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Pain	perception	
Pain	 is	an	 important	self‐protecting	signal.	The	pain	system	detects	and	reacts	 to	 (withdrawal	
reflex)	 the	 presence	 of	 an	 acute	 potentially	 injurious	 stimulus	 such	 as	 heat,	 pressure,	 tissue	
damage	or	inflammation	to	avoid	possible	(further)	tissue	damage.	However,	after	inflammation	
or	 tissue	 damage	 has	 resolved,	 persistent	 pain	 can	 develop	 without	 further	 protective	 or	
restorative	 goal.	 Persistent	 or	 chronic	 pain	 has	 become	 a	 major	 health	 problem	 in	 many	
countries,	 especially	 because	 there	 is	 no	 effective	medication	 available	 to	 prevent	 or	 combat	
chronic	pain	 states.	Chronic	pain	 involves	 spontaneous	pain	 in	 the	absence	of	 a	pain‐inducing	
stimulus,	 but	 is	 also	 often	 associated	 with	 an	 increased	 pain	 response	 to	 a	 painful	 stimulus	
(hyperalgesia).	 In	 addition,	 patients	 suffering	 from	 chronic	 pain	 frequently	 report	 that	 pain	 is	
experienced	in	response	to	a	stimulus	that	normally	does	not	evoke	pain,	such	as	light	touch	or	a	
slight	increase	in	temperature	(not	heat);	this	phenomenon	is	known	as	allodynia.	Examples	of	
chronic	pain	are	neuropathic	pain	or	 inflammatory	pain.	Neuropathic	pain	is	a	consequence	of	
nerve	trauma	and	can	develop	in	patients	with	spinal	cord	injury,	diabetic	mellitus,	carpal	tunnel	
syndrome,	multiple	sclerosis	or	it	can	develop	after	chemotherapy184.	Inflammatory	pain	is	often	
observed	 in	 patients	 with	 rheumatoid	 arthritis,	 inflammatory	 bowel	 diseases	 and	
fibromyalgia57,261.	 However,	 inflammatory	 pain	 can	 also	 be	 initiated	 during	 neuropathic	
disorders,	 since	 during	 nerve	 injury	 chemokines	 are	 produced	 to	 recruit	
leukocytes/granulocytes.	 These	 leukocytes/granulocytes	 locally	 produce	 inflammatory	
mediators	 that	 can	 contribute	 to	 both	 pain	 and	 may	 afflict	 damage	 to	 nerve	 terminals155.	 In	
addition,	people	can	develop	chronic	pain	even	when	the	inflammation	has	resolved,	known	as	
post‐inflammatory	pain.	For	example,	the	human	herpes	virus	Varicella	zoster	induces	primary	
infections	 and	 produces	 localized	 skin	 lesions	 and	 damage	 to	 sensory	 nerves,	 leading	 to	
development	of	neuropathic	pain.	However,	when	the	lesions	are	healed	and	the	inflammation	
has	 resolved,	 chronic	 pain	 can	 develop	 and	 post‐herpetic	 neuralgia	will	 develop	 as	 a	 chronic	
pain	state76.	World‐wide	chronic	pain	 is	a	major	clinical	problem	and	effective	pain‐killers	are	
urgently	needed.	However,	pain	is	a	complex	trait	since	many	neurobiological	processes	based	
on	 genetic	 and	 environmental	 characteristics	 play	 a	 role	 in	 the	 aetiology	 of	 chronic	 pain.	
Moreover,	there	is	limited	understanding	of	the	mechanisms	leading	to	transition	from	acute	to	
chronic	pain.	In	this	thesis	I	mainly	focused	on	the	investigation	of	neurobiological	mechanisms	
underlying	 transition	 from	 acute	 to	 chronic	 inflammation‐induced	 pain	 (Chapter	 2‐5)	 and	 in	
addition	the	investigation	on	the	genetic	contribution	to	chronic	pain	(Chapter	6).		

Nociceptors	

All	 painful	 stimuli	 are	 detected	 by	 the	 peripheral	 terminal	 of	 specialized	 sensory	 neurons	
(nociceptors).	When	nociceptors	are	triggered	by	noxious	stimuli	(heat,	cold,	mechanical	stress,	
certain	 chemical	 agents),	 sensory	nerve	 fibers	 become	 activated	 and	 transmit	 information	 via	
the	 cell	 body	 in	 the	dorsal	 root	 ganglion	 (DRG)	 to	a	 central	nerve	 terminal	 in	 the	 spinal	 cord.	
Nociceptive	neurons	can	be	divided	in	medium	or	small	sized	neurons	with	axons	belonging	to	
Aδ	 or	 C‐fibers,	 respectively.	 Aδ‐fibers	 are	 fast‐conducting	 myelinated	 fibers	 and	 are	 mostly	
involved	 in	 transmitting	signals	 from	mechanical	noxious	stimuli	and	produce	the	well‐known	
feeling	of	sharp	pain.	However,	the	majority	of	nociceptors	exist	of	unmyelinated	C‐fibers,	which	
have	a	relatively	low	conduction	velocity.	These	fibers	respond	to	noxious	temperatures	(cold	<	
5°C	and	heat	>	45°C)	and	to	mechanical	or	chemical	stimulation,	and	generate	a	burning	type	of	
pain187.	The	Aδ	and	C‐fibers	 terminate	mainly	 inside	 the	dorsal	horn	of	 the	 spinal	 cord	where	
they	 transmit	 the	 pain	 signal	 to	 the	 so	 called	 “wide	 dynamic	 range”	 neurons.	 These	 neurons	
transport	the	pain	signal	via	the	spino‐thalamic	tract	(STT)	to	the	thalamus;	a	site	in	the	brain	
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where	a	behavioral	response	is	coordinated46.	Under	certain	conditions	the	main	area	to	control	
pain	perception	is	 in	the	spinal	cord.	For	example,	when	a	person	touches	a	hot	object	a	rapid	
withdrawal	(<	0.5	seconds)	movement	is	initiated	to	protect	against	possible	tissue	damage214.	
In	this	example	mainly	C‐fibers	are	activated	and	transmit	pain	signals	to	the	spinal	cord.	Motor	
neurons	in	the	spinal	cord	are	activated	to	control	the	contraction	of	the	muscles	in	the	affected	
area.	The	spinal	cord	is	the	main	area	to	control	the	withdrawal	reflex,	rather	than	the	brain,	and	
is	therefore	also	known	as	spinal	reflex7.	

Pain	hypersensitivity	

Peripheral	sensitization	

During	 tissue	 damage	 or	 inflammation,	 a	 large	 variety	 of	 mediators	 (including	 cytokines,	
chemokines,	 histamines,	 prostaglandins,	 ATP,	 growth	 factors)	 are	 released	 to	 modify	 the	
nociceptor	so	that	the	threshold	for	activation	reduces	and/or	signaling	intensity	increases.	This	
phenomenon	 is	 known	 as	 peripheral	 sensitization	 (i.e.,	 occurring	 in	 the	 peripheral	 nervous	
system)81.	 Under	 noxious	 stimulation,	 this	 process	 can	 lead	 to	 an	 increased	 responsiveness	
(hyperalgesia)	 and	 a	 reduced	 threshold	 (allodynia)	 of	 the	 nociceptors	 involved262.	 Normally,	
nociceptors	 recover	 from	 this	 sensitization	 soon	 after	 the	 tissue	 heals	 or	 the	 inflammation	
resolves.	However,	 the	acute	 transient	hyperalgesia	does	not	always	resolve	and	subsequently	
chronic	pain	may	develop.		

Peripheral	sensitization	mechanisms	

Two	 processes	 are	 important	 for	 the	 development	 of	 peripheral	 sensitization.	 Firstly,	 post‐
translational	modifications	of	the	signaling	proteins	and/or	ion	channels	in	the	nociceptors	may	
occur	as	a	response.	The	majority	of	these	modifications	involve	kinases	(which	can	be	activated	
by	 different	 inflammatory	mediators)	 that	 phosphorylate	 the	 various	 proteins.	 This	 can	 have	
dramatic	 consequences	 for	 the	 properties	 of	 the	 protein.	 For	 example,	 nociceptors	 express	
different	 ion	 channels	 (Na+,	 Ca+,	 K+),	 which	 define	 the	 excitability	 of	 the	 nociceptor	 terminal.	
When	ion	channels	are	activated,	they	will	open	rapidly	and	initiate	a	specific	signaling	cascade.	
Phosphorylation	 of	 sodium	 channels	 lowers	 the	 threshold	 allowing	 a	 lower	 threshold	 for	
opening	of	the	channel	or	longer	duration	of	opening	of	the	channel.	Consequently,	a	stimulus	to	
the	nociceptor	terminal	will	evoke	a	larger	response63.	The	second	process	that	can	contribute	to	
peripheral	sensitization	is	dependent	of	changes	in	protein	expression	and	reorganization	of	the	
cell8.	 Signals	 initiated	 by	 inflammatory	 mediators	 can	 be	 transmitted	 from	 the	 nociceptor	
terminal	along	the	axon	or	nerve	fiber	to	the	cell	body	in	the	DRG.	In	the	DRG,	the	expression	of	
particular	 genes	 can	 be	 increased	 (increase	 in	 transcription)	 and/or	 more	 protein	 can	 be	
produced	(increase	in	translation).	The	newly	synthesized	proteins	are	transported	back	to	the	
nociceptor	 terminal,	 where	 they	 will	 contribute	 to	 peripheral	 sensitization.	 For	 example,	
transient	 receptor	 potential	 vanilloid	 type	 1	 (TRPV1)	 is	 an	 ion	 channel	 that	 is	 activated	 by	
noxious	heat,	acid	and	capsaicin	(compound	in	hot	chili	peppers).	During	inflammation	or	tissue	
damage	 inflammatory	 mediators	 (e.g.	 prostaglandins,	 bradykinin,	 nerve	 growth	 factor	 (NGF)	
and	 chemokines)	 result	 in	 increased	 expression	 of	 TRPV1	 in	 the	 DRG,	 leading	 to	 increased	
expression	 of	 the	 receptor	 in	 the	 nociceptor	 terminal109,270.	 There	 it	 contributes	 to	 increased	
responsiveness	 of	 the	 nociceptor	 terminal	 after	 a	 noxious	 (hyperalgesia)	 or	 innoxious	
(allodynia)stimulus.	 In	 addition,	 changes	 in	 ion	 channels	 can	 also	 cause	 an	 increase	 in	 the	
excitability	 of	 the	 nociceptor	 terminal	 in	 the	 absence	 of	 a	 stimulus	 resulting	 in	 spontaneous	
firing	of	the	neuron.	Furthermore,	A‐	and	C‐fibers	can	be	injured	after	peripheral	nerve	injury,	
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which	 results	 in	 spontaneous	 firing	 of	 the	 peripheral	 neuron	 and	 in	 turn	 initiates	 the	
development	 of	 chronic	 pain101.	 It	 is	 known	 that	 the	 development	 of	 chronic	 pain	 is	 not	 only	
dependent	on	peripheral	mechanisms	but	is	also	mediated	by	the	central	nervous	system.		

Central	sensitization	

Peripheral	sensitization	can	lead	to	central	sensitization,	since	the	output	from	primary	afferent	
nociceptors	 is	 affected.	 In	addition,	 the	 sensitivity	of	 the	wide	dynamic	 range	neurons	 located	
inside	 the	 spinal	 cord	 can	 be	 altered,	 which	 leads	 to	 an	 increase	 in	 the	 excitability	 of	 those	
neurons	contributing	to	central	sensitization.	As	a	result,	those	sensitized	neurons	are	activated	
and	 start	 producing	 inflammatory	 substances	 which	 can	 induce	 a	 pain	 response	 by	 directly	
activating	 the	 neuron	 and/or	 start	 activation	 of	 microglia	 and	 astrocytes.	 Many	 different	
mechanisms	 can	 contribute	 to	 the	 phenomenon	 of	 central	 sensitization	 and	 thereby	 the	
development	of	chronic	pain.	Some	important	aspects	will	be	discussed	below.	

Central	sensitization	mechanisms	

Neuronal‐dependent	sensitization	mechanisms	

In	response	to	peripheral	sensitization,	the	central	terminals	of	the	nociceptors	release	signaling	
molecules	 (e.g.	 glutamate,	 substance	 P,	 CGRP,	 BDNF).	 These	 signaling	 molecules	 act	 on	 the	
specific	neuronal	receptors	in	the	spinal	cord	thereby	initiating	and	activating	signaling	cascades	
leading	 to	 phosphorylation	 of	 receptors	 and	 ion	 channels.	 For	 example,	 the	 neurotransmitter	
glutamate	 is	 released	 from	 the	 primary	 afferent	 neuron	 and	mainly	 binds	 to	 the	N‐methyl‐D‐
aspartate	 (NMDA)	 receptor	 (Ca2+channel),	 the	 ‐amino‐3‐hydroxy‐5‐methyl‐4‐isoxazole‐
propionic	acid	(AMPA)	receptor	and	kainate	receptor	(both	ion	channels	for	Na+)	expressed	on	
wide	dynamic	range	neurons	in	the	spinal	cord.	This	 leads	to	phosphorylation	of	the	channels,	
consequently	 lowering	the	threshold	 for	opening	of	 these	channels	and	thereby	 increasing	the	
excitability	 of	 these	 neurons,	 which	 results	 in	 increased	 responsiveness	 to	 noxious	
stimulation126,253.	 Beside	 neurons	 also	 non‐neuronal	 cells,	 like	 glia	 inside	 the	 spinal	 cord,	 can	
become	activated	via	these	mediators.		

Glia‐dependent		

It	has	long	been	thought	that	the	main	function	of	glia	cells	was	to	physically	support	neurons,	
transport	nutrients	to	neurons,	destroy	pathogens,	remove	cell	debris	and/or	neurotransmitters	
and	to	maintain	the	integrity	of	the	blood‐brain	barrier.	However,	there	is	 increasing	evidence	
that	glia	activation	also	regulates	neuronal	signaling	and	responsivity	and	is	thus	crucial	for	the	
development	of	chronic	pain.	The	two	main	subtypes	of	glia	cells	are	microglia	and	astrocytes.		

Microglia	

During	inflammation	or	tissue	damage,	spinal	cord	microglia	activation	is	initiated	by	neuronal	
signals	(e.g.	ATP,	glutamate,	chemokines,	cytokines)	which	results	in	the	production	and	release	
of	 substances	 that	 act	 on	 neurons	 and	microglia,	 contributing	 to	 the	 development	 of	 chronic	
pain.	Under	normal	circumstances,	microglia	are	in	a	quiescent	state.	It	has	been	suggested	that	
neurons	 produce	 a	 so	 called	 “off‐signal”	 (e.g.	 TGF‐,	 CX3CL1,	 BDNF)	 to	 keep	 microglia	 in	 a	
“resting”	phenotype10.	Similar	to	macrophages,	microglia	change	their	phenotype	when	they	are	
activated	 as	 a	 consequence	 of	 a	 loss	 of	 inhibitory	 signals	 (e.g.	 CD200‐CD200R	 interaction)	
and/or	 increase	 in	 activating	 signals	 (e.g.	 ATP,	 glutamate,	 pro‐inflammatory	 cytokines)10,152.	
Activation	status	of	microglia/macrophages	can	be	subdivided	into	two	main	subtypes,	known	
as	pro‐inflammatory	(M1‐type)	and	anti‐inflammatory	(M2‐type).	These	two	activated	types	can	
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be	 discriminated	 by	 the	 expression	 of	 specific	 markers	 on	 their	 cell	 surface,	 and	 are	
characterized	by	expression	of	pro‐inflammatory	factors	such	as	inducible	nitric	oxide	synthase	
(iNOS)	and	interleukin	(IL)‐1	(in	M1	microglia/macrophages),	or	anti‐inflammatory	cytokines	
including	 transforming	 growth	 factor	 (TGF)‐	 and	 IL‐10	 (in	M2	microglia/macrophages)69,120.	
The	factors	released	during	both	activation	states	have	an	important	effect	on	the	neurons	and	
consequently	 the	 pain	 response.	 For	 example,	 activated	 microglial	 cells	 release	 pro‐
inflammatory	factors	(M1‐factors),	like	IL‐1,	tumor	necrosis	factor	(TNF)‐	and	prostaglandin	
E2	(PGE2)	that	interact	with	their	receptors	expressed	on	neurons.	This	will	increase	neuronal	
excitability	and	chronic	pain	can	develop38,133,255.	On	the	other	hand,	the	effects	of	M2‐factors	(IL‐
10	 and	 TGF‐)	 are	 thought	 to	 regulate	 the	 neuronal	 response	 indirectly,	 by	 inhibiting	 the	
production	of	pro‐inflammatory	mediators	by	glial	cells.	It	has	been	suggested	that	the	initiation	
of	 the	 fractalkine	 pathway	 is	 a	 cause	 for	 the	 production	 of	 inflammatory	 mediators	 and	
consequently	 for	 the	 maintenance	 of	 chronic	 pain.	 The	 fractalkine	 pathway	 is	 an	 important	
mechanism	 for	 neuro‐microglia	 communication	 since	 fractalkine	 is	 expressed	 on	 neurons,	
whereas	 its	 receptor	 CX3CR1	 is	 mainly	 expressed	 on	 microglia/macrophages	 in	 the	 spinal	
cord38,249.	 It	 has	 been	 hypothesized	 that	 under	 conditions	 of	 pain	 primary	 afferent	 neurons	
produce	high	extracellular	ATP	 levels	 to	 induce	 the	release	of	 the	 lysosomal	cysteine	protease	
cathepsin	 S	 (CatS)	 located	 in	 spinal	 microglia.	 Subsequently,	 CatS	 cleaves	 and	 liberates	
fractalkine	 expressed	 on	 neuronal	 membranes.	 The	 soluble	 fractalkine	 interacts	 with	 the	
fractalkine	receptor	(CX3CR1),	which	is	only	expressed	on	microglia	and	initiates	the	p38	MAPK‐
pathway.	p38	MAPK	activation	promotes	the	release	of	pro‐inflammatory	mediators	(e.g.	nitric	
oxide	(NO),	IL‐1)	which	in	turn	sensitize	the	sensory	system	and	maintain	microglia	activation,	
resulting	 in	 chronic	 pain38.	 Therefore,	 the	 activation	 of	 the	 p38MAPK	 signaling	 pathway	 is	 an	
important	 source	 for	 the	production	of	 inflammatory	mediators.	 It	 has	been	 shown	 in	 several	
animal	models	of	chronic	pain,	that	p38	MAPK	is	upregulated	and	that	pain	hypersensitivity	can	
be	 transiently	blocked	by	p38	MAPK	 inhibitors61,111.	 Furthermore,	 the	development	of	 chronic	
pain	can	be	suppressed	by	pretreating	the	animals	with	minocycline	(an	inhibitor	of	microglia	/	
macrophage	 activation),	 indicating	 a	 crucial	 role	 for	 microglia	 in	 the	 regulation	 of	 chronic	
pain61,136,198.	

Not	 only	 neuronal	 signals	 are	 the	 regulators	 of	 microglia	 activation.	 There	 are	 studies	 that	
suggest	 that	under	 certain	pathological	 conditions,	peripheral	monocytes/macrophages	access	
the	CNS	to	regulate	the	microglia	activation	state.	Some	of	those	studies	investigated	the	role	of	
monocytes/macrophages	on	the	injury	or	repair	on	the	damaged	spinal	cord	or	nerve.	However,	
those	 studies	 described	 contradictory	 results	 and	 the	 effect	 of	 peripheral	 monocytes/	
macrophages	on	pain	response	is	still	unclear.	

Astroglia	

The	exact	role	of	astroglia	(astrocytes)	in	the	context	of	pain	has	been	less	studied	than	that	of	
microglia.	 It	 is	 known,	 however,	 that	 astrocytes	 also	 contribute	 to	 chronic	 pain,	 and	 have	 a	
different	role	than	the	microglia.	In	general,	it	is	thought	that	microglial	cells	play	an	important	
role	 in	 the	 early	 phase	 of	 central	 sensitization,	 providing	 a	 fast	 response	 to	 nerve	 damage	 or	
chronic	 inflammation.	 Astrocytes,	 however,	 have	 a	 slower	 and	 more	 permanent	 activation	
profile,	suggesting	that	activated	astrocytes	have	a	role	in	the	maintenance	of	the	hyperalgesia.	
There	is	also	some	speculation	that	astrocytes	can	contribute	to	the	termination	of	hyperalgesia	
by	expressing	immunosuppressive	factors,	which	in	turn	inhibit	microglia	activation83,166,180.	
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SNP’s	in	pain	genes	

Recent	research	shows	that	genetic	factors	can	also	play	an	important	role	in	the	development	of	
chronic	pain.	It	has	been	demonstrated	that	pain	hypersensitivity	can	be	initiated	by	mutations	
in	specific	“pain	genes”.	A	mutation	in	a	gene	can	be	caused	by	a	change	of	one	single	nucleotide,	
also	known	as	single‐nucleotide	polymorphism	(SNP).	During	the	past	several	years,	SNP’s	have	
been	found	in	genes	involved	in	both	the	peripheral	and	the	central	nervous	system.	The	most	
studied	 gene	 in	 relation	 to	 pain	 is	 COMT	 (catechol‐O‐methyltransferase);	 an	 enzyme	 that	
degrades	 neurotransmitters	 including	 dopamine,	 adrenaline	 and	 noradrenaline.	 A	 particular	
SNP	(SNP	rs4680)	in	this	gene	can	result	in	a	COMT	enzyme	with	a	reduced	thermostability,	and	
decreased	 enzymatic	 activity.	 This	 has	 been	 associated	 with	 reduced	 opioid	 activity	 and	
increased	pain	sensitivity146,199.	Furthermore,	SNP’s	 in	genes	 that	encode	 for	 ion	channels	 (e.g.	
SCN9A,	TRPA1	and	TRPV1),	opioid	receptors	(e.g.	OPRM1	and	OPRD1),	enzymes	(e.g.	GCH1	and	
MAOA)	 and	 transcription	 factors	 (NRSF	 and	 NRSE)	 have	 been	 described,	 all	 related	 to	 pain	
perception72,171.	 So	 in	 recent	 years	 progress	 has	 been	 made	 to	 understand	 pain	 genetics.	
However,	 there	 is	 still	 enough	 to	 be	 investigated,	 since	 there	 are	many	 complex	 interactions	
between	environmental	and	genetic	 factors	that	can	potentially	contribute	to	the	development	
of	chronic	pain.		

GPCRs	and	GRKs		

G	protein‐coupled	receptors	(GPCRs)	

Numerous	 pain	 signaling	 molecules	 (e.g.	 chemokines,	 neurotransmitters	 and	 neuropeptides)	
signal	 through	 G	 protein‐	 coupled	 receptors	 (GPCRs).	 GPCR	 signaling	 plays	 an	 essential	 role	
during	pain	perception.	Proper	termination	of	GPCR	signaling	is	essential	to	protect	cells	against	
overstimulation	 (sensitization).	 Upon	 GPCR	 stimulation,	 G	 protein‐coupled	 receptor	 kinases	
(GRKs)	are	 important	 to	 turn	off	 (desensitization)	 the	responsiveness	of	 the	GPCR.	 In	general,	
GPCRs	are	bound	to	hetreotrimeric	G‐proteins,	composed	of	G,	Gand	G	subunits	that	are	in	
an	 inactive	GDP	bound	 state.	 Upon	 receptor	 stimulation,	 conformational	 changes	 in	 the	GPCR	
occur,	which	 allows	 it	 to	 act	 as	 a	 guanine	nucleotide	 exchange	 factor	 (GEF).	This	GEF	 activity	
promotes	 the	exchange	of	bound	GDP	on	G	 for	GTP	and	 the	activated	G	 subunit	dissociates	
from	 the	 G	 subunit.	 Depending	 on	 the	 Gsubtype	 (Gαs,	 Gαi/o,	 Gαq/11,	 Gα12/13)	 specific	
intracellular	 signaling	 cascades	 will	 initiate,	 such	 as	 the	 cAMP	 signaling	 pathway	 and	 the	
phosphatidylinositol	 signaling	 pathway202,254.	 Furthermore,	 phosphorylation	 sites	 on	 the	
activated	 GPCR	 are	 unmasked	which	will	 allow	 GRKs	 to	 phosphorylate	 the	 receptor.	 In	 turn,	
those	 phosphorylated	 sites	 act	 as	 bindings	 sites	 for	 members	 of	 the	 ‐arrestin	 family.	 After	
binding	of	‐arrestin	 to	 the	GPCR,	 the	G‐protein	will	be	uncoupled	 from	 the	 receptor,	 thereby	
terminating	receptor	signaling	(desensitization).	Proper	termination	of	GPCR	signaling	is	crucial	
to	prevent	the	cell	against	over	activation.	Further	desensitization	is	achieved	by	internalization	
of	 the	 receptor;	 consequently	 the	 receptor	 will	 be	 recycled	 and	 transported	 back	 to	 the	
membrane.	 In	 addition	 ‐arrestin	 acts	 as	 a	 scaffold	 protein	 and	 can	 initiate	 intracellular	
signaling	pathways.	In	conclusion,	GRKs	are	crucial	in	controlling	GPCR	signaling,	by	preventing	
cells	from	overstimulation70,127,192.	
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GRK2	

The	 GRK	 family	 consists	 of	 seven	 members	 (GRK1‐7)	 grouped	 in	 3	 subfamilies	 based	 on	
sequence	homology.	The	first	group	is	that	of	the	rhodopsin	kinases	or	visual	GRKs,	GRK1	and	
GRK7,	 which	 are	 expressed	 in	 retinal	 rods	 and	 cones,	 respectively.	 Second,	 the	 GRK2‐like	
subfamily,	 first	 known	 as	 β‐adrenergic	 receptor	 kinase	 includes	 GRK2	 and	 GRK3.	 Third,	 the	
GRK4‐like	family,	consisting	of	GRK4,	GRK5	and	GRK61,64,151,188.		

Interestingly,	 GRK2	 is	 expressed	 in	 all	 tissues	 examined	 so	 far	 with	 specially	 high	 levels	 of	
expression	in	cells	of	the	immune	and	nervous	system149,243.	GRK2	is	the	most	studied	member	
of	the	GRK	family	and	regulates	desensitization	of	several	GPCRs.	Cells	with	reduced	GRK2	levels	
display	 prolonged	 and/or	 more	 pronounced	 signaling	 in	 response	 to	 activation	 of	 GPCRs243.	
More	recent	evidence	indicates	that	GRK2	cannot	only	regulate	cellular	signaling	at	the	level	of	
GPCRs,	but	also	by	direct	 interaction	with	non‐GPCR	substrates,	 such	as	members	of	 the	MAP	
kinase	family	(e.g.	p38	MAPK	and	MEK1/2),	components	of	the	PI3kinase	signaling	pathway	(e.g.	
PI3	 kinase	 and	 Akt),	 cytoskeletal	 elements	 (e.g.	 tubulin	 and	 ezrin)	 and	 the	 cAMP	 sensor	
EPAC60,112,124,185.	Thus	GRK2	can	have	many	functions	in	regulating	intracellular	signaling.		

GRK2	 expression	 levels	 can	 be	 up‐regulated	 or	 down‐regulated,	 which	 has	 been	 observed	 in	
different	 pathological	 conditions.	 For	 example,	 patients	 with	 the	 inflammatory	 disease	
rheumatoid	arthritis	or	multiple	sclerosis	have	reduced	GRK2	protein	levels	in	peripheral	blood	
mononuclear	cells147,242.	In	line	with	these	findings,	GRK2	present	in	leukocytes	was	reduced	in	
response	to	inflammation	in	animal	models	of	these	diseases	(adjuvant	arthritis	and	EAE)148,240.	
In	 cell	 culture,	 pro‐inflammatory	mediators	 have	 been	 shown	 to	 reduce	 GRK2	 in	 several	 cell	
types123,147,150,200.	Therefore	increased	levels	of	inflammatory	mediators	may	reduce	GRK2	levels	
in	conditions	of	chronic	inflammation.	

GRK2	and	pain	

The	 first	 evidence	 that	GRK2	was	 associated	with	pain	perception	 came	after	 the	 finding	 that	
spinal	cord	GRK2	levels	were	decreased	in	a	rodent	model	of	neuropathic	pain123.	To	investigate	
more	 in	detail	 the	contribution	of	GRK2	 in	pain	perception,	 special	GRK2	knockout	mice	were	
generated.	A	homozygous	knockout	model	for	deletion	of	GRK2	in	all	cells	is	not	available,	since	
homozygous	 GRK2	 knockout	 mice	 die	 in	 utero.	 However,	 heterozygous	 GRK2	 knockout	 mice	
(GRK2+/‐	mice)	are	available.	 In	these	mice,	 the	 level	of	GRK2	 is	reduced	by	approximately	35‐
55%	in	all	tissues	examined	so	far61,107,242.		

In	the	first	study	examining	the	contribution	of	GRK2	to	inflammatory	pain,	the	development	of	
thermal	and	mechanical	hyperalgesia	in	response	to	an	acute	peripheral	inflammatory	stimulus	
in	control	wild	type	(WT)	and	GRK2+/‐	mice	was	investigated.	Injection	of	carrageenan	(seaweed	
extract)	 in	 the	 paw	 of	WT	mice	 induces	 acute	 thermal	 hyperalgesia	which	 lasts	 for	 2‐3	 days.	
Interestingly,	the	same	injection	in	GRK2+/‐	mice	resulted	in	increased	and	markedly	prolonged	
hyperalgesia;	 in	GRK2‐deficient	mice	 it	takes	approximately	3	weeks	to	completely	resolve	the	
hyperalgesia61,123.	 Carrageenan	 induces	 an	 inflammatory	 soup,	 so	 a	 large	 number	 of	 different	
receptors	 for	 inflammatory	 mediators	 on	 nociceptors	 are	 activated,	 which	 in	 turn	 activates	
multiple	 intracellular	 signaling	 cascades.	 This	 makes	 it	 more	 difficult	 to	 understand	 the	
underlying	mechanisms	 that	 contribute	 to	 the	 development	 of	 chronic	 pain.	 Further	 evidence	
that	 low	GRK2	promotes	 the	 transition	 from	acute	 to	chronic	pain	comes	 from	studies	using	a	
single	 injection	 of	 an	 inflammatory	 mediator	 (e.g.	 PGE2,	 CCL3,	 epinephrine,	 IL‐1)	 to	 induce	
hyperalgesia	 or	 allodynia.	 All	 tested	 inflammatory	 mediators	 markedly	 prolonged	 the	
hyperalgesia	in	GRK2+/‐	mice60,61,245.	
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The	development	of	chronic	hyperalgesia	is	not	only	the	result	of	a	complex	interaction	between	
different	 signaling	 cascades.	 As	 mentioned	 above,	 the	 interplay	 between	 different	 cell	 types	
including	peripheral	neurons,	wide	dynamic	range	neurons,	microglia	and	astrocytes	contribute	
to	 the	 development	 and	maintenance	 of	 hyperalgesia.	 Therefore,	 cell	 specific	 GRK2	 knockout	
mice	 were	 generated	 to	 understand	 at	 which	 level	 of	 pain	 processing	 GRK2	 deficiency	 is	
contributing	 to	 the	 transition	 to	 chronic	 pain.	 Results	 of	 studies	 in	 mice	 with	 a	 cell	 specific	
reduction	 in	 one	 of	 the	 main	 players	 in	 the	 pain	 response	 have	 allowed	 more	 detailed	
understanding	 of	 the	 mechanisms	 contributing	 to	 transition	 to	 chronic	 pain.	 For	 example,	 a	
selective	 reduction	 of	 GRK2	 in	 nociceptors	 increased	 acute	 hyperalgesia	 and	 prolonged	
hyperalgesia	 induced	by	 carrageenan.	However,	 this	 prolongation	was	not	 sufficient	 to	mimic	
the	3	weeks	of	carrageenan‐induced	hyperalgesia	observed	 in	mice	with	 low	GRK2	 in	all	cells.	
Conversely,	 low	GRK2	 levels	 in	 LysM‐positive	 cells	 (i.e.	microglia/macrophages/granulocytes)	
does	not	have	any	effect	on	acute	carrageenan‐induced	hyperalgesia,	but	significantly	prolongs	
its	duration.	In	the	carrageenan	model,	the	reduced	level	of	GRK2	in	microglia/macrophages	of	
LysM‐GRK2+/‐mice	 is	 sufficient	 to	 cause	 the	 transition	 to	 chronic	hyperalgesia	with	a	duration	
similar	to	that	of	observed	in	mice	with	low	GRK2	in	all	cells.	Low	GRK2	levels	in	astrocytes	did	
not	affect	the	course	of	inflammatory‐induced	hyperalgesia.	In	addition,	GRK2	levels	are	reduced	
in	microglia/macrophages	 isolated	 from	 lumbar	 spinal	 cord	 in	 a	 rodent	model	 of	 neuropathic	
pain61.	Collectively,	 these	previous	 findings	all	 indicate	 that	GRK2	 is	an	 important	regulator	of	
spinal	 cord	 microglia/macrophage	 activation	 and	 thereby	 can	 regulate	 the	 duration	 of	
inflammatory‐induced	hyperalgesia.		

Outline	of	the	thesis	
The	 main	 aim	 of	 the	 studies	 described	 in	 this	 thesis	 was	 to	 investigate	 the	 role	 of	 GRK2	 in	
inflammatory	hyperalgesia	 and	 to	unravel	neurobiological	downstream	mechanisms	 (Chapter	
2‐4).	 Furthermore,	we	 developed	 and	 tested	 a	 potential	 therapeutic	 drug	 to	 alleviate	 chronic	
pain	 (Chapter	5)	 and	 investigated	 genetic	 variants	 in	 patients	with	 chronic	widespread	 pain	
(Chapter	6).		

In	Chapter	2	we	determined	whether	ongoing	inflammation	changes	GRK2	expression	in	spinal	
microglia/macrophages.	 Subsequently,	 we	 investigated	 whether	 and	 how	 reduced	 GRK2	 in	
microglia/macrophages	 regulates	 the	 duration	 of	 hyperalgesia	 induced	 by	 a	 single	 peripheral	
injection	of	IL‐1	and	which	signaling	cascades	are	involved.		

In	Chapter	3	we	 investigated	 the	 contribution	of	microRNA‐124	 to	 regulation	of	hyperalgesia	
and	 microglia/macrophage	 activation	 in	 GRK2‐deficient	 mice.	 Subsequently,	 we	 determined	
whether	low	GRK2	is	associated	with	the	expression	of	the	M1	and	M2	phenotype	in	spinal‐cord	
microglia.	In	addition,	we	investigated	the	effect	of	miR‐124	treatment	in	chronic	inflammatory	
and	neuropathic	pain	in	WT	mice.		

In	 Chapter	 4	 we	 investigated	 whether	 peripheral	 monocytes/macrophages	 contribute	 to	 the	
course	of	 IL‐1‐induced	hyperalgesia.	 In	addition	we	determined	whether	adoptive	transfer	of	
WT,	GRK2+/‐	and	IL‐10	bone	marrow‐derived	monocytes	can	prevent	the	transition	to	persistent	
IL‐1‐induced	hyperalgesia	in	LysM‐GRK2+/‐	mice.		

In	Chapter	5	we	developed	a	novel	p38	MAPK	compound	as	a	potential	therapeutic	drug	to	treat	
inflammation‐induced	 chronic	 hyperalgesia.	 Subsequently,	 we	 tested	 whether	 this	 new	
compound	can	attenuate	carrageenan‐induced	chronic	pain.		
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In	Chapter	6	we	identified	genetic	variants	in	patients	with	chronic	widespread	pain	by	a	large‐
scale	 hypothesis‐free	 genome‐wide	 association	 study	 (GWAS).	 Subsequently	 we	 studied	
expression	levels	of	the	nearest	two	genes	in	mice	with	inflammatory‐induced	chronic	pain.		

In	Chapter	7	all	findings	are	summarized	and	discussed.	Furthermore,	concluding	remarks	and	
implications	for	future	research	are	presented.			
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Abstract	
Chronic	 pain	 associated	 with	 inflammation	 is	 a	 major	 clinical	 problem,	 but	 the	 underlying	
mechanisms	are	incompletely	understood.	Recently,	we	reported	that	GRK2+/‐	mice	with	a	~50%	
reduction	of	GRK2	develop	prolonged	hyperalgesia	 following	a	 single	 intraplantar	 injection	of	
the	 pro‐inflammatory	 cytokine	 interleukin‐1	 (IL‐1).	 Here	 we	 show	 that	 spinal	
microglia/macrophage	 GRK2	 is	 reduced	 during	 chronic	 inflammation‐induced	 hyperalgesia.	
Next,	 we	 applied	 CRE‐Lox	 technology	 to	 create	 mice	 with	 low	 GRK2	 in	
microglia/macrophages/granulocytes	 (LysM‐GRK2f/+),	 or	 sensory	 neurons	 or	 astrocytes.	 Only	
mice	 deficient	 in	 microglial/macrophage/granulocyte	 GRK2	 display	 prolonged	 IL‐1‐induced	
hyperalgesia	 that	 lasts	 up	 to	 8	 days.	 Two	 days	 after	 intraplantar	 IL‐1increased	
microglial/macrophage	 activity	 occurs	 in	 the	 lumbar	 but	 not	 thoracic	 spinal	 cord	 of	 GRK2‐
deficient	 mice.	 Intrathecal	 pre‐treatment	 with	 minocycline,	 an	 inhibitor	 of	
microglia/macrophage	 activation,	 accelerates	 resolution	 of	 hyperalgesia	 independent	 of	
genotype	and	prevents	transition	to	chronic	hyperalgesia	in	GRK2+/‐	mice.	Ongoing	hyperalgesia	
in	GRK2+/‐	mice	is	reversed	by	minocycline	administration	at	days	1	and	2	after	IL‐1injection.	
Similarly,	 IL‐1‐induced	 hyperalgesia	 in	 LysM‐GRK2f/+	 mice	 is	 attenuated	 by	 intrathecal	
administration	 of	 anti‐CX3CR1	 to	 abrogate	 fractalkine‐signaling,	 the	 p38	 inhibitor	 SB239063	
and	 the	 IL‐1	antagonist	 IL‐1ra.	These	data	establish	 that	 chronic	 inflammatory	hyperalgesia	 is	
associated	with	 reduced	 GRK2	 in	microglia/macrophages	 and	 that	 low	GRK2	 in	 these	 cells	 is	
sufficient	 to	 markedly	 prolong	 hyperalgesia	 after	 a	 single	 intraplantar	 injection	 of	 IL‐
1Ongoing	 hyperalgesia	 is	 maintained	 by	 spinal	 microglial/macrophage	 activity,	 fractalkine	
signaling,	 p38	 activation	 and	 IL‐1	 signaling.	We	 propose	 that	 chronic	 inflammation	 decreases	
spinal	microglial/macrophage	GRK2,	which	prevents	silencing	of	microglia/macrophage	activity	
and	thereby	contributes	to	prolonged	hyperalgesia.		
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Introduction		
Pain	 associated	 with	 inflammation	 is	 an	 important	 clinical	 issue	 and	 can	 persist	 long	 after	
resolution	 of	 inflammation155,216.	 Peripheral	 inflammation	 increases	 the	 response	 to	 painful	
stimuli	via	direct	actions	of	inflammatory	mediators	such	as	interleukin‐1	(IL‐1)	on	primary	
sensory	 neurons11,100,216.	 This	 peripheral	 sensitization	 rapidly	 but	 transiently	 increases	
excitability	of	primary	nociceptors	and	leads	to	a	transient	increase	in	the	response	to	noxious	
stimulation100.	 Modulation	 of	 inflammatory	 hyperalgesia	 also	 takes	 place	 at	 the	 level	 of	 the	
spinal	 cord,	 and	 glial	 cells	 have	 been	 implicated	 in	 this	 process55,166.	 However,	 the	
neurobiological	 mechanisms	 underlying	 inflammation‐associated	 pain	 have	 only	 begun	 to	 be	
unraveled.	 Very	 little	 is	 currently	 known	 about	 the	 intra‐	 and	 intercellular	 pathways	 that	
contribute	to	resolution	of	inflammatory	hyperalgesia.		

G	 protein‐coupled	 receptor	 kinase	 2	 (GRK2)	 belongs	 to	 a	 family	 of	 seven	 G	 protein‐coupled	
receptor	 kinases188,202.	 GRK2	 phosphorylates	 agonist‐activated	 G	 protein‐coupled	 receptors	
(GPCRs),	 leading	 to	 receptor	 desensitization	 and	 internalization202,244.	 GRK2	 can	 also	 interact	
with	 elements	 of	 several	 intracellular	 signaling	 pathways,	 including	 Akt,	 MEK1/2,	
phosphoinositide‐3	 kinase	 (PI3	 kinase)	 and	 p38	 MAPK,	 as	 well	 as	 various	 cytoskeletal	
elements185,205.	 These	 two	pathways	 allow	GRK2	 to	 regulate	 intracellular	 signaling	not	 only	 in	
response	to	GPCR	activation	but	also	independent	of	GPCRs.	An	example	of	this	last	mechanism	
is	 the	 enhanced	 in	 vitro	 cytokine	 response	 of	 macrophages	 or	 microglia	 from	 GRK2+/‐	 mice	
following	 Toll‐like	 receptor	 (TLR)4	 stimulation177,185.	 During	 the	 past	 several	 years,	 we	 have	
developed	evidence	for	a	role	of	GRK2	in	regulating	chronic	pain.	At	the	correlational	level,	we	
established	 that	 GRK2	 in	 neurons	 of	 the	 spinal	 cord	 dorsal	 horn	 is	 reduced	 in	 two	models	 of	
neuropathic	pain,	 i.e.	chronic	constriction	 injury	 in	rats	and	partial	spinal	nerve	transection	 in	
mice123,125.	 In	 addition,	 GRK2	 levels	 are	 reduced	 in	 microglia/macrophages	 isolated	 from	 the	
lumbar	spinal	cord	 in	the	L5	spinal	 transection	model	of	neuropathic	pain	 in	rats61.	Moreover,	
thermal	hyperalgesia	induced	by	transient	inflammatory	stimuli,	such	as	carrageenan,	the	GPCR‐
binding	 chemokine	 CCL3	 and	 the	 pro‐inflammatory	 cytokine	 IL‐1	 is	markedly	 prolonged	 in	
GRK2+/‐	mice	 that	 express	 only	 40‐60%	of	 normal	 GRK2	 levels61.	 These	 data	 strongly	 suggest	
GRK2	 to	be	a	crucial	molecule	 in	actively	suppressing	events	 that	are	associated	with	 thermal	
prolonged	hyperalgesia.	

