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Abstract

Our data proposes that glucose is transferred directly to the cerebrospinal fluid (CSF) of the hypothalamic ventricular cavity
through a rapid “fast-track-type mechanism” that would efficiently stimulate the glucosensing areas. This mechanism would
occur at the level of the median eminence (ME), a periventricular hypothalamic zone with no blood-brain barrier. This “fast-
track” mechanism would involve specific glial cells of the ME known as (32 tanycytes that could function as “inverted
enterocytes,” expressing low-affinity glucose transporters GLUT2 and GLUT®6 in order to rapidly transfer glucose to the CSF.
Due to the large size of tanycytes, the presence of a high concentration of mitochondria and the expression of low-affinity glucose
transporters, it would be expected that these cells accumulate glucose in the endoplasmic reticulum (ER) by sequestering glucose-
6-phosphate (G-6-P), in a similar way to that recently demonstrated in astrocytes. Glucose could diffuse through the cells by
micrometric distances to be released in the apical region of 32 tanycytes, towards the CSF. Through this mechanism, levels of
glucose would increase inside the hypothalamus, stimulating glucosensing mechanisms quickly and efficiently.

Key messages

* Glucose diffuses through the median eminence cells (32 tanycytes), towards the hypothalamic CSF.
* Glucose is transferred through a rapid “fast-track-type mechanism” via GLUT2 and GLUT®.

* Through this mechanism, hypothalamic glucose levels increase, stimulating glucosensing.

Keywords Tanycytes - GLUT2 - GLUT6 - Median eminence - Glucose sensing - Brain - Barrier

Introduction glial populations that respond to changes in glucose concen-

trations [2—5]. This structure contacts the cerebrospinal fluid
The hypothalamus is one of the primary centers involved in ~ (CSF) through tanycytes, specialized ependymal-glial cells.
the control of food intake [1]. Located in the basal region of ~ There are four subpopulations of tanycytes: a1, o2, 31, and
the third ventricle, the hypothalamus contains neuronal and  32. 31 tanycytes express the glucose transporter, GLUT2, in
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the apical region, as well as other proteins involved in the
peripheral glucose-sensing mechanism, such as glucokinase
(GK) and the potassium channel subunit, kir 6.1 [6-10].
Recently, studies of hypothalamic sections and primary cul-
tures have shown that 31 tanycytes respond to changes in
glucose concentrations with increased intracellular calcium
[4, 5, 11]. We believe that the hypothalamic brain parenchyma
is not exposed to high concentrations of glucose. Under con-
ditions of hyperglycemia, when glucose can reach 25 mM in
the plasma, glucose concentration in the hypothalamus varies
by no more than 1 or 2 mM, reaching total concentrations in
the tissue of nearly 3 mM [12, 13]. Conversely, the glucose
concentration in the CSF varies proportionally with that in the
bloodstream [14—16]. Because the glucosensing regions in the
brain are situated near the brain ventricles, rapid variations in
glucose concentrations in the CSF allow the ventricles to de-
tect changes in the systemic glucose [10].

It has long been postulated that glucose uptake by the CSF
is produced through the choroid plexus, a circumventricular
organ. However, the choroid plexus has a limited capacity for
incorporating glucose because (i) the greatest concentration of
the glucose transporter, GLUT1, occurs in the basolateral re-
gion of the cell, in the vascular area [17, 18] and (ii) the
glucose transporter, GLUTI, is saturated at vascular glucose
concentrations > 8 mM, which would not allow an efficient
transfer of glucose to the CSF at vascular concentrations >
10 mM. The median eminence (ME), another
circumventricular organ located in the basal region of the third
ventricle, contains the primary plexus of the hypophyseal por-
tal system, which allows the transfer of hormones from the
hypothalamus to the anterior pituitary [19, 20]. This primary
plexus consists of fenestrated blood vessels without a blood-
brain barrier, thereby allowing the direct exchange of metab-
olites between the blood and the ME parenchyma. At this
level, diffusion of polar molecules, such as glucose, is limited
by the cerebral barrier between the ME and the CSF. This
barrier consists of tight junctions from 32 tanycytes that form
the floor of the third ventricle [19, 21-24]. For glucose to enter
the CSF of the third ventricle, there must be specific transport
systems in (32 tanycytes that allow the concentration of glu-
cose at this level.

In mammals, the process of glucose uptake by cells is per-
formed through the concentrating transport systems known as
sodium-glucose transporters (SGLTs) [25] and the facilitative
transporters of hexose GLUTSs [26, 27]. The latter are respon-
sible for non-concentrated and saturated glucose uptake so
that some members of this family of transporters are involved
in the transfer of glucose from the blood to nervous tissue [28].
The isoforms of hexose GLUT transporters mainly expressed
in the brain are GLUT1 and GLUT3 [28-32]. To a lesser
extent, GLUT2 and GLUT4 have been located [6, 33-35],
as have the last cloned isoforms GLUT6 and GLUTS [36,
37]. Because the GLUT2 isoform has a Michaelis constant
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of 15-20 mM [38], its participation has been proposed in the
trans-epithelial glucose transport mechanism from the diet in
the small intestine. Since the isoform has a high transport
capacity and is located on both the apical and basolateral faces
[39], it is presented as a model that can be analogous to the
situation of glucose transport from the blood into the CSF
through the ME during hyperglycemia. Moreover, the expres-
sion of GLUT6 in systems of membranes reconstituted from
COS-7 cells shows glucose transport activity at high substrate
concentrations. Furthermore, studies of binding to cytochala-
sin B revealed that, like GLUT2, GLUTG6 has a low affinity for
this substrate, suggesting that it has a low affinity for glucose
transport [40]. Based on the characteristics of these isoforms,
it seems relevant to analyze the location of these transporters,
both of which have low affinity for glucose transport in the 32
tanycytes of ME.

