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Abstract

The hypothalamic pituitary thyroid (HPT) axis plays a critical role in mediating changes in
metabolism and thermogenesis. Thus, the central regulation of the thyroid axis by Thyrotropin
Releasing Hormone (TRH) neurons in the paraventricular nucleus of the hypothalamus (PVN) is of
key importance for the normal function of the axis under different physiological conditions including
cold stress and changes in nutritional status. Before the TRH peptide becomes biologically active, a
series of tightly regulated processes occur including the proper folding of the prohormone for
targeting to the secretory pathway, its post-translational processing, and targeting of the processed
peptides to the secretory granules near the plasma membrane of the cell ready for secretion. Multiple
inputs coming from the periphery or from neurons present in different areas of the brain including
the hypothalamus are responsible for the activation or inhibition of the TRH neuron and in turn affect
the output of TRH and the set point of the axis.
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1. Introduction

The hypothalamic-pituitary-thyroid (HPT) axis plays an essential role in the maintenance of
metabolic homeostasis in response to alterations in metabolism and external environment.
Thyrotropin-releasing hormone (TRH) produced in the parvocellular division of the
hypothalamus is the key peptide hormone responsible for HPT regulation. TRH is synthesized
from a larger inactive precursor (proTRH) by a series of post-translational modifications while
transported through the regulated secretory pathway (RSP). These processing events are
conducted by two members of the family of prohormone convertases (PCs), PC1/3 and
secondarily by PC2 [1;2;3]. The intermediate products of processing generated by these
enzymatic activities are further subjected to additional modifications by exopeptidases, such
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as carboxyl peptidase E and D (CPE, CPD), to remove the C-terminal basic amino acids [4].
TRH-gly, the immediate precursor to TRH (pGlu-His-Pro-NHo; thyroliberin), is then amidated
at its carboxyl terminus by the action of peptidylglycine a-amidating monooxygenase enzyme
(PAM) [4;5;6] (see Fig. 1). Anatomically, a subgroup of TRH neurons (see section 2)
originating in the paraventricular nucleus of the hypothalamus (PVN) project their axon
terminals to the median eminence (ME) where they are in close proximity to the capillaries of
the hypophysial-portal system. TRH released in these capillaries stimulate the biosynthesis and
secretion of thyroid stimulating hormone (TSH) from the pituitary [7;8], which in turn,
stimulates biosynthesis of the thyroid hormones, thyroxine (T,4), and it modified product
triidothyronine (T3) by the action of deiodinases [9]. The thyroid hormone regulates the
transcription of important genes by binding to a family of nuclear receptors throughout the
body, and is of critical significance to sustain protein synthesis and metabolic activity in
peripheral tissues. The thyroid hormone also plays a pivotal role in the regulation of
thermogenesis. Roughly 30% of resting energy expenditure is dependent upon thyroid
hormone, and it is critical in facultative thermogenesis during cold exposure [10;11]. One
mechanism by which thyroid hormone affects thermogenesis is by affecting uncoupling
proteins (UCP-1, UCP-2 and UCP-3) in brown adipose tissue (BAT) and muscle, in
combination with an activation of the sympathetic nervous system to accelerate ATP turnover
[10;11]. The thyroid gland provides an unchanging basal level of thyroid hormone to keep the
basic metabolic rate of all cells at a constant level, and provides the overall set point of this
endocrine axis. The maintenance of euthyroidism is dependent on TRH regulation of TSH
[7,8] as well as by feedback of thyroid hormones, which suppress preproTRH expression and
TSH secretion [12;13]. The significance of TRH in the regulation of thyroid axis was
demonstrated in humans with a TRH receptor mutation and in mice lacking the TRH gene,
which in both cases caused central hypothyroidism [14;15]. In addition to the negative
regulation to TRH by thyroid hormones, the TRH neurons in the PVN are also subjected to
tight regulation by neuropeptide Y (NPY), the adipocyte hormone leptin, and two melanocortin
peptides (melanocortin stimulating hormone (a-MSH) and agouti-related peptide (AgRP))
[6;16;17;18]. Integration of all of these inputs provides an exact set point for the thyroid axis
when changes in nutritional and external temperature occur. A better understanding of the
mechanisms by which these inputs signal the TRH neurons is of paramount importance because
of its impact of the thyroid metabolism at the central level.

2. Hypothalamic TRH neuron and its neuronal and metabolic interactions

Hypophysiotropic TRH neurons have axon terminals present in high density in the external
layer of the rat ME, in close apposition to capillaries of the hypophysial-portal system [19].
These axons originate from neuronal perikarya located in the PVN, of the hypothalamus.
Destruction of this region results in the disappearance of up to 94% of TRH in the external
layer of the ME, and the reduction of TSH secretion from the anterior pituitary gland [20].
After its biosynthesis in the hypothalamus through a post-translational processing mechanism,
the TRH peptide is transported through axon terminals to the ME where is released into
capillaries of the hypophysial-portal system for stimulating the synthesis and release of TSH
from the pituitary [7;8]. The TSH peptide is an important regulator of thyroid hormone levels
and a major center of neural control on the endocrine system, and is thus responsible for
controlling physiological responses to the external and internal environment [21;22]. TRH
neurons located in the “thyrotrophic area” (hypophysiotropic) receive inputs from other regions
of the brain as well as from the circulation. The most important afferent connections to the
TRH neurons in the PVN include catecholamine neurons from the brainstem [23] and neurons
from the arcuate nucleus (ARC) of the hypothalmus. Neuropeptides derived from the ARC
play a significant role in the response of thyroid axis to both starvation and illness, and
catecholamines play a significant role in the up-regulation of TRH gene expression during
cold-exposure [24]. In addition to the PVN, TRH neurons are present in other regions of the
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hypothalamus, including the preoptic area, anterior hypothalamus, supraoptic, arcuate,
dorsomedial and premmamilary nuclei, as well as basolateral and prefornical hypothalmus
[25;26].

Therat PVN is composed of two major parts, the magnocellular and the parvocellular divisions.
The magnocellular hypothalamic neurohypophysial tract carries vasopressin and oxytocin to
the posterior pituitary. The parvocellular section is composed of a number of subcompartments
including anterior, medial, periventricular, ventral, dorsal and lateral parvocellular
subdivisions. A large population of TRH-immunoreactive neurons are located in medial and
periventricular parvocellular subdivisions, organized in a triangular configuration, symmetric
to the dorsal aspect of the third ventricle, whereas neurons expressing TRH in the anterior
parvocellular subdivision are more disperse [26]. However, not all TRH containing neurons in
the PVN project to the ME [27]. Only TRH neurons in the medial and periventricular
parvocellular subdivisions project to the ME. Most likely the function of these neurons differ
from those of the anterior parvocellular subdivision. Non-hypophysiotropic TRH neurons also
present in the PVN has no known projections to the ME. It is presumed that they do not serve
a direct hypophysiotropic function, but rather play a different role. Among other functions,
they might act on the autonomic nervous system to induce thermoregulation. For example,
after intra-cerebro-ventricular (ICV) administration of a-MSH [28], the peptide stimulated
both hypohysiotrophic neurons and proTRH from the anterior and ventral parvocellular
subdivisions of the PVN, a region associated with the stimulation of the autonomic regulation.
This region sends neuronal projections to brain stem and spinal cord targets [29;30;31]. Given
those facts, it is possible that non-hypophysiotropic TRH neurons might have an action in
autonomic regulation by activating uncoupling protein-1 (UCP-1) in the brown adipose tissue
[32] in concert with a simultaneous stimulation of the HPT axis by hypophysiotropic TRH
neurons.

In the human PVN, the magnocellular and parvocellular neurons are not restricted to any
particular subdivision of the nucleus. Although the literature on TRH neurons in the human
PVN is limited, it was reported that most TRH neurons are present in its dorsomedial part
[33]. Using in situ hybridization, TRH mRNA expressing neurons were reported not only in
the human PVN, but also in the suprachiasmatic nucleus, perifornical area and lateral
hypothalamus [34]. Therefore, the neuroanatomy of the TRH neuron is certainly not identical
in all species and the rat hypothalamus cannot simply be taken as universal. On the other hand,
NPY, AgRP and a-MSH containing axons are frequently present in close juxtaposition to TRH
neurons in the human PVN, which is very similar to the rat PVN [35]. It is, therefore, important
to point out that most data generated to date are derived from rat studies, and its extrapolation
to humans may have its limitations in interpretation.

Although no definitive neuronal TRH projections from the PVN to the ventromedial
hypothalamus (VMH, also know as the satiety center), or lateral hypothalamus (LH also known
as the hunger center) were clearly defined, evidence suggests that TRH inhibits food and water
intake. These results are consistent with high levels of TRH in the VMH [36;37], and it was
proposed that the LH is critical for TRH-induced anorexia [38]. What it is not clear, however,
is whether those actions of TRH in these hypothalamic areas are derived from PVN fibers.
TRH inhibits food [39;40;41] and water intake [26;36]. For example, TRH can suppress eating
without altering blood glucose levels [42] and without affecting TSH [43], suggesting that non-
hypophysiotropic TRH neurons could regulate feeding behavior by another pathway aside from
the HPT axis, perhaps by sending its axons to the VMH where no preproTRH mRNA was
detected, but the presence of the TRH-1 receptor was identified [44]. The other possibility is
that TRH produced in the LH [26;44] or TRH derived from neurons located in the PVN and
projecting their fibers to the LH will inhibit the secretion of the orexogenic peptides, MCH and
orexin [45]. TRHR-1 and TRHR-2 are both present in the LH, and preproTRH mRNA is also
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abundant. Orexin/hypocretin neurons are critical for sustaining consciousness: their firing
stimulates wakefulness and their destruction causes narcolepsy. In a recent study using whole-
cell patch-clamp recordings, it was found that TRH robustly increased the action potential
firing rate of these neurons. TRH-induced excitation persisted under conditions of synaptic
isolation, and caused a Na (+)-dependent depolarization. The results of this study attributed a
new role to TRH as a physiological modulator of orexin cell firing [46]. The largest
concentrations of hypothalamic TRH neurons outside of the PVVN are found in the dorsomedial
nucleus, lateral hypothalamus and preoptic area, including medial, periventricular,
suprachiasmatic and the sexual dimorphic nucleus of the preoptic area [25;26]. In addition to
the PVN, TRH neurons are present in many other regions of the CNS including regions in the
diencephalon, telencephalon, mesencephalon, myelencephalon and spinal cord [26], and the
majority of inputs to TRH neurons are derived from the diencephalon, telencephalon and
brainstem [47]. The anatomic distribution of TRH neurons and their fibers in these tissues was
described earlier [26]. As mentioned above, catecholaminergic neurons have one of the most
prominent innervations to TRH neurons in the PVN arising primarily from A1/C4 groups in
the medulla, and contributing approximately 20% of all synapses on these cells. The excitatory
function of these neurons is suggested because the axons participate in asymmetric synapses
with both perikarya and dendrites of TRH neurons. TRH neurons are densely innervated by
norepinephrine (NE) containing axons that stimulate TRH secretion [19]. Their axon terminals
are in close apposition to TRH axons in the external layer of the rat median eminence signifying
that catecholamine inputs may influence TRH hypophysiotropic neurons directly on their
perikarya, dendrites, but also on their axon terminals.

In addition to the catecholaminergic inputs to TRH neurons, four different peptides produced
in the ARC are involved in regulating TRH by projecting axon terminals in synaptic contact
with TRH hypophysiotropic neurons. These neuronal groups expressing the leptin receptor
(ObRDb) are considered as one of the main hypothalamic centers controlling food intake and
energy homeostasis [48;49]. One group of ARC neurons produces the a-MSH and cocaine and
amphetamine regulated transcript (CART) [45;50;51]. Both are anorexic peptides but a-MSH
is particularly potent and signals in the hypothalamus through both the melanocortin-3 and 4
receptors (MC3-R and MC4-R). TRH neurons in the PVN express MC4-R and are innervated
by a-MSH nerve terminals [52;53]. ICV administration of a-MSH can prevent the fasting-
induced suppression of the thyroid axis [54;55]. TRH neurons are also innervated by other
ARC neurons involved in energy balance expressing ObRb receptor. They are the orexogenic
AgRP and the neuropeptide Y (NPY). In the rat, a-MSH and CART are expressed in the same
neurons situated in lateral portions of the ARC, while NPY and AGRP are coexpressed in a
distinct population of neurons located in more medial portions of the ARC. This neuronal
organization is somewhat similar in the human brain suggesting an evolutionary significance
of this neuroendocrine system. However, unlike in rodents, CART in humans is absent from
the perikarya and axons of a-MSH-synthesizing neurons, but is expressed in approximately
one third of NPY/AgRP neurons in the human infundibular nucleus [56]. This anatomic
distribution for CART seen in humans raises the question of whether CART is associated with
an orexigenic role in the human brain. However, CART and a-MSH colocalize in the human
lateral hypothalamus, which is similar to anatomy described in rodents. AgRP and NPY are
down regulated by leptin and up-regulated during fasting [45;50;57;58;59]. When AgRP, an
MC4-R antagonist and NPY are administered centrally they cause central hypothyroidism by
downregulating preproTRH mRNA expression in the PVN [35;60;61]. Anatomically, NPY
appears most prominent in its inputs to the periventricular and medial parvocellular divisions
of the PVN [62]. NPY cell bodies principally reside in the medulla, often coexisting with NE
and E [63].

