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Abstract

Body homeostasis is predominantly controlled by hormones secreted by endocrine organs. The central nervous
system contains several important endocrine structures, including the hypothalamic-pituitary axis. Conventionally,
neurohormones released by the hypothalamus and the pituitary gland (hypophysis) have received much attention
owing to the unique functions of the end hormones released by their target peripheral organs (e.g., glucocorticoids
released by the adrenal glands). Recent advances in mouse genetics have revealed several important metabolic
functions of hypothalamic neurohormone-expressing cells, many of which are not readily explained by the action of
the corresponding classical downstream hormones. Notably, the newly identified functions are better explained by the
action of conventional neurotransmitters (e.g., glutamate and GABA) that constitute a neuronal circuit. In this review,
we discuss the regulation of appetite and metabolism by hypothalamic neurohormone-expressing cells, with a focus

on the distinct contributions of neurohormones and neurotransmitters released by these neurons.

Introduction

The hypothalamus is a vital region of the brain that
regulates whole-body homeostasis. Hypothalamic neu-
roendocrine cells control homeostasis through the pro-
duction and secretion of neurohormones into the general
circulation'. Similar to other endocrine organs, some
hypothalamic neuroendocrine cells secrete end hormones
(e.g., oxytocin [OXT] and vasopressin [VP]), which are
delivered to their target organs, where they produce spe-
cific effects. Other types of hypothalamic neuroendocrine
cells secrete releasing hormones, such as corticotropin-
releasing hormone (CRH). Releasing hormones are secre-
ted into the hypophyseal portal system and consequently
excite a second population of neuroendocrine cells in the
anterior pituitary gland (adenohypophysis) to secrete sti-
mulating hormones, such as adrenocorticotropic hormone
(ACTH). This type of functional connection between
hypothalamic and pituitary neuroendocrine cells is refer-
red to as the hypothalamic-pituitary (HP) axis, which
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constitutes a major component of the hypothalamic neu-
roendocrine system.

The HP axis provides important humoral responses to
challenges such as stress and cold. The HP-adrenal (HPA)
axis releases glucocorticoids from the adrenal cortex in
response to stress, and the HP-thyroid (HPT) axis releases
thyroid hormones from the thyroid gland in response to
cold>®. Hormones released by the HPA and HPT axes
were also shown to regulate appetite and metabolism.
Glucocorticoids were shown to increase appetite and
affect glucose homeostasis*, and thyroid hormones tend
to promote appetite, increase heat generation, and reduce
body weight’. Human diseases associated with dysfunc-
tion of the HPA axis (e.g., Cushing syndrome) and the
HPT axis (e.g, Graves’ disease) are characterized by
abnormal feeding behavior and/or perturbed metabolism,
which confirms the above-mentioned effects of these
hormones®’. Additionally, CRH and thyrotropin-releasing
hormone (TRH) are reported to control appetite and
metabolism®'°. These findings highlight the potential
importance of hypothalamic CRH and TRH neurons as
well as the HPA and HPT axes in the regulation of energy
homeostasis and metabolism.
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All neurons that express neurohormones are not “neu-
roendocrine” cells; some neurohormone-expressing neurons
(e.g., CRH and TRH neurons) do not project to the median
eminence' "2, Therefore, neurohormone-expressing cells
comprise neuroendocrine and non-neuroendocrine cells,
and the term “neuroendocrine cells” may only be used to
refer to neurons that project to the median eminence and
release neurohormones. However, a subset of CRH neu-
rons located in the paraventricular nucleus of the hypo-
thalamus (PVH) labeled with peripherally injected
fluorogold also showed retrograde labeling of fluorescent
beads injected into the lateral hypothalamic area (LHA)"?.
These results suggest that neuroendocrine and non-
neuroendocrine cells are not always completely segre-
gated within a single population of neurohormone-
expressing cells. However, throughout this review, we
use the expression “neuroendocrine cells” only to refer to
neuroendocrine neurohormone-expressing cells.

The non-neuroendocrine neurohormone-expressing cells
of the hypothalamus constitute a neural circuitry that uti-
lizes conventional neurotransmitters. For example, pre-
vious studies have reported that TRH neurons within the
PVH form glutamatergic synapses on orexigenic (appetite-
promoting) agouti-related peptide (AgRP) neurons within
the arcuate nucleus of the hypothalamus (ARH), the sti-
mulation of which increases appetite'®. Moreover, PVH
CRH neurons send glutamatergic fibers to neurons of the
LHA, which is reportedly involved in stress behaviors'®.
OXT neurons within the PVH were also shown to transmit
glutamatergic projections to the lateral parabrachial
nucleus (PBN) to regulate fluid intake'®. Therefore, it is
important to consider the neural (non-neuroendocrine)
circuitry collectively with the neuroendocrine axis to gain a
deeper and complete understanding of the role of hypo-
thalamic neurohormone-expressing cells.

