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1 | INTRODUCTION

Interleukin-6 (IL-6) has been studied extensively in the field of im-
munology, and is essentially regarded as a classic pro-inflammatory
cytokine, together with, for example, IL-1 and tumour necrosis fac-

tor-a, although IL-6 may also occasionally have anti-inflammatory

Interleukin (IL)-6"/~ mice develop mature onset obesity, whereas i.c.v. injection of IL-6
decreases obesity in rodents. Moreover, levels of IL-6 in cerebrospinal fluid (CSF) were
reported to be inversely correlated with obesity in humans. Tanycytes lining the base
of the third ventricle (3V) in the hypothalamus have recently been reported to be of
importance for metabolism. In the present study, we investigated whether tanycytes
could respond to IL-6 in the CSF. With immunohistochemistry using a well character-
ised antibody directed against the ligand binding receptor for IL-6, IL-6 receptor o
(IL-6Ra), it was found that tanycytes, identified by the two markers, vimentin and do-
pamine- and cAMP-regulated phosphoprotein of 32 kDa, contained IL-6Ra. There
were fewer IL-6Ra on another type of ventricle-lining cells, ependymal cells, as identi-
fied by the marker glucose transporter-1. To demonstrate that the immunoreactive
IL-6Ra were responsive to IL-6, we injected IL-6 i.c.v. This treatment increased immu-
noreactive phosphorylated signal transducer and activator of transcription-3 (pSTAT3)
in tanycytes after 5 minutes and in cells in the medial part of the arcuate nucleus after
5 and 15 minutes. Intracerebroventricular injection of leptin exerted similar effects. As
expected, i.p. injection of leptin also induced pSTAT3 staining in the hypothalamus,
whereas i.p. IL-6 injection had little effect on this parameter. Intracerebroventricular
or i.p. injection of vehicle only had no effect on pSTAT3-immunoreactivity. In sum-
mary, there are functional IL-6Ra on tanycytes at the bottom of the 3V, in agreement
with the possibility that ventricular administration of IL-6 decreases obesity in mice via

an effect on this cell type.

KEYWORDS
hypothalamus, IL-6, IL-6R«, tanycytes, third ventricle

properties.*? During inflammation and catabolic conditions, IL-6 is
often found in the circulation at supraphysiological concentrations,
and can then suppress food intake, stimulate energy expenditure and
even enhance core body temperature.® During health, IL-6 in lower
more physiological, doses appears to consistently decrease body fat

mass and increase metabolism.>¢? Several research groups, including
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ours, have reported that IL-6"/~ mice develop increased fat mass from
approximately 6 months of age.”®° This fat mobilising action of IL-6
in mice and rats may be exerted at the level of the central nervous sys-
tem (CNS), probably the hypothalamus and/or the brainstem.®'° A lack
of IL-6 could dampen the anti-obesity effect of leptin, whereas brain-
specific overproduction of IL-6 may enhance the effect of leptin.t>*?

The results of earlier studies indicate that the obesity reducing ac-
tion of IL-6 is primarily exerted in the brain.®1%213 Therefore, it could
be of value to identify cells that contain interleukin-6 receptor-a (IL-
6Ra) and determine whether these cells are located in regions that
influence food intake and energy balance. Earlier studies have indi-
cated that IL-6Ra is present on neurons in arcuate nucleus (ARC),
paraventricular nucleus (PVN) and lateral hypothalamic area (LHA) of
the hypothalamus, as well as the nucleus of the solitary tract (NTS) in
the hindbrain.**

Intracerebroventricular administration of IL-6 to experimental
animals decreases body fat and increases energy expenditure and

6101819 \yhereas systemic administration of IL-6 is

thermogenesis,
less effective.®'® Moreover, IL-6 levels in the cerebrospinal fluid
(CSF) of humans has been reported to be inversely correlated with
body fat mass.?° Taken together, these studies are in agreement with
the assumption that exogenous and endogenous IL-6 in the ventri-
cle system can play a role in metabolic regulation. If this is the case,
one obvious and logical mechanism for how ventricle IL-6 could in-
fluence energy-regulating nuclei could be to target ventricle-lining
cells.

Tanycytes are hypothalamic radial glia-like cells lining the ventricle
walls, especially at the bottom of the third ventricle (3V).2* This cell
type has recently been implicated in the regulation of feeding and en-
ergy balance.?2?*

In the present study, we investigated whether IL-6Ra is located
in tanycytes. To demonstrate that immunoreactive IL-6Ra were re-
sponsive to IL-6, we injected IL-6 i.c.v. or i.p. and then investigated
whether IL-6 induced phosphorylated signal transducer and activator
of transcription-3 (pSTAT3) immunoreactivity in tanycytes. We also
measured pSTAT3-immunoreactivity in the ARC, an area previously
found to contain IL-6Ra.*® For comparison we measured immunore-
active pSTAT3 after i.c.v. or i.p. administration of leptin, a well-known
inducer of pSTAT3 in tanycytes and ARC.2®

2 | MATERIALS AND METHODS

2.1 | Animals

C57BL6 male and female wild-type mice, aged 4-6 months of age
(Jackson Laboratories, Bar Harbor, ME, USA), were used for the immu-
nohistochemical staining. Animals had free access to water and stand-
ard chow pellets (Tekland Global, Harlan, the Netherlands) and were
kept under a 12:12 hours light/dark cycle (lights on 06.00 hours),
50%-60% relative humidity at 24-26°C temperature. All animal pro-
cedures were approved by the local ethics committee for animal care
at the University of Gothenburg, and were conducted in accordance
with their guidelines.

2.2 | Tissue preparation for immunohistochemistry

Mice were anaesthetised with a rompun-ketamine mixture and per-
fused transcardially with heparinised saline (50 IU mL?) followed by
4% paraformaldehyde in 0.1 mol Lt phosphate buffer. The brains
were removed and post-fixed in 4% paraformaldehyde in 0.1 mol L
phosphate buffer containing 15% sucrose overnight at 4°C. They
were then transferred to a 30% sucrose solution in 0.1 mol L™ phos-
phate buffer until sectioning.