In this context, it is feasible to postulate that 32 tanycytes
transport glucose transcellularly from the EM portal capil-
laries to the CSF of the infundibular recess, using the func-
tional expression of GLUT2 and GLUT®6.

Results

Hyperglycemia does not change the normal cellular
structure of the ME but increases Evans blue diffusion
between the hypothalamic ME and ventricular CSF

The basal third ventricle and the hypothalamic infundibular
recess (Fig. 1a) is a particular cavity surrounded by polarized
« and 3 tanycytes. Most tanycytes have blebs in the apical
membrane, which have normal morphology in hyperglycemia
(Fig. 1a;—a3). The ME is formed for (32 tanycytes, which form
the blood-EM-CSF barrier (Figure 1a and a4). We used trypan
blue intravascular injection to observe that normoglycemia
and hyperglycemia do not change the general histological
properties of the ME vascular area and tanycyte distribution
(Fig. 1b—f). In hyperglycemic condition, trypan blue was ob-
served normally distributed in the ME blood vessels and sur-
rounding brain tissue (Fig. 1e and f). No staining was detected
inside the ventricular cavity (Fig. 1). Additionally, (32
tanycytes showed a normal distribution in the ME, and were
positive for vimentin (Fig. 1g and i) and were efficiently trans-
duced with the adenovirus Ad-GFP (Fig. 1h, inset and 1). We
also defined that GFAP-positive astrocytes were normally ob-
served in hypothalamic tissue and ME (Fig. 1h) and have a
differential distribution than Ad-GFP-positive tanycytes
(Fig. 1h, inset). The portal blood vessels (hypothalamic-
hypophyseal portal system) showed a normal distribution with
fenestrated capillaries in different regions of the median emi-
nence (Fig. 1j-1, arrowheads).

To analyze the blood-EM-CSF barrier functional activity,
we detected Evans blue in normo- and hyperglycemic
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Fig. 1 Structural analysis of the
hypothalamic median eminence
in hyperglycemic condition. a
Scanning electron microscopy of
the mediobasal hypothalamus,
detecting v and {3 tanycytes (al—
a4). b—f Alcian blue vascular
injection in normo- and
hyperglycemic conditions to
define the blood-ME barrier. g-1
Confocal microscopy analysis of
tanycytes and astrocytes
distribution. The cells were
identified using anti-vimentin (g,
red), anti-GFAP (h, yellow), or
using adenovirus-GFP injected
inside the CSF (h, inset). i Median
eminence injected with
adenovirus-GFP and
immunostained with anti-
vimentin. Tile- and Z-stack
scanning using rendering analysis
with Imaris Software. Hoechst
was used for nuclear staining
(blue). j-1 TEM analysis of the
ME blood vessels; palisade
region. IIIV, third ventricle; AN,
arcuate nucleus; ep, ependymal
cells; e, endothelial cells; ME,
median eminence; BV, blood
vessel. Scale bars: a—f, g-h,

150 um; al-a4, 20 um; i, 50 um;
j Sum; Kk, 3 pm; 1, 1 pm. All
images are representative of
different biologically independent
samples. la—d, n=6. ef, n=3.
gl,n=6jL n=3

Blood

conditions (Fig. 2). In normoglycemia, Evans blue was detect-
ed in the rostral portal plexus vessels and ME milieu but not in
31 tanycytes inside the rostral ventricle (Fig. 2a—e), which
were identified with anti-vimentin (Fig. 2e-merge).
Astrocytes were also detected using anti-GFAP (red cells).
In hyperglycemia, Evans blue was detected in the ME milieu
and inside (32 tanycytes (Fig. 2f5). Surprisingly, Evans blue
was also detected in o and 31 tanycytes inside the third ven-
tricle (Fig. 2i—j). Only the tanycytes (vimentin-positive, J and
merge) were positive for Evans blue. The astrocytes (GFAP-
positive, J and merge) distributed inside the hypothalamus
were Evans blue-negative. Similar results were observed in
the caudal hypothalamic region (Fig. 2k—n and insets); in-
creased Evans blue labeling was observed inside the ME and
hypothalamic tanycytes. Finally, we observed that Evans blue
was detected in the ME milieu and also inside 32 tanycytes

Normoglycemia

b

Al

vessels, median eminence

(green cells), but not inside the astrocytes (red cells) in both
normoglycemia (Fig. 20—r) and hyperglycemia (Fig. 2s—v). At
the subcellular level, similar results were obtained in 31 and o
tanycytes in hyperglycemia (Fig. 2 j and j-merge). These re-
sults suggest that hyperglycemia resulted in Evans blue trans-
fer from the ME to the hypothalamic third ventricle walls.
Additionally, most of the Evans blue was detected intracellu-
larly in both (32 and (31 tanycytes.