In this review, we summarize the endocrine function of
selected hypothalamic neurohormone-expressing cells
and the relevant HP axis that regulates appetite and
metabolism. We also discuss recent studies that investi-
gated the role of conventional neurotransmitters released
by these neurons.

Hypothalamic neuroendocrine cells and metabolic
function

Hypothalamic neuroendocrine cells release neuro-
hormones that regulate the homeostatic function of the
pituitary gland (hypophysis) (Fig. 1). Usually, hypothalamic
neuroendocrine cells are classified depending on the mode
of control of pituitary hormone secretion. A specific class
of hypothalamic neuroendocrine cells synthesizes and
transports hormones to axon terminals, which constitute
the posterior pituitary gland (neurohypophysis). These
posterior pituitary hormones include OXT and VP (also
called arginine VP [AVP] or anti-diuretic hormone
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[ADH]) (Fig. 1). Neuroendocrine cells that release OXT
and VP are located in both the PVH and the supraoptic
nucleus (SON)*®. OXT causes contraction of the smooth
muscles of the uterus and mammary gland, and VP acts on
the kidneys to promote water reabsorption'”. These pos-
terior pituitary hormones and the OXT and VP neurons
are also known to control appetite and metabolism.
For example, OXT administration causes anorexia'®, and
hypothalamic lesions of OXT neurons result in hyper-
phagia and obesity'®. OXT neurons within the PVH were
shown to be inhibited by AgRP neurons within the ARH.
OXT also produces several beneficial metabolic effects,
such as an increase in energy expenditure and promotion
of lipolysis'®. On the other hand, experimental evidence
suggests that VP suppresses food intake®'. Recent studies
in mouse models have reported that chemogenetic acti-
vation of VP neurons within the PVH induced anorexia,
whereas chemogenetic inhibition of these neurons par-
tially reversed anorexia induced by MTII, a melanocortin-
4 receptor (MCAR) agonist®®. Reportedly, chemogenetic
activation of VP neurons located in the PVH, SON, and
suprachiasmatic nucleus reduces food intake in rats®,
further supporting the anorexigenic (appetite-suppressing)
property of VP neurons.

Another class of hypothalamic neuroendocrine cells
regulates the secretion of hormones from the adenohy-
pophysis via the hypophyseal portal system. These ante-
rior pituitary hormones include CRH, TRH, growth
hormone-releasing hormone (GHRH), somatostatin
(SST), gonadotropin-releasing hormone (GnRH), and
dopamine (DA)! (Fig. 1). CRH and TRH neurons within
the PVH activate the HPA and HPT axes to stimulate the
release of ACTH and thyroid-stimulating hormone
(TSH), respectively, from the adenohypophysis. The
release of ACTH results in the release of glucocorticoids
from the adrenal gland, and the release of TSH induces
secretion of thyroid hormones from the thyroid gland'.
The HP-somatotropic (HPS) axis is bidirectionally con-
trolled by hypothalamic neuroendocrine cells with
opposite functions. This axis is upregulated by GHRH
neurons in the ARH, which initiates the release of growth
hormone (GH) from the adenohypophysis and insulin-like
growth factor-1 (IGF-1) from the liver****. Conversely,
SST neurons in the periventricular nucleus (PeV) and
PVH downregulate the HPS axis by inhibiting GH
secretion>?°. The HP-gonadal (HPG) axis is stimulated
by GnRH neurons in the preoptic area (POA), which
causes secretion of follicle-stimulating hormone (FSH)/
luteinizing hormone (LH) and sex hormones'. DAergic
neurons in the PeV and ARH downregulate prolactin
(PRL) release™®’, whereas several neurohormones
including TRH and GnRH trigger PRL release*®*, In
contrast to DA, which is an amine, hypothalamic neuro-
hormones are peptide hormones.
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Fig. 1 Hypothalamic neuroendocrine cells and hormones. Hypothalamic neuroendocrine cells regulate the adenohypophysis via the HP axis and
the neurohypophysis through their axons. Note that the axons of the OXT and VP neurons constitute the neurohypophysis. The axons of other
hypothalamic neurons are not shown for clarity. See the text for abbreviations.
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Hormones of the HP axes are associated with multiple
metabolic functions. For example, estradiol is a gonadal
steroid hormone released by stimulation of the HPG axis.
Studies have shown that food intake is reduced close to the
time of ovulation and that postmenopausal women gain
body weight; therefore, estradiol was proposed to exert anti-
obesity effects®®. Later, investigators attributed the anti-
obesity effects of estradiol to estrogen receptor-a expressed
by pro-opiomelanocortin (POMC) neurons within the ARH
and steroidogenic factor-1 neurons within the ventromedial
nucleus of the hypothalamus (VMH)?!. As mentioned ear-
lier, hormones controlled by the HPA and HPT axes are
known to regulate appetite and metabolism®>*°. Compared
with the functions of hormones released by the neurohy-
pophysis and the other HP axes, the “classical” function of
glucocorticoids and thyroid hormones is more relevant to
the regulation of energy balance and glucose homeostasis.
Interestingly, glucocorticoids and thyroid hormones promote
food intake™®, whereas CRH and TRH produce anorexigenic
effects®”. These findings suggest a complex nature of appe-
tite and metabolism regulation by the HPA and HPT axes.
Recent studies have observed that both CRH and TRH
neurons within the PVH release glutamate to regulate
homeostasis'>'*, which highlights the non-neuroendocrine
function of these neurohormone-expressing cells. Therefore,
investigators believe that the “neuroendocrine” subsets of
CRH and TRH neurons utilize the HPA and HPT axes,
whereas other “non-neuroendocrine” cell populations affect
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appetite and metabolism via neural circuitry. In the following
sections, we review the available literature to discuss the role
of CRH neurons/the HPA axis and TRH neurons/the HPT
axis in the regulation of appetite and metabolism, with a
focus on the differences in the functions of each hormone
and distinctions between neural and endocrine regulation.

