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Ablation of glucokinase-expressing tanycytes
impacts energy balance and increases adiposity
in mice
Antoine Rohrbach 1,2, Emilie Caron 3, Rafik Dali 2, Maxime Brunner 4, Roxane Pasquettaz 1, Irina Kolotuev 5,
Federico Santoni 4, Bernard Thorens 1, Fanny Langlet 1,2,*
ABSTRACT

Objectives: Glucokinase (GCK) is critical for glucosensing. In rats, GCK is expressed in hypothalamic tanycytes and appears to play an essential
role in feeding behavior. In this study, we investigated the distribution of GCK-expressing tanycytes in mice and their role in the regulation of
energy balance.
Methods: In situ hybridization, reporter gene assay, and immunohistochemistry were used to assess GCK expression along the third ventricle in
mice. To evaluate the impact of GCK-expressing tanycytes on arcuate neuron function and mouse physiology, Gck deletion along the ventricle was
achieved using loxP/Cre recombinase technology in adult mice.
Results: GCK expression was low along the third ventricle, but detectable in tanycytes facing the ventromedial arcuate nucleus from
bregma�1.5 to�2.2. Gck deletion induced the death of this tanycyte subgroup through the activation of the BAD signaling pathway. The ablation
of GCK-expressing tanycytes affected different aspects of energy balance, leading to an increase in adiposity in mice. This phenotype was
systematically associated with a defect in NPY neuron function. In contrast, the regulation of glucose homeostasis was mostly preserved, except
for glucoprivic responses.
Conclusions: This study describes the role of GCK in tanycyte biology and highlights the impact of tanycyte loss on the regulation of energy
balance.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The maintenance of energy balance and glucose homeostasis is
orchestrated by specialized neural cells organized in networks that
connect the hypothalamus and the brainstem [1]. The reliability of this
regulatory system is contingent on the adequate sensing and inte-
gration of metabolic signals, which continuously inform the brain about
the fraction of energy that enters (food intake) and leaves (energy
expenditure) the organism.
In the hypothalamus, peculiar glial cells called tanycytes are strate-
gically positioned to sense metabolic information [2]. Hypothalamic
tanycytes are elongated cells that line the lateral walls and floor of the
third ventricle and extend basal processes into nuclei involved in the
regulation of energy balance, such as the arcuate nucleus (ARH), the
ventromedial nucleus (VMH), and the dorsomedial nucleus (DMH) [3,4].
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This polarized shape allows tanycytes to contact different actors within
the hypothalamic parenchyma, including the cerebrospinal fluid, blood
vessels, and neurons [4,5]. In addition, tanycytes present dynamic
gene expression profiles that allow them to detect both central [6] and
peripheral metabolic information [3] and to adapt their sensing func-
tions to the physiological demand [7].
Glucokinase (GCK) is considered a key player in tanycyte metabolic
sensing, as its deletion or inhibition leads to an alteration in glucose
homeostasis and energy balance in rats [8,9]. GCK is a glycolytic
enzyme present in various glucose-sensing cells, including pancreatic
b cells or hepatocytes [10,11]. This enzyme is involved in numerous
cellular processes that range from glycolysis to cell survival [12]. In
particular, it plays a pivotal role in cells that face high variations in
glucose levels by giving them protection against glucotoxicity [13]. As
tanycyte location at the interface between different compartments
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makes them susceptible to significant variations in glucose concen-
tration, here, we investigate the different roles of tanycyte GCK in mice.
The neuroanatomical analysis of GCK expression along the third
ventricle revealed that this enzyme is mainly present in tanycytes
facing the ventromedial ARH (vmARH) in mice. The genetic deletion of
Gck along the third ventricle induces the ablation of this tanycyte
subgroup by the activation of the BAD signaling pathway and leads to
the reorganization of the ME-vmARH region. The physiological
consequence of this reorganization is an intricate alteration in energy
balance regulation, with opposing phenotypes, depending on the
metabolic status of the animal.

2. MATERIALS AND METHODS

2.1. Mice and genotyping of transgenic animals
Two-to-four-months old male C57Bl6 mice (initially obtained from
Charles River), Gckcre/þ mice, Gckf/f:Rosa26-floxed stop tdTomato
mice [14], Gckf/f:Rosa26-floxed stop tdTomato:Npy-GFP mice, and
Rosa26-floxed stop tdTomato:Npy-GFP mice were used in this study.
TaconicArtemis GmbH (Köln, Germany) generated Gckcre/þ mice by
homologous recombination in C57BL/6N embryonic stem cells. The
codon-improved Cre recombinase [15] was introduced before the stop
codon of Gck present in exon 10 and separated from the Gck sequence
by a T2A ribosomal skipping sequence (to be described in Kessler S
et al., submitted). Animals were housed in groups (from 2 to 5 mice per
cage) and maintained in a temperature-controlled room (at 22e23 �C)
on a 12 h’ light/dark cycle with ad libitum access to diet (Diet 3436;
Provimi Kliba AG, Kaiseraugst, Switzerland) and water. For genotyping,
biopsies were collected and DNA extraction was performed using the
HotShot method. PCR amplification was performed using KAPA2G Fast
ReadyMix (KK5103, KAPA Biosystems) following the manufacturer’s
instructions. The primers (50-30) used in this study are available on
request. All animal procedures were performed at the University of
Lausanne and were reviewed and approved by the Veterinary Office of
Canton de Vaud.

2.2. DNA recombination and tdTomato expression in tanycytes
To recombine DNA in tanycytes, TAT-CRE fusion protein (Excellgen,
EG-1021) was stereotactically infused into the third ventricle (1 ml over
3 min at 2 mg/ml; diluted in saline solution (1/8)); at the coordinates
from the bregma of AP ¼ �1.7 mm; ML ¼ 0 mm; DV ¼ �5.3 mm
(from cortex surface) of ketamine/xylazine-anesthetized mice (100 mg/
kg and 20 mg/kg, respectively), as previously described [3,16]. Control
mice (TanGckf/f) were littermate mice infused with the vehicle solution
(20 mM HEPES, 600 mM NaCl, 50% Glycerol, 200 mM Arginine, 1 mM
DTT, pH 7.4; diluted in saline solution (1/8)). The efficiency and
specificity of DNA recombination were validated by tdTomato or/and
Gck expression.

2.3. Mouse physiology
For glucose homeostasis analysis, blood glucose measurements were
made from tail vein blood using a OneTouch glucose monitor (One
Touch Ultra, Bayer). We performed glucose and pyruvate tolerance
tests after a 16 h fast (6 p.m.e10 a.m.) using intraperitoneal injection
of 2 g of glucose or pyruvate, respectively, per kg of body weight. We
performed insulin tolerance tests after a 5 h fast (9 a.m.e2 p.m.) using
an intraperitoneal injection of 0.8 UI of insulin per kg of body weight.
We performed 2-deoxyglucose (2-DG) tolerance test in fed mice (10
a.m.) using intraperitoneal injection of 300 mg of 2-DG per kg of body
weight. Blood was collected from the tail vein 30 min after glucose
injection to evaluate insulin levels measured by ELISA (#10-1247-01,
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Mercodia). Blood was collected from the submandibular vein 30 min
after insulin injection and 1 h after 2-DG injection to evaluate glucagon
levels measured by ELISA (#10-1281-01, Mercodia).
For energy balance analysis, body weight and food weight were
measured using a scale. Body composition was recorded using nuclear
magnetic resonance (NMR; Echo MRI). For basal food intake during the
night and the day, mice were isolated, and body weight and food
weight were measured at 8 a.m. and 6 p.m. every day. For short-term
refeeding, mice were fasted for 24 h and then isolated 1-h before the
experiment (starting at 10 a.m.). Food weight was measured at 0, 15,
30, 60, 90, 120, 180, and 240 min during refeeding. For long-term
refeeding, mice were isolated two days before the experiment. After
24-h fasting, food weight was measured at 0, 2, 4, 6, and 8 h during
refeeding (starting at 10 a.m.). For 2-DG induced food intake, mice
were isolated 1-h before the experiment and then injected with 500 mg
of 2-DG per kg of body weight (at 10 a.m.). Food weight was measured
at 0, 15, 30, 60, 90, 120, and 180 min. For leptin sensitivity tests, mice
were isolated 24-h before the experiment, then injected at 6 p.m. on
day 1 with vehicle (intraperitoneal injection, 5 mM sodium citrate
buffer, pH 4.0), and at 6 p.m. on day 2 with leptin (intraperitoneal
injection, 3 mg/kg, PeproTech). Food weight was measured at 12-h
and 24-h after each injection. For ghrelin sensitivity tests, mice
were isolated 1-h before the experiment and then injected with 2 mg/
kg ghrelin at 10 a.m.: food weight and glycemia were measured at 0,
30, and 60 min. Total energy expenditure, oxygen consumption and
carbon dioxide production, food intake, and ambulatory movements
were measured using calorimetric cages (Phenomaster, TSE Systems
GmbH, Germany) for a week starting ten days after TAT-Cre (or vehicle)
injection. Mice were individually housed and acclimatized to the cages
for 48 h before experimental measurements, which consisted of
monitoring mice over five consecutive days.
Body temperature was recorded using a rectal thermometer (BIO-
TK8851, BIOSEB). For BAT temperature, mouse backs were shaved the
day before the experiment, and the temperature was recorded using a
thermal camera (FLIR E95 24�, FLIR) at 0, 30, and 60 min following 2-
DG injection (500 mg/kg). Glycemia was measured at the same time
points to validate 2-DG efficiency.

