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Chapter 2

NF-κB	signaling	is	essential	for	
the lipopolysaccharide-induced 
increase of type 2 deiodinase in 
tanycytes. 
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ABstRAct	

The enzyme type 2 deiodinase (D2) is a major determinant of T3 production in the 
central nervous system. It is highly expressed in tanycytes, a specialized cell type 
lining the wall of the third ventricle. During acute inflammation, the expression of D2 in 
tanycytes is upregulated by a mechanism that is poorly understood at present but we 
hypothesized that JNK1 and RelA (p65 subunit of NF-κB) inflammatory signal trans-
duction pathways are involved. In a mouse model for acute inflammation we studied 
the effects of lipopolysaccharide (LPS) on mRNA expression of D2, JNK1 and RelA 
in the periventricular (PE) area and the arcuate nucleus-median eminence (ARC-ME) 
of the hypothalamus. We next investigated LPS-induced D2 expression in primary 
tanycyte cell cultures. In the PE, the expression of D2 was increased by LPS. In the 
ARC, but not in the PE, we found increased RelA mRNA expression. Likewise, LPS in-
creased D2 and RelA mRNA expression in primary tanycyte cell cultures while JNK1 
mRNA expression did not change. Phosphorylation of RelA and JNK1 was increased 
in tanycyte cell cultures 15-60 min after LPS stimulation, confirming activation of 
these pathways. Finally, inhibition of RelA with the chemical inhibitors sulfasalazine 
and JSH-23 in tanycyte cell cultures prevented the LPS induced D2 increase. We 
conclude that NF-κB signalling is essential for the upregulation of D2 in tanycytes 
during inflammation.
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InTRoduCTIon

Critically ill patients have altered regulation of the hypothalamus-pituitary-thyroid 
(HPT) axis, commonly known as the nonthyroidal illness syndrome (NTIS). Although 
often regarded as an adaptive mechanism, it may negatively influence disease out-
come in protracted critical illness. Recently it became clear that thyroid hormone me-
tabolism is differentially affected during NTIS, depending on the timing and tissue 
studied, making it a difficult and complex syndrome to interpret (26). 

NTIS is characterized by low serum thyroid hormone (TH) levels and a suppressed 
central component of the HPT axis, both in animal models and in humans (25;26;29). 
The main source of T3 in the central nervous system is type 2 deiodinase (D2) (7). 
D2 is expressed in glial cells, with very pronounced expression in tanycytes, a spe-
cialized cell type in the wall of the third ventricle (9;88). During acute inflammation, 
the expression of D2 in the hypothalamus is upregulated (27;34) which occurs inde-
pendently of the fall in thyroid hormone levels (39). Increased activity of D2 is hy-
pothesized to increase T3 availability in the hypothalamus which may then lead to 
a central suppression of the HPT axis via inhibition of TRH secretion from the PVN 
(27;40). Indeed, global D2 knock out mice do not exhibit suppression of TRH after 
LPS administration (37). The persistence of the central suppression of the HPT axis 
is dependent on TRβ2 signaling. (36). 

We hypothesized that inflammatory signal transduction pathways are involved in the 
regulation of D2 during illness. The inflammatory pathway component RelA (the p65 
subunit of NF-κB) was reported to increase D2 expression in vitro (89) and is able 
to bind to the Dio2 promoter region (42). Recently it has been shown that selec-
tive inhibition of the c-Jun-N-terminal kinase 1 (JNK1) pathway in the central nervous 
system affects TRH expression in a diet induced obesity model in rats (46). As JNK1 
has been involved in cytokine-induced alterations in liver type 1 deiodinase and TRα 
mRNA expression (45) it is tempting to speculate that JNK1 might also play a role in 
the LPS-induced alterations in central thyroid hormone metabolism by affecting TRH 
expression via D2. 

In the present study we use both an in vivo and an in vitro approach to determine 
the involvement of inflammatory signal transduction pathways in the regulation of D2 
during acute inflammation. To test our hypothesis we asked the following research 
questions; (1) Is the expression of several inflammatory markers increased in the 
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hypothalamus during acute inflammation in vivo? (2) Is the mRNA expression of D2 
and the mRNA expression and activation of the inflammatory pathways increased 
in tanycytes? (3) Can the inflammation-induced D2 response be inhibited by block-
ing the predefined inflammatory pathways with chemical inhibitors? To answer these 
questions we used 1) a mouse model for acute inflammation and 2) primary tanycyte 
cultures. 

