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Abstract

Communication between the periphery and the brain is key for maintaining energy homeostasis.
To do so, peripheral signals from the circulation reach the brain via the circumventricular organs
(CVOs), which are characterized by fenestrated vessels lacking the protective blood-brain barrier
(BBB). Glial cells, by virtue of their plasticity and their ideal location at the interface of blood
vessels and neurons, participate in the integration and transmission of peripheral information to
neuronal networks within the brain for the neuroendocrine control of whole-body metabolism.
Metabolic diseases, such as obesity and type 2 diabetes, can disrupt the brain-to-periphery
communication mediated by glial cells, highlighting the relevance of these cell types in the
pathophysiology of such complications. An improved understanding of how glial cells integrate
and respond to metabolic and humoral signals has become a priority for the discovery of
promising therapeutic strategies to treat metabolic disorders. This review highlights the role of
glial cells in the exchange of metabolic signals between the periphery and the brain that are
relevant for the regulation of whole-body energy homeostasis.
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1 Hypothalamic Glia in Energy Homeostasis

Glial cells—broadly classified into astrocytes, tanycytes, ependymocytes, oligodendrocytes,
NG-2 glia and microglia—actively integrate peripheral information into neuronal networks
initiating a cascade of central signalling pathways in response to systemic metabolic
states1=3. Peripheral signals from the viscera to the CNS can either exert short-term effects,
such as the gastric hormone ghrelin, which triggers hunger-related signals?, or have long-
term implications, such as leptin secreted by the adipose tissue®, and insulin released from
the pancreas®, both of which are hormones involved in the regulation of adiposity and
glucose levels, respectively®8 (Figure 1a). These homeostatic peripheral signals converge on
the mediobasal hypothalamus (MBH), a key brain region influencing food intake and energy
homeostasis’ composed of the dorsomedial (DMH), ventromedial (VMH) and arcuate
(ARH) nuclei of the hypothalamus as well as one of the circumventricular organs (CVOs)
called median eminence (ME) adjacent to the ARH at the base of the third ventricle (3V)
(Figure 1b). CVOs are situated along the midline of the brain characterized by fenestrated
capillaries that allow relatively free passage of molecules between the periphery and the
CNS, in contrast to the vasculature in other brain regions secured by highly selective
blood-brain barrier (BBB)”-8. Glial cells in the hypothalamic ARH-ME region can sense
peripheral signals that reach the brain from the circulation and transmit it to distinct ARH
neuronal populations, including the orexigenic neuropeptide Y (NPY) and agouti-related
peptide (AgRP) expressing neurons, as well the anorexigenic proopiomelanocortin (POMC),
and cocaine- and amphetamine-regulated transcript expressing neurons’-8. POMC and AgRP
expressing neurons constitute the central melanocortin system. POMC neurons release a-
melanocyte-stimulating hormone and activate melanocortin-4 receptors (MC4R)?, while
AgRP acts as an endogenous antagonist of MC4R®. Mutations in the genes encoding POMC
and MC4R are known to be the most common cause of monogenic human obesity10.

Here we review recent research on the function of hypothalamic glia, their interaction with
neurons and vascular cells, and their sexually-dimorphic implications in energy homeostasis.
Furthermore, we will discuss how glial cell mediated brain-to-periphery communication is
disrupted in metabolic perturbations such as obesity and type 2 diabetes.

2 Astrocytes in the Neuroendocrine Control of Metabolism

Astrocytes are the most abundant glial cells in the hypothalamus, which are ideally located
at the interface of blood vessels within the BBB and adjacent to neurons for participating

in neuroendocrine functions2:3-11, Hypothalamic astrocytes sense metabolic signals from
the periphery in the form of hormones and nutrients (such as leptin12, ghrelin13, insulin1?,
glucosel?, fatty acids'516 and amino acids?), and work in concert with neurons to generate
distinct metabolic responses, of which the key processes and associated mechanisms are
described below.

2.1 Astrocytic response to appetite-regulatory signals

Astrocytes maintain a constant and dynamic interaction with neurons, as well as release
neuroactive molecules, i.e., gliotransmitters modulating synaptic transmission and neuronal
excitability311:18, |_eptin, an anorexigenic hormone produced and secreted by the adipose

Nat Metab. Author manuscript; available in PMC 2023 January 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Nampoothiri et al.

Page 3

tissue, signals satiety in the brain®19, and generates rapid synaptic modulatory effects in

the ARHZ20. This leptin-mediated synaptic modulation seems partially under the control of
astrocytes that ensheath neurons of the hypothalamic feeding center2:21.22_ Along these
lines, high circulating leptin levels have been found to alter the expression of structural

glial proteins such as glial fibrillary acidic protein (GFAP) and vimentin, with these changes
being inversely linked to modifications in synaptic protein densities in adult male rats2L.

In addition, astrocytes express leptin receptors (LepRs, mainly the long isoform LepRb)12
necessary for the integration of peripheral leptin signals in the brain®23. LepR deletion in
GFAP-expressing astroglial cells can alter glial morphology, reduce glial coverage, modulate
synaptic input to POMC as well as AgRP neurons and blunt the anorexic effects of leptinl2.
However, emerging research implies that blood-borne leptin may sensitize other LepR
expressing cells, such as tanycytes242° (section 3.2.1), pericytes?5, the cells embedded in the
basement membrane of blood microvessels or ARH neuronal dendrites in the ME contacting
NG-2 glia?’, in the MBH and reach the hypothalamic feeding centres via distinct and
parallel mechanisms24-27,

Contrary to leptin, ghrelin is an orexigenic hormone synthesized and released from the
digestive tract in response to fasting, which stimulates appetite and induces adiposity via a
highly conserved G protein-coupled receptor known as the growth hormone secretagogue
receptor subtype 1a (GHS-R1a)28, The direct action of ghrelin on ARH neurons stimulates
food intake and regulates glucose levels, which is partially mediated by astrocytes12:28,
Because GHS-R1a is coupled to Gag/11 proteins, the activation of Gag/11-mediated
signalling in the ARH astrocytes and the associated increase in food intake suggests a

role for astrocytes in ghrelin’s central action2. In line with the opposing functions of
leptin and ghrelin, specific deletion of LepR signalling in astrocytes can increase rebound
feeding upon fasting or ghrelin administration12. Selective activation of AGRP neurons

by fasting or ghrelin administration can induce mitochondrial adaptations in neighbouring
astrocytes!3 and -y-aminobutyric acid (GABA, an inhibitory neurotransmitter), released

by AgRP neurons, acts as an effector of ghrelin-induced astrocyte depolarization, and
increase the glial coverage of AgRP perikarya with a consequent reduction in the number
of inhibitory synaptic connections on AgRP plasma membranel3. Thus, hunger-related
signals can trigger an astrocyte-mediated feed-forward auto-activation loop for the control of
orexigenic AgRP neurons?3.

