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1 INTRODUCTION	

1.1 Interleukin-6	

Cytokines	are	 small	 secreted	and	 soluble	proteins,	 initially	discovered	 in	

relation	 to	 the	 immune	 system,	 that	 allow	 cell-to-cell	 communication,	 either	 on	

the	 same	 cells	 that	 secrete	 them	 (autocrine	 action),	 on	 neighboring	 cells	

(paracrine	action)	or	distant	cells	(endocrine	action).	Within	the	cytokine	label	

there	 are	 classical	 naming	 conventions	 like	 lymphokine	 (cytokines	 made	 by	

lymphocytes),	monokines	(cytokines	made	by	monocytes),	chemokines	(cytokines	

with	chemotactic	properties)	or	 interleukins	 (cytokines	made	by	and	acting	on	

leucocytes).	A	common	trait	of	all	of	them	is	pleiotropy	(i.e.	being	able	to	act	on	

several	 target	 cells).	 In	 addition,	many	of	 them	are	redundant	with	 each	other,	

serving	similar	functions	(Zhang	and	An	2007).	

Interleukin-6	 (IL-6)	was	 first	 discovered	 (albeit	 not	with	 that	 name)	 in	

the	 culture	 supernatants	 of	 mitogen	 or	 antigen-stimulated	 peripheral	

mononuclear	cells	and	seen	to	be	able	to	 induce	immunoglobin	production	in	B-

cells	 (Muraguchi	 et	 al.	 1981).	 T-cells	 had	 been	 known	 to	 produce	 growth	 and	

differentiation	factors	to	activate	B-cells	into	antibody-secreting	cells	(Kishimoto	

et	 al.	 1984)	 so	 it	was	 only	 a	matter	 of	 time	until	 they	were	 properly	 identified.	

Human	 B-cell	 differentiation	 factor	 (BCDF)	 was	 later	 purified	 as	 a	 molecule	

inducing	 the	 final	 differentiation	 of	 B-cells	 into	 high-rate	 immunoglobin	 (Ig)-

secreting	 cells	 (BSFp-2)	 (Hirano	 et	 al.	 1985).	 However,	 in	 parallel	 other	 groups	

were	 also	 working	 with	 the	 same	 molecule	 and	 giving	 it	 different	 names	

interferon-β2	 (INF-	 β2),	 26-kDa	 protein,	 hepatocyte	 stimulating	 factor	 (HSF)	 or	

hybridoma	growth	 factor	 (HGF).	When	 the	 cDNA	of	 all	 of	 them	was	available,	 it	

was	 shown	 that	 they	 were	 in	 fact	 the	 same	 protein	 and	 the	 name	 IL-6	 was	

proposed	to	unify	all	(Gauldie	et	al.	1987;	Poupart	et	al.	1987;	Sehgal	et	al.	1987;	

Van	Damme	et	al.	1987).	
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Human	Il6	is	located	in	chromosome	7	(Sehgal	et	al.	1986),	specifically	in	

7p15-p21	 (Ferguson-Smith	 et	 al.	 1988);	 and	 in	 the	 proximal	 region	 of	

chromosome	 5	 in	 mice	 (Mock	 et	 al.	 1989).	 It	 was	 cloned	 early	 on	 in	 human	

(Yasukawa	et	al.	1987),	mouse	(Van	Snick	et	al.	1988)	and	rat	(Northemann	et	al.	

1989)	and	all	of	them	have	5	exons	and	4	introns.	The	coding	region	of	the	human	

and	murine	genes	is	60%	homologous,	while	the	5’-flanking	regions,	implicated	in	

transcriptional	regulation,	and	3’-untranslated	regions,	related	to	mRNA	stability,	

are	 highly	 conserved	 (Tanabe	 et	 al.	 1988).	 At	 the	 protein	 level,	 human	 IL-6	 has	

212	aminoacids	(aa)	and	a	molecular	weight	between	23	and	30	kDa,	depending	

on	 post-translational	 modifications	 (e.g.	 N-glycosylation,	 O-glycosylation	 and	

serine	phosphorylation)	(May	et	al.	1988a;	1988b).	Murine	IL-6	has	211	aa	and	a	

molecular	weight	 ranging	 from	22	 to	 29	 kDa	 (Van	 Snick	 et	 al.	 1986),	 due	 to	O-

glycosylation	 (Simpson	 et	 al.	 1988).	 However,	 these	modifications	 seem	 to	 lack	

any	 biological	 activity	 specificity	 since	 the	 recombinant	 molecule	 produced	 in	

bacteria	 is	 indistinguishable	 in	 function	 from	 natural	 IL-6	 (Simpson	 and	Moritz	

1988).	The	homology	between	the	human	and	the	murine	proteins	is	41%	(Figure	

1),	 given	 that	 there	 is	 little	 homology	 in	 the	 N-terminal	 region,	 but	 a	 greater	

similarity	in	the	middle	and	C-terminal	regions	(Simpson	et	al.	1988).	

Figure	1.	Protein	 sequence	alignment	of	human	and	mouse	 IL-6.	 Amino	acid	 sequences	were	
obtained	 from	 PubMed,	 accession	 numbers	 AAH15511.1	 (human)	 and	 AAI38767.1	 (mouse).	

Sequence	 alignment	 was	 carried	 out	 using	 ExPASy’s	 SIM	 Alignment	 Tool	 for	 protein	 sequences	

(web.expasy.org/sim;	Swiss	Institute	of	Bioinformatics).	
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Structurally,	 IL-6	 is	 a	 four-helix	 bundle	 cytokine	 (Somers	 et	 al.	 1997)	

(Figure	2)	and	it	is	considered	the	founding	member	of	the	neuropoietin	family,	

which	includes	other	structurally-related	cytokines	such	as	IL-11	(Yin	et	al.	1993),	

IL-30	 (Garbers	et	al.	2013),	 IL-31	 (Diveu	et	al.	2004),	 leukemia	 inhibitory	 factor	

(LIF)	(Gearing	et	al.	1991),	ciliary	neurotrophic	factor	(CNTF)	(Davis	et	al.	1993),	

oncostatin	M	(OSM)	(Gearing	et	al.	1992),	cardiotrophin-1	(CT-1)	 (Pennica	et	al.	

1995),	 neuropoietin/cardiotrophin-2	 (NP/CT-2)	 (Derouet	 et	 al.	 2004),	 and	

cardiotrophin-like	cytokine	 factor	1	 (CLC,	also	known	as	new	neurotrophin-1	or	

B-cell	stimulatory	factor-3)	(Senaldi	et	al.	1999).	

	

	

	

	

Figure	 2.	 Structure	 of	 IL-6.	 The	 four	 helixes	 are	
colored	 in	 red,	 green,	 yellow	 and	 blue.	 Receptor	

binding	sites	 for	both	IL-6R	(1)	and	gp130	(2	and	3)	

are	 also	 indicated.	 Image	modified	 from	Hunter	 and	

Jones	2015.	

	

1.2 Interleukin-6	receptor	and	signal	transduction	

IL-6	binds	to	the	class	I	cytokine	receptor	IL-6Rα	(also	known	as	gp80	or	

CD126)	(Yamasaki	et	al.	1988).	Its	N-terminal	portion	has	an	Ig-like	domain,	not	

required	 for	 IL-6	binding	 in	humans	but	necessary	 for	cell	surface	expression	 in	

mice	 (Wiesinger	et	al.	2009),	 and	a	 cytokine	 receptor	 family	domain,	 formed	by	

two	fibronectin	type	III	modules	and	containing	four	conserved	cysteine	residues	

and	 a	 tryptophan-serine-x-tryptophan-serine	 (WSxWS)	 motif	 (Bazan	 1990).	 Its	

intracellular	 portion	 is	 very	 short,	 and	 lacks	 intrinsic	 enzymatic	 activity	 or	 any	

signal	transduction	motifs	(Yamasaki	et	al.	1988)	(Figure	3,	left).	
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Since	 this	 receptor	 cannot	 signal	 on	 its	 own,	 it	 forms	 a	 heterooligomer	

with	the	transducing	protein	gp130	 (Taga	et	al.	1989),	a	class	I	hematopoietin	

receptor,	 which	 consists	 of	 a	 N-terminal	 Ig-like	 module,	 a	 cytokine	 binding	

domain	 (such	 as	 the	 one	 described	 for	 IL-6R)	 and	 three	 membrane-proximal	

fibronectin	 type	 III	 modules.	 The	 intracellular	 portion	 of	 gp130	 has	 tyrosine	

residues	 that	 become	 phosphorylated	 during	 signal	 transduction	 and	 also	 a	 di-

leucine	 motif	 for	 endocytosis	 of	 the	 signaling	 complex	 (Dittrich	 et	 al.	 1996;	

Schaper	and	Rose-John	2015)	(Figure	3,	right).	

Gp130	is	a	glycoprotein	which	is	ubiquitously	expressed	(Hibi	et	al.	1990)	

and	that	homodimerizes	when	interacting	with	the	IL-6-IL6R	complex	(Taga	et	al.	

1989;	 Murakami	 et	 al.	 1993).	 Ligand	 binding	 elicits	 the	 internalization	 of	 the	

signaling	complex,	which	could	be	a	way	of	preventing	overstimulation	(Dittrich	

et	 al.	 1994).	 The	 exact	 stoichiometry	 of	 the	 signaling	 complex	 is	 still	 debated.	

Initially,	when	 the	 group	of	Kishimoto	described	 the	 interaction	with	 gp130,	 no	

specific	 model	 was	 discussed	 (Taga	 et	 al.	 1989;	 Murakami	 et	 al.	 1993).	 Later,	

through	 ultracentrifugation,	 co-precipitation	 or	 crystallization	 experiments	with	

IL-6	or	 related	cytokines,	 two	models	have	been	proposed	 for	 the	 interaction	of	

IL-6,	 IL6-R	and	gp130	a	tetramer	IL-6/IL-6R/(gp130)2	 (Grötzinger	et	al.	1997;	

Pflanz	 et	 al.	 2000)	 or	 a	hexamer	 (IL-6)	 2/(IL-6)	 2/(gp130)2	 (Ward	 et	 al.	 1994;	

Paonessa	 et	 al.	 1995;	 Boulanger	 et	 al.	 2003).	 An	 integrated	 model	 has	 been	

proposed	 by	 Grötzinger	 and	 colleagues	 (1999)	 in	which	 the	 tetramer	would	 be	

the	active	form	and	the	hexamer	an	inactive	one	involved	in	inhibition	of	signaling	

in	 the	 presence	 of	 supraoptimal	 concentrations	 of	 the	 cytokine.	 The	 authors	

propose	that	this	model	explains	the	bell-shaped	dose-response	curve	of	IL-6	(van	

Dam	et	al.	1993),	by	which	above	an	optimal	concentration,	the	biological	activity	

diminishes.	 Another	 possibility	 to	 explain	 the	 curve	 could	 be	 ligand-mediated	

endocytosis,	 which	 reduces	 binding	 sites	 and	 could	 be	 in	 place	 to	 prevent	

overstimulation	(Dittrich	et	al.	1996).	
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Figure	 3.	 IL6-R	 and	 gp130.	 Both	 components	 of	 the	 IL-6	 signaling	 complex	 have	 a	 similar	
extracellular	 structure	 composed	of	 an	N-terminal	 Ig-like	module	 and	 a	 cytokine-binding	domain.	

The	IL6R	has	two	fibronectin	type	III	modules,	one	with	4	conserved	cysteines,	and	the	other	(closer	

to	the	membrane)	with	a	WSxWS	motif.	Gp130	has	the	same	two,	plus	three	additional	fibronectin	

type	 III	 modules.	 The	 intracellular	 portion	 of	 IL-6R	 is	 very	 short	 and	 lacks	 signal	 transduction	

motifs,	while	that	of	gp130	has	several	tyrosines	(Y)	that	participate	in	signaling	and	a	di-leucine	(L)	

motif	implicated	in	endocytosis	of	the	complex.	Based	on	Kishimoto	et	al.	1995;	Dittrich	et	al.	1996;	

Hammacher	et	al.	1998;	Schaper	and	Rose-John	2015.	

	

In	 any	 case,	 the	 homodimerization	 of	 gp130	 causes	 the	 activation	 and	

cross-phosphorylation	 of	 the	 associated	 JAK-TYK	 kinases	 (JAK1,	 JAK2,	 TYK2)	

(Stahl	 et	 al.	 1994),	 and	 the	 subsequent	 tyrosine-phosphorylation	of	 gp130.	This	

phosphorylation	 creates	 specific	 docking	 sites	 (Y767,	 Y814,	 Y905	 and	 Y915;	

residue	number	pertains	to	human	gp130,	mice	have	an	extra	Y	but	the	rest	are	

analogous)	 (Stahl	 et	 al.	 1995;	 Gerhartz	 et	 al.	 1996)	 for	 signal	 transducers	 and	

activators	of	 transcription	 (STATs)	with	 SH2	domains	 (STAT1	and	STAT3	–also	

named	acute	phase	response	factor	(APRF)-),	which	then	become	phosphorylated,	

dimerize	 and	 translocate	 to	 the	 nucleus	 to	 regulate	 the	 transcription	 of	 target	
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genes	 (Lütticken	et	 al.	 1994;	Zhong	et	 al.	 1994).	 It	 has	 also	been	described	 that	

SH2-domain-containing	phosphatase	2	(SHP2)	can	bind	to	phosphorylated	gp130	

(at	Y759)	(Schaper	et	al.	1998),	and	lead	to	the	activation	of	the	mitogen-activated	

protein	 kinase	 (MAPK)	 (Fukada	 et	 al.	 1996;	 Schiemann	 et	 al.	 1997)	 and	

phosphatidyl-inositol-3-kinase	 (PI3K)	 pathways,	 through	 the	 adapter	 Gab1	

(Takahashi-Tezuka	et	al.	1998).	It	associates	with	the	plasma	membrane	through	

phosphatidyl-inositol-3,4,5-trisphosphate	 (PIP3)	 in	 a	 MAPK-dependent	 process	

(Eulenfeld	and	Schaper	2009).	It	thus	then	recruits	Grb2-SOS,	which	activates	Ras	

and	the	rest	of	the	MAPK	cascade;	or,	 through	PI3K,	elicits	the	activation	of	AKT	

(also	known	as	protein	kinase	B,	PKB).	AKT	acts	on	many	downstream	targets,	e.g.	

inhibiting	glycogen	synthase	kinase-3β	(GSK3B),	stimulating	NF-kB	 through	the	

activation	of	mTOR	complex	1,	 and	 IKK,	which	promotes	 the	degradation	of	 the	

NF-kB	 inhibitor,	 IκB	 (Cross	 et	 al.	 1995;	 Manning	 and	 Cantley	 2007;	 Bai	 et	 al.	

2009)	(Figure	4).	

There	 exists	 a	 balance	 between	 JAK/STAT	 and	 SHP2	 pathways,	

orchestrated	 by	 the	 phosphorylation	 state	 of	 Y759.	 As	 mentioned,	 this	 is	 the	

docking	site	for	SHP2	(when	phosphorylated),	but	also,	for	suppressor	of	cytokine	

signaling	3	(SOCS3).	This	is	an	independent	inhibitor	of	JAK/STAT	signaling	that	

is	 expressed	 after	 STAT-mediated	 transcription	 of	 target	 genes	 (Lehmann	 et	 al.	

2003).	 So,	 when	 Y759	 is	 phosphorylated,	 SOCS3	 inhibits	 JAKs	 and	 therefore	

reduces	this	pathway,	while	SHP2	binds	to	the	phosphorylated	motif	and	initiates	

MAPK	 signaling.	 Conversely,	 when	 Y759	 is	 not	 phosphorylated,	 SOCS3	 cannot	

suppress	 STAT	 signaling	 and	 SHP2	 cannot	 bind	 to	 gp130,	 favoring	 JAK/STAT	

signaling.	 In	 addition,	 SHP2	 dephosphorylates	 gp130’s	 tyrosine	 motifs,	 further	

reducing	STAT-mediated	signaling	(Eulenfeld	et	al.	2012;	Schaper	and	Rose-John	

2015).	

The	 mechanism	 described	 above	 is	 what	 is	 known	 as	 the	 classical	

pathway	of	IL-6,	involving	the	membrane	form	of	the	IL-6R	(mIL-6R)	and	gp130.	

However,	 at	 the	 same	 time	 as	 the	 interaction	 with	 gp130,	 Murakami	 and	
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colleagues	 described	 a	 phenomenon	 involving	 a	 soluble	 form	 of	 IL-6R	 (sIL-6R)	

which	 could	 also	 bind	 to	 gp130	 in	 the	 presence	 of	 IL-6	 and	 elicit	 signal	

transduction	(Murakami	et	al.	1993).	This	is	peculiar	among	cytokines	since	other	

soluble	 receptors,	 e.g.	 sIL-1-RII	 (Levine	 2004),	 sTNF-R	 and	 sIL-4R	 (Fernandez-

Botran	1991),	act	as	antagonists	of	cytokine	action	by	preventing	binding	to	 the	

membrane	receptor.	

Later	on,	this	process	has	been	named	trans-signaling	and	the	formation	

of	 sIL-6R	 studied	 further.	 In	 humans,	 it	 can	 be	 produced	 by	 limited	 proteolysis	

(shedding)	 of	 the	 membrane	 IL-6R	 (Müllberg	 et	 al.	 1992;	 1993b)	 or	 by	

alternative	splicing	of	the	mRNA	(Lust	et	al.	1992;	Horiuchi	et	al.	1994).	In	mice,	

only	 shedding	 has	 been	 confirmed.	 Two	 Zn2+	 metalloproteases	 of	 the	 ADAM	 (a	

desintegrin	and	metalloprotease)	family,	ADAM	10	and	17,	have	been	identified	

as	the	main	responsible	proteases	for	shedding	(Marin	et	al.	2002;	Matthews	et	al.	

2003).	(Figure	5).	It	seems	that	ADAM	10	carries	out	slow	constitutive	shedding,	

while	 ADAM17	 is	 inducible	 by	 pro-inflammatory	 cytokines,	 cellular	 cholesterol	

depletion,	 bacterial	 toxins	 and	 apoptotic	 pathways,	 among	 others	 (Walev	 et	 al.	

1996;	Matthews	et	al.	2003;	Franchimont	et	al.	2005;	Chalaris	et	al.	2007).	

Trans-signaling	 is	 specifically	 inhibited	 by	 the	 soluble	 form	 of	 gp130	

(sgp130)	 (Jostock	et	 al.	 2001),	which	 is	produced	primarily	 through	alternative	

splicing	(Müllberg	et	al.	1993a)	and	has	been	found	in	human	serum	in	relatively	

high	 concentrations	 (~400	 ng/ml)	 (Narazaki	 et	 al.	 1993).	 Its	 specificity	 comes	

from	sgp130	only	being	able	to	bind	IL-6/sIL-6R	and	not	mIL-6R.	

Very	 recently,	 a	 third	 signaling	 mechanism	 has	 been	 proposed	 for	

dendritic	 cells.	Cluster	signaling	 consists	 in	 the	presentation	of	 an	 IL-6/IL-6Ra	

complex	by	a	dendritic	cell	to	a	gp130-expressing	T	cell,	in	combination	with	the	

T-cell	 receptor	 (TCR)	signal.	This	 interaction	elicits	 JAK/STAT	signaling	 in	 the	T	

lymphocyte	and	prompts	TH17	differentiation	(Heink	et	al.	2016).	
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Figure	4.	Intracellular	signaling.	Binding	of	IL-6	to	IL-6R	causes	dimerization	of	gp130	and	cross-
phosphorylation	of	 JAKS.	Afterwards,	 they	phosphorylate	 tyrosine	(Y)	residues	 in	 the	 intracellular	

domain	 of	 gp130	 (top	 Y759,	 bottom	 simplification	 of	 the	 4	 distal	 motifs).	 JAKS	 can	 also	

phosphorylate	 STAT	 1/3,	which	 then	 form	 dimers	 and	 translocate	 to	 the	 nucleus	 to	modify	 gene	

transcription.	One	of	the	genes	they	activate	is	the	inhibitor	of	signaling	SOCS3,	which	binds	to	Y759.	

To	 that	 same	 residue	 also	 binds	 SHP2,	 adaptor	 protein	 for	 MAPK	 and	 PI3K	 signaling.	 SHP2	 also	

dephosphorylates	 the	 distal	 Y	 residues	 of	 gp130.	 JAK	 Janus	 kinase;	 STAT	 signal	 transducer	 and	

activator	of	 transcription;	SOCS3	suppressor	of	cytokine	signaling	3;	SHP2	SH2-domain	containing	

phosphatase	 2;	 Gab1	 Grb2-associated-binding	 protein	 1;	 PIP3	 phosphatidyl-inositol-3,4,5-

trisphosphate;	Grb2	growth	factor	receptor-bound	protein	2;	SOS	son	of	sevenless;	Ras	rat	sarcoma	

small	GTPase;	Raf	 rapidly	 accelerated	 fibrosarcoma	kinase;	MEK	mitogen-activated	kinase	kinase;	

MAPK	 mitogen-activated	 kinase;	 PI3K	 phophatidyl-inositol-3-kinase;	 AKT	 protein	 kinase	 B;	

mTORC1	mammalian	target	of	rapamycin	complex	1;	IKK	IκB	kinase;	NF-kB	nuclear	factor	kappa	B;	
GSK3	 glycogen	 synthase	 kinase-3β.	 Adapted	 from	 Heinrich	 et	 al.	 1998;	 Heinrich	 et	 al.	 2003;	

Eulenfeld	et	al.	2012;	and	Schaper	and	Rose-John	2015.	
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Figure	 5.	 Classic-,	 trans-signaling	 and	 cluster	 signaling	 of	 IL-6.	 In	 classical	 signaling,	 mIL-6R	
binds	to	 IL-6	and	associates	with	a	gp130	homodimer,	eliciting	 intracellular	signaling.	 In	addition,	

trans-signaling	occurs	if	mIL-6R	is	processed	by	ADAM	proteases	and	generates	sIL-6R,	which	can	

bind	 to	 IL-6	 and	 also	 interact	 with	 gp130	 in	 either	 the	 same	 cell	 (autocrine)	 or	 another	 one	

(paracrine),	which	may	not	 express	mIL-6R.	The	 soluble	 form	of	 gp130	 (sgp130)	 is	 generated	by	

alternative	splicing	and	specifically	inhibits	trans-signaling	by	binding	the	IL-6/sIL-6R	complex	and	

preventing	its	interaction	to	membrane	gp130.	Cluster	signaling	occurs	between	dendritic	cells	and	

T-cells	simultaneously	with	antigen	presentation	to	the	TCR.	The	dendritic	cell	presents	IL-6	via	the	

mIL6R	 to	 the	 gp130	of	 the	T	 cell,	 initiating	 signaling	 in	 the	 latter	 cell	 to	differentiate	 into	 a	TH17	

phenotype.	ADAM	a	desintegrin	and	metalloprotease;	MHC	major	histocompatibility	complex;	TCR	

T-cell	receptor.	Based	on	Scheller	et	al.	2011;	Erta	et	al.	2012	and	Quintana	2016.	
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1.3 Expression	of	IL-6	and	IL-6R	

1.3.1 Peripheral	and	CNS	cells	express	IL-6	

As	 mentioned	 before,	 the	 first	 studies	 involving	 IL-6	 (with	 any	 of	 its	

previous	names)	were	done	in	vitro	with	various	cell	lines,	including	interleukin-

1-stimulated	 fibroblasts	 (Poupart	 et	 al.	 1987),	 several	 human	 liver	 cell	 lines	

(HepG2,	Chang,	HLF	and	HLE)	(Lotz	et	al.	1989;	Matsuguchi	et	al.	1990),		a	human	

T	 cell	 leukemia	 virus-1	 transformed	 T	 cell	 line	 (TCL-Na1),	 a	 bladder	 cell	

carcinoma	 line	 (T24),	 an	 amnion-derived	 cell	 line	 (FL),	 an	 astrocytoma	 line	

(U373)	 and	 a	 glioblastoma	 line	 (SK-MG4)	 (Yasukawa	 et	 al.	 1987).	 This	 already	

gave	a	hint	of	 the	numerous	cell	 types,	 including	CNS	cells	 that	can	express	 IL-6	

either	constitutively	or	upon	stimulation.	

Primary	 cultures	 started	 revealing	 the	 same	 and	 other	 cell	 types	 as	

producers	 of	 the	 cytokine.	 For	 example,	 the	 earliest	 studies	 showed	 a	 clear	

immunological	 function	 of	 IL-6	 when	 shown	 to	 be	 a	 monocyte-derived	 factor	

stimulating	 acute-phase	 response	 proteins	 in	 the	 liver	 (known	 then	 as	

hepatocyte-stimulating	 factor)	 (Ritchie	 and	 Fuller	 1983),	 and	 produced	 by	

activated	B-	and	T-cells	(Horii	et	al.	1988).	Isolated	hepatocytes	can	also	be	made	

to	express	 IL-6	 (Lotz	et	 al.	 1989;	Gauldie	et	 al.	1990).	And	more	 recently,	 it	has	

also	 been	 detected	 in	 dendritic	 cells	 (Pasare	 and	 Medzhitov	 2003;	 Heink	 et	 al.	

2016),	highlighting	its	prominent	role	in	immunity.	

In	 vivo,	 IL-6	 expression	 is	 detected	 in	 the	 endothelium	 of	 gonadotropin-

primed	hyper-stimulated	ovaries	and	also	in	the	one	surrounding	them	in	female	

mice	(Motro	et	al.	1990).	This	cytokine	is	also	produced	by	subcutaneous	adipose	

tissue	 (Mohamed-Ali	 et	 al.	 1997).	 However	 given	 that	 the	 tissue	 contains	

adipocytes,	macrophages	and	blood	vessels,	it	had	to	be	later	shown	that	isolated	

adipocytes	directly	secrete	IL-6,	even	though	they	only	account	 for	a	10%	of	the	

total	released	by	the	tissue	(Fried	et	al.	1998;	Mohamed-Ali	et	al.	2001).	Skeletal	
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muscle	(Keller	et	al.	2001;	Steensberg	et	al.	2002),	osteoblasts	(Ishimi	et	al.	1990),	

hepatocytes	 (Kitamura	 et	 al.	 1997;	 Norris	 et	 al.	 2014)	 and	 pancreatic	 β-cells	

(Campbell	et	al.	1989)	also	produce	 IL-6.	 In	 the	human	pituitary	gland,	 IL-6	has	

been	 detected	 mainly	 in	 adrenocorticotropic	 hormone	 (ACTH)-,	 follicle-

stimulating	hormone	(FSH)-	and	luteinizing	hormone	(LH)-producing	cells,	and	in	

very	 few	growth	hormone	(GH)-	or	prolactin	 (PRL)-producing	cells	 (Kurotani	et	

al.	2001).	

Finally,	IL-6	is	produced	in	the	nervous	system,	either	in	basal	conditions	

or	 upon	 stimulation,	 by	 astrocytes,	 microglia,	 neurons,	 oligodendrocytes,	

Schwann	cells,	and	in	addition,	by	endothelial	cells	of	the	irrigating	blood	vessels	

(Frei	et	al.	1989;	Rott	et	al.	1993;	Schöbitz	et	al.	1993;	Yamabe	et	al.	1994;	Bolin	et	

al.	1995;	März	et	al.	1998).	

The	 fact	 that	 IL-6	 is	 produced	 in	 the	 periphery	 raises	 the	 question	 of	

whether	there	could	be	passive	leakage	or	active	transport	into	the	CNS.	The	first	

mechanism	 is	 unlikely	 to	 be	 significant	 due	 to	 its	 molecular	 weight	 and	 its	

hydrophilic	 nature.	 However,	 there	 is	 a	 saturable	 transport	 system	 that	 can	

incorporate	 IL-6	 into	 the	 cerebrospinal	 fluid	 (CSF)	 and	 the	 brain	 parenchyma,	

even	 though	 it	 is	 rapidly	 degraded	 (Banks	 et	 al.	 1994),	 suggesting	 that	 blood-

borne	IL-6	does	not	contribute	dramatically	to	central	effects.	Indeed,	there	seems	

to	be	a	clear	independence	of	serum	and	CSF	levels,	as	seen	in	obese	individuals	

where	 serum	and	CSF	 IL-6	 are	uncorrelated,	while	 serum	 IL-6	 is	 higher	 than	 in	

control	patients.	Transport	 to	 the	CSF	 is	unlikely	 since	obese	 individuals	have	a	

lower	CSFserum	ratio	(Stenlöf	et	al.	2003;	Park	et	al.	2005).	

	

1.3.2 Anatomical	distribution	of	IL-6	in	the	brain	

Not	many	extensive	studies	have	been	carried	out	to	determine	the	spatial	

distribution	of	IL-6	in	the	brain,	and	they	have	the	limitation	of	trying	to	detect	a	
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very	 low	 level	of	 the	cytokine	 (in	basal	conditions),	and	most	have	been	carried	

out	 in	 rats.	 An	 in	 situ	 hybridization	 (ISH)	 study	 (using	 oligonucleotide	 cDNA	

probes)	performed	in	control	rats	showed	that	 IL-6	was	expressed	 in	the	 lateral	

olfactory	bulb,	in	pyramidal	neurons	of	the	piriform	cortex,	in	the	ependymal	and	

subependymal	 cell	 layer	 of	 the	 olfactory	 ventricle,	 in	 the	 anterior	 part	 of	 the	

ependymal	cells	lining	the	lateral	ventricle,	 in	scattered	neurons	of	the	cortex,	in	

the	medial	habenular	nucleus,	in	certain	neurons	of	the	ventromedial	(VMH)	and	

dorsomedial	(DMH)	hypothalamus,	as	well	as	of	the	medial	preoptic	nucleus,	in	

the	CA1	to	CA4	regions	and	dentate	gyrus	of	the	hippocampal	formation,	in	the	

optic	tract,	fimbria,	internal	capsule,	corpus	callosum,	and	finally,	in	the	granular	

layer	of	the	cerebellum.	Nevertheless,	no	signal	was	found	in	Purkinje	cells	of	the	

cerebellum,	in	the	brainstem	or	the	spinal	cord	(Schöbitz	et	al.	1993).	However,	in	

another	study	using	ISH	with	a	longer	cRNA	probe,	Purkinje	cells	were	shown	to	

express	the	cytokine	and	expression	was	confirmed	in	the	hippocampus	(Gadient	

and	 Otten	 1994b).	 The	 same	 authors	 also	 used	 RT-PCR	 and	 Southern	 blot	 to	

detect	 IL-6	mRNA	 in	 the	striatum,	hippocampus,	 cerebellum	and	pons/medulla	

oblongata	(Gadient	and	Otten	1994a).	In	mice,	Campbell	et	al.	failed	to	detect	the	

mRNA	with	ISH	or	RPA	(RNA	protection	assay)	in	control	animals	(Campbell	et	al.	

1993;	 Campbell	 et	 al.	 1994),	 another	 instance	 of	 the	 elusive	 character	 of	 this	

cytokine.	However,	the	same	group	used	a	transgenic	mouse	with	IL-6	under	the	

control	of	the	glial	fibrillary	acidic	protein	(GFAP)	promoter	(GFAP-IL6	mice)	and	

detected	a	widespread	expression	of	IL-6	in	the	brain,	especially	in	the	thalamus	

and	cerebellum	(Campbell	et	al.	1993).	 In	contrast,	 a	 recent	 study	characterized	

the	expression	of	IL-6	by	immunofluorescence	and	found	that	only	in	the	border	

zone	of	the	ventricles	were	astrocytes	the	main	producers	of	IL-6	(95%),	whereas	

in	 all	 other	 structures	 (olfactory	 bulb,	 hypothalamus,	 hippocampus,	 cerebral	

cortex,	 brainstem	 and	 cerebellum)	 most	 were	 neurons	 (90%)	 and	 a	 small	

proportion	 (8%)	 were	 microglia	 (the	 remaining	 2%	 was	 unidentified)	

(Aniszewska	et	al.	2015).	This	seems	to	be	in	accordance	with	a	previous	report,	

where	 Il6	mRNA	and	 the	protein	had	 a	distinct	 distribution	 from	GFAP-positive	
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cells	(Yan	et	al.	1992).	Neuronal	expression	of	IL-6	in	the	hypothalamus	had	also	

been	 reported	 in	 rats,	 particularly	 in	 vasopressin-expressing	 magnocellular	

neurons	 of	 the	paraventricular	 nucleus	 (PVN)	 and	 their	 fibers	 in	 the	 internal	

zone	of	the	median	eminence	(Jankord	et	al.	2010).	

	

1.3.3 Regulation	of	expression	of	IL-6	

Early	 characterization	 of	 the	 Il6	 gene	 showed	 that	 there	 were	 at	 least	

three	 initiation	 sites	 for	 transcription	 (Yasukawa	 et	 al.	 1987).	 Further	

characterization	of	the	human	and	mouse	genes	showed	a	great	homology	in	the	

region	upstream	of	the	transcriptional	start	and	several	response	elements	were	

identified	 (Figure	 6).	 It	 contains	 two	 glucocorticoid	 responsive	 elements	 (GRE);	

an	activator	protein	1	(AP-1)	binding	site,	present	in	many	phorbol-12-myristate-

13-acetate	 (PMA)-inducible	 promoters.	 Furthermore,	 there	 are	 multiple	

regulatory	 elements	 to	which	 the	pathways	of	 IL-1,	TNF,	 forskolin	 (via	protein	

kinase	A)	and	phorbol	esters	(via	protein	kinase	C)	converge	(Ray	et	al.	1989).	In	

this	region,	there	is	also	a	c-fos	serum-responsive	enhancer	(SRE)	homology	site,	

which	in	the	c-fos	gene	is	necessary	for	induction	with	serum,	phorbol	esters	and	

ependymal	growth	factor	(EGF),	and	which	also	includes	a	cyclic-AMP-response	

element	(CRE).	Finally,	a	NF-κB	binding	site	 is	also	present	that	participates	in	

the	 induction	 after	 stimulation	 with	 PMA,	 LPS,	 TNF-α,	 poly(IC),	 and	

phytohemagglutinin	 (PHA)	 (Isshiki	et	al.	1990;	Libermann	and	Baltimore	1990).	

The	 c-fos	 SRE	 homology	 site	 is	 responsible	 for	 binding	 the	 transcription	 factor	

NF-IL6,	 inducible	 by	 IL-1	 (Isshiki	 et	 al.	 1990;	 Natsuka	 et	 al.	 1992).	 This	 factor	

associates	with	NF-κB	to	synergize	in	the	activation	of	the	gene	(Matsusaka	et	al.	

1993).	
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Figure	6.	Regulatory	elements	in	the	Il6	gene.	GC	glucocorticoids;	GRE	glucocorticoid	responsive	
element;	PMA	phorbol-12-myristate-13-acetate;	AP-1	activator	protein	1;	c-fos	SRE	homology	c-fos	
serum-responsive	enhancer	 (SRE)	homology	site;	TNF-a	 tumor	necrosis	 factor	alfa;	EGF	epithelial	
growth	 factor;	 CREB	 cyclic-AMP-response	 element	 binding	 protein;	 CRE	 cyclic-AMP-responsive	

element;	 LPS	 lipopolysaccharide;	 NF-IL6	 nuclear	 factor	 for	 IL-6	 expression;	 PHA	

phytohemagglutinin;	 poly(IC)	 polyinosinicpolycytidylic	 acid;	NF-kB	nuclear	 factor	 kappa	B.	 Based	
on	Akira	et	al.	1990.	

	

1.3.3.1 Peripheral	cells	

Many	 in	 vitro	 studies	 have	 assessed	 the	 factors	 stimulating	 IL-6	

production	 (mRNA	 and	 protein)	 and	 it	 seems	 that	 they	 are	 cell-specific.	 For	

example,	human	fibroblasts	produce	IL-6	after	stimulation	with	IL-1α,	TNF-α	and	

platelet-derived	 growth	 factor	 (PDGF)	 (Zilberstein	 et	 al.	 1986;	 Kohase	 et	 al.	

1987);	 as	 do	 hepatoma	 cells	 after	 incubation	 with	 IL-1b	 or	 TNF-α	 (Lotz	 et	 al.	

1989).	

Human	 myeloma	 cells	 and	 murine	 monocytic	 cell	 lines	 (monocyte-

macrophages)	 respond	 to	 LPS	 (Bazin	 and	 Lemieux	 1987).	 In	 T-cells,	 IL-6	

production	has	been	seen	after	phorbol	ester	and	phytohemagglutinin	stimulation	

(Horii	et	al.	1988).	And	IL-6	itself	stimulates	its	own	mRNA	expression	in	murine	

myeloid	leukemia	cells	(Miyaura	et	al.	1989;	Shabo	et	al.	1989).	

Skeletal	 muscle	 responds	 to	 Ca2+	 in	 vitro	 with	 Il6	 gene	 expression	 and	

protein	 release	 (Holmes	 et	 al.	 2004).	 In	 vivo,	 this	 tissue	 releases	 IL-6	 into	 the	

bloodstream	 in	 response	 to	 exercise	 and	 enhanced	 by	 low	 muscular	 glycogen	
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content	(Keller	et	al.	2001),	possibly	by	phosphorylation	of c-Jun	terminal	kinase	
(JNK)	and	the	AP-1	transcription	factor	(Whitham	et	al.	2012).	

Regarding	 inhibitors,	 glucocorticoids	 are	 known	 suppressors	 of	

inflammation,	and	since	Il6	has	a	GRE,	it	is	not	surprising	that	they	diminish	IL-6	

expression	 in	several	cell	 types,	such	as	human	monocytes,	endothelial	cells,	 the	

human	 fibroblast	 cell	 line	 FS4	 and	 the	murine	macrophage	 cell	 line	RAW	264.9	

(Waage	et	al.	1990).	

	 Post-transcriptional	 regulation	 seems	 to	 be	 another	 important	 point	 in	

cytokine	 regulation,	 consisting	 in	 altering	mRNA	 stability.	 In	 the	 case	 of	 Il6,	 an	

RNA-binding	protein	called	tristetrapolin	(TTP)	has	been	shown	to	accelerate	Il6	

degradation	 upon	 binding	 to	 the	 mRNA’s	 adenine	 and	 uridine-rich	 elements	

(AREs)	in	the	3’-untranslated	region	(UTR)	in	carcinoma	cells	(Van	Tubergen	et	al.	

2011).	

	

1.3.3.2 Nervous	system	cells	

Cultured	 cortical	 neurons	 increase	 both	 mRNA	 and	 protein	 after	

incubation	with	 IL-1β	and	TNF-α	 (independently	 and	 synergistically)	 (Ringheim	

et	al.	1995).	Furthermore,	 in	primary	cortical	and	the	PC-12	cell	 line,	membrane	

depolarization	 increases	 intracellular	 Ca2+,	 which	 ultimately	 results	 in	 the	

elevation	of		Il6	mRNA	(Sallmann	et	al.	2000).	The	exact	mechanism	has	not	been	

elucidated	but	 could	be	 the	 same	as	 in	 skeletal	muscle	 (Whitham	et	al.	2012),	 a	

likely	possibility	since	in	astrocytes	the	pathway	Ca2+/JNK/AP-1	has	already	been	

described	(Gao	et	al.	2013).	

In	astrocytes,	a	Ca2+	ionophore,	A23187,	has	been	shown	to	increase	IL-6	

production	 (Benveniste	 et	 al.	 1990).	 These	 cells	 also	produce	 the	 cytokine	 after	

inhibition	of	 the	PI3K-mTOR	pathway	concomitant	with	an	 increase	 in	 cytosolic	
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Ca2+	through	activation	of	p38	and	NF-κB	(Codeluppi	et	al.	2014),	suggesting	the	

possibility	of	a	second	pathway	for	Ca2+	action.	

Bacterial	lipopolysaccharide	(LPS),	a	toll-like	receptor	(TLR)-4	inducer,	is	

known	to	stimulate	IL-6	production	in	rodent	astrocytes	and	microglia,	although	

the	 dynamics	 are	 faster	 in	 microglia	 (3	 versus	 5	 hours)	 (Sawada	 et	 al.	 1992).	

However,	 human	 and	 mouse	 astrocytes	 may	 respond	 differently	 to	 the	 same	

stimuli.	For	example,	LPS	fails	to	stimulate	IL-6	production	in	human	astrocytes,	

but	 IL-1β	 induces	 it;	 while	 in	 mouse,	 the	 reverse	 happens	 (Tarassishin	 et	 al.	

2014).	A	previous	report,	however,	found	that	both	TNF-α	and	IL-1β	stimulate	IL-

6	in	astrocytes	with	a	more	delayed	time	course	than	LPS	(Sawada	et	al.	1992).		

Other	 inducers	 of	 IL-6	 in	 cultured	 astrocytes	 are	 norepinephrine	 (NE),	

serotonin,	 histamine,	 bradykinin,	 vasoactive	 intestinal	 peptide	 (VIP),	 pituitary	

adenylate	cyclase-activating	polypeptide	(PACAP38),	adenosine,	substance	P	(SP)	

and	calcitonin	(Maimone	et	al.	1993;	Norris	and	Benveniste	1993;	Cadman	et	al.	

1994;	Gitter	et	al.	1994;	Gottschall	et	al.	1994;	Kiriyama	et	al.	1997;	Schwaninger	

et	al.	1997;	Schwaninger	et	al.	1999).	

IL-6	 itself	has	been	demonstrated	 to	stimulate	 its	own	mRNA	expression	

in	astrocytes	in	the	presence	of	sIL6-R,	an	effect	which	is	synergized	by	TNF-α	or	

IL-1β	(Van	Wagoner	et	al.	1999).	

There	 is	 much	 in	 vivo	 evidence	 of	 IL-6	 expression	 in	 the	 CNS	 after	 an	

insult.	In	rats,	neurotoxicity	causes	an	increase	in	Il6	in	the	hippocampus,	corpus	

callosum,	thalamus	and	hypothalamus	(Minami	et	al.	1991;	de	Bock	et	al.	1996),	

and	in	humans	with	epileptic	seizures	IL-6	in	the	CSF	is	also	elevated	(Lehtimäki	

et	al.	2004).	In	the	case	of	cerebral	trauma,	IL-6	is	also	increased	in	the	CSF	(Hans	

et	al.	1999;	Maier	et	al.	2001).	

	

	



INTRODUCTION	

	
17	

1.3.4 IL6-R	is	also	expressed	in	the	periphery	and	the	CNS	

As	 seen	 in	 the	 early	 days	 of	 IL-6	 research,	 B	 cells	 respond	 to	 IL-6	 and	

indeed	 they	 express	 the	 IL-6R	 when	 activated	 (van	 der	 Meijden	 et	 al.	 1998).	

Peripheral	 blood	 T-cells	 of	 the	 CD4+/CD8-	 and	 CD4-/CD8+	 phenotypes	 are	 also	

IL6-R+	(Hirata	et	al.	1989),	and	blood	monocytes	require	the	receptor	in	order	to	

complete	 differentiation	 into	 macrophages	 (Chomarat	 et	 al.	 2000).	 Apart	 from	

immune	 cells,	 other	 cellular	 types,	 such	 as	 hepatocytes	 (Bauer	 et	 al.	 1989),	

adipocytes	 (Bastard	 et	 al.	 2002),	 and	 α-cells	 of	 the	 endocrine	 pancreas	

(Ellingsgaard	et	al.	2008),	all	present	IL-6R.	The	muscle,	lung,	kidney,	spleen	and	

adrenal	 gland	 of	 the	 mouse	 express	 it	 too,	 albeit	 in	 lower	 levels	 than	 in	 the	

pancreas	(Ellingsgaard	et	al.	2008).	The	receptor’s	mRNA	has	also	been	detected	

in	cultured	murine	osteoblasts	(Udagawa	et	al.	1995)	and	osteoclasts	of	patients	

with	renal	osteodystrophy	(Langub	et	al.	1996).	And	in	the	human	pituitary	gland,	

most	 GH-	 and	 PRL-,	 some	 FSH-	 and	 scarce	 LH-producing	 cells	 express	 IL-6R	

(Kurotani	et	al.	2001),	showing	an	inverse	pattern	to	IL-6.	

In	 the	 brain,	 as	 assessed	 by	 RT-PCR	 and	 ISH,	 Il6ra	 is	 expressed	 and	

essentially	co-localizes	with	 Il6	 (Yan	et	al.	1992;	Schöbitz	et	 al.	1993;	Gadient	

and	 Otten	 1994a)	 (see	 1.3.2	 Anatomical	 distribution	 of	 IL-6	 in	 the	 brain).	 In	

addition,	other	authors	have	found	expression	of	Il6ra	(by	ISH)	in	the	bed	nucleus	

of	 the	 stria	 terminalis	 (BNST),	 the	 central	 nucleus	 of	 the	 amygdala	 (CeA),	 in	

ependymal	 lining	 cells	 of	 the	 ventricular	 system	 and	 in	 the	 circumventricular	

organs,	 i.e.	 organum	 vasculosum	 of	 the	 lamina	 terminalis	 (OVLT),	 subfornical	

organ,	median	eminence	and	area	postrema.	The	mRNA	has	also	been	detected	in	

rat	neurons	of	sympathetic	and	sensory	ganglia,	co-localizing	with	IL-6,	and	alone	

in	cells	surrounding	axons	of	the	dorsal	root	ganglion	(DRG),	which	are	possibly	

Schwann	cells	 (Gadient	and	Otten	1996).	The	protein	has	also	been	detected	by	

western	blot	in	the	hypothalamus	of	mice	(Aniszewska	et	al.	2015).	
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1.3.5 Regulation	of	expression	of	IL-6R	

	 There	 are	 not	many	 extensive	 studies	 on	 the	 regulatory	 elements	 of	 the	

Il6ra.	However,	as	for	Il6,	the	Il6ra	seems	to	be	differentially	controlled	in	the	cells	

that	express	it.	For	example,	it	is	down-regulated	in	peripheral	CD4+	and	CD8+	T-

cells	upon	TCR	engagement	(Betz	and	Müller	1998),	while	remaining	unaffected	

by	 phytohemagglutinin	 (Hirata	 et	 al.	 1989).	 Dexamethasone,	 a	 synthetic	

corticosteroid,	 has	 been	 shown	 to	 increase	 Il6ra	 expression	 in	 osteoblasts	

(Udagawa	 et	 al.	 1995)	 and	 in	 hepatocytes	 (Bauer	 et	 al.	 1989;	 Rose-John	 et	 al.	

1990;	Snyers	et	al.	1990),	while	decreasing	it	in	monocytes	(Bauer	et	al.	1989).	A	

similar	 opposed	 effect	 between	 hepatocytes	 and	 monocytes	 has	 also	 been	

described	 in	 response	 to	 IL-6	 and	 IL-1β,	 where	 Il6ra	 expression	 increases	 in	

cultured	hepatocytes	while	 it	decreases	 in	monocytes	(Bauer	et	al.	1989).	These	

authors	 suggested	 that	 the	 opposite	 regulation	 of	 these	 two	 cell	 types	 could	 be	

related	to	a	shift	between	non-inflammatory	to	inflammatory	conditions	(Bauer	et	

al.	 1989).	 Nevertheless,	 a	 posterior	 report	 found	 no	 down-regulation	 of	 the	

receptor	 after	 neither	 LPS	 nor	 IL-6	 treatment	 on	 human	 blood	 monocytes,	 a	

difference	they	attribute	to	an	incorrect	purification	(Schoester	et	al.	1994).	

The	 up-regulation	 of	 the	 receptor	 by	 cortisol	 has	 also	 been	 proposed	 in	

the	muscle.	Acute	exercise	increases	expression	of	the	receptor	in	humans	(Keller	

et	al.	2005),	and	it	could	be	due	to	the	increased	cortisol	after	moderate	to	intense	

exercise	(Hill	et	al.	2008).	