MaTERIals and METhods

  animal experiment

Male and female wild type (129Sv/Ev) mice were used at 6-12 weeks of age. The mice 
were kept in 12h light/dark cycles in a temperature controlled room. Acute illness 
was induced by an intraperitoneal (i.p.) injection of 200 μg LPS (Lipopolysaccharide, 
E.coli O127:B8; Sigma, St. Louis, MO, USA) diluted in 0.5 ml saline. Control mice 
received 0.5 ml saline. Due to diurnal variations, each time point had his own control 
and the experiment started at 9AM (27) At time points 0, 4, 8 and 24h after LPS or 
saline administration, 3 female and 3 male mice per group were anaesthetized by i.p. 
injection of 100 mg/kg ketamine (Virbac) and 2 mg/kg xylazine (Bayer) and killed by 
cervical dislocation. The hypothalamus (defined rostrally by the optic chiasm, cau-
dally by the mamillary bodies, laterally by the optic tract, and dorsally by the apex of 
the third ventricle) was isolated and stored immediately in liquid nitrogen. The tissue 
block containing the hypothalamus was used for dissection of the periventricular area 
(PE) and the arcuate nucleus / median eminence region (ARC-ME). The PE punch 
consisted of both paraventricular nuclei and the upper part of the ependymal lining 
of the third ventricle containing alpha tanycytes. This area was obtained by punch-
ing the hypothalamus with a hollow needle (diameter 1100 μm) based on anatomical 
landmarks (36).The PE samples may include (part of) the dorsomedial nucleus (DMN) 
which –like the PVN- contains TRH neurons. The same instrument was used to ob-
tain the ARC-ME samples. The study was approved by the University Victor Segalen 
Animal Care and Use Committee in Bordeaux, France (90).

  serum thyroid hormones

Serum T3 and T4 were measured with in-house RIA’s (91). All samples of one ex-
periment were measured within the same run (intra-assay variability T3: 3,6% and T4: 
6,6%). 
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  Primary tanycyte cell cultures

Brains (without the pituitary) were carefully isolated from 10 days old (p10) Wistar rat 
pups and washed in Dulbecco’s PBS (DBPS) (PAA laboratories GmbH, Pasching, 
Austria). Primary tanycyte cell cultures were prepared as described before (92). In 
brief, meninges were removed and the walls of the third ventricle were dissected and 
collected on ice in tanycyte culture medium (DMEM high glucose medium with 10% 
fetal calf serum (FCS) and 1% penicillin/streptomycin (PS) (all from PAA laborato-
ries)). Tissue was scraped through a 20 μM nylon mesh (Sefar, Heiden, Switzerland) 
and the dissociated cells were cultured in tanycyte culture medium. Medium was re-
freshed after 5 days and the cultures were maintained for up to three weeks refreshing 
the medium twice a week. For the mRNA expression studies, 1.5·105 tanycytes/well 
were grown in a 24 wells plate. After 24 hours cells were stimulated with LPS (1 μg/ml) 
or vehicle for 0 (baseline), 2, 6, 8 and 24 hours and harvested as described under the 
section RNA isolation and qPCR. The tanycyte cell cultures were checked for tanycyte 
expressed genes and for TSHβ to exclude contamination with pars tuburalis cells. 

For the chemical inhibition of NF-κB, sulfasalazine (Sigma, ST Louis, USA) and JSH-
23, an inhibitor of nuclear internalization (Calbiochem, Darmstadt, Germany) were 
used. After 24 hours cells were pre-incubated for 30 minutes with either 1% (v/v) or 
0.1% (v/v) dimethylsulfoxide (DMSO), 2mM sulfasalazine (dissolved in DMSO) or 50 
μM JSH-23 (dissolved in 10% DMSO). LPS or vehicle was added to the cells without 
washing and cells were harvested after 6 hours incubation. For the protein expres-
sion studies, 2.5·105 cells/well of primary tanycytes were grown to confluence in a 6 
well plate. For the immunocytochemistry, 2.5·105 cells/well of primary tanycytes were 
grown to confluence on coverslips in a 6 well plate. 