B2 tanycytes induce sub-cellular changes
in the end-feet processes that contact the fenestrated
blood vessels in hyperglycemia

We analyzed the structural cellular modification in (32

tanycytes under hyperglycemia in 40-pum sections by immu-
nohistochemical analysis using anti-vimentin (Fig. 3a—c). 32
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Fig. 2 Increased distribution of
Evans blue throughout tanycytes
in the median eminence in
hyperglycemia. a—E Frontal
section of the rostral
hypothalamus after vascular
Evans blue injection in
normoglycemic condition.
Immunohistochemical analysis
with anti-vimentin (merge, green)
or anti-GFAP (merge, red). f—j
Frontal section of the rostral
hypothalamus after vascular
Evans blue injection in
hyperglycemic condition.
Analysis of the hypothalamic
tanycytes (arrows).
Immunohistochemical analysis
with anti-vimentin (merge, green)
or anti-GFAP (merge, red). k—n
Frontal section of the posterior
hypothalamus after vascular
Evans blue injection in
normoglycemic (k and 1) or
hyperglycemic (m and n)
conditions. Tanycytes and
ependymal cells (arrows). o—v
Evans blue cellular distribution in
the median eminence tanycytes in
normoglycemic (o-r) or
hypoglycemic (s—v) conditions.
Immunohistochemical analysis
with anti-vimentin (green) or anti-

k Normoglycenfia

Evans Blue ME ==

o0 Normoglycemia

GFAP (red). TIIV, third ventricle; o IV

AN, arcuate nucleus; ME, median v :

eminence. Scale bars: a—n,

50 um; o—v, 30 pm. All images
are representative of different
biologically independent samples.
a—e n=06.fj,n=6. 0-r; s—v,

n==6 S  Hyperglycemia

v

\

Evans Blue

tanycytes increased process branching that forms the previ-
ously defined “palisade area” contacting portal blood vessels
(Fig. 3c, arrows). Similar results were obtained by immuno-
histochemical analysis using floating thin sections (50 pm)
comparing normoglycemic and hyperglycemic conditions
with Z-stack confocal analysis. Hyperglycemia induces cellu-
lar changes only in 32 tanycytes (palisade area, arrows), but
not in astrocytes (blue-light cells) (Fig. 3e—g) located mainly
in the ventricular area of the ME (arrows). The same results
were observed in animals with normoglycemic or hypergly-
cemic conditions analyzed with confocal microscopy, Z-stack
analysis and renderization imaging (Fig. 3h, i). In the palisade

@ Springer

o] Normoglycemia

Hyperglycemia | u

d . Normoglycemia

Evans Blue Evaiis Blue =

Hoechst s

H)éSerglycemia
;" El

&

e

Evans Blue Em§ Blue -

Normoglycefmia

o] Normoglycemia

v AN

Hyperglycemia

AN v i

‘:{}ir'nentin

region, cellular branching in hyperglycemia was apparent. (32
tanycyte branching contacted the portal vessels (Fig. 3g;, g,
and G;), which were not observed in normoglycemia
(Fig. 3ey, e,, e3). Additionally, we used serial 1-pm semi-thin
sections to define the blood vessels inside the ME ventricular
area (Fig. 3j, area 1) or the ME palisade area (Fig. 3j, area IT) in
normoglycemia and hyperglycemia. Quantitative analysis
showed increased portal blood vessel area inside the palisade
region but not in the ventricular area in hyperglycemic condi-
tions (Fig. 31 and m). Ultrastructural analysis showed a normal
distribution of 32 tanycytes and blood vessels in
normoglycemia; however, in hyperglycemia, 32 tanycytes
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exhibited an irregular interaction between the end-processes
and the perivascular area of portal vessels. A dilated
perivascular space was detected (Fig. 3t, green area) and di-
lated inter-cellular spaces were also observed between (32
tanycyte end-processes (Fig 3t, asterisks) and around the 32
tanycyte processes inside the ME (Fig. 3v). These processes
were enlarged (Image V) to compare them with the cellular
processes observed in normoglycemia (Image U). In the apical
part of the ME (periventricular area), high cellular inter-
digitation and normal pericellular spaces were observed in
normo- and hyperglycemic samples (Fig. 3x, y).
Additionally, a small number of cells displayed short micro-
villi (Fig. 3y).

To analyze tight junction structural modifications, we ana-
lyzed serial ultrathin sections (50 nm) using a high concentra-
tion of osmium tetroxide covering 1 um of the samples. No
structural alteration in the tight junction formation was detect-
ed in any of the sections analyzed, indicating that the ME-CSF
barrier was not altered (Fig. 3z,—z4, arrow). Additionally, we
observed that a large number of cells lost their basal projec-
tions, maintaining their insertion in the epithelial barrier
(Fig. 3z, large arrows). This was not a problem of sectioning
because the eventual process was not observed in the ultra-
structural 3D reconstruction of the tissue area. Finally, some
cells showed a large amount of ER and some mitochondria in
the cytosol when they acquired this “balloon-like” form
(Fig. 3z3).

Finally, we observed three different areas of the hypothal-
amus to define regional-specific structural changes in (32
tanycytes under hyperglycemia. We determined that the ante-
rior region of the ME shows the greatest structural changes in
the tanycytes (Supplementary Fig. 1a, d versus b, e and c, f).
This region is the one that receives the main blood influx and
is the area most exposed to hyperglycemia. Additionally, the
normal tanycyte structure was recovered with a return to
normoglycemia (Supplementary Fig. 1g, h, 1). These results
show that the structural changes in tanycytes are dynamic and
respond to vascular glucose levels.