2.4. Tissue collection
Mice were killed between 9 a.m. and 10 a.m, at different time points
after vehicle or TAT-Cre injection, in either fed, 24-h fasted, 2-h- or 4-h
refed (ad libitum access to diet from 10 a.m. to 12 p.m and 10 a.m. to
2 p.m, respectively, after 24-h fasting) conditions. Different tissues
were collected for further analyses.
Blood was collected by cardiac puncture using a syringe containing
EDTA to measure hormonal levels in fed, 24-h fast, and 4-h refed using
mouse metabolic multiplex assay (#MMHMAG-44K, Merck).
For qPCR and WB analysis on mediobasal hypothalamus, mice were
anesthetized with isoflurane and sacrificed by decapitation. Medi-
obasal hypothalami were microdissected using a binocular microscope
and put in liquid nitrogen.
For immunohistochemistry and in situ hybridization on fixed tissue,
mice were anesthetized with isoflurane and perfused transcardially
with 0.9% saline followed by an ice-cold solution of 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were quickly
removed, postfixed in the same fixative for 2 h at 4 �C, and immersed
in 20% sucrose in 0.1M phosphate-buffered saline (PBS) at 4 �C
overnight. Brains were finally embedded in ice-cold OCT medium
(optimal cutting temperature embedding medium, Tissue Tek, Sakura)
and frozen on dry ice or in liquid nitrogen-cooled isopentane. Epidid-
ymal white adipose tissue (eWAT) and brown adipose tissue (BAT)
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were also removed and postfixed in the same fixative overnight at 4 �C.
Tissues were then processed for hematoxylin and eosin (H and E)
staining.
For immunohistochemistry on fresh tissue, mice were anesthetized
with isoflurane and sacrificed by decapitation. Brains were quickly
removed, directly embedded in ice-cold OCT medium, and frozen in
liquid nitrogen-cooled isopentane. Epididymal white adipose tissue
(eWAT) and brown adipose tissue (BAT) were also removed and frozen
in liquid nitrogen for qPCR analysis.
For pSTAT3 immunostaining, mice were injected with vehicle or leptin
(intraperitoneal injection, 3 mg/kg in 5 mM sodium citrate buffer,
PeproTech, France) and perfused 45 min later with a 2% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4).
For electron microscopy, mice were anesthetized with isoflurane and
sacrificed by decapitation. Brains were quickly removed and fixed in an
ice-cold solution of 4% paraformaldehyde/5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4) for 24 h. Two hundred mm thick hypotha-
lamic slices were then cut using vibratome and postfixed in the same
fixative for 24 h. Afterward, the samples were incubated in 2% (wt/vol)
osmium tetroxide and 1.5% (wt/vol) K4[Fe(CN)6] in 0.1 M PB buffer on
ice for 1 h, following by 1-h incubation at ambient temperature in 1%
(wt/vol) tannic acid in 0.1 M PB buffer. Subsequently, brain slices were
incubated in 1% (wt/vol) uranyl acetate for 1 h and dehydrated at the
end of standard gradual dehydration cycles in ethanol. Samples were
flat embedded in the Epon-Araldite mix [17,18].

2.5. Molecular biology
For qPCR, RNeasy Mini kit (#74104 QIAGEN) and RNeasy Lipid Mini kit
(#1023539, QIAGEN) were used to extract mRNA from frozen hypo-
thalami and eWAT/BAT, respectively. Approximately 250 ng of RNA
was then reverse-transcribed using the M-MLV reverse transcriptase
(M3683, Promega) following the manufacturer’s instructions. cDNAs
were diluted (1:10), and qPCR was performed using GoTaq qPCR
Master Mix (Promega). The primers (50-30) used in this study are re-
ported in Supplementary Table 1.
For Western Blot on mediobasal hypothalami, proteins were extracted
using a lysis buffer (150 M NaCl, 1% NP-40, 50 mM TriseHCl pH 8.0,
0.5% Sodium deoxycholate, 0.1% SDS, protease inhibitor, Phospho-
stop), and then quantified using BCA protein assay kit (23227, Thermo
Fisher). Using Laemmli loading buffer in a 12% Acrylamide/Bis Gel, 30
ug were loaded and then transferred to a nitrocellulose membrane
overnight. Proteins of interest were then revealed using antibodies and
the revelation was performed using the WesternBright Sirius chemi-
luminescent detection kit (K-12043-D20, Advansta). The antibodies
used in this study are reported in Supplementary Table 1.

2.6. Immunohistochemistry and in situ hybridization
Brains were cut using a cryostat into 20 mm thick coronal sections (or
25 mm thick coronal sections for c-fos and pSTAT3 immunostaining,
and Wisteria floribunda agglutinin (WFA) labeling) and processed for
immunohistochemistry as described previously [5,19]. The antibodies
used in this study are reported in Supplementary Table 1. For most of
the antibodies, slide-mounted sections were: 1) blocked for 30 min
using a solution containing 4% normal goat serum and 0.3% Triton X-
100, 2) incubated overnight at 4 �C with primary antibodies
(Supplementary Table 1) followed by 2 h at room temperature with a
cocktail of secondary Alexa Fluor-conjugated antibodies (1:500, Mo-
lecular Probes, Invitrogen, San Diego, CA, Supplementary Table 1) and
3) counterstained with DAPI (1:10,000, Molecular Probes, Invitrogen),
and 4) coverslipped using Mowiol (Calbiochem, La Jolla, CA). For
pSTAT3 immunolabeling, mice were perfused with 2% PFA; slide-
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mounted sections were: 1) pretreated with 0.5% NaOH and 0.5%
H2O2 in PSB 1x for 20 min, 2) incubated in 0.3% glycine for 10 min
and then in 0.03% SDS for 10 min at room temperature, 3) blocked for
20 min at room temperature using a solution containing 1% bovine
serum albumin, 4% normal goat serum and 0.4% Triton X-100, 4)
incubated for 48 h at 4 �C with primary antibodies (Supplementary
Table 1) in a solution containing 1% normal goat serum, 1% bovine
serum albumin, and 0.4% Triton X-100 followed by 2 h at room
temperature with a cocktail of secondary Alexa Fluor-conjugated an-
tibodies, 5) counterstained with DAPI (1:10,000, Molecular Probes,
Invitrogen), and 6) coverslipped using Mowiol (Calbiochem, La Jolla,
CA). For perineuronal net, slices were incubated 1) in a blocking so-
lution containing 4% normal goat serum and 0.3% Triton X-100 for 1 h
at room temperature, 2) with W. floribunda agglutinin (WFA, 1:500,
SigmaeAldrich, Thermo Fisher) overnight at 4 �C, 3) with Streptavidin
Alexa Fluor 647 conjugated secondary antibody (1:500, Thermo
Fischer) for 2 h at room temperature, 4) counterstained with DAPI
(1:10,000, Molecular Probes, Invitrogen), and 5) coverslipped using
Mowiol (Calbiochem, La Jolla, CA).
Fixed frozen brains were cut using a cryostat into 20 mm thick coronal
sections and processed for RNAscope� in situ hybridization following
the manufacturer’s instructions (ACD). Slide-mounted sections were
first: 1) incubated in a boiling 1X target retrieval solution for 5 min, and
2) incubated at 40 �C with Protease III solution for 30 min. The
sequential hybridizations were then performed following the manu-
facturer’s instructions. The probes used in this study are reported in
Supplementary Table 1.