The	 aim	 of	 experiments	 reported	 here	 was	 to	 test	 the	 hypothesis	 that	 reduced	 GRK2	 in	
microglia/macrophages	 is	 critical	 for	 prolonging	 the	 duration	 of	 inflammatory	 pain	 and	 to	
investigate	 the	 underlying	 mechanisms.	 We	 first	 determined	 whether	 ongoing	 inflammation	
changes	GRK2	expression	in	spinal	cord	microglia/macrophages.	Subsequently,	we	investigated	
whether	 and	 how	 reduced	 GRK2	 in	 microglia/macrophages	 regulates	 the	 duration	 of	
hyperalgesia	 induced	by	a	 single	peripheral	 injection	of	 IL‐1.	 For	 this	purpose,	we	compared	
mice	heterozygous	for	deletion	of	GRK2	only	in	microglia/macrophage	generated	using	CRE‐Lox	
technology	 and	 littermate	 controls.	 As	 a	 control,	 we	 used	mice	with	 low	 GRK2	 specifically	 in	
primary	sensory	neurons	or	in	astrocytes.	

Materials	and	Methods	

Animals	

Female	 C57Bl/6	 mice	 (12‐14	 weeks)	 heterozygous	 for	 targeted	 deletion	 of	 the	 GRK2	 gene	
(GRK2+/‐)	and	their	WT	littermates	were	used61,107.	In	addition,	mice	with	cell‐specific	reduction	
of	 GRK2	 were	 generated	 using	 CRE‐Lox	 technology;	 GFAP‐GRK2f/+,	 LysM‐GRK2f/+,	 Nav1.8‐
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GRK2f/+	and	control	GFAP‐GRK2+/+,	LysMGRK2+/+	or	Nav1.8‐GRK2+/+	offspring	were	generated	by	
breeding	 heterozygous	 GFAP‐CRE	 (Jackson	 laboratories,	 Bar	 Harbor,	 ME,	 USA),	 homozygous	
LysM‐CRE	 (Jackson	 laboratories)	 or	 homozygous	 Nav1.8‐CRE	 transgenic	 mice224	 with	
heterozygous	GRK2‐Lox	mice	(GRK2f/+)156.	Heterozygous	floxed	GRK2	mice	were	used	to	obtain	
a	 similar	 reduction	 in	 GRK2	 levels	 as	 in	 GRK2+/‐	mice.	 LysM‐GRK2f/f	 mice	were	 generated	 by	
breeding	 LysM‐GRK2f/+	 with	 homozygous	 GRK2‐Lox	 mice.	 The	 mice	 were	 genotyped	 by	 PCR	
analysis	on	genomic	DNA.	They	were	bred	and	maintained	in	the	animal	facility	of	the	University	
of	Utrecht	(The	Netherlands).	All	experiments	were	performed	in	accordance	with	international	
guidelines	 and	approved	by	 the	Experimental	Animal	Committee	of	University	Medical	Center	
Utrecht.	

Carrageenan	paw	inflammation,	spinal	microglia/macrophage	isolation	and	
immunohistochemical	staining	

The	mice	received	an	 intraplantar	 injection	of	20l	‐carrageenan	(2	%	(w/v),	Sigma‐Aldrich,	
St.	Louis,	MO,	USA)	in	saline	in	both	hind	paws.	At	day	6	after	carrageenan,	they	were	sacrificed	
and	spinal	cord	lumbar	enlargements	of	4	mice	were	pooled.	Spinal	cords	were	ground	briefly	
using	 a	 glass	Potter	 in	4	ml	 ice‐cold	Hanks'	 balanced	 salt	 solution	 (HBSS,	Gibco,	Carlsbad,	CA,	
USA),	containing	15	mM	N‐2‐hydroxyethylpiperazine‐N´‐2‐ethanesulfonic	acid	(Gibco)	and	0.5%	
glucose	 (Sigma‐Aldrich).	 Suspensions	 were	 passed	 through	 a	 70‐m	 cell	 strainer	 (BD	
Biosciences,	Alphen	aan	de	Rijn,	The	Netherlands),	the	cells	were	centrifuged	at	400g	for	7	min.	
at	10°C	and	resuspended	 in	75%	Percoll	 (GE	Healthcare,	Uppsala,	Sweden)	 in	HBSS.	A	density	
gradient	consisting	of	4	ml	cells	 in	75%	Percoll,	3	ml	50%	Percoll,	3	ml	35%	Percoll,	and	2	ml	
dPBS	 (Gibco)	was	 centrifuged	 (1000g	 for	 20	min.	 at	 10°C).	 The	 cells	 at	 the	 50/75%	 interface	
were	collected,	washed	in	ice‐cold	DPBS,	and	resuspended	in	DPBS	containing	1%	Bovine	Serum	
Albumin.	The	cells	were	rapidly	centrifuged	onto	a	microscope	slide	using	a	cytospin	centrifuge.		

The	 cells	were	 fixed	 in	 acetone	 at	 ‐20°C	 for	5	minutes.	 Slides	were	blocked	 in	PBS	 containing	
0.1%	 saponin	 and	 2%	 BSA	 and	 2%	 normal	 goat	 serum	 and	 incubated	with	 rabbit‐anti‐GRK2	
(1:100,	Santa	Cruz	Biotechnology,	Santa	Cruz,	CA)	and	rat‐anti‐CD11b	(1:200,	BD	Biosciences).	
The	 specificity	of	GRK2	staining	was	 controlled	by	using	primary	anti‐GRK2	antibody	blocked	
with	 a	 GRK2	 blocking	 peptide	 (Santa	 Cruz	 Biotechnology).	 Specificity	 of	 CD11b	 staining	 was	
controlled	by	using	isotype	control	antibody.	Staining	was	visualized	using	alexa488‐conjugated	
goat‐anti‐rabbit	antibody	and	alexa594‐conjugated	goat‐anti‐mouse	(1:200,	Invitrogen,	Paisley,	
UK)	and	slides	were	stained	with	Dapi	(Sigma‐Aldrich).	Using	this	procedure,	more	than	95%	of	
the	 isolated	 cells	 were	 CD11b	 positive.	 The	 cells	 were	 photographed	 with	 a	 Zeiss	 Apotome	
Microscope	(Zeiss,	Oberkochen,	Germany)	and	GRK2	levels	in	CD11b+	cells	were	analyzed	with	
ImageJ	software.	

IL‐1β‐induced	hyperalgesia	

The	mice	received	an	intraplantar	injection	in	the	hind	paw	of	5	l	recombinant	mice	IL‐1	(200	
ng/ml	or	20	ng/ml;	Peprotech,	Rocky	Hill,	NJ,	USA)	diluted	 in	 saline.	Heat	withdrawal	 latency	
times	 were	 determined	 using	 the	 Hargreaves	 (IITC	 Life	 Science,	 Woodland	 Hills,	 CA)	 test	 as	
described89.	Intensity	of	the	light	beam	was	chosen	to	induce	a	heat	withdrawal	latency	time	of	
approximately	 8	 s	 at	 baseline.	 Mechanical	 allodynia	 was	 measured	 with	 von	 Frey	 hairs	
(Stoelting,	 Wood	 Dale,	 USA)	 and	 the	 50%	 paw	 withdrawal	 thresholds	 were	 calculated	 as	
described28.	Baseline	withdrawal	 latencies	were	determined	on	three	consecutive	days.	On	the	
third	day,	the	mice	received	an	intraplantar	injection	of	IL‐1.	Intraplantar	injection	of	saline	did	
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not	 induce	 detectable	 hyperalgesia	 in	 any	 of	 the	 genotypes.	 All	 behavioral	 experiments	were	
performed	by	an	experimentater	blinded	to	treatment	and	in	a	randomised	set	up.	

Drug	administration		

Intrathecal	 (i.t)	 injections	 were	 performed	 as	 described	 by	 Hylden	 and	Wilcox103	 under	 light	
isoflurane/O2	anesthesia.	The	following	drugs	were	injected	i.t.	in	a	volume	of	5	l:	minocycline	
(30	 g	 in	 PBS61,233;	 Sigma‐Aldrich),	 mouse	 recombinant	 fractalkine	 (1	 ng	 in	 saline35;	 R&D	
systems,	Minneapolis,	MN,	USA),	rabbit	ant‐rat	CX3CR1	(1	g	 in	saline35;	Torrey	Pines	Biolabs,	
NJ,	 USA)	 or	 normal	 rabbit	 IgG	 (1	 g	 in	 saline;	 Upstate,	 Millipore,	 MA,	 USA),	 p38	 inhibitor	
SB239063	(5	g	in	10%	DMSO	in	saline25;	Sigma‐Aldrich),	PI3	kinase	inhibitor	LY294002	(5	g	
in	saline264;	Sigma‐Aldrich),	IL‐1ra	(10	ng	in	saline135;	R&D	systems).		

Intraperitoneal	administrations	of	minocycline	(50	mg/kg198)	were	performed	at	day	1	and	day	
2	after	intraplantar	IL‐1	injection.	

Immunohistochemistry	spinal	cord	slices	and	paw	biopsies	

Two	days	after	intraplantar	IL‐1	mice	were	deeply	anesthetized	with	sodium	pentobarbital	(50	
mg/kg,	 i.p.),	and	perfused	 intracardially	with	saline	 followed	by	4%	paraformaldehyde	 in	PBS.	
Spinal	cords	were	removed,	post‐fixed	in	4%	paraformaldehyde	for	6	hours	at	4°C,	equilibrated	
in	 30%	 sucrose,	 and	 mounted	 in	 OCT	 compound	 (Optimal	 Cutting	 Temperature	 compound;	
Sakura,	 Zoeterwoude,	 The	 Netherlands).	 Transverse	 spinal	 cord	 sections	 (10	 μm)	 of	 thoracic	
segments	 T8‐T10	 and	 lumbar	 segments	 L2‐L4	 were	 cut	 using	 a	 cryostat.	 The	 sections	 were	
blocked	 in	 5%	 normal	 goat	 serum	 (NGS)	 and	 0.1%	 Triton	 X‐100	 in	 PBS.	 They	 were	 then	
incubated	overnight	at	4°C	with	1:200	rabbit	anti‐Iba‐1	(Wako	Pure	Chemical	Industries,	Japan)	
and	 binding	 was	 visualized	 using	 alexa488‐conjugated	 goat‐anti‐rabbit	 antibody	 (1:200;	
Invitrogen).	The	slides	were	analyzed	for	Iba‐1+	cells	with	a	Leica	TCS‐NT confocal	microscope. 

Paw	biopsies	were	fixed	in	4%	paraformaldehyde,	embedded	in	paraffin,	blocked	with	5%	NGS	
in	 PBS/0.5%	 Triton	 X.	 The	 sections	 were	 incubated	 with	 1:200	 rabbit	 anti‐Iba‐1	 (Wako)	
monoclonal	 antibody	 followed	 by	 incubation	 with	 1:200	 goat‐anti‐rabbit	 biotin	 (Vector	
Laboratories,	 Burlingame,	 CA,	USA).	 Staining	was	 visualized	using	Vectastatin	ABC	kit	 (Vector	
Laboratories)	and	diaminobenzamidine	(DAB)	(Sigma‐Aldrich).	

Primary	microglia	and	macrophage	isolation	

To	control	for	effective	cell‐specific	deletion	or	reduction	of	GRK2	expression,	we	analyzed	GRK2	
protein	 levels	 in	 peritoneal	 macrophages	 and	 primary	 microglia.	 The	 macrophages	 were	
collected	 from	 the	peritoneal	 cavity	 after	 intraperitoneal	 injection	of	 3	ml	RPMI‐1640	 (Gibco)	
using	CD11b	micro	beads	and	a	MACS	 column	 (Miltenyi	Biotec,	Bergisch	Gladbach,	Germany).	
Mixed	primary	cultures	of	cortical	astrocytes	and	microglia	were	obtained	from	1‐day‐old	mice.	
Cortices	 were	 dissected	 after	 removal	 of	 meninges	 and	 blood	 vessels,	 minced	 and	 incubated	
with	0.25%	trypsin	for	15	min.	 in	Grey’s	balanced	salt	solution	containing	100	U/ml	penicillin,	
100	g/ml	 streptomycin	 and	30	mM	D(+)‐glucose.	The	 cells	were	dissociated	 and	 cultured	 in	
poly‐L‐ornithine	(15	g/ml)‐coated	culture	flasks	in	DMEM/Ham’s	F10	(1:1)	supplemented	with	
10%	 FCS,	 2	mM	 glutamine	 and	 antibiotics	 as	 stated	 above.	 After	 10‐12	 days,	 the	 flasks	were	
shaken	for	3	h	at	37°C	to	collect	microglia.		
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Total	cell	lysates	were	prepared	in	RIPA	buffer	(20	mM	Hepes	pH	7.5,	1%	Triton	X‐100,	150	mM	
NaCl,	10	mM	EDTA	and	protease	inhibitors	(Sigma‐Aldrich))	for	30	min.	at	4°C	followed	by	15	
min.	centrifugation	at	13,000	rpm.	

Western	Blotting	

Protein	concentrations	of	the	total	cell	lysates	were	determined	using	a	protein	assay	(Bradford	
assay,	Bio‐Rad,	Alphen	a/d	Rijn,	The	Netherlands).	Protein	samples	(20	g)	were	separated	by	
10%	 SDS‐PAGE	 and	 transferred	 to	 nitrocellulose	 membranes	 (Hybond‐C,	 Amersham	
Biosciences,	 Roosendaal,	 The	 Netherlands).	 The	 membranes	 were	 stained	 with	 1:300	 rabbit	
anti‐GRK2	or	1:2000	goat	anti‐‐actin	(both	Santa	Cruz	Biotechnology)	 followed	by	 incubation	
with	1:5000	donkey	anti	rabbit‐HRP	(Amersham	Biosciences)	or	1:5000	donkey‐anti‐goat‐HRP	
(Santa	 Cruz	 Biotechnology).	 Specific	 bands	 were	 visualised	 by	 chemiluminescence	 (ECL,	
Amersham	 Biosciences)	 with	 X‐ray	 film	 exposure.	 The	 films	 were	 scanned	 with	 a	 GS‐700	
Imaging	Densitometer	and	analyzed	with	Quantity	One	Software	(Bio‐Rad).	

Real‐time	RT‐PCR	

Total	 RNA	 was	 isolated	 from	 thoracic	 and	 lumbar	 spinal	 cord	 or	 paw	 biopsies	 with	 Trizol	
(Invitrogen).	 One	 microgram	 of	 total	 RNA	 was	 used	 to	 synthesize	 cDNA	 with	 SuperScript	
Reverse	Transcriptase	 (Invitrogen).	The	real‐time	PCR	reaction	was	performed	with	 iQ5	Real‐
Time	PCR	Detection	System	(Bio‐Rad)	using	the	following	primers:		

‐ CatS	forward:	CggCgTCTCATCTgggAAAAg,	reverse:	gAgCACCCATCCgACACAAg	

‐ Fractalkine	forward:	gCgAgTgACTACTAggAg,	reverse:	gATTCgTgAggTCATCTTg	

‐ CX3CR1	forward:	TgTCCACCTCCTTCCCTgAA,	reverse:	TCgCCCAAATAACAggCC	

‐ IL‐1β	forward:	CAACCAACAAgTgATATTCTCCATg,	reverse:	gATCCACACTCTCCAgCTgCA	

Data	were	normalized	for	GAPDH	expression.	GAPDH	forward:	TgAAgCAggCATCTgAggg,	reverse	
CgAAggTggAAgAgTgggAg.	

MPO‐activity		

MPO‐activity	in	paw	biopsies	was	determined	as	described	before59.	Briefly,	frozen	paw	biopsies	
were	homogenized	in	50	mM	Hepes	buffer	(pH	8.0)	using	a	Potter	homogenizer.	Homogenates	
were	 centrifuged	 for	 30	 min	 at	 10,000g	 at	 4°C,	 the	 pellets	 were	 used	 to	 determine	
myeloperoxidase	(MPO)	activity.	

Statistical	Analysis	

All	data	are	presented	as	mean	±	SEM.	Two‐way	ANOVA	with	Bonferroni	post‐tests	was	used	to	
analyze	the	effect	of	time	or	location	and	genotype.	
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Results	

GRK2	levels	are	decreased	in	spinal	cord	microglia/macrophages	during	
inflammatory	hyperalgesia	

The	first	question	we	addressed	is	whether	ongoing	peripheral	inflammation	is	associated	with	
changes	 in	 GRK2	 expression	 in	 spinal	 cord	microglia/macrophages.	 The	 rationale	 to	 perform	
these	 experiments	 was	 to	 determine	whether	 GRK2	 in	 spinal	 cord	microglia/macrophages	 is	
reduced	under	pathophysiological	 conditions.	To	answer	 this	question,	we	used	 the	high	dose	
carrageenan	 model	 of	 paw	 inflammation100.	 WT	 mice	 received	 an	 intraplantar	 injection	 of	
carrageenan	at	a	dose	that	induces	prolonged	inflammation	and	hyperalgesia	(20	l2%98).At	6	
days	after	intraplantar	carrageenan,	thermal	sensitivity	(heat	withdrawal	latency	at	baseline	8.5	
	 0.2	 s)	was	 increased	 indicating	 ongoing	 hyperalgesia	 (decrease	 in	 heat	withdrawal	 latency;	

	

Figure	2.1:	GRK2	 levels	 in	 spinal	microglia/macrophages	during	 inflammatory	hyperalgesia.	 (A)
GRK2	expression	in	microglia/macrophages	isolated	from	lumbar	spinal	cord	at	6	days	after	intraplantar
carrageenan	 or	 saline	 administration	 was	 compared	 by	 immunofluorescence	 analysis.	 Representative
pictures	of	GRK2,	CD11b	and	DAPI‐staining	of	isolated	microglia/macrophages.	(B)	GRK2	expression	was
quantified	 in	 approximately	 60	 cells	 per	 group	 on	 three	 different	 slides	 each	 containing
microglia/macrophages	 from	 spinal	 cord	 of	 4	 mice	 per	 group.	 Data	 are	 expressed	 as	 mean	 SEM.	 ***
p<0.001.		
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vehicle	1.34	±	2.14%;	carrageenan:	39.33	±	2.92%,	n	=	12	per	group;	p<0.01)	and	paw	thickness	
(baseline	1.47		0.02	mm)	was	increased	(vehicle:	0.94	±	5.72%,	carrageenan:	48.69	±	8.37%,	n	
=	4	per	group;	p<0.001)	indicative	of	ongoing	inflammatory	activity.	At	this	time	point,	the	mice	
were	sacrificed	and	microglia/macrophages	were	isolated	from	lumbar	spinal	cord	to	determine	
the	level	of	GRK2	protein	by	immunohistochemistry.	We	used	this	approach	because	our	earlier	
studies	 showed	 that	 GRK2	 levels	 in	microglia/macrophages	 cannot	 be	 determined	 reliably	 in	
tissue	sections	due	the	high	level	of	expression	of	GRK2	in	spinal	cord	neurons	that	masks	the	
microglial/macrophage	 signal123,125.	 As	 is	 shown	 in	 figure	 2.1,	 GRK2	 protein	 level	 in	
microglia/macrophages	 isolated	 from	 lumbar	 spinal	 cord	 of	 carrageenan‐treated	 mice	 was	
reduced	 by	 approximately	 40%	 as	 compared	 to	 microglia/macrophages	 from	 spinal	 cord	 of	
saline‐treated	 controls.	 These	 findings	 indicate	 that	 ongoing	 peripheral	 inflammation	 and	 the	
associated	ongoing	hyperalgesia	co‐occur	with	a	reduction	in	GRK2	protein	levels	in	spinal	cord	
microglia/macrophages.	In	the	next	set	of	experiments	we	focused	on	the	effect	of	reduced	GRK2	
in	microglia/macrophages	on	hyperalgesia	induced	by	the	cytokine	IL‐1.		

IL‐1β‐induced	hyperalgesia	and	mechanical	allodynia	are	prolonged	in	
GRK2‐deficient	mice	

Homozygous	 GRK2	 knockout	mice	 die	 in	 utero	 and	 therefore	 we	 used	 GRK2+/‐	 mice	 and	WT	
littermate	controls	to	determine	the	contribution	of	GRK2	to	the	regulation	of	hyperalgesia.	We	
have	shown	before	that	the	level	of	GRK2	in	tissues	from	heterozygous	GRK2+/‐	mice	is	reduced	
by	 40‐60%61,125,177.	 The	 cytokine	 interleukin‐1	 was	 used	 to	 induce	 hyperalgesia	 because	 this	
cytokine	is	known	to	induce	transient	hyperalgesia	in	WT	animals11.		

As	expected,	IL‐1‐induced	hyperalgesia	was	transient	in	WT	mice	and	completely	disappeared	
within	1	day	(Figure	2.2A).	In	GRK2+/‐	mice,	the	acute	phase	of	hyperalgesia	was	similar	to	that	
observed	 in	 control	mice	until	 6	h	 after	 IL‐1.	However,	 the	hyperalgesic	 response	of	GRK2+/‐	
mice	 lasted	 significantly	 longer	 than	 that	 of	 WT	 mice.	 Baseline	 thermal	 sensitivity	 was	 not	
affected	 by	 reduced	 GRK261.	 To	 investigate	 whether	 the	 lack	 of	 effect	 of	 low	 GRK2	 on	 acute	
hyperalgesia	during	the	first	6	h	after	intraplantar	IL‐1	was	due	to	a	ceiling	effect,	a	lower	dose	
of	IL‐1	(0.1	ng/paw)	was	injected	intraplantarly.	Also	at	this	lower	dose,	the	magnitude	of	acute	
hyperalgesia	was	similar	in	WT	and	GRK2+/‐	mice	(Figure	2.2B).	

Figure	2.2:	GRK2	regulates	duration	of	peripheral	IL‐1β‐induced	hyperalgesia.	Percentage	decrease
in	heat	withdrawal	latency	in	WT	and	GRK2+/‐	mice	(A)	after	intraplantar	IL‐1	at	a	dose	of	1	ng	(n	=	8),
(B)	4	hours	after	intraplantar	injection	of	0	(saline),	0.1	or	1	ng	IL‐1	(n	=	8).	Data	are	expressed	as	mean
±	SEM.	*	p<0.05,	**	p<0.01,	***	p<0.001.	
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Next,	we	compared	IL‐1‐induced	hyperalgesia	in	LysM‐GRK2f/+	mice	with	a	~40%	reduction	in	
GRK2	only	 in	microglia/macrophages	(Figure	2.3A)	and	 littermate	control	LysM‐GRK2+/+	mice.	
The	 course	 of	 IL‐1‐induced	 hyperalgesia	 was	 similar	 in	 mice	 with	 reduced	 GRK2	 only	 in	
microglia/macrophages	(Figure	2.3B)	and	in	mice	with	reduced	GRK2	in	all	cells	(Figure	2.2A),	
indicating	 that	 GRK2	 in	 microglia/macrophages	 is	 critical	 for	 determining	 the	 duration	 of	
hyperalgesia	 in	 this	 model.	 Baseline	 thermal	 sensitivity	 was	 not	 affected	 by	 low	 GRK2	 in	
microglia/macrophages	 (heat	 withdrawal	 latency	 LysM‐GRK2f/+	 mice	 8.1	 	 0.1	 s	 vs.	 control	
LysM‐GRK2+/+	mice	 8.2	0.2	 s;	 n	 =	 22).	 To	 determine	whether	 a	 gene	 dosage	 effect	 of	 GRK2	
exists,	 we	 generated	 homozygous	 LysM‐GRK2f/f	 mice.	 GRK2	 expression	 in	 microglia	 or	

	

Figure	 2.3:	 Gene	 dosage	 effect	 and	 cellular	 specificity	 of	 the	 effect	 of	 low	 GRK2	 on	 thermal
hyperalgesia	 and	mechanical	 allodynia.	 (A)	 GRK2	 expression	 in	 primary	 microglia	 and	 in	 CD11b+

peritoneal	macrophages	from	LysM‐GRK2+/+	(WT),	LysM‐GRK2f/+	and	LysM‐GRK2f/f	mice	was	determined
by	Western	blot	analysis.	(B)	Percentage	decrease	in	heat	withdrawal	latency	after	intraplantar	IL‐1	(1
ng)	injection	in	control	LysM‐GRK2+/+	(WT)	and	LysM‐GRK2f/+	mice	(n	=	8)	(C)	Change	in	heat	withdrawal
latency	 in	 control	 LysM‐GRK2+/+	 (WT)	 (n	 =	 18),	 heterozygous	 LysM‐GRK2f/+	 (n	 =	 12)	 and	 homozygous
LysM‐GRK2f/f	mice	(n	=	14)	after	intraplantar	injection	of	1	ng	IL‐1	(D)	Decrease	in	50%	threshold	for
withdrawal	 in	response	to	mechanical	stimulation	after	 intraplantar	IL‐1	(1	ng)	in	LysM‐GRK2+/+	(WT)
and	LysM‐GRK2f/+	mice	(n	=	8).	(E)	MPO‐content	of	paw	biopsies	as	a	measure	of	neutrophil	infiltration	at
2	 days	 after	 intraplantar	 IL‐1	 injection	 (n	 =	 8).	 (F‐G)	 As	 a	 measure	 of	 macrophage	 infiltration	 after
intraplantar	 IL‐1adminstration,	 samples	 were	 analyzed	 for	 (F)	 CX3CR1	 mRNA	 expression	 in	 paw
biopsies	at	0,	6	and	48	hours	after	injection	of	IL‐1	(n	=	6),	(G)	Iba‐1	staining	in	paw	biopsies	at	2	days
after	injection	of	IL‐1.	Data	are	expressed	as	mean	±	SEM.	*	p<0.05,	**	p<0.01,	***	p<0.001.	
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peritoneal	macrophages	 from	LysM‐GRK2f/f	mice	was	decreased	by	>95%	compared	 to	LysM‐
GRK2+/+	 controls	 (Figure	 2.3A).	 The	 residual	 GRK2	 expression	 in	 LysM‐GRK2f/f	 that	 was	
observed	 in	Western	blot	 analysis	might	be	due	 to	 incomplete	 removal	 of	 the	 floxed	 genes	 in	
some	cells.	Residual	GRK2	expression	may	also	be	derived	from	contaminating	astrocytes	in	the	
microglial	preparation	or	 lymphocytes	in	the	macrophage	enriched	fraction.	The	data	in	figure	
2.3C	demonstrate	that	the	magnitude	and	duration	of	IL‐1‐induced	hyperalgesia	was	similar	in	
mice	heterozygous	or	homozygous	for	deletion	of	GRK2	in	LysM‐positive	cells.	

Low	GRK2	in	microglia/macrophages	also	affects	mechanical	allodynia	as	determined	using	von	
Frey	 hairs.	 In	 control	 LysM‐GRK2+/+	 mice,	 intraplantar	 injection	 of	 IL‐1	 induces	 a	 transient	
increase	in	sensitivity	to	mechanical	stimulation	(Figure	2.3D).	At	1	day	after	intraplantar	IL‐1,	
mechanical	 sensitivity	 in	 control	mice	 has	 returned	 to	 baseline	 levels	 (Figure	 2.3D),	 whereas	
LysM‐GRK2f/+	 mice	 continue	 to	 display	 mechanical	 allodynia	 until	 at	 least	 12	 days	 after	 the	
intraplantar	injection	of	IL‐1.		

Neutrophil	 influx	 into	 the	 paw	was	 determined	 by	measuring	MPO	 activity	 (Figure	 2.3E)	 and	
macrophage	 influx	was	 determined	 by	 expression	 of	 CX3CR1	mRNA	 (Figure	 2.3F)	 and	 Iba‐1‐
staining	 (Figure	 2.3G)	 in	 paw	 biopsies	 of	 LysM‐GRK2f/+	 and	 LysM‐GRK2+/+	mice.	 The	 findings	
indicate	 that	 the	 genotype‐related	 differences	 in	 IL‐1‐induced	 thermal	 hyperalgesia	 and	
allodynia	 are	 not	 caused	 by	 genotype‐related	 differences	 in	 the	 influx	 of	 neutrophils	 and	
macrophages	into	the	paw	(Figure	2.3E‐G).	

	

Figure	 2.4:	 Contribution	 of	 GRK2	 in	 astrocytes	 and	 primary	 sensory	 neurons	 to	 IL‐1β‐induced
hyperalgesia.	 Percentage	 decrease	 in	 heat	 withdrawal	 latency	 after	 intraplantar	 IL‐1	 (1	 ng)	 in	 (A)
control	GFAP‐GRK2+/+	(WT)	and	GFAP‐GRK2f/+	mice	(n	=	8),	(B)	control	Nav1.8‐GRK2+/+	(WT)	and	Nav1.8‐
GRK2f/+	mice	(n	=	8).	
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Contribution	of	GRK2	in	astrocytes	and	primary	sensory	neurons	to	IL‐1β‐
induced	hyperalgesia	

We	also	examined	 the	effect	of	 reduction	of	GRK2	 in	GFAP‐positive	 astrocytes.	Previously,	we	
showed	 that	 the	 level	of	GRK2	 in	astrocytes	 from	GFAP‐GRK2f/+	mice	was	approximately	60%	
lower	than	in	WT	control	mice61.	The	data	in	figure	2.4A	demonstrate	that	changes	in	astrocyte	
GRK2	 did	 not	 affect	 the	 course	 of	 intraplantar	 IL‐1‐induced	 hyperalgesia.	 Similarly,	 the	
reduction	of	GRK2	in	Nav1.8‐positive	peripheral	sensory	neurons	that	occurs	in	Nav1.8‐GRK2f/+	
mice61	had	no	effect	on	IL‐1‐induced	hyperalgesia	(Figure	2.4B).	

Spinal	cord	microglial/macrophage	activation	plays	a	key	role	in	IL‐1β‐
induced	chronic	hyperalgesia	in	GRK2‐deficient	mice		

Next,	 we	 determined	 whether	 ongoing	 hyperalgesia	 in	 mice	 with	 low	 GRK2	 in	
microglia/macrophages	 was	 associated	 with	 signs	 of	 ongoing	 activation	 of	 these	 cells	 in	 the	
spinal	 cord.	We	 observed	 an	 increased	 number	 of	 lumbar	 but	 not	 thoracic	 spinal	 cord	 Iba‐1+	
microglia/macrophages	with	an	activated	phenotype	in	LysM‐GRK2f/+	mice	compared	to	control	
LysM‐GRK2+/+	mice	at	day	2	after	intraplantar	IL‐1Figure	2.5A).		

As	a	measure	of	spinal	cord	microglial/macrophage	activity,	we	also	analyzed	mRNA	expression	
of	the	fractalkine	receptor	CX3CR1,	the	fractalkine‐releasing	enzyme	cathepsin	S35	and	IL‐1	that	
are	 all	 expressed	 by	 microglia/macrophages.	 The	 data	 in	 figure	 2.5B‐E	 indicate	 that	 IL‐1,	
cathepsin	S	and	CX3CR1	mRNA	expression	were	all	significantly	increased	in	lumbar	spinal	cord	
of	GRK2+/‐	mice	as	compared	to	WT	mice.	No	changes	were	observed	in	thoracic	spinal	cord	that	
was	 analyzed	 as	 a	 control.	 In	 contrast,	 mRNA	 expression	 for	 fractalkine	 that	 is	 produced	 by	
neurons	was	not	affected	by	low	GRK2.	

To	 determine	 whether	 ongoing	 microglial/macrophage	 activity	 was	 required	 for	 maintaining	
hyperalgesia	 in	 GRK2+/‐	 mice,	 we	 used	 the	 inhibitor	 of	 microglial/macrophage	 activation	
minocycline198,233.	We	examined	whether	we	could	reverse	ongoing	thermal	hyperalgesia	in	mice	
with	reduced	GRK2	by	treatment	with	minocycline	at	day	1	and	2	after	intraplantar	IL‐1.	The	
data	in	figure	2.6	demonstrate	that	this	treatment	reversed	the	ongoing	hyperalgesia	in	GRK2+/‐	
mice.	Minocycline	treatment	at	these	time	points	did	not	have	any	effect	on	thermal	sensitivity	in	
WT	mice	 that	 had	 returned	 already	 to	 baseline.	 These	 data	 indicate	 that	 ongoing	 spinal	 cord	
microglial/macrophage	activity	is	required	to	maintain	the	hyperalgesic	state	that	developed	in	
GRK2+/‐	mice	after	a	single	intraplantar	injection	of	IL‐1.	

Spinal	cord	pathways	contributing	to	ongoing	IL‐1β‐hyperalgesia	in	GRK2‐	
deficient	mice	

The	data	in	figure	2.5	indicate	that	ongoing	hyperalgesia	in	GRK2‐deficient	mice	was	associated	
with	 increased	 spinal	 cord	 expression	 of	 the	 fractalkine	 releasing	 enzyme	 cathepsin	 S	 and	
upregulation	 of	 the	 fractalkine	 receptor	 CX3CR1	 that	was	detectable	 at	 2	 days	 after	 IL‐1.	 To	
determine	 the	 contribution	 of	 fractalkine	 signaling	 to	 ongoing	 hyperalgesia	 in	 LysM‐GRK2f/+	
mice,	 the	 mice	 were	 treated	 with	 a	 neutralizing	 antibody	 against	 CX3CR1	 at	 day	 2	 after	
intraplantar	 IL‐1.	 Intrathecal	 injection	 of	 anti‐CX3CR1	 (1	 g/mouse)	 during	 the	 prolonged	
phase	of	IL‐1	hyperalgesia	blocked	ongoing	hyperalgesia	in	LysM‐GRK2f/+	mice	as	determined	
from	1	h	after	anti‐CX3CR1	injection.	The	same	dose	of	normal	rabbit	IgG	did	not	have	any	effect	
and	anti‐CX3CR1	did	not	affect	thermal	sensitivity	in	control	LysM‐GRK2+/+	mice	(Figure	2.7A).	
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Figure	 2.5:	 Spinal	 cord	microglia/macrophage	 activity.	 (A)	 LysM‐GRK2+/+	 (WT)	 and	 LysM‐GRK2f/+

mice	 received	 an	 intraplantar	 injection	 of	 IL‐1β	 or	 saline.	 At	 2	 days	 after	 injection,	 spinal	 cord	 was
collected	and	frozen	sections	of	lumbar	spinal	cord	(L2‐L4)	and	as	a	control	thoracic	spinal	cord	(T8‐T10)
were	stained	with	 Iba‐1	 to	visualize	microglia/macrophages.	Representative	example	of	morphology	of
Iba‐1‐positive	cells	in	the	dorsal	horn	(see	drawing	for	exact	 location)	of	one	of	three	mice	per	group	is
displayed.	(B‐D)	WT	(white	bars)	and	GRK2+/‐	mice	(grey	bars)	received	an	intraplantar	injection	of	IL‐1
(1	ng)	and	lumbar	and	as	a	control	thoracic	spinal	cord	was	collected	2	days	later.	Samples	were	analyzed
for	mRNA	 encoding	 (B)	 IL‐1;	 (C)	 Cathepsine	 S;	 (D)	 CX3CR1	 and	 (E)	 fractalkine.	 n	 =	 10	 per	 group.	 *
p<0.05.	
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Activation	of	CX3CR1	on	microglia	is	thought	to	activate	p38	leading	to	increased	production	of	
pro‐inflammatory	cytokines	such	as	IL‐1	and	subsequent	central	sensitization	via	a	direct	effect	
on	 sensory	 neurons.	 The	 possible	 contribution	 of	 this	 pathway	 was	 tested	 by	 intrathecal	
injection	 of	 the	 p38	 inhibitor	 SB239063	 at	 day	 2	 after	 intraplantar	 IL‐1.	 This	 treatment	
reversed	 ongoing	 thermal	 hyperalgesia	 in	 mice	 with	 low	 GRK2	 in	 microglia/macrophages	
(Figure	 2.7B).	 Intrathecal	 SB239063	 at	 day	 2	 after	 IL‐1	 did	 not	 affect	 thermal	 sensitivity	 in	
control	LysM‐GRK2+/+	mice.	

The	phosphatidylinostitol‐3	 kinase	 (PI3	kinase)	pathway	 can	 also	be	 triggered	by	 soluble	 and	
membrane‐bound	 fractalkine,	 leading	 to	 modulation	 of	 microglial/macrophage	 activity153,201.	
However,	 intrathecal	 administration	 of	 the	 PI3	 kinase	 inhibitor	 LY294002	 at	 day	 2	 after	
intraplantar	 IL‐1	 injection	 did	 not	 have	 any	 effect	 on	 ongoing	 hyperalgesia	 in	 LysM‐GRK2f/+	
mice	(Figure	2.7C).	

As	mentioned	above,	 fractalkine	signaling	to	microglial	p38	 is	 thought	 to	enhance	 IL‐1‐release	
leading	 to	 neuronal	 sensitization	 and	 hyperalgesia.	 To	 examine	 the	 contribution	 of	 ongoing	
spinal	cord	IL‐1‐signaling	to	the	prolonged	hyperalgesia	that	we	observed	in	LysM‐GRK2f/+	after	
intraplantar	 IL‐1	we	 used	 the	 IL‐1	 antagonist	 IL‐1ra.	 Intrathecal	 administration	 of	 IL‐1ra	 at	
day	2	after	intraplantar	IL‐1	reversed	ongoing	hyperalgesia	in	LysM‐GRK2f/+	mice	(Figure	2.7D)	
within	1	h	 after	 administration.	No	 effect	 of	 intrathecal	 IL‐1ra	was	observed	 in	 control	 LysM‐
GRK2+/+	mice.	

	

Figure	2.6:	Effect	of	minocycline	treatment	at	day	1	and	2	after	intraplantar	IL‐1β	on	hyperalgesia.
WT	and	GRK2+/‐	mice	 received	an	 intraplantar	 injection	of	 IL‐(1	ng)	and	 the	percentage	decrease	 in
heat	withdrawal	latency	was	determined.	At	1	and	2	days	after	IL‐1	minocycline	(50	mg/kg)	or	vehicle
was	administered	(n	=	4	per	group).	Data	are	expressed	as	mean	±	SEM.	*	p<0.05,	**	p<0.01,	***	p<0.001
vs.	vehicle.	
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Figure	2.7:	Factors	contributing	to	ongoing	hyperalgesia	in	GRK2‐deficient	mice.	LysM‐GRK2f/+	mice
received	an	 intraplantar	 injection	of	 IL‐1	and	the	percentage	decrease	 in	heat	withdrawal	 latency	was
determined.	At	day	2	after	 intraplantar	 IL‐1,	mice	received	an	 intrathecal	 injection	of	 (A)	CX3CR1	(1
ug/mouse)	or	rabbit	IgG	(1	g/mouse)	(n	=	6	per	group),	(B)	p38	inhibitor	SB239063	(5	g/mouse;	n	=	8)
or	vehicle	(n	=	4),	(C)	PI3	kinase	inhibitor	LY294002	(5	g/mouse)	or	vehicle	(n	=	4	per	group),	(D)	IL‐1ra
(10	ng/mouse;	n	=	6)	or	vehicle	(n	=	4).	Heat	sensitivity	 in	 IL‐1‐treated	LysM‐GRK2+/+	(WT)	mice	had
already	returned	to	baseline	at	day	2	after	injection	and	was	not	affected	by	any	of	the	treatments	(data
not	 shown).	 The	 inhibitors	 did	 not	 affect	 heat	 sensitivity	 in	 naïve	 mice	 of	 either	 genotype.	 Data	 are
expressed	as	mean	±	SEM.	*	p<0.05,	**	p<0.01,	***	p<0.001	vs.	vehicle	or	control	IgG.	

	

Figure	 2.8:	 Contribution	 of	 early	 spinal	 cord	microglial/macrophage	 activity	 to	 IL‐1β‐induced
hyperalgesia.	WT	and	GRK2+/‐	mice	(n	=	8	per	group)	received	an	intrathecal	injection	of	minocycline	(30
g)	or	vehicle	60	min	prior	to	 intraplantar	IL‐1and	the	percentage	change	 in	heat	withdrawal	 latency
was	 determined.	 Data	 are	 expressed	 as	 mean	 ±	 SEM.	 *	 p<0.05,	 **	 p<0.01,	 ***	 p<0.001	 for	 GRK2+/‐

mice/minocycline	vs.	GRK2+/‐	mice/vehicle.	##	p<0.01	for	both	genotypes	with	minocycline	vs.	saline.	
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Contribution	of	early	spinal	cord	microglial/macrophage	activity		

To	 address	 the	 question	 whether	 early	 spinal	 cord	 microglial	 activity	 contributed	 to	 the	
transition	 from	 acute	 to	 prolonged	 IL‐1	 hyperalgesia	 in	 GRK2‐deficient	 mice,	 we	 now	
administered	minocycline	 (30	g)	 intrathecally	 at	 60	min	 before	 intraplantar	 IL‐1This	 pre‐
treatment	did	not	have	any	effect	on	acute	IL‐hyperalgesia	at	1	‐	4	h	after	intraplantar	IL‐1	
injection	 in	 either	 genotype.	 However,	 hyperalgesia	 at	 6	 h	 and	 8	 h	 after	 IL‐1	 injection	was	
significantly	 reduced	 by	 pre‐emptive	 minocycline	 treatment	 to	 the	 same	 extent	 in	 WT	 and	
GRK2+/‐	mice.	Moreover,	 in	GRK2+/‐	mice	the	development	of	 the	chronic	phase	of	hyperalgesia	
was	completely	prevented	by	minocycline	pre‐treatment	(Figure	2.8).	

Contribution	of	fractalkine	signaling	to	prolonged	hyperalgesia	in	response	
to	intraplantar	IL‐1β	

The	 fractalkine	receptor	CX3CR1	 is	a	member	of	 the	G	protein‐coupled	receptor	 family	and	 in	
the	spinal	cord	CX3CR1	is	mainly	expressed	on	microglia/macrophages.	GRK2	regulates	a	wide	
array	of	GPCRs	via	desensitization	of	these	receptors.	Although	it	is	not	known	whether	CX3CR1	
is	a	substrate	for	this	kinase,	low	GRK2	may	contribute	to	transition	from	acute	to	prolonged	IL‐
1‐hyperalgesia	 by	 facilitating	 fractalkine	 signaling	 as	 a	 result	 of	 impaired	 CX3CR1	
desensitization.	To	determine	whether	mice	with	low	GRK2	in	microglia/macrophages	are	more	
sensitive	 to	 fractalkine‐induced	 hyperalgesia,	 we	 compared	 the	 effect	 of	 intrathecal	
administration	of	 fractalkine	on	thermal	sensitivity	 in	LysM‐GRK2f/+	and	control	LysM‐GRK2+/+	
mice.	In	line	with	data	in	the	literature35,163,	intrathecal	injection	of	fractalkine	(1	ng/mouse)	in	
WT	mice	induced	hyperalgesia	that	was	first	detectable	at	2	h	after	fractalkine	injection	(Figure	
2.9A).	During	the	first	6	h	after	injection,	fractalkine‐induced	hyperalgesia	was	identical	in	LysM‐
GRK2f/+	and	control	LysM‐GRK2+/+	mice.	Also	at	lower	doses	of	fractalkine	(10‐100	pg/mouse),	
acute	hyperalgesia	 in	 control	 and	LysM‐GRK2f/+	mice	was	 indistinguishable	 (data	not	 shown).	
Notably,	 however,	 fractalkine‐induced	 hyperalgesia	 did	 become	 chronic	 in	mice	with	 reduced	
GRK2	 in	 microglia/macrophages,	 whereas	 it	 was	 only	 transient	 in	 control	 LysM‐GRK2+/+	

littermates	(Figure	2.9A).	