	 In	 the	 hypothalamus,	 where	 Il6ra	 could	 not	 be	 detected	 in	 basal	

conditions,	 intraperitoneal	 (IP)	 LPS	 induced	 its	 expression	 rapidly	 (2h)	 in	 the	

parvocellular	neurons	of	 the	PVN	(as	opposed	 to	 IL-6	 in	magnocellular	neurons,	

as	mentioned	before).	Furthermore,	 this	challenge	also	 increases	 it	 in	 the	cortex	

in	 the	same	time	frame,	and	 later	(6h)	 in	 the	hippocampus	(Vallières	and	Rivest	

1997;	Utsuyama	and	Hirokawa	2002).	 These	 increases	might	 be	due,	 at	 least	 in	
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part,	to	the	brain’s	microvasculature,	which	was	negative	for	the	receptor	in	basal	

conditions,	even	though	it	 is	not	clear	which	cells	are	the	producers	(endothelial	

or	glial)	(Vallières	and	Rivest	1997).	In	this	line	of	results,	a	mechanic	injury	to	the	

striatum	elicits	an	 increase	of	the	receptor’s	mRNA	in	the	same	areas	with	basal	

expression	(Yan	et	al.	1992).	

	 Recently,	 an	 example	 of	 post-transcriptional	 regulation	 has	 been	

described	 in	 the	 form	 of	 a	 micro-RNA	 (miR-125b).	 	 It	 attenuates	 IL-6/Stat3	

signaling	 by	 interacting	 with	 the	 Il6ra	 mRNA,	 indirectly	 reducing	 the	 levels	 of	

pStat3	 targets	 Mcl-1	 and	 Bcl-xL,	 thereby	 promoting	 apoptosis	 and	 linking	 its	

increase	with	cancer	development	(Gong	et	al.	2012).	

 

1.4 Functions	of	IL-6	in	the	periphery	

1.4.1 Immunological	

As	mentioned	before,	one	of	the	original	functions	described	for	IL-6	was	

the	final	differentiation	of	B-cells	into	high-rate	Ig-secreting	cells	(Hirano	et	al.	

1985).	However,	a	couple	of	years	prior,	the	cytokine	(under	the	name	HSF)	had	

been	shown	to	stimulate	production,	either	directly	or	by	synergizing	with	 IL-1-

type	cytokines,	of	acute	phase	response	proteins	in	the	liver	(Ritchie	and	Fuller	

1983;	 Baumann	 and	 Gauldie	 1994),	 e.g.	 C	 reactive	 protein,	 serum	 amyloid	 A,	

fibrinogen,	haptoglobin	and	α1-acid	glycoprotein.	These,	 together	with	 its	ability	

to	 co-stimulate	 thymocytes	 and	 T	 lymphocytes	 (Lotz	 et	 al.	 1988),	 support	 its	

longstanding	role	as	one	of	the	major	“pro-inflammatory”	cytokines.	

Nevertheless,	 IL-6	 trans-signaling	 has	 been	 implicated	 in	 the	 transition	

from	 innate	 to	 acquired	 immunity	 and	 the	 resolution	 of	 the	 inflammatory	

response.	 In	 particular,	 switching	 the	 balance	 from	neutrophils	 to	mononuclear	
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leukocytes,	 by	 inhibiting	 neutrophil	 recruitment	 (Hurst	 et	 al.	 2001),	 promoting		

neutrophil	 apoptosis	 (McLoughlin	 et	 al.	 2003)	 and	 enhancing	 chemokine-

dependent	 attraction	 of	 T-cells	 (McLoughlin	 et	 al.	 2005).	 But	 it	 has	 also	 been	

shown	 to	 inhibit	 T-cell	 apoptosis	 in	 different	 milieus	 such	 as	 the	 eye	 and	 the	

intestine	 (Atreya	et	al.	2000;	Curnow	et	al.	2004),	 and	 to	participate	 in	 skewing	

the	Treg/TH17	balance	 towards	 the	 latter,	which	are	 involved	 in	 the	 induction	of	

auto-immune	diseases	(Dominitzki	et	al.	2007).	Therefore,	there	seems	not	to	be	a	

clear-cut	division	of	function	between	classic	and	trans-signaling,	as	some	authors	

have	suggested	(Schaper	and	Rose-John	2015).	

	

1.4.2 Growth	factor	

Other	 effects	 of	 IL-6	 include	 growth	 factor-related	 properties.	 Firstly,	 it	

promotes	hepatic	regeneration,	as	its	levels	increase	after	a	partial	hepatectomy	

(Trautwein	et	al.	1996)	and	impaired	proliferation	can	be	rescued	in	IL-6-/-	mice	

by	 treating	 them	with	 the	 cytokine	prior	 to	 the	 surgery	 (Cressman	 et	 al.	 1996).	

This	effect	is	likely	mediated,	or	at	least	potentiated,	by	trans-signaling,	since	sIL-

6R	 also	 increases	 after	 hepatectomy,	 and	 the	 trans-signaling	 blocker	 sgp130	

reduces	 hepatocyte	 proliferation	 (Nechemia-Arbely	 et	 al.	 2011).	 Furthermore,	

other	 authors	 have	 used	 transgenic	 mice	 and	 observed	 a	 synergy	 between	 IL-

6/sIL-6	 in	 basal	 conditions	 to	 increase	 liver	 proliferation	 (Schirmacher	 et	 al.	

1998).	

	 Regarding	 hematopoiesis,	 IL-6	 promotes	 colony	 formation	 from	

multipotential	 blast	 cells,	 but	 not	 from	 more	 differentiated	 ones,	 acting	

synergistically	 with	 IL-3	 and	 giving	 rise	 to	 neutrophil,	 macrophage	 and	

megakaryocyte	lineages	(Ikebuchi	et	al.	1987;	Koike	et	al.	1988).	

	 Moreover,	IL-6	has	been	shown	to	stimulate	angiogenesis,	a	critical	step	

in	 inflammation	 and	 its	 resolution.	Monocytes/macrophages	 and	T-cells,	 among	
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other	 inflammatory	 cells,	 can	 secrete	 pro-	 and	 anti-inflammatory	 cytokines	 that	

orchestrate	 endothelial	 cell	 proliferation,	 migration,	 activation,	 survival,	 and	

apoptosis	 (Mihara	 et	 al.	 2012).	 Its	 role	 in	 vascularization	was	 first	 proposed	by	

Motro	 et	 al.	 (1990)	 after	 their	 studies	 with	 developing	 ovarian	 follicles	 and	

embryonic	 implantation	in	mice.	Furthermore,	 the	already	mentioned	GFAP-IL-6	

mice	have	 increased	vascularization	specially	 in	 the	areas	with	more	prominent	

expression	of	IL-6	(Campbell	et	al.	1993).	Its	effect	is	most	likely	indirect,	through	

the	 trans-signaling-mediated	 stimulation	 of	 vascular	 endothelial	 growth	 factor	

(VEGF)	(Huang	et	al.	2004;	Catar	et	al.	2016).	However,	the	resulting	angiogenesis	

appears	 to	 be	 more	 destabilized	 due	 to	 the	 down-regulation	 of	 angiopoietin	

(Ang)-1	 and	 up-regulation	 of	 Ang-2	 (an	 antagonist	 of	 Ang-1)	 (Kayakabe	 et	 al.	

2012;	Gopinathan	et	al.	2015).	

	 Pancreatic	 islet	a-	and	b-cells	also	proliferate	 in	response	to	IL-6,	via	the	

mIL-6R,	the	MAPK	pathway	and	the	up-regulation	of	c-myc	(mitogenic)	and	bcl-2	

(anti-apoptotic),	 and	down-regulation	of	 p27	 (cell	 cycle	 inhibitor).	 The	 cytokine	

also	 has	 differential	 effects	 on	 these	 cells	 regarding	 glucolipotoxicity-induced	

apoptosis;	while	 the	 former	 are	 almost	 completely	 protected,	 the	 latter	 become	

more	susceptible	(Ellingsgaard	et	al.	2008).	

IL-6	 also	 stimulates	 osteoclast	 formation	 through	 trans-signaling	 (IL-

6+sIL-6R),	as	shown	in	co-cultures	of	primary	osteoblast-like	cells	and	nucleated	

marrow	 cells,	 given	 that	 IL-6	 alone	 failed	 to	 elicit	 differentiation	 (Tamura	 et	 al.	

1993).	

	

1.4.3 Other	

	 Besides	promoting	the	proliferation	of	the	aforementioned	cell	types,	IL-6	

also	has	further	effects	on	them.	
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In	 the	 pancreas,	 IL-6	 increases	 pro-glucagon	 mRNA	 and	 glucagon	

secretion,	without	an	effect	on	insulin	(Ellingsgaard	et	al.	2008).	

	 In	 the	 bone	 and	 in	 line	 with	 its	 relation	 to	 osteoclast	 progenitor	

differentiation,	 IL-6	has	a	prominent	role	 in	bone	resorption,	 increasing	mineral	

and	 matrix	 release.	 It	 increases	 receptor	 activator	 of	 NF-kB	 ligand	 (RANKL)	

expression	 in	 osteoblasts,	 which	 in	 turn	 acts	 on	 preosteoclasts	 to	 make	 them	

differentiate	 and	 fuse	 into	 multinucleated	 mature	 osteoclasts.	 Of	 note,	 it	 also	

increases	 osteoprotegerin	 (OPG),	 a	 decoy	 receptor	 of	 RANKL,	 so	 its	 resorptive	

effects	 are	 lower	 than	 other	 hormones	 which	 decrease	 OPG,	 while	 increasing	

RANKL,	 such	 as	 parathyroid	 hormone	 (Palmqvist	 et	 al.	 2002).	 Transgenic	mice	

overexpressing	IL-6	in	neurons	show	a	generalized	bone	loss	and	stunted	growth	

(Del	 Fattore	 et	 al.	 2014)	 and,	 conversely,	 IL-6KO	 mice	 are	 protected	 from	

estrogen-dependent	bone	loss	(Poli	et	al.	1994).	

IL-6	 is	 one	 of	 the	 links	 between	 the	 immune	 and	 the	 neuroendocrine	

system	 as	 evidenced	 by	 its	 in	 vitro	 induction	 of	 several	 anterior	 pituitary	 cells,	

such	 as	 GH-,	 PRL-	 and	 LH-producing	 cells	 (Spangelo	 et	 al.	 1989).	 However,	 a	

subsequent	 in	 vivo	 analysis	with	 third	 ventricle	 administration	 of	 IL-6	 failed	 to	

determine	any	effects	on	GH	or	PRL	secretion	(Lyson	and	McCann	1991)	

This	myriad	 of	 functions	 is	 explained	 by	 the	 range	 of	 targets,	 which,	 as	

shown,	 is	 increased	 thanks	 to	 trans-signaling,	 allowing	 the	 enhancement	 and	

widening	 of	 the	 effects	 of	 IL-6,	 reaching	 cells	 that	 lack	membrane	 IL-6R	 (either	

permanently	or	temporarily).	

	

1.5 IL-6	in	the	CNS	

	 As	the	aim	of	 this	 thesis	 is	 to	study	the	role	of	 IL-6	produced	in	the	CNS,	

this	 section	will	 delve	 into	more	 detail	 and,	 in	 the	 areas	more	 pertinent	 to	 the	

main	theme,	a	general	 introduction	will	be	made	prior	 to	 the	specifics	of	 IL-6.	 It	
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must	be	taken	into	consideration	that	some	of	 these	processes	have	 inextricably	

linked	peripheral	events,	and	therefore	a	general	picture	will	be	presented.	

	

1.5.1 Neurotrophic	factor	

	 Very	early	after	the	cloning	of	IL-6,	several	research	groups	discovered	a	

role	 on	 neuronal	 development	 in	 vitro,	 which	 highlighted	 the	 pleiotropic	 and	

multifunctional	character	of	IL-6.	Many	studies	used	PC12	cells,	a	cell	line	derived	

from	 a	 pheochromocytoma	 of	 the	 rat	 adrenal	 medulla	 and	 used	 for	 neuronal	

differentiation.	One	of	the	first,	described	a	nerve	growth	factor	(NGF)-like	action	

on	 these	 cells,	 showing	 initiation	 of	 neuronal	 differentiation	 with	 neurite	

outgrowth,	 but	 lacking	 both	 long-term	 support	 of	 the	 culture	 and	 increase	 in	

acetylcholinesterase	 activity,	 unlike	 NGF	 (Satoh	 et	 al.	 1988).	 This	 effect	 was	

proposed	 to	 be	 due	 to	 the	 presence	 of	 IL-6R	 in	 those	 cells,	 but	 further	 studies	

failed	 to	 replicate	 those	 findings.	 Even	 though	 the	 receptor’s	 expression	 was	

corroborated	by	an	independent	group	(März	et	al.	1996),	Satoh’s	findings	could	

not	be	 replicated	 in	normal	PC12	 cells	 (Sterneck	et	 al.	 1996;	Wu	and	Bradshaw	

1996).	And	even	 though	 IL-6	alone	mildly	 induced	GAP-43	 (a	protein	 related	 to	

neurite	 formation	 and	 neuronal	 development),	 sIL6R	 was	 needed	 to	 induce	

neurite	outgrowth,	together	with	GAP-43	and	NSE	expression.	It	also	had	additive	

effects	with	NGF,	suggesting	 they	acted	through	 independent	pathways	(März	et	

al.	 1997).	 However,	 PC12	 cells	 pretreated	 with	 NGF	 responded	 to	 IL-6	 with	

neurite	 outgrowth	 (Ihara	 et	 al.	 1996),	 suggesting	 that	 a	 certain	 internal	 milieu	

was	necessary	for	IL-6	to	exert	its	action.	Indeed,	a	variant	cell	line	called	PC12-E2	

demonstrated	 the	ability	 for	 rapid	neurite	growth	after	 just	 IL-6	 treatment	 (Wu	

and	 Bradshaw	 1996),	 which	 they	 later	 proposed	 was	 mediated	 by	 the	 Stat3	

signaling	pathway.	Nevertheless,	 a	previous	study	using	NGF-primed	PC12	cells,	

had	proposed	that	neurite	outgrowth	occurred	via	MAPK	upregulation	and	STAT3	

suppression	(Ihara	et	al.	1997).	All	these	discrepancies	could	be	due	to	differences	
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between	PC12	 lines	and	sublines,	maybe	 involving	 the	balance	between	 the	 two	

pathways	in	each	of	them.	

	 Other	studies	using	cultured	cholinergic	neurons	from	the	basal	forebrain	

of	 postnatal	 rats	 demonstrated	 support	 of	 neuronal	 survival	 and	 a	 synergistic	

effect	 with	 NGF.	 However,	 no	 differentiation	 occurred,	 suggesting	 only	 a	

neurotrophic	 action	 on	 primary	 cultured	 CNS	 neurons	 (Hama	 et	 al.	 1989).	 A	

similar	effect	was	seen	in	mesencephalic	catecholaminergic	neurons	of	postnatal	

rats,	which	survived	longer	and	maintained	cell-type	characteristics	such	as	well-

developed	 neurites,	 varicosities	 and	 dopamine	 release	 (Hama	 et	 al.	 1991).	 In	

contrast,	 IL-6	 failed	 to	 promote	 survival	 of	 embryonic	 mesencephalic	 neurons,	

and	thus	it	 is	probably	not	related	to	their	development;	but	it	did	attenuate	the	

neurotoxicity	caused	by	1-methyl-4-phenylpyridinium	(MPP+).	This	effect	is	likely	

not	mediated	by	glial	proliferation	since	very	few	glial	cells	were	present	and	they	

did	not	proliferate	upon	cytokine	stimulation	(Akaneya	et	al.	1995).	

	 In	 the	 peripheral	 nervous	 system,	 IL-6	 has	 been	 implicated	 in	 nerve	

regeneration	after	trauma.	Cultured	neurons	from	mouse	embryonic	DRG	formed	

neurites	after	IL-6+IL-6R	administration	(but	not	IL-6	alone),	pointing	to	a	trans-

signaling	 mechanism.	 Furthermore,	 hypoglossal	 nerve	 injury	 caused	 up-

regulation	of	IL-6	in	Schwann	cells	and	marginally	IL-6R	in	the	nerve	proper,	but	

of	both	in	the	nerve	cell	bodies	in	the	hypoglossal	nucleus	(brain	stem).	The	role	

of	the	cytokine	is	highlighted	by	the	retardation	of	regeneration	caused	by	an	anti-

IL-6R	antibody,	and	also	by	the	fact	that	transgenic	mice	over-expressing	both	IL-

6	and	IL-6R	regenerated	the	nerve	faster	(Hirota	et	al.	1996).	

	 Astrocytes	 in	 culture	 have	 also	 been	 proven	 to	 respond	 to	 IL-6	 (in	

conjunction	with	sIL-6R)	by	producing	NGF,	neurotrophin	(NT)-3	and	NT-4/5,	in	

a	brain	region-dependent	manner,	maybe	as	part	of	a	network	of	trophic	support	

for	 neurons	 (Frei	 et	 al.	 1989;	 März	 et	 al.	 1999).	 Furthermore,	 primary	 culture	

astrocytes	 proliferate	 in	 serum-free	 medium	 in	 response	 to	 IL-6	 (Selmaj	 et	 al.	



INTRODUCTION	

	
25	

1990),	something	that	has	also	been	observed	 in	vivo,	 since	GFAP-IL6	mice	have	

prominent	astrocytosis	correlating	with	IL-6	expression	(Campbell	et	al.	1993).	

	

1.5.2 Behavior	

	 Being	 produced	 by	 several	 cells	 in	 the	 CNS,	 albeit	 in	 small	 quantities,	 it	

was	 only	 a	 matter	 of	 time	 before	 numerous	 studies	 uncovered	 roles	 of	 IL-6	 in	

normal	and	pathological	behaviors.	

Many	studies	carried	out	to	elucidate	the	role	of	 IL-6	 in	normal	behavior	

have	been	carried	out	with	IL-6	knock	out	mice	(IL-6KO).	Nevertheless,	there	are	

several	 models	 mutating	 the	 gene	 at	 different	 points	 and	 generated	 in	 various	

genetic	backgrounds.	This	is	a	critical	issue	in	any	experiment,	but	even	more	so	

when	 attempting	 to	 analyze	 behavior.	 In	 the	 case	 of	 IL-6KO	mice	 generated	 by	

Kopf	and	colleagues	(1994)	(now	called	B6.129S2-Il6tm1Kopf/J,	and	the	one	that	has	

persisted	 in	 the	 literature),	 they	were	 generated	 in	 a	 129S2/SvPas	 background	

and	 then	 crossed	 to	 a	 C57BL/6	 background	 (unspecified	 strains).	 Others	 have	

used	 the	 129S9/SvEvH	 background	 and	 apparently	 not	 backcrossed	 them	 into	

another	 strain	 (Poli	 et	 al.	 1994;	 Braida	 et	 al.	 2004);	 and	 a	 third	model	 has	 also	

been	utilized,	BALB.B/Ai-[KO]IL6N9	(Swiergiel	and	Dunn	2006).	Thus,	conflicting	

results	have	been	published	by	the	different	groups.	Our	laboratory	found	that	IL-

6KO	 mice	 presented	 less	 ambulation,	 head-dippings	 and	 rearings	 in	 the	 hole-

board	 (HB),	 and	 less	 entries	 in	 the	open	arms	of	 the	elevated	plus	maze	 (EPM),	

suggesting	 more	 emotional	 reactivity	 in	 novel	 environments.	 (Armario	 et	 al.	

1998).	 Butterweck	 and	 colleagues	 (2003)	 reported	 the	 same	 mice	 to	 have	

increased	 activity	 in	 the	 open	 field	 (OF)	 test,	 seemingly	 in	 contrast	 with	 the	

previous	study,	while	having	 less	rearings	and	entries	 into	 the	open	arms	of	 the	

EPM,	which	does	agree	with	those	results,	supporting	at	least	an	anxiolytic	role	of	

IL-6.	However,	the	same	model	was	recently	reported	to	have	increased	travelled	

distance	and	time	spent	in	the	central	part	of	an	OF,	while	maintaining	equal	total	
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activity,	which	could	point	to	decreased	anxiety	of	the	knock-out	(Aniszewska	et	

al.	2015).	The	second	model	also	showed	no	differences	 in	spontaneous	activity,	

but	suggested	a	facilitative	role	of	 IL-6	deficiency	in	both	reference	and	working	

memory	 (Braida	 et	 al.	 2004),	 which	 was	 confirmed	 with	 the	 IL-6KO	 in	 the	

C57BL/6	background,	which	 is	 resistant	 to	 LPS-induced	 impairment	 of	working	

memory,	possibly	by	avoiding	hippocampal	production	of	inflammatory	cytokines	

such	as	IL-1b	and	TNFa	(Sparkman	et	al.	2006).	Finally,	with	the	third	model,	no	

differences	 were	 found	 in	 the	 OF,	 the	 EPM,	 even	 after	 physiological	 (IL-1)	 or	

emotional	(restraint)	stressors,	nor	in	despair	models	such	as	tail	suspension	(TS)	

and	forced-swim	(FS)	tests	(Swiergiel	and	Dunn	2006).		

It	 is	 evident	 from	 the	 previous	 paragraph	 that	 drawing	 clear-cut	

conclusions	 from	 the	 systemic	 IL-6KO	 is	 quite	 difficult,	 due	 both	 to	 the	

heterogeneity	 of	 genetic	 backgrounds	 and	 the	 fact	 that	 many	 cells	 in	 the	 CNS	

produce	 the	cytokine.	Therefore,	pinpointing	 the	role	of	each	source	 is	 certainly	

interesting.	Our	group	has	 focused	on	 this	very	 issue	 for	 the	past	years	and	has	

used	 a	 conditional	 astrocyte-specific	 IL-6KO	 mouse	 to	 ascertain	 the	 role	 of	

astrocyte-produced	IL-6	and	the	response	of	those	cells	to	the	cytokine	by	means	

of	 its	membrane	receptor.	This	model	was	shown	to	have	decreased	ambulation	

in	 the	HB	 and	 increased	 anxiety	 in	 the	EPM	evidenced	by	 less	 time	 in	 the	 open	

arms	 (Quintana	 et	 al.	 2013;	 Erta	 et	 al.	 2015),	 which	 is	 consistent	 with	 our	

previous	 findings	 with	 the	 systemic	 IL-6KO	 (Armario	 et	 al.	 1998)	 and	 would	

suggest	a	prominent	role	of	astrocytic	IL-6	in	the	regulation	of	novel	environment	

exploration.	

Behavioral	 studies	 to	 elucidate	 the	 role	 of	 IL-6	 have	 also	 used	GFAP-IL6	

mice,	primarily	to	assess	alterations	related	to	inflammatory	neurodegeneration.	

For	 example,	 conditioned	 avoidance	 was	 hindered	 in	 mice	 with	 chronic	

expression	 of	 IL-6	 and	 it	 worsened	 with	 age	 (Heyser	 et	 al.	 1997).	 It	 could	 be	

argued	that	these	results	mirror	the	facilitated	memory	in	IL-6KO	mice	described	

before,	but	it	is	important	to	account	for	the	extensive	microgliosis	and	neuronal	
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alterations	 in	 this	model,	which	might	 be	 the	 reason	 for	 the	 deficit	 instead	 of	 a	

direct	action	of	IL-6.	

Nevertheless,	 it	must	be	considered	that	the	role	of	IL-6	in	behavior	may	

arise	 from	 permanent	 changes	 in	 the	 embryonic	 stage,	 as	 evidenced	 by	 the	

observation	that	IL-6	administration	to	pregnant	rats	causes	latent	inhibition	and	

pre-pulse	inhibition	deficits	in	their	adult	offspring.	The	deleterious	role	of	IL-6	is	

further	 evidenced	 by	 the	 fact	 that	 IL-6KO	 mice	 show	 no	 effects	 on	 the	 adult	

offspring	when	treated	with	double-stranded	poly(IC),	an	innate	immune	system	

inductor	(Smith	et	al.	2007).	Since	schizophrenia	and	autism	present	these	traits	

(Wynn	 et	 al.	 2004;	 Perry	 et	 al.	 2007),	maternal	 infection	 could	 be	 a	 significant	

environmental	risk	factor	for	the	development	of	these	diseases	in	the	offspring.	

	

1.5.2.1 Sickness	behavior	

	 Sickness	 behavior	 refers	 to	 the	 unspecific,	 yet	 highly	 orchestrated,	

behavioral	 changes	 that	 occur	 in	 animals	 suffering	 from	 an	 infection,	 which	

include	 reduced	 general	 activity,	 grooming	 and	 social	 interactions,	 hunched	

posture,	anorexia,	adipsia,	and	hypersomnia.	 It	 is	an	adaptive	response	aimed	at	

conserving	 energy	 while	 the	 organism	 fights	 the	 infection	 (Dantzer	 and	 Kelley	

2007).	

	 This	response	 is	mediated	by	cytokines	 in	two	phases.	First,	peripherally	

released	 cytokines	 (produced	 by	 inflammatory	 cells	 in	 the	 context	 of	 the	

infection)	 activate	 afferent	 nerve	 fibers,	 such	 as	 the	 vagal	 nerve,	 ultimately	

entering	 the	brain	at	 the	nucleus	of	 the	 solitary	 tract	 (NTS).	Then,	 certain	brain	

areas,	e.g.	 the	parabrachial	nucleus	(PBN),	the	hypothalamic	PVN	and	supraoptic	

nuclei	 (SON),	 the	 CeA	 and	 the	 BNST,	may	 become	 sensitized	 to	 locally	 released	

cytokines,	widening	the	scope	of	peripheral	cytokines	(Dantzer	2001).	
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	 Several	pro-inflammatory	cytokines	have	been	 linked	 to	 the	 induction	of	

sickness	 behavior,	 such	 as	 TNFα,	 IL-1b	 and	 IL-6	 (Johnson	 2002).	 Indeed,	

peripherally	 administered	 IL-6	 antiserum	 alleviates	 LPS-induced	 sickness	

behavior	in	rats	(manifested	through	voluntary	running	and	feeding),	suggesting	

that	 this	 cytokine	 is	 relevant	 to	 the	 response	 (Harden	 et	 al.	 2006).	 However,	

intracerebroventricular	 (ICV)	 administration	 of	 IL-6	 fails	 to	 elicit	 sickness	

behavior	 in	 rats	 (up	 to	 6	 hours),	 and	 needs	 co-administration	 of	 IL-1b	 to	

significantly	reduce	activity	and	social	interactions	(Lenczowski	et	al.	1999).		This	

could	mean	that	a	synergy	of	cytokines	is	needed	to	initiate	the	response	rapidly,	

since	 at	 a	 later	 time	 point	 (9	 hours	 after	 injection)	 IL-6	 alone	 seems	 to	 be	

sufficient	(Schöbitz	et	al.	1995).		A	possible	mechanism	in	physiological	conditions	

could	 be	 related	 to	 the	 afore-mentioned	 sensitization	 of	 the	 brain	 before	 local	

release,	 since	 prior	 ICV	 administration	 of	 sIL-6R	 significantly	 enhances	 and	

lengthens	the	effects	of	IL-6	(Schöbitz	et	al.	1995).		

	 Infection	 can	 be	 considered	 a	 systemic	 stressor	 (as	 opposed	 to	 an	

emotional	 one)	 and	 does	 indeed	 activate	 the	 hypothalamic-pituitary-adrenal	

(HPA)	axis	(Tilders	et	al.	1994).	The	relationship	between	IL-6	and	the	HPA	axis	

and	its	consequences	will	be	discussed	in	the	next	section.	

	

1.5.2.2 The	HPA	axis,	stress	and	depression	

A	role	of	IL-6	in	stress	has	been	suggested	above	with	the	studies	with	IL-

6KO	 and	 conditional	 astrocyte	 IL-6KO	mice	 in	 anxiety-related	 tests,	 such	 as	 the	

EPM;	 and	 the	 activation	 of	 the	 HPA	 axis	 after	 a	 systemic	 infection.	 The	

relationship	 between	 IL-6	 and	 the	 HPA	 axis	 is	 bidirectional,	 each	 affecting	 the	

other.	
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1.5.2.2.1 IL-6	affects	the	HPA	axis	

ICV	 administration	 of	 IL-6	 in	 the	 rat	 increases	 plasma	 ACTH	 and	

corticosterone	 (Lenczowski	 et	 al.	 1999),	 possibly	 by	 stimulating	 corticotropin-

releasing	hormone	(CRH)	production	on	IL-6R-positive	parvocellular	neurons	of	

the	paraventricular	nucleus	of	the	hypothalamus	that	increase	the	receptor	after	

LPS	 injection	 (Vallières	 and	 Rivest	 1997).	 In	 vitro	 studies	 also	 support	 this	

possibility,	 as	 IL-6	 increases	 CRH	 in	 rat	 hypothalamic	 explants	 (Navarra	 et	 al.	

1991).	However,	peripheral	administration	of	IL-6	in	humans	also	induces	ACTH	

and	cortisol	secretion,	possibly	pointing	to	a	direct	action	on	the	pituitary	and/or	

the	 adrenal	 gland	 (Späth-Schwalbe	 et	 al.	 1994).	 Indeed,	 primary	 cultures	 of	 rat	

adrenal	glands	stimulated	with	IL-6	produce	corticosterone	in	a	dose-dependent	

way;	and,	in	addition,	at	low	doses	it	acts	synergistically	with	ACTH	suggesting	a	

regulation	of	the	long-term	response	to	stress	(Salas	et	al.	1990;	Päth	et	al.	2000).	

Nevertheless,	in	rats	with	jugular	vein	administration,	the	increase	in	ACTH	could	

be	blocked	by	anti-CRH	antiserum	(Naitoh	et	al.	1988),	suggesting	rather	a	central	

effect.	 In	summary,	 it	seems	that	 IL-6	can	act	on	all	 three	 levels	of	 the	HPA	axis,	

but	 maybe	 the	 preferential	 one	 depends	 on	 the	 level	 of	 IL-6	 and	 where	 it	 is	

produced	(CNS	or	periphery).	

	

1.5.2.2.2 Stress	affects	IL-6	

Stress	 can	 also	 in	 turn	 influence	 IL-6.	 Mild	 stress	 caused	 by	 a	 novel	

environment	(OF)	increases	Il6	mRNA	in	the	hypothalamus,	pituitary	and	adrenal	

gland	 (Butterweck	 et	 al.	 2003)	 as	 well	 as	 plasma	 IL-6	 (LeMay	 et	 al.	 1990b).	

Restraint	(a	psychogenic	stressor)	also	increases	Il6	mRNA	in	the	hypothalamus,	

specifically	 in	 vasopressin	 magnocellular	 neurons	 of	 the	 PVN	 and	 supraotic	

nucleus	(SON)	of	the	hypothalamus,	and	IL-6	in	the	plasma	(Jankord	et	al.	2010).	

In	 humans,	 psychological	 stress	 also	 increases	 plasma	 IL-6,	 along	 with	 other	

cytokines	such	as	TNFa	and	interferon	g	(IFNg)	(Maes	et	al.	1998).	
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The	 main	 source	 for	 plasma	 IL-6	 after	 stress	 seems	 to	 be	 the	 liver	

(Kitamura	et	al.	1997)	and	not	the	adrenal	gland	(Takaki	et	al.	1994)	as	suggested	

by	 Zhou	 and	 colleagues	 (1993).	 The	 increase	 in	 IL-6	 seems	 to	 be	 mediated	 by	

catecholamines	 acting	 on	 b–adrenergic	 receptors	 in	 the	 CNS,	 since	 it	 can	 be	

reduced	 by	 ICV	 6-hydroxidopamine	 (6-OHDA),	 a	 neurotoxin	 that	 kills	

catecholaminergic	 neurons	 (Takaki	 et	 al.	 1994)	 and	 by	 b–adrenergic	 receptor	

antagonists	 (Soszynski	 et	 al.	 1996);	 even	 though	 conflicting	 results	 exist	with	 a	

different	stress	paradigm	and	antagonist	dosage	(Zhou	et	al.	1993).	In	support	of	

the	 former	 view,	 several	 types	 of	 cancer	 cells	 produce	 IL-6	 in	 response	 to	 NE	

through	the	β-adrenergic	receptor	and	cAMP-protein	kinase	A	and/or	Src	tyrosine	

kinase	(Nilsson	et	al.	2007;	Yang	et	al.	2014).	However,	it	should	be	remembered	

that	 glucocorticoids	 have	 an	 inhibitory	 effect	 on	 Il6	 transcription	 (see	 1.3.3	

Regulation	 of	 expression	 of	 IL-6),	 and	 could	 also	 contribute	 to	 this	 process.	

Certainly,	blockade	of	corticosterone	with	an	antagonist	is	able	to	further	increase	

open	 field-induced	 IL-6	 (Morrow	 et	 al.	 1993),	 which	 would	 suggest	 that	 the	

increase	is	at	least	partially	due	to	lack	of	glucocorticoid	inhibition.	

	

1.5.2.2.3 Depression	

	 The	fact	whether	IL-6	itself	can	induce	or	is	a	risk	factor	for	depression	in	

humans	 has	 been	 cause	 of	 speculation	 (Dantzer	 et	 al.	 1999;	 Leonard	 2001;	

Wichers	et	al.	2006).	This	causality	 is	 supported	by	studies	 in	mice	with	central	

administration	 of	 recombinant	 mouse	 IL-6,	 where	 it	 produces	 depressive-like	

phenotypes	 and	 increases	 the	 expression	 of	 the	 cytokine	 in	 the	 hippocampus,	

hypothalamus	 and	 frontal	 cortex,	 with	 participation	 of	 trans-signaling	 (Sukoff	

Rizzo	et	al.	2012).	

Major	 depression	 in	 humans	 has	 been	 associated	 both	 with	 increased	

inflammatory	 factors,	e.g.	TNFa,	 IL-6,	 sIL-6R,	 IL-1b,	 IFN	and	C-reactive	protein	

(CRP),	 and	 with	 immunosuppressive	 mediators,	 e.g.	 prostaglandin	 E2	 (PGE2),	
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sIL-2R,	 IL-1	receptor	antagonist	secretion	and	hyperactivity	of	 the	HPA	axis,	 the	

latter	proposed	to	be	a	compensatory	mechanism	(Maes	et	al.	1995a;	Maes	et	al.	

1995b;	Howren	et	al.	2009;	Valkanova	et	al.	2013),	even	though	some	controversy	

exists	(Basterzi	et	al.	2005;	Sasayama	et	al.	2013).	

Nevertheless,	 these	 observed	 changes	 are	 in	 circulating	markers	 and,	 as	

mentioned	before,	CSF	and	plasma	IL-6	levels	are	independent.	Data	regarding	the	

CNS	in	humans	is	controversial	since	decreased	(Levine	et	al.	1999;	Stübner	et	al.	

1999),	 equal	 (Carpenter	 et	 al.	 2004)	 and	 increased	 (Lindqvist	 et	 al.	 2009;	

Sasayama	 et	 al.	 2013)	 CSF	 levels	 of	 IL-6	 have	 been	 reported	 in	 depressive	

individuals	compared	to	healthy	controls.	Again,	differences	in	specific	diagnostic,	

sex,	 age	 and	 concomitant	 pharmacological	 treatment	 or	 other	 conditions	might	

explain	the	divergence.	

	 Animal	 models	 provide	 additional	 information	 on	 the	 relationship	

between	 depressive-like	 behavior	 and	 IL-6.	 In	 IL-6KO	 mice,	 a	 prior	 learned	

helplessness	procedure	(inescapable	 footshocks)	does	not	result	 in	 the	expected	

increase	 in	 immobility	 in	 the	 FST	 or	 TS.	 In	 addition,	 Il6	mRNA	 increases	 in	 the	

hippocampus	of	wild-type	animals	with	 the	 inescapable	 shocks	 (Chourbaji	 et	 al.	

2006).	Moreover,	 the	paradigm	of	 constant	darkness	also	 increases	 IL-6	both	 in	

plasma	 and	 the	hippocampus,	 by	means	 of	NF-kB,	 and	 IL-6KO	mice	 show	again	

resistance	to	the	induced	depression-like	behavior	(Monje	et	al.	2011).	However,	

some	authors	failed	to	demonstrate	a	significant	increase	in	IL-6	(or	Il6	mRNA)	in	

the	 rat	 cortex	 and	 hippocampus	 after	 a	 chronic	 stress	 paradigm	 (inescapable	

footshocks)	or	a	prolonged	restraint	stress	(Sukoff	Rizzo	et	al.	2012;	Voorhees	et	

al.	2013).	
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1.5.3 Neuroimmunology	

	 In	the	20th	century,	the	discovery	that	skin	allografts	survived	better	in	the	

brain	 (Medawar	 1948)	 prompted	 the	 thought	 that	 the	 CNS	 was	 completely	

independent	from	the	peripheral	immune	system,	lacked	lymphatic	drainage,	and	

that	 it	was	also	immunologically	 inert	(Carson	et	al.	2006).	However,	the	finding	

that	 microglial	 cells	 were	 the	 resident	 macrophages	 of	 the	 brain	 exerting	 a	

continuous	 vigilance	 of	 the	 parenchyma,	 responding	when	 necessary	 (Ling	 and	

Wong	1993;	Nimmerjahn	et	al.	2005),	started	to	change	the	picture	on	“immune	

privilege.”	 More	 recently,	 the	 presence	 of	 immune	 cells	 in	 the	 meninges,	 their	

trafficking	 into	the	CSF	along	with	macromolecules	via	classic	 lymphatic	vessels,	

and	the	existence	of	a	glymphatic	system	allowing	the	drainage	of	fluid	from	the	

brain	parenchyma	 into	 the	CSF	have	 all	 helped	modify	 the	 old	 perception	 of	 an	

enclosed	 CNS	 (Louveau	 et	 al.	 2015).	 Also,	 other	 components	 of	 the	 classical	

immune	 response,	 the	 major	 histocompatibility	 complex	 (MHC)	 I	 and	 the	

complement	 system,	 have	 been	 identified	 in	 the	 CNS	 in	 relation	 to	 neural	

plasticity	and	synaptic	pruning	(Shatz	2009;	Stephan	et	al.	2012).	

	 It	is	therefore	clear	that,	even	if	the	inflammatory	response	of	the	brain	

is	 different	 from	 that	 of	 peripheral	 tissues,	 it	 certainly	 exists	 and	 its	 main	

purpose	 is	 to	 limit	 secondary	 degeneration.	 It	 is	 characterized	 by	 a	 fast	 glial	

activation	 and	 synthesis	 of	 cytokines,	 free	 radicals	 and	 prostaglandins,	 edema,	

MHC	 expression,	 a	 systemic	 acute	 phase	 response,	 complement	 activation,	

expression	of	adhesion	molecules	and	a	delayed	invasion	of	immune	cells	(Lucas	

et	 al.	 2006).	 However,	 given	 the	 physical	 restrictions	 of	 the	 cranium	 and	 the	

importance	 of	 the	 CNS	 in	 coordinating	 the	 whole	 organism,	 it	 is	 critical	 the	

inflammation	be	resolved	appropriately	to	avoid	permanent	damage	or	a	chronic	

disease.	
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1.5.3.1 Neuroinflammation	

Neuroinflammation	can	be	either	acute	or	chronic.	Acute	 injuries	include	

traumatic	brain	injury	(TBI),	stroke	and	ischemia;	and	chronic	CNS	conditions	are	

neurodegenerative	diseases	 such	as	multiple	 sclerosis	 (MS),	Alzheimer’s	disease	

(AD),	 Parkinson’s	 disease	 (PD),	 amyotrophic	 lateral	 sclerosis	 (ALS)	 and	

Creutzfeldt–Jakob	disease	(CJD).	

A	 major	 breakthrough	 in	 the	 role	 of	 IL-6	 in	 neuroinflammation	 was	

obtained	using	transgenic	mouse	models	with	chronic	expression	of	the	cytokine	

under	 different	 promoters.	 GFAP-IL6	 mice	 display	 a	 marked	 astrogliosis,	

neuronal	 degeneration	 and	 increased	 vascularization	 in	 the	 hippocampus	 and	

cerebellum.	All	these	morphological	changes	result	in	runting,	tremor,	ataxia	and	

seizures	(Campbell	et	al.	1993).	The	expression	of	the	cytokine	under	the	neuron-

specific	enolase	promoter	 (NSE-IL6	mice)	 results	also	 in	reactive	astrogliosis	 in	

the	 brain	 and	 cerebellum,	 ramified	 microglia	 but	 no	 neuronal	 damage,	 no	

neovascularization	and	no	evident	neurological	or	behavioral	deficits	 (Fattori	 et	

al.	 1995).	 The	 authors	 on	 the	 latter	 model	 attribute	 the	 differences	 to	 the	

anatomical	 localization	 of	 astrocytic	 feet	 in	 close	 proximity	 to	 the	 endothelium	

and	to	 the	 lower	affinity	of	human	IL-6	(the	one	used	 in	 their	construct)	 for	 the	

murine	 receptor.	 Taken	 together	 these	 results	 emphasize	 the	 role	 of	 IL-6	 in	

astrogliosis	 and	 microgliosis,	 which	 were	 later	 found	 to	 be	 mediated	 by	 the	

JAK2/STAT3	 and	MAPK/ERK	 pathways	 (Sriram	 et	 al.	 2004;	 Krady	 et	 al.	 2008),	

mostly	 after	 IL-6	 binds	 to	 the	 sIL-6R	 and	 then	 binds	 to	 gp130	 (trans-signaling)	

(Campbell	et	al.	2014).	

More	evidence	on	the	harmful	action	of	 IL-6	came	from	systemic	IL-6KO	

mice,	 which	 are	 resistant	 to	 the	 induction	 of	 experimental	 autoimmune	

encephalomyelitis	 (EAE),	 a	 common	 model	 of	 MS	 (Samoilova	 et	 al.	 1998).	 Our	

group	 aimed	 at	 describing	 the	 role	 of	 astrocytic	 IL-6	 in	 the	 development	 of	 the	

disease	by	using	conditional	astrocytic	IL-6KO	mice	but	little	effect	was	seen	(Erta	
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et	 al.	 2016).	 Rather,	 the	 resistance	 of	 IL-6KO	 animals	 appears	 to	 be	 a	 process	

mediated	by	a	 lack	of	 trans-presentation	of	 IL-6	by	dendritic	cells	 to	T	cells	(the	

novel	 cluster	 signaling)	 to	 differentiate	 into	 pathogenic	 Th17	 cells	 (Heink	 et	 al.	

2016).		

	 Nevertheless,	 the	role	of	 IL-6	 is	not	always	detrimental.	Evidence	 from	

the	IL-6KO	mouse	and	models	of	TBI	shows	that	 lack	of	 IL-6	 increases	oxidative	

stress	 and	 results	 in	 more	 neurodegeneration,	 as	 well	 as	 reduced	 sensory	

perception,	activity	and	balance	(Penkowa	et	al.	2000;	Swartz	et	al.	2001;	Ley	et	

al.	2011).	This	neuroprotection	is	mediated,	at	 least	in	some	cases,	by	astrocytes	

producing	 IL-6	 in	 response	 to	 ATP	 (Fujita	 et	 al.	 2009).	 In	 addition,	 chronic	

expression	of	IL-6	in	the	CNS	(GFAP-IL6	mice)	accelerates	the	recovery	after	a	TBI	

due	to	the	extensive	re-vascularization,	adding	to	the	neuroprotective	role	of	the	

cytokine.	

	 Apart	 from	 the	 aforementioned	neurological	 insults,	 inflammation	 in	 the	

CNS,	 specifically	 in	 the	 hypothalamus,	 occurs	 in	models	 of	 diet-induced	 obesity	

(Thaler	 and	 Schwartz	 2010).	 As	 this	 is	 a	 main	 point	 of	 this	 thesis,	 it	 will	 be	

covered	in	the	corresponding	specific	section	(see	1.5.4	Regulation	of	body	weight	

and	linear	growth).	

	

1.5.3.2 Fever	and	body	temperature	

One	 of	 the	 key	 features	 of	 inflammation	 is	 fever,	 an	 elevation	 of	 body	

temperature	 due	 to	 alteration	 of	 the	 hypothalamic	 set	 point,	 thought	 to	 aid	 in	

fighting	the	pathogen,	but	acting	through	different	mechanisms	as	a	hyperthermia	

induced	by	low	temperatures.	

Body	temperature	is	normally	regulated	from	the	preoptic	area	(POA)	by	

integration	of	 peripheral	 information	 coming	 from	 thermoreceptors	 on	 the	 skin	
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(outside	 temperature),	 in	 the	 splanchnic	 and	 vagal	 nerve	 afferent	 fibers	

distributed	in	the	abdomen	(internal	core	temperature)	through	relay	on	the	PBN,	

and	 in	 POA	 neurons	 themselves.	 The	 mechanisms	 for	 temperature	 adjustment	

depend	on	efferent	pathways	to	the	DMH	and	the	rostral	medullary	raphe	region	

(rMR),	 and	 they	 include	 activation	 or	 inhibition	 of	 brown	 adipose	 tissue	 (BAT)	

thermogenesis	 (non-shivering),	 skeletal	 muscle	 thermogenesis	 (shivering),	

regulation	 of	 heart	 rate	 and	 cutaneous	 vasomotion	 (dilation	 or	 constriction)	

(Boulant	2000;	Nakamura	2011).	

Fever	 can	 be	 accomplished	 in	 an	 experimental	 setting	 through	 the	

administration	of	LPS	to	mimic	an	infection,	and	occurs	through	a	IL-1β-mediated	

increase	of	 IL-6	 (LeMay	et	 al.	 1990a),	 even	 though	plasma	 levels	of	 IL-1	 remain	

low	 (Bristow	et	 al.	 1991;	Klir	 et	 al.	 1993).	The	 rise	of	 IL-6	 levels	occurs	both	 in	

plasma	and	in	the	anterior	hypothalamus	(Klir	et	al.	1994)	and	as	demonstrated	

using	 IL-6	deficient	mice,	 it	 is	 critical	 for	 the	development	of	 LPS-induced	 fever	

(Chai	 et	 al.	 1996).	 Ultimately,	 the	 rise	 in	 temperature	 occurs	 partially	 by	 the	

action	of	PGE2	on	anterior	hypothalamus	 (AH)/POA	neurons	 (Fernández-Alonso	

et	al.	1996).	The	source	of	brain	PGE2	are	endothelial	cells	(Yamagata	et	al.	2001)	

and	 astrocytes	 (at	 least	 in	 culture)	 (Chikuma	 et	 al.	 2009).	 The	 former	 are	 an	

obvious	 connection	 with	 circulating	 cytokines	 that	 could	 act	 on	 the	 brain’s	

endothelium	to	secrete	IL-6	into	the	parenchyma.	

	

1.5.4 Regulation	of	body	weight	and	linear	growth	

1.5.4.1 Energy	balance	 	

	 Maintenance	 of	 body	 weight	 is	 dependent	 on	 energy	 balance,	 which	 is	

determined	 by	 energy	 intake	 and	 energy	 expenditure	 being	 equivalent.	 This	

process	depends	on	the	central	integration	of	satiation	(phasic,	related	to	meals)	

and	adiposity	(tonic)	peripheral	signals	(Chambers	et	al.	2013)	(Figure	7).	
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Figure	7.	Central	integration	of	satiation	and	adiposity	signals.	Peripheral	signals	get	access	to	
the	CNS	either	through	the	median	eminence	and	then	to	the	ARC	or	in	the	NTS.	Signaling	to	the	NTS	

can	 be	 humoral	 or	 through	 vagal	 afferents.	 Hypothalamus	 and	 brainstem,	 are	 connected	 to	 each	

other	 and	 to	 the	 PBN	 to	 integrate	 all	 the	 inputs	 and	 elicit	 the	 appropriate	 response.	 The	 VTA	

mediates	the	reward	value	of	food.	In	red	anorexigenic	signals;	in	green	orexigenic	signals.		Apo	A-IV	

apolipoprotein	 A-IV;	 ARC	 arcuate	 nucleus	 of	 the	 hypothalamus;	 CCK	 cholecystokinin;	 GLP-1	

glucagon-like	 peptide	 1;	 LHA:	 lateral	 hypothalamic	 area;	 NTS	 nucleus	 of	 the	 solitary	 tract;	 PBN	

parabrachial	 nucleus;	 PVN	 paraventricular	 nucleus	 of	 the	 hypothalamus;	 PYY	 peptide	 YY;	 VTA	

ventral	tegmental	area.	Based	on	Cone	2005;	Morton	et	al.	2006;	Chambers	et	al.	2013;	Tokita	et	al.	