2.7. Microscopic imaging
Sections were analyzed using a ZEISS Axio Imager. M2 microscope,
equipped with ApoTome.2 and a Camera Axiocam 702 mono (Zeiss,
Germany). Specific filter cubes were used for the visualization of green
(Filter set 38 HE eGFP shift-free (E) EX BP 470/40, BS FT 495, EM BP
525/50), red (Filter set 43 HE Cy 3 shift-free (E) EX BP 550/25, BS FT
570, EM BP 605/70), far-red (Filter set 50 Cy 5 shift-free (E) EX BP
640/30, BS FT 660, EM BP 690/50), and blue (Filter set 49 DAPI shift-
free (E) EX G 365, BS FT 395, EM BP 445/50) fluorescence. Different
magnifications were selected using a Zeiss x20 objective (Objective
Plan-Apochromat 20x/0.8 M27 (FWD ¼ 0.55 mm)) and a 63 � oil-
immersion objective (Objective C Plan-Apochromat 63x/1.4 Oil DIC
M27 (FWD ¼ 0.14 mm)). To create photomontages, images were
acquired using ZEN 2.3 pro software using Z-Stack and Tiles/Positions
ZEN modules for each fluorophore, sequentially. Quintuple-ApoTome
frames were collected stepwise over a defined z-focus range corre-
sponding to all visible fluorescence within the section: multiple-plane
frames were collected at a step of 1 mm while using x20 objective
(between 4 and 10 frames per image). All images were then saved in.
cvi, processed to get orthogonal and maximal intensity projections, and
finally exported in. tiff. For the processing steps (i.e., adjust brightness
and contrast, change colors, and merge images using Adobe Photo-
shop (Adobe Systems, San Jose, CA)).

2.8. Electron microscopy
Flat embedded samples were mapped using binocular to map the
precise region of interest at the basal part of the ventricle. For the
ultramicrotome sectioning, samples were carefully oriented inside the
holder according to the correlation maps derived from the embedded
samples. Polymerized flat blocks were trimmed using a 90� diamond
trim tool. The arrays sequential sections of 100 nm were generated
using a 35� ATC diamond knife (Diatome, Biel, Switzerland) mounted
on Leica UC6 microtome (Leica, Vienna). Arrays that covered the span
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of the ROI were transferred on pieces of silicon wafer [20]. Wafers
were analyzed using an FEI Helios Nanolab 650 scanning electron
microscope (Thermo Fischer, Eindhoven). Wafers were screened to
target the relevant sections, and the ventricle area was imaged by tiling
multiple images using the following imaging settings: MD detector,
accelerating voltage 2 kV, current 0.8 nA, and dwell time 4e6 ms.
Subsequently, relevant areas were re-imaged using higher resolution
parameters, collected either manually or using the AT module of MAPs
program (Thermo Fischer, Eindhoven) [20]. For electron microscopy
data interpretation, previous reports in the literature were used to
recognize the different neural cell types based on their ultrastructural
characteristics [5,21].

2.9. Analysis
Gene expression levels from public available single hypothalamic cells
in the hypothalamus [22] were downloaded from NCBI (accession
number # GSE93374) and processed for downstream analysis using
Seurat [23].
For brain image analyses, the entire ARH was divided into four sub-
regions on the anteroposterior axis, corresponding to zone 1 (from
bregma �1.3 to �1.6 mm), zone 2 (from bregma �1.6 to �1.8 mm),
zone 3 (from bregma �1.8 to �2.1 mm), and zone 4 (from
bregma �2.1 to �2.5 mm). These subregions have been fully char-
acterized previously [5].
For Gck expression analysis, one section per anteroposterior zone was
used for quantification. The low Gck expression along the ventricle
allowed us to perform this quantification by counting the number of
Gck mRNAs detected by RNAscope in the ventricular layer. The ven-
tricular layer facing the median eminence or the vmARH (in mm2) was
delineated by DAPI staining. For cell nuclei and neuronal density, two
sections per anteroposterior zone were used for quantification. The
number of DAPI-positive nuclei and HuC/D-positive cells was quanti-
fied in the ARH, the VMH, and the DMH. The quantification was
restricted to a 20,000 mm2 square area close to the ventricular layer.
For NPY neuron analysis, two sections per anteroposterior zone were
used for quantification. The total number of NPY neurons and the
number of NPY neurons surrounded by WFA-labelled perineuronal net
were quantified. NPY neuron diameter was measured using Imaris�
software.
For CRH and TRH neurosecretion analysis, two sections per ante-
roposterior zone were used for quantification. Pictures were acquired
using the same parameters and densitometric analysis was performed
using ImageJ software.
For fenestrated vessel analysis, the number of MECA32-positive ves-
sels was quantified on the entire anteroposterior axis as previously
reported [3]. For ZO1 immunostaining along the ventricle and BBB
vessels, two sections per anteroposterior zone were used for quanti-
fication. Densitometric analysis was performed using ImageJ software
as previously described [3].
For pSTAT3 and c-Fos analysis, two sections per anteroposterior zone
were used for quantification. The ARH was delimited using DAPI
counterstaining and the number of pSTAT3-or c-Fos-positive cells was
quantified using ImageJ software.
For eWAT analysis, images were processed using the Adiposoft plugin
on ImageJ software. Two sections per animal were used for quanti-
fication. For BAT analysis, images were binarized and skeletonized
using ImageJ software, and the integrated density was then calcu-
lated. Two sections per animal were used for quantification.
For metabolic cages, analyses were performed following standard
procedures [24].
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For qPCR analysis, gene expression levels were normalized to TATA-
binding protein (TBP) using the 2�DDCt method and were pre-
sented as relative transcript levels. For western blot, densitometric
analysis was performed using ImageJ software.

2.10. Statistical analysis
All values are expressed as means � SEM. Data were analyzed for
statistical significance with Graph Prism 5 software (Version 11.0),
using unpaired t-test, one-way ANOVA followed by a Tukey’s post hoc
test, or two-way ANOVA followed by a Bonferroni’s post hoc test when
appropriate. P-values of less than 0.05 were considered to be sta-
tistically significant.

