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Nada es pequeño, en efecto; cualquiera que esté sujeto a las penetraciones profundas de la 

naturaleza lo sabe. Aunque no sea dada satisfacción alguna a la filosofía, no más que 

circunscribir la causa y limitar el efecto, el contemplador cae en éxtasis en razón de que todas 

estas descomposiciones de fuerza terminan en la unidad.   

El álgebra se aplica a las nubes; la irradiación del astro aprovecha a la rosa; ningún 

pensador se atrevería a decir que el perfume del espino blanco resulta inútil a las 

constelaciones. ¿Quién puede calcular el trayecto de una molécula? ¿Qué sabemos 

nosotros si las creaciones de los mundos no están determinadas por las caídas de 

granos de arena? ¿Quién conoce los flujos y reflujos de lo infinitamente grande y de lo 

infinitamente pequeño, el resonar de las causas en los principios del ser, y los aludes de 

la Creación? Un insecto importa; lo pequeño es grande, lo grande es pequeño; todo 

está en equilibrio en la necesidad; terrible visión para el espíritu.   

Hay entre los seres y las cosas relaciones de prodigio; en este inagotable conjunto, de sol a 

pulgón, no hay desprecio; tienen necesidad unos de otros. La luz no se lleva al firmamento los 

perfumes terrestres sin saber lo que hace de ellos; la noche hace distribuciones de esencia 

estelar entre las flores dormidas. Todos los pájaros que vuelan tienen en la pata el hilo del 

infinito. La germinación se complica con la aparición de un meteoro y con el picotazo de la 

golondrina rompiendo el huevo, y se ocupa simultáneamente del nacimiento de un gusano y 

del advenimiento de Sócrates.  

[…]   

Un moho es una pléyade de flores; una nebulosa es un hormiguero de estrellas. Igual  

promiscuidad, y más inaudita aún, de las cosas de la inteligencia y de los hechos de la sustancia.  

Los elementos y los principios se mezclan, se combinan, se unen, se multiplican unos 

por otros, hasta el punto de llevar el mundo material y el mundo moral a la misma claridad. El 

fenómeno está perpetuamente en repliegue sobre sí mismo. En los vastos cambios cósmicos 

la vida universal va y viene en cantidades desconocidas, rodando en el invisible misterio de los 

efluvios, empleándolo todo, no perdiendo ni un ensueño, ni un sueño, sembrando un  

animalillo aquí, desmenuzando un astro allí, oscilando y serpenteando, haciendo de la luz una 

fuerza, y del pensamiento un elemento, diseminado e indivisible, disolviéndolo todo, excepto 

ese punto geométrico, el yo; llevándolo todo al alma átomo; enredando, desde la más alta a la  

más baja, todas las actividades en la oscuridad de un mecanismo vertiginoso, sujetando el vuelo 

de un insecto al movimiento de la tierra, subordinando. Máquina hecha espíritu. Engranaje 

enorme, cuyo primer motor es el insecto y cuya última rueda es el zodíaco.”  

  

Les Misérables  

Victor Hugo  
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1 Nomenclature-Biological rhythms  

  

Acrophase: point of a circadian-regulated variable with the highest values   

Bathiphase: point of a circadian-regulated variable with the lowest values  

Circadian time (CT): Internal/Endogenous representation of the time in constant-dark 

conditions associated with the light period's beginning.   

Entrainment: active adjustment of the circadian cycle by Zeitgebers   

Period: the time that it takesfor a rhythmical variable to reach its hight point. In rhythms 

expressed in a circadian manner, the period is close to 24h.  

Phase: any value in the curve of a variable fluctuating in a circadian manner.  

Zeitgeber (ZT): an external signal that resets or entrains the clock to an environmental rhythm 
1. The master Zeitgeber is light.   

  
Fig. N. 1 A. Scheme depicting the nomenclature used in the typical photoperiod schedule used in the study of circadian rhythms in rodents, including 
this study. B Drawing of sequential values of a circadian variable. The oscillations have period, amplitude, acrophase and bathiphase. Inset a, an 
amplification of squared space in B. showing just one light-dark cycle.     
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2 Abstract  

Glycemia is maintained within very narrow boundaries with less than 5% variation at a given 

time of the day. However, over the circadian cycle, glycemia changes with almost 50% 

difference. How the suprachiasmatic nucleus, the biological clock, maintains these day-night 

variations with such small variations remains obscure. We show that via vasopressin release at 

the beginning of the sleep phase, the suprachiasmatic nucleus increases the glucose transporter 

GLUT1 in tanycytes. Hereby GLUT1 promotes glucose entrance into the arcuate nucleus, 

adjusting glycemia to its lowest level. Conversely, blocking vasopressin activity or the GLUT1 

transporter at the daily trough of glycemia, increases glycemia to levels usually seen at the peak 

of the rhythm. Thus, biological clock-controlled mechanisms promoting glucose entry into the 

arcuate nucleus before sleep sets the circadian low-glucose levels.   

Resumen  

Los valores circulates de glucosa en sangre están regulados de tal manera que éstos oscilan en 

un rango establecido con menos del 5% de variación a un tiempo dado. Sin embargo, a lo largo 

del ciclo circadiano, los valores de glicemia cambian con casi un 50% de diferencia. El 

mecanismo empleado por el núcleo supraquiasmático, nuestro reloj biológico, para mantener 

estas oscilaciones día-noche con tan poca variación no se han esclarecido. En el presente estudio 

mostramos que la liberación de vasopresina desde las fibras del las neuronas del 

supraquiasmático que inervan la pared del tercer ventrículo, al inicio de la fase de sueño, 

incrementa la immunoreactividad del transportador de glucosa GLUT1 especificamente en 

tanicitos. En consecuencia, GLUT 1 promueve la entrada de glucosa en el núcleo arqueado, y 

esto a su vez disminuye los valores de glicemia a su mínimo circadiano. De igual forma, el 

bloqueo de la actividad del transportador de glucosa GLUT1 durante la batifase de la glicemia, 

incrementa los niveles de ésta a niveles usualmente observadas durante el pico de éste ritmo.   

Conjuntamente, en este estudio encontramos que mecanismos controlados por el reloj biológico 

promueven la entrada de glucosa en el núcleo arqueado antes de la fase de sueño, estableciendo 

en consecuencia los niveles mínimos diarios en glicemia.  
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3 Introduction  

3.1 Circadian Rhythms  
  

Life on Earth surged on a massive rock that rotated on its own axis, and cycled around the sun; 

these cosmic cycles created cycles in the environmental conditions, such as the cycle in the 

luminous conditions (the Light/Dark (L/D) cycle). The multiple and diverse life forms that 

evolved under such conditions internalized this cosmic cycle into their behavior, physiology and 

genome.   

Currently, we know that virtually all the physiological, behavioral and metabolism-related 

variables oscillate through the 24h-day exhibiting a rhythm characterized by periodic acrophases 

(higher values of a variable) each 24h approximately; known as circadian rhythms (circa- diem, 

about 24h long). These rhythms prepare the brain and body to perform very different, often 

incompatible, functions appropriate for the day or the night.   

3.2 Suprachiasmatic Nucleus  

In vertebrates, a bilateral region 

in the hypothalamus, a nucleus 

of approximately 20,000 neurons 

and 60,000 glial cells clustered 

above the optic chiasm; the 

suprachiasmatic nucleus (SCN), 

sets the tempo to physiological 

variables. This nucleus is an 

autonomous time-keeper, 

expressing circadian cycles of 

spontaneous action-potential  
Fig. I-1 The Suprachiasmatic nucleus of the hypothalamus is the master clock in mammals. A. 
The SCN is highlighted by the box on the coronal MRI scan of a human brain. The inset 
shows an enlarged view, with the location of the SCN outlined. The optic chiasm (OC) lies 
across the base of the midline third ventricle (V). B. The Suprachiasmatic nucleus of the 
hypothalamus (SCN) exhibits endogenous sustained circadian cycles of spontaneous action 
potential firing rate (SFR) without spike-frequency adaptation. Globally, the SFR is high 
during the light period and low during the dark phase. Importantly, these differences reflect the 
state of global networks; circadian regulated process executed during the dark period might 
depend on specific circuits active at this period.  Panel A was taken and modified from: Hastings,  
M.H., Maywood, E.S. & Brancaccio, M. Generation of circadian rhythms in the suprachiasmatic nucleus. 

Nat Rev Neurosci 19, 453–469 (2018).  

firing rate (SFR), both when it is 

isolated in vivo or ex vivo23 (Fig. 

I1).  

The molecular mechanism 

underlying clock function was 

described in Drosophila in the  

 early  1970s4,  however  
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mammalian homologs remained elusive until 1994 with the development of an animal model 

bearing a  dominant negative mutation of a core clock gene5. At genetic level, the circadian 

timekeeping mechanisms are constituted by self-sustained transcriptional-translational feedback 

loops (TTFLs), and these begin at the circadian dawn (Circadian time, CT 0) when heterodimers 

of circadian locomotor output cycles protein kaput (CLOCK) proteins, and brain and muscle 

ARNT-like 1(BMAL1) (the positive regulators of the loop) drive the expression of the period 

(PER) and cryptochrome (CRY) proteins (the negative regulators)6. By the end of the circadian 

day PER-CRY complexes have accumulated in the nucleus to start to repress their own 

expression. Over the course of the circadian night, PER and CRY mRNA levels fall and the 

existing PER-CRY complexes are degraded6 (Fig. I-2). This degradation allows the cycle to 

reinitiate approximately 24-h solar hours after the previous transcriptional initiation2, which 

happens every day, for a lifetime7.   

An additional landmark of the molecular  

FFig. ig. Igure I1- 2 Transcription-1  –translation feedback loops of 
core clock genes in  
mammals expressed both in brain and peripheral tissues. A. TTFL 
include opposing transcriptional activators (CLOCK–BMAL1) and 
repressors (PER–CRY)1. The non-phosphorylated PER–CRY 
complex represses CLOCK–BMAL1; phosphorylation, in turn, 
results in the degradation of PER–CRY and the turnover of these 
repressors. In addition, CLOCK–BMAL1 induces transcription of 
REV-ERB and of ROR, which regulate BMAL1 expression. 
During the night, PER–CRY is degraded through the ubiquitylation 
of CRY by FBXL3. B. Images of bioluminescent signals in a coronal 
SCN slice from time-lapse recording of PER2 expression (scale bar 
500 μm) Part  
A: taken and modified from: Bass, J. Circadian topology of metabolism. Nature 

491, 348–356 (2012). Part B: taken and modified from: Hastings, M.H., 

Maywood, E.S. & Brancaccio, M. Generation of circadian rhythms in the 

suprachiasmatic nucleus. Nat Rev Neurosci 19, 453–469 (2018).  

circadian system is the modulation of the 

socalled clock-controlled genes (CCG), whose 

transcription is regulated by the core clock 

genes8,9. In the SCN, the entire cell physiology 

is synchronized to the TTFL through various 

gene products relevant to housekeeping and 

metabolic processes; these are sequentially 

upregulated or downregulated over circadian 

day and night as the levels of the core clock 

genes oscillate (Fig. I-2). Many of the CCG code 

themselves transcription factors, and so, by 

directing cascades of gene expression, they 

amplify the circadian TTFL signal and 

coordinate circadian programs of gene 

expression, ultimately guiding cell function10.   

The proteins that result from the thousands of 

CCG expand the functions of the core clock 

genes, from controlling the timing in 

transcription/translation processes to other 

functions related to cellular metabolism11,12.  

Most known CCG encode enzymes or 

regulatory proteins involved in food processing 

and energy homeostasis. As some examples, we 

can find the cholesterol 7α hydroxylase (the 

ratelimiting enzyme in the synthesis of bile 

acids)13– 15, some enzymes involved in the 

elimination of  
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food components such as cytochrome P45016, also some key proteins involved in carbohydrate 

metabolism such as the Phosphoenolpyruvate carboxykinase (PEPCK), glycogen synthase, and 

glycogen phosphorylase17, among others.   

Importantly, the TTFL program is not exclusive of SCN cells, every nucleated cell in the 

mammalian organism displays it in a tissue-specific manner; the TTFL in peripheral tissues is 

commonly known as “peripheral clocks”. In the beginning, the discovery of clock genes all over 

the body questioned the organization of the general circadian system. However, very soon, it 

was noted that the rhythm in peripheral oscillators depends on the central master clock: in 

animals whose SCN was ablated, the rhythms in peripheral clocks disappeared18,19 20.  

Despite the clear relationship between the temporal arrangement of the peripheral clocks, and 

the rhythms in the SCN, it remains unclear what is the actual relevance of the TTFL in peripheral 

tissues for the organization of circadian physiology. This dilemma is illustrated by the liver and 

the rhythm in glycemia. Here, the SCN through sympathetic afferents to the liver sets the 

circadian acrophase in glycemia21,22, and removing the sympathetic innervation ablates the 

glycemia rhythm regardless of intact hepatic clock gene oscillations. This would imply that clock 

genes in the liver are dispensable for the circadian increase in glucose, and that these genes very 

likely serve more for other cellular functions than for circadian rhythmicity23.  

As almost all peripheral tissues express robust TTFL, so it happens in other brain nuclei apart 

from the SCN24–27, in this sense why is the SCN the master clock, and why does not any other 

brain nucleus has the capacity to generate sustained rhythms? The answer probably lies in the 

intrinsic organization of the SCN cells to sustain its circadian cycle of TTFL indefinitely, even 

when isolated in vitro. In contrast, the circadian programs of other parts of the brain, and 

peripheral tissues  damp after a few days in culture, as cell  clocks lose amplitude and phase 

coherence7. Additionally, in comparison with other brain regions, what is remarkable about the 

SCN neuronal network is that it can sustain determined SFR for long intervals (up to 6h) without 

spike-frequency adaptation28.  

Since the neurons of the SCN can track one of the most massive time signals that exist: daynight 

(light-dark) cycle. The SCN entrainment is mediated by direct retinal innervation from the 

retino-hypothalamic tract (RHT) that evokes firing rate of the clock neurons at the daytime. The 

RHT originates from intrinsically photoreceptive retinal ganglion cells (iPRGCs)29 that express 

the invertebrate-like photopigment melanopsin30 (Fig. I-3). This tract provides non-

imageforming visual information directly into the SCN, enough to entrain the neurons to the 

lightdark cycle.  
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▲Fig. I-3 SCN transduces and internalize the luminous signal through the retinohypothalamic tract to then provide this signal to the multiple neuronal 
subpopulations residing here. A. In the input pathway to the SCN, light is received by the intrinsically photosensitive retinal ganglion cells (ipRGCs) 
expressing melanopsin, which sends electric signals to the SCN through the retinohypothalamic tract (RHT). B. Cartoon illustrating the highly 
overlapping neuronal subpopulations in the SCN: neuromedin S (NMS), arginine vasopressin (AVP), vasoactive intestinal peptide (VIP), 
gastrinreleasing peptide (GRP) and D1 dopamine receptor (DRD1A) cells. Taken and modified from: Ruan, W., Yuan, X. & Eltzschig, H.K. Circadian 

rhythm as a therapeutic target. Nat Rev Drug Discov 20, 287–307 (2021).  

  

SCN neurons produce various neuropeptides and neurotransmitters, whose functions and 

expression patterns are changed based on locations in the SCN31,32. For example, 

gammaaminobutyric acid (GABA) is the most common neurotransmitter in the SCN and is 

expressed   

in many the SCN neurons33,34. Although GABA is a well-known inhibitory neurotransmitter in 

the nervous system, it has both excitatory and inhibitory activity in the SCN.   

3.2.1 Cell subpopulations of the SCN  

Besides GABA, the SCN neurons also co-express a wide range of neuropeptides and 

neuropeptide receptors allowing receiving input from extra-SCN afferent pathways, and 

intraSCN networks7. The neuropeptidergic identity of cells was used at the beginning to 

subdivide the SCN anatomically into two regions: the ventral core and the dorsal shell. However, 

evidence showing that the complexity of the SCN circuit topology is much finer-grained than a 

simple core-shell dichotomy is slowly eliminating this antiquate classification35.  

What is typically known as the core of the SCN consist mainly of the retinorecipient part, 

delineated by vasoactive intestinal polypeptide (VIP) and gastrin releasing peptide (GRP) 

expressing neurons. On the other hand, the shell region consists of neurons expressing arginine 

vasopressin (AVP), nevertheless the anatomical boundaries of the shell region has been 

challenged by evidence showing that the AVP population continues to areas around the 

canonical SCN space36 (Fig. I-3B).  
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VIP is released by the retinorecipient cells and acts on the VIPR2 (also known as VPAC2), 

located on the so-called shell neurons. The loss of VIP, or its receptor VPAC2 results in 

arrhythmic behavior in mice held in constant darkness, the loss of circadian responses to light, 

and impaired synchrony and amplitude of cellular TTFL rhythms37–39. Indicating that VIP likely 

transduces the light signals to the rest of the neuronal network.  