2014;	and	Roman	et	al.	2016.	

	

Phasic	 signals	 include	 cholecystokinin	 (CKK),	 glucagon-like	 peptide-1	

(GLP-1)	 and	 other	 derivatives	 of	 the	 proglucagon	 gene,	 peptide	 YY	 (PYY),	

amylin,	 apolipoprotein	 A-IV	 (Apo	 A-IV),	 and	 nutrients	 themselves,	 among	

others.	All	of	them	decrease	meal	size	and	most	can	act	either	in	the	periphery	or	

the	 brain.	 For	 example,	 CKK	 and	 GLP-1	 have	 specific	 receptors	 in	 the	 sensory	

branches	 of	 the	 vagal	 nerve	 that	 then	 innervate	 the	 NTS	 and	 ultimately	 the	
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hypothalamus	 (Smith	 et	 al.	 1981;	 Nakagawa	 et	 al.	 2004;	 Sullivan	 et	 al.	 2007),	

some	at	least	through	a	relay	on	the	PBN	(Roman	et	al.	2016).	GLP-1	can	also	act	

directly	in	the	brain	(Turton	et	al.	1996)	and	bind	to	its	receptors	in	brain	areas	

related	 to	 food	 intake	 such	 as	 the	 arcuate	 nucleus	 of	 the	 hypothalamus	 (ARC),	

lateral	hypothalamic	area	 (LHA),	VMH	and	 the	NTS	 (Göke	et	 al.	 1995).	 It	 is	 also	

possible	 that	 they	enter	 the	brain	 through	 the	 circumventricular	organs	and	act	

on	neighboring	nuclei	(Ørskov	et	al.	1996;	Lutz	et	al.	1998).	

In	 addition,	 ghrelin	 production	 in	 the	 stomach	 when	 fasted	 has	 an	

orexigenic	 and	 growth	 hormone-releasing	 effect.	 This	 hormone	 does	 not	 only	

increase	 appetite,	 but	 it	 also	 reduces	 the	 utilization	 of	 fat	 depots	 (Kojima	 et	 al.	

1999;	Tschöp	et	al.	2000).	It	can	act	either	peripherally,	through	vagal	afferents	in	

the	stomach,	or	centrally,	 in	 the	hypothalamus	and	brainstem	(Guan	et	al.	1997;	

Bailey	et	al.	2000;	Date	et	al.	2002).	

Tonic	 signals	are	 secreted	proportionally	 to	body	 fat	mass.	Pancreatic	b-

cells	 secrete	 insulin	 and	white	 adipocytes	produce	 leptin.	 These	hormones	 can	

cross	 the	 blood-brain	 barrier	 (BBB)	 by	 independent	 saturable	 transporter	

systems	and	then	act	on	brain	areas	where	their	receptors	are	expressed	(Banks	

et	 al.	 1996;	 Banks	 et	 al.	 1997).	 The	 insulin	 receptor	 (IR)	 is	 expressed	 in	 the	

olfactory	bulb,	the	cortex,	the	lateral	septum,	the	nucleus	accumbens	(NAcc),	the	

dentate	 gyrus	 (DG)	 and	 the	Cornu	Ammonis	 (CA)	 fields	 of	 the	hippocampus,	 the	

mammillary	bodies,	the	PVN,	the	SON,	the	ARC,	DMH,	the	granule	cell	layer	of	the	

cerebellum	 and	 the	 dorsal	 tegmental	 nucleus	 in	 the	 brainstem	 (Werther	 et	 al.	

1987;	Marks	et	al.	1990).	The	leptin	receptor	(Ob-Rb	splice	variant	in	the	mouse)	

is	much	more	restricted,	and	is	expressed	in	the	ARC,	VMH,	LHA,	DMH,	and	also	in	

the	NTS	and	other	nuclei	of	the	caudal	brainstem	(Fei	et	al.	1997;	Grill	2006).	Of	

all	 these,	 the	ARC	 is	 critical	 regarding	 regulation	 of	 energy	 balance	 since	 it	 is	 a	

circumventricular	 organ	 (Cone	 et	 al.	 2001),	 so	 adiposity	 signals	 have	 increased	

access,	it	contains	neurons	expressing	energy	balance-related	neuropeptides,	and	

it	also	receives	information	from	satiation	and	reward	signals.	
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1.5.4.1.1 Hypothalamic	neuropeptides	and	circuitry	

There	 are	 two	 major	 insulin-	 and	 leptin-sensing	 cell	 populations	 in	 the	

ARC,	 pro-opiomelanocortin	 (POMC)/ cocaine-	 and	 amphetamine-regulated	

transcript	 (CART)	 neurons	 and	 neuropeptide	 Y	 (NPY)/agouti-related	 peptide	

(AgRP)	neurons	(Figure	8).	

	

	

Figure	8.	Hypothalamic	circuits	
regulating	 food	 intake	 and	
energy	 expenditure.	 ARC	

NPY/AgRP,	 POMC/CART	 and	

glutamatergic	 neurons	 innervate	

the	PVN	and	the	LHA.	GABA	from	

NPY/AgRP	 neurons	 inhibits	 PVN	

neurons	 and	 neighboring	 ARC	

glutamatergic	 neurons	 (Orxt,	 see	

text).	 a-MSH	 potentiates	

glutamate	 action	 in	 the	 PVN	 and	

also	 stimulates	 LHA	 neurons,	 the	

latter	being	antagonized	by	AgRP.	

Leptin	 and	 insulin	have	opposing	

effects	 to	 ghrelin	 in	 ARC	

subpopulations.	 Leptin	 also	

stimulates	 TRH	 neurons	 in	 the	

PVN.	Based	on	Morton	et	al.	2006;	

and	Morello	et	al.	2016.	

	

	

POMC	(the	same	precursor	that	in	the	adenohypophysis	originates	ACTH)	

is	cleaved	 in	 the	ARC	to	produce	a-melanocyte-stimulating	hormone	(a-MSH),	a	

neuropeptide	that	binds	melanocortin	receptor	3	and	4	(MC3R	and	MC4R)	(Gantz	

et	al.	1993;	Roselli-Rehfuss	et	al.	1993)	and	has	an	anorectic	effect	(Huszar	et	al.	

1997;	 Kim	 et	 al.	 2000).	 Leptin	 and	 insulin	 stimulate	 POMC	 mRNA	 expression	

(Schwartz	 et	 al.	 1997;	 Benoit	 et	 al.	 2002),	 and	 their	 action	 depends	 on	a-MSH	

signaling	 (Seeley	 et	 al.	 1997;	 Benoit	 et	 al.	 2002);	 while	 ghrelin	 inhibits	 them	

(Cowley	 et	 al.	 2003).	 The	 other	 peptide	 expressed	 by	 these	 neurons,	 CART,	



INTRODUCTION	

	
39	

potently	inhibits	food	intake,	even	in	starved	rats,	and	can	counteract	the	effects	

of	NPY.	Its	expression	depends	on	leptin	signaling,	and	it	is	therefore	suppressed	

in	 genetic	 models	 of	 obesity	 such	 as	 the	 ob/ob	 mouse	 (leptin	 deficient)	

(Kristensen	 et	 al.	 1998).	However,	 its	 deficiency	 has	 no	major	 consequences	 on	

food	 intake	 in	 basal	 conditions,	 but	 leads	 to	 increased	 body	 weight	 gain	 when	

Cart-/-	mice	are	fed	a	high-fat	diet	(Asnicar	et	al.	2001).	

On	the	other	hand,	NPY	binds	to	Y	receptors	to	ultimately	stimulate	food	

intake	(Clark	et	al.	1984;	Levine	and	Morley	1984),	while	AgRP	has	the	same	net	

effect	 by	 antagonizing	MC3R	 and	MC4R	 (Ollmann	 et	 al.	 1997).	 It	 has	 also	 been	

proposed	that	AgRP	might	act	as	an	inverse	agonist	of	MC3R	and	MC4R	(to	block	

constitutive	 activity),	 independently	 of	 a-MSH	 (Haskell-Luevano	 and	 Monck	

2001;	Nijenhuis	 et	 al.	 2001).	Both	neuropeptides	 are	 suppressed	by	 insulin	 and	

leptin	 (Morrison	 et	 al.	 2005),	 and	 stimulated	 by	 ghrelin	 (Goto	 et	 al.	 2006),	

therefore	 integrating	 adiposity	 and	 satiation	 signals.	 In	 addition,	 AgRP/NPY	

neurons	 also	 coexpress	 g-aminobutyric	 acid	 (GABA)	 that	 allows	 inhibition	 of	

POMC/CART	neurons	 both	 directly	 at	 the	 soma	 and	 post-synaptically	 in	 targets	

like	the	PBN	to	promote	eating	(Cowley	et	al.	2001;	Wu	and	Palmiter	2011).	

Very	 recently,	 a	 novel	 population	 of	 glutamatergic	 ARC	 neurons	

expressing	 the	 oxytocin	 receptor	 (Oxtr	 neurons)	 has	 been	 described	 and	

involved	in	rapid	meal	termination.	They	are	inhibited	by	GABA	from	Agrp/NPY	

neurons	and	 their	 target	 synapses	potentiated	by	a-MSH	(Fenselau	et	al.	2017).	

They	have	been	proposed	 to	be	 the	 actual	 counter-point	 to	AgRP/NPY	neurons,	

since	POMC/CART	neurons	are	much	slower	acting.	

These	 neuropeptides	 also	 affect	 energy	 expenditure,	 through	

sympathetic	 activity	 and	 thermogenesis,	 in	 an	 inverse	way	 to	 food	 intake	 (Bray	

2000).	 Orexigenic	 neuropeptides	 (those	 stimulating	 food	 intake)	 also	 decrease	

energy	 expenditure	 and	 that	 is	 why	 they	 are	 considered	 to	 have	 an	 anabolic	

profile	(Egawa	et	al.	1990;	Joly-Amado	et	al.	2012).	Conversely,	anorexigenic	ones	
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(those	 inhibiting	 food	 intake)	 increase	energy	expenditure	and	 therefore	have	a	

catabolic	profile	(Egawa	et	al.	1990).		

Both	of	 the	described	neuron	populations	project	 to	other	areas	to	affect	

behavior	or	autonomic	circuits	in	order	to	obtain	the	anabolic	or	catabolic	effect.	

One	of	those	targets,	the	PVN,	contains	glutamatergic	neurons	that	express	MC4R	

and	that	project	to	the	PBN	(an	integration	point	with	visceral	information)	(Shah	

et	 al.	 2014),	 and	 synthesizes	 other	 anorexigenic	 neuropeptides	 such	 as	 CRH,	

oxytocin	and	thyrotropin-releasing	hormone	(TRH)	(Krahn	et	al.	1988;	Arletti	et	

al.	 1990).	 The	 latter	 acts	 both	 through	 stimulation	 of	 thyroid	 hormones	 (via	

thyroid-stimulating	hormone,	TSH)	and	at	the	central	 level,	reducing	food	intake	

and	 increasing	 thermogenesis.	 TRH-expressing	 neurons	 are	 located	 in	 the	

parvocellular	division	of	the	PVN	and	receive	stimulatory	input	from	POMC/CART	

neurons	 (Lechan	 and	 Segerson	 1989;	 Fekete	 et	 al.	 2000).	 Furthermore,	 these	

projections	are	inhibited	by	NPY/AgRP	projections,	creating	a	crosstalk	between	

ARC	subpopulations	and	the	PVN	(Toni	et	al.	1990).	In	addition,	MC4R	expression	

in	 TRH	 neurons	 is	 stimulated	 by	 leptin,	 increasing	 energy	 expenditure	 to	

compensate	 for	 more	 adiposity	 (Harris	 et	 al.	 2001;	 Ghamari-Langroudi	 et	 al.	

2010;	 Ghamari-Langroudi	 et	 al.	 2011).	 However,	 The	 PVN	 can	 also	 respond	 to	

NPY	 to	 increase	 food	 intake	 and	 decrease	 BAT	 thermogenesis	 (Stanley	 and	

Leibowitz	 1984;	 Billington	 et	 al.	 1994),	 pointing	 that	 its	 role	 in	 energy	

homeostasis	is	not	one-sided.	

The	 other	 main	 target	 of	 ARC	 projections	 is	 the	 LHA,	 which	 harbors	

neurons	 expressing	 melanin-concentrating	 hormone	 (MCH)	 or	 hypocretin	 1,	

2/orexins	A,	B	(HCRT)	(Broberger	et	al.	1998).	The	general	profile	of	this	nucleus	

is	anabolic.	 Orexins	 increase	 food	 intake	upon	 ICV	 administration	 and	 they	 are	

also	 up-regulated	 in	 response	 to	 fasting	 (Sakurai	 et	 al.	 1998).	 Likewise,	 MCH	

administered	 ICV	 also	 increases	 food	 intake	 (Della-Zuana	 et	 al.	 2002)	 and	 its	

deficiency	 results	 in	 hypophagic	 and	 lean	 mice,	 with	 increased	 metabolic	 rate	
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(Shimada	 et	 al.	 1998).	 This	 nucleus	 also	 receives	 input	 from	 the	PBN,	 therefore	

integrating	ARC	input	with	visceral	information	(Tokita	et	al.	2014).	

	

1.5.4.1.2 Reward	circuits	

It	 is	 important	to	also	take	into	consideration	the	motivational	aspects	of	

food	intake	to	paint	the	big	picture	of	energy	balance.	

A	tonic	inhibition	by	adiposity	signals	of	the	reward	value	of	food	was	

proposed	 after	 observing	 that	 food-deprivation	 increased	 drug	 relapse	 and	 the	

rewarding	effects	of	drugs	 in	 a	 leptin-dependent	way	 (Cabeza	de	Vaca	and	Carr	

1998;	Shalev	et	al.	2001).	Furthermore,	leptin	or	a	dopamine	antagonist	revert	the	

place	preference	conditioned	by	sucrose	pellets	 in	 food	deprived	rats	 (Figlewicz	

et	al.	2001).	Similarly,	ICV	administration	of	insulin	or	leptin	interferes	with	place	

preference	 conditioned	 by	 a	 high-fat	 diet	 in	 rats	 fed	ad	 libitum	 (Figlewicz	 et	 al.	

2004).	The	co-expression	of	dopaminergic	markers	with	IR	and	Ob-R	receptors	in	

the	 ventral	 tegmental	 area	 (VTA)	 and	 substantia	 nigra	 (SN)	 supports	 that	 these	

areas,	 relevant	 in	 reward	pathways,	 are	 responsive	 to	 these	adiposity	 signals	 to	

modulate	the	seeking	of	palatable	food	(Figlewicz	et	al.	2003).	

Conversely,	 ghrelin	 can	 act	 on	 the	 VTA	 to	 promote	 feeding.	 This	

mesolimbic	 area	 expresses	 ghrelin	 receptors	 and	 its	 neurons	 increase	 action	

potentials	 after	 infusion.	 Also,	 in	 vivo	 peripheral	 administration	 of	 ghrelin	 after	

intra-VTA	ghrelin	blocker	infusion	prevents	increase	of	food	intake	(Abizaid	et	al.	

2006).	

	 Opioids	 play	 also	 a	 significant	 role	 interacting	with	 other	 signals	 in	 the	

energy	balance	circuitry	to	modulate	the	rewarding	aspects	of	feeding.	The	PVN,	

NTS,	 central	 and	 basolateral	 amygdala,	 and	 NAcc	 are	 important	 sites	 for	

integration	of	hypothalamic	neuropeptides,	adiposity	signals	and	opioid	signaling	

(Kotz	et	al.	1995;	Will	et	al.	2004;	Woolley	et	al.	2006).		
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1.5.4.1.3 Obesity	and	central	inflammation	

The	World	Health	Organization	(WHO)	defines	overweight	and	obesity	“as	

abnormal	 or	 excessive	 fat	 accumulation	 that	 presents	 a	 risk	 to	 health.”	 A	 body	

mass	 index	 (BMI,	a	person’s	weight	 in	kilograms	divided	by	his	or	her	height	 in	

meters	 squared)	 of	 25	 is	 considered	 overweight,	 and	 above	 30	 is	 generally	

considered	 as	 obese.	 It	 is	 a	major	 concern	 in	 today’s	 society	 since	 in	2014	 (last	

data	available)	1.9	x	109	adults	were	overweight	or	obese,	and	more	worrisome,	

41	million	children	under	the	age	of	5	were	too	(WHO	2017).	Even	though	some	

diseases	can	 lead	 to	obesity	as	a	by-product,	 the	most	common	cause	 for	excess	

weight	nowadays	is	excessive	eating	of	caloric	foods	and	sedentarism.	

		 Obesity	 is	 associated	 with	 an	 initial	 macrophage	 infiltration	 and	

expression	of	inflammatory	markers	in	the	white	adipose	tissue	(WAT)	(Xu	et	al.	

2003),	followed	by	development	of	insulin	and	leptin	resistance.	Because	of	its	

many	 peripheral	 functions	 in	 glucose	 and	 lipid	 metabolism,	 peripheral	 insulin	

resistance	 is	 quite	 critical	 in	 the	 context	 of	 obesity.	 Hepatic	 insulin	 resistance	

originates	 in	 the	 adipose	 tissue,	 where	 IL-6	 secretion	 mediated	 by	 c-Jun	 NH2-

terminal	 kinase	 1	 (Jnk1),	 increases	 hepatic	 SOCS3	 (Sabio	 et	 al.	 2008),	 which	 in	

turn	decreases	tyrosine	phosphorylation	of	insulin	receptor	substrate	(IRS)-1	and	

also	 reduces	 the	 association	 of	 the	 p85	 subunit	 of	 PI3K	with	 IRS-1	 and	 insulin-

dependent	activation	of	AKT,	all	elements	of	the	insulin	signaling	cascade	(Senn	et	

al.	 2002;	 Ueki	 et	 al.	 2004).	 Leptin	 resistance	 occurs	 in	 the	 adipose	 tissue	 in	 a	

SOCS-dependent	process	 too,	with	a	concomitant	reduction	 in	Ob-R	(Wang	et	al.	

2000;	Wang	et	al.	2005).	However,	central	resistance	to	both	insulin	and	leptin	is	

even	more	important	since	it	can	have	a	whole-system	effect.	

	 Saturation	 of	 the	 transport	 system	of	 leptin	 and	 insulin	may	be	 the	 first	

point	 of	 decreased	 responsiveness	 in	 the	 CNS,	 since	 the	 amount	 to	 reach	 the	

parenchyma	would	not	be	representative	of	the	peripheral	situation	(Israel	et	al.	

1993;	Caro	et	al.	1996).	But	the	reduced	responsiveness	of	hypothalamic	circuits,	
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or	central	resistance,	to	insulin	and	leptin	is	what	ultimately	leads	to	a	defective	

regulation	of	energy	balance.	

The	 current	 view	 on	 the	 cause	 for	 this	 resistance	 is	 hypothalamic	

chronic	 inflammation.	 Saturated	 fatty	 acid-rich	 diets	 induce	 the	 hypothalamic	

(in	 the	 ARC	 and	 LHA)	 production	 of	 pro-inflammatory	 cytokines	 by	 microglia	

such	 as	 IL-1b,	 TNF-a	 and	 IL-6	 through	 a	 TLR-4-mediated	 process	 involving	

endoplasmic	reticulum	(ER)	stress	(Milanski	et	al.	2009).	This	cytokine	secretion	

has	also	been	shown	in	cultured	astrocytes	independently	of	microglia	(Gupta	et	

al.	 2012),	 even	 though	 this	 point	 is	 contended	 (Holm	 et	 al.	 2012).	 In	 addition,	

increased	 serine	 phosphorylation	 of	 the	 IR	 and	 IRS-2,	 which	 is	 associated	 to	

insulin	 resistance,	 occurs	 in	 hypothalamic	 neurons,	 which	 also	 express	 TNF-a	

(Hotamisligil	 et	 al.	 1996;	 De	 Souza	 et	 al.	 2005).	 Blocking	 signal	 transduction	 of	

TLR-4	 lessens	high-fat	diet-induced	weight	 gain,	 improves	 leptin	 sensitivity	 and	

peripheral	 glucose	metabolism	 (Kleinridders	 et	 al.	 2009).	 The	 effects	 on	 insulin	

and	leptin	signaling	and	body	weight	appear	to	be	mediated	by	NF-kB	activation	

(due	 to	 IKKb-mediated	 degradation	 of	 its	 inhibitor	 IkBa)	 in,	 at	 least,	 AgRP	

neurons,	 due	 to	 increased	 SOCS3	 expression	 (Zhang	 et	 al.	 2008;	 Benzler	 et	 al.	

2015).	

Moreover,	 the	 resulting	 inflammation	 also	 contributes	 to	 worsen	 the	

situation.	 Mimicking	 of	 this	 inflammation	 with	 a	 low	 dose	 of	 TNF-a	 results	 in	

reduced	 leptin	 signaling	 in	 the	 hypothalamus	 and	 expression	 of	 Pomc	 and	 Crh.	

This	translates	into	reduced	expression	of	thermogenesis	markers	in	the	BAT	(e.g.	

uncoupling	protein-1	UCP1)	and	mitochondrial	respiration	in	the	skeletal	muscle;	

as	well	as	in	increased	insulin	secretion	but	impaired	insulin	signal	transduction	

in	the	liver	and	skeletal	muscle	(Arruda	et	al.	2011).	

This	 inflammation	occurs	very	early	after	initiation	of	high-fat	diet	 (in	

an	experimental	setting),	and	before	peripheral	 inflammation	occurs;	suggesting	

that	 it	 is	 independent	from	it.	 Inflammation	markers	 in	the	whole	hypothalamus	
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can	be	detected	after	only	1	day	of	high-fat	diet	 (Waise	et	 al.	 2015).	Thaler	 and	

colleagues	(2012)	observed	microgliosis	and	astrogliosis	in	the	ARC	by	day	3,	and	

suggest	 that	 this	gliosis	 is	 the	result	of	neuronal	 injury	caused	by	the	 fatty	acids	

and	 that	 it	 eventually	 causes	 a	 reduction	 in	 POMC	 neurons	 in	 the	 ARC.	 Human	

data	corroborates	these	findings,	since	there	is	evidence	from	obese	subjects	for	

similar	 injury	 in	 the	mediobasal	 hypothalamus	 by	magnetic	 resonance	 imaging	

(MRI)	 studies,	 and	 they	 also	 present	 increased	microgliosis	 (Thaler	 et	 al.	 2012;	

Baufeld	et	al.	2016).	This	microglial	activation	may	have	a	dual	role	depending	on	

the	moment.	The	initial	acute	response	is	of	a	pro-inflammatory	nature	but	a	shift	

occurs	 at	 later	 time-points	 that	 could	mean	 they	 adopt	 a	more	 neuroprotective	

state	(Baufeld	et	al.	2016).	Also	in	the	long	term,	astrogliosis	persists	(Buckman	et	

al.	 2013);	 but,	 whether	 peripheral	 monocyte	 infiltration	 occurs	 is	 still	 debated,	

even	though	the	most	recent	evidence	suggests	that	this	is	not	the	case	(Buckman	

et	al.	2014;	Baufeld	et	al.	2016).	

	

1.5.4.1.4 IL-6:	evidence	from	animal	and	pharmacological	models	

The	data	from	studies	on	sickness	behavior	were	the	first	to	point	at	a	role	

of	IL-6	in	the	regulation	of	energy	balance,	and	suggested	a	negative	effect	of	IL-6	

on	 food	 intake,	 which	 was	 potentiated	 by	 sIL-6R	 (Schöbitz	 et	 al.	 1995;	 Plata-

Salamán	1996).	The	first	milestone	in	the	elucidation	of	the	cytokine’s	role	in	this	

process	came	from	systemic	IL-6KO	mice,	and	their	mature-onset	obesity.	From	

6	months	of	age	on,	these	mice	displayed	a	higher	body	weight	due	to	higher	fat	

depots,	 increased	 leptin	 levels,	 leptin	 intolerance,	 decreased	 glucose	 tolerance	

and	 increased	 food	 intake,	 which,	 notably,	 was	 uncorrelated	 with	 body	 weight	

(Wallenius	 et	 al.	 2002b).	 However,	 in	 another	 group,	 the	 same	model	 failed	 to	

develop	 any	 of	 the	 previous	 phenotypes,	 except	 for	 the	 glucose	 intolerance	 (Di	

Gregorio	 et	 al.	 2004).	 Of	 note,	 in	 our	 group	 the	 same	 IL-6KO	mice	 did	 develop	

obesity,	 more	 prominently	 in	 males	 (Navia	 et	 al.	 2014).	 Nevertheless,	 ICV	
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administration	of	IL-6	increases	colonic	temperature	and	resting	O2	consumption	

(Rothwell	et	al.	1991),	while	it	decreases	body	fat	of	high-fat	diet-fed	rats,	with	an	

average	food	intake	lower	than	controls	(Wallenius	et	al.	2002a),	supporting	the	

notion	that	IL-6	suppresses	body	fat.	

More	evidence	on	the	catabolic	profile	of	 IL-6	comes	from	the	transgenic	

GFAP-IL6	 mouse,	 with	 chronic	 expression	 of	 IL-6	 in	 astrocytes.	 This	 model	 is	

somewhat	 (males)	 or	 completely	 (females)	 resistant	 to	 high-fat	 diet-induced	

obesity,	 has	 reduced	 visceral	 adipose	 tissue,	 and,	 surprisingly,	 has	 impaired	

glucose	tolerance	when	fed	the	high-fat	diet	(Hidalgo	et	al.	2010).	

One	of	the	proposed	mechanisms	for	the	systemic	changes	elicited	by	IL-6	

is	an	increased	sympathetic	tone.	Indeed,	IL-6KO	mice	have	deficient	upregulation	

of	energy	expenditure	during	new-cage	stress	and	cold-exposure,	as	well	as	lower	

plasma	NE	 (Wernstedt	et	al.	2006),	but	 the	 results	with	GFAP-IL6	and	 impaired	

thermogenesis	 after	 cold-exposure	 suggest	 a	 complicated	picture	 (Hidalgo	 et	 al.	

2010).	

	 The	source	of	IL-6	is	also	a	relevant	issue,	given	all	the	cells	that	produce	

it	 in	 the	 CNS.	 Our	 group	 has	 begun	 to	 tackle	 the	 question	 with	 a	 conditional	

astrocytic	 IL-6KO	mouse.	 This	 model	 displays	 a	 higher	 body	 weight	 (in	 males)	

than	 wild-type	 mice	 as	 seen	 in	 the	 IL-6KO	 model,	 but	 from	 an	 earlier	 age	

(Quintana	et	al.	2013).	

	

1.5.4.2 Neural	regulation	of	bone	

Bone	remodeling	results	from	a	balance	between	bone	resorption	(break	

down	by	osteoclasts)	and	formation	(by	osteoblasts).	The	first	evidence	from	a	

central	 regulation	of	bone	mass	 came	 from	 the	anti-osteogenic	effects	of	 leptin.	

Genetic	models	of	obesity,	ob/ob	and	db/db	mice	(leptin	receptor	deficient),	show	
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increased	 bone	 mass	 in	 the	 vertebrae,	 linked	 to	 higher	 osteoblast	 function	

compensating	 the	 increased	 resorption	 caused	 by	 their	 hypercortisolism	 and	

hypogonadism.	 This	 process	 is	 hypothalamus-mediated,	 as	 shown	 by	 the	 bone	

loss	 resulting	 from	 third	 ventricle	 administration	 of	 leptin	 in	 both	 ob/ob	 and	

wild-type	mice.	However,	 the	 fact	 that	 	NPY	also	causes	bone	 loss,	 suggests	 that	

this	process	follows	different	mechanisms	than	the	energy	balance	circuitry	(Ducy	

et	al.	2000).	Of	note,	femora	of	ob/ob	mice	have	been	found	to	be	shorter	and	less	

dense,	 but	 this	 process	 is	 probably	 related	 to	 reduced	 muscle	 (Hamrick	 et	 al.	

2004).	

The	 VMH,	 which	 expresses	 Ob-Rb	 (Fei	 et	 al.	 1997),	 is	 critical	 for	

responding	 to	 leptin	 and	 exerting	 its	 anti-osteogenic	 effect,	 independently	 of	 its	

ARC-mediated	 anorectic	 effects.	 Ablation	 of	 this	 nucleus	 results	 in	 a	 high	 bone	

mass	 phenotype	 such	 as	 in	 ob/ob	mice,	with	 an	 increased	 bone	 formation	 rate,	

that	 cannot	 be	 rescued	 by	 leptin	 ICV	 infusion	 (Takeda	 et	 al.	 2002).	 In	 addition,	

mice	 deficient	 in	 the	 catecholamine-synthesizing	 enzyme	 dopamine	 b–

hydroxylase	(DBH)	present	high	bone	mass	that	is	unaffected	by	adrenal	medulla	

removal	or	leptin	ICV	administration,	supporting	a	sympathetic	nervous	system	

(SNS)	 mechanism	 (Takeda	 et	 al.	 2002).	 Further	 evidence	 for	 the	 sympathetic	

action	 on	 osteoblasts	 came	 from	 b2-adrenergic	 receptor	 (b2AR)	 deficient	 mice	

(Adrb2-/-)	that	also	have	a	high	bone	mass,	linked	to	high	bone	formation	and	low	

bone	 resorption.	 In	 this	 model,	 lack	 of	 b2-adrenergic	 signaling	 in	 osteoblasts	

results	in	increased	activity	of	those	cells,	plus	deficient	secretion	of	the	osteoclast	

differentiation	 factor	RANKL.	Based	on	 the	 similar	phenotype	 to	 leptin	deficient	

mice	 (high	 bone	 mass),	 but	 ob/ob	 mice	 being	 hypogonadic	 and	 Adrb2-/-	 not	

responding	 to	 ovariectomy	 with	 bone	 loss,	 the	 authors	 propose	 an	 additional	

pathway	of	leptin	action	to	sympathetic	signaling	via	b2AR	inhibition	of	osteoclast	

differentiation	 by	 CART	 (Elefteriou	 et	 al.	 2005).	 The	 only	 apparent	 difference	

between	 those	 models	 is	 the	 blunted	 expression	 of	 CART	 in	 ob/ob	 mice	

(Kristensen	et	al.	1998).	Certainly,	Cart	-/-	mice	have	decreased	bone	mass	and	an	
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exacerbated	 response	 to	 the	 anti-osteogenic	 effect	 of	 leptin	 due	 to	 increased	

resorption	 (Elefteriou	 et	 al.	 2005);	 while	 the	 increase	 in	 its	 expression	 (due	 to	

MC4R	 deficiency)	 is	 associated	with	 high	 bone	mass	 in	 both	mice	 and	 humans,	

and	can	be	reversed	by	just	deleting	Cart	(Farooqi	et	al.	2000;	Ahn	et	al.	2006).	

	

1.5.4.2.1 Central	IL-6	may	participate	in	bone	remodeling	

	 The	 similarities	 with	 leptin	 regarding	 energy	 balance,	 and	 the	 fact	 that	

they	share	STAT3-dependent	signaling	pathways,	could	suggest	a	role	for	IL-6	in	

bone	 remodeling,	 given	 that	 sympathetic	neurons	produce	 it	 (März	et	 al.	 1998).	

However,	 no	 studies	 have	 specifically	 addressed	 this	 possibility.	 Available	

evidence	 comes	 from	 systemic	 alterations	 of	 IL-6	 production,	 such	 as	 the	

observation	 that	 mice	 with	 constituent	 expression	 of	 human	 IL-6/s-IL-6R	 are	

smaller	and	weigh	less	(Peters	et	al.	1997).	However,	in	line	with	this	observation	

and	supporting	a	central	action	of	 IL-6,	GFAP-IL6	were	noted	to	be	considerably	

smaller	than	controls	and	with	a	hunched	position	(Campbell	et	al.	1993),	but	no	

explanation	was	proposed	or	explored.	

	

1.5.5 Final	considerations	

	 It	has	been	mentioned	before	that	a	saturable	system	exists	that	allows	IL-

6	to	cross	the	BBB,	although	it	is	rapidly	degraded	(see	1.3.1	Peripheral	and	CNS	

cells	express	IL-6).	In	addition,	it	should	be	noted	that	the	reverse	is	also	possible.	

Radioactively-labelled	IL-6	injected	into	the	lateral	ventricle	of	the	brain	(of	both	

rats	and	mice)	can	be	detected	in	the	blood	after	4	hours	and	is	thought	to	do	so	

by	venous	drainage	through	the	superior	sagittal	sinus	(Banks	et	al.	1994;	Chen	et	

al.	 1997).	 However,	 our	 group	 previously	 used	 GFAP-IL6	 mice	 and	 found	 no	

increase	 in	 serum	 levels,	 either	 in	 basal	 conditions	 (where	 it	 was	 barely	

detectable	 by	 ELISA)	 or	 after	 an	 LPS	 injection	 or	 EAE,	 relative	 to	 wild-type	
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animals.	This	could	be	due	to	the	fact	that	in	this	model	IL-6	expression	is	chronic	

and	 clearance	 could	 prevent	 detection	 of	 small	 changes,	 or	 rather,	 that	 the	

amount	that	reaches	the	ventricle	is	insufficient	to	make	a	difference	in	peripheral	

blood.	Nevertheless,	in	the	case	of	the	double	transgenic	mouse	GFAP-IL6-IL-6KO,	

a	 total	 IL-6	 knock-out	 with	 GFAP-guided	 expression	 of	 IL-6,	 a	 modest	 but	

detectable	 	amount	of	 IL-6	(compared	to	 the	undetectable	 levels	 in	 IL-6KO)	was	

measured	 in	 serum	 after	 LPS	 injection	 (Giralt	 et	 al.	 2013),	 suggesting	 indeed	 a	

certain	clearance	into	the	blood	but	that	is	unlikely	to	be	very	relevant.	
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2 HYPOTHESIS	

Given	that	IL-6	acts	in	the	CNS	to	regulate	body	weight	and	behavior,	the	

local	 production	 of	 this	 cytokine	 is	 likely	 very	 relevant	 in	 these	 processes.	 In	

addition,	 due	 to	 the	 multiple	 sources	 of	 IL-6	 within	 the	 CNS,	 their	 relative	

contribution	is	probably	different.	Astrocytes,	being	the	most	abundant	cell	in	the	

CNS,	are	 in	a	unique	position	to	be	modulators	by	secreting	 IL-6;	and	given	that	

neurons	 regulate	 energy	 balance	 and	multiple	 behavioral	 processes,	 both	 their	

production	of	IL-6	and	their	response	to	it	will	probably	be	significant	as	well.		

	

3 OBJECTIVES	

	

1. To	obtain	mice	with	astrocytic	deficit	of	IL-6	and	characterize	their	phenotype	

with	 regard	 to	weight	 and	metabolism,	 in	 basal	 conditions	 or	 in	 response	 to	

several	challenges	such	as	a	high-fat	diet	and	fasting.	

	

2. To	obtain	mice	with	neuronal	deficit	of	IL-6	and	characterize	their	phenotype	
with	 regard	 to	 behavior,	 weight	 and	 metabolism,	 in	 basal	 conditions	 or	 in	

response	to	several	challenges	such	as	a	high-fat	diet	and	fasting.	

	

3. To	 obtain	 mice	 with	 neuronal	 deficit	 of	 IL-6Rα	 and	 start	 their	 phenotyping,	

both	behaviorally	and	regarding	food	intake.	

	

4. To	obtain	mice	with	chronic	expression	of	IL-6	in	astrocytes	and	characterize	
their	response	to	two	energy	challenges	such	as	fasting	and	a	short-term	high-

fat	diet.	
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4 MATERIALS	AND	METHODS	

4.1 Cre-lox	technology	

Cre-lox	technology	is	a	technique	used	for	activating	or	inactivating	genes	

in	 the	 mouse,	 among	 other	 species.	 It	 profits	 from	 the	 capacity	 of	 the	 P1	

bacteriophage	 cre	 recombinase	 to	 recombine	 two	 specific	 sequences	 called	 lox	

(Sternberg	and	Hamilton	1981).	These	sequences	are	incorporated	into	the	DNA	

of	a	mouse,	flanking	a	section	of	the	gene	of	interest	(critical	for	its	function).	The	

resulting	mouse	is	called	a	floxed	mouse.	Depending	on	the	orientation	of	the	lox	

sites	(cis,	same	orientation;	or	trans,	opposite),	which	surround	the	genetic	area	of	

interest,	 the	 result	 of	 the	 recombination	 will	 be	 the	 excision	 of	 the	 fragment	

(Figure	9,	top)	or	its	inversion	(Figure	9,	bottom).		

	

Figure	 9.	 Cre-mediated	 recombination.	 Top	 loxP	 sequences	 in	 cis	 result	 in	 the	 excision	 of	 the	
region	of	interest.	Bottom	loxP	sequences	in	trans	result	in	the	inversion	of	the	sequence.	

	

Cell-specific	 or	 time-controlled	 expression	 of	 cre	 can	 be	 achieved	 by	

putting	 it	 under	 the	 control	 of	 different	 promoters	 and	 combining	 it	 with	

response	 elements	 to	 different	 drugs,	 such	 as	 tamoxifen,	 tetracycline	 or	

doxycycline	(Zhang	et	al.	1996;	Shimizu	et	al.	2000;	Zeng	et	al.	2008).	
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4.2 Mice	

4.2.1 Il6	floxed	mice	

Il6	 floxed	 (flanking	exon	2)	mice	were	produced	as	previously	described	

(Quintana	 et	 al.	 2013)	 and	 backcrossed	 at	 least	 10	 times	 with	 C57BL/6OlaHsd	

mice	(from	Envigo)	before	further	crossing.	

	

4.2.2 IL6ra	floxed	mice	

IL6ra	floxed	mice	were	a	kind	gift	of	Dr.	Angela	Drew,	and	were	created	as	

stated	elsewhere	(McFarland-Mancini	et	al.	2010).	In	these	transgenic	mice	exons	

4–6	of	 the	 interleukin	6	 receptor	alpha	chain	gene	 (Il6ra,	 encoding	 the	 cytokine	

receptor	biding	module)	are	 flanked	by	two	 loxP	sites,	originally	 in	a	C57BL/6N	

genetic	background.	

	

4.2.3 Glial	Fibrillary	Acidic	Protein	cre	mice	(GFAP-Cre)	

GFAP-Cre	mice	 (01XN3,	C57BL/6-Tg(GFAP-Cre)8Gtm)	were	produced	by	

Dr.	 David	 H.	 Gutmann	 and	 obtained	 from	 the	 National	 Cancer	 Institute	 Mouse	

Models	 of	 Human	 Cancers	 Consortium	 (MMHCC)	 at	 Frederick,	 MD	 21702,	 USA.	

This	 mouse	 line	 expresses	 Cre	 recombinase	 by	 E13.5	 under	 the	 human	 glial	

fibrillary	 acidic	 protein	 promoter,	 showing	 robust	 expression	 in	 astrocytes	 but	

not	 in	 MAP-positive	 neurons	 or	 APC-positive	 oligodendrocytes	 (Bajenaru	 et	 al.	

2002).	
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4.2.4 Synapsin-1	cre	mice	(Syn1-Cre	mice)	

Syn1-Cre	 mice	 (B6.Cg-Tg(Syn1-cre)671Jxm/J),	 were	 produced	 by	 Dr.	

Jamey	 Marth	 and	 we	 obtained	 them	 from	 The	 Jackson	 Laboratory.	 These	 mice	

express	Cre	 recombinase	 under	 the	 control	 of	 the	 rat	 synapsin	 I	 promoter.	 Cre	

recombinase	 activity	 can	 be	 detected	 in	 neuronal	 cells,	 including	 brain,	 spinal	

cord	 and	 dorsal	 root	 ganglion,	 as	 early	 as	 E12.5,	 as	well	 as	 in	 neurons	 in	 adult	

(Zhu	et	al.	2001).	

	

4.2.5 Conditional	Il6	knockouts	

4.2.5.1 In	astrocytes	

In	order	to	obtain	ast-IL6KO	mice,	we	carried	out	the	 following	breeding	

strategy.	 First,	 we	 crossed	 GFAP-Cre+/-	 with	 homozygous	 floxed	 Il6	 mice,	 and	

selected	the	progeny	positive	for	GFAP-Cre.	We	then	crossed	these	animals	again	

to	 homozygous	 floxed	 Il6	 mice	 and	 obtained	 four	 genotypes,	 which	 we	 called	

wild-type	 (Il6lox/wt,	wt),	 floxed	 (Il6lox/lox),	 heterozygous	 (GFAP-Cre+/-	 Il6lox/wt,	 from	

now	 on	 Il6ΔGfap/wt)	 and	 conditional	 knockout	 (GFAP-Cre+/-	 Il6lox/lox,	 from	 now	 on	

Il6ΔGfap)	(Figure	10).	All	these	animals	have	at	least	one	floxed	allele	of	Il6	(exon	2)	

in	all	their	cells,	which	will	only	be	excised	in	those	cells	expressing	Cre	under	the	

GFAP	 promoter.	 Initially,	 we	 used	 both	 wt	 and	 floxed	 as	 controls	 in	 order	 to	

determine	the	putative	phenotype	of	the	floxed	gene.	Later,	we	chose	floxed	mice	

as	the	more	suitable	control	for	our	conditional	knockouts,	which	have	the	floxed	

gene	in	all	cells.	
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4.2.5.2 In	neurons	

The	 same	 breeding	 strategy	 as	 for	 conditional	 astrocytic	 knockouts	was	

followed	 in	 this	 case.	 Syn1-Cre	 mice	 were	 crossed	 with	 homozygous	 floxed	 Il6	

mice,	and	then	the	progeny	positive	 for	Syn1-Cre	was	crossed	again	to	 floxed	 Il6	

mice.	The	four	genotypes	obtained	were	wild-type	(Il6lox/wt,	wt),	 floxed	(Il6lox/lox),	

heterozygous	 (Syn1-Cre+/-	 Il6lox/wt,	 from	 now	 on	 Il6ΔSyn1/wt)	 and	 conditional	

knockout	(Syn1-Cre+/-	Il6lox/lox,	from	now	on	Il6ΔSyn1)	(Figure	10).	

Figure	 10.	 Breeding	 strategy	 for	 obtaining	 conditional	 Il6	 knockout	 mice	 in	 astrocytes	 or	
neurons.	Cell-specific	promoters	drive	Cre-expression	in	the	target	cell;	in	astrocytes,	glial	fibrillary	
acidic	protein	(GFAP),	and	in	neurons,	synapsin-1	(Syn1).	Cre	expression	causes	excision	of	exon	2	
of	the	floxed	Il6	gene.	

	

4.2.6 Conditional	Il6ra	knockout	in	neurons	

Neuronal	 IL-6Rα	deficient	mice	and	 their	 littermate	 floxed	controls	were	

produced	following	the	same	method	as	stated	above	for	the	conditional	neuronal	

knockout	model,	 but	 using	 Il6ra	 floxed	mice.	 The	 four	 genotypes	 obtained	 after	

the	 second	 crossing	 were	 wild-type	 (Il6ralox/wt,	 wt),	 floxed	 (Il6ralox/lox),	
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heterozygous	 (Syn1-Cre+/-	 Il6ralox/wt,	 from	 now	 on	 Il6raΔSyn1/wt)	 and	 conditional	

knockout	(Syn1-Cre+/-	Il6ralox/lox,	from	now	on	Il6raΔSyn1)	(Figure	11).	

Figure	11.	Breeding	 strategy	 for	 obtaining	 conditional	 Il6ra	knockout	mice	 in	neurons.	Cre	
recombinase	expression	is	driven	by	the	synapsin-1	(Syn1)	promoter.	Expression	of	Cre	prompts	de	
excision	of	exons	4-6	of	the	floxed	Il6ra	gene.	

	

4.2.7 GFAP-IL6	mice	

	 Hemizygous	 mice	 with	 chronic	 expression	 of	 IL-6	 under	 the	 GFAP	

promoter	(Campbell	et	al.	1993)	were	kindly	given	by	Dr.	Iain	Campbell	and	bred	

with	 C57BL/6OlaHsd	 (from	 Envigo)	 to	 obtain	 the	 experimental	 animals	wt	 and	

GFAP-IL6.	The	animals	were	4-5	moths-old	when	used	for	the	experiment.	

	

4.2.8 Genotyping	of	animals	

DNA	was	extracted	by	boiling	a	~1	mm	piece	of	 tail	 in	100	µl	of	50	mM	

NaOH	 for	 7	 minutes,	 and	 then	 used	 immediately	 for	 PCR	 or	 stored	 at	 -20°C.	
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Afterwards,	the	appropriate	PCR	was	set	up	(see	Tables	1-4	for	reactions,	thermal	

cycler	 conditions	 and	 primer	 sequences)	 with	 1	 µl	 of	 the	 DNA	 extraction.	 DNA	

polymerase	and	buffers	were	purchased	from	Biotools	(taq	DNA	polymerase,	ref.	

10.013)	or	Thermo	Fisher	(Dream	taq	DNA	polymerase,	ref.	EP0703)	and	primers	

and	oligonucleotides	from	Sigma-Aldrich.	

	

Table	1.	Reagents	and	conditions	for	the	Il6	 floxed,	Cre	recombinase,	Il6	recombination	and	
Il6ra	recombination	PCRs.	

Table	2.	Reagents	and	conditions	for	the	Il6ra	PCR.	
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Table	3.	Reagents	and	conditions	for	the	GFAP-Il6	PCR	

.	

	

	

	

	

	

	

	

	

4.2.8.1 Il6	recombination	PCR		

	 DNA	was	extracted	from	tail,	brain	and/or	liver	samples.	Using	primers	Il6	

rec	 forward	 (F)	 and	 Il6	 rec	 reverse	 (R)	 the	 bands	 to	 be	 obtained	 were	

approximately	900,	 1000,	 and	260	base	pairs	 (bp)	 for	 the	wild-type,	 floxed	 and	

recombined	(delta)	alleles,	respectively	(Figure	12).	

	

	

	

	

	

	

Figure	 12.	 Schematic	 representation	 of	 the	 bands	 obtained	 in	 the	 Il6	 recombination	 PCR.	
Homologous	 recombination	 in	 the	 floxed	gene	by	Cre	 excises	 exon	2	 (orange)	and	gives	a	260	bp	
product	when	amplified.	Grey	 arrows	 indicate	F	 and	R	primer	placement;	 red	 triangles	 represent	

loxP	sequences.	Ex	exon;	bp	base	pairs;	WT	wild-type.	
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4.2.8.2 Il6	floxed	PCR		

This	PCR	distinguishes	the	floxed	and	wild-type	alleles	of	Il6.	The	F	primer	

is	 located	 in	 exon	 1	 and	 the	 R	 primer	 in	 exon	 2.	 Since	 the	 floxed	 sequences	

surround	exon	2,	the	amplified	product	will	have	a	 length	of	373	bp	in	the	wild-

type	allele	and	476	bp	in	the	floxed	one.	

	

4.2.8.3 Cre	recombinase	PCR	

	 Cre-specific	primer	sequences	were	the	same	as	used	by	Sanz	et	al.	(2009).	

The	amplified	product	yields	a	band	of	375	bp	in	the	case	of	a	Cre-positive	animal	

and	no-band	in	the	case	of	Cre-negative	ones.	Positive	and	negative	controls	were	

always	included	in	each	run.	

