
(a product of POMC processing) release and CREB activation (Perello et al. 2010)
(Figs. 10.3 and 10.5). Fasting produces tertiary hypothyroidism, with decreases in
Trh expression in the PVN, TSH serum and pituitary concentrations, and circulating
thyroid hormones concentrations, in a sex-specific manner (Joseph-Bravo et al.
2020). The activity of the HPT axis is inhibited by fasting because of the low levels
of leptin and the high levels of corticosterone that stimulate tanycyte DIO2 activity
(Fig. 10.4, Box 10.2), increasing levels of T3 in PVN neurons (Coppola et al. 2005;
Fekete and Lechan 2014). In contrast, pituitary DIO2 is inhibited by fasting,
decreasing available T3, and DIO1 activity is reduced in liver decreasing circulating
T3. Caloric restriction, even as low as 20% of normal consumption (Uribe et al.
2014), or protein malnutrition (Patkowska-Gozdzik et al. 2017), also diminish PVN
Trh expression and HPT axis activity. Other nutritional deficiencies (Joseph-Bravo
et al. 2017), or pathological conditions such as non-thyroidal illness syndrome or
cachexia present tertiary hypothyroidism caused also by increased DIO2 activity in
tanycytes due to increased interleukins and nuclear factor kB (Fliers and Boelen
2020).

10.4.3 Hypophysiotropic TRH Neurons and Thermogenesis

As well as their role in controlling basal metabolic rate, TH are crucial in thermo-
genesis (Mullur et al. 2014). In response to cold exposure, TRH neurons are
activated, Trh synthesis and release, as well as TSH and T4 release, are stimulated
within minutes (Uribe et al. 1993; Zoeller et al. 1995); the increase in Trh expression
and TRH release is rapid and transient (30—60 min); 7r2 mRNA levels peak at 1 h,
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Fig. 10.5 Hormonal regulation of HPT axis activity occurs at various levels. (a) T3 exerts negative
feedback through THRP2 inhibiting of Trh synthesis and TRH output (stimulation of ME TRH-DE
activity), reducting TRH signaling at the pituitary by inhibiting Trhr and Tshb expression and TSH
synthesis. (b) Leptin stimulates 7rh transcription directly (see Fig. 10.3) or, via regulation of ARC
neuropeptides, and stimulates pituitary Tshb expression. (¢) Corticosterone inhibits the expression
of Trh in the PVN and of Pomc in the ARC and increases ARC-Npy expression. At the pituitary
level, corticosterone decreases 7shb mRNA levels. The serum T3 concentration is also reduced by
inhibition of hepatic Diol. (d) E2 administration to ovariectomized rats reduces 7rh synthesis in the
PVN and secretion from the ME by as yet unidentified mechanisms; in contrast, E2 stimulates Tshr,
and Tpo expression in the thyroid, increasing TSH and T3 concentrations in serum. (e) In
orchidectomized rats, treatment with testosterone increases TRH secretion, TSH concentration in
serum and Tshr mRNA levels in the thyroid gland. Continuous red arrows in panel a refer to T3
negative feedback; black arrows indicate a stimulatory effect, dashed red lines indicate inhibition.
Figure created with BioRender.com

normalizing by 2 h of exposure at 5 °C, even if cold stress is extended (Uribe et al.
1993; Zoeller et al. 1995). The thermogenic effect of HPT axis activation is
co-regulated by the concerted action of the sympathetic system that activates
DIO2, which transforms T4 to T3 in the main thermogenic organ, the brown adipose
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tissue (BAT) (Nedergaard and Cannon 2018). In BAT, the uncoupling protein
1 (UCP-1) produces heat by uncoupling ATP synthesis from oxidative phosphory-
lation in the mitochondria; T3 stimulates the synthesis of UCP-1, DIO2 and the
adrenergic receptor ADRB3 (Bianco et al. 2019). During cold stress, the increase in
serum TSH concentration is amplified when TRH-DE activity is reduced by the
injection of a specific inhibitor (Sanchez et al. 2009) or after ablation of tanycytes
that does not change PVN Trh expression (Yoo et al. 2020), suggesting that tanycyte
TRH-DE activity is limiting TSH release during a cold stress.

10.4.4 Hypophysiotropic TRH Neurons and Stress

10.4.4.1 Acute Stress

An adequate response of the HPT axis to metabolic cues, in time and intensity,
guarantees energy homeostasis. Situations of stress, however, can affect this
response (Joseph-Bravo et al. 2015b). Acute psychological stress such as restraint
inhibits PVN Trh expression, pituitary TSH release and lowers the serum concen-
tration of T3 because of inhibited DIO1 in liver (Bianco et al. 1987); since in vitro or
in vivo, corticosterone administration increases 7rh expression within 1 h, inhibition
of Trh expression by acute stress is probably caused by neuronal inputs or by
corticosterone-induced endocannabinoid inhibition of TRH neuron activity, as men-
tioned in Sect. 10.3.3 (Cote-Vélez et al. 2008; Di et al. 2003; Sotelo-Rivera et al.
2014).