Role of the HPA axis and CRH neurons

CRH is a 41-amino acid peptide that is widely expressed
throughout the body, including the brain®>*3. Available
evidence suggests that in addition to playing a pivotal role
in stress-related responses®*, CRH actively participates in
the regulation of energy metabolism®’. Most CRH neu-
rons that control the HPA axis are located within the
PVH, particularly in the lateral part®*. CRH neurons
within the PVH may affect appetite and metabolism either
intrinsically or via HPA axis stimulation®”®, Additionally,
CRH neurons located outside the hypothalamus may
function independent of the HPA axis. We discuss the
control of appetite and metabolism by the HPA axis and
the CRH neurons expressed throughout the brain.

The HPA axis

Glucocorticoids are secreted from the adrenal cortex
following HPA axis activation. Corticosterone (CORT),
which is the major glucocorticoid in rodents, induces
hyperphagia and increases fat mass and body weight®*~*>
(Table 1). Chronic administration of exogenous CORT
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Table 1 Metabolic effects of exogenous HPA axis hormones.
Hormone Application routes Food intake Body weight/fat and Energy expenditure  Glucose Lipid Ref.
(animal model) lean mass parameters balance metabolism
CORT In drinking water 1 1 Body weight | Locomotive activity 1 Insulin 1 Blood TG 3
(mouse) 1 Gonadal WAT mass « Glucose
(after
2 weeks)
1 Glucose
(after
4 weeks)
In drinking water N.D. < Body weight « VO, « GIT N.D. +
(mouse) < Locomotive activity <« [TT
< Insulin
In drinking water 1 1 Body weight < RER ND. N.D. 40
(mouse) 1 Fat mass
1 Lean mass
Via pellet implantation 1 1 Body weight gain ND. < Glucose 1 Blood TG 4142
(mouse) 1 BAT and WAT mass 1 Liver TG
(I UCP-1) < Blood FFA
(@ non-significant
increase)
ACTH s.C. injection 1 1 Body weight ND. < Glucose  « Blood TG 4731
(rat) < Blood FFA
< Blood Total
cholesterol
< Blood HDL
cholesterol
1 Blood LDL
cholesterol
CRH i.c.v. injection | | Body weight 1 VO, < Glucose ND. 8355253
(rat) | Retroperitoneal and | RER
epididymal fat pads 1 Locomotive activity
1 Sympathetic activity
PVH injection 1 N.D. ND. ND. N.D. >4
(rat)
LS injection | < Body weight N.D. N.D. N.D. 55
(rat)
N.D. not determined, see text for abbreviations.
concomitant with high-fat diet (HFD) feeding did not content®”*?, which was associated with increased

. . . 43,44,
cause further increases in fat mass and body weight*>**,

although obesity secondary to HFD feeding is associated
with elevated blood CRH, ACTH, and CORT levels.
Exogenous CORT administration induced whitening of
brown adipose tissue (BAT), which is associated with
downregulation of uncoupling protein-1 (UCP-1)
expression, as well as expansion of white adipose tissue
(WAT)*. CORT administration was shown to elevate
plasma triglyceride (TG) levels and increase the liver TG
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expression of genes involved in hepatic fatty acid meta-
bolism. CORT injections also tended to increase the blood
free fatty acid (FFA) level, although the difference was not
statistically significant™>. However, energy expenditure
was unchanged in mice after CORT administration,
regardless of whether the mice were fed a HFD or a chow
diet***, Locomotive activity remained unchanged*® or
was decreased® after exogenous CORT administration.
These results suggest that CORT-induced obesity is
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largely due to increased appetite rather than changes
in energy consumption. Studies suggest that the orexi-
genic effects of glucocorticoids are at least partially
mediated by modulation of POMC and AgRP neurons
within the ARH*"*.