	

4.2.8.4 Il6ra	recombination	PCR		

	 DNA	was	 extracted	 from	 tail,	 brain	 and/or	 liver	 samples.	 Using	 primers	

Il6ra	 rec	 F	 and	 Il6ra	 rec	 R	 the	 bands	 to	 be	 obtained	were	 approximately	 1900,	

2000,	 and	 230	 bp	 for	 the	 wild-type,	 floxed	 and	 recombined	 (delta)	 alleles,	

respectively	(Figure	13).	

Figure	13.	Schematic	representation	of	 the	bands	obtained	 in	 the	 Il6ra	recombination	PCR.	
Homologous	recombination	in	the	floxed	gene	by	Cre	excises	exons	4-6	and	gives	a	230	bp	product	
when	amplified.	Grey	arrows	indicate	primer	placement;	red	triangles	represent	loxP	sequences.	Ex	

exon;	bp	base	pairs;	WT	wild-type.	
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Table	4.	Primer	sequences	for	genotyping	and	validation	of	recombination.	

	

	

	

	

	

	

	

	

	

	

4.2.8.5 	Il6ra	floxed	PCR		

This	 PCR	 distinguishes	 the	 floxed	 and	 wild-type	 alleles	 of	 Il6ra.	 The	 F	

primer	is	located	after	exon	3	and	the	R	primer	in	exon	4.	The	amplified	product	

will	have	a	length	of	527	bp	in	the	wild-type	allele	and	671	bp	in	the	floxed	one.	

	

4.2.8.6 GFAP-Il6	PCR		

This	PCR	detects	the	presence	of	the	GFAP-IL6	transgene.	In	positive	mice,	

the	amplified	product	will	show	at	196	bp.	A	control	band	at	178	bp	(for	the	Mt1	

gene)	should	appear	in	all	samples.	

	

	

	

	 Sequence	(5’	à	3’)		

Il6	F	 CAA	TTC	CAG	AAA	CCG	CTA	TGA	

Il6	R	 TCC	ACG	ATT	TCC	CAG	AGA	AC	

Il6ra	F	 GAA	GGA	GGA	GCT	TGA	CCT	TGG	

Il6ra	R	 AAC	CAT	GCC	TAT	CAT	CCT	TTG	G	

Cre	F	 GCA	TTA	CCG	GTC	GAT	GCA	ACG	AGT	G	

Cre	R	 GAA	CGC	TAG	AGC	CTG	TTT	TGC	ACG	TTC	

Il6	rec	F	 CCC	ACC	AAG	AAC	GAT	AGT	CA	

Il6	rec	R	 ATG	CCC	AGC	CTA	ATC	TAG	GT	

Il6ra	rec	F	 CTG	GGA	CAG	GGA	AGG	GCT	TTT	

Il6ra	rec	R	 CCC	AGT	GAG	CTC	CAC	CAT	CAA	A	

GFAP-IL6	F	 GAT	CCA	GAC	ATG	ATA	AGA	TA	

GFAP-IL6	R	 CCG	AAA	AAA	CCT	CCC	ACA	CC	

Mt1	F	 TCA	CCA	GAT	CTC	GGA	ATG	G	

Mt1	R	 AAG	AAC	CGG	AAT	GAA	TCG	C	
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4.2.9 Animal	husbandry	

All	mice	were	 kept	 under	 constant	 temperature	 (23	 ±	 2˚C)	 and	 under	 a	

standard	12-h	light/12-h	dark	cycle	and	with	free	access	to	food	and	water	unless	

otherwise	 stated.	 Mice	 from	 the	 same	 sex	were	 housed	 together	 from	weaning	

(usually	2-4	mice	per	cage)	to	limit	fights	between	males	(a	few	males	had	to	be	

isolated	because	of	aggressiveness).	

All	 procedures	 were	 approved	 by	 the	 “Comisión	 de	 Ética	 en	 la	

Experimentación	Animal	y	Humana”	(Universitat	Autònoma	de	Barcelona,	Spain)	

and	Generalitat	de	Catalunya.	

	

4.3 Diet-induced	obesity	

Several	 experiments	 have	 been	 carried	 out	 using	 a	 diet-induced	 obesity	

model	 in	 Il6ΔGfap	and	 Il6ΔSyn1mice.	 Below	 there	 is	 a	 general	 explanation	 of	 all	 the	

procedures,	however,	not	all	were	done	in	all	experiments.	

	

4.3.1 Diets	

Both	 the	 high-fat	 diet	 (HFD)	 TD	 03584	 and	 the	 control	 diet	 2018	 were	

obtained	from	Envigo	(Table	5).	

The	experiment	started	at	age	5-11	weeks	and	mice	were	maintained	on	

their	respective	diets	for	12-17	weeks.	In	the	case	of	GFAP-IL6	mice	the	diet	was	

short	term	and	lasted	only	5	days.	
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Table	5.	Percentage	of	calories	from	different	macronutrients	in	the	experimental	diets.	

	

	

	

	

	

4.3.2 Energy	intake	and	fast-refeeding	

Body	 weight	 and	 energy	 intake	 per	 cage	 were	 recorded	 weekly	 for	 the	

duration	of	the	experiment	or	at	the	end	after	individualization	of	the	animals.	

When	measured	in	group-housed	animals,	energy	intake	was	estimated	as	

the	 total	 intake	divided	by	 the	number	of	 animals	 in	 the	 cage,	with	 sample	 size	

being	the	number	of	cages.	

Feed	efficiency	in	group-housed	animals	was	calculated	across	the	whole	

experiment	 by	dividing	 the	 average	 of	 their	weight	 increase	 on	week	17	by	 the	

sum	of	the	cage’s	weekly	per	animal	energy	intake.	

For	 individual	 food	 intake,	mice	were	 acclimated	 to	 isolation	 for	 a	week	

before	 recording	 energy	 intake	 (average	 of	 three	 consecutive	 days	 at	 900	 h).	

Afterwards,	 they	 were	 fasted	 for	 24	 hours	 (at	 1430	 h)	 and	 energy	 intake	 was	

measured	 for	 4	 hours	 (hourly)	 upon	 refeeding.	 Weight	 was	 recorded	 at	 the	

beginning	of	fasting,	at	the	end,	and	4	hours	after	that.	

	

4.3.3 Body	temperature	

Body	temperature	was	measured	after	12	weeks	on	the	experimental	diet	

with	a	lubricated	rectal	probe	(Cibertec)	for	4	consecutive	days	at	900	h	and	the	

values	averaged	for	each	animal.	

	 Control	diet	 HFD	

%	calories	from	protein	 24	 15	

%	calories	from	fat	 18	 58.4	

%	calories	from	carbohydrate	 58	 26.6	

Energy	density	(kcal/g)	 3.1	 5.4	
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4.3.4 Activity	

On	week	9,	activity	was	assessed	with	 the	open	 field	 test	 (see	4.7.1	Open	

field).	

	

4.3.5 Insulin	tolerance	test	(ITT)	

This	 test	 was	 carried	 out	 on	 week	 10	 or	 14	 of	 the	 diet	 to	 test	 insulin	

responsiveness.	The	animals	were	 injected	IP	with	a	dosage	of	1	U/kg	of	 insulin	

after	a	4-hour	fast	and	blood	glucose	was	measured	from	the	tail	at	0,	15,	60	and	

120	minutes	after	the	injection	with	an	ACCU-CHECK	glucometer	(Roche).	

	

4.3.6 Oral	glucose	tolerance	test	(OGTT)	

This	test	was	performed	a	week	after	the	ITT	to	assess	insulin	production.	

Animals	 were	 fasted	 overnight	 (16	 hours	 approximately),	 and	 administered	 2	

g/kg	of	a	glucose	solution	(diluted	in	tap	water)	by	oral	gavage.	Glucose	was	also	

measured	from	tail	blood	at	0,	15,	60	and	120	minutes	after	administration	with	

an	ACCU-CHECK	glucometer.	

	

4.3.7 Euthanasia	

Mice	were	killed	by	decapitation;	 the	blood	was	collected	from	the	trunk	

and	allowed	to	clot	and	centrifuged	at	10,000	g	for	10	minutes	at	4°C	to	obtain	the	

serum	 for	 analysis	 of	 hormones	 and	 metabolites.	 If	 blood	 glucose	 was	 to	 be	

measured,	mice	were	fasted	for	3	hours	(starting	at	7	am,	with	 lights	on)	before	

decapitation	and,	immediately	after	collection,	blood	glucose	was	measured	with	

an	ACCU-CHECK	 glucometer.	 Visceral	 (gonadal)	 and	 subcutaneous	 (dorsal	 area)	

WAT	depots,	BAT	and	 liver	were	removed	and	weighed	 immediately.	For	 in	 situ	
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hybridization,	 the	 brain	 was	 extracted	 as	 a	 whole	 and	 frozen	 on	 dry	 ice.	 For	

microarray	or	real-time	PCR	(qPCR),	 the	hypothalamus	was	dissected	and	snap-

frozen	in	liquid	nitrogen.	

	

4.4 Fasting	

	 Group-housed	animals	 fed	the	control	diet	where	deprived	from	food	for	

either	16	(overnight),	24	or	48	hours,	depending	on	the	group.	After	 fasting	(16	

and	48	hours)	mice	were	killed	by	decapitation,	as	previously	described,	and	the	

hypothalamus	was	dissected	for	qPCR.	In	the	case	of	the	24-hour	fast,	mice	were	

refed	and	monitored	as	described	in	4.3.2	Energy	intake	and	fast-refeeding.	

	

4.5 Blood	metabolites	and	hormones	

4.5.1 Triglycerides	and	cholesterol	

Serum	 triglyceride	 and	 total	 cholesterol	 levels	 were	 analyzed	 using	

Cromatest	 kits	 (Linear	 Chemicals	 S.L.).	 The	 triglyceride	 one	 (ref.	 1118010)	 is	

based	on	the	enzymatic	hydrolysis	of	serum	triglycerides	to	glycerol	and	free	fatty	

acids	 through	 action	 of	 lipoprotein	 lipase.	 The	 cholesterol	 kit	 (ref.	 1155010)	

involves	three	enzymes	cholesterol	esterase,	cholesterol	oxidase	and	peroxidase.	

	

4.5.2 Leptin	and	insulin	

Serum	 insulin	 and	 leptin	 levels	 were	 measured	 using	

radioimmunoanalysis	 (RIA)	 kits	 (Millipore,	 sensitive	 rat	 insulin	 SRI-13K,	mouse	

leptin	ML-82K)	following	manufacturer’s	instructions.	Assayed	volume	was	100	μl	

in	both	cases.	The	stated	sensitivity	of	the	assays	for	the	volume	used	was	0.0329	
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ng/ml	for	insulin	and	0.377	ng/ml	for	leptin.	Both	kits	had	100%	specificity	to	the	

respective	 mouse	 protein,	 and	 cross-reactivity	 to	 rat,	 human,	 pork,	 sheep	 and	

hamster	 (insulin,	 100%	 specificity	 each)	 or	 rat	 and	 human	 (leptin,	 50%	 and	

<0.2%,	respectively).	

	

4.5.3 IGF-1	

	 Serum	or	plasma	IGF-1	was	measured	using	a	DuoSet	ELISA	Development	

System	 (R&D,	 DY791	 and	 DY009)	 introducing	 an	 acid	 extraction	 in	 the	

manufacturer’s	protocol	to	allow	for	separation	of	IGF-1	from	its	binding	proteins	

(IGFBPs).	 Specifically,	 samples	 were	 diluted	 18	 in	 extraction	 solution	 (87.5%	

ethanol,	12.5%	2N	HCl),	centrifuged	and	neutralized	with	0.5	volumes	of	a	NaOH	

solution	 equivalent	 for	 equivalent.	 Finally,	 they	 were	 diluted	 in	 the	

manufacturer’s	reagent	diluent	to	a	final	1/250.	The	standard	curve	was	prepared	

with	reagent	diluent	containing	2.8%	ethanol	to	mimic	the	samples,	even	though	

no	effect	of	ethanol	was	detected	during	optimization.	

	

4.5.4 IGFBP-1	and	3	

IGFBP-1	 and	 -3	 were	 measured	 in	 plasma	 or	 serum	 using	 a	 mouse	 IGF	

Binding	 Protein	 Magnetic	 Bead	 Panel	 (Millipore,	 MIGFBPMAG-43K)	 following	

manufacturer’s	instructions	and	using	a	1/25	dilution.	

	

4.6 Linear	growth	

Nose-rump	 distance	 was	 measured	 with	 a	 ruler	 on	 isofluorane-

anesthesized	animals.	
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Tibia	 length	 was	 measured	 using	 a	 Vernier	 caliper	 from	 the	 proximal	

epiphysis	 to	 the	 medial	 malleolus.	 The	 bone	 was	 removed	 at	 the	 moment	 of	

euthanasia	 and	 left	 in	water	 for	 3	months.	 At	 the	moment	 of	measurement,	 the	

remaining	muscle	tissue	was	removed	with	forceps	and	scissors.	

	

4.7 Behavioral	tests	

	 Mice	were	 transferred	 to	 the	 testing	 animal	 facility	 and	 left	 to	 habituate	

for	 at	 least	 one	 week.	 The	 mice	 were	 handled	 for	 five	 days	 in	 the	 behavioral	

testing	room	before	being	tested	in	the	different	apparatuses.	The	protocol	was	as	

follows	 on	 day	 1	 (following	 handling),	 mice	 performed	 the	 open	 field	 test	 and	

then	returned	to	the	animal	room;	on	day	3,	the	mice	were	subjected	to	the	hole-

board	apparatus;	on	day	5,	they	were	tested	in	the	elevated	plus-maze;	and	finally,	

on	day	7	 the	Morris	water-maze	procedure	was	 initiated.	All	 tests	were	 carried	

out	in	a	blind	manner.	

	

4.7.1 Open	field	

	 The	OF	was	 introduced	by	Calvin	Hall	back	 in	1934	and	has	been	widely	

used	 for	measuring	 general	 locomotor	 activity	 in	 rodents,	 and	 faces	 the	 animal	

with	 a	 conflicting	 situation	 due	 to	 the	 brightly	 lit	 and	 open	 (and	 therefore	

aversive)	but	novel	environment.	

The	OF	apparatus	consists	of	a	rectangular	white	plastic	box	(56	x	36.5	x	

31	 cm)	 (Belda	 et	 al.	 2012).	 The	 floor	 is	 subdivided	 in	 12	 areas,	 conforming	 10	

external	and	2	internal	areas	(Figure	14).	A	video	camera	was	used	for	recording	

the	sessions.	Prior	to	placing	each	animal	in	the	OF,	the	box	was	wiped	with	a	5%	

alcohol	 solution	 and	 dried.	Mice	were	 placed	 in	 a	 corner	 facing	 the	wall	 of	 the	

apparatus	 and	 left	 in	 the	 apparatus	 for	 5	 min.	 The	 measurements	 taken	 were	
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latency	to	 leave	the	start	section,	number	of	 total,	 internal	and	external	sections	

crossed,	 rearings	and	defecations.	The	animal	was	considered	 to	have	crossed	a	

section	when	the	4	paws	were	in	it	at	the	same	time.	A	rearing	was	counted	when	

the	animal	stands	erect	on	 its	hind	 legs.	All	measures	were	carried	out	 from	the	

recorded	video	by	 the	 same	experimenter	using	a	 slightly	modified	version	of	 a	

previously	developed	Visual	Basic	macro	in	Excel	(Quintana	et	al.	2013).	

	

4.7.2 Hole-board	

	 The	HB	 test	was	 first	 introduced	by	Boissier	 and	Simon	 (1962)	 and	 it	 is	

used	 to	 separately	 evaluate	 locomotion	 and	 exploration	 (File	 and	Wardill	 1975;	

Arenas	et	al.	2014;	Erta	et	al.	2015),	although	there	exists	some	controversy	as	to	

the	 validity	 of	 this	 distinction	 (Brown	 and	Nemes	 2008).	 In	 principle,	 the	 holes	

present	 a	 choice	 to	 the	 animal	 to	 really	 explore	 (neophilia),	 as	 opposed	 to	 an	

empty	open	space	where	the	animal	has	nothing	else	to	do.	

The	HB	apparatus	is	a	square	white	box	subdivided	in	16	square	areas	and	

with	four	holes,	one	on	each	outside	vertex	of	the	four	inner	squares	(Figure	14).	

Before	placing	the	animals	in	the	HB,	the	apparatus	was	wiped	with	a	5%	alcohol	

solution	and	dried.	They	were	placed	in	a	corner	section	facing	the	wall	and	left	to	

explore	 for	 5	 minutes.	 Head-dipping	 behavior	 in	 the	 HB	 was	 recorded	 in	 situ	

(number	 and	 time),	 while	 all	 other	 variables	 were	 analyzed	 from	 the	 recorded	

videos	 using	 a	 slightly	modified	 version	 of	 a	 previously	 developed	 Visual	 Basic	

macro	in	Excel	(Quintana	et	al.	2013).	A	head-dipping	is	recorded	when	the	mouse	

introduces	 its	head	up	 to	 the	base	of	 the	ears	 (at	 least)	 in	one	of	 the	holes;	 and	

area	crossings	used	the	same	criterion	as	in	the	OF	test.	
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4.7.3 Elevated	plus	maze	

	 The	EPM	is	the	most	widespread	test	in	the	study	of	anxiety-like	behaviors	

in	rodents.	 It	 is	based	on	the	conflict	generated	 in	the	animal	when	faced	with	a	

new	 environment	 (eagerness	 to	 explore)	 with	 unprotected	 areas	 (avoidance	 of	

open	spaces)	(Nadal	et	al.	2006).	

The	EPM	apparatus	consists	of	a	cross	section	of	four	white	arms	(each	18	

cm	long	and	5	cm	wide,	divided	in	3	rectangles	of	6	x	5	cm)	connected	by	a	central	

square	of	5	x	5	cm	(Figure	14).	The	apparatus	is	elevated	50	cm	from	the	floor	by	

two	metallic	 legs.	Two	opposite	arms	have	15	cm	high	walls,	whereas	 the	other	

two	only	have	a	small	ridge	to	prevent	the	mice	from	falling.	Prior	to	placing	the	

animal	in	the	EPM,	it	was	wiped	with	a	5%	alcohol	solution	and	dried.		Mice	were	

placed	in	the	central	square	facing	a	closed	arm	(Nadal	et	al.	2006)	and	left	in	the	

apparatus	for	5	minutes.	The	test	was	recorded	and	all	measures	were	carried	out	

afterwards	 using	 a	 slightly	 modified	 version	 of	 a	 previously	 developed	 Visual	

Basic	macro	 in	Excel	 (Quintana	et	al.	2013).	Total	 areas	 crossed,	 closed	or	open	

arm	 entries,	 time	 in	 closed	 or	 open	 arms,	 head	 dippings	 (the	mouse	 lowers	 its	

head	 over	 the	 ridge)	 and	 rearings	were	measured.	 For	 analysis,	 the	 percentage	

time	 in	closed	or	open	arms	(over	 total	 time	 in	arms)	was	calculated	 to	exclude	

time	spent	in	the	center,	which	is	difficult	to	interpret.		

	

	

	

	

	

	

	

Figure	14.	Behavioral	apparatuses.	Open	field:	the	arena	is	divided	in	12	areas	2	internal	and	10	
external	ones.	Hole	board:	 the	arena	is	divided	in	16	areas	4	 internal	and	12	external	ones,	with	4	
holes	to	measure	exploration	(through	head	dippings).	Elevated	plus	maze:	the	maze	has	two	closed	
and	two	open	arms,	divided	in	3	areas	each,	with	a	central	square	in	between.	The	arms	are	located	

50	cm	above	the	floor.	
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4.7.4 Morris	Water	Maze	

The	 Morris	 water	 maze	 (MWM)	 was	 originally	 developed	 by	 Richard	

Morris	 to	 evaluate	 spatial	 learning,	 which	 is	 hippocampus-dependent	 (Morris	

1981;	Morris	1984).	It	is	based	in	the	use	of	distal	cues	(separate	from	the	goal)	to	

locate	 a	 hidden	platform	 (goal)	 by	 the	 animal.	 It	 assesses	 spatial	 learning	when	

the	 platform	 is	 hidden	 underwater;	 reference	 memory	 when	 the	 platform	 is	

removed,	and	the	ability	to	extinguish	the	initial	 learning	and	acquire	a	new	one	

when	the	platform	is	moved	to	a	new	location.	

This	 test	 is	widely	used	 in	 neuroscience,	 though	with	 certain	 changes	 in	

the	 protocol	 from	 one	 laboratory	 to	 the	 other.	 In	 this	 case,	 the	 basis	 was	 the	

method	previously	used	in	our	group	(Manso	et	al.	2012)	with	minor	changes	as	

suggested	by	Vorhees	and	Williams	(Vorhees	and	Williams	2006).	

The	MWM	test	is	carried	out	in	a	round	pool	(120	cm	in	diameter,	60	cm	

deep)	which	has	a	removable	round	platform	(8	cm	in	diameter)	with	adjustable	

height.	 The	 water	 is	 made	 opaque	 by	 the	 addition	 of	 white	 latex,	 and	 kept	 at	

22±1°C.	The	walls	of	the	pool	have	two-dimensional	black	cues	(different	shapes)	

in	 4	 virtual	 cardinal	 points	 (north,	 south,	 east	 and	 west).	 In	 the	 intermediate	

cardinal	 points	 (northeast,	 northwest,	 southeast	 and	 southwest)	 there	 were	 4	

high-contrast	 three-dimensional	 cues.	 The	 pool	 was	 surrounded	 by	 a	 black	

curtain	 to	 block	 all	 further	 cues	 and	 a	 video	 camera	was	 placed	 zenithal	 to	 the	

pool	(Figure	15).	

In	 the	 next	 section	 there	 is	 a	 detailed	 explanation	 of	 each	day	 of	 testing	

(see	Figure	16	for	an	outline).	
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Figure	15.	Pool	 set-up	 for	 the	Morris	water	maze	 test.	Two-	and	 three-dimensional	 cues	were	
placed	around	the	pool	as	distal	cues.	A	black	curtain	surrounded	the	pool	to	block	all	other	visual	

information	during	testing	(including	the	experimenter).	

	

Figure	16.	Experimental	outline	of	 the	Morris	Water	Maze	test.	The	procedure	 lasted	11	days	
with	an	initial	probe	trial	and	cued	learning.	Then,	spatial	learning	took	place	for	four	days,	followed	

by	 an	 immediate	 probe	 trial	 and	 another	 one	 24	 hours	 later.	 Afterwards,	 four	 days	 of	 spatial	

reversal	were	performed	with	an	immediate	probe	trial	and	a	24-hours	later	one.	

	

4.7.4.1 Stages	

4.7.4.1.1 Day	1	Probe	trial	and	cued	learning.	

At	this	point	no	cues	were	placed	in	the	pool	or	around	it.	

The	protocol	started	with	a	probe	trial	(no	platform)	in	which	the	mouse	

was	left	in	the	center	of	the	pool	and	allowed	to	swim	freely	for	60	seconds.	This	

was	done	to	rule	out	quadrant	preference.	

Afterwards	(60-80	minutes	 later),	 the	platform	was	placed	at	water	 level	

and	30	cm	away	from	the	wall	with	a	“flag”	attached	to	it	(in	this	case,	a	black	10	

cm-high	pole).	The	animal	was	released	facing	the	wall	and	allowed	to	swim	to	the	
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platform	in	a	maximum	of	60	seconds	and	left	there	for	an	extra	15	seconds.	If	the	

animal	did	not	reach	the	platform	in	the	allotted	time,	it	was	guided	to	it.	A	total	of	

four	trials	were	carried	out,	each	one	starting	in	and	with	the	flagged	platform	at	

different	 cardinal	points	 (Table	6),	with	an	 inter-trial	 interval	of	60-80	minutes.	

This	procedure	was	done	to	establish	that	there	was	an	escape	point,	as	well	as	to	

ensure	that	all	mice	could	swim	and	climb	to	the	platform	properly.	

	

Table	 6.	 Start	 and	 platform	 locations	 for	 the	 cued	 learning	 phase.	 These	 combinations	
guarantee	 short	 and	 long	 paths	 to	 the	 platform	 as	 well	 as	 right	 and	 left	 turns	 from	 the	 initial	

location,	as	suggested	by	Vorhees	and	Williams	(2006).	

	

	 Trial	1	 Trial	2	 Trial	3	 Trial	4	

Start	 N	 E	 S	 W	

Platform	 SE	 NE	 SW	 SE	

	

4.7.4.1.2 Day	2-5	Spatial	acquisition.	

	 All	distal	cues	were	placed	before	starting	this	phase.	

	 The	platform	was	submerged	1	cm	in	the	southwest	quadrant	(midway	to	

the	center	of	the	pool).	

The	 animal	 was	 released	 facing	 the	 wall	 and	 allowed	 to	 swim	 to	 the	

platform	in	a	maximum	of	60	seconds	and	left	there	for	an	extra	15	seconds.	If	the	

animal	did	not	reach	the	platform	in	the	allotted	time,	it	was	guided	to	it.	A	total	of	

four	 trials	 were	 carried	 out,	 each	 one	 starting	 from	 a	 different	 cardinal	 point	

(Table	7),	with	an	 inter-trial	 interval	of	60-80	minutes.	The	 latency	 to	reach	 the	

platform	(just	before	climbing)	was	measured	in	situ.	
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Table	7.	Start	locations	for	the	spatial	learning	phase.	The	fact	that	the	starting	location	changes	
in	 each	 trial	 guarantees	 that	 the	 animal	 is	 guided	 by	 distal	 cues	 and	 not	 by	 always	 following	 the	

same	path,	as	suggested	by	Vorhees	and	Williams	(2006).	

	 Trial	1	 Trial	2	 Trial	3	 Trial	4	

Day	7	 N	 E	 SE	 NW	

Day	8	 SE	 N	 NW	 E	

Day	9	 NW	 SE	 E	 N	

Day	10	 E	 NW	 N	 SE	

	

4.7.4.1.3 Day	5	Immediate	probe	trial.	

The	platform	was	removed	and	the	mice	were	placed	in	the	pool	facing	the	

wall	 in	 the	 northeast	 point	 (opposite	 of	 where	 the	 platform	 used	 to	 be).	 They	

were	left	to	swim	freely	for	30	seconds	and	then	removed	from	the	pool.	

	

4.7.4.1.4 Day	6	24	hours	later	probe	trial.	

	 The	same	was	done	as	in	the	immediate	probe	trial.	

	

4.7.4.1.5 Day	7-10	Spatial	reversal.	

The	 platform	 was	 changed	 to	 the	 southwest	 quadrant	 (30	 cm	 from	 the	

wall,	 as	 before)	 and	 everything	 proceeded	 as	 in	 the	 spatial	 learning	 phase	 but	

with	a	change	in	starting	positions	(Table	8).	
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Table	8.	Start	locations	for	the	spatial	reversal	phase.	The	fact	that	the	starting	location	changes	
in	 each	 trial	 guarantees	 that	 the	 animal	 is	 guided	 by	 distal	 cues	 and	 not	 by	 always	 following	 the	

same	path,	as	suggested	by	Vorhees	and	Williams	(2006).	

	 Trial	1	 Trial	2	 Trial	3	 Trial	4	

Day	7	 S	 W	 NW	 SE	

Day	8	 NW	 S	 SE	 W	

Day	9	 SE	 NW	 W	 S	

Day	10	 W	 SE	 S	 W	

	

4.7.4.1.6 Day	10	Immediate	probe	trial.	

The	platform	was	removed	and	the	mice	were	placed	in	the	pool	facing	the	

wall	 in	 the	 southwest	 point	 (opposite	 of	 where	 the	 platform	 used	 to	 be	 in	 the	

reversal	phase).	They	were	left	to	swim	freely	for	30	seconds	and	then	removed	

from	the	pool.	

	

4.7.4.1.7 Day	11	24	hours	later	probe	trial.	

	 The	procedure	was	the	same	as	in	the	immediate	probe	trial.	

	

4.7.4.2 Analysis	

	 As	mentioned	before,	 latency	 to	 reach	 the	platform	was	measured	at	 the	

moment	of	testing.	For	probe	trials,	an	automated	analysis	with	ImageJ	was	used.		

A	macro	was	developed	to	measure	time	spent	in	each	quadrant	by	adapting	the	

ImageJ	wrMTrck	 plug-in	 (Nussbaum-Krammer	 et	 al.	 2015)	 to	 the	Morris	 water	

maze	(Fernandez-Gayol	2015).	Essentially,	the	plug-in	allowed	for	the	creation	of	

a	mask	representing	the	mouse	and	tracked	its	movement	in	a	region	of	interest	

(the	target	quadrant	or	the	opposite	one).	
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4.8 LPS	injection	

Mice	were	 injected	 IP	with	400	µg/kg	LPS	 (from	Escherichia	 coli	O55B5,	

Sigma-Aldrich	L2880)	or	saline	at	9	am.	Six	hours	post-injection,	the	animals	were	

anesthetized	with	0.3	ml/mouse	 of	 a	mixture	 of	 ketamine	10	mg/ml	 (Imalgene,	

Merial	Laboratorios	S.A.)	and	xylazine	12.5	mg/ml	(Rompun,	Bayer),	a	sample	of	

plasma	 was	 obtained	 by	 cardiac	 puncture	 and	 then	 they	 were	 transcardially	

perfused	 with	 ice-cold	 PBS	 EDTA	 2	 mM.	 The	 hypothalamus	 was	 dissected	 and	

snap-frozen	in	liquid	nitrogen	for	qPCR	analysis.	

All	mice	 had	 been	 handled	 for	 five	 days	 prior	 to	 the	 experiment	 (saline	

injection).	

	

4.9 RT-qPCR	

4.9.1 RNA	extraction	 	

RNA	was	extracted	either	with	TRI	Reagent	(T9424,	Sigma-Aldrich),	which	

contains	 phenol	 and	 guanidine	 thiocyanate,	 based	 on	 the	method	 developed	 by	

Chomczynski	and	Sacchi	(1987);	or	with	the	Maxwell	RSC	SimplyRNA	Tissue	Kit	

(AS1380,	 Promega),	 with	 a	 semi-automated	 procedure	 that	 used	 paramagnetic	

particles.	

Briefly,	~10	mg	 tissue	 samples	were	 homogenized	 in	 either	 1	ml	 of	 TRI	

Reagent	 (1st	 method)	 or	 200	 µl	 of	 1-thioglycerol/homogenization	 solution	

(containing	 guanidine	 thiocyanate;	 2nd	 method)	 with	 a	 MM-400	 mixer	 mill	

(Retsch)	using	zirconium	oxide	3	mm	beads	(22455.0007,	Biometa	S.A.)	and	two	

2-minute	cycles	at	30	Hz.	

For	the	first	method,	RNA	was	suspended	with	0.2	volumes	of	chloroform	

(C2432,	 Sigma-Aldrich)	 and	 then	precipitated	with	0.25	 volumes	of	 isopropanol	
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(34863,	 Sigma-Aldrich),	 cleaned	 with	 75%	 ethanol	 and	 then	 resuspended	 in	

diethylpyrocarbonate	(DEPC)-treated	water.	

	 For	 the	 second	 method,	 homogenized	 samples	 were	 lysed	 using	 the	

provided	 buffer	 and	 loaded	 into	 the	 cartridges.	 The	 DNase	 treatment	 in	 the	 kit	

was	 increased	 to	 10	 µl	 following	 manufacturer’s	 instructions.	 Finally,	 samples	

were	resuspended	in	nuclease-free	water.	

	 All	 samples	 were	 quantified	 using	 a	 NanoDrop	 2000	 device	 (Thermo	

Fisher).	

	

4.9.2 cDNA	synthesis	

Afterwards,	2	µg	of	RNA	(from	both	methods)	were	treated	with	DNase	I	

(final	 concentration	 0.027	 Kunitz/µl)	 (79254,	 QIAGEN)	 and	 cDNA	 was	

synthesized	with	 the	 iScript	 cDNA	synthesis	kit	 (170-8891BioRad)	 from	1	µg	of	

DNase-treated	RNA.	

	

4.9.3 qPCR	

qPCR	reactions	were	set	up	using	a	iTaq	Universal	SYBR	Green	Supermix	

(1725124,	 Bio-Rad	 Laboratories)	 and	 custom	 primers	 from	 Sigma-Aldrich.	 A	 2-

step	protocol	was	used,	 followed	by	a	melting	curve	(Table	9).	All	samples	were	

loaded	in	duplicate	to	the	plate	and	a	3-point	10-fold	dilution	curve	was	included	

for	 every	 gene	 to	 assess	 efficiency.	 Non-template	 (water)	 and	 non-

retrotranscriptase	(pool	of	DNase-treated	RNA)	controls	were	also	always	added.	

Initial	cDNA	quantity	depended	on	the	primers	used	(Table	10).	
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Table	9.	qPCR	reaction	and	program	conditions.	All	reactions	contained	7.5	µl	of	mix	and	2.5	µl	of	
cDNA	at	the	appropriate	concentration.	The	program	was	also	the	same	in	all	cases,	with	a	hot-start	

followed	by	 40	 cycles	 and	 a	melt	 curve.	 The	 latter	 consists	 in	 a	 0.5°C	 increment	 every	 5	 seconds	

from	65	to	95°C	to	determine	the	temperature	at	which	the	product(s)	denaturalizes	and	therefore	

causes	a	decrease	in	fluorescence	(SYBR	binds	to	double-stranded	DNA	only).	F	forward;	R	reverse.	

	

	

	

	

	

	

	

	

	

	

	

Table	10.	qPCR	primers	and	initial	cDNA	concentrations.	

	 Sequence	(5’	à	3’)	 Initial	cDNA	(ng/µl)	

Il6	F	 GCT	TAA	TTA	CAC	ATG	TTC	TCT	GGG	AAA	

10	

Il6	R	 CAA	GTG	CAT	CAT	CGT	TGT	TCA	TAC	

Il6ra	F	 CCT	GAG	ACT	CAA	GCA	GAA	ATG	G	

10	

Il6ra	R	 AGA	AGG	AAG	GTC	GGC	TTC	AGT	

Npy	F	 ATG	CTA	GGT	AAC	AAG	CGA	ATG	G	

0.625	

Npy	R	 TGT	CGC	AGA	GCG	GAG	TAG	TAT	

Agrp	F	 AGA	GTT	CCC	AGG	TCT	AAG	TCT	G	

0.625	

Agrp	R	 GCG	GTT	CTG	TGG	ATC	TAG	C	

Pomc	F	 CGC	AGA	GGC	GTG	CGG	AGG	AAG	A	

0.625	

Pomc	R	 TCC	CTC	TTG	AAC	TCT	AGG	GGA	AA	

Pmch	F	 GTC	TGG	CTG	TAA	AAC	CTT	ACC	TC	

0.	625	

Pmch	R	 CCT	GAG	CAT	GTC	AAA	ATC	TCT	CC	
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Hcrt	F	 GCC	GTC	TCT	ACG	AAC	TGT	TGC	
0.	625	

Hcrt	R	 CGC	TTT	CCC	AGA	GTC	AGG	ATA	

Crh	F	 CTT	GAA	TTT	CTT	GCA	GCC	GGA	G	

0.625	

Crh	R	 GAC	TTC	TGT	TGA	GGT	TCC	CCA	G	

Gfap	F	 GGG	GCA	AAA	GCA	CCA	AAG	AAG	

0.5	

Gfap	R	 GGG	ACA	ACT	TGT	ATT	GTG	AGC	C	

Casp3	F	 ATG	GAG	AAC	AAC	AAA	ACC	TCA	GT	

10	

Casp3	R	 TTG	CTC	CCA	TGT	ATG	GTC	TTT	AC	

Socs3	F	 ATG	GTC	ACC	CAC	AGC	AAG	TTT	

10	

Socs3	R	 TCC	AGT	AGA	ATC	CGC	TCT	CCT	

Mac1	F	 GGG	AGG	ACA	AAA	ACT	GCC	TCA	

10	

Mac1	R	 ACA	ACT	AGG	ATC	TTC	GCA	GCA	T	

Gapdh	F	 GGC	AAA	TTC	AAC	GGC	ACA	
Same	as	target	

(Reference	gene)	Gapdh	R	 CGG	AGA	TGA	TGA	CCC	TTT	

	

4.9.4 Analysis	

Fold	 change	 expression	was	 calculated	 using	 an	 adaptation	 of	 the	 delta-

delta-Ct	 method	 with	 different	 efficiencies	 (Equation	 1)	 (Pfaffl	 2001)	 and	

glyceraldehyde	 3-phosphate	 dehydrogenase	 (Gapdh)	 as	 the	 reference	 gene.	 The	

modification	consisted	 in	using	 the	whole	control	group	as	 calibrator	 so	 that	 its	

fold	 change	 average	 is	 always	 1.	 Efficiencies	 were	 calculated	 using	 Equation	 2	

from	the	slope	of	the	standard	curve	for	each	gene.	
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Equation	 1.	 Fold	 change	 calculation	 for	 qPCR	 experiments.	 The	 left	 ratio	 (numerator)	 is	
calculated	for	all	samples.	The	average	of	those	ratios	for	the	control	group	is	calculated	and	called	

the	 calibrator	 (denominator).	 Every	 sample	 is	 divided	 by	 the	 calibrator	 to	 obtain	 its	 fold	 change	

(target	vs	reference)	and	averages	for	each	group	are	calculated.	Ct	threshold	cycle.	
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Equation	2.	Efficiency	calculation.	The	efficiency	of	amplification	was	calculated	using	 the	slope	
(m)	of	the	standard	curve.	A	perfect	efficiency	has	a	value	of	2	(m=-3.33),	meaning	that	every	cycle	

DNA	duplicates.	Deviations	from	that	value	denote	problems	in	amplification,	but	efficiencies	from	

1.9	to	2.1	were	accepted.	

. = 10D	
E
7	

	

4.10 In	situ	hybridization	

Snap-frozen	 brains	 were	 embedded	 with	 Tissue-Tek	 optimal	 cutting	

temperature	 (OCT)	 compound	 (4583,	 Sakura	 Finetek),	 cut	 at	 30	 µm	 with	 a	

cryotome	(Leica	CM	3050	S)	and	mounted	on	SuperFrost	Plus	slides	(4951PLUS4,	

Thermo	Fisher).	The	plasmid	containing	the	probe	for	Crh	 (1.2kb	fragment	from	

rat	 cDNA)	 was	 kindly	 provided	 by	 Dr.	 K.	 Mayo	 (Northwestern	 University,	

Evanston,	 IL,	 USA)	 and	 those	 for	 Agrp	 and	 Pomc	 (PCR-amplified	 from	 mouse	

cDNA)	 by	 Dr.	 Richard	 Palmiter	 and	 Dr.	 Stephanie	 Padilla	 (University	 of	

Washington,	 Seattle,	WA,	USA)	 (Table	12).	 Probes	were	 labeled	with	 [α-35S]UTP	

using	SP6	(for	Crh)	or	T7	(for	Agrp	and	Pomc)	polymerases.	In	the	case	of	Crh,	the	

plasmid	was	digested	using	HindIII.	For	Agrp	and	Pomc,	a	PCR	using	M13	primers	

(Table	11)	was	carried	out	to	obtain	the	linear	probe.	
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Relevant	slides	where	identified	by	relative	position	to	the	PVN	following	

a	 mouse	 brain	 atlas	 (Franklin	 and	 Paxinos	 2007),	 which	 was	 located	 by	

hematoxylin	staining	of	a	reference	slide.	

Before	 the	 protocol,	 slides	were	 brought	 to	 room	 temperature.	 For	 pre-

hybridization,	 slides	 were	 fixed	 in	 4%	 paraformaldehyde	 for	 30	 minutes,	 then	

rinsed	 in	 KPBS,	 treated	 with	 HCl	 0.1N	 in	 PBS	 for	 5	 minutes,	 rinsed	 with	

trietanolamine	(TEA)	0.1M,	treated	with	acetic	anhydride	0.25%	in	TEA	0.1M	and	

washed	with	2x	SSC.	Finally,	slides	were	dehydrated	in	an	ethanol	battery	and	air-

dried.	Afterwards,	they	were	hybridized	overnight	at	60°C.	Hybridization	solution	

contained	10%	dextran	sulphate,	50%	deionized	 formamide,	2x	SSC,	10mM	Tris	

pH8,	 1mM	 EDTA,	 1x	 Denhardt’s	 solution,	 1mg/ml	 tRNA,	 10mM	 dithiothreitol	

(DTT),	 and	 the	 labeled	 probe	 at	 107dpm/ml.	 Then,	 slides	 were	 rinsed	 in	

decreasing	 concentrations	 of	 SSC	 and	 1mM	 DTT,	 including	 a	 step	 with	 RNAse	

treatment	 to	 digest	 the	 probe.	 Finally,	 slides	 were	 dehydrated	 in	 a	 battery	 of	

increasing	 concentrations	 of	 ethanol.	 The	 slides	 for	 each	 probe	 and	 sex	 were	

exposed	to	the	same	Carestream	Kodak	BioMax	MR	film	(Z358479-50EA,	Sigma-

Aldrich)	 for	25	hours	(Crh),	23	hours	(Agrp,	 females),	47	hours	(Agrp,	males)	or	

8.5	hours	(Pomc),	and	then	photographed	on	an	Eclipse	E400	microscope	(Nikon,	

Japan)	with	a	DXM1200	digital	camera	(Nikon,	Japan).	Densitometry	analysis	was	

carried	 out	 with	 ImageJ	 (Schneider	 et	 al.	 2012)	 on	 3-6	 slices	 per	 animal	 by	

measuring	 their	 integrated	density	(sum	of	all	pixel	 intensities	above	 threshold)	

and	subtracting	the	background	(average	 integrated	density	of	10	areas	without	

specific	signal)	from	each	one,	before	averaging	them.	

	

Table	11.	M13	primer	sequences.	M13	primers	were	used	for	obtaining	the	Agrp	and	Pomc	probes	
from	the	PCRII-TOPO	plasmid.	

	 Sequence	(5’	à	3’)	

M13	F	 GTAAAACGACGGCCAG	

M13	R	 CAGGAAACAGCTATGAC	
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Table	12.	cDNA	sequences	of	probes	for	in	situ	hybridization.	The	Crh	probe	was	included	in	a	
pGEM-4Z	 vector	 and	 those	 for	Agrp	 and	 Pomc	 in	 PCRII-TOPO	 vectors.	 For	 labeling,	 probes	 were	
transcribed	using	SP6	or	T7	polymerases	and	[α-35S]UTP.	
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4.11 Statistics		

All	data	are	presented	as	mean	±	SEM.	For	the	sake	of	simplicity,	sample	

sizes	are	expressed	as	the	range	between	the	group	with	the	least	subjects	to	that	

with	the	most.	

Statistical	 calculations	 were	 performed	 using	 the	 Statistical	 Package	 for	

Social	 Sciences	 (SPSS)	 software.	 Most	 data	 were	 analyzed	 with	 the	 generalized	

linear	 model	 (GzLM)	 with	 genotype	 and	 treatment	 (where	 applicable)	 as	 main	

factors,	 in	each	of	 the	sexes	separately.	The	maximum	likelihood	as	a	method	of	

estimation,	 normality	 distribution	 and	 identity	 as	 a	 link	 function	 were	 always	

used.	

Generalized	estimating	equations	(GEE)	were	used	for	repeated	measures	

such	 as	 diets,	 refeeding,	 and	 the	 MWM	 learning	 phases.	 In	 general,	 the	

independent	working	matrix	was	used	but	for	spatial	and	reversal	learning	of	the	

MWM,	 the	 AR(1)	 working	 correlation	 matrix	 structure	 was	 used	 instead,	 as	

suggested	by	(Vorhees	and	Williams	2006).	

The	 post-hoc	 sequential	 Bonferroni	 test	 was	 carried	 out	 in	 all	 relevant	

comparisons	 when	 significant	 interactions	 between	 factors	 were	 obtained.	 The	

correction	for	multiple	comparisons	in	this	test	consists	 in	ordering	the	relevant	

comparisons	 (Table	 13)	 from	 least	 to	 most	 significant	 and	 comparing	 their	 p-

value	to	0.05/(comparison	position);	e.g.	for	the	fourth	least	significant	pair-wise	

comparison	 the	 target	 p-value	 for	 significance	would	 be	 0.0125	 (0.05/4)	 (Holm	

1979).	 In	 the	 text,	 the	 specific	 significance	will	 not	 be	 stated,	 every	 comparison	

mentioned	as	significant	passed	its	correspondent	p-value.	

In	 the	 case	 of	 comparisons	 between	 two	 groups,	 the	 t-Student	 test	 was	

used.	The	Levene	test	for	homogeneity	of	variances	was	checked	beforehand,	and	

if	it	was	significant,	the	t-Student	not	assuming	equal	variances	was	chosen,	which	

adjusts	the	degrees	of	freedom	to	be	more	restrictive.	
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Table	13.	Pair-wise	comparisons.	Relevant	comparisons	depending	on	the	number	of	factors	and	
levels	of	each	one	(in	parenthesis).	Treatment	may	refer	to	fast,	LPS	or	HFD.	

	

		

	

	

	

	

	

	

	

For	genotype	frequency	analysis,	a	Chi-Square	(c2)	was	performed.	

	Significance	 was	 set	 at	 p<0.05.	 Wald	 Chi-Square	 (c2-Wald),	 t-

Student(degrees	 of	 freedom)	 or	 Chi-Square	 (c2)	 and	 p-values	 for	 significant	

effects	of	the	main	factors	or	the	interactions	between	factors	will	be	shown.	

	In	graphs,	statistical	significant	will	be	indicated	by	★	for	genotype	and	�	

for	 treatment.	 Main	 effect	 significance	 will	 be	 marked	 with	 black	 color,	 and	

significant	 pair-wise	 comparisons	 will	 have	 the	 color	 of	 the	 genotype	 against	

which	that	group	is	significant.	

	GzLM	 and	 GEE	 were	 chosen	 because	 they	 are	 more	 flexible	 statistical	

tools	 than	 the	 standard	 general	 lineal	 model.	 They	 allow	 the	 use	 of	 different	

distributions	 and	 covariance	 structures	 for	 repeated	 measures	 data.	 Moreover,	

they	tolerate	heteroscedasticity	and	admit	missing	values.	

	

Pair-wise	comparisons	
genotype	(3),	diet	(2)	

wt	control	 wt	HFD	

floxed	control	 floxed	HFD	

Il6ΔGfap	control	 Il6ΔGfap	HFD	

wt	control	 floxed	control	

wt	control	 Il6ΔGfap	control	

floxed	control	 Il6ΔGfap	control	

wt	HFD	 floxed	HFD	

wt	HFD	 Il6ΔGfap	HFD	

floxed	HFD	 Il6ΔGfap	HFD	

Pair-wise	comparisons	
genotype	(2),	treatment	(2)	

floxed	control	 floxed	treated	

Il6ΔGfap	control	 Il6ΔGfap	treated	

floxed	control	 Il6ΔGfap	control	

floxed	treated	 Il6ΔGfap	treated	

Pair-wise	comparisons	
genotype	(3)	

wt	 floxed	

wt	 Il6ΔGfap	

floxed	 Il6ΔGfap	
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5 RESULTS	

5.1 Il6	and	Il6ra	recombination	

An	 unforeseen	 excessive	 recombination	 of	 the	 floxed	 genes	 due	 to	 Cre	

recombinase	 activity	 in	 tissues	 other	 than	 the	 CNS	 (Figure	 17	 and	 18)	 was	

detected	 late	 in	 the	 development	 of	 this	 thesis.	 As	 a	 consequence,	 some	 of	 the	

experiments	suffered	from	a	reduction	 in	sample	size	of	real	conditional	knock-

out	 and	 floxed	mice	 that	 in	 some	 cases	 could	 not	 be	 increased	 later	 on.	When	

possible,	 an	 extensive	 check	 of	 recombination	 status	 in	 peripheral	 tissues	 (tail	

and	 liver)	 was	 carried	 out,	 and	 compared	 to	 recombination	 in	 brain	

homogenates.	 In	 this	 case,	 the	 results	 will	 be	 presented	 for	 the	 whole	 initial	

sample	and	for	just	the	mice	with	no	peripheral	recombination.	