  Immunocytochemistry

Cells were washed with PBS and fixed in a 4% paraformaldehyde solution. After 
washing with PBS-triton (0.05 % v/v), cells were blocked with abdil (PBS with 1% w/v 
bovine serum albumin and 0.05 % v/v triton X-100) and incubated overnight with pri-
mary antibody (rabbit-anti-vimentin (#5741), Cell signaling technology, Danvers, MA, 
USA and rabbit-anti-GFAP (glial fibrillary acidic protein) (Z0334), DAKO, Glostrup, 
Denmark) in abdil (vimentin 1:200, GFAP 1:500) at 4 degrees. After incubation, cells 
were washed with PBS-triton and incubated for 1 hour with secondary antibody 
(AlexaFluor 594 goat-anti-rabbit, Invitrogen, Carlsbad, CA, USA), in abdil (1:1000) at 
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room temperature. Slides were embedded with vectashield containing DAPI (Vector 
laboratories, Burlingame, CA, USA) to stain the nuclei. 

  Ink/arf-/- cell cultures

For control experiments, Ink/Arf-/- glioma cell line of murine origin was kindly provided 
by E. Hol (NIN, KNAW, Amsterdam, the Netherlands). Ink/Arf-/- cells were cultured in 
DMEM/Ham’s F12 medium with 10% FCS and 1% P/S (all from PAA). 
For the mRNA expression study, 5·104 Ink/Arf-/- cells/well were grown in a 24 wells 
plate. After 24 hours, cells were stimulated with LPS (1 μg/ml) for 0 (baseline), 2, 6, 8 
and 24 hours and harvested as described below. For the protein expression studies, 
5·105cells/well of Ink/Arf-/- cells were grown to confluence in a 6 well plate.

  Transfection and siRna

To obtain knock down of target genes Stealth RNAi duplexes (Invitrogen, Carlsbad, 
CA, USA) were used. Three sequences per target gene were tested for efficiency (at 
least 80% knockdown on mRNA level) and the most efficient one was selected for 
further in vitro experiments (RelA: RSS358497). As a negative control LOGC Stealth 
RNAi duplex was used. 

For RNA isolation, 2·104 cells were reverse transfected with a final concentration of 
25 nM stealth siRNA duplex diluted in optimem reduced serum medium and 3 μl 
Hiperfect transfection Reagent (Qiagen, Hilden, Germany) per well. After 24 hours 
cells were stimulated with forskolin (50 μM), LPS (1 μg/ml )or vehicle for 6 hours and 
harvested as described below. 

  Rna isolation and qPCR

For RNA isolation, cells were washed with PBS and subsequently lysed in 125 μl lysis 
buffer from the Magna pure LC RNA Isolation kit-High performance (Roche Molecular 
biochemicals, Mannheim, Germany). RNA was isolated using the Magna Pure appara-
tus (Roche) and above described kit. RNA yield was determined using the Nano drop 
(Nanodrop, Wilmington, Delaware USA) and cDNA was synthesized with equal RNA 
input with the First strand cDNA synthesis kit for qPCR with oligo d(T) primers (Roche). 
Quantitative PCR was performed using the Lightcycler 480 and Lightcycler480SybrGreen 
I Master mix (Roche). The primers used are displayed in table 1. 
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Quantification was performed using the LinReg software. Samples that had a deviation 
of more than 5% of the mean efficiency value of the assay were excluded. Calculated 
values were normalized to the housekeeping gene values (Cyclophilin) whose expres-
sion was not significantly different among treatment groups. In the PE-punches we 
checked multiple housekeeping genes and chose Cyclophilin as the most stable one. 

          Gene        symbol            sequence                                                                 annealing 

                            temp

      Rat CyclophilineB   Ppib   Forward 5’-ATGTGGTCTTTGGGAAGGTG-3’   55

           Reverse 5’-GAAGGAATGGTTTGATGGGT-3

     Mouse Cyclophilin B     Forward 5’-GAGACTTCACCAGGGG-3’     55

          Reverse 5’- CTGTCTGTCTTGGTGCTCTCC-3’ 

     Rat D2      Dio2   Forward 5’-TCCTGGAGCGTTTCTCCTT-3’    55

          Reverse 5’- CATAAGCTACGTTGGCATTATTGT-3’