Other types of acute stress inhibit the activity of the HPT axis (Joseph-Bravo et al.
2015b) and may also affect its response to acute cold exposure. If an animal is
exposed to a short period of stress just before cold exposure, the expected increase in
PVN Trh expression or serum TSH concentration in response to cold is not
observed, an effect mimicked by injection of corticosterone 30 min before cold
exposure (Sotelo-Rivera et al. 2014). The mechanism involved has been unraveled at
the molecular level: cold increases the amount of pCREB in TRH neurons of the
PVN in control rats but not in those injected with corticosterone; in hypothalamic
cell culture, forskolin, a drug that activates protein kinase A (PKA) by releasing the
catalytic subunit (PKAc), increases phosphorylation of CREB, increases pCREB in
TRH neurons and pCREB binding to CRE (Diaz-Gallardo et al. 2010b; Sotelo-
Rivera et al. 2014); this effect is not detected if cells are co-incubated with forskolin
+ dexamethasone (DEX, an analog of corticosterone that specifically binds GR).
Nuclear transport of PKAc and of GR is repressed in cells incubated with forskolin
and DEX, compared to the drugs alone, suggesting an interaction that impedes each
other transport; in cells incubated with forskolin and DEX, physical interaction of
PKACc with GR is demonstrated by co-immunoprecipitation. Since coincubation of
forskolin and DEX does not stimulate binding to 7rh promoter of a transcription
factor that would recruit deacetylases and impede the binding of GR or pCREB to
their response elements (Sotelo-Rivera et al. 2017), the data support a model
whereby activated GR traps PKAc in the cytosol, impeding its transport to the
nucleus and GR or PKAc binding to 7rh promoter. If forskolin is added 1 h before
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DEX, no interference with Trh expression is observed (Sotelo-Rivera et al. 2014).
Timing is of utmost importance since it takes few minutes for PKAc to translocate to
the nucleus after its activation whereas ligand-bound GR might take longer (Gervasi
et al. 2007; Vandevyver et al. 2012; Sotelo-Rivera et al. 2017; Kim and Iremonger
2019); new techniques such as functional fluorescence microscopy imaging (Krmpot
et al. 2019) and combined optogenetic approaches (Nomura et al. 2020), reduce
calculated time. However, what remains irreducible is the time for a neuronal signal
to activate PKA compared to that required for GR to be activated in the brain in vivo,
since approximately 20-50 min are required for corticosterone to enter the brain
(Joéls et al. 2012; Kim and Iremonger 2019); this is due to the time taken for CRH
release, ACTH release from pituitary, ACTH signaling at the adrenal cortex and
induction of synthesis and release of corticosterone since, in contrast to
neurotransmitters or peptide hormones, steroids are not stored in granules and are
synthesized in response to stimuli (Payne and Hales 2004); depending on the
stressor, an increased serum concentration of corticosterone may be detected
15 min later, with a peak at 20-60 min (Koolhaas et al. 1997). The blunting effect
of a previous corticosterone injection on the response of the hypothalamus-pituitary-
adrenal (HPA) axis to a stressor was first reported as restraint-induced expression of
PVN Crh requiring at least 30 min but no more than 180 min of corticosterone
injection previous to the stressor to repress the response (Osterlund and Spencer
2011); in vitro also, DEX must be added before forskolin to stimulate Crh expression
(van der Laan et al. 2009). GR interference on CREB phosphorylation holds for
PKA and not for other kinases such as MAPK or ERK (Cote-Vélez et al. 2008).

10.4.4.2 Chronic Stress

The effects of chronic stress on the HPT axis depend on the type of stress, since the
axis habituates to a homotypic stressor as daily intermittent restraint (Uribe et al.
2014). Chronic stress also inhibits the response of the HPT axis to acute cold
exposure (Castillo-Campos et al. 2020) but in contrast to the response to an acute
stressor, which is attenuated after homotypic chronic stress (as intermittent restraint)
and hyperactivated after a heterotypic one (as daily variable stress), the HPT axis
response to cold is similarly blunted with both types of stress. The neuronal circuits
involved in controlling CRH neurons in these two types of stressor have been
characterized and involve GABAergic and glutamatergic neurons projecting from
the bed nucleus of stria terminalis to the PVN (Radley and Sawchenko 2015) but
whether these circuits participate in the inhibitory effect of chronic stress on the cold-
response of hypophysiotropic TRH neurons to cold remains to be elucidated.