During	 this	process,	we	detected	 that	not	 only	Cre+/-	mice	had	peripheral	

recombination,	but	also	floxed	animals	that	were	Cre-/-.	The	explanation	for	this	is	

recombination	 in	 the	germline	of	 the	Cre+/-	parent,	which	generated	hemizygote	

mice	(for	exon	2	of	Il6	or	exons	4-6	of	Il6ra).	Wild-type	mice	never	showed	any	

recombination	 because	 it	 is	 impossible,	 since	 their	 floxed	 allele	 can	 only	 come	

from	the	floxed	homozygous	parent	(a	separate	line	that	never	had	contact	with	

Cre	and	is	free	of	recombination	issues)	(see	4.2	Mice).	In	general,	approximately	

23%	of	floxed	mice	from	a	GFAP-Cre	line	had	recombination	in	peripheral	tissues,	

while	56%	of	Il6ΔGfap	mice	did.	Regarding	Syn1-Cre,	the	numbers	were	higher,	with	

51%	of	floxed	and	60%	of	Il6ΔSyn1	mice	having	peripheral	recombination.	
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Figure	17.	Il6	recombination	
PCR	from	tail,	liver	and	brain	
DNA.	 Five	 representative	

samples	 of	 the	 different	

possibilities	encountered	while	

genotyping	 mice	 from	 either	

the	 astrocytic	 or	 neuronal	 Il6	
conditional	 knock-out	 lines.	

The	valid	ones	are	1,	3	and	5	a	

floxed	 (1)	 or	 wt	 (5)	 mouse	

should	 have	 no	 recombination	

of	Il6	at	all,	and	a	Cre+/-	Il6lox/lox	

(3)	 mouse	 should	 only	

recombine	Il6	in	the	brain.	The	
recombination	 band	 can	 be	

seen	at	260	base	pairs	(bp),	the	

floxed	 gene	 at	 ~1000	 bp	 and	

the	 wt	 allele	 at	 ~900	 bp.	

Remember	 that	 wt	 mice	 are	

actually	Il6lox/wt.	

	

	

	

	

	

Figure	 18.	 Il6ra	 recombina-
tion	PCR	 from	 tail,	 liver	and	
brain	 DNA.	 Four	 representa-
tive	 samples	 of	 the	 different	

possibilities	 encountered	

while	 genotyping	 mice	 from	

the	 neuronal	 Il6ra	 conditional	
knock-out	 line.	 The	 valid	 ones	

are	3	and	4	a	floxed	(3)	mouse	

should	have	no	recombination	

of	 Il6ra	 at	 all,	 and	 a	 Cre+/-	
Il6ralox/lox	 (4)	 mouse	 should	
only	 recombine	 Il6ra	 in	 the	
brain.	The	recombination	band	

can	 be	 seen	 at	 230	 base	 pairs	

(bp),	 and	 the	 floxed	 gene	 at	

~2000	bp.	
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5.2 Regulation	of	body	weight	

5.2.1 Astrocytic	IL-6	conditional	knock-out	

5.2.1.1 Frequencies	at	weaning	

Analysis	of	frequencies	at	weaning	was	performed	in	all	the	available	data	

from	our	 line	since	 its	creation	(some	of	 those	animals	have	therefore	not	been	

used	 in	 this	 thesis),	 comparing	 the	 four	 genotypes	 obtained	 in	 the	 crossing	

described	 in	 material	 and	 methods	 (see	 4.2.5.1	 Conditional	 Il6	 knockout	 in	

astrocytes).	No	differences	in	the	number	of	males	and	females	were	detected	(c2	

0.357,	 p>0.05).	 However,	 Il6ΔGfap	 and	 Il6ΔGfap/wt	 mice	 were	 clearly	

underrepresented	(c2	21.348,	p<0.05)	(Table	14).	

	

Table	 14.	 Observed	 and	 expected	 frequencies	 at	 weaning	 of	 each	 genotype	 and	 sex.	 No	
significant	differences	between	sexes	were	detected	but	there	was	a	reduced	number	of	Il6ΔGfap	and	
Il6ΔGfap/wt	mice.	

	

	

	

	

	

	

	

	

	

	

	
Observed	N	 Expected	N	 Residual	

Genotype	

wt	 262	 227	 35	

floxed	 261	 227	 34	

Il6ΔGfap	 186	 227	 -41	

Il6ΔGfap/wt	 199	 227	 -28	

Sex	 	 	 	

males	 445	 454	 -9	

females	 463	 454	 9	

Total	 908	 	 	



RESULTS	 Astrocytic	IL-6	conditional	knock-out 

	
86	

5.2.1.2 Weaning	weight	

	 The	 animals	 were	 weighed	 at	 three	 weeks	 of	 age	 to	 determine	 pre-

existing	 differences	 in	 body	 weight.	 Both	 male	 and	 female	 mice	 showed	

differences	 due	 to	 genotype	 (c2-Wald	 9.27	 and	 12.63,	 p<0.05,	 respectively),	

particularly	 between	 wild-type	 and	 Il6ΔGfap	 (in	 both	 sexes,	 as	 per	 sequential	

Bonferroni)	and	wt	and	floxed	(in	 females,	as	per	sequential	Bonferroni).	When	

animals	with	peripheral	recombination	were	removed,	very	similar	results	were	

obtained	 (genotype	c2-Wald	 11.38,	 p<0.05,	 in	males;	 genotype	c2-Wald	 10.283,	

p<0.05,	in	females),	with	the	addition	that	Il6ΔGfap	males	differed	from	both	floxed	

and	wt	littermates	(Figure	19).	

	

	

	

	

	

	

	

	

Figure	19.	Weaning	weight.	Both	male	and	female	Il6ΔGfap	mice	weighed	less	than	wt	littermates,	
and	only	 in	 the	group	where	peripheral	 recombinants	were	excluded,	did	male	 Il6ΔGfapalso	weigh	
less	than	floxed	mice.	Significant	sequential	Bonferroni	pair-wise	comparisons	★	vs	wt,	★	vs	floxed.	
N=22-58	(all),	n=22-46	(no	peripheral	recombinants).	

	

5.2.1.3 Linear	growth	

Data	 concerning	 tibial	 length	 and	 serum	 IGF-1	 were	 obtained	 from	 the	

48-hour	 fast	 experiment,	 and	 IGFBPs	were	measured	 in	 sera	 from	 the	 first	diet	

experiment	 in	 control	 diet-fed	 mice.	 The	 first	 two	 measures	 were	 analyzed	

accounting	for	treatment	(fed/fasted)	as	well,	and	in	each	sex	separately	(Figure	

20).	
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Both	 Il6ΔGfap	 males	 and	 females	 presented	 longer	 tibiae	 than	 floxed	

littermates,	 regardless	 of	 feeding	 state	 (genotype	 c2-Wald	 13.58	 and	 13.436,	

p<0.05,	for	males	and	females,	respectively).	

Food	 deprivation	 increased	 IGF-1	 in	 males,	 which	 otherwise	 had	 no	

genotype	differences	(fast	c2-Wald	6.442,	p<0.05).	In	females,	on	the	other	hand,	

IGF-1	remained	unaffected	by	 fasting	but	had	an	 inherent	 increased	 level	 in	 the	

Il6ΔGfap	genotype	(genotype	c2-Wald	4.312,	p<0.05).	

No	 genotype	 differences	 were	 apparent	 in	 either	 of	 the	 two	 measured	

IGFBPs.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	20.	Linear	growth.		Tibiae	were	longer	in	Il6ΔGfap	compared	to	floxed	mice	of	both	sexes.	In	
females,	 this	 also	 translated	 to	higher	 IGF-1	 serum	 levels.	 IGFBP-1	and	 -3	 showed	no	differences	

between	 genotypes.	�	 p<0.05	 (fast),	★	 p<0.05	 (genotype).	 For	 tibiae	 n=6-8;	 for	 IGF-1	 n=4-8;	 for	
IGFBP-1	and	-3	n=5-10.	
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5.2.1.4 High-fat	diet	

5.2.1.4.1 Body	weight	and	weight	gain	

	 Two	separate	experiments	were	carried	out	to	assess	the	effects	of	a	HFD	

on	weight	and	weight	gain	 in	 this	model	 (Figure	21).	Only	 the	 first	 included	wt	

mice	 due	 to	 the	 nature	 of	 the	 second	 experiment,	 which	 required	

individualization	 and	would	have	 supposed	an	unmanageable	number	of	 cages.	

The	 values	 have	 been	 pooled	 for	 the	 first	 12	 weeks	 of	 the	 diet,	 which	 is	 the	

common	part	of	the	two	experiments.	

	 In	 the	 complete	 group,	 there	 was	 a	 significant	 interaction	 of	 diet	 and	

genotype	 for	 absolute	weight	 (c2-Wald	7.469	 and	18.590,	 p<0.05,	 in	males	 and	

females	respectively).	Upon	decomposition,	a	clear	effect	of	diet	was	found	for	all	

genotypes,	and	in	females	fed	a	HFD,	Il6ΔGfap	mice	were	significantly	heavier	than	

both	floxed	and	wt	littermates.	

	 When	 mice	 with	 peripheral	 recombination	 were	 removed,	 the	 same	

differences	were	observed	(diet*genotype	c2-Wald	15.342	and	17.168,	p<0.05,	in	

males	and	females	respectively).	

Regarding	 weight	 gain	 in	 the	 whole	 group,	 there	 was	 also	 a	 significant	

interaction	of	diet	and	genotype	(c2-Wald,	7.276	and	12.086,	p<0.05,	in	males	and	

females	respectively).	After	decomposing	it,	both	males	and	females	displayed	a	

prominent	effect	of	diet.	But	again,	only	in	females	did	Il6ΔGfap	show	more	weight	

gain	 than	wt	 and	 floxed	mice.	 Finally,	 floxed	males	 fed	 the	 control	 diet	 gained	

significantly	less	weight	than	wt	littermates.		

In	 mice	 without	 peripheral	 recombination,	 the	 same	 differences	 were	

observed	 (diet*genotype	 c2-Wald	 12.462	 and	 17.210,	 p<0.05,	 in	 males	 and	

females	 respectively).	 And	 in	 addition,	 the	 difference	 between	 HFD-fed	 Il6ΔGfap	

and	wt	or	floxed	mice	was	apparent	in	males	as	well.	
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Figure	 21.	 Body	 weight	 and	 weight	 gain	 after	 12	 weeks	 of	 control	 or	 HFD.	Both	 male	 and	
female	 mice	 increased	 their	 weight	 with	 a	 HFD.	 Female	 Il6ΔGfap	 mice	 gained	 significantly	 more	
weight	than	floxed	and	wt	littermates	on	the	same	diet.	Similar	results	are	seen	in	either	the	mixed	

group	or	just	in	mice	without	peripheral	recombination.	Significant	sequential	Bonferroni	pair-wise	

comparisons	★	vs	wt	(same	diet),	★	vs	floxed	(same	diet),	�	vs	wt	control	diet,	�	vs	floxed	control	
diet,	�	vs	Il6ΔGfap	control	diet.	N=12-29	(all),	n=10-25	(no	peripheral	recombinants).	
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5.2.1.4.2 Energy	intake	and	feed	efficiency	

	 In	 the	 first	experiment,	animals	were	group-housed	while	energy	 intake	

was	 being	 monitored	 and	 weekly	 measurements	 had	 a	 great	 variability,	

especially	 in	 the	 HFD,	 likely	 because	 the	 mice	 “played”	 with	 the	 food	 and	 the	

texture	 is	 much	 less	 firm	 than	 the	 control	 diet.	 Therefore,	 in	 order	 to	 get	

potentially	meaningful	data,	the	average	of	all	weeks	was	taken	to	carry	out	the	

statistical	analysis	(Figure	22,	top).	Still,	a	peak	in	energy	intake	was	significant	in	

floxed	males	fed	a	HFD	compared	to	wt	and	Il6ΔGfap	(diet*genotype	c2-Wald	9.827,	

p<0.05;	 sequential	 Bonferroni	 pair-wise	 comparisons	 wt	 HFD	 vs	 floxed	 HFD,	

floxed	 HFD	 vs	 Il6ΔGfap	 HFD).	 Diet	 had	 a	 clear	 effect	 in	 females	 (diet	 c2-Wald	

50.313,	p<0.05),	while	only	floxed	males	fed	a	HFD	showed	an	increased	energy	

intake	 compared	 to	 floxed	 controls	 (diet*genotype	 c2-Wald	 9.827,	 p<0.05;	

sequential	Bonferroni	pair-wise	comparison	floxed	control	vs	floxed	HFD).	

	 Feed	 efficiency,	 or	 weight	 gain	 relative	 to	 kcal	 ingested	 (Figure	 23),	 is	

increased	 in	 mice	 fed	 a	 HFD	 (diet	 c2-Wald	 8.676	 and	 24.801,	 for	 males	 and	

females,	 respectively;	 p<0.05).	 The	 slight	 reduction	 in	 feed	 efficiency	 in	 floxed	

males	 fed	a	HFD,	albeit	not	significant,	might	back	 the	explanation	given	before	

for	 the	excessive	 intake	 in	 this	group,	since	they	do	not	gain	as	much	weight	as	

would	be	expected	from	that	amount	of	kcal.	

	 In	the	second	experiment,	animals	were	individualized	after	12-13	weeks	

on	their	respective	diet	and	the	average	of	three	consecutive	days	was	taken	in	an	

attempt	 to	 correct	 the	 problems	 in	 the	 previous	 group	 (Figure	 22,	middle	 and	

bottom).	
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In	this	case,	a	clear	increase	of	energy	intake	was	seen	due	to	the	HFD	in	

both	 sexes	 in	 the	 complete	 group	 (diet	 c2-Wald	 67.838	 and	 38.577,	 p<0.05,	 in	

males	 and	 females	 respectively),	 and	 also	when	 peripheral	 recombinants	were	

excluded	 (diet	 c2-Wald	 51.360	 and	 26.954,	 p<0.05,	 in	 males	 and	 females	

respectively).	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	22.	Energy	 intake	with	control	and	HFD.	 In	general,	HFD	 increases	energy	 intake	 in	all	
genotypes,	 both	 in	 group	 and	 individual	measures.	 In	 group-housed	males,	 however,	 no	 effect	 of	

diet	is	seen	but	in	floxed	mice,	which	also	have	a	higher	intake	than	their	littermates	on	the	same	

diet.	�	p<0.05	(diet).	Significant	sequential	Bonferroni	pair-wise	comparisons	★	vs	wt	(same	diet),	
★	 vs	 floxed	 (same	diet),	�	 vs	 floxed	control	diet.	N=3-7	 (grouped,	 cages),	n=7-18	 (individualized,	
all),	n=6-15	(individualized,	no	peripheral	recombinants).	
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Figure	23.	Feed	efficiency	with	control	and	HFD.	The	HFD	has	a	higher	feed	efficiency	than	the	
control	one	independently	of	genotype,	the	same	amount	of	kcal	has	a	higher	impact	in	body	weight	

gain.	�	p<0.05	(diet).	N=3-7	(cages).	

	

5.2.1.4.3 ITT	and	OGTT	

	 These	tests	were	only	performed	in	the	first	experiment.	

In	the	complete	group,	administration	of	insulin	(ITT,	Figure	24)	resulted	

in	the	expected	time-dependent	decrease	in	glucose	levels	(time	c2-Wald	417.347	

and	 865.192,	 p<0.05,	 for	males	 and	 females,	 respectively).	 The	HFD	 curve	was	

significantly	 higher,	 starting	 already	 at	 a	 higher	 fasting	 glucose	 level	 (diet	 c2-

Wald	27.695	and	19.860,	p<0.05,	for	males	and	females,	respectively).	Genotype,	

however,	 had	 only	 a	 minor	 effect	 on	 males	 (genotype	 c2-Wald	 6.058,	 p<0.05),	

which	upon	decomposition	showed	no	significant	pair-wise	differences.	 When	

peripheral	recombinants	were	removed,	the	same	patterns	were	observed	(time	

c2-Wald	290.273	and	827.500,	p<0.05;	diet	c2-Wald	16.29	and	47.928,	p<0.05,	for	

males	and	females,	respectively).	But	in	this	case,	male	wt	mice	were	significantly	

different	 from	 floxed	 littermates	 (genotype	 c2-Wald	 7.389,	 p<0.05;	 sequential	

Bonferroni	pair-wise	comparison	wt	vs	floxed).	
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Figure	 24.	 ITT	 and	 OGTT	 after	 14-15	 weeks	 of	 diet.	 In	 the	 first	 experiment,	 both	 male	 and	
female	mice	on	a	HFD	showed	 impaired	 insulin	and	glucose	 tolerance.	 In	 the	 ITT	of	males,	 there	

was	 a	 significant	 effect	 of	 genotype,	 but	 pair-wise	 comparisons	 were	 not	 significant.	 The	 same	

results	are	seen	in	either	the	mixed	group	or	just	in	mice	without	peripheral	recombination.	Note	

the	different	axis	on	the	ITT	of	males	(no	peripheral	recombinants).	★	p<0.05	(genotype),	�	p<0.05	
(diet).	N=8-14	(all),	n=2-13	(no	peripheral	recombinants).	
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In	 the	 whole	 group,	 oral	 administration	 of	 glucose	 (OGTT,	 Figure	 24)	

caused	 the	 predicted	 change	 in	 glucose	 levels	 (time	 c2-Wald	 1011.519	 and	

697.955,	 p<0.05,	 for	 males	 and	 females,	 respectively).	 HFD-fed	 mice	 had	 a	

significant	 impairment	 in	 dropping	 blood	 glucose	 (diet	 c2-Wald	 48.674	 and	

29.472,	 p<0.05,	 for	 males	 and	 females,	 respectively).	 No	 differences	 due	 to	

genotype	were	observed.	

	 Removal	 of	 mice	 with	 peripheral	 recombination	 drew	 the	 same	 results	

(time	 c2-Wald	 685.703	 and	 466.189,	 p<0.05;	 diet	 c2-Wald	 24.976	 and	 40.298,	

p<0.05,	for	males	and	females,	respectively).	

	

5.2.1.4.4 Twenty-four	hour	fast	and	4-hour	refeeding	

This	 procedure	 was	 carried	 out	 in	 the	 second	 experiment	 on	 single-

housed	animals.	

Table	 15	 summarizes	 the	 weight	 lost	 by	 each	 group	 expressed	 as	

percentage	of	 the	weight	prior	 to	 the	 fast.	Male	 Il6ΔGfap	mice	on	 the	 control	diet	

lost	 proportionally	 less	 weight	 than	 floxed	 littermates,	 while	 in	 females	 the	

reverse	 was	 true.	 Furthermore,	 HFD-fed	mice	 were,	 relatively,	 less	 affected	 by	

fast-induced	 weight	 loss	 given	 their	 higher	 body	 weight,	 and	 the	 genotype	

differences	were	 lost.	 The	 almost	 exact	 results	were	 replicated	once	peripheral	

recombinants	were	removed.	

For	energy	intake	after	the	fast,	a	great	variability	was	seen	with	the	HFD	

as	 mentioned	 before,	 again	 probably	 due	 to	 mice	 crumbling	 the	 pellets.	

Therefore,	 an	 exclusion	 criterion	 was	 implemented,	 consisting	 in	 removing	

animals	that	at	the	4th	time	point	had	an	intake	of	over	2	standard	deviations	over	

the	mean.	 For	 the	 group	without	 peripheral	 recombinants,	 this	was	 done	 after	

removal	of	animals	with	recombination.	
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Table	15.	Percentage	weight	loss	and	statistical	significances	after	a	24-hour	fast.	Percentage	
weight	loss	was	calculated	as	∆weight*100/(pre-fast	weight).	Significant	pair-wise	comparisons	★	
p<0.05	vs	floxed	(same	diet),	�	p<0.05	vs	floxed	control	diet,	�	p<0.05	vs	Il6ΔGfap	control	diet.	

	

When	 all	 animals	were	 analyzed,	 there	was	 a	 clear	 effect	 of	 time	 in	 the	

cumulative	 kcal	 intake	 (time	 c2-Wald	 190.511	 and	 130.521,	 for	 males	 and	

females,	 respectively;	 p<0.05)	 (Figure	 25).	 In	 addition,	 males	 showed	 an	

interaction	 between	 diet	 and	 genotype,	 with	 HFD-fed	 Il6ΔGfap	 having	 a	 greater	

energy	intake	than	control-fed	Il6ΔGfap,	while	on	the	control	diet	this	genotype	had	

a	 significantly	 lower	 intake	 than	 floxed	 males	 (diet*genotype	 c2-Wald	 6.403,	

p<0.05;	 sequential	 Bonferroni	 pairwise	 comparisons	 control	 Il6ΔGfap	 vs	 HFD	

Il6ΔGfap,	control	floxed	vs	control	Il6ΔGfap).	

With	 the	 exclusion	 of	 peripheral	 recombinants,	 the	 same	 results	 were	

maintained	(time	c2-Wald	218.581	and	208.628,	p<0.05,	 for	males	and	 females,	

respectively;	 diet*genotype	 c2-Wald	 6.003,	 in	 males,	 p<0.05;	 sequential	

Bonferroni	pairwise	comparisons	control	Il6ΔGfap	vs	HFD	Il6ΔGfap,	control	floxed	vs	

control	Il6ΔGfap).	
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Figure	 25.	 Cumulative	 energy	 intake	 during	 refeeding	 (4	hours)	 after	 a	 24-hour	 fast.	Male	
Il6ΔGfap	mice	on	the	control	ate	significantly	less	upon	refeeding,	but	with	the	HFD,	they	reached	the	
same	kcal	as	both	 floxed	control	and	HFD.	�	p<0.05	 (diet),	★	 vs	 floxed	 (same	diet).	N=7-17	 (all),	
n=6-14	(no	peripheral	recombinants).	

	

5.2.1.4.5 Temperature	

Rectal	 temperature	 was	 measured	 too	 in	 the	 second	 experiment	 on	

single-housed	animals	(Figure	26).	

If	all	animals	were	considered,	no	significant	effects	were	observed;	even	

though	 genotype	was	marginally	 significant	 in	males	 (genotype	c2-Wald	 3.822,	

p=0.051).	

When	peripheral	 recombinants	were	 removed,	 genotype	became	clearly	

significant	in	males	(genotype	c2-Wald	5.256,	p<0.05).	
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Figure	26.	Rectal	 temperature.	 In	males	with	no	peripheral	 recombination,	 Il6ΔGfap	had	a	 lower	
rectal	 temperature	 than	 floxed	 mice,	 regardless	 of	 diet.	 This	 same	 effect	 was	 a	 non-significant	

tendency	 in	 the	 complete	male	 group.	No	 significant	 differences	were	 seen	 in	 females.	★	 p<0.05	
(genotype).	N=7-18	(individualized,	all),	n=6-15	(individualized,	no	peripheral	recombinants).	

	

5.2.1.4.6 Tissue	weight	

5.2.1.4.6.1 Absolute	weight	

Figure	27	shows	the	results	from	all	these	variables	in	both	the	complete	

group	and	the	group	without	peripheral	recombination.	

	 All	 mentioned	 tissues	 were	 weighed	 in	 both	 experiments,	 with	 the	

exception	of	BAT,	which	was	added	in	the	second	one.	

	 Liver	 weight	 showed	 a	 significant	 interaction	 between	 the	 factors	 diet	

and	 genotype	 in	 male	 mice	 (diet*genotype	 c2-Wald	 13.65	 p<0.05).	 Pair-wise	

comparisons	showed	that	HFD	increased	liver	weight	in	floxed	and	Il6ΔGfap	mice,	

compared	 to	 control	 animals	 of	 the	 same	genotype	 (p<0.006);	 and	 also,	 that	 in	

animals	 fed	 a	 HFD,	 wt	 males	 differed	 from	 both	 floxed	 and	 Il6ΔGfap	 littermates	

(p<0.006).	In	female	mice,	there	were	clear	effects	of	diet	and	genotype	(diet	c2-



RESULTS	 Astrocytic	IL-6	conditional	knock-out 

	
98	

Wald	 18.978,	 p<0.05;	 genotype	 c2-Wald	 8.057,	 p<0.05),	 due	 to	 wt	 being	

significantly	different	from	Il6ΔGfap	mice	(p=0.006).	

	 Analysis	only	of	animals	without	peripheral	recombination	had	the	same	

results.	 In	males,	 the	 interaction	between	diet	 and	genotype	 (diet*genotype	c2-

Wald	30.35,	p<0.05)	had	to	be	decomposed,	and	HFD	was	found	to	increase	liver	

weight	 in	 both	 floxed	 and	 Il6ΔGfap	 mice	 (p<0.006);	 furthermore,	 in	 HFD-fed	

animals,	 wt	 were	 different	 from	 both	 floxed	 and	 Il6ΔGfap	 mice	 (p<0.006).	 In	

females,	 however,	 genotype	 and	 diet	 were	 significant,	 with	 no	 interaction	

between	them	(diet	c2-Wald	11.023,	p<0.05;	genotype	c2-Wald	8.066,	p<0.05).	As	

described	 before,	 only	 wt	 differed	 from	 Il6ΔGfap	 mice	 (p<0.017).	 Of	 note,	 the	

comparison	 floxed	vs	 Il6ΔGfap	was	significant	on	 its	own	(p=0.045)	but	 failed	 the	

correction	for	multiple	comparisons.	

	 Weight	 of	 the	 subcutaneous	 WAT	 pad	 showed	 a	 significant	 interaction	

between	diet	and	genotype	(diet*genotype	c2-Wald	7.389	and	6.002,	p<0.05,	for	

males	 and	 females,	 respectively)	 when	 accounting	 for	 all	 animals.	 Pair-wise	

comparisons	manifested	 a	 clear	 effect	 of	 the	 HFD	 in	 all	 genotypes	 (wt/floxed/	

Il6ΔGfap	control	vs	HFD,	p<0.006);	and	when	comparing	genotypes	within	the	HFD,	

wt	differed	from	both	floxed	and	Il6ΔGfap	(p<0.006),	in	both	males	and	females.	

	 In	 males,	 the	 exclusion	 of	 peripheral	 recombinants	 left	 the	 results	

unaltered	(diet*genotype	c2-Wald	8.597,	p<0.05),	with	the	same	significant	pair-

wise	 comparisons	 as	mentioned	 above.	 In	 females,	 however,	 genotype	 and	diet	

were	significant	without	interaction	(diet	c2-Wald	132.218,	p<0.05;	genotype	c2-

Wald	 9.966,	 p<0.05);	 and	 pair-wise	 comparisons	 between	 genotypes	 showed	 a	

difference	between	wt	and	floxed	and	wt	and	Il6ΔGfap	mice	(p<0.017).	

	 The	gonadal	WAT	pad	weight	was	affected	by	both	genotype	and	diet	 in	

males	(diet	c2-Wald	253.47,	p<0.05;	genotype	c2-Wald	7.055,	p<0.05);	but	pair-

wise	comparisons	were	not	significant	due	to	the	correction	applied	(wt	vs	floxed	
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and	 floxed	 vs	 Il6ΔGfap).	 In	 females,	 only	 an	 effect	 of	 diet	was	 seen	 (diet	c2-Wald	

111.74,	p<0.05).	

	 When	 peripheral	 recombinants	 were	 removed,	 both	 sexes	 showed	 an	

effect	 of	 diet	 (diet	c2-Wald	182.394	and	84.798,	p<0.05,	 for	males	 and	 females,	

respectively).	

	 The	 interescapular	BAT	pad	was	weighed	 in	 the	second	experiment,	per	

suggestion	 of	 reviewers	 of	 one	 of	 our	 submitted	 papers.	 Only	 an	 effect	 of	 HFD	

was	seen,	both	in	the	complete	group	(diet	c2-Wald	88.059	and	102.727,	p<0.05,	

for	 males	 and	 females,	 respectively)	 and	 the	 one	 without	 peripheral	

recombinants	 (diet	c2-Wald	 93.523	 and	 73.514,	 p<0.05,	 for	males	 and	 females,	

respectively).	

	

5.2.1.4.6.2 Relative	weight	

Relativization	 of	 tissue	 weights	 for	 body	 weight	 was	 done	 in	 order	 to	

evaluate	which	 compartment	was	more	 implicated	 in	 the	 body	weight	 change.	

Figure	28	 shows	 the	different	 tissues	 for	 the	whole	 group	and	 the	one	without	

peripheral	recombinants,	and	Table	16	summarizes	statistical	results.	

The	effect	of	the	HFD	was	maintained	in	all	fat	pads.	Regarding	genotype	

effects,	 the	only	difference	between	absolute	and	relative	weight	 is	 found	in	the	

subcutaneous	WAT	(in	the	“no	peripheral	recombinants”	group),	where	Il6ΔGfap	

males	 have	 a	 higher	 relative	 weight	 of	 said	 fat	 pad	 than	 both	 wt	 and	 floxed	

littermates.	

Of	 note,	 the	 liver	 actually	 represents	 a	 lower	 percentage	 of	 total	 body	

weight	in	the	HFD-fed	females	and	wt	males,	while	in	floxed	and	Il6ΔGfap	males	it	

remains	unaltered.	
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Figure	 27.	 Absolute	 tissue	
weight	 after	 a	 HFD.	 In	 the	
complete	 group,	 both	 male	 and	

female	mice	had	 increased	 tissue	

weight	 with	 a	 HFD,	 except	 for	

liver	 weight	 in	 wt	 mice.	

Regarding	 genotype	 differences	

within	 the	HFD,	only	 in	 liver	and	

WAT	Sc	did	Il6ΔGfap	differ	from	wt	
mice.	 In	 these	 two	 tissues,	 floxed	

mice	 also	 differed	 from	 wt,	 with	

the	 exception	 of	 liver	 weight	 in	

females,	 where	 just	 Il6ΔGfap	 were	
different	 from	 wt,	 but	 in	 both	

diets.	Almost	identical	results	are	

seen	 in	 mice	 without	 peripheral	

recombination	as	in	the	complete	

group,	 the	 only	 exception	 being	

WAT	Sc	weight	in	females.	In	this	

tissue,	a	global	effect	of	genotype	

was	 seen,	 which	 upon	

decomposition	 showed	 a	

difference	 between	 floxed	 or	

Il6ΔGfap	 vs	 wt	 mice.	 �	 p<0.05	
(diet).	 Significant	 sequential	

Bonferroni	 pair-wise	 compari-

sons	★	vs	wt	(same	diet),	�	vs	wt	
control	 diet,	 �	 vs	 floxed	 control	
diet,	 �	 vs	 Il6ΔGfap	 control	 diet.	
WAT	 Sc	 subcutaneous	 white	

adipose	 tissue,	 WAT	 Gn	 gonadal	

white	 adipose	 tissue,	BAT	brown	

adipose	tissue.	For	liver	and	both	

WATs	 n=11-28	 (all),	 n=8-22	 (no	

peripheral	 recombinants);	 for	

BAT	 n=7-19	 (all),	 n=6-14	 (no	

peripheral	recombinants).	
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Figure	 28.	 Relative	 tissue	
weight	after	a	HFD.	This	variable	
was	 calculated	 as	 the	 percentage	

of	 body	weight	 of	 each	 tissue.	 In	

the	 complete	 group,	 HFD	

increased	 the	 relative	 weight	 of	

all	fat	pads	(WAT	Sc,	WAT	Gn	and	

BAT).	 The	 liver,	 conversely,	 lost	

relative	 weight	 with	 the	 HFD	 in	

females	 and	 wt	 males.	 Genotype	

differences	were	only	apparent	in	

WAT	 Sc,	 where	 wt	 mice	 had	

higher	relative	weights	than	both	

floxed	 and	 Il6ΔGfap.	 Removal	 of	
peripheral	 recombinants	 showed	

the	 same	 results,	 with	 the	

addition	 of	 a	 higher	 relative	

weight	 of	 WAT	 Sc	 in	 Il6ΔGfap	
compared	 to	 floxed	male	mice.	�	
p<0.05	 (diet).	 Significant	

sequential	 Bonferroni	 pair-wise	

comparisons	★	vs	wt	(same	diet),	
★	 vs	 floxed	 (same	 diet),	 �	 vs	 wt	
control	 diet.	 WAT	 Sc	

subcutaneous	 white	 adipose	

tissue,	 WAT	 Gn	 gonadal	 white	

adipose	 tissue,	 BAT	 brown	 adi-

pose	 tissue.	 For	 liver	 and	 both	

WATs	 n=11-28	 (all),	 n=8-22	 (no	

peripheral	 recombinants);	 for	

BAT	 n=7-19	 (all),	 n=6-14	 (no	

peripheral	recombinants).	
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Table	 16.	 Statistical	 significances	 of	 relative	 tissue	 weights.	 Only	 significant	 main	 effects	 or	
interactions	are	shown.	In	parenthesis	significant	sequential	Bonferroni	pair-wise	comparisons.	

	

5.2.1.4.7 Circulating	metabolites	

	 Due	 to	serum	limitation	and	the	peripheral	recombination	 issue,	sample	

size	 of	 non-peripheral	 recombinant	 mice	 was	 greatly	 reduced	 (in	 some	 cases	

down	 to	 just	 one).	 Thus,	 no	 results	 for	 just	 the	 animals	 without	 peripheral	

recombination	will	be	presented	in	this	section	(Figure	29).	

	

5.2.1.4.7.1 Glucose	

	 Tail	 blood	 glucose	was	measured	 only	 in	 the	 first	 experiment	 after	 a	 3-

hour	fast.	

Fasting	 glucose	 levels	 were	 clearly	 raised	 with	 the	 HFD,	 regardless	 of	

genotype	 (diet	 c2-Wald	 37.616	 and	 14.254,	 p<0.05,	 for	 males	 and	 females,	

respectively).	
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5.2.1.4.7.2 Triglycerides	

	 Only	males	displayed	any	significant	effects	 in	 triglyceride	 levels,	with	a	

significant	 interaction	 between	 diet	 and	 genotype,	 which	 when	 decomposed,	

evidenced	 a	 lowering	 effect	 of	 the	 diet	 only	 in	 wt	 males,	 as	 well	 as	 a	 basal	

difference	 between	 wt	 and	 both	 floxed	 and	 Il6ΔGfap	 (diet*genotype	 c2-Wald	

15.503,	 p<0.05;	 sequential	 Bonferroni	 pair-wise	 comparisons	 wt	 control	 vs	 wt	

HFD,	wt	control	vs	floxed	control,	wt	control	vs	Il6ΔGfap	control).	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	29.	Circulating	metabolites	after	17	weeks	of	diet.	In	general,	both	male	and	female	mice	
had	increased	fasting	blood	glucose	with	the	HFD.	Triglycerides	decreased	in	wt	males	fed	the	HFD	

compared	to	controls,	and	in	the	control	diet	the	other	two	genotypes	had	significantly	lower	levels	

than	wt	males.	 Cholesterol	 levels	 increased	with	HFD	 in	 floxed	 and	 Il6ΔGfap	males,	 and	 across	 all	
genotypes	in	females.	�	p<0.05	(diet).	Significant	sequential	Bonferroni	pair-wise	comparisons	★	vs	
wt	(same	diet),	�	vs	wt	control	diet,	�	vs	 floxed	control	diet,	�	vs	 Il6ΔGfap	 control	diet.	For	glucose	
n=8-14;	for	triglycerides	n=8-13;	for	cholesterol	n=6-13.	

	



RESULTS	 Astrocytic	IL-6	conditional	knock-out 

	
104	

5.2.1.4.7.3 Cholesterol	

Males	 showed	 an	 interaction	 between	 diet	 and	 genotype	 in	 cholesterol	

levels,	 with	 significant	 pair-wise	 differences	 between	 diets	 in	 the	 floxed	 and	

Il6ΔGfap	 genotypes	 (diet*genotype	 c2-Wald	 7.702,	 p<0.05;	 sequential	 Bonferroni	

pair-wise	 comparisons	 floxed	 control	 vs	 floxed	 HFD,	 Il6ΔGfap	 control	 vs	 Il6ΔGfap	

HFD).	

	 In	 females,	 diet	 had	 a	 significant	 effect	 on	 its	 own	 in	 raising	 cholesterol	

levels	(diet	c2-Wald	63.547,	p<0.05).	

	

5.2.1.4.8 Hormones	

As	 was	 the	 case	 with	 metabolites,	 serum	 limitation	 and	 peripheral	

recombination,	downsized	the	group	of	non-peripheral	recombinant	mice.	Given	

the	 inherent	 variability	 of	 hormone	 measures,	 only	 results	 for	 the	 complete	

group	will	be	presented	here	(Figure	30).	

	

5.2.1.4.8.1 Leptin	

	 HFD	caused	a	significant	 increase	 in	circulating	serum	levels	of	 leptin	 in	

both	 sexes,	 with	 no	 effect	 of	 genotype	 or	 interaction	 between	 the	 two	 factors	

(diet	c2-Wald	19.684	and	54.815,	p<0.05,	for	males	and	females,	respectively).	

	

5.2.1.4.8.2 Insulin	

Similarly,	 HFD	 significantly	 raised	 circulating	 serum	 levels	 of	 insulin	 in	

both	 males	 and	 females,	 regardless	 of	 genotype	 and	 without	 an	 interaction	

between	the	two	factors	(diet	c2-Wald	40.655	and	14.887,	p<0.05,	for	males	and	

females,	respectively).	
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Figure	 30.	 Circulating	 hormones	 after	 17	 weeks	 of	 diet.	 Both	 male	 and	 female	 mice	 had	
increased	serum	 leptin	and	 insulin	with	 the	HFD,	with	no	effect	of	genotype.	�	p<0.05	(diet).	For	
leptin	n=6-14;	for	insulin	n=5-14.	

	

5.2.1.4.9 In	situ	hybridization	

Some	slides	for	the	probes	Agrp	and	Pomc	had	to	be	removed	because	the	

location	 was	 incorrect,	 a	 consequence	 of	 the	 method	 for	 selecting	 them	 being	

based	on	relative	position	to	the	PVN.	Therefore,	only	the	complete	group	will	be	

analyzed,	since	removal	of	peripheral	recombinants	yielded	very	reduced	sample	

sizes	(Figure	31).	

Agrp	 expression	 showed	 no	 significant	 changes	 in	 males,	 but	 females	

displayed	 genotype	 and	 diet	 effects	 (genotype	 c2-Wald	 4.892,	 p<0.05;	 diet	 c2-

Wald	8.359,	p<0.05),	both	of	them	lowering	the	expression	of	the	neuropeptide.	

	 Crh	 remained	 unchanged	 in	 males	 and	 females,	 in	 both	 genotypes	 and	

diets.	
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	 Pomc	 showed	 a	 significant	 interaction	 between	 genotype	 and	 diet	 in	

males	 (diet*genotype	 c2-Wald	 4.548,	 p<0.05),	 but	 no	 significant	 pair-wise	

comparisons.	

	

	

	

	

	

	

Figure	 31.	 In	 situ	
hybridization	 for	Agrp,	Crh	
and	Pomc	after	17	weeks	of	
diet.	 Top	 representative	

autoradiographies	of	a	whole	

brain	 and	 detail	 of	

hypothalamus	for	each	mRNA	

probe.	 Bottom	 HFD-fed	

females	 have	 lower	 Agrp	
levels	 than	 control	 diet-fed	

ones.	 In	 addition,	 Il6ΔGfap	
females	 also	 show	 less	 Agrp	

than	 floxed	 littermates.	 �	
p<0.05	 (diet).	 Significant	

sequential	 Bonferroni	 pair-

wise	comparisons	★	vs	floxed	
(same	 diet).	 For	 Agrp	 n=4-9,	
for	Crh	n=7-14;	for	Pomc	n=4-
7.	

	

5.2.1.5 Fasting	

Preliminary	 experiments	 with	 an	 overnight	 (ON)	 fast	 elicited	 faint	

responses	from	the	classical	orexigenic	neuropeptides,	Npy	and	Agrp.		

In	 an	 initial	 study	 with	 floxed	 and	 Il6ΔGfap	 males,	 Npy	 expression,	 as	

measured	by	qPCR,	increased	2.4-fold	in	the	fasted	floxed	group	compared	to	the	

fed	 floxed	 one	 (2.42±0.32	 vs	 1.00±0.10;	 genotype*fast	 c2-Wald	 7.828,	 p<0.05;	
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pair-wise	 comparison	 floxed	 fed	 vs	 floxed	 fasted	 p<0.006)	 and	Agrp	 increased	

2.7-fold	 between	 the	 same	 groups	 (2.68±0.27	 vs	 1.00±0.26;	 genotype*fast	 c2-

Wald	10.725,	p<0.05;	 sequential	Bonferroni	pair-wise	 comparison	 floxed	 fed	vs	

floxed	fasted).	A	later	study	incorporating	both	sexes,	showed	similar	increases	in	

Npy	 and	 Agrp	 expression	 in	 floxed	 mice	 (Table	 17);	 but	 in	 males,	 the	 Agrp	

increase	failed	to	reach	significance.	

	

Table	17.	Fold-change	of	orexigenic	neuropeptides	after	an	ON	 fast	 in	 floxed	animals.	Note	
that	males	and	females	were	analyzed	separately	and	therefore	the	expression	level	of	the	control	

group	is	not	necessarily	the	same	in	both	sexes	(or	genes).	

	

	

	

	

Furthermore,	 in	 an	 unrelated	 experiment	 to	 this	 thesis	 (carried	 out	

during	my	stay	in	Dr.	Palmiter’s	group),	but	relevant	since	its	aim	was	to	make	a	

preliminary	comparison	of	24-	and	48-hour	fast,	we	observed	a	3.6-fold	increase	

in	C57BL/6	male	mice	 fasted	 for	24	hours	 compared	 to	ad	 libitum-fed	 controls	

(3.63±1.53	vs	1.00±0.09,	n=2),	and	a	12.7-fold	change	after	48	hours	(12.66	±	3.9,	

n=2).	

Therefore,	we	changed	the	ON	protocol	to	a	48-hour	fast	when	needing	to	

assess	mRNA	of	hypothalamic	neuropeptides.	In	the	case	of	refeeding	after	a	fast,	

we	maintained	the	24-hour	interval	to	avoid	excessive	stress.		

	

5.2.1.5.1 Twenty-four-hour	fast	and	4-hour	refeeding	

Since	this	experiment	was	carried	out	in	group-housed	animals,	only	data	

for	the	complete	group	will	be	analyzed.	

	 Males	 Females	

	 Floxed	fed	 Floxed	fasted	 Floxed	fed	 Floxed	fasted	

Npy	 1.00	±	0.13	 2.57	±	0.74	 1.00	±	0.26	 2.41	±	0.53	

Agrp	 1.00	±	0.07	 3.13	±	0.82	 1.00	±	0.28	 2.69	±	0.69	
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	 Animals	 fed	 a	 control	 diet	were	 fasted	 for	24	hours.	The	weight	 lost,	 as	

percentage	 of	 their	 initial	 body	 weight,	 was	 essentially	 the	 same	 in	 both	

genotypes	of	males	and	females	(Table	18).	

	

Table	18.	Percentage	weight	loss	after	a	24-hour	fast.	Percentage	weight	loss	was	calculated	as	
∆weight*100/(pre-fast	 weight).	 No	 significant	 differences	 were	 observed	 between	 genotypes	 in	
either	sex.	

	

	

	

	

Energy	 intake	after	reintroduction	of	 the	control	diet	was	monitored	 for	

the	 following	4	hours	and	showed	a	more	or	 less	 steady	 increase	after	 the	 first	

hour	 (when	most	 of	 the	 eating	occurs),	with	no	differences	between	genotypes	

(time	c2-Wald	244.501,	p<0.05)	(Figure	32).	

Figure	32.	Cumulative	energy	 intake	during	the	4	hours	after	reintroduction	of	 the	control	
diet	after	a	24-hour	fast.	Animals	were	group-housed	and	total	intake	was	divided	by	the	number	
of	animals	per	cage	(n=5-8,	cages).	Both	genotypes	present	the	same	compensatory	energy	intake	

after	the	fast.	
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5.2.1.5.2 Forty-eight-hour	fast	

	 For	 this	 experiment,	 there	 was	 no	 chance	 of	 assessing	 peripheral	

recombination,	so	the	data	presented	regard	the	complete	group.	

	

5.2.1.5.2.1 Relative	body	weight	loss	

	 Forty-eight-hour	 fasted	 animals	 lost	 more	 weight	 (relative	 to	 pre-fast	

levels)	 than	 ad	 libitum-fed	 controls	 (Figure	 33).	 In	 males,	 only	 the	 fast	 had	 a	

significant	 effect	 (fast	 c2-Wald	 1078.996,	 p<0.05),	 but	 in	 females,	 there	 was	 a	

significant	interaction	of	fast	and	genotype,	which	upon	decomposition,	showed	a	

higher	weight	loss	not	only	in	food-deprived,	but	also	in	fasted	Il6ΔGfap	compared	

to	 fasted	 floxed	 females,	 and	 a	 lower	 increase	 in	 fed	 Il6ΔGfap	 compared	 to	 fed	

floxed	 females	 (fast*genotype	 c2-Wald	 12.046,	 p<0.05;	 sequential	 Bonferroni	

pair-wise	comparisons	fed	floxed	vs	fasted	floxed,	fed	Il6ΔGfap	vs	fasted	Il6ΔGfap,	fed	

floxed	vs	fed	Il6ΔGfap,	fasted	floxed	vs	fasted	Il6ΔGfap).	

	

	

	

	

Figure	33.	Percentage	weight	 loss	after	a	48-hour	 fast.	Fasted	animals	 lost	 significantly	more	
weight.	Il6ΔGfap	females	were	more	affected	by	the	fast	and	even	in	the	fed	state,	they	did	not	gain	as	
much	 weight	 during	 that	 period.	 �	 p<0.05	 (diet).	 Significant	 sequential	 Bonferroni	 pair-wise	
comparisons	★	vs	floxed	(same	treatment),	�	vs	fed	floxed,	�	vs	fed	Il6ΔGfap.	N=5-8.	
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5.2.1.5.2.2 Hypothalamic	neuropeptides	and	Il6	

	 Regarding	the	expression	of	hypothalamic	neuropeptides	(Figure	34),	the	

prototypical	 orexigenic	 ones	 (Npy	 and	Agrp)	 behave	 very	 similarly	within	 each	

sex,	but	IL-6	deficiency	has	opposite	effects	with	fasting	in	males	and	females.	In	

males,	the	decomposition	of	the	interaction	between	the	two	factors	showed	that	

fasting	 increases	expression	of	both	Npy	and	Agrp	 in	 fasted	 Il6ΔGfap	 compared	to	

the	same	genotype	 in	 the	 fed	group	(fast*genotype	c2-Wald	10.017	and	21.828,	

p<0.05,	 for	 Npy	 and	 Agrp,	 respectively;	 sequential	 Bonferroni	 pair-wise	

comparisons	fasted	Il6ΔGfap	vs	fed	Il6ΔGfap;	fasted	Il6ΔGfap	vs	fasted	floxed),	while	not	

changing	 in	 floxed	 mice.	 In	 females,	 conversely,	 the	 decomposition	 of	 the	

interaction	between	fast	and	genotype	revealed	a	block	in	Il6ΔGfap	mice	in	the	fast-

induced	increase	of	Npy	and	Agrp	(fast*genotype	c2-Wald	3.848	and	6.86,	p<0.05,	

for	 Npy	 and	 Agrp,	 respectively;	 sequential	 Bonferroni	 pair-wise	 comparisons	

fasted	floxed	vs	fed	floxed,	fasted	Il6ΔGfap	vs	fed	Il6ΔGfap	-only	Agrp-;	fasted	Il6ΔGfap	vs	

fasted	floxed).		