Other studies have suggested that the dorsomedial nucleus of the hypothalamus (DMN) could
provide an inhibitory role to TRH neurons based on neuronal innervations to the PVN and
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TRH neurons [64], but no transmitter, catecholamine, or peptide was identified. However, it
has been suggested that an important function of this nucleus is to mediate leptin action on the
PVN. In support of this, a subset of leptin-responsive neurons in the DMN strongly innervates
the PVN [65]. Moreover, the DMN may mediate the regulation of TRH neurons in the PVN
by leptin via a multisynaptic ARC-DMN-PVN pathway. This idea is based on the fact that the
DMN neurons, which innervate the PVN, are associated with terminal axons containing a-
MSH likely from the ARC [66]. Therefore, leptin regulation of TRH neurons of the PVN is a
complex system, which includes its direct action on these neurons, and several potential indirect
pathways. In addition to the neuronal inputs to TRH neurons described above, other hormone
and catecholamines also regulate TRH neurons in the PVVN [26] including dopamine, serotonin,
histamine, somatostatin, endogenous opiod peptides (such as beta endorphin, enkephalin, and
dynorphin), vasoactive intestinal polypeptide, gamma-aminobutyric acid, cytoquines (such as
interleukin 1 or interleukin 6), and recently adiponectin was shown to have a potential effect.
Adiponectin is an adipocyte-derived hormone, which acts in the brain to modulate energy
homeostasis and autonomic function including glucose regulation and fatty acid catabolism.
Adiponectin exerts some of its weight reduction effects via the brain similar to leptin. A recent
study investigated the role of adiponectin in controlling excitability in the magnocellular and
parvocellular divisions of the PVVN. Patch clamp recording identified a mix of PVN neurons
with excitability. TRH neurons were depolarized in the presence of adiponectin, suggesting
that adiponectin could play a specific role in the central nervous system to coordinate NE
excitability of a certain group of PVN neurons [67].

3. Regulation of preproTRH gene and promoter

Hypophysiotropic preproTRH gene expression is continuously regulated in the medial and
periventricular regions of the PVN to control the output of TSH secretion from the pituitary
and subsequent thyroid hormone levels in response to physiological changes such as cold,
illness, starvation, and pituitary or thyroid disease. The murine, rat and human TRH genomic
structures contain the same 3 exons and 2 introns. Exon 1 encodes the 5’ untranslated region,
while exon 2 and 3 contain the sequence that encodes the preproTRH message. Among the
species, the two intron sequences are poorly conserved. The promoter region of the preproTRH
gene is located immediately 5’ to exon 1, and it is believed that this is the major locus where
regulation of the gene occurs. The preproTRH promoter region has a conserved TATAA box,
required for transcriptional initiation by RNA polymerase 1. Proximal to the TATAA box there
is an important regulatory element termed Site 4 (TGACCTCA) that is conserved in the mouse,
rat and human promoters [68;69]. This is a critical thyroid hormone receptor-binding site. Site
4 serves as a multifunctional binding site for the transcription factor CREB, and thyroid
hormone receptors (THR), including THR homodimers, and heterodimers of THR and the
retinoic acid X receptor (RXR). However, a recent study challenges this view suggesting that
site 4 does not bind pCREB. Using nuclear extracts from 8Br-cAMP-stimulated primary
culture of hypothalamic cells, this study showed no binding to Site-4, but instead to cAMP
response element (CRE)-2 (-101/-94). The authors suggest that pPCREB binds to a response
element in the TRH promoter (CRE-2) independently of Site-4 where TRbeta2 is bound.
Therefore, they propose that pPCREB and TRH do not have mutual interference on their binding
sites [70]. The difference between the two studies is that the two research groups used different
cell systems for their studies. It is proposed that Site 4 assists with a second weak THR binding
site 11 bp 3’ to Site 4, that binds both THR homodimers and TR/RXR heterodimers. Therefore,
Site 4 comes into view to be a critical sequence within the preproTRH promoter that is
preserved across species and controls both basal and regulated expression of preproTRH gene
expression.

T3 negatively feeds back on preproTRH gene expression and mediates its effects on gene
expression via the three THR isoforms (THRa;, THRb; and THRb,). Recent genetic studies
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have confirmed that TRb; is critical for negative regulation of the TRH and the TSHa and b
subunit genes by T3. However, the molecular mechanism controlling negative regulation of
the preproTRH gene by T3 has not been completely determined. Site 4 and its surrounding
region can bind THRb,, which appears to be essential for negative regulation. A second region
within the TRH gene present within the first 55 bp of exon 1 may also be important in mediating
the effects of T3. This region interacts with TRb monomers and its removal in functional studies
causes a loss of negative regulation by T3 [71].

The canonical signal transducer of activated transcription (STAT) also activates preproTRH
gene by having a binding site in the mouse and rat promoter 5’ to Site 4, which has a similar
site in the human promoter located between —150 and —125. Interestingly, the leptin receptor
activates transcription via the JAK-STAT signaling pathway and is able to significantly
enhance preproTRH promoter activity in vitro [16]. Leptin binding to its receptor ObRb induces
receptor-associated Janus tyrosine kinases (primarily JAK2) to phosphorylate both itself and
the leptin receptor on specific tyrosine residues [72;73;74]. STAT isoforms then bind to these
receptor phosphotyrosines, which allow STAT to be phosphorylated by JAK on tyrosine
residue Y705. Phosphorylated STATSs dimerize and enter the nucleus, where STAT regulates
gene transcription by binding to STAT-responsive DNA elements [75]. In the hypothalamus,
STAT3, but not STAT1, STAT5 or STAT6, was shown to be activated after in vivo leptin
administration [76]. The short leptin receptor isoform, ObRa, does not contain intracellular
tyrosine residues and cannot activate STAT3 signaling [74]. Although STATSs are clearly
important for leptin signaling through ObRDb, like other members of this receptor class, ObRb
can modulate other intracellular proteins and pathways, including insulin receptor substrate
proteins and the RAS-MAPK pathway [74]. It is critical to emphasize that, for the biologically
important actions of leptin regulation of appetite, energy expenditure, and neuroendocrine
function, the relative roles of signaling via STATS and these or other pathways are unknown.
The preproTRH promoter also contains binding sites for the glucocorticoid receptor and SP-1.
The glucocorticoid receptor is a member of the nuclear receptor family, while SP-1 is a widely
expressed transcription factor that binds to GC rich motifs in target promoters. Glucocorticoids
appear to be inhibitory to preproTRH gene expression in the PVN. A more detailed revision
of the regulation of the preproTRH promoter has been published recently elsewhere [77].

4. ProTRH biosynthesis, processing and trafficking to the regulated secretory

pathway

One of the most well studied TRH precursors across species is the rat preproTRH, a 29kDa
polypeptide composed of 255 amino acids. This precursor contains an N-terminal 25 amino
acid leader sequence, five copies of the TRH progenitor sequence Gln-His-Pro-Gly flanked by
paired basic amino acids (Lys-Arg or Arg-Arg), four non TRH peptides lying between the TRH
progenitor sequences, an N-terminal flanking peptide, and a C-terminal flanking peptide [78;
79]. The N-terminal flanking peptide (preproTRHy5.50-R-R- preproTRH53.74) is further
cleaved at the C-terminal side of the arginine pair site to render preproTRH»5.59 (pYE26) and
preproTRH53.74 (PFT22), thus yielding a total of seven non-TRH peptides (Fig. 1). The rat
preproTRH is approximately 88% homologous to the mouse preproTRH that contains 256
amino acids, also generates five copies of TRH by proteolytic processing. The human
preproTRH contains 242 amino acids and generates six copies of the progenitor sequence for
TRH. On the other hand, in the frog brain there are at least three different TRH preprohormones
ranging between 224 and 227 amino acids and containing seven copies of the TRH progenitor
sequence. Rat, mouse, and human proTRH contain multiple copies of the progenitor for TRH,
GIn-His-Pro-Gly [80;81], which could represent an evolutionary trend present in all species to
ensure enough production of TRH molecules in response to signals that trigger its secretion.
The complete sequence of proTRH for several species has been elucidated including salmon,
frog, Zebrafish, chicken, Rhesus monkey, rat, mouse, and human. The more conserved
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prohormone sequence is found among the mammalian species, but common to all of them is
the presence of multiple copies of a progenitor sequence for TRH, flanked on either side by
paired basic amino acids, Lys-Arg or Arg-Arg.

Similarly other potent secretory molecules regulating key biological functions, the biosynthesis
of TRH (pyroGlu-His-ProNH2, MW 362) and other non-TRH peptides begins with mRNA
directed ribosomal translation of a larger inactive precursor called proTRH [26]. The
maturation of TRH implicates many coordinated cellular and biochemical steps along the RSP
(Fig. 1). First, The signal sequence, or presequence, directs cotranslational translocation of
preproTRH into the lumen of the rough endoplasmic reticulum (ER) after which the signal
sequence is removed. Once in the ER, the newly synthesized prohormone meets a unique
environment containing a number of ER-specific chaperones involved in its folding pathway
leading to its wild type conformation. In addition, proTRH, like all secretory proteins,
encounter an exclusive set of post-translational modifications by specific peptide-bond
cleavages provided by a network of processing peptidases. proTRH is transported from the ER
to the Golgi Complex (GC) and then to the trans-Golgi network (TGN), where an initial
proteolytic processing event occur. At the TGN, proTRH products are sorted to and stored into
specialized secretory granules (SGs) that undergo secretion only after appropriate stimuli. In
these SGs the final processing steps take place, which involves endoproteolysis by specific
prohormone convertases at pair of basic residues [82;83;84], removal of the basic residues by
a carboxypeptidase [85;86;87], and amidation [5;88]. If one of these regulated steps is
compromised, the biosynthesis of the prohormone derived peptides and their secretion may be
affected.

Until recently, the initial maturation process of the proTRH precursor in the ER, and the
structural features involved in intracellular trafficking from ER to the Golgi had to be
elucidated. The primary sequence of proTRH has an N-terminal segment of 25 amino acid
residues, pYE26, immediately after the signal sequence (Fig. 1). By expressing several
deletions and point mutations cDNA constructs within the preproTRH31_50 sequence, and by
monitoring the steady state production of proTRH in the ER, we identified a single tripeptide
Pro-Gly-Leu (“OPGL*2) sequence, which is conserved in mammals and it turn out to be
important for the stability of proTRH, in terms of resistance to protein degradation [84]. These
studies revealed that PGL is primarily involved in the stability of proTRH in the early secretory
pathway. Deletion of PGL destabilizes proTRH by targeting the protein to the proteasome for
degradation. This was the first evidence showing that the structural role played by a short motif
located in the N-terminal region of proTRH takes place early in the ER, and has important
consequences on precursor stability rather than the sorting process to the SGs per se [84]. The
processing modifications occur while proTRH is transported from the TGN to newly formed
immature secretory granules [89]. The secretory granules then mature and are targeted to sites
of secretion at the plasma membrane of the cell. Upon secretory granule maturation, electron-
dense-secretory granules containing sorted products of proTRH fuse with the plasma
membrane in response to an extracellular stimulation in a calcium-dependent manner, thereby
releasing their contents into the external milieu [90].