Astrocyte-released prostaglandin E2 (PGE,), a potent hypothalamic gliotransmitter39, can
promote the activation of AgRP neurons specifically via the PGE, EP2 receptor!3. Deletion
of acyl-CoA-binding protein (ACBP, also known as diazepam binding inhibitor and the
precursor of the anorectic peptide octadecaneuropeptide (ODN)31), another astrocytic
gliotransmitter, from GFAP™ astroglial cells induced hyperphagia and obesity while the
selective genetic rescue of ACBP in the astrocytes of the ARH in AchpCaKO mice
reduced feeding and prevented weight gain32. The anorectic effects of central ODN was
diminished in obese MC4R-KO mice suggesting the involvement of the melanocortin
system32, Thus, appetite-regulatory signals induce morphological changes in hypothalamic
astrocytes, particularly in the ARH, and control the release of gliotransmitters to generate an
appropriate neuronal response to hormones that can either signal satiety or hunger.
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2.2 Astrocytes in glucose sensing and homeostasis

Hypothalamic astrocytes sense circulating glucose and participate in glucose uptake to
meet the high energy demands of neighbouring neurons!®. Glucose uptake by astrocytes

is stoichiometrically proportional to astrocytic glutamate uptake, which in turn depends

on the glutamatergic activity at the synapsel®. One of the mechanisms describing the
glucose sensing role of astrocytes involves facilitated diffusion of glucose via glucose
transporters (GLUTS), particularly GLUT-1 (45 kDa isoform) in the astrocytic end-feet

in close apposition with the vasculature!®. Glucose taken up by astrocytes enters the
glycolytic pathway to generate and release lactate. Lactate is then transferred to neurons
via monocarboxylate transporters (MCTSs), where it is converted to pyruvate for aerobic
energy production in the mitochondria33:34, MCT1 and MCT4 specifically expressed in
astrocytes3® (and tanycytes3®) serve as lactate importers or exporters based on the cell’s
metabolic state, whereas MCT2, mainly expressed in neurons, mediates lactate uptake into
neurons3®. Moreover, astrocytes express a lactate receptor, hydroxycarboxylic acid receptor
1 (HCARL), and POMC neurons exhibit an excitatory response to lactate via astrocytic
HCAR1%7,

Metabolic factors such as leptin can alter astrocytic glutamate and glucose uptake through
modifications in astrocyte-specific glutamate and glucose transporters, which in turn seem
to modulate electrical activity of POMC neurons?2. Insulin receptor expression in astrocytes
may also co-regulate glucose sensing and uptake for the activation of POMC neurons!4,
Interestingly, selective deletion of sonic hedgehog (Shh) receptor Patched (Ptc) in glutamate
transporter GLAST-expressing astrocytes, present a novel mechanism by which astrocytes
enhance glucose metabolism in mice and promote a lean phenotype with reduced adiposity
and increased whole-body fatty acid oxidation38. Moreover, postprandial hyperglycemia
triggers the retraction of glial coverage making anorexigenic POMC neurons hyperactive3®.
Another example of astrocyte-neuron interaction under normal physiological state being the
response of astrocytes in the ventrolateral preoptic nucleus to an increase in extracellular
glucose concentration for the sleep-wake regulation, inducing astrocytic-derived adenosine
release, and thus activating sleep-promoting neurons via excitatory G protein-coupled
adenosine Ay receptor (A,aR)*0. Thus, modulation of hypothalamic glia-neuronal circuits
is not just an adaptive mechanism under extreme dietary conditions (such as overfeeding*!
and fasting13), but may also develop in response to subtle metabolic changes3940,

Astrocytes form interconnected and coordinated networks through connexins, a family of
proteins that form intercellular membrane channels, for the intercellular transfer of small
molecules, such as glucose*2. Connexin channels can either be in the form of gap junctions
creating a direct conduit between the cytoplasm of two cells, or hemichannels allowing

the contact between the extracellular space and the cytosol of astrocytes. The switch from
one configuration to another appears to be dynamically regulated by growth factors and
cytokines*3. Connexin hemichannels, but also the channels formed by pannexins, could be
involved in the release of ATP. Hemichannels are also permeable to signalling molecules
like NAD+, glutamate, glutathione and prostaglandin E,, known to be important for synaptic
activity#4. Astroglial connexins (Cx) 30 and 43 apposed in gap junctions allow glucose or
lactate from a single astrocyte to propagate within the astroglial network, making it available
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to the hyperactive neurons#2. Cx43 expression was found to increase under hyperglycemia,
while its transient inhibition in the rat MBH using RNA interference decreased central
glucose sensing, thereby reducing the brain’s glucose-induced insulin secretion*2. Absence
of Cx43 in astrocytes silences wake-promoting orexin neurons in the lateral hypothalamic
area by attenuating glucose and lactate trafficking through astrocytic networks, causing
excessive sleepiness and fragmented wakefulness during the nocturnal active phase of
mice?.

However, astrocyte-mediated lactate shuttle seems only one among the few other
mechanisms by which lactate is transported or taken up by the neurons. For instance,
neighbouring tanycytes have the capacity to produce and transport lactate to POMC
neurons3® (section 3.2.2). In this context, it is interesting to note that the neurons in

the VMH and the ARH can generate an intrinsic response to extracellular glucose
concentrations#®-48. Thus, high-throughput strategies at single-cell resolution could help in
delineating the precise role of astrocytes and other glial cells in the fine-tuning of neuronal
function as part of their glucose regulatory functions.

2.3 Astrocytes in hypothalamic inflammation

Obesity and excessive consumption of fat- and sugar-rich diets trigger hypothalamic
inflammation and reactive gliosis, a hallmark response to neuronal injury involving

the activation and proliferation of both microglia and astrocytes#%-51, While a plethora

of studies have linked microglia to diet-induced inflammatory signals and metabolic
dysfunction (section 6), a similar role for astrocytes has also been explored®®. Markers

of reactive gliosis become evident during early high fat diet (HFD) feeding*®. Targeting
the master inflammatory NF-B pathway, rapidly upregulated in response to inflammation,
by deletion or inhibition of its intermediates (such as IKKp and MyD88) can restore
hypothalamic energy balance2-54, The upregulation of astrocytic IKKB/NF-kB can impair
astrocytic plasticity with a sustained shortening of high-order processes, and cause
physiological changes such as glucose intolerance, increased blood pressure, as well as

fat mass and body weight gain®. On a similar front, IKKB/NF-kB inactivation silences
astrocyte inflammation in the MBH accompanied by reduced glucose intolerance and
resistance to diet-induced obesity in mice>0. Another potential hypothalamic inflammation
target named pyruvate dehydrogenase (PDH) kinase (PDK), a mitochondrial gate-keeping
enzyme, regulates glycolytic metabolism and mediates a metabolic shift from oxidative
phosphorylation to glycolysis in astrocytes, contributing to inflammatory responses.
Astrocyte-specific PDK2 deficiency reverses diabetes-induced increase in food intake, and
attenuates inflammation as well as the lactate surge, implying a link between hypothalamic
astrocytes and the diabetic phenotype®®. Thus, modulating astrocytic inflammatory targets
seems promising for improving pathological hypothalamic inflammation related to altered
feeding behaviour.