	 The	 anorectic	 Crh	 displayed	 an	 interaction	 of	 fasting	 and	 genotype	 in	

males,	but	pair-wise	 comparisons	were	not	 significant	enough	 to	withstand	 the	

correction	 for	 multiple	 comparisons	 (fast*genotype	 c2-Wald	 7.82,	 p<0.05).	

Females,	however,	showed	no	significant	effects.	

	 The	 rest	 of	 the	 hypothalamic	 neuropeptides	 failed	 to	 reveal	 any	

significant	 changes	 due	 to	 either	 genotype	 or	 the	 48-hour	 fast.	 In	 the	 case	 of	

Pomc,	 probably	due	 to	 the	great	variability,	 especially	 in	 the	 control	 group	 (fed	

floxed).	

In	 this	 experiment,	we	 also	measured	 Il6	 in	 order	 to	 try	 and	 detect	 the	

effect	 of	 the	 astrocytic	 knock-out.	 Unfortunately,	 no	 decrease	 was	 detected	 in	

either	sex	and	fasting	also	elicited	no	significant	changes,	even	though	in	females,	

there	 was	 an	 interaction	 of	 the	 two	 factors	 (fast*genotype	 c2-Wald	 5.274,	

p<0.05).	
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Figure	 34.	 Hypothalamic	
neuropeptides	 and	 Il6	
expression	 after	 a	 48-hour	
fast.	 Npy	 and	 Agrp	 expres-
sion	 in	 the	 hypothalamus	

increased	 in	 female	 floxed	

mice	due	to	fasting,	but	not	in	

males.	 Fasted	 Il6ΔGfap	 males	
and	 females	 responded	 dif-

ferently	 in	 the	 expression	 of	

these	 orexigenic	 neuropep-

tides.	 Males	 increased	 Npy	
and	 Agrp,	 while	 females	 did	
not	 (at	 all	 or	 as	 much).	 No	

further	differences	were	seen	

in	 the	 rest	 of	 the	 neuro-

peptides.	 Il6	 also	 lacked	 any	
differences	 between	 geno-

types	 or	 treatments.	 Signifi-

cant	 sequential	 Bonferroni	

pair-wise	 comparisons	 ★	 vs	
floxed	(same	diet),	�	vs	floxed	
control	diet,	�	 vs	 Il6ΔGfap	 con-
trol	diet.	N=5-8.	Note	that	the	

control	 group	 (expression	

1.0)	 is	not	 the	same	 in	males	

and	 females	 or	 between	

genes.	
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5.2.2 Neuronal	IL-6	conditional	knock-out	

5.2.2.1 Frequencies	at	weaning	

The	first	analysis	of	frequencies	at	weaning	was	done	considering	the	four	

genotypes	 obtained	 in	 the	 crossing	 described	 in	 material	 and	 methods	 (see	

4.2.5.2	 Conditional	 Il6	 knockout	 in	 neurons).	 This	 showed	 no	 significant	

differences	between	 the	 four	 genotypes	 (c2	 5.959,	 p=0.114)	 (Table	19),	 but	 the	

more	reduced	numbers	in	Il6ΔSyn1	and	Il6ΔSyn1/wt	pointed	to	a	possible	effect	of	cre.	

Indeed,	when	taking	into	account	the	two	separate	genes	that	give	rise	to	the	four	

genotypes	(Cre	and	Il6),	a	significant	effect	of	the	presence	of	Cre	was	evident	(c2	

4.446,	p=0.035),	while	the	floxing	of	two	versus	one	allele	of	Il6	seemed	to	have	

no	effect	(c2	1.643,	p=0.2).	Incidentally,	females	were	underrepresented	(c2	5.95,	

p=0.015).	

	

Table	 19.	 Observed	 and	 expected	 frequencies	 at	 weaning	 of	 each	 genotype	 and	 sex.	 No	
significant	 differences	 between	 genotypes	 were	 detected.	 However,	 the	 underrepresentation	 of	

Il6ΔSyn1	and	Il6ΔSyn1/wt	suggested	otherwise.	

	

	

	

	

	

	

	

	

	

	
Observed	N	 Expected	N	 Residual	

Genotype	

wt	 148	 146	 2	

floxed	 169	 146	 23	

Il6ΔSyn1	 137	 146	 -9	

Il6ΔSyn1/wt	 130	 146	 -16	

Sex	 	 	 	

males	 322	 292.5	 29.5	

females	 263	 292.5	 -29.5	

Total	 585	 	 	
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5.2.2.2 Basal	weight	

Possible	 weight	 differences	 were	 assessed	 at	 weaning,	 when	 the	 mice	

were	 3	 weeks-old.	 No	 significant	 effect	 of	 genotype	 was	 found	 at	 that	 point.	

However,	further	assessment	of	body	weight	for	the	following	weeks	(up	to	week	

11),	 evidenced	 a	 lower	 body	weight	 in	 Il6ΔSyn1	mice	 of	 both	 sexes,	 compared	 to	

floxed	mice	 (genotype	Wald-c2	6.692	and	6.986,	p<0.05,	 for	males	and	 females,	

respectively;	 sequential	 Bonferroni	 pair-wise	 comparisons	 floxed	 vs	 Il6ΔSyn1)	

(Figure	35).	

	

Figure	 35.	 Weaning	 weight	 and	 basal	 weight	 from	 week	 3	 (weaning)	 to	 week	 11.	 No	
significant	 differences	 where	 observed	 in	 either	 sex	 at	 weaning	 regarding	 genotype.	 However,	

during	the	following	weeks,	Il6ΔSyn1	exhibited	a	lower	body	weight	than	floxed	mice,	in	both	sexes.	
Significant	sequential	Bonferroni	pair-wise	comparisons	★	vs	 floxed.	N=21-71	(the	great	range	 is	
due	to	a	lesser	number	of	wt	and	the	fact	that	not	all	mice	were	weighed	every	week).	
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5.2.2.3 Temperature	

Rectal	 temperature	was	 recorded	as	 an	 indirect	measure	of	metabolism	

(Figure	 36).	 Il6ΔSyn1	 females	 had	 a	 lower	 rectal	 temperature	 than	 floxed	

littermates,	while	males	presented	no	such	difference	(t-Student(26)	-0.187	and	

2.474,	for	males	and	females,	respectively,	p<0.05).	

	

	

	

	

Figure	 36.	 Rectal	 temperature.	 Il6ΔSyn1	 females	 had	 a	
lower	 rectal	 temperature	 than	 floxed	 littermates;	while	

in	 males,	 no	 differences	 were	 observed.	 ★	 p<0.05.		
N=13-15.	

	

5.2.2.4 Linear	growth	

Body	 length-related	 measures	 (Figure	 37)	 were	 taken	 in	 an	 unrelated	

experiment	 to	 this	 thesis	 (induction	 of	 experimental	 autoimmune	

encephalomyelitis,	EAE)	and	after	ruling	out	a	possible	treatment	effect	the	two	

conditions	 were	 pooled.	 In	 addition	 to	 that	 experiment,	 tibial	 length	 was	

measured	after	the	48-hour	fast	experiment	detailed	further	on	(see	5.2.2.6.2	48-

hour	fast).	

IGF-1	and	 IGFBP-1	and	 -3	 (Figure	37)	were	measured	 in	 the	 sera	of	 the	

controls	of	the	EAE	and	an	LPS	injection	experiment	(IGF-1	was	measured	in	LPS-

treated	samples	too,	as	a	control)	(Fan	et	al.	1994).	

Nose-rump	distance	and	tibial	length	were	consistent	in	that	Il6ΔSyn1	mice	

of	 both	 sexes	 were	 found	 to	 be	 smaller	 (nose-rump	 t-Student(26)	 4.362	 and	

2.894,	 p<0.05,	 for	 males	 and	 females,	 respectively;	 tibial	 length	 t-Student(56)	

5.433	and	4.34,	p<0.05,	for	males	and	females,	respectively).	
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However,	analysis	of	mice	without	peripheral	recombination	was	affected	

by	 a	 very	 important	 reduction	 in	 sample	 size,	which	meant	 that	despite	having	

almost	 identical	means	 as	 in	 the	 complete	 group,	 the	 reduction	 in	 tibial	 length	

previously	 seen	 in	 Il6ΔSyn1	 mice	 was	 not	 detected	 (t-Student(15)	 2.076	 and	 t-

Student(7)	1.036,	for	males	and	females,	respectively).		

	

	

	

	

	

	

	

	

	

	

Figure	37.	Linear	growth-related	measures.	Both	nose-rump	distance	(measured	in	anesthetized	
animals)	and	length	of	the	tibia	were	significantly	shorter	in	the	Il6ΔSyn1	genotype,	in	both	males	and	
females,	 but	 only	 in	 the	 complete	 group	 despite	 the	 trends	 being	 the	 same	 without	 peripheral	

recombinants.	No	significant	genotype	differences	where	observed	in	either	sex	regarding	IGFBPs	

or	 IGF-1,	 but	 a	 marked	 descent	 of	 the	 latter	 was	 seen	 after	 LPS	 administration.	 �	 p<0.05	
(treatment),	★	p<0.05	(genotype).	For	nose-rump	distance	n=12-15,	for	tibial	length	n=24-30	(all),	
n=3-10	(no	peripheral	recombinants);	for	IGFBPs	n=6-8;	for	IGF-1	n=3-6.	
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No	 effect	 of	 genotype	 was	 observed	 in	 serum	 IGF-1	 levels,	 but	 LPS	

treatment	 lowered	 them	 significantly	 (c2-Wald	 90.336	 and	 19.856,	 p<0.05,	 for	

males	and	females,	respectively).	

Regarding	IGFBPs,	they	were	not	affected	by	genotype	either	(IGFBP-1	t-

Student(7.32)	-1.339	and	t-Student(12)	-0.71,	in	males	and	females,	respectively;	

IGFBP-3	 t-Student(14)	 0.906	 and	 t-Student(14)	 0.998,	 in	 males	 and	 females,	

respectively).	

	

5.2.2.5 High-fat	diet	

One	experiment	was	carried	out	with	wt,	floxed	and	Il6ΔSyn1	mice	but,	due	

to	the	later	detected	recombination,	two	further	Il6ΔSyn1	female	mice	were	added	

afterwards	(with	a	different	batch	of	HFD).	These	extra	animals	are	only	included	

in	the	analysis	of	absolute	body	weight,	weight	gain	and	tissue	weights.	

	

5.2.2.5.1 Body	weight	and	weight	gain	

In	 the	 complete	 group,	 both	males	 and	 females	weighed	more	with	 the	

HFD	 (diet	 c2-Wald	 292.082	 and	 44.294,	 p<0.05,	 for	 males	 and	 females	

respectively).	In	addition,	males	showed	a	significant	effect	of	genotype	on	body	

weight,	which	upon	decomposition	evidenced	that	Il6ΔSyn1	mice	were	lighter	than	

both	 wt	 and	 floxed	 littermates	 (regardless	 of	 diet)	 (genotype	 c2-Wald	 11.987,	

p<0.05,	sequential	Bonferroni	pair-wise	comparisons	wt	vs	 Il6ΔSyn1	and	floxed	vs	

Il6ΔSyn1)	(Figure	38).	

	 Removal	 of	mice	with	peripheral	 recombination,	 yielded	 similar	 results.	

Female	 mice	 continued	 to	 only	 have	 a	 significant	 effect	 of	 diet	 (diet	 c2-Wald	

19.952,	 p<0.05).	However,	males	 showed	 an	 interaction	between	 genotype	 and	

diet,	 which	 manifested	 a	 diet	 effect	 for	 each	 genotype,	 and	 also	 a	 genotype	
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difference	on	the	HFD	between	Il6ΔSyn1	and	wt	or	 floxed	mice	(diet*genotype	c2-

Wald	8.934,	p<0.05,	 sequential	Bonferroni	pair-wise	comparisons	wt	control	vs	

wt	HFD,	 floxed	control	 vs	 floxed	HFD,	 Il6ΔSyn1	 control	 vs	 Il6ΔSyn1	HFD,	wt	HFD	vs	

Il6ΔSyn1	HFD,	floxed	HFD	vs	Il6ΔSyn1	HFD).	

	 Taken	 all	 animals	 into	 consideration,	males	 gained	more	weight	 on	 the	

HFD	(diet	c2-Wald	501.27,	p<0.05).	 In	 females,	an	 interaction	between	diet	and	

genotype	 appeared,	 showing	 and	 effect	 of	 HFD	 for	 each	 genotype,	 as	 well	 as	

differences	 between	 floxed	 and	 Il6ΔSyn1	 on	 both	 diets	 (diet*genotype	 c2-Wald	

18.851,	 p<0.05,	 sequential	 Bonferroni	 pair-wise	 comparisons	 wt	 control	 vs	 wt	

HFD,	floxed	control	vs	floxed	HFD,	Il6ΔSyn1	control	vs	Il6ΔSyn1	HFD,	floxed	control	vs	

Il6ΔSyn1	control,	floxed	HFD	vs	Il6ΔSyn1	HFD).	

	 When	 only	 mice	 without	 peripheral	 recombination	 were	 considered,	

males	again	showed	a	significant	diet	effect	(diet	c2-Wald	296.216,	p<0.05),	and	

females	an	 interaction	between	 the	 two	main	 factors.	 In	 this	case,	however,	 the	

decomposition	 left	 only	 a	 significant	 effect	 of	HFD	on	wt	 and	 floxed	mice,	with	

genotype	 effects	 being	 lost	 due	 to	 multiple	 comparisons	 correction	

(diet*genotype	 c2-Wald	 8.79,	 p<0.05,	 sequential	 Bonferroni	 pair-wise	

comparisons	wt	control	vs	wt	HFD,	floxed	control	vs	floxed	HFD).	
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Figure	 38.	 Body	 weight	 and	 weight	 gain	 after	 12	 weeks	 of	 control	 or	 HFD.	Both	 male	 and	
female	 mice	 increased	 their	 weight	 with	 a	 HFD.	 The	 genotype	 effect	 of	 Il6ΔSyn1	 was	 seen	 in	 the	
absolute	weight	of	males,	and	more	clearly	in	the	weight	gain	of	females.	Similar	results	are	seen	in	

mice	without	peripheral	recombination.	�	p<0.05	(diet).	Significant	sequential	Bonferroni	pair-wise	
comparisons	★	vs	wt	(same	diet),	★	vs	floxed	(same	diet),	�	vs	wt	control	diet,	�	vs	floxed	control	
diet,	�	vs	Il6ΔSyn1	control	diet.	N=6-12	(all),	n=4-8	(no	peripheral	recombinants).	
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5.2.2.5.2 Energy	intake	and	feed	efficiency	

Animals	 were	 group-housed	 when	 energy	 intake	 was	 measured,	 so	 no	

separation	 of	 recombinants	 could	 be	 performed.	 Figure	 39	 shows	 the	 average	

daily	intake	over	the	complete	experiment.	

	 Both	male	 and	 female	mice	 on	 a	HFD	have	 a	 higher	 energy	 intake	 than	

littermates	 on	 the	 control	 diet	 (diet	 c2-Wald	 226.636	 and	 95.864,	 p<0.05,	 for	

males	and	females,	respectively)	(Figure	39).	

	

	

	

Figure	39.	Energy	intake	with	control	or	HFD.	Average	of	all	weeks	with	the	diet.	The	total	intake	
of	the	cage	was	divided	by	the	number	of	mice	in	it.	Mice	on	a	HFD	ingest	more	calories	than	mice	

on	the	control	diet,	with	no	genotype	differences.	�	p<0.05	(diet).	N=	3-8	(cages).	

	

	 Feed	efficiency	was	also	calculated	(Figure	40),	and	it	clearly	reflected	the	

differences	 observed	 in	 body	 weight	 in	 Il6ΔSyn1	 females.	 While	 HFD	 had	 an	

increased	 efficiency	 in	 males	 regardless	 of	 genotype	 (diet	 c2-Wald	 276.608,	

p<0.05),	and	in	wt	and	floxed	females,	lack	of	neuronal	IL-6	prevented	the	excess	

body	weight	 gain	 per	 kcal	 on	 the	 HFD	 (diet*genotype	c2-Wald	 22.027,	 p<0.05;	

sequential	 Bonferroni	 pair-wise	 comparisons	 control	 wt	 vs	 HFD	 wt,	 control	

floxed	vs	HFD	floxed,	HFD	wt	vs	HFD	Il6ΔSyn1,	HFD	floxed	vs	HFD	Il6ΔSyn1).	
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Figure	40.	Feed	efficiency	with	control	or	HFD.	HFD	had	an	increased	efficiency	(weight	gain	per	
kcal	 ingested)	 in	all	genotypes	in	males,	and	in	wt	and	floxed	females.	Il6ΔSyn1	 females	on	the	HFD	
were	 resistant	 to	 that	 increased	 efficiency,	 in	 line	with	 their	 lower	 body	weight.	�	 p<0.05	 (diet).	
Significant	 sequential	 Bonferroni	 pair-wise	 comparisons	★	 vs	wt	 (same	diet),	★	 vs	 floxed	 (same	
diet),	�	vs	wt	control	diet,	�	vs	floxed	control	diet.	N=	3-8	(cages).	

	

5.2.2.5.3 Activity	

Activity	 on	 an	open	 field	was	 assessed	 after	 9	weeks	 of	 diet	 to	 assess	 a	

measure	of	energy	expenditure.	Due	 to	 time	constraints,	only	 floxed	and	 Il6ΔSyn1	

were	evaluated	(Figure	41).	

	 In	males	of	the	complete	group,	rearings	were	reduced	with	the	HFD	(diet	

c2-Wald	 6.195,	 p<0.05).	While	 in	 females,	 diet	 had	 no	 effect,	 but	 genotype	 did,	

with	a	higher	number	in	Il6ΔSyn1	(genotype	c2-Wald	8.582,	p<0.05).	

Total	 activity	 was	 increased	 in	 Il6ΔSyn1	 females,	 regardless	 of	 diet	

(genotype	c2-Wald	 9.158,	 p<0.05).	 In	males,	 there	was	 a	 significant	 interaction	

between	diet	and	genotype,	which	when	decomposed	showed	that	floxed	mice	on	

a	HFD	were	less	active	than	their	controls,	and	different	from	Il6ΔSyn1	on	the	HFD	

(diet*genotype	 c2-Wald	 7.835,	 p<0.05,	 sequential	 Bonferroni	 pair-wise	

comparisons	floxed	control	vs	floxed	HFD,	floxed	HFD	vs	Il6ΔSyn1	HFD).	

	 These	differences	were	mostly	due	to	activity	in	the	external	areas	of	the	

open	 field	 (close	 to	 the	 walls),	 since	 the	 results	 in	 that	 zone	 mimic	 the	 ones	

above.	 In	 females,	 only	 genotype	 contributed	 to	 the	 differences	 (genotype	 c2-

Wald	6.343,	p<0.05).	And	in	males,	the	decomposition	of	the	interaction	of	both	
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factors	showed	again	that	floxed	mice	on	the	HFD	were	indeed	moving	less	than	

controls	 of	 the	 same	 genotype	 and	 Il6ΔSyn1	 on	 the	 same	 diet	 (diet*genotype	c2-

Wald	8.285,	p<0.05,	sequential	Bonferroni	pair-wise	comparisons	floxed	control	

vs	floxed	HFD,	floxed	HFD	vs	Il6ΔSyn1	HFD).	

	 Activity	 in	 the	 internal	 areas	was	 only	 affected	 by	 diet	 in	males,	 which	

visited	them	less	(diet	c2-Wald	4.432,	p<0.05).	

	 Removal	 of	 peripheral	 recombinants	 resulted	 in	 a	 very	 limited	 sample	

size,	which	for	behavior	is	certainly	insufficient.	Most	significances	were	lost.	

Rearings	 did	 show	 a	 similar	 pattern,	 with	 males	 being	 affected	 by	 diet	

(diet	c2-Wald	5.201,	p<0.05)	and	females	by	genotype	(genotype	c2-Wald	8.378,	

p<0.05)	 in	 the	same	way	as	 in	 the	complete	group.	There	was	also	a	significant	

effect	of	diet	in	the	internal	activity	of	females	(diet	c2-Wald	7.557,	p<0.05).	
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Figure	 41.	 Activity	 in	 an	
open	 field	 after	 9	 weeks	 of	
control	or	HFD.	In	males,	the	
general	 trend	 was	 for	 floxed	

mice	 fed	a	HFD	to	have	 lower	

activity	 (either	 vertical	 or	

horizontal).	 In	 females,	 how-

ever,	no	diet	effect	was	appar-

ent;	rather,	a	genotype-related	

increase	 in	 activity	 was	 seen	

in	 Il6ΔSyn1	 mice.	 Removal	 of	
mice	 with	 peripheral	 recom-

bination	 resulted	 in	 a	 very	

limited	 sample	 size	 to	 draw	

meaningful	 conclusions.	 �	
p<0.05	 (diet),	★	 p<0.05	 (gen-
otype).	 Significant	 sequential	

Bonferroni	 pair-wise	 com-

parisons	 ★	 vs	 floxed	 (same	
diet),	�	 vs	 floxed	 control	 diet.	
N=8-12	 (all),	 n=2-8	 (no	 pe-

ripheral	recombinants).	
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5.2.2.5.4 ITT	and	OGTT	

In	 the	 ITT	 of	 complete	 group	 (Figure	 42,	 top),	 insulin	 administration	

resulted	in	the	expected	time-dependent	decrease	in	blood	glucose	(time	c2-Wald	

549.333	and	660.619,	p<0.05,	in	males	and	females,	respectively).	In	males,	there	

was	 also	 a	 clear	 effect	 of	HFD,	 causing	 insulin	 resistance	 (diet	c2-Wald	 82.837,	

p<0.05);	 which	 also	 became	 apparent	 in	 females	 after	 decomposing	 the	

interaction	 between	 diet	 and	 genotype	 (diet*genotype	 c2-Wald	 4.82,	 p<0.05,	

sequential	Bonferroni	pair-wise	comparisons	floxed	control	vs	floxed	HFD,	Il6ΔSyn1	

control	vs	Il6ΔSyn1	HFD).	

	 Removal	of	peripheral	recombinants	(Figure	42,	bottom)	made	apparent	

the	 genotype	 difference	 within	 the	 HFD.	 Males	 fed	 a	 HFD	 had	 higher	 glucose	

levels,	 but	 among	 those,	 Il6ΔSyn1	 had	 lower	 glucose	 (diet*genotype	 c2-Wald	

12.278,	 p<0.05,	 sequential	 Bonferroni	 pair-wise	 comparisons	 floxed	 control	 vs	

floxed	HFD,	Il6ΔSyn1	control	vs	Il6ΔSyn1	HFD,	floxed	HFD	vs	Il6ΔSyn1	HFD).	In	females,	

decomposition	of	the	interaction	manifested	that	HFD	only	raised	glucose	levels	

in	 floxed	 mice,	 which	 were	 significantly	 higher	 than	 HFD-fed	 Il6ΔSyn1	

(diet*genotype	 c2-Wald	 12.278,	 p<0.05,	 sequential	 Bonferroni	 pair-wise	

comparisons	floxed	control	vs	floxed	HFD,	floxed	HFD	vs	Il6ΔSyn1	HFD).	

In	the	OGTT	of	the	whole	group,	glucose	resulted	in	the	anticipated	initial	

increase	and	subsequent	decrease	in	blood	glucose	(time	c2-Wald	1683.377	and	

695.324,	p<0.05,	for	males	and	females,	respectively).	In	males,	the	HFD	resulted	

in	 more	 elevated	 glucose	 in	 both	 genotypes	 (diet	 c2-Wald	 89.286,	 p<0.05).	 In	

females,	 the	same	was	true,	but	was	found	after	decomposing	the	 interaction	of	

both	 factors	 (diet*genotype	c2-Wald	 4.966,	 p<0.05,	 sequential	 Bonferroni	 pair-

wise	comparisons	floxed	control	vs	floxed	HFD,	Il6ΔSyn1	control	vs	Il6ΔSyn1	HFD).	
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Figure	42.	ITT	and	OGTT	after	10-11	weeks	of	diet.	When	all	animals	are	considered,	just	HFD	
has	 an	 effect	 on	 blood	 glucose	 levels	 after	 administration	 of	 either	 insulin	 or	 glucose	 itself.	

However,	removal	of	peripheral	recombinants	results	in	an	apparent	difference	between	floxed	and	

Il6ΔSyn1	mice,	 the	 latter	being	more	 resistant	 to	 the	effects	of	 the	HFD.	�	 p<0.05	 (diet).	 Significant	
sequential	Bonferroni	pair-wise	comparisons	★	vs	floxed	(same	diet),	�	vs	floxed	control	diet,	�	vs	
Il6ΔSyn1	control	diet.	N=8-12	(all),	n=2-7	(no	peripheral	recombinants).	
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	 When	mice	with	peripheral	recombination	were	removed,	both	males	and	

females	 showed	 an	 interaction	 between	 diet	 and	 genotype.	 In	 males,	 HFD	

increased	 glucose	 in	 each	 genotype,	 and	 HFD-fed	 floxed	 and	 Il6ΔSyn1	 were	

significantly	 different	 from	 each	 other	 (diet*genotype	 c2-Wald	 4.284,	 p<0.05,	

sequential	Bonferroni	pair-wise	comparisons	floxed	control	vs	floxed	HFD,	Il6ΔSyn1	

control	 vs	 Il6ΔSyn1	 HFD,	 floxed	 HFD	 vs	 Il6ΔSyn1	 HFD).	 In	 females,	 however,	 only	

floxed	mice	had	 increased	glucose	with	 the	HFD,	which	was	significantly	higher	

than	 that	 of	 HFD	 Il6ΔSyn1	 (diet*genotype	 c2-Wald	 8.736,	 p<0.05,	 sequential	

Bonferroni	 pair-wise	 comparisons	 floxed	 control	 vs	 floxed	 HFD,	 floxed	 HFD	 vs	

Il6ΔSyn1	HFD).	

	

5.2.2.5.5 Tissue	weight	

5.2.2.5.5.1 Absolute	weight	

Taking	 all	 animals	 into	 account,	 liver	 weight	 presented	 an	 interaction	

between	genotype	and	diet	in	both	sexes	(Figure	43).	In	general,	the	differences	

lay	in	HFD-fed	wt	and	floxed	mice	compared	to	the	respective	control	diet	group,	

as	well	as	between	floxed	and	Il6ΔSyn1	with	the	HFD.	In	addition,	male	Il6ΔSyn1	on	a	

HFD	 also	 had	 a	 greater	 liver	 weight	 than	 controls,	 and	 were	 also	 significantly	

different	from	wt	on	the	HFD	(diet*genotype	c2-Wald	8.118	and	16.472,	p<0.05,	

for	males	and	females,	respectively;	sequential	Bonferroni	pair-wise	comparisons	

wt	control	vs	wt	HFD,	floxed	control	vs	floxed	HFD,	Il6ΔSyn1	control	vs	Il6ΔSyn1	HFD	

(only	males),	wt	HFD	vs	Il6ΔSyn1	HFD	(only	males),	floxed	HFD	vs	Il6ΔSyn1	HFD).	

The	 subcutaneous	WAT	 depot	 showed	 the	 same	 patterns	 in	 males	 and	

females,	with	an	interaction	of	diet	and	genotype.	HFD	increased	the	depots	in	all	

three	 genotypes,	 and	within	 the	 HFD,	 Il6ΔSyn1	 differed	 from	 both	wt	 and	 floxed	

mice	(diet*genotype	c2-Wald	16.511	and	15.283,	p<0.05,	 for	males	and	females,	

respectively;	sequential	Bonferroni	pair-wise	comparisons	wt	control	vs	wt	HFD,	
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floxed	 control	 vs	 floxed	 HFD,	 Il6ΔSyn1	 control	 vs	 Il6ΔSyn1	 HFD,	 wt	 HFD	 vs	 Il6ΔSyn1	

HFD,	floxed	HFD	vs	Il6ΔSyn1	HFD).	

	 The	 gonadal	 WAT	 depot	 showed	 similar	 differences	 in	 females	 to	 the	

subcutaneous	 one.	 The	 interaction	 between	 diet	 and	 genotype	 manifested	 in	

differences	due	to	diet	in	the	three	genotypes.	But	with	the	HFD,	Il6ΔSyn1	were	only	

significantly	 different	 to	 floxed	 mice	 (diet*genotype	 c2-Wald	 12.003,	 p<0.05;	

sequential	 Bonferroni	 pair-wise	 comparisons	 wt	 control	 vs	 wt	 HFD,	 floxed	

control	vs	floxed	HFD,	Il6ΔSyn1	control	vs	Il6ΔSyn1	HFD,	floxed	HFD	vs	Il6ΔSyn1	HFD).	

In	males,	only	an	effect	of	diet	was	detected	(diet	c2-Wald	189.414,	p<0.05).	

	 Removing	peripheral	recombinants	resulted	in	results	with	some	notable	

differences.	Liver	weight	 in	males	had	an	interaction	of	both	factors	again,	even	

though	 this	 time	 HFD	 only	 increased	 tissue	weight	 in	wt	 and	 floxed	mice,	 and	

Il6ΔSyn1	on	the	HFD	only	had	significantly	lower	weight	than	wt	(diet*genotype	c2-

Wald	6.752,	p<0.05;	 sequential	Bonferroni	pair-wise	comparisons	wt	control	vs	

wt	 HFD,	 floxed	 control	 vs	 floxed	 HFD,	 wt	 HFD	 vs	 Il6ΔSyn1	 HFD).	 Females	 had	 a	

general	increase	of	liver	weight	due	to	the	diet	(diet	c2-Wald	4.945,	p<0.05).	

	 Subcutaneous	WAT	tissue	showed	an	interaction	of	diet	and	genotype	in	

both	males	and	females.	In	both	sexes,	HFD	increased	its	weight	in	wt	and	floxed	

mice,	but	failed	to	do	as	much	in	HFD-fed	Il6ΔSyn1	when	compared	to	floxed	mice.	

In	males,	HFD	also	increased	the	weight	of	the	depot	in	the	Il6ΔSyn1	group.	And	in	

females,	 HFD-fed	 Il6ΔSyn1	 were	 also	 significantly	 different	 from	 HFD-fed	 floxed	

subjects	 (diet*genotype	 c2-Wald	 10.656	 and	 10.72,	 p<0.05,	 for	 males	 and	

females,	respectively;	sequential	Bonferroni	pair-wise	comparisons	wt	control	vs	

wt	HFD,	floxed	control	vs	floxed	HFD,	Il6ΔSyn1	control	vs	Il6ΔSyn1	HFD	(only	males),	

wt	HFD	vs	Il6ΔSyn1	HFD	(only	females),	floxed	HFD	vs	Il6ΔSyn1	HFD).	

	 Finally,	 the	 gonadal	WAT	depot	 increased	only	 because	 of	 diet	 in	males	

(diet	 c2-Wald	 159.255,	 p<0.05),	 while	 in	 females,	 the	 interaction	 of	 the	 two	

factors	 showed	 an	 effect	 of	 diet	 only	 in	 wt	 and	 floxed,	 both	 of	 them	 being	
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different	 from	 Il6ΔSyn1	 when	 fed	 a	 HFD	 (diet*genotype	 c2-Wald	 14.789,	 p<0.05;	

sequential	 Bonferroni	 pair-wise	 comparisons	 wt	 control	 vs	 wt	 HFD,	 floxed	

control	vs	floxed	HFD,	wt	HFD	vs	Il6ΔSyn1	HFD,	floxed	HFD	vs	Il6ΔSyn1	HFD).	

	

5.2.2.5.5.2 Relative	weight	

Correction	of	 tissue	weights	 for	body	weight	was	carried	out	 to	account	

for	the	variations	in	body	weight	of	the	different	experimental	groups.	Figure	44	

shows	the	different	 tissues	 for	 the	whole	group	and	the	one	without	peripheral	

recombinants,	and	Table	20	summarizes	statistical	results.	

Relativization	of	 liver	weight	meant	 the	HFD	had	no	 effect	 in	males	 but	

that	its	percentage	decreased	in	females.	

Regarding	 fat	 pads,	 HFD	 increased	 their	 relative	 weight.	 Female	 Il6ΔSyn1	

fed	the	HFD	had	smaller	WAT	Sc	and	Gn	fat	pads	than	floxed	littermates,	while	in	

males	this	was	only	true	for	the	WAT	Sc.	

Removal	of	peripheral	recombinants	showed	very	similar	effects,	with	the	

notable	differences	of	a	higher	relative	weight	of	WAT	Gn	in	male	Il6ΔSyn1	mice	and	

a	lack	of	HFD-related	increase	in	WAT	Gn	in	Il6ΔSyn1	females.	
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Figure	 43.	 Absolute	
tissue	 weight	 after	 a	
HFD.	 In	 the	 complete	
group,	 both	 male	 and	

female	 mice	 had	 in-

creased	 tissue	 weight	

with	 a	 HFD,	 except	 for	

liver	 weight	 in	 Il6ΔSyn1	
females.	 Regarding	

genotype	 differences	

within	 the	 HFD,	 Il6ΔSyn1	
had	 consistently	 lower	

tissue	 weight,	 except	

for	 WAT	 Gn	 in	 males.	

Removal	 of	 peripheral	

recombinants	 in	 males	

had	 very	 similar	 re-

sults.	In	females,	it	gen-

erally	 meant	 the	 ab-

sence	 of	 diet	 effect	 on	

Il6ΔSyn1	 mice.	 �	 p<0.05	
(diet).	 Significant	 se-

quential	 Bonferroni	

pair-wise	 comparisons	
★	 vs	wt	 (same	diet),	★	
vs	 floxed	(same	diet),	�	
vs	wt	 control	 diet,	�	 vs	
floxed	control	diet,	�	vs	
Il6ΔSyn1	 control	 diet.	

WAT	 Sc	 subcutaneous	

white	 adipose	 tissue,	

WAT	Gn	 gonadal	white	

adipose	 tissue.	 N=6-12	

(all);	n=4-8	(no	periph-

eral	recombinants).	

	



Neuronal	IL-6	conditional	knock-out	 RESULTS	

	
129	

	

	

	

	

Figure	 44.	 Relative	
tissue	 weight	 after	 a	
HFD.	 In	 the	 complete	
group,	it	is	clear	that	the	

body	 weight	 increase	

with	 HFD	 is	 due	 to	 an	

accumulation	 of	 WAT,	

which	 in	 general	 is	 less	

prominent	 in	 Il6ΔSyn1	
mice	(except	in	WAT	Gn	

in	 males).	 The	 relative	

contribution	of	the	liver	

was	 opposite	 in	 male	

and	female	Il6ΔSyn1	mice.	
Removal	 of	 peripheral	

recombinants	 showed	

similar	trends.	�	p<0.05	
(diet).	 Significant	 se-

quential	 Bonferroni	

pair-wise	 comparisons	
★	 vs	wt	 (same	 diet),	★	
vs	 floxed	 (same	diet),	�	
vs	 wt	 control	 diet,	 �	 vs	
floxed	control	diet,	�	 vs	
Il6ΔSyn1	 control	 diet.	

WAT	 Sc	 subcutaneous	

white	 adipose	 tissue,	

WAT	 Gn	 gonadal	 white	

adipose	 tissue.	 N=6-12	

(all);	 n=4-8	 (no	 periph-

eral	recombinants).	
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Table	 20.	 Statistical	 significances	 of	 relative	 tissue	 weights.	 Only	 significant	 main	 effects	 or	
interactions	are	shown.	In	parenthesis:	significant	sequential	Bonferroni	pair-wise	comparisons.	

	

5.2.2.5.6 qPCR	

5.2.2.5.6.1 Hypothalamic	neuropeptides	

Figure	 45	 shows	 the	 expression,	 assessed	 by	 qPCR,	 of	 several	

hypothalamic	neuropeptides.	

Agrp	decreased	significantly	with	the	HFD	in	females	(diet	c2-Wald	8.092,	

p<0.05)	and	was	 increased	 in	 Il6ΔSyn1	 compared	 to	wt	 (genotype	c2-Wald	8.826,	

p<0.05;	sequential	Bonferroni	pair-wise	comparisons	wt	vs	Il6ΔSyn1).	In	males,	the	

decomposition	 of	 the	 interaction	 detected	 between	 diet	 and	 genotype	 drew	 no	

significant	pair-wise	comparisons	(diet*genotype	c2-Wald	8.546,	p<0.05).	

Crh,	Pmch	and	Pomc	all	 increased	with	HFD	in	males	(diet	c2-Wald	5.87,	

13.649	 and	 19.731,	 respectively,	 p<0.05),	 the	 latter	 being	 also	 increased	 in	

females	(diet	c2-Wald	33.822,	p<0.05).	
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	 Hcrt	was	unaffected	by	either	diet	or	genotype.	

When	 removing	 peripheral	 recombinants,	 the	 same	 differences	 were	

observed,	 with	 the	 addition	 of	 a	 higher	 Agrp	 expression	 in	 female	 Il6ΔSyn1	

compared	 to	 floxed	 (genotype	 c2-Wald	 11.838,	 p<0.05;	 sequential	 Bonferroni	

pair-wise	comparisons	wt	vs	Il6ΔSyn1,	floxed	vs	Il6ΔSyn1).	

	

5.2.2.5.6.2 Inflammatory	markers	

Some	inflammatory	markers	were	evaluated	in	the	hypothalamus	of	these	

animals	 Gfap	 for	 astrogliosis,	 Casp3	 for	 apoptosis,	 Socs3	 for	 IL-6	 negative	

feedback,	and	Mac1	as	a	microglia/macrophage	marker	(Figure	46).	

In	 the	 complete	 group,	 HFD	 increased	 Gfap,	 Casp3,	 Socs3	 and	 Mac1	

expression	in	males	(diet	c2-Wald	8.036,	10.646,	69.442	and	5.35,	p<0.05).	

In	 females,	 Socs3	 showed	 an	 interaction	 between	 diet	 and	 genotype,	

which	manifested	in	an	effect	of	HFD	in	wt	and	floxed	mice.	

Il6	 remained	unaltered	by	diet,	 but	 had	 a	 genotype	 effect	 in	both	 sexes,	

particularly	between	wt	and	floxed	or	Il6ΔSyn1	(diet*genotype	c2-Wald	20.057	and	

19.437,	 for	males	and	 females,	 respectively,	p<0.05;	 sequential	Bonferroni	pair-

wise	comparisons	wt	vs	floxed,	wt	vs	Il6ΔSyn1).	

	 In	 the	 group	 without	 peripheral	 recombinants,	 males	 still	 showed	 an	

increase	of	Gfap	and	Socs3	with	HFD	(diet	c2-Wald	9.46	and	44.513,	respectively,	

p<0.05).	Socs3	was	also	significantly	lower	in	floxed	and	Il6ΔSyn1	males	(genotype	

c2-Wald	 16.572,	 p<0.05;	 sequential	 Bonferroni	 pair-wise	 comparisons	 wt	 vs	

floxed,	wt	 vs	 Il6ΔSyn1).	 In	 females,	 the	 decomposition	 of	 the	 interaction	 found	 in	

Casp3	 showed	 that	 Il6ΔSyn1	 had	 higher	 expression	 than	 wt	 in	 the	 control	 diet	

(diet*genotype	 c2-Wald	 7.097,	 p<0.05;	 sequential	 Bonferroni	 pair-wise	

comparisons	wt	control	vs	Il6ΔSyn1	control).	
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Figure	 45.	 Expression	 of	 hypothalamic	 neuropeptides	 (qPCR)	 after	 12	 weeks	 of	 diet.	 HFD	
lowered	Agrp	and	increased	Pomc	in	females,	while	it	increased	Crh,	Pmch	and	Pomc	expression	in	
males.	 �	 p<0.05	 (diet).	 Significant	 sequential	 Bonferroni	 pair-wise	 comparisons	★	 vs	 wt	 (same	
diet).	N=6-12	(all)	(continues	on	the	next	page).	
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Figure	45	(continued).	Expression	of	hypothalamic	neuropeptides	(qPCR)	after	12	weeks	of	
diet.	Differences	between	Il6ΔSyn1	and	wt	and	floxed	were	only	seen	in	Agrp	in	females,	where	that	
genotype	 had	 higher	 expression	 than	 the	 other	 two,	 in	 both	 diets.	 �	 p<0.05	 (diet).	 Significant	
sequential	Bonferroni	pair-wise	comparisons	★	vs	wt	(same	diet),	★	vs	floxed	(same	diet).	N=2-10	
(no	peripheral	recombinants).	
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Figure	46.	Expression	of	inflammatory	markers	in	the	hypothalamus	(qPCR)	after	12	weeks	
of	 diet.	 In	 the	 complete	 group	 HFD	 increased	 the	 expression	 of	Gfap,	 Casp3,	 Socs3	 and	Mac1	 in	
males.	In	females,	Socs3	was	only	increased	in	wt	and	floxed	mice	due	to	diet.	Il6	was	decreased	in	
floxed	 and	 Il6ΔSyn1.	�	 p<0.05	 (diet).	 Sequential	 Bonferroni	 pair-wise	 comparisons	★	 p<0.05	 vs	wt	
(same	diet).	N=6-12	(all)	(continues	on	the	next	page).	
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Figure	 46	 (continued).	 Expression	 of	 inflammatory	 markers	 in	 the	 hypothalamus	 (qPCR)	
after	12	weeks	of	diet.	 Exclusion	 of	 peripheral	 recombinants	maintained	 the	diet	 effect	 in	Gfap	
and	Socs3	 for	males.	The	latter	was	decreased	in	floxed	and	Il6ΔSyn1,	as	was	Il6.	Female	Il6ΔSyn1	had	
increased	Casp3,	Socs3	and	Mac1	compared	to	wt	on	the	control	diet,	but	when	fed	a	HFD,	they	had	
reduced	Socs3	and	Mac1	expression.	�	p<0.05	(diet).	Sequential	Bonferroni	pair-wise	comparisons	
�	vs	wt	control	diet,	★	vs	wt	(same	diet).	N=2-10	(no	peripheral	recombinants).	
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Another	interaction	was	seen	for	Socs3,	which	was	increased	with	diet	in	

wt	 females,	 in	 Il6ΔSyn1	 compared	 to	wt	 on	 the	 control	 diet,	 but	 decreased	 in	 the	

HFD	 in	 tha	 same	 genotype	 (diet*genotype	 c2-Wald	 20.607,	 p<0.05;	 sequential	

Bonferroni	 pair-wise	 comparisons	 wt	 control	 vs	 wt	 HFD,	 wt	 control	 vs	 Il6ΔSyn1	

control,	wt	HFD	vs	Il6ΔSyn1	HFD).		

	A	similar	pattern	was	seen	for	Mac1,	with	a	significant	interaction	of	diet	

and	genotype,	which	in	this	case	meant	an	increase	in	wt	and	decrease	in	Il6ΔSyn1	

with	 HFD,	 an	 increase	 in	 floxed	 and	 Il6ΔSyn1	 controls	 compared	 to	 wt,	 and	

significantly	 lower	 expression	 in	 HFD-fed	 Il6ΔSyn1	 compared	 to	 wt	 on	 the	 same	

diet	 (diet*genotype	 c2-Wald	 22.061,	 p<0.05;	 sequential	 Bonferroni	 pair-wise	

comparisons	wt	control	vs	wt	HFD,	 Il6ΔSyn1	 control	vs	 Il6ΔSyn1	HFD,	wt	control	vs	

floxed	control,	wt	control	vs	Il6ΔSyn1	control,	wt	HFD	vs	Il6ΔSyn1	HFD).	

Il6	 only	 presented	 an	 effect	 of	 genotype	 in	males,	where	wt	 had	 higher	

expression	 than	 both	 floxed	 and	 Il6ΔSyn1	 (genotype	 c2-Wald	 10.094,	 p<0.05;	

sequential	Bonferroni	pair-wise	comparisons	wt	vs	floxed,	wt	vs	Il6ΔSyn1).	

	

5.2.2.6 Fasting	

5.2.2.6.1 Twenty-four	hour	fast	and	4-hour	refeeding	

Since	 animals	 were	 group-housed	 no	 separation	 concerning	 peripheral	

recombination	was	performed	and	the	data	pertains	to	all	animals.	

Male	Il6ΔSyn1	had	a	cumulative	energy	intake	below	floxed	mice	(genotype	

c2-Wald	4.0,	p<0.05)	(Figure	47),	despite	having	lost	a	comparable	percentage	of	

body	weight	 (Table	21).	 In	 females,	 there	was	an	 interaction	between	genotype	

and	hour	post-refeeding,	which	resulted	in	a	difference	between	genotypes	after	

2	hours	(hour*genotype	c2-Wald	9.179,	p<0.05;	sequential	Bonferroni	pair-wise	

comparisons	2	hours	floxed	vs	2	hours	Il6ΔSyn1).	In	this	case,	however,	Il6ΔSyn1	had	
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lost	significantly	more	weight	than	floxed	females	(t-Student(22)	-2-214,	p<0.05)	

(Table	21).	

	

	

	

	

	

	

	

Figure	47.	Cumulative	energy	 intake	during	the	4	hours	after	reintroduction	of	 the	control	
diet	after	a	24-hour	fast.	Animals	were	group-housed	and	total	intake	was	divided	by	the	number	
of	animals	per	cage	(n=5-7,	cages).	In	males,	Il6ΔSyn1	ate	significantly	less	than	floxed	mice	during	the	
4-hours.	 In	 females,	 the	 difference	 was	 less	 clear.	 ★	 p<0.05	 (genotype).	 Significant	 sequential	
Bonferroni	pair-wise	comparison	★	vs	floxed	(same	time-point).	

	

Table	21.	Percentage	weight	loss	and	statistical	significances	after	a	24-hour	fast.	Percentage	
weight	 loss	 was	 calculated	 as	∆weight*100/(pre-fast	 weight).	 Female	 Il6ΔSyn1	 lost	 proportionally	
more	weight	than	floxed	littermates.	N=10-15.	

	

	

	

	

	

	

5.2.2.6.2 Forty-eight	hour	fast	

In	 this	 experiment,	 peripheral	 recombination	 could	 not	 be	 assessed,	 so	

the	data	presented	regard	the	complete	group.	
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5.2.2.6.2.1 Relative	body	weight	loss	

The	 fast	 caused	a	 significant	weight	 loss	 (as	%	of	 initial	weight)	 in	both	

genotypes	 (fast*genotype	c2-Wald	924.341	and	256.506,	 for	males	and	 females,	

respectively,	 p<0.05)	 (Figure	 48).	 There	was	 a	 slight	 trend	 for	 Il6ΔSyn1	males	 to	

lose	more	weight	when	fasted,	but	it	was	not	significant	(genotype	c2-Wald	3.447,	

p=0.063).	

	

	

	

Figure	48.	Percentage	weight	 loss	after	a	48-hour	 fast.	Fasted	animals	 lost	 significantly	more	
weight,	but	there	were	no	significant	differences	between	genotypes,	just	a	trend	of	Il6ΔSyn1	males	to	
lose	proportionally	more	weight.	�	p<0.05	(diet).	N=5-8.	

	

5.2.2.6.2.2 Hypothalamic	neuropeptides	

Expression	 (by	 qPCR)	 of	 Agrp,	 Crh,	 Pomc,	 Pmch	 and	 Hcrt	 is	 shown	 in	

Figure	49.	

Agrp	 increased	 significantly	 in	 both	 fasted	 males	 and	 females	 (fast	 c2-

Wald	55.581	and	17.317,	for	males	and	females,	respectively,	p<0.05).	