Initial evidence supporting differential distribution in SGs for the N- and C-terminal proTRH
peptides comes from immunocytochemical studies using transfected AtTog cells with
preproTRH cDNA, and in primary neuronal cultures. The TRH precursor and N-terminal
intermediate forms are located in the GC and TGN (Fig. 2A). In contrast, end products
including preproTRHy5_50, preproTRH160.169, and TRH, are only present in SGs along the
plasma membrane and in cell processes (Fig. 2F). C-terminally-directed antisera resulted in
positive immunostaining in the GC, along the plasma membrane, and in cell processes (Fig.
2H). Thus, C-terminal intermediates appear to reach further along the secretory pathway before
processing than their N-terminal counterparts. This differential processing event serves as a
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mechanism to regulate the timing of production of peptides such as preproTRH160-169,
preproTRH17g.199 and preproTRHs3.75, and possibly TRH. Primary cultures of hypothalamic
neurons, developed in our laboratory, provide a second model system to study proTRH
processing. After 12-14 days in vitro [2], these hypothalamic neurons show growth of neurites
similar in morphology to peptidergic neurons. Most neurons are bipolar with long axons
containing varicosities, boutons and growth cones. Many of the growth cones are in contact
with neurites of other neurons. Dendrite-like structures are also observed. N-terminal antiserum
in these cultured hypothalamic neurons [2], stains the GC, 1SGs budding from the GC, and
terminal boutons (Fig. 2B and E). Immunoelectron microscopy confirms positive staining in
the GC (Fig. 2E). Some I1SGs budding from the TGN-like were also stained. Since positive
staining was detected in boutons, it was proposed that these intermediates are processed to
mature proTRH-derived peptides near the axon terminal, prior to secretion. ICC using anti-
TRH, anti-preproTRHs53.75, and anti-preproTRH1g0-169 Showed positive staining only in the
neuronal processes and axon terminals while the soma remained unstained (Fig. 2G). The
positive staining observed in neuronal processes and axon terminals with these antibodies was
confirmed by IEM (Fig. 2G (insert)). Immunostaining on transfected AtT,q cells using anti-
TGN3g, a TGN marker, indicated that the TGN could be projected away from the GC towards
budding 1SGs (Fig. 2C). Thus, in AtT,q cells processing of the N-terminal forms takes place
somewhere between the TGN and 1SGs, suggesting that preproTRH 550, preproTRH53.75 and
preproTRHg3.106 are already formed by the time SGs mature. Using the C-terminal antiserum
that recognizes C-terminal intermediate forms and end peptide products, positive staining was
visualized in a patchy cytoplasmic distribution (Fig. 21), often closely associated with the
nucleus. Immunoreactivity was also observed in neuronal boutons, axon terminals and
unbranched growth cones. IEM confirmed that the patchy cytoplasmic areas were within the
ER and GC [2] (Fig. 21 insert); all layers of the GC (cis, medial and trans) were immunostained
with this antibody [2]. The contrasting staining patterns for the two antisera (N- and C-terminal)
(Fig. 2B,I) suggest the existence of a different peptide distribution for N-terminal versus C-
terminal peptides, possibly, due to different intracellular routing of intermediates to SGs.

How do we explain these early findings? Synthesis of prohormone polypeptides and their
processing to end products occur while they are sorted to the SGs [91;92;93;94]. Several
structural elements have been related to the sorting mechanism within the RSP. The N-terminal
hydrophobic domain in certain prohormones could represent a sorting signal [95]. Also, a
disulfide loop in the N-terminal region found in certain prohormones seems to be essential for
targeting to the RSP [96;97;98]. Many prohormones contain pairs of basic residues, which
could also act as a sorting signal [99;100]. Additionally, the RGD (Arg-Gly-Asp) motif present
in processing enzymes is also implicated in trafficking within the RSP [101]. In the ProTRH
polypeptide there are 11 pairs of basic residues, one disulfide loop and two RGD motifs (Fig.
1). While evidence showed that the RGD motif did not play a role in sorting, the disulfide loop
present in the C-terminal side of proTRH was involved in the sorting of proTRH-derived
peptides and in their retention in the SGs [102]. In separate study, the data demonstrated that
the initial processing of proTRH by PC1/3 in the TGN, and not a cargo-receptor relationship,
is important for the downstream sorting events that result in the storage of proTRH-derived
peptides in mature SGs [103]. The same initial cleavage by PC1/3 produced the unfolding of
a partially folded proTRH, and it was a key determinant mechanism for the delivering of N-
and C-terminal proTRH-derived peptides to different SGs of the RSP [104] (Fig.1B). This
could be a common mechanism used by neuroendocrine cells to independently regulate the
secretion of different bioactive peptides derived from the same gene product [104]. The
important evolutionary concept that arises from these studies is that post-translational
processing of hormone precursor proteins is a critical mechanism by which cells increase their
biological and functional diversity, such that two or more peptides with different biological
functions originate from the same precursor. It is through differential post-translational
processing mechanisms that cells selectively produce specific peptides for secretion [26;105;
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106]. The correct sorting events of proteins and peptides to their target organelles are of
fundamental importance in cell biology. However, identification of the signals or physical
properties that ensure proper intracellular sorting of peptides to dense core SGs is not yet fully
established. In a recent review article, Dikeakos and Reudelhuber [107] subdivided the
targeting function of proteins that are sorted to SGs into three groups: membrane-associated
(or traversing) tethers, tether-associated cargo, and aggregation. The enzyme PC1/3 is a
granule-tethered protein that may act as a sorting chaperone for its substrates in addition to
being a processing enzyme. In the case of proTRH, as described above, initial processing action
of PC1/3 on proTRH, and not a cargo-receptor relationship, is important for the sorting of the
proTRH-derived peptides. Thus, it is possible that key paired basic amino acids of proTRH
(residues 107, 108, 113,114, 152, 153, and 159), which constitute a cleavage site for PC1/3,
would also function as granule sorting domains [103;107]. For proTRH thus far, N- and C-
terminal proTRH derived fragments behave independently after the prohormone is cleaved
(Fig. 3). Itis possible that the initial cleavage changes the folding conformation and/or exposes
different motifs that allow N- and C-terminal proTRH fragments to aggregate independently
or to interact with different components of the RSP. Interestingly, the differential sorting is
independent of the cell type [104]. This suggests that the N- and C-terminal ends of proTRH
have conserved properties, which are sufficient for the sorting events. This finding also
suggests that the cellular environment is not a critical factor, although the presence of RSP
machinery should be necessary. Peptides derived from the same precursor, which are
differentially packaged, have been shown for the egg-laying hormone (ELH) precursor in both
Aplysia californica and Lymnaea stagnalis (37-39), but this phenomenon had never been
demonstrated in mammalian prohormones, and proTRH represents the first mammalian case
in which differential sorting of its processing products is demonstrated.

Among the seven members of the PC family cloned thus far, PC1/3 and PC2 are specifically
found in neuronal and endocrine cells containing secretory granules [108;109;110]. Their
involvement in the processing of neuropeptide precursors has been suggested by the finding
that PC1/3 and PC2 transcripts and protein products are widely distributed in different areas
of the brain, including the cerebral cortex, hippocampus, and hypothalamus [111;112]. Within
the hypothalamus, these enzymes display an extensive overlapping pattern of expression
[111;112]. The critical role of PC1/3 and PC2 in prohormone processing is underscored by
studies from animals lacking the genes encoding PC1/3 [113] and PC2 [114], as well as 7B2
[115;116], a neuropeptide essential for the maturation of PC2. Disruption of the gene encoding
mouse PC1/3 results in a syndrome of severe postnatal growth impairment and multiple defects
in processing for many hormone precursors, including hypothalamic progrowth hormone
releasing hormone (proGHRH) to mature GHRH, pituitary proopiomelanocortin hormone
(POMC) to adrenocorticotropic hormone, islet proinsulin to insulin, and intestinal proglucagon
to glucagon-like peptide-1 and -2. PC1/37- mice are normal at birth, but display impaired
postnatal growth and are about 60% of normal size at 10 weeks. They lack mature GHRH,
have low pituitary growth hormone and hepatic insulin-like growth factor-1 mRNA levels, and
phenotypically are smaller than a normal mouse (34). Mice with disruption of the gene-
encoding PC2 appear to be normal at birth. However, they exhibit a small decrease in rate of
growth. They also have chronic fasting hypoglycemia and a reduced blood glucose level during
an intraperitoneal glucose tolerance test, both of which are consistent with a deficiency of
circulating glucagons [117]. The processing of proglucagon, prosomatostatin, and proinsulin
in the alpha, delta, and beta cells of the pancreatic islets is severely impaired in PC2 null mice
[118].

An original work published in 1997 [3] and prior supporting data provided unequivocal
evidence for the role of PC1/3 and PC2 in the processing of proTRH [1;2;3;119]. Initial
processing of proTRH occurs in the TGN at the prepro;s2.153-TRH-158-159 Sité to generate the
15and 10kDa peptides (Fig. 1). In subsequent steps, the 15 kDa N-terminal intermediate moiety

Front Neuroendocrinol. Author manuscript; available in PMC 2011 April 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nillni

Page 10

of proTRH is processed to a 9.5kDa peptide followed by continuous processing until the end
products are generated in secretory granules. It is proposed that the processing of the remaining
10 kDa C-terminal fragment produces the 5.4 kDa C-terminal peptide preproTRHqg.255 early
in the secretory pathway [89] and the remaining intermediate form is further processed to end
products in secretory granules [26;105;120;121]. Thus far, only two sites processed by PC2
have been identified. The pFE», peptide is further cleaved to two smaller forms of about 1.6
(preproTRH175.184 PFQ7) and 0.84 (preproTRH1gg.199, PSE14) kDa [121]. The extended form
of pEH24, TRH-pEH24 is processed to generate TRH and pEH24 [3] (Fig. 1). Preliminary
studies using the PC1/37~ mice confirmed the initial in vitro finding that attributes a primary
role of PC1/3 in the processing of proTRH [3], while PC2 has a specific role in cleaving TRH
from its extended forms [121]. PC1/3 null mice show a dramatic decrease in the biosynthesis
of all proTRH-derived peptides analyzed, including TRH and its proform, TRHGIly. However,
proTRH is still processed to its end products suggesting, as demonstrated by us in earlier
studies, that PC2 and potentially furin can compensate for the lack of PC1/3 in the processing
of proTRH [3] (unpublished results). In the PC2 null mice, although TRH and TRHGIy showed
some decrease as compared with the wild type animals, the concentrations of N-terminal
peptides preproTRHs5.50 and preproTRHgs.106 did not change. This indicates that PC1/3 is
the primary enzyme involved in the processing of proTRH that occurs at the pairs of basic
residues flanking the TRH sequence including the sequence Arg51-Arg52, which does not
contain TRH.

A second mouse model of PC1/3 deficiency generated by random mutagenesis was recently
reported [122]. This mouse has a missense mutation in the PC1/3 catalytic domain (N222D)
that leads to obesity with abnormal proinsulin processing and multiple endocrine deficiencies.
Although there was defective proinsulin processing leading to glucose intolerance, neither
insulin resistance nor diabetes developed despite obesity. The apparent key factor in the
induction of obesity was impaired autocatalytic activation of mature PC1/3 causing reduced
production of hypothalamic a-MSH. This is the first published characterization of a Pcl
mutation in a model organism that mimics human PC1 deficiency [122]. For example, a patient
with a compound heterozogous mutation in the PC1/3 gene resulting in production of
nonfunctional PC1/3 had severe childhood obesity [123]. An analogous obese condition was
found in a patient with a defect in POMC processing [124]. It remains to be studied what effect
the mouse Pcl (N222D) with an obese phenotype will have on the processing of proTRH.
However, the real challenge for the thyroid axis occurs when animals are physiologically
perturbed such as during cold stress or during changes in the nutritional status, situations in
which more TRH peptide is necessary to increase the output of the thyroid axis. For example,
the role of CPE in processing has been elucidated in CPEfUfat mice, which lack functional
CPE resulting from a naturally occurring mutation [125]. This mouse is obese, diabetic, and
infertile [4]. Using this mouse, it was found that hypothalamic TRH was depressed by at least
75% compared to wild type controls [4], and that CPD was probably responsible for the
generation of 21% of the TRH produced in the hypothalamus of these animals [4]. Their body
temperatures had declined by an additional 2.1°C as compared with wild type controls.
Furthermore, these animals cannot maintain a cold challenge for 2 hours at 4°C because of
alterations in the HPT axis represented by deficits in proTRH processing, which resulted in
hypothalamic TRH depletion and a reduction in thyroid hormone levels [4]. More insight can
be obtained from other genetic models as useful tools to understand the role of leptin in the
thyroid axis, but not without simultaneously raising puzzling questions. One important point
to be considered is that the status of the thyroid axis for each genetic model is different, which
makes the interpretation of the results obtained from different animals difficult to compare.
For example, to understand the implications of TRH in the physiology of the HPT axis, previous
studies generated mice that lack TRH. Although the TRH-/- mice showed signs of
hypothyroidism with characteristic elevation of serum TSH level and diminished TSH
biological activity, they were viable through adulthood and showed no gross anatomic
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abnormalities, and exhibited normal development. The decrease in TSH immunopositive cells
could be reversed by TRH [15]. This TRH deficient mouse also exhibited hyperglycemia,
which was accompanied by impaired insulin secretion in response to glucose, providing a good
model of tertiary hypothyroidism. This hyperglycemia seen in the TRH-/- mice indicates that
TRH is involved in the regulation of glucose homeostasis. Supporting this hypothesis, a recent
study showed that TRH was able to reverse STZ-induced hyperglycemia by increasing
pancreatic islet insulin content, preventing apoptosis, and potentially inducing islet
regeneration [126]. Also, perinatal TRH treatment enhanced basal insulin secretion in STZ-
induced animals of both sexes and partially restored the insulin response to glucose stimulation
in females [127].