GLUT2 and GLUT6 are expressed in hypothalamic 2
tanycytes under normo- and hyperglycemia
conditions with GLUT2 mainly polarized

to the end-feet vascular processes and GLUT6 mostly
intracellular

The low-affinity transporters, GLUT2 and GLUT6, have been
poorly studied in the central nervous system. GLUT2 has been
linked to the glucose-sensing system because it is present in
the glial cells of the hypothalamus and some ependymal cells.
However, the distribution of GLUT2 and GLUT® in the glial
cells involved in barriers, such as 32 tanycytes, is completely
unknown. Non-isotopic in situ hybridization analysis con-
firmed GLUT2 and GLUT6 mRNA expression in 32

tanycytes with most of the positive reaction located in the
ventricular area of the cells (Fig. 4a—b). However, GLUT2
mRNA was also detected in the Palisade region of the ME
around the portal vessels (Fig. 4a, arrowheads). The expres-
sion of these transporters was also observed using RT-PCR
and qRT-PCR analyses after laser microdissection (LMD)
(Fig. 4e—g). A similar concentration of GLUT2 was detected
in the ME, arcuate nucleus (AN), and ependymal cells (Ep)
(Fig. 4h). Only ependymal cells showed increased GLUT2
expression. Similarly, GLUT6 mRNA concentration was ob-
served in both the ME and AN. Ependymal cells also showed
a higher expression of GLUTG6 (Fig. 4h).

Next, we used immunohistochemical analysis to define
GLUT2 and GLUTG6 distribution in rat ME. In
normoglycemia, GLUT2 and GLUT6 were detected with
low immunoreaction in (32 tanycytes (Fig. 4i-k and o-k);
however, we observed a positive signal in 31 tanycytes
(Fig. 4j, arrow). In hyperglycemia, both GLUT2 and
GLUT6 were detected with higher immunoreaction. GLUT2
was mainly detected in the Palisade area (Fig. 4l-m, arrows),
and GLUT6 was present in different regions of 32 tanycytes
(ventricular, intermedia, and Palisade area) (Fig. 41—, arrows)
with a vesicular and reticular pattern of immunoreaction
(Fig. 4s, arrowheads). Small cells with high GLUT6 immuno-
reaction were also detected in the ME-CSF barrier (Fig. 4s,
asterisks).

In hyperglycemia, glucose concentrations
in the ventricular CSF (glycorrhachia) decreases
under GLUT2 and GLUT6 inhibition

A functional relationship between the CSF of the third ventri-
cle and the cerebral glucose-sensing system has not been
established to date. The ventricular walls of the basal hypo-
thalamus do not contain cilia (Fig. 1a). Therefore, the move-
ment of the CSF is very slow, generating hydrodynamic con-
ditions that are favorable for sensing a metabolite like glucose.
Obtaining CSF from the third ventral ventricle is technically
complex, but we have standardized this procedure by
installing permanent intra-cerebral cannulas before obtaining
any samples or performing the experiment. In this work, can-
nulas were installed through stereotactic surgery in the lateral
ventricle and third ventricle (basal) of the hypothalamus, and
the proportional transfer of glucose was analyzed in both com-
partments of CSF after peripherally increasing the glucose
concentration (controlled hyperglycemia of 25 mM). We have
standardized the methodology for establishing
normoglycemia (5 mM glucose) or hyperglycemia (25 mM
glucose) with a single intraperitoneal injection of glucose. The
glucose concentration is measured after obtaining CSF from
each cannula through efflux at different times after achieving
hyperglycemia. Only one 2-uL sample of CSF is needed to
establish the measurements. When inducing hyperglycemia,
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<« Fig. 3 Analysis of the cellular changes induced by hyperglycemic

conditions in tanycytes from the median eminence. a—c
Immunohistochemical analysis of ME tanycytes with anti-vimentin in
normoglycemia and hyperglycemia condition. d—g Confocal analysis
and Z-stack/tile imaging of the ME. Analysis with anti-vimentin (red)
and anti-GFAP (blue light, arrows) in normo (d, f) and hyperglycemic
(f, g) condition. The tanycyte branching in the Palisade area is increased
in hyperglycemic condition (f, g, arrows, el—e3, and gl-g3). Nuclear
staining with Hoechst in higher magnification pictures. h—i Confocal
analysis and Z-stack of the ME tanycytes and rendering analysis with
Imaris software in normo- and hyperglycemic condition. Analysis with
anti-vimentin antibodies (green). Nuclear staining in red by using Topro.
j—i Optic and electron microscopy analysis of brain samples processed for
the ultrastructural study of blood vessels. Quantitative analysis of ME
blood vessels using semi-thin sections staining with toluidine blue in
normo- and hyperglycemic condition. Analysis in both ventricular and
palisade regions was performed (j, k and 1, m). Ultrastructural analysis of
vascular and perivascular changes induced in hyperglycemic condition
(p, q. s and t). Perivascular enlargement (PVE) is indicated in green (t).
Capillary fenestrations are not modified (arrow); however, the endothelial
cells changed the number of transcytosis vesicles (s, arrows). u—y
Ultrastructural tanycytes processes or bodies (apical) analysis in normo-
or hyperglycemic conditions. Tanycytes end-processes enlargement was
detected in hyperglycemic condition. Intercellular spaces were also
detected forming a “lacunar-like” structures (v, asterisk). In the apical
area of tanycytes, the subcellular characteristic was similar (x, y);
however, an increase in short microvilli was detected in some part of
the ME tanycytes (y). z and z; Ultrastructural serial ultrathin sections to
analyze tight junction distribution in 1 pm of tissue thickness. Tight
junctions were demarcated with osmium tetroxide treatment (z,_ arrow).
Asterisk, inter-tanycytes spaces; BV, blood vessels; n, neurons; tan,
tanycytes processes. In 1 and m, data are mean + SD, from 6 animals
for experimental condition. **p <0.01; ANOVA with post hoc Tukey.
Scale bars: a, 100 pm; b, 50 pm; ¢, j—k, 30 pm; d—g, 50 pm; e, e3, >, g3,
15 um; eq, g1, 25 pm; o, r, 20 um; p, s, 10 pm; k, ¢, 5 um; u, v, 3 um; z,
6 um; z;—z4, 1 um. All images are representative of different biologically
independent samples. a—c, n =6 for experimental condition. d—g, n =12
for experimental condition. jand k, » =6. 0, p, kandu, x, 7 =6.1, s, tand
v,y,n=6.z,n=3