3 Tanycytes as the gatekeepers of brain-to-periphery communication

Tanycytes, specialized ependymoglial cells, modulate brain-to-periphery communication
by adapting their physiology in terms of functional and structural organization of the
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fenestrated endothelium of the ME depending on the metabolic state’. Recently, the
plasticity and the diversity of tanycytes has gained attention at both morphological and
transcriptomic levels. Although tanycytes have been traditionally categorized into four
subtypes (a1, a2, B1, and B2), the classification is evolving®” based on their dorsoventral
position, their end-feet projections and function along the 3V, The cell bodies of B2
tanycytes lining the floor of the 3V project into the ME and come in close contact

with the blood pituitary-portal system. This morphological link between tanycytes, ME
vasculature and cerebrospinal fluid (CSF) facilitates the shuttling of circulating factors
through tanycytes, which are then transmitted to ARH neurons’:28:59, Besides, tanycytic
transport is essentially a two-way route. Toxic peptides or proteins (such as aggregates
in neurodegenerative disorders) can be cleared from the CSF and shuttled into the blood
circulation for disposal (reviewed in’). Tanycytes also seem to trigger hypothalamic
neurogenesis in response to dietary or reproductive cues®9-2, In this section, we discuss
the recent advances in the understanding of tanycytic plasticity and function in the
hypothalamus.

3.1 Tanycytes form a physical barrier between the brain and the periphery

The differential distribution of specialized tight junction complexes around tanycytic cell
bodies define the physical barrier between tanycytes and the CSF at the ventricular
wall7+23.25.58,63.64 The tanycytic tight junction barrier prevents the free movement of
molecules that enter the ME via the fenestrated endothelium expressing plasmalemmal
vesicle-associated protein 1 (Plvap). The fenestrated microvessels are highly permeable and
allow the extravasation of circulating molecules of ~35 kDa, which are sequestered within
the ME by the tight junction barrier preventing their diffusion into the CSF, and then to
other brain regions. The tight junction protein complex, which consists of transmembrane
and membrane-associated constitutive tight junction proteins, zonula occludens 1 (ZO1),
occludin, and claudins, also make up for the tanycytic polarity along the basal end-feet

and apical cell body influencing the direction of transported molecules. The structural
organization of tanycytes and the connected tight junction complex is, however, largely
dependent on the nutritional status of an individual. For instance, low blood glucose levels
during fasting increase the organization of tanycytic tight junction complexes in both the ME
and the ventromedial (vm) ARH, which is reversed upon refeeding via a vascular endothelial
growth factor A (VEGFA)-dependent mechanism. In addition, exogenous VEGFA treatment
in mice fed ad libitum triggers ME permeability, increasing food intake and sensitivity to the
anorectic hormone leptin®3. Fasting-induced fenestration of vmARH vessels also facilitates
the immediate access of ghrelin, the gut-derived hormone for hunger, to the neighbouring
orexigenic NPY/AgRP and anorexigenic POMC neurons®. Interestingly, similar VEGFA-
mediated ME permeability mechanism has been put to action by the melanin-concentrating
hormone (MCH)-expressing neurons, sending projections to the ARH-ME, independent of
tanycytic action®. Nonetheless, nutritional status impacts the organization of tight junction
complexes around tanycytic cell bodies, forming a physical barrier between the brain and the
periphery and thus impairing free diffusion of peripheral signals.
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3.2 Tanycytes as sensors and transporters of peripheral homeostatic signals

Tanycytes of the vmARH-ME transcytose blood-borne factors, including peptide-related
drugs, into the CSF, and then transmit them to other hypothalamic regions. Here we describe
the mechanisms by which tanycytes sense, process and transport these metabolic signals for
maintaining energy homeostasis.

3.2.1 Transport of leptin and other peripheral signals—ME tanycytes are indeed
the first hypothalamic cells that respond to peripheral leptin?>. Under normal metabolic
conditions, peripheral leptin crosses the fenestrated capillary plexus and is internalized

by clathrin-coated vesicles in the end-feet of ME tanycytes expressing functional LepR

via an extracellular signal-regulated kinase (ERK)-dependent mechanism in rodents2>. The
transcytosed leptin reaches leptin-responsive neurons not only in the neighbouring MBH
regions (dorsomedial (dm)ARH, VMH and DMH) but also other brain areas via the
CSF2567 (Figure 2).

However, in individuals with obesity®8:69 as well as in mini-pigs and mice with diet-induced
obesity2570, leptin transport into the brain seem disrupted despite high leptin content in

the circulation®8-71, In leptin-resistant HFD fed animals, blood-borne leptin taken up by
tanycytes accumulates in the ME and fails to reach the MBH25, The pharmacological
activation of ERK by epidermal growth factor (EGF) in tanycytes can restore leptin
transport and rescue the normal phenotype in obese miceZ®. Recently Duquenne et al.24
explored the mechanisms involved in tanycytic-mediated leptin transport into the brain.

The study confirms that ME tanycytes indeed express functional LepR using an array of
methods sensitive for the detection of tanycytic LepR24. Tanycytes trigger Ca?* waves

in response to leptin, target STAT3 phosphorylation in the ARH neurons and require
sequential activation of the LepR-EGFR complex by leptin and EGF for the transcytotic
transport of leptin24. Furthermore, selective deletion of the LepR in tanycytes blocks

leptin entry into the brain, which induces increased food intake, lipogenesis as well as
glucose intolerance through impaired insulin secretion by the pancreas?. Intriguingly, this
animal model with LepR-deleted tanycytes appears to recapitulate at least in part the
changes occurring with age in the db mouse model”273 (mice with mutated long form

of the LepR’#), i.e., elevated fasting insulin levels and normal glucose management at four
weeks after LepR deletion in tanycytes as well as glucose intolerance and impaired glucose-
stimulated insulin at twelve weeks24. In addition, lack of tanycytic LepR seems to prevent
the adaptive neuroendocrine response to fasting, such as the corticotropin-releasing hormone
(CRH)-mediated rise in glucocorticoids essential for the release of glucose from the liver

to maintain glycemia24. Compliant with these observations2425, endozepines—endogenous
analogs of benzodiazepine derived from diazepam-binding inhibitor expressed by glial cells
in brain structures related to food intake31—induce STAT3 phosphorylation in hypothalamic
neurons in wild-type mice, but not in ob leptin-deficient mice, nor in mice in which LepR

is selectively knocked out in tanycytes, thus suggesting that endozepines mediate their
anti-obesity effects by activating tanycytic leptin shuttles’>. Nevertheless, some authors
failed to detect LepR expression in tanycytes’8, which seems to have stemmed from strong
methodological differences between studies, including the use of less sensitive methods.
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The action of insulin on neurons and tanycytes can actively govern glucose metabolism and
feeding. Recent research on insulin receptor-dependent signalling in different compartments
of the BBB has shown that insulin receptors (IR) in tanycytes, as opposed to brain vascular
endothelial cells, regulate insulin access to the ARH in mice’”. Lack of the IR in tanycytes
results in reduced insulin uptake in tanycytes and the MBH, systemic insulin resistance with
normal food intake and energy expenditure, increased AgRP neuronal activity but blunted
adaptations to feeding-related stimuli, and no notable differences in leptin sensitivity but
seemingly revoke the orexigenic action of peripherally applied ghrelin’’, which is also
transported by tanycytes via a mechanism that is yet to be fully understood’8.79

Hepatic FGF21, a central metabolic regulator possibly linking metabolism and
reproduction80:81.82 can be taken up from the pituitary-portal blood circulation by tanycytes
in mice, as well as in rats fed a HFD when they had benefited from prolonged breastfeeding
during infancy, increasing the circulating FGF21 levels83. Tanycytic FGF21 shuttles are
likely to involve FGFR183, abundantly expressed in these cells®4.