Previous studies have also reported the effects of exo-
genous CORT on glucose metabolism. It is well known
that glucocorticoid-induced gluconeogenesis and glyco-
genolysis result in increased blood glucose levels®,
Dexamethasone (a glucocorticoid analog) has been
reported to reduce insulin secretion from the isolated
pancreas®®, However, the effects of glucocorticoids on
whole-body glucose homeostasis are equivocal. It was
shown that CORT administration for 1 to 2 weeks did not
affect glucose homeostasis®**% however, CORT admin-
istration for 4 weeks caused hyperglycemia with
increased insulin levels®, although glucose homeostasis
was unaffected after 22 weeks of CORT treatment™,
These findings suggest that although glucocorticoids may
cause hyperglycemia, they appear to produce variable
effects on long-term glucose homeostasis depending on
the experimental conditions.

Interestingly, the effects of ACTH on appetite and
energy consumption contrasted with those induced by
glucocorticoids (Table 1). For example, subcutaneous
ACTH injections administered for a month caused
anorexia and reduced body weight*’. In addition, treat-
ment of primary cultures of BAT and WAT with ACTH
led to elevated UCP-1 levels*®. The effects of ACTH on
lipid and glucose metabolism were also different from
those produced by glucocorticoids. ACTH was shown to
cause a transient increase in insulin secretion from the
isolated pancreas® and release of FFAs from isolated
epididymal fat tissue®® under ex vivo conditions. However,
ACTH injections administered in vivo for 3 consecutive
days did not affect blood glucose, TG and FFA levels®'.
Blood levels of total cholesterol and high-density lipo-
protein (HDL) cholesterol were also unchanged by in vivo
ACTH injections, although this treatment increased
plasma CORT and low-density lipoprotein (LDL) cho-
lesterol levels®. Currently, no plausible explanation is
available for the disparate observations; however, these
results could be attributed to the possibility that exo-
genous ACTH affects the HPA axis and glucocorticoid
secretion under some experimental conditions. Further
studies utilizing knockout or knockdown of endogenous
ACTH, as described below for CRH, are required to
resolve this issue.

The effects of exogenous CRH on energy homeostasis
are also markedly different from those of CORT, although
these effects are consistent with those of exogenous ACTH
administration (Table 1). For example, intracerebroven-
tricular (i.c.v.) administration of CRH resulted in reduced
appetite, decreased body weight gain, reduced fat pad
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weight, and increased sympathetic activity without any
effects on blood glucose levels®**>°®, Another study
demonstrated that i.c.v. injections of CRH increased oxy-
gen consumption (VO,) and locomotion concomitant with
a decrease in the respiratory exchange ratio (RER)**. CRH
injections into the PVH reduced food intake in rats®*, and
CRH injections into the lateral septal area (LS) caused
anorexia in food-deprived mice with no effects on body
weight®. However, CRH-deficient mice did not show any
defects in feeding behavior®®*’ or even showed anorexi-
genic phenotypes®®®’, which suggests that experiments
using exogenous CRH may not accurately predict the
metabolic effects of endogenous CRH. These results also
emphasize the necessity of loss-of-function experiments to
corroborate the findings of experiments using exogenous
hormones to investigate the role of the HPA axis in the
regulation of appetite and metabolism.