Coronal sections (thickness 20 pm) of the hypothalamus (Bregma
-1.70 to -1.94, interneural 2.10 to 1.86) were cut using a CM3050S
cryostat (Leica Microsystem, Wetzlar, Germany) and stored in tissue
storage solution (25% ethylene glycol, 25% glycerol, 50% 0.1 mol L
phosphate buffer).

2.3 | Immunohistochemistry

Sections were rinsed in Tris-NaCl-Triton-X (TNT) washing buffer
(0.1 mol L™ TrisHCI, pH 7.5, 0.15 mol L'* NaCl, 0.2% Triton-X-100)
and then blocked for 1 hour with Tris-NaCl-blocking buffer (TNB)
(Perkin Elmer, Waltham, MA, USA). Sections were then incubated
with primary antibodies against IL-6Ra along with either antibodies
against dopamine- and cAMP-regulated phosphoprotein of 32 kDa
(DARPP-32), vimentin, glial fibrillary acidic protein (GFAP), pSTAT3
or glucose transporter-1 (GLUT-1) (Table 1) for 2 days in 4°C. After
rinsing, sections were incubated for 1 hour with secondary antibod-
ies (Table 1) diluted in TNB blocking solution (0.1 mol L™ Tris-HCI
(pH 7.5), 0.15 mol Lt NaCl, 0.5% blocking reagent (FP1020; Perkin
Elmer). Sections were rinsed in TNT washing buffer and the IL-6Ra
signal was developed by incubating the sections in rabbit anti-rat
horseradish peroxidase in TNB blocking reagent (dilution 1:100,
TSA System; Perkin Elmer) for 1 hour. After amplification, they were
stained with fluorescein tyramide (dilution 1:50, TSA System; Perkin
Elmer) in amplification diluent (TSA System; Perkin Elmer) for 10 min-
utes. Sections were then rinsed in washing buffer and the nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI) (dilution 1:5000,
D1306; Molecular Probes, Carlsbad, CA, USA) for 5 minute, rinsed
in TNT washing buffer without 0.2% Triton-X-100 and mounted on
slides (SuperFrost®PIus, 4951PLUS; Thermo Scientific, Waltham, MA,
USA) with prolong gold anti-fade (P36930; Molecular Probes).

Sections were incubated with secondary antibodies only, or with
mismatching primary and secondary antibodies, resulting in negative
staining as a control for unwanted cross-reactivity. To confirm the identi-
fication of tanycytes, two different antibodies were used; DARPP-32%>26
and vimentin (Table 1). As a control for the IL-6Ra-antibody against the
extracellular domain used in the main study, a second IL-6Ra-antibody
against the intracellular domain was used as a control (see Supporting
information, Figure S1).

2.4 | Confocal microscopy and cell counting

Images of the stained sections were obtained using either a confo-

cal microscope system (LSM 700; Carl Zeiss, Oberkochen, Germany),
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together with a Plan APO x63 A/1.40 oil lens (for close-up images)
or a Plan Fluor x20/0.75 lens (for anatomical overview pictures) and
a solid-state laser. Images for each stain were taken in series with the
same exposure times and light settings for each slide. The pinhole
was set to 1 airy unit. Images were then processed using Fui software
(http://fiji.sc/Fiji) using the same settings for contrast and brightness
for all slides. Brain sections were then averaged for each animal and
representative images chosen for cell counting.

The IL6-Ra-, vimentin-, GLUT-1-, pSTAT3- and/or DARPP32-
labelled cells were visualised with a confocal microscope (LSM 700;
Carl Zeiss). For all instances of cell counting, results were calculated
from two brains, two sections per brain and averaged per animal. Triple
channel confocal images (to cover the entire section of the location of
interest) were generated with a Plan Fluor x20/0.75 lens and a solid-
state laser.

A tile scan of 300x300 pm was obtained from the medial ARC
corresponding to a representative part of the nucleus. For 3V wall
counting, only vimentin-immunoreactive cells that were within the
anatomical distribution of p-tanycytes in the plane of image were
counted. For ependymal cell counting, only cells dorsal of f-tanycytes
in the plane of image were counted. For subependymal cell counting,
only GFAP-positive cells in the subependymal layer below $-tanycytes
in the plane of image were counted. Cells were considered IL6-Ra-,
vimentin-, GLUT-1-, pSTAT3- and/or DARPP32-labelled when the
staining was clearly above background and their DAPI-labelled cell
nuclei were in the plane of image. Co-localisation was determined by

switching between red-, green- and blue-channel images.

TABLE 1 Basicinformation about the
primary and secondary antibodies used in
the present study

Antiserum

Rat anti-IL-6Rax

Rabbit anti-GFAP

Mouse anti-DARPP-32

Goat anti-GLUT-1
Chicken anti-Vimentin
Rabbit

anti-Phospho-Stat3
Rabbit anti-IL-6Ra

Goat anti-mouse Alexa

fluor 568

Goat anti-chicken Alexa

fluor 594

Goat anti-rabbit Alexa
fluor 488

Goat anti-rabbit Alexa
fluor 568

ot erocrcecinor AR AU

2.5 | Intracerebroventricular and i.p.
administration of IL-6 or leptin

Mice were anaesthetised with isoflurane (Baxter, Deerfield, IL, USA)
and fixed in a model 900 stereotax (Kopf [Bilaney Consultants]; St
Julians, UK). Depth for Bregma and lambda was found and the skull
adjusted until both areas were at the same depth. Coordinates for
Bregma were found and the injection pump (KDS-310-PLUS; GENEQ
Inc., Anjou, QC, Canada) holding the injection syringe (Hamilton, Reno,
NV, USA) was moved -1.0 mm laterally and —0.3 mm posteriorly of
Bregma. A hole was drilled to allow passage of the injection needle into
the lateral ventricle. The injection needle was inserted -2.4 mm below
the depth of bregma and 1.5 uL of recombinant rat IL-6 (40 ng per
mouse; PeproTech, Rocky Hill, NJ, USA) or recombinant murine leptin
(1 mg kg'%; PeproTech) in sterile artificial cerebrospinal fluid (aCSF) or
aCSF was injected over 2 minutes. The needle was allowed to stay in
the ventricle for 2 more minutes before being slowly withdrawn. Mice
were anaesthetised with domitor-ketamine and perfused as above 5 or
15 minutes after injection. aCSF administration was used as a negative
control and resulted in an absence of pSTAT3-immunoreactivity (not
shown).