      Mouse D2       Forward 5’-GCTTCCTCCTAGATGCCTACAA-3’   60

          Reverse 5’- CCGAGGCATAATTGTTACCTG-3’ 

     Rat and mouse  RelA  Rela   Forward 5’- GACCTGGAGCAAGCCATTAG-3’   55

          Reverse 5’-ATCTTGAGCTCGGCAGTGTT-3’

     Rat and mouse JNK1    Mapk8   Forward 5’-TGCAAATCTTTGCCAAGTGA-3’    55

          Reverse 5’-AAAACTCGTTCCTGCAGTCC-3’ 

      Rat DARPP32       Ppp1r1b  Forward 5’-CAGCTCGACCCCCGACAGGT-3’   60

          Reverse 5’-TCGACTTTGGGTGGTGCCCCT-3’ 

     Rat Vimentin   Vim   Forward 5’-CGAGGAGGAGATGAGGGAGTTGCG-3’  55

          Reverse 5’-GGTCAAGACGTGCCAGAGAAGCA-3’ 

      Rat Nestin    Nes   Forward 5’-GAGCGCAGAGAAGCGCTGGAA-3’   55

          Reverse 5’-TCGTCCAGGTGTCTGCAACCG-3’ 

      Rat GPR50        Gpr50   Forward 5’-TTCCCACCCCATTCGGCTGC-3’   60

          Reverse 5’-GCCACGAGCATGTCTGCCACA-3’

      Rat TLR4    Tlr4    F orward 5’-ATGCCTCTCTTGCATCTGGC-3’    55

          Reverse 5’-ATTGTCTCAATTTCACACCTGGA-3’ 

          Rat TSHb     Tshb   Forward 5’-TCGTTCTCTTTTCCGTGCTT -3’    65

          Reverse 5’- CGGTATTTCCACCGTTCTGT -3’ 

  Table 1: description of the primers used for qPCR. Gene symbols, primer    

  sequences and annealing temperatures are shown. 
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Western blots

For the measurement of RelA and JNK1 protein activation, tanycyte cell cultures were 
stimulated with LPS (1 μg/ml) or vehicle and incubated for 30 or 60 minutes. For the 
validation of the RelA inhibitors, Ink/Arf-/-cells were stimulated with 50 μM JSH-23 or 
2 mM Sulfasalazine with or without LPS (1 μg/ml) for 60 minutes. After washing with 
ice cold PBS, cells were scraped and spun down at maximum speed in an eppen-
dorf centrifuge. For the activation experiment pellets were resuspended in 100 μl 2x 
protein loading buffer (2% (w/v) SDS (sodium dodecyl sulphate), 10% glycerol, 0.1M 
dithiotreitol (DTT), 48 mM Tris pH 6.8, bromophenol blue). For the inhibitor validation, 
nuclear extracts were prepared from 3 wells per sample. Pellets were resuspended in 
400 μl cytosolic lysis buffer (CEB)(10 mM HEPES pH 7.5; 1.5 mM MgCl2; 10mM KCl; 
1 mM DTT; protease inhibitor (Complete Mini-EDTA-free ,Roche); phosphatase inhibi-
tor (phospho/STOP, Roche)). Cells were fractionated with a potter homogenizer and 
homogenates were spun down for 5 minutes at 5000 rpm. Pellets (nuclear fraction) 
were washed with CEB and spun down again. Pellets were resuspended in nuclear 
extraction buffer (NEB)( 50 mM Tris-HCl, pH 7.2; 140 mM NaCl; 2 mM EDTA; 1% 
NP-40; protease inhibitor (Complete Mini-EDTA-free, Roche); phosphatase inhibitor 
(phospho/STOP, Roche) and incubated on ice for 30 minutes. Lysates were spun 
down for 10 minutes at maximum speed and the supernatant (nuclear fraction) was 
snap frozen and stored in -80°C. 