10.4.5 Hypophysiotropic TRH Neurons and Exercise

Another energy-demanding situation that activates the HPT axis is physical activity.
Exercise requires an adequate supply of fuel to active tissues such as muscle,
provided by endogenous reserves through glycolysis and lipolysis; TH regulates
several of the enzymes involved in these reactions as well as the supply of metabolic
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substrates (Mullur et al. 2014; Klieverik et al. 2009). TH are also involved in the
adequate functioning of skeletal and cardiac muscle and in respiration, which
explains why hypothyroid individuals have a low exercise performance (Ylli et al.
2020). Increased serum TSH and TH concentrations are detected in animals or
humans if taken during or at short times after exercise, before exhaustion or when
the individual achieves a negative energy balance (Ylli et al. 2020; Chatzitomaris
etal. 2017). Activation of HPT axis activity also occurs in rats undertaking voluntary
exercise; Trh expression in the PVN increases, compared to pair-fed controls,
proportionally to the amount of exercise performed and to the loss of fat mass
(Uribe et al. 2014); likewise, serum T4 concentration increases during treadmill
exercise (Fortunato et al. 2008). In humans, only peripheral hormones can be
quantified, and results are controversial, depending on the time of sampling and
nature of exercise; increased serum TSH, T4, or T3 concentrations are detected after
submaximal exercise (running or swimming) (Y1li et al. 2020). A recognized feature
of chronic exercise is the loss of adipose tissue. Two weeks of voluntary wheel
running, which is a non-stressful form of exercise for rodents, diminish fat depots in
abdominal and subcutaneous regions, more in males than in females, and increase
Trh expression in PVN of males, and of TSH concentration in serum of females;
these responses are curtailed by chronic restraint stress (Parra-Montes de Oca et al.
2019) and by chronic variable stress (CVS) (Parra-Montes de Oca unpublished)
which reduce the quantity of exercise performed and block increased Trh expression
in the PVN and fat loss.

The inhibitory effect of either acute or chronic stress on the response of PVN
TRH neurons or TH concentration to energy demands could explain some of the
symptoms of subclinical hypothyroidism, such as fatigability, cold intolerance, and
low exercise performance. The efficient mechanisms of HPT axis regulation allow a
rapid return to homeostasis; only drastic or pathological situations cause low detect-
able serum concentrations of TH, in particular T3 (McAninch and Bianco 2014).
Knowledge of the mechanisms involved in regulating PVN TRH neurons has
allowed a better understanding of situations that stimulate the axis in a transient
manner. One can envisage that HPT axis intermittent activation promotes the signals
required by energy demands, and that repression of this response produces situations
of energy deficit that may be felt as hunger or fatigue, causing increased food
consumption and diminished physical activity and eventually leading to obesity
and metabolic syndrome.

10.4.6 Sex Differences in the Activity of Hypophysiotropic TRH
Neurons

Energy balance depends on mechanisms that regulate food intake, metabolic sub-
strate distribution, and the different components of energy expenditure, including
basal metabolism, physical activity, and thermogenesis, all of which are profoundly
affected by HPT axis function (Mullur et al. 2014). Energy homeostasis is regulated
differently in males and females; during exercise, for example, males first utilize
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glycogen reserves while females utilize fat first (Mauvais-Jarvis 2015). Fat distribu-
tion also differs, males storing more fat in abdominal depots which promotes the
development of metabolic syndrome while females store more in subcutaneous
spaces which secrete higher quantities of leptin than abdominal depots (Mauvais-
Jarvis 2015; Chusyd et al. 2016).