For i.p. injection, mice were injected with 100 pL of recombi-
nant rat IL-6 (80 ng per mouse; Peprolech) or recombinant murine
leptin (3 mg kg'l; PeproTech) in sterile NaCl or NaCl only. To confirm
that i.p. administration of IL-6 was successful, we measured pSTAT3-
immunoreactivity in the subfornical organ, a part of the brain outside the

blood-brain barrier, as a positive control (see Supporting information,

Dilution Catalogue number Manufacturer

1:20 MAB18301 R&D Systems, Minneapolis,
MN, USA

1:200 Z 0334 DakoCytomation, Glostrup,
Denmark

1:100 2308 Kind gift from Professor Paul
Greengard, Rockefeller
University, New York, NY,
USA>®

1:200 sc-1605 Santa Cruz Biotechnology,
Santa Cruz, CA, USA

1:200 AB5733 Merck Millipore, Billerica,
MA, USA

1:100 #9145S Cell Signaling Technology,
Danvers, MA, USA

1:200 SC-660 Santa Cruz Biotechnology,
Santa Cruz, CA, USA

1:250 A-11031 Molecular Probes, Carlsbad,
CA, USA

1:250 A-11042 Molecular Probes, Carlsbad,
CA, USA

1:250 A-11008 Molecular Probes, Carlsbad,
CA, USA

1:250 A-11036 Molecular Probes, Carlsbad,

CA, USA
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Proportion of DARPP-32 or
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FIGURE 1 Interleukin (IL)-6Ra
immunoreactivity is located in tanycytes
bordering the median eminence.
Immunohistochemistry showing IL-6
receptor a- (IL-6Ra) immunoreactivity in
green, vimentin- (A-D) or dopamine- and
cAMP-regulated phosphoprotein of 32 kDa
(DARPP-32) (E-G) immunoreactivity in red
and 4',6-diamidino-2-phenylindole (DAPI)
(nuclear staining) in blue, shown in coronal
cross-sections of parts of the third ventricle
(3V) of the mouse brain. An overview of
the area (A, E) and magnifications of parts
of the 3V facing the median eminence
(ME) (C, F) and arcuate nucleus (ARC) (B,
D, G) showed IL-6Ra-immunoreactivity on
vimentin- or DARPP-32-immunoreactive
cells. White arrowheads (B-D, F-G) indicate
examples of such cells displaying both
vimentin- or DARPP-32- and IL-6Ra-
immunoreactivity. Approximately 90%

of DARPP-32-immunoreactive cells

also showed IL-6Ra-immunoreactivity,
whereas only approximately 35% of
GLUT1-immunoreactive cells showed
IL-6Ra-immunoreactivity (H). Images were
obtained using the confocal microscope
system described in the Materials and
methods. Cell counting was performed
from two animals using two slices per
animal as described in the Materials and
methods. Scale bars (overview)=100 pm,
close-up=25 um (B, C, F, G) or 10 pm (D)
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Figure S3). NaCl administration was used as a negative control and re-
sulted in the absence of pSTAT3-immunoreactivity (not shown).

The dose of IL-6 given i.p. was chosen from previous studies and
is intended to be physiological rather than pathophysiological. The
dose of IL-6 with respect to body weight given i.p. as reported by
Wallenius et al.,'® and resulted in serum IL-6 levels much lower than
those observed after after lipopolysaccharide treatment.

Mice were anaesthetised with domitor-ketamine and perfused as
above 15 minutes after injection. Injection doses of IL-6 i.c.v.,® leptin
i.cv.,? leptin i.p.23 and IL-6 i.p.10 were selected in accordance with

previous studies.

3 | RESULTS

3.1 | IL-6Ra-immunoreactivity is located in vimentin-
or DARPP-32-immunoreactive cells lining the floor
and ventral walls of the 3V

Figure 1A-D shows that vimentin immunoreactive cells (in red) have
a characteristic distribution along the 3V wall. These cells aggregate
towards the basal parts of the ventricle wall with a few spread cells
along the lateral walls (Figure 1A). This is in good agreement with the
distribution reported for ﬁ-tanycytes21 and vimentin has previously
been used as a marker for tanycytes.?®?? A significant proportion of
these vimentin-immunoreactive cells lining the basal ventricle wall
show IL-6Ra-immunoreactivity (in green) (Figure 1B-D, examples indi-
cated by white arrowheads). To strengthen the data shown in Figure 1,
DARPP-32, another marker for tanycytes, was co-stained with IL-6Ra
(Figure 1E-G). This antibody displayed a similar pattern of immuno-
reactivity as the antibody against vimentin, with many cells showing
both DARPP-32- and IL-6Ra-immunoreactivity (Figure 1F,G, white
arrowheads). Cell counting showed that approximately 90% of the
DARPP-32-immunoreactive cells were also IL-6Ra-immunoreactive
(Figure 1H). In agreement with this, approximately 90% of the

vimentin-immunoreactive cells lining the basal ventricle walls also

ot eroncecinor SR T

displayed IL-6Ra-immunoreactivity (not shown). Taken together, our
data indicated that a large proportion of vimentin- or DARPP-32-
immunoreactive cells at the bottom of 3V, presumably representing

B-tanycytes, are also IL-6Ra-immunoreactive.