3. RESULTS

3.1. Glucokinase is expressed in vmARH tanycytes facing NPY
neurons
To analyze GCK expression in mouse tanycytes, we combined single-
cell RNAseq, in situ hybridization, gene reporter assay, and immuno-
histochemistry. We first investigated a published single-cell RNAseq
dataset from 20,921 cells dissociated from mediobasal hypothalami
[22]. Approximately 2085 Gck-expressing cells were subsetted and
clustered into distinct cell types (Supplementary Figure 1A). Neurons
represented the main Gck-expressing cell population within the hy-
pothalamus (Supplementary Figure 1AeB). However, a small cluster
expressing known tanycyte markers was also present (Supplementary
Figure 1AeB). Unfortunately, the small number of these cells and their
different metabolic states (i.e., chow, fed, and high-fat diet)
(Supplementary Figure 1C) did not allow us to analyze this cluster
further.
In situ hybridization was then performed using RNAscope to visualize
Gck-expressing tanycytes (Figure 1AeC). GckmRNAs were successfully
detected in the mediobasal hypothalamus (Figure 1AeC). They were
expressed at a high level in the ARH parenchyma (Figure 1A). Along the
third ventricle, Gck mRNAs were mainly located in tanycytes lining the
corner of the infundibular recess and facing the vmARH (Figure 1BeC),
corresponding to ventral and dorsal b1 tanycytes in the Akmayev
classification [25]. As previously reported in rats [26], refeeding in-
creases Gck mRNA expression in ME and vmARH tanycytes
(Supplementary Figure 1DeG). To identify Gck-expressing tanycytes
using an alternative approach, Gckcre/þ mice were injected with AAV-
DIO-mCherry in the lateral ventricle, and the cells expressing mCherry
were identified two weeks later by fluorescence microscopy. mCherry
was found to be present in elongated cells lining the corner of the
infundibular recess (Figure 1DeE), overlapping in situ hybridization data
(Figure 1AeC). These cells had a typical tanycyte shape (Figure 1DeE).
mCherry was also present in some parenchymal cells located in the ARH
(Figure 1DeE). To finally validate the presence of GCK protein in tany-
cytes, immunohistochemistry was performed on mouse hypothalamic
brain sections (Figure 1FeH). As previously described in rats [26,27],
the GCK protein was present along the third ventricle in tanycytes facing
the vmARH, as it colocalized with the tanycyte marker vimentin (VIM)
(Figure 1GeH). By combining these in situ hybridization and immuno-
histochemistry data, we further established a Gck expression map on the
anteroposterior axis. Gck was expressed in tanycytes from
Bregma �1.5 to �2.2 (Figure 1I), highlighting issues in the Akmayev
classification. However, GCK was expressed at the very bottom of the
third ventricle in the anterior part, whereas it was restrained to the
vmARH, caudally (Figure 1I). At the site of pituitary stalk formation, Gck
was no longer observed along the third ventricle (Figure 1I).
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Figure 1: Glucokinase is expressed in tanycytes facing the ventromedial arcuate nucleus. A-C. Representative images of Gck mRNA expression (cyan dots) along the third
ventricle (arrows in A and C) and in the ARH parenchyma (asterisk in A) in adult male mice. D-E. Representative images of Gck promoter activity (mCherry, red) along the third
ventricle (arrows) and in parenchymal cells (arrowheads) in adult male mice. FeH. Representative images of GCK immunostaining (cyan) along the ventricle (arrows). GCK staining
colocalizes with vimentin staining (red in G and H). I. Schematic representation of Gck expression (cyan) along the third ventricle on the anteroposterior axis, based on in situ
hybridization and immunohistochemistry analysis. J-L. Representative images of tanycyte (tdTomato, red)/NPY neuron (green) units in the vmARH. Tanycytes contact NPY neurons
(arrowheads in K and L). GCK (cyan) is expressed in tanycytes (arrows) and NPY neurons (empty arrows). ARH, arcuate nucleus; DMH, dorsomedial nucleus; GCK, glucokinase; ME,
median eminence; NPY, neuropeptide Y; Vim, vimentin; vmARH, ventromedial arcuate nucleus; VMH, ventromedial nucleus; 3V, third ventricle. Cell nuclei are counterstained using
DAPI (white in B, C, E, G, H). Scale bars: 50 mm in A, D, F, and 20 mm in J. Refer Supplementary Figure 1.
Finally, we analyzed the association between Gck-expressing tany-
cytes and NPY neurons, key tanycyte partners within the vmARH [5]. As
previously reported [5,28], tanycytes contact NPY neurons through
peculiar protrusions along their basal process. Interestingly, GCK-
positive tanycytes contact both GCK-positive NPY neurons and GCK-
negative NPY neurons (Figure 1J-L), suggesting that heterogeneous
tanycyte/NPY neuron partnerships exist.
MOLECULAR METABOLISM 53 (2021) 101311 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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3.2. Glucokinase deletion in tanycytes induces tanycyte death and
a morphological reorganization of the ME-ARH region
To study the role of GCK in tanycytes, we next deleted Gck in the epen-
dymal layer in adult male mice. For this, TAT-Cre recombinase was
injected into the third ventricle of tdTomatoSTOP:Gck floxed mice. TAT-
Cre is a recombinant cell-permeant fusion Cre-recombinase protein
that allows for rapid and specific DNA recombination at loxP sites, as
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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reported previously [3,5,16]. As TAT-Cre does not cross the ventricle wall
[16], the recombination occurs in the ependyma, particularly in tanycytes
(Figure 2AeB). Moreover, TAT-Cre integrates cells close to the injection
site [16]. Its controlled injection within the third ventricle allowed us to
mainly target the third ventricle without targeting choroid plexuses and
Figure 2: Glucokinase deletion in ependymal cells induces the ablation of tanycytes facing
A-E. Representative images of tdTomato expression along the third ventricle one, three, fo
vmARH and the VMH disappear at days 3 and 4, respectively. F. Schematic representation
mice. G-H. Representative images of Gck mRNA expression (cyan dots) along the third ven
is reduced along the ventricle, whereas it is still present in the brain parenchyma in TanGc
and the vmARH (J) in TanGckf/f and TanGck�/� mice one and two days after the injection (n
nucleus; DMH, dorsomedial nucleus; GCK, glucokinase; ME, median eminence; VMH, ventr
A-E, G-H). Scale bars: 100 mm in A-E and 20 mm in G-H. Data are means � SEM. *p <
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ependymal cells located in the lateral and fourth ventricles
(Supplementary Figure 1HeJ). However, it is worth noting that pars
tuberalis (Figure 2B) and few astrocytes and neurons present along the
cannula trajectory or in contact with the cerebrospinal fluid
(Supplementary Figure 1K-N) may be targeted. Using tdTomato as a
the median eminence, the ventromedial arcuate nucleus, and the ventromedial nucleus.
ur, and seven days following TAT-Cre injection in TanGckf/f mice. Tanycytes facing the
of tanycyte ablation along the third ventricle on the anteroposterior axis in TanGck�/�

tricle (arrows) in TanGckf/f and TanGck�/� mice two days after the injection. Gck mRNA
k�/� mice (asterisk). I-J. Quantification of Gck expression in tanycytes facing the ME (I)
¼ 6 TanGckf/f; n ¼ 4/3 TanGck�/� mice at day 1 and day 2, respectively). ARH, arcuate
omedial nucleus; 3V, third ventricle. Cell nuclei are counterstained using DAPI (white in
0.05; ***p < 0.001 compared to TanGckf/f group. Refer Supplementary Figure 1e5.
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reporter, DNA recombination was observed along the third ventricle the
next day after TAT-Cre injection (Figure 2AeB). Between two and three
days after TAT-Cre injection, tanycytes facing the vmARH disappeared in
TanGck�/� mice (Figure 2CeD). On the anteroposterior axis, tanycyte
ablation was detected from Bregma�1.6 to�2.2 and corresponded to
the tanycyte subgroup expressing Gck (Figure 2F). One week after TAT-
Cre injection, vmARH tanycytes and a small tanycyte subgroup facing
the VMH (Figure 2EeF) had disappeared. To genetically characterize the
tanycyte subpopulation impacted by Gck deletion, qPCR analysis was
performed on microdissected hypothalami to measure the expression of
tanycyte markers: Fgf10 mRNA decreased, whereas Vim mRNA was
unchanged (Supplementary Figure 1O), suggesting that the b tanycyte
population was reduced. Global Gck expression was stable in the medi-
obasal hypothalamus (Supplementary Figure 1O), suggesting that TAT-
Cre injection did not induce Gck deletion in parenchymal cells or a ge-
netic compensation in the region.
Although TAT-Cre is commonly used in various studies without inducing
tanycyte death [3,5], we performed control experiments to confirm that
tanycyte disappearance was because of Gck deletion (Supplementary
Figure 1PeR). First, TAT-Cre was stereotactically injected in C57Bl6
and tdTomato mice: no cell death was observed one week after the
injection (Supplementary Figure 1PeQ). Additionally, adenoviruses
expressing Cre-recombinase were used to delete Gck in tanycytes,
which resulted in similar tanycyte ablation (Supplementary Figure 1R).
To finally validate the deletion of Gck mRNA, specifically in tanycytes, in
situ hybridization was performed for two days after TAT-Cre injection.
Gck mRNA expression decreased in tanycytes facing the lateral ME and
the vmARH in TanGck�/� mice (Figure 2GeJ).
As cell ablation may profoundly alter the region, a detailed investigation
of hypothalamic morphology was carried out (Supplementary Figure 2e
4). Hypothalamic cell and neuronal density in the ARH, the VMH, and the
DMH were similar in TanGck�/� compared to TanGckf/f mice
(Supplementary Figure 2AeD). Similar results were obtained on the
anteroposterior axis (Supplementary Figure 4AeB). With regard to the
impact of tanycyte ablation on arcuate neurons, the number and
diameter of NPY neurons were constant in TanGck�/� compared to
TanGckf/f mice (Supplementary Figure 2E-G and 4C-D). However, the
number of NPY neurons surrounded by a perineuronal net decreased in
zone 3 (Supplementary Figure 4E), while no differences were globally
observed (Supplementary Figure 2HeJ). No differences were observed
in the neurosecretion of CRH and TRH; the two neurohormones involved
in the regulation of energy balance (Supplementary Figure 2K-P). Finally,
the expression of arcuate neuropeptides involved in the regulation of
energy balance, such as Npy, Cart, Agrp, and Pomc mRNA was unaf-
fected in basal conditions (Supplementary Table 2).
Regarding the organization of the blood/brain interface, some tdTomato-
positive (Figure 2F) or vimentin-positive (Supplementary Figure 3AeH)
processes were still visible in the brain parenchyma in TanGck�/� mice,
while tanycyte cell bodies were absent along the ventricle. Instead, a
GFAP-positive glial scar was present (Supplementary Figure 3AeH).
Additionally, the tanycyte barrier carried by b tanycytes and its plasticity
observed during energy imbalance [3] were profoundly altered in
TanGck�/� mice (Supplementary Figure 3I-O and 5). In TanGckf/f,
MECA-32-positive fenestrated vessels faced tanycytes expressing ZO1
tight junction proteins organized in continuous belts around their cell
bodies. These tight junction complexes and deep interdigitations were
also observed between tanycyte apical poles using electron microscopy
(Supplementary Figure 5). During fasting, the number of MECA-32-
positive fenestrated loops increased in the vmARH (Supplementary
MOLECULAR METABOLISM 53 (2021) 101311 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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Figure 3K-N) and correlated with the reorganization of ZO1 tight junc-
tion proteins (Supplementary Figure 3O). In TanGck�/� mice, ZO1 im-
munostaining was absent along the ventricle, and the number of
fenestrated loops did not increase in the ME and the vmARH in fasting
conditions (Supplementary Figure 3I-N). This alteration mainly occurred
in zones 2 and 3 (Supplementary Figure 4G). Bloodebrain barrier
vessels located in the ARH and VMH did not present significant changes
in ZO1 intensity (Supplementary Figure 3PeR and 4H).

3.3. Glucokinase ensures tanycyte survival by preventing the
apoptotic BAD signaling pathway
In the view of cell morphology (Figure 2F) and the literature [29], we
hypothesized that tanycyte ablation was mainly caused by apoptosis
(Figure 3). As GCK binds proapoptotic molecule BAD and prevents
apoptosis in b-cells [13,30,31], we tested the role of the BAD signaling
pathway in tanycyte death (Figure 3AeC). Two days after Gck deletion,
BAD protein levels were unchanged in TanGck�/� mice, whereas its
phosphorylation was lower (Figure 3AeC), suggesting that BAD acti-
vation was mainly post-translational. Caspase 3 protein levels were
also raised in TanGck�/� mice (Figure 3DeE), while Casp3 mRNA did
not change (Figure 3H). Moreover, the expression of genes coding for
proteins involved in the BAD signaling pathway increased in TanGck�/

� mice, in particular, anti-apoptotic Bcl2 and Bcl-xl (Figure 3H),
suggesting a compensatory mechanism. Finally, while AMPK activation
has been associated with apoptosis in the absence of GCK [32], no
change in AMPK expression or/and phosphorylation was observed in
the mediobasal hypothalamus (Figure 3FeH), suggesting that tanycyte
disappearance was unrelated to AMPK activation.
To validate that apoptosis occurs in tanycytes, we performed immu-
nohistochemistry against cleaved caspase-3 for two days after TAT-
Cre injection. Activated caspase-3 was visible in vmARH and ME
tanycytes, mainly in tdTomato-positive cells and in few tdTomato-
negative cells (Figure 3I-L). Few tanycytes were already absent
along the vmARH (Figure 3J). To further analyze this point, we per-
formed electron microscopy to visualize the vmARH ependyma be-
tween the second and the third day, postinjection (i.e., when vmARH
tanycytes were dying) (Supplementary Figure 5). In TanGckf/f mice,
interdigitations and tight junctions characterized the tanycyte epen-
dyma (Supplementary Figure 5). In TanGck�/� mice, the ependyma
was mostly destroyed, leading to the disappearance of tanycyte-to-
tanycyte connections (Supplementary Figure 5). Few remaining tany-
cytes displayed chromatin condensation in their nucleus, a marker of
apoptosis (Supplementary Figure 5).

3.4. Ablation of glucokinase-expressing tanycytes increases
adiposity
To evaluate the impact of tanycyte ablation on the regulation of meta-
bolic physiology, we next phenotyped the mice from one to eight weeks
after Gck deletion. Bodyweight remained comparable in both groups
during the first weeks after ablation, but progressively increased in
TanGck�/� mice till it became significantly different at week 8
(Figure 4A). In contrast, delta values for bodyweight calculated for each
mouse were significantly higher in TanGck�/� mice immediately two
weeks after Gck deletion (Figure 4B). This increase in bodyweight was
associated with an increase in adiposity and a decrease in lean mass
revealed four weeks after the injection (Figure 4CeE, Supplementary
Table 2). Glycemia was mostly stable between groups in basal condi-
tions or during energy imbalance (Supplementary Table 2). However, it is
worth noting that glycemia was higher in TanGck�/� mice in the
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 3: Glucokinase deletion induces tanycyte death through the BAD signaling pathway. A. Immunoblot showing phosphor-BAD, BAD, and actin (ACT) protein levels in
microdissected hypothalami from TanGckf/f and TanGck�/� mice two days after the injection. BeC. Immunoblot analysis of BAD protein levels and BAD phosphorylation in TanGckf/
f and TanGck�/� mice two days after the injection (n ¼ 7/10, respectively). D. Immunoblot showing caspase-3 (CASP3) and actin (ACT) protein levels in microdissected
hypothalami from TanGckf/f and TanGck�/� mice two days after the injection. E. Immunoblot analysis of Caspase-3 levels in TanGckf/f and TanGck�/� mice two days after the
injection (n ¼ 7/10, respectively). F-G. Immunoblot analysis of AMPK protein levels and AMPK phosphorylation in TanGckf/f and TanGck�/� mice two days after the injection
(n ¼ 6/10, respectively). H. Gene expression analysis in microdissected hypothalami from TanGckf/f and TanGck�/� mice two days after the injection (n ¼ 11/13 per group for
proapoptotic, antiapoptotic, and caspase gene; n ¼ 5/7 per group for AMPK gene). I-L. Representative images of cleaved caspase-3 expression along the third ventricle in TanGckf/f