These observations suggested that, similar to other genetic models, there must be some
compensatory responses during ontogeny to compensate for the lack of TRH. In the ob/ob
mouse, which could be important for the understanding of the direct pathway, there is a
compensatory response by other unknown mechanisms during development that keeps Tg/4
almost at normal levels. However, ob/ob mice are inefficient in their response to cold stress,
indicating a deficiency in HPT axis regulation [128;129]. A similar response was observed in
CPEfaUfat mice where the level of T34 was normal but the animals failed to maintain their body
temperature during cold stress [4]. In both cases the thyroid axis was relatively normal under
basal conditions, but unable to respond to cold stress. The other interesting and highly relevant
genetic model is the mouse lacking the MC4 receptor (MC47-), which is essential for a-MSH
activity in TRH neurons. Utilizing the MC47- mouse model, it was found that TRH peptide
levels fluctuate during fasting and respond to leptin treatment in a similar fashion to wild-type
controls. Additional roles for the two pathways of leptin action on TRH neurons [18] (see
section 7. The direct and indirect pathways of leptin action on TRH neurons) were uncovered
in studies related to the role of the melanocortin system and adaptive thermogenesis of brown
adipocyte tissue [130]. In rodents, thyroid hormones act synergistically with the SNS to
regulate UCP1 expression [131]. UCP1 expression relies on functional T3 response elements
and cAMP response element binding protein motifs in the UCP1 gene upstream enhancer
region [10]. BAT contains abundant type 2 deiodinase (D2), which catalyzes the conversion
of T, to the more biologically active and potent T3 and which is activated by the SNS [10].
Since the melanocortin system can modulate both sympathetic outflow to the BAT [32] and
the function of the HPT axis [132], the question was whether the MC4R-mediated up-regulation
of UCP1 expression in response to a high fat diet involves the HPT axis. These studies led to
the hypothesis that perhaps there may be a defect in the MC4R-HPT axis that contributes to
the inability of MC4R™- mice to up-regulate UCP1 expression in BAT in response to a HF diet.
However, MC4R™- and AgRP-treated mice exhibit the same increase in total T3 hormone levels
as wild type controls when switched from a low fat to a high fat diet. The total T4 levels in
high-fat-fed MC4R - and wild-type mice are decreased, which is likely related to the observed
increases in T3, because Ty is converted to T3. Altogether, these results suggest that the central
melanocortin-mediated regulation of the HPT axis may not be involved in the diet induce
thermogenesis provoked up-regulation of UCP1, although the melanocortin system may
mediate part of the leptin-induced secretion of TRH from hypothalamic explants [18].

At the physiological level, the PCs are regulated by states of hyperglycemia [133],
inflammation [134], suckling [121], starvation [135], cold stress [136] and morphine
withdrawal [137]. In the case of morphine withdrawal, for example, it was previously
demonstrated that during opiate withdrawal, preproTRH mRNA increased in neurons of the
midbrain periaqueductal gray matter (PAG), caused a significant change in the level of some
post-translational processing products derived from the TRH precursor, and the mature form
of PC2 increased only in PAG as compared with their respective controls demonstrating a
region-specific regulation of proTRH processing in the brain, which may engage PC2 [137]
[138]. Another interesting example was provided in alterations seen in proTRH processing in
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the PVN during lactation where PC2 was involved [121]. Other examples of the regulation of
PCs include rats exposed to streptozotocin, where it was demonstrated that the diabetic state
altered alpha-cell processing of proglucagon to give increased levels of glucagon-like peptide
1[133]. Lietal also identified regions in PC1/3 and PC2 human promoters that contain putative
negative thyroid hormone response elements and has shown that T3 negatively regulates PC1/3
and/or PC2 expression in rat GH3 cells, rat anterior pituitary, hypothalamus and cerebral cortex
[139;140;141;142]. In addition to the PCs, other enzymes involved in the maturation of
peptides could be affected under different physiological conditions including cold exposure,
fasting, or changes in thyroid status [6]. For example, the amidating enzyme PAM activity on
TRH neurons is regulated by the thyroid status. TRH and TRH-Gly levels increase under low
iodine/PTU diet-induced hypothyroidism and decrease under TH-induced hyperthyroidism
[6;143]. However, the ratio TRH/TRH-Gly, which depends on PAM enzymatic activity, is
different for each condition. In hypothyroidism, the ratio TRH/TRHG]Iy increases suggesting
an increase in PAM activity, and in hyperthyroidism the ratio decreases suggesting a decrease
in PAM activity. Since PAM activity is responsive to changes in thyroid hormone levels, this
could represent another level of control in the final production of mature TRH.

To make matters more complex in the relationship between prohormones and processing
enzymes, a major breakthrough study in the biology of leptin added an extra level of complexity
in the maturation of TRH, that is, in addition to regulating peptide hormone expression, leptin
also controls prohormone processing by regulating PC1/3 and PC2 [135]. Since leptin
regulation of energy balance works through the activity of several neuropeptides, it was
hypothesized that leptin might regulate processing enzymes in addition to regulating peptide
production. These studies clearly supported the hypothesis that the regulation of
hypophysiotropic TRH biosynthesis by leptin, occurs not only at the transcriptional level, but
also at the post-translational level through changes in proTRH processing by the action of
PC1/3 and PC2 [135] (Fig. 2). A more comprehensive review on this subject was recently
published elsewhere [144]. Utilizing in vitro and in vivo approaches, strong evidence was
shown implicating leptin in the regulation of PC1/3 and PC2 expression/protein biosynthesis,
and as a consequence of those regulatory changes, the post-translational processing of proTRH
is affected [135]. Thus, the results from this study demonstrate that leptin couples the up-
regulation of preproTRH expression and its protein biosynthesis with the up-regulation of the
processing enzymes in a coordinated fashion. Such regulation ultimately leads to more
effective processing of leptin-regulated pro-neuropeptides into mature peptides, such as TRH
and a-MSH, which are critical for leptin action. Therefore, transcriptional control of PC1/3
and PC2 gene expression by leptin is another level at which this hormone regulates energy
homeostasis. This adds a novel key checkpoint that is tightly regulated in the control of energy
consumption. Since leptin-induced increase in the PC levels in vivo is partially dependent on
the activation of the melanocortin system [18], and since PC1/3 promoter contains two CREB
response elements, which are transactivated by CREB-1 [145], the P-CREB transcription factor
could activate in a coordinated fashion the synthesis of preproTRH and PCs. Therefore, leptin
can act on the TRH neurons of the PVN directly (P-STAT) and indirectly via the melanocortin
system (P-CREB) regulating in a synchronized manner the biosynthesis of proTRH and the
PCs through both pathways (see Figs. 2 and 3).

5. Regulation of hypophysiotropic TRH neurons by cold exposure

Exposure of animals to cold stress strongly stimulates the HPT axis through adrenergic inputs
from the medulla [24], and the catecholamine NE has long been proposed to be the main
regulator. As mentioned above, the periventricular and medial parvocellular divisions of the
PVN are densely innervated by NE-containing and epinephrine (E)-containing inputs from the
medulla and pons [23]. Further, NE-containing neurons densely innervate the midregion of the
external layer of the ME. ICV injections of NE, E, and a2-adrenergic agonists stimulate basal
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TSH secretion [146;147], and NE/E treatment of hypothalamic preparations stimulates TRH
release [148]. Inhibitors of catecholamine biosynthesis or a2-adrenergic antagonists lead to a
fall in basal TSH secretion. Thus, NE and E exert a tonic, stimulatory regulation on TSH
secretion principally through a2-adrenergic receptors. Stimulated release from the ME appears
to be mediated via al-adrenergic receptors [149]. In contrast, locus coeruleus afferents are
inhibitory when activated during stress [150]. NE/E excitation of PVN TRH neurons mediates
the rise in TSH in response to acute cold exposure or hypovolemia [149;151;152]. Rats
subjected to cold temperatures increase preproTRH mRNA levels in the hypothalamic
paraventricular nucleus within 30 to 60 min of the stimulus [153], augment TRH release from
the median eminence [154], stimulate TSH secretion from pituitary, and potentiate T, and
T3 contents in blood [155]. Similarly to the situation seen during starvation, where the HPT
axis set point is altered to reduced energy expenditure [135;156], acute cold-induced
stimulation of the HPT axis by increasing preproTRH mRNA when at the same time circulating
levels of thyroid hormone are elevated. Consequently, cold exposure and starvation can shift
the set point for feedback regulation of the preproTRH gene.

Although early studies showed that the activation of a4-adrenergic receptors in the ME
increased the release of TRH [149] and cold exposure increased preproTRH mRNA in the PVN
[157], the specific role of NE on the biosynthesis of proTRH at this level was not fully studied.
Recent new studies showed that NE stimulates preproTRH gene expression and proTRH
biosynthesis in cultures of hypothalamic neurons [136], and in an in vivo model the B-
adrenergic receptor mediated the cold-induced increase in the biosynthesis of proTRH in the
PVN [136] through P-CREB signaling [136]. The cold exposure-induced increase of proTRH
levels in the PVN was also coupled to an up-regulation in the biosynthesis of PC1/3 and PC2.
The up-regulation of these enzymes is mediated by the activation of B-adrenergic receptors
[136]. Similar to the melanocortin system, this activation may occur via the CREB response
elements contained in the PC1/3 promoter [158]. Specific regulation of prohormone processing
is likely another key step where final amounts of bioactive peptides can be tightly regulated.
Different factors, such as thyroid hormones, leptin, the melanocortin system and NE, potently
stimulate proTRH biosynthesis in concert with an increase in the PC enzymes in the
hypothalamic PVN [18;135;143]. In another example, it was recently showed that regulation
of POMC biosynthesis also occurs at the post-translational level through coordinated changes
in the PC enzymes in hypothalamus and medulla [159], and pro-vasopressin prohormones as
well PCs [160]. Altogether these collective findings seen for several prohormones suggest the
existence of a common mechanism used by different types of cells to generate bioactive
peptides inamore efficient way. Thus, the coordinated regulation of PCs may play an important
role in neuroendocrine cells in maintaining a proper enzyme-substrate homeostasis, and
ensuring adequate processing of newly synthesized prohormones (Fig. 4).

6. Thyroid hormones selectively regulate proTRH processing in the PVN by
affecting the PCs

At the cellular level, changes in the thyroid status also have an effect on the processing of
proTRH by altering the level of PCs [143;161]. These changes in proTRH processing were
only observed in hypophysiotropic TRH neurons. During PTU (6-n-propyl-2-thiouracil) diet-
induced hypothyroidism, in addition to increasing hypophysiotropic preproTRH mRNA and
proTRH biosynthesis [162], increases the processing of proTRH prohormone also occurred
combined with an increase in PC1/3, PC2 [143]. In the PVN of hypothyroid rats, an increase
for the end products of proTRH processing analyzed peptides was found [143].
Hyperthyroidism induced by T, treatment decreased preproTRH mRNA and TRH levels in
the PVN [162], decreased the post-translational processing of proTRH rendering an
accumulation of unprocessed intermediate forms combined with a downregulation of the PCs
[143]. This finding was further supported by studies demonstrating that the PC promoters
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contain thyroid receptors, which can be negatively regulated by thyroid hormone [134;140;
142]. Thus, regulation of prohormone and enzyme by changes in thyroid status may lead to
altered hormonal biosynthesis. The selective co-regulation of proTRH processing by thyroid
status in the PVN is a novel aspect of the regulation of the HPT axis. Further support for these
findings includes the regions in the PC1/3 and PC2 human promoters containing putative
negative thyroid response elements, and the fact that T3 negatively regulates PC1/3 and/or PC2
expression in rat GH3 cells, rat anterior pituitary, hypothalamus and cerebral cortex [139;
140;141;142]. These findings suggested the possibility that thyroid hormones could regulate
PC1/3 and PC2 expression in specific hypothalamic nuclei by directly regulating proTRH
processing. Experiments altering the thyroid hormone status in rats and examining the effects
on proTRH processing in the PVN and in other extra-hypophysiotropic areas clearly showed
that a high level of thyroid hormone down-regulates TRH biosynthesis, and that this was
coupled with the down-regulation of PC1/3 and PC2 in the PVN. Conversely, low levels of
thyroid hormone up-regulated TRH biosynthesis and PC1/3 levels [143;161]. This regulation
represents a novel aspect in the way the HPT axis is integrated between the central and
peripheral inputs, which may have important implications in the pathophysiology of hypo- and
hyperthyroidism (Figs. 2 and 4).