3.2 | IL-6Ra-immunoreactivity is present, to a lesser
degree, on GLUT-1-immunoreactive ependymal cells
at the lateral wall of the 3V

Co-staining of IL-6Ra with GLUT-1 (used here as a marker of
ependymal cells of the blood-brain barrier) (Figure 2) showed a dif-
ferent pattern from the vimentin- or DARPP-32-immunoreactivity
(Figure 1). Some of the GLUT-1-immunoreactive cells (red) in the
lateral wall of the 3V also showed IL-6Ra immunoreactivity (green)
(Figure 2C, red arrowheads). By contrast, cells at the ventral part
of the 3V lateral wall showed only IL-6Ra-immunoreactivity with-
out GLUT-1-immunoractivity (Figure 2C, white arrowheads).
Indeed, cell counting showed that approximately 35% of the GLUT-
1-immunoreactive cells also showed IL-6Ra-immunoreactivity
(Figure 1H). Taken together, these results indicate that the IL-6Ra
is mainly located in vimentin- or DARPP-32-immunoreactive 3V
lining cells, presumably tanycytes, bordering the median eminence
and ARC. This differs from the sparse IL-6Ra-immunoreactivity ob-

served in GLUT-1-immunoreactive cells.

3.3 | IL-6 orleptin induced pSTAT3-
immunoreactivity 5 minute after i.c.v. injection in
ventricle lining vimentin-immunoreactive cells

Figure 3 shows immunohistochemistry of the ventral 3V, 5 min-
ute after i.c.v. injection of IL-6 (Figure 3A-C) or leptin (Figure 3D-F).
pSTAT3 is used as a marker for intracellular signalling. White arrow-

heads indicate pSTAT3-immunoreactivity in ventricle-lining vimentin-

immunoreactive cells (Figure 3B,E) and the median eminence (ME)
(Figure 3C,F).

FIGURE 2

Interleukin (IL)-6Ra immunoreactivity is located in some glucose transporter-1 (GLUT-1)-positive ependymal cells.

Immunohistochemistry showing IL-6 receptor a- (IL-6ra) immunoreactivity in green, GLUT-1 (a marker for ependymal cells) immunoreactivity in
red and 4’,6-diamidino-2-phenylindole (DAPI) (nuclear staining) in blue, shown in coronal cross-sections of parts of the third ventricle (3V) of the
mouse brain. Overview of the area (A) and magnifications of parts of the 3V facing the arcuate nucleus (ARC) (B) and lateral 3V wall (C) showed
IL-6Ra immunoreactivity on some of the GLUT-1 immunoreactive cells. Red arrowheads (C) indicate examples of such cells with both GLUT-1-
and IL-6Ra-immunoreactivity, whereas white arrowheads indicate cells with only IL-6Ra-immunoreactivity (B, C). Images were obtained using
the confocal microscope system described in the Materials and methods. Scale bars (overview)=100 um, close-up=10 pm
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FIGURE 3
5 minutes. Immunohistochemistry showing phosphorylated signal transducer and activator of transcription-3 (pSTAT3)-immunoreactivity in
red, vimentin- (a tanycyte marker) immunoreactivity in green and 4’,6-diamidino-2-phenylindole (DAPI) (nuclear staining) in blue, shown in
coronal cross-sections of parts of the third ventricle (3V) of the mouse brain. Images were obtained from mice that were killed 5 minute after
i.c.v. injection of IL-6 (A-C) or leptin (D-F). White arrowheads indicate examples of pSTAT3-immunoreactivity. Images were obtained using the
confocal microscope system described in the Materials and methods. Scale bars for overview=100 pum, close-up=10 pm

Cell counting shows that approximately 52% and 49% of the
vimentin-immunoreactive cells also showed pSTAT3-immunoreactivity
in mice treated with i.cv. IL-6 and leptin, respectively (Figure 4A).
Approximately 43% or 35% of the cells in the ARC were positive for
pSTAT3 in mice treated with i.c.v. IL-6 and leptin, respectively (Figure 4A).

3.4 | Intracerebroventicular administered IL-6 or
leptin induced pSTAT3-immunoreactivity in ARC cells
15 minute after injection

Figure 5 shows immunohistochemistry of the ventral 3V, 15 min-
utes after i.c.v. injection of IL-6 (Figure 5A-C) or leptin (Figure 5D-
F). White arrowheads indicate pSTAT3 immunoreactivity in the ARC
(Figure 5B,C,E). Cell counting shows that approximately 72% and 71%
of ARC cells were also positive for pSTAT3 in mice treated 15 min-
utes earlier with i.c.v. IL-6 and leptin, respectively (Figure 4B). By
contrast, no ventricle-lining vimentin-positive cells showed pSTAT3-
immunoreactivity 15 minutes after i.c.v. injection of IL-6 or leptin
(Figures 4B and 5C,F).

3.5 | Intraperitoneal administration of leptin, but not
IL-6, increased pSTAT3-immunoreactivity in the ARC
after 15 minute

Figure 6 shows immunohistochemistry of the ventral 3V wall, 15 min-
ute after i.p. injection of IL-6 (Figure 6A-C) or leptin (Figure 6D-F).

There is a high proportion of ARC cells with DAPI-immunoreactive cell

Intracerebroventricular administration of leptin or interleukin (IL)-6 induces pSTAT3 immunoreactivity in tanycytes after

nuclei that show pSTAT3 immunoreactivity (in red, white arrowheads)
after i.p. administration of leptin (Figure 6D-F). There was no such ef-
fect in the group treated with IL-6 (Figure 6A-C). Cell counting shows
that approximately 69% of DAPI-immunoreactive ARC cells were also
positive for pSTAT3 in mice treated i.p. 15 minute earlier with leptin.
By contrast, no cells were positive for pSTAT3 in mice treated i.p. with

IL-6 (Figure 4C) or vehicle [not shown]).