Contrastingly, the loss of AVP signaling does not ablate SFR oscillations, however in the absence 

of AVPR1a and AVPR1b receptors, mice phase shift more rapidly to resetting light/dark 

schedules, indicating that might AVP have a central role in spreading the integrated circadian 

period but it is secondary in the establishment of the SFR period of the SCN internal network.  

Importantly, the complexity of the SCN circuit topology is much finer-grained than a simple 

core-shell dichotomy35. For instance, bioluminescent and fluorescent probes have shown 

stereotypically organized waves of cellular activation traversing the SCN as cells progress 

through their circadian program, showing differentially phased, spatially discrete clusters41(Fig. 

I-2B). To get a better appreciation of SCN circuit topology and the associated neurochemical 

and genetic specialization, SCN-enriched genes are being identified, and single-cell 

transcriptional profiling has revealed potential subnetworks based on distinct signaling modules.   

One of the most complete classifications of the SCN cell subtypes, through single-cell 

RNAsequencing, identified seven non-neuronal cell types and five neuron subtypes (Fig. I-4). 

The five SCN neuron subtypes can be defined by specific combination of expressed genes as 1) 

Avp+/Neuromedin S (Nms)+, 2) Grp+/Vip+, 3) Vip+/Nms+, 4) Cholecystokinin (Cck)+/ 

(Complement C1q-like protein 3) C1ql3+, and 5) Cck+/Brain-Derived Neurotrophic Factor 

(Bdnf+) (Fig. I- 4B). In particular, Avp+/Nms+, Vip+/Nms+ and Cck+/C1ql3+ subtypes show 

robust circadian gene expression in the SCN, whereas Grp+/Vip+ and Cck+/Bdnf+ subtypes 

show weak circadian gene expression42 (Fig. I- 4B).  

 

Fig. I-4 Suprachiasmatic nucleus cell subtypes revealed through single-cell RNA-sequencing. A. The 3D gene expression patterns of selected genes 
obtained from RNA-seq performed in Ref. 42. The diameter of the sphere is proportional to the normalized gene expression level. B. Inferred spatial 
locations of five SCN neuron subtypes by non-negative linear regression. Taken and modified from: Wen, S., Ma, D., Zhao, M. et al. Spatiotemporal singlecell 

analysis of gene expression in the mouse suprachiasmatic nucleus. Nat Neurosci 23, 456–467 (2020).  

Additionally, some of the SCN neurons also express other neuropeptides that, despite being 

more spread non-clustered populations, had been proposed as key regulators of particular SCN 

circuit outputs. For instance, the neuropeptide prokineticin 2 (PROK2)-expressing neurons. 
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The loss of PROK2 or its receptor (PROK2R) in mice abolishes the peak of activity at the start 

of circadian night, even with the SCN TTFL unaffected43,44. Thus, PROKR2 may gate the 

function of other SCN output neurons and/or act on local hypothalamic targets of SCN and its 

absence breaks the link between a specific SCN evening signal and locomotor control45. Also, 

as discussed above, these results question again the real functionality of the Clock genes, since 

an animal with the molecular clock oscillating normally, has no rhythm in locomotion.  

Another example of a neuronal subpopulation whose signal is used by the SCN to direct key 

outputs is the AVP+ population. The transcriptional machinery of the core clockwork regulates 

the rhythmic expression of AVP in the SCN shell, but not in other AVP-producing neurons46,47. 

We will review SCN-AVP mechanisms in more detail in subchapter 3.2.2.1.1.1SCN target areas 

influenced by Arginine-Vasopressin.     

SCN neurons expressing neuromedin-S (NMS) meet the criteria for pacemakers: silencing 

synaptic transmission in NMS-expressing neurons by reversible overexpression of tetanus toxin 

was accompanied by reversible cellular desynchrony in the SCN and loss of circadian behavioral 

rhythms. However, given that NMS+ neurons are nearly 40% of SCN neurons extending across 

the core and shell regions, and that the NMS+ cells can also co-express: AVP, VIP, and the D1 

subtype of the dopamine receptor (DRD1A raises the question which subpopulation of NMS 

neurons are the minimum necessary for peacemaking?   

Among other non-clustered neuronal population in the SCN, the DRD1a-expressing cells have 

been suggested as at least part of the pacemaker. The optogenic control of the firing rate of the 

DRD1A cells is sufficient to entrain circadian behavioral rhythms in mice48. Coincidentally, 

manipulations of DRD1A-expressing neurons always resulted in the behavioral phenotype in 

vivo matching the SCN rhythm ex vivo3. However, we have again a similar dilemma as with the 

NMSD+ neurons: the DRD1A represent about 60% of cells in the SCN, including most 

VIPexpressing cells and approximately 60% of AVP-expressing cells49. Then, which 

subpopulation would be the real circadian driver?   

For long time the study of SCN networks, has centered the attention on neurons, neglecting 

other cell populations disregarding these cells outnumber for much the neurons. Systematic 

single-cell RNA-sequencing revealed the presence of seven non-neuronal clustered cell types in 

the SCN: astrocytes, endothelial cells, ependymal cells, microglia, NG2 cells, oligodendrocytes, 

and tanycytes. However, until now there are no clear answers regarding the functionality of each 

cell-type.  

SCN is densely populated by glia in an estimated ratio of approximately 3:1 neurons to glia7. 

Astroglial cells, similar to neurons, show circadian [Ca2+]i oscillations but these are antiphasic to 

neuronal oscillations, peaking during the circadian night when neurons are inactive50. 

Additionally, the SCN astrocytes exhibit circadian changes in morphology51–53, and for example, 

mouse cortical astrocytes contain TTFL clocks54 that can entrain the TTFL of cortical neurons. 

Coincidently, the global deletion of Bmal1 from mouse astrocytes perturbs the profile of 

behavioral rhythms and dysregulates PER2 and VIP expression in the SCN55.  
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In 2017, Brancaccio and collaborators convincingly showed how the neurons of the SCN 

constitute only one ‘‘half’’ of the master clock, the one metabolically active during circadian 

daytime, while the astrocytes are active during circadian nighttime, when they suppress the 

activity of SCN neurons by regulating extracellular glutamate levels56. Surprisingly, somatic 

genetic reprogramming of intracellular clocks in SCN astrocytes was enough to remodel 

circadian behavioral rhythms in adult mice. This is contrasting with studies where the intact 

astrocytic clock was not necessary for circadian behavior insofar as deletion of Bmal1 from 

astrocytes did not compromise rest–activity or SCN gene expression rhythms; rather, it simply 

lengthened their period by about 30 min57.   

3.2.2 Circadian regulatory mechanisms  

As the principal pacemaker, the SCN influences the subordinate cellular clocks across the body 

conveying them circadian and photic information, either directly through innervation of target 

hypothalamic and extrahypothalamic nuclei, or indirectly through endocrine signals, the 

autonomic nervous system, or diffusible signals58. The arrangement of the circadian system is 

conceptualized as a hierarchical arrangement of oscillators, offering numerous opportunities to 

control, but also for disfunction1.  

3.2.2.1.1 Neural circuits  

SCN distributes rhythm to the periphery via autonomic branches, hormonal cues and rhythmic 

behavior. The functioning of periphery is commonly influenced by a combination of these three 

control strategies, making the oscillations very robust. Anatomical studies have shown that the 

SCN projects to at least four different kind neuronal targets: endocrine neurons, autonomic 

neurons of the paraventricular nucleus of the hypothalamus (PVN), other hypothalamic 

structures that transmit the circadian signal to other brain regions, and areas outside the 

hypothalamus59. Monosynaptic efferents of suprachiasmatic nucleus neurons terminating in 

nearby hypothalamic and thalamic nuclei, innervate several nuclei such as the medial preoptic 

nucleus (MnPO), subparaventricular zone, arcuate nucleus (ARC), dorsomedial nucleus (DMH), 

ventral lateral geniculate nucleus, , and as mentioned before, the PVN60.  

The way the SCN can transmit its rhythm is illustrated by how the SCN influences melatonin 

secretion. The synthesis of melatonin is driven directly by the SCN through a multi-synaptic 

neural pathway which successively includes pre-autonomic neurons of the PVN, sympathetic 

pre-ganglionic neurons of the intermediolateral cell column of the spinal cord (IML), and 

noradrenergic sympathetic neurons of the superior cervical ganglion61–63. The melatonin 

synthesis pathway is stimulated by the release of noradrenaline from sympathetic nerve terminals 

within the pineal gland. The activation of β1-adrenergic receptors on pinealocytes causes a 

dramatic increase in the expression of an enzyme crucial for melatonin synthesis, this in turn 

induces a 50-fold increase of its enzymatic activity64. This process induces a quick rise in the 

synthesis and secretion of melatonin65.   
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In the next section we will focus our attention in one SCN neuronal population directing 

circadian outputs associated with phase transitions relevant for the present study: the arginine 

vasopressin expressing neurons.  

3.2.2.1.1.1 SCN target areas influenced by Arginine-Vasopressin   

The circadian system organized by the SCN is thought to establish different set-points for 

hormones and circulating metabolites, according to 1) the time of the day, and 2) emergent 

conditions such as fasting, sickness, or stress66. It has been hypothesized that variations in these 

set-point values might have their origin in a daily modulation of key sensor structures 

sensitivity67. Since vasopressin has proven to promote changes in physiology associated with 

phase transitions, it has been hypothesized as one of the sensitivity modulators of target 

hypothalamic nuclei (See Chapter 3 Problem Statement and Hypothesis).   

 

Fig. I-5 The concentration of vasopressin in the CSF fluctuates through the 
light/dark cycle. Cartoon based on measurements of CSF vasopressin made 
by Schwartz, W. J. and Reppert, S. M. in 1985 (original graph included 
in the upper inset). The origin of the fluctuating vasopressin has not been 
elucidated convincingly yet, therefore, it is not confirmed whether this 
neurotransmitter is indeed produced and secreted to the CSF by the SCN 
neurons.  

Very recently SCNAVP fibers projecting towards 

the CSF, were observed (Fig. I. 6). Once 

cholera toxin beta subunit (CtB) (an tracer that 

behaves primarily as retrograde tracer at 

standard doses)75 is injected into the lateral 

ventricle, some SCNAVP cells  bearing 

 the  tracer  were  identified, 

suggesting that the SCN could sense 

substances into the CSF, as well36. If true, this 

would constitute a novel mechanism by which 

the SCN receives non-photic feedback.   

Similar to oscillatory behavior of excitable 

tissues such as the heart and respiratory centers, 

it is hypothesized that the SCN might also 

have pacemaker hub(s) embedded into its 

circuits, The concentration of AVP thought 

to be of SCN origin, fluctuates daily with a 

constant increases from ZT20, peaking in 

the morning in the CSF68–70 (Fig. I. 5) but not 

in the blood68. The clear increase of this 

neurotransmitter towards the resting phase, 

raised some speculations about its role in key 

physiological transitions associated with this 

time of the day. Coincidently, previous 

studies have demonstrated how AVP release 

from SCN neurons inhibits corticosterone 

secretion71,72, lowers body temperature 

(BT)73, and elicits an anticipatory surge of 

thirst right before the sleep period74.   

 

Fig. I-6 The processes of SCNAVP neurons cross the epithelium of the 
3V wall reaching the CSF. Cartoon illustrating the hypothetical 
location of SCNAVP neurons in a sagittal plane. The anatomical 
pathway depicted here could potentially sustaining the daily fluctuation 
in CSF vasopressin. Cartoon adapted from: Taub A, Carbajal Y, Rimu K,  
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having a structured hierarchical circuit topology3. For a cellular population to be consider as 

circadian driver some basic criteria must be meet at least the following criteria: 1) their electrical 

firing must be necessary to control circadian behavior, and 2) the cell-autonomous period of 

such cell cluster(s) must dictate the global period of the SCN and behavior3.  

An example of vasopressin as modulator of phase-dependent changes is appreciated in the daily 

decrease of the core body temperature right before the resting phase. In rats and mice, body 

temperature is low during the day, while high during the night; importantly, these daily 

differences do not dependent on the locomotor activity76, instead these are modulated by a 

twobranched circuit: SCN-ARC and SCN-medial preoptic area (MnPO). Here, vasopressin 

neurons from the SCN project to neurons in the MnPO which also receives projections from 

the ARC77. Both, the release of AVP from the SCN, and α-Melanocyte stimulating hormone (α-

MSH) from the ARC are rhythmical. α-MSH neurons exhibit a SCN-driven activity with their 

acrophase around ZT18, while SCNAVP neurons are active from ZT19 towards ZT2278.During 

the first part of the activity phase, the SCN-induced neuronal activity releases α-MSH in the 

MnPO keeping the temperature high; meanwhile the secretion of SCN AVP increases towards 

the end of the activity phase. In fact, the rhythms of α-MSH and AVP are to some extent 

overlapping, allowing a finer regulation over the MnPO. Once the SCN switches off the α-MSH 

neuronal activity, the concomitant increase in AVP release into the MnPO, brings the 

temperature abruptly down77. It remains unclear which signal increases the temperature at the 

end of the sleeping period, when α-MSH neuronal activity has not yet increased.   

Another crucial adjustment associated with the activity → sleeping phase transition is an increase 

of thirst at this transition. An animal loses significant amounts of water while sleeping through 

transpiration and ventilatory function. As reviewed before, the OVLT receives SCNAVP 

innervation which stimulates water intake right before the sleeping period. This drinking 

behavior is not motivated by dehydration needs; however, when this bout of water intake is not 

allowed the animal experiences osmolarity disturbances and light signs of dehydration later in 

the sleep period. The output of the SCNAVP -OVLT circuit has been proposed as an anticipatory 

modulation that prevents dehydration and mineral imbalance during the resting period74,79. It 

remains unexplained why the animals stop drinking while SCNAVP continues and even increases 

in the beginning of the sleep phase. As another example, the rhythmical secretion of 

corticosterone right before the beginning of the activity phase depend on a variation in the 

sympathetic tone over the adrenal gland which is modulated by the SCN71. Animals subject to 

complete SCN ablation, not only lose their rhythm in corticosterone secretion; but also display 

increased values of this hormone comparable to acrophase levels; indicating that the SCN is 

responsible for both, inhibiting corticosterone and stimulating corticosterone secretion at the 

acrophase (around ZT11)71. Here, SCNAVP neurons inhibit corticosterone secretion acting on 

pre-autonomic neurons in the paraventricular nucleus (PVN)71: AVP antagonist into the PVN 

increases corticosterone between ZT2 and ZT11; while sympathetic effect on the adrenal 

induces a fast release of corticosterone80–82.  
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The relevance of SCNAVP circuits will be further addressed in the chapter 3. Problem Statement 

and Hypothesis.  

3.2.2.1.2 Diffusible factors   

Pioneer studies whereby transplants of SCN tissue rescued circadian rhythms of locomotor 

activity in arrhythmic SCN-lesioned host animals83, with the period of the donor animal84, 

irrespective of the attachment site within the third ventricle (3V)85; nourished the hypothesis that 

diffusible signals from the SCN might be enough and sufficient to entrain circadian rhythms. 

SCN transplants are effective even when the grafted tissue is encapsulated in a polymer plastic 

that blocks fiber outgrowth86; however, SCN transplants can restore locomotor rhythmicity only, 

but not the secretion rhythm in hormones such as corticosterone87.   

Signals that diffuse from the SCN include paracrine outputs such as transforming growth factor 

alpha (TGFα) 88, prokineticin2 (PK2)89,90, cardiotropin-like cytokine91, and the peptides 

vasoactive intestinal polypeptide (VIP), arginine vasopressin (AVP), and gastrin releasing peptide 

(GRP)40,92.  

Among all, perhaps the most popular cue is the AVP, probably because AVP shows a clear 

circadian fluctuation in the cerebrospinal fluid (CSF) in rodents, with higher values during the 

day as compared to night levels93. Due to the robust circadian fluctuation, this rhythmical 

secretion into the CSF has commonly been assumed to originate from the SCN, nevertheless 

the route whereby at least part of the peptide can reach the CSF was documented only recently36 

and by the present study.   

Recently, using immunohistochemistry, tracing experiments and cell filling techniques processes 

of AVP-expressing SCN neurons were shown to cross the epithelium of the third ventricular 

wall, reaching the CSF36. Although the functionality of this SCN-CSF communication was not 

studied, this route of communication suggests that the SCNAVP neurons can also sense molecular 

cues contained in the CSF as a source of negative feedback.  

An anatomical study from the same research laboratory, using tissue clearing combined with 

multilabel immunostaining and light-sheet microscopy, described a new portal system between 

the organum vasculum of the laminae terminalis (OVLT) and the SCN94. This potentially offers other 

routes for the SCN to communicate with key nuclei and receiving non-photic feedback from 

the circulation.   