In addition to metabolic hormones and regulators, tanycytes act as conduit for peripheral
immune signals and mediate the central effects of systemic inflammation in mice8.
Anorexia during systemic inflammation, marked by a prominent increase in the release

of proinflammatory cytokines such as IL-1p, stimulate a cascade of proinflammatory events
including canonical NF-kB signaling (NEMO). Systemic IL-1p stimulates NFKB activity

in the VMH and vmARH tanycytes, inducing the expression of Cox-2 and the release

of anorexigenic prostaglandins from tanycytes. Selective deletion of protein kinase IKK
subunit NEMO in tanycytes alleviates IL-1p-induced anorexia, suggesting that tanycytes are
important transporters of peripheral immune signals into the CNS8.

3.2.2 Metabolite sensing and processing—Tanycytes are directly exposed to
nutritional signals, such as glucose86, amino acids®” and fatty acids®®:89 that reach the

CSF through the fenestrated capillaries of the CVOs, sense changes in the composition

of the CSF, and respond to metabolic challenges via physiological adaptations®3 as well

as mechanisms such as ATP-mediated calcium signaling86:%0. One of the first studies
suggesting a role for tanycytes in metabolic sensing showed that destruction of the walls of
the 3V containing tanycytes impaired the normal feeding response to hypoglycemia, which
was then reversed with the regeneration of these cells®L. Many studies further showed that
tanycytes expressed glucose sensing-related proteins, including GLUT2, glucokinase (GCK)
and ATP-sensitive K* (Karp) channels, thus establishing a role for tanycytes as glucosensors
that are key for maintaining glucose homeostasis??, partly by modulating POMC36 and
NPY93 neuronal activity.

Tanycytes can detect glucose levels in the CSF and release ATP, potentially influencing

the activity of neighbouring neurons®. This was first studied via the selective stimulation

of tanycytic cell bodies by glucose or non-metabolisable analogues of glucose in acute

brain slice preparations, generating a robust ATP-mediated Ca2* response and initiating an
intercellular calcium wave propagation via purinergic P2Y1 receptors®6. Similarly, the sweet
taste receptor, Taslr2 (a G protein—coupled receptor), also mediates the glucosensitivity of
tanycytes?. Tas1r2 can bind to glucose as well as a number of non-nutritive sweeteners such
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as sucralose, acesulfame K, and RebA. The focal application of these sweet substances to
the brain slices evokes a response in tanycytes by an increase in intracellular calcium that
propagates between tanycytes in the form of calcium waves®® via mechanisms similar to
what has been previously described®6.90,

In addition to glucosensing, tanycytes can convert brain glucose supplies into lactate

and transport it to neighbouring neurons via MCT1 and MCT4, thereby stimulating ATP
synthesis necessary for neuronal action36:24, The transport of lactate, produced and released
by tanycytes, to glucose-insensitive POMC neurons requires Cx43 gap junction—-mediated
tanycytic metabolic networks, resulting in altered feeding behaviour and energy metabolism
in mice36, Though in its infancy, these results indicate that tanycytes not only shuttle,

but also actively process peripheral information (such as glucose to lactate translation),

and transmit it to the neuronal circuitry depending on fluctuating systemic glucose levels.
Moreover, control of tanycytic action via tanycyte-neuron synaptoid contacts remains a
plausible hypothesis, similar to synaptoid contacts between MCH neurons and ependymal
cells® (section 4). In this light, Rodriguez-Cortes et al. recently verified that neuronal inputs
from the suprachiasmatic nucleus (SCN) —a bilateral structure in the anterior hypothalamus
regulating circadian rhythms— to tanycytes trigger direct access of glucose from the
circulation to glucose-sensing ARH neurons, thereby controlling daily circadian changes

in hypothalamic glucosensing in the rat%6.97,

Hypothalamic ERK signalling plays a crucial role in glucose homeostasis in response

to metabolic factors such as leptinZ®, FGF19%, and FGF199.100, Tanycytes respond to
centrally administered FGF1190, reported to induce sustained remission of type 2 diabetes
in leptin-deficient micel01102 and cause robust transcriptional changes related to the ERK
pathway190.102 The sustained anti-diabetic effect of FGF1 is indeed due to the prolonged
activation of ERK(1/2), as shown by two complementary strategies of pharmacologically
targeting MAPK/ERK signalling and FGF1 receptors. Transcriptomic evidence further
pointed to a role for astrocytes and possibly tanycytes in the hypothalamic response to
anti-diabetic FGF1%. The central or peripheral administration of the monoclonal antibody
IMC-H7 that selectively antagonizes FGFR1c isoform can induce a catabolic lean state in
Siberian hamsters193, FGFR1c is expressed in tanycytes, and FGFR1c blockade induces
reduction in food intake and body weight, which is in turn associated with reduced
deiodinase 2 (Dio2) gene expression in tanycytesl03, Of note, FGFs have been shown to
exert proliferative and neurogenic properties (section 3.4), and have been characterized in
tanycytes with potential metabolic endocrine functions®4.

Besides acting as glucose sensors, tanycytes can detect amino acids such as Arg, Lys

and Ala in the CSF via Tas1r1/Tas1r3 heterodimers, the taste receptors for the perception
of umami taste87. Tanycytes also function as gatekeepers for lipid uptake into the
hypothalamus and mediate lipid processing, as shown by their increased lipid droplet
content after a prolonged HFD and differential fatty acid metabolism88. Tanycytic ablation
of translocator protein (TSPO, an outer mitochondrial membrane protein) elicits AMPK-
dependent lipophagy and protects mice from diet-induced obesity by reducing food intake
and enhancing energy expenditure, suggesting tanycytic TSPO is involved in hypothalamic
lipid sensing in response to overnutrition in micel%4. Although not fully understood,
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tanycytes may also secrete certain molecules such as FGF21, in response to circulating
fatty acids. Depletion of FGF21 from tanycytes results in increased energy expenditure
and reduced fat mass gain8%. Recent findings have shown that tanycytes can transport
blood-borne FGF21 from the liver into the hypothalamus®3,

3.2.3 Brain shuttles for peptide-related drugs—Blood-borne liraglutide, a
glucagon-like peptide 1 receptor (GLP1R) agonist with an amino acid sequence 97%
identical to that of human GLP1 and used for the treatment of obesity and type 2
diabetes!03, can be shuttled into the brain by tanycytesl06. The selective blockade of
vesicular trafficking in tanycytes using transgenic expression of botulinum toxin in these
cells blunted liraglutide-mediated activation of both cFos expression in hypothalamic
neurons and fatty acid oxidation in male mice. This latter phenomenon was also blunted

by the selective knockdown of GLP1R in tanycytes, which dramatically impaired liraglutide
transport into the hypothalamus. It is likely that a similar route and mode of action is taken
by other glucagon-like peptide 1 (GLP1) analogues, such as semaglutidel0’, highlighting the
therapeutic potential of targeting tanycytes for the treatment of metabolic diseases.