4 | DISCUSSION

The results of the present study indicate that functional ligand binding
IL-6Ra are located in ventricle lining cells of the 3V in mice, especially
on f-tanycytes at the bottom of the 3V. This group of tanycytes lies
close to the ME and ARC and has recently been shown to be of impor-
tance for energy balance and metabolism.?® Tanycytes in the lateral
3V wall are interspersed with ependymal cells that show GLUT-1-
immunoreactivity.30 In the present study, IL-6Ra-immunoreactivity
in GLUT1 positive ependymal cells was scarce in comparison with
tanycytes. Intracerebroventricular injection of IL-6 increased STAT3
phosphorylation, a well-known intracellular mediator step in IL-6 sig-
nalling,2! in tanycytes after 5 minutes. The latter finding indicates that
the IL-6Rx on tanycytes are functional.

There is a growing body of evidence that IL-6 can decrease body
fat mass via effects in the brain. Previous studies have shown that de-

78,10

ficiency of IL-6 is causing mature onset obesity, and the results of

several studies involving central IL-6 administration indicate that this
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FIGURE 4 Quantification of phosphorylated signal transducer and activator of transcription-3 (pSTAT3)-immunoreactivity after i.c.v. and

i.p. administration of interleukin (IL)-6, leptin or vehicle. Mice killed 5 minutes after i.c.v. administration of IL-6 or leptin (A) show pSTAT3-
immunoreactivity in approximately 52% or 49% of ventricle-lining vimentin-positive cells, respectively. This immunoreactivity is absent in

mice killed 15 minutes after i.c.v. administration of these substances (B). In the arcuate nucleus (ARC), i.c.v. IL-6 administration induces pSTAT3-
immunoreactivity in approximately 43% of cells after 5 minutes (A) and 72% (B) after 15 minutes, whereas leptin similarly induces pSTAT3-
immunoreactivity in approximately 35% of cells after 5 minutes (A) and 71% of cells after 15 minutes (B). Intraperitoneal administration of IL-6
does not induce pSTAT3-immunoreactivity in the ARC after 15 minutes, whereas leptin induces pSTAT3-immunoreactivity in approximately
68% of ARC cells (C). Articifial cerebrospinal fluid (aCSF) (A-B) or saline (C) does not induce pSTAT3-immunoreactivity in either ventricle-lining
vimentin-immunoreactive cells or ARC cells. Cell counting was performed from two animals using two slices per animal as described in the

Materials and methods

anti-obesity effect is exerted at the level of the brain.>2%%2 In addition,
there is evidence that brain IL-6 is crucial in the anti-obesity signalling
of both GLP-1 analogues and amylin analogues.®*3¢ These functions
of IL-6 are of clinical relevance, given that both GLP-1- and amylin
analogues are widely used for treatment of diabetes and obesity.%”-%

Tanycytes appear to be very versatile cells and express a range
of receptors for endocrine and paracrine signals (eg, GPR50, TSH-
R, FGFR1 and NMU-R). More specifically, tanycytes are important
in the regulation of body fat mass and leptin responsiveness.?*233?
Tanycytes could be the initial target cells for anti-obesity effect ex-
erted in the brain by leptin, a peptide released from fat tissue in rela-
tion to fat mass that may reach tanycytes via the blood, as suggested
previously.?® IL-6 produced in the brain may exert a similar anti-obesity
effect after reaching its receptor on tanycytes via the CSF. The leptin
receptor shares similarities with class 1-cytokine receptors, such as
IL-6Ra, utilising the same Janus kinase-STAT signalling pathway, and
the ligands leptin and IL-6 are also related chemically.3! It remains to
be investigated whether CSF IL-6 and blood leptin can potentiate each
other’s effects on tanycytes.

IL-6 injected systemically, which could be assumed to only reach
tanycytes via the blood circulation from the median eminence, did
not induce an increase in pSTAT3-immunoreactivity in these cells.
As expected and in agreement with earlier studies,?® leptin induced
pSTAT3 in the ARC both when given systemically and i.c.v. STAT3 is a
well-known mediator of the biological effects of IL-6.5%%C Therefore,
it is possible that ventricular but not systemic IL-6 plays a role in
regulating biological functions of tanycytes. Further investigations

would be required to determine the precise location of IL-6Ra on
tanycytes.

In relation to our present findings of functional IL-6Ra, metabolically
active tanycytes, it is of interest that i.c.v. administration of IL-6 was
found to decrease body fat mass, increase energy expenditure and ther-
mogenesis in mice.%10121%41 No such effect was observed after systemic
administration of IL-6 at a similar® or much higher (Wallenius V, Wallenius
K, Feldt J, Wernstedt |, Jansson JO, unpublished observation) dose.

In the present study, we used two different markers for tanycytes:
DARPP-32 and vimentin. At the bottom of 3V, we found extensive
and similar immunoreactivity with both markers, a finding that is in
agreement with the well-known presence of tanycytes in this area.??
Vimentin is an intermediate filament protein that is expressed in mes-
enchymal cells. In addition, vimentin binds to smooth muscle cells
lining capillaries. DARPP-32, on the other hand, binds to a dopamine
intracellular second messenger protein, which is found in tanycytes.
The DARPP-32 antiserum appears to be more specific for tanycytes,
whereas vimentin stains a wider range of cells.?>2%%2 |n the present
study, the immunoreactivity pattern of the two antibodies was very
similar at the bottom of the 3V. This led us to conclude that both an-
tibodies stain tanycytes in this area and we mainly used vimentin as a
tanycyte marker in our study.