Crh	 expression	was	 raised	with	 fast	only	 in	 Il6ΔSyn1	males	 (fast*genotype	

c2-Wald	6.923,	p<0.05;	 sequential	Bonferroni	pair-wise	 comparisons	 Il6ΔSyn1	 fed	

vs	Il6ΔSyn1	fasted).	

There	was	a	significant	interaction	of	fast	and	genotype	in	Pomc	in	males	

(fast*genotype	 c2-Wald	 4.77,	 p<0.05),	 but	 without	 any	 significant	 pair-wise	

comparisons.	No	differences	were	seen	in	Pmch	or	Hcrt.	
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5.2.2.6.2.3 Inflammatory	markers	

Expression	 (by	 qPCR)	 of	 Gfap,	 Casp3,	 Socs3,	Mac1	 and	 Il6	 is	 shown	 in	

Figure	50.	

Casp3,	Mac1	 and	 Il6	 expression	 increased	with	 the	 48-hour	 fast	 (fast	c2	

Wald	5.794,	12.119	and	8.341,	respectively,	p<0.05).	However,	no	genotype	effect	

was	detected	in	any	of	the	markers.	
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Figure	 49.	 Expression	 of	 hypothalamic	 neuropeptides	 after	 a	 48-hour	 fast.	 Agrp	 increased	
with	fast,	and	Crh	was	also	raised	but	only	in	Il6ΔSyn1	males.	�	p<0.05	(diet).	N=5-8.	
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Figure	 50.	 Expression	 of	 inflammatory	markers	 in	 the	 hypothalamus	 after	 a	 48-hour	 fast.	
Casp3	 and	 Il6	 were	 increased,	 and	Mac1	 decreased,	 in	 fasted	 males,	 regardless	 of	 genotype.	 In	
females,	no	significant	differences	were	detected.	�	p<0.05	(diet).	N=5-8.	
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5.2.3 Neuronal	IL-6R	conditional	knock-out	

5.2.3.1 Frequencies	at	weaning	

Analysis	 of	 frequencies	 at	 weaning	 was	 done	 considering	 the	 four	

genotypes	obtained	in	the	crossing	described	in	material	and	methods	(see	4.2.6	

Conditional	 Il6ra	 knockout	 in	 neurons).	 It	must	 be	noted	 that	 less	 animals	were	

generated	 in	 this	 model,	 because	 of	 the	 preliminary	 nature	 of	 the	 results.	

However,	no	apparent	differences	between	the	four	genotypes	(c2	2.315,	p>0.05)	

or	the	two	sexes	(c2	0.175,	p>0.05)	were	detected	(Table	22).	

	

Table	 22.	 Observed	 and	 expected	 frequencies	 at	 weaning	 of	 each	 genotype	 and	 sex.	 No	
significant	differences	between	genotypes	or	sexes	were	detected.	

	

	

	

	

	

	

	

	

	

5.2.3.2 Linear	growth	

Length	 of	 tibia	 and	 serum	 IGF-1	 and	 IGFBP-1	 and	 -3	were	 evaluated	 as	

indicators	of	 linear	growth	(Figure	51).	 IGF-1	was	measured	in	saline-	and	LPS-

administered	mice.	

	
Observed	N	 Expected	N	 Residual	

Genotype	

wt	 36	 35.8	 0.3	

floxed	 33	 35.8	 -2.8	

Il6raΔSyn1	 43	 35.8	 7.3	

Il6raΔSyn1/wt	 31	 35.8	 -4.8	

Sex	 	 	 	

males	 74	 71.5	 2.5	

females	 69	 71.5	 -2.5	

Total	 143	 	 	
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Measurement	 of	 tibial	 length	 showed	 a	 shorter	 bone	 in	 both	 male	 and	

female	 Il6raΔSyn1	 mice	 (t-Student(25)	 2.098	 and	 2.236,	 for	 males	 and	 females	

respectively,	 p<0.05).	 Removing	 mice	 with	 peripheral	 recombination	 yielded	

similar	 results,	 but	 due	 to	 the	 limited	 sample	 size	 the	 difference	 was	 only	

significant	in	males	(t-Student(5)	2.72,	p<0.05).	

IGFBP-1	and	-3	did	not	vary	with	genotype	in	this	model.	

IGF-1	was	decreased	by	LPS	treatment	(LPS	c2	Wald	14.176	and	20.46,	for	

males	 and	 females	 respectively,	 p<0.05).	 In	 addition,	 Il6raΔSyn1	males	 had	 lower	

levels	of	IGF-1,	regardless	of	treatment	(genotype	c2	Wald	9.144,	p<0.05).	

	

5.2.3.3 Energy	intake	

Basal	 energy	 intake	 was	 averaged	 over	 4	 consecutive	 days	 while	 mice	

were	single-housed	and	on	a	control	diet	(Figure	52).	

Male	 Il6raΔSyn1	 mice	 had	 a	 significantly	 lower	 energy	 intake	 than	 floxed	

littermates	(t-Student(26)	2.956,	p<0.05),	while	females	had	comparable	values,	

both	before	and	after	removal	of	peripheral	recombinants.	
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Figure	51.	Linear	growth-related	measures.	Tibiae	were	shorter	in	Il6raΔSyn1	compared	to	floxed	
mice	 of	 both	 sexes.	 In	 males,	 this	 also	 translated	 to	 lower	 IGF-1	 serum	 levels.	 IGFBP-1	 and	 -3	

showed	no	differences	between	genotypes.	Removal	 of	peripheral	 recombinants,	 greatly	 reduced	

sample	size	and	only	tibiae	could	be	analyzed.	In	this	case,	male	Il6raΔSyn1	still	show	a	shorter	bone.	
�	p<0.05	(LPS),	★	p<0.05	(genotype).	N=	8-20	(all);	n=3-5	(no	peripheral	recombinants).	

	

	

	

	

	

Figure	52.	Energy	 intake	with	a	control	diet.	Average	of	4	consecutive	days.	Mice	were	single-
housed	 and	measures	were	 performed	 after	 acclimation	 to	 isolation.	 Il6raΔSyn1	male	mice	 have	 a	
significantly	 lower	 energy	 intake	 than	 floxed	 littermates.	 ★	 p<0.05.	 N=	 8-20	 (all);	 n=3-6	 (no	
peripheral	recombinants).	
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5.2.3.4 Twenty-four-hour	fast	and	4-hour	refeeding	

Single-housed	mice	on	a	 control	diet	were	 fasted	 for	24-hours	 and	 then	

refed,	and	their	intake	monitored	every	hour	for	4	hours	(Figure	53).	

Relative	weight	 loss	was	calculated	 for	 the	 fasting	period	(Table	23).	All	

animals	considered,	female	Il6raΔSyn1	lost	more	weight	relative	to	their	initial	one,	

than	 floxed	 controls	 (t-Student(29)	 -2.227,	 p<0.05),	 while	 males	 lost	 similar	

percentages.	Removal	of	peripheral	recombinants	increased	variability	in	females	

and	the	significance	disappeared.	

	

Table	23.	Percentage	weight	loss	and	statistical	significances	after	a	24-hour	fast.	Percentage	
weight	loss	was	calculated	as	∆weight*100/(pre-fast	weight).	Female	Il6raΔSyn1	 lost	proportionally	
more	weight	than	floxed	littermates.	N=8-20	(all);	n=3-6	(no	peripheral	recombinants).	

	

In	 males,	 no	 effect	 of	 genotype	 was	 detected	 during	 the	 4	 hours	 of	

refeeding.	 Conversely,	 female	 Il6raΔSyn1	 mice	 had	 a	 lower	 compensatory	 energy	

intake	after	 the	 fast,	which	was	evident	after	 the	 third	hour	(hour*genotype	c2-

Wald	 12.381,	 p<0.05;	 sequential	 Bonferroni	 pair-wise	 comparisons	 3	 hours	

floxed	vs	3	hours	Il6raΔSyn1,	4	hours	floxed	vs	4	hours	Il6raΔSyn1).	

Analysis	 of	 only	 animals	 without	 peripheral	 recombination	 yielded	

similar	 yet	 more	 limited	 results	 in	 females	 (hour*genotype	 c2-Wald	 11.361,	

p<0.05;	 sequential	Bonferroni	pair-wise	comparisons	3	hours	 floxed	vs	3	hours	

Il6raΔSyn1).	
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Figure	53.	Cumulative	energy	 intake	during	the	4	hours	after	reintroduction	of	 the	control	
diet	after	a	24-hour	 fast.	Animals	were	single-housed.	 In	 females,	 Il6raΔSyn1	ate	significantly	 less	
than	floxed	mice,	evidenced	at	the	latter	time	points.	★	p<0.05	vs	floxed	(same	time-point).	N=8-20	
(all);	n=3-6	(no	peripheral	recombinants).	

	

5.2.3.5 LPS	administration	

LPS	was	administered	 intraperitoneally	 to	carry	out	a	qPCR	of	 Il6ra	and	

Il6	 in	 the	 hypothalamus,	 to	 potentially	 detect	 differences	 in	 expression	 (Figure	

54).	

	 Even	 though	 LPS	 increased	 the	 expression	 of	 both	 Il6ra	 (LPS	 c2	 Wald	

16.156	 and	 25.68,	 for	males	 and	 females	 respectively,	 p<0.05)	 and	 Il6	 (LPS	 c2	

Wald	6.233	and	10.54,	for	males	and	females	respectively,	p<0.05),	no	reduction	

due	to	genotype	was	observed.	
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Figure	54.	Expression	of	Il6ra	and	Il6	in	the	hypothalamus	after	LPS	administration	(qPCR).	
Intraperitoneal	LPS	administration	increased	expression	of	Il6ra	and	Il6	regardless	of	genotype	in	
both	sexes.	�	p<0.05	(LPS).	N=8-20.	
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5.2.4 GFAP-IL6	

5.2.4.1 Twenty-four-hour	fast	and	4-hour	refeeding	

Individualized	mice	fed	a	control	diet	were	fasted	for	24-hours	and	then	

refed,	and	their	intake	monitored	every	hour	for	4	hours	(Figure	55).	

No	 differences	 were	 seen	 in	 either	 males	 or	 females	 in	 energy	 intake	

during	 the	 four	 hours,	 even	 though	 a	 slight	 tendency	 to	 a	 lower	 intake	 was	

present	 in	 females	 (genotype	 c2	 Wald	 3.42,	 p=0.064),	 despite	 having	 lost	 a	

significantly	greater	weight	(relative	to	their	initial	one)	than	wt	(Table	24).	

Figure	55.	Cumulative	energy	 intake	during	the	4	hours	after	reintroduction	of	 the	control	
diet	after	a	24-hour	fast.	Animals	were	single-housed.	No	differences	were	observed	on	either	sex	
in	the	compensatory	intake	after	the	fast.	N=8.	

	

Table	24.	Percentage	weight	loss	and	statistical	significances	after	a	24-hour	fast.	Percentage	
weight	 loss	 was	 calculated	 as	 ∆weight*100/(pre-fast	 weight).	 Female	 GFAP-IL6	 mice	 lost	
proportionally	more	weight	than	wt	littermates.	N=8.	
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5.2.4.2 High-fat	diet	

A	 short-term	 diet	 experiment	 was	 carried	 out	 in	 this	 model.	 Single-

housed	mice	were	fed	a	control	or	HFD	for	five	days.	

	

5.2.4.2.1 Energy	intake	and	weight	gain	

Energy	intake	was	higher	in	mice	fed	the	HFD,	but	both	wt	and	GFAP-IL6	

ingested	 comparable	 values	 (diet	c2	Wald	 119.834	 and	 121.609,	 for	males	 and	

females,	respectively,	p<0.05)	(Figure	56,	top).	

As	expected,	HFD-fed	mice	gained	more	weight	than	controls	(Figure	56,	

bottom),	but	no	differences	due	to	genotype	were	observed	(diet	c2	Wald	45.187	

and	17.755,	for	males	and	females,	respectively,	p<0.05).	

	

	

	

	

	

	

	

	

Figure	56.	Energy	intake	and	weight	gain	after	5	days	of	control	or	HFD.	Animals	were	single-
housed.	HFD	increased	both	energy	intake	and	weight	gain	in	males	and	females,	but	no	differences	

were	observed	between	wt	and	GFAP-IL6	mice.	�	p<0.05	(diet).	N=8.	
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5.2.4.2.2 qPCR	

Evaluation	 of	 expression	 of	 several	 hypothalamic	 neuropeptides	 (only	

performed	 in	 males)	 related	 to	 energy	 balance	 (Figure	 57,	 left)	 yielded	 no	

significant	differences	 except	 for	 a	decrease	 in	Npy	with	 the	HFD	 (diet	c2	Wald	

5.108,	p<0.05).	

	

	

	

	

	

	

	

	

	

	

	

Figure	57.	Hypothalamic	
expression	 of	 neuropep-
tides	 and	 inflammatory	
markers	 (qPCR).	 Only	

males	 were	 analyzed	 be-

cause	 female	 hypothalami	

were	 used	 for	 a	 microar-

ray.	 Npy	 expression	 de-
creased	 with	 HFD.	 All	 in-

flammatory	 markers	 were	

elevated	 in	 GFAP-IL6	

compared	 to	 wt	 mice,	 but	

remained	 unaffected	 by	

diet.	 �	 p<0.05	 (diet),	 ★	
p<0.05	(genotype).	N=8.	



GFAP-IL6	 RESULTS	

	
151	

	

Expression	 of	 inflammatory	 markers	 was	 also	 assessed	 in	 the	

hypothalamus	 (Figure	57,	 right)	and	was	 found	 to	have	a	 clear	genotype	effect,	

with	all	Gfap,	Mac1,	Socs3	and	Il6	being	increased	in	GFAP-IL6	mice	(genotype	c2	

Wald	90.854,	84.044,	83.605	and	53.091,	respectively,	p<0.05),	but	unaltered	by	

HFD.	
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5.3 Behavior	

5.3.1 Neuronal	IL-6	conditional	knock-out	

5.3.1.1 Open	field	

The	analysis	of	all	animals	showed	a	consistent	increase	in	activity,	both	

vertical	 (rearings)	and	horizontal	 (areas	crossed),	 in	male	 Il6ΔSyn1	mice.	Females	

exhibited	a	similar	difference	regarding	rearings	and	total	activity	(Figure	58	and	

Table	25).	

Removal	 of	 animals	 with	 peripheral	 recombination	 left	 the	 results	

essentially	 the	 same,	 but	 the	 significance	 of	 the	 difference	 in	 females	 and	 in	

external	and	internal	activity	in	males	was	lost.	

	

	

	

	

	

	

	

	

	

	

Figure	 58.	 Open	 field.	
Il6ΔSyn1	 males	 showed	 a	
higher	 vertical	 and	 hori-

zontal	 activity	 than	 floxed	

littermates.	 Females	 did	

more	 rearings	 than	 con-

trols.	Removal	of	mice	with	

peripheral	 recombination	

maintained	 the	 differences	

in	 rearings	 and	 activity	 in	

males.	★	 p<0.05.	 N=20-24	
(all),	 n=5-9	 (no	 peripheral	

recombinants).	
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Table	25.	Statistical	results	 for	 the	open	 field.	 Significant	 t-Student	 tests.	N=20-24	(all),	n=5-9	
(no	peripheral	recombinants).	

	

5.3.1.2 Hole-board	

In	 the	 complete	 group,	males	 recapitulated	 the	 results	 of	 the	 open	 field	

regarding	rearings,	and	activity	(Figure	59	and	Table	26).	In	addition,	Il6ΔSyn1	mice	

carried	out	more	head	dippings	and	spent	more	time	doing	them.	Il6ΔSyn1	females,	

again	did	more	rearings	than	floxed	controls.	

However,	 removal	 of	 peripheral	 recombinants	 failed	 to	 yield	 any	

significant	differences	between	the	genotypes.	

	

5.3.1.3 Elevated	plus	maze	

In	 this	 test	 (Figure	 60	 and	 Table	 27),	 male	 Il6ΔSyn1	 had	 a	 very	 similar	

behavior	to	the	previous	two	tests	in	the	comparable	measures	(complete	group).	

Here	they	also	had	increased	rearings	and	head	dippings.	 In	addition,	regarding	

anxiety-like-related	 measures,	 they	 entered	 and	 spent	 more	 time	 in	 the	 open	

arms.	 Females,	 however,	 only	 had	 increased	 head	 dipping	 number	 and	 time,	

compared	to	floxed	controls.	

Upon	removal	of	peripheral	recombinants,	all	significances	were	lost,	but	

the	general	trends	were	maintained.	
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Table	26.	Statistical	results	for	the	hole-board.	Significant	t-Student	tests.	N=31-37	(for	HD,	all),	
n=23-24	(for	 the	rest,	all);	n=13-15	(for	HD,	no	peripheral	 recombinants),	n=5-9	(for	 the	rest,	no	

peripheral	recombinants).	HD	head	dippings.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 59.	 Hole-board.	
Il6ΔSyn1	 males	 showed	 more	
and	longer	head	dippings	than	

floxed	 controls.	Also,	 they	 had	
increased	vertical	and	horizon-

tal	activity.	Females	performed	

more	 rearings	 than	 controls.	

Removal	 of	 mice	 with	 periph-

eral	recombination	maintained	

the	 trends	 but	 none	were	 sig-

nificant.	 ★	 p<0.05.	 N=31-37	
(for	 HD,	 all),	 n=23-24	 (for	 the	

rest,	 all);	 n=13-15	 (for	HD,	 no	

peripheral	 recombinants),	

n=5-9	(for	 the	rest,	no	periph-

eral	 recombinants).	 HD	 head	

dippings.	
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Table	 27.	 Statistical	 results	 for	 the	 elevated	 plus	 maze.	 Significant	 t-Student	 tests.	 N=20-24	
(all),	n=5-9	(no	peripheral	recombinants).	HD	head	dippings.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 60.	 Elevated	 plus	
maze.	 Il6ΔSyn1	 males	

showed	 more	 head	

dippings	 than	 floxed	

controls.	 Also,	 they	

entered	 open	 arms	 more	

and	 spent	 more	 time	 in	

them.	 Females	 performed	

more	and	longer	head	dip-

pings	 than	 controls.	 Re-

moval	of	mice	with	periph-

eral	recombination	yielded	

similar	 trends	but	without	

significant	 differences.	 ★	
p<0.05.	 N=20-24	 (all),	

n=5-9	 (no	 peripheral	

recombinants).	
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5.3.1.4 Morris	water	maze	

An	 initial	 trial	 without	 any	 cues	 or	 platform	 was	 performed	 to	 detect	

possible	 confounding	 factors	 due	 to	a	 priori	 quadrant	 preference.	 Analyzing	 all	

animals	 (grouped	 by	 genotype	 and	 sex)	 showed	 quadrant	 differences	 in	 floxed	

males,	floxed	females	and	Il6ΔSyn1	 females	(quadrant	c2	Wald	12.312,	12.767	and	

11.739,	 respectively,	 p<0.05).	 Pair-wise	 comparisons	 yielded	 several	 significant	

comparisons,	 always	 against	 the	 south-east	 quadrant	 (floxed	males	 north-east,	

north-west;	 floxed	 females	 north-west;	 Il6ΔSyn1	 females	 north-west),	 which	 was	

the	 highest	 in	 all	 cases.	 Taking	 out	 peripheral	 recombinants	 maintained	 the	

quadrant	 effect	 in	 floxed	 males	 and	 females	 (quadrant	 c2	 Wald	 11.316	 and	

10.948,	 respectively,	 p<0.05),	 where	 again	 the	 south-east	 quadrant	 was	

significantly	higher	than	some	of	the	others	(north-east	and	north-west	in	males,	

and	 north-west	 in	 females).	 Even	 though	 it	 is	 not	 optimal,	 given	 that	 the	

“preferred”	quadrant	 is	not	one	where	the	platform	was	 located,	 the	results	are	

probably	still	valid.	

In	 the	 complete	 group,	 there	were	no	differences	between	genotypes	 in	

performance	 in	 the	 cued	 learning	 task	 (Figure	 61),	 so	 it	was	 supposed	 that	 all	

mice	had	the	ability	to	swim	and	recognize	the	platform	as	the	escape	point.	

There	 were	 also	 no	 genotype	 differences	 in	 learning	 during	 the	 spatial	

acquisition	phase,	and	all	mice	learnt	to	locate	the	platform	faster	each	day	(day	

c2	Wald	97.953	and	82.573,	for	males	and	females,	respectively,	p<0.05).	

During	 the	probe	 trials,	 all	 animals	 stayed	 in	 the	 target	 quadrant	 above	

chance	 (25%	 of	 the	 time),	 but	 no	 differences	 were	 found	 between	 the	 two	

genotypes.	 Females,	 however,	 performed	 worse	 after	 24	 hours,	 when	 they	

stopped	 looking	 for	 the	platform	as	much	 in	 the	 target	 quadrant	 (trial	c2	Wald	

3.966,	p<0.05).	

When	 the	 platform	 was	 changed	 to	 the	 opposite	 quadrant	 (spatial	

reversal),	 again	 both	 floxed	 and	 Il6ΔSyn1	 mice	 learnt	 to	 locate	 it	 equally	 (day	c2	
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Wald	 52.197	 and	 102.053,	 for	 males	 and	 females,	 respectively,	 p<0.05).	 But	

during	 the	 probe	 trials,	 no	 genotype	 differences	 were	 observed.	 However,	 an	

interaction	between	trial	and	quadrant	was	detected	 in	both	sexes.	Particularly,	

males	look	more	for	the	platform	on	its	old	location	in	the	24-hours	trial,	and	less	

in	the	target	quadrant	as	they	 initially	did;	while	 females	 initially	swim	more	in	

the	target	quadrant	but	 then	the	difference	dissipates	(probe*quadrant	c2	Wald	

5.488	 and	 4.482,	 for	 males	 and	 females,	 respectively,	 p<0.05;	 sequential	

Bonferroni	pair-wise	comparisons	24-hours	target	vs	24-hours	old,	1-hour	target	

vs	24-hours	target	(males);	1-hour	target	vs	1-hour	old	(females)).	

	 Removal	 of	 peripheral	 recombinants	 also	 yielded	 no	 differences	 in	

learning	between	genotypes,	but	reversal	probe	trials	had	similar	differences	 in	

males,	which	looked	for	the	platform	less	in	the	target	quadrant	and	more	in	the	

old	 one	 after	 24	 hours	 (probe*quadrant	 c2	 Wald	 8.172,	 p<0.05;	 sequential	

Bonferroni	pair-wise	comparisons	1-hour	target	vs	24-hours	target,	1-hour	old	vs	

24-hours	old).	
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Figure	61.	Morris	water	maze.	No	differences	in	learning	were	observed	during	the	acquisition	or	
reversal	 phases.	 Sexes	 behaved	 differently	 upon	 removal	 of	 the	 platform,	 with	 males	 persisting	

more	in	the	old	location	as	time	passed,	and	females	initially	looking	for	the	platform	in	the	correct	

location	 but	 later	 on	 diluting	 the	 difference	 between	 quadrants.	 �	 p<0.05	 (trial).	 Significant	
sequential	Bonferroni	pair-wise	comparisons	n	vs	probe	1h	(same	quadrant);	u	vs	target	quadrant	

(same	probe	trial).	N=	15-23	(all)	(continues	on	the	next	page).	
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Figure	 61	 (continued)	Morris	water	maze.	 In	 the	 group	without	 peripheral	 recombinants,	 no	
differences	 in	 learning	 were	 observed	 during	 the	 acquisition	 or	 reversal	 phases	 either.	 Males’	

performance	deteriorates	after	24	hours,	when	they	look	for	the	platform	more	in	the	old	quadrant	

and	 less	 in	 the	 target	 than	 the	 previous	 day.	 Significant	 sequential	 Bonferroni	 pair-wise	

comparisons	n	vs	probe	1h	(same	quadrant).	N=	5-13	(no	peripheral	recombinants).	
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5.3.2 Neuronal	IL-6R	conditional	knock-out	

5.3.2.1 Open	field	

The	analysis	of	all	animals	showed	only	a	minor	effect	of	genotype,	with	

Il6raΔSyn1	 females	performing	more	rearings	than	floxed	controls	(t-Student	(29)			

-2.63,	p<0.05).	The	other	activity-related	variables	showed	no	differences	(Figure	

62).	

Removal	 of	 peripheral	 recombinants,	 did	 not	 uncover	 any	 further	

differences.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	62.	Open	field.	Il6raΔSyn1	females	showed	increased	rearings	compared	to	controls.	Removal	
of	mice	with	peripheral	recombination	made	these	differences	disappear.	★	p<0.05.	N=	9-18	(all);	
n=2-6	(no	peripheral	recombinants).	
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5.3.2.2 Hole-board	

In	this	test,	female	Il6raΔSyn1	also	had	an	increased	number	of	rearings	(t-

Student	 (19.4)	 -3.798,	p<0.05),	 as	well	 as	more	activity	 in	 the	external	areas	of	

the	arena	(t-Student	(29)	-2.306,	p<0.05)	(Figure	63).	

Without	 peripheral	 recombinants,	 these	 differences	 disappeared	 and	

none	other	were	detected.	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 63.	 Hole-board.	
Il6raΔSyn1	 females	 showed	
increased	 rearings	 and	

external	 activity	 com-

pared	 to	 controls.	 Re-

moval	 of	 mice	 with	

peripheral	 recombination	

eliminated	 these	 dif-

ferences.	★	 p<0.05.	 N=	 9-
18	 (all);	 n=2-6	 (no	 peri-

pheral	recombinants).	
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5.3.2.3 Elevated	plus	maze	

No	 significant	 effects	 of	 genotype	were	 seen	 in	 any	 variable	 of	 the	 test	

(Figure	 64),	 either	 in	 the	 complete	 group	 or	 after	 elimination	 of	 peripheral	

recombinants.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 64.	 Elevated	plus	maze.	No	 differences	were	 detected	 between	 genotypes	 in	 any	 of	 the	
variables.	N=	9-18	(all);	n=2-6	(no	peripheral	recombinants).	
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6 DISCUSSION	

6.1 Recombination	of	floxed	genes	

Extensive	 checks	 for	 recombination	 of	 Il6	 and	 Il6ra	 in	 non-target	 tissues	

(according	 to	 the	 used	 promoters,	 GFAP	 and	 Syn1)	 showed	 that	 an	 important	

percentage	of	 the	experimental	animals	had	deleted	exon	2	(in	 Il6)	or	exons	4-6	

(in	 Il6ra).	 The	 problem	 existed	 with	 both	 Cre	 lines,	 even	 though	 the	 original	

publications	 for	both	of	 them	claimed	that	no	recombination	(or	expression	of	a	

reporter	gene)	was	detected	in	peripheral	tissues	such	as	liver,	heart,	lung,	kidney	

or	intestine	(Zhu	et	al.	2001;	Bajenaru	et	al.	2002).	However,	upon	uncovering	our	

issue,	 a	 thorough	 literature	 review	 evidenced	 that	 this	 recombination	 is	 a	

prevalent	phenomenon	in	Cre	lines	that	may	nevertheless	remain	underestimated	

(Rempe	et	al.	2006;	Zhang	et	al.	2013).	The	problem	with	reporter	genes	(such	as	

lacZ)	 might	 be	 that	 only	 one	 crossing	 is	 carried	 out,	 lowering	 the	 chances	 of	

recombination.	In	our	case,	an	initial	crossing	is	performed	to	unite	the	Cre	gene	

and	the	floxed	allele,	and	then	a	second	one	to	obtain	the	experimental	animals.	In	

addition,	spontaneous	leaked	Cre	activity	in	any	given	generation	can	occur	in	the	

germ-line	 (Rempe	 et	 al.	 2006)	 and	 then	 give	 rise	 to	 a	 hemizygous	 offspring,	

explaining	why	some	floxed	mice	had	the	recombined	allele	in	the	tail.	Wild-type	

animals	(lox/wt)	never	had	a	recombined	allele	because	their	 floxed	one	always	

comes	 from	 the	 Il6	 or	 Il6ra	 floxed	 line,	 which	 are	 never	 derived	 from	 a	 Cre-

positive	animal.	

Recombination	was	more	extensive	in	the	crossings	derived	from	Syn1-Cre,	

probably	 because	 the	 promoter	 is	 less	 specific	 and	 has	 more	 germ-line	

recombination,	which	we	observed	 in	 both	male	 and	 female	 progenitors,	 unlike	

previously	reported	results	(Rempe	et	al.	2006).	

This	 rather	 late	 discovery	had	 a	major	 impact	 on	 sample	 sizes	 of	 finished	

experiments	once	the	assessment	was	performed	(when	possible).	Nevertheless,	
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the	effect	of	hemizygosis	of	IL-6	or	IL-6R	seems	negligible	in	most	cases	since	the	

results	for	the	complete	group	and	the	one	with	exclusion	of	mice	with	peripheral	

recombination	 are	mostly	 identical.	 The	 lack	 of	 statistical	 significance	 or	major	

changes	 in	 very	 specific	 variables,	 is	 probably	 due	 to	 the	 drastic	 reduction	 in	

sample	 size.	 The	 similar	 trends	 in	 the	 complete	 group	 and	 the	 one	 excluding	

peripheral	recombinants	mirror	the	lack	of	some	of	these	phenotypes	in	systemic	

IL-6KO	 mice,	 possibly	 because	 in	 these	 mice	 compensatory	 mechanisms	

(Kamiński	et	al.	2009;	Gomez	et	al.	2010)	are	more	necessary	and	appear	during	

development,	since	no	other	sources	of	IL-6	exist.	Also,	one	allele,	in	case	it	does	

not	 suffer	 somatic	 recombination	 due	 to	 leaked	 Cre	 activity,	 could	 produce	

enough	protein	 for	many	 functions	(Bethin	et	al.	2000;	McFarland-Mancini	et	al.	

2010;	Mandal	et	al.	2011).	

	

6.1.1 Expression	of	IL-6	or	IL-6R	in	conditional	knock-outs	

Recombination	 PCRs	 for	 the	 Il6	 or	 Il6ra	 gene	 consistently	 showed	 the	

recombined	(delta)	band	in	the	brain	of	Il6ΔGfap,	Il6ΔSyn1	and	Il6raΔSyn1	mice	without	

recombination	 in	 peripheral	 tissues.	 The	 specificity	 of	 the	 Il6ΔGfap	 model	 had	

already	been	shown	(Erta	et	al.	2015),	and	given	the	phenotypic	differences	with	

the	neuronal	model	we	assume	that	at	least	the	recombination	is	not	happening	in	

the	 same	cells.	Certainly,	 further	attempts	must	be	 carried	out	 to	determine	 the	

specificity	of	the	recombination.	

However,	 when	 expression	was	measured	 in	 the	 whole	 hypothalamus	 by	

qPCR,	 no	 genotype	 differences	 were	 seen	 in	 either	 of	 the	 conditions	 assessed	

(control,	HFD,	48-hour	fast	or	LPS).	In	one	instance,	an	effect	of	the	floxed	Il6	gene	

was	seen,	which	meant	a	reduction	in	expression	of	both	floxed	and	Il6ΔSyn1	mice	

when	 compared	 to	wt,	 but	 coincidentally,	 in	 that	diet	 experiment	wt	 and	 floxed	

mice	weights	were	very	similar.	In	the	case	of	the	receptor,	administration	of	LPS	
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increased	its	expression	as	expected	(Vallières	and	Rivest	1999),	but	its	deficit	in	

neurons	could	not	be	proved.	

Several	approaches	were	taken	to	specifically	measure	IL-6	(in	the	neuronal	

IL-6	knock-out	line)	or	IL-6R	(in	the	neuronal	IL-6Ra	knock-out	line)	in	the	CNS,	

such	 as	 primary	 cell	 cultures	 of	 astrocytes	 and	 neurons	 and	 double	

immunofluorescence,	but	 all	 failed	 to	provide	 reliable	 results	 so	 they	have	been	

excluded	 from	 this	dissertation.	Primary	 cultures	of	neurons	or	 astrocytes	 (as	 a	

control)	were	stimulated	as	previously	described,	with	either	KCl	or	 forskolin	 in	

neurons	(Sallmann	et	al.	2000),	or	LPS	in	astrocytes	(Erta	et	al.	2015).	However,	

IL-6,	as	measured	by	ELISA,	was	undetectable.	Also,	double	immunofluorescence	

of	IL-6R	and	NeuN	showed	what	seemed	specific	signal	of	the	receptor	in	neurons	

of	both	floxed	and	Il6raΔSyn1	mice.	

The	 lack	 of	 clear	 expression	 differences	 between	 floxed	 and	 conditional	

knock-out	mice	is	disappointing,	but	the	clear	phenotypes	observed	do	point	to	a	

cell-specific	effect	of	IL-6,	and	to	a	lesser	extent,	of	its	receptor	in	neurons.	There	

are	 several	 possibilities	 to	 explain	 the	 absent	 differences	 1)	 in	 basal	 conditions	

the	levels	are	too	low	to	discriminate	a	slight	reduction	due	to	a	specific	cell	type,	

2)	there	is	a	dilution	effect	due	to	the	other	IL-6-producing	cells	in	the	brain	and	

3)	 the	 effects	 took	 place	 in	 the	 developmental	 stages	 and	 permanent	 changes	

occurred	that	are	not	due	to	transient	changes	in	cytokine	or	receptor	expression.	

This	 latter	 option	 is	 based	 on	 certain	 differences	 between	 the	 phenotype	 of	 IL-

6KO	mice	and	the	inhibition	of	IL-6	signaling	using	antibodies	in	adults	(Zahs	et	al.	

2013).	 Therefore,	 it	 will	 be	 critical	 to	 also	 study	 inducible	 systems	 in	 future	

experiments.		
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6.2 Weaning	frequencies	

Previous	results	from	our	group	found	that	Il6ΔGfap/wt	and	even	more	Il6ΔGfap	

were	underrepresented	at	weaning	(Quintana	et	al.	2013),	an	effect	that	was	less	

prominent	with	 further	backcrossing	 into	 the	C57BL/6OlaHsd	background	(Erta	

et	 al.	 2015).	 This	 was	 attributed	 to	 a	 pro-survival	 role	 of	 IL-6,	 despite	 being	

contrary	 to	 results	 with	 systemic	 IL-6KO	 mice,	 which	 have	 normal	 mendelian	

ratios	in	two	independent	models	(Kopf	et	al.	1994;	Dalrymple	et	al.	1995).	Here	

we	have	corroborated	 the	same	 trend	with	an	 increased	number	of	mice,	which	

partially	included	some	of	those	in	the	published	data.	And	again,	Il6ΔGfap	offspring	

was	reduced	compared	to	Il6ΔGfap/wt.	

Furthermore,	we	have	shown	that	 Il6ΔSyn1	and	 Il6ΔSyn1/wt	are	also	weaned	at	

reduced	 ratios,	 but	 this	 was	 only	 detected	 when	 the	 two	 genes	 were	 analyzed	

separately,	 instead	 of	 the	 four	 final	 genotypes.	 Nevertheless,	 it	 hints	 towards	 a	

deleterious	effect,	albeit	to	a	lesser	extent,	of	the	lack	of	neuronal	IL-6.	

However,	given	the	discrepancy	with	the	total	knock-out,	the	possibility	of	

Cre-dependent	 toxicity	 must	 be	 considered	 (Loonstra	 et	 al.	 2001;	 Bersell	 et	 al.	

2013;	 Lexow	et	 al.	 2013).	 Frequency	 analysis	 of	 a	 total	 of	 277	of	 our	GFAP-Cre,	

and	190	 of	 our	Syn1-Cre	progenitor	mice	 (described	 in	 sections	4.2.3	 and	4.2.4)	

showed	a	significant	underrepresentation	of	GFAP-Cre+/-	mice	(104	GFAP-Cre+/-	vs	

173	GFAP-Cre-/-,	expected	N	138.5,	c2	17.188,	p<0.05),	while	Syn1-Cre	had	similar	

frequencies	at	weaning	(101	Syn1-Cre+/-	vs	89	Syn1-Cre-/-,	expected	N	95,	c2	0.758,	

p>0.05).	 Therefore,	 it	 seems	 that	 part	 of	 the	 reduction	 in	 conditional	 knock-out	

mice	derived	from	the	GFAP-Cre	line	might	be	due	to	Cre	itself,	while	in	the	Syn1-

Cre-derived	line	there	is	only	the	IL-6-specific	effect.	

A	 pro-survival	 role	 of	 neuronal	 or	 astrocytic	 IL-6	 would	 not	 be	 so	

surprising,	 since	 the	 cytokine	 has	 been	 shown	 to	 promote	 neural	 stem	 cell	

differentiation	into	neurons	and	astrocytes	through	its	soluble	receptor	(Islam	et	

al.	2009).	It	has	also	been	associated	with	improving	survival	of	neurons	(Thier	et	
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al.	 1999)	 and	 neurite	 growth	 (Wu	 and	 Bradshaw	 1996)	 in	 vitro,	 and	 astrocyte-

derived	IL-6,	specifically,	increased	the	differentiation	of	a	hippocampal	neuronal	

line	(Oh	et	al.	2010).	

Mutation	 of	 gp130,	 the	 common	 signal	 transducer	 for	 IL-6	 and	 related	

cytokines,	 has	 severe	 consequences	 in	 embryonic	 development,	 with	 death	

occurring	 between	 day	 12.5	 post-coitum	 and	 birth	 (Yoshida	 et	 al.	 1996).	

Furthermore,	Stat3-deficient	mice	show	embryonic	lethality	(Takeda	et	al.	1997).	

The	fact	 that	they	die	by	E7.0	evidences	the	more	widespread	implication	of	 the	

transcription	 factor,	 since	 our	 models	 start	 expressing	 Cre	 at	 E12.5	 (Syn1)	 or	

E14.5	(GFAP)	and	therefore	the	lack	of	the	cytokine	would	appear	later	and	have	a	

more	discrete	effect.	

	

6.3 Linear	growth	

Il6ΔGfap	 mice	 of	 both	 sexes	 had	 longer	 tibiae,	 suggesting	 a	 greater	 size,	

which	 in	 females,	was	accompanied	by	 increased	 IGF-1	 levels.	 IGF-1,	 along	with	

growth	 hormone	 (GH),	 is	 a	 critical	 element	 in	 postnatal	 growth	 and	 directly	

determines	 bone	 growth	 and	density	 (Lupu	 et	 al.	 2001;	 Yakar	 et	 al.	 2002).	 It	 is	

produced	 both	 in	 the	 liver	 (endocrine	 effects)	 and	 in	 every	 tissue	

(paracrine/autocrine	effects).	 Its	circulating	levels	come	primarily	from	the	liver	

after	 GH	 stimulation	 (Le	 Roith	 et	 al.	 2001)	 so	 the	 connection	 to	 the	 CNS	 could	

come	 from	 regulating	 GH	 in	 the	 adenohypophysis	 or	 above.	 However,	 in	 vitro	

results	regarding	stimulation	of	GH	regulation	by	IL-6	generally	point	to	no	effect	

of	 the	 cytokine	 in	 either	 GHRH	 or	 GH	 secretion.	 In	 hypothalamic	 explants	 or	

normal	 rat	 pituitary	 cells,	 it	 has	 no	 effect;	 and	 only	 in	 GH3	 cells,	 a	 rat	 pituitary	

tumor	 cell	 line,	 does	 it	 stimulate	GH	 secretion	 (Honegger	 et	 al.	 1991;	Artz	 et	 al.	

1993). 
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In	 the	 blood,	 IGF-1	 forms	 a	 complex	 with	 IGFBP-3	 and	 the	 acid	 labile	

subunit	(ALS),	which	increases	its	half-life	(Jones	and	Clemmons	1995).	IGFBP-1,	

which	 can	 also	 bind	 circulating	 IGF-1,	 has	 been	 shown	 to	 inhibit	 its	 actions	 on	

fetal	 and	 postnatal	 growth,	 adipocyte	 proliferation	 and	 modulation	 of	 the	

hypoglycemic	activity	of	unbound	IGF-1	(Lewitt	et	al.	1991;	Rajkumar	et	al.	1995;	

Siddals	et	al.	2002).	However,	we	observed	no	changes	in	IGFBP-3	or	-1.	

Neuronal	 IL-6	 deficiency	 had	 the	 opposite	 effect	 on	 linear	 growth.	 Both	

nose-rump	 distance	 and	 tibial	 length	 were	 reduced	 in	 12-15-week-old	 Il6ΔSyn1	

mice	of	both	sexes,	even	though	IGF-1	was	unaffected.	Lack	of	IGF-1	involvement	

and	 the	 fact	 that	 the	 deficient	 cells	 are	 neurons	 suggests	 that,	 in	 this	 case,	 CNS	

involvement	might	 be	more	 related	 to	 SNS	 control	 of	 bone	 homeostasis.	 It	 has	

been	known	for	some	time	now	that	the	SNS	innervates	bone	tissue,	reaching	the	

bone	marrow	 space,	 the	periosteum	and	 cortical	 bone	 (Duncan	and	Shim	1977;	

Hohmann	 et	 al.	 1986;	 Hill	 and	 Elde	 1991).	 Some	 of	 these	 sympathetic	 neurons	

express	different	neuropeptides	(e.g.	NPY	and	vasoactive	intestinal	peptide,	VIP)	

and	they	have	been	linked	to	the	regulation	of	blood	flow	to	the	bone,	as	well	as	to	

the	 general	 regulation	 of	 growth	 through	 trophic	 effects.	 For	 example,	 in	 vitro	

studies	have	shown	an	interference	of	NPY	with	parathyroid	hormone	and	NE	by	

counteracting	their	induction	of	cAMP	(Bjurholm	et	al.	1988).	These	neurons	are	

innervated	 in	 turn	 by	 others	 in	 the	 PVN	 and	 other	 hypothalamic	 nuclei,	 beside	

others	at	lower	levels	(Dénes	et	al.	2005).	Therefore,	it	is	a	possibility	that	lack	of	

IL-6	in	sympathetic	or	autonomic	premotor	neurons	in	the	PVN	affects	regulation	

of	these	circuits,	thus	altering	bone	metabolism.	

A	GFAP-IL6	line	with	high	IL-6	expression	and	NSE/hIL6	mice,	two	models	

of	neuroinflammation	with	transgenic	expression	of	IL-6	in	the	CNS	(in	astrocytes	

and	 neurons,	 respectively),	 display	 stunted	 growth	 (Campbell	 et	 al.	 1993;	 De	

Benedetti	et	al.	1997),	although	the	GFAP-IL6	line	with	moderate	expression	has	

been	shown	 to	have	a	normal	body	 length	and	similar-to-control	 levels	of	 IGF-1	

(Señarís	et	al.	2011).	Inflammation	has	been	consistently	associated	with	growth	
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retardation	 (Li	 and	 Tsutsui	 2000;	 Prendergast	 et	 al.	 2014),	 but	 the	 specific	

mechanisms	 are	 not	well	 defined.	 In	 the	 case	 of	 NSE/hIL6	mice,	 it	 seems	 to	 be	

mediated	 by	 a	 decrease	 in	 IGFBP-3	 which	 increases	 IGF-1	 clearance.	 Another	

mechanism	 could	 be	 the	 stimulation	 of	 somatostatin	 (somatotropin	 release	

inhibiting	 hormone,	 SRIH)	 by	 interleukin-1β	 (Honegger	 et	 al.	 1991),	 a	 cytokine	

that	is	upregulated	in	GFAP-IL6	mice	(Chiang	et	al.	1994).	In	these	models,	source	

of	 IL-6	 seems	 irrelevant,	 probably	 because	 it	 increases	 so	 dramatically	 that	 a	

more	generalized	effect	can	be	seen,	whereas	in	the	case	of	our	conditional	knock-

out	a	more	focalized	autocrine/paracrine	effect	is	probably	more	relevant.	

A	study	with	different	models	of	altered	gp130	signaling	pathways	(Sims	

et	 al.	 2004)	 showed	 that	mice	with	 impaired	 gp130	 signaling	 through	 STAT1/3	

also	 have	 mild	 dwarfism	 due	 to	 premature	 growth	 plate	 closure,	 but	 normal	

trabecular	bone	volume.	Conversely,	in	mice	where	the	mutation	is	specific	to	the	

SHP2/ras/MAPK	pathway,	 increased	osteoclast	activity	reduced	trabecular	bone	

volume,	 leaving	 length	unaffected.	 In	 the	 latter	model,	 complete	 lack	of	 IL-6	 (by	

crossing	it	with	IL-6KO	mice)	resulted	in	a	worsening	of	the	phenotype	suggesting	

that	 IL-6	acts	 through	STATs	 to	 increase	osteoblast	proliferation.	These	models,	

however,	 are	 difficult	 to	 integrate	 with	 ours	 since	 in	 this	 case	 osteoblast	 IL-6	

deficiency	probably	confounds	a	possible	central	effect,	and	also,	all	gp130-family	

cytokines	will	have	defective	signaling,	not	just	IL-6.	

A	role	of	 IL-6	 in	 the	VMH	should	also	be	considered,	 since	 leptin	acts	on	

this	 area	 to	 activate	 sympathetic	 signaling	 and	 elicit	 its	 anti-osteogenic	 effects	

(Takeda	 et	 al.	 2002).	 A	 recent	 study	 has	 found	 that	 IL-6	 increases	 leptin	

sensitivity	in	neurons	of	this	nucleus,	but	the	authors	later	linked	it	to	a	microglial	

source	 (Le	Foll	et	al.	2015;	Larsen	et	al.	2016).	Further	studies	with	conditional	

microglial	knock-outs,	 currently	under-way	 in	our	group,	might	 shed	more	 light	

on	this	source-specific	effects.	

Il6raΔSyn1	 mice	 had	 a	 similar	 phenotype	 to	 Il6ΔSyn1	 mice	 regarding	 tibial	

length,	but	in	this	case	IGF-1	also	correlated	to	bone	length	(in	males).	
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Taken	 together,	 results	 from	the	 three	models	highlight	 the	 importance	of	

the	cellular	source	of	 IL-6	and	its	autocrine/paracrine	effects	and	they	suggest	a	

network	 of	 astrocytes	 and	 neurons	 that	 regulates	 bone	 metabolism.	

Gliotransmitters	 are	 likely	 candidates	 to	 mediate	 the	 effect	 of	 astrocytes	 on	

neurons	(Stern	and	Filosa	2013).	For	example,	given	that	presympathetic	neurons	

originating	 in	 the	 PVN	 are	 under	 a	 GABAA–mediated	 tonic	 inhibitory	 tone	 by	

astrocytes,	which	influences	their	excitability	(Park	et	al.	2007;	Park	et	al.	2009),	

maybe	astrocytic	IL-6	potentiates	this	inhibition.	Information	on	the	bone	length	

of	Il6raΔGfap,	which	at	present	we	lack,	will	be	needed	to	support	whether	this	is	an	

autocrine	 phenomenon.	 The	 role	 in	 neurons	 might	 be	 complicated	 by	 the	

subpopulations	implicated	in	the	central	regulation	of	bone	metabolism	and	their	

opposing	roles.	Potentially,	both	sympathetic	and	Cart-expressing	neurons	could	

express	IL-6	and	be	dependent	on	autocrine	signaling	to	maintain	their	respective	

positive	or	negative	effect	on	osteoclast	differentiation	(Elefteriou	et	al.	2005),	so	

other	 intermediate	 regulators	 are	 likely	 to	 participate.	 In	 addition,	 it	 should	 be	

taken	into	consideration	that	bone	length	and	density	are	differentially	regulated,	

so	 it	will	 be	 very	 interesting	 to	 also	 evaluate	bone	density	 in	 our	models	 in	 the	

future.	Furthermore,	microglial	cells	may	also	contribute	to	the	regulation	(Stern	

and	Filosa	2013),	and	studies	with	conditional	microglial	knock-outs	might	shed	

light	on	this	point.	