For the western blot 25 μg protein was loaded on a 10% SDS-PAGE gel. Gels were 
blotted on to Immobilon-P transfer membrane (Millipore, Bedford, MA, USA). Blots 
were blocked with 5% milk in TBS/T for 1 hour at room temperature (RT). The pri-
mary antibodies used were NF-κB p65 (#3034), phospho-NF-κB p65 (Ser536, 
#3033), phospho-SAPK/JNK1 (Thr183/Tyr185, #9251) (all Cell signalling technology, 
Danvers, MA, USA), Lamin A/C (SC-20681) and Actin I-19 (SC-1616, both from Santa 
Cruz biotechnology, Santa Cruz, CA, USA). Secondary antibodies were goat-anti-
rabbit-HRP and rabbit-anti-goat-HRP (DAKO, Glostrup, Denmark). Primary antibod-
ies were incubated for 1 hour at RT followed by an overnight incubation at 4°C in 5% 
milk in TBS/T in a concentration of 1:1000 (b-actin 1:3000). Blots were washed 3 
times 5 minutes with TBS/T and incubated with the appropriate secondary antibody 
for 1 hour at RT (1:10.000). After 3 times 5 min washes, blots were incubated with 
ECL Prime western blotting detection reagent (GE Healthcare, Little Chalfont, UK) 
and chemiluminiscence was visualized on the ImageQuant LAS4000 (GE Healthcare, 
Little Chalfont, UK). 
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  statistics 

Differences between LPS and control conditions were evaluated using two-way 
ANOVA with two grouping factors. Normal distribution of the data was tested using 
the Shapiro-Wilk test on the residues of the ANOVA. If not normally distributed, data 
were ranked before performing ANOVA. p-values in the figures represent the effect 
of LPS treatment. To correct for multiple testing the effect of treatment was consid-
ered significant when p-values were ≤0.016 for the in vivo and in vitro time course 
experiments. To test pair-wise comparisons ANOVA was followed by student’s t-test if 
data was normally distributed, or by Mann-Whitney U tests if not normally distributed. 
Symbols in the figures represent the pair-wise p-values. For the siRNA and chemical 
inhibitor experiments, basal differences in D2 mRNA levels were tested with student’s 
t-test. If significant, data was normalized to control values and a two-way ANOVA 
was performed on the relative data. All tests were performed using SPSS. (SPSS, 
Chicago, IL, USA).
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 REsulTs

 Effects of LPS administration on D2, RelA and JNK1 mRNA expression in vivo.

We measured the expression of D2, RelA and JNK1 mRNA in the ARC-ME and PE 
region of mice that received an LPS injection and were sacrificed after 4, 8 and 24 
hours. In the ARC-ME, LPS did not result in a significant upregulation of D2 mRNA 
compared to saline treated controls when tested with ANOVA. However, when the 4h 
time point was tested separately with a t-test, D2 expression in the LPS group was 
significantly higher (Fig 1A). In the PE region D2 mRNA was significantly increased 
4 and 8 hours after LPS (Fig 1B) compared to control mice. In addition, we found a 
significant effect of LPS treatment on RelA mRNA expression in the ARC-ME (Fig 1A) 
but not in the PE region (Fig 1B). JNK1 mRNA was not significantly increased after 
LPS injection in the ARC-ME or PE region (Fig 1A and 1B). Serum total T3 and T4 

concentrations started to decrease already 4 hours after LPS administration and were 
significantly lower after 24 hours (Fig 1C). 
 

  Figure 1: d2, Rela and JnK1 relative mRna expression in aRC-ME (a) and PE  

	 	(B)	region	of	the	hypothalamus	and	total	t3 and T4 levels in serum (C) of mice that   

  received lPs (closed circles) or saline (open circles) for 4, 8 or 24 hours. Mean   
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  values ± sEM (n=4/6) are shown. P values indicate differences between treatment  

  groups by nonparametric anoVa when not normally distributed or parametric   

  anoVa when normally distributed. symbols indicate differences between lPs and 

	 	control	groups	for	each	time	point	evaluated	by	Mann-Whitney	U-tests;	*	p≤0.05,	**	

	 	p≤0.01

 Primary cultures show tanycyte expressed genes.

We isolated and cultured primary tanycyte cell cultures from the brains of p10 rat 
pups. These cultures expressed genes that are known to be highly expressed in tany-
cytes, i.e., D2, vimentin, DARPP32, GPR50 and nestin as measured by qPCR (data 
not shown). The absence of contamination with pars tuburalis cells was confirmed by 
qPCR for TSHβ, no amplification of TSHβ was seen in comparison to pituitary cDNA. 
We also confirmed mRNA expression for the Toll like receptor 4 (TLR4), which is the 
receptor for LPS (data not shown). Cultured cells showed abundant vimentin immu-
nostaining (Fig 2A) while GFAP protein-expression was negative, confirming tanycyte 
identity (93;94) (Fig 2B). 
 