In the present study, we found that some cells below the ven-
tricular lining cells at the bottom of the third ventricle were posi-
tive for the astrocyte marker GFAP and also positive for IL-6Ra (see
Supporting information, Figure S2). This is in contrast to previous
data from other parts of the hypothalamus (eg, the PVN,* LHA®
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FIGURE 5 Intracerebroventricular administration of leptin or interleukin (IL)-6 induces phosphorylated signal transducer and activator

of transcription-3 (pSTAT3)-immunoreactivity in the arcuate nucleus (ARC) after 15 minutes. Immunohistochemistry showing pSTAT3-
immunoreactivity in red, vimentin- (a tanycyte marker) immunoreactivity in green and 4',6-diamidino-2-phenylindole (DAPI) (nuclear staining) in
blue, shown in coronal cross-sections of parts of the third ventricle (3V) of the mouse brain. Images were obtained from mice that were killed

15 minutes after i.c.v. injection of IL-6 (A-C) or leptin (D-F). White arrowheads indicate examples of pSTAT3-immunoreactivity in the ARC. Images
were obtained using the confocal microscope system described in the Materials and methods. Scale bars (overview)=100 pm, close-up=10 pm

FIGURE 6 Systemic leptin, but not interleukin (IL)-6, induces phosphorylated signal transducer and activator of transcription-3 (pSTAT3)
activation in the arcuate nucleus (ARC) after 15 minutes. Immunohistochemistry showing pSTAT3-immunoreactivity in red, vimentin- (a tanycyte
marker) immunoreactivity in green and 4’,6-diamidino-2-phenylindole (DAPI) (nuclear staining) in blue, shown in coronal cross-sections of parts
of the third ventricle (3V) of the mouse brain. Images were obtained from mice that were killed 15 minutes after i.c.v. injection of IL-6 (A-C) or
leptin (D-F). White arrowheads indicate examples of pSTAT3-immunoreactive cells. Images were obtained using the confocal microscope system
described in the Materials and methods. Scale bars (overview)=100 pm, close-up=10 pm
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and ARClé), as well as the NTS of the hindbrain*® where no such
co-localisation between GFAP and IL-6Ra was found. However, as-
trocytes are a diverse group of cells and the astrocytes in the sub-
ventricular area of the 3V have been reported to differ from other
astrocytes. Instead, the subventricular astrocytes may have similari-
ties to tanycytes, such as being positive for DARPP-32%° and IL-6Ra
(present study).

As discussed above, the results of the present study indicate that
there are functional IL-6Ra in cell membranes of mouse tanycytes.

Timper et al.*

recently reported that i.c.v. administration of IL-6 can
exert biological effects in the absence of IL-6Ra located in neurones
of the hypothalamus. These effects were proposed to be exerted via
so called trans-signalling, a phenomenon that has also been studied
extensively elsewhere.*>*#” In the present study, i.c.v. injection of IL-6
caused a short-term increase in pSTAT3 in tanycytes, as observed at
5 but not 15 minutes. Timper et al.** found that i.c.v. IL-6 treatment
suppressed food intake, whereas our group has reported increased
energy expenditure and decreased body fat mass after i.c.v. IL-6 in-
jection.""10 Moreover, there are several other differences between our

experimental protocol and that of Timper et al.,**

including IL-6 dose,
target cell type, diet and type of vehicle. For example, the dose of
IL-6 given i.p. by Timper et al.** was considerably higher (400 ng per
mouse) than the dose given by us (80 ng per mouse). This may explain
why we did not observe an effect of i.p. IL-6 treatment. However, the
dose of IL-6 given i.p. in the present study was sufficiently high to
induce pSTAT3 staining in some parts of the brain (see Supporting
information, Figure S3)

It appears likely that a substantial part of all IL-6 effects are exerted
via integral IL-6Ra, at least in mice fed normal chow. This would be in
agreement with the current paradigm for how hormones in general are
acting on cells via cell membrane receptors.*® However, further studies
are needed to investigate to what extent the effects on tanycytes by
IL-6 are exerted via membrane bound receptors or via trans-signalling.

There is confirmation that not only the IL-6Ra, but also the IL-6
ligand is produced locally in the CNS. We were able to measure sub-
stantial IL-6 mRNA levels in the hypothalamus of animals without
inflammation as shown previously.>? The levels of IL-6 mRNA in the
CNS appear to be regulated (eg, by GLP-1 and amylin),®2%° further sup-
porting the idea of IL-6 production being of physiological relevance.
The fact that IL-6 levels are higher in CSF than in serum in many hu-
mans further argues for the local production of IL-6 in the CNS.2° S0
far, it has been difficult to determine exactly in which cells and parts of
the hypothalamus that IL6 is produced during health, partly as a result
of lack of verified specific IL-6 antibodies that can used for immuno-
histochemistry. The results of studies using other techniques suggest
that IL-6 can be produced by microglia or astrocytes in vitro, although
this may not reflect the situation in vivo.®>*? In summary, less in known
about the localisation of the IL-6 ligand compared to IL-6Ra in healthy
animals.

In summary, the results of the present study show that the ligand
binding part of the IL-6 receptor, IL-6Ra, is present on p-tanycytes at the
bottom of the 3V. These cells have been reported as being of importance
in the regulation of energy balance and body fat mass and, recently, they

ot erocrcecinor AR

were hypothesised to be a frontline target cell for the metabolic effects
of leptin.®? Tanycytes show pSTAT3-immunoreactivity, similar to leptin,
afteri.c.v., but noti.p., administration of IL-6, indicating that IL-6 produced
locally in the brain could be of importance for these cells. This lends new
support to our hypothesis that locally produced IL-6 in the brain plays an
important role in the regulation of metabolism.