CRH neurons

Studies in mice showed that chemogenetic inhibition or
toxin-induced ablation of PVH CRH neurons did not alter
acute or chronic food intake or body weight®>®" (Table 2).
Interestingly, increased excitatory synaptic input onto
PVH CRH neurons was associated with the anorexigenic
effects of glucagon-like peptide-1 (GLP-1) signaling that
originates in the nucleus tractus solitarius (NTS), and
chemogenetic inhibition of PVH CRH neurons sig-
nificantly attenuated the anorexigenic effects of GLP-1
signaling®. In this study, optogenetic stimulation of PVH
CRH neurons, which presumably mimics the effects of
GLP-1 signaling, suppressed food intake®’. In another
study, impaired activity of PVH CRH neurons exaggerated
neuropeptide Y (NPY)-induced hyperphagia®. It was
recently reported that fasting-induced activation of AMP-
activated kinase (AMPK) causes increased activity of PVH
CRH neurons, which contributes to a preference for a
high-carbohydrate diet (nutrition) over a HFD (palat-
ability) under fasting conditions®*. A more recent study
demonstrated that HFD feeding blunted the responsive-
ness of PVH CRH neurons and that mice with blunted
PVH CRH neuronal responsiveness were more likely to
develop HFD-induced obesity®>. Overall, these studies
suggest that PVH CRH neurons may participate in the
fine tuning of food intake rather than control food intake
per se. It is currently unknown whether appetite mod-
ulation by PVH CRH neurons occurs via the action of
hormones or neurotransmitters. Considering the con-
flicting reports on the role of endogenous CRH in appetite
regulation®®™>°, it can be inferred that the observed
alterations in food intake are largely mediated by gluta-
mate, which is a classical neurotransmitter released by
PVH CRH neurons. Notably, defective glutamatergic
neurotransmission from single-minded-1 neurons, which
constitute the largest proportion of PVH neurons, was
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Table 2 Metabolic phenotypes of CRH and TRH neuronal activity modulation.
Target Neuronal population Modulation of neuronal Involved neural circuitry Observed phenotype Ref.
nucleus (animal model) activity (viral construct)
PVH CRH neuron Chemogenetic inhibition ND. < Food intake 0
(Crh-ires-cre mouse) (AAV8-DIO-hM4Di-mCherry)
CRH neuron Neuronal ablation ND. < Food intake ol
(Crh-ires-cre mouse) (AAV-DJ-CMV-DIO-eGFP-2A- < Body weight
TeNT)
CRH neuron Chemogenetic activation N.D. | Food intake 62
(Crh-ires-cre mouse) (AAV-hSyn-DIO-hM3Dg-
mCherry)
Chemogenetic inhibition N.D. | Anorexia by GLP-1
(AAV-hSyn-DIO-hM4Di-
mCherry)
TRH neuron Chemogenetic activation Glutamatergic innervation of AgRP 1 Food intake 1
(Trh-ires-cre mouse) (AAV8-DIO-hM3Dg-mCherry) neurons within the ARH
CeA CRH neuron Optogenetic activation ND.  Food intake 3
(Crh-ires-cre mouse) (AAV2-EF1a-DIO-ChR2-EYFP)
CRH neuron Chemogenetic activation N.D. « Food intake (basal) 7/
(Crh-ires-cre mouse) (AAV2-hSyn-DIO-hM3Dg- 1 Food intake
mCherry) (with stress)
BNST CRH neuron Chemogenetic activation ND. < Food intake 8

(Crh-ires-cre mouse) (AAV5-EF1a-DIO-hM3Dg-

mCherry)

< Body weight

N.D. not determined, see text for abbreviations.

shown to cause obesity®*. PVH CRH neurons send
monosynaptic projections to various brain regions'*>®’
and polysynaptic projections to peripheral tissues and
organs that regulate metabolism, such as WAT and the
liver®®. Therefore, defective glutamatergic neuro-
transmission from PVH CRH neurons is also likely to play
a role in the pathophysiology of obesity.

Outside the PVH, CRH is highly expressed by neurons
of the central amygdala (CeA) and the bed nucleus of the
stria terminalis (BNST)®. Conventionally, CRH neurons
in the CeA and BNST have received considerable atten-
tion for their roles in the development of fear and anxi-
ety’””". Available evidence suggests that CRH neurons in
these regions also participate in the control of appetite
and metabolism. A recent study demonstrated that len-
tiviral knockdown of CRH in the CeA resulted in eleva-
tion of the basal but not the stress-induced CORT level”?,
which suggests that CeA CRH neurons downregulate the
basal (non-stress) activity of the HPA axis. These neurons
do not directly project to the median eminence; therefore,
it is possible that CRH neurons in the CeA inhibit PVH
CRH neurons via an unidentified neural circuitry. A
previous study reported that photostimulation of CeA
CRH neurons did not change food consumption under
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either fed or fasting conditions’® (Table 2). Moreover,
administration of R0O27-3225 (an MC4R agonist) and
ghrelin failed to induce the expression of Fos, a marker for
increased activity, in these neurons’®. These results sug-
gest that CeA CRH neurons do not control food intake.
However, CRH expression was selectively decreased in
rats, which developed compulsive eating upon introduc-
tion of palatable food after conditioning with prolonged
intermittent presentation of a chow diet and palatable
food”®. In addition, fast-refeeding paradigms caused ele-
vated CeA CRH neuronal activity in mice fed either a
chow diet or a HED”*7®, A more recent study showed that
chemogenetic activation of CeA CRH neurons exacer-
bated novelty-induced suppression of food consumption,
whereas food intake and locomotion in the home cage
remained unaffected’’. Therefore, it can be concluded
that CRH neurons in the CeA are dispensable for feeding
behavior under normal conditions, although they respond
to some stressful conditions to control food intake.
Chemogenetic activation of BNST CRH neurons did not
change body weight or food intake’®, similar to the find-
ings associated with CeA CRH neurons (Table 2). How-
ever, optogenetic stimulation of BNST GABAergic
neuronal projections resulted in feeding phenotypes. It
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was previously shown that optogenetic stimulation of
BNST GABAergic neurons (Vgat®™ ' neurons) to LHA
projections induced food consumption in fed mice,
whereas optogenetic inhibition of this circuit diminished
food consumption in fasted mice”’. Similarly, food con-
sumption was increased by optogenetic stimulation of
axon terminals of Vgat®™*T neurons innervating PBN
neurons in sated mice®. Notably, this manipulation
increased the consumption of salty and bitter-tasting
food®. BNST CRH neurons are primarily GABAergic;
however, it is unclear whether stimulation and inhibition
of BNST CRH neuronal projections to the above-
mentioned brain areas also affect feeding behavior
under comparable experimental conditions.