The OVLT is commonly known by its role in systemic osmoregulation and thermoregulation, 

all under circadian control78. Some authors have speculated that this route confers slow and 

longterm regulation, in comparison with the neural communication that supports fast and acute 

signaling. It also invites to think that this kind of communication could apply to other CVOs, 

establishing a direct pathway to keep the clock “informed” about sudden changes in the 

peripheral variables. On the other hand, known reciprocal neuronal projections between 

SCNOVLT and SCN-Arcuate nucleus already provide a fast pathway for such communication; 

further studies are needed to provide functional data for this interaction.  
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3.3 Arcuate Nucleus of the hypothalamus, a hub for metabolic regulation.  

As discussed in the last section, the SCN is not isolated from peripheral cues but is constantly 

receiving non-photic feedback conveyed by other nuclei taking care of specific tasks. Here, the 

arcuate nucleus of the hypothalamus (ARC) plays an essential role transmitting non-photic 

feedback from the periphery to the SCN76,96,97.  

The ARC receives information from the periphery (through its association with the Median 

Eminence, a circumventricular organ), and transmits this to the paraventricular nucleus (PVN) 

and also to nuclei directing the autonomic outflow such as the thoracic Intermediolateral column, 

(IML) of the spinal cord (Fig. I-7). The ARC participates in distinct regulatory circuits controlling 

several physiological variables including food intake, glycemia homeostasis, among others. The 

anatomical location of the ARC near the ME98 has promoted the hypothesis that its neurons and 

other cells could sense circulating metabolism-related cues from the periphery with regulatory 

consequences.  

 

For example, leptin, a cytokine/hormone produced by the fat tissue, is taken up by the ARC99.  

Fig. I-7 The ARC possesses anatomical pathways both to receiv information from periphery, and transmit it to peripheral tissues. The arcuate 
nucleus(ARC) signals to a variety of nuclei, participating in the regulation of food intake, energy expenditure, glucose homeostasis etc. ARC neurons 
project to targets including the paraventricular nucleus (PVN), the ventromedial hypothalamus (VMH), dorsomedial hypothalamus (DMH), the area 
postrema (ap, a CVO), the nucleus of the tractus solitarii (NTS) in the brainstem. The ARC also receives input from the suprachiasmatic nucleus 
providing all the circuits the ARC participates in with the time signal. through its influence on pre-and autonomic nucleus (the paraventricular nucleus 
(PVN) and thoracic IML). The cartoon was adapted from Amado A, Cansell C, Denis RG, et al. The hypothalamic arcuate nucleus and the control 
of peripheral substrates. Best Pract Res Clin Endocrinol Metab. 2014 Oct.  

Leptin modifies the activity of two neuronal populations in the ARC: neurons expressing agouti 

related peptide (AgRP), and proopiomelanocortin+ (POMC+) neurons, their neuronal 

projections to the PVN influence pre-autonomic neurons controlling both sympathetic and 

parasympathetic branches of the autonomic nervous system (ANS). Using this pathway, the 

ARC can mediate leptin effects on heart rate and blood pressure. Leptin increases the activity of 

certain sympathetic braches96,100, as the one innervating the liver101. Additionally, cocaine and 

amphetamine-regulated transcript (CART)+ neurons in the ARC project to the thoracic 

intermediolateral (IML) column of the spinal cord, transducing the sympathetic outflow to the 

periphery, also this circuit can be activated by leptin.  
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Besides mediating the effects of leptin, the ARC is also a cornerstone in regulating circulating 

corticosterone. This glucocorticoid is detected by the ARC neurons before it reaches any other 

brain area, thus functioning as the primary target of this hormone for the fast negative feedback 

of the hypothalamus-pituitary-adrenal glands axis102.   

Molecularly specialized neuron subtypes support the varied functions of the ARC. As it regularly 

happens in practically all scientific disciplines, the study of the ARC and its functions is directed 

largely by the research techniques available. For instance, the study of the ARC reliesfor a large 

part on immunohistochemistry or in situ hybridization techniques, limiting the number of 

proteins or transcripts that can be visualized simultaneously. This automatically generated a bias 

toward two different neuronal populations: POMC+/CART+; and the AgRP+/NPY neurons. 

Together, these two neuronal populations constitute the melanocortin system of the ARC.   

3.3.1 Melanocortin system in the Arcuate Nucleus  

   
The Melanocortin system in the Arcuate 

Nucleus is constituted by two hypothetically 

antagonistic branches: 1) the orexinergic 

agouti-related  peptide/neuropeptide 

 Ycoexpressing (AgRP/NPY) 

neurons, and 2)  

the  anorexigenic  pro- 

opiomelanocortin/cocaine-amphetamine  

related  transcript 

 (POMC/CART)coexpressing 

 neurons.  Both  neuronal 

populations modulate the activity of a 

wideranging  network  of 

 postsynaptic melanocortin 4 receptor 

(MC4R)-expressing neurons98 (Fig. I-8).  

Importantly, the functionality of this system 

has clinical implications because MC4R 

mutations are the most common cause of 

monogenetic forms of obesity in humans103,104.  

  

▲Fig. I-8 The arcuate nucleus of the hypothalamus (ARC) contains at least two populations of neurons that control energy balance the 
orexigenic/anabolic neurons producing neuropeptide Y and Agouti-related protein (NPY/AgRP) and the anorexic/catabolic neurons producing 
proopiomelanocortin (POMC) and the natural ligand for the melanocortin receptor. These first order neurons are located exquisitely close to the median 
eminence (ME), one of the brain’s circumventricular organs that lies at the bottom of the third ventricle (3V). Together, this creates a privileged region 
in which macromolecules and energy-related molecules such as ghrelin, leptin and glucose target neurons in the ARC expressing key receptors. Neurons 
in the ARC signal to neurons in other nuclei expressing MC4R and MC3R receptors.   
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3.3.1.1 Agouti-Related Peptide-expressing Neurons  

AgRP neurons are located in the ventromedial part of the ARC at the bottom of the third 

ventricle close to the ME, an ideal position to sense blood-borne metabolic signals. These 

neurons increase their excitability upon energy deficits and thus antagonize central MC4R 

signaling via the release of AgRP105, ultimately stimulating food intake and reducing energy 

expenditure. Once the food intake is initiated, these neurons get rapidly hyperpolarized106,107.  

A great part of the AgRP neurons, coexpress NPY as well as GABA, and their orexigenic effect 

depends on NPY and GABA release108,109. GABA-releasing AgRP terminals directly inhibit 

POMC neurons106,110, while NPY is required for the acute short-term impact of AgRP neurons 

on feeding behavior as NPY-deficient mice fail to rapidly increase food intake upon either 

chemogenetic or optogenetic activation of AgRP neurons111.   

The AgRP are first-order neurons of a constellation of core forebrain nodes, forming part of 

extended circuits mediating feeding behavior112. AgRP neurons target different brain regions, 

sufficient to evoke feeding independently 112. For instance, the optogenetic activation of the 

AgRP projections into the PVN is enough to induce feeding113,114; additionally, the stimulation 

of projections to the lateral hypothalamus (LH), the anterior bed nucleus of the stria terminalis 

(BNST), and the paraventricular thalamus (PVT) evoke feeding as well112. Congruently, the acute 

ablation of AgRP neurons in adult mice leads to a severe reduction in food intake and eventually 

to starvation115,116.   

Besides its role in regulating food intake, AgRP can influence substrate use by regulating glucose 

homeostasis. Activation of AgRP neurons leads to a rapid decrease in fat use and increases 

systemic glucose levels, independent of food intake117, simultaneously impairing systemic insulin 

sensitivity111,113. This AgRP-neuron-dependent insulin resistance is achieved via acute 

impairment of insulin-stimulated glucose uptake into brown adipose tissue (BAT). Under these 

conditions, BAT gene expression switches towards a myogenic state, coordinating hunger states 

with glucose homeostasis113.  

AgRP neurons can also influence pain perception depending on its origin. The activation of 

AgRP neurons abrogates inflammatory pain, but simultaneously, the stimulation of these 

neurons is mildly aversive to mice. Therefore, AgRP neurons have a major role in the 

prioritization of key survival needs118: the antinociceptive effect of hunger, and at the same time 

the evocation of the negative valence signals associated to hunger119.  

Recent work revealed specific vagal afferents, ultimately controlling AgRP neuron activity in 

response to intestinal chemosensation and mechanosensation120. Here, AgRP neurons are 

rapidly inhibited by activation of mechanoreceptors of stomach-innervating glucagon-like 

peptide-1 receptor (GLP1-R) neurons and intestine-innervating oxytocin (OXT) neurons. 

Importantly,  this inhibition occurs on different time scales: activation of GLP1-R neurons leads 

to a rapid but transient inhibition of AgRP neurons, whereas the activation of OXT neurons 

results in a fast but sustained inhibition120.  
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3.3.1.2 Pro-Opiomelanocortin-expressing Neurons  

Pro-opiomelanocortin (POMC)+ neurons are mainly located in the latero-dorsal part of the ARC, 

and in the NTS as well. These neurons release α- and β-melanocyte-stimulating hormones due 

to the post-translational cleavage of POMC product and signal via MC3R and MC4R121. These 

neurons are activated by energy surplus and selectively inhibit food intake after prolonged 

periods of feeding122,123. They integrate long-term adiposity signals from the hypothalamus and 

short-term satiety signals from the brainstem ultimately increasing energy expenditure124–126.  

POMC neurons are often seen as the functional opposite of the AgRP neurons, however this 

model is still incomplete and too simplistic127, for example, 25% of POMC neurons coexpress 

AgRP128. How POMC neuronal cells operate has remained elusive due to their high level of 

heterogeneity. Using an unbiased clustering analysis, Campbell and colleges identified three main 

clusters of POMC neurons and two of AgRP neurons129. Other studies found that POMC 

neurons could be classified 1) by the expression of glutamate or GABA130,131, or 2) by the 

expression of Leptin, 5-HT2C132, or GLP1 receptors since these appear as largely 

nonoverlapping POMC cell subtypes with a certain anatomical localization in the ARC, as well 

as a different regulation of feeding on acute chemogenetic activation133.POMC neuronal 

activation can produce behavioral effects such as the promotion of feeding, just as the 

AgRP/NPY neurons134. Also, cannabinoids stimulate a switch from α -melanocyte-stimulating 

hormone to β -endorphin release from POMC neurons and subsequently increase food intake134, 

which argues against a strictly anorexigenic role of POMC neurons127.   

Additionally, rapid in vivo activation of AgRP/NPY neurons promotes hunger independently 

of POMC neuronal activity106, suggesting that these supposedly antagonistic populations do 

not always influence appetite in an interdependent manner127.  

As evidenced by recent studies, POMC neurons also participate in anticipation of satiety as the 

presentation of food cues leads to their immediate activation135. This activation is sufficient to 

prime the liver to the postprandial state via the melanocortin-dependent control of the 

sympathetic nerve activity of this organ, preparing the organism for food ingestion136.  

Recent studies show how by simply presenting food to a hungry mouse, the activity of its AgRP 

and POMC neurons reset:  going from a pattern associated with energy deficit to one associated 

with satiety, even when no food is consumed yet. A real-time monitoring of neuronal activity  

([Ca2+ ] fluctuations) in freely behaving mice, revealed that the extent of neuronal activity 

changed depending on the accessibility and palatability of the food 135.  

Obesity has profound effects on the signaling capabilities of POMC neurons. For example, HFD 

feeding results in altered mitochondrial dynamics and mitochondria-endoplasmic reticulum (ER) 

interactions, leading to the inhibition of POMC neurons firing due to impaired Ca2+ handling137– 

139.   
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3.3.1.3 Sensing properties of ARC neurons  

NPY/AgRP and CART/POMC neurons in the ARC are in a perfect position for sensing 

circulating hormones and metabolites. Ghrelin, a hormone secreted by enteroendocrine cells of 

the gastrointestinal tract during hunger140–142, once detected in the ARC can induce feeding by 

stimulating AgRP/NPY neuronal activity. AgRP/NPY knockout mice do not increase food 

intake in response to ghrelin, indicating that the detection of this hormone by AgRP/NPY 

neurons is required for the orexigenic effects of ghrelin143,144. ARC AgRP neurons sense ghrelin 

via its receptor (GHSR)and stimulate food intake145. Importantly, ghrelin inhibits the POMC 

neurons indirectly via inhibitory GABAergic inputs from the activated AgRP/NPY neurons146, 

this providing evidence for the AgRP-POMC complementary network.  

  

3.3.2 Tanycytes; the non-neuronal cells in the ARC bridging the circulation with  

the hypothalamus  
  

The term tanycyte, from Greek meaning elongated cell, was introduced in 1954 by Horstmann147 

to describe ependymoglial cells whose processes extended over large distances. This term is now 

used for specialized elongated ependymoglial cells in the adult brain and spinal cord. In adult 

mammals, tanycytes line the third ventricle (3V), the dorsal and ventral walls of the mesenphalic 

aqueduct, and the floor of the fourth ventricle (4V).   

The most common classification of tanycytes 

is based on their anatomic location. Tanycytes 

lying in the upper part of the 3V comprises 

the α1 subtype, then descending towards the 

ventral ARC we find the α2, followed by the β1, 

and finally, the β2 tanycytes whose somata line 

the floor of the 3V (Fig. I-9). However, since 

the different tanycytic subtypes likely 

continuously overlap heterogenic 

subpopulations, the tanycyte subtypes likely 

form more than the classical four subgroups; 

therefore, specific markers need to be  

Fig. I-9 Anatomical organization of tanycytes across the 3V. Tanycytes identified148. The diverse functions of these lying in 

the upper part of the 3V comprises the α1 subtype, then descending cells range from neural stem cells to neuronal towards 

the ventral ARC we find the α2, followed by the β1, and finally, 149 

the β2 tanycytes whose somata line the floor of the 3V. modulators , including the transduction of metabolism-

related cues. In the following  

sections, we will discuss some of these roles emphasizing their transport capabilities.  
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3.3.2.1 Tanycytes control the access of molecules from the periphery to the 

hypothalamus.  

  

Once circulating molecules have leaked from the fenestrated blood vessels of the Median 

Eminence (Fig. I.  9 (1)), these can access the ARC parenchyma by passing the following 

checkpoints: A) the ME-cerebrospinal fluid (CSF) (Fig. I.  9 (2)), and then the CSF-ARC 

interphases (Fig. I.  9 (3)), and/or B) the ME-ARC interphase (Fig. I.  9 (4)).   

Lining the ME-CSF and the CSF-ARC interphases, tanycyte somata contact CSF in the 3V, 

while their cilium with variying number of microvilli and large protrusions from their apical 

surface extend into the brain parenchyma contacting neurons, glial cells and vessels. Tanycyte 

somata lying here, on the 3V wall and floor, express barrier proteins restricting the paracellular 

passage of molecules, potentially forcing a specific passage through the tanycytes and not in 

between them.  

Both tanycyte somata and processes express a great variety of receptors for circulating molecules, 

as well as endo/exocytotic membrane vesicles. Altogether, these structural specializations mirror 

the tanycyte capacities to exchange different molecules between the nuclei parenchyma and the 

CSF. Cumulative evidence indicates that tanycytes potentially sense specific CSF and 

bloodborne molecules, that then are transmitted to the ARC neurons99,150–152.  

On the other hand, the β1 tanycytes that make up the BHB extend their tight-junction coated 

processes in between the ME and the ARC. This subgroup of tanycytes specifically express 

Sprr1a, a protein that participates in the impermeabilization of the skin129. Correlations using 

permeability assays have led to the hypothesis that  β1 tanycytes might mechanically regulate the 

transit of molecules from the ME towards the ventral ARC153.  

Pioneer studies showed that the first hypothalamic nucleus to detect leptin, an adipokine released 

from the fat depots, is the ARC154, particularly by the tanycytes located in between the ME and 

ARC (β1 and β2 tanycytes). These cells increase phosphorylated STAT3 (pSTAT3) in their 

processes and cell bodies within the first two minutes after the leptin administration99. It is 

proposed that once leptin is extravasated from the fenestrated capillary plexus, it is internalized 

by tanycytic end-feet in clathrin-coated vesicles, a process mediated by LepR binding and 

activation. Next, this hormone is transported through the tanycytes process and released from 

their somata into the 3V CSF through an extracellular signal-regulated kinase (ERK)-dependent 

signaling pathway99. Congruently, this transport mechanism is altered in high-fat diet (HFD)-fed 

mice99.   