ACKNOWLEDGEMENTS

We thank the Centre for Cellular Imaging at the University of
Gothenburg for the use of imaging equipment, as well as support re-
ceived from Julia Fernandez-Rodriguez, Maria Smedh and Carolina
Tangemo. This work was supported by grants from Swedish Research
(K2016-54X-09894-19-3, 2011-3054 and 325-2008-
7534), Johan och Jakob Séderbergs Foundation, Marcus Borgstréms

Council

Foundation, Nilsson-Ehle Foundation, NovoNordisk Foundation,
Novo Nordisk Foundation Excellence Project Grant (to KPS), Inga-Britt
och Arne Lundbergs Foundation, Swedish Medical Society, Swedish
Society for Medical Research, Kungl och Hvitfeldtska Foundation,
EC FP7 funding (Health-F2-2010-259772, FP7/2007-2013 Grant
A greement 245009, Full4Health FP7-KBBE-2010-4-266408 and
TORNADO [grant 222720]).

ORCID
F. Anesten http://orcid.org/0000-0001-8988-1163
REFERENCES

1. Hodge D, Hurt E, Farrar W. The role of IL-6 and STAT3 in inflammation
and cancer. Eur J Cancer. 2005;41:2502-2512.

2. lIshihara K, Hirano T. IL-6 in autoimmune disease and chronic in-
flammatory proliferative disease. Cytokine Growth Factor Rev.
2002;13:357-368.

3. Mauer J, Denson J, Briining J. Versatile functions for IL-6 in metabo-
lism and cancer. Trends Immunol. 2015;36:92-101.

4. Pedersen B, Febbraio M. Muscle as an endocrine organ: focus on
muscle-derived interleukin-6. Physiol Rev. 2008;88:1379-1406.

5. Kamimura D, Ishihara K, Hirano T. IL-6 signal transduction and
its physiological roles: the signal orchestration model. Rev Physiol
Biochem Pharmacol. 2003;149:1-38.

6. Wallenius K, Wallenius V, Sunter D, Dickson SL, Jansson JO.
Intracerebroventricular interleukin-6 treatment decreases body fat in
rats. Biochem Biophys Res Commun. 2002;293:560-565.

7. Chida D, Osaka T, Hashimoto O, Iwakura Y. Combined interleukin-6
and interleukin-1 deficiency causes obesity in young mice. Diabetes.
2006;55:971-977.

8. MatthewsV, Allen T, Risis S, et al. Interleukin-6-deficient mice develop
hepatic inflammation and systemic insulin resistance. Diabetologia.
2010;53:2431-2441.

9. Wernstedt |, Edgley A, Berndtsson A, et al. Reduced stress- and cold-
induced increase in energy expenditure in interleukin-6-deficient
mice. Am J Physiol Regul Integr Comp Physiol. 2006;291:R551-R557.

10. Wallenius V, Wallenius K, Ahrén B, et al. Interleukin-6-deficient mice
develop mature-onset obesity. Nat Med. 2002;8:75-79.

11. Wallenius K, Jansson JO, Wallenius V. The therapeutic poten-
tial of interleukin-6 in treatment of obesity. Expert Opin Biol Ther.
2003;3:1061-1070.


http://orcid.org/0000-0001-8988-1163
http://orcid.org/0000-0001-8988-1163

0of 10
0010 | i y-

12.

13.
14.
15.

16.
17.

18.
19.
20.
21

22.

23.
24,

25.

26.

27.
28.

29.

30.
31

32.

ANESTEN ET AL

Sadagurski M, Norquay L, Farhang J, D’Aquino K, Copps K, White
M. Human IL6 enhances leptin action in mice. Diabetologia.
2010;53:525-535.

Hidalgo J, Florit S, Giralt M, Ferrer B, Keller C, Pilegaard H. Transgenic
mice with astrocyte-targeted production of interleukin-6é are resistant
to high-fat diet-induced increases in body weight and body fat. Brain
Behav Immun. 2010;24:119-126.

Vallieres L, Rivest S. Interleukin-6 is a needed proinflammatory cy-
tokine in the prolonged neural activity and transcriptional activation
of corticotropin-releasing factor during endotoxemia. Endocrinology.
1999;140:3890-3903.

Benrick A, Schéle E, Pinnock S, et al. Interleukin-6 gene knock-
out influences energy balance regulating peptides in the hypo-
thalamic paraventricular and supraoptic nuclei. J Neuroendocrinol.
2009;21:620-628.

Schéle E, Benrick A, Grahnemo L, et al. Inter-relation between inter-
leukin (IL)-1, IL-6 and body fat regulating circuits of the hypothalamic
arcuate nucleus. J Neuroendocrinol. 2013;25:580-589.

Schéle E, Fekete C, Egri P, et al. Interleukin-6 receptor « is co-localised
with melanin-concentrating hormone in human and mouse hypothal-
amus. J Neuroendocrinol. 2012;24:930-943.

Hopkins S, Rothwell N. Further functions of IL-6. Immunol Today.
1991;12:170.

Rothwell N. The endocrine significance of cytokines. J Endocrinol.
1991;128:171-173.

Stenlof K, Wernstedt |, Fjdllman T, Wallenius V, Wallenius K, Jansson
JO. Interleukin-6 levels in the central nervous system are nega-
tively correlated with fat mass in overweight/obese subjects. JCEM.
2003;88:4379-4383.

Lee D, Bedont J, Pak T, et al. Tanycytes of the hypothalamic median
eminence form a diet-responsive neurogenic niche. Nat Neurosci.
2012;15:700-702.

Bolborea M, Dale N. Hypothalamic tanycytes: potential roles
in the control of feeding and energy balance. Trends Neurosci.
2013;36:91-100.

Balland E, Dam J, Langlet F, et al. Hypothalamic tanycytes are an ERK-
gated conduit for leptin into the brain. Cell Metab. 2014;19:293-301.
Gao Y, Tschép M, Luquet S. Hypothalamic tanycytes: gatekeepers to
metabolic control. Cell Metab. 2014;19:173-175.