3.2.4 Effects of targeted tanycyte ablation—Recent reports on targeted ablation

of tanycytes further suggest that these cells are indeed necessary for maintaining energy
balance and the regulation of adiposity104.108.109 gpecific deletion of Gk, a glycolytic
enzyme, along the 3V induces cell death in Gek-expressing vmARH tanycytes via apoptotic
BAD pathwayl98, Ablation of Gck-expressing tanycytes increased adiposity phenotypically
analogous to defective NPY neuronal activityl98, These observations from mouse studies
are in line with a previous study, where treatment with the Gck inhibitor alloxan destroyed
tanycytes in the 3V affecting arcuate NPY mRNA levels in rats?1.

Yoo et al. achieved conditional genetic ablation of tanycytes in the mouse ARH and ME,
which increased visceral fat distribution, rebound feeding after fasting and systemic insulin
resistance, and enhanced fat accumulation at thermoneutral condition, but without body
weight changes in male micel09, Tanycyte deficiency seemed to accelerate the gain in body
weight under HFD, but visceral adiposity and insulin sensitivity was found comparable

to wild-type micel%, It appears that tanycyte ablation19® phenocopies mice lacking IR in
tanycytes, which exhibit reduced insulin sensitivity, increased food intake after fasting, but
with no changes in ad libitum food intake, leptin sensitivity and only a mild increase in

body weight’. However, further studies are warranted to understand the precise mechanisms
behind these pleiotropic effects of tanycyte ablation.

3.3 Tanycytes as regulators of the hypothalamic-pituitary axes

The ME not only provides a port of entry for metabolic signals and molecules, but also an
exit route for hormones produced by neurosecretory neurons that come in close contact with
the pituitary-portal circulation forming three main axes: the hypothalamic—pituitary —thyroid
(HPT), —gonadal (HPG), and —adrenal (HPA) axes’. While the role of tanycytes in the HPT
and HPG (section 7) axes have been studied extensively, neurons of the HPA axis producing
CRH and their interaction with tanycytes has been less explored.
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The axon terminals of thyrotropin-releasing hormone (TRH)-secreting neurons of the HPT
axis are surrounded by the end-feet of ME (B2) tanycytes to control the release of TRH

into the pituitary-portal circulation!10, TRH stimulates the secretion of thyroid stimulating
hormone (TSH), which then acts on the thyroid gland to produce L-thyroxine (Ty).
Tanycytes express MCT8 and OATP1C1, the thyroid hormone transporters, allowing the
uptake of T4 from the circulation or CSF. Dio2 enzyme, expressed in tanycytes, converts T4
to active T3, which is necessary for a negative feedback effect on neural TRH production10,
TRH-degrading ectoenzyme (Trhde) expression in tanycytes affects TRH availability

before being released into the blood circulation via Gag;1-coupled pathway. Activation

of Gagyy1 pathways promotes the outgrowth of ME tanycyte end-feet ensheathing TRH
neuroendocrine terminals of the pituitary vessels inducing Trhde activity11. Modulation

of endocannabinoid production in ME explants for TRH secretion together with the

action of glutamate (secreted by TRH neurons) on tanycytes via a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors, suggest the presence of

a microcircuit between ME (2) tanycytes and hypophysiotropic cannabinoid receptor 1-
expressing TRH neurons!12, Thus, tanycytes can sense, control the transport, and modify the
release of HPT axis hormones and engage in its feedback regulation.

3.4 Tanycytes as a metabolically sensitive neurogenic niche

Tanycytes seem to form a metabolically sensitive neurogenic niche in the brain triggering
post-natal neurogenesis in the ARH-ME region of the hypothalamus based on diet,
environment and hormonal signals61:113.114_One of the first evidences on the existence

of neural stem cells in the adult hypothalamus was that the cells of the hypothalamic
ventricular zone could form multipotent neurospheres in vitro, giving rise to neurons

and astrocytes!15, Since then, a range of in vitro or in vivo strategies using transgenic
mouse lines expressing reporter genes under the control of tanycyte promoters provide
evidence supporting the capacity of tanycytes to act as neural stem/progenitor cells
(NSPCs)81.113,114,116 Tanycytes express NSPC markers such as nestin, vimentin, Sox2,
GFAP, GLAST, BLBP, and Musashi-1, they proliferate at very low levels and lineage
tracing studies have demonstrated their ability to differentiate into neurons, astrocytes

and possibly oligodendrocytes (reviewed in”:61114) However, heterogeneity of tanycyte
subpopulations impact NSPC marker expression, proliferation, and the fate of their progeny.
In this regard, many studies have focused on the lineage tracing of adult tanycytes in
transgenic mice expressing reporter genes under inducible promoters such as FGF10 for ME
(B) tanycytes®2 and GLAST for dorsal (a) tanycytes!l?. These studies suggest that GFAP*
a2 tanycytes are the actual neural stem cells with the ability to generate neurospheres,
while B- are committed neural precursor cells. Conditional deletion of FGF10 from p-
tanycytes can enhance postnatal neurogenesist18. On the other hand, FGF2 induces tanycyte
proliferation via a Cx43 hemichannel/purinergic-dependent pathway19, also involved in
tanycyte glucosensing mechanisms86:120, FGF2 was specifically found to increase the
proliferation of B-tanycytes that were sensitive to Cx43 hemichannel blockade, with no
dramatic effect on parenchymal cells of hypothalamic nuclei, neurons, ME, and a-tanycyte
cells!®, suggesting that the proliferative potential of tanycytes is subtype specific and may
adapt depending on metabolic cues.
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Hypothalamic neurogenesis is indeed relevant in the context of altered metabolism such as
HFD exposure®0:116.121 ghort-term HFD exposure may activate neurogenesis in the ME of
female mice, with B2-tanycytes giving rise to new neurons®?-121, However, the enhanced
neurogenesis during short-term HFD feeding was deemed a compensatory mechanism by
another study demonstrating that chronic HFD feeding depleted hypothalamic neurogenesis,
which was in turn linked with IKKB/NF-kB overactivation and hypothalamic inflammation
in obese adult micel16.

Selective deletion of NFI family of transcription factors (Nfia/b/x) in tanycytes can lead to
robust tanycyte proliferation and tanycyte-derived neurogenesis. Nfia/b/x-deficient tanycytes
can give rise to different neuronal subtypes (GABAergic and glutamatergic neurons) that
mature and selectively respond as would neurons in the MBH. In this case, a2 tanycytes
with enhanced Shh and Wnt expression give rise to proliferating tanycytes, which later
generate neural precursors when they exit the cell cycle1?2. Intriguingly, neural injury
triggers self-renewal and regeneration in retina and anterior neural fold homeobox (Rax)-
expressing tanycytes in the ME via insulin-like growth factor 1 (IGF1) receptor signalling,
but with limited neurogenesis, suggesting tanycytes themselves may regenerate and aid

in tissue repairl23, Moreover, Rax+ progenitors were found capable of generating POMC
neurons during adulthood that rescued the obese phenotype of the hypothalamic POMC-
deficient mice. Mice with Rax* progenitor-derived POMC neurons exhibited reduced body
fat mass and body weight as well as improved glucose tolerance and insulin sensitivity

in proportion with the newly generated POMC neurons!24. In addition to tanycyte-derived
neurons, a newly identified NSPC population expressing 1rx3 and Irx5 in the early postnatal
hypothalamus regulates hypothalamic neurogenesis giving rise not only to leptin-sensing
neurons but also tanycytes'25. /rx3and /rx5 control energy homeostasis in terms of feeding
regulation and leptin responsel25126. Thus, novel gene expression profiling methods will
continue to help us better understand the heterogeneity of tanycytes and the complex
hypothalamic neurogenic niche.