Parameters of the HPT axis activity and some of those involved in its regulation
show sexual dimorphism in their basal state (Fig. 10.5d, e); in some cases, a direct
effect of sex hormones has been identified. In the hypothalamus, sex steroids
regulate the neuroendocrine and autonomic activity of the PVN; androgen
(AR) and estrogen (ER) receptors are expressed in various hypophysiotropic
parvocellular neurons and in neurons that project to the brainstem (Bingham et al.
2006), though co-expression of either kind of ER (a or ) with TRH is scant (Suzuki
and Handa 2005); using in situ hybridization for Trh, which is more sensitive than
immunocytochemistry for the TRH precursor, we also detected few cells
co-expressing ERa (Uribe et al. 2009), but ERp has yet to be studied. 7rh expression
in the PVN of ovariectomized rats is higher than in controls in the caudal part of the
PVN and is decreased by estradiol administration in a dose-dependent manner
(Uribe et al. 2009); in these animals, serum concentration of T3 increases in a
dose-dependent manner; in contrast, serum TSH concentration is not affected by
the higher dose and serum concentrations of T3 and 17f-oestradiol (E2) correlate
positively, whereas both correlate negatively with PVN Trh mRNA levels. This
illustrates the concerted response of the HPT axis and suggests that the negative
effect of E2 on Trh expression could in fact be due to the T3 feedback effect. The
response of serum TSH to E2 could be explained by the higher levels of pituitary
TRH receptors (Donda et al. 1990; Minakhina et al. 2020). Furthermore, E2 directly
stimulates the activity of thyroid peroxidase (TPO) (Lima et al. 2006), an enzyme
involved in TH synthesis. The direct effect of testosterone on PVN Trh expression
has not been studied, though it has positive effects on other parameters. The TRH
content of median eminence decreases in orchidectomized rats but normalizes after
testosterone replacement (Pekary et al. 1990), and testosterone induces the expres-
sion of T'shb in pituitary (Christianson et al. 1981; Ross 1990) and of Thsr in the
thyroid gland (Banu et al. 2001).

Previous sections described how HPT axis activity responds to situations that
alter energy homeostasis or stress. Most work was performed in males, but a few
studies compared males and females within the same experimental paradigm. For
example, HPT axis inhibition in response to starvation occurs more intensely and
earlier in males than in females and PVN Trh expression and TSH serum concentra-
tion are reduced in males after 24 h of starvation, whereas in females these changes
take place only after 48 h of fasting and to a lesser degree (Joseph-Bravo et al. 2020).
The response to voluntary exercise also differs; Trh expression in PVN increases in
males compared to pair-fed controls proportionally to running but not in females,
which show increased TSH serum concentration instead; and females lose less fat
than males, in spite of their exercising three times more than males (Parra-Montes de
Oca et al. 2019). These results suggest that PVN TRH neurons in females are not
activated as in males, but more work is needed to be able to elucidate the mechanism
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involved; whether it relates to the effects of estradiol on metabolism (Xu and Lépez
2018) awaits resolution.

10.4.7 Developmental Programming of Hypophysiotropic TRH
Neurons

Thyroid hormones play a crucial role in fetal and postnatal neurodevelopment and
metabolism (Mullur et al. 2014; Moog et al. 2017a); therefore, any insult that may
affect serum TH concentration of the mother, such as maternal disease and diet,
exposure to toxins, or disrupting chemicals may have many deleterious effects in
offspring development (Mughal et al. 2018; Miranda et al. 2020). Effects may be
long-lasting and sex-specific, affecting different tissues depending on their develop-
mental window and time of perturbation (Fall and Kumaran 2019; Miranda et al.
2020).

Before the onset of thyroid function in the human and rat fetus, which occurs
around 16-20 weeks of gestation and at embryonic (E) day 17.5, respectively, the
fetus is completely dependent on the maternal supply of TH; however, a significant
transfer of TH from the mother to the fetus persists after the onset of the fetal thyroid
function (Moog et al. 2017a; Morreale de Escobar et al. 1987). While hypothalamic
TRH neurons appear by E13 in the rat (Markakis and Swanson 1997), TRH is
mainly produced postnatally, showing a peak at day 21 after birth (Burgunder and
Taylor 1989). Gestation, lactation, and adolescence are thus critical developmental
windows that can alter the function of the HPT axis.

10.4.7.1 Nutrition

Maternal obesity is associated with decreased hypothalamic 7rh expression only in
rat male pups, and increased hypothalamic Dio2 expression only in female pups
(Dias-Rocha et al. 2018). In non-human primates, maternal obesity induced by a
pregestational high-fat diet decreases hypothalamic 7rh expression of the fetus at the
beginning of the first trimester (Suter et al. 2012).