Hokfelt T, Foster G, Schultzberg M, et al. DARPP-32 as a marker for
D-1 dopaminoceptive cells in the rat brain: prenatal development and
presence in glial elements (tanycytes) in the basal hypothalamus. Adv
Exp Med Biol. 1988;235:65-82.

Meister B, Hokfelt T, Tsuruo Y, et al. DARPP-32, a dopamine- and cy-
clic AMP-regulated phosphoprotein in tanycytes of the mediobasal
hypothalamus: distribution and relation to dopamine and luteiniz-
ing hormone-releasing hormone neurons and other glial elements.
Neuroscience. 1988;27:607-622.

Faouzi M, Leshan R, Bjérnholm M, Hennessey T, Jones JHM.
Differential accessibility of circulating leptin to individual hypotha-
lamic sites. Endocrinology. 2007;148:5414-5423.

Brauksiepe B, Baumgarten L, Reuss S, Schmidt E. Co-localization of
serine/threonine kinase 33 (Stk33) and vimentin in the hypothalamus.
Cell Tissue Res. 2014;355:189-199.

Pixley S, Kobayashi Y, de Vellis J. A monoclonal antibody against vi-
mentin: characterization. Brain Res. 1984;317:185-199.

Rizzoti K, Lovell-Badge R. Pivotal role of median eminence tanycy-
tes for hypothalamic function and neurogenesis. Mol Cell Endocrinol.
2016;15:7-13.

Heinrich P, Behrmann |, Haan S, Hermanns H, Miiller-Newen G,
Schaper F. Principles of interleukin (IL)-6-type cytokine signalling and
its regulation. Biochem J. 2003;15:1-20.

Shirazi R, Palsdottir V, Collander J, et al. Glucagon-like peptide 1 recep-
torinduced suppression of food intake and body weight is mediated by
central IL-1 and IL-6. Proc Natl Acad Sci USA. 2013;110:16199-16204.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Arora S, Anubhuti . Role of neuropeptides in appetite regulation and
obesity-a review. Neuropeptides. 2006;40:375-401.

Jansson JO, Palsdottir V. Brain IL-6-where amylin and GLP-1 antiobe-
sity signaling congregate. Diabetes. 2015;64:1498-1499.

LeFoll C, Johnson M, Dunn-Meynell A, Boyle C, Lutz T, Levin B.
Amylin-induced central IL-6 production enhances ventromedial hypo-
thalamic leptin signaling. Diabetes. 2015;64:1621-1631.

Lutz T. The interaction of amylin with other hormones in the control
of eating. Diabetes Obes Metab. 2013;15:99-111.

Holst J, Vilsbgll T. Combining GLP-1 receptor agonists with insulin: thera-
peutic rationales and clinical findings. Diabetes Obes Metab. 2013;15:3-14.
lepsen E, Torekov S, Holst J. Therapies for inter-relating diabetes and obe-
sity - GLP-1 and obesity. Expert Opin Pharmacother. 2014;15:2487-2500.
Langlet F, Levin B, Luquet S, et al. Tanycytic VEGF-A boosts blood-
hypothalamus barrier plasticity and access of metabolic signals to the
arcuate nucleus in response to fasting. Cell Metab. 2013;17:607-617.
Levy D, Darnell J Jr. Stats: transcriptional control and biological im-
pact. Nat Rev Mol Cell Biol. 2002;3:651-662.

Li G, Klein R, Matheny M, King M, Meyer E, Scarpace P. Induction of un-
coupling protein 1 by central interleukin-6 gene delivery is dependent on
sympathetic innervation of brown adipose tissue and underlies one mech-
anism of body weight reduction in rats. Neuroscience. 2002;115:879-889.
Norsted E, Gomiic B, Meister B. Protein components of the
blood-brain barrier (BBB) in the mediobasal hypothalamus. J Chem
Neuroanat. 2008;36:107-121.

Anesten F, Holt MK, Schéle E, et al. Preproglucagon neurons in the
hindbrain have IL-6 receptor-a and show Ca®* influx in response to
IL-6. Am J Physiol Regul Integr Comp Physiol. 2016;311:R115-R123.
Timper K, Denson JL, Steculorum SM, et al. IL-6 improves energy
and glucose homeostasis in obesity via enhanced central IL-6 trans-
signaling. Cell Rep. 2017;19:267-280.

Garbers C, Thaiss W, Jones GW, et al. Inhibition of classic signaling is
a novel function of soluble glycoprotein 130 (sgp130), which is con-
trolled by the ratio of interleukin 6 and soluble interleukin 6 receptor.
J Biol Chem. 2011;286:42959-42970.

Jones SA, Scheller J, Rose-John S. Therapeutic strategies for the clinical
blockade of 1L-6/gp130 signaling. J Clin Invest. 2011;121:3375-3383.
Rose-John S. The soluble interleukin-6 receptor and related proteins.
Best Pract Res Clin Endocrinol Metab. 2015;29:787-797.

Plopper G, Sharp D, Sikorski E. Lewin's Cells. New York, NY: Jones &
Bartlett; 2015.

Wagoner NV, Oh J, Repovic P, Benveniste E. Interleukin-6 (IL-6) pro-
duction by astrocytes: autocrine regulation by IL-6 and the soluble
IL-6 receptor. J Neurosci. 1999;19:5236-5244.

Ouimet C, Miller PE, Hemmings HC Jr, Walaas SI, Greengard P.
DARPP-32,adopamineandadenosine3’:5'-monophosphate-regulated
phosphoprotein enriched in dopamine-innervated brain regions. Il
Immunocyto-chemical localization. J Neurosci. 1984;4:111-124.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Anesten F, Santos C, Gidestrand E,
et al. Functional interleukin-6 receptor-a is located in
tanycytes at the base of the third ventricle.

J Neuroendocrinol. 2017;29:e12546. https://doi.
org/10.1111/jne. 12546



https://doi.org/10.1111/jne.12546
https://doi.org/10.1111/jne.12546