Next,	we	investigated	whether	the	transition	from	acute	to	prolonged	peripheral	IL‐1‐induced	
hyperalgesia	is	dependent	on	spinal	cord	fractalkine	signaling.	The	mice	received	an	intraplantar	
injection	of	IL‐1	and	we	examined	the	effect	of	intrathecal	injection	of	anti‐CX3CR1	before	or	at	
4	h	after	intraplantar	IL‐1	As is	shown	in	figure	2.8B	and	C,	this	early	administration	of	anti‐
CX3CR1	did	not	have	any	effect	on	IL‐1‐induced	hyperalgesia	in	LysM‐GRK2+/+	mice	or	LysM‐
GRK2f/+	mice	 (Figure	 2.9B	 and	 C),	 suggesting	 that	 fractalkine	 signaling	 is	 not	 involved	 in	 the	
transition	from	acute	to	chronic	hyperalgesia.	
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Figure	2.9:	Contribution	of	fractalkine	to	prolonged	IL‐1β‐induced	hyperalgesia	in	GRK2‐deficient
mice.	(A)	Mice	received	an	intrathecal	injection	of	fractalkine	(1	ng)	and	the	percentage	decrease	in	heat
withdrawal	latency	was	determined	in	LysM‐GRK2+/+	(WT)	and	in	LysM‐GRK2f/+	mice	(n	=	8	per	group).
(B	 and	C)	Mice	 received	 and	 intraplantar	 injection	 of	 IL‐1.	 The	 effect	 of	 intrathecal	 administration	 of
anti‐CX3CR1	(1	g/mouse)	or	rabbit	IgG	(1	g/mouse)	(B)	before	or	(C)	4	hours	after	intraplantar	IL‐1
administration	 on	 hyperalgesia	 in	 LysM‐GRK2+/+	 (WT)	 and	 LysM‐GRK2f/+	 mice	 (n	 =	 4	 per	 group)	 was
determined.	Data	are	expressed	as	mean	±	SEM.	***	p<0.001.	
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Discussion		
The	 present	 study	 assessed	 the	 contribution	 of	 GRK2	 in	 microglia/macrophages	 to	 the	
neurobiology	 of	 inflammation‐induced	 hyperalgesia	 using	 mice	 with	 low	 GRK2	 only	 in	
microglia/macrophages	 that	 were	 generated	 using	 CRE‐Lox	 technology.	 The	 level	 of	
microglia/macrophage	 GRK2	 appeared	 to	 play	 a	 crucial	 role	 in	 determining	 the	 duration	 of	
hyperalgesia.	Thermal	hyperalgesia	or	mechanical	allodynia	induced	by	one	single	intraplantar	
injection	of	IL‐1	lasted	at	least	8	days	in	LysM‐GRK2f/+	mice	whereas	in	WT	LysM‐GRK2+/+	mice	
IL‐1	hyperalgesia	and	allodynia	resolved	within	24	h.	These	genotype‐related	differences	in	the	
duration	 of	 hyperalgesia	 and	 allodynia	 were	 not	 associated	 with	 genotype	 differences	 in	 the	
influx	 of	 neutrophils	 or	macrophages.	 Prolonged	 thermal	 hyperalgesia	 in	GRK2‐deficient	mice	
was	 dependent	 on	 ongoing	microglial/macrophage	 activity,	 fractalkine	 signaling,	 p38	 activity	
and	IL‐1	signaling	in	the	spinal	cord.	We	propose	that	normal	levels	of	microglial/macrophage	
GRK2	 are	 important	 to	 ensure	 adequate	 termination	 of	 the	 activity	 of	 spinal	 cord	
microglia/macrophages	 and	 resolution	 of	 hyperalgesia.	 The	 pathophysiological	 relevance	 of	
these	 findings	 is	 strengthened	 by	 the	 recent	 finding	 that	 spinal	 cord	 microglia/macrophage	
GRK2	 is	 reduced	 by	 ~35%	 in	 a	 rat	 model	 of	 chronic	 neuropathic	 pain61	 and	 in	 a	 model	 of	
ongoing	inflammatory	pain	as	is	shown	here.	

The	 maximal	 effect	 of	 low	 microglial/macrophage	 GRK2	 on	 prolongation	 of	 IL‐1‐induced	
hyperalgesia	was	already	obtained	in	heterozygous	LysM‐GRK2f/+	mice	with	a	40‐60%	reduction	
in	 microglial/macrophage	 GRK2.	 The	 only	 previous	 study	 using	 mice	 homozygous	 for	 cell‐
specific	deletion	of	GRK2	showed	that	neither	partial	nor	total	GRK	deletion	in	cardiac	myocytes	
had	any	consequences	for	the	end	point	investigated	(cardiac	development)195.	Therefore,	we	do	
not	know	whether	the	lack	of	gene	dosage	effect	is	specific	for	microglial/macrophage	GRK2	or	
represents	a	general	phenomenon.	We	previously	described	a	similar	lack	of	gene	dosage	effect	
for	GRK6;	experimental	colitis	was	prolonged	to	the	same	extent	in	mice	that	were	heterozygous	
or	homozygous	for	deletion	of	GRK659.		

IL‐1	 acts	 directly	 on	 peripheral	 sensory	 neurons	 to	 increase	 excitability	 leading	 to	 a	 rapid	
increase	 in	 thermal	 sensitivity11,162	 via	 enhancement	 of	 TTX‐resistant	 sodium	 currents11.	
Consistent	 with	 direct	 sensitization	 of	 sensory	 neurons	 by	 IL‐1,	 we	 show	 that	 intrathecal	
administration	of	 the	microglial/macrophage	 inhibitor	minocycline	did	not	affect	hyperalgesia	
during	 the	 first	 4	 h	 after	 intraplantar	 IL‐1However,	 this	 treatment	 reduced	 hyperalgesia	 as	
determined	 at	 6‐8	 h	 after	 IL‐1	 and	 this	 effect	 was	 irrespective	 of	 genotype.	 These	 findings	
indicate	 that	spinal	cord	microglial/macrophage	activity	contributes	 to	 the	 late	phase	of	acute	
IL‐1‐induced	hyperalgesia,	 a	process	which	 is	not	 altered	by	 lowering	GRK2.	 In	 addition,	 the	
acute	phase	of	hyperalgesia	after	activation	of	spinal	microglia	by	intrathecal	administration	of	
fractalkine	 was	 indistinguishable	 in	 LysM‐GRK2+/+	 and	 LysM‐GRK2f/+	 mice.	 Moreover,	 spinal	
cord	fractalkine	signaling	was	not	required	for	the	initial	activation	of	microglia/macrophages	in	
our	 model,	 since	 early	 inhibition	 of	 fractalkine	 signaling	 by	 administration	 of	 anti‐CX3CR1	
before	or	at	4	h	after	intraplantar	IL‐1	did	not	affect	the	course	of	hyperalgesia.	These	findings	
imply	that	although	microglial/macrophage	activity	is	contributing	to	hyperalgesia	at	6‐8	h	after	
IL‐1,	 fractalkine	 signaling	 is	not	yet	 involved	 in	microglial/macrophage	activation.	Moreover,	
GRK2‐deficiency	 does	 not	 affect	 the	 initial	 hyperalgesic	 response	 to	 fractalkine	 stimulation	 of	
microglia/macrophages.		

It	 is	 well	 established	 that	 spinal	 cord	 microglia/macrophage	 activity	 contributes	 to	 chronic	
hyperalgesia	 in	 response	 to	 complete	 Freund’s	 adjuvant	 or	 carrageenan	 models	 of	 chronic	
inflammation‐induced	 hyperalgesia34,55,166.	 What	 is	 not	 known,	 however,	 is	 which	 factors	
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contribute	 to	 terminating	 spinal	 cord	 microglial/macrophage	 activity	 after	 resolution	 of	
peripheral	inflammation.	In	WT	mice	microglial/macrophage‐dependent	central	sensitization	is	
a	self‐limiting	process	as	hyperalgesia	completely	resolves	within	12‐24	h	after	intraplantar	IL‐
1or	 3	 days	 after	 intrathecal	 fractalkine.	 In	 contrast,	 the	 mice	 with	 low	 GRK2	 in	
microglia/macrophages	hyperalgesia	did	not	resolve	until	7‐8	days	after	intraplantar	IL‐1or	8‐
10	 days	 after	 intrathecal	 fractalkine.	 The	 prolonged	 phase	 of	 hyperalgesia	 in	 GRK2‐deficient	
mice	was	reversed	by	minocycline	treatment	at	24‐48	h	after	intraplantar	IL‐1,	indicating	that	
low	GRK2	facilitates	ongoing	microglial/macrophage	activity.	The	prolonged	hyperalgesic	state	
in	 GRK2‐deficient	 mice	 is	 dependent	 on	 spinal	 cord	 fractalkine	 signaling,	 since	 intrathecal	
administration	 of	 anti‐CX3CR1	 at	 2	 days	 after	 intraplantar	 IL‐1	 attenuated	 ongoing	
hyperalgesia.	Activation	of	CX3CR1	on	microglia/macrophages	is	thought	to	lead	to	activation	of	
p38	 and	 release	 of	 pro‐inflammatory	 cytokines	 including	 IL‐135.	 We	 propose	 that	 in	 LysM‐
GRK2f/+	mice	 the	 prolonged	 hyperalgesia	 in	 response	 to	 peripheral	 IL‐1	 is	 maintained	 via	 a	
loop	 involving	 fractalkine	 signaling,	 p38	 activation	 and	 IL‐1	 production.	 This	 hypothesis	 is	
based	 on	 our	 findings	 that	 inhibition	 of	 either	 fractalkine	 signaling,	 p38	 activity	 or	 IL‐1	
signaling	attenuated	the	ongoing	hyperalgesic	response	in	GRK2‐deficient	mice.		

The	 model	 of	 IL‐1‐induced	 hyperalgesia	 that	 we	 used	 here	 is	 acute	 and	 transient	 in	 WT	
animals.	 However,	 we	 show	 that	 a	 ~50%	 reduction	 in	 GRK2	 in	 microglia/macrophages	 is	
sufficient	 to	 markedly	 prolong	 IL‐1‐hyperalgesia	 and	 allodynia.	 Thus,	 our	 data	 strongly	
underline	 the	 importance	 of	 microglia/macrophages	 in	 determination	 of	 duration	 of	
hyperalgesia	and	allodynia	and	identify	a	central	role	for	GRK2	in	this	process.		

Fractalkine	 signaling	 not	 only	 contributes	 to	 microglial	 activity,	 but	 may	 also	 serve	 to	 keep	
cerebral	microglia	in	a	quiescent	state	via	a	PI3	kinase	dependent	pathway153.	Since	inhibition	of	
spinal	cord	PI3	kinase	activity	did	not	have	any	effect	in	our	model	of	peripheral	inflammatory	
hyperalgesia,	spinal	cord	fractalkine	signaling	probably	does	not	serve	to	suppress	spinal	cord	
microglial	activation	 in	 this	model.	This	may	be	due	to	site‐specific	differences	 in	mechanisms	
operative	in	brain	vs.	spinal	cord	microglia.		

We	previously	showed	that	acute	hyperalgesia	induced	by	the	GPCR‐binding	chemokine	CCL3	as	
determined	within	 the	 first	 3	 h	 after	 intraplantar	 injection	was	more	 pronounced	 in	 GRK2+/‐	
than	 in	WT	mice.	 Increased	 acute	 CCL3	 hyperalgesia	was	 also	 observed	 in	mice	 deficient	 for	
GRK2	 only	 in	 peripheral	 sensory	 neurons61.	 In	 contrast,	 our	 present	 data	 show	 that	 IL‐1	
hyperalgesia	was	completely	normal	in	mice	with	low	GRK2	only	in	peripheral	sensory	neurons.	
CCL3	 signals	 via	 CCR1	 and	 CCR5	 and	 these	 receptors	 are	 sensitive	 to	 GRK2‐dependent	
desensitization61,182,241.	 IL‐1	 signaling	 is	mediated	by	receptors	 that	are	not	GPCR.	This	might	
explain	 why	 IL‐1‐hyperalgesia	 is	 not	 affected	 by	 low	 GRK2	 in	 primary	 sensory	 neurons.	
However,	 IL‐1‐induced	 sensitization	 of	 peripheral	 sensory	 neurons	 is	 mediated	 via	 a	 p38‐
dependent	pathway11	and	GRK2	can	regulate	p38	activation.	Direct	interaction	of	GRK2	with	p38	
can	 result	 in	 phosphorylation	 of	 Thr‐123	 in	 the	 docking	 groove	 which	 reduces	 binding	 of	
upstream	kinases	like	MKK6	as	well	as	down	stream	targets185.	GRK2	has	been	shown	to	reduce	
LPS‐induced	 cytokine	 production	 by	 microglia/macrophages	 via	 this	 mechanism61,177,185.	
However,	 since	a	~50%	reduction	 in	GRK2	was	not	 sufficient	 to	 enhance	 IL‐1‐induced	acute	
hyperalgesia,	a	possible	interaction	between	GRK2	and	p38	in	peripheral	sensory	neurons	does	
not	appear	to	contribute	to	regulation	of	acute	IL‐1	hyperalgesia.		

Previously,	we	described	that	spinal	cord	neuronal	GRK2	was	reduced	in	rat	or	mouse	models	of	
neuropathic	 pain123,125.	 Moreover,	 our	 recent	 data	 showed	 that	 GRK2	 levels	 in	
microglia/macrophages	 isolated	 from	 ispilateral	 lumbar	 spinal	 cord	of	 rats	 at	 day	14	 after	 L5	
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spinal	nerve	transection	were	decreased	by	~35%	as	compared	to	cells	from	contralateral	spinal	
cord	 or	 from	 sham	 control	 rats61.	 Here	 we	 show	 that	 the	 high	 dose	 carrageenan	 paw	
inflammation	 model	 of	 prolonged	 hyperalgesia	 is	 also	 associated	 with	 reduced	 spinal	 cord	
microglial/macrophage	 GRK2.	 Thus,	 in	 vivo,	 in	 models	 of	 chronic	 pain,	 spinal	
microglial/macrophage	 GRK2	 levels	 are	 reduced.	 Our	 findings	 that	 reduced	
microglial/macrophage	 GRK2	 prolongs	 hyperalgesia	 indicate	 that	 the	 reduced	 levels	 of	 GRK2	
that	occur	in	these	cells	may	well	contribute	to	the	chronic	pain	that	develops	in	these	models	of	
chronic	 inflammation.	 In	 vitro,	 culture	 of	 various	 cell	 types	 with	 inflammatory	 mediators	
including	cytokines	can	decrease	GRK2	levels66,147.	Clinically,	we	have	shown	that	GRK2	protein	
levels	in	peripheral	blood	mononuclear	cells	from	patients	with	rheumatoid	arthritis	or	multiple	
sclerosis	were	reduced	as	compared	to	healthy	controls147,242.	These	observations	indicate	that	
in	 humans	 GRK2	 can	 be	 down	 regulated	 in	 immune	 cells	 during	 chronic	 inflammation.	 It	 is	
unclear,	however,	whether	painful	inflammatory	conditions	in	humans	are	also	associated	with	
reduced	GRK2	in	spinal	cord	microglia/macrophages	and	this	question	is	subject	of	our	current	
investigations.	

Collectively,	our	data	indicate	that	inflammatory	hyperalgesia	is	associated	with	reduced	spinal	
cord	microglial/macrophage	 GRK2.	 The	 pathophysiological	 significance	 of	 low	 GRK2	 in	 these	
cells	 is	 attested	 by	 our	 finding	 that	 peripheral	 IL‐1‐induced	 hyperalgesia	 was	 markedly	
prolonged	 in	 mice	 with	 reduced	microglial/macrophage	 GRK2.	We	 propose	 that	 the	 ongoing	
hyperalgesia	observed	 in	mice	with	 low	GRK2	 is	maintained	via	 a	positive	 feedback	 loop	 that	
involves	 fractalkine	signaling,	p38	activation,	 IL‐1	release	and	ongoing	microglial/macrophage	
activity	 in	 the	spinal	cord.	Taken	together	our	data	 indicate	 that	microglial/macrophage	GRK2	
may	 be	 crucial	 for	 resolution	 of	 inflammatory	 hyperalgesia.	 Future	 studies	 should	 aim	 at	
determining	the	mechanism	how	spinal	cord	microglia/macrophage	activity	is	terminated	in	the	
context	of	inflammatory	pain.		
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Abstract	

Background	

Chronic	pain	is	often	associated	with	microglia	activation	in	the	spinal	cord.	We	recently	showed	
that	microglial	 levels	 of	 the	 kinase	 G	 protein–coupled	 receptor	 kinase	 (GRK)2	 are	 reduced	 in	
models	of	chronic	pain.	We	also	found	that	mice	with	a	cell‐specific	reduction	of	around	50%	in	
GRK2	 level	 in	 microglia/macrophages	 (LysM‐GRK2+/−	 mice)	 develop	 prolonged	 inflammatory	
hyperalgesia	 concomitantly	 with	 ongoing	 spinal	 microglia/macrophage	 activation.	 The	
microRNA	 miR‐124	 is	 thought	 to	 keep	 microglia/macrophages	 in	 brain	 and	 spinal	 cord	 in	 a	
quiescent	state.	In	the	present	study,	we	investigated	the	contribution	of	miR‐124	to	regulation	
of	 hyperalgesia	 and	microglia/macrophage	 activation	 in	 GRK2‐deficient	mice.	 In	 addition,	 we	
investigated	 the	effect	of	miR‐124	on	chronic	 inflammatory	and	neuropathic	pain	 in	wild‐type	
(WT)	mice.	

Methods	

Hyperalgesia	was	induced	by	intraplantar	IL‐1β	in	WT	and	LysM‐GRK2+/−	mice.	We	determined	
spinal	cord	microglia/macrophage	miR‐124	expression	and	levels	of	pro‐inflammatory	M1	and	
anti‐inflammatory	M2	activation	markers.	The	effect	of	intrathecal	miR‐124	treatment	on	IL‐1β‐
induced	 hyperalgesia	 and	 spinal	M1/M2	 phenotype,	 and	 on	 carrageenan‐induced	 and	 spared	
nerve	injury‐induced	chronic	hyperalgesia	in	WT	mice	was	analyzed.	

Results	

Transition	 from	 acute	 to	 persistent	 hyperalgesia	 in	 LysM‐GRK2+/−	 mice	 is	 associated	 with	
reduced	 spinal	 cord	microglia	miR‐124	 levels.	 In	 our	 LysM‐GRK2+/−	mice,	 there	was	 a	 switch	
towards	a	pro‐inflammatory	M1	phenotype	together	with	increased	pro‐inflammatory	cytokine	
production.	 Intrathecal	 administration	 of	 miR‐124	 completely	 prevented	 the	 transition	 to	
persistent	 pain	 in	 response	 to	 IL‐1β	 in	 LysM‐GRK2+/−	 mice.	 The	 miR‐124	 treatment	 also	
normalized	expression	of	 spinal	M1/M2	markers	of	LysM‐GRK2+/−	mice.	Moreover,	 intrathecal	
miR‐124	 treatment	 reversed	 the	 persistent	 hyperalgesia	 induced	 by	 carrageenan	 in	WT	mice	
and	prevented	development	of	mechanical	allodynia	in	the	spared	nerve	injury	model	of	chronic	
neuropathic	pain	in	WT	mice.	

Conclusions	

We	present	 the	 first	 evidence	 that	 intrathecal	miR‐124	 treatment	 can	be	used	 to	prevent	 and	
treat	persistent	inflammatory	and	neuropathic	pain.	In	addition,	we	show	for	the	first	time	that	
persistent	hyperalgesia	 in	GRK2‐deficient	mice	is	associated	with	an	increased	ratio	of	M1/M2	
type	markers	 in	 spinal	 cord	microglia/macrophages,	which	 is	 restored	by	miR‐124	 treatment.	
We	 propose	 that	 intrathecal	 miR‐124	 treatment	 might	 be	 a	 powerful	 novel	 treatment	 for	
pathological	chronic	pain	with	persistent	microglia	activation.	
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Background	
Micro	(mi)	RNAs		regulate	expression	of	multiple	genes	by	promoting	degradation	of	mRNA	or	
by	preventing	 translation	of	 target	genes.	 It	has	 recently	been	reported	 that	high	 levels	of	 the	
miRNA	miR‐124	 are	 present	 in	 resident	microglia	 in	 brain	 and	 spinal	 cord.	 Ponomarev	 et	al.	
showed	 that	microglia	 activated	 in	 vitro	 and	 in	 vivo	 have	 low	 levels	 of	 miR‐124.	 In	 addition,	
peripheral	 macrophages,	 which	 have	 an	 activated	 phenotype,	 express	 low	 levels	 of	 miR‐124	
compared	with	 isolated	naive	microglia	 from	brain	and	spinal	 cord.	Based	on	such	 findings,	 it	
has	 been	 suggested	 that	 high	 levels	 of	miR‐124	 are	 required	 to	 keep	microglia	 in	 a	 quiescent	
state189.	

Microglia/macrophages	in	the	spinal	cord	play	a	key	role	in	the	development	of	chronic	pain	in	
rodent	 models	 of	 neuropathic	 pain,	 diabetic	 neuropathy,	 and	 chronic	 inflammatory	
pain37,51,166,204,250,274.	However,	it	is	not	known	whether	microglial	miR‐124	contributes	to	chronic	
pain.	

Recently,	 we	 reported	 that	 chronic	 inflammatory	 hyperalgesia	 and	 neuropathic	 pain	 are	
associated	 with	 decreased	 levels	 of	 the	 serine–threonine	 kinase	 G	 protein	 receptor	 kinase	
(GRK)2	 in	 spinal	microglia/macrophages61,257.	 GRK2	 regulates	 cellular	 signaling	 by	 promoting	
desensitization	of	agonist‐occupied	G	protein‐coupled	receptors	and	by	direct	 interaction	with	
multiple	downstream	signaling	pathways60,112,124,185,243.	Our	recent	functional	studies	indicated	a	
key	role	for	GRK2	in	regulating	the	transition	from	acute	to	persistent	hyperalgesia.	In	mice	with	
a	 50%	 reduction	 of	 GRK2	 in	 microglia/macrophages	 (LysM‐GRK2+/−	 mice),	 thermal	 and	
mechanical	 hyperalgesia	 induced	 by	 intraplantar	 injection	 of	 inflammatory	 mediators	 were	
markedly	 prolonged60,61,119,257.	 For	 example,	 thermal	 hyperalgesia	 induced	 by	 a	 single	
intraplantar	 injection	of	the	pro‐inflammatory	cytokine	IL‐1β	resolved	within	24	hours	in	wild	
type	 (WT)	 mice,	 but	 lasted	 for	 at	 least	 8	 days	 in	 LysM‐GRK2+/−	 mice.	 Similarly,	 low‐dose	
carrageenan‐induced	 hyperalgesia	was	 prolonged	 from	3	 to	 4	 days	 in	WT	mice	 to	 20	 days	 in	
LysM‐GRK2+/−	mice.	This	prolongation	of	hyperalgesia	in	LysM‐GRK2+/−	mice	was	reversible	by	
intrathecal	 administration	 of	 the	 microglial/macrophage	 inhibitor	 minocycline,	 indicating	 a	
decisive	 role	 for	 spinal	 cord	 microglia/macrophage	 activity	 in	 regulating	 the	 transition	 to	
persistent	hyperalgesia	in	these	models61,257.	

It	 is	 now	 well	 known	 that	 macrophage	 activation	 can	 induce	 development	 of	 two	 functional	
subtypes	known	as	pro‐inflammatory	(M1‐type)	and	anti‐inflammatory	(M2‐type)	macrophages.	
These	 two	 activated	 types	 of	macrophages	 can	 be	 discriminated	 by	 the	 expression	 of	 specific	
markers	on	their	cell	surface,	and	are	characterized	by	expression	of	pro‐inflammatory	factors	
such	 as	 interleukin	 1β,	 and	 inducible	 nitrous	 oxide	 (iNOS)	 (in	 M1	 macrophages)	 or	 anti‐
inflammatory	cytokines	including	transforming	growth	factor	(TGF)‐β	(in	M2	macrophages).	In	
addition,	there	is	evidence	that	microglial	activation	can	also	lead	to	development	of	either	the	
M1	 or	 M2	 phenotype69,161.	 However,	 it	 is	 not	 known	 whether	 or	 how	 these	 distinct	
macrophages/microglia	phenotypes	contribute	to	regulation	of	pain	responses.	

In	 this	study	we	 investigated	whether	 low	 levels	of	microglial/macrophage	GRK2	promote	the	
transition	 to	 chronic	 hyperalgesia	 via	 a	 miR‐124‐mediated	 pathway	 in	 spinal	
microglia/macrophages,	and	whether	low	GRK2	is	associated	with	the	expression	of	the	M1	and	
M2	phenotype	 in	 spinal	 cord	microglia.	We	also	determined	whether	miR‐124	 can	be	used	 to	
treat	 persistent	 hyperalgesia	 in	models	 of	 chronic	 inflammatory	 and	 neuropathic	 pain	 in	WT	
mice.	
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Methods	
Experiments	were	performed	in	accordance	with	international	guidelines	and	approved	by	the	
experimental	animal	committee	of	UMC	Utrecht.	

Animals	

We	 used	 female	 mice	 (aged	 12	 to	 14	 weeks)	 with	 cell‐specific	 reduction	 of	 GRK2	 in	
microglia/macrophages	 (LysM‐GRK2+/−),	 and	 control	 LysM‐GRK2+/+	mice61,257	 (WT	 littermates	
bred	and	maintained	in	the	animal	facility	of	the	University	of	Utrecht,	The	Netherlands).	LysM‐
Cre	mice	and	GRK2‐flox	mice	were	obtained	from	Jackson	Laboratories.	

Mice	received	an	intraplantar	injection	in	the	hind	paw	of	5	μl	recombinant	murine	IL‐1β	(200	
ng/ml;	Peprotech,	Rocky	Hill,	NJ,	USA)	or	20	μl	λ‐carrageenan	(2%	w/v;	Sigma‐Aldrich,	St.	Louis,	
MO,	 USA)	 diluted	 in	 saline.	 Heat‐withdrawal	 latency	 times	 were	 determined	 using	 the	
Hargreaves	 test	 (IITC	Life	Science,	Woodland	Hills,	CA)	as	described	previously89.	 Intraplantar	
injection	of	saline	did	not	induce	detectable	hyperalgesia	in	any	of	the	genotypes.	

Spared	 nerve	 injury	 (SNI)	 was	 performed	 in	 male	 C57BL/6	 mice	 (Harlan	 Laboratories)	 as	
described	previously53.	Briefly,	under	2%	 isoflurane	anesthesia,	 the	sciatic	nerve	and	 its	 three	
terminal	branches	were	exposed	carefully	with	minimal	damage.	Leaving	the	sural	nerve	intact,	
the	common	peroneal	and	the	tibial	nerves	were	tightly	ligated	with	6‐0	silk	surgical	sutures	and	
cut	2	to	4	mm	distal	to	the	ligation.	Sham	controls	underwent	anesthesia,	incision,	and	exposure	
of	the	nerve	only.		

Mechanical	 allodynia	was	measured	using	von	Frey	hairs	as	described	previously257.	The	50%	
paw‐withdrawal	 threshold	was	 calculated	 using	 the	 up‐and‐down	method28.	 In	 brief,	 animals	
were	placed	 on	 a	wire‐grid	 base,	 through	which	 the	 von	 Frey	hairs	 (Stoelting,	Wood	Dale,	 IL,	
USA)	were	applied	(bending	force	range	from	0.02	to	1.4	g,	starting	with	0.16	g).	The	hair	force	
was	 increased	 or	 decreased	 depending	 on	 the	 response.	 Clear	 paw	 withdrawal,	 shaking,	 or	
licking	 were	 considered	 as	 nociceptive‐like	 responses.	 Ambulation	 was	 considered	 an	
ambiguous	response,	and	in	such	cases,	the	stimulus	was	repeated.	

Spontaneous	 locomotor	activity	 (LMA)	was	determined	3	days	after	SNI	 in	a	clean,	novel	cage	
similar	to	the	home	cage,	but	devoid	of	bedding	or	litter.	The	cage	was	divided	into	four	virtual	
quadrants,	 and	 LMA	was	measured	 by	 counting	 the	 number	 of	 line	 crossings	 over	 a	 five‐min	
period.	

All	behavioral	experiments	were	performed	by	an	experimenter	blinded	to	 treatment	and	 in	a	
randomized	fasion.	

The	miRNA‐124	(2	μg	in	50	μl	PBS,	PM10691	Applied	Biosystems,	Carlsbad,	CA,	USA)	or	control	
miRNA	(2	μg	in	50	μl	PBS,	AM17110;	Applied	Biosystems)	was	mixed	with	transfection	reagent	
(Lipofectamine	2000;	Invitrogen,	Paisley,	UK),	diluted	to	the	appropriate	concentration	(3	μl	in	
50	μl	PBS)	and	applied	intrathecally	(5	μl/mouse)	while	the	animals	were	under	light	isoflurane	
anesthesia.	

Spinal	microglia	and	peripheral	macrophage	isolation	

At	 24	 hours	 after	 intraplantar	 IL‐1β	 injection,	 lumbar	 enlargements	 (L2‐L5)	 or	 thoracic	 (T6‐
T10)	 spinal	 cord	of	 four	mice	were	pooled	and	 the	microglia	were	 isolated	by	Percoll	density	
gradient	centrifugation	as	described	previously257.	
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Peripheral	macrophages	were	isolated	from	peritoneal	lavages	using	CD11b	magnetic	beads,	in	
accordance	with	the	manufacturer’s	instructions	(BD	IMag,	San	Diego,	CA,	USA).	

MicroRNA‐124	and	mRNA	expression	analysis	

Total	 RNA	 was	 isolated	 using	 a	 commercial	 kit	 (RNeasy	 Mini	 Kit;	 Qiagen,	 Hilden,	 Germany).	
Specific	reverse	transcriptase	and	Taqman	miRNA	assays	(Applied	Biosystems)	were	carried	out	
in	accordance	with	 the	manufacturer’s	 instructions.	The	miR‐124	expression	 (mmu‐miR‐124a,	
001182)	was	normalized	for	snoRNA55	(001228)	expression.	

Real‐time	reverse	transcriptase	PCR	

cDNA	was	processed	from	total	RNA	using	reverse	transcriptase	(SuperScript;	Invitrogen),	and	
real‐time	PCR	was	performed	(iQ5	Real‐Time	PCR	Detection	System;	Bio‐Rad,	Alphen	a/day	Rijn,	
The	Netherlands)	using	 the	primers	shown	in	 table	3.1.	Data	were	normalized	 for	GAPDH	and	
actin	expression.		

Immunohistochemistry	

Mice	were	perfused	intracardially	with	PBS	15	hours	after	intraplantar	IL‐1β	injection,	followed	
by	4%	paraformaldehyde	 in	 PBS.	 Spinal	 cords	were	post‐fixed	 in	4%	paraformaldehyde	 for	 6	
hours	at	4°C,	and	cryoprotected	in	sucrose.	Cryosections	(10	μm)	of	thoracic	segments	T6	to	T10	
and	 lumbar	 segments	 L2	 to	 L5	 were	 incubated	 with	 1:100	 goat	 anti‐mouse	 CD206	 (R&D	
Systems,	Minneapolis,	 MN,	 USA),	 1:200	 goat	 anti‐mouse	 aginase	 I	 (Santa	 Cruz	 Biotechnology,	
Santa	Cruz,	CA,	USA)	or	1:500	rat	anti‐mouse	CD16/32	(BD	Biosciences)	followed	by	alexa	flour	
488‐conjugated	 secondary	 antibodies.	 Sections	were	 viewed	under	 a	 fluorescence	microscope	
(Axio	Observer;	Zeiss,	 Jena,	Germany).	M1	and	M2	expression	was	quantified	in	approximately	
10	to15	dorsal	horns	of	spinal	cords	per	group	(four	mice	per	group).	The	level	of	expression	in	
the	lumbar	or	thoracic	part	from	control	WT	mice	was	set	at	100%.	

Table	3.1	Primers	used	for	real‐time	reverse	transcriptase	PCR.	

Name  Direction  Primer sequence 53 

C/EBP‐α  Forward  AgCTTACAACAggCCAggTTTC 

  Reverse  CggCTggCgACATACAgTAC 

TGF‐β  Forward  CAgAgCTgCgCTTgCAgAg 

  Reverse  gTCAgCAgCCggTTACCAAg 

 iNOS  Forward   ACCCACATCTggCAgAATgAg 

  Reverse  AgCCATgACCTTTCgCATTAg 

IL‐1β  Forward  CAACCAACAAgTgATATTCTCCATg 

  Reverse  gATCCACACTCTCCAgCTgCA 

GAPDH  Forward  TgAAgCAggCATCTgAggg 

  Reverse  CgAAggTggAAgAgTgggAg 

Actin  Forward  AgAgggAAATCgTgCgTgAC 

  Reverse  CAATAgTgATgACCTggCCgT 

Abbreviations:	 C/EBP,	 CCAAT‐enhancer‐binding	 protein;	 GAPDH,	 glyceraldehyde	 3‐phosphate	
dehydrogenase;	IL,	interleukin;	iNOS,	inducible	nitrous	oxide;	TGF,	transforming	growth	factor.	
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Statistical	analysis	

All	data	are	presented	as	mean	±	SEM.	Measurements	were	compared	using	Student’s	t‐test	or	
two‐way	ANOVA	with	Bonferroni	post‐hoc	tests	using	Prism	4	software.	

Results	

MicroRNA‐124	expression	in	spinal	cord	microglia	and	in	peripheral	
macrophages	

First,	we	examined	whether	the	transition	from	acute	IL‐1β‐induced	hyperalgesia	to	persistent	
hyperalgesia	in	LysM‐GRK2+/−	mice	is	associated	with	changes	in	the	level	of	miR‐124	in	spinal	
cord	 microglia.	 We	 isolated	 lumbar	 spinal	 cord	 microglia	 at	 baseline	 and	 24	 hours	 after	
intraplantar	IL‐1β	injection	from	WT	and	LysM‐GRK2+/−	mice.	At	this	time	point,	intraplantar	IL‐
1β‐induced	hyperalgesia	 had	 resolved	 completely	 in	 the	WT	mice,	whereas	 the	 LysM‐GRK2+/−	
mice	were	still	hyperalgesic	(Figure	3.1A).	These	data	confirm	our	earlier	results257.	

	

Figure	 3.1:	 MicroRNA‐124	 and	 CCAAT‐enhancer‐binding	 protein	 (C/EBP)‐	 expression	 after
intraplantar	 interleukin	 (IL)‐1β	 in	wild‐type	 (WT)	and	LysM	G	protein–coupled	receptor	kinase
(GRK)2+/−	mice.	Control	WT	and	LysM‐GRK2+/−	mice	received	an	intraplantar	injection	of	1	ng	IL‐1β.	(A)
Percentage	decrease	in	heat	withdrawal	latency	after	the	injection	in	control	WT	and	LysM‐GRK2+/−	mice
(n	=	12).	At	 baseline	 (n	=	9)	 and	24	hours	 (n	=	 6)	 after	 IL‐1β	 injection,	 lumbar	 (L2	 to	L5)	 spinal	 cord
microglia	 were	 isolated	 to	 determine	 (B)	 miR‐124	 expression	 (normalized	 for	 small	 nucleolar
(sno)RNA55)	 and	 (C)	 the	 lumbar	 and	 thoracic	 mRNA	 expression	 of	 C/EBP‐	 normalized	 for
glyceraldehyde‐3‐phosphate	dehydrogenase	(GAPDH)	and	actin)	in	control	WT	(n	=	6)	and	LysM‐GRK2+/−

(n	=	6)	mice.	n	=	One	sample	contains	isolated	microglia	from	four	mice.	Data	are	expressed	as	means	±
SEM.	*p<0.05,	**	p<0.01,	***	p<0.001.	
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At	24	hours	after	intraplantar	injection	of	IL‐1β,	the	level	of	miR‐124	in	microglia	isolated	from	
the	 lumbar	 spinal	 cord	 of	 LysM‐GRK2+/−	 mice	 was	 significantly	 lower	 than	 that	 of	 spinal	
microglia	 from	WT	mice	 (Figure	3.1B).	At	baseline	 (without	 stimulus),	no	difference	was	seen	
between	WT	and	LysM‐GRK2+/−	mice	in	miR‐124	expression	in	microglia	from	spinal	cord	or	in	
macrophages	 from	 the	 peritoneal	 cavity	 (Figure	 3.1B).	 In	 line	with	 data	 in	 the	 literature,	 the	
basal	 expression	 of	 miR‐124	 was	 lower	 in	 peripheral	 macrophages	 than	 in	 spinal	 cord	
microglia189.	 There	was	 no	 significant	 difference	 in	miR‐124	 between	microglia	 isolated	 from	
thoracic	spinal	(T6	to	T10)	cord	of	WT	and	LysM‐GRK2+/−	mice	after	intraplantar	IL‐1β	(data	not	
shown).	Therefore,	thoracic	spinal	cord	was	used	as	a	control	in	subsequent	experiments.	

It	 is	 thought	 that	 miR‐124	 regulates	 microglia/macrophage	 activity	 by	 downregulating	 the	
expression	 of	 CCAAT‐enhancer‐binding	 protein	 (C/EBP)‐α,	 a	 transcription	 factor	 regulating	
myeloid	cell	differentiation68,189,268.	Consistent	with	this	notion,	we	found	a	significant	increase	in	
C/EBP‐α	 mRNA	 in	 microglia	 isolated	 from	 the	 lumbar	 spinal	 cord	 of	 LysM‐GRK2+/−	 mice	
compared	with	microglia	from	control	WT	mice	after	intraplantar	IL‐1β	(Figure	3.1C).	C/EBP‐α	
expression	was	similar	in	microglia	isolated	from	control	thoracic	spinal	cord	of	LysM‐GRK2+/−	
and	control	WT	mice	injected	intraplantarly	with	IL‐1β	(Figure	3.1C).	

Spinal	cord	M1/M2	markers	in	interleukin‐1β‐induced	persistent	
hyperalgesia	

We	next	addressed	the	question	of	whether	low	GRK2	and	decreased	expression	of	miR‐124	in	
spinal	 cord	 microglia	 are	 related	 to	 differences	 in	 the	 expression	 of	 microglia/macrophage	
activation	 markers	 in	 the	 spinal	 cord.	 We	 examined	 the	 expression	 of	 the	 markers	 of	 the	
classically	activated	(M1)	microglia/macrophages	CD16/32	and	the	alternatively	activated	(M2)	
cells	 arginase‐I	 and	 CD206	 by	 immunohistochemistry.	 After	 intraplantar	 injection	 of	 IL‐1β,	
expression	of	the	M1	marker	CD16/32	in	lumbar	spinal	cord	was	higher	in	LysM‐GRK2+/−	mice	
than	 in	WT	mice.	There	were	no	differences	 in	M1	marker	expression	between	thoracic	spinal	
cord	 of	WT	 and	 LysM‐GRK2+/‐	 (Figure	 3.2A‐C).	 Conversely,	 the	 level	 of	 expression	 of	 the	M2	
markers	CD206	and	arginase‐I	after	intraplantar	IL‐1β	injection	was	lower	in	lumbar	spinal	cord	
of	LysM‐GRK2+/−	mice	compared	with	that	of	WT	mice.	Thoracic	spinal	cord	of	both	genotypes	
did	 not	 differ	 in	 M2	 marker	 expression	 (Figure	 3.2A‐C).	 In	 control	 thoracic	 spinal	 cord,	 no	
genotype‐related	differences	were	seen	 in	 the	expression	of	M1	and	M2	markers	 (Figure	3.2B	
and	C).		

As	a	functional	correlate	of	the	M1	and	M2	phenotype,	we	quantified	mRNA	encoding	the	pro‐
inflammatory	 (M1)	 cytokine	 IL‐1β,	 the	 M1‐related	 enzyme	 iNOS,	 and	 the	 anti‐inflammatory	
(M2)	cytokine	TGF‐β17,74,120,129.	We	 injected	LysM‐GRK2+/−	or	WT	mice	with	 intraplantar	 IL‐1β,	
and	isolated	microglia	from	lumbar	spinal	cord	24	hours	later.	Compared	with	control	WT	mice,	
freshly	isolated	microglia	from	LysM‐GRK2+/−	mice	contained	significantly	more	mRNA	for	pro‐
inflammatory	 IL‐1β	 and	 iNOS,	 and	 less	mRNA	 for	 anti‐inflammatory	 TGF‐β	 (Figure	 3.3).	 As	 a	
control,	we	 isolated	microglia	 from	 the	 thoracic	 spinal	 cord	 of	 the	 same	 animals,	 and	 did	 not	
observe	any	difference	in	cytokine	expression	between	genotypes	in	these	cells	(Figure	3.3).	
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Figure	3.2:	M1	and	M2	phenotype	in	spinal	cord	after	intraplantar	IL‐1β.	Wild‐type	(WT)	and	LysM	G	
protein–coupled	 receptor	kinase	 (GRK)2+/−	mice	 received	an	 intraplantar	 injection	of	1	ng	 IL‐1β.	At	15	
hours	after	injection,	spinal	cord	was	collected,	and	frozen	sections	of	(A)	lumbar	spinal	cord	(L2	to	L5)	
and	as	control	(B)	thoracic	spinal	cord	(T6	to	T10)	were	stained	for	M1	(CD16/32)	and	M2	(CD206	and
arginase‐I)	phenotypic	markers.	A	 representative	example	of	M1	and	M2	staining	 in	 the	dorsal	horn	of
one	 of	 the	 four	 mice	 per	 group	 is	 displayed.	 Scale	 bar	 indicates	 20	 μm.	 (C)	 Quantification	 of	
microglia/macrophages	expressing	M1	and	M2	phenotypic	markers	 in	 spinal	 cord	 from	WT	and	LysM‐
GRK2+/−	mice.	Expression	was	quantified	in	approximately	10	to	15	dorsal	horns	of	spinal	cords	per	group
(4	mice	per	group).	The	level	of	expression	in	the	lumbar	or	thoracic	area	from	control	WT	mice	was	set
at	100%.	Data	are	expressed	as	means	±	SEM.	**	p<0.01,	***	p<0.001.	
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Figure	3.3:	Gene	expression	of	M1‐associated	and	M2‐associated	genes	 in	 spinal	microglia	after
intraplantar	 injection	of	 interleukin	 (IL)‐1β.	Wild‐type	 (WT)	 and	 LysM‐G	 protein–coupled	 receptor
kinase	 (GRK)2+/−	mice	 received	an	 intraplantar	 injection	of	1	ng	 IL‐1β	 into	 the	hind	paws.	At	24	hours
after	 injection	 lumbar	 (L2	 to	 L5)	 spinal	 cord	 and	 (as	 a	 control)	 thoracic	 (T6	 to	 T10)	 spinal	 cord	was
collected	from	WT	and	LysM‐GRK2+/−	mice,	and	microglia	were	isolated	for	analysis	of	mRNA	expression
by	quantitative	RT‐PCR	of	 (A)	 IL‐1β,	 (B)	 inducible	 nitrous	oxide	 synthase	 (iNOS)	 and	 (C)	 transforming
growth	factor	(TGF)‐β	(n	=	6	quantiatitve	PCR	samples	per	group;	one	sample	contains	isolated	microglia
from	4	mice).	Data	are	expressed	as	means	±	SEM.	*	p<0.05,	**	p<0.01.	