7. The direct and indirect pathways of leptin action on TRH neurons

At the central level, the hypothalamus is the primary component of the nervous system in
interpreting adiposity or nutrient related inputs; it delivers hormonal and behavioral responses
with the ultimate purpose of regulating energy intake and consumption. At the molecular level,
enzymes called nutrient or energy sensors mimic the role of the tissues involved in energy
balance [163]. Two key energy/nutrient sensors, mTOR (mammalian target of rapamycin) and
AMPK (AMP activated kinase), in addition to their extensive metabolic roles in the peripheral
tissues, are involved in the control of food intake in the hypothalamus [164;165]. Recently, the
enzyme Sirt1, an evolutionarily conserved NAD*-dependent deacetylase involved in many
biological processes including cellular differentiation, apoptosis, metabolism, and aging, was
showed to regulate the central melanocortin system in a FoxO1 dependent manner [Cakir, 2009
#5369]. Within the hypothalamus, neurons in the ARC receive circulating adiposity signals
and relay their responses to “second-order” neurons in the PVN and lateral hypothalamus to
mediate effects on food intake and energy homeostasis. TRH neurons represent the second
order of neurons when stimulated by the melanocortin system. The fall in circulating levels of
the hormone leptin during starvation is the signal to the brain that suppresses preproTRH
expression in the PVVN. Serum leptin decreases considerably during fasting, and leptin
replacement during a 48-hour fast partly prevents the fasting-induced decrease in serum T4
and increase in serum corticosterone in mice. In turn, leptin was proposed as a vital signal that
initiates the neuroendocrine response to fasting [166]. The hormone leptin (16kDa) is expressed
predominantly in adipose cells, and the lack of it, as in the ob/ob mouse produces severe obesity
[167]. Initially considered as a hormone to prevent obesity, it was later showed that the major
role of leptin is to signal the switch from the fed to the starved state at the hypothalamic level
[166;168;169]. The fall in circulating levels of leptin is perceived in the hypothalamus to
increase appetite, decrease energy expenditure, and change neuroendocrine function in a
direction that favors survival. The major consequences of falling leptin include activation of
the stress axis, and suppression of reproduction, linear growth, and the thyroid axis [166]. In
summary, leptin has a central physiologic role in providing information on energy stores and
energy balance to brain centers that regulate appetite, energy expenditure and neuroendocrine
function [166;167;170;171;172]. When leptin signaling is deficient, due either to mutation of
leptin peptide or leptin receptor genes, severe obesity results in both rodents and humans
[167;173;174;175;176], underscoring the fundamental role of leptin in the physiology of
energy balance. Leptin induces STAT3 phosphorylation in nuclei of POMC neurons in the
ARC of rats, and can directly activate the proximal pomc promoter in cells expressing the leptin
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receptor [177]. Leptin also induces STAT3 phosphorylation, mediated by Y1138 on ObRD, in
nuclei of TRH neurons in the hypothalamus of rats [178]. This suggests that STAT3 is critical
for mediating leptin-induced regulation of preproTRH gene-expression in the hypothalamus.

During fasting AgRP and NPY mRNAs increase and POMC mRNA decreases in the ARC.
Although insulin increases POMC mRNA expression and both insulin and glucose reduce NPY
mRNA expression in the ARC, the fasting induced a decrease in TRH mRNA expression and
thyroid hormone concentrations, which is not prevented by glucose or insulin administration
[179] supporting an exclusive role for leptin. Although the hypothalamic effects of leptin are
mediated via the hypothalamic melanocortin system, which plays an essential role in feeding
behavior, two landmark studies demonstrated the existence of a direct effect of leptin on TRH
neurons [16;17]. These studies showed that leptin dose-dependently stimulated the increase in
proTRH biosynthesis and TRH release in primary cultures of hypothalamic neurons [17]. In
the same primary cultures ObRb and proTRH showed to co-localize, which was consistent
with the finding of the leptin receptor ObRb in the PVN [48]. In addition, leptin stimulates
preproTRH gene expression viaa STAT3 response element located in the preproTRH promoter
inisolated cells [16], and induce STAT3 phosphorylation in TRH neurons in the PVN of leptin-
treated rats [178]. It was also demonstrated that STAT3 mediates the transcriptional effects of
leptin in vivo suggesting that the TRH promoter is directly regulated by leptin [71]. Leptin
rapidly regulates polarization of neurons in isolated brain slices of the PVN and can stimulate
TRH peptide release from dispersed hypothalamic cultures and hypothalamic tissue ex vivo
[17;55]. Leptin produced a five-fold induction of luciferase activity in CV-1 cells transfected
with a TRH promoter-luciferase reporter and the long form of the leptin receptor cONA [16].
Additionally, peripheral administration of leptin to rodents activates SOCS-3 (suppressor-of-
cytokine-signaling) mRNA (which is the sensitive marker of direct leptin action) in neurons
located in the PVN [16;180]. Since ObRb [181] is present in TRH neurons directly activated
by leptin (via STAT3) and indirectly (via CREB) by the melanocortin system [18] (Fig. 4),
one may ask whether the increase in preproTRH gene expression and proTRH biosynthesis in
response to leptin is mediated by both pathways, each one individually or a combination of
both. This question was recently clarified where it was determined that leptin affects both
pathways [16;18;120;178;182], providing compelling evidence in support of the direct action
of leptin on TRH neurons. Two additional findings support the existence of the direct pathway,
1) MC4-R KO mouse and patients with MC4-R mutations have normal thyroid hormone levels
[183;184], 2). While the MC4-R is expressed in the PVN [53], it was found that only
approximately 48% of TRH neurons in the PVN express this receptor [16]. It is interesting to
note that only 30% of the POMC neurons derived from the ARC have synapses with 34% of
TRH neurons in the medial parvocellular subdivision [179]. The majority of TRH neurons in
the medial parvocellular subdivision of the PN where most of the hypophysiotropic TRH
neurons reside [27], are contacted by AGRP and not by a-MSH-containing axon terminals
[185]. In the same studies, 300ng of a-MSH (physiological levels are 2.5 ng) administrated to
fasting rats every 6 hours for 64 hours by ICV injections were needed to raise the level of
thyroid hormone to only ~50% of the levels observed in the fed animals [185]. In contrast
systemic leptin administration to fasting animals not only increases preproTRH mRNA in the
PVN but also fully restores thyroid hormone levels and TRH peptide to normal or higher levels
[135;156]. Therefore, a-MSH appears to affect only part of the full regulatory effects of leptin
on the thyroid axis, primarily via actions directed on the regulation of preproTRH gene
expression.

Although the above data are consistent with a direct ability of leptin to promote TRH
biosynthesis through actions on TRH neurons, the ARC-derived neuropeptides play the most
significant role in the regulation of proTRH neurons, in the normal but not in the obese
condition as its was shown that pretreatment of fasted rats with a melanocortin antagonist fully
blocks the leptin-induced effect on the HPT axis [18] (see below section 10 Obesity and the
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Thyroid axis), via synaptic input from leptin-responsive POMC and NPY/AgRP neurons
located in the ARC [179;186]. Using nuclear P-CREB staining and a pharmacological
antagonist of MC4-R, it was shown that the melanocortin system has a primary role in the
leptin-mediated activation of hypophysiotropic proTRH neurons [18]. ObRb mRNA is also
highly expressed in the ARC. Specifically, ObRDb is present in neurons expressing NPY, AgRP,
POMC, and CART [50;51;57;187;188;189]. Leptin resistance suppresses coexpression of
NPY and AgRP in one population of arcuate neurons. Since NPY, AgRP and POMC expression
in the ARC are regulated by leptin in vivo [50;51;57;187;189] growing evidence shows that
these neuropeptides play an indirect role in the regulation of TRH neurons by leptin. These
include: a) an inhibitory action of leptin on NPY and AgRP release from the ARC, leading to
a reduced inhibitory effect of these peptides on TRH expression in the PVN; and/or b) a
stimulatory action of leptin on a-MSH release resulting in stimulation of TRH release originally
shown for the first time using primary hypothalamic cultures [17] (Fig. 4 and 5)

Previous data suggest that the primary action of leptin on the HPT axis is exclusively mediated
by hypothalamic ARC neurons through direct axonal projections to the PVN. It was proposed
that if the ARC is ablated by neonatal treatment with mono-sodium glutamate (MSG), not only
is the response of the thyroid axis to fasting abolished, but its response to the exogenous
administration of leptin is lost as well [182]. However, this is not the ideal model to test this
hypothesis. Rats subjected to neonatal MSG are less sensitive to peripherally administered
leptin [190;191]. Moreover, since MSG treatment causes lesions to blood-brain barrier-free
areas, it is possible that the leptin insensitivity is due to an impaired leptin transport system
rather than lesions of specific leptin-sensitive cells. The complex metabolic disturbances of
MSG rats (hyperinsulinaemia, hypercorticosteronaemia, hyperleptinaemia, hyperglycaemia)
could contribute significantly to the peripheral leptin resistance observed by Dawson et al.
[191]. Hyperleptinemia observed in MSG treated rats was sustained for at least 150 days of
age [192] indicating that the administration of leptin to MSG treated rats will not have an effect
on the HPT axis because the animals are already leptin resistant. ICV administration of a-MSH
can fully restore the fasting-induced decrease of preproTRH mRNA in the PVN of starved rats,
however, it only partially restores the fasting-induced decrease of thyroid hormones [54].
Similarly, CART ICV administration completely restores the fasting-induced decrease of
proTRH mRNA in the PVN in fasted rats; however, it does not restore the fasting-induced
decrease of thyroid hormones [179]. Conversely, AgRP and NPY ICV administered in fed rats
induce a state of central hypothyroidism similar to the fasting-induced state [60;185].
Therefore, these ARC-derived peptides play a significant role in the indirect regulation of TRH
neurons by leptin in vivo [51;57;187], and the P-CREB signaling is critical during the indirect
leptin actions on proTRH neurons. a-MSH binds to the Gs-protein coupled melanocortin 4
receptor (MC4R), which signals by increasing P-CREB levels subsequently activating different
genes, including preproTRH [16;193]. AgRP acts as a competitive antagonist or inverse agonist
on the melanocortin receptors [194;195], and blocks a-MSH-induced effects on TRH release
[55]. NPY action on TRH neurons is mediated by Y1 and Y5 receptors [61], which couple to
Gi-protein and, when activated, decrease P-CREB levels [196]. Anatomical analysis shows
that 48% of leptin-responsive TRH neurons are concentrated in the caudal region of the medial
and periventricular parvocellular subnucleus of the PVN [178]. In another study using double
in situ hybridization for TRH mRNA and MC4-R mRNA it was reported that approximately
50 to 60% of the TRH neurons located at the medial parvocelluar division of the PVN coexpress
MC4R mRNA [197]. On the other hand, a-MSH activates the proTRH gene, at least in part,
by increasing the phosphorylation of CREB in the nucleus of these neurons [16]. Therefore,
observing the distribution of P-STAT3 and P-CREB expression in different subsets of
hypophysiotrophic TRH neurons carrying ObRb and/or MC4 receptors in the PVN has been
of key importance to identify the anatomical locations of proTRH neurons stimulated by both
pathways [18] (Figs. 2 and 3).
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8. Regulation of hypophysiotropic TRH neurons by NPY

NPY negatively regulates TRH production in the PVN, and acts by binding to NPY receptors
on TRH neurons [60;179;186]. It was early suggested that NPY, in parallel with triggering
feeding behavior, interrupts normal thyroid feedback during food deprivation. An early study
showed that NPY and catecholaminergic inputs on TRH neurons are of mixed origin, and those
cell bodies and proximal dendrites of TRH neurons receive a robust, putative inhibitory NPY
input from the hypothalamus [198]. NPY action on TRH neurons leads to activation of an
inhibitory G-protein that blocks phosphorylation of the CREB transcription factor downstream
of the MCA4R receptor. NPY neurons in the ARC also inhibit POMC neurons (Fig. 5) in the
ARC by release of NPY and GABA [199]. a-MSH production is inhibited by both activation
of the NPY1 receptor and GABA induced reduction of action potentials [199]. There are at
least 6 NPY receptors subtypes, but Y1 and Y5 have received specific attention because of
their ability to increase food intake when specifically stimulated [132]. These two receptors
are present in cell bodies in overlapping regions of the rat PVN and ARC [200]. It is unknown
the degree that Y1 and Y5 are present within the same neuron in the PVN or ARC, but in other
regions these receptors have been seen individually in separate neurons or colocalized [200].
Y1 has been shown to colocalize with many but not all TRH neurons in the PVN [201]. The
NPY innervation of TRH neurons has been seen throughout all subdivisions of the PVN
[186;202]. There is a great deal of evidence that these two receptors mediate different effects
of NPY on the HPT axis, suggesting that they may be located on physiologically different
subsets of neurons in the PVN and ARC. Y1 specific agonists stimulate the appetite phase of
food intake, while Y5 specific agonists stimulate the meal size and duration during food intake
[203]. Y1 but not Y5 antagonists block the effects of NPY on food intake in rats. Fasting-
induced food intake was reduced in Y1 but not Y5 knockout mice [204]. We already know that
there are at least two subsets of TRH neurons in the PVN, one directly responsive to leptin (P-
STAT3) and located in the medial and posterior part of the PVVN, and a second group indirectly
responsive to leptin (P-CREB) located mainly in the anterior, medial and periventricular part
of the PVN [18]. Therefore, it is tempting to speculate that NPY downregulation on TRH
neurons will occur by two different pathways or mechanisms, similar to what it is was shown
for leptin. The first one will involve NPY neurons sending axonal projections to TRH neurons
where the NPY peptide may bind to either Y1 or Y5 receptor. In the second pathway NPY
neurons will send its axonal projections to POMC neurons in the arcuate nucleus affecting the
release of a-MSH that in turn will regulate the release of TRH through the MC4R. In a recent
study conducted in our laboratory, we showed that the NPY 1R colocalizes with TRH neurons
mostly located in the anterior part of the PVN. These results are consistent with a pCREB
activation seen previously in the TRH neurons located in the anterior part of the PVN [18]. In
addition, with acombination of NPY plus leptin and NPY plus a-MSH ICV treatments in fasted
animals we were able to show the possibility of two mechanisms (Fig. 5) by which NPY could
regulate TRH neurons (unpublished results).