Role of the HPT axis and TRH neurons

Thyroid hormones released from the thyroid gland
include thyroxine (T4), which is converted by the action of
deiodinase enzymes into the bioactive form triiodothyr-
onine (T3). Thyroid hormones affect the metabolic rate
and synthesis of proteins essential for thermogenesis in
cold environments predominantly via peripheral mechan-
isms®', but they may also affect feeding behavior via their
actions on specific areas of the brain®>. TRH neurons
reportedly regulate appetite and metabolism directly via
neural circuitry within the brain'**?, Currently, there is
little direct evidence that TRH neurons control appetite
and metabolism indirectly through the HPT axis. Below,
we discuss the metabolic function of thyroid hormones,
TSH, TRH, and TRH neurons in the brain.

Thyroid hormones and TSH

Type 2 deiodinase (D2) is an important enzyme that
catalyzes the conversion of endogenous T4 to T3. Local
production of T3 in the hypothalamus is controlled by
tanycytes, which are glial cells that express D2%*%°, Fasting
is reported to cause a significant increase in hypothalamic
T3 and D2 mRNA levels/activity** . Conversely, D2-null
mice showed reduced food intake in response to a fast-
refeeding paradigm, but normal food intake was restored
after exogenous T3 injections®. Therefore, increased pro-
duction of hypothalamic T3 secondary to D2 activity is
important for increased food intake in response to acute
food deprivation.

Considering that body weight is usually reduced in
hyperthyroidism®, increased food intake secondary to the
action of thyroid hormones was previously considered a
compensatory mechanism for the increased energy con-
sumption in these patients. However, a direct action of T3
on hypothalamic neurons was suggested in a study in
which exogenous T3 significantly increased food intake
whether it was injected subcutaneously or directly into the
VMH, whereas T3 injections into the ARH did not alter
food intake® (Table 3). However, subsequent studies
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demonstrated that food intake was unaffected by T3
injections into the VMH""*? In another study, T3 was
shown to activate UCP-2 and induce mitochondrial pro-
liferation in orexigenic NPY/AgRP neurons within the
ARH, which reportedly contributed to rebound feeding
after food deprivation®. T3-induced stimulation of food
intake was also attributed to enhanced hypothalamic
AMPK activity”, although the specific neuronal popula-
tion involved remains unclear. Therefore, current
experimental evidence suggests that T3 increases food
intake via actions in the medial basal region of the
hypothalamus, including the VMH and ARH, but further
studies are warranted to accurately identify the con-
tributory neuronal populations and the relevant cellular
mechanisms.

Thyroid hormones increase thermogenesis and energy
consumption primarily via peripheral mechanisms®*,
However, i.c.v. injections as well as chronic subcutaneous
injections of exogenous T3 were shown to increase energy
expenditure in rats®®*"*> (Table 3), which suggests the
involvement of central mechanisms. Furthermore, T3
injections into the VMH were shown to suppress AMPK
function to increase sympathetic activity and promote
BAT thermogenesis’"**. Notably, T3-induced suppres-
sion of AMPK signaling within the VMH increased vagal
activity to increase hepatic lipogenesis and blood TG
levels, whereas the decreased RER suggested that BAT
utilized blood TGs for thermogenesis®>. Overall, it
appears that T3 suppresses AMPK signaling within the
VMH, which at least partially contributes to T3-mediated
promotion of thermogenesis via both the sympathetic and
parasympathetic nervous systems.