	

Figure	3.4:	Effect	of	microRNA	(miR)‐124	treatment	on	interleukin	(IL)‐1β‐induced	hyperalgesia.
(A)	 LysM	 G	 protein–coupled	 receptor	 kinase	 (GRK)2+/−	 and	 (B)	 wild‐type	 (WT)	 mice	 received	 an
intrathecal	 injection	of	 20,	 50	 or	 100	ng	miR‐124	per	mouse	 or	 100	ng	negative	 control	miRNA	1	day
before	 intraplantar	 injection	 of	 1	 ng	 IL‐1β	 and	 the	 percentage	 change	 in	 heat‐withdrawal	 latency	was
determined	(n	=	4	to	10	per	group).	Data	are	expressed	as	means	±	SEM.	**	p<0.01,	***	p<0.001	for	50	ng
miR‐124	versus	control	miRNA;	#	p<0.05,	###	p<0.001	for	100	ng	miR‐124	versus	control	miRNA.	
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MicroRNA‐124	treatment	prevents	transition	to	persistent	hyperalgesia	in	
LysM‐GRK2+/−	mice	

To	examine	the	contribution	of	miR‐124	to	the	course	of	hyperalgesia,	we	treated	WT	and	LysM‐
GRK2+/−	mice	with	an	intrathecal	injection	of	miR‐124,	and	monitored	its	effect	on	intraplantar	
IL‐1β‐induced	hyperalgesia.	Intrathecal	administration	of	50	ng	and	100	ng	miR‐124	completely	
prevented	 the	 transition	 from	acute	 to	persistent	 IL‐1β‐induced	hyperalgesia	 in	LysM‐GRK2+/−	
mice	(Figure	3.4A).	Whereas	intrathecal	administration	of	100	ng	negative	control	miRNA	or	the	
lowest	dose	of	miR‐124	tested	(20	ng)	did	not	have	any	effect	on	the	course	of	hyperalgesia	in	
LysM‐GRK2+/−	mice	(Figure	3.4A).	In	WT	mice,	intrathecal	administration	of	20	to	100	ng	miR‐
124	did	not	have	any	effect	on	 IL‐1β‐induced	hyperalgesia	 (Figure	3.4B).	 In	addition,	baseline	
thermal	 sensitivity	 was	 not	 affected	 by	 miRNA	 administration	 either	 (decrease	 in	 heat	
withdrawal	 latency;	WT	plus	 control	miRNA	2.6	±	1.9%;	WT	plus	miR‐124	1.8	±	3.7%;	LysM‐
GRK2+/−	plus	control	miRNA	2.0	±	3.25%;	LysM‐GRK2+/−	plus	miR‐124	0.7	±	3.2%;	n	=	4).	

Role	of	miR‐124	in	regulating	spinal	cord	M1/M2	phenotype	

After	intraplantar	IL‐1β	injection,	expression	of	M1	marker	was	increased	and	the	expression	of	
M2	marker	was	significantly	decreased	in	LysM‐GRK2+/−	mice	compared	with	WT	mice	(Figure	
3.2).	We	hypothesized	 that	miR‐124	 treatment	would	normalize	 the	expression	of	 the	M1	and	
M2	markers	 in	 LysM‐GRK2+/−	 mice.	 Indeed,	 the	 data	 clearly	 showed	 that	 miR‐124	 treatment	
regulates	the	M1/M2	balance;	the	intrathecal	miR‐124	reversed	the	difference	in	the	expression	
of	 M1	 and	 M2	 phenotypic	 markers	 between	 WT	 and	 LysM‐GRK2+/−	 mice	 in	 response	 to	
intraplantar	IL‐1β	injection	(Figure	3.5).	

	 	

	

Figure	3.5	MicroRNA‐124	 treatment	 influences	 the	M1/M2	balance	 and	 abolishes	 the	 genotype
differences	after	 interleukin	(IL)‐1β	 injection.	Mice	 received	an	 intrathecal	 injection	of	100	ng	miR‐
124	the	day	before	intraplantar	injection	of	1	ng	IL‐1β.	At	15	hours	after	IL‐1β	injection,	the	spinal	cord	
was	 collected,	 and	 frozen	 sections	 of	 lumbar	 spinal	 cord	 (L2	 to	 L5)	 were	 stained	 for	 M1	 and	 M2	
phenotypic	markers.	M1	and	M2	marker	expressions	were	compared	 in	wild‐type	(WT)	versus	LysM	G	
protein–coupled	 receptor	 kinase	 (GRK)2+/−	 mice,	 and	 expression	 was	 quantified	 in	 18	 dorsal	 and	 18
lumbar	spinal‐cord	sections	per	group	from	4	mice	per	group.	The	level	of	expression	in	IL‐1β‐treated	WT	
mice	was	set	at	100%.	Data	are	expressed	as	means	±	SEM.	
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Effect	of	microRNA‐124	on	carrageenan‐induced	inflammatory	hyperalgesia	
in	wild‐type	mice	

The	next	question	we	addressed	is	whether	intrathecal	miR‐124	treatment	can	also	reverse	the	
persistent	 hyperalgesia	 that	 develops	 in	 WT	 mice	 after	 intraplantar	 injection	 of	
carrageenan6,61,98,257.	WT	mice	were	 still	 hyperalgesic	 6	 days	 after	 an	 intraplantar	 injection	 of	
high‐dose	 λ‐carrageenan.	 Intrathecal	 treatment	with	miR‐124	at	 day	6	 rapidly	 attenuated	 this	
persistent	carrageenan‐induced	thermal	hyperalgesia	(Figure	3.6).	

Effect	of	microRNA‐124	in	a	model	of	neuropathic	pain	

We	 used	 the	 SNI	 model	 of	 chronic	 neuropathic	 pain	 in	 WT	 mice	 to	 investigate	 the	 effect	 of	
intrathecal	miR‐124	treatment	on	mechanical	allodynia	as	assessed	by	von	Frey	filaments.	The	
miR‐124	or	 control	miRNA	was	 injected	 intrathecally	once	 every	day,	 starting	1	day	after	 SNI	
surgery.	 Mice	 treated	 with	 control	 miRNA	 developed	 unilateral	 mechanical	 allodynia	 (Figure	
3.7A).	The	miR‐124	treatment	completely	prevented	the	mechanical	allodynia	that	develops	in	
the	ipsilateral	paw	in	response	to	SNI	(Figure	3.7A),	but	did	not	affect	mechanical	sensitivity	in	
the	 contralateral	 paw	 (Figure	 3.7B).	 The	 miR‐124	 treatment	 did	 not	 affect	 spontaneous	
locomotor	activity	of	SNI	mice	as	determined	in	an	open	field	3	days	after	SNI	(Figure	3.7C).	

	

Figure	 3.6	 Effect	 of	 microRNA(miR)‐124	 treatment	 on	 carrageenan‐induced	 persistent
hyperalgesia	in	wild‐type	(WT)	mice.	Wild‐type	(WT)	mice	received	an	intraplantar	injection	of	20	μl
2%	λ‐carrageenan.	At	day	6,	mice	were	still	hyperalgesic.	At	this	time	point,	mice	received	an	intrathecal
injection	of	100	ng	miR‐124	or	control	miRNA,	and	the	percentage	change	in	heat	withdrawal	latency	was
determined	(miR‐124	n	= 8;	control	miRNA	n = 4).	Data	are	expressed	as	means	±	SEM.	***	p<0.001.	
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Discussion	
In	this	paper,	we	present	a	previously	unreported	role	of	miR‐124	in	the	regulation	of	chronic	
inflammatory	and	neuropathic	pain.	We	found	that	 intraplantar	 IL‐1β	administration	to	LysM‐
GRK2+/−	mice,	which	 induces	persistent	hyperalgesia,	decreased	 the	 level	of	miR‐124	 in	spinal	
cord	 microglia,	 increased	 expression	 of	 M1	 type	 phenotypic	 markers	 and	 pro‐inflammatory	
cytokines,	 and	decreased	expression	of	anti‐inflammatory	cytokines	and	M2	markers.	We	also	
showed	that	intrathecal	administration	of	miR‐124	normalized	the	M1/M2	ratio	and	prevented	
transition	to	persistent	IL‐1β‐induced	hyperalgesia	in	GRK2‐deficient	mice.	Moreover,	this	is	the	
first	 study,	 to	our	knowledge,	 to	 show	 that	 intrathecal	miR‐124	 treatment	 reverses	persistent	
carrageenan‐induced	 hyperalgesia	 in	 WT	 mice.	 Finally,	 we	 found	 that	 miR‐124	 treatment	
completely	 inhibits	 mechanical	 allodynia	 in	 the	 SNI	 model	 of	 chronic	 neuropathic	 pain.	
Collectively,	 our	 findings	 indicate	 that	miR‐124	 could	 represent	 a	novel	 treatment	 for	 chronic	
pain.	

We	 showed	 previously	 that	 chronic	 carrageenan‐induced	 paw	 inflammation	 in	 WT	 mice	 is	
associated	with	a	decrease	 in	GRK2	in	spinal	cord	microglia257.	 In	addition,	 in	the	spinal	nerve	
transection	model	 of	 chronic	 neuropathic	 pain	 in	 rats,	 spinal‐cord	microglial	 GRK2	 levels	 are	
also	 reduced	 by	 approximately	 50%61.	 In	 the	 current	 study,	we	 found	 that	 intraplantar	 IL‐1β	

	

Figure	3.7:	Effect	of	miR‐124	treatment	on	SNI‐induced	mechanical	allodynia	 in	WT	mice.	Spared
nerve	injury	was	performed	on	WT	mice	and	were	treated	daily	with	100	ng	miR‐124	or	control	miRNA
intrathecally	(n	=	7	per	group).	Mechanical	allodynia	was	monitored	in	(A)	ipsi‐	and	(B)	contralateral	paw
and	 is	 depicted	 as	 force	needed	 for	 50%	withdrawal	 determined	 in	 accordance	with	 the	up	 and	down
method.	 Arrows	 indicate	 miRNA	 injection.	 (C)	 Spontaneous	 locomotor	 activity	 in	 an	 open	 field	 was
monitored	at	day	three	after	SNI	to	control	for	a	potential	effect	of	miR‐124	treatment	on	motor	function.
Data	are	expressed	as	mean	±	SEM.	***	p<0.01.	
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injection	in	mice	with	low	microglial/macrophage	GRK2	levels	induced	a	reduction	in	miR‐124	
expression,	 leading	 to	 a	 change	 in	 the	 M1/M2	 balance	 towards	 a	 more	 pro‐inflammatory	
phenotype	and	persistent	hyperalgesia.	Collectively,	our	current	and	previous	findings	indicate	
that	 the	 mechanisms	 involved	 in	 transition	 from	 acute	 to	 persistent	 hyperalgesia	 in	 the	
heterozygous	GRK2	knockout	model	may	well	be	applicable	to	the	chronic	pain	that	develops	in	
more	classic	models	of	chronic	pain.	Indeed,	our	present	findings	show	that	miR‐124	treatment	
also	 abrogates	 the	 existing	 persistent	 hyperalgesia	 induced	 by	 carrageenan	 in	WT	mice.	 The	
clinical	 relevance	 is	 further	 supported	 by	 the	 current	 data	 showing	 that	 miR‐124	 treatment	
inhibited	the	development	of	hyperalgesia	in	the	SNI	model	of	neuropathic	pain	supports.	

It	 has	 been	 shown	 recently	 that	 intracranial	 injection	 of	 a	miR‐124	 antisense	 oligonucleotide	
inhibitor	 induced	activation	of	cerebral	microglia189.	 In	addition,	 in	vitro	bone	marrow‐derived	
macrophages	transfected	with	miR‐124	produced	reduced	levels	of	iNOS	and	increased	levels	of	
TGF‐β	in	conjunction	with	decreased	C/EBP‐	expression.	The	current	study	is	the	first,	to	our	
knowledge,	 to	 show	 that	miR‐124	 treatment	 prevents	 transition	 to	 persistent	 hyperalgesia	 in	
mice	with	low	GRK2	levels	in	microglia/macrophages.	We	also	found	that	treatment	with	miR‐
124	reversed	the	increased	M1/M2	ratio	that	occurred	in	response	to	intraplantar	IL‐1β	in	the	
spinal	 cord	of	LysM‐GRK2+/−	 compared	with	WT	mice.	At	 the	 functional	 level,	we	showed	 that	
the	decrease	in	miR‐124	in	LysM‐GRK2+/−	spinal	cord	microglia	in	response	to	intraplantar	IL‐1β	
was	associated	with	increased	expression	of	the	pro‐inflammatory	cytokine	IL‐1β	and	the	pro‐
inflammatory	 enzyme	 iNOS,	 and	with	decreased	 expression	 of	 the	 anti‐inflammatory	 cytokine	
TGF‐β	 in	 spinal‐cord	 microglia.	 At	 the	 same	 time,	 C/EBP‐α,	 a	 ‘master’	 transcription	 factor	
regulated	 by	 miR‐124,	 was	 increased	 in	 spinal	 cord	 microglia	 from	 LysM‐GRK2+/−	 mice	 after	
intraplantar	 injection	of	 IL‐1β.	Collectively,	our	 findings	support	 the	notion	that	 the	decreased	
miR‐124	 expression	 seen	 in	 conditions	 of	 low	 GRK2	 promotes	 spinal	 cord	
microglial/macrophage	 activation,	 leading	 to	 an	 increased	 M1/M2	 ratio	 and	 prolonged	
inflammatory	hyperalgesia.	

The	current	in	vivo	data	are	in	line	with	the	results	from	in	vitro	studies	reported	by	Ponomarev	
et	al,	who	found	that	in	vitro	miR‐124	treatment	reduces	expression	of	iNOS	and	increases	TGF‐
β,	arginase	I	and	Fizz	expression	by	activated	bone	marrow‐derived	macrophages189.	Therefore,	
we	 propose	 that	 miR‐124	 treatment	 reverses	 hyperalgesia	 by	 restoring	 the	 ratio	 of	 M1/M2	
microglia/macrophages.	

To	our	knowledge,	this	is	the	first	study	to	describe	a	beneficial	effect	of	miR‐124	treatment	on	
inflammatory	 pain	 and	 a	 decrease	 in	 spinal	 cord	microglial	miR‐124	 in	 a	model	 of	 persistent	
hyperalgesia.	A	few	recent	studies	investigated	miR‐124	expression	in	other	pain	models.	Bai	et	
al.	showed	that	miR‐124	levels	were	significantly	reduced	in	the	trigeminal	ganglion	in	a	model	
of	carrageenan‐induced	muscle	pain,	indicating	that	inflammatory	activity	regulates	miR‐124	in	
multiple	 pain	models6.	 Brandenburger	 et	al.	 reported	 that	 total	 spinal	 cord	miR‐124	was	 not	
changed	in	the	chronic	constriction	injury	model	of	neuropathic	pain19;	however,	because	miR‐
124	is	expressed	at	a	high	level	in	neurons,	a	potential	change	in	microglial	miR‐124	may	well	
have	 been	 masked	 in	 that	 study.	 In	 the	 present	 study,	 by	 contrast,	 miR‐124	 levels	 were	
quantified	in	isolated	spinal	microglia.		

Because	 we	 injected	 miR‐124	 intrathecally,	 we	 cannot	 completely	 exclude	 that	 miR‐124	 also	
directly	 affects	 other	 cells	 in	 the	 spinal	 cord,	 including	 sensory	neurons.	Notably,	 however,	 in	
control	 WT	 mice	 we	 did	 not	 observe	 any	 effect	 of	 miR‐124	 treatment	 on	 the	 magnitude	 or	
duration	 of	 IL‐1β‐induced	 hyperalgesia.	 Moreover,	 intrathecal	 administration	 of	 miR‐124	 did	
not	affect	thermal	sensitivity	at	baseline	or	mechanical	sensitivity	in	the	contralateral	paw	in	the	
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SNI	model	and	did	not	affect	spontaneous	locomotor	activity.	A	study	using	a	conditional	Dicer	
knockout	mice	 found	 that	 nociceptor	miRNA	 transcripts	 are	 required	 for	 lowering	 peripheral	
pain	thresholds	in	 inflammatory	hyperalgesia;	nociceptor	specific	deletion	of	Dicer,	an	enzyme	
required	for	generation	of	miRNAs,	prevents	the	development	of	inflammatory	hyperalgesia272.	
Based	 on	 these	 and	 our	 present	 findings	 it	 is	 unlikely	 that	 the	 inhibition	 of	 persistent	
hyperalgesia	 by	 miR‐124	 treatment	 in	 our	 study	 is	 mediated	 by	 inhibition	 of	 neuronal	
hypersensitivity	or	by	impaired	motor	function.	

Intraplantar	IL‐1β	administration	did	not	have	any	effect	on	miR‐124	expression	in	spinal	cord	
microglia	 from	 control	WT	mice,	whereas	 it	 significantly	 reduced	miR‐124	 levels	 in	microglia	
from	 LysM‐GRK2+/−	 mice.	 This	 finding	 indicates	 that	 low	 GRK2	 in	 microglia/macrophages	
sensitizes	these	cells	for	an	intraplantar	IL‐1β‐induced	decrease	in	miR‐124	expression	in	spinal	
cord	microglia.	The	question	arises	how	intraplantar	administration	of	IL‐1β	induces	a	decrease	
in	microglial	miR‐124	 levels.	 Interestingly,	 in	 vitro	 it	 has	 been	 shown	 that	 co‐culture	 of	 bone	
marrow	 derived	 macrophages	 with	 primary	 neurons	 reduces	 the	 level	 of	 macrophage	 miR‐
124189.	These	findings	indicate	that	neuronal	signals	can	directly	regulate	the	expression	of	miR‐
124	 in	macrophage‐	 like	cells.	 It	 is	known	that	peripheral	nociceptors	express	 IL‐1β	receptors	
and	triggering	of	these	receptors	results	in	direct	sensitization	of	the	nociceptor62.	Therefore,	it	
is	 conceivable	 that	 concomitantly,	 neuronal	 signals	 transmitted	 to	 the	 spinal	 cord	 induce	 a	
reduction	in	miR‐124	and	thereby	induce	a	M1	type	spinal	cord	microglia	activation.	Our	finding	
that	 only	 in	 mice	 with	 low	 GRK2	 in	 microglia/macrophages	 miR‐124	 levels	 in	 spinal	 cord	
microglia	are	reduced	in	response	to	intraplantar	IL‐1β	may	point	to	a	contribution	of	a	GPCR‐
mediated	signal	to	nociceptor‐to‐microglia	signaling.	However,	GRK2	is	also	known	to	regulate	
cellular	signaling	at	various	levels	downstream	of	the	membrane	receptors.	Thus,	also	increased	
signaling	 independently	 of	 GPCRs	 in	 GRK2‐deficient	 spinal	 cord	 microglia/macrophages	 may	
contribute	 to	 the	 seen	decrease	 in	miR‐124	expression	 in	microglia/macrophages	 from	LysM‐
GRK2+/−	mice	after	intraplantar	IL‐1β.	

Conclusions	
We	 propose	 that	 low	 spinal	 microglia/macrophage	 GRK2	 levels	 promote	 a	 transition	 to	
persistent	 hyperalgesia	 via	 impaired	 microglial	 miR‐124	 regulation,	 and	 consequently	 an	
impaired	 spinal	M1/M2	balance.	This	model	 is	 supported	by	our	 findings	 that	 treatment	with	
intrathecal	 administration	 of	 miR‐124	 normalized	 the	 expression	 of	 M1	 and	 M2	 markers	 in	
LysM‐GRK2+/−	mice	and	inhibited	the	development	of	 IL‐1β‐induced	persistent	hyperalgesia	 in	
these	 mice.	 The	 broader	 relevance	 of	 our	 results	 is	 supported	 by	 our	 finding	 that	 miR‐124	
treatment	 reversed	 persistent	 hyperalgesia	 induced	 by	 a	 high	 dose	 of	 carrageenan	 and	
prevented	 development	 of	 hyperalgesia	 in	 the	 SNI	 model	 of	 chronic	 neuropathic	 pain.	 In	
conclusion,	miR‐124	might	represent	a	novel	option	for	the	treatment	of	chronic	pain.	
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Abstract	
Insights	 into	mechanisms	 governing	 resolution	 of	 inflammatory	 pain	 are	 of	 interest	 for	many	
chronic	 pain	 associated	 diseases.	 Peripheral	 monocyte/macrophage	 depletion	 delayed	
resolution	 of	 transient	 IL‐1‐induced	 inflammatory	 hyperalgesia	 (<1	 day)	 with	 more	 than	 1	
week	in	WT	mice.	Cell‐specific	reduction	in	G	protein‐coupled	receptor	kinase	2	(GRK2)	in	LysM‐
positive	 macrophages	 prolonged	 IL‐1‐induced	 hyperalgesia.	 Depleting	 peripheral	
monocyte/macrophages	in	LysM‐GRK2+/‐	mice	did	not	reduce	prolonged	hyperalgesia.		Adoptive	
transfer	of	WT	but	not	GRK2+/‐	bone	marrow‐derived	monocytes	(BMDM)	to	LysM‐GRK2+/‐	mice	
prevented	development	of	persistent	IL‐1‐induced	hyperalgesia.	Mechanistically,	we	show	that	
GRK2+/‐	macrophages	produce	less	IL‐10	in	vitro	and	intrathecal	IL‐10	attenuated	IL‐1‐induced	
hyperalgesia	 in	LysM‐GRK2+/‐	mice.	 In	WT	mice	 intrathecal	anti‐IL10	prolonged	 IL‐1‐induced	
hyperalgesia.	 Adoptive	 transfer	 of	 IL‐10‐/‐	 BMDM	 did	 not	 prevent	 IL‐1‐induced	 persistent	
hyperalgesia	 in	 LysM‐GRK2+/‐	 mice.	 Our	 data	 indicate	 a	 key	 role	 for	 peripheral	
monocytes/macrophages	 in	 promoting	 resolution	 of	 inflammatory	 hyperalgesia	 via	 a	
mechanism	dependent	of	IL‐10	signaling	and	GRK2	levels.	
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Introduction	
According	 to	a	 recent	 study	of	 the	 Institute	of	Medicine	approximately	100	million	Americans	
suffer	 from	chronic	pain	(www.iom.edu/relievingpain).	One	of	the	limitations	for	development	
of	novel	 interventions	identified	in	this	report	 is	the	limited	understanding	of	the	mechanisms	
governing	the	transition	from	acute	to	chronic	pain.		

Studies	 in	 rodents	 have	 revealed	 that	 spinal	 cord	microglia,	 the	 resident	macrophages	 of	 the	
central	nervous	system,	play	an	important	role	in	the	development	of	chronic	pain	in	models	of	
nerve	 damage‐induced	 neuropathic	 pain,	 diabetic	 neuropathy	 and	 chronic	 inflammatory	
pain37,55,166,204,250,274.	 In	 addition,	 it	 has	 been	 hypothesized	 that	 infiltration	 of	 peripheral	
macrophages	 into	 the	 spinal	 cord	 enhances	 the	 hyperalgesia	 in	 models	 of	 chronic	 pain58.	 A	
common	finding	is	that	pro‐inflammatory	cytokines	released	by	activated	spinal	cord	microglia	
and/or	 infiltrating	 macrophages	 contribute	 to	 the	 chronic	 hyperalgesia	 that	 is	 a	 hallmark	 of	
these	animal	models	of	chronic	pain51,166,216.	

We	recently	showed	that	mice	with	a	cell‐specific	50%	reduction	of	the	kinase	GRK2	in	lysozyme	
(Lys)M‐positive	macrophages/microglia	develop	markedly	prolonged	hyperalgesia	 in	response	
to	 an	 intraplantar	 injection	 of	 a	 cytokine,	 chemokine	 or	 carrageenan.	 For	 example,	 thermal	
hyperalgesia	 and	 mechanical	 allodynia	 induced	 by	 a	 single	 intraplantar	 injection	 of	 the	 pro‐
inflammatory	 cytokine	 IL‐1	 resolves	within	 one	 day	 in	WT	mice,	 but	 lasts	 at	 least	 8	 days	 in	
LysM‐GRK2+/‐	 mice257,258.	 Intrathecal	 administration	 of	 the	 microglial/macrophage	 inhibitor	
minocycline	 reversed	 this	 prolongation	 of	 hyperalgesia	 in	 LysM‐GRK2+/‐	 mice,	 indicating	 a	
contribution	 of	 spinal	 cord	 and/or	 dorsal	 root	 ganglion	 (DRG)	microglia/macrophages	 in	 the	
transition	to	persistent	hyperalgesia61,257.	The	pathophysiological	relevance	of	a	reduced	level	of	
GRK2	 in	 microglia/macrophages	 is	 exemplified	 by	 our	 recent	 findings	 that	 spinal	 cord	
microglia/macrophage	 GRK2	 levels	 are	 reduced	 by	 approximately	 40%	 during	 chronic	
inflammatory	hyperalgesia	and	neuropathic	pain	 in	WT	mice61,257.	 In	addition,	 in	patients	with	
the	painful	 chronic	 inflammatory	disease	 rheumatoid	arthritis	 the	 level	of	GRK2	 in	 circulating	
mononuclear	cells	is	reduced	by	40‐60%147.		

Here	 we	 investigated	 the	 contribution	 of	 peripheral	 monocyte/macrophages	 using	 depletion	
and	adoptive	 transfer	 strategies	on	 acute	 intraplantar	 IL‐1	 induced	hyperalgesia	 in	WT	mice	
and	the	transition	to	persistent	hyperalgesia	in	LysM‐GRK2+/‐	mice.		

Materials	and	Methods	

Animals	

We	used	female	(aged	10‐14	weeks)	mice	with	cell‐specific	reduction	of	GRK2	in	LysM‐positive	
cells	(LysM‐GRK2+/‐)	and	control	LysM‐GRK2+/+	mice	(WT	littermates)61,258.	For	adoptive	transfer	
experiments	 WT	 and	 GRK2‐deficient	 green	 fluorescent	 protein	 (GFP)	 positive	 bone	 marrow‐
derived	monocytes	 (BMDM)	were	 obtained	 by	 breeding	 GRK2+/‐	mice	with	 CX3CR1gfp/gfp	mice	
(Jackson	Laboratories).	In	addition,	BMDM	from	IL‐10‐/‐	mice	(Jackson	Laboratories)	were	used.	
Mice	 were	 housed	 at	 the	 Utrecht	 University	 animal	 facility.	 Experiments	 were	 performed	 in	
accordance	with	international	guidelines	and	approved	by	the	UMC	Utrecht	experimental	animal	
committee.		

Mice	received	an	intraplantar	injection	in	the	hind	paw	of	5	l	recombinant	murine	IL‐1	(200	
ng/ml	 in	 saline;	 Peprotech).	 Heat	 withdrawal	 latency	 times	 were	 determined	 by	 an	
experimenter	blinded	to	treatment	using	the	Hargreaves	test	(IITC	Life	Science)89.		
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Drug	administration	

Intrathecal	 (i.t.)	 injections	 (5l)	 with	 goat	 anti‐mouse	 IL‐10	 (10	 g	 in	 PBS;	 Sigma‐Aldrich),	
normal	 goat	 IgG	 (10	 g	 in	 PBS;	 R&D	 systems)	 or	 human	 recombinant	 IL‐10	 (0.5	 g	 in	 PBS;	
Sigma‐Aldrich)	were	performed	under	light	isoflurane	anaesthesia	as	described	previously61.		

Cell	depletion		

Mice	 received	 intraperitoneal	 injections	with	 100	l	 anti‐CCR2	 (MC21;	 0.2	g/l154)	 or	 IgG2b	
control	(BD	Biosciences)	at	24	h	and	0.5	h	before	and	10	h	after	intraplantar	IL‐1.	Alternatively,	
mice	received	intraperitoneal	injections	with	200	l	(7	mg/ml)	clodronate‐liposomes236	or	PBS‐
liposomes	at	30	min	before	and	10	h	after	intraplantar	IL‐1	

Adoptive	transfer	

Bone	 marrow‐derived	 monocytes	 (BMDM)	 were	 isolated	 as	 described	 recently217.	 Following	
Ficoll	 (GE	Healtcare)	 density	 gradient	 centrifugation	 of	 bone	marrow	 from	 femora	 and	 tibiae,	
CD115+	monocytes	were	 isolated	with	biotin	 labelled	 anti‐CD115	antibodies	 and	 streptavidin‐
coupled	 magnetic	 beads	 following	 manufactures	 instructions	 (Miltenyi	 Biotec).	 IL10‐/‐,	 WT‐
CX3CR1gfp/+	 or	 GRK2+/‐‐CX3CR1gfp/+	 monocytes	 were	 intravenously	 injected	 (3.5*106	 cells	 per	
mouse).		

Flow	cytometry	

BMDM,	blood	leukocytes	and	cells	isolated	from	the	peritoneum	were	stained	with	anti‐CD115	
(eBioscience),	anti‐CCR2	(R&D	systems)	and	anti‐CD45.	Cells	were	analyzed	on	a	FACSCanto	II	
flowcytometer	using	FacsDiva	software	(BD	Biosciences).	

In	vitro	culture		

Peritoneal	macrophages	(0.2	x	106	cells	per	well)	were	cultured	in	RPMI‐1640	with	10%	FCS,	2	
mM	 glutamine	 and	 50	 M	 ‐mercaptoethanol	 (all	 Gibco)	 and	 stimulated	 with	 10	 ng/ml	 LPS	
(Sigma‐Aldrich)	 for	 18	 h	 (RNA)	 or	 24	 h	 (protein).	 IL‐10	 and	 TNF‐	 concentration	 in	 the	
supernatant	was	determined	with	ELISA	(Ucytech).	To	determine	IL‐1with	ELISA	(BD	OpTEIA)	
cultured	cells	were	exposed	for	60	min	to	3	mM	ATP	to	induce	IL‐1	secretion.	

Immunohistochemistry		

Spinal	 cord	 and	 dorsal	 root	 ganglia	 (DRG)	 were	 post‐fixed	 in	 4%	 paraformaldehyde	 and	
cryoprotected	 in	 sucrose.	 Cryosections	 (10	 μm)	 of	 DRG	 and	 of	 lumbar	 segments	 L2‐L5	 were	
incubated	with	 1:100	 rabbit	 anti‐GFP	 (GeneTex)	 and	 1:200	 rat	 anti‐CD45‐PE	 (BD	Bioscience)	
followed	 by	 alexa	 fluor	 594‐conjugated	 secondary	 antibody.	 Photographs	 were	 taken	 with	 a	
Zeiss	Axio	Observer	microscope	(Zeiss).		

Statistical	Analysis	

All	 data	 are	 presented	 as	 mean	 ±	 SEM	 and	 were	 analyzed	 using	 Student’s	 t‐test	 or	 two‐way	
ANOVA	with	Bonferroni	post‐hoc	tests.	
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Results	

Effect	of	peripheral	monocyte/macrophage	depletion	

To	 investigate	 the	 contribution	 of	 peripheral	 monocytes/macrophages	 to	 the	 course	 of	
intraplantar	 IL‐1‐induced	 thermal	 hyperalgesia,	 we	 utilized	 two	 different	
monocyte/macrophage	 depletion	 strategies.	 First,	 we	 administered	 anti‐CCR2	 monoclonal	
antibody	intraperitoneally	(i.p.)	at	24	h	and	30	min	before	and	10	h	after	intraplantar	IL‐1.	In	
WT	mice,	anti‐CCR2	treatment	prolonged	IL‐1‐induced	hyperalgesia	to	at	least	8	days	(Figure	
4.1A).	 In	WT	mice	 treated	with	 control	 IgG,	 IL‐1‐induced	 hyperalgesia	 resolved	within	 24	 h,	
which	is	consistent	with	our	earlier	findings	in	WT	mice	receiving	intraplantar	IL‐1only61,257.	In	
LysM‐GRK2+/‐	mice	IL‐1‐induced	hyperalgesia	was	prolonged	compared	to	WT	mice61,257.	Here	
we	show	that	this	prolonged	hyperalgesia	in	LysM‐GRK2+/‐	mice	was	not	affected	by	anti‐CCR2	
mediated	monocyte/macrophage	depletion	(Figure	4.1A).	Baseline	 thermal	sensitivity	was	not	
affected	 by	 antibody	 injections	 as	 well	 (Table	 4.1).	 FACS	 analysis	 of	 peritoneal	 lavage	 and	
peripheral	 blood	 confirmed	 monocyte/macrophage	 depletion	 in	 both	 WT‐CX3CR1gfp/+	 and	
GRK2+/‐‐CX3CR1gfp/+	mice	(Figure	4.1B	and	C).		

In	a	second	set	of	experiments	mice	received	 i.p.	 injections	of	clodronate‐liposomes	which	are	
known	 to	 deplete	 peritoneal	 macrophages/monocyte	 without	 affecting	 microglial	
numbers179,213,236.	 Clodronate‐mediated	 depletion	 of	 peripheral	 monocytes/macrophages	
prolonged	the	hyperalgesic	response	to	 intraplantar	IL‐1‐injection	in	WT	mice	from	less	than	
24	 h	 to	 at	 least	 two	 days	 (Figure	 4.1C).	 Clodronate‐treatment	 did	 not	 have	 any	 effect	 on	 the	
persistent	 IL‐1‐induced	hyperalgesia	 in	LysM‐GRK2+/‐	mice	(Figure	4.1D).	Baseline	sensitivity	
was	not	affected	by	clodronate	treatment	(Table	4.2).	

	

	

Table	4.1:	Baseline	heat	withdrawal	latency	times	(in	seconds)	after	antibody	injections.	

  WT (n = 4)  LysM‐GRK2+/‐ (n = 4) 

IgG  7.66  0.15   7.71  0.12  

Anti‐CCR2  7.88  0.17   7.77  0.18 

	

	

Table	4.2:	Baseline	heat	withdrawal	latency	times	(in	seconds)	after	liposome	injections.	

  WT (n = 8)  LysM‐GRK2+/‐ (n = 8) 

PBS‐liposomes  7.99  0.44   8.02  0.22  

Clodronate‐liposomes  8.32  0.15   7.96  0.18  
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Figure	4.1:	Effect	of	peripheral	monocyte/macrophage	depletion	on	the	duration	of	IL‐1β‐induced
hyperalgesia.	 (A)	 The	 percentage	 decrease	 in	 heat	 withdrawal	 latency	 was	 assessed	 over	 time	 after
intraplantar	 injection	of	1	ng	IL‐1	 in	WT	and	LysM‐GRK2+/‐	mice.	To	deplete	monocytes/macrophages,
mice	received	intraperitoneal	 injections	of	20	g	anti‐CCR2	antibody	(MC21)	or	control	IgG	at	24	h	and
0.5	h	 before	 as	well	 as	 10	h	 after	 intraplantar	 IL‐1	 (n	 =	 4	 per	 group).	 (B‐C)	Flow	 cytometric	 analysis
shows	successful	depletion	of	CD115+/CCR2+	monocytes	in	peritoneal	cavity	washes	and	peripheral	blood
from	 (B)	WT	 and	 (C)	 GRK2+/‐	 mice.	 (D)	 Mice	 received	 i.p.	 injections	 of	 200	 l	 (7	 mg/ml)	 clodronate‐
liposomes	or	PBS‐liposomes	at	15	min	before	and	10	h	after	 intraplantar	 IL‐1	 (n	=	8	per	group).	The
percentage	decrease	in	heat	withdrawal	latency	was	followed	over	time	after	intraplantar	injection	of	IL‐
1β	 (1	 ng)	 in	WT	 and	 LysM‐GRK2+/‐	mice.	 Data	 are	 expressed	 as	mean		 SEM.	 *	 p<0.05,	 **	 p<0.01,	 ***
p<0.001.	
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Adoptive	transfer	of	WT	BMDM	to	LysM‐GRK2+/‐	mice	

The	findings	in	figure	4.1	indicate	that	in	WT	mice,	peripheral	monocytes/macrophages	are	key	
to	promoting	the	resolution	of	IL‐1‐induced	hyperalgesia.	To	test	the	contribution	of	peripheral	
monocytes/macrophages	 to	 transition	 to	 persistent	 hyperalgesia	 in	 LysM‐GRK2+/‐	 mice,	 we	
adoptively	 transferred	WT	 BMDM.	 LysM‐GRK2+/‐	 mice	 were	 injected	 intravenously	 (i.v.)	 with	
3.5*106	 WT	 BMDM	 	 (based	 on	 217)	 10	 min	 prior	 intraplantar	 IL‐1injectionTransfer	 of	 WT	
BMDM	 to	 LysM‐GRK2+/‐	 mice	 completely	 prevented	 the	 development	 of	 persistent	 IL‐
1hyperalgesia	and	led	to	resolution	of	IL‐1	hyperalgesia	in	LysM‐GRK2+/‐	mice	within	a	time	
frame	 similar	 to	 that	 observed	 in	WT	mice	 (Figure	 4.1A	 vs	 4.2A).	 Transfer	 of	 GRK2‐deficient	
BMDM	 to	 LysM‐GRK2+/‐	 did	 not	 have	 any	 effect	 on	 IL‐1‐induced	 hyperalgesia	 (Figure	 4.2B).	
FACS	 analysis	 showed	 that	 the	 percentage	 of	 CD115+/CD45+	 and	 CCR2+	 cells	 in	 BMDM	 was	
similar	 in	WT	and	GRK2+/‐	mice	(see	Supplementary	Figure	4.1).	Transfer	of	WT	BMDM	to	WT	
mice	 prior	 to	 intraplantar	 IL‐1	 did	 not	 affect	 the	 spontaneous	 resolution	 of	 hyperalgesia	 in	
these	mice	(Figure	4.2C).		

Figure	 4.2:	 Adoptive	 transfer	 of	 WT	 BMDM	 prevents	 and	 treats	 persistent	 IL‐1β‐induced
hyperalgesia	 in	 LysM‐GRK2+/‐	mice.	 (A‐D)	 The	 percentage	 decrease	 in	 heat	 withdrawal	 latency	 was
assessed	over	 time	after	 intraplantar	 IL‐1(A‐B)	LysM‐GRK2+/‐	mice	were	 injected	 intravenously	 (i.v.)
with	(A)	WT	BMDM	(3.5	*	106	cells	per	mouse;	n	=	10),	(B)	GRK2+/‐	BMDM	(3.5	*	106	cells	per	mouse;	n=8
or	vehicle	(n	=	8)	10	min	before	intraplantar	IL‐1.	(C)	WT	mice	received	i.v.	WT	BMDM	(3.5	*	106	cells
per	mouse)	or	vehicle	(n	=	10	per	group)	10	min	before	intraplantar	IL‐1.	(D)	LysM‐GRK2+/‐	received	WT
BMDM	(15.000	per	mouse)	or	vehicle	intrathecally	(n	=	6	per	group)	10	min	before	intraplantar	IL‐1.	(E)
Representative	pictures	of	DRG	of	LysM‐GRK2+/‐	mice	treated	with	vehicle	or	WT	GFP‐BMDM	(3.5	*	106

cells	 per	 mouse)	 10	 min	 before	 intraplantar	 IL‐1.	 DRG	 were	 isolated	 8	 h	 after	 intraplantar	 IL‐1
administration	and	stained	for	GFP	and	CD45	to	identify	transplanted	cells.	(F)	WT	or	GRK2+/‐	BMDM	(3.5
*	106	cells	per	mouse)	or	vehicle	were	administered	i.v.	24	h	after	intraplantar	IL‐1i.e.	during	already
established	persistent	hyperalgesia	 in	LysM‐GRK2+/‐	mice.	The	percentage	decrease	 in	heat	withdrawal
latency	was	assessed	over	time	(n	=	4	–	8).	Data	are	expressed	as	mean		SEM.	**	p<0.01,	***	p<0.001	WT
BMDM	vs.	vehicle.	#	p<0.05,	##	p<0.01	GRK2+/‐	BMDM	vs.	vehicle.	
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As	compared	to	intravenous	administration	(Figure	4.2A),	intrathecal	administration	of	15,000	
WT	 BMDM	 promoted	 a	 more	 rapid	 resolution	 of	 IL‐1	 hyperalgesia	 in	 LysM‐GRK2+/‐	 mice	
(Figure	4.2D),	indicating	that	macr	ophages	locally	in	DRG	or	spinal	cord	are	likely	to	contribute.	
Indeed,	we	detected	GFP+‐BMDM	in	lumbar	DRG	after	intravenous	administration	(Figure	4.2E).	
However,	we	did	not	detect	donor	GFP+‐BMDM	in	lumbar	spinal	cord.		