Very likely, other hormones or metabolites rely on tanycytic transport to get into the CSF and/or 

ARC. This could be a specific transport pathway depending on different receptor subtypes 

expressed by the tanycytes. Malfunction of this transport system could be part of pathologies as 

diabetes and metabolic syndrome. Indeed, Balland et al99 showed that the deficiency in 

ERKdependent leptin transport through tanycytes is involved in the pathophysiology of central 
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leptin resistance in high-fat fed obese mice. Under these conditions, leptin fails to activate 

STAT3 signaling in tanycytes and remains stuck in the median eminence (ME). The restoration 

of ERK signaling in obese mice restores leptin release in the mediobasal hypothalamus and 

promotes loss of body weight when switched to a standard chow diet.   

Collectively, it is logic to suggest that tanycytic transport systems can affect the responses of 

ARC neurons in basal physiological conditions. Since physiology is regulated in circadian 

fashion, we propose that this transport system is also fine-tuned according to the time of the 

day by the SCN. We will discuss this further in chapter 3. Problem Statement and Hypothesis  

 

Fig. I-10 Tanycytes control the access of molecules from the periphery to the hypothalamus. Once circulating molecules have leaked from the fenestrated 
blood vessels of the Median Eminence (1), these can access the ARC parenchyma by passing the following checkpoints: A) the ME-cerebrospinal fluid 
(CSF) (2), and then the CSF-ARC interphases (3), and/or B) the ME-ARC interphase (4). Tanycytes at the ME-ARC interphase express key 
zonula adherens proteins that have promoted the hypothesis of these tanycytes forming a restrictive gate in between the ME and the ARC, putatively 
regulating the unspecific transit of molecules from the ME to the ARC and viceversa. The entrance of molecules through the vasculature of the ARC is 
tightly regulated by the functioning of the blood-brain barrier (BBB)  

3.3.2.2 Other roles of tanycytes as metabolic regulators  

The anatomical location of tanycytes, their variety of metabolic-related receptors, and the 

neurons structurally associated with them, promoted many hypotheses regarding their role in 

modulating peripheral metabolism. One of the first studies showing the relevance of tanycytes 

in metabolic regulation showed how ablation of the tanycyte layer following alloxan i.c.v. 

administration induced hyperphagia during refeeding after an overnight fasting155. More recently, 

Yoo et al found that the conditional ablation of tanycytes through tamoxifen treatment induces 

hyperphagia in mice156. Lacking tanycytes, visceral white fat accumulation occurs earlier than in 
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intact animals, before the appearance of hyperphagia, with no net change in energy 

expenditure156.  

Controversial results were obtained by research groups trying to elucidate the role of tanycytes 

in leptin signaling; for example, the ablation of tanycytes in the ARC and ME leads to increased 

susceptibility to obesity, yet does not alter the leptin sensitivity156. Additionally, inactivation of 

leptin receptor expression in tanycytes did not result in an overt metabolic phenotype157. 

Contrastingly, another research group reported that tanycytes are essential for the early 

internalization of leptin into the MBH being detected as soon as 2 minutes after i.p. labelled 

leptin injection99. Next tanycyte-mediated leptin translocation to the MBH is essential for 

insulinrelated pancreas functions and lipid metabolism151.  

Tanycytes are also important transporters of lactate into the ARC parenchyma as the deletion of 

their monocarboxylate transporter 1 (MCT1), glucose transporter 2 (GLUT2), or glucokinase 

(GK) results in hyperphagia during refeeding158–160. Although the mechanisms underlying these 

effects remain obscure, some evidence suggests these might be related with the modulation of 

NPY/AgRP and POMC/CART neurons by increasing or decreasing the neuropeptide gene 

expression152,155,158,159, by regulating neuronal cell signaling99,161, and/or by altering the neuronal 

membrane potential162.   

Tanycytes secrete FGF21163, and although the central effect of FGF21 is to increase energy 

expenditure164, its specific deletion in tanycytes promotes lipid mobilization and browning of the 

white adipose tissue (WAT). Additionally, these mice exhibit increased energy expenditure 

during the active/dark phase via extensive fatty acid oxidation, as well as decreased fat 

accumulation; alongside with unchanged locomotor activity163. The decrease in fat accumulation 

in this model did not depend on food intake, suggesting tanycytes can exert influence directly 

over the energy expenditure circuits.  

Furthermore mice whose tanycytes miss the gene for fibroblast growth factor (FGF) 21, Fgf21 

displayed higher blood glucose levels after a glucose tolerance test (GTT) 163. β tanycytes express 

FGFR1 and FGFR2IIIc isoforms167, allowing that plasma and cerebrospinal fluid-derived FGFs 

directly act on these cells168. Interestingly, FGFs levels increase in the cerebrospinal fluid after a 

meal or after peripheral injection of glucose169,170and central administration of FGF1 can lower 

circulating glucose and even induce diabetes remission in diabetic mice and rats independently 

of body weight loss171. Furthermore, central FGF1 administration induces robust c-Fos 

expression in tanycytes172, while antibody-mediated inhibition of FGFR1 also induces reversible 

weight loss due to a decrease in food intake and fat deposition and improved glucose control in 

mice, Siberian Hamsters, and monkeys173–175.  

More recently, Yoo and collaborators showed that, the ablation of ME and ARC tanycytes using 

tamoxifen injections in Rax-CreERT2 mice induces insulin insensitivity, suggesting that 

tanycytes may also modulate glucose by modifying insulin sensitivity163. The underlying 

mechanisms remain largely unknown, but glucose could act via G protein-coupled receptors to 

directly trigger intracellular Ca2+ mobilization and transfer the signal to neighboring cells176   
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Ground breaking studies showed that tanycytes are be able to adapt the access of nutrients and 

hormones according to the organismal energetic conditions, with regulatory consequences99,177– 

179. For example, during fasting, the tanycyte interface is reshaped resulting in the improvement 

of the access of peripheral molecules into the ARC180. Importantly, these modifications were 

reversible upon the increase of peripheral glucose levels.  

However, this study did not explain how the glucose into the ARC could be related with the 

glucose in periphery, but they showed that the changes in glycemia were somehow related to 

changes in the ARC glucose181.   

3.4 Non-photic feedback to the SCN  
  

Two kinds of inputs influence SCN neurons; photic input from the retina182,183, and non-photic 

inputs from neurons from other parts of the brain184. Commonly, these brain regions innervating 

the SCN sustain a bilateral communication with the clock neurons. One popular interpretation 

of the non-photic input to the SCN considers the logic that since the SCN does not express 

receptors for every peripheral molecule, this information should be provided by specialized 

structures. The whole concept resembles a “panopticum”, but in this case SCN is not sensing 

the periphery directly.  

The current understanding is that the non-photic inputs to the SCN may serve to fine adapt the 

output of the SCN according to particular emergent conditions detected by these special brain 

regions, acutely. Popularly, the adaptation of the SCN output is termed as re-entrainment, 

however it is not completely known whether the oscillation of all the SCN neurons adapt in 

response to the acute situation, or just the neurons belonging to the circuit regulating that 

particular altered function.  

Although the neuronal circuitry governing photoentrainment is well characterized183,184, how 

non-photic information integrates with this system to create a comprehensive circadian response 

is poorly understood185; nevertheless, there are some excellent examples we will discuss next.  

3.4.1 Non-photic feedback from the ARC to the SCN  
  

The arcuate nucleus (ARC), one of the main nuclei integrating metabolic information in realtime 

with other variables (reviewed in 2.3 Arcuate Nucleus of the hypothalamus, a hub for metabolic 

regulation.), is reciprocally interconnected with the SCN186,187. Since the ARC can transmit 

metabolic information to the SCN96,97, it was proposed as a critical provider of nonphotic 

entrainment to the master clock: the SCN188. The ARC-SCN reciprocal communication has been 

reported by several research groups, including ours; however, the nature of the mutual 

projections is not entirely clear. Recently, there were reported kisspeptin expressing neurons in 

the ARC projecting to the SCN, with a determinant role synchronizing food intake, temperature 

and locomotor activity76. Additionally, labelling studies have shown AgRP neurons from the 
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ARC sending projections to the SCN97. In the opposite sense, the SCN projects back to the 

ARC via VIP97, PK290.  

Studies in rats showed that the neuronal communication between the SCN and the ARC is 

essential to express the circadian rhythm in corticosterone. This hormonal rhythm disappears 

when the SCN is mechanically disconnected from the ARC, even when the molecular clock in 

the SCN, assessed by Per1 transcription gene remains rhythmical97.  We have hypothesized that 

this interdependency might be due to the need of the SCN to receive information about 

corticosterone concentration in the periphery to adjust the daily levels. Indeed, the ARC is the 

first place in the brain to detect this hormone, which is crucial for the negative feedback 

regulation of glucocorticoids102.   

Besides corticosterone being a feedback signal to the SCN, this hormonal cue helps to robust 

rhythms in peripheral organs linked to the time of the day. Corticosterone in circulation (cortisol, 

in humans) peaks right before the activity period189. The influence of this hormone extends over 

numerous peripheral tissues as glucocorticoids can modify the expression of 20% of the 

genome190 thanks to the glucocorticoid responsive element (GRE) in their promoter sequence191. 

A transcriptome study found that 100 out of 169 cycling genes in the liver lost rhythmicity upon 

adrenalectomy192, while experiments in vitro showed how the administration of corticosterone or 

dexamethasone at key time points synchronize clock gene cycling in cultured rat fibroblasts193; 

additionally, in vivo tests showed that corticosterone can entrain liver, kidney, and heart194. Finally, 

in mice exposed to changing light schedules, glucocorticoid disruption accelerated the behavioral 

entrainment and realignment of peripheral clock gene cycling195. However, in spite of the 

profound influence of glucocorticoids over several tissues, these are not required for the global 

clock gene cycling192.   

Additional to the effect on corticosterone secretion, the mechanical disconnection of the 

ARCSCN circuit also ablates the locomotor rhythm in constant darkness97, implying that the 

feedback from the ARC is necessary for the SCN to implement the daily locomotor activity, too.  

Lesion studies, first suggested that ARC could be involved in the rhythm of feeding196–199. Later, 

it was shown in mice that ablating leptin-responsive neurons in the ARC using an injection of 

saporin toxin bound to leptin, flattened the food intake rhythm in L/D conditions, while animals 

kept in constant darkness completely lost this rhythm200. Importantly, the same injection of 

saporin toxin but in the ventromedial hypothalamus (VMH), which also has leptin-responsive 

neurons, showed no effects on food intake, revealing the specificity of this regulatory 

mechanism200.  

In rats, their core body temperature is low during the day and high during the night and these 

changes are dependent on the SCN201. Interrupting the SCN-ARC communication eliminates 

this rhythm in animals under constant darkness97, again suggesting that SCN-ARC direct 

communication is essential for maintaining this rhythm.   
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3.5 Other sources of non-photic feedback to the SCN  

3.5.1  Circumventricular organs   

For open thermodynamic systems like living beings, real time monitoring of the inner conditions 

is essential to keep the organism alive. The central nervous system receives diverse inputs from 

afferent neurons, circulating hormones, and absorbed nutrients, to then integrate this 

information resulting in key outputs that maintain systemic metabolic homeostasis98. The brain 

being a massive integrator must have access to the periphery it controls, as direct as possible but 

without sacrificing other aspects of this delicate tissue. Since the functioning of the brain is based 

on a very exquisite balance of ions and other signaling molecules, the brain milieu must be as 

stable as possible, avoiding dramatic perturbations when eating, exercising or fasting, for 

example. Coincidingly, the brain vasculature is characterized by the presence of the blood-brain 

barrier (BBB), a very selective physical-chemical entity separating the circulating blood from the 

brain parenchyma.   

As a massive controller, how does the SCN get to know the values of the variables it controls in 

real time? Besides the sensory branches of the Autonomic Nervous System (ANS) that can 

provide feedback signals to regulatory areas, there are some special brain regions lacking BBB. 

These BBB-less regions have privileged access to nutrients in circulation, metabolites, and 

hormones, released by peripheral organs such as the liver, adipose tissue, pancreas and the 

gastrointestinal tract, for instance. These nuclei are called Circumventricular Organs (CVOs).  

The neurons and other cell types in the CVOs have access to the composition of the circulating 

blood and the cerebrospinal fluid (CSF), congruently, these regions express receptors and ion 

channels for specific circulatory molecules/minerals. Importantly, the SCN receives direct input 

from the CVOs, consequently these nuclei are hypothesized as real-time feedback providers of 

the SCN.   

A couple of great examples of CVOs interacting with the SCN are the Organum Vasculosum of 

the Laminae Terminalis (OVLT), and the anatomic complex of the Arcuate Nucleus-Median 

eminence (ARC-ME). The OVLT controls water intake and mineral balance in mammals, both 

being circadian variables.  Recently, it was shown that the SCNAVP neurons receive a direct 

activator input from sodium-sensing OVLT neurons expressing glutamic acid decarboxylase 

(OVLTGAD)78.  

3.5.1.1 Hormonal feedback: melatonin  

  

The SCN controls the synthesis of melatonin through a tonic inhibition of noradrenergic 

stimulation of the pineal gland during the light period. This hormone, sustains an evident link 

between external light and internal physiological cycles, and interestingly, since 1980’s it has 

already been known that melatonin can influence circadian rhythms196. The melatonin feedback 

signal is received through melatonin receptors M1 and M2 highly expressed in the SCN204. For 

example, MT2 receptor was shown to mediate the phase-shifting of the SCN neuronal firing205, 
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while in vitro experiments showed that melatonin can regulate the phase and amplitude of the 

electric circadian activity of SCN explants206,207. Additionally, in rats kept in constant dark and in 

blind humans, melatonin entrained free-running rhythms208–211.  

Importantly, melatonin as an SCN feedback signal has certain limitations. For instance, in vivo 

experiments showed that mice physiology kept rhythmic under stable light-dark conditions even 

when melatonin signaling was disrupted. However, as expected, the entrainment of these mice 

to new light schedules showed impaired212. Also, human studies showed how in shift workers 

and blind people, excess or absent light, respectively, disturbs melatonin rhythms, with variable 

desynchronization of the sleep/wake pattern, core body temperature and cortisol213,214. Patients 

with disordered sleep, for example, are prescribed with 0.5-10mg of melatonin in the late 

afternoon to induce sleep and phase advance the clock215; the same clinical application benefits 

subjects experiencing acute phase-shifts due to jet-lag. Thus, although melatonin might not be 

essential for the generation of circadian rhythms, it helps to entrain the whole-body physiological 

rhythms.  

3.6 Disruption of circadian physiology as a risk factor for metabolic diseases  
  

The SCN works inside a larger neuronal network of tightly linked oscillatory feedback circuits 

whose integrity is crucial to keep physiology and behavior synchronized. The uncoupling of 

these oscillators by modified photoperiods (constant light, L/L) or disrupted sleep/wake cycles, 

such as in shift work, social jetlag, late-night food intake, or chronic jetlag; have disruptive effects 

on metabolic/mental balance, impacting the quality of life directly. The installation of these 

modern society-derived behavioral modifications contributes to metabolic disturbances, 

including type 2 diabetes (T2D)216–218.   

For instance, rats kept under constant light L/L display profound disruption in the pancreatic 

islet clock function characterized by the impairment in the amplitude and the phase islet clock 

oscillations, while rats forced to be active during their rest period develop metabolic syndrome 

symptoms such as the impairment of the glucose homeostasis, a central feature in T2D219.  

The incidence of T2D has tripled during the last two decades, reaching pandemic proportions220. 

In order to improve our preventive recommendations to avoid T2D, and to enhance the 

treatment of existing patients it is crucial to understand all the mechanisms regulating glycemia 

homeostasis, including the understanding of the cyclicity in glycemia through the circadian cycle.   

4 Problem Statement and Hypothesis  

The circadian system headed by the SCN establishes different set-points for hormones and 

circulating metabolites, according to 1) the time of the day, and 2) to emergent conditions such 

as the season, reproductive state, fasting, sickness, or stress66. We, as others, hypothesize that 
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this subtle variation of set-points might result from a daily modulation of the sensitivity of key 

sensory structures67.  

As reviewed before, the SCN largely depends on diverse non-photic feedback signals to express 

certain rhythms. In the particular case of glucose homeostasis, the relevance of the interaction 

with the ARC is special. The ARC houses first-order neurons, whose 

depolarization/hyperpolarization depends on glucose concentration in the ARC milieu; also, the 

neurons in this nucleus possess anatomical pathways to influence key peripheral organs such as 

the liver and pancreas. However, ARC tanycytes, but not neurons, are in direct contact with the 

content of the cerebrospinal fluid, and are ideally positioned to transport the glucose into the 

ARC.   

Taken together, we hypothesized that these non-neuronal cells might be under SCN circadian 

control, and by gating the transport capabilities of tanycytes, the SCN might modulate glucose 

entry into the ARC parenchyma. Furthermore, by controlling the glucose access into the ARC, 

the SCN could fine-tune glucose-responsive neurons output according to the time of the day.   