 

  Figure 2: Immunohistochemical characterization of a primary tanycyte culture   

	 	after	2	weeks	in	culture.	DAPI	(blue),	Vimentin	(Green)(A)	and	GFAP	(red)	(B).	20x		

  magnification

 The effects of LPS on D2, RelA and JNK1 expression in tanycyte cell cultures. 

Tanycyte cell cultures were stimulated with LPS and harvested at t=0, 2, 6, 8 and 24 
hours. D2 mRNA expression was significantly increased 6, 8 and 24 hours after LPS 
stimulation. RelA mRNA expression was increased already after 2 hours of LPS stim-
ulation and this effect sustained for 6, 8 and 24 hours. JNK1 mRNA expression was 
not affected by LPS (Fig 3). Next, we determined the activation of inflammatory signal 
transduction pathways after LPS stimulation in tanycyte cell cultures by evaluating 
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the phosphorylation of RelA and JNK1 proteins. Increased levels of pRelA and pJNK1 
were observed in these cultures 30 and 60 minutes after LPS stimulation (Fig 4). 

 

  Figure 3: d2, Rela and JnK1 relative mRna expression in tanycyte cell cultures that  

  were incubated for 2,6,8 or 24 hours with (closed circles) or without (open   

	 	circles)	LPs	(1	μg/ml).	Mean	values	±	sEM	(n=5/8)	are	shown.	P	values	indicated	are	

  differences between treatment groups by parametric anoVa when data was   

  normally distributed or by nonparametric anoVa when not normally distributed.  

  symbols indicate difference between lPs or control groups for each time point   

	 	evaluated	by	students	t-tests	or	Mann-Whitney	U-tests,	*	p≤0.05,	**	p≤0.01

 Inhibition of inflammatory pathways in tanycyte cell cultures with sulfasalazine or JSH-
23 blocks the LPS induced D2 increase. 

Primary tanycytes were stimulated with LPS after blocking the inflammatory pathway 
NF-κB by the chemical inhibitor sulfasalazine or JSH-23. Since both compounds are 
reported to inhibit nuclear translocation, the effectiveness of both compounds was 
assessed by western blot for NF-κB p65 on nuclear extracts of Ink/Arf-/- cells. LPS in-
creased nuclear localization of NF-κB p65 while both sulfasalazine and JSH-23 inhib-
ited this effect (Fig 5C). Sulfasalazine treatment resulted in 25% lower basal D2 mRNA 
expression (p=0.023, data not shown), while JSH-23 increased basal D2 mRNA by al-
most 300% (p≤0.001, data not shown). However, basal levels after JSH-23 treatment 
did not reach the levels of the control cells after LPS treatment, indicating no plateau 
was reached. Therefore D2 mRNA expression after LPS stimulation is shown relative 
to the control condition (DMSO control). While LPS significantly increased D2 mRNA 
expression in the control group, no increase was observed when NF-κB was inhibited 
by sulfasalazine (Fig 5A). When nuclear internalization was blocked with JSH-23, the 
LPS induced increase in de control condition was not present anymore (Fig 5B). As 
a control experiment, RelA signalling in Ink/Arf-/- cells was inhibited with siRNA’s and 
cells were stimulated with either LPS or forskolin to assess the effect on D2 mRNA 
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expression. Both LPS (2-fold) and forskolin (100- fold) significantly induced D2 mRNA 
expression, but only in the LPS stimulated group RelA knockdown prevented this ef-
fect. Knock down of RelA did not affect the forskolin induced D2 upregulation (data 
not shown). 