Figure	4.3:	Role	of	IL‐10	in	the	regulation	of	IL‐1β‐induced	hyperalgesia.	The	percentage	decrease	in
heat	withdrawal	latency	was	determined	over	time	after	intraplantar	IL‐1	in	WT	and	LysM‐GRK2+/‐	mice.
Mice	 received	an	 i.t.	 injection	of	 (A)	10	μg	anti‐IL10	or	 control	 IgG	 (n	=	12	per	group)	15	min	prior	 to
intraplantar	IL‐1.	(B)	WT	and	LysM‐GRK2+/‐	mice	received	an	intrathecal	injection	of	0.5	μg	recombinant
IL‐10	(n	=	8)	or	vehicle	(n	=	4)	6	h	after	intraplantar	IL‐1.	(C)	IL10‐/‐	BMDM	or	WT	BMDM	(3.5	*	106	cells
per	mouse)	were	 injected	 i.v.	 10	min	 prior	 to	 intraplantar	 IL‐1	 in	 LysM‐GRK2+/‐	mice	 (n	 =	 6	 ‐	 8	 per
group).	(D‐E)	24	h	after	adoptive	transfer	of	WT	or	IL‐10‐/‐	BMDM	lumbar	dorsal	horn	spinal	cord	sections
were	stained	for	the	M1‐type	microglia/macrophage	activation	marker	CD16/32	(D)	Quantification	of	the
CD16/32	immunofluorescence	(n	=	4)	and	(E)	representative	sections	of	lumbar	dorsal	horn	spinal	cord
stained	for	CD16/CD32.	All	data	are	expressed	as	mean		SEM.	*	p<0.05	**	p<0.01,	***	p<0.001.		
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The	 data	 in	 figure	 4.2F	 show	 that	 intravenous	 administration	 of	 WT	 BMDM	 at	 24	 h	 after	
intraplantar	 IL‐1also	 reduces	 already	 persistent	 hyperalgesia	 (Figure	 4.2F).	 Transfer	 of	
GRK2+/‐	BMDM	at	24	h	after	 IL‐1	 increased	hyperalgesia	at	3	and	18	h	after	 transfer	 (Figure	
4.2F).	

Role	of	IL‐10	in	the	regulation	of	IL‐1β‐induced	hyperalgesia	

Next	we	tested	the	hypothesis	that	monocytes/macrophages	control	resolution	of	hyperalgesia	
via	 an	 IL‐10	 dependent	 pathway.	 In	 WT	 mice,	 intrathecal	 injection	 of	 anti‐IL‐10	 antibody	
significantly	 prolonged	 hyperalgesia	 induced	 by	 intraplantar	 IL‐1	 to	 at	 least	 7	 days.	 In	WT	
mice	treated	with	control	IgG,	IL‐1‐induced	hyperalgesia	resolved	within	24	h.	Notably,	i.t.	anti‐
IL‐10	did	not	have	any	effect	on	IL‐1‐induced	hyperalgesia	in	LysM‐GRK2+/‐	mice	(Figure	4.3A).		

Conversely,	 intrathecal	IL‐10	injection	at	6	h	after	 intraplantar	IL‐1	 transiently	reduced	IL‐1	
hyperalgesia	 in	 LysM‐GRK2+/‐	mice	 without	 having	 any	 effect	 in	WT	mice	 (Figure	 4.3B).	 This	
transient	effect	of	IL‐10	is	likely	due	to	the	reported	short	half‐life	of	IL‐10164.		

Transfer	of	 IL‐10‐/‐	BMDM	into	LysM‐GRK2+/‐	mice	did	not	prevent	 the	 transition	 to	persistent	
hyperalgesia	induced	by	IL‐1,	whereas	transfer	of	the	same	number	of	WT	BMDM	completely	
prevented	the	transition	to	persistent	hyperalgesia	in	LysM‐GRK2+/‐	mice	(Figure	4.3C).		

We	previously	reported	that	the	persistent	IL‐1‐induced	hyperalgesia	in	LysM‐GRK2+/‐	mice	is	
associated	with	a	pro‐inflammatory	M1	microglia/macrophage	phenotype	in	the	spinal	cord258.	
Here	we	show	that	transfer	of	WT	monocytes,	but	not	of	IL‐10‐/‐	monocytes	reduces	expression	
of	 the	M1	marker	CD16/32	 in	 the	 spinal	 cord	of	 intraplantar	 IL1‐treated	LysM‐GRK2+/‐	mice	
(Figure	4.3D	and	E).		

Supporting	our	hypothesis	that	GRK2‐deficiency	in	peripheral	monocytes/macrophages	is	key	to	
the	 prolongation	 of	 hyperalgesia	 in	 LysM‐GRK2+/‐	 mice,	 GRK2	 protein	 levels	 are	 reduced	 by	
~50%	 in	 macrophages	 of	 these	 mice,	 whereas	 GRK2	 protein	 or	 mRNA	 levels	 did	 not	 differ	
between	freshly	isolated	microglia	from	WT	and	LysM‐GRK2+/‐	mice	(see	Supplementary	Figure	
4.2).	We	 showed	 earlier	 that	 in	 primary	 cultures	 of	 LysM‐GRK2+/‐	microglia	 at	 14	 days	 GRK2	
protein	 levels	 are	 reduced	 by	 ~50%.	 These	 findings	 confirm	 that	 the	 LysM	 promoter	 is	 not	
active	in	naive	freshly	isolated	microglia	but	is	induced	in	microglia	after	in	vitro	culture	and	is	
active	in	peripheral	monocytes	and	macrophages31,157.		

Effect	of	GRK2‐deficiency	on	IL‐10	production	

Finally	 we	 tested	 the	 hypothesis	 that	 GRK2‐deficiency	 impairs	 the	 capacity	 of	 GRK2+/‐	
macrophages	 to	 produce	 IL‐10.	 Both	 the	 level	 of	 IL‐10	mRNA	 as	well	 as	 the	 amount	 of	 IL‐10	
secreted	 was	 significantly	 lower	 in	 LPS‐stimulated	 cultures	 of	 GRK2+/‐	 compared	 to	 WT	
macrophages	(Figure	4.4).	Conversely,	GRK2+/‐	macrophages	released	higher	 levels	of	 the	pro‐
inflammatory	cytokines	TNF‐	and	IL‐1	(Figure	4.4	and	185)	after	stimulation	with	LPS.		
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Discussion	
Here	we	present	a	so	far	unrecognized	and	crucial	role	for	peripheral	monocytes/macrophages	
in	 the	 resolution	 of	 transient	 inflammatory	 hyperalgesia.	 Specifically	 depletion	 of	 peripheral	
monocytes/macrophages	 in	 WT	 mice	 causes	 transition	 from	 transient	 IL‐1‐induced	
hyperalgesia	into	persistent	hyperalgesia.	Moreover,	adoptive	transfer	of	WT	BMDM,	but	not	of	
GRK2+/‐	 BMDM,	 to	 LysM‐GRK2+/‐	 mice	 prevents	 and	 reverses	 the	 persistent	 hyperalgesia	 that	
develops	 in	 these	mice.	Adoptive	 transfer	of	 IL‐10‐/‐	monocytes	did	not	have	any	effect	on	 the	
persistent	 hyperalgesia	 in	 LysM‐GRK2+/‐	 mice	 and	 intrathecal	 administration	 of	 anti‐IL‐10	
markedly	prolonged	hyperalgesia	in	WT	mice.	Collectively,	our	findings	identify	a	crucial	role	for	
peripheral	monocytes/macrophages	with	normal	GRK2	levels,	which	produce	IL‐10	to	promote	
resolution	of	IL‐1induced	hyperalgesia.	

We	 are	 the	 first	 to	 show	 that	 peripheral	 monocytes/macrophages	 are	 required	 for	 the	
spontaneous	 resolution	 of	 hyperalgesia	 in	 response	 to	 a	 transient	 inflammatory	 stimulus.	We	
demonstrate	 that	 anti‐CCR2‐	 or	 clodronate‐mediated	 peripheral	 monocyte/macrophage	
depletion	 prolongs	 hyperalgesia	 in	 response	 to	 a	 transient	 peripheral	 inflammatory	 stimulus.	
This	 finding	 indicates	 that	 peripheral	 monocytes/macrophages	 are	 key	 to	 preventing	 the	
transition	to	chronic	pain.		

The	 few	 earlier	 studies	 that	 used	 depletion	 strategies	 to	 determine	 the	 contribution	 of	
peripheral	 monocytes/macrophages	 to	 pain	 focused	 mainly	 on	 neuropathic	 pain	 and	 results	
were	mixed.	Rutkowski	et	al.,	described	that	nerve‐injury	induced	mechanical	allodynia	was	not	
altered	by	clodronate	liposome‐	mediated	depletion	prior	to	the	induction	of	nerve	injury211.	In	
contrast,	Liu	et	al.	showed	alleviation	of	nerve	injury‐induced	allodynia	by	clodronate	liposome‐
mediated	monocyte/macrophage	depletion	during	ongoing	neuropathic	pain	and	a	reduction	in	
the	number	 of	macrophages	 in	 the	 injured	nerve144.	Development	 of	 diabetic	 neuropathy	was	
delayed	after	macrophage	depletion160.	Persistent	hyperalgesia	after	intraplantar	injection	with	
Freund’s	 adjuvant	 was	 not	 affected	 by	 clodronate‐liposome‐mediated	 monocyte/macrophage	
local	depletion	in	the	hindpaw18.	In	contrast,	our	study	indicates	that	in	the	context	of	transient	

Figure	4.4:	IL‐10	production	by	WT	and	GRK2+/‐	macrophages.	(A)	Freshly	isolated	WT	and	GRK2+/‐

peritoneal	macrophages	were	stimulated	with	10	ng/ml	LPS	and	after	18	h	IL‐10	mRNA	expression	was
determined.	(B)	WT	and	GRK2+/‐	macrophages	were	stimulated	for	24	h	with	different	doses	of	LPS	and
IL‐10	 protein	 content	 in	 supernatant	 was	 determined.	 Data	 were	 normalised	 against	 the	 maximal
response	of	WT	macrophages	induced	by	100	ng/ml	LPS	(C)	WT	and	GRK2+/‐	monocytes	were	stimulated
with	10	ng/ml	LPS	for	24	h	and	IL‐10,	TNF‐	and	IL‐1	protein	content	in	supernatant	was	determined	(n
=	4	–	8	per	group).	Data	are	expressed	as	mean		SEM.	**	p<0.01,	***	p<0.001.	



	

	

Peripheral	monocytes/macrophages	control	pain 57	

hyperalgesia	 induced	 by	 a	 single	 injection	 of	 a	 mild	 inflammatory	 stimulus	 (IL‐1),	
monocyte/macrophage	depletion	markedly	prolongs	hyperalgesia.		

In	search	for	the	pathway	via	which	peripheral	monocytes/macrophages	promote	resolution	of	
transient	 inflammatory	hyperalgesia,	we	 focused	on	the	anti‐inflammatory	cytokine	 IL‐10.	Our	
data	 showing	 that	 intrathecal	 injection	 of	 anti‐IL‐10	 in	WT	mice	 prolongs	 the	 duration	 of	 IL‐
1hyperalgesia,	 indicate	 that	 IL‐10	 signaling	 in	 the	 spinal	 cord	 or	 DRG	 is	 required	 for	
spontaneous	 resolution	 of	 hyperalgesia	 in	 this	model	 of	 acute	 inflammatory	 pain.	 It	 has	 been	
shown	before	 that	 intrathecal	 treatment	with	 IL‐10	or	 local	overexpression	of	 IL‐10	alleviates	
hyperalgesia	 in	mouse	 and	 rat	models	 of	 neuropathic	 pain164.	 However,	 until	 now	 it	was	 not	
known	 that	 IL‐10	 signaling,	 likely	 downstream	 of	 IL‐10	 production	 by	 peripheral	
monocytes/macrophages,	is	required	for	the	spontaneous	resolution	of	hyperalgesia	in	response	
to	a	short‐lasting	peripheral	inflammatory	stimulus.		

We	 reported	 earlier	 that	 the	 transition	 from	 acute	 to	 persistent	 IL‐1‐hyperalgesia	 in	 LysM‐
GRK2+/‐	mice	 is	 associated	with	persistent	microglia/macrophage	activation	 in	 the	 spinal	 cord	
with	an	M1	or	pro‐inflammatory	phenotype.	In	addition,	after	intraplantar	IL‐1isolated	spinal	
cord	 microglia/macrophages	 from	 LysM‐GRK2+/‐	 mice	 express	 significantly	 more	 pro‐
inflammatory	(M1)	cytokine	and	less	anti‐inflammatory	(M2)	cytokines	compared	to	cells	from	
WT	mice258.	Here	we	show	that	in	vitro,	GRK2‐deficient	monocytes/macrophages	produce	less	of	
the	anti‐inflammatory	M2‐type	cytokine	IL‐10	and	increased	levels	of	the	pro‐inflammatory	M1‐
type	 cytokines	 IL‐1	 and	 TNF‐.	 Moreover,	 transfer	 of	 WT,	 but	 not	 IL‐10	 deficient	 BMDM	
promotes	resolution	of	hyperalgesia	and	reduces	 the	expression	of	CD16/32,	a	marker	of	pro‐
inflammatory	 M1	 microglia/macrophages	 in	 LysM‐GRK2+/‐	 spinal	 cord.	 Collectively	 these	
findings	indicate	that	the	transition	from	acute	to	persistent	hyperalgesia	in	LysM‐GRK2+/‐	mice	
is	caused	by	reduced	capacity	of	GRK2‐deficient	macrophages	 to	produce	 IL‐10	which	 inhibits	
the	M1‐type	spinal	cord	microglia/macrophage	activity.		

In	our	previous	studies,	we	showed	that	GRK2	levels	of	primary	microglia	cultures	from	LysM‐
GRK2+/‐	mice	were	reduced	by	approximately	50%	compared	to	WT	microglia177,257.	However,	in	
the	present	study	we	show	that	the	level	of	GRK2	protein	or	mRNA	in	freshly	isolated	microglia	
from	LysM‐GRK2+/‐	mice	was	not	different	 from	WT	microglia.	 This	 finding	 is	 in	 line	with	 the	
notion	 that	 the	 LysM	 promoter	 is	 not	 active	 in	 naive	 freshly	 isolated	 microglia	 but	 becomes	
active	 in	 these	cells	after	stimulation31,157	 .	The	 fact	 that	GRK2	 is	 reduced	 in	macrophages,	but	
not	 microglia	 from	 LysM‐GRK2+/‐	 further	 supports	 the	 hypothesis	 that	 the	 peripheral	
monocytes/macrophage	component	are	key	for	regulating	the	transition	from	acute	to	chronic	
pain.	

Our	 current	 findings	 that	 IL‐10‐producing	 BMDM	 suppress	 spinal	 cord	 inflammatory	 activity	
and	 promote	 resolution	 of	 transient	 inflammatory	 hyperalgesia	 are	 reminiscent	 of	 earlier	
findings	regarding	the	contribution	of	BMDM	to	injury	and	repair	of	the	damaged	spinal	cord.	In	
a	model	of	spinal	cord	injury	Shechter	et	al.	demonstrated	that	peripheral	monocytes	infiltrate	
into	the	damaged	central	nervous	system	to	regulate	recovery.	They	also	showed	that	adoptive	
transfer	of	WT,	but	not	IL‐10	deficient	BMDM,	promoted	recovery	from	spinal	cord	injury217.	The	
model	 of	 spinal	 cord	 injury	 is	 associated	 with	 damage	 to	 the	 blood	 brain	 barrier	 which	 will	
facilitate	the	infiltration	of	BMDM	into	the	spinal	cord.	Notably,	it	is	unlikely	that	the	blood	brain	
barrier	is	damaged	or	more	permeable	in	response	to	a	single	intraplantar	injection	of	IL‐1.	Yet,	
intravenous	adoptive	transfer	of	monocytes	promotes	resolution	of	hyperalgesia	and	this	effect	
can	 be	 mimicked	 by	 intrathecal	 delivery	 of	 a	 much	 lower	 number	 of	 BMDM.	 However,	 even	
though	 the	 transfer	 of	 BMDM	 reduced	 the	 expression	 of	 pro‐inflammatory	 microglia	 marker	
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CD16/32	in	the	spinal	cord,	we	did	not	detect	infiltration	of	donor	BMDM	into	the	spinal	cord,	
but	 only	 in	 the	 DRGs.	 Based	 on	 these	 results,	 we	 propose	 that	 the	 control	 of	 resolution	 of	
hyperalgesia	 by	 BMDM	 involves	 IL‐10	 signaling	 in	 the	 DRG	 resulting	 in	 suppression	 of	
nociceptor	sensitization	and	reduction	of	microglial	activation	 in	the	spinal	cord.	However,	we	
cannot	exclude	that	intravenous	adoptive	transfer	of	BMDM	promotes	resolution	of	hyperalgesia	
via	 an	 effect	 of	 transferred	 cells	 on	 the	 peripheral	 nerve	 endings	 or	 on	 local	 inflammatory	
activity	in	the	paw.		

Earlier	studies	have	shown	that	chronic	constriction	injury	in	rats	 leads	to	a	decrease	in	IL‐10	
protein	in	the	DRG108.	In	addition,	overexpression	of	IL‐10	in	the	spinal	cord	alleviates	chronic	
hyperalgesia	 in	models	 of	 chronic	 neuropathic	 pain165,167.	 Successful	 treatment	 of	 neuropathic	
pain	 in	 rats	 is	 associated	 with	 an	 increase	 in	 IL‐10	 in	 the	 spinal	 cord256.	 In	 line	 with	 these	
observations	in	animal	models,	an	inverse	correlation	between	pain	intensity	and	plasma	IL‐10	
has	been	reported	in	patients	with	chronic	pain	receiving	opioid	therapy.	Moreover,	plasma	IL‐
10	levels	were	two‐fold	in	higher	in	patients	with	painful	compared	to	painless	neuropathy276.	It	
remains	to	be	determined	whether	a	decrease	in	IL‐10	production	in	patients	with	chronic	pain	
is	associated	with	reduced	expression	of	GRK2	in	peripheral	monocytes/macrophages.	Notably,	
we	 showed	 earlier	 that	 the	 painful	 autoimmune	 diseases	 rheumatoid	 arthritis	 and	 multiple	
sclerosis	are	associated	with	a	decrease	 in	 the	 level	of	GRK2	 in	peripheral	blood	mononuclear	
cells	 as	 compared	 to	healthy	 individuals147,242.	Moreover,	 analysis	of	 cytokine	profiles	 in	 these	
patients	 showed	 increased	pro‐inflammatory	cytokines	such	as	TNF‐	 and	decreased	 levels	of	
anti‐inflammatory	cytokines	such	as	IL‐10	and	TGF‐	

In	conclusion,	we	propose	that	IL‐10	producing	peripheral	monocytes/macrophages	are	key	to	
preventing	the	transition	from	acute	to	chronic	inflammatory	pain.	We	also	propose	that	GRK2	
deficiency	in	peripheral	monocytes/macrophages	is	sufficient	to	promote	transition	from	acute	
to	chronic	pain	because	of	the	reduced	capacity	of	these	cells	to	produce	IL‐10.	Future	studies	
should	elucidate	whether	low	GRK2	expression	and/or	impaired	IL‐10	production	by	peripheral	
monocytes/macrophages	 represent	 biomarkers	 for	 the	 risk	 of	 developing	 chronic	 pain	 after	
inflammation.		
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Supplementary	Materials	and	Methods	

Microglia/macrophage	isolation	

Microglia	were	isolated	from	brains	and	spinal	cord	by	Percoll	(GE	Healtcare)	density	gradient	
centrifugation	 as	 described	 previously258.	 CD11b+	macrophages	were	 isolated	 from	peritoneal	
lavage	 of	 naive	 mice	 followed	 by	 magnetic	 beads	 separation	 according	 to	 manufactures	
instructions	 (BD	 IMag).	 GRK2	 protein	 levels	 in	 microglia	 and	 peritoneal	 macrophages	 were	
determined	 by	 Western	 Blot	 as	 described	 previously257.	 GRK2	 mRNA	 levels	 in	 spinal	 cord	
microglia	were	analyzed	by	real‐time	RT‐PCR.		

Real‐time	RT‐PCR	

Total	RNA	from	freshly	isolated	microglia	was	isolated	using	RNeasy	mini	kit	(Qiagen)	and	cDNA	
was	 synthesized	 using	 Superscript	 Reverse	 Transcriptase	 (Invitrogen).	 Quantitative	 real‐time	
PCR	reaction	was	performed	with	an	I‐cycler	 iQ5	(Bio‐Rad)	using	the	following	primers:	GRK2	
forward:	 CgggACTTCTgCCTgAACCATCTg,	 reverse:	 CTCggCTgCggACCACACg.	 Data	 were	
normalized	 for	 GAPDH	 and	 ‐actin	 expression.	 GAPDH	 forward:	 TgAAgCAggCATCTgAggg,	
reverse:	 CgAAggTggAAgAgTgggAg,	 Actin	 forward:	 AgAgggAAATCgTgCgTgAC,	 reverse:	
CAATAgTgATgACCTggCCgT.	
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Supplementary	Figures		

	

Supplementary	 figure	 4.1:	 Flow	 cytometric	 analysis	 of	WT	 and	 GRK2+/‐	BMDM.	 (A)	 WT	 and	 (B)
GRK2+/‐	CD115+	BMDM	were	isolated	for	adoptive	transfer	studies.	Flow	cytometric	analysis	shows	that
the	 vast	majority	 of	 BMDM	were	 CD45+/CD115+.	 No	 differences	 in	 the	 percentage	 CCR2+	 BMDM	were
observed	between	WT	and	GRK2+/‐	BMDM.	

	

Supplementary	figure	4.2:	GRK2	expression	levels	in	peripheral	macrophages	and	freshly	isolated
microglia.	GRK2	protein	expression	 levels	were	determined	by	Western	blot	 in	 (A)	 isolated	peritoneal
macrophages	 (n	=	4)	and	(B)	 freshly	 isolated	adult	brain	microglia	 (n	=	8)	 from	WT	and	LysM‐GRK2+/‐

mice.	(C)	Spinal	cord	microglia	were	isolated	from	WT	and	LysM‐GRK2+/‐	mice	(n=	6	per	group)	for	direct
analysis	of	mRNA	expression	by	qRT‐PCR	of	GRK2.	Data	are	expressed	as	mean		SEM.	*	p<0.05.	
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Abstract	
The	 mitogen	 activated	 protein	 kinase	 (MAPK)	 p38	 is	 a	 well‐established	 mediator	 of	
inflammation	and	contributes	to	inflammatory	and	neuropathic	pain.	Pharmaceutical	companies	
generated	 p38	 MAPK	 inhibitors	 targeting	 the	 ATP	 binding	 site	 without	 positive	 therapeutic	
results.	 Here,	 we	 developed	 and	 investigated	 a	 novel	 p38	 MAPK	 compound	 as	 a	 potential	
therapeutic	 drug	 to	 treat	 chronic	 pain.	 We	 recently	 demonstrated	 that	 docking‐	 groove	
dependent	 interactions	 are	 important	 for	 p38	 MAPK‐mediated	 signal	 transduction.	 Here,	 we	
performed	 a	 virtual	 screening	 procedure	 with	 a	 one	 million	 compound	 library	 in	 order	 to	
identify	 putative	 docking	 groove	 targeted	 p38	 MAPK	 inhibitors.	 Of	 the	 candidates	 identified,	
several	 compounds	 of	 the	 benzooxadiazol	 family	 showed	 low	 micromolar	 inhibitory	 activity	
both	 in	 vitro	 in	 a	 p38	 MAPK	 activity	 assay	 using	 MEF2A	 phosphorylation	 and	 in	 cells	 using	
inhibition	of	LPS‐induced	TNF‐	 secretion	by	THP‐1	monocytic	cells	as	read‐outs.	Substituting	
positions	2	and	5	in	the	phenyl	ring	of	the	compounds	was	essential	for	the	described	inhibitory	
activity,	and	a	compound	bearing	a	chloride	at	position	5	and	a	methyl	at	position	2	(FGA‐19)	
yielded	the	best	inhibitory	activity	with	a	2	µM	IC50.	The	in	vivo	effect	of	FGA‐19	was	analyzed	in	
a	 mouse	 model	 of	 persistent	 inflammatory	 hyperalgesia	 induced	 by	 intraplantar	 injection	 of	
carrageenan.	A	single	intrathecal	injection	of	FGA‐19	at	seven	days	after	carrageenan	completely	
resolved	hyperalgesia.	The	minimal	effective	dose	was	0.5	µg	per	mouse	and	we	did	not	detect	
peripheral	anti‐inflammatory	effects.	FGA‐19	also	reversed	persistent	hyperalgesia	in	the	LysM‐
GRK2+/‐	mouse,	a	model	of	post‐inflammatory	hyperalgesia.	The	analgesic	effect	of	FGA‐19	lasted	
much	 longer	 than	that	of	 the	established	p38	MAPK	inhibitor	SB239063.	Our	data	 identify	 the	
family	of	benzooxadiazol‐based	compounds	as	good	p38	MAPK	docking‐site	targeted	inhibitors,	
and	FGA‐19	as	a	potential	novel	candidate	for	the	treatment	of	inflammatory	hyperalgesia.	
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Introduction	
The	 mitogen	 activated	 protein	 kinase	 (MAPK)	 p38	 is	 a	 key	 intracellular	 kinase	 involved	 in	
regulation	of	the	production	of	multiple	inflammatory	mediators.	p38	MAPK	has	been	the	target	
of	intensive	basic	research	performed	in	academic	groups	and	of	programs	of	drug	development	
by	 many	 different	 pharmaceutical	 companies45.	 p38	 belongs	 to	 the	 MAPK	 family	 of	
serine/threonine	 kinases	 that	 share	 a	 common	 overall	 structure	 and	 also	 a	 similar	 mode	 of	
activation	 through	phosphorylation	at	 the	activation	 lip	by	upstream	activators,	 in	 the	 case	of	
p38	including	MKK3	and	MKK6	although	alternative	mechanisms	of	activation	exist	(reviewed	
in48).	 Of	 the	 four	 p38	 MAPK	 isoforms,	 p38	 and	 β	 are	 ubiquitously	 expressed	 and,	 in	
inflammatory	 cells,	 p38	 is	 the	most	 prominent.	Many	 different	 extracellular	 stimuli	 activate	
p38	 MAPK,	 among	 them	 inflammatory	 cytokines,	 lipopolysaccharide	 (LPS)	 or	 other	 bacterial	
products,	and	different	stressors	such	as	thermal,	mechanical	or	hypoxic	insults42.	In	turn,	p38	
MAPK	 directly	 phosphorylates	 important	 transcription	 factors	 including	 myocyte	 enhancer	
factor	 2	 (MEF‐2)	 and	 activating	 transcription	 factor	 2	 (ATF‐2).	 p38	 MAPK	 also	 controls	 the	
activation	state	of	downstream	kinases	such	as	MAPK‐activated	protein	kinases	2	and	3	(MK2	
and	3)	that	in	turn	phosphorylate	heat	shock	protein‐27	(Hsp‐27)	and	other	cellular	proteins.	In	
the	inflammatory	pathway,	p38	MAPK	regulates	the	stability	and	expression	of	multiple	mRNAs	
including	those	coding	for	TNF,	IL‐1β,	IL‐6,	and	IL‐8132.	It	has	been	shown	in	several	models	of	
chronic	 pain,	 that	 p38	MAPK	 is	 upregulated	 and	 that	 pain	 hypersensitivity	 can	 be	 transiently	
blocked	by	 commercially	 available	p38	MAPK	 inhibitors11,61,62,110,138,257.	 These	 findings	 indicate	
that	p38	MAPK	may	be	an	 interesting	target	 for	the	development	of	 therapeutic	drugs	to	treat	
chronic	 inflammatory	 pain.	 However,	 so	 far	 human	 clinical	 trials	 using	 p38	MAPK	 inhibitors,	
such	as	a	trial	in	patients	with	rheumatoid	arthritis	have	been	disappointing39.		

p38	MAPK	 is	able	 to	specifically	 interact	with	upstream	regulators	and	also	with	downstream	
substrates	 by	 virtue	 of	 a	 specific	 domain	 called	 docking	 domain	 that	 lays	 opposite	 to	 the	
catalytic	cleft	and	the	activation	loop	surface48.	The	specific	 features	of	these	interactions	have	
been	 characterized	 in	 detail	 and	 the	 structure	 of	 p38	 co‐crystallized	 with	 peptides	 derived	
from	 the	 interacting	 motifs	 in	 MKK3b	 and	 MEF‐2A	 has	 been	 resolved27.	 Interestingly,	 the	
interactions	 mediated	 by	 this	 docking	 domain	 can	 be	 regulated	 by	 means	 of,	 for	 example,	
phosphorylation	of	either	the	substrate	or	the	p38	kinase	itself185.	This	event	provides	a	feasible	
mechanism	of	intervention	into	the	p38	MAPK	route,	by	providing	a	protein	surface	that	can	be	
more	 specific	 as	 a	 target	 of	 therapeutic	 drugs	 than	 the	 currently	most	 used	 pocket:	 the	 ATP	
binding	 site	 of	 p38	 MAPK,	 which	 shares	 a	 high	 overall	 homology	 with	 that	 of	 other	 protein	
kinases14.	Along	these	lines,	a	major	effort	has	been	invested	in	the	development	of	specific	p38	
MAPK	inhibitors	given	the	failure,	during	human	clinical	trials,	of	the	first	and	second	generation	
ATP‐site	targeted	compounds45.	Consequently,	 the	need	for	novel	strategies	aimed	at	 targeting	
the	p38	MAPK	by	different	mechanisms	or	utilizing	unexplored	interactive	domains	is	a	venue	
that	 certainly	 deserves	 further	 research.	 Recently	 we	 described	 that	 p38	 MAPK	 can	 be	
phosphorylated	 in	 the	 docking	 groove	 (at	 Thr‐123)	 resulting	 in	 reduced	 binding	 of	 upstream	
kinases	 and	 downstream	 targets	 and	 thereby	 reduced	 activation	 of	 p38	 MAPK185.	 With	 this	
knowledge,	we	performed	a	virtual	screening	of	a	chemical	 library	of	compounds	to	search	for	
potential	novel	p38	MAPK	inhibitors	targeting	the	docking	groove.	
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Materials	and	Methods	

Virtual	Screening	(VS)	

All	 VS	 calculations	were	 performed	within	 the	 automated	platform	VSDMIP23.	 For	 the	 sake	 of	
clarity,	we	briefly	describe	here	the	main	steps	comprising	the	protocol.	

Receptor	preparation.	The	three‐dimensional	structure	of	p38	MAPK	as	 found	 in	complex	with	
MEF2A	peptide	 (PDB:	1LEW)27	was	used	as	 the	receptor.	All	atoms	other	 than	 those	 from	the	
receptor	 were	 removed.	 AMBER	 ff99	 force	 field247	 was	 then	 used	 to	 assign	 atom	 types	 and	
charges	for	each	atom	in	the	receptor.	Addition	of	missing	hydrogen	atoms	and	computation	of	
the	protonation	state	of	ionizable	groups	at	pH	6.5	were	carried	out	using	the	H++	Web	server82,	
which	 relies	 on	 AMBER	 parameters	 and	 finite	 difference	 solutions	 to	 the	 Poisson–Boltzmann	
equation.	A	salt	concentration	of	0.15	M	and	an	internal	and	external	dielectric	constant	of	4	and	
80,	respectively,	were	used.	

Binding	site	definition	and	characterization.	To	delimit	the	binding	site	we	selected	MEF2A	as	the	
core	 around	 which	 to	 build	 the	 docking	 box	 by	 adding	 a	 5.0	 Å	 cushion	 to	 the	 maximum	
dimensions	 of	 the	 peptide.	 An	 equally	 spaced	 grid	 of	 0.	 5	 Å	 was	 then	 built,	 and	 CGRID186	
calculated	 protein	 interaction	 fields	 (a	 12–6	 Lennard‐Jones	 term	 and	 an	 electrostatic	 term	
modeled	with	a	sigmoidal	dielectric	screening	function)	using	common	atom	probes	(C,	N,	O,	S,	
P,	H,	F,	Cl,	Br,	and	I)	at	each	grid	point.	Next,	benzene,	water	and	methanol	probes	were	docked	
with	CDOCK186	to	generate	intermolecular	interaction	energy	maps	aimed	at	capturing	the	most	
likely	 areas	 of	 interest	 for	 hydrophobic,	 hydrophilic	 and	 hydrogen	 bond	 interactions,	
respectively.	 These	 areas	 were	 further	 compressed	 into	 gaussian	 functions	 using	 GAGA	
algorithm248	 producing	 a	 sort	 of	 a	 negative	 image	 of	 the	 interaction	 site.	 The	 putative	 active	
ligands	in	the	library	must	conform	to	this	approximate	shape.	

Chemical	 library	 preparation.	 Ligands	 for	 VS	 consisted	 on	 a	 selection	 of	 ~1	 million	 non‐
redundant	 molecules	 obtained	 from	 the	 publicly	 available	 ZINC	 database106,	 mainly	 from	
ChemBridge	 and	 ASINEX	 companies,	 in	 SMILES	 format251.	 Multiple	 protonation	 states	 and	
tautomeric	forms	were	considered	as	implemented	by	default	in	ZINC.	The	molecules	were	then	
processed	 within	 VSDMIP	 as	 usually:	 (a)	 conversion	 from	 SMILES	 to	 3D	 MOL2	 using	 Corina	
Molecular	 Networks,	 (b)	 atomic	 charge	 calculations	 with	 MOPAC223	 (MNDO	 ESP	 method)	 on	
every	 single	 structure	 provided	 by	 CORINA;	 and	 (c)	 atom	 type	 assignment	 according	 to	 the	
AMBER	ff99	force	field	and	conformational	analysis	using	ALFA78.	

Filter	1.	An	initial	filter	was	performed	with	the	docking	program	DOCK	to	quickly	discard	those	
molecules	 that	 do	 not	 geometrically	 fit	within	 the	 binding	 site.	 The	 spheres	 needed	 by	DOCK	
were	 those	 previously	 generated	with	 GAGA.	We	 used	 DOCK	 contact	 as	 the	 scoring	 function,	
normalizing	 the	 score	 values	 (scorei)	 by	 converting	 them	 into	 ZScore	 using	 mean	 (average	
score)	 and	 standard	 deviation	 (σ)	 values	 (ZScorei	 =	 (scorei‐average	 score)/σ).	 Only	 those	
molecules	with	a	ZScore	beyond	a	cut	off	value	of	2.5	were	selected	(45,488)	and	passed	onto	
the	next	step.	

Filter	2.	Selected	molecules	from	the	previous	step	were	docked	with	the	more	accurate	docking	
algorithm	 CDOCK.	 CDOCK	 exhaustively	 docks	 each	 molecule	 within	 the	 binding	 site	 of	 the	
receptor	using	the	interaction	energy	grids	previously	calculated	with	CGRID.	This	was	achieved	
by	an	exhaustive	exploration	of	the	location	and	orientation	of	each	molecule	by	positioning	its	
center	 of	mass	 on	 grid	 points	 and	 performing	 discrete	 rotations	 of	 27°	 on	 each	 axis	 (poses).	
Finally,	 the	 energy	of	 the	poses	was	 evaluated	by	 the	molecular	mechanics	 force‐field	 scoring	
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function	 implemented	 in	 CDOCK,	 which	 beside	 including	 a	 12–6	 Lennard‐Jones	 term	 and	 an	
electrostatic	 term	 modeled	 with	 a	 sigmoidal	 dielectric	 screening	 function,	 also	 accounts	 for	
ligand	and	receptor	desolvations	as	well	as	for	hydrogen	bonding	interactions170.	

Molecular	 dynamics	 simulations	 and	 MM‐GBSA	 calculations.	 The	 top	 ranked	 200	 molecules	
according	to	CDOCK’s	scoring	function	were	subjected	to	better	binding	free	energy	estimation	
by	a	combination	of	molecular	dynamics	(MD)	trajectories	and	MM‐GBSA128	calculation	on	these	
trajectories.	 The	 200	 complexes	 were	 hydrated	 by	 using	 boxes	 containing	 explicit	 water	
molecules	with	added	counter	ions	to	maintain	electro	neutrality,	energy	minimized,	heated	(20	
ps),	 and	equilibrated	 (100	ps).	After	equilibration,	MD	 trajectories	were	continued	 for	200	ps.	
From	 this	 last	 part,	 structures	 were	 homogenously	 sampled	 each	 10	 ps	 and	 stored	 for	 post‐
processing.	All	 the	 simulations	were	performed	 at	 constant	 pressure	 and	 temperature	 (1	 atm	
and	300	K)	with	an	integration	time	step	of	2	fs.	SHAKE212	was	used	to	constrain	all	the	bonds	
involving	H	atoms	at	their	equilibrium	distances.	Periodic	boundary	conditions	and	the	Particle	
Mesh	 Ewald	 methods	 were	 used	 to	 treat	 long‐range	 electrostatic	 effects50.	 AMBER	 ff99	 and	
TIP3P115	 force‐fields	 were	 used	 in	 all	 cases.	 Finally,	 the	 effective	 binding	 free	 energies	 were	
qualitatively	 estimated	 using	 the	 MM‐GBSA	 approach,	 which	 calculates	 the	 free	 energy	 of	
binding	 as	 a	 sum	 of	 a	 Molecular	 Mechanics	 (MM)	 interaction	 term,	 a	 solvation	 contribution	
thorough	a	Generalized	Born	(GB)	model	and	a	Surface	Area	(SA)	contribution	to	account	for	the	
non‐polar	 part	 of	 desolvation.	 A	 12–6	 Lennard‐Jones	 term	 was	 used	 to	 model	 de	 MM	
contribution.	For	GB,	the	solute	dielectric	constant	was	set	to	4	while	that	of	the	solvent	was	set	
to	80,	and	the	dielectric	boundary	was	calculated	using	a	solvent	probe	radius	of	1.4	Å.	The	SA	
contribution	 was	 approximated	 as	 a	 linear	 relationship	 to	 the	 change	 in	 SASA	 (Solvent	
Accessible	Surface	Area):	

௡௣ܩ∆ ൌ ܽ ൅ ܾ ∙  ܣܵܣܵ∆

where	 a	 is	 0.092	 kcal·mol‐1,	 b	 is	 0.00542	 kcal·mol‐1·Å‐2,	 	௡௣ܩ∆ is	 the	 SA	 contribution,	 and	 the	
change	in	SASA	refers	to	the	complex	SASA	minus	the	sum	of	that	of	the	protein	and	the	ligand	
alone.	 In	 addition,	 interaction	 energy	 analysis	 between	 the	 ligands	 and	 the	 more	 relevant	
residues	 in	 the	binding	 site	were	 computed	 (with	MM‐GBSA).	All	 the	 trajectories	and	analysis	
were	performed	using	the	AMBER	8	computer	program	and	associated	modules26.	

Selection	 of	 candidates.	 Averaged	 structures	 along	 the	 trajectories	 were	 obtained	 and	 energy	
minimized	in	vacuum	with	the	ff99	force	field,	without	periodic	boundary	conditions	and	during	
1000	 steps	 (the	 first	 500	with	 the	 steepest	 descent	method	 and	 the	 rest	with	 the	 conjugated	
gradient)	 solely	 to	 alleviate	 the	 possible	 clashes	 that	 may	 be	 originated	 by	 averaging	 the	
coordinates.	 These	 structures	 were	 used	 for	 graphical	 representation	 and	 comparison	 of	 the	
binding	 modes.	 From	 the	 highest	 scoring	 compounds,	 and	 upon	 visual	 examination,	 18	
candidates	 were	 finally	 selected,	 purchased	 (see	 below),	 and	 tested	 experimentally.	 All	
visualizations	were	done	within	the	molecular	graphics	program	PyMOL54	Unfortunately,	not	all	
the	compounds	were	available	from	the	vendors.	In	these	cases	similarity	search	was	performed	
employing	two	complementary	strategies	based	on:	(a)	the	2D	topological	representation	of	the	
molecules	and	the	search/compare	engine	implemented	in	ZINC;	and	(b)	the	3D	structure	of	the	
molecules,	 the	 shape‐matching	 algorithm	 implemented	 in	 the	 program	ROCS208,	 and	 the	 ZINC	
database	 as	 implemented	 in	 VSDMIP.	 The	 similarity	 between	 structures	 was	 assessed	 by	 the	
Tanimoto	 coefficient	 (Tc),	 selecting	 only	 those	 candidates	with	 a	Tc≥0.9	 to	 be	 docked	 into	 the	
receptor	and	further	analysis.	The	final	goal	was	to	choose	one	or	two	purchasable	analogues	for	
each	not‐found	compound	presenting	as	similar	interactions	as	possible	when	compared	to	the	
originally	selected	molecules.	
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Hit	to	lead	optimization	(H2L)	

The	 scheme	 for	 the	H2L	optimization	 cycle	 is	 shown	 in	 figure	5.1.	A	 typical	 optimization	 step	
involves	 a	 finer	 docking	 study	 of	 the	 best	 compounds	 from	 the	 experimental	 assays	 over	 an	
energy	minimized	MD‐averaged	structure	followed	by	MD	simulation	and	MM‐GBSA	analysis.	In	
brief,	 for	every	docked	molecule	we:	(a)	selected	the	100	best	docking	solutions;	(b)	clustered	
them	 according	 to	 their	 structural	 resemblance;	 (c)	 selected	 a	 representative	 structure	 from	
each	of	the	cluster	based	on	its	CDOCK	energy;	(d)	run	a	MD	simulation	for	a	period	of	up	to	10	
ns;	 (e)	estimated	their	 free	energy	of	binding	via	MM‐GBSA	method;	(f)	selected	the	best	pose	
based	on	MM‐GBSA	energy;	and	(g)	visually	inspected	and	analyzed	the	structures	from	(f).	This	
last	 analysis	 consisted	 in	 determining	 the	 essential	 ligand‐receptor	 interactions	 to	 suggest	
possible	 chemical	 modification	 as	 to	 enhance	 its	 binding	 towards	 the	 receptor.	 These	
suggestions	 represent	 new	 candidates	 to	 be	 passed	 on	 to	 our	 synthetic	 colleagues.	 Following	
synthesis,	 the	compounds	are	experimentally	assayed	and	the	theoretical	models	revised.	This	
process	(a)‐(f)	was	performed	twice	resulting	in	two	final	lead	compounds.	

Chemical	Synthesis	

N‐(5‐chloro‐2‐methylphenyl)‐7‐nitrobenzo[c][1,2,5]oxadiazol‐4‐amine	 (FGA‐19)	 was	
synthesized	as	follows:	a	solution	of	4‐chloro‐7‐nitrobenzofurazan	(NBD‐Cl)	(798.2	mg,	4	mmol)	
and	5‐chloro‐2‐methylaniline	(1.26	g,	8	mmol)	in	N,N‐dimethylformamide	(50	mL)	was	refluxed	
for	 24	 h.	 Then	 the	 reaction	mixture	 was	 allowed	 to	 warm	 up	 to	 room	 temperature	 and	was	
quenched	 with	 a	 saturated	 aqueous	 sodium	 bicarbonate	 solution,	 then	 extracted	 with	 ethyl	
ether	 (3	 x	 30	 mL),	 the	 combined	 organic	 layers	 were	 washed	 with	 brine	 and	 dried	 (sodium	
sulfate),	 filtered	 and	 concentrated	 to	 afford	 a	 crude	 oil	 which	 was	 purified	 using	
chromatography	over	silica‐gel	and	hexanes:ethyl	acetate	(7:3)	as	eluent.	The	desired	compound	
was	obtained	 as	 a	 red	oil	 (608	mg,	 yield	=	50%)	which	was	 crystallized	 (MeOH:H2O	 (1:1))	 to	
afford	pure	compound	FGA‐19	as	red	crystalls.	