Maternal protein or energy restriction during gestation/lactation programs the
adult rat offspring for thyroid dysfunction, provoking low TSH in vitro
TRH-induced release (Lisboa et al. 2008), low body weight, and a decreased resting
metabolic rate (Ayala-Moreno et al. 2013). Inadequate micronutrient intake during
gestation and lactation is another factor implicated in the development and HPT axis
function of the progeny. In particular, necessary elements for TH synthesis (iodine)
or enzyme function (e.g., Se for deiodinases and Zn for various metalloenzymes and
transcription factors), if insufficient in the mother’s diet during gestation or suckling
periods, produce deleterious effects (see reviews Rezaei et al. 2019; Hubalewska-
Dydejczyk et al. 2020). Zn deficiency in the mother’s diet and during adolescence
decreases TRH-DE activity in median eminence and in pituitary and increases TSH
concentration in serum with no effect on TH levels (Alvarez-Salas et al. 2015).
During pregnancy, adequate iodine intake is required to meet maternal and fetal
needs and to account for increased maternal losses; iodine deficiency in early life
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impairs cognition and growth (Pearce et al. 2016). Excessive iodine intake during
pregnancy and lactation increases the mother’s susceptibility to thyroid dysfunction;
this can affect cognitive development of the offspring and increases the risk of infant
hypothyroidism induced by an excessive concentration of iodine in breast-milk
(Pearce et al. 2016; Farebrother et al. 2019). Maternal ingestion of high
concentrations of iodine alters the function of the HPT axis of male rat offspring
in adulthood; 7rh and Tsh expression in the hypothalamus and pituitary are
increased, along with elevated TSH secretion.

During the suckling period pups are also susceptible; overnutrition programs
adult male rats for central hypothyroidism, reflected by decreased mRNA levels of
Trh in the PVN and protein expression in the hypothalamus, and lower basal and
TRH-stimulated TSH secretion (Aréchiga-Ceballos et al. 2014; Lisboa et al. 2015).
Neonatal and postnatal exposure to a diet high with soy content leads to increased
hypothalamic Trh expression in adult mice, although TH levels are not affected
(Cederroth et al. 2007). In contrast, undernourishment during suckling mice alters
postnatal development and long-term hypothalamic gene expression, including that
of Trh, expression of which is decreased in 21-day-old male and female offspring
(Kaczmarek et al. 2016).

10.4.7.2 Stress

Fetal exposure to synthetic GC as DEX or postnatal chronic stress results in
behavioral and metabolic disturbances later in life and permanent alterations of
gene expression of neuropeptides. Sex-specific effects are observed in adult rats
exposed to DEX during late gestation; core body temperature is reduced in females,
but not males, and although preproTRH-ir fibers are reduced in the PVN of both
male and female offspring, only adult females present a reduced number of
preproTRH-ir neurons in the PVN as well as mRNA levels (Carbone et al. 2012).
The higher susceptibility of females to prenatal GC exposure is confirmed in guinea
pigs (Moisiadis et al. 2017). Postnatal stress, such as maternal separation
(MS) during the suckling period or childhood maltreatment, is associated with
reduced thyroid activity (decreased serum levels of TSH and/or T3) in male rats,
adolescents and non-pregnant women (Jaimes-Hoy et al. 2016, 2019; Sinai et al.
2014; Machado et al. 2015), increasing their risk of exhibiting subclinical hypothy-
roidism during pregnancy (Moog et al. 2017b) and putting the child at risk of adverse
neurodevelopmental outcomes. In contrast to the inhibitory effects of GC adminis-
tration during gestation on 7rh expression in females, MS increases it; PVN-Trh
expression in males is not affected but the expression of its degrading enzyme is
increased, resulting in a low TSH serum concentration in adult male rats. MS
affected not only the basal activity of the HPT axis but its response to various
challenges such as food deprivation or cold exposure is blunted in males, but not in
females (Jaimes-Hoy et al. 2016, 2021). The response to hypercaloric palatable diet
and psychological stress (restraint) is also modified, depending on whether the diet is
started in puberty or adulthood. For example, restrained MS male rats exposed to a
high-fat/high-carbohydrate diet from puberty have increased Trh expression in PVN
and decreased concentrations of TSH and TH in serum, whereas females do have
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increased PVN-Trh mRNA but serum TH levels are also increased, suggesting that
males are more susceptible to interference with the adaptive response of this
neuroendocrine axis to a metabolic stressor (Jaimes-Hoy et al. 2019).

10.4.7.3 Tobacco and Endocrine Disrupting Chemicals

Prenatal and infant exposure to toxins or pollutants may have persistent effects
throughout life. Tobacco smoking during pregnancy/lactation exerts numerous
short- and long-term adverse effects on the neonate’s health, increasing the risk of
developing obesity, hypertension and metabolic and lung-related diseases, including
altered thyroid function and development (Banderali et al. 2015; Miranda et al.
2020). Maternal nicotine exposure leads to microgliosis in the PVN (Younes-
Rapozo et al. 2015), reduced hypothalamic TRH content (Younes-Rapozo et al.
2013) and secondary hypothyroidism is induced in the PVN of male offspring at
adulthood, with low serum levels of TSH and TH. This is due in part to in vivo
TRH-TSH suppression and decreased sensitivity to TRH (Miranda et al. 2020).