 

	 	Figure	4:	Protein	expression	in	tanycyte	cell	cultures	with	or	without	LPs	(1	μg/	

  ml) at several time points. Western blots were detected with anti-phospho-Rela,  

  anti-phospho-JnK1 and anti-actin antibodies.  
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  Figure 5: a) Relative d2 mRna expression in tanycyte cell cultures after 6 hours  

	 	incubation	with	(black	bars)	or	without	(white	bars)	LPs	(1	μg/ml),	in	a	1%	DMsO		

  control group and in tanycyte cell cultures that were treated for 30 minutes with   

	 	2mM	sulfasalazine.	B)	Relative	D2	mRNA	expression	in	tanycyte	cell	cultures	after		

	 	6h	incubation	with	(black	bars)	or	without	(white	bars)	LPs	in	a	0.1%	DMsO	control		

	 	group	and	in	tanycyte	cell	cultures	that	were	treated	for	30	minutes	with	50μM	JsH-

  23. Mean values ± sEM (n=4/6) are shown. P values indicated are differences

  between control and lPs groups by parametric anoVa. symbols indicate    

	 	difference	between	LPs	or	control	groups	evaluated	by	students	t-tests	*	p≤0.05,	**		

	 	p≤0.01	c)	Western	blot	for	RelA	and	lamin	on	nuclear	fractions	of	InkArf-/- cells that  

	 	are	treated	with	either	2mM	sulfasalazine	or	50	μM	JsH-23	with	or	without	LPs.	



40

dIsCussIon

In this study we show that acute inflammation, induced by LPS, results in increased 
expression of inflammatory signal transduction pathways in specific regions of the 
hypothalamus of mice. The observed increase is associated with an increase in hy-
pothalamic D2 mRNA expression. Furthermore, we show for the first time that in a 
primary tanycyte cell culture D2 increases in response to LPS which is also associ-
ated with activation of inflammatory signal transduction pathways of NF-κB and JNK1. 
Finally, blocking RelA (the p65 subunit of NF-κB) activation and nuclear translocation 
inhibits the LPS induced D2 increase. 

Tanycytes are divided into four different subtypes by their anatomical location and 
functional properties (38). β-tanycytes line the floor of the third ventricle and act as 
a barrier between the cerebrospinal fluid (CSF) and the portal blood system in the 
median eminence (ME). On the other hand, α-tanycytes line the upper wall of the 
third ventricle and do not have a barrier function. We observed increased D2 mRNA 
expression in the PE region (containing primarily α-tanycytes) of the hypothalamus 4 
and 8 hours after LPS administration which is consistent with observations in other 
studies. In these studies both D2 mRNA and activity levels were increased in several 
models of illness (27;32;34;39;40;44;49). The observation that D2 expression in the 
PE region (α-tanycytes) is also highly sensitive to fasting and altered energy status 
(58) highlights the heterogenic character of the tanycyte population and is consistent 
with our findings that the inflammatory-induced increase of D2 mRNA expression is 
more robust in the PE region than the ARC-ME. The rise in D2 mRNA expression cor-
responded with a drop in total serum T3 and T4 concentrations. 

Since tanycytes are the key site of altered TH metabolism during illness, using a 
primary tanycyte culture to test our hypothesis has a clear advantage over the use 
of cortical astrocytes. The rise of D2 in cortical astrocytes is dependent on the fall of 
T4 during illness, while the increased D2 expression in the mediobasal hypothalamus 
precedes the fall in T4 levels (39) making it a more relevant cell type to study in this 
context. However, the absence of specific tanycyte markers makes it very difficult to 
selectively isolate or culture these cells. We found that the majority of the cells stained 
positive for vimentin, while only a very small proportion expressed GFAP, which has 
been reported to be characteristic of tanycytes (95). We also confirmed the presence 
of other genes that are expressed in tanycytes, such as nestin, GPR50 and DARPP32 
by qPCR (96;97). Contamination with pars tuburalis cells was ruled out by qPCR for 
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TSHβ. We cannot rule out, however, that our culture is somewhat heterogeneous and 
also contains additional cell types located in the vicinity of the wall of the third ventri-
cle. Isolation of tanycytes from mice pups is technically not feasible, and we therefore 
chose to use rat pups for this purpose. Since the available literature shows that the 
changes in TH metabolism during NTIS are conserved among several rodent spe-
cies, we do not expect that this will confound our conclusions. 