Chemical	Synthesis	

Compounds	FGA‐17,	FGA‐19,	FGA‐20,	FGA‐23,	FGA‐25,	FGA‐27,	FGA‐28,	FGA‐29,	FGA‐30,	FGA‐
31,	FGA‐32	and	FGA‐34	were	synthesized	as	follows:	a	solution	of	4‐chloro‐7‐nitrobenzofurazan	
(NBD‐Cl)	(798.2	mg,	4	mmol)	and	the	corresponding	aniline	(8	mmol)	in	ethyl	acetate	(50	mL)	
was	refluxed	for	48	h.	Then	the	reaction	mixture	was	allowed	to	warm	up	to	room	temperature	
and	 was	 quenched	 with	 a	 saturated	 aqueous	 sodium	 bicarbonate	 solution	 (30	 mL),	 then	
extracted	with	ethyl	ether	(3	x	30	mL),	the	combined	organic	layers	were	washed	with	brine	and	
dried	(sodium	sulfate),	filtered	and	concentrated	under	vacuum	to	afford	a	crude	oil	which	was	
purified	using	chromatography	over	silica‐gel	and	hexanes:ethyl	acetate	mixture	as	eluent.	The	
desired	 compounds	were	 obtained	 as	 coloured	 oils	 (yield	 =	 50‐85%)	which	were	 crystallized	
(MeOH:H2O	(1:1))	to	afford	pure	compounds	as	coloured	crystalls.	

Compound	 FGA‐21	 was	 synthesized	 as	 follows:	 a	 solution	 of	 4‐chloro‐7‐nitrobenzofurazan	
(NBD‐Cl)	(3	g,	15	mmol)	in	acetic	acid	(60	mL),	ethyl	acetate	(30	mL)	and	H2O	(6	mL)	was	heated	
at	50ºC	and	treated	with	iron	powder	(4.2	g,	753	mmol).	Then	the	reaction	mixture	was	heated	
at	80ºC	 for	30	minutes	 and	 then	 allowed	 to	 cool	down	 to	 room	 temperature	and	was	 filtered	
through	 celite	 eluting	 with	 ethyl	 acetate,	 the	 filtrate	 was	 washed	 with	 a	 saturated	 aqueous	
sodium	 bicarbonate	 solution,	 then	 dried	 (sodium	 sulfate),	 filtered	 and	 concentrated	 under	
vacuum	 to	 afford	 a	 red	 solid	 which	 was	 purified	 using	 chromatography	 over	 silica‐gel	 and	
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hexanes:ethyl	acetate	(7:3)	as	eluent.	The	desired	compound	was	obtained	as	red	crystalls	(2.1	
g,	yield	=	82%).	

Compound	FGA‐22	was	synthesized	as	follows:	a	solution	of	3‐chlorobenzaldehyde	(56	mL,	0.49	
mmol),	FGA‐21	(85	mg,	0.5	mmol)	and	sodium	sulfate	(17	mg,	0.14	mmol)	in	tetrahydrofuran	(2	
mL)	 was	 stirred	 at	 room	 temperature	 under	 nitrogen	 atmosphere	 for	 48	 h.	 Then	 sodium	
borohydride	 (22	mg,	 0.59	mmol)	 was	 added	 in	 one	 portion.	 Then	 the	 resulting	 mixture	 was	
stirred	at	room	temperature	for	5	h.	Then	ethyl	ether	(10	mL)	and	water	(10	mL)	were	added,	
the	organic	 layer	was	separated	and	 the	aqueous	 layer	was	extracted	with	ethyl	ether	(2	x	10	
mL),	 the	combined	organic	 layers	were	washed	with	brine	and	dried	(sodium	sulfate),	 filtered	
and	 concentrated	 under	 vacuum	 to	 afford	 an	 orange	 oil	 which	 was	 purified	 using	
chromatography	over	silica‐gel	and	hexanes:ethyl	acetate	(8:2)	as	eluent.	The	desired	compound	
was	obtained	as	an	orange	solid	(12	mg,	yield	=	8%).	

Compounds	FGA‐24	and	FGA‐26	were	synthesized	as	follows:	to	a	‐78°C	cold	solution	of	FGA‐21	
(102	mg,	0.6	mmol)	in	tetrahydrofuran	(1	mL)	was	added	n‐butyllithium	(1.6	M	in	hexanes)	(0.4	
mL,	 0.61	mmol),	 then	 the	 solution	mixture	 turned	black.	After	10	min	 the	 corresponding	 acyl	
chloride	 (previously	prepared	 starting	 from	5‐chloro‐2‐methoxybenzoic	 acid	 for	 FGA‐24	or	3‐
chlorobenzoic	acid	for	FGA‐26	and	thionyl	chloride	in	benzene	under	reflux)	(0.66	mmol	of	the	
corresponding	 carboxylic	 acid)	 in	 tetrahydrofuran	 (0.5	 mL).	 Then	 the	 resulting	 mixture	 was	
stirred	 at	 ‐78°C	 under	 nitrogen	 atmosphere	 for	 30	 min	 and	 allowed	 to	 warm	 up	 to	 room	
temperature	 for	 additional	30	min.	Then	 saturated	aqueous	ammonium	chloride	 solution	was	
added	 (15	mL)	and	solvent	was	evaporated	under	vaccum	and	 the	 resulting	aqueous	 solution	
was	extrated	with	dichloromethane	(2	x	15	mL),	the	combined	organic	layers	were	washed	with	
1	M	 sodium	hydroxide	 aqueous	 solution,	 then	washed	with	 brine	 and	 dried	 (sodium	 sulfate),	
filtered	 and	 concentrated	 under	 vacuum	 to	 afford	 crude	 oils	 which	 were	 purified	 using	
chromatography	 over	 silica‐gel	 and	 hexanes:ethyl	 acetate	 (7:3)	 as	 eluent.	 The	 desired	
compounds	were	obtained	as	yellowish	solids	(yield	=	60%).	

Animals	

Female	 C57Bl/6	mice	 (aged	 12	 to	 14	weeks)	 and	 female	mice	 with	 cell‐specific	 reduction	 of	
GRK2	 in	 LysM‐positive	 microglia/macrophages	 (LysM‐GRK2+/‐)	 were	 used257.	 LysM‐Cre	 mice	
and	 GRK2‐fLox	 mice	 were	 obtained	 from	 Jackson	 Laboratories	 (Jackson	 Laboratories,	 Bar	
Harbor,	ME,	USA)	 to	generate	LysM‐GRK2+/‐	 and	control	LysM‐GRK2+/+	mice	 (WT	 littermates).	
All	 mice	 were	 bred	 and	 maintained	 in	 the	 animal	 facility	 of	 the	 University	 of	 Utrecht,	 The	
Netherlands.	 Experiments	 were	 performed	 in	 accordance	 with	 international	 guidelines	 and	
approved	by	the	experimental	animal	committee	of	UMC	Utrecht.	

Mice	received	an	 intraplantar	 injection	 in	 the	hind	paw	of	20	μl	λ‐carrageenan	(2%	w/v;	high	
dose;	 Sigma‐Aldrich,	 St.	 Louis,	 MO,	 USA)	 or	 5	 µl	 λ‐carrageenan	 (1%	 w/v;	 low	 dose;	 Sigma‐
Aldrich)	diluted	in	saline.	Heat	withdrawal	latency	times	were	determined	using	the	Hargreaves	
(IITC	Life	Science,	Woodland	Hills,	CA)	test	as	described42.	Paw	Thickness	was	measured	using	a	
Digimatic	Micrometer	(Mitutoyo,	Veenendaal,	the	Netherlands).	Different	concentrations	of	FGA‐
19	 were	 applied	 intrathecally	 (5	 l/mouse)	 while	 the	 animals	 were	 under	 light	 isoflurane	
anesthesia.	 All	 behavioral	 experiments	 were	 performed	 by	 an	 experimenter	 blinded	 to	
treatment	and	in	a	randomized	fashion.	
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Fluoro‐Jade	B	staining	

Two	days	 after	 intrathecal	 FGA‐19	mice	were	 deeply	 anesthetized	with	 sodium	pentobarbital	
(50	mg/kg,	 i.p.)	 and	 perfused	 intracardially	 with	 4%	 paraformaldehyde	 in	 PBS.	 Spinal	 cords	
were	 removed	 and	 paraffin‐embedded.	 Spinal	 cord	 sections	 were,	 deparaffinized,	 pretreated	
with	0.06%	potassium	permanganate	and	stained	with	0.001%	Fluoro‐Jade	B	solution	(Millipore	
Bioscience	Research	Reagents,	Hampshire,	UK)	in	0.1%	acetic	acid.		

TNF‐α	determination	in	tissue	lysates	

Spinal	 cords	were	 homogenated	 in	 PBS	 and	 centrifuged	 at	 13,000g	 for	 15	min	 at	 4°C.	 TNF‐	
content	in	the	supernatant	was	determined	by	ELISA	(R&D	systems,	San	Diego,	CA,	USA).	

Electrophoresis	and	Western	Blot	

Proteins	 were	 resolved	 by	 SDS‐PAGE,	 and	 transfer	 to	 nitrocellulose	 membranes	 for	 western	
bloting	 analysis.	 The	 antibodies	 used	 were	 as	 follows:	 anti‐p‐p38(TGY)(#9211),	 anti‐
p38(#9212),	 anti‐p‐MK2(T334)(#3041),	 anti‐MK2(#3042),	 anti‐p‐Hsp‐27	 (2405)	 and	 anti‐
MEF2A(#9736)	 were	 purchased	 from	 Cell	 Signaling.	 Anti‐p‐MEF2A(T312)(#ab30644)	 was	
obtained	from	Abcam.	

In	vitro	inhibition	of	p38	MAPK	activation	and	activity	with	small	molecules	

p38α	(75	nM)	was	preincubated	for	15	minutes	at	30ºC	with	the	small	molecule	at	concentration	
between	0.1	and	100	µM	in	buffer	(25	mM	Tris	pH	7.5,	50	µM	EGTA,	50	µM	NaVO4	and	0.05%	β‐
ME).	After	that,	constitutively	active	MKK6	(10	nM),	magnesium	acetate	(2.5	mM)	and	ATP	(25	
µM)	 were	 added	 and	 kinase	 reaction	 was	 performed	 in	 15	 minutes	 at	 30°C.	 Reaction	 was	
terminated	with	Laemli	buffer	and	proteins	were	resolved	by	SDS‐PAGE	and	phospho‐p38	(TGY)	
was	detected	by	western	blot.	

In	 vitro	 activity	 assays	 were	 also	 performed.	 Recombinant	 activated	 p38α	 (1	 nM)	 was	
preincubated	 for	 15	minutes	 at	 30°C	with	 the	 small	molecule	 in	 the	 same	 buffer.	MEF2A	 (10	
nM),	magnesium	 acetate	 and	 ATP	were	 added	 and	 kinase	 reaction	was	 performed.	 Phospho‐
MEF2A	was	detected	by	western	blot.	

Inhibition	of	TNF‐α	secretion	by	small	molecules	

THP‐1	 cells,	 growing	 in	 log	phase,	were	 centrifuged	 and	 resuspended	 in	RPMI‐1640	 to	 a	 final	
concentration	of	2	x	106	cells/ml	and	distributed	in	24‐well	plates.	Molecules	were	added	to	the	
wells	to	a	final	concentration	ranging	from	10	nM	to	100	µM	and	plates	were	incubated	at	37°C	
and	 5%	 CO2	 in	 humidified	 atmosphere.	 Cells	 were	 stimulated	 1h	 later	 with	 LPS	 to	 a	 final	
concentration	of	0.5‐2	µg/ml	and	incubated	for	3h	followed	by	centrifugation	to	pellet	the	cells.	
Supernatants	 were	 collected	 and	 stored	 at	 ‐20°C	 for	 further	 analysis.	 TNF‐α	 secretion	 was	
measured	by	ELISA	following	manufacturer’s	indications.	TNF‐α	concentration	was	determined	
making	a	standard	curve	with	known	concentration	of	recombinant	TNF‐α.	

Cell	viability	

Toxicity	 of	 the	 molecules	 was	 quantified	 with	 Propidium	 Iodide	 (PI)	 which	 specifically	 label	
dying	cells.	Cells	were	resuspended	in	buffer	(PBS,	1%	BSA,	1%	FBS,	0,01%	NaN3	and	1	µg/ml	
PI)	and	kept	in	ice	for	30‐60	minutes	and	then	analyzed	by	flow	cytometry	with	A	FACSCalibur	
(Becton	Dickinson).	Results	were	obtained	with	Cell	Quest	Pro	Software	(Becton	Dickinson).	
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Statistical	analysis	

All	 data	 are	 presented	 as	mean	 ±	 SEM.	Measurements	were	 compared	using	 one‐way	ANOVA	
followed	up	by	post‐hoc	Tukey	or	two‐way	ANOVA	with	Bonferroni	post‐hoc	tests	using	Prism	5	
software.	

Results	

Virtual	screening	and	identification	of	a	lead	compound	

The	virtual	screening	(VS)	protocol	employed	here	 is	summarized	 in	 figure	5.1A	and	5.1B	and	
briefly	described	in	the	methods	section.	An	essential	part	of	the	procedure	is	to	characterize	the	
shape	of	the	active	site.	For	this	purpose	we	used	the	space	occupied	by	the	MEF2A	peptide	co‐
crystalized	with	the	p38	MAPK	receptor	and	the	GAGA	algorithm	to	obtain	a	sort	of	a	negative	
image	of	 the	binding	site.	Although	different	X‐ray	structures	were	available	 to	be	used	as	 the	
receptor	 for	 the	 VS,	 we	 selected	 the	 one	 contained	 in	 the	 PDB	 ID	 1LEW	 because	 of	 its	 high	
resolution,	 in	particular	 in	 the	 area	where	 the	docking	was	 going	 to	be	 performed.	Moreover,	
superimposition	of	several	structures	(PDB	IDs	1LEW,	3P4K,	1P38,	2FSL,	2FSM,	2FSO	and	2FSZ)	
showed	a	very	low	RMSD	values	considering	equivalent	Cα	carbon	atoms.	This	fact	is	reassuring	
taking	 into	 account	 that	 the	 protein	 flexibility	 is	 not	 explicitly	 considered	 during	 the	 docking	
process.		

Upon	characterizing	the	binding	site,	a	library	of	around	1	million	compounds	was	first	screened	
using	DOCK	and	the	negative	image	of	the	binding	site.	After	applying	a	ZScore	cut	off	value	of	
2.5	on	the	DOCK	ranked	list,	45,488	molecules	passed	onto	the	next	step.	These	molecules	were	
then	 re‐docked	with	 CDOCK	 and	 scored	with	 its	molecular	mechanics	 energy	 function	which	
explicitly	 included	 solvent	 and	 hydrogen	 bonding	 terms.	 The	 200	 highest	 scoring	 compounds	
were	submitted	 to	MD	simulation	 in	explicit	 solvent	and	 their	binding	energies	estimated	and	
pair‐wise	 decomposed	 by	 MM‐GBSA	 calculation	 over	 a	 large	 collection	 of	 snapshots	
homogenously	sampled	along	the	trajectories.		

Finally,	 from	 the	 top	 scoring	 compounds,	 and	 upon	 visual	 examination,	 18	 candidates	 were	
selected,	 purchased,	 and	 tested	 experimentally.	 The	 most	 promising	 candidate,	 the	 highly	
symmetrical	 compound	978604,	was	not	available	 from	the	vendor.	Besides,	and	according	 to	
Lipinski’s	 rule	 of	 five	 (RoF)143,	 this	 compound	 presented	 a	 very	 high	 logP	 value232	 (~8.00).	
Therefore,	 a	 similarity	 search	 was	 performed	 resulting	 in	 a	 new	 compound,	 5380,	 that	 was	
found	to	be	structurally	one	half	of	the	original	one	due	to	its	symmetry.	On	the	one	hand,	5380	
due	to	its	reduced	size	is	better	suited	for	chemical	modifications;	on	the	other	its	logP	value	was	
drastically	 reduced	 being	 within	 the	 RoF	 (5.00)	 criteria.	 This	 compound	 was	 purchased,	
experimentally	 tested	 and	 submitted	 to	 two	 optimization	 rounds.	 From	 the	 first	 one	 a	 lead	
candidate	was	obtained,	FGA‐19,	with	enhanced	pharmacological	profile	and	logP	value	(4.35).	
Finally,	upon	studying	FGA‐19	binding	mode,	in	the	second	optimization	cycle,	a	second	lead	was	
discovered,	 FGA‐29,	which	 simply	 consisted	 in	 replacing	 the	methyl	 group	 in	 FGA‐19	with	 an	
hydroxyl	 moiety,	 reducing	 even	 more	 its	 logP	 value	 (3.68)	 although	 with	 a	 slightly	 different	
experimental	behavior	(Figures	5.1B	and	5.1C).	

FGA‐19	and	FGA‐29,	due	to	their	structural	resemblance,	display	a	common	interaction	pattern	
with	residues	Ile112,	Leu118	and	Leu126,	or	His122,	Phe125,	Val154,	and	Cys157.	Besides,	the	
interaction	with	residue	Gln116	is	favorable	to	FGA‐29,	and	in	almost	the	same	amount,	residue	
Gln129	 interacts	 with	 FGA‐19,	 counterbalancing	 the	 former.	 Finally,	 there	 are	 some	 subtle	
differences	 in	 their	 binding	modes	 (Figure	 5.1D).	 In	 particular,	 the	 interactions	with	 residues	
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Asn155	and	Glu156,	which	are	geometrically	optimized	in	FGA‐29	as	compared	to	FGA‐19,	are	
mainly	 hydrophobic	 in	 nature	 and	 account	 for	 a	 total	 energy	 difference	 of	 about	 2	 kcal·mol‐1.	
However,	 this	magnitude	 is	of	 the	order	of	 the	error	 found	 in	 their	calculations.	Therefore,	no	
firm	conclusions	can	be	drawn	up	to	their	activity,	which	is	in	agreement	with	the	experimental	
observations.	

In	vitro	effects	of	FGA‐19	on	p38	MAPK	activation	and	inhibition	of	the	p38	
MAPK	route	in	human	monocytic	cells	

We	next	set	out	to	investigate	the	possible	effects	of	the	FGA‐19	compound	on	p38	MAPK	in	an	in	
vitro	 kinase	 activity	 assay	 using	 purified	 p38	 MAPK‐dependent	 phosphorylation	 of	 a	 well‐
characterized	 docking‐dependent	 p38	 MAPK	 substrate;	 i.e.	 the	 MEF2A	 protein.	 When	 adding	
increasing	doses	of	the	FGA‐19	molecule	to	the	reaction	mix	containing	the	active	kinase	and	a	
saturating	amount	of	substrate	in	the	presence	of	ATP,	we	observed	a	dose‐dependent	inhibition	
of	 p38	MAPK‐mediated	 phosphorylation	 of	MEF2A	 at	 the	 specific	 site	 targeted	 by	 this	 kinase	
(T312)	(Figure	5.2A	and	5.2B).	Quantification	by	densitometric	analysis	of	the	Western	Blot	data	
of	 the	 decrease	 phosphorylated	 MEF2A	 in	 the	 presence	 of	 increasing	 amounts	 of	 FGA‐19	 in	
several	experiments,	revealed	an	estimated	mean	inhibitory	concentration	(IC50)	of	6.31	±	2.32	
µM	an	almost	full	 inhibition	of	p38	kinase	activity	towards	MEF2A	was	observed	at	the	50	µM	
dose	(Figures	5.2A	and	5.2B).		

The	 effects	 of	 FGA‐19	 were	 then	 analyzed	 in	 a	 well‐established	 cellular	 system	 of	 cytokine	
secretion	by	a	monocytic	human	cell	line	(THP‐1)	stimulated	with	LPS132.	Secretion	of	TNF‐α	by	
these	cells	is	p38	MAPK‐dependent,	and	thus	this	system	has	been	broadly	utilized	to	study	the	
effects	of	different	p38	MAPK	inhibitors.	As	shown	in	figure	5.2C,	FGA‐19	has	a	dose‐dependent	
inhibitory	effect	on	TNF‐α	secretion	in	this	cell	system	with	an	IC50	of	1.8	±	0.006	µM	reaching	
an	 almost	 maximal	 inhibition	 at	 the	 10	 µM	 concentration.	 As	 a	 comparison,	 the	 IC50	 for	
SB203580	 (commercially	 available	 p38	MAPK	 inhibitor	 targeting	 the	ATP	 binding	 site)	 in	 the	
same	system	was	1	µM	(data	not	shown),	and	the	effect	at	 the	10	µM	dose	was	similar	to	that	
obtained	 for	 FGA‐19.	 Of	 note,	we	 did	 not	 detect	 significant	 cell	 death	 as	 determined	 by	 FACS	
analysis	of	propidium	iodine	staining	at	concentrations	up	to	100	µM,	indicating	that	there	was	
no	cellular	toxicity	(Figure	5.2C).	

Next	we	set	out	to	analyze	the	effects	of	the	FGA‐19	compound	on	the	p38	MAPK	signaling	route	
in	this	monocytic	cell	line.	As	can	be	seen	in	figure	5.2D,	in	the	presence	of	FGA‐19	we	detected	
clear	 inhibition	 of	 p38	MAPK	 phosphorylation	 at	 the	 activation	 loop	 by	 upstream	 kinases.	 As	
expected,	an	even	clearer	 inhibitory	effect	was	observed	on	the	activity	of	p38	MAPK	 in	THP1	
monocytic	cells	as	measured	by	phosphorylation	of	downstream	substrates	of	this	kinase	such	
as	MK‐2,	and	further	downstream	on	Hsp‐27	phosphorylation.	Quantification	of	these	inhibitory	
effects	of	the	FGA‐19	revealed	a	80%	inhibition	for	phosphorylation	of	p38	MAPK	and	100%	
inhibition	in	the	case	of	p‐MK2	phosphorylation	at	the	5	µM	dose	of	FGA‐19	(Figure	5.2E).		

Identification	of	the	structural	determinants	of	the	inhibitory	effect	

Comparative	analysis	of	FGA‐19	and	several	structurally‐related	compounds,	all	belonging	to	the	
benzooxadiazol	family,	allowed	us	to	conclude	that	the	substituents	in	positions	2	and	5	of	the	
phenyl	ring	are	essential	for	the	inhibitory	activity	towards	p38	MAPK.	When	the	substituents	in	
positions	2	and	5	present	 in	the	FGA‐19	molecule	(namely	a	chloride	and	a	methyl	group)	are	
located	 in	 other	 positions	 of	 the	 phenyl	 ring	 (as	 happens	 in	 the	 FGA‐17,	 FGA‐20	 and	 FGA‐23	
compounds),	the	IC50	for	the	inhibition	of	TNF‐α	secretion	by	monocytic	cells	decreased	at	least	
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by	 a	 logarithmic	 unit	 (Figure	 5.3	 and	 Table	 5.1).	 This	was	 the	 case	 for	 Cl	 and	 CH3	 located	 in	
positions	4	and	5	(FGA‐17),	or	4	and	6	(FGA‐20),	with	the	IC50	shifting	 from	1.8	µM	to	17	µM	
and	28	µM	respectively,	or	for	OH	and	CH3	at	positions	2	and	4	(FGA‐23,	IC50	higher	than	100	
µM).	The	presence	of	a	single	substituent	at	different	positions	of	the	ring	also	resulted	in	IC50	
higher	 than	 100	 µM	 in	 at	 least	 three	 other	 compounds	 (data	 not	 shown).	 On	 the	 other	 hand,	
when	other	substituents	are	placed	in	the	same	positions	of	the	ring	where	the	chloride	and	the	
methyl	 are	 located	 in	 the	 FGA‐19	 molecule,	 an	 IC50	 similar	 to	 that	 obtained	 for	 FGA‐19	 is	
detected.	This	is	the	case	for	the	substitution	of	positions	2	and	5	by	OH	and	Cl	(in	FGA‐29),	for	
Cl	 and	 OCH3	 (in	 FGA‐34)	 and	 for	 F	 (FGA‐32).	 All	 three	 compounds	 yielded	 IC50s	 in	 the	 low	
micromolar	range	(3.5	µM,	3.2	µM	and	2.8	µM,	respectively),	which	 is	very	comparable	to	that	
achieved	 by	 FGA‐19	 (1.8	 µM)	 (Table	 5.1).	 Altogether,	 these	 results	 establish	 that	 substituting	
positions	 2	 and	 5	 in	 the	 phenyl	 ring	 is	 essential	 for	 the	 described	 inhibitory	 activity	 and,	
furthermore,	that	a	chloride	at	position	5	and	a	methyl	at	position	2	are	the	best	chemical	groups	
among	those	tested	so	far.		

Figure	5.1:	Virtual	screening	and	identification	of	a	lead	compound.	(A)	Schematic	representation	of
the	 computational	 protocol	 employed	 in	 this	 study	 (left	 and	 right	 panels)	 and	 the	 drug	 design	 cycle
established	with	the	experimental	counterpart	(central	panel);	(B)	Structural	pathway	from	the	identified
virtual	hit	978604	 to	 the	hit	 candidate	5380	and	 to	 the	 lead	compounds	FGA‐19	and	FGA‐29	after	 two
rounds	 of	 optimization;	 (C)	 Chemical	 reaction	 for	 the	 preparation	 of	 FGA‐19	 starting	 from	 4‐chloro‐7‐
nitrobenzofurazan	 and	 5‐chloro‐2‐methylaniline;	 (D)	 proposed	 binding	modes	 for	 FGA‐19	 and	 FGA‐29.
The	 receptor	 is	 represented	 in	 cartoons	 (orange	 in	 FGA‐19	 complex	 and	 green	 in	 FGA‐29	 complex),
whereas	 the	 ligands	 are	 shown	 in	 sticks	with	 the	 following	 atom	 coloring	 scheme:	 for	 FGA‐19	 carbon
atoms	are	in	orange,	nitrogen	atoms	in	blue,	oxygen	atoms	in	red	and	the	chloride	atom	in	pink;	for	FGA‐
29,	carbon	atoms	are	in	green,	nitrogen	atoms	in	blue,	oxygen	atoms	in	red	and	the	chloride	atom	in	pink.
In	both	cases	hydrogen	atoms	have	been	omitted	for	clarity.	
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Figure	5.2:	 Effects	 of	 FGA‐19	 on	 the	 activity	of	p38	MAPK	 in	 vitro	 and	 on	 the	p38‐MK2‐Hsp‐27
signaling	route.	(A)	Recombinant	active	p38	(1	nM)	and	MEF2A	(10	nM)	were	incubated	with	different
concentrations	of	FGA‐19	 in	kinase	buffer	 for	5	minutes.	Proteins	were	resolved	by	SDS‐PAGE	and	p38
MAPK	 activity	 was	 measured	 as	 phosphorylated	 MEF2A	 using	 p‐MEF2A	 (T312)	 specific	 antibody.
Average	results	are	plotted	as	percent	phosphorylation	relative	to	controls	(DMSO)	of	two	independent
experiments	performed	in	duplicate.	(B)	Autoradiogram	of	a	representative	experiment.	(C)	THP‐1	cells
were	preincubated	with	indicated	doses	of	FGA‐19	for	1	hour	and	stimulated	with	LPS	for	3	hours.	Cells
were	 stained	with	 Propidium	 Iodide	 and	 surviving	 cells	were	 counted	with	 a	 FACS	 Calibur	 cytometer.
TNF‐α	 secrection	 in	 cell	 supernatants	was	 quantified	 using	 a	 TNF‐α	 ELISA	 kit	 and	 referred	 to	 control
(DMSO).	 Results	 are	 average	 of	 3	 independent	 experiments	 each	 in	 duplicate.	 (D)	 THP‐1	 cells	 were
preincubated	with	 indicated	doses	of	FGA‐19	 for	1	hour	and	stimulated	with	LPS	 for	30	or	60	minutes.
Cell	 lysates	were	 resolved	by	 SDS‐PAGE	and	proteins	were	 detected	with	 specific	 antibodies	 and	 films
quantified	by	densitometric	analysis.	Average	results	of	two	independent	experiments	with	duplicates	are
plotted	as	percent	phosphorylation	relative	to	cells	with	vehicle.	(E)	An	autoradiogram	of	a	representative
experiment	is	shown.	
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In	vivo	effect	of	FGA‐19	on	inflammatory	hyperalgesia	

To	determine	the	in	vivo	efficacy	of	FGA‐19,	we	examined	its	effect	in	the	high	dose	carrageenan	
model	 of	 persistent	 inflammatory	 hyperalgesia	 in	 C57Bl/6	 mice.	 In	 response	 to	 intraplantar	
injection	of	20	l	2%	carrageenan,	mice	develop	thermal	hyperalgesia	that	lasts	at	least	11	days	
(Figure	5.4A).	We	 injected	 increasing	doses	of	FGA‐19	 intrathecally	at	day	6	after	 intraplantar	
carrageenan.	 The	 data	 show	 that	 hyperalgesia	 completely	 resolved	 in	 response	 to	 a	 single	
injection	 of	 1	 g	 FGA‐19.	 A	 lower	 dose	 of	 0.5	 g	 FGA‐19	 transiently	 inhibited	 carrageenan‐
induced	 hyperalgesia	 (Figure	 5.4A).	 For	 comparison,	 we	 used	 the	 established	 p38	 MAPK	
inhibitor	SB239063.	At	the	maximal	dose	that	could	be	injected	using	20	%	DMSO	as	a	solvent,	
i.e.	5	g	SB239063,	carrageenan‐induced	hyperalgesia	was	only	 transiently	attenuated	(Figure	
5.4A).	 Thermal	 sensitivity	 was	 not	 affected	 by	 FGA‐19	 in	 control	 saline‐treated	 mice	 (Figure	
5.4B).	The	structurally	similar	FGA‐23	compound,	that	in	vitro	has	an	IC50	of	>	100	M,	did	not	
have	any	effect	on	the	course	of	carrageenan‐induced	hyperalgesia	(Figure	5.4B).		

Figure	5.3:	Inhibition	of	TNF‐α	secretion	by	FGA‐19,	FGA‐23	and	FGA‐29.	(A)	THP‐1	cells	growing	in
log	phase	were	preincubated	for	1	hour	with	indicated	doses	of	compounds	or	with	10	µM	SB203580	(SB)
as	 a	 control.	 Cells	 were	 stimulated	 with	 LPS	 for	 3	 hours	 and	 supernatants	 were	 analyzed	 for	 TNF‐
secretion	by	ELISA.	Results	are	the	mean	of	2	 independent	experiments	performed	in	duplicate	and	are
refered	to	controls	with	DMSO	(vehicle).(B)	FGA‐19	and	structuraraly‐related	compounds.	

	

Table	 5.1:	 Comparative	 analysis	 of	 the	 effects	 on	 TNF‐α	 secretion	 of	 FGA‐19	 and	 several
structurally‐related	 compounds	 belonging	 to	 the	 benzooxadiazol	 family.	 THP‐1	 cells	 were
preincubated	 with	 indicated	 doses	 of	 several	 benzooxidiazol‐derived	 compounds	 for	 1	 hour	 and
stimulated	with	LPS	for	3	hours.	TNF‐	secretion	in	cell	supernatants	was	quantified	using	a	TNF‐α	ELISA
kit	 and	 referred	 to	 control	 (DMSO).	Values	were	 used	 to	 approximate	 graphically	 an	 IC50	 value	 in	 µM
units.	When	the	substituents	in	positions	2	and	5	present	in	the	FGA‐19	molecule	(namely	a	chloride	and	a
methyl	 group)	 are	 located	 in	 other	 positions	 of	 the	 phenyl	 ring,	 the	 IC50	 for	 the	 inhibition	 of	 TNF‐α
secretion	by	monocytic	cells	decreases.		
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The	inhibition	of	hyperalgesia	by	FGA‐19	was	not	associated	with	cellular	damage	in	the	spinal	
cord	as	we	did	not	observe	Fluoro‐Jade	positive	cells	in	the	spinal	cord	at	48	hrs	after	1	g	FGA‐
19	(Figure	5.4C).	

Our	 cell	 culture	 experiments	 showed	 that	 FGA‐19	 inhibits	 LPS‐induced	 TNF‐	 production	
(Figure	5.2C)	and	spinal	cord	production	of	pro‐inflammatory	cytokines	such	as	TNF‐	is	known	
to	contribute	to	the	persistent	hyperalgesia	in	this	model13,32,102.	To	investigate	whether	in	vivo	
FGA‐19‐treatment	 affects	 TNF‐	 levels,	 we	 injected	 carrageenan	 or	 saline	 intraplantarly,	
followed	 by	 intrathecal	 FGA‐19	 or	 vehicle	 on	 day	 6	 and	 isolated	 spinal	 cord	 2	 days	 later	 for	
analysis	 of	 TNF‐	 levels	 by	 ELISA.	 Intraplantar	 carrageenan	 causes	 a	 significant	 increase	 in	
spinal	 TNF‐	 (Figure	 5.4D)	 and	 intrathecal	 FGA‐19	 treatment	 significantly	 inhibits	 this	
carrageenan	 induced	 rise	 in	 spinal	 TNF.	 FGA‐19	 alone	 does	 not	 have	 any	 effect	 on	 TNF‐	
expression	(Figure	5.4D).	

Six	days	after	intrathecal	FGA‐19	treatment	mice	have	still	increased	paw	thickness	and	redness,	
indicating	 that	 intrathecal	 FGA‐19	 treatment	 did	 not	 directly	 affect	 peripheral	 inflammatory	
activity	(Figure	5.4E).		

Figure	5.4:	Effect	of	FGA‐19	treatment	on	high‐dose	carrageenan‐induced	persistent	hyperalgesia
in	WT	mice.	Mice	 received	 an	 intraplantar	 injection	 of	 20	 μl	 2%	 λ‐carrageenan	 or	 saline.	 At	 day	 6,
carrageenan‐treated	mice	were	still	hyperalgesic.	At	this	time	point,	mice	received	an	intrathecal	injection
of	(A)	different	doses	of	FGA‐19	or	(B)	1	g	of	the	inactive	compound	FGA‐23,	and	the	percentage	change
in	heat	withdrawal	latency	was	determined	(n	=	4	to	8	per	group).	Two	days	after	intrathecal	injection,
lumbar	 spinal	 cord	 was	 collected	 and	 (C)	 sections	 were	 stained	 for	 Fluoro‐Jade	 B	 to	 investigate	 the
potential	 neurotoxicity	 of	 FGA‐19	 and	 (D)	 TNF‐α	 levels	 were	 determined	 by	 ELISA	 (n	 =	 4).	 (E)	 As	 a
measure	for	paw‐inflammation,	the	effect	of	FGA‐19	treatment	on	the	paw	thickness	was	determined	(n	=
8).	Data	are	expressed	as	means	±	SEM.	*	or	#	p<0.05,	***	or	###	p<0.001	(Figure	A:	*	for	0.5	g	FGA‐19
versus	vehicle;	#	for	5	g	SB239063	versus	vehicle).	
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As	 we	 have	 previously	 described,	 in	 response	 to	 an	 intraplantar	 injection	 of	 a	 low	 dose	 of	
carrageenan	(5	l	of	1%)	LysM‐GRK2+/‐	mice	(with	a	40%	reduction	in	GRK2	in	macrophages)	
develop	persistent	hyperalgesia	lasting	at	least	20	days.	In	this	low‐dose	carrageenan	model	of	
transient	 hyperalgesia,	 WT	 control	 mice	 develop	 only	 transient	 hyperalgesia	 that	 resolves	
within	 2	 days257.	 The	 LysM‐GRK2+/‐	 mice	 can	 be	 considered	 as	 a	 model	 of	 persistent	 post‐
inflammatory	hyperalgesia	as	we	do	not	observe	ongoing	peripheral	inflammation	(no	redness	
or	 thick	 paws,	 no	 detectable	 increase	 in	 inflammatory	 cytokines	 in	 comparison	 to	 control	
paws61.	 As	 depicted	 in	 figure	 5.5,	 intrathecal	 administration	 of	 FGA‐19	 completely	 attenuates	
hyperalgesia	in	this	model	of	post‐inflammatory	hyperalgesia.	The	lowest	effective	dose	in	this	
model	was	established	in	0.5	µg	of	FGA‐19	as	well,	since	a	0.15	µg	dose	did	not	provide	a	long	
lasting	analgesic	effect).	

Discussion	
The	search	for	inhibitors	of	p38	MAPK	has	rendered,	so	far,	no	fruitful	therapeutic	results.	The	
reasons	underlying	this	lack	of	success	include	low	efficacy	in	some	cases	and	the	identification	
of	certain	toxicities	during	the	development	of	human	clinical	trials	that	were	not	uncovered	in	
animal	models	of	the	different	diseases	tested88.	These	toxicities	can	have	several	etiologies.	On	
the	one	hand,	first	and	second	generation	p38	MAPK	inhibitors	were	all	designed	to	target	the	
ATP	binding	pocket	 of	 p38	MAPK,	 thus	 exploiting	 a	 common	domain	 found	 in	many	different	
kinases.	Since	the	off	target	effects	of	this	particular	type	of	inhibitors	are	likely	to	affect	other	
signaling	pathways	apart	 from	p38	MAPK	 that	 are	 important	 for	 cell	 survival	or	proliferation,	
they	may	cause	cells	to	undergo	apoptosis	as	a	side	effect45.	On	the	other	hand,	even	when	new	
allosteric	site	inhibitors	were	developed	to	overcome	these	type	of	off‐target	effects,	it	became	
apparent	that	a	strong	downregulation	of	the	p38	MAPK	pathway	can	trigger	the	upregulation	of	
other	signaling	pathways	by	virtue	of	the	concomitant	stimulation	of	 interconnecting	feedback	
mechanisms	 (see	 below),	 and	 these	 final	 undesired	 consequences	 may	 have	 been	
underestimated42.	Lastly,	the	systemic	administration	of	p38	MAPK	inhibitors	has	been	proven	
to	provoke	toxicities	 in	organs	other	 than	those	 important	 for	 the	disease	they	were	meant	 to	

	

Figure	5.5:	Effect	of	FGA‐19	treatment	on	low	dose	carrageenan‐induced	persistent	hyperalgesia	in
LysM‐GRK2+/‐	mice.		LysM‐GRK2+/‐	mice	received	a	low	dose	of	carrageenan	(5	l	of	1%	‐carrageenan)
and	at	day	6	mice	were	still	hyperalgesic.	At	this	time	point,	mice	received	an	intrathecal	injection	with
different	doses	of	FGA‐19	and	the	percentage	in	heat	withdrawal	latency	was	determined	(n	=	4).	Data	are
expressed	as	means	±	SEM.		
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combat,	such	as	liver	or	brain	among	others88.	For	all	these	reasons,	in	this	study	we	set	out	to	
characterize	a	novel	family	of	inhibitors	that	take	advantage	of	the	existence	of	docking	domains	
in	 the	p38	MAPK	protein	providing	 the	possibility	of	modulating	 the	activity	and	activation	of	
this	kinase	independently	of	its	intrinsic	catalytic	activity	in	a	more	subtle	but	yet	possibly	more	
efficacious	manner.	Our	strategy	relied	on	our	previous	results	showing	that	p38	MAPK	can	be	
phosphorylated	at	the	docking	domain,	precisely	at	T123	of	murine	p38.	This	phosphorylation	
subsequently	 leads	 to	 the	 loss	 of	 interaction	 with	 different	 partners	 and	 thereby	 to	 reduced	
activation	 and	 activity	 of	 p38	 MAPK185.	 On	 this	 basis,	 we	 performed	 a	 virtual	 screening	 of	 a	
chemical	 library	 of	 compounds	 over	 a	 model	 based	 on	 pre‐existing	 structures	 of	 p38	 MAPK	
bound	 to	peptides	derived	 from	upstream	regulators	or	downstream	substrates27.	This	 search	
yielded	the	identification	of	compounds	of	different	chemical	nature	that	were	analyzed	for	their	
in	vitro	activity	of	inhibiting	either	phosphorylation	of	p38	MAPK	as	a	measure	of	activation	of	
the	 kinase	 or	 cytokine	 secretion	 induced	 by	 LPS	 in	 a	 human	 monocytic	 cell	 line	 model	 as	 a	
measure	of	 cellular	p38	MAPK	activity.	Only	some	molecules	were	effective	 in	 the	micromolar	
range	 of	 concentrations	 in	 inhibiting	 any	 of	 those	 events.	 Out	 of	 these,	 the	 family	 of	
benzooxadiazol‐based	 compounds	 described	 in	 this	 study,	 FGA‐19	 as	 a	 lead	 candidate,	 it	 has	
been	determined	to	be	effective	both	 in	cells	and	in	an	animal	model,	bearing	several	putative	
sites	susceptible	of	chemical	modifications	that	make	of	this	molecule	a	good	lead	compounds	to	
perform	further	drug	development	strategies.		

The	in	vivo	effects	of	this	compound	surpass	those	detected	for	other	well	established	p38	MAPK	
inhibitors	in	our	inflammatory‐based	hyperalgesia	model	system	both	in	potency	and	in	terms	of	
duration	of	the	pharmacologic	effect	detected.	Of	note,	our	molecule,	FGA‐19	is	almost	ten	times	
as	potent	as	the	SB239063	inhibitor,	since	a	0.5	µg	dose	of	FGA‐19	is	able	to	exert	the	same	acute	
analgesic	 effect	 as	 5	 µg	 of	 SB239063	 while	 both	 molecules	 have	 similar	 molecular	 weights	
(368.40	g/mol	for	SB239063	and	304.45	g/mol	for	FGA‐19).	Moreover,	longer‐lasting	effects	are	
detected	in	mice	treated	intrathecally	with	FGA‐19,	with	a	1	µg	dose	abrogating	hyperalgesia	for	
at	least	5	days	post‐injection	while	the	duration	of	the	pharmacological	effect	of	SB239063	at	the	
highest	dose	that	can	be	injected	did	not	last	longer	than	6	hours.	These	results	suggest	a	very	
promising	family	of	molecules	could	be	derived	from	the	benzooxadiazol	structure	to	specifically	
target	 ongoing	 inflammation‐based	 chronic	 pain,	 and	 these	 results	 surely	 deserve	 further	
investigation.	Interestingly,	recent	studies	have	shown	that	mice	with	a	reduction	level	of	GRK2	
in	 macrophages	 develop	 chronic	 hyperalgesia	 in	 response	 to	 inflammatory	 mediators	 that	
induce	 only	 transient	 hyperalgesia	 in	WT	mice	 (reviewed	 in	 119).	We	 used	 these	mice	 to	 test	
whether	FGA‐19	is	also	a	potent	inhibitor	in	this	model	of	post‐inflammatory	hyperalgesia.	We	
show	 that	 the	 persistent	 hyperalgesia	 that	 develops	 in	 LysM‐GRK2+/‐	 mice	 is	 completely	
reversed	by	a	single	intrathecal	injection	of	FGA‐19.	Collectively,	our	findings	indicate	that	FGA‐
19	is	a	potential	candidate	for	the	treatment	of	inflammatory	hyperalgesia.		