and TanGck�/� mice two days after the injection. Cleaved caspase-3 is present in tdTomato-positive tanycytes (in cell bodies (arrowheads) and processes (arrows) in K-L) and
tdTomato-negative tanycyte processes (empty arrow in K-L). M. Schematic diagram summarizing the underlying mechanisms of tanycyte death following Gck deletion. ACT, actin;
ARH, arcuate nucleus; BAD, Bcl-2-associated death promoter; Bcl-xl, B-cell lymphoma-extra large; CASP3, caspase 3; GCK, glucokinase; ME, median eminence; 3v, third ventircle.
Cell nuclei are counterstained using DAPI (blue in I-L). Scale bars: 100 mm in I-J and 20 mm in L. Data are means � SEM. *p < 0.05; **p < 0.01 compared to TanGckf/f group.
Refer Supplementary Figure 5.
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morning four weeks after Gck deletion. Insulin, glucagon, ghrelin, and
peptide YY (PYY) levels were comparable between groups, whereas
serum leptin levels increased in TanGck�/� mice (Supplementary
Table 2), consistent with the increased adiposity.
8 MOLECULAR METABOLISM 53 (2021) 101311 � 2021 The Author(s). Published by Elsevier GmbH. T
To further study the increase in adiposity and its consequences,
epididymal white adipose tissue (eWAT) and brown adipose tissue (BAT)
were analyzed by histology (Figure 4F-L) and qPCR (Figure 4M�N).
Histologically, eWAT did not display significant changes with regard to
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Figure 4: Tanycyte ablation increases adiposity. A-B. Bodyweight (A) and changes in bodyweight (compared to preinjection bodyweight) (B) in adult male TanGckf/f and TanGck�/�

mice (2 cohorts, n ¼ 16/19, respectively). C-E. Changes in bodyweight (C), fat mass ratio (D), and lean mass ratio (E) in adult male TanGckf/f and TanGck�/� mice four weeks after
the injection (3 cohorts, n ¼ 23/27, respectively). FeI. Representative images of epididymal white adipose tissue (eWAT, F-G) and subscapular brown adipose tissue (BAT, HeI) in
adult male TanGckf/f (F, H) and TanGck�/� (G, I) mice. J-K. Quantification of mean area (J) and mean perimeter (K) of eWAT adipocytes in adult male TanGckf/f and TanGck�/� mice
(n ¼ 3/3). L. Quantification of BAT lipid droplet density in adult male TanGckf/f and TanGck�/� mice (n ¼ 6/6). M-N. Gene expression in eWAT (M) and BAT (N) in a refed state in
adult male TanGckf/f and TanGck�/� mice (n ¼ 6/10, respectively). BAT, brown adipose tissue; eWAT, epididymal white adipose tissue; FAO, fatty acid oxidation; GCK, glucokinase;
W (in A-B), week. Scale bars: 100 mm in FeI. Data are means � SEM. *p < 0.05; **p < 0.01; ***p < 0.001 compared to TanGckf/f group. Refer Supplementary Table 2.
the area and perimeter of adipocytes (Figure 4FeG, J-K), suggesting
that the increase in adiposity was caused by an increase in the number
of adipocytes or related to other white adipose tissue pads. In contrast,
BAT was leaner in TanGck�/� mice (Figure 4HeI, L). No change in gene
MOLECULAR METABOLISM 53 (2021) 101311 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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expression was observed in eWAT (Figure 4M). In particular, Lept
expression was unchanged between groups (Figure 4M), suggesting
that the increase in serum leptin levels relied on an increase in fat mass
rather than an increase in gene expression in eWAT. Regarding BAT,
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Figure 5: Tanycyte ablation increases food intake and energy expenditure. A-C. Nocturnal (A), diurnal (B), and 24-h (C) food intake in adult male TanGckf/f and TanGck�/� mice (4
cohorts, n ¼ 29/35, respectively). D-J. Food intake (DeE), energy expenditure (FeG), RER (H), ambulatory activity (I), and Z rearing (J) in adult male TanGckf/f and TanGck�/� mice
two weeks after the injection (2 cohorts, n ¼ 12/12). Data are means � SEM. *p < 0.05; **p < 0.01; ***p < 0.001 compared to TanGckf/f group. Refer Supplementary Figure 6
and Supplementary Table 2.

Original Article
Dio2 gene expression increased in TanGck�/� mice (Figure 4N), sug-
gesting an increase in thermogenesis.

3.5. Ablation of glucokinase-expressing tanycytes impacts energy
balance and response to hypoglycemia
To determine the cause of increased adiposity, we first analyzed food
intake. TanGck�/� mice ate more than TanGckf/f mice during the night
and the day (Figure 5AeC). The hyperphagic phenotype appeared ten
days after Gck deletion (Supplementary Table 2).
As energy balance also relies on energy expenditure, TanGckf/f versus
TanGck�/� mice were then phenotyped for total energy expenditure,
oxygen consumption, carbon dioxide production, and ambulatory
movements using calorimetric cages for a week, starting ten days after
the injection (Figure 5DeJ). This time point corresponds with the
beginning of the hyperphagic phenotype without changes in body
composition. As reported with our manual recording, food intake
increased in TanGck�/� mice during the dark phase (Figure 5DeE).
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Interestingly, energy expenditure also increased in TanGck�/� mice,
especially during the dark phase (Figure 5FeG), whereas RER,
ambulatory activity, and z-rearing did not change (Figure 5HeJ). While
the increase in energy expenditure did not rely on an increase in lo-
comotor activity (Figure 5I) or on fatty acid oxidation in eWAT
(Figure 4M), it may be attributed to an alteration in thermoregulation,
as suggested by BAT histology (Figure 4HeI, L) and gene expression
(Figure 4N). However, no difference in rectal temperature was
observed in basal conditions (Supplementary Table 2) or during energy
imbalance (Supplementary Figure 6A).
Regarding glucose homeostasis, glucose, pyruvate, and insulin toler-
ance were similar in TanGck�/� mice compared to TanGckf/f mice
(Supplementary Figure 6BeE). As increased adiposity may induce
insulin intolerance over the long term, similar experiments were per-
formed twelve weeks after Gck deletion: Once again, no difference was
observed between TanGckf/f and TanGck�/� groups (data not shown).
However, insulin injection induced lower glucagon secretion in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: Tanycyte ablation induces leptin resistance. A-B. 1-h food intake (A) and 30-min glycemia (B) after ghrelin injection in adult male TanGckf/f and TanGck�/� mice (2
cohorts, n ¼ 6/5 in vehicle condition; n ¼ 5/11 in ghrelin condition, respectively). C. Difference in overnight food intake in adult male TanGckf/f and TanGck�/� mice following
citrate or leptin injection (2 cohorts, n ¼ 13/15, respectively). D-G. Representative images showing the distribution of pSTAT3 in the ARH in adult male TanGckf/f (D, F) and
TanGck�/� (E, G) mice without (DeE) or with leptin injection (FeG). HeI. Quantification of the number of pSTAT3-activated cells in the ARH (H) and vmARH (I) in adult male
TanGckf/f and TanGck�/� mice with or without leptin injection (n ¼ 3/3 in vehicle condition; n ¼ 4/9 in leptin condition, respectively). ARH, arcuate nucleus; GCK, glucokinase; 3v,
third ventricle. Data are means � SEM. *p < 0.05; ***p < 0.001 compared to TanGckf/f group within the same metabolic condition. Scale bars: 100 mm in D-G. Refer
Supplementary Figure 7.
TanGck�/� mice compared to TanGckf/f mice (Supplementary
Figure 6F), suggesting an alteration in the counter-regulatory
response. To further analyze glucoprivic responses in TanGck�/�

mice, we performed 2-deoxyglucose (2-DG) injections to simulate
hypoglycemia. A 2-DG injection induced lower glucagon secretion in
TanGck�/� mice than TanGckf/f mice, while causing a similar increase
in glucose levels (Supplementary Figure 6GeH), confirming an alter-
ation in the counter-regulatory response. Additionally, TanGck�/�mice
ate less following 2-DG injection compared to TanGckf/f mice
(Supplementary Figure 6IeJ) and displayed a higher drop in body and
BAT temperature associated with freezing behavior (Supplementary
Figure 6K-L).