5 General Objective  
Determine whether the SCN sets the circadian values of glycemia via the modification of glucose 

penetration into the ARC, and if so elucidate the mechanism.  

5.1 Particular objectives  
1. Evaluate if the penetration of circulating molecules into the ARC parenchyma changes across the 

L/D cycle, via the use of Evans Blue  

a. If so, determine the time points of higher and lower penetration into the ARC  

2. Evaluate if the ME-ARC, the CSF-ARC barriers are submisive to circadian regulation  

a. If so, determine which barrier molecules change during these different states  

3. Determine whether the SCN influences the penetration of peripheral molecules to the ARC 

parenchyma  

a. If so, determine if the SCN facilitates or restricts the access of circulatory molecules to 

the ARC   

b. Identify the neurotransmitter(s) mediating this influence  

4. Determine whether the penetrability of glucose to the ARC parenchyma differs at the acrophase 

and bathiphase of the glycemia rhythm  

a. If so, modify amount of glucose that penetrates into the ARC, and measure the 

consequences in the circulating glycemia  

6 Methology  

6.1  Experimental model and subject details  
  

Young adult male Wistar rats weighing 250–350 g (P50-P65) were used in this study. The animals were 

obtained from the Animal facility of the Faculty of Medicine, UNAM, and from the Animal Facility of the 
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Instituto de Investigaciones Biomédicas, UNAM. Once the rats arrived, they were allocated in our local 

bioterium and were allowed to adapt to the new conditions before any surgical procedure were done. 

During the adaptation period, the rats were kept in groups of 4–6 under a 12-h light/dark cycle (lights on 

at 7 A.M. or Zeitgeber time (ZT) 0), at room temperature of 22–25°C. Commercial rodent chow (Tekland 

Global Diets 18% protein 2018C) and tap water were available to all animals. Rats were randomly assigned 

to different time points for the experiments. Care was taken to reduce the stress and discomfort of the 

animals as well as to optimize and minimize the number of animals used. Experiments were performed 

following the regulations of the Universidad Nacional Autónoma de México and Instituto de 

Investigaciones Biomédicas (project 245), according to Mexican norms for animal handling (Norma Oficial 

Mexicana, NOM-062-ZOO-1999) and the law for animal protection published by the University Animal 

Care Committee in Mexico City, Mex. (February 2002).  

6.2 Experimental protocols  

6.2.1 Intrajugular cannulation  

Were performed under anesthesia via i.p. injection of Ketamine (Anesket, PiSA, Mexico, 50 mg/kg) and 

Xylazine (Procin, PiSA, Mexico, 8mg/kg). A silicon cannula (0.025in internal diameter, 0.047in external 

diameter, 11 cm long, Intech, USA) was implanted in the right branch of the internal jugular vein, 

introduced 3cm towards the heart; the rest of the cannula was exteriorized subcutaneously through the 

shoulder girdle and filled with a mix of Glycerol (60%J. T. Baker, USA), Heparin (PiSA, USA, 20%), sterile 

saline solution 0.9% (10%), and antibiotic (Amphotericin B, Penicillin, Streptomycin; GIBCO, USA, 10%), 

to maintain the cannula accessible.  

The rats were allowed to recover for 10-12 days in individual cages while monitored and handled daily. 

After the recovery period, the animals wore a hand-made vest for 2 days before the experiment in order 

to help joining the cannula to a long tube 12h prior to the experiment. The long tube was interiorized in a 

spring connected to a swivel, ensuring free movement of the animals. Animals that did not recovered well 

or that lost more than 20% of their weight during the recovery period were discarded.  

  

6.2.2 SCN lesioning  
  

Bilateral or unilateral electrolytic SCN lesions were performed stereotaxically under i.p. anesthesia (as 

above), using a standard Kopf stereotaxic apparatus. Coordinates were adapted from the atlas of Paxinos 

and Watson (0.2 mm posterior and 8.4 mm ventral from the surface of the brain; for the lateral coordinate 

sinus was used as reference, putting the electrode 0.2 mm away from the border of the vein). After the 

surgery, all animals had free access to water, food and were monitored and handled daily. Experiments 

were done after a recovery period of 12-15 days. The entirety of the SCN-lesion was verified by a 

postmortem analysis of vasoactive intestinal peptide VIP immunostaining. Only animals lacking VIP 

immunoreactivity in the SCN were used for further analysis.  

  

6.2.3 ICV cannula  
  

Wistar male rats weighting 250g were anesthetized using i.p. injections of ketamine 100 mg/mL (0.18 

mL/kg im; Anesket, PiSA Agropecuaria, S.A. de C.V.) and xylazine 20 mg/mL (0.1 mL/kg i.p.; Procin, 

PiSA Agropecuaria, S.A. de C.V.). A stainless-steel guide cannula was stereotaxically implanted into the 

third ventricle (coordinates: -0.7mm anterior from bregma, -0.18mmlateral from midline, and -2.8 mm 

below brain surface; tooth bar set at -3.5 mm).  
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6.2.4 Fasting  
  

Wistar male rats (300–350 g) were subjected to 72 hours fasting with ad libitum-fed access to tap water 

(ZT11 n=3, ZT22 n=3). The fasting period started at the same ZT time the animals were sacrificed later. 

The animals of each group were housed in the same cage.  

  

6.2.5 Permeability assays  
  

For EB permeability assay, rats were sacrificed at ZT2 (n=5), ZT6 (n=5), ZT11 (n=5), ZT14 (n=3), and 

ZT22 (n=6). Vital dye Evans blue (Cat. Number E2129, Sigma-Aldrich, USA) was diluted 5% in saline 

solution. Evans blue was administered in a dose of 50mg/kg i.v. through the cannula and circulated for 5 

min before administration of a lethal dose of pentobarbital i.v. (100 mg/kg; Pisabental, Pisa Agropecuaria). 

Animals were immediately perfused intracardially with 200mL of 0.1M pH 7.2 phosphate buffered 

paraformaldehyde (PFA) 4% (rate 20mL/min). Then the brains were extracted and post-fixed in PFA for 

24 h and subsequently changed to 30% sucrose with 0.02% sodium azide in 0.1 M PBS for cryoprotection 

until cut. Brains from different time points were processed in a similar time post-sucrose to avoid 

differences in EB wash. Coronal sections were cut at 30mm, at -28°C using a cryostat (Lupetec, Brazil) 

and collected on gelatinized slides for analysis with confocal microscopy (Nikon A1R+ laser scanning 

confocal, scanning head coupled to an Eclipse Ti-E inverted microscope, Nikon Corporation; Tokyo, 

Japan). Samples were imaged using a CFI Plan Fluor 10X N.A. 0.3 objective and the signal was amplified 

and digitized through both standard and gallium arsenide phosphide (GaAsP) detectors. All images were 

acquired with the same resolution and pinhole size.  
Analysis of EB penetration was limited to medial area of the ARC using morphological criteria.  

Microphotographs from different time points (8-10 micrographs) were analyzed using ImageJ v 2.0.0, 

2018.66 To determine EB entrance into the ARC, a section of 100mm x 550mm, 45_ inclination was taken 

from the acquired image per each side of the ARC, and a histogram of the grey value per mm was 

generated; the 0 mm was always positioned at the ventricular wall. Values of 8-10 pictures per animal were 

averaged (See Figure 1B).  

The quantification in SCNx animals followed the same procedure. To evaluate the impact of the unilateral 

SCN lesion, we calculated the ratio between the intensity of EB signal in the ARC at the lesioned (Ls) and 

non-lesioned side (NonLs) in the same animals (Ls vs NonLs).  

  

The signal in the SCNxx images was measured in both sides of the ARC and compared with animals with 

misplaced lesions near to the SCN. To evaluate the impact of the bilateral SCN lesion, we calculated the 

ratio of the EB intensity in the ARC in an SCNxx animals and animals receiving lesions outside the SCN. 

To quantify EB penetration in other CVOs, a region of interest (ROI) of fixed size was positioned right 

in the middle of the structure (SFO 300x300mm, OVLT 100x300mm, AP 450x450mm, ME 100x50mm) 

and the Integrated Density of Fluorescence was averaged (3-5 pictures per structure, per rat).  

Blood and liver samples were obtained before the PFA started to perfuse the animal and used for EB 

measurement to determine circadian changes in circulating EB or tissue uptake.  

  

6.2.6 2-NBDGlucose penetration assays  
  
For the 2-NBDGlucose (2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose) penetration 

assays (2 assays), rats bearing a jugular cannula (described above) were sacrificed at ZT11 (n=4) and ZT22 

(n=3). 2NBDG (Cat. Number 14325, Cayman, USA) was diluted in 0.9% saline solution. A dose of 
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0.83mg/kg was administered i.v. through the cannula and circulated 5 minutes before administration of a 

lethal dose of pentobarbital i.v. (100 mg/kg; Pisabental, Pisa Agropecuaria). Animals were decapitated, 

brains were extracted and immediately frozen on dry ice. Coronal sections were cut at 30mm, at -20_C 

using a cryostat (Lupetec, Brazil) and collected on gelatinized slides. Confocal microphotographs were 

acquired using Nikon A1R+ laser scanning confocal (same as above). Images from all groups were 

obtained using the same pinhole size, brightness, and contrast setting. Microphotographs from different 

time points (5-10 micrographs) were analyzed using ImageJ v 2.0.0, 2018. To determine the penetration 

into the ARC we used the same ROI and protocol as with the EB.   

The measurement of the 2-NBDGlucose penetration in the control areas (hippocampus and SFO) was 

done by placing a region of interest (ROI) of fixed size right in the middle of the structure.  

  

6.2.7 Intracerebroventricular injections   
  

Resveratrol was injected i.c.v. via a cannula placed 10-15 days before the injection. At the day of the 

experiment; a dose of 0.5mg/kg (0.15mg/ 2uL) (n=4 and n=3 for ZT22 and ZT11 respectively) was 

injected using a needle adapted to a Hamilton syringe. Glucose levels were measured immediately before 

and 5, 10, 30 and 40 minutes after the i.c.v. injection using a hand-held glucometer (Accu- Check Active). 

Rats were decapitated; brains dissected and cut to determine the placement of the cannula. The vasopressin 

antagonist was administered at a dose of 200ng/per animal in a final volume of 2uL, n=8 and n=3 for 

ZT22 and ZT11 respectively. Vehicles ZT22 n=6 and ZT11 n=3.   

  

6.2.8 Immunohistochemistry and data analysis  
  

Unless differently specified, all the brains for the immunostainings were extracted from perfused rats with 

4% PFA, then post-fixed in PFA for 24 h and subsequently immersed in 30% sucrose with 0.02% sodium 

azide in 0.1 M PBS for cryoprotection until cut. The brains were differently marked using a needle to 

incubate the tissue from both time points in the same well in order to avoid the differences associated with 

the immunostaining procedure.  

To analyze the ME-ARC barrier, 30mm coronal sections from the same brains used for permeability assays 

were incubated free-floating with anti-vimentin antibody overnight at 4°C (ZT11 n=10; ZT22 n=9). After 

3 washes of 5min each with PBS, sections were incubated 2h at RT with the secondary antibody. Sections 

were collected on gelatinized slides, dried and incubated with DAPI for 10min. Then the sections were 

immersed in Vectashield mounting medium. Images were acquired using confocal microscope equipped 

with a CFI Plan Fluor 20X N.A. 0.3 objective. For the analysis of tanycytes length, Z-projections of 20 

mm were obtained (n=3 per animal) (40X). For the analysis of ME-ARC barrier intensity, and ME intensity 

of the signal 5-10 micrographs were taken per animal. For the staining of ZO1, rats were deeply 

anesthetized with pentobarbital (100 mg/kg; Pisabental, Pisa Agropecuaria) and subsequently decapitated. 

The brains were then quickly extracted, placed on a dry ice bed, and cut immediately (n=3 per group). 

Coronal sections of 20um were collected on gelatinized slides. Immediately after cutting the fresh tissue, 

the sections were fixed for 1 min in cold methanol (-20_C) and dried at RT.  

Sections were incubated for 2 hours with anti-ZO-1 in a humid chamber, washed and incubated with 

secondary antibodies one hour at RT. Finally, sections were incubated in DAPI solution and mounted.   

  

Confocal microscopy was used to acquire pictures as a z-stack performed at 40x to quantify ZO-1 

immunofluorescence. To analyze beta-catenin in the ME thirty mmcoronal sections were placed in antigen 

retrieval solution (EDTA 0.1M, pH 8) at 80°C for 20 minutes, then washed. Since the antibodies against 
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Vimentin and beta-catenin were produced into different animal species (antivimentin produced in mice, 

anti-beta catenin in rabbit), and no overlapping staining could be detected, we then incubated the brain 

sections in a cocktail of anti-beta catenin and vimentin antibodies overnight (ZT11 n=6; ZT22 n=6). After 

washes, sections were incubated in secondary antibody for 2h at RT. Sections were collected on gelatinized 

slides, incubated with DAPI during 10 min, and then covered. Microphotographs were obtaining at 20x 

magnification (n=5-10 micrographs per animal). All the analyses were performed used the software ImageJ 

v 2.0.0, 2018.  

  

6.2.9 Immunofluorescence protocol and image analysis for GLUT1/Vimentin/ 

CD31  
  

The combination of GLUT1/Vimentin/ CD31 allowed us to evaluate the distribution and 

immunoreactivity GLUT1 glucose in tanycytes and microvessels. ZT11 or ZT22 brain slices from intact 

(n=6 per group) animals or SCN lesioned (n=3) followed the same procedure described for vimentin 

staining. Sections were incubated overnight at 4°C with a cocktail containing anti-GLUT1; anti Vimentin 

and anti-CD31/PECAM in a blocking solution under slight shaking. Microphotographs were obtained at 

20x magnification (n=5-10 micrographs per animal). We used morphological criteria to quantify the 

fluorescence of the staining in the tanycyte somas or in the projections to the ARC, as well as to identify 

the localization of a and b beta tanycytes. The immunoreactivity of GLUT1 was measured in the CD31+ 

areas (microvessels length lesser than 10mm), or in tanycytes determined by Vimentin (tanycyte soma or 

projections).  

  

6.2.10 Aurothioglucose staining  
  

Wistar male rats weighting 350-300 received 0.37 mg/uL aurothioglucose (C6H11AuO5S) dissolved in 

sterile PBS through an intrajugular cannula (same process as described above). The aurothioglucose 

circulated 20 min and the animal was sacrificed and perfused with saline (0.9%)/ paraformaldehyde (4%). 

The brains were removed and placed in 4% paraformaldehyde overnight and then transferred to sucrose 

(30%). The brain was sectioned using a cryostat at 30um, -25°C; the sections were collected in PBS and 

mounted on gelatinized slides, exposed to UV light for 2h, and then rinsed 5 times with deionized water. 

Aurothioglucose particles were visualized using a protocol adapted from Hacker’s et al., technique (ref 67). 

To reveal the particles, we prepared three different solutions. 1) Solution A: we dissolved 100 mg silver 

acetate (AgC2H3O2) in 50 mL of deionized water 2) Citrate buffer solution (pH 3.8): 25.5g citric acid 

(C6H8O7.H2O) and 23.5 g trisodium citrate (C6H5Na3O7.2H2O) were dissolved in distilled water to make 

100 ml. The pH was adjusted to 3.8 using citric acid (C₆H₈O₇). 3) Solution B: 125 mg of Hydroquinone 

(C6H6O2) were dissolved in 25 ml of Citrate Buffer.  

In order to amplify the signal of the aurothioglucose we mixed 25 ml of solution A with 25 ml of solution  

B. The tissue was incubated in this solution at 26°C for 70 min, then the slides were transferred to a 5% 

sodium thiosulfate (Na2S2O3) solution and incubated them for 10 min. Finally, we removed the thiosulfate, 

washed the slides with deionized water for 20 min and cover the slides. Slices processed from rats without 

aurothioglucose administration did not display the signal observed in the Figure S3F.  

  

6.3 Quantification and statistical analysis  
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Animals were randomly assigned to experimental protocols as well as time points. The analysis of the 

collected data was a blind process. Data from no animals were excluded from the present study. The 

statistical analysis was performed using GraphPad Prism Software v9. All data were normally distributed 

and reported as the mean +/- standard error of the mean (SEM). The statistical details of each experiment 

can be found embedded in the results section and in the figure legends, including the type of statistical test 

used and the exact value of n, where n represents the number of individual animals employed in each 

experiment. Differences between groups were considered significant at a p-value <0.05.  