Currently, limited data are available regarding the role
of TSH in the regulation of metabolism. A recent clinical
study reported that serum cholesterol and TG levels were
positively correlated with TSH levels in children and
adolescents with subclinical hypothyroidism, a condition
characterized by elevated TSH but normal T4 levels®>°.
This finding suggests that elevated TSH levels may be an
early indicator of an adverse lipid profile. Another study
showed that TSH receptor stimulation may promote
WAT and BAT adipogenesis”’. Therefore, it is reasonable
to conclude that TSH may regulate fat metabolism and
increase fat mass, although these effects appear to con-
tradict the effects of thyroid hormones. Further studies
are essential to conclusively establish the role of TSH.

TRH and TRH neurons

A previous study showed that subcutaneous injections
of exogenous TRH decreased food intake and increased
body temperature in rats’® (Table 3). Additionally, intra-
cranial (i.c.)) and i.c.v. TRH injections suppressed food
intake and increased BAT temperature and blood glucose
levels”®*~*°!, TRH injections into the PVH caused a
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Table 3 Metabolic effects of exogenous HPT axis hormones.
Hormone Application routes Food intake Body weight Energy expenditure Glucose Lipid metabolism  Ref.
(animal model) parameters balance
T3 s.c. injection 1 o - VO, N.D. N.D. 86
(rat) (single or short-term injections)
1 VO,
(long-term injections)
i.cv. injection o ! 1 BAT thermogenesis N.D. < Blood TG o192
(rat) < Blood FFA
1 Liver TG
VMH injection o ort 1 1 BAT thermogenesis N.D. 1 Blood TG 869192
(rat) 1 RER 1 Hepatic
| Locomotive activity lipogenesis
TRH s.C. injection 1 o 1 Body temperature N.D. N.D. %
(rat)
i.c. injection 1 N.D. N.D. ND. ND. %
(rat)
i.cv. injection 1 N.D. N.D. 1 Glucose N.D. 9:99.100
(rat)
i.cv. injection ND. N.D. 1 BAT temperature N.D. N.D. 101
(hamster)
PVH injection N.D. N.D. 1 Body temperature 1 Glucose N.D. 102
(rat)
VMH injection < N.D. 1 Locomotive activity ND. N.D. 104
(rat)
VMH injection N.D. N.D. 1 BAT temperature N.D. N.D. 101
(hamster)
DMH injection N.D. N.D. 1 BAT temperature N.D. N.D. o1
(hamster)
LHA injection | N.D. < Locomotive activity N.D. N.D. 104
(rat)
LHA injection N.D. N.D. < BAT temperature N.D. N.D. 101

(hamster)

N.D. not determined, see text for abbreviations.

prompt increase in body temperature and blood glucose
as well as CORT levels'*®. These studies suggest that TRH
may inhibit food intake and reduce body weight, as well as
stimulate metabolism, via central mechanisms. Exogenous
TRH and T3 produced similar effects to increase energy
expenditure; however, the anorexigenic effects of exo-
genous TRH were not consistent with the orexigenic
effects of exogenous T3. Perhaps the anorexigenic effects
of TRH are independent of the HPT axis; previous studies
demonstrated that TRH-induced suppression of food
intake was not accompanied by effects on TSH or thyroid
hormone levels”', Interestingly, TRH injections into
different areas of the hypothalamus yielded distinct phe-
notypes. For example, TRH injections into the VMH
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stimulated locomotion in rats; however, this effect was not
observed after injections into the LHA'®*, TRH injections
into the LHA reduced food intake; however, injections into
the VMH did not affect food consumption'®, A study
performed in hamsters showed an increase in BAT tem-
perature after TRH microinjections into the dorsomedial
nucleus of the hypothalamus (DMH) or VMH but not into
the LHA'". It is possible that exogenous TRH injected into
a specific brain area can spread to adjacent brain sites;
therefore, these findings should be confirmed using more
sophisticated methods, such as studies in genetically engi-
neered mice and neuron-specific viral injections.