Over the years many attempts have been made in identifying the regulating factors of 
D2 during illness. The Dio2 promoter contains a NF-κB binding site and is responsive 
to NF-κB in vitro (42;44). In the study by Sanchez et al., TNF-α and CREB signalling 
were ruled out as the main initiator of D2 transcription during inflammation. To prove 
a causal relationship between RelA and enhanced D2 transcription, we blocked RelA 
using chemical inhibitors. Our attempts to transfect tanycyte cultures using electropo-
ration and lipid based transfection reagents were unsuccessful and therefore these 
cells were not amenable to siRNA knockdown studies. For the validation of the nu-
clear inhibitors and for a control experiment where LPS and forskolin were compared, 
we used the Ink/Arf-/- glioma cell line. 

Consistent with the effect of LPS in vivo, primary tanycyte cell cultures showed a 
marked increase of D2 mRNA expression 6 and 8 hours after LPS stimulation, which 
was even extended to 24 hours. There was a rapid induction of RelA mRNA already 
visible after 2 hours as well as a rapid activation of RelA and JNK1 protein 15, 30 and 
60 minutes after LPS stimulation. These observations are in contrast with those of 
Sanchez et al. (44), who found that the LPS-induced D2 increase in the PE region of 
the hypothalamus region precedes the activation of NF-κB signalling based on the 
kinetics of the observed alterations in D2 and Iκ-Bα mRNA expression. However, dif-
ferences in methods could play a role in these contrasting observations. Iκ-Bα is an 
inhibitory molecule that is under control of NF-κB. It is therefore a secondary marker 
for NF-κB activation, while in the present study we looked at activation of NF-κB itself. 
Although we think that the contribution of other cell populations in our tanycyte cell 
cultures is unlikely, we can not rule out any confounding effects of other cell types in 
the cultures while Sanchez et al. specifically looked at tanycytes in brain slices with 
in situ hybridization. Furthermore, based on the study of Sanchez et al and our own 
study one could assume that NF-κB not only plays a role in the induction of D2 but 
also in the maintenance of the signal, thus providing a mechanism ensuring sufficient 
D2 mRNA expression. 



42

To further test the involvement of NF-κB in the response of D2 to LPS, we used the 
chemical inhibitors sulfasalazine and JSH-23 to block NF-κB signalling in tanycyte 
cell cultures. Sulfasalazine is known to inhibit nuclear translocation of RelA by pre-
venting degradation of Ik-Ba, the molecule that binds RelA and retains it in the cyto-
plasm (98). JSH-23 also prevents the translocation of RelA to the nucleus, but without 
affecting Ik-Ba degradation (99). Sulfasalazine treatment completely prevented the 
LPS induced increase of D2. In cortical astrocytes, it was shown earlier that sul-
fasalazine, as well as ERK and p38 inhibitors, are able to prevent the effect of LPS 
on D2. However, the relevance of this finding for the in vivo situation is not clear since 
D2 expression in the cortex is likely to be secondary to the fall in serum T4 after LPS 
administration (89). Besides sulfasalazine, pre-incubation of tanycytes with JSH-23 
also prevented the LPS induced D2 increase, indicating that NF-κB p65 is a regulator 
of D2 transcription during inflammation. This mechanism is clearly different from other 
stimuli known to regulate D2 expression such as forskolin since inhibition of RelA with 
siRNA’s in Ink/Arf-/- cells did affect the LPS induced D2 mRNA increase, but had no 
effect on the forskolin induced D2 expression. 

Interestingly, blocking the transcriptional actions of NF-κB p65 with JSH-23 increased 
the basal expression of D2. While the available literature on NF-κB signalling is ex-
tensive, only recently the complexity of the system is starting to be unravelled. There 
is evidence suggesting that NF-κB dimers are not only transcriptional activators, but 
can also function as repressors (100). RelA homodimers have been shown to be able 
to shuttle from and to the nucleus in resting cells, keeping their DNA binding capacity 
even in unstimulated cells (101;102). This indicates that besides a role in specifically 
upregulating D2 during inflammation, NF-κB might also regulate its expression in the 
basal state. It is also possible that cofactors used by NF-kB to activate the Dio2 gene 
become available for other transcription factors in favour of Dio2 activation in unstimu-
lated cells when NF-kB is inhibited. This possibility was shown to be relevant for the 
illness-induced decrease in liver D1 expression (103). 

In conclusion, the spatial and temporal activation of inflammatory pathways of JNK1 
and NF-κB as shown in this paper suggests an important role in the regulation of D2 
during inflammation and sheds new light on how the central component of the HPT 
axis might be downregulated during illness. 
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