7 Results  

7.1.1 The entry of circulating molecules into the ARC fluctuates daily  
  

We first investigated whether the access of blood-borne molecules into the ARC fluctuated 

through the LD cycle. We administered the vital dye Evans Blue (EB, MW=960.81Da or  

~70kDa when bound to albumin) at ZT2(n=5), ZT6(n=5), ZT11(n=5), ZT14(n=3) and ZT22(n=5) to adult  

Wistar rats under stress-free conditions through a remote jugular vein cannula. Throughout the 

LD cycle, EB penetration into the ARC parenchyma was the highest at ZT22, while ZT11 

exhibited the lowest levels compared to other time points (One-way ANOVA F(4, 19)=6.811, post 

hoc Tukey’s test ZT22 vs. ZT11 p=0.0012) (Figure 1A, 1B). Multiple comparison analyses also 

revealed differences between ZT11 and ZT2 (Tukey’s test p=0.0078) but not between other 

time points (Figure 1B). Linear regression showed higher intensity of EB in the first microns 

into the ARC at ZT22 compared to ZT11 (Y-intercept gray value ZT11(n=5)=324.1 vs 

ZT22(n=5)=601.7). It remained significantly higher until 220 microns indicating that EB 

penetrated the ARC parenchyma deeper at ZT22 than at ZT11 (Figure 1C) (Slopes analysis: 

Mann Whitney test, p=0.0079).  
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▲Figure 1 Entrance of Evans Blue into the arcuate nucleus varies with the day/night cycle.   
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(A) Representative microphotographs (10x) showing entrance of Evans blue (EB, white) into the ARC throughout the day-night cycle. 

Cartoon depicting quantification method, red rectangle indicates the area where EB penetration was measured. Note the EB signal in 

the rectangle is higher at ZT22 than observed at ZT11.(B) Histogram illustrates EB penetration at ZT11 and ZT22 into the ARC 

(500 microns). Significant differences between ZT11(n=5) and ZT22(n=5) are observed from the starting point of measurement (0) 

until 220 microns. Two-way ANOVA, post-hoc Unpaired Student’s t test. *p<0.05, **p<0.01. Data are shown as the mean ± 

SEM. (C) Graph shows the area under the curve for the histograms quantifying penetration of EB into the ARC at ZT2(n=5), 

ZT6(n=5), ZT11(n=5), ZT14(n=3) and ZT22(n=5). Note the peak of EB penetration is at ZT22 while ZT11 shows the lowest 

levels. One-way ANOVA, F (4, 19) =6.811). One-way ANOVA, post-hoc Tukey´s test. **p<0.01. Data are shown as the mean 

± SEM. (D) Z-projections of confocal imaging reconstructions of ZT11 and ZT22 (40x), showing immunoreactivity of Vimentin 

(green) in tanycytic processes located in the median eminence (ME)-ARC barrier. The cartoon illustrates the quantified region of vimentin 

immunoreactivity in the ME-ARC barrier at ZT11(n=10) and ZT22(n=9). Note that vimentin immunoreactivity is lower at ZT22 

than at ZT11 in ME-ARC zone. E) Integrated density measurements of Vimentin immunoreactivity in the quantified region. Mann 

Whitney U=9, **p=0.0021, two-tailed. Graph shows individual data and the mean ± SEM. (F) Z-projections microphotographs of 

ZO-1 protein immunostaining (green) in the somas of α2 and β1 tanycytes lining the 3V in the ARC-CSF interface, and (G) on the 

floor of the 3V (ME), at the level of β2 tanycytes. Microphotographs reveal changes in ZO-1 distribution in ZT22. (H) Integrated 

density of ZO-1 in the 3V-ARC and (I) in the Ependymal zone of the ME ZT11(n=3) and ZT22(n=3). Unpaired Student’s ttest. 

Graph shows the individual data and the mean ± SEM. See also Figure S1.  

  

We evaluated EB extravasation into other circumventricular organs (CVOs); permeability in the 

organum vasculosum of the laminae terminalis (OVLT) was also lower at ZT11(n=4) than at ZT22(n=5) 

(Unpaired t-test t=2.813, df=7, p=0.0261). EB penetration into the subfornical organ (SFO) 

and Area Postrema (AP) did not show time-related differences (Figure S1A).   

For the scope of this work, we focused on ARC’s variations with the lowest levels at ZT11 and 

peaking at ZT22. To investigate whether the permeability differences were circadian driven or 

due to light input, we assessed permeability to EB in constant darkness at CT 2 and CT11. Also, 

under these circadian conditions, similar EB permeability differences were observed CT11(n=6) 

and CT2(n=10) (Unpaired Student’s t-test, t=2.385, df=14, p=0.0317).  

7.1.2 Structural changes in ME-ARC and CSF-ARC barriers correlate with 

permeability states.  
  

Time-dependent differences in EB penetration into ARC parenchyma can be due to a) variations 

in its extravasation into the ME, b) differences in EB uptake by peripheral organs leading to 

differences in circulating EB, c) changes in the blood-brain barrier (BBB) of the ARC blood 

vessels, d) changes in permeability of the ME-ARC barrier, or due to e) changes in ME-CSF and 

CSF-ARC interphases.  

We did not find differences in EB penetration into the ME (One-way ANOVA, F(4, 13) = 0.9045. 

p=0.8503) (Figure S1B), nor in the number of fenestrated vessels as demonstrated by 

panendothelial Cell Antigen (MECA-32) at ZT2(n=5), ZT11(n=4), ZT19(n=5) (Kruskal-Wallis test 

p=0.3022, post-hoc Dunn's multiple comparisons test p=0.3917). Collectively, the absence of 

differences in these parameters discards changes in ME extravasation.  

Neither EB uptake by the liver nor dye content in the blood were different at ZT11(n=3) and 

ZT22(n=3) (Unpaired Student’s t-test. For blood t=0.6631, df=4, p=0.5435. For liver t=0.5293, 



33  

  

df=4 p=0.6246) (Figure S1C), indicating that a local mechanism promotes these daily changes 

in the ARC rather than a difference in circulating EB.  

Next, we evaluated the robustness of the ARC BBB at ZT11 and ZT22 through the distribution 

of Zonula Occludens protein 1 (ZO-1), one of the most explicit markers of barrier integrity221,222. 

We did not observe changes in the length of ZO-1 immunoreactivity along the microvessels of 

the ARC’s BBB capillaries, nor in the total intensity of ZO-1 in the ARC between ZT11(n=3) and 

ZT22(n=3) (Unpaired Student’s t-test, length p=0.9952, integrative intensity p=0.9319) (Figure 

S1D-E), making the BBB an unlikely contributor to the variations in EB penetration into the 

ARC.  

The access of blood-borne molecules into the ARC can be influenced at two additional levels. 

First, β1 tanycytes extending their tight-junction coated processes between the ME and the ARC 

can limit the transport into the ARC129,223. Second, the tanycytes lining the ventricular wall, 

expressing barrier proteins, may restrict paracellular passage of molecules from the CSF into the 

ARC99,178.   

Tanycytes forming ME-ARC and CSF-ARC barriers are subdivided into α1, α2, β1 or β2 depending 

on their location223 and undergo structural plasticity via cytoskeleton modulation224–226. Vimentin, 

an intermediary-filament protein, the major structural cytoskeleton element in tanycytes, has 

been implicated in permeability functions in other tissues227,228. To study this significant 

component of the ME-ARC barrier, we assessed the organization of tanycytes at time points 

corresponding to maximal (ZT22) and minimal (ZT11) EB penetration. Examination of 

vimentin immunoreactivity revealed a higher density of β1-tanycyte processes in the ME-ARC 

transition area at ZT11(n=10) than at ZT22(n=9) (Mann Whitney U=9, p=0.0021, two-tailed) (Figure 

1D-1E). Similarly, Z-projection reconstructions showed that, while the processes of β1-tanycytes 

extend into the ventral part of the ARC at ZT11(n=4), they appear to be shorter at ZT22(n=4) 

(Unpaired Student’s t-test t=3.005 df=6, p=0.0032) (Figure S1G).  

No differences in the pattern or intensity of Vimentin in the ependymal layer nor the internal 

zone of the ME were observed. However, the end-feet of β2 tanycytes surrounding the blood 

vessels in the external zone of the ME were more abundant at ZT11(n=6) than at ZT22(n=5) 

(Unpaired Student’s t-test t=2.386 df=9, p=0.0408) (Figure S1H-L).  

Next, we examined the organization of the CSF-ARC barrier. We observed a continuous 

honeycomb pattern of ZO-1 highlighting somata of α2 and β1 tanycytes lining the third ventricle 

(3V) at ZT11 while exhibiting a diffuse pattern at ZT22 (Figure 1F, white arrows). Moreover, 

while ZO-1 staining delineated the somas of the ME β2 tanycytes at ZT11, it appeared 

interrupted at ZT22 (Figure 1F-G, white arrows), with no significant difference in total ZO-1 

intensity (Figure 1H-I). This organizational pattern of ZO-1 protein suggests that tanycytes 

lining the ventricular walls create a tighter barrier at ZT11, preventing paracellular diffusion from 

the ME to the CSF and preventing it into the ARC parenchyma. In contrast, the discontinuous 

arrangement of the ventricular ZO-1 at ZT22 suggests more penetrable ventricular walls.   
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In addition to ZO-1, we evaluated β-catenin, a key structural component of adherent junctions 

crucial for forming and maintaining tight-junctions153,229. We found higher immunoreactivity of 

this protein at ZT11(n=6) compared to ZT22(n=6) in the transition zone between the ME and ARC 

(Mann Whitney test, Mann Whitney U=9, p=0.0043, two-tailed), as well as in the projections 

into the ARC (Unpaired t-test t=3.824 df=10, p=0.0033) (Figure S1M-Q).  

The tighter organization of the ME-ARC barrier and the CSF-ARC interphase at ZT11 

correlates with lower EB penetration into the ARC. In contrast, the loose organization of the 

ME-ARC barrier at ZT22 is associated with more penetrability. Therefore, we hypothesized that 

the differences in EB penetration into the ARC are mediated by changes in the ME-ARC and 

CSF-ARC barriers, suggesting these two barriers undergo a daily regulation.  

  

 
Fig Figure S 1 continues in the next page together with its legend▼  
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Figure S 1 Permeability of Evans blue in other CVOs at ZT11 and ZT22 (A) Representative images of Evans blue (EB) penetration 

in the Organum Vasculosum of the Lamina Terminalis (OVLT, up), Subfornical organ (SFO. middle) and Area Postrema (AP, 

bottom). OVLT but no other circumventricular organs display differences in EB penetration, showing more EB at ZT11(n=4) than 

at ZT22(n=5) (Unpaired t-test t=2.813, df=7, p=0.0261). *p<0.05. Data are presented as the mean ± SEM. (B) Graph showing 

the integrated density of fluorescence of the median eminence (ME). The EB penetration in the ME is not statistically different throughout 

the light/dark cycle. at ZT2(n=5), ZT6(n=5), ZT11(n=5), ZT14(n=3) and ZT22(n=5). (One-way ANOVA, F (4, 13) = 

0.9045. p=0.8503). Data are shown as the mean ± SEM. (C) EB content in the blood and liver in animals is not different between 

ZT11(n=3) and ZT22(n=3). Unpaired Student’s t test. Data are presented as the mean ± SEM. (D) Representative confocal images 

of ZO-1 (green) in the ARC microvessels (MV) showing tight junctions’ continuity of the BBB. (E) (F) Quantification of the length 

and the intensity of ZO-1 signal in the MV within the ARC at ZT11(n=3) and ZT22(n=3). Unpaired Student’s t test. Data are 

presented as the mean ± SEM. (G) Vimentin staining (green) and quantification of in the ME-ARC interface shows more continuous 

trajectories of the tanycytic processes at ZT11(n=4) to the ventral aspect of the ME compared to ZT22(n=4). Unpaired Student’s t 

test. *p<0.05. Data are shown as the mean ± SEM. (H) Vimentin staining (green) in the Ependymal Zone (EpZ), Internal zone 

(Iz) and External Zone (ExZ) of the ME. (I-L) Quantification of vimentin fluorescence in ME zones at ZT11(n=6) and  
ZT22(n=5). Unpaired Student’s t test. *p<0.05. Data are presented as the mean ± SEM. (M) Representative confocal images of 
βCatenin immunostaining (green) in tanycytes (vimentin positive, red), show a higher immunoreactivity for β-Catenin at ZT11(n=6) 
compared to ZT22(n=6). 40x. (N-Q) Quantification of the β-Catenin integrated density of fluorescence in the somata and projections 
of β1-tanycytes, and in somata of β2-tanycytes. Cartoon at the left illustrates the region that was quantified. Mann Whitney test. 
**p<0.01. Data are presented as the mean ± SEM. **p<0.01.   

7.1.3 The Suprachiasmatic nucleus mediates the opening of the ME-ARC barrier 

at ZT22   
  

The variations in the structure of the ME-ARC barrier indicate that the SCN is involved in its 

regulation. Such regulation can be mediated via direct neuronal pathways from the SCN or 

indirectly via hormonal secretion. Initially, we lesioned the SCN bilaterally (SCNxx) and 

compared EB penetration in these animals at ZT22 vs animals receiving misplaced lesions (Misp 

Les) (Figure 2A). The ratio of EB penetration between these two conditions (SCNxx vs Misp  

Les) showed a sharp decrease in EB penetration into the ARC in the SCNxx condition (Figure  
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2B). The area under the curve is significantly smaller in SCNxx(n=4) animals than in intact animals 

at ZT22(n=3) (Unpaired Student’s t-test, t=7, df=5, p=0.0005), indicating that the SCN regulates 

the extravasation of peripherally-circulating molecules into the ARC, either directly or indirectly.  

Unlike bilaterally lesioned animals, unilaterally lesioned animals preserve their circadian 

rhythms97, allowing to evaluate the effect of removing the SCN innervation on barrier 

permeability and morphology. Animals bearing a unilateral lesion of the SCN (SCNx) showed 

an ipsilateral decrease in EB penetration into the ARC at ZT22, not at ZT11 (ratio of penetration 

no lesion side vs. lesion side in ZT11 and ZT22 (Unpaired Student’s t-test, t=3.845 df=5) (Figure 

2C, 2D). In parallel to the changes in permeability, the ME-ARC area exhibited unilateral 

changes in the tanycytes organization. Specifically, the density of tanycytes processes extending 

into the ventral ARC increased ipsilaterally to the SCN lesion at ZT22(n=3) (Paired Student’s t-

test t=17.5, df=2, p=0.0034), acquiring a similar pattern as observed in intact animals at ZT11 

(Unpaired t-test t=10.51, df=4, p=0.0005) (Figure 2E-G).   

 

  

Figure 2 The Suprachiasmatic nucleus opens ME-ARC barrier at ZT22.   

(A) Representative images of Evans blue (EB) penetration in a bilaterally lesioned (SCNxx, up) and a unilaterally lesioned animal 

(SCNx, bottom) at ZT22.  (B) Ratio of EB penetration between SCNxx and misplaced lesioned animals shows a consistent 

diminishment in the ARC of SCNxx animals at ZT22. (C) Ratio of EB penetration in the ARC between lesioned side (Ls) and not 

lesioned side (NLs) in SCNx animals exhibits a significant decrease across 250 microns at ZT22(n=4) but not at ZT11(n=3) where 

EB penetration in the shows similar values making the ratio close to 1. (D) Percentage of EB penetration into the ARC in SCNx 

animals. The graph shows the percentage of the EB fluorescence in the Lesioned side (Ls) relative to the non-Lesioned side (NLs), both 

at ZT11 and ZT22. (E) Z-projections of ME-ARC barrier from SCNx animals at ZT22 showing Vimentin (green) increases at 
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the lesioned side. The upper inset shows a representative picture of vasoactive intestinal peptide (VIP) immunostaining used to verify the 

unilateral SCN lesion. (F) Accumulated fluorescence of Vimentin in an optical slide of 20 microns in the NLs (a) and in the Ls (b), 

taken from (E) (red dotted line) illustrating increased Vimentin immunoreactivity in the Ls. The (c) and (d) panels are magnified insets 

from the images in E (white dotted rectangle). (G) Quantification of vimentin immunoreactivity in the NLs and Ls at ZT22(n=3). 

Unpaired t-test. ***p<0.001. Data are shown as the mean ± SEM. See also Figure S2.▲  

These results suggest that SCN-input opens the ME-ARC barrier at ZT22; raising the possibility 

that also SCN-input decreases the permeability at ZT11. However, SCNx animals sacrificed at 

ZT11(n=3), similarly to animals bearing a misplaced lesion, showed no changes in EB 

extravasation into the ARC (Unpaired t-test p=0.012 t=3.845 df=5) (Figure S2A) nor in the 

organization of tanycytic processes (Figure S2B-C), indicating that the SCN does not contribute 

actively to the barriers closure at ZT11, and that the closed state is the outcome of absence of 

SCN input. The results of the complete SCN lesion support this conclusion. Collectively, the 

lesion experiments suggest that the closed state is the basal condition of the barriers unless the 

SCN provides an opening signal.   