Plastics and other chemicals that have contaminated water and soil produce
substances that affect the endocrine system, called endocrine-disrupting chemicals
(EDCs) (Gore et al. 2019). EDCs may act alone or in combination, impairing
estrogenic/androgenic and thyroid function, the latter acting at multiple levels of
the HPT and gonadal axes; dysfunction of these axes have been associated with
obesity, reproductive alterations, breast, ovarian and thyroid cancer, hypothyroidism
and cognitive impairment (Mughal et al. 2018). Perinatal exposure to triclosan
(TCS), a common chemical present in household and personal products, reduces
expression levels of Trh, Thra and TH transporters in the brains of mouse offspring
(Tran et al. 2020). In gestating mice dams, acute treatment on the day of delivery
with the organotin tributyltin (TBT) dose-dependently increases Trh transcription in
pups’ hypothalamic, independent of T3 and mediated by hypothalamic
overexpression of Rxra; in contrast, chronic exposure of dams to the flame-retardant
tetrabromobisphenol A (TBBPA) during late gestation diminishes 7rh and Mc4r
transcription in pups’ hypothalami in the absence of T3 (Mughal et al. 2018). Poly-
brominated diphenyl ethers (PBDEs), used as flame retardant additives, have been
banned in several countries but persist in the environment (Sharkey et al. 2020); they
reduce whole-body T4 content accompanied by down-regulation of Trh and Tshb in
offspring (Han et al. 2017), which may contribute to the associated
neurodevelopmental alterations.

The list of endocrine disruptors will probably keep growing, and with uncontrol-
lable stress situations cause long-term effects on HPT axis function, but most
worrying are those affecting the gestation period, which might be the basis of the
increasing number of patients with diseases related to thyroid effects on brain
development.
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10.5 Hypophysiotropic TRH Neurons Regulate Prolactin
Secretion

Soon after its discovery, it was shown that TRH stimulates prolactin (PRL) secretion
either in vivo or in vitro (Jacobs et al. 1971; Tashjian et al. 1971) although
controversies about male responses soon appeared (Watanobe et al. 1985). PRL
secretion is controlled directly by hypothalamic tuberoinfundibular dopamine
neurons, which exert an inhibitory drive, but also by various hypothalamic neurons
releasing stimulatory factors (Grattan 2015). During suckling, dopamine
(DA) release into portal blood is inhibited while TRH biosynthesis in the PVN
and release from the ME are stimulated (Fink et al. 1982; Uribe et al. 1993; Van
Haasteren et al. 1996; Sanchez et al. 2001), implicating the hypophysiotropic PVN
TRH neurons. Furthermore, TRH antisera inhibit suckling-induced PRL release
(de Greef et al. 1987), and studies with TRH and TRH-R1 KO mice have shown
that TRH is necessary to maintain maximal prolactin output in lactating mice
(Rabeler et al. 2004; Yamada et al. 2006).

TSH is not released by suckling, nor is PRL by cold exposure (Uribe et al. 1993;
Van Haasteren et al. 1996; Sanchez et al. 2001), suggesting that post-secretory
processes likely refine the specificity of TRH action in the anterior pituitary.
Although the hypophysiotropic TRH neurons regulating prolactin may differ in
part from those controlling TSH secretion (Sanchez et al. 2001), there is no evidence
yet for an anatomical pathway that may segregate TRH released by each kind of
hypophysiotropic neuron. The stimulus-dependent response may originate from
other aspects of PRL secretion control. CART, co-expressed in TRH
hypophysiotropic neurons, is upregulated by 1 h exposure to cold but not by
suckling (Séanchez et al. 2007). Since CART inhibits prolactin release in vitro and
cold exposure does not induce the release of PRL, CART may serve as a modulator
of TRH actions in these physiological circumstances, stimulating TSH release while
blocking prolactin release (Sanchez et al. 2001, 2007; Raptis et al. 2004).

DA withdrawal during suckling, or in primary cultures of hypophysial cells,
potentiates TRH-induced PRL secretion (Martinez de la Escalera and Weiner
1992). In lactotrophs the intensity of TRH action is under TRH-DE control: in
primary cultures of female rat anterior pituitary cells, Trhde is expressed in some
lactotrophs, and inhibition of Trhde expression or activity enhances TRH-induced
prolactin secretion (Bauer et al. 1990; Cruz et al. 2008). In anterior pituitary cells,
TRH-DE activity is rapidly enhanced by the removal of DA and addition of TRH
(Bourdais et al. 2000). These results suggest that lactotrophs TRH-DE activity is
controlled by signals that shape PRL secretion in response to TRH and that TRH-DE
regulation may in turn alter PRL release.