the glucose concentration reached approximately 18 mM in
5 min, and between 15 and 45 min, the concentration was
maintained at approximately 25 mM. At the same time,
glycorrhachia increased from approximately 3 to 8 mM in
the lateral ventricle, and from approximately 3 to 11 mM in
the third ventricle (Fig. 5b). The lateral ventricle never had a
glucose concentration higher than that observed in the third
ventricle at none of the analyzed times. At the longer time
points (30 and 45 min), the difference was significantly great-
er in the third ventricle, indicating that this cavity is more
efficient at increasing glucose concentration in hyperglycemia
than the lateral ventricle.

The role of low-affinity transporters in the “fast-track”
mechanism was next established in vivo after injecting adeno-
virus inhibitors for GLUT2 and GLUT6 (AdshGLUT2-GFP
or AdshGLUT6-GFP), and evaluating the transfer of glucose
to the CSF present in the third ventricle. Adenoviruses
injected at the level of the third ventricle showed great effi-
ciency to transduce tanycytes of the ME at 48 h
(Supplementary Fig. 2a—k). In addition, the effect generated

by GLUT2 and GLUT®6 expression in the basal hypothalamus
was defined by qRT-PCR. AdshGLUT2-GFP produced an
80% decrease in GLUT2 expression levels without affecting
the expression of GLUT6 (Supplementary Fig. 21). In parallel,
transduction with AdshGLUT6-GFP decreases GLUT6
mRNA expression by 50% and GLUT2 expression by 20%
(Supplementary Fig. 2m).

Because it was expected that glucose transfer from the ME
to the CSF should be very fast, we analyzed the effect gener-
ated by the injected adenovirus following inducing hypergly-
cemia induction for 5 min. In all conditions analyzed, glyce-
mia reached approximately 19 mM by 5 min (Fig. 5Sc), and the
adenovirus injection did not affect this process. However,
glycorrhachia of the control animals or injected with Ad
sifGal reached 5.9 mM at 5 min, and those injected with
Ad siGLUT2 and Ad siGLUT®6 reached an approximate glu-
cose concentration of 4.5 mM. These data showed that inhi-
bition of both transporters decreases glucose transfer to the
basal third ventricle.

Discussion

Recently, it has been demonstrated that different metabolic
conditions alter the structural organization of the blood-
hypothalamic barrier, increasing access of metabolic sub-
strates to the arcuate nucleus, a process that is dependent on
VEGF signaling (Langlet et al., 2013). Furthermore, it has
been shown that leptin is transported through tanycytes of
the median eminence to reach mediobasal hypothalamic neu-
rons. This mechanism plays a critical role in the pathophysi-
ology of leptin resistance (Balland et al., 2014) [11]. In the
present study, we propose another route of glucose uptake by
the CSF through the basal third ventricle, the ME. In this
context, it is important to note that the brain has
circumventricular organs known as “windows of the brain”
[43]. These structures are part of the ventricular walls, and
they have fenestrated capillaries that provide high vascular
permeability as well as glial cells that come into contact with
the blood and the CSF. The high vascular permeability of the
circumventricular organs (or part of these) can facilitate the
detection of changes in the peripheral glucose concentration
because they are directly connected to the blood circulation.
With the information currently available, it is possible to con-
clude that glucose enters the CSF only by the choroid plexus;
however, these structures have a low affinity, highly saturable,
and fundamentally polarized glucose transporter (GLUT1) in
the basolateral membrane. In this way, the amount of glucose
transported within the CSF can hardly directly reflect the in-
crease in vascular glucose concentrations.

Our results showed that structural modifications of the
tanycytes were observed mainly in the anterior region of the
infundibular recess, a phenomenon that was reversible when
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Fig. 4 Increased detection of GLUT2 in end-feet processes contacting
fenestrated blood vessels in hyperglycemia with GLUT6 mainly
intracellular in median eminence tanycytes. a—d In situ hybridization of
GLUT2 (a, b) and GLUT6 (¢, d) mRNA in normoglycemia. e-g RT-PCR
analysis of GLUT2 and GLUT6 mRNA expression in the ME and basal
hypothalamic area in normoglycemia. h Laser microdissection (LMD)
comparative analysis of ME tanycytes, arcuate nucleus (AN) area,
ependymal cells (ep), and cerebral cortex (cc) to define the relative
expression GLUT2 and GLUT6 mRNA. i-n Confocal microscopy after