Figure S 2 SCNx at ZT11 or SCNx misplaced lesions do not induce bilateral changes in Evans blue penetration into the ARC or 

vimentin immunoreactivity. (A) Representative image of immunostaining of vasointestinal peptide (VIP) after a unilateral misplaced or 

partial SCN lesion (up), show that Evans blue (EB) penetration into the ARC at ZT11in an SCNx misplaced animal did not 
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exhibit unilateral changes. (B) representative confocal images of vimentin (green) in SCNx misplaced at ZT11 show no differences in 

ME-ARC barrier. (C) Quantification of vimentin in the ME-ARC zone in in SCNx misplaced at ZT11(n=3). Paired Student’s t 

test. Data are presented as the mean ± SEM. (D) Representative images of EB penetration in animals with lesions outside the SCN 

at ZT11 misplaced and ZT22 misplaced. Note the difference the higher penetration of EB into the ARC at ZT22. (E-F) Integrated 

density of fluorescence of tanycyte processes in animals with lesions outside the SCN at ZT11(n=3) and ZT22(n=3) do not display 

differences between the lesioned side (Ls) and the non-Lesioned side (NLs). Paired Student’s t test. Data are presented as the mean ±  

SEM. ▲  

7.1.4 High tanycytic GLUT1 at ZT22 promotes glucose entrance into the ARC   
  

ZT11 and ZT22 are crucial time windows for animal physiology. At ZT11, a rodent begins 

preparations for the activity period, while following ZT22, the animal gets ready to rest. ZT11 

is characterized by high levels of glycemia, while at ZT22, the levels are low230,231. Since the ARC 

plays a central role in glucose homeostasis232,233, we studied glucose penetration by examining 

the extravasation of a fluorescent derivative of Glucose, the 2-NBDGlucose (2-deoxy-2-[(7-

nitro2,1,3-benzoxadiazol-4-yl)amino]-D-glucose).  

Analysis of 2-NBDGlucose penetration into the ARC shows a higher penetration into the ARC 

parenchyma at ZT22(n=3) (when glycemia is low) than at ZT11(n=4) (glycemia acrophase) 

(Unpaired Student’s t-test t=3.874, df=5, p=0.0117) (Figure 3A-C), indicating that similar to EB 

penetration, glucose entrance into the ARC is time-dependent. Notably, other brain regions, 

such as the SFO and hippocampus (used as control regions), did not show differences (Figure 

S3A) at these time points.   

Transport of Glucose from the CSF into the brain parenchyma is a GLUT1 dependent and 

gradient-independent process234,235. We evaluated whether changes in tanycytic GLUT1 at the 
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CSF-ARC interphase contributed to the differences in glucose penetration. GLUT1 levels are 

significantly higher at ZT22(n=6-11) than at ZT11(n=6-11), both in somas of α2 tanycytes (Unpaired 

Student’s t-test t=2.878, df=20, p=0.0164) and β1 tanycytes (Unpaired Student’s t-test t=3.239, 

df=20, p=0.0089), as well as in their processes into the ARC (Unpaired Student’s t-test t=2.255, 

df=20, p=0.0355) (Figure 3D-I).  

Levels of GLUT1 immunoreactivity were not time-dependent in α1 tanycytes (Figure 3F), ARC 

capillaries (CD31+ cells), and ependymal cells at the level of the ventromedial hypothalamus 

(VMH) (Unpaired Student’s t-test. For ARC microvessels t=1.62, df=10, p=0.2723; for 

ependymal cells t=1.608, df=4, p=0.2723) (Figure S3B-D); indicating that the increased glucose 

entrance into the ARC at ZT22 might be related to increased expression of GLUT1 in the α2 

and β1 tanycytes in the 3V.   

The evident changes in GLUT1 expression in the 3V wall, and the presence of aurothioglucose, 

a non-metabolizable analogous of Glucose, in the ARC near the 3V wall after an i.v. injection, 

suggests that Glucose penetrates from the CSF into the ARC (Figure S3F).   

  

  

  

  

Increased tanycytic GLUT1 occurred at ZT22 when glycemia is typically low; while diminished 

GLUT1 was observed at the glycemia acrophase (ZT11), suggesting an opposed relationship 

between these two variables.   
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Figure 3 Glucose access into the ARC is time-dependent and mediated by tanycytic GLUT1  

(A) Representative images of 2-NBDGlucose (green) penetration into the ARC. Note the higher 2-NBDGlucose intensity in the ARC at ZT22 
compared to ZT11. VMH, ventromedial hypothalamus; ME, Median Eminence. (B) Histogram of 2-NBDGlucose penetration (500 microns) into 
the ARC at ZT11(n=4) and ZT22(n=4). (C) Quantification Area under the curve of 2-NBDGlucose penetration at ZT11(n=4) and 
ZT22(n=4). Unpaired Student’s t-test. *p<0.05. Data are shown as the mean  s.e.m. (D) Immunofluorescence of GLUT1 (40X) in α2 and β1 
tanycytes shows higher intensity at ZT22 compared to ZT11. (E) Micrographs show that GLUT1 immunoreactivity (40X) in tanycytic projections 
into the ARC is higher at ZT22 than ZT11. (F-I) Quantification of GLUT1 immunoreactivity in α1 (F), α2 (G), β1 tanycytes (H), and in 
tanycytic projections in the ARC (I) in ZT22(n=6-11) and ZT11(n=6-11). Unpaired Student’s t-test. *p<0.05, **p<0.01. Data shown as the 
mean SEM.(J) Representative images of GLUT1 immunoreactivity in ad libitum-fed (AdL) and fasted animals at ZT11and ZT22 show an increase 
in GLUT1 at ZT11 in fasting conditions. (K-L) Correlation of glycemia with GLUT1 intensity in the whole ARC (K); or just in α2 and β1 
tanycyte somata (L), in AdL and fasted animals. Note that high GLUT1 immunoreactivity in tanycytes correlates with low glycemia levels and 
viceversa. See also Figure S3 and S4  

  

GLUT1 expression in ARC tanycytes showed an inverse correlation with peripheral Glucose in 

ad libitum-fed animals; this correlation became even more robust when GLUT1 in ARC tanycytes 

was considered solely, instead of GLUT1 in the whole ventricle wall. This correlation was 

maintained even after 72h-fasting, a condition whereby glycemia is substantially low (linear 
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correlation GLUT1 in the ARC with systemic glucose R2=0.7016 p=0.0007; linear correlation 

GLUT1 in the 3V tanycytes with systemic glucose R2=0.8287 p<0.0001) (Figure 3J-L, Figure 

S4). For example, 72-h fasting decreased peripheral Glucose at ZT11 and increased GLUT1 

intensity in α2 (One-way ANOVA F(3,8)=8.607, post-hoc Tukey’s test, p=0.0069) and β1 tanycytes 

(One-way ANOVA F(3,8)=13.33, post-hoc Tukey’s test, p=0.0018), as well as in tanycytic 

projections into the ARC (One-way ANOVA F(3,8)=6.665, post hoc Tukey’s test, p=0.0144) 

(Figure S4).  

To examine how the SCN could influence ventricular glucose uptake, we analyzed GLUT1 

immunoreactivity in SCNx animals at ZT22(n=4). We observed a unilateral decrease in GLUT1 

levels in somata (Paired Student’s t-test t=4.236, df=3, p=0.0241) and in the processes of β1 

tanycyte extending into the ARC’s side ipsilateral to the SCN lesion (Paired Student’s t-test 

t=4.333, df=3, p=0.0227) (Figure 4), no significant changes were observed in α2 tanycytes (Figure  

4).   

In SCNx animals at ZT22, no differences were found in GLUT1 immunoreactivity of ARC 

microvessels between lesioned and intact sides (Figure S3G), indicating that the SCN enhances 

glucose penetration at ZT22 by increasing the expression of tanycytic GLUT1. In contrast, 

SCNx animals sacrificed at ZT11(n=3) did not display unilateral changes in GLUT1 expression 

nor in the 3V zone (Figure S3I-K). This result suggests that low expression of GLUT1 

constitutes the basal state in the absence of SCN input.  

In addition to ME-ARC barrier opening for large molecules, as illustrated by the penetration of 

EB (bound to circulating albumin with high affinity in a ~70kDa complex), the results indicate 

that the SCN also enhances penetrability of Glucose by increasing GLUT1 expression in β1 

tanycytes.  

  
Fig. S3 continues in the next page with its legend.  
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Figure S 3 Permeability of Evans blue in other CVOs at ZT11 and ZT22 (A) Representative images of Evans blue (EB) penetration 

in the Organum Vasculosum of the Lamina Terminalis (OVLT, up), Subfornical organ (SFO. middle) and Area Postrema (AP, 

bottom). OVLT but no other circumventricular organs display differences in EB penetration, showing more EB at ZT11(n=4) than 

at ZT22(n=5) (Unpaired t-test t=2.813, df=7, p=0.0261). *p<0.05. Data are presented as the mean ± SEM. (B) Graph showing 

the integrated density of fluorescence of the median eminence (ME). The EB penetration in the ME is not statistically different throughout 

the light/dark cycle. at ZT2(n=5), ZT6(n=5), ZT11(n=5), ZT14(n=3) and ZT22(n=5). (One-way ANOVA, F (4, 13) = 

0.9045. p=0.8503). Data are shown as the mean ± SEM. (C) EB content in the blood and liver in animals is not different between 

ZT11(n=3) and ZT22(n=3). Unpaired Student’s t test. Data are presented as the mean ± SEM. (D) Representative confocal images 

of ZO-1 (green) in the ARC microvessels (MV) showing tight junctions’ continuity of the BBB. (E) (F) Quantification of the length 

and the intensity of ZO-1 signal in the MV within the ARC at ZT11(n=3) and ZT22(n=3). Unpaired Student’s t test. Data are 

presented as the mean ± SEM. (G) Vimentin staining (green) and quantification of in the ME-ARC interface shows more continuous 

trajectories of the tanycytic processes at ZT11(n=4) to the ventral aspect of the ME compared to ZT22(n=4). Unpaired Student’s t 

test. *p<0.05. Data are shown as the mean ± SEM. (H) Vimentin staining (green) in the Ependymal Zone (EpZ), Internal zone 

(Iz) and External Zone (ExZ) of the ME. (I-L) Quantification of vimentin fluorescence in ME zones at ZT11(n=6) and  
ZT22(n=5). Unpaired Student’s t test. *p<0.05. Data are presented as the mean ± SEM. (M) Representative confocal images of 
βCatenin immunostaining (green) in tanycytes (vimentin positive, red), show a higher immunoreactivity for β-Catenin at ZT11(n=6) 
compared to ZT22(n=6). 40x. (N-Q) Quantification of the β-Catenin integrated density of fluorescence in the somata and projections 
of β1-tanycytes, and in somata of β2-tanycytes. Cartoon at the left illustrates the region that was quantified. Mann Whitney test.  
**p<0.01. Data are presented as the mean ± SEM. **p<0.01. ▲  
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7.1.5 Glucose entrance into the ARC is essential for low glycemia  
  

To examine the functional significance of the increase in ARC GLUT1 expression, we applied a  

GLUT1 competitive blocker, 3,5,4=-trihydroxystilbene (Resveratrol)236, at ZT11(n=3) and 

ZT22(n=4). Intracerebroventricular (i.c.v.) administration of resveratrol, but not vehicle(n=4), 

inhibited glucose entrance into the ARC and induced a rapid increase in glycemia at ZT22 

(Twoway ANOVA, time x condition, F15,45=3.507, post-hoc Tukey’s test, p=0.0006) (Figure 

S5A), peaking 20 min after the resveratrol administration and returning to baseline levels 40 min 

postinjection. The same injection at ZT11 did not affect the glucose levels in the periphery 

(Figure 5A), indicating the time dependency of this regulation.  

Next, we examined how the SCN could mediate its effects on the barriers. We observed 

Vasopressin (VP) containing fibers along the 3V walls, in the vicinity of β1 tanycytes somata 

belonging to the ARC-ME barrier, appearing more abundantly at ZT22 than at ZT11 (qualitative 

findings, Figure 4A). Furthermore, we observed that VP fibers in the tanycytes area, but not in 

the internal or external zone of the ME, nearly disappeared ipsilaterally after a unilateral SCN 

lesion, indicating that this innervation originates from the SCN in agreement with previous 

tracing studies from the SCN96 (Figure 5B, See also Figure S5B).  

Since circadian-driven release of VP from the SCN starts around ZT1832,33, and the 3V walls 

show robust expression of the V1aR237,238, we hypothesized that VP from the SCN could act on 

tanycytes to increase glucose transport into the ARC. To test whether VP at ZT22 contributes 

to changes in systemic glycemia, we inhibited the VP receptor using V1aR antagonist 

(DeaminoPen1, O-Mer-Tyr2, Arg8). I.c.v administration of V1aR antagonist but not vehicle 

significantly decreased penetration of 2-NBDGlucose into the ARC (Unpaired Student’s t-test 

t=4.615, df=5, p=0.0058), similar as resveratrol (Figure 5C). In addition to the changes in 2-

NBDGlucose penetration into the ARC, administration of V1aR antagonist significantly 

increased systemic glucose levels at ZT22(n=4) (Two-way ANOVA, time x condition, F15,45=3.507, 

p=0.0006). Furthermore, a sharp increase in glycemia was observed within 10 minutes after drug 

application, reaching levels normally seen at the circadian acrophase (~125mg/dL) (post-hoc 

Tukey’s test p<0.05) (Figure 5D), persisting for 20 minutes post-administration (post-hoc 

Tukey’s test p<0.0001). Collectively, it indicates that increased glucose penetration into the ARC 

at ZT22 is essential to lower glycemia at this time point.   
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Figure 4 Suprachiasmatic nucleus mediates increase of GLUT1 in β1 tanycytes.  

(A) Representative image of GLUT1 immunoreactivity in SCNx condition at ZT22 shows an ipsilateral decrease of GLUT1 in the ARC. Insets 
show GLUT1 in 3V tanycytes in the intact side (NLs) (a), in the lesioned side (Ls) (b); in tanycyte processes in the NLs (c), and in the Ls (d).  (B-
E) Quantification of GLUT1 immunoreactivity in SCNx animals comparing lesioned and Intact sides of the ARC in α, β1 tanycytes and tanycytic 

projections at ZT22(n=4). *p<0.05. Paired Student’s t-test. Data shown as mean ± SEM. See also Figure S4  
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Figure S 4 Fasting increases GLUT1 in the ARC only at ZT11 when peripheral glucose levels decrease significantly (A) Confocal 

images showing the immunoreactivity of GLUT1 (green) in tanycytes (vimentin, red) in the ARC of ad libitum (AdL) and 72-h fasted 

animals (20x). Note the increase of GLUT1 only in ZT11 fasted animals. (B-C) Immunoreactivity of GLUT 1 in the α2 and β1 

tanycyte somas (vimentin, red), as well as in their processes in the ARC, in both AdL and fasted animals. (D-F) Quantification shows 

that fasting at ZT11 increased the GLUT1 immunoreactivity in the α2 and β1 tanycyte somas, and in their projections into the ARC 

similarly to the levels observed in ad libitum at ZT22. ZT11 AdL(n=3), ZT11 Fasted(n=3), ZT22 AdL(n=3), ZT22 
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Fasted(n=3). One-way ANOVA, post hoc Tukeys test. *p<0.05, **p<0.01, ***p<0.001. Data are presented as the mean ± 

SEM. (G) Glucose levels in ad libitum and fasting conditions, at ZT22 and ZT11. ZT11 AdL(n=3), ZT11, fasted (n=3), ZT22 

AdL(n=3), ZT22 Fasted(n=3). Note that higher GLUT1 in tanycytes coincide with lower glucose levels. One-way ANOVA, post 

hoc Tukeys test. *p<0.05, **p<0.01, ***p<0.001. Data are presented as the mean ± SEM. ▲  

 
▲Figure 5 Vasopressin modulates the glucose entrance into the ARC and 

induces low glycemia  
(A) Representative microphotographs of vasopressin (VP) fibers in the 
ARC at ZT11 and ZT22. (a) Magnification from (A) (white 
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squares, right) shows abundant VP fibers in the 3V zone in the ARC, 
and (b) in tanycytic processes at ZT22. (B) Representative image of the VP 
immunoreactivity (green) in the ARC in an SCNx animal at ZT22; inset 
(a) shows the non-lesioned side (NLS) and (b) and lesioned side (LS) 
(40x). Note the decrease in VP fibers in the 3V at the level of the ARC 
(white arrows). (C) Representative microphotographs show the decrease in 
2NBDGlucose penetration into the ARC at ZT22, 10 minutes following  
i.c.v. administration of V1aR antagonist, or resveratrol compared to vehicle. 
(D) Glycemia increased significantly after the i.c.v. administration of  
V1aR(n=4) antagonist, compared to the vehicle(n=4) at ZT22. Two-way 
ANOVA, post-hoc Tukey’s test. **p<0.01, ***p<0.001. Data are 

shown as the mean ± SEM. (E) Histogram shows decrease in 

2NBDGlucose penetration into the ARC, 15 minutes after the i.c.v. 
administration of V1aR antagonist compared to vehicle. (F) Representative 
microphotographs show decrease of GLUT1 immunofluorescence in β1 
tanycytes (left) after i.c.v. administration of V1aR antagonist compared to 
vehicle. Insets (a) and (b) show a 3D reconstruction of the 3V zone (white 
rectangle) of GLUT1 immunoreactivity after i.c.v. administration of vehicle 
(a) or V1aR antagonist (b). Right panels show a lower intensity of 
GLUT1 immunofluorescence in tanycytic projections into the ARC after 
administration of V1aR antagonist compared to vehicle. (G) Graphs show 
the intensity of GLUT1 in β1 tanycytes and tanycytic projections into the 
ARC after vehicle(n=3) or V1aR(n=3) antagonist at ZT22. Unpaired 

Student’s t-test. *p<0.01, **p<0.001. Data are shown as the ± SEM. 