4 Ependymal Cells in CSF Homeostasis

Ependymal cells form a continuous sheet of ciliated epithelial cells that line the wall of

the cerebral ventricles and separate the CSF from the brain parenchyma. These cuboidal
cells with tufts of motile cilia are different from the uniciliated tanycytes on the floor

and biciliated tanycytes on the lateral walls of the 3127, Their coordinated ciliary

beating is responsible for maintaining the CSF flow through the ventricular system128-130,
while impaired ciliary function may result in hydrocephalus or excess CSF accumulation.
Although studies on the biogenesis and orientation of ependymal cilia have gained more
attention, only a few have shed light on the cilia beat frequency and its regulation by
neuropeptide factors. The changes in ciliary beat frequency is fine-tuned in response to
metabolic and neurohormonal molecules. The anabolic peptide MCH positively controls the
ciliary beat frequency, thereby modulating the CSF flow®®. MCH can act either on the basal
pole of ependymal cells when released from synaptic contacts with MCH neuronal fibres

or directly at the apex of ciliated cells through non-synaptic mechanisms, both mediated by
MCHRL1. The lack of MCH receptors results in an enlargement of ventricles with consequent
alteration of CSF flow and dysfunction of ependymal cilia in the 3v95:131, Increase in
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the levels of MCH in the CSF influences feeding behaviour and has been associated with
increased food intake upon selective activation of MCH neurons contacting the CSF132,
Thus, the large repertoire of physiological and metabolic actions of MCH neurons!33 may
be facilitated, at least in part, by the MCH-mediated control of ciliary beat frequency in
ependymocytes regulating CSF flow®5131 and hence volume transmission of CSF-borne
MCH into the brain132,

5 NG2 glia and Oligodendrocytes in Energy Balance

Among the constitutive new-born cells in the adult hypothalamus, NG2 glia (also known as
oligodendrocyte precursors) form the large majority of proliferating cells, especially in the
ME134, Generally, gliogenesis begins right before E13.5 in the tuberal hypothalamus, and
glioblasts and oligodendrocyte precursors localize in a confined domain next to the 3V135,
Metabolic hormones and peptides seem to control proliferation, differentiation, maturation
and myelination of oligodendrocytes to maintain energy homeostasis?”:136, Particularly, the
proliferative capacity of the hypothalamic NG2 glia may contribute to the BBB maintenance
and preservation of neuronal processes that sense leptin. NG2 glia contacting the dendritic
processes of LepR expressing ARH neurons in the ME are important to maintaining the
leptin sensitivity of LepR neurons in the ARHZ7. This was investigated by the selective
ablation of NG2 glia in the ME, which attenuated the electrical response of ARH neurons to
leptin, leading to leptin resistance and obesity in mice. ME-directed X-irradiation reproduces
these effects, partially explaining the risk of obesity after cranial radiation therapy?’. On the
other hand, conditional embryonic deletion of LepR from nestin-expressing cells, i.e., neural
stem cells, can lead to extreme obesity in mice with enhanced neuronal differentiation, as
well as oligodendrocyte proliferation in the early postnatal hypothalamus!37.

Kohnke et al.discovered that oligodendrocyte proliferation and differentiation in the ME
specifically respond to feeding and remodel peri-neuronal nets (PNNs) affecting ME
plasticity36. PNNs form a mesh around a cluster of metabolic-sensing neurons tightly
packed at the ARH-ME junction in the MBH with physiological implications in food
intake and glucose homeostasis!38. Fasting reduces oligodendrocyte proliferation and
differentiation, reduces PNN formation and maintains a positive energy balance, which is
completely reversed upon refeeding. In genetically obese ob/ob mice, ME oligodendrocyte
differentiation and PNN remodelling is diminished, and enzymatic digestion of local PNN
increases food intake and weight gain136.

Oligodendrocytes may be a source of pyruvate and lactate to the contacting neurons39:140,
An increase in oligodendrocyte lactate production has been associated with the lean
phenotype of mice deficient of G-protein coupled receptor Gpr17141. Gpr17 regulates
appetite, energy expenditure, and metabolism via FoxO1-dependent pathways in AgRP
neurons42.143 Accordingly, loss of Gprl7 in oligodendrocytes improved glycolysis and
lactate production, which in turn activated AKT and STAT3 signalling in hypothalamic
neurons, leading to reciprocal action of AgRP and POMC neurons, increased energy
expenditure, and reduced body weight gain upon chronic exposure to HFD41, Though NG2
glia and oligodendrocytes have key roles in energy homeostasis, their role in obesity as well
as other nutritional and metabolic states needs more investigation.
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6 Microglia and hypothalamic inflammation

Hypothalamic inflammation as a consequence of energy imbalance, either evolves alongside
the pathophysiology of the metabolic syndrome, or occurs as a downstream effect of
infection-associated anorexia®l:144, Microglia, the primary innate immune cells of the brain,
act as central coordinators of inflammatory responses in the hypothalamus (Figure 3).

Under normal physiological conditions, ‘resting microglia’ vigilantly monitor neuronal
synapses, while the infection-induced increase in systemic cytokines or any metabolic
dysfunction give rise to morphologically and functionally ‘reactive microglia’ for the control
of inflammatory responses and hypothalamic synaptic plasticity. Lipopolysaccharide (LPS,
commonly used to model infection-induced anorexia) and saturated fatty acids (SFAs,
simulating dietary inflammation) stimulate a pro-inflammatory microglial phenotype by
binding toll-like receptor (TLR)4 on the microglial membranel44.

Studies implementing infection-induced anorexia models have linked the loss of appetite
to the hypothalamic melanocortin system and central inflammatory pathways45-147. |_pS-
induced sickness can activate neuronal NFKB in the hypothalamus, which in turn triggers
NFkB-dependent cytokine release and anorexigenic hypothalamic POMC activity46. To
pin down specific signalling modalities for sickness-induced anorexia, Jin et al. centrally
administered a TLR2 agonist instead of LPS (that stimulates both TLR2 and TLR4)147.
TLR2 activation alone triggers sickness-like behaviours such as anorexia, hypoactivity
and hypothermial4’. Mechanistically, TLR2 signalling contributes to strong microglial
activation accompanied by increased physical contacts between microglia and POMC
neurons, resulting in anorexia and body weight loss'#”. TLR2-induced sickness appears

to be at least in part mediated by the activation of the inflammatory NFxB and COX
pathways in the hypothalamus47. MCH has been identified as the central target for the
chemokine ligand CCL2 eliciting LPS-like effects. CCL2 promotes neuroinflammation and
can either directly act on MCH neurons to decrease MCH expression and food intakel48
or bind to their receptors expressed by glial cells such as microglia, which in turn produce
more chemokine and cytokines44148. However, the question remains how the circulating
cytokines or peripheral inflammatory mediators reach or send signals to the brain for

its central action, and has been construed to occur by binding to their receptors on the
endothelial cell membranel4?, via fenestrated capillaries of the CVOs® or directly through
the BBB that is rendered increasingly permeable by inflammation20,

Diets rich in saturated fats promote inflammation, gliosis, and neuronal stress in the
MBH*%.151 While inflammation in peripheral tissues may develop over weeks 152,
hypothalamic inflammation may begin as early as 24 to 72 hours of HFD feeding, much
before substantial weight gain is observed*®. Subsequently, reactive gliosis indicative of
neuronal injury in the ARH transpires within the first week of HFD exposure*?. The number
of microglia in the MBH has been positively correlated with the intensity of hypothalamic
inflammation induced by saturated fats, while microglial depletion from the MBH alleviates
inflammation and improves leptin sensitivity during HFD feeding®51.