recovering normoglycemia. These results are directly connect-
ed to the blood circulation of the ME, where the blood flows
from the anterior to the posterior regions. In this way, the
tanycytes present in the anterior region receive the highest
glucose boost before the blood completely fills the portal plex-
us of the ME [43]. In this scenario, Evans blue was observed
in the ME from previous regions to more posterior areas of
this structure. The transfer of the dye to the walls of the third
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and hyperglycemic condition. In h, data are mean + SD, from 4
experimental conditions. ns, not significant; ANOVA with post hoc
Tukey. IV, third ventricle. Scale bars: a—d, i-t, 50 pm. All images are
representative of different biologically independent samples. a, n=6. I-
k,n=6.n,n=6.0-q,n=6.r-T,n=06

ventricle in hyperglycemia was extremely effective, which
allows us to postulate a very rapid transfer of Evans blue
dye, from (32 tanycytes to (31 and « tanycytes. Strikingly,
the dye was detected intracellularly in all types of tanycytes,
suggesting that the Evans blue dye can be endocytosed by
these cells. Alternatively, intracellular detection may be a tech-
nical artifact that must be investigated with different method-
ologies in future studies. Independent of the transfer
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Fig.5 GLUT2 and GLUT®6 inhibition in (32 tanycytes decreased glucose
concentration inside the basal third ventricle CSF. a Glycemia (mM)
analysis was conducted in animals injected intraperitoneally with
glucose for 0, 5, 15, 30, and 45 min. b Comparative glycorrhachia was
analyzed in the CSF of the third ventricle and lateral ventricle in animals
injected intraperitoneally with glucose for 0, 5, 15, 30, and 45 min. ¢
Glycemia analysis after 5 min of control animals or injected
intraperitoneally with glucose after 5 min, after treatment with inhibitor

mechanism, Evans blue reaches the third ventricle and is de-
tected in the ventricular walls of the hypothalamus. We have
observed that GLUT?2 is expressed and located preferentially
in processes that contact the ME capillaries, and GLUT6 is
found intracellularly, probably in the ER. Although the mech-
anism of glucose transfer in (32 tanycytes has not been fully
demonstrated in this work, we propose that (32 tanycytes
could function as an inverted enterocyte, incorporating glu-
cose of the ME within 32 tanycytes, and then releasing the
glucose to CSF using the same GLUT?2 transporter localized
in the apical membrane [44, 45]. However, GLUT2 was very
weakly located at the apical membranes of rat tanycytes. Thus,
[32 tanycytes could function in a manner similar to hepato-
cytes (i.e., glucose phosphorylation to G-6-P followed by in-
corporation into the ER by G6PT1 [SLC37A4]). Thus, the
entry gradient of glucose into the cytosol is favored, and hexo-
kinase 1 inhibition by G-6-P decreases. Within the ER, the
molecule is dephosphorylated by glucose-6-phosphatase;
thus, glucose may have two routes: (i) glucose can be released
from tanycytes by a membrane traffic-based mechanism
[46—48] or (ii) glucose can leave the ER again to the cytosol
[48]. If this path is feasible, we propose that the glucose trans-
porter for ER output could be GLUTS, a transporter that has
di-leucine domains for intracellular retention in the ER. In the
cytosol, glucose may be transported to the CSF or could again
be phosphorylated to G-6-P, a molecule that activates the gly-
cogen synthetase to store glycogen. Although the routes pro-
posed to secrete glucose within the CSF are biochemically
complex, everything aforementioned has been previously ob-
served and demonstrated in liver cells, enterocytes, and re-
cently in astrocytes [46—49].

We have ruled out transit of glucose through ME tight
junctions because all electron microscopy analyses showed

adenovirus Ad si3Gal (control), Ad siGLUT2, or Ad siGLUT®6. d
Glycorrhachia analysis after 5 min of control animals or injected
intraperitoneally with glucose after 5 min, after treatment with inhibitor
adenovirus Ad sif3Gal (control), or Ad siGLUT2 and Ad siGLUT6. Data
are mean + SD, from 12 (a), 9 (b), 6 (¢ and d) animals for experimental
condition. *p <0.05, **p <0.01, ***p <0.001; ns, not significant;
ANOVA with post hoc Tukey

that tight junctions do not lose their integrity. These data have
led us to postulate that GLUT2 and GLUT6 may be involved
in the efficient transport of glucose across the ME during
hyperglycemia because inhibition of GLUT2 and GLUT6 in
[32 tanycytes significantly decreased glucose transfer to the
CSF at 5 min. This mechanism could explain why in hyper-
glycemia, the concentration of glucose in the CSF (basal third
ventricle) can reach equal (short time) or higher (long term,
30 min) concentrations as determined in the lateral ventricle of
the brain. If glucose diffused to the third ventricle from the
lateral ventricle, the glucose concentrations should be very
different in both ventricles, especially at very short periods
of hyperglycemia (5 min).

The first analysis of GLUT6 location with antibodies in
peripheral human tissues was conducted by our research
group, confirming some of these results and contributing to
the localization of the transporter in the colon, stomach, and
distal convoluted tubule kidney [50]. There have also been
studies that have evaluated the subcellular distribution of
GLUT®6, showing its intracellular location, which has been
attributed to the presence of di leucine domains similar to that
described for GLUT4 [51]. In summary, we postulate that
tanycytes rapidly adapt cellular processes that are in contact
with the portal vessels in hyperglycemia, increasing the con-
centration of GLUT?2 in their processes. Glucose is captured
by tanycytes, a molecule that may be transferred to
endomembrane systems. Subsequently, glucose is released to
the basal third ventricle CSF by means of exocytosis or glu-
cose transporter functional activity. In periods of fasting, the
glucose present in the ER, could enter a futile cycle, leave the
ER to the cytosol by means of GLUT6, be phosphorylated to
G-6-P, and stimulate the formation of glycogen by means of
glycogen synthetase. In this way, the metabolic balance of
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tanycytes would be essential to respond to increased glucose
concentration at the vascular level.