9. The TRH neuron, thyroid hormones and nutrition

The physiological role of the thyroid goes beyond maintaining the basic metabolic rate in all
cells. A common situation in which thyroid hormone levels are subject to major physiological
changes is during the transition from the fed to the starved state. Starvation is a severe threat
to survival, and in rodents, the capacity to survive without food can be measured in a matter
of days. Given that thyroid hormone has the ability to set the basal metabolic rate, a suppression
of thyroid hormone during starvation reduces metabolic rate and preserves energy stores. Since
animals in the wild commonly experience periods of starvation, the thyroid response to
starvation should be considered as a major evolutionary mechanism designed to ensure survival
when food is scarce. Through evolution, primitive humans faced long periods of food scarcity
and starvation, and those who survived these conditions adapted their evolutionary traits to
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provide a greater capacity for conserving energy in fat stores until food became available again.
However, these properties that in the past constituted an evolutionary advantage, today make
humans more susceptible to become obese during times of large quantities of available food.
Undeniably, this prosperous genotype in modern and industrialized societies, characterized by
food abundance and reduced physical activity, culminated in an obesity of gigantic proportions,
mostly in developed countries [205;206;207]. How does this nutritional adaptation take place?
The thyroid system has several levels of regulation beginning at the level of the hypothalamus.
There is a tightly regulated relationship to maintain homeostatic concentrations of thyroid
hormones, by activating the feedback mechanisms on the biosynthesis of proTRH in the PVN
followed by the pulsatile secretion of TRH from the ME [26;162]. However, during starvation
this dynamic is completely altered. Starvation suppresses hypophysiotropic preproTRH gene
expression, while other TRH producing neurons inside or outside the hypothalamus are not
affected [135]. Such a decrease in circulating thyroid hormone levels is associated with a
reduction in the biosynthesis of TRH and the secretion of TSH [135;208;209]. By creating this
state of central hypothyroidism, the resulting reduction in thyroid stimulating thermogenesis
may serve as an important energy conservation mechanism until re-feeding occurs. How and
where does the signal to the brain coordinate this adaptation? It was suggested that reduced
TRH secretion might be due to the fasting-induced increase of corticosterone [210;211]. The
reason for this alteration is that TRH neurons are strongly affected by the nutritional status of
the animal, which is similar in humans. This discovery adds a new level of understanding of
the evolutionary role of the HPT axis, which involves an environmental adaptation to preserve
energy during periods of malnourishment. We now know that the response to starvation not
only causes changes in carbohydrate and fat metabolism, but also affects several
neuroendocrine axes [26;166].

How do thyroid hormones produced in the thyroid gland regulate these processes throughout
the body [77;212: Nillni, 1999 #4678] to maintain homeostasis at a constant rate? It does it
largely by increasing basal metabolic rate in cells through the action of T3 on the uncoupling
proteins (UCP-1, UCP-2 and UCP-3) [213] [9] [9;10;11;214]. Performing work or generating
heat in different ways can be the source for spending energy in the form of thermogenesis.
Adaptive thermogenesis or regulated production of heat is affected by environmental
temperature and diet. The mitochondria organelles that convert food to carbon dioxide, water
and ATP, are fundamental in mediating effects on energy dissipation. Thyroid hormone-
dependent energy expenditure is related to adaptive or facultative thermogenesis, which is
characterized by an uncoupling of oxidative phosphorylation in cold-exposed brown adipose
tissue (BAT) dependent on locally generated thyroid hormone. For example, shivering reaction
during cold exposure uses energy and this is an example of adaptive thermogenesis. In small
mammals, sympathetic adrenergic stimulation of BAT induces uncoupling protein-1 (UCP- 1)
that uncouples the mitochondrial proton gradient from ATP production promoting the
generation of heat. A major contributor in this reaction is D2, which increases local,
intracellular T3 production from T4 [215] (Fig.4), while serum T3 levels do not appear to be
affected in this condition [215]. The important central role of D2 in the generation of T3 in
cold-induced BAT thermogenesis was demonstrated by a blocked in non-shivering
thermogenesis in response to cold exposure [216] giving an important role to the interaction
between the adrenergic sympathetic innervation cascade and thyroid hormone action [10;11].
In humans, skeletal muscle plays the thermogenic role accomplished by brown adipose tissue
in small mammals, a tissue that contains sufficient mass, innervation, and metabolic activity.
Therefore, a prominent portion of the basal metabolic rate activity among normal humans could
be assigned to this tissue alone [217]. The family of deiodinases converts less active Ty to the
more active T3 or inactive reverse T3 in various tissue sites. It has been recently hypothesized
that leptin and/or glucocorticoids play a role in these mechanisms and their interactions with
D2 may be an important regulator of the HPT axis [218]. Since the hypothalamic TRH
expression is regulated by T3 via negative feedback inhibition the availability of T3 converted
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from T, is of key importance in this regulation. Several deiodinases are involved in the
production of T3 in a tissue-specific manner. D2 is expressed in the central nervous system,
the anterior pituitary, and brown adipose tissue (Fig. 4). Indeed, the thyroid regulation of TRH
also involves a monosynaptic pathway between the ARC that contains the highest enzyme
activity of D2, and those TRH neurons of the PVN that are projected to the external layer of
the ME. This unique signaling modality plays an important role in thyroid feedback on TRH
cells [219].

Hypothyroid and fasted rats show elevated hypothalamic D2 mRNA and D2 activity, and while
T, administration restores D2 mRNA expression in hypothyroid rats, it does not restore the
fasting-induced increase of D2 expression, suggesting that the elevation of D2 production and
activity during fasting is not related to the thyroid [220]. In another set of studies, the same
group showed that hypothalamic D2 activity was not affected by either leptin or corticosterone
administration in the fed state, but it was restored by leptin in the fasting state. They concluded
that a decrease in serum leptin seen during fasting plays an important role in the increased
serum corticosterone concentrations to elevate D2 activity [218]. Inhibition of D2 activity by
ICV infusion of the deiodinase inhibitor iopanoic prevented the fasting-induced hypothalamic
TRH decrease consistent with the observation that increased hypothalamic D2 activity during
starvation may cause a higher production of local T3 that in turn decreases the TRH expression
in the PVN [221]. In a further study, the local increase of bioactive T3 in tanycytes fasted
animals was associated with an activation of neuronal uncoupling protein 2 (UCP2), and
mitochondrial proliferation in the orexigenic AQRP/NPY neurons [222]. There is also a
possibility that leptin may regulate deiodinases in other tissues to alter the set point of the
thyroid axis. Supporting this hypothesis, a previous study showed that central administration
of leptin affected D2 activity in BAT through a possible activation of the sympathetic nervous
system [223]. This reaction resulted in a significant increase in plasma T3 levels, a situation
that favors the activity of hepatic D1, given the high sensitivity of this enzyme to T3 [224].
However, when these studies were performed there was no information about the role of leptin
regulating the TRH neuron. Therefore, it remains to be confirmed what contribution each of
these leptin targets have in controlling the synthesis of T3 during changes in nutritional status.
When leptin levels are high, does T3 increase because of a leptin action on TRH neurons
stimulating the HPT axis that, in turn, provides more T4 available for conversion by deiodinases
to T3, or does leptin increase deiodinase activity in specific tissues to convert the existing T4
to T3, or indeed are both mechanisms involved? Aside from the role of thyroid hormone
regulating TRH in the PVN at the level of gene expression and post-ranslational processing,
new studies [225] showed that T, also controls TRH degradation by regulating the enzyme
pyroglutamyl peptidase 11 (PPII). The PPII enzyme is commonly expressed in tanycytes and
glial cells lining the third ventricle in the hypothalamus. The cytoplasmic processes of these
cells reach the median eminence suggesting that PPII regulates the output of TRH peptide from
the ME before its reaches the pituitary.

Long-term hypocaloric dietary regimens resulted in alterations similar to those observed during
fasting. Although serum T3 and rT3 tended to return to basal concentrations during the last
period of hypocaloric regime, TSH release upon TRH infusion remained low during the whole
period, indicating that central and peripheral thyroid hormone metabolisms are affected via
separate process [226]. In an effort to understand whether the decreased in hypothalamic TRH
secretion during fasting is responsible for the decrease in TSH, the effect of 48-hour TRH
infusion during a 6-day fast was investigated. On the second day of fasting, serum TSH
decreased, while a rise in FT4 concentrations was observed suggesting that the transient
suppression of serum TSH was not TRH mediated but due to the elevation of FT4 [227].
Another study determined the effect of fasting on circadian and pulsatile TSH secretion in eight
healthy humans by measuring serum TSH every 10 minutes during the last 24 hours of a 60-
hour fast. The decreased nocturnal TSH surge during fasting was associated with a significantly
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decreased TSH pulse amplitude, but with an unaltered number of TSH pulses between
2000-0400 h. These results seem to indicate that fasting decreases 24-h TSH secretion and the
nocturnal TSH surge in the absence of a change in plasma T4 concentration [228]. The
discovery of leptin as an important regulator of the thyroid axis provided an additional insight
about the multiple mechanisms regulating the thyroid axis [135;156;166;229]. In humans, Chan
etal. studied the effects of recombinant human leptin on 72-hour fasting in healthy men. Fasting
decreased serum T3, TSH and increased serum rT3. The administration of recombinant human
leptin, prevented the fall in TSH secretion, suggesting that leptin regulates the alterations in
TSH levels and TSH pulsatility during fasting [230]. In a follow up study, the effects of a 72-
hour fast in healthy women resulted in a similar relative decrease of serum leptin, but exogenous
leptin did not affect TSH pulsatility [231], although leptin replacement during the 4-day fast
did result in higher 24-hour mean TSH concentrations compared to placebo [232]. In another
study, healthy subjects on restricted caloric intake who lost 10% of body weight showed a
restoration of serum T3 and T4 after leptin treatment suggesting that differences in the
experimental protocol of these various studies, acute fasting during a short period versus a
longer-term hypocaloric diet may account for the different outcomes [233].

The thyroid axis responds at multiple levels to iliness rendering inappropriate secretion of TSH,
which is seen in non-thyroidal illness. Non-thyroidal illness is generally associated with
anorexia, suggesting that the leptin and melanocortin signaling pathways may play a key role
in this process. A previous study suggested that central hypothyroidism associated with
infection might be due to up-regulation of D2 activity in tanycytes present in the walls and
floor of the third ventricle. These cells could lead to inhibition of TRH gene expression by
increasing local T3 production [234].

In the human hypothalamus (postmortem), the HPT axis response to illness produced extensive
changes. For example, there was a decrease in serum concentrations of T3 and TSH during
illness, which were paralleled by decreased preproTRH mRNA. These results suggest that the
T, is taken up in glial cells that convert T, into the biologically active T3 via the enzyme D2,
which in turn binds to THRs and/or may be degraded into inactive iodothyronines by D3
[235]. Cancer anorexia-cachexia syndrome observed in 80% of patients in the advanced stages
of cancer alters a multifactorial process involving many mediators, including hormones like
leptin, neuropeptides such as a-MSH, and cytokines. It is likely that close interrelation among
these mediators exists in the hypothalamus, decreasing food intake and leading to cachexia by
the robust increase of a-MSH that in turn stimulate the TRH neuron and activete the thyroid
axis and increase in energy expenditure [236].