Clinical	trials	performed	for	p38	MAPK	in	the	contexts	of	chronic	inflammation	have	been	so	far	
unsuccessful	due	to	both	lack	of	efficacy	and	toxic	effects88.	However,	although	the	importance	of	
p38	MAPK	 in	 regulating	 hyperalgesia	 responses	 is	well	 established	 in	mice	 and	 in	 humans111,	
few	studies	have	been	conducted	so	far	that	try	to	assess	the	efficacy	of	p38	inhibition	in	pain	
therapeutics.	In	particular,	different	laboratories	have	shown	that	phosphorylated	p38	MAPK	is	
increased	 in	 spinal	 cord	 microglia	 after	 nerve	 ligation	 or	 spinal	 cord	 injury,	 and	 more	
importantly,	 that	 intrathecal	 infusion	 of	 p38	MAPK	 inhibitors	 attenuates	 neuropathic	 pain	 in	
different	animal	models	 (see	references	 in	111).	A	small	study	has	described	a	potent	analgesic	
effect	 of	 p38	 MAPK	 inhibition	 in	 post‐surgical	 dental	 pain	 in	 humans203	 and	 several	 recent	
studies	have	described	in	animal	models	the	importance	of	p38	MAPK	not	only	for	neuropathic	
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post‐surgical	 pain,	 but	 also	 for	 cancer‐derived	 allodynia	 and	 for	 chronic	 mechanical	
hypersensitivity173.	It	is	also	well	established	that	increased	levels	of	phosphorylated	p38	MAPK	
are	 detected	 in	 microglia	 of	 inflammatory	 pain	 animal	 models	 (see	 references	 in	 119). In	
accordance	with	 this,	 in	 already	 published	 studies	 in	murine	models	 and	 in	 our	 own	 results,	
inhibition	of	spinal	cord	p38	MAPK	by	intrathecal	administration	of	specific	inhibitors	efficiently	
reversed	 ongoing	 hyperalgesia	 (61	 and	 this	 work).	 However,	 the	 effect	 observed	 using	 these	
classic	 p38	 MAPK	 inhibitors	 was	 much	 more	 transient	 than	 that	 observed	 using	 the	 FGA‐19	
inhibitor,	which	 at	 a	 1	 µg	 dose	 shows	 a	 perdurable	 effect	 that	 lasted	 along	 the	 5	 days	 of	 the	
experimental	setup.	

The	strategy	hereby	utilized	to	identify	and	analyze	FGA‐19	has	been	based	on	interfering	with	
docking	interactions	between	p38	MAPK	and	substrates	or	activators	of	p38	MAPK185,	but	was	
not	meant	 to	 completely	 ablate	 its	 kinase	 activity	 or	 fully	 block	 its	 activation.	 This	 particular	
characteristic	 of	 the	 drug	 discovery	 strategy	 that	 was	 followed,	 could	 in	 principle	 yield	 a	
different	 mode	 of	 action	 leading	 to	 a	 less	 potent	 input	 on	 the	 pathway	 flow	 and	 to,	 at	 least	
theoretically,	 less	toxic	effects.	For	 instance,	one	of	the	off‐target	effects	described	to	occur	for	
classical	p38	MAPK	inhibitors	consists	 in	that,	as	a	consequence	of	completely	downregulating	
p38	MAPK	activity,	 the	 JNK	route	appears	 to	become	hyperactivated.	This	 is	 caused	by	such	a	
strong	 inhibition	 of	 p38	 MAPK	 that	 is	 able	 to	 cancel	 some	 negative	 feedback	 loops	 that	 this	
kinase	 maintains	 towards	 upstream	 kinase	 such	 as	 MLK2/MLK3	 or	 TAK1	 which	 also	 sit	
upstream	of	 JNK30.	 Thus,	 abolition	of	 the	negative	 feedback	 control	 exerted	by	 the	p38	MAPK	
branch	redirects	the	pathway	flow	towards	a	higher	activation	of	the	JNK	pathway.	However,	in	
our	case,	preliminary	data	 indicates	 that	no	activation	of	 JNK	was	detected	by	 the	presence	of	
FGA‐19	 in	our	cells	 (data	not	 shown).	On	 the	contrary,	 JNK	pathway	was	either	unchanged	or	
inhibited	to	a	lesser	extent	than	the	p38	MAPK	route	by	FGA‐19,	thus	suggesting	that	these	types	
of	effects	may	not	happen	for	docking‐based	inhibitors	or	for	inhibitors	that	do	not	fully	ablate	
p38	MAPK	 catalytic	 activity.	 The	 possibility	 that	 a	more	 refined,	 less	 potent	 inhibition	 of	 p38	
MAPK	 such	 as	 obtained	 by	 FGA‐19	 can	 prevent	 undesired	 side	 effects	 such	 as	 the	
hyperactivation	of	cell	death	routes	certainly	deserves	further	investigation.		

In	conclusion,	we	present	evidence	that	a	novel	small	compound	targeting	the	docking	groove	of	
p38	 MAPK,	 FGA‐19,	 is	 a	 potent	 inhibitor	 of	 chronic	 inflammatory	 and	 post‐inflammatory	
hyperalgesia.	In	addition,	we	show	that	FGA‐19	inhibits	cytokine	production	in	monocytic	cells.	
We	 propose	 that	 this	 novel	 compound	 can	 form	 the	 basis	 for	 further	 investigation	 of	 similar	
compounds	 for	 their	 specificity	 and	 potency	 in	 these	 models	 and	 ultimately	 for	 clinical	
translation.		

Ethics	of	Animal	Experiments	

All	 experiments	 adhere	 to	 the	 guidelines	 of	 the	Committee	 for	Research	 and	Ethical	 Issues	 of	
IASP	and	were	reviewed	by	an	 institutional	animal	care	and	use	 committee	of	 the	 institutions	
involved.	

Acknowledgements	

We	 acknowledge	 grants	 from	 Ministerio	 de	 Educación	 y	 Ciencia	 (SAF2011‐23800),	 The	
Cardiovascular	Network	(RECAVA)	of	Ministerio	Sanidad	y	Consumo‐Instituto	Carlos	III	(RD06‐
0014/0037),	 Comunidad	 de	 Madrid	 (S2010/BMD‐2332)	 to	 F.M	 and	 Instituto	 Carlos	 III	
(PS09/01208)	and	UAM‐Grupo	Santander	to	C.M.	The	work	of	A.K.	is	supported	by	grants	#RO1	
NS074999	and	#RO1	NS073939	from	the	National	Institiute	of	Health	and	a	STARS	award	from	
the	University	of	Texas	System.	



	

	

	

	



	

	

	

Genome‐wide	association	study	meta‐
analysis	of	chronic	widespread	pain:	
evidence	for	involvement	of	the	5p15.2	
region		

Hanneke	L.D.M.	Willemen1*	
Marjolein	J.	Peters2,3*	
Linda	Broer4*	
45	others	
Annemieke	Kavelaars1&	
Cornelia	M.	van	Duijn4&	
Frances	M.	K.	Williams5&	
Joyce	B.	J.	van	Meurs2,3&	

	
*	shared	first	authors	
&	shared	last	authors	
1	Laboratory	of	Neuroimmunology	and	Developmental	Origins	of	Disease,	
University	Medical	Center	Utrecht,	the	Netherlands.	
2	Department	of	Internal	Medicine,	Erasmus	Medical	Center	Rotterdam,	the	
Netherlands	
3	The	Netherlands	Genomics	Initiative‐sponsored	Netherlands	Consortium	for	
Healthy	Aging	(NGI‐NCHA),	Leiden	/	Rotterdam,	the	Netherlands.	
4	Department	of	Epidemiology,	Erasmus	Medical	Center	Rotterdam,	the	
Netherlands.	
5	Department	of	Twin	Research	and	Genetic	Epidemiology,	King’s	College	
London,	UK.	

	

Annals	of	Reumatic	Deseases,	2012	



	

	

	C
ha
pt
er
	6
	

82	

Abstract	
Background	and	objectives	 Chronic	widespread	pain	 (CWP)	 is	 a	 common	disorder	 affecting	
~10%	of	the	general	population	and	has	an	estimated	heritability	of	48‐52%.	In	the	first	large‐
scale	 genome‐wide	 association	 study	 (GWAS)	 meta‐analysis,	 we	 aimed	 to	 identify	 common	
genetic	variants	associated	with	CWP.		

Methods	We	conducted	a	GWAS	meta‐analysis	in	1308	female	CWP	cases	and	5791	controls	of	
European	descent,	and	replicated	the	effects	of	the	genetic	variants	with	suggestive	evidence	for	
association	 in	 1480	 CWP	 cases	 and	 7989	 controls	 (p<1x10‐5).	 Subsequently,	we	 studied	 gene	
expression	 levels	 of	 the	 nearest	 genes	 in	 two	 chronic	 inflammatory	 pain	mouse	 models,	 and	
examined	92	genetic	variants	previously	described	associated	with	pain.			

Results	 The	 minor	 C‐allele	 of	 rs13361160	 on	 chromosome	 5p15.2,	 located	 upstream	 of	
chaperonin‐containing‐TCP1‐complex5	gene	(CCT5)	and	downstream	of	FAM173B,	was	found	to	
be	 associated	with	a	30%	higher	 risk	of	 CWP	 (minor	 allele	 frequency=43%;	OR=1.30,	95%	CI	
1.19	to	1.42,	p=1.2x10‐8).	Combined	with	the	replication,	we	observed	a	slightly	attenuated	OR	of	
1.17	(95%	CI	1.10	to	1.24,	p=4.7x10‐7)	with	moderate	heterogeneity	(I2=28.4%).	However,	in	a	
sensitivity	analysis	that	only	allowed	studies	with	joint‐specific	pain,	the	combined	association	
was	 genome‐wide	 significant	 (OR=1.23,	 95%	 CI	 1.14	 to	 1.32,	 p=3.4x10‐8,	 I2=0%).	 Expression	
levels	of	Cct5	and	Fam173b	 in	mice	with	 inflammatory	pain	were	higher	 in	 the	 lumbar	spinal	
cord,	not	 in	 the	 lumbar	dorsal	 root	ganglions,	 compared	 to	mice	without	pain.	None	of	 the	92	
genetic	variants	previously	described	were	significantly	associated	with	pain	(p>7.7x10‐4).		

Conclusions	We	 identified	a	 common	genetic	 variant	on	 chromosome	5p15.2	associated	with	
joint‐specific	CWP	in	humans.	This	work	suggests	that	CCT5	and	FAM173B	are	promising	targets	
in	the	regulation	of	pain.	
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Introduction	
Chronic	 widespread	 pain	 (CWP)	 is	 a	 common	 disorder,	 affecting	 about	 10%	 of	 the	 general	
population47.	The	prevalence	of	CWP	increases	with	age	for	both	men	and	women,	but	is	more	
common	in	women	at	any	age47.	CWP	represents	a	major	underestimated	health	problem	and	is	
associated	with	 substantial	 impairment	 and	 a	 reduced	 quality	 of	 life.	 It	 has	 been	 related	 to	 a	
number	of	physical	and	affective	symptoms	such	as	fatigue,	psychological	distress	and	somatic	
symptoms47,260.	 Chronic	 musculoskeletal	 pain	 is	 one	 of	 the	 most	 common	 conditions	 seen	 in	
rheumatology	 clinics	 and	 accounts	 for	 6.2%	 of	 the	 total	 healthcare	 costs	 in	 the	 Netherlands	
every	year159.	Further	research	is	needed	to	be	able	to	understand	the	causal	mechanisms	and	
optimal	treatment	for	CWP	patients.		

CWP	causally	relates	to	an	initial	local	pain	stimulus,	such	as	an	acute	injury	or	athletic	injuries	
or	another	pain	state	such	as	low	back	pain	or	local	pain	due	to	osteoarthritis	(OA)	or	rheumatic	
arthritis	 (RA)22,104,139.	 However,	 most	 injured	 subjects	 do	 not	 develop	 CWP,	 and	 only	 a	
proportion	 of	 patients	 with	 OA	 or	 RA	 develop	 CWP.	 We	 therefore	 hypothesize	 that	 several	
discrete	stimuli	may	initiate	CWP	via	a	common	final	pathway	that	involves	the	generation	of	a	
central	pain	state	through	the	sensitization	of	second	order	spinal	neurons.		

CWP	is	a	complex	trait	since	both	environmental	and	genetic	factors	play	a	role	in	the	etiology.	
Heritability	estimates	of	twin	studies	suggest	that	48%‐52%	of	the	variance	in	CWP	occurrence	
is	 due	 to	 genetic	 factors,	 implying	 a	 strong	 genetic	 component118.	 A	 number	 of	 studies	 have	
examined	genetic	variants	for	CWP.	These	candidate	gene	studies	examined	polymorphisms	in	
genes	 involved	 in	 both	 the	 peripheral	 and	 the	 central	 nervous	 system141.	 In	 particular,	 genes	
involved	 in	neurotransmission	(pathway	of	dopamine	and	serotonin15,21,40,73,84,85,175,181,190,225,229),	
and	 genes	 important	 for	 the	 hypothalamic‐pituitary‐adrenal	 axis	 have	 been	 considered97.	 A	
number	 of	 genetic	 variants	 in	 these	 candidate	 genes	 were	 found	 to	 be	 associated	 with	 CWP,	
individual	pain	sites,	or	experimental	pain.	However,	no	consistent	significant	associations	have	
been	demonstrated.		

The	most	studied	gene	 in	relation	 to	pain	 is	catechol‐O‐methyltransferase	(COMT),	an	enzyme	
that	degrades	neurotransmitters	 including	dopamine.	The	variant	allele	of	 rs4680	(or	V158M)	
results	 in	 reduced	 enzymatic	 activity	 due	 to	 its	 effect	 on	 thermostability228,	 and	 has	 been	
associated	with	reduced	opoid	activity	in	response	to	painful	stimuli	resulting	in	increased	pain	
sensitivity277.	But	also	for	COMT,	no	consistent	results	have	been	observed	in	genetic	association	
studies41,86,87,94,174,229,235,237.			

Overall,	the	results	have	been	conflicting	which	is	likely	due	to	the	modest	sample	sizes	used	and	
paucity	 of	 replication.	 In	 general,	 candidate	 studies	 are	 biased	 by	 previous	 knowledge	 of	 the	
aetiology	 of	 the	 disease	 under	 study.	 Since	 knowledge	 about	 the	 pathophysiology	 of	 CWP	 is	
poor,	the	chances	of	success	using	this	approach	are	low.	Therefore	our	objective	was	to	identify	
genetic	 variants	 involved	 in	 CWP	 by	 means	 of	 a	 large‐scale	 hypothesis‐free	 genome‐wide	
association	 study	 (GWAS)	 meta‐analysis	 including	 2788	 cases	 and	 13780	 controls.	 To	 our	
knowledge,	 this	 is	 the	 first	study	presenting	a	 large‐scale	GWAS	meta‐analysis	of	chronic	pain.	
The	prevalence	of	CWP	is	approximately	two	times	higher	 in	women	than	in	men	and	there	 is	
strong	evidence	that	women	tolerate	less	thermal	and	pressure	pain	than	men197.	Therefore	only	
women	were	included	in	this	study	to	reduce	heterogeneity	and	thereby	increase	power.		
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Materials	and	Methods	
We	performed	a	meta‐analysis	(stage	1)	of	GWAS	data	of	1308	female	Caucasian	CWP	cases	and	
5791	female	Caucasian	controls,	derived	from	five	studies,	and	focused	our	follow‐up	efforts	on	
the	single‐nucleotide	polymorphisms	(SNPs)	with	suggestive	evidence	of	association	(p<1x10‐5)	
with	CWP	(stage	2).	The	study	outline	is	summarized	in	figure	6.1.	

Phenotype	

CWP	was	defined	as	subjects	having	pain	in	the	left	side	of	the	body,	in	the	right	side	of	the	body,	
above	waist,	below	waist,	 and	 in	 the	axial	 skeleton	 (following	 the	Fibromyalgia	Criteria	of	 the	
American	 College	 of	 Rheumatology260).	 Controls	 were	 defined	 as	 subjects	 not	 having	 CWP.	
Subjects	using	 analgesics	 (ATC‐code:	N02219)	were	excluded	 from	 the	 control	 group.	 	Detailed	
descriptions	of	the	study	specific	inclusion	criteria	are	presented	in	supplementary	table	S6.1.		

	 	

	

Figure	6.1:	Study	Outline.	CWP,	chronic	widespread	pain;	GWAS,	genome‐wide	association	study.	
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Study	design	summary	

We	combined	the	summary	statistics	of	GWAS	in	a	meta‐analysis	comprising	1308	CWP	female	
Caucasian	cases	and	5791	female	Caucasian	controls	(stage	1).	We	focused	our	follow‐up	efforts	
on	 the	SNPs	with	 suggestive	 evidence	of	 association	 (p<1x10‐5)	with	CWP	 in	1480	CWP	cases	
and	7989	controls	available	for	replication	(stage	2).		

Subjects	

A	full	detailed	description	of	all	study	cohorts	is	presented	in	table	6.1	and	in	the	supplementary	
methods	 section.	 For	 the	 stage	 1	 analysis,	 we	 included	 studies	 from	 the	 Netherlands	 (the	
Erasmus	Rucphen	Family	study	(ERF	study))3,	Rotterdam	Study	I,	II	and	III	(RS‐I,	RS‐II	and	RS‐
III)95,	and	the	UK	(TwinsUK221,222).	All	studies	were	approved	by	their	institutional	ethics	review	
committees	and	all	participants	provided	written	informed	consent.	For	our	stage	2	analysis,	we	
sought	 follow‐up	 samples	with	 pre‐existing	 GWAS	 in‐silico	 data	 (stage	 2a)	 as	well	 as	de	novo	
genotyping	 (stage	 2b).	 The	 studies	 are	 from	 the	 UK	 (the	 British	 1958	 Birth	 Cohort	
(1958BC))43,94,191,252,	the	Chingford	Study	(CHINGFORD)91,92,	the	Dyne	Steel	DNA	Bank	for	Aging	
and	 Cognition	 (DSDBAG)196,	 the	 EPIdemiological	 study	 of	 FUNctional	 Disorders	 (EPIFUND)97,	
and	 the	 Hertfordshire	 Cohort	 Study	 (HCS)227;	 from	 Iceland	 (the	 Age,	 Gene/Environment	
Susceptibility	Study	(AGES))90;	 from	the	USA	(Framingham	Osteoarthritis	Study	(FOA))67;	from	
the	 Netherlands	 (the	 Genetics	 osteoARthritis	 and	 Progression	 Study	 (GARP))207;	 and	 from	
German	(the	Study	of	Health	In	Pomerania	(SHIP))113,239.	All	studies	were	approved	by	the	local	
ethics	committees	and	all	participants	provided	written	informed	consent.		

Genotyping,	quality	control	and	imputation	

Genotyping	of	the	stage	1	cohorts	was	done	by	Illumina	Infinium	HumanHap550	Beadchip	(RS‐I	
and	 RS‐II),	 the	 Illumina	 Infinium	HumanHap610	 (RS‐II,	 RS‐III,	 and	 TwinsUK),	 or	 the	 Illumina	
Infinium	HumanHap300	(ERF	and	TwinsUK).	More	details	about	the	genotyping,	quality	control	
(QC),	and	 imputation	are	shown	 in	 the	supplementary	methods	section.	Complete	 information	
on	 genotyping	 protocols	 and	 QC	 measures	 for	 all	 stage	 1	 cohorts	 is	 described	 in	 the	
supplementary	material	(Table	S6.2).	Detailed	descriptions	of	the	QC	and	imputation	procedures	
are	provided	in	the	supplementary	material	(Table	S6.3).	

Genotypes	of	the	stage	2a	studies	(1958BC,	AGES,	DSDBAG,	FOA,	GARP	and	SHIP)	were	obtained	
from	SNP	arrays	and	imputed	data.	Where	unavailable,	proxy	SNPs	were	selected	based	on	high	
linkage	disequilibrium	(LD).	The	stage	2b	studies	(CHINGFORD,	EPIFUND	and	HCS)	performed	
de	 novo	 genotyping,	 using	 both	 Sequenom	 iPLEX	 and	 TaqMan‐based	 assays	 (supplementary	
methods).	 Genotyping	 platforms,	 calling	 algorithms,	 quality	 control	 before	 imputation,	
imputation	 methods	 and	 analysis	 software	 used	 were	 all	 study‐specific	 (see	 supplementary	
tables	S6.4	and	S6.5).	The	explicit	number	of	follow‐up	SNPs	genotyped	in	the	different	studies	
and	whether	the	original	or	a	proxy	SNP	was	used	is	summarized	in	supplementary	table	S6.6.		

GWAS‐analysis	in	the	stage	1	studies	

CWP	 was	 analyzed	 as	 a	 binary	 trait	 (cases	 vs	 controls)	 using	 logistic	 regression	 under	 an	
additive	model	with	adjustment	for	age	and	body	mass	index	(see	supplementary	table	S6.7).	To	
adjust	for	population	substructure,	we	included	the	four	most	important	PCs	as	covariates	in	the	
regression	analysis	of	RS‐I,	RS‐II,	and	RS‐III.	These	PCs	were	derived	from	an	multidimensional	
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scaling	analysis	of	identity‐by‐state	distances,	using	PLINK	software194.	Detailed	descriptions	of	
the	GWAS	methods	are	provided	in	supplementary	table	S6.8).	

Stage	1	GWAS	meta‐analysis	

p	 Values	 for	 association	 were	 combined	 using	 the	 Meta‐Analysis	 Tool	 for	 genome‐wide	
association	 scans	 (METAL)259.	The	 genomic	 control	 method56	 as	 implemented	 in	 METAL	was	
used	to	correct	for	any	residual	population	stratification	or	relatedness	not	accounted	for	by	the	
four	most	important	PCs.	A	p	value	<	5x10‐8	was	considered	genome‐wide	significant	while	a	p	
value	 <	 1x10‐5	 was	 considered	 suggestive183.	 Power	 calculations	 were	 performed	 using	 CaTS	
software	 (www.sph.umich.edu/csg/abecasis/CaTS/).	 Using	 Bonferroni	 correction	 (p<5x10‐8),	
power	calculations	showed	that	we	had	approximately	80%	power	to	detect	an	odds	ratio	(OR)	
of	1.30	for	SNPs	with	a	minor	allele	frequency	(MAF)	of	0.43,	given	a	disease	prevalence	of	10%	
for	1308	cases	and	5791	controls	in	the	discovery	group.	Using	a	p	value	<1x10‐5,	we	had	80%	
power	to	detect	an	OR	of	1.25.		

SNP	selection	for	replication	

We	aimed	to	select	SNPs	for	replication	(stage	2)	that	were	enriched	for	signals	of	association	
with	 CWP.	 All	 SNPs	 with	 suggestive	 evidence	 for	 association	 in	 the	 stage	 1	 analyses	 were	
selected	and	separated	into	independent	loci	by	taking	the	most	significantly	associated	SNP	and	
eliminating	all	SNPs	that	have	a	HapMap	CEU	pair‐wise	correlation	coefficient	r2>0.8	with	that	
SNP	using	the	PLINK	software.		

Meta‐analysis	of	stage	1	and	stage	2	results	

We	combined	the	stage	1	and	stage	2	association	results	to	derive	a	combined	meta‐analysis	for	
the	suggestively	associated	loci.	METAL	was	used	to	conduct	a	fixed‐effects	meta‐analysis	as	in	
stage	1.	Estimated	heterogeneity	variance	and	forest	plots	were	generated	using	comprehensive	
meta‐analysis	(www.meta‐analysis.com).		

Functional	analysis	of	associated	SNPs	

To	determine	whether	the	associated	SNPs	have	any	regulatory	effect	on	gene	expression	levels,	
we	 checked	 their	 effect	 (and	 the	 effect	 of	 the	 linked	 SNPs)	 on	 the	 expression	 levels	 of	 their	
neighbouring	genes.	We	used	the	1000	genomes	data	in	the	SNAP	software77,114	to	identify	those	
SNPs	having	LD	 thresholds	of	 r2>0.1.	We	 searched	 two	publicly	 available	 eQTL	databases:	 the	
NCBI	 GTEx	 (Genotype‐Tissue	 Expression)	 eQTL	 Browser	 (http://www.ncbi.nlm.nih.gov	
/gtex/GTEX2/gtex.cgi)	 and	 the	 expression	 Quantitative	 Trait	 Loci	 database	
(http://eqtl.uchicago.edu/cgi‐bin/gbrowse/eqtl/).	 We	 used	 SIFT131	 to	 predict	 whether	 the	
coding	non‐synonymous	variant	causing	an	amino	acid	substitution	affects	protein	function.		

RNA	expression	analyses	in	mice	

For	 functional	 follow‐up,	 two	 independent	mouse	models	 of	 inflammatory	 pain	were	 studied.	
The	 first	 model	 was	 based	 on	 carrageenan	 injections;	 female	 C57Bl/6	 mice	 received	 an	
intraplantar	 injection	 of	 20	 μl	 ‐carrageenan	 (2%	 (w/v),	 Sigma‐Aldrich,	 Zwijndrecht,	 the	
Netherlands)	in	saline	in	both	hind	paws257.	The	second	model	was	based	on	Complete	Freund’s	
Adjuvant	 (CFA)	 injections;	male	 C57Bl/6	mice	 (Harlan	 Laboratories)	 received	 an	 intraplantar	
injection	of	20	μl	CFA	(Sigma‐Aldrich)	in	saline	in	both	hind	paws271.	Controls	were	injected	with	
saline	 only.	 At	 day	 3	 (after	 CFA	 injection)	 or	 day	 6	 (after	 carrageenan	 injection),	 thermal	
sensitivity	 (heat	 withdrawal	 latency	 time)	 was	 measured	 using	 the	 Hargreaves	 (IITC	 Life	
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Science,	Woodland	 Hills,	 California,	 USA)	 test	 as	 described89.	 Intensity	 of	 the	 light	 beam	was	
chosen	to	induce	heat	withdrawal	latency	time	of	approximately	8	s	at	baseline.		

After	measurement	the	mice	were	sacrificed	and	the	lumbar	(L2‐L5)	spinal	cord	and	the	dorsal	
root	ganglions	(DRG)	(L2‐L5)	were	isolated.	These	areas	of	spinal	cord	and	DRG	were	selected	
because	pain	 transmission	 from	 the	hind	paws	 is	mediated	 via	 primary	 sensory	neurons	 that	
have	 their	 cell	 bodies	 in	 the	 lumbar	 DRG,	 and	 transmit	 the	 signal	 to	 the	 lumbar	 spinal	 cord	
through	sensory	fibres	in	the	dorsal	roots.	Total	RNA	was	isolated	and	mRNA	levels	of	Cct5	and	
Fam173b	 were	 measured	 in	 the	 spinal	 cord	 and	 the	 DRG.	 For	 more	 details,	 see	 the	
supplementary	methods	section.		

All	experiments	were	performed	 in	accordance	with	 international	guidelines	and	approved	by	
the	 experimental	 animal	 committee	 of	 University	 Medical	 Center	 Utrecht	 (carrageenan	
experiment)	or	the	UK	Home	Office	Animals	(Scientific	Procedures)	Act	1986	(CFA	experiment).	
Mice	used	for	the	carrageenan	experiment	were	bred	and	maintained	in	the	animal	facility	of	the	
University	of	Utrecht	(the	Netherlands).	

Systemic	review	of	genetic	variants	previously	described	

We	 systematically	 searched	 for	 associations	 earlier	 reported	 with	 pain	 in	 the	 HugeNavigator	
PhenoPedia	Database266.	We	used	the	search	term	“pain”	and	checked	all	publications	for	genes	
and	 SNPs	 associated	 with	 pain	 at	 least	 twice.	 Genes	 and	 SNPs	 associated	 with	 drug	 therapy,	
facial	pain,	migraine,	and	postoperative	pain	were	excluded.	For	all	reported	SNPs,	we	examined	
their	association	with	CWP	 in	our	stage	1	meta‐analysis.	The	significance	 threshold	was	set	at	
p<8x10‐4	using	Bonferroni	correction	for	65	independent	genetic	loci.	Again,	power	calculations	
were	 performed	 using	 CaTS	 software	 (www.sph.umich.edu/csg/abecasis/CaTS/).	 With	 an	 	
level	of	8x10‐4,	power	calculations	showed	that	we	had	approximately	80%	power	to	detect	an	
OR	of	1.22	for	SNPs	with	an	minor	allele	frequency	of	20%	or	higher.		

Results	

GWAS	meta‐analysis	for	CWP	

The	 Manhattan	 plot	 and	 quantile‐quantile	 (QQ)	 plot	 of	 the	 initial	 stage	 1	 meta‐analysis	 are	
presented	in	figure	6.2.	In	total,	2224068	SNPs	(directly	genotyped	or	imputed)	were	tested	for	
association.	 The	 overall	 genomic	 control	 lambda	 (λGC)	 was	 1.007,	 indicating	 no	 significant	
population	stratification.	We	identified	two	SNPs	which	were	genome‐wide	significant	(p<5x10‐
8),	 and	 another	 39	 SNPs	 with	 suggestive	 evidence	 for	 association	 (p<1x10‐5)	 located	 in	 10	
independent	genomic	 regions.	The	most	 significant	association	was	observed	 for	 two	 imputed	
highly	correlated	SNPs	(r2=0.97)	located	upstream	of	the	chaperonin‐containing‐TCP1‐complex‐
5	 gene	 (CCT5)	 and	 downstream	 of	 the	 FAMily	with	 sequence	 similarity	 173,	member	 B	 gene	
(FAM173B)	 (rs13361160,	 p=1.2x10‐8	 and	 rs2386592,	 p=2.6x10‐8).	 For	 both	 SNPs,	 the	 minor	
allele	 (MAF=43%)	was	 associated	with	 a	 30%	higher	 risk	 for	 CWP	 (OR=1.30,	 95%	CI	 1.19	 to	
1.42).		
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Figure	 6.2:	 Genome‐wide	 association	 results	 for	 chronic	widespread	 pain	 (CWP)	 (stage	 1).	 (A)	
Manhattan	plot	showing	the	p	value	of	association	tests	for	about	2	million	SNPs	with	CWP	in	the	stage	1	
meta‐analysis.	SNPs	are	plotted	on	the	x‐axis	according	to	their	position	on	each	chromosome.	On	the	y‐
axis,	 the	association	p	values	with	CWP	are	shown	(as	–log	10	p	values).	The	grey	solid	horizontal	 line	
represents	 the	p	value	 threshold	of	5x10‐8	 (genome‐wide	significance).	The	grey	dashed	horizontal	 line	
represents	the	p	value	threshold	of	1x10‐5	(the	level	for	suggestive	evidence):	SNPs	in	loci	reaching	1x10‐5

were	tested	for	replication.	(B)	Quantile‐Quantile	(QQ)	plot	of	SNPs.	The	blue	area	represents	the	95%	CI	
around	the	test	statistics.	A	QQ	plot	compares	the	additive	model	statistics	to	those	expected	under	the	
null	distribution	using	 fixed	effects	 for	all	analyzed	HapMAP	CEU	 imputed	SNPs	passing	quality	control
criteria.	
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For	the	10	independent	SNPs	with	suggestive	evidence,	we	pursued	in	silico	replication	data	in	
six	studies	(stage	2a:	1203	CWP	cases	and	5032	controls)	and	performed	de	novo	genotyping	in	
subjects	from	three	additional	studies	(stage	2b:	277	CWP	cases	and	2957	controls)	(a	detailed	
description	of	the	studies	is	presented	in	table	6.1	and	supplementary	methods).	The	summary	
results	of	the	stage	1	and	2	meta‐analysis	are	presented	in	table	6.2.	After	combining	the	results	
of	stage	1	and	stage	2,	the	top	SNP	was	rs13361160	(OR=1.17,	95%	CI	1.10	to	1.24,	p=4.7x10‐7,	
I2=28.4%).	Figure	6.3	shows	a	forest	plot	of	the	association	of	rs13361160	with	CWP	across	the	
stage	1	and	stage	2	studies.	The	overall	effect	in	the	replication	studies	(stage	2	studies)	was	in	a	
consistent	direction	but	not	significant	(OR=1.06,	95%	CI	0.98	to	1.16,	p=0.16).		In	the	combined	
analysis,	moderate	heterogeneity	was	observed	(I2=28.4%).	Supplementary	table	S6.1	shows	the	
different	pain	assessment	methods	used	in	the	different	studies	to	define	CWP.	Since	four	out	of	
five	stage	1	studies	included	joint‐specific	pain	only	(ERF,	RS‐I,	RS‐II,	and	RS‐III),	we	performed	
a	 sensitivity	 analysis	 in	 which	 stage	 2	 cohorts	 using	 non‐joint	 pain	 were	 excluded	 (1958BC,	
DSDBAG,	EPIFUND,	HCS,	and	SHIP).	This	resulted	in	a	combined	OR	of	1.23	(95%	CI	1.14	to	1.32,	
p=3.4x10‐8,	I2=0%).	An	overview	of	the	results	of	the	combined	meta‐analysis	and	the	separate	
stage	1	and	stage	2	analyses	is	presented	in	table	6.3.		

	

Figure	6.3:	Forest	plot	of	the	association	of	rs13361160	SNP	with	chronic	widespread	pain	(CWP).
Study	specific	estimates	and	summary	association	between	rs13361160	and	CWP	are	shown.	
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Functional	analysis	of	rs13361160	and	rs2386592	

The	SNPs	rs13361160	and	rs2386592	(r2=0.97)	are	annotated	to	the	5p15.2‐region	and	located		
81	kb	upstream	of	CCT5	and	57	kb	downstream	of	FAM173B	 (figure	6.4).	We	 tested	whether	
rs13361160	 and	 rs2386592	 and	 their	 linked	 SNPs	 (r2>0.1)	 affected	 gene	 expression	 levels	 of	
CCT5	or	FAM173B.	In	total,	we	identified	130	SNPs	in	LD	with	our	top	SNPs	of	which	two	SNPs	
were	located	in	the	coding	region:	one	synonymous	SNP	rs1042392	in	the	CCT5	gene	(r2=0.16,	
D’=0.85)	and	one	non‐synonymous	SNP	rs2438652	in	the	FAM173B	gene	(r2=0.17,	D’=1.0)	(See	
supplementary	 table	 S6.9).	 The	 minor	 allele	 of	 rs2438652	 causes	 a	 threonine‐to‐methionine	
substitution	 (T75M)	 which	 is	 thought	 to	 be	 functionally	 neutral.	 SNPs	 rs13361160	 and	
rs2386592	 were	 not	 recorded	 as	 influencing	 the	 expression	 levels	 of	 CCT5	 and	 FAM173B,	
however,	 the	 linked	 intronic	 SNP	 rs2445871	 (r2=0.14	 for	 both)	 had	 a	 direct	 eQTL	 effect	 on	
FAM173B	expression	levels	in	liver	tissue215.	

RNA	expression	analysis	in	mice	

We	studied	gene	expression	 levels	of	 the	 two	nearest	genes	Cct5	and	Fam173b,	 in	 the	 lumbar	
spinal	 cord	 and	 the	DRG	 in	 two	 independent	mouse	models	 of	 chronic	 inflammatory	 pain.	 In	
both	 the	 carrageenan	 treated	 group	 and	 the	 CFA	 treated	 group,	 mice	 had	 shorter	 heat	
withdrawal	 latency	 times	 than	 mice	 injected	 with	 saline	 only,	 confirming	 enhanced	 pain	
sensitivity	(p<0.001)	(See	supplementary	figure	S6.1).		

Figure	6.4:	Regional	plot	of	locus	5p15.2.	On	the	x‐axis,	SNPs	are	plotted	according	to	their	position	in	a
400‐kb	window	around	rs13361160.	On	the	y‐axis,	the	association	p	values	with	chronic	widespread	pain
are	 shown	 (as	 –log	10	p	 values).	The	purple	diamond	highlights	 the	most	 significant	 SNP	 rs13361160.
Blue	peaks	 indicate	recombination	sites,	and	the	SNPs	surrounding	 the	most	significant	SNP	are	colour
coded	to	identify	their	strength	of	linkage	disequilibrium	with	the	most	significant	SNP	(pairwise	r2	values
of	the	HapMap	CEU	samples).	Genes	and	the	direction	of	transcription	are	shown	at	the	bottom	of	the	plot.
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The	results	from	the	multivariate	analysis	using	the	two	genes	(Cct5	and	Fam173b	examined	as	
dependent	variables),	the	different	treatments	(saline,	carrageenan,	and	CFA)	and	the	different	
tissues	 (DRG	 and	 spinal	 cord)	 confirmed	 that	 there	 is	 a	 significant	 treatment	 effect	 for	 Cct5	
(F(2,25)=3.399,	 p=0.0049),	 as	well	 as	 for	 Fam173b	 (F(2,25)=4.911,	 p=0.016).	Moreover,	 both	
genes	 showed	 a	 significant	 tissue	 effect	 (Cct5:	 F(1,25)=13.595,	 p=0.001,	 and	 Fam173b:	
F(1,25)=13.522,	 p=0.001),	 as	 well	 as	 a	 significant	 interaction	 between	 tissue	 and	 treatment	
(Cct5:	 F(2,25)=6.424,	 p=0.006,	 and	 Fam173b:	 F(1,25)=4.196,	 p=0.027)	 (figure	 6.5).	 These	
findings	 indicate	 that	 in	spinal	cord	but	not	 in	DRG,	both	Fam173b	and	Cct5	expression	 levels	
were	upregulated	in	response	to	two	different	inducers	of	inflammatory	pain.	DRG	Fam173b	and	
Cct5	 expression	 levels	 in	 CFA/carrageenan‐treated	 mice	 were	indistinguishable	 from	 saline‐
treated	mice.	

Candidate	SNPs	previously	associated	with	chronic	pain.	

We	 examined	 whether	 genetic	 variants	 previously	 described	 for	 association	 with	 pain	 were	
associated	with	 CWP	 in	 our	 large	 stage	 1	meta‐analysis.	We	 identified	 a	 total	 of	 44	 genes	 of	
which	136	SNPs	had	been	reported	at	least	twice	with	any	pain	phenotype	(excluding	facial	pain,	
migraine,	postoperative	pain	and	response	to	drug	therapy),	and	we	examined	the	association	of	
these	136	SNPs	with	CWP	 in	 the	GWAS	stage	1	meta‐analysis.	Out	of	136	candidate	SNPs,	we	
were	 able	 to	 check	 92	 common	 SNPs	 (MAF>5%)	 in	 65	 independent	 genetic	 loci	 (See	
supplementray	 table	 S6.10).	 Five	 SNPs	 had	 a	 too	 low	 MAF	 (<=5%)	 and	 39	 SNPs	 were	 not	
genotyped	 or	 imputed	 in	 our	 meta‐analysis.	 None	 of	 the	 earlier	 reported	 SNPs	 passed	 the	

Figure	6.5:	Quantitative	Polymerase	Chain	Reaction	(PCR)	analysis	of	gene	expression	levels	in	the
lumbar	(L2‐L5)	spinal	cord	and	the	dorsal	root	ganglions	(DRG)	of	mice	after	 intraplantar	saline	(n=3),
carrageenan	 (n=4),	 and	 Complete	 Freund’s	 Adjuvant	 (CFA)	 (n=4)	 injection.	 Spinal	 cord	 and	DRG	were
collected	and	analyzed	for	RNA	levels	of	Cct5	and	Fam173b.	Data	were	normalized	for	Gapdh	and	β‐actin
(housekeeping	genes)	expression.	Data	are	expressed	as	means	±	SEM,	*=	p<0.05.	
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significance	 threshold	 (p<8x10‐4).	 Interestingly,	 the	 strongest	 associated	 SNPs	 are	 located	 in	
three	 genes	 that	 have	 been	 reported	 to	 be	 associated	with	 pain	 phenotypes	most	 frequently:	
COMT,	GCH1	(GTP	cyclo‐hydrolase	1)	and	OPRM1	(mu	opioid	receptor).	The	effects	of	the	SNPs	
in	GCH1	are	in	the	same	direction	as	reported	earlier24,96,230:	individuals	having	the	minor	allele	
for	rs10483639,	rs4411417	or	rs752688	have	15%	less	pain	than	those	exhibiting	the	common	
alleles.	The	effect	of	the	SNP	rs599548	in	OPRM1	is	also	in	the	same	direction	as	reported	earlier	
93:	 those	having	 the	minor	 allele	 for	 rs599548	have	19%	more	pain	 than	 those	 exhibiting	 the	
major	allele.	The	two	COMT	SNPs	are	in	weak	linkage	disequilibrium	with	the	well‐known	amino	
acid	 changing	 variant	 rs4860,	 but	 previously	 have	 not	 been	 reported	 to	 be	 significantly	
associated	with	pain94,122.	We	have	 found	a	protective	effect	 for	 the	minor	allele	of	 rs2020917	
(those	having	a	minor	allele	have	15%	 less	pain)	and	an	adverse	effect	 for	 the	minor	allele	of	
rs5993883:	those	having	the	minor	allele	of	rs5993883	have	14%	more	pain.	

Discussion	
In	 this	 study,	 we	 identified	 a	 genetic	 variant	 near	 CCT5	 and	 FAM173B	 to	 be	 associated	with	
CWP.	Chronic	pain	coincided	with	higher	RNA‐expression	of	Cct5	and	Fam173b	 in	 the	 lumbar	
spinal	cord	of	mouse	models	of	inflammatory	pain.	This	finding	indicates	that	both	genes	in	the	
5p15.2	region	are	regulated	in	the	context	of	inflammatory	pain.	