	

6.4 Energy	intake	and	HFD-induced	obesity	

6.4.1 Basal	weight	

We	 observed	 a	 reduced	 weight	 of	 weaned	 male	 and	 female	 Il6ΔGfap	 mice	

compared	 to	 wt,	 and	 also	 against	 floxed	 in	 males	 without	 peripheral	

recombination.	 Nevertheless,	 this	 initial	 difference	 dissipated	 with	 age,	 which	

contrasts	with	initial	results	from	our	group,	that	found	no	differences	at	weaning	
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but	 also	 that	 Il6ΔGfap	 were	 heavier	 on	 a	 control	 diet	 (Quintana	 et	 al.	 2013).	

However,	 those	results	were	obtained	 from	earlier	backcrossings,	so	 the	genetic	

background	was	less	homogeneous.	Further	backcrossing	found	that	the	effect	of	

astrocytic	 IL-6	deficiency	on	basal	weight	was	subtler,	delayed	 to	age	25	weeks,	

and	 appeared	 only	 in	males	 (Erta	 2014).	 This	would	 be	 in	 line	with	 the	 results	

obtained	here,	 since	mice	were	 studied	up	 to	 age	 22	weeks	 approximately.	 The	

shift	 in	 weight	 differences	 from	 weaning	 to	 adulthood	 likely	 reflexes	 a	

developmental	effect	of	astrocytic	IL-6	that	then	is	no	longer	relevant	in	the	adult.	

Results	in	neuronal	IL-6	conditional	knock-outs	were	generally	opposed	to	

those	observed	 in	 the	astrocyte	model.	These	mice	had	no	weight	differences	at	

weaning,	 but	 soon	 thereafter,	 and	 up	 to	 11	 weeks	 of	 age,	 their	 weight	 was	

consistently	 lower	 than	 floxed	 controls.	 Further	 monitoring	 during	 the	 diet	

experiment	(up	to	24	weeks	approximately)	showed	mixed	results,	as	removal	of	

mice	 with	 peripheral	 recombination	 greatly	 reduced	 the	 sample	 size	 and	 it	

probably	was	insufficient	to	detect	the	small	variation	seen	before.	

	

6.4.2 HFD-induced	obesity	

As	expected,	HFD	caused	obesity	 in	wt	and	 floxed	mice	 in	all	 three	 long-

term	HFD	 experiments,	 although	 the	 latter	were	more	 sensitive	 to	 the	 diet	 and	

gained	more	weight.	Weight	gain	was	clearly	due	to	an	increase	in	fat	pads,	with	

WAT	 Sc	 being	 the	most	 significant	 one	 since	 it	 best	 mirrored	 the	 variations	 in	

body	weight.	

Lack	of	astrocytic	IL-6,	in	the	absence	of	additional	recombination,	caused	

a	more	 prominent	 weight	 gain	 in	 both	males	 and	 females,	 which	 in	males	 was	

primarily	 due	 to	 the	 WAT	 Sc	 depot.	 Also,	 increased	 body	 weight	 related	 to	

increased	liver	weight,	possibly	because	of	hepatic	steatosis	(Yaqoob	et	al.	1995;	

Eccleston	et	 al.	 2011).	These	 results	 align	with	previous	 results	 from	our	 group	

using	 GFAP-IL6	 mice,	 which	 are	 resistant	 to	 HFD-induced	 obesity	 and	 with	
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females	 having	 a	 clearer	 phenotype	 (Hidalgo	 et	 al.	 2010).	 In	 our	 short-term	

experiment,	we	could	not	see	these	weight	differences,	in	line	with	previous	data	

where	they	appeared	after	approximately	5	weeks	(Hidalgo	et	al.	2010).	

Worth	mentioning	here	 is	 the	 fact	 that,	 even	 though	 the	GFAP	promoter	

has	been	extensively	used	to	drive	astrocyte-specific	expression	of	different	genes	

(Campbell	et	al.	1993;	Bajenaru	et	al.	2002;	Gan	et	al.	2012),	other	cells	in	the	CNS,	

such	as	non-myelinating	Schwann	cells	and	reactive	retinal	Müller	cells,	can	also	

express	it	(Brenner	et	al.	1994).	In	our	case,	this	is	probably	irrelevant.	However,	

GFAP-positive	 glial	 cells	 have	 been	 identified	 in	 the	 enteric	 nervous	 system	

(Jessen	and	Mirsky	1983),	and,	at	least	in	in	vitro	rat	cultures,	they	are	capable	of	

synthesizing	IL-6	after	an	immune	challenge	(Rühl	et	al.	2001).	This	is	certainly	an	

interesting	 topic	 that	 could	have	 implications	 in	 the	absorptive	 capacities	of	 the	

gut,	or	the	microbiota	present,	which	has	recently	been	uncovered	as	a	promising	

field	in	obesity	research	(Das	2010).	

It	 should	also	be	noted	 that	 Il6ΔGfap	 showed	reduced	weaning	weight	and	

this	 has	 been	 correlated	 in	 humans	 to	 the	 development	 of	 obesity	 and	 type	 2	

diabetes	in	the	adult	(Barker	et	al.	1993),	probably	by	epigenetic	mechanisms.	In	

rats,	 calorie-restricted	 dams	 had	 smaller	 offspring	 that	 showed	 hyperphagia,	

which	was	exacerbated	on	a	HFD	(Vickers	et	al.	2000).	Since	 this	resembles	our	

model,	we	speculate	 that	 it	could	also	be	related	to	 the	 intrauterine	mortality	of	

Il6ΔGfap	mice,	 and	 mean	 that	 a	 fetal	 or	 early	 postnatal	 deficit	 of	 astrocytic	 IL-6	

determines	adult	susceptibility	to	HFD-induced	obesity.	

In	 general,	 it	 seems	 that	 astrocytic	 IL-6	 acts	 as	 a	 brake	 on	 body	weight	

increase,	especially	after	a	challenge	such	as	a	HFD.	Further	evidence	supporting	

this	role	comes	from	the	decrease	 in	body	fat	after	ICV	administration	of	 IL-6	to	

rats	(Wallenius	et	al.	2002a),	and	the	mature-onset	obesity	of	the	systemic	IL-6KO	

model	(Wallenius	et	al.	2002b;	Navia	et	al.	2014).	

Conversely,	lack	of	neuronal	IL-6	dramatically	protected	female	mice	from	

developing	HFD-induced	obesity,	while	in	males	the	effect	was	milder.	The	lower	
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body	 weight	 was	 clear	 in	 both	 the	 subcutaneous	 and	 gonadal	 WAT	 depots	 in	

females,	 and	only	 in	 the	 former	 in	males.	 Liver	weight	was	also	 less	 affected	by	

HFD,	again	probably	due	to	 the	 lower	 lipid	accumulation.	These	results	are	very	

interesting,	 since	 they	may	point	 to	 a	 change	 in	 sympathetic	outflow	 to	 adipose	

tissue	 and	 liver	 due	 to	 the	 lack	 of	 neuronal	 IL-6.	 The	 white	 adipose	 tissue	 is	

innervated	 by	 the	 SNS	 (Bowers	 et	 al.	 2004),	 NE	 stimulation	 on	 b2-adrenergic	

receptors	is	known	to	promote	lipolysis	(Carpéné	et	al.	1998),	and	a	mutation	on	

that	receptor	has	been	linked	to	obesity	in	women	(Large	et	al.	1997).	Therefore,	

our	 model	 might	 have	 increased	 sympathetic	 outflow	 that	 would	 decrease	 fat	

deposition.	This	 is	 in	 line	with	our	results	on	bone	 length,	which	also	suggested	

increased	sympathetic	activity.	

Comparison	 of	 either	 model	 with	 IL-6KO	 mice	 is	 complicated,	 since	

despite	the	evidence	of	mature-onset	obesity	(Wallenius	et	al.	2002b;	Navia	et	al.	

2014),	 other	 studies	 have	 found	 no	 differences	 (Di	 Gregorio	 et	 al.	 2004);	 and	

feeding	 these	mice	 a	HFD	 shows	 either	 no	 effect	 (Ellingsgaard	 et	 al.	 2008)	 or	 a	

slightly	 lower	 weight	 gain	 (Di	 Gregorio	 et	 al.	 2004;	 Ellingsgaard	 et	 al.	 2008).	

Nevertheless,	the	case	of	the	total	knock-out	is	bound	to	be	more	complex,	since	

all	sources	of	IL-6	are	abolished	and	each	one,	peripheral	or	central,	might	have	a	

distinct	 effect	 as	 shown	 both	 here	 and	 previously	 with	 conditional	 IL-6	 knock-

outs	in	muscle	(Ferrer	et	al.	2014)	or	adipose	tissue	(Navia	et	al.	2014).	

Regarding	 glucose	 homeostasis,	 it	 was	 not	 surprising	 that	 it	 remained	

normal	in	the	Il6ΔGfap	experiment	since	the	most	altered	fat	depot	was	the	WAT	Sc	

one,	and	this	is	not	the	most	relevant	in	insulin	resistance	(Shoelson	et	al.	2007).	

So,	despite	fasting	blood	glucose	being	raised	in	all	genotypes	on	the	HFD,	they	all	

displayed	 similar	 curves	 after	 insulin	 or	 glucose	 administration.	 Of	 note,	 the	

global	genotype	effect	seen	in	the	ITT	of	male,	which	could	not	be	attributed	to	a	

specific	group,	might	be	due	to	the	less	prominent	obesity	of	wt	animals.	

However,	 in	 the	 Il6ΔSyn1	 experiment,	 floxed	 mice	 were	 somewhat	 less	

sensitive	 to	 insulin	 than	 floxed	mice	 of	 the	 Il6ΔGfap	 experiment,	 despite	 showing	
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similar	weight	 gain	 and	 feed	efficiency,	 and	 these	were	 especially	 evident	when	

mice	with	peripheral	recombination	were	removed.	

Also,	despite	the	resistance	to	increased	body	weight	of	Il6ΔSyn1	mice	with	a	

HFD,	 they	had	 raised	blood	glucose	 levels	 (after	 a	4-hour	 fast)	but	were	able	 to	

respond	to	insulin	or	glucose	much	better	than	floxed	mice,	maybe	because	they	

were	 after	 all	 leaner	 than	 them.	 This	 could	 be	 related	 to	 an	 inhibition	 of	 the	

IKKb/NF-kB	pathway	in	ARC	neurons,	which	has	been	shown	to	attenuate	several	

traits	of	HFD-induced	obesity	(Benzler	et	al.	2015).	However,	since	other	authors	

linked	this	phenomenon	to	an	IL-6-mediated	activation	of	 IL-10,	which	would	 in	

turn	inhibit	IKKb	(Ropelle	et	al.	2010),	it	is	an	unlikely	mechanism	in	our	model;	

but	would	agree	with	the	phenotype	of	CNS	transgenic	IL-6	mice.	

	

6.4.3 Energy	homeostasis	

Variations	in	body	weight	are	due	to	an	imbalance	in	energy	intake	and/or	

expenditure.	Indeed,	mice	on	the	HFD	had	a	higher	energy	intake	(despite	eating	

less	grams	of	food),	and	this,	combined	with	the	higher	feed	efficiency	of	this	diet	

(more	weight	 gain	 per	 energy	 unit),	 explains	 their	weight	 increase.	 It	 has	 been	

already	 shown	 that	 a	 HFD,	 even	 when	 calorie-matched	 to	 a	 low-fat	 ad	 libitum,	

leads	 to	more	 fat	deposition	 (Petro	et	al.	2004).	A	proposed	mechanism	 for	 this	

“effectiveness”	of	HFD	is	a	deficit	in	the	central	response	to	adiposity	signals	like	

insulin,	due	 to	accumulation	of	saturated	CoA	species	and	 the	activation	of	 local	

inflammatory	signals,	such	as	 IKKb,	 in	hypothalamic	neurons	(Posey	et	al.	2009;	

Benzler	 et	 al.	 2015).	 Lack	 of	 astrocytic	 IL-6	 did	 not	 affect	 feed	 efficiency,	

suggesting	 that	 the	 cytokine	 from	 astrocytes	 does	 not	 participate	 in	 this	

regulation,	and	that	putative	IL-6	deficiency	in	enteric	glia	(as	mentioned	before)	

is	 probably	 irrelevant.	 However,	 neuronal	 deficit	 dramatically	 reduced	 feed	

efficiency	in	females,	which	had	the	clearest	resistance	to	obesity.	 It	will	now	be	

interesting	to	study	whether	this	action	of	IL-6	occurs	on	the	neurons	themselves,	
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in	an	autocrine	fashion,	or	rather	if	it	acts	in	a	paracrine	way,	and	to	what	extent	

trans-signaling	might	be	involved	(Timper	et	al.	2017).	

Regarding	 the	 effect	 of	 IL-6	 on	 food	 intake,	 conflicting	 results	 exist,	

ranging	 from	absence,	 to	very	 limited,	 to	effective	both	when	 injected	 ICV	or	 IP.	

GFAP-IL6	mice	show	no	apparent	alterations	in	food	intake	with	either	a	control	

or	HFD	(Hidalgo	et	al.	2010),	and	neither	do	NSE-IL-6	mice	on	a	control	diet	(De	

Benedetti	et	al.	1997).	ICV	administration	of	IL-6	in	rats	causes	a	slight	decrease	

in	 average	 food	 intake	 over	 2	 weeks	 (Wallenius	 et	 al.	 2002a),	 as	 does	 IP	

administration	in	mice	(De	Benedetti	et	al.	1997);	but	ICV	injection	in	control-	and	

HFD-fed	mice	immediately	decreases	(after	2	hours)	food	intake	in	fasted	animals	

(Timper	et	al.	2017).	The	range	of	results	may	reflect	differences	in	dose,	though	it	

is	difficult	 to	determine	how	 ICV	 injections	 compare	 to	 transgenic	 levels;	 a	very	

time-sensitive	effect,	or	 the	 fact	 that	physiological	 levels	 lack	a	major	effect.	The	

present	 results	 go	 in	 the	 line	 of	 no	 effect	 in	 the	 fed	 state,	 with	 no	 apparent	

differences	in	energy	intake	in	either	single-housed	Il6ΔGfap	mice	or	group-housed	

Il6ΔSyn1	mice.	The	higher	intake	seen	in	grouped	floxed	males	(from	the	first	Il6ΔGfap	

experiment)	 is	 likely	 an	 artifact,	 since	 feed	 efficiency	 shows	 a	 corresponding	

decrease	and	in	females,	where	the	weight	difference	is	higher,	no	such	difference	

is	observed.	

One-day	 fasting,	however,	had	mixed	effects	regarding	IL-6	deficiency.	 In	

Il6ΔGfap	 individualized	 males	 fed	 a	 control	 diet,	 it	 was	 associated	 with	 a	 lower	

compensatory	 intake,	maybe	 due	 to	 their	 lower	weight	 loss,	while	 on	 grouped-

housed	 animals,	 the	 differences	 in	 weight	 loss	 were	 inexistent	 and	 intake	 was	

only	barely	lower.	Il6ΔGfap	 females,	on	the	other	hand,	despite	losing	more	weight	

when	 isolated,	 showed	 no	 changes	 in	 energy	 intake	 on	 the	 control	 diet,	maybe	

pointing	 to	 an	 insufficient	 defense	 of	 body	 weight.	 Neuronal	 IL-6	 deficit	 was	

associated	with	 a	 lower	 compensatory	 intake	 in	 grouped	males	 throughout	 the	

refeeding	and	more	discretely	in	females,	which	had	lost	more	weight	during	the	

fast.	Regarding	the	receptor,	isolated	Il6raΔSyn1	females	ate	less	when	refed	despite	
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having	lost	more	weight	during	the	fast.	In	this	case,	both	sources	of	IL-6	seem	to	

go	in	the	same	direction	and	to	be	acting	on	neurons,	suggesting	that	the	role	of	

the	 cytokine	 may	 vary	 according	 to	 the	 type	 of	 caloric	 challenge.	 Variations	

between	single-	and	group-housed	mice	could	be	due	to	different	sensitivity	to	an	

additional	 stressor	 such	 as	 fasting	 when	 isolated,	 as	 has	 been	 shown	 for	

psychological	stressors	(Bartolomucci	et	al.	2003).	The	reduced	weight	loss	might	

suggest	 a	 protective	 effect	 from	 starvation	 of	 lack	 of	 astrocytic	 IL-6	 in	 males.	

However,	our	current	data	on	the	HPA	axis,	which	shows	no	alterations	of	either	

Crh	(basal	or	after	a	48-hour	fast)	or	corticosterone	(basal),	does	not	allow	us	to	

make	 such	 an	 affirmation,	 since	 it	 comes	 exclusively	 from	 grouped-housed	

animals	(Erta	et	al.	2015).	

The	other	arm	of	energy	homeostasis	is	energy	expenditure,	and	it	can	be	

modified	by	differences	in	activity.	Il6ΔGfap	mice	do	indeed	ambulate	 less	on	a	HB	

and	 EPM	 (Quintana	 et	 al.	 2013;	 Erta	 et	 al.	 2015),	 so	 their	 energy	 expenditure	

would	 be	 reduced	 and	 could	 therefore	 explain	 their	 increased	 weight	 gain.	 In	

addition,	 a	 decreased	 metabolism	 can	 also	 contribute	 to	 the	 conservation	 of	

energy.	In	a	recent	doctoral	dissertation	from	our	group,	male	Il6ΔGfap	mice	tended	

to	 present	 a	 lower	 rectal	 temperature	 than	 floxed	 littermates	 and	 also	 failed	 to	

display	 LPS-induced	 fever	 (Erta	 2014).	 Unfortunately,	 we	 have	 been	 unable	 to	

perform	indirect	calorimetry	on	these	mice	to	further	corroborate	this	hypothesis.	

Il6ΔSyn1	 mice,	 on	 the	 other	 hand,	 show	 consistently	 higher	 activity	 than	

floxed	littermates	(see	6.5	Behavior	for	discussion),	which	would	align	with	their	

lower	weight	phenotype,	even	when	HFD	decreases	 some	variables	 (Lavin	et	al.	

2011).	

	

6.4.3.1 Hypothalamic	neuropeptides	

In	 general,	 the	 only	 significant	 changes	 observed	 in	 hypothalamic	

neuropeptides	 pertained	 to	 the	 orexigenic	 Npy	 and	 Agrp.	 Female	 Il6ΔGfap	
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consistently	showed	lower	expression	of	these	neuropeptides,	either	on	a	control	

diet,	 and	 after	 a	 HFD	 or	 a	 fast.	 This	 was	 surprising,	 given	 that	 NPY	 and	 AgRP	

increase	 food	 intake	 and	 decrease	 energy	 expenditure,	 and	 that	 female	 Il6ΔGfap	

mice	 are	 more	 susceptible	 to	 HFD-induced	 obesity.	 Therefore,	 if	 this	 ARC	

population	were	 implicated	 in	causing	 the	phenotype,	 it	would	be	expected	 that	

they	 had	 increased	 expression	 of	 orexigenic	 neuropeptides.	 Moreover,	 Il6ΔGfap	

females	lost	more	weight	after	a	fast,	a	fact	that	did	not	further	increase	their	Npy	

and	Agrp	 levels.	 In	 this	 case,	 the	 lower	 levels	 could	 correlate	with	 an	 increased	

energy	 expenditure	 that	 would	 explain	 the	 greater	 weight	 loss.	 Males,	 on	 the	

other	 hand,	were	 capable	 of	 raising	Npy	 and	Agrp	 as	 a	 consequence	 of	 the	 fast.	

Interpretation,	 however,	 is	 difficult	 given	 that	 floxed	 males	 failed	 to	 show	 a	

significant	 increase	 of	 these	 neuropeptides.	 Combination	 of	 these	 data	with	 the	

refeeding	experiment	suggests	that	fasted	males	on	a	control	diet	eat	less	despite	

having	increased	orexigenic	neuropeptides.	Comparison	however,	might	not	be	so	

straightforward	 since	 fasting	 time	 may	 cause	 different	 expression	 profiles.	 To	

further	 complicate	 the	 interpretation	 of	 these	 results,	 GFAP-IL6	 have	 been	

previously	shown	to	have	decreased	levels	of	Npy	and	Agrp	in	control	diet	females	

(Señarís	 et	 al.	 2011),	 even	 though	 in	 the	 experiment	 included	 here	 no	 basal	

differences	 were	 observed.	 The	 lower	 expression	 could	 be	 the	 cause	 of	 their	

leaner	phenotype,	which	in	our	case	was	not	apparent	yet,	characterized	by	lower	

fat	and	 leptin	 levels,	where	IL-6	action	at	 the	hypothalamic	 level,	might	enhance	

leptin	sensitivity	(Sadagurski	et	al.	2010).	

Il6ΔSyn1	females	have	increased	Agrp	expression	both	with	the	control	and	

HFD,	an	opposite	pattern	of	the	orexigenic	neuropeptide	to	the	astrocytic	model.	

In	 the	HFD	group,	 this	 is	 likely	 just	a	 consequence	of	 their	 lower	 feed	efficiency	

and	a	signal	to	either	increase	intake,	which	we	do	not	see,	or	conserve	energy,	for	

which	 indirect	 calorimetry	 would	 be	 a	 valuable	 indicator.	 In	 the	 control	 diet	

group,	 however,	 the	 increased	 levels	 of	 Agrp	 are	 indicative	 of	 an	 inherent	

difference	 in	 regulation	 of	 these	 neuropeptides,	 and	 would	 agree	 with	 the	

increased	weight	gain	seen	in	Il6ΔSyn1	females.	Given	that	no	differences	are	seen	in	
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absolute	 body	 weight	 over	 the	 whole	 experiment,	 this	 is	 probably	 a	 catch-up	

increase	 consequence	 of	 the	 lower	 weight	 they	 displayed	 for	 the	 first	 8	 weeks	

after	weaning.	The	opposed	phenotype	 to	 Il6ΔGfap	mice	might	be	explained	by	an	

interplay	of	astrocytes	and	neurons,	where	astrocytic	IL-6	stimulates	production	

of	neuronal	IL-6,	which	in	turn	would	inhibit	AgRP	neurons,	either	directly	or	via	

activation	of	an	intermediary	inhibitory	cell.	

	 In	the	systemic	IL-6KO	model,	 the	obese	phenotype	of	old	mice	has	been	

associated	to	decreased	Crh	levels	in	the	hypothalamus	(Benrick	et	al.	2009)	that	

would	 suggest	 a	 lower	 sympathetic	 tone.	 Indeed,	 they	 present	 a	 reduced	 heart	

rate	 during	 stress	 and	 impaired	 cold-induced	 thermogenesis	 (Wernstedt	 et	 al.	

2006).	Our	Il6ΔGfap	mice,	however,	have	no	overt	alterations	of	Crh	expression	(as	

mentioned	 before	 in	 relation	 to	 stress)	 that	 would	 explain	 a	 decreased	

sympathetic	 activity.	 GFAP-IL6	 mice	 also	 show	 conflicting	 results,	 since	 males	

tend	 to	 have	 defective	 thermogenesis,	 associated	 with	 increased	 mortality,	

despite	having	increased	Crh	expression	(Hidalgo	et	al.	2010).	

	 The	lack	of	dramatic	effects	in	Il6ΔGfap	mice	is	perhaps	not	so	surprising	if	

we	consider	another	member	of	the	IL-6	family,	CNTF.	This	cytokine	reduces	food	

intake	and	counteracts	obesity	due	 to	 leptin	deficiency,	but	 is	unable	 to	 reverse	

fasting-induced	changes	in	hypothalamic	neuropeptides	(Gloaguen	et	al.	1997).	

	 Also,	 sex-dependent	 variations	 have	 already	 been	 observed	 in	 other	

conditional	 Il6	 knock-outs	 in	 our	 group.	 Male	 and	 female	 muscular	 or	 adipose	

tissue	 Il6	 conditional	 knock	 out	 mice	 respond	 differently	 to	 a	 HFD	 with	

subsequent	variations	in	hypothalamic	neuropeptides	(Navia	et	al.	2014;	Ferrer	et	

al.	 2014).	Estradiol	has	been	 shown	 to	 affect	POMC	neuron	 circuitry	 in	 the	ARC	

(Gao	et	al.	2007),	and	the	estrogen	receptor	inhibits	Il6	expression	through	NF-kB	

(Stein	and	Yang	1995),	so	it	is	unsurprising	that	sex	hormones	might	add	an	extra	

layer	of	complexity	to	our	models.	

	 Quantification	of	expression	of	hypothalamic	neuropeptides	in	the	second	

diet	experiment	will	add	more	information	to	this	complicated	scenario.	
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Taken	 together,	 it	would	 seem	 that	NPY/AgRP	neurons	are	differentially	

regulated,	and	in	a	sex-dependent	manner,	by	astrocytic	or	neuronal	IL-6,	and	this	

manifests	with	diverse	challenges	such	as	starvation	and	excess	calories.	

	

6.4.3.2 Hypothalamic	inflammation	

The	 current	 view	 in	 the	 field	 of	 obesity	 proposes	 hypothalamic	

inflammation	as	a	cause	to	defective	leptin	and	insulin	signaling	in	hypothalamic	

neurons.	 Some	 evidence	 exists	 of	 this	 phenomenon	 after	 a	 short-term	 HFD	

(Thaler	 et	 al.	 2012;	Waise	 et	 al.	 2015),	 but	 our	 experiment	with	GFAP-IL6	mice	

failed	 to	 show	 any	 significant	 inflammation	 in	 the	 hypothalamus	 of	 wt	 mice,	

maybe	due	 to	different	 fat	 composition	or	 the	start	of	 remission	after	 the	 initial	

inflammation.	

In	 the	 Il6ΔSyn1	 long-term	 HFD	 experiment,	 however,	 mice	 on	 the	 fat-rich	

diet	did	show	certain	signs	of	inflammation,	such	as	astrogliosis	(increased	Gfap)	

and	 microgliosis	 (increased	 Mac1),	 which	 seems	 to	 be	 reduced	 in	 the	 leaner	

Il6ΔSyn1	 HFD-fed	 females,	 although	 the	 presence	 of	 mice	 with	 peripheral	

recombination	confounds	the	interpretation	of	the	results.	

In	vitro	studies	suggest	a	mechanism	by	which	astrocytes	could,	via	TLR-4	

and	 maybe	 after	 microglial	 stimulation,	 respond	 to	 saturated	 fatty	 acids	 by	

producing	IL-6	and	TNF-a	(Gupta	et	al.	2012),	which	would	in	turn	interfere	with	

leptin	signaling	in	nearby	hypothalamic	neurons.	Our	present	results	with	Il6ΔGfap	

mice	do	not	 support	 this	hypothesis,	 since	 lack	of	 IL-6	production	by	astrocytes	

would	 then	mean	 the	prevention,	 to	a	certain	degree	at	 least,	of	 impaired	 leptin	

signaling	and	 resistance	 to	HFD-induced	obesity.	Rather,	 they	would	align	more	

with	results	showing	an	enhancement	of	leptin	signaling	by	IL-6	(Sadagurski	et	al.	

2010),	which	would	also	explain	the	phenotype	of	GFAP-IL6	mice.	
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HFD-induced	 inflammation	 also	 induces	 apoptosis	 of	 hypothalamic	

neurons	(Moraes	et	al.	2009),	which	is	detectable	both	at	the	mRNA	and	protein	

level	 in	 several	 apoptosis	markers.	 In	 the	 Il6ΔSyn1	 HFD	 experiment,	 we	 assessed	

Casp3	 as	 representative	 of	 apoptosis	 and	 only	 found	 an	 increase	 due	 to	HFD	 in	

males,	but	no	genotype	differences	that	could	align	with	the	weight	phenotype.	

Interestingly,	 neuronal	 deficiency	 of	 IL-6	 in	 females,	 which	 leads	 to	

resistance	 to	 the	 HFD,	 was	 associated	 with	 decreased	 Socs3	 expression,	 which	

otherwise	 increased	 with	 that	 diet.	 This	 could	 be	 interpreted	 either	 as	 a	

consequence	of	the	reduced	adipose	tissue,	and	presumably	leptin	levels,	causing	

less	 expression	of	 the	negative	 regulator	Socs3	 (Banks	 et	 al.	 2000)	or	 rather,	 as	

the	reason	why	these	mice	are	resistant,	having	an	inherently	better	sensitivity	to	

leptin,	 insulin	 or	 IL-6	 (Howard	 et	 al.	 2004;	 Mori	 et	 al.	 2004).	 Regarding	 the	

cytokine,	it	is	also	produced	in	the	muscle	in	response	to	contraction	(Steensberg	

et	al.	2002)	and	moderate	exercise	has	been	shown	to	protect	from	HFD-induced	

hypothalamic	inflammation	(Yi	et	al.	2012).	Given	that	Il6ΔSyn1	mice	have	increased	

activity,	 even	when	 fed	 a	HFD,	 increased	 sensibility	 to	peripheral	 IL-6	might	 be	

related	to	their	phenotype.	

Fasting	has	been	associated	with	an	anti-inflammatory	effect	 in	the	brain	

(Lavin	et	al.	2011),	as	the	counterpoint	to	the	caloric	excess	of	HFD.	Our	present	

results	 seem	 to	 go	along	 the	 same	 lines,	 since	we	also	observed	a	decrease	 in	 a	

microglia/macrophage	marker,	in	our	case	Mac1,	and	an	increase	in	Il6	(possibly	

a	reflection	of	its	more	anti-inflammatory	effects),	though	only	in	males.	

Nevertheless,	conditional	knock-outs	that	are	not	inducible,	such	as	these	

ones,	have	the	caveat	of	affecting	developmental	stages	in	an	uncontrolled	way,	so	

compensatory	mechanisms	could	be	in	place.	For	example,	microglial	cells,	which	

also	secrete	cytokines	in	response	to	fatty	acids	(Milanski	et	al.	2009),	might	play	

a	 relevant	 role.	 Further	 studies	with	 a	 conditional	 and	 inducible	microglial	 IL-6	

knock-out	are	currently	under	way	in	our	group	and	they	are	bound	to	add	to	our	

understanding	of	this	point.	
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Taken	together,	these	results	add	the	source	of	the	cytokine	as	a	critical	

factor	 to	 the	 already	 stablished	 dichotomy	 of	 hypothalamic	 inflammation,	

whereby	 high	 levels	 of	 inflammatory	 cytokines	 promote	 a	 negative	 energy	

balance	(De	Benedetti	et	al.	1997;	Hidalgo	et	al.	2010;	Arruda	et	al.	2011),	in	line	

with	 endotoxemia-induced	 anorexia	 or	 cancer	 cachexia;	 while	 low-grade	

inflammation	has	the	reverse	effect	(Münzberg	et	al.	2004;	Arruda	et	al.	2011).	

	

6.5 Behavior	

In	order	to	further	characterize	the	role	of	the	different	sources	of	IL-6	in	

the	CNS,	the	aim	here	was	to	complete	our	group’s	previous	results	using	Il6ΔGfap	

mice	with	Il6ΔSyn1	and	Il6raΔSyn1	mice.	

	

6.5.1 Locomotor	activity	

Spontaneous	 locomotor	 activity	was	 evaluated	 specifically	 in	 the	OF,	but	

also	as	an	additional	measure	in	the	HB.	

It	had	been	previously	shown	that	mice	with	astrocytic	deficiency	of	IL-6	

or	 its	 receptor	 display	 a	 significant	 decrease	 in	 activity	 in	 the	 HB,	 especially	 in	

female	 mice	 (Quintana	 et	 al.	 2013;	 Erta	 et	 al.	 2015).	 In	 contrast,	 Il6ΔSyn1	 mice	

showed	the	opposite	phenotype,	with	higher	ambulation	rates	in	the	OF	and	HB,	

being	the	effect	more	robust	in	male	mice.		

Since	 astrocytic	 deletion	 of	 the	 membrane	 IL-6	 receptor	 (by	 using	

Il6raΔGfap	mice)	showed	a	similar	phenotype	than	that	observed	in	Il6ΔGfap	mice,	 it	

was	 logical	 to	 suggest	 that	 astrocytic	 IL-6	 act	 in	 an	 autocrine	 or	 paracrine	 (on	

neighboring	astrocytes)	way	to	control	this	behavioral	trait.	Therefore,	it	was	also	

tempting	 to	 speculate	 that	 neuronal	 IL-6	 should	 act	 preferentially	 on	 neurons	

(and/or	cells	other	than	astrocytes)	to	regulate	ambulation,	since	the	phenotype	
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of	Il6ΔSyn1	mice	is	opposed	to	that	of	Il6ΔGfap	mice.	However,	the	lack	of	neuronal	IL-

6Ra	 has	 shown	 a	 much	 less	 dramatic	 phenotype	 than	 Il6ΔSyn1	 mice,	 with	 only	

increased	activity	in	the	external	areas	of	the	HB	in	females.	

Regardless	 of	 the	 exact	 targets,	 it	 is	 clear	 that	 astrocytic	 IL-6	 increases	

locomotor	 activity	 in	mice,	whereas	 neuronal	 IL-6	 inhibits	 it.	 Opposing	 roles	 of	

astrocytic	 and	 neuronal	 IL-6	 may	 be	 at	 the	 root	 of	 the	 discrepancies	 observed	

with	 IL-6KO	 mice	 in	 several	 studies.	 With	 this	 model,	 depending	 on	 the	

production	of	IL-6	by	each	cell	type	(which	might	be	affected	by	a	wide	range	of	

factors)	 a	 different	 outcome	 could	 be	 obtained.	 Our	 group	 had	 previously	

observed	a	decreased	activity	of	systemic	 IL-6KO	mice	 in	 the	HB	(Armario	et	al.	

1998),	 whereas	 others	 found	 the	 opposite	 in	 the	 OF	 (Butterweck	 et	 al.	 2003).	

Other	 studies,	 however,	 showed	 normal	 behavior	 in	 the	 novel	 cage	 and	 OF	

paradigms	 (Chourbaji	 et	 al.	 2006),	 or	 in	 an	 hour-long	 OF	 in	 sham-operated	

animals	(Ley	et	al.	2011).	Also,	 in	a	different	genetic	background,	IL-6	deficiency	

did	not	alter	activity	 in	home	and	novel	cages	and	in	an	OF	(Swiergiel	and	Dunn	

2006).	 On	 the	 other	 hand,	 central	 injection	 of	 IL-6	 left	 ambulatory	 behavior	

unchanged	 in	 the	 OF	 (Sukoff	 Rizzo	 et	 al.	 2012),	 but	 an	 increase	 was	 observed	

when	 a	 chronic	 viral	 approach	 was	 used	 (Wei	 et	 al.	 2012).	 Perinatal	 subdural	

administration	 of	 hyper	 IL-6	 (a	 fusion	 protein	 of	 human	 IL-6	 and	 IL-6Ra)	 also	

causes	 an	 early	 increase	 in	 locomotion	 and	 earlier	 emergence	 of	 some	 activity-

related	 behaviors,	 but	 they	 later	 dissipate	 (Brunssen	 et	 al.	 2013).	 Moreover,	

peripheral	 administration	of	 IL-6	 increased	activity	 and	exploratory	behavior	 in	

mice	 (Zalcman	 et	 al.	 1998).	 Therefore,	 astrocytic	 vs	 neuronal	 and	 central	 vs	

peripheral	 sources	 of	 IL-6	 may	 underlie	 the	 discrepancies	 between	 different	

studies	 reported	 so	 far	 regarding	 the	 role	of	 this	 cytokine	on	general	 activity	of	

rodents.	
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6.5.2 Exploration	

Rearings	 and	 head	 dippings	 are	 considered	 measures	 of	 exploratory	

behavior	 (File	 and	 Wardill	 1975;	 Lever	 et	 al.	 2006).	 Il6ΔSyn1	 males	 consistently	

showed	increased	rearings,	while	females	had	the	same	tendency	but	depending	

on	 the	 test	 the	 difference	 was	 not	 significant.	 In	 Il6raΔSyn1	 mice	 however,	 only	

females	 showed	 increased	 rearings	 in	 the	 OF	 and	HB.	 Head	 dippings	 in	 the	HB	

were	 increased	 in	 Il6ΔSyn1	 males	 and	 unaffected	 in	 females,	 and	 no	 apparent	

differences	were	observed	 in	 Il6raΔSyn1	mice.	The	same	behavior	 in	 the	EPM	was	

also	increased,	despite	the	different	nature	of	the	two	apparatuses.	In	Il6ΔGfap	mice,	

a	similar	pattern	was	seen	in	the	HB	and	EPM,	suggestive	of	a	detrimental	role	of	

astrocytic	IL-6	in	exploration	(Quintana	et	al.	2013).	

Sex	differences	could	be	related	to	the	more	prominent	effect	of	neuronal	

IL-6	deficiency	observed	 in	male	mice	 in	ambulation,	 since	 it	may	be	 correlated	

with	measures	of	exploration	(Lalonde	and	Strazielle	2008),	but	then	the	results	

for	Il6ΔGfap	mice	do	not	completely	fit	with	this	hypothesis.	What	is	clear,	however,	

is	 that	 combined,	 the	 results	 for	 exploratory	 behavior	 do	 not	 support	 opposed	

roles	of	astrocytic	and	neuronal	sources	of	IL-6	as	was	the	case	for	activity.	Thus,	

one	should	expect	a	more	robust	phenotype	in	total	IL-6	KO	mice;	however,	they	

showed	 decreased	 rearings	 and	 head-dippings	 in	 the	 HB	 or	 OF	 (Armario	 et	 al.	

1998;	 Butterweck	 et	 al.	 2003),	 which	 is	 contrary	 to	 expectations	 based	 on	 the	

effects	of	astrocytic	and	neuronal	IL-6	deficiencies.	Clearly,	much	still	remains	to	

be	understood	in	this	regard.	
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6.5.3 Anxiety-like	behavior	

We	have	found	that	lack	of	neuronal	IL-6	decreases	anxiety-like	behavior	

in	 male	 mice	 (as	 assessed	 by	 relative	 open	 arm	 entries	 and	 time	 in	 the	 EPM),	

which	is	not	clearly	recapitulated	with	lack	of	the	neuronal	receptor	despite	there	

being	a	trend	in	the	same	sense.	

Systemic	 IL-6KO	 mice	 have	 increased	 anxiety	 as	 indicated	 by	 their	

behavior	in	the	EPM,	where	they	enter	less	and	spend	less	time	in	the	open	arms	

(Armario	et	al.	1998;	Butterweck	et	al.	2003).	Some	studies,	however,	do	not	find	

increased	anxiety	levels	in	normal	conditions	(Swiergiel	and	Dunn	2006),	but	do	

after	 either	 a	 forced-swim	 test,	 suggesting	 a	 greater	 susceptibility	 to	 the	

anxiogenic	 effect	 of	 stress	 (Baier	 et	 al.	 2009).	 In	 agreement	 with	 these	 EPM	

results,	the	time	spent	in	the	lit	compartment	of	the	dark-light	box	was	decreased	

in	 systemic	 IL-6KO	 mice,	 supporting	 increased	 anxiety	 levels	 (Chourbaji	 et	 al.	

2006).	 Interestingly,	 increased	 CNS	 IL-6	 production	 by	 infection	 with	 an	

adenovirus	 decreased	 anxiety	 in	 the	EPM	 in	mice	 (Wei	 et	 al.	 2012);	 and	 in	 rats	

bred	for	extremes	in	anxiety-related	behavior,	those	with	high	anxiety	have	lower	

circulating	 IL-6	 levels	 than	 those	with	 low	 anxiety	 (Salome	 et	 al.	 2008).	 It	 was	

therefore	surprising	to	find	that	male	Il6ΔSyn1	mice	showed	a	prominent	decrease	

of	anxiety	levels	in	the	EPM.	A	similar,	albeit	subtler,	trend	had	been	observed	in	

Il6ΔGfap	 male	 mice	 (Quintana	 et	 al.	 2013).	 Thus,	 similarly	 to	 exploration	 and	

contrary	to	activity,	neuronal	and	astrocytic	IL-6	seem	to	exert	similar	effects	on	

the	control	of	anxiety,	but	the	greater	phenotype	of	Il6ΔSyn1	mice	suggests	a	more	

prominent	 role	 of	 the	 neuronal	 source.	 Why	 these	 are	 the	 opposite	 to	 those	

observed	 in	 systemic	 IL-6KO	mice	 remains	 to	 be	 established.	 The	 lack	 of	 clear	

effects	of	 the	deficit	of	either	membrane	receptor	might	point	 to	a	role	of	 trans-

signaling	 in	 regulating	anxiety-like	behavior.	 Indeed,	blockade	of	 trans-signaling	

prevents	the	stress-induced	IL-6-dependent	postsynaptic	inhibition	that	normally	

shifts	the	balance	towards	excitation	(Garcia-Oscos	et	al.	2012).		
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6.5.4 Spatial	learning	

Hippocampus-dependent	 learning	 was	 assessed	 in	 Il6ΔSyn1	 mice	 in	 the	

MWM	(Vorhees	and	Williams	2006),	but	no	 learning	alterations	were	evidenced	

by	 lack	 of	 neuronal	 IL-6.	 This	 was	 quite	 surprising,	 since	 previous	 results	

suggested	 a	 deleterious	 role	 of	 IL-6.	 In	 vitro	 treatment	 with	 IL-6	 or	 transgenic	

expression	of	IL-6	(in	GFAP-IL6	mice)	impaired	long-term	potentiation	(LTP)	and	

different	kinds	of	hippocampus-dependent	learning	(Bellinger	et	al.	1995;	Heyser	

et	 al.	 1997;	 Li	 et	 al.	 1997;	 Samuelsson	 et	 al.	 2006).	 Conversely,	 application	 of	 a	

neutralizing	anti-IL6	antibody	significantly	improved	LTP	and	spatial	alternation	

learning	 and	 long-term	memory	 in	 rats	 (Balschun	 et	 al.	 2004).	 However,	 more	

recent	results	with	systemic	IL-6KO	mice	suggest	otherwise;	these	mice	displayed	

a	clear	impairment	both	in	the	performance	in	the	MWM	(Baier	et	al.	2009),	and	

in	the	novel	object	recognition	memory	test,	which	is	hippocampus-independent	

(Hryniewicz	 et	 al.	 2007;	 Baier	 et	 al.	 2009),	 pointing	 to	 a	 beneficial	 role	 of	 IL-6	

instead.	 In	 line	 with	 this,	 Il6ΔGfap	 and	 Il6raΔGfap	 mice	 also	 had	 impaired	 spatial	

learning	in	the	MWM	(Erta	et	al.	2015).	The	discrepancy	with	the	direct	effect	of	

IL-6	might	be	 an	 example	of	 the	previously	mentioned	developmental	 effects	 of	

the	deficiency	vs	activity	in	the	adult.	

Therefore,	 IL-6	 clearly	has	a	 role	 in	 spatial	 learning	which	 seems	 to	 rely	

more	on	that	produced	by	astrocytes,	acting	 in	an	autocrine	way.	Future	studies	

with	 other	 conditional	 knock-outs	 (such	 as	microglial)	 and	 Il6raΔSyn1	might	 help	

paint	a	more	complete	picture	of	the	producer	and	target	cells	implicated.	

	

In	 general,	 the	 phenotypic	 differences	 between	 Il6ΔSyn1	 and	 Il6ΔGfap	 mice	

clearly	demonstrate	that	the	source	of	IL-6	is	critical	for	understanding	its	roles,	

and	 that	 autocrine	 and/or	 paracrine	 actions	 of	 IL-6,	 rather	 than	 more	

conventional	endocrine	actions,	are	of	critical	importance	in	the	CNS.		
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7 CONCLUSIONS	

In	 this	work,	we	 have	 used	 conditional	 IL-6	 and	 IL6-Ra	 knock-out	mice	 in	

astrocytes	or	neurons,	as	well	as	the	GFAP-IL6	chronic	neuroinflammation	mouse	

model,	in	order	to	characterize	the	role	of	CNS-produced	IL-6	in	the	regulation	of	

body	weight	and	behavior.	

In	light	of	our	results	we	can	conclude	that:	

	

Astrocytic	IL-6:	

1. has	 a	 pro-survival	 and	 growth-promoting	 in	 utero	 effect,	 evidenced	 by	 the	

underrepresentation	 and	 reduced	 body	 weight	 of	 astrocytic	 conditional	

knock-out	mice	at	the	moment	of	weaning.	

2. inhibits	 longitudinal	 bone	 growth,	 which	 in	 females	 could	 be	 mediated	 by	

IGF-1	given	the	correlation	of	tibial	length	with	serum	IGF-1	levels,	although	

earlier	measures	would	be	required	to	consolidate	this	possibility.	

3. inhibits	 obesity	 in	 a	 situation	 of	 chronic	 caloric	 excess,	 without	 affecting	

energy	intake,	but	has	no	effect	on	glucose	homeostasis.	

4. shows	 no	 effect	 on	 inflammatory	markers	 in	 the	 hypothalamus	 in	 a	 short-

term	high-fat	diet.	

	

Neuronal	IL-6:	

5. also	 has	 a	 pro-survival	 in	 utero	 effect,	 evidenced	 by	 the	 reduced	 weaning	

frequency	of	neuronal	conditional	knock-out	mice	at	weaning.	

6. promotes	 longitudinal	 bone	 growth,	 in	 principle	 independently	 of	 IGF-1,	

although	earlier	effects	should	not	be	disregarded.	

7. promotes	obesity,	with	a	 secondary	affectation	of	 glucose	homeostasis,	 in	 a	

situation	of	 chronic	 caloric	 excess,	possibly	by	affecting	activity	 rather	 than	



	

	

energy	 intake;	even	 though,	 in	a	 context	of	 caloric	deficit	 it	 is	necessary	 for	

the	compensatory	food	intake,	especially	in	males.	

8. restricts	 spontaneous	 locomotor	 activity	 and	 exploration	 and	 facilitates	

anxiety-like	 behavior,	 though	 it	 lacks	 an	 effect	 on	 spatial	 learning	 and	

memory.	

	

Neuronal	IL-6Ra:	

9. is	necessary	 to	mediate	 the	positive	autocrine	effect	of	 IL-6	on	bone	 length,	

given	 that	 lack	 of	 the	 receptor	 and	 the	 cytokine	 in	 neurons	 yield	 a	 similar	

phenotype.	

10. mediates	the	effect	of	IL-6	in	compensatory	food	intake	after	a	fast	in	females,	

suggesting	that	autocrine	action	of	IL-6	is	more	relevant	in	this	sex.	

11. does	not	seem	to	mediate	the	effects	of	either	astrocytic	or	neuronal	IL-6	on	

locomotor	activity,	exploration,	or	anxiety-like	behavior.	

	

In	general,	

12. leaked	Cre	recombinase	activity	depends	on	the	promoter	and	is	a	prevalent	
phenomenon	that	must	be	carefully	accounted	for.	

13. hemizygosity	 of	 Il6	 due	 to	 off-target	 recombination	 is	 not	 critical	 for	 the	
observed	 phenotypes,	 suggesting	 that	 they	 are	 specific	 to	 the	 conditional	

knock-out.	

14. sex	 differences	 depending	 on	 genetic	 model	 or	 intervention	 reinforce	 the	
importance	of	working	with	males	and	females.	

15. IL-6	likely	participates	in	the	development	of	brain	circuitry,	given	the	many	
phenotypes	 observed	 in	 conditional	 knock-outs	 but	 failure	 to	 detect	

differential	Il6	expression	in	the	adult	brain.	
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16. the	 cellular	 source	 of	 IL-6	 in	 the	 CNS,	 being	 it	 astrocytes	 or	 neurons,	 is	

critical	 for	 determining	 its	 effects,	 as	 evidenced	 by	 the,	 in	 many	 cases,	

opposed	 phenotypes	 of	 the	 two	 conditional	 knock-out	 models.	 Thus,	 the	

source	 differentially	 affects	 the	 response	 to	 a	 caloric	 challenge,	 general	

locomotion,	 and	 linear	 growth;	 whilst	 having	 similar	 actions	 on	 in	 utero	

survival,	exploration	and	anxiety.	
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