Materials and methods
Animals

Male Sprague-Dawley rats of 2 months of age were used. The
average weight of the adult rats was 275 +25 g. The animals
were housed in conditions of controlled light (12-h light/dark
cycle) and temperature (2024 °C) and received a standard
diet and water ad libitum. The sacrifices were made at the
beginning of the light period (9:00-12:00). All procedures
were approved by the Bioethics Committee of the Research
Department of the University of Concepcion.

Induction of normoglycemic and hyperglycemic
condition

The 2-month-old rats were fasted for 48 h before glucose
injection. Normoglycemia was induced by an intraperitoneal
injection of 0.5 g/kg of body weight of glucose to generate a
glycemia of 5 mM after 30 min. Hyperglycemia was induced
by an intraperitoneal injection of 2 g/kg of body weight of
glucose to generate 25 mM blood glucose after 30 min.

Immunohistochemistry, immunofluorescence,
and confocal microscopy

For immunohistochemistry, brain frontal slices (40 um) ob-
tained with vibratome were incubated with hydrogen peroxide
at 3% v/v in methanol for 30 min to inactivate the endogenous
peroxidase and treated using standard methods. For immuno-
fluorescence, the brain tissue was fixed with 4% paraformal-
dehyde by vascular perfusion. Different sections obtained by
freezing microtomy and vibratome were used. For multiple
labeling for confocal microscopy, we use antibodies anti-
GLUT?2 (Alpha Diagnostic Intl. Inc., Texas, USA), anti-
GLUT6 (Alpha Diagnostic Intl. Inc.), anti-vimentin (Dako),
and anti-glial fibrillary acid protein (GFAP, Dako). As a neg-
ative control, the first antibody was omitted. The tissue sam-
ples were analyzed by spectral confocal microscopy LSM 780
NLO, Zeiss. Images were acquired with ZEN 2011 software
(Zeiss, Germany) after Z-stack and tile-scanning analysis.
Imaris software was used for rendering. All observations were
made in the antero-medial region of the median eminence
considering all the tissue sections around Bregma as working
plane —3.14 (see Supplementary Fig. 1). For optical micros-
copy with immunoperoxidase or fluorescence analysis, con-
tinuous sectioning was performed, and then 1 section of every
5 was selected for analysis. At least 15 sections were analyzed
in each middle eminence when the sections were 7 pm. For
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samples undergoing vibratome sectioning (40 wm) and con-
focal microscopy analysis, between 6 to 8 sections, were an-
alyzed per animal, covering thickness of approximately
400 pum in width.

Transmission electron microscopy

Sections (90 or 150 um) fixed in 2% p-formaldehyde and
0.5% glutaraldehyde were rinsed in 0.1 M phosphate buffer
and then post-fixed in 2% osmium tetroxide for 1 h. After the
sections were rinsed, they were stained with 2% uranyl acetate
in 70% ethanol for 3 h, dehydrated in ascending concentra-
tions of alcohol and incubated with propylene oxide for
araldite embedding. Once plasticized, the sections were cured
at 60 °C for 3 days. Serial semi-thin sections (1.5 um) were
cut in an ultramicrotome (Leica, Wetzlar, Germany) and then
stained with 1% toluidine blue. Subsequently, ultrathin
(60 nm) sections were cut with a diamond knife using the
same ultramicrotome and examined under a Jeol Jem-1400
electronmicroscope. For the generation of 3D ultrastructural
data, previously described methods were used [41]. To carry
out quantitative analysis in 1-pum sections, the following pro-
cedure was performed. At least 20 cuts of 1 um each were
used for the quantification; each cut had a separation of at least
20 pm such that a width of >200 um was analyzed.

In situ hybridization

PCR products of GLUT2 (278 bp) and GLUT6 (349 bp) ob-
tained from rat hypothalamic tissue were subcloned into PCR-
4-Blunt-TOPO (Clontech, Palo Alto, CA, USA) and used to
generate sense and anti-sense digoxigenin-labeled riboprobes.
RNA probes were labeled with digoxigenin-UTP by in vitro
transcription with SP6 or T7 RNA polymerase following the
manufacturer’s instructions (Boehringer Mannheim,
Mannheim, Germany). In situ hybridization was performed
on frontal brain sections mounted on poly-L-lysine-coated
glass slides using a previously described method.