Studies have investigated the cellular and circuit-level
mechanisms underlying the development of in vivo
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phenotypes after exogenous TRH injections. Earlier
research showed that TRH administration stimulated
glucose-responsive neurons within the VMH'%>'%, which
may explain the anorexigenic effects of i.c.v. TRH”?*'%,
In another study, i.c.v. injections of TRH increased his-
tamine turnover in the tuberomammillary nucleus, PVH,
and VMH in rats, and the anorexigenic effects of i.c.v.
TRH were attenuated in histamine-depleted rats and
histamine H1 receptor-null mice’®”. TRH was also shown
to suppress the activity of melanin-concentrating hor-
mone (MCH) neurons in the LHA indirectly by increasing
synaptic inhibition through activation of local GABAergic
neurons'®®, which suggests that the metabolic effects of
TRH can be attributed to inhibition of MCH neuronal
activity. In this study, TRH was shown to excite the
hypocretin/orexin neurons in the LHA, although it pro-
duced no effect on the activity of POMC or NPY neurons
within the ARH'®®. Therefore, multiple cellular and
synaptic mechanisms are implicated in the in vivo phe-
notypes resulting from exogenous TRH injections. Con-
sidering the TRH-induced alterations in the activity of
multiple neuronal populations, future experiments should
focus on assigning specific neuronal populations to dis-
tinct phenotypes of TRH administration.

TRH neurons are located in multiple hypothalamic
areas, including the PVH, DMH, VMH, and LHA'®, It
was previously shown that chemogenetic activation of
PVH TRH neurons stimulates feeding via their excitatory
glutamatergic projections to the orexigenic AgRP neurons
within the ARH' (Table 2). Additionally, PVH TRH
neurons project to the brain stem and spinal cord and
activate UCP-1 in BAT to control thermogenesis and
body temperature®’, PVH TRH neurons are reported to
function as targets of major metabolic signals, such as
leptin and melanocortin’'®. In rat models, leptin was
shown to regulate TRH production via a combination of a
direct action on PVH TRH neurons and an indirect
mechanism by which leptin first modulates the activity of
ARH neurons, which consequently project to PVH TRH
neurons'''. Leptin was also reported to directly activate
PVH TRH neurons and increase serum T4 levels in fasted
mice''?, However, a recent study reported that only a few
PVH TRH neurons express leptin receptors and that PVH
TRH neurons receive few axon fibers originating from
ARH POMC neurons in mice''. It is, therefore, reason-
able to infer that leptin-induced regulation of PVH TRH
neurons shows species-specific differences. MC4R is
expressed by most TRH neurons within the PVH''*, PVH
TRH neurons were shown to receive synaptic input from
the POMC and NPY/AgRP neurons within the ARH,
constituting the central melanocortin pathway''*~'"7, In
vivo studies have also confirmed that i.c.v. injections of
a-melanocyte-stimulating hormone can prevent the
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reduction in Trh gene expression that occurs during
fasting''*'®, Therefore, the central melanocortin path-
way originating from the ARH appears to control PVH
TRH neurons via MC4Rs, although the physiological
significance of MC4Rs expressed by TRH neurons
remains to be determined.

Currently, little is known regarding the function of TRH
neurons located outside the PVH. TRH neurons in the
LHA were shown to receive input from the POMC and
NPY/AgRP neurons within the ARH, which suggests that
the activity of TRH neurons in the LHA is affected by the
metabolic state of the organism''®. However, no studies
have investigated the metabolic functions of TRH neurons
in the LHA. Further studies are warranted to accurately
delineate the functions of TRH neurons located in the
above-mentioned hypothalamic areas.

Concluding remarks

Hypothalamic neurohormone-expressing cells control
appetite and metabolism via hormones and neuro-
transmitters. Therefore, the mechanisms underlying their
physiological functions are significantly more complicated
than those underlying humoral or neural regulation.
Various genetic tools are currently available to investigate
the neural circuitry associated with various animal beha-
viors; these tools include genetically engineered mouse
models and optogenetic, chemogenetic, and in vivo Ca**
imaging techniques. In fact, these cutting-edge techniques
have revealed several previously unknown mechanisms
underlying homeostatic regulation by hypothalamic
neurohormone-expressing cells at the molecular, cellular,
and circuit levels. To date, these techniques have been
applied primarily to understand the contribution of non-
neuroendocrine or neural mechanisms to feeding behavior
and metabolism. Currently available data regarding the
contribution of endocrine mechanisms are derived mainly
from experiments using more conventional methods, such
as fluorogold labeling, immunostaining, and hormone
measurements. Notably, the neuroendocrine effects of
these cells are potentially more powerful and long-lasting
than the non-neuroendocrine effects; therefore, it is
necessary to address this issue using novel techniques with
the understanding that these techniques could lead to
major scientific breakthroughs. Therefore, further research
is warranted to develop effective strategies to evaluate the
endocrine and neural functions of hypothalamic
neurohormone-expressing cells of interest to determine
the relative importance of each aspect in the regulation of
feeding behavior and metabolism. This information will
enable scientists to gain a deeper understanding of the
functions of neurohormone-expressing cells and facilitate
the development of novel therapeutic strategies for obesity
and metabolic diseases.
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