See also Figure S5.  
When the cannula did not reach the ventricle, 

VP antagonist administration did not alter 

glycemia (Figure S5C) nor glucose entrance 

into the ARC (Data not shown). Further, 

other brain areas such as SFO, ME or 

hippocampus at ZT22 did not exhibit 

2NBDGlucose changes after i.c.v 

administration of V1aR (Figure S5D-E).  

Confirming the action of VP on the tanycytic  

GLUT1 in the ARC; the i.c.v. Va1R 

antagonist injection at ZT22(n=3) induced a 

significant decrease in GLUT1 

immunoreactivity in the somata of β1 

tanycytes (Unpaired Student’s t-test t=5.511, 

df=4, p=0.0053), and in their projections into 

the ARC (Unpaired Student’s t-test t=4.426, 

df=4, p=0.0115) (Figure 5F-G).   

The intensity of Vimentin in the ME-ARC 

zone did not show statistically significant 

changes (Unpaired Student’s t-test, t=0.8694,  

df=4, p=0.4337) (Figure S5F-G), suggesting that changes in the tanycytic GLUT1 in the 3VARC 

zone mediate most of the penetration of 2-NBDGlucose.  
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Figure S 1 (A) Glycemia levels increase after i.c.v. infusion of resveratrol (ZT22(n=3); ZT11(n=3)) and vasopressin (VP) antagonist  
V1aR (ZT22(n=4); ZT11(n=3)), compared to vehicle (ZT22(n=4); ZT11(n=3)). Two-way ANOVA, post-hoc Tukey’s test. 

**p<0.01, ***p<0.001, ****p<0.0001. Data are presented as the mean ± SEM. (B) Representative image of VP (green) and 

vimentin (red) in the ME-ARC interface at ZT22 (40X) and magnification of the area within the dotted square showing the 

immunoreactivity of VP alone (left) or together with vimentin (right). Insets (a) and (b) from areas enclosed in yellow rectangles show 

VP fibers in contact with tanycytic processes (white arrows). (C) Glycemia levels after i.c.v. infusion of vehicle or V1aR antagonist in 

rats with a misplaced cannula at ZT22(n=4) compared to vehicle at ZT22(n=4). Two-way ANOVA, post-hoc Tukey’s test. Data 

are presented as the mean ± SEM. (D) Graphs show the integrated density of fluorescence of the 2-NBDGlucose in the subfornical 

organ (SFO) (left) and in the median eminence (ME) (right) following the i.c.v. administration of vehicle or V1aR antagonist at 

ZT22. Unpaired Student’s t test. Data are presented as the mean ± SEM. (E) Representative confocal images of vimentin (green) 

following the i.c.v. administration of vehicle or V1aR antagonist at ZT22 and the quantification of vimentin intensity in ME-ARC 

zone. Unpaired Student’s t test. Data are presented as the mean ± SEM. ▲  

8 General Discussion  

The first evidence suggesting that the brain influences glucose metabolism was provided by 

Claude Bernard in 1849, when he was still a student. He observed that stimulating the base of 

the fourth ventricle in rabbits caused a pronounced rise in glycemia. As he wrote in the Memoires 

and Communications of Compte Rendu des Seances de L’Academie des Sciences: “It modifies the 

constitution of the urine, and the sugar is made to appear there. Injuring a certain part of the 

floor of the fourth ventricle, (…) urine which before this operation was turbid, alkaline and 

devoid of sweet matter, is now abundant, clear, acid and containing a large amount of sugar in 

solution, (…) it becomes analogous to what we have known in diabetes”.   
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Nowadays, the current understanding of glycemia regulation contemplates an extra layer of 

complexity, the circadian periodicity displayed in glycemia fluctuations given by the SCN239. The 

SCN promotes glycemia concentration to rise before the start of the activity period and decrease 

prior the resting phase239. Although the differences in glucose concentration between the 

acrophase and bathiphase are not dramatic, having the acrophase values at bathiphase time 

would be a prediabetic symptom, while having the reverse would be a sign of acute 

hypoglycemia. However how these variations are controlled so accurately in time was not fully 

understood.  

Our data give a mechanistic explanation of basal glycemia whereby the SCN drives 

tanycytemediated entry of glucose from the CSF and ME into the ARC, a brain area involved 

in adjusting glycemia. A high influx of glucose promotes a decrease in circulating levels just 

before the onset of sleep; while anticipating the activity period, a reduction in SCN-AVP input 

leads to a decrease in glucose entrance into the ARC, resulting in a gradual increase in glycemia 

(Fig. D1). Glucose influx into the ventral ARC and the VP dependent expression of GLUT1 in 

the β1 tanycytes at the 3V border indicate that ventricular tanycytes mediate the primary 

regulation of glucose access to the ARC and, marginally, the ARC/ME barrier.   

What we propose is in contrast with what was assumed for a long time: glucose concentration 

in the whole brain always follows the peripheral glucose concentration.Under basal conditions 

at different time points, we observed that glucose entry into the ARC milieu is inversely 

proportional to the values in the periphery. Similarly, we also found that in a fasting state at 

different times of the day, the GLUT1 immunoreactivity is inversely proportional to glycemia. 

Similar findings considering fasting, were found by another group that showed glucose entrance 

into the ARC during fasting, to be inverse to peripheral glycemia179. This led us to propose that 

glucose flux into the ARC sets, at least in part, the concentration of peripheral glycemia.  

Likely, the general assumption about the peripheral glycemia being mirrored into the whole 

brain still applies for regions using glucose exclusively as a fueling molecule such as the 

hippocampus, cortex motor etc., but not for nuclei using this same molecule for regulatory 

functions such as the ARC.   

Our contribution considering the circuit for glycemia regulation, would lie in having described 

the role of the ARC via tanycyte-neuron interactions and its participation detecting glucose in 

real time. Given the reciprocal connection with the SCN, the ARC then can integrate  the time 

signal (conveyed by the SCN) with the rest of the glucose regulatory circuitry.   

The SCN neurons coordinating the changes in glucose entrance into the ARC are, at least, the 

AVP+. These neurons also consist of several diverse populations targeting different areas; 

hereby, the SCN, via the activity rhythm of the SCNAVP neurons, might regulate different 

synchronous processes, all associated with the resting phase: (1) SCNAVP projections to the PVN 

inhibit corticosterone secretion during the light period primarily via PVN autonomic projections 

influencing the adrenal. (2) SCNAVP projections to the medial preoptic area (MnPO) mediate the 
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decrease in body temperature at the beginning of the resting phase. (3) SCNAVP projections to 

the OVLT elicit drinking behavior just before the resting phase. And (4) SCNAVP neurons are 

also essential to lower glycemia before and at the beginning of the rest period.   

The interconnection of the SCN-ARC, first evidenced by early tracing studies96,240,241, has been 

recognized as an essential interaction for expressing certain rhythms, such as locomotor and 

corticosterone rhythms97. Another direct consequence of this SCN-ARC interaction is the 

SCNdependent activity acrophase of a small population of POMC neurons, essential for the 

correct timing of the daily decrease in temperature whereby the interplay of SCNVP neurons and 

ARCPOMC neurons plays an essential role73.   

The methods and techniques used in the present study allow us to suggest that the vasopressin 

regulating tanycyte GLUT1 mainly comes from neuronal terminals on the tanycytes, and not 

from the 3V, since unilateral ablation of the SCN induces unilateral diminishment in Evans 

Blue penetration, and GLUT1 immunoreactivity. However, the high density of V1aR in the 

tanycytes lining the 3V at the level of the ARC and VMH may indicate these cells could also 

play a role in transmitting the rhythmic vasopressin from the 3V into these hypothalamic nuclei. 

One of the  
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◄Fig. D1 Graphical summary. 

Suprachiasmatic  nucleus 

 regulates access of circulating 

glucose into the arcuate. Via vasopressin 

the SCN drives tanycyte-mediated entry 

of glucose  
into the ARC and this SCN- 
vasopressin-driven glucose entrance into 
the ARC lowers blood glucose levels prior 
the resting phase. This tanycytemediated 
entry of glucose into the arcuate nucleus 
explains not only circadian variations in 
peripheral blood glucose but we think it is 
a general mechanism adjusting glycemia in 
fasting states.  
implications of what we 

described here might 

imply that tanycytes play 

an extra role internalizing 

the SCNAVP from the 

ventricle and taking it to 

the neurons in the VMH 

or ARC.  

Noticeably, tanycytes and 

astrocytes, but not 

neurons, are in direct 

contact with the 

cerebrospinal fluid and 

blood vessels, and thus 

ideally positioned to 

quickly detect glucose 

fluctuations through both routes. Besides their location, the notion that tanycytes could 

participate in glucose regulation is also based on the glucose-sensing properties these cells show. 

For example, they express GLUT2, GK, and KATP channels176, crucial elements in glucose 

detection. The first association between diabetes and tanycytes dates back to the 1980s when 

Bestetti and Rossi245 showed that peripheral injections of streptozotocin, a toxic agent for 

glucose sensing β cell leading to diabetes, induced profound alteration in tanycyte morphology. 

Later, it was found that tanycytes can initiate a calcium wave through taste receptors in response 

to glucose analogs246,247.  

Comparable results were observed upon alloxan injection (another killer of insulin-producing β 

cells) in the third ventricle. A central injection of alloxan, a pharmacological inhibitor of the 

glucokinase (GK) activity leads to the destruction of the α and β1 tanycytes, and a concomitant 

impairment in glucose counterregulation, as well as higher fasting glycemia155. Noticeably, the 

failure in glucose counterregulation was reversed with restoring the tanycyte layer.  
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The need for a dedicated glucose sensor cell populations that are not ARC neurons is further 

supported by evidence showing that POMC neurons cannot detect glucose fluctuations by 

themselves248. Further experiments in awake, freely-moving, and healthy animals subject to 

peripheral changes in glycemia could demonstrate this. Our observation that increasing glucose 

in the ARC has an opposite effect on peripheral glucose levels merits further analysis to 

understand which ARC neurons are involved in this circadian regulation.  

Finally, in 1964 Anand242 and Oomura243, almost at the same time discovered the so-called 

“glucose-sensitive” neurons in the hypothalamus, one using cats and the other dogs244. Later, 

further work from Oomuras’ laboratory demonstrated that activity of hypothalamic neurons 

was directly influenced by glucose in vitro245, they named glucose responsive, the neurons increasing 

their activity upon glucose injections, and glucose sensitive, those that decreased their activity as 

glucose increased243. Today we classify these types of neurons as glucose-excited (GE) if they 

increase their electrical activity when glucose level rises, and glucose-inhibited (GI) those 

neurons getting hyperpolarized upon glucose increase in the bath.  

Despite the well-defined concepts explaining the GI and GE functioning, the evidence backing 

the theory of neuronal glucose sensing, initially harvested either in vitro or using nonphysiological 

glucose concentrations, have not been confirmed in awake animals under basal conditions. The 

main issue with these studies is that the techniques used to characterize GI and GE skip the 

existence of the blood-brain barrier.    

For neurons to be considered glucose sensors, they should meet minimal criteria as the 

following, but not limited to:  

1) Graded and proportional responses according to the glucose concentration in the 

circulation  

2) Functional glucose detection operating in parallel with intact BBB   

3) Connected to integrative nuclei or to the autonomic nervous system (ANS), the 

effector branch  

Point 1 and 2. Until now there is no direct evidence showing the functioning, let alone defining  

GE or GI neurons in non-anesthetized free-moving animals, using graded changing glucose 

concentrations within physiological ranges.   

A fruitful comparison of the glucose detection theory needs to compare this system with 

osmosensitive neuronal mechanisms. Here, researchers have measured action potentials elicited 

upon intraperitoneal injection (i.p.) or oral salt solutions with different concentration of sodium 

chloride, in awake, free moving mice, in real time246. A similar approach could clarify the real 

potential of the supposedly glucose sensitive neurons. Assuming that such injections do not 

disturb sensory systems in the stomach or intestine….  

Point 3. Tanycytes might transmit glycemia information to ARC neurons (α2 and β1 tanycyte 

processes contact ARC neurons247), either in form of lactate, or other intermediary molecules, 

as suggested in a recent study150. From that, the ARC, a hub for metabolic integration, would 
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transduce the computed output to downstream nuclei, finally modulating peripheral organs via 

the autonomous nervous system (ANS). These downstream nuclei connected with the ARC 

include at least the PVN, BNST, PBN and NTS 113,232,248–250.  ARCAgRP, via dedicated networks,  

can modify the insulin release from the pancreas, as the chemogenetic activation of AgRP 

neurons induces acute peripheral insulin resistance, increasing plasma insulin within one hour 

without changes in glucagon or corticosterone levels113.   

The basal physiology of living organisms is cyclical and fluctuates through the 24 h; therefore, 

the comprehension of critical physiological variables, as glycemia, could benefit if we treat them 

as circadian variables. Further understanding of the mechanisms by which the SCN establishes 

different circadian setpoints in physiology is relevant, especially for type 2 diabetes, where the 

daily increase in glycemia before activity onset is still present, despite the already high circulating 

glucose64, or as in diabetes type 1 where nocturnal hypoglycemia is recurrent65,66.Consequently, 

the dynamic way the SCN influences these setpoints is another variable that needs to be 

considered when studying these diseases.  

9 Perspectives   

While the neuron-neuron communication between the SCN and its targets is the most studied, 

the communication of SCN neurons with non-neuronal populations remains poorly explored. 

Here, we suggest an anatomical association between SCNAVP neurons and tanycytes. The soma 

of the tanycytes contacts the ventricular fluid in the 3V, while their single process penetrates 

into the brain parenchyma.   

Given that 1). SCNAVP fibers traverse the walls of the 3V, surrounding the somata and processes 

of tanycytes; and 2) removing just one side of the SCN, induces an ipsilateral change in tanycyte 

morphology and modifies the expression of a glucose receptor (GLUT1); in future studies we 

will try to demonstrate that SCNAVP neurons communicate functionally with tanycytes (a 

neurontanycyte interaction). Since one of the main strategies used by the SCN is to fine-tune 

regulatory processes according to the circadian cycle, which is achieved by changing the 

sensitivity of sensory structures according to the time of the day; and that given the tanycyte 

properties as massive chemosensors; we will also test whether the SCN can to modulate 

tanycytic sensitivity according to the time of the day.  

10 Tanycytes targets for treatment in type 2 diabetes?  

Copious documentation evidenced that desynchronizing our daily life from the environmental 

cycles, such as in nocturnal workers, leads to severe metabolic disturbances251–253. Indeed, 

circadian desynchronization has been recognized as a major risk factor for developing metabolic 

syndrome; reducing life quality and lifespan of people from all socioeconomic backgrounds 

(reviewed in 254–256). The most straightforward solution to this problem would be to avoid 

latenight activities; however, this is not possible for essential night workers such as nurses, and 

emergency room physicians. Despite the clear correlations between circadian desynchrony and 
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the surge of metabolic disorders, we have not developed measurements to ameliorate the health 

costs for medical personnel, for example.   

As the scientific focus of circadian neurobiology moves increasingly to cellular and molecular 

studies, how will these elegant molecular explanations enhance the life quality of people from 

all economic contexts around the world? The need to translate these elegant molecular findings 

from basic research, into tools to improve the metabolic/mental health of the world population 

is still unsatisfactory.   

In the model we propose, the circadian dysregulation due to night work could impair circadian 

ARC glucose entrance, resulting in increased glycemia at night, increasing the risks of developing 

metabolic syndrome and Type 2 diabetes. Tanycytes are putative players in the pathophysiology 

of these diseases, consequently becoming potential targets for new treatments thanks to their 

accessible anatomical position257.  
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