Finally, although many studies have shown that TRH acts directly on lactotrophs,
it is relevant to note that numerous TRH fibers enter the Arc (Péterfi et al. 2018).
TRH terminals abut on tuberoinfudibular dopaminergic (TIDA) neurons in rats
(Lyons et al. 2010) and humans (Dudas and Merchenthaler 2020), coincident with
the expression of the TRH receptor in Arc (Heuer et al. 2000), but the TRH neurons
of origin are not known. In hypothalamic slices, TRH provokes a transition from
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phasic to tonic firing of the TIDA neurons that control PRL secretion (Lyons et al.
2010). The relative importance of direct and indirect control of prolactin secretion by
TRH remains to be elucidated.

10.6 Perspectives

In this review, we have attempted to present a summary of the characteristics of TRH
hypophysiotropic neurons. These parvocellular neurons are mixed with multiple cell
types in the PVN, including various subtypes of TRH neurons, making this charac-
terization daunting. We have information about a small set of genes; although single-
cell transcriptomes of hypothalamic TRH neurons have been published, a definitive
assignation of a TRH cluster to the hypophysiotropic neurons is lacking.

Delineation of the neuronal circuits that modulate hypophysiotropic TRH
neurons activity under different paradigms is not complete. Advances have been
made in defining how they sense metabolic information, including the involvement
of Arc inputs. However, knowledge of the circuits involved in other events is only
partial. Afferents from the suprachiasmatic nucleus contact PVN TRH neurons
(Kalsbeek et al. 2000), but the input and target neuronal types involved are still
unknown. Cold exposure activates noradrenaline neurons that contact
hypophysiotropic TRH neurons, but whether these inputs arise from locus coeruleus,
nucleus tractus solitarius or other noradrenergic nuclei is still under investigation.
How chronic stress affects the activity of TRH neurons, and whether it depends on
the type of stress as for CRH neurons (Radley and Sawchenko 2015) is also
unknown. Another unknown is the identity of the neuronal circuit that activates
the hypophysiotropic TRH neurons in response to suckling.

We also reviewed the most important data on TRH mode of synthesis, release,
and inactivation. Knowledge of these metabolic steps has been used to obtain
subrogate measures of TRH neurons activity, since quantification of TSH or TH
serum concentrations does not precisely reflect changes in TRH release into portal
blood nor the activity of HPT axis as peripheral metabolism of TH is strictly
regulated in a time- and tissue-dependent manner (Bianco et al. 2019). Together,
these measurements allowed the identification of an array of regulators of TRH
metabolism and neuronal activity that are intimately linked to the activity of the
whole HPT axis since basal levels of Trh expression depend on TH feedback and
nutrition status. In addition, TRH neurons and HPT axis respond to energy-
demanding situations according to previous exposure to stress (immediate or during
development).

The design of experiments that analyze the activity of the TRH neurons must take
into account various considerations mentioned in Box 10.3, as well as conditions of
stress and metabolic changes imposed by the paradigm (Castillo-Campos et al.
2020). Consideration of stress conditions during the experiment and at sacrifice is
essential since even taking rats from a cage causes the immediate release of cortico-
sterone, which depends on the order of animal removal from its cage (Ferland and
Schrader 2011). Another factor is the animal species under study; the rat was the
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preferred animal for research in physiology, but since the development of
transgenesis the mouse became a common object of study; because, these species
differ in many ways (Ellenbroek and Youn 2016), extrapolating results from one
species to another could produce false hypotheses. For translational studies, it is
relevant to note that most work on rodents is performed during the light period that
corresponds to the inactive period of rodents, with low serum corticosterone and
high thyroid hormone concentrations, according to circadian status. Another very
important task is a comparison of results from males and females, ideally within the
same experiment to control most variables.

Finally, until recently many studies have been limited to measuring activity at one
(or sometimes a few) sampling time; it is like a snapshot that does not explain the
processes under study, which are dynamic, and causal relationships have been
difficult to investigate. However, the development of genetic techniques in the recent
past, including transgenesis, CRISPR-Cas9, chemogenetic and optogenetic
methods, provide an ample portfolio of tools that will undoubtedly allow precise
monitoring of TRH neurons activity in vivo, using for example real-time calcium
fiber photometry recordings, and manipulation of their activity with chemical and
optical tools (Miiller-Fielitz et al. 2017; Farkas et al. 2020).

The information gathered so far on TRH neuron activity could help to better
diagnose subclinical hypothyroidism and suggests that it is relevant to consider the
stress level of the patient. It appears that measurements of serum TSH, TH and
cortisol concentrations before and after a bout of exercise or cold exposure may be
more appropriate than evaluation only at basal state, which utility is limited for
diagnosis and treatment (Biondi et al. 2019).