Analysis of vascular permeability

Male rats 2 months old were fasted for 48 h to stabilize
blood glucose. Subsequently, the normoglycemia and hy-
perglycemia states were induced for 20 min. After 5 min,
the animals were anesthetized with ketamine 90 mg/kg,
xylazine 10 mg/kg, and acepromazine maleate 10 mg/kg
and a solution of 1% Evans blue was injected through the
retro-ocular sinus. The animals were fixed by vascular per-
fusion with 4% paraformaldehyde and post-fixation by im-
mersion for 48 h. Vibratome slices (40 wm) were used for
confocal microscopy analysis.
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Adenovirus generation and in vivo inhibition
of GLUT2 and GLUT6

Oligonucleotide sequence for GLUT2 (si-rGLUT2-snl, si-
rGLUT2-as1) and GLUT6 (si-rGLUT6-snl, si-rGLUT6-
asl) shRNA, and control oligonucleotide sequence (sense
E. coli-Bgal; E. coli-Bgal anti-sense) were designed,
aligned, and then cloned into the vector pDC311.2-OFF-
EGFP, which presents a multiple cloning site under the
control of the HI promoter for small RNAs. This vector
also encodes the improved green fluorescent protein
(EGFP) under the control of the human ubiquitin promoter.
The adenoviral particles were produced by recombination
of the transfer vectors pDC311.2-GLUT2, pDC311.2-
GLUT6, and pDC311.2-3gal with the plasmid
pBHGIloxDE1,3Cre which has one of the viral genes El
and E3. Competent adenoviral HEK 293A cells
(Invitrogen, Carlsbad, CA, USA) in early passages were
seeded at 10° cells per well (10 cm?) in 6-well plates and
were co-transfected with pBHGloxAE1,3Cre vector and
transference vectors at a 1:4 M ratio using Lipofectamine
2000 (Invitrogen). Cells were maintained in culture for
10 days with medium replacement (DMEM plus 5%
CFS) every 3 days. The detection of a cytopathic effect
and the expression of GFP are expected for day 10. In
those wells with stronger cytopathic effects, the adenovirus
was selected through a cell thermal shock. This viral
planting/harvesting protocol was repeated until obtaining
an adenovirus titer of 10° cfu. The adenovirus titration was
performed in HEK 293T cells, observing the expression of
the EGFP reporter gene in serial dilutions. A volume of
20 puL was injected into each animal.

Stereotactic methods for glycorrhachia determination

The animals were anesthetized and a cannula guide
(PlasticsOne, San Diego, CA, USA) was implanted using
the following brain stereotaxic parameters: (i) in lateral ven-
tricle, bregma — 3.14 mm, lateral 4.2 mm, and dorsal-ventral
4.2 mm and (ii) in third basal ventricle, —3.14 mm, lateral
0.0 mm, and dorsal-ventral 9.2 mm. After 3 days of recovery,
we induced normoglycemia and hyperglycemia and the
glycorrhachia was determined in CSF isolated from the third
ventricle and lateral ventricle. A sample of 2 L was collected
for this procedure and the glucose determinations were per-
formed using Accucheck test strips (Roche Applied Science,
Basel, Switzerland). For CSF glucose determination, a factor
correction of 1.06 from a calibration curve using artificial CSF
was applied. The adenovirus AdshGLUT2-GFP or
AdshGLUT6-GFP (20 puL) were injected into the CSF to in-
hibit GLUT2 and GLUT®6 functional expression for 48 h. Ad
[3Gal-GFP was injected as a control.

RT-PCR

Total RNA from the liver, spleen, and media eminence was
purified using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and quantified in a SmartSpec300 spectrophotometer
(Bio-Rad, Hercules, CA, USA). For RT-PCR, 1 ug of RNA
was pretreated with DNase I (Fermentas, ON, Canada). The
basic thermocycling conditions included the following: 1 cycle
at 95 °C for 5 min; 35 cycles at 95 °C for 30 s, 60 °C for 30 s,
and 72 °C for 30 s; and 1 cycle at 72 °C for 7 min. The
following primers were used to analyze the expression of
GLUT2 mRNA expression: forward 5'-GGCT
AATTTCAGGACTGGTT-3' and reverse 5'-TTTC
TTTGCCCTGACTTCCT-3' (expected product 278 bp);
GLUT6 mRNA expression: GLUT6 forward 5'-TACC
TACAGACCATCTTCGACA-3' and reverse 5'-TCAG
ACATGAGGAGCCAGGTGA-3' (expected product
349 bp); and the housekeeping gene: beta-actin forward 5'-
GCTGCTCGTCGACAACGGCTC-3' and reverse 5'-CAAA
CATGATCTGGGTCATCTTCTC-3" (expected product
349 bp). PCR products were separated by 1.2—1.5% agarose
gel electrophoresis and visualized by staining with ethidium
bromide.

Laser microdissection and qRT-PCR analysis

Adult rats were sacrificed; the brains were removed and fixed
in methacarn (60% methanol, 30% chloroform, and 10%
acetic acid) for 3 h at 4 °C. Frontal sections (60 um) were
cut and collected in PBS using a Leica VT1000S vibratome
(Leica, Germany) and mounted on polyethylene terephthalate
(PET) frame slides (Leica). The different brain areas were
dissected with a Leica LMD7000 Laser Microdissector
(Leica). Total RNA was extracted with the Ambion
RNAqueous-Micro Total RNA Isolation Kit (Ambion,
Foster City, CA) following the manufacturer’s instructions.
For qRT-PCR, standard methods were used and the relative
expression of glucose transporters and cyclophilin mRNA was
calculated using the 2—*“ method.

Statistical analysis

All values are expressed as means + SD. Statistical tests were
performed with GraphPad Prism v.7.0a. Unless otherwise not-
ed, for all experiments, where comparisons were made for
more than two populations, statistically significance was
assessed by one-way or two-way ANOVA with Tukey’s mul-
tiple comparison post-test. Graphing of data was performed
with GraphPad Prism v.7.0a.
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