Initial observations showed that leptin can prevent the fall of T4 and T3 in starved rodents, and
the expression of preproTRH mRNA in the PVN [156;166]. Consistent with this hypothesis,
itwas recently demonstrated that the biosynthesis of the TRH peptide in the PVN and its release
from the ME is restored after the administration of leptin to fasted animals, independent of
calorie intake [135]. After leptin treatment in fasted animals, the T4 values exceeded the normal
values seen in fed control animals [135]. The TSH levels, consistent with previous studies
[237], showed a small, but significant, decrease in male rats during fasting. It has been
suggested previously that most of the TSH detected during fasting, in the absence of TRH, may
not be functional. TRH plays a key role in the glycosylation of TSH in thyrotrophs by regulating
the posttranslational maturation of TSH oligosaccharide chains to promote full biological
activity, which means that such a reduction in TRH leads to TSH with less complex
carbohydrate structures and reduced bioactivity that can be restored by TRH administration
[237]. Humans with central hypothyroidism hypothalamic disease frequently have normal, or
even slightly higher, serum TSH concentrations. These patients with hypothalamic diseases
showed poor glycosylation of TSH, which is mannose-rich compared to control and primary
hypothyroid patients. Again, consistent with this fall in pituitary and thyroid hormones, a
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reduction in preproTRH mRNA in the rat PVN was observed. The preproTRH mRNA
expression was restored after leptin treatment. Similar studies done in humans were consistent
with these findings. Rosenboun et al [233] found that in clinical studies maintenance of reduced
body weight was associated with decreased 24-hour energy expenditure, a decrease in
circulating plasma concentration of leptin, and thyroid hormones. All these endocrine changes
were reversed by administration of replacement doses of leptin. The conclusion from studies
done in animals and humans support the hypothesis that the neuroendocrine changes associated
with constant reduced body weight are due, partially, to the lower circulating levels of leptin
secondary to reduced fat mass. It is clear now that nutritional regulation of the thyroid axis
through TRH in rodents and humans is important to both food deprivation and to illness.
Humans with mutations of the ObRb have central hypothyroidism [174]. Also, controlled
caloric restriction in humans, which leads to weight loss, results in a decline in serum T3 levels,
which can be reversed by leptin [233]. On the other hand, acute fasting in humans leads to a
loss in the normal pulsatile release of TSH, a situation that can be reversed by leptin replacement
[228;230]. Humans with MC4-R mutations have an obese phenotype, however, they have a
normal thyroid axis [184;238;239;240]. Some patients with central hypothyroidism of
hypothalamic origin are associated with the secretion of TSH molecules, but decreased
bioactivity because of changes in the oligosaccharide chains [241].

10. Obesity and the thyroid axis

Obesity and its related medical complications including type 2 diabetes, cardiovascular disease,
dyslipidemia, and cancer account for more than 300,000 deaths per year in the United States.
Obesity treatment strategies often do not result in adequate sustained weight loss, and the
prevalence and severity of obesity in the U.S. and many developed countries is progressively
increasing. Recent surveys classify roughly one third of all Americans as obese [242]. The
complexity of the obesity condition results from the interaction between environmental and
predisposed genetic factors [243]. A more thorough understanding of the molecular
mechanisms underlying the pathogenesis of obesity and regulation of energy metabolism is
essential for the development of effective therapies. Obesity occurs as a result of a longstanding
imbalance between energy intake and energy expenditure, which is influenced by a very
complex set of biological pathway systems regulating appetite [168;212;244;245]. A better
understanding of the causes of obesity lies in uncovering the molecular and physiologic
mechanisms that regulate appetite, satiety, and energy balance [166;167;168;170;171;172;
246] and will further improve the possibility to develop new anti-obesity drugs.

The interaction between the thyroid axis and development of obesity in humans is characterized
by a complex relationship between leptin and hypothalamic TRH with important connotations
in the thyroid status [247]. Different from insulin or cortisol, which fluctuate in response to
nutritional changes and stress, thyroid hormones are typically maintained at a constant level,
keeping the metabolic machinery running at a proper metabolic rate [212: Nillni, 1999 #4678].
Thyroid hormones are crucial for the survival of both rodents and humans by adjusting its
levels from fed to starved state where in the case of starvation a rapid suppression of T4 and
T3 levels occurs to preserve energy stores. The secretion of Tz and Ty is controlled by a
feedback system involving the pituitary gland and hypothalamus that produces hormones that
regulate thirst, hunger, body temperature, sleeps, moods and sex drive. When plasma levels of
thyroid hormone fall, the biosynthesis and secretion of hypophysiotropic TRH increase, raising
the threshold for feedback inhibition by thyroid hormone on anterior pituitary thyrotrophs, and
thus increasing TSH secretion. Conversely, elevations in plasma concentrations of thyroid
hormone suppress the biosynthesis and secretion of TRH, causing a reduced threshold for
feedback regulation by thyroid hormone on thyrotrophs resulting in suppression of TSH
secretion, thus leading to a reduced release of thyroid hormones [19]. Changes of thyroid
function are associated with changes in both body weight and energy expenditure, but despite
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intensive research in this area, results are still not very clear on the role of leptin in thyroid
pathophysiology [229]. Patients with thyroid disease usually have secondary disturbances of
body weight, food intake and thermogenesis [248]. In healthy adults, plasma TSH and leptin
concentrations are synchronized, suggesting that leptin regulates the HPT axis in humans
[249;250]. Patients with leptin receptor mutations or leptin deficiency show features of
hypothalamic hypothyroidism [174;176], and leptin treatment increases plasma thyroid
hormones in leptin deficient humans [129]. Also, leptin administration reverses the low thyroid
hormones in subjects on hypocaloric diets [233]. Based on these observations, one would
expect to find high activity of the HPT axis in hyperleptinemic obese subjects. Although this
has not been consistently observed, several studies reported that obese individuals have a higher
activity of thyroid axis within the normal range [251;252;253;254;255]. Patients with morbid
obesity have higher levels of thyroid hormones compared to normal weight subjects [256].
Therefore, itis possible that this model of leptin-induced resetting of the hypothalamic thyrostat
may explain the alteration of the thyroid axis found in, at least, a subpopulation of obese
individuals. Intriguingly, most obese humans and rodents have high levels of plasma leptin,
which neither reduces appetite nor increases energy expenditure [257;258]. This condition of
hyperleptinemia is known as leptin resistance. Many aspects of this “leptin resistant” state are
still poorly understood.

While the neuronal circuits controlling food intake and energy expenditure in lean and obese
animals have been extensively investigated [259;260], the neuronal circuits controlling the
HPT axis in obese animals are poorly understood. In rodents, the ARC neurons were defined
as the major site of the hypothalamic “leptin resistance” induced by high fat diet (HFD)
[261;262] affecting the melanocortin system, which is essential to activate the HPT axis [18].
Evenwith high leptin levels, most obese humans and rodents lack responsiveness to its appetite-
suppressing effects. Our laboratory in collaboration with Michael Cowley's laboratory has
shown that leptin modulates NPY/AgRP and a-MSH secretion from the ARC of lean mice,
and diet-induced obesity (DIO) mice have normal ObRb levels and increased SOCS-3 levels,
but leptin fails to increase a-MSH secretion. We also showed that by decreasing the fat content
of the mouse's diet, leptin responsiveness of NPY/AgRP and POMC neurons recovered
simultaneously, with mice regaining normal leptin sensitivity and glycemic control. These
observations underscore the physiological significance of leptin sensing in the melanocortin
circuits and show that loss of leptin sensitivity contributes to the pathology of leptin resistance.
Therefore, it appears that leptin resistant is only a temporary phenomena. So even when
overweight humans are likely to be leptin resistant, this condition can improve by losing weight.
This circumstance is quite different to type 2 diabetes and insulin resistance, which is very hard
to reverse, while leptin resistance is fairly correctable with a normal, healthy diet and exercise.

Previous studies have shown that pretreatment of fasted rats with a melanocortin antagonist
fully blocks the leptin-induced effect on the HPT axis [18] demonstrating that this neuronal
pathway is heavily implicated in the activation of the HPT axis. Since “leptin resistance” does
not appear to affect other hypothalamic nuclei [261], we recently hypothesized that TRH
neurons in the PVVN of obese animals could remain sensitive to the direct action of leptin.
Experiments conducted in vivo demonstrated that hyperleptinemic DIO rats have higher plasma
thyroid hormones levels than controls, as well as increased preproTRH mRNA, TRH peptide,
and STAT3 signaling increased in TRH neurons (unpublished results). This intriguing
observation suggests that the direct pathway of leptin action on TRH neurons could play a
significant role during the stage of leptin resistance to maintain the overall homeostasis.
Confirming these initial observations, DIO rats, similarly to lean animals, down-regulated the
HPT axis during fasting. In addition, TRH synthesis of MC4KO mice during fasting or
administration of leptin is similar to wild type animals. In the absence of a functional
melanocortin system, which is the case of the DIO rat, the TRH synthesis in the MC4KO mice
during fasting or administration of leptin was similar to wild type animals [130]. To further
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test the hypothesis that the higher plasma T3 levels seen in DIO rats occur because of direct
leptin action, fed Zucker rats (Zucker rats bear a mutation in the leptin receptor gene and lacks
leptin response [263;264]) with regular chow or HFD were unable to increase the levels of T3
seen in regular DIO rats. This finding confirms the notion that higher levels of plasma T3 seen
in DIO rats depends, at least in part, on leptin signaling (unpublished results). Consequently,
these preliminary studies could provide the first demonstration that the TRH neurons directly
regulated by leptin play a significant role in the DIO condition by allowing the HPT axis to
continue to be functional when leptin resistance is established at the level of the ARC. Although
these preliminary data are compelling, these neurons also contain classical transmitters like
GABA, glutamate and acetyl-choline that could influence TRH neurons even when the
melanocortin receptors are not functional. Further studies are needed to demonstrate this
possibility.

Altogether, these results suggest that leptin can affect hypothalamic functions of DIO rats in
the presence of “resistance” to its anorexic activity. According to this idea, Halaas et al. showed
that the leptin-mediated anorexic response attenuated earlier than the leptin-mediated increase
of energy expenditure after central infusion of leptin in lean mice [265]. Scarpace et al. also
showed that resistance to leptin-induced anorexogenic actions develops earlier than the
resistance to thermogenic effects using rats centrally treated with virus encoding leptin cDNA
[266]. Thus, it seems that the direct action of leptin on TRH neurons is one of the potential
mechanisms to increase energy expenditure independently of the anorectic action coming from
the ARC. As described earlier in this review, thyroid hormones could also increase energy
expenditure in DIO rats either directly, via up regulation of UCPs and basal body temperature,
or indirectly via an increase in the sensitivity to the sympathetic activity [214;267]. However,
it is important to mention that changes in the activity of the autonomic system, independent of
the HPT axis and leptin, may also contribute to increase the energy expenditure of DIO rats
[268]. Direct leptin action on TRH neurons may explain other side effects of obesity such as
hypertension. It has been shown that diencephalic TRH mediates the central leptin-induced
increase of blood pressure in rats [269]. Moreover, Landa et al. recently reported that obesity-
induced hypertension decreases when diencephalic TRH is knocked down [270]. These
findings suggest that the selective leptin action on TRH neurons could contribute to the overall
phenotype of obese individuals. In conclusion, the possibility of the existence of a group of
hypothalamic TRH neurons sensitive to the leptin-induced increase of pSTAT3 signaling in
obese animals is a novel aspect in the interaction between the HPT axis and leptin that may
have important implications in the future development of anti-obesity drugs. A recent study
examined the effect of thyrotoxicosis and hypothyroidism on whole body energy metabolism
and spontaneous physical activity in rats. Thyrotoxicosis showed to induce hyper-metabolism,
increase food intake, and favoring lipid replenishment by increasing triglyceride derived fatty
acid uptake in oxidative tissues. This finding suggests that thyroid hormone might regulate
fatty acid uptake from triglycerides rich lipoproteins in a tissue specific-manner [271].