Targeting specific microglia-related hypothalamic inflammatory mechanisms could help
restore energy balance. Blocking IKKp (inhibitor of NFkB kinase subunit beta) in
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hypothalamic microglia prevents the increase of microglial cells and controls TNF-a
expression in microglia as well as the neighbouring cells!®3. Depletion of gut microbiota
(which regulates microglial maturation and function) protects against diet-induced
hypothalamic inflammation and promotes leptin sensitivity via GLP1/GLP1R dependent
mechanisms4. Uncoupling protein 2 (UCP2), a mitochondrial protein highly expressed

in microglia, is transiently upregulated under HFD feeding, and the selective deletion of
UCP2 from microglia protects against diet-induced obesity, prevents mitochondrial changes,
increases energy expenditure and alters synaptic input organization of anorexigenic POMC
neurons!®®, HFD-induced hypothalamic microglial activation via the CX3CL1-CX3CR1
pathway seems sex-specific, where females on a HFD maintain CX3CL1-CX3CR1 levels
as opposed to reduced levels in male mice, suggesting a potential mechanism for the

lower susceptibility of females to HFD-induced obesity°6. Morphological modifications of
microglia reflecting hypothalamic inflammation can also occur postprandially®?. Although
postprandial inflammation aids in regulating energy balance, continuous and excessive lipid
exposure may eventually lead to obesity. Given the critical role of microglia in hypothalamic
inflammation, studying microglial chronic activation, loss-of-function and cross-talk with
other glial cells under specific metabolic states may provide clues for better understanding
neuroendocrine disorders.

7 Sexually-Dimorphic Responses of Hypothalamic Glial Cells

Since circulating and local levels of gonadal hormones and their metabolites are different

in adult males and females, it is only logical to reckon that glial cells with sex-specific
differential access to circulating factors may generate sexually-dimorphic responses in
energy homeostasis. The astrocytic response to stimuli such as HFD and gonadal steroids
can be highly sex-dependent, including morphological differences (higher GFAP expression
density in male compared to female astrocytes)158. Tanycytes in the ME exhibit structural
plasticity based on the estrous cycle of rodents in association with the changes in the HPG
axis. Estrous cycle, the 4- or 5-day ovarian cycle in female rodents (similar to the human
reproductive cycle called the menstrual cycle) is divided into four phases: proestrus, oestrus,
metestrus and dioestrus®9. Fluctuating ovarian hormones during the estrous cycle drives
ME structural plasticity and cellular interactions, thereby controlling the juxtaposition of
neurosecretory terminals within the portal vasculature’. In the dioestrus stage characterized
by low gonadal steroid levels, tanycytes tightly ensheath GhnRH hormone secreting nerve
terminals, creating a diffusion barrier and preventing the access and release of GnRH to

the blood vessels. In the preovulatory stage of proestrus, tanycytes undergo a structural
remodelling and retract from the GnRH axons allowing the direct contact between GnRH
neurosecretory terminals and pituitary-portal vessels. Release of the chemotrophic factor
semaphorin 3A (Sema3A) and its action on neuropilin-1 receptor mediate the sprouting

of GnRH axon terminals!6%, Simultaneously, TGF-a-PGE2-induced release of TGF-B1
promotes retraction of tanycytic processes®! wrapping GnRH nerve terminals’. It is,
however, interesting that TGFa-mediated activation of avian erythroblastic leukemia Viral
(V-Erb-B) oncogene homolog (erbB1) or EGFR) involved in tanycytic plasticity during
estrous cycle coincides with the mechanism facilitating transcytotic transport of leptin via
the Leprb-EGFR complex in tanycytes?4, It seems conspicuous yet unidentified whether the
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tanycytic plasticity due to TGFa/erbB1161 causes peri-ovulatory reduction in the food intake
at proestrus stagel62. However, these cyclic ultrastructural changes in the ME defining
GnRH release might not be confined to GnRH neurons and tanycytes. Astrocytes in the

ME also release PGE2 resulting from the activation of astrocytic erbB1 and erbB4 ligands,
such as TGF-a and the neuregulins, respectively63. Deletion of £r6B84in mice, recently
found important for the anchoring of hypothalamic astrocytes to the neuroendocrine neurons
controlling reproduction during early postnatal development®4, causes metabolic syndrome
after chronic exposure of fat-enriched diet!®5. £RBB4 s one of the strongest gene loci
associated with polycystic ovary syndromel66, which is linked to fertility alterations and
metabolic disorders in women of childbearing age6”.

Oligodendrocytes are also sensitive to neuroactive steroids and exhibit sexual dimorphism in
how they respond to metabolic signals'68. Significant sexual dimorphism has been reported
in the proliferation, migration, differentiation, energy metabolism, barrier functions and
transcriptomic profiles of oligodendrocyte progenitor cells (OPCs), which may confer some
advantages in the remyelination process in females compared to males!®8:169.170_ G protein-
coupled oestrogen receptor (GPER), involved in the oestrogenic control of food intake and
sexual receptivity, was identified in hypothalamic astrocytes, neurons and oligodendrocytes,
where a proportion of GPER-positive cells were dependent on the hypothalamic region, sex
and estrous cyclel’1,

Finally, microglia may exert sexually dimorphic neuroprotective functions as identified by
differences in the gene expression profile of male and female microglial’2173, Despite
these notable facts, most studies either focus only on males or in some cases combine
experimental outcomes from both males and females, without considering sex as an
experimental parameter. Sexually-dimorphic hypothalamic glial cell responses are crucial,
especially in the context of metabolism-related research, which might explain the varying
propensities to develop obesity and related comorbidities in males, as well as in pre- and
post-menopausal women174,

8 Conclusion

The paradigm-shifting research on hypothalamic glia has revealed their distinct functions,
such as sensing, processing and transmission of blood-borne metabolic signals to neurons,
causing synaptic modulations, while undergoing physiological adaptations based on feeding
behaviour. Specifically, we described how astrocytes, tanycytes and oligodendrocytes are
sensitive to changes in the nutritional status and exhibit structural plasticity based on the
metabolic cues. Ependymal cells with tufts of motile cilia engage in CSF homeostasis,
where ciliary beat frequency controlled by the anabolic peptide MCH:131 can influence
feeding behaviour32, Microglia, on the other hand, are coordinators of inflammatory
responses in the hypothalamus due to either infection-associated anorexia or HFD-induced
obesity°1144 Though beyond the scope of this review focussed on hypothalamic glial cells,
the glialneuronal network in the dorsal vagus complex (DVC) of the brainstem, composed
of the nucleus of the solitary tract (NTS), the vagus nerve and the sensory CVO called the
area postrema (AP), is also capable of integrating peripheral information1’>-177 The NTS
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directly receives both humoral and neural information from the gastrointestinal tract via the
AP178 or the sensory vagus nervel79-183 (Figure 1a).