Box 10.3. Tools to Study Activity of TRH Neurons

To evaluate the activation of TRH neurons, measurement of the levels of
mRNA has been used as a good index since they are rapidly increased in
response to stimulation; an increase can be detected at 45—-60 min (Uribe et al.
1993; Zoeller et al. 1995), near the time required to measure immediate early
gene expression, such as c-fos. In many events, the same effector stimulates
both synthesis and release; for example, cold-induced activation of noradren-
aline neurons signals to TRH hypophysiotropic neurons, and increases release
as well as the synthesis of TRH (Perello et al. 2007). However, not all effectors
affect both processes; for example, acute corticosterone administration
increases 7rh mRNA levels but decreases TRH release through the
endocannabinoid pathway at PVN level (Sotelo-Rivera et al. 2014; Di et al.
2003). The activity of the hypophysiotropic neurons can be studied either
through sampling most TRH neurons in a large volume of the PVN or with
cellular resolution. For rapidly sampling the activity of most hypophysiotropic
TRH neurons, a common strategy is to measure 772 mRNA levels in punches
of the PVN with RT-PCR. Alternatively, levels of proTRH measured by

(continued)
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Box 10.3 (continued)

Western blotting, or levels of TRH by RIA, may be used to infer the status of
TRH biosynthesis in the PVN. For these strategies to be most specific for
hypophysiotropic neurons, an important consideration is the adequate dissec-
tion of the PVN. Reports on single-cell transcriptomes that do not report how
dissection was performed may have limited usefulness; likewise, analysis of
the whole hypothalamus to deduce regulation of HPT axis activity is mean-
ingless. Within the hypothalamus, apart from the PVN, several nuclei express
TRH (Joseph-Bravo et al. 2015b). Caudal to the PVN, the dorsomedial
hypothalamus contains a large population of non-endocrine TRH neurons
that are activated for example by exercise, like those of PVN (Uribe et al.
2014); this localization is essential to consider when injecting directly into the
PVN, as well as the size of cannulas. In the ventrolateral directions, the lateral
hypothalamus expresses many TRH neurons too. In the PVN proper, many
TRH neurons of the anterior PVN are not hypophysiotropic, and project to
other hypothalamic nuclei and brain areas (Wittmann et al. 2009), whereas
TRH magnocellular neurons located in mid-PVN can only be differentiated
from the hypophysiotropic neurons under the microscope. Finally, other
parvocellular TRH neurons of mid-caudal PVN (in the rat) are not
hypophysiotropic (Simmons and Swanson 2009) although a good correlation
has been obtained between punches and histochemical data in various
paradigms. On the other hand, immunohistochemical and/or in situ
hybridization techniques generate cellular resolution, but to guarantee that
data refers to hypophysiotropic parvocellular TRH neurons, additional infor-
mation, such as CART expression (Fekete et al. 2000) is required. A direct
measure of PVN TRH neuron (identified afterward by immunohistochemistry
or single-cell transcriptomics) activity can be obtained by electrophysiology in
hypothalamic slices (Di et al. 2003). The distinct localization of the PVN and
median eminence along the anteroposterior axis in coronal slices allows
separate quantifications of PVN Trh expression and processed TRH in nerve
endings. Techniques designed to measure in vivo release of TRH are cumber-
some and not precise. Measuring TRH content in median eminence extracts,
less than 2 h after a stimulus, may indicate release if the content is reduced,
although processing could also be affected. At the nerve terminal of TRH
neurons, cleaved products of TRH precursor are enriched (Lechan et al. 1987),
thus for TRH quantification adequate antibodies are required, which usually
recognize pGlu and ProNH, moieties, so those raised against precursor forms
will not recognize it. Another indirect measure of TRH release is the measure-
ment of serum TSH concentration. The i.v. injection of anti-TRH antibodies
can reduce serum TSH concentration, which validates this approach in short-
term studies. However, secretion of TSH is also regulated by other hypotha-
lamic (SRIF) or peripheral influences (TH, corticosterone). The development

(continued)
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Box 10.3 (continued)

of recombinant DNA techniques and the creation of transgenic mice have
provided information on the role of multiple molecules involved in signaling
and transcription of 7rh, or of the elements involved in the HPT axis as
deiodinases. The most interesting data are those obtained with conditional
transgenesis, so that expression of the gene of interest is only altered in a
specific tissue and/or in a defined window of time, which avoids the problems
produced by indirect effects through other cell types (Fonseca et al. 2013)
and/or the lack of that protein during development.
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