11. Summary of regulatory check points on the TRH neuron biology

This current review is intended to describe the latest knowledge on the TRH neuron research
by providing new insights into the cellular and molecular mechanisms controlling preproTRH
gene expression, proTRH biosynthesis, the molecular determinants involved in the proper
folding of the polypeptide, post-translational processing, and the differential sorting of the
processing products to mature secretory granules (Fig.1). Since the discovery of the PCs in the
late 1980s a new frontier on the propeptide hormone biosynthesis and processing research has
come to fruition. It is particularly relevant to emphasize the concept that secretion of any
particular peptide or neuropeptide hormone depends on a series of post-translational
modification carried out by a group of different processing enzymes located in a unique
environment within the secretory system. These enzymes, as we recently learned, are also
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regulated by important hormones involved thyroid physiology such as leptin and T itself (Figs.
4 and 6). The hormone leptin, like NE and Tj, regulates the biosynthesis, processing and
secretion of proTRH while simultaneously regulated PC1/3 and 2, which are responsible for
the maturation proTRH. These sequences of events further support the existence of a coupled
regulation of proneuropeptide/processing enzymes as a common process by which cells
generate more effective processing of prohormones into mature peptides ready for release. It
is also described to some extend the biological action of TRH in the thyroid axis during
metabolic perturbations including cold stress, and the thyroid response in starvation and
obesity. The recent view on this endocrine axis is that in order to maintain the homeostasis of
the whole body metabolism and temperature it requires the participation of multiple factors
coming from different brain nuclei, including the hypothalamus, and hormones from the
periphery acting in a very coordinated and tightly regulated fashion. Although there are other
factors affecting the regulation of the hypophysiotropic TRH neurons, emphasis was placed in
the review on those related to nutritional control of the HPT axis and cold stress (Fig. 4). The
review describes the way Leptin activates different subgroups of TRH neurons directly via the
leptin receptor, inducing activation of the TRH promoter, and indirectly via effects on the
stimulation of a-MSH release from POMC neurons and acting through neuronal synapsis on
TRH neurons, while inhibiting AGRP/NPY neurons. The review also proposes a new modality
for the inhibitory action of NPY on TRH neurons (Fig. 5). At the hypothalamic level, evidence
shows that fasting causes the increase of D2 in tanycytes promoting a conversion of T4 to T3
(Fig. 4) representing another point of regulation of the TRH expression in the PVN by acting
on THRb2 [272]. While the preproTRH expression remains higher in THRb2-null mice
compared to wild type, leptin restores preproTRH expression in TRb2-null and wild-type mice
as well, suggesting that responsiveness of TRH neurons to leptin might be independent of the
THRDb2 [273]. The information on human preproTRH expression is limited however, a recent
study had showed that the participating proteins in the regulation of hypothalamic TRH during
fasting in rodents are also expressed in the human hypothalamus [274]. D2 is expressed in glial
cells of the infundibular nucleus, which is the human homologue of the rat ARC [274]. The
recently identified thyroid hormone transporter MCT8 is expressed in neurons of the
infundibular nucleus and PVN and plays a role in the access of T3 to the preproTRH gene in
the nucleus (Fig. 6) [275;276]. T3 also plays a down regulatory role on the PCs and PAM to
prevent further processing of proTRH. The physiological role of MCT8 was confirmed in
mutations found in humans and mouse genetic models showing impairment in the regulation
of preproTRH mRNA expression by thyroid hormone [235;277;278;279]. In summary, the
hypophysiotropic TRH neurons in the PVN are sensitive to T3 levels and other modulators of
energy balance including leptin, a-MSH, AgRP, and NPY. The TRH neuron integrates these
inputs to determine the set point of preproTRH expression and biosynthesis of TRH as seen
during fasting. These mechanisms of gene regulation are accompanied by a tight regulation of
proTRH processing by PC1/3, PC2, CPE/D and PAM. Based on the new knowledge on the
TRH neuron biology, it has been recently suggested to operate as a metabolic sensor since it
is regulated at multiple levels to control thyroid function and metabolism [280].
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DVC
DMN
NTS
NPY
NE
GABA
CPE/D
CSF
PVN
ICV
SC
CNS
ME
RER
PCs
RSP
GC

SG
ISG
TGN
ICC
TRE
CRE
PAM
TSH
T4

T3
UCPs
BAT
a-MSH
AgRP
ARC
VMH
LH
ObRb
MC3-R and MC4-R

dorsal vagal complex

dorsal motor nucleus of the vagus
nucleus tractus solitaris
neuropeptide Y

norepinephrine

g-aminobutyric acid
carboxypeptidase E/D
cerebrospinal fluid

periventricular nucleus of the hypothalamus
intracerebroventricular
subcutaneous, IC: intracerebral
central nervous system

median eminence

rough endoplasmic reticulum
proconverting enzymes

regulated secretory pathway

Golgi complex

secretory granules

immature secretory granules
trans-Golgi network
immunocytochemistry

thyroid response element

CAMP response element
peptidylglycine a-amidating monooxygenase enzyme
thyroid stimulating hormone
thyroxine

triidothyronine

uncoupling proteins

brown adipose tissue
melanocortin stimulating hormone
agouti-related peptide

arcuate nucleus of the hypothalamus
ventromedial hypothalamus
lateral hypothalamus

leptin receptor

melanocortin-3 and 4 receptors
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STAT signal transducer of activated transcription
JAK Janus tyrosine kinases
40pG |42 Pro-Gly-Leu
ICC immunocytochemistry
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Figure 1. Schematic representation of the biosynthesis and post-translational processing of rat
roTRH
g\depicts the transcription and post-translational modifications in the rat proTRH composed
of 231 amino acids. The signal sequence is cleaved from preproTRH upon delivery into the
endoplasmic reticulum yielding proTRH. The conserved PGL sequence in the pYE26 peptide
ensures the proper folding of proTRH within the lumen of the endoplasmic reticulum. The
initial processing cleavage of proTRH by PC1/3 begins at the trans-Golgi network level
generating an N-terminal and C-terminal intermediate forms. The intermediate forms of
processed proTRH are then targeted to different secretory granules where processing continues
by the action of the PCs, CPE/D and PAM until TRH and non TRH peptides are formed. The
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vertical bars on the right indicate in which intracellular compartment proTRH is cleaved and
further procesed. Numbers indicates the positions of paired basic residues. Non TRH peptides
are indicated in the proTRH molecule, and TRH is indicated by a black rectangle. Peptides are
indicated as pXYZ nomenclature, where “p” means peptide, “X” is the first amino acid of each
peptide, “Y” is the last one, and Z indicates the total number of amino acids in that given
peptide. The nonTRH peptides are then targeted to different secretory granules ready for
secretion. B depicts the proposed model of the unfolding process for proTRH after its initial
cleavage by PC1/3, exposing potential sorting signals responsible for the targeting to different
granules. Thus far a disulfide sequence has been identified in proTRH as an important sorting
signal for the correct targeting of peptides to secretory granules. SS: signal sequence. ER:
endoplasmic reticulum. TGN: trans Golgi network. ISGs: immature secretory granules. C-s-
sC: disulfide bond. The reader should note that proTRH-derived peptides are named by “p”
for peptide followed by the single letter amino acid designation for the first and last amino acid
of the peptide, along with the peptide length in subscript. Where these peptides are first
mentioned, they are followed by the longer prepro-TRH name that describes their amino acid
residue positions within the precursor.
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Fig.2.

Subcellular distribution of proTRH intermediate and end products of processing, in transfected
AtTyg cells encoding the TRH gene, and in primary cultures of hypothalamic neurons. The
cells were fixed with 4% paraformaldehyde followed by immunostaining with different
antibodies against the proTRH sequence. Fluorescein isothiocyanate conjugated to goat
antirabbit globulin was used as a probe. Panel A, AtT20 cells: positive staining in the GC and
TGN (arrows) using an antibody against proTRH and N-terminal intermediate forms (anti-
pCC10). Bar =25um. Panel C, AtT, cells: cells immunostained with anti-TGN38 (arrows), a
TGN marker. Bar = 50um. Panel F, AtT20 cells: a typical positive staining along the plasma
membrane (arrow heads), a common granule distribution of corticotropic cells, and processes
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(arrows) using anti-non-TRH peptides and anti-TRH. Bar = 25um. Panel F, AtT,q cells;
inset: typical positive staining of SGs by IEM using anti-pST10 antibodies (5 nm gold
particles). Bar = 200pum. Panel H, AtTyq cells: positive staining in the GC and processes using
an antibody that recognizes pro-TRH and C-terminal intermediate forms (anti-pYE17). Bar =
50um. Panel B, Hypothalamic neurons: positive staining in the GC (arrow) and TGN using an
antibody against proTRH and N-terminal intermediate forms, and in all boutons distributed
along the neuronal processes (arrowheads) Bar = 50um. Panel D, hypothalamic neurons: cells
immunostained with anti-TGN38, a TGN marker. Bar =50um. Panel E, hypothalamic neurons,
a higher magnification of panel B showing positive staining in stacked Golgi cisternae and in
some forming granules (arrows) using the peroxidase-DAB reaction (arrows) Bar =5um. Panel
G, hypothalamic neurons: positive fluorescence is observed only in neurites (arrowheads) and
axon terminals, while the cell body remain unstained. Bar = 50um. Panel G, hypothalamic
neurons; inset: an IEM of neurites using peroxidase-DAB staining reaction. Of the two adjacent
neurites shown, the lower one is positively stained (large arrows), whereas the upper one is
negative (small arrow). Bar = 1um. Panel I, hypothalamic neurons: positive staining in several
areas of the cell body (arrowheads) and in all boutons distributed along the neuronal processes
(arrowheads) using an antibody against pro-TRH and C-terminal intermediate forms. Bar =
25um. Panel I, hypothalamic neurons, inset: a higher magnification of cytoplasmic areas from
panel | showing positive staining in the endoplasmic reticulum and GC (arrows) as well as in
SG near the plasma membrane (arrows). Bar = 2um. nu, Nucleus; G, Golgi complex. The
polyclonal antibodies used in this ICC are as follow: Anti-pCC10 [made against a synthetic
decapeptide (Cys-Lys-Arg-GIn-His-Pro-Gly-Lys-Arg-Cys)], which recognizes prepro-
TRH25-255 (26 kDa) prepro-TRH25-151 (15 kDa) prepro-TRH25-112 (9.5 kDa) prepro-
TRH25-74 (6 kDa). Anti-pYE17 (made against prepro-TRH240-255), which recognizes
prepro-TRH25-255 (26 kDa) prepro-TRH115-255 (16.5 kDa), prepro-TRH160-255 (10
kDa), prepro-TRH208-255 (5.4 kDa), anti-pST10 (made against preproTRH160-169), and
anti-TRH. [Panels B, D, G, and | were reproduced with permission from E. A. Nillni et al.:
Endocrinology 137:5651-5661, 1996 (36). Panels were reproduced with permission from E.
A. Nillni and K. Sevarino: Endocr Rev. 1999 Oct;20(5):599-648. © The Endocrine Society.
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Fig. 3.

N- and C-terminal end products of proTRH are partially located in different vesicles within
the ME fibers. Sprague-Dawley rats were perfused with Karnovsky's fixative (A, inlet shows
a panoramic micrograph of this region) or with 4% paraformaldehyde/0.15% glutaraldehyde
in PBS (B-D). Panels C-D show an increased magnification of the panel B. Images show three
classes of positive vesicles for either anti-pYE17 antibody alone (arrows-head), anti-pYE17
antibody alone (needles), or a combination of both antibodies (arrows). Panel 3E shows
guantitative results obtained from sections labels first with anti-pYE17 (10 nm gold-particles),
and then with anti-pYE27 (25nm gold-particles). Mean percentages represent the proportion
of a particular positive vesicle compared to the total number of positivevesicles observed per
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micrograph. This Figure was reproduced with permission of Perello et al. J Biol Chem. 2008
Jul 18;283(29):19936-47.
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Fig. 4. Schematic representation of the TRH neuron with the most relevant inputs controlling its
gene expression

The illustration shows the multiple signals affecting the TRH neuron coming from the
peripheral circulation including leptin and T3, and from the ARC, a-MSH, NPY, and AgRP.
The TRH promoter integrates each of these inputs to determine the set point of the HPT axis.
The different hormonal inputs regulating the PCs are also represented.
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Fig. 5. Proposed model of leptin and NPY action on TRH neurons through the direct and indirect
pathways

This diagram shows the two subgroups of TRH neurons recently identified based on their
signaling modalities. Leptin acts directly on TRH neurons expressing ObRB through P-STAT3
signaling, and indirectly by acting on POMC neurons expressing ObRB that in turn release a-
MSH and stimulate TRH neurons expressing the MC4 receptor through P-CREB signaling. A
third unidentified group of TRH neurons is proposed to be potentially present in the PVN
carrying both ObRb and MC4R. The TRH neurons carrying the MC4R are mainly involved in
the regulation of the HPT axis, whereas the direct pathway could be essential in the obese
condition. Other neurons stimulated by the melanocortin pathway might be involved in
sympathetic activity or food intake regulation. NPY may regulate TRH neurons through
mechanism 1 or 2 depending upon the status of the melanocortin system.
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Fig. 6. Integrated regulatory mechanisms controlling TRH transcription, posttranslational
processing, and degradation by leptin and thyroid hormone

This illustration shows the multiple targets that leptin and T3 have in regulating the output of
TRH. Tanycytes incorporate T4 and converted it to T3 by D2, and together with T3 coming
from the periphery reach TRH neurons via specific transporters such as the monocarboxylate
transporter (MCT8) inhibiting gene expression by affecting the TRH promoter through binding
to the THRD2 isoform leading to the recruitment of cofactors such as SRC-1. PreproTRH,
PC1/3, PC2, and PAM are inversely regulated by T3. Post-translational processing of proTRH
occurs during the transport of the prohormone in the axons reaching the median eminence. The
amount of TRH released from the axon terminals in the median eminence to the defenestrated
capillaries can be controled by the degrading tanycyte-bound enzyme PPII, which is positively
regulated by thyroid hormone. The potential effect of leptin via an activation of the sympathetic
nervous system has been suggested, and in turn, increases the expression of BAT-UCP1 mRNA
by the conversion of T4 to T3 facilitated by D2 increased activity. The staining in the PVN
and ME was performed using an antibody against the proTRH sequence.
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