3.6. Ablation of Gck-expressing tanycytes impacts arcuate neuron
function
To further understand the impact of tanycyte ablation on the regulation of
energy balance, we studied arcuate neuron function and physiological
responses to defined imbalance conditions. Thus, we first tested the
response to the anorectic leptin and orexigenic ghrelin. Following ghrelin
injection, the increase in glycemia and food intake was similar in
TanGckf/f and TanGck�/� mice (Figure 6AeB). In contrast, the decrease
in food intake induced by leptin was lower in TanGck�/� mice
(Figure 6C), suggesting leptin resistance. In response to leptin injection,
pSTAT3 activation was lower in the ARH in TanGck�/� mice (Figure 6D),
MOLECULAR METABOLISM 53 (2021) 101311 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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particularly in the vmARH (Figure 6E). As the experiment was performed
in the morning when endogenous leptin levels were high, particularly in
TanGck�/�mice (Supplementary Table 2), the vehicle condition denoted
pSTAT3 activation induced by endogenous leptin. Interestingly, pSTAT3
activation was also lower in the vehicle condition (Figure 6DeE),
strengthening the leptin resistance hypothesis. These defects in pSTAT3
activation in TanGck�/� mice occurred on the entire anteroposterior
axis, although a specific subgroup of tanycytes was ablated in our model
(Supplementary Figure 7AeB).
We then analyzed the short-term response to 24-h fasting. TanGck�/�

mice ate less during short-term refeeding (Figure 7A), mainly because
of the delay in meal initiation (Figure 7B). C-Fos activation was lower in
the ARH in TanGck�/� mice after 24-h fasting (Figure 7CeE),
particularly in the orexigenic NPY neurons (Figure 7F). Interestingly,
this defect in c-Fos activation in TanGck�/� mice also occurred on the
entire anteroposterior axis (Supplementary Figure 7CeE), suggesting
the ablation of a restricted tanycyte subgroup that impacted the whole
ARH. In the 24-h fasting condition, Agrp gene expression was signif-
icantly decreased in TanGck�/� mice, while a downward trend was
evident for Npy expression. No changes were observed for Pomc or
Cart expression mRNA (Figure 7G). With regard to tanycyte neuro-
modulators, the expression of Dio2, which is responsible for the local
production of orexigenic T3 within the hypothalamus, was lower in
TanGck�/� mice during fasting (Figure 7H).
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As the decrease in food intake observed during short-term refeeding
counteracts the increase in food intake observed in basal conditions,
we hypothesized that these opposing phenotypes were caused by the
different response timing. Food intake per period presented an upward
trend in TanGck�/� mice that started 2-h after refeeding (Figure 7B).
To further analyze this hypothesis, we performed a long-term
refeeding test after 24-h fasting. Food intake progressively increased
in TanGck�/� mice till it became significantly higher than TanGckf/f

mice 8-h after refeeding (Figure 8AeB). C-Fos activation was higher in
the ARH in TanGck�/� mice after 2-h-refeeding (Figure 8CeE),
particularly in vmARH neurons (Figure 8F) and in NPY neurons
(Figure 8G). This increase in c-Fos activation in TanGck�/� mice
occurred on the entire anteroposterior axis (Supplementary Figure 4Fe
H). Interestingly, the lower c-Fos activation in the vmARH in TanGckf/f

mice was associated with c-Fos activation in vmARH tanycytes
(Figure 8CeD, H). This c-Fos activation in vmARH tanycytes signifi-
cantly decreased in TanGck�/� mice because of tanycyte ablation
Figure 7: Tanycyte ablation induces a delay in meal initiation after fasting. A-B. Cumulativ
mice during 240 min refeeding after 24-h fasting (3 cohorts, n ¼ 23/27, respectively). C
TanGck�/� (D) mice after 24-h fasting. E-F. Quantification of the number of c-Fos-positive c
c-Fos-positive NPY neurons (F) (n ¼ 4/4 in fed condition; 3/6 in fasted condition, respective
of hypothalamic neuropeptides (G) and tanycytic markers (H) in microdissected hypothala
condition; n ¼ 15/18 in fasted condition, respectively). Agrp, agouti-related peptide; ARH
thyronine Deiodinase 2; Fgf10, Fibroblast Growth Factor 10; GCK, glucokinase; Npy, Neur
third ventricle. Scale bars: 100 mm in C-D. Data are means � SEM. *p < 0.05; ***
Supplementary Figure 7 and Supplementary Table 2.
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(Figure 8H). No change occurred in the gene expression of orexigenic
and anorexigenic neuropeptides in the mediobasal hypothalamus after
2-h refeeding (Figure 8I). Regarding the tanycyte neuromodulator,
Fgf10 mRNA was lower in TanGck�/� mice (Figure 8J).

4. DISCUSSION

Over the last decade, several studies established tanycytes as critical
players in the regulation of energy balance, mostly because of their
heterogeneity and multifunctionality. In the present study, we
confirmed these peculiar tanycyte properties with regard to the
expression and function of GCK. As previously reported in mice [3] and
rats [9,26,27], Gck is weakly expressed by tanycytes along the third
ventricle. While tanycytes are often categorized on the ventrodorsal
axis, our neuroanatomical analysis provides a detailed description of
Gck expression on both the ventrodorsal and anteroposterior axis and
highlights an additional heterogeneity often unappreciated in the
e food intake (A) and food intake per period (B) in adult male TanGckf/f and TanGck�/�

-D. Representative images of c-Fos activity in the ARH of adult male TanGckf/f (C) and
ells in the ARH (E) (n ¼ 8/6 in fed condition; 13/16 in fasted condition, respectively) and
ly) in adult male TanGckf/f and TanGck�/� mice after 24-h fasting. G-H. Gene expression
mi from adult male TanGckf/f and TanGck�/� mice after 24-h fasting (n ¼ 9/8 in fed
, arcuate nucleus; Cart, Cocaine- and amphetamine-regulated transcript; Dio2, Iodo-
opeptide Y; Pomc, Pro-opiomelanocortin; Slc16a7, Monocarboxylate Transporter 2; 3v,
p < 0.001 compared to TanGckf/f group within the same metabolic condition. Refer
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Figure 8: Tanycyte ablation induces a delay in meal termination after refeeding. A-B. Cumulative food intake (A) and food intake per period (B) in adult male TanGckf/f and
TanGck�/� mice during 8-h refeeding after 24-h fasting (1 cohort, n ¼ 8/7, respectively). C-D. Representative images of c-Fos activity in the ARH of adult male TanGckf/f and
TanGck�/� mice after 2-h refeeding (asterisk ¼ c-Fos activation in vmARH tanycytes). E-H. Quantification of the number of c-Fos-positive cells in the ARH (E), the vmARH (F), c-
Fos-positive NPY neurons (G), and c-Fos-positive tanycytes along the vmARH (H) in adult male TanGckf/f and TanGck�/� mice after 2-h refeeding (n ¼ 7/5, respectively). I-J. Gene
expression of hypothalamic neuropeptides (I) and tanycytic markers (J) in microdissected hypothalami from adult male TanGckf/f and TanGck�/� mice after 2-h refeeding (n ¼ 7/8
in fasted condition; n ¼ 6/10 in refed condition, respectively). Agrp, agouti-related peptide; ARH, arcuate nucleus; Cart, Cocaine- and amphetamine-regulated transcript; Dio2,
Iodothyronine Deiodinase 2; Fgf10, Fibroblast Growth Factor 10; GCK, glucokinase; Npy, Neuropeptide Y; Pomc, Pro-opiomelanocortin; Slc16a7, Monocarboxylate Transporter 2; 3v,
third ventricle. Scale bars: 100 mm in C-D. Data are means � SEM. *p < 0.05; **p < 0.01 compared to TanGckf/f group within the same metabolic condition. Refer to
Supplementary Figure 7 and Supplementary Table 2.
literature. In particular, Gck-expressing tanycytes display a differential
distribution along the ventricle that mostly corresponds to the ventral
and dorsal b1 tanycytes in the present classification [25] but does not
entirely match it, supporting the idea that tanycyte classification should
be modernized [7]. Additionally, the differential distribution of Gck-
expressing tanycytes reveals species-specificity, as Gck-expressing
tanycytes face the entire ARH in rats [27]. In mice, Gck-expressing
tanycytes are closely related to the lateral ME and vmARH. They are
present between bregma �1.5 and �2.2 and absent in the posterior
hypothalamus when the pituitary stalk is formed. Gck expression at the
MOLECULAR METABOLISM 53 (2021) 101311 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
bloodebrain interface could allow tanycytes to respond to significant
variations in glucose concentration. Moreover, Gck expression is
upregulated by refeeding, as previously reported in rats [26].
GCK is involved in numerous cellular processes that range from
glycolysis to cell survival [12,13,33,34]. In tanycyte biology, the role of
GCK in glucose sensing was reported in vitro [35] and in vivo [9]. In this
study, GCK also appears to be involved in cell survival, as its deletion
leads to tanycyte death. The ablation also concerns few tanycytes
neighbors of Gck-expressing tanycytes, probably owing to the rupture of
the ependyma. Similar phenotypes were reported in the literature
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 13
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previously. GCK inhibitors, such as alloxan, induce tanycyte ablation
along the ventricle in rats [8]. Similarly, streptozotocin, known to
decrease Gck expression drastically and cause b-cell death, induces
degenerative changes in the vmARH and the ME in rats because of
profound alterations in tanycyte morphology [36]. In contrast, Uranga
et al. did not describe changes in tanycyte morphology after using
adenovirus expressing shRNA to reduce GCK levels in tanycytes [9],
potentially owing to the methodological approach used in this study. In
mice, the mechanisms underlying apoptosis induced by Gck deletion
rely on the BAD signaling pathway activation in the mediobasal hypo-
thalamus, as it has been described for other cell types [13,33,37].
However, the role of different pathways involved in tanycyte death
cannot be excluded.
As Gck-expressing tanycytes disappear after Gck deletion, our
approach allowed us to establish the impact of vmARH tanycyte
ablation on mouse physiology. Regarding glucose homeostasis, the
ablation impacts glucoprivic responses, as glucagon secretion is lower
after insulin or 2-DG injection and 2-DG fails to induce food intake.
Similar results were yielded in rats following tanycyte ablation by
alloxan [8]. Recently, it has also been reported that tanycyte ablation
impacts insulin sensitivity [38], which we did not observe with the
ablation of vmARH tanycytes, suggesting that other tanycyte pop-
ulations are involved in the regulation of insulin sensitivity. Regarding
energy balance, the ablation of vmARH tanycytes had no clear orexi-
genic or anorexigenic impact. However, it leads to a complex pheno-
type with an increase in basal food intake and energy expenditure, and
defects during energy imbalance such as a delay in meal initiation and
meal termination during refeeding. Although energy expenditure also
increased in these mice, the global balance shifts toward the orexi-
genic pathway, leading to increased adiposity. Such alterations in
feeding behaviors caused by tanycytes are already documented in the
literature [3,9,38e41]. A tanycyte ablation through the Rax promoter
leads to a similar phenotype with increased adiposity correlated with
an increased food intake without changes in energy expenditure [38].
Additionally, more and more studies report that tanycytes impact the
morphology and function of adipose tissues [38,42]. Tanycytes notably
display enrichment in genes related to the control of waist-hip ratio
(WHR), an indicator of fat distribution [22]. Here, we report an alteration
in BAT function, consistent with an increase in energy expenditure.
While eWAT does not appear to be impacted by tanycyte function, other
adipose tissue pads could be affected, such as subcutaneous WAT.
Tanycytes can promote lipid mobilization and browning in subcu-
taneous WAT through FGF21, which results in an increase in energy
expenditure and a decrease in fat accumulation [42].
With opposite physiological alterations, this complex phenotype may first
rely on the loss of various tanycyte functions within the hypothalamic
parenchyma. Tanycytes are glial cells that regulate energy balance
positively and negatively through numerous biological functions [43]. As
vmARH tanycytes are ablated in our model, all these different functions
have to be considered. Here, we demonstrated the alteration of at least
two main tanycyte functions, namely the regulation of blood/brain ex-
changes [2] and neuromodulation, in response to fuel sensing [44]. First,
the tanycyte barrier and its plasticity determine hormonal and nutrient
access into the mediobasal hypothalamus [2,3]. This function is notably
implicated in leptin [45] and ghrelin [46] transport along with leptin
sensitivity [47,48]. In our model, the tanycyte barrier is absent because
of the ablation of vmARH tanycytes. It may partly explain our mouse
phenotype, in particular, the deregulation in meal initiation and leptin
resistance. Alternatively, tanycytes can also control brain/blood ex-
changes. Moreover, the b-tanycytes project to the ME fenestrated
14 MOLECULAR METABOLISM 53 (2021) 101311 � 2021 The Author(s). Published by Elsevier GmbH. T
vessels to control neurosecretion, particularly that of TRH [49,50], which
is involved in the control of energy expenditure [42]. However, no change
appears to occur in our model. Besides blood/brain exchanges, tanycyte
gliotransmission is also altered following tanycyte ablation. In this study,
we report an alteration in the expression of Dio2. DIO2 is an enzyme
specifically expressed in tanycytes in the mediobasal hypothalamus, and
changes in its expression are crucial for the regulation of food intake
during refeeding [28,51] and in seasonal animals [52]. DIO2 regulates
the levels of orexigenic T3 in the hypothalamus that modulates NPY
neuron function and energy balance [28]. Finally, the involvement of
other tanycyte functions, such as stem cells or so far undescribed
functions, cannot be excluded. In addition, tanycyte ablation profoundly
alters the expression of Fgf10, which is involved in neurogenesis [53].
Despite these direct outcomes caused by the loss of tanycyte func-
tions, we cannot exclude indirect effects because of the reorgani-
zation of the region. The destruction of the tanycyte layer in TanGck�/

� mice led to the formation of a glial scar along the ventricle and a
slight alteration in the perineuronal net in the vmARH. These modi-
fications could also modulate arcuate neurons and play a role in the
metabolic phenotype [54e56]. Finally, the destruction of the tanycyte
barrier may also change the balance between central and peripheral
information coming to arcuate neurons. Yoo et al. showed that the
ablation of tanycytes prevents the diffusion of molecules coming from
the periphery, while privileging central information [38]. This shift of
balance could alter neuronal responses and the regulation of energy
balance.
The last point highlighted in this study is the peculiar relationship
between tanycytes and NPY neurons. Neuroanatomically, these two
types of cells are connected through peculiar protrusions present along
with tanycyte processes [5]. Functionally, tanycytes impact NPY
neuron gene expression [9,39,57] and electrical activity [58]. In this
study, the ablation of Gck-expressing tanycytes alters NPY neuron
signaling pathway and gene expression in response to energy imbal-
ance. Interestingly, this alteration occurs on the entire anteroposterior
axis, suggesting that a restricted tanycyte subgroup may impact the
entire ARH. Although tanycyte and NPY neurons appear to form
functional units to regulate energy balance, their heterogeneity should
not be overlooked. Gck-expressing tanycytes contact both GCK-
positive and GCK-negative NPY neurons. These heterogeneous tany-
cyte/NPY neuron units could be responsible for different aspects of
energy balance observed in this study, such as meal initiation [59],
energy expenditure/BAT function [60], or glucoprivic responses [61].

5. CONCLUSIONS

GCK possesses numerous functions in tanycyte biology, including cell
survival. The study of its distribution and its functions in tanycytes
strengthens the idea that tanycytes are highly heterogeneous and
multifunctional, and that their alteration may lead to intricate pheno-
types that are difficult to explain. Deciphering the heterogeneity of
tanycyte biology, their partnerships, and their metabolic dynamics in
accordance with the physiological state of the individual will allow us to
fully apprehend their role in the regulation of energy balance.
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