Glial cells work in concert with vascular components of the CVOs, forming a conduit for
the brain-to-periphery communication, with the brain access of leptin being the prototypical
example of such processes'2:24-27.184 To understand such distinct but parallel mechanisms,
state-of-the-art systems neuroscience strategies must be implemented. For instance, mouse
models genetically engineered for promoters such as GFAP12.185 GLAST38, or Cx434°
have been commonly used to study astrocytes. But notably these targets are also expressed
by tanycytes36:117. Targeting these genes using tamoxifen-inducible CreERT2 lines can

lead to their non-specific deletion in both astrocytes and tanycytes. Though Rax-123.186

and Nes-CreERT212! have been used to target tanycytes, Nes-CreERT2 may be ineffective
for lineage tracing of tanycytes in mice at P28 or older®2 and Rax-CreERT2 may cause
non-specific recombination in the pituitary gland and the eyes!86. Fgf10-62 and Fgf18-
CreERT284 can target distinct populations of tanycytes, but come with similar repercussions
of non-specificity>8. Besides non-specificity of CreERT2 models and the putative tamoxifen-
independent activityl8>, there are also serious concerns involving the interference of
tamoxifen with oestrogen receptors leading to altered chromatin structure87.188 and the
self-regulation of metabolic activities!89.

Alternatively, viral-based strategies for gene deletion is now widely used to manipulate glial
cells, without having to generate multiple mouse lines?0. For instance, AAV5 pseudotype
shows a strong tropism for astrocytes, while AAVs 1, 2, 6, 7, 8, and 9 can transduce

both astrocytes and neurons!®L. Viral-based selective targeting of tanycytes involves a
recombinant AAV with a hybrid serotype 1 and 2, which traps the virus in the ependymal
layer of the ventricular system. Recombinant AAV 1/2 can be constructed under the Dio2
promoter to specifically drive the expression of Dio2-expressing tanycytest!. Selective
expression of transgenes in tanycytes can also be achieved by using adenoviruses and

the TSHR promoter for cell specificity93. For oligodendrocytes, only a small number of
serotypes with pan-cell markers have been reported with low levels of transductionl.
Additionally, the remote and non-invasive nature of chemogenetic technology based

on engineered G-protein coupled receptor (GPCR) designer receptors (DREADDS) has
attracted much attention for the manipulation of glial cells92193 The implementation of
high-throughput transcriptomic analysis at the single-cell level will open novel prospects in
understanding complex metabolic diseases and develop tailor-made therapies.
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Figure 1. The cross-talk between the brain and the peripheral organsvia metabolic signals for
energy homeostasis.

(a) The peripheral signals from the visceral organs (such as ghrelin and GLP1 from the
gastrointestinal tract, insulin from the pancreas and leptin from the adipose tissue shown
here or other metabolites and regulators discussed in section 3.2.2) reach two key regions of
the brain: the MBH via pituitary-portal circulation, and/or the DVC constituting the AP and
NTS via the circulation or through the sensory vagus nerve. (b) Schematic representation

of the transport of blood-borne molecules to the MBH via the fenestrated capillaries of

the ME. Tanycytes at the floor of the third ventricle (ME tanycytes) adapt their plasticity

to permit the passage of molecules. Tanycytes at the ARH and VMH sense the uptake

of peripheral signals and transmit them to the neighbouring neurons. Astrocytes at the
interface of BBB capillaries also sense and transmit the systemic metabolic information to
neurons. MCH neuronal projections from the LHA release MCH at the base or the pole of
ependymal cells controlling ciliary beat frequency. AP, area postrema; ARH, arcuate nucleus
of the hypothalamus,; BBB, blood-brain barrier; CVO, circumventricular organ; DVC, dorsal
vagus complex; LHA, lateral hypothalamic area; MBH, mediobasal hypothalamus; MCH,
melanin-concentrating hormone, ME, median eminence; NTS, nucleus of the solitary tract;
VMH, ventromedial nucleus of the hypothalamus.
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Figure 2. Leptin and other circulating signals are transported from the periphery to
hypothalamic and extra-hypothalamic areas around the 3V by tanycytes.

(a) Representative photomicrographs with fluorescent leptin (25 nmol/mouse) labelled
tanycytic processes (arrows) and cell bodies (arrowheads; white labeling), where fluorescent
bioactive leptin was administered intravenously in wild-type mice. (b) Similar experiment
using fluorescent point-mutated leptin and showing that the mutated leptin is taken up

by tanycytes, but remains blocked at the tanycytic end-feet (asterisk) due to its inability

to stimulate LepR-mediated EGFR activation?4, as detailed in the schematics (c,d). The

cell nuclei are counterstained with Hoechst solution. Adapted with permission from?23,
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(c) Schematic showing tanycytes as the gateway for the passage of leptin and other
blood-borne metabolic signals from fenestrated blood vessels to the CSF of the 3V.
Tanycytes of the ARH sense CSF-borne molecules transported by tanycytes from the
periphery, translate and transmit the information to neurons under the influence of the
tanycytic network. (d) Diseased state or the experimental conditions in which mechanisms
related to leptin transport?4:25 insulin’’, ghrelin transport’8.79 or action’” are altered in
tanycytes. Cx43 gap junction—-mediated tanycytic metabolic networks are required for the
transport of lactate, produced and released by tanycytes, to glucose-insensitive POMC
neurons36, Tanycytes also play a role in the control of daily circadian changes®. 3V/
third ventricle; ARH, arcuate nucleus of the hypothalamus, Cx43, connexin 43, DIO,
diet-induced obesity, EQft, epidermal growth factor receptor; Insr, insulin receptor; LepR,
leptin receptor, Mct, monocarboxylate transporters, POMC, pro-opiomelanocortin, SCN,
suprachiasmatic nucleus; TanKoO, gene selectively knocked out in tanycytes; TanKD, gene
selectively knocked down in tanycytes.
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Figure 3. Microgliain HFD-induced obesity and IL-18/L PS-induced activation.
(a) In HFD-induced obesity, ARH microglia are activated, leading to hypothalamic

inflammation with increased release of proinflammatory cytokines, increased expression
of microglial UCP2, increased number of microglia and altered microglial morphology
(microgliosis)21:155.157 Of note, invalidating IKKB/ NF-kB signalling selectively in AgRP
neurons results in an anti-obesity and anti-diabetic phenotype in mice fed a HFD®8.

(b) Anorexia induced by systemic administration of IL-1p prominently activates NF-xB

in tanycytes and microglia. This increases Cox2 expression and prostaglandin release
mediating weight loss8%. NF-kB activation also directly stimulates POMC transcription

in LPS-induced illness46. (c) Microglia of the ARH are sensitive to LPS (used to

model sickness-induced anorexia) and saturated fatty acids (SFAs, which stimulate dietary
inflammation), activating TLR4 to stimulate the release of proinflammatory cytokines and
microglial activationl44. ARH, arcuate nucleus of hypothalamus; HFD, high fat diet; LPS,
lipopolysaccharide; POMC, pro-opiomelanocortin; SFA, saturated fatty acids; TLR4, toll-
like receptor; UCPZ, uncoupled protein 2.
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