Interestingly,	Bouhouche	et	al.16	reported	a	human	pedigree	 in	which	a	CCT5	mutation	caused	
hereditary	 sensory	 neuropathy	 (Online	Mendelian	 Inheritance	 in	Man	 (OMIM)	 ID=610150),	 a	
syndrome	 characterized	 by	 a	 sensory	 deficit	 in	 the	 distal	 portion	 of	 the	 lower	 extremities,	
chronic	 perforating	 ulcerations	 of	 the	 feet,	 and	 progressive	 destruction	 of	 underlying	 bones.	
Symptoms	 can	 include	 pain	 and	 numbness,	 tingling	 in	 the	 hands,	 legs	 or	 feet,	 and	 extreme	
sensitivity	 to	 touch.	 CCT5	 is	 a	 subunit	 of	 the	 chaperonin	 containing	 t‐complex	 polypeptide	 1	
(TCP‐1)	which	assists	 in	protein	 folding	and	assembly	 in	 the	brain130.	CCT5	 interacts	with	 the	
serine/threonine‐protein	phosphatase	4	catalytic	subunit	PP4C29,79,80.	Zhang	et	al.269	confirmed	
that	protein	phosphates	like	PPP4C	may	have	a	regulatory	effect	on	the	central	sensitization	of	
nociceptive	transmission	in	the	spinal	cord.	Interestingly,	sensitization	is	thought	to	contribute	
to	chronic	inflammatory	pain134.	Since	the	function	of	the	FAM173B	gene	is	not	yet	known,	it	is	
difficult	to	postulate	the	mechanism	by	which	this	gene	could	influence	CWP.	Further	research	
into	the	genes	in	this	locus	is	needed	to	ascertain	whether	either	or	both	CCT5	and	FAM173B	are	
driving	the	observed	association.	

By	 combining	 the	 effects	 across	 the	 different	 stage	 2	 studies,	 moderate	 heterogeneity	 was	
observed	in	the	meta‐analysis.	This	heterogeneity	might	be	caused	by	different	pain	assessment	
methods	used	by	 the	 stage	 2	 cohorts.	 In	 particular,	 four	 cohorts	 asked	 the	participants	 about	
joint	pain	specifically,	while	the	other	five	also	included	non‐joint	pain.	When	the	non‐joint	pain	
phenotype	were	excluded,	the	heterogeneity	across	the	cohorts	reduced	to	0%	and	the	overall	p	
value	 for	 rs13361160	 now	 reached	 genome‐wide	 significance	 by	 combining	 the	 stage	 1	 and	
stage	 2	 effects.	 This	 might	 suggest	 that	 indeed	 phenotype	 heterogeneity	 was	 introduced	 by	
including	 non‐joint	 pain.	 In	 general,	 it	 is	 anticipated	 that	 pain	 is	 a	 very	 complex	 trait,	 with	
different	aetiological	pathways	introducing	phenotypic	heterogeneity.		

A	 limitation	 of	 our	 study	 is	 that	we	were	not	 able	 to	 examine	possible	 phenotype	 subgroups,	
such	as	 individuals	with	RA,	 a	 chronic	 systemic	 inflammatory	disorder	 that	principally	 affects	
the	synovial	joints.	Stratifying	these	groups	of	individuals	might	serve	to	increase	power	to	find	
genetic	 loci.	We	here	decided	 to	analyse	all	CWP	cases	 together,	based	on	 the	hypothesis	 that	
several	 discrete	 stimuli	 need	 to	 initiate	 CWP	 via	 a	 common	 final	 pathway	 that	 involves	 the	
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generation	of	a	 central	pain	state	 through	 the	sensitization	of	 second	order	spinal	neurons.	 In	
addition,	the	prevalence	of	RA	is	very	low	(about	0.5‐1%)218,	and	the	earlier	defined	GWAS	hits	
for	 RA	 (i.e.,	 the	 HLA‐locus)9	 were	 not	 in	 our	 top	 list.	 So,	 we	 assume	 the	 results	 were	 not	
dominated	by	this	small	number	of	individuals	with	RA.			

It	 would	 be	 helpful	 to	 dissect	 the	 phenotype	 of	 pain	 into	 quantitative	 sub‐phenotypes,	 for	
example	by	measuring	pain	sensitivity	and	pain	thresholds	for	temperature	or	pressure209,	or	by	
examining	 functional	 MRIs52.	 The	 use	 of	 quantitative	 and	 possibly	 more	 objective	 pain	
measurements	 in	 response	 to	 painful	 stimuli	 (rather	 than	 reported	 pain)	 will	 be	 of	 pivotal	
importance	 for	 future	 pain	 research.	 Because	we	 have	 focused	 on	 the	 clinical	 pain	 definition	
using	 questionnaires	 and	 pain	 homunculus,	 we	 accept	 that	 we	 may	 have	 missed	 true	 pain	
susceptibility	 alleles.	 However,	 this	 study	 represents	 the	 largest	 genome‐wide	 meta‐analysis	
looking	 into	 the	 genetics	 of	 human	CWP	 to	date.	The	 experiments	 in	 two	 independent	mouse	
models	 of	 chronic	 inflammatory	 pain	 showed	 that	 the	 expression	 of	 Cct5	 and	 Fam173b	were	
higher	in	the	lumbar	spinal	cord	of	mice	with	chronic	inflammatory	pain	but	not	in	DRG.	In	the	
spinal	cord,	the	expression	profiles	of	both	genes	were	upregulated	in	response	to	two	different	
inducers	of	inflammatory	pain.	These	findings	indicate	that	both	genes	in	the	5p15.2	region	are	
co‐regulated	 in	 the	 spinal	 cord	 during	 inflammation‐induced	 pain	 in	 both	 independent	 pain	
models,	thereby	possibly	contributing	to	the	neurobiology	of	pain.	In	the	lumbar	DRG,	containing	
the	cell	bodies	of	the	primary	sensory	neurons	that	detect	pain	signals	from	the	hind	paws,	Cct5	
and	 Fam173b	 gene	 expression	 levels	 did	 not	 change	 by	 inflammation.	 Because	 of	 these	
complementary	results	from	the	two	independent	tissues	(spinal	cord	and	DRG),	we	hypothesize	
that	 the	 5p15.2	 region	 is	 likely	 to	 play	 a	 role	 in	 spinal	 central	 pain	 processing	 and	 not	 in	
regulating	primary	sensory	neuron	responses.		

In	the	study	of	candidate	genes	previously	reported	to	be	associated	with	a	pain	phenotype,	we	
showed	 that	 none	 of	 the	 92	 studied	 variants	 were	 significantly	 associated	 with	 CWP	 in	 our	
GWAS	meta‐analysis.	This	can	be	explained	by	the	fact	that	many	of	the	previous	reported	loci	
were	studied	in	relative	modest	sample	sizes	and	in	a	large	variety	of	pain	phenotypes169.	Power	
calculations	show	that	we	had	approximately	80%	power	to	detect	an	OR	as	low	as	1.22	for	SNPs	
with	an	allele	frequency	of	20%	or	higher.	So,	even	in	this	large	meta‐analysis,	power	was	still	
modest	 to	detect	 small	ORs	and	we	 therefore	cannot	exclude	smaller	effect	 sizes	of	 the	 tested	
variants,	resulting	in	lack	of	reproducibility105.	This	lack	of	reproducibility	of	SNPs	in	candidate	
genes	in	large	GWAS	meta‐analyses	has	been	shown	before	for	other	phenotypes	such	as	bone	
mineral	density	(BMD)206.	It	is	interesting	to	note	that	among	the	candidate	SNPs,	the	strongest	
associated	ones	were	 located	 in	 the	 three	most	 studied	pain	 genes	COMT,	GCH1,	 and	OPRM1.	
The	 directions	 of	 the	 effects	 of	 these	 SNPs	 were	 the	 same	 as	 reported	 earlier,	 which	 would	
support	true	associations.		

In	 conclusion,	 our	 study	 reports	 a	 GWAS	 meta‐analysis	 on	 CWP.	 We	 identified	 the	 genetic	
variant	 rs13361160	 at	 the	 5p15.2	 locus,	 located	 81kb	 upstream	 of	 the	 CCT5	 gene	 and	 57kb	
downstream	 of	 the	 FAM173B	 gene,	 to	 be	 associated	 with	 CWP.	 We	 showed	 an	 increase	 in	
expression	levels	of	Cct5	and	Fam173b	in	the	spinal	cord	of	inflammatory	pain	models	of	mice,	
and	since	these	genes	both	seem	to	influence	the	central	mechanism	of	sensitization,	they	may	
represent	a	novel	pathway	involved	in	pain	sensation.		
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Supplementary	Methods:		

Full	description	of	the	Stage	1	GWAS	cohorts.	

The	ERF	 study.	The	ERF	 study	 (http://www.epib.nl/research/erf/erf_index.html)	 is	 a	 family‐
based	cohort	study	that	is	embedded	in	the	Genetic	Research	in	Isolated	Populations	Program	in	
the	southwest	of	the	Netherlands.	The	aim	of	this	program	was	to	identify	genetic	risk	factors	in	
the	 development	 of	 complex	 disorders.	 For	 the	 ERF	 study,	 22	 families	 that	 had	 at	 least	 five	
children	baptized	 in	 the	 community	 church	between	 1850	 and	1900	were	 identified	with	 the	
help	 of	 genealogical	 records.	 All	 living	 descendants	 of	 these	 couples	 and	 their	 spouses	 were	
invited	 to	 take	 part	 in	 the	 study.	 Data	 collection	 started	 in	 June	 2002	 and	 was	 finished	 in	
February	2005.	In	this	study,	we	focused	on	2,347	participants	for	whom	complete	phenotypic,	
genotypic,	and	genealogical	information	was	available.	The	medical	ethics	committee	of	Erasmus	
Medical	 Center	 Rotterdam	 approved	 the	 study,	 and	 informed	 consent	 was	 obtained	 from	 all	
participants.	All	participants	completed	a	pain	homunculus	to	report	the	painful	sites	in	the	body	
(pain	during	at	least	half	of	the	days	during	the	last	six	weeks).	Individuals	were	categorised	as	
CWP	cases	when	they	report	joint	pain	in	the	left	side	of	the	body,	in	the	right	side	of	the	body,	
above	 waist,	 below	 waist,	 and	 in	 the	 axial	 skeleton.	 Subjects	 not	 being	 a	 CWP	 case	 were	
categorised	 as	 controls,	 but	 subjects	 using	 pain	 medication	 were	 excluded	 from	 the	 control	
group.		

The	Rotterdam	Study.	The	Rotterdam	Study	 (www.epib.nl/rotterdamstudy)	 is	 a	prospective,	
population	based	cohort	study	in	the	district	of	Rotterdam,	the	Netherlands.	The	initial	design	of	
the	 study	 is	 straight‐forward:	 a	 prospective	 cohort	 study	 among,	 7,983	 persons	 living	 in	 the	
well‐defined	 Ommoord	 district	 in	 the	 city	 of	 Rotterdam	 (78%	 of	 10,215	 invitees),	 called	
Rotterdam	Study	I	(or	RS‐I).	They	were	all	55	years	of	age	or	over	and	the	oldest	participant	at	
the	start	was	106	years.	The	study	started	in	the	second	half	of	1989.	In	1999,	3,011	participants	
(out	of	4,472	 invitees)	who	had	become	55	years	of	age	or	moved	 into	 the	study	district	since	
the	start	of	the	study	were	added	to	the	cohort,	called	Rotterdam	Study	II	(or	RS‐II).	In	2006,	a	
further	extension	of	 the	 cohort	was	 initiated	 in	which	3,932	subjects	were	 included,	aged	45–
54	years	 (out	 of	 6,057	 invited),	 called	 Rotterdam	 Study	 III	 (RS‐III).	 The	 participants	 were	 all	
examined	in	some	detail	at	baseline.	They	were	interviewed	at	home	and	then	had	an	extensive	
set	 of	 examinations	 in	 a	 specially	 built	 research	 facility	 in	 the	 centre	 of	 their	 district.	 These	
examinations	were	repeated	every	3–4	years	in	characteristics	that	could	change	over	time.	The	
participants	 in	 the	Rotterdam	Study	are	 followed	 for	a	variety	of	diseases	 that	are	 frequent	 in	
the	 elderly.	 Informed	 consent	 was	 obtained	 from	 each	 participant,	 and	 the	 medical	 ethics	
committee	 of	 the	 Erasmus	 Medical	 Center	 Rotterdam	 approved	 the	 study.	 In	 Rotterdam,	 the	
participants	 completed	 the	 same	 pain	 homunculus	 as	 the	 subjects	 of	 ERF.	 Individuals	 were	
categorised	as	CWP	cases	when	they	report	joint	pain	in	the	left	side	of	the	body,	in	the	right	side	
of	the	body,	above	waist,	below	waist,	and	in	the	axial	skeleton.	Subjects	not	being	a	CWP	case	
were	categorised	as	controls,	but	subjects	using	pain	medication	were	excluded	from	the	control	
group.		

The	TwinsUK	study.	The	TwinsUK	cohort	(www.twinsuk.ac.uk)	is	a	British	adult	twin	registry	
shown	to	be	representative	of	singleton	populations	and	the	United	Kingdom	population.	5687	
females	 aged	 between	 the	 ages	 of	 16‐88	 completed	 questionnaires	 related	 to	 chronic	
widespread	pain	between	2002	‐	2008.	These	questionnaires	asked	the	participants	about	any	
pain	in	muscles,	bones	or	joints	lasting	at	least	one	week	in	the	past	three	months.				
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Full	description	of	the	Replication	Cohorts	

1958BC.	The	National	Child	Development	Study,	 also	known	as	 the	1958	British	Birth	Cohort	
Study		is	a	large,	ongoing,	prospective	cohort	study	of	all	children	born	in	England,	Scotland,	and	
Wales	during	one	week	of	March	1958.	Detailed	methods	have	been	reported	previously	(Power	
et	al,	2006).	Approximately	17,000	participants	were	recruited	at	birth	and	have	subsequently	
been	followed	up	at	ages	7,	11,	16,	23,	33,	42	and	45	years.	At	age	45	years	a	biomedical	survey	
collected	 information	on	health‐related	 factors	 including	 the	presence	of	pain.	The	 sample	 for	
the	current	study	was	8,572	individuals	who	responded	to	a	self‐complete	pain	questionnaire	at	
45yrs	(pain	was	not	joint	specific),	sent	in	advance	of	a	nurse	interview,	and	who	provided	blood	
samples	for	genetic	analysis.		

The	AGES	Study.	Age	Gene/Environment	Susceptibility	Reykjavik	(AGES‐Reykjavik)	Study.	The	
Reykjavik	Study	cohort	originally	comprised	a	random	sample	of	30,795	men	and	women	born	
in	 1907‐1935	 and	 living	 in	Reykjavik	 in	 1967.	 A	 total	 of	 19,381	 people	 attended,	 resulting	 in	
71%	recruitment	 rate.	 	 The	 study	 sample	was	divided	 into	 six	 groups	by	birth	year	 and	birth	
date	within	month.	One	group	was	designated	for	longitudinal	follow	up	and	was	examined	in	all	
stages.	One	group	was	designated	a	control	group	and	was	not	 included	 in	examinations	until	
1991.	Other	groups	were	invited	to	participate	in	specific	stages	of	the	study.	Between	2002	and	
2006,	 the	 AGES‐Reykjavik	 study	 re‐examined	 5764	 survivors	 of	 the	 original	 cohort	 who	 had	
participated	before	in	the	Reykjavik	Study.		Participants	came	in	a	fasting	state	to	the	clinic	and	
answered	questionnaires	related	to	chronic	widespread	pain.	 	 Informed	consent	was	obtained	
from	all	participants.	Subjects	were	asked	whether	they	had	pain	lasting	at	 least	one	month	in	
the	past	12	months.	Questions	were	asked	specifically	 for	hand	and	wrist,	hip,	knee,	shoulder,	
feet,	 toes,	ankles	and	back.	The	AGES	Reykjavik	Study	GWAS	was	approved	by	the	 intra‐mural	
research	 program	 of	 the	 National	 Institute	 on	 Aging,	 by	 the	 Iceland	 National	 Bioethics	
Committee	(VSN:	00‐063)	and	Data	Protection	Authority.	

The	Chingford	Study.	The	Chingford	Study	was	established	in	1989	when	1003	women,	aged	
44‐67	years,	derived	 from	the	register	of	a	 large	general	practice	 in	Chingford,	North	London,	
were	 recruited	 to	 a	 prospective	 population‐based	 longitudinal	 study	 of	 osteoarthritis	 and	
osteoporosis.		In	this	study,	data	on	joint	and	spinal	pain,	collected	as	part	of	the	year	4	follow‐
up	visit,	was	used.	Subjects	were	asked	whether	they	had	pain	in	hand,	knee,	hip,	feet	and	back	
during	the	 last	year.	When	they	had	pain,	 they	were	asked	 for	how	many	days	 the	pain	 lasted	
during	the	last	month.		

The	 DSDBAG	 Study.	 In	 1983,	 6542	 healthy	 individuals	 aged	 between	 42	 and	 92	 years	 old	
resident	 in	 Newcastle	 and	 Greater	Manchester	were	 recruited	 into	 a	 longitudinal	 population‐
based	 study	 of	 cognition	 in	 healthy	 old	 age.	 	 Pain	 manikin	 data	 was	 collected	 via	 postal	
questionnaire	on	subjects	remaining	in	the	cohort	in	2007,	and	additionally,	subjects	were	asked	
whether	they	have	had	pain	for	more	than	3	months.	Pain	was	not	asked	joint	specific.	

The	EPIFUND	Study.	EPIFUND	is	a	prospective	population‐based	study	of	functional	disorders.		
Participants,	 aged	 25‐65	 years	 old,	 were	 recruited	 from	 three	 primary	 care	 registers	 in	 the	
North‐west	of	England.	Pain	manikin	data	was	collected	via	a	postal	questionnaire	at	baseline	
and	at	two	follow	ups.	Additionally	to	the	manikins,	subjects	were	asked	whether	they	have	had	
pain	for	more	than	3	months.	Pain	was	not	asked	joint	specific.	DNA	was	collected	using	buccal	
swab	sampling	from	1189	subjects	who	participated	in	all	three	phases.	

The	FOA	Study.	The	Framingham	Osteoarthritis	Study	is	a	population‐based	multigenerational	
cohort	study	of	over	3500	participants,	and	is	a	sub‐study	of	the	larger	Framingham	Heart	Study	
(FHS).	 In	 this	 study,	 we	 focused	 on	 study	 participants	 with	 information	 on	 widespread	 pain	
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(collected	 in	 FOA)	 and	 genetic	 data	 (collected	 in	 FHS).	 All	 participants	 completed	 a	 pain	
homunculus	 to	 report	 the	 sites	 in	 the	 body	 having	 pain,	 aching,	 or	 stiffness	 on	 most	 days.	
Individuals	were	 categorised	 as	CWP	 cases	when	 they	 report	 joint	 pain	 in	 the	 left	 side	 of	 the	
body,	in	the	right	side	of	the	body,	above	waist,	below	waist,	and	in	the	axial	skeleton.	Subjects	
not	 being	 a	 CWP	 case	were	 categorised	 as	 controls,	 but	 subjects	 using	 pain	medication	were	
excluded	from	the	control	group.		

The	GARP	Study.	The	GARP	study	 from	Leiden,	 the	Netherlands,	 consists	of	192	sibling	pairs	
concordant	for	clinical	and	radiographically	(K/L	score)	confirmed	OA	at	two	or	more	joint	sites	
among	hand,	spine	(cervical	or	lumbar),	knee	or	hip97.	Written	informed	consent	was	obtained	
from	 each	 subject	 as	 approved	 by	 the	 ethical	 committees	 of	 the	 Leiden	 University	 Medical	
Center.	We	recorded	pain	in	the	GARP	questionnaire	by	asking	the	question:	Have	you	had	pain	
in	and	around	your	joints	lasting	most	days	of	the	last	month?	Patients	could	choose:	hands	(left	
and/	 or	 right),	 hips	 (left	 and/	 or	 right),	 knees	 (left	 and/	 or	 right),	 back	 (cervical,	 thoracic	 or	
lumbar	 region),	 shoulders	 (left	 and/or	 right)	 and	 other	 sites	 as	 specified.	 When	 patients	
indicated	 that	 they	 had	 pain	 in	 the	 hands,	 they	 could	 specify	 the	 locations	 in	 the	 hand	 in	 a	
drawing.	When	 a	 patient	 indicated	 pain	 in	 two	 sections	 of	 two	 contralateral	 limbs	 and	 in	 the	
axial	 skeleton	 the	 patient	 is	 defined	 as	 a	 case	 of	 CWP.	 For	 controls,	 we	 used	 925	 randomly	
chosen	Rotterdam	Study	participants.		

The	 Hertfordshire	 Cohort	 Study	 (HCS)	 is	 a	 cohort	 study	 of	 men	 and	 women	 born	 in	
Hertfordshire,	 UK	 during	 1931‐39	 and	 still	 living	 there	 in	 adult	 life.	 Approximately	 3000	
participants	were	recruited	in	the	late	1990s	and	have	subsequently	been	followed	by	clinic	visit	
(East	Herts	 only)	 and	postal	 clinical	 outcomes	questionnaire	 (all).	 The	 sample	 for	 the	 current	
study	was	drawn	from	individuals	who	completed	a	pain	questionnaire	at	using	a	mannequin	to	
report	 site	 of	 pain,	 and	 who	 had	 previously	 provided	 blood	 samples	 for	 genetic	 analysis.	
Individuals	were	categorised	having	CWP	if	they	reported	having	pain	for	at	least	three	months	
in	a	detailed	pain	questionnaire	which	corresponded	pain	in	the	left	and	right	sides	of	the	body,	
pain	both	above	and	below	the	waist	and	back	pain	(pain	was	not	joint	specific).	Individuals	who	
did	 not	 report	 such	 pain	 but	 reported	 use	 of	 analgesics	were	 excluded	 from	 the	 analysis.	 All	
other	individuals	were	categorized	as	controls	resulting	in	90	cases	and	2117	controls.	

The	SHIP	Study.	The	SHIP	cohort	(http://www.medizin.uni‐greifswald.de/cm/fv/ship.html)	 is	
a	 prospective,	 population	 based	 cohort	 study	 among	 4,308	 subjects	 aged	 ≥20	 years	 from	 the	
West	Pomerania,	Germany.	The	study	was	designed	to	assess	prevalence	and	incidence	of	risk	
factors,	 subclinical	disorders	and	clinical	diseases	and	 to	 investigate	associations	among	 them	
using	 extensive	 medical	 assessments.	 	 In	 this	 study,	 we	 focused	 on	 participants	 for	 whom	
complete	phenotypic,	genotypic,	and	genealogical	 information	was	available.	 Informed	consent	
was	 obtained	 from	 each	 participant,	 and	 the	 medical	 ethics	 committee	 of	 University	 of	
Greifswald	approved	the	study.	Subjects	were	asked	to	complete	questionnaires	related	to	joint	
pain.	 These	 questionnaires	 asked	 about	 pain	 during	 the	 last	week,	 regarding	 the	 back,	 elbow,	
foot,	 arms,	hands,	hip,	knee,	neck,	 shoulder,	head	and	 facial	pain.	We	decided	 to	exclude	head	
and	 facial	 pain,	 not	 being	 joint‐related	 pain.	 Because	 no	 duration	 was	 asked	 for,	 the	 pain	
prevalence	in	SHIP	is	one	of	the	highest	among	the	included	cohorts.		

Genotyping,	Quality	Control	and	Imputation	

The	following	sample	quality	control	(QC)	criteria	were	applied	in	the	GWAS	of	RS‐I,	RS‐II,	RS‐III	
and	ERF:	sample	call	rate	>97.5%,	gender	mismatch	with	typed	X‐linked	markers,	evidence	for	
DNA	 contamination	 in	 the	 samples	 using	 the	 mean	 of	 the	 autosomal	 heterozygosity	 >0.33,	
exclusion	of	duplicates	or	 first‐degree	relatives	estimated	by	pairwise	 IBD,	exclusion	of	ethnic	



	

	

	C
ha
pt
er
	6
	‐	
Su
pp
le
m
en
ts
	

100	

outliers	 (>4	 SD	 from	 population	mean	 using	multidimensional	 scaling	 (MDS)	 analysis	 with	 4	
principal	components	(PCs)),	and	exclusion	of	samples	with	missing	pain	data,	age	and/or	BMI.	
In	the	GWAS	of	TwinsUK,	normalised	intensity	data	was	pooled,	and	genotypes	were	called	on	
the	basis	of	the	Illuminus	algorithm231.	No	calls	were	assigned	if	the	most	likely	call	was	less	than	
a	 posterior	 probability	 of	 0.95.	 Validation	 of	 pooling	 was	 done	 by	 visual	 inspection	 of	 100	
random,	shared	SNPs	for	overt	batch	effects;	none	were	observed.	SNPs	that	had	a	low	call	rate	
(≤90%),	 Hardy‐Weinberg	 p	 values<10−6	 and	 minor	 allele	 frequencies	 <	 1%	 were	 excluded.	
Samples	with	call	rates	<95%	were	removed.		

Genotype	 imputation	 was	 used	 to	 evaluate	 the	 association	 of	 one	 and	 the	 same	 SNP	 across	
samples	typed	on	different	genotyping	platforms.	Genotypes	were	imputed	for	all	polymorphic	
SNPs	(minor	allele	 frequency	>0.01)	using	either	MACH140	or	 IMPUTE273	software,	based	upon	
phased	 autosomal	 chromosomes	 of	 the	 HapMap	 CEU	 Phase	 II	 panel	 (release	 22,	 build	 36),	
orientated	on	the	positive	strand.	Imputation	QC	metrics	from	MACH	and	IMPUTE	were	used	for	
filtering	out	SNPs	with	low‐quality	data.		

Stage	1	GWAS	Meta‐Analysis	

The	estimated	 inflation	 factors	were	1.176,	1.014,	1.008,	1.006,	and	0.989	 for	ERF,	RS‐I,	RS‐II,	
RS‐III,	 and	 TwinsUK	 respectively.	 SNPs	 with	 a	 minor	 allele	 frequency	 <0.05,	 a	 MACH	 r2‐hat	
<0.30,	or	a	SNPTEST	proper_info	<0.40	were	excluded	from	the	meta‐analysis.	We	obtained	the	
combined	results	of	the	2,224,068	autosomal	SNPs,	pooling	the	effect	sizes	by	means	of	a	fixed	
effects	 inverse	 variance	 meta‐analysis	 as	 implemented	 in	 METAL.	 Estimated	 heterogeneity	
variance	 and	 forest	 plots	were	 generated	 using	 the	 Comprehensive	Meta‐Analysis12	 software.	
Regional	association	plots	of	the	meta‐analysis	results	were	obtained	with	LocusZoom193.	

Sequenom	iPLEX	and	Taqman	Allelic	Discrimination	genotyping	

Genotypes	 for	 CHINGFORD,	 EPIFUND,	 and	 HCS	 were	 generated	 using	 Sequeenom	 iPLEX	
genotyping	 and	 Taqman	 Allelic	 Discrimination	 genotyping.	 Genomic	 DNA	was	 extracted	 from	
samples	of	peripheral	venous	blood	according	to	standard	procedures.	1‐2	ng	genomic	DNA	was	
dispensed	 into	384‐wells	plates	using	a	Caliper	Sciclone	ALH3000	pipetting	 robot	 (Caliper	LS,	
Mountain	View,	CA,	USA).		

For	Sequenom	iPLEX	genotyping,	multiplex	PCR	assays	were	designed	using	Assay	Designer	on	
the	 website	 (https://mysequenom.com/tools/genotyping/default.aspx).	 For	 this,	 sequences	
containing	the	SNP	site	and	at	least	100	bp	of	flanking	sequence	on	either	side	of	the	SNP	were	
used.	Briefly,	2	ng	genomic	DNA	was	amplified	in	a	5	ul	reaction	containing	1	×	Taq	PCR	buffer	
(Sequenom),	2	mM	MgCl2,	500	uM	each	dNTP,	100	nM	each	PCR	primer,	0.5	U	Taq	(Sequenom).	
The	reaction	was	incubated	at	94°C	for	4	minutes	followed	by	45	cycles	of	94°C	for	20	seconds,	
56°C	for	30	seconds,	72°C	for	1	minute,	followed	by	3	minutes	at	72°C.	Excess	dNTPs	were	then	
removed	from	the	reaction	by	incubation	with	0.3	U	shrimp	alkaline	phosphatase	(Sequenom)	at	
37°C	 for	 40	minutes	 followed	 by	 5	 minutes	 at	 85°C	 to	 deactivate	 the	 enzyme.	 Single	 primer	
extension	over	the	SNP	was	carried	out	in	a	final	concentration	of	between	0.731	uM	and	1.462	
uM	 for	 each	 extension	 primer	 (depending	 on	 the	mass	 of	 the	 probe),	 iPLEX	 termination	mix	
(Sequenom),	 10x	 iPLEX	 Buffer	 Plus	 and	 iPLEX	 enzyme	 (Sequenom)	 and	 cycled	 using	 the	
following	program;	94°C	for	30	seconds	followed	by	94°C	for	5	seconds,	5	cycles	of	52°C	for	5	
seconds,	and	80°C	 for	5	 seconds,	 the	 last	 three	steps	were	repeated	40	 times,	 then	72°C	 for	3	
minutes.	The	reaction	was	then	desalted	by	addition	of	6	mg	clear	resin	(Sequenom)	followed	by	
mixing	(15	minutes)	and	centrifugation	(5	min,	3,000rpm)	to	settle	the	contents	of	the	tube.	The	
extension	 product	 was	 then	 spotted	 onto	 a	 384	 well	 spectroCHIP	 using	 the	 SEQUENOM	
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MassARRAY	 Nanodispenser	 RS1000	 before	 analysis	 on	 the	 MassARRAY	 Compact	 System	
(Sequenom).	Data	collection	was	performed	using	SpectroACQUIRE	3.3.1.13	and	clustering	was	
called	using	TYPER	Analyzer	4.0.3.18	(Sequenom).	Additionally	to	ensure	data	quality	genotypes	
for	each	subject	were	also	checked	manually.		

For	Taqman	Allelic	Discrimination	genotyping	(Applied	Biosystems	Inc.,	Foster	City,	CA,	USA),	all	
SNP	 assays	 were	 available	 at	 www.appliedbiosystems.com	 as	 pre‐designed	 assays.	 The	 PCR	
reaction	mixture	included	1‐2	ng	of	genomic	DNA	in	a	2	μl	volume	and	the	following	reagents:	
FAM	 and	 VIC	 probes	 (200	 nM),	 primers	 (0.9	 uM),	 2x	 Taqman	 PCR	 master	 mix	 (Applied	
Biosystems	 Inc.,	 Foster	City,	 CA,	USA).	Reagents	were	dispensed	 in	 a	 384‐well	 plate	using	 the	
Deerac	Equator	NS808	(Deerac	Fluidics,	Dublin,	Ireland).	PCR	cycling	reaction	were	performed	
in	384	wells	PCR	plates	 in	an	ABI	9700	PCR	system	(Applied	Biosystems	 Inc.,	 Foster	City,	CA,	
USA)	 and	 consisted	 of	 initial	 denaturation	 for	 15	 minutes	 at	 95°	 C,	 and	 40	 cycles	 with	
denaturation	of	15	seconds	at	95°	C	and	annealing	and	extension	for	60	seconds	at	60°	C.	Results	
were	analyzed	by	the	ABI	Taqman	7900HT	using	the	sequence	detection	system	2.22	software	
(Applied	Biosystems	Inc.,	Foster	City,	CA,	USA).	

RNA	isolation	and	real‐time	PCR	for	mRNA	quantitation	

Total	RNA	was	isolated	with	the	Trizol	(Invitrogen,	Paisley,	UK)	method	and	1	μg	of	 total	RNA	
was	used	to	synthesize	cDNA	with	SuperScript	Reverse	Transcriptase	(Invitrogen;	carrageenan	
experiment)	or	iScriptTM	Select	cDNA	Synthesis	Kit	(Invitrogen;	CFA	experiment)	using	random	
hexamers.	

Using	quantitative	PCR,	mRNA	levels	of	Cct5	and	Fam173b	were	measured	in	the	spinal	cord	and	
the	DRG.	The	real‐time	PCR	reaction	with	SYBR	green	Master	mix	(Bio‐Rad,	Alphen	aan	den	Rijn,	
the	 Netherlands)	 was	 performed	 on	 the	 iQ5	 Real‐Time	 PCR	 Detection	 System	 (BioRad;	
carrageenan	 experiment)	 or	Mastercycler	 ep	 realplex	 (Eppendorf;	 CFA	 experiment).	 For	 both	
experiments,	 the	 gene	 expression	 levels	 were	 normalized	 for	 Gapdh	 and	 β‐actin	 expression	
levels	(housekeeping	genes).	We	used	the	following	primers:		

‐	Cct5	forward:	GTCTCATGGGGCTTGAGG,	reverse:	GTCCGCATTGTGTTTGCTAC.	

‐	Fam173b	forward:	TGGTGTGCCCCAGATGAT,	reverse:	TGCCCTCTCCAGTGGTGT.		

‐	Gapdh	forward:	TGAAGCAGGCATCTGAGGG,	reverse:	CGAAGGTGGAAGAGTGGGAG.	

‐	β‐actin	forward:	AGAGGGAAATCGTGCGTGAC,	reverse:	CAATAGTGATGACCTGGCCGT.	

We	designed	the	primers	to	be	intron‐spanning	thereby	targeting	the	first	two	exons	of	Cct5	and	
the	last	two	exons	of	Fam173b.	The	thermocycling	profile	of	amplification	was	10	min	at	95°C,	
40	cycles	of	15s	at	95°C	and	1	min	at	60°C,	1	min	at	95°C,	and	2	min	at	65°C,	followed	by	a	final	
meltcurve	analysis.	
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Supplementary	Figures

	

Figure	 S6.1A:	 Heat	 withdrawal	 latency	 time	 measurements	 at	 day	 0	 and	 day	 6	 after	 intraplantar
carrageenan	(n=4)	or	saline	(n=4)	injection.	The	latency	time	was	measured	using	the	Hargreaves	Test.
Data	are	expressed	as	means		SEM.	***	=	p<0.0001.	

	

	

Figure	S6.1B:	Heat	withdrawal	latency	time	measurements	at	day	0,	day	1,	and	day	3	after	intraplantar
Complete	Freund’s	Adjuvant	(CFA)	(n=4)	or	saline	(n=4)	injection.	The	latency	time	was	measured	using
the	Hargreaves	Test.	Data	are	expressed	as	means		SEM.	***	=	p<0.0001.	
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Table	S6.8.	Information	on	statistical	analysis	for	the	Stage	1	GWAS	cohorts.	

Cohort 

Association Analyses 

SNPs in meta‐analysis  Analysis Software  References Analysis Software 

ERF study  2,463,846  ProbABEL 
4
 

RS‐I  2,542,336  GRIMP (MACH2DAT) 
65,140

 

RS‐II  2,536,671  GRIMP (MACH2DAT) 
65,140

 

RS‐III  2,533,563  GRIMP (MACH2DAT) 
65,140

 

TwinsUK  2,460,943  PLINK 
194
 

ERF	 study	 =	 Erasmus	 Rucphen	 Family	 study;	 RS	 =	 Rotterdam	 Study;	 TwinsUK	 =	 The	 UK	 Adult	 Twin	
Registry.	
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Table	S6.9:	29	proxy	SNPs	which	are	in	LD	with	rs13361160	(r2>0.1).	

SNP  Proxy  Distance  r2  D’ 
Gene 
Variant 

GeneName  Possible eQTL‐effect? 

rs13361160  rs1045392  56655  0.216  0.892  3’UTR  FAM173B   

rs13361160  rs1045369  57016  0.216  0.892  3’UTR  FAM173B   

rs13361160  rs17294394  58695  0.105  0.329  Intronic  FAM173B   

rs13361160  rs4557374  59018  0.144  1.000  Intronic  FAM173B   

rs13361160  rs7716217  59785  0.216  0.892  Intronic  FAM173B   

rs13361160  rs7716565  60006  0.135  1.000  Intronic  FAM173B   

rs13361160  rs7716851  60151  0.144  1.000  Intronic  FAM173B   

rs13361160  rs7736719  60169  0.144  1.000  Intronic  FAM173B   

rs13361160  rs6887347  61868  0.215  1.000  Intronic  FAM173B   

rs13361160  rs16884328  62099  0.109  0.534  Intronic  FAM173B   

rs13361160  rs6887590  62124  0.144  1.000  Intronic  FAM173B   

rs13361160  rs6888157  62153  0.144  1.000  Intronic  FAM173B   

rs13361160  rs6880482  64235  0.144  1.000  Intronic  FAM173B   

rs13361160  rs2292264  65667  0.186  1.000  Intronic  FAM173B   

rs13361160  rs7710415  65930  0.135  1.000  Intronic  FAM173B   

rs13361160  rs16884348  66129  0.154  1.000  Intronic  FAM173B 
yes: r

2
 with eQTL‐SNP rs2445871 = 

0.872 

rs13361160  rs12653481  67213  0.186  1.000  Intronic  FAM173B   

rs13361160  rs2438652  69438  0.165  1.000 

Non‐

synonymous

‐coding 

FAM173B 
yes: r

2
  with eQTL‐SNP rs2445871 = 

0.818 

rs13361160  rs2445871  70170  0.135  1.000  Intronic  FAM173B  yes: rs2445871 is an eQTL SNP 

rs13361160  rs2607326  70968  0.134  0.851  Intronic  FAM173B   

rs13361160  rs2607328  71623  0.125  1.000  Intronic  FAM173B   

rs13361160  rs2607298  82296  0.104  0.639  Intronic  CCT5 
yes: r

2
  with eQTL‐SNP rs2244964 = 

0.953 

rs13361160  rs2445867  83341  0.104  0.639  Intronic  CCT5 
yes: r

2
  with eQTL‐SNP rs2244964 = 

0.953 

rs13361160  rs1042392  86338  0.159  0.854 
Synonymous 

coding 
CCT5 

yes: r
2
  with eQTL‐SNP rs2244964 = 

0.904 

rs13361160  rs2028274  86787  0.104  0.639  Intronic  CCT5 
yes: r

2
  with eQTL‐SNP rs2244964 = 

0.953 

rs13361160  rs2028272  86899  0.111  0.646  Intronic  CCT5 
yes: r

2
  with eQTL‐SNP rs2244964 = 

0.909 

rs13361160  rs7710938  87070  0.123  0.732  Intronic  CCT5 
yes: r

2
  with eQTL‐SNP rs2244964 = 

0.951 

rs13361160  rs7729006  87146  0.123  0.732  Intronic  CCT5 
yes: r

2
  with eQTL‐SNP rs2244964 = 

0.951 

rs13361160  rs2438653  89550  0.104  0.639  Intronic  CCT5 
yes: r

2
  with eQTL‐SNP rs2244964 = 

0.953 
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Table	S6.10.	Association	results	of	92	candidate	SNPs	in	the	stage	1	GWAS	meta‐analysis	sorted	by	
gene	names	and	P‐values.	The	strongest	associated	SNPs	(p<0.01)	were	shaded	(p<0.01).		

MarkerName  Gene  Allele1  Allele2  Freq A1  OR  95%CI  P‐value 

rs2020917  COMT  t  c  0.266  0.856  (0.772‐0.948)  2.97E‐03 

rs5993883  COMT  t  g  0.496  1.142  (1.046‐1.247)  3.05E‐03 

rs5746846  COMT  c  g  0.501  1.098  (1.005‐1.200)  3.85E‐02 

rs1544325  COMT  a  g  0.457  1.087  (0.995‐1.187)  6.38E‐02 

rs2239393  COMT  a  g  0.603  1.081  (0.986‐1.184)  9.51E‐02 

rs4818  COMT  c  g  0.604  1.081  (0.986‐1.184)  9.66E‐02 

rs4646312  COMT  t  c  0.604  1.078  (0.984‐1.181)  1.07E‐01 

rs165728  COMT  t  c  0.935  0.812  (0.615‐1.071)  1.41E‐01 

rs4680  COMT  a  g  0.532  1.057  (0.963‐1.162)  2.44E‐01 

rs4633  COMT  t  c  0.536  1.048  (0.957‐1.147)  3.09E‐01 

rs174699  COMT  t  c  0.929  0.860  (0.632‐1.172)  3.41E‐01 

rs2097903  COMT  a  t  0.500  0.961  (0.875‐1.056)  4.08E‐01 

rs165774  COMT  a  g  0.313  1.034  (0.933‐1.146)  5.21E‐01 

rs5993882  COMT  t  g  0.768  1.027  (0.924‐1.143)  6.20E‐01 

rs174674  COMT  a  g  0.274  1.020  (0.917‐1.134)  7.19E‐01 

rs10483639  GCH1  c  g  0.203  0.846  (0.755‐0.948)  3.84E‐03 

rs752688  GCH1  t  c  0.202  0.846  (0.755‐0.948)  3.94E‐03 

rs4411417  GCH1  t  c  0.798  1.181  (1.055‐1.323)  4.00E‐03 

rs8007267  GCH1  t  c  0.178  0.890  (0.790‐1.001)  5.23E‐02 

rs3783641  GCH1  a  t  0.192  0.902  (0.803‐1.013)  8.15E‐02 

rs599548  OPRM1  a  g  0.142  1.189  (1.050‐1.346)  6.41E‐03 

rs558025  OPRM1  a  g  0.739  1.085  (0.979‐1.203)  1.19E‐01 

rs1799971  OPRM1  a  g  0.873  0.907  (0.796‐1.033)  1.42E‐01 

rs563649  OPRM1  t  c  0.091  1.088  (0.934‐1.268)  2.78E‐01 

rs2075572  OPRM1  c  g  0.551  1.051  (0.957‐1.154)  3.00E‐01 

rs10485171  CNR1  a  g  0.530  1.104  (1.009‐1.207)  3.09E‐02 

rs1078602  CNR1  a  g  0.485  0.941  (0.861‐1.030)  1.88E‐01 

rs6454674  CNR1  t  g  0.705  0.957  (0.869‐1.055)  3.81E‐01 

rs2400707  ADRB2  a  g  0.444  0.909  (0.831‐0.994)  3.68E‐02 

rs1042714  ADRB2  c  g  0.548  1.117  (1.000‐1.246)  4.90E‐02 

rs12654778  ADRB2  a  g  0.367  1.072  (0.978‐1.175)  1.39E‐01 

rs1042713  ADRB2  a  g  0.363  1.070  (0.976‐1.173)  1.48E‐01 

rs17778257  ADRB2  a  t  0.630  0.941  (0.859‐1.032)  1.96E‐01 

rs1042718  ADRB2  a  c  0.162  1.027  (0.912‐1.156)  6.62E‐01 
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MarkerName (II)  Gene  Allele1  Allele2 Freq A1 OR 95%CI P‐value 

rs8192619  TAAR1 a  g 0.056 0.732 (0.517‐1.035) 7.77E‐02 

rs12584920  HTR2A t  g 0.187 0.903 (0.804‐1.015) 8.75E‐02 

rs4941573  HTR2A a  g 0.578 0.975 (0.891‐1.066) 5.72E‐01 

rs6313  HTR2A a  g 0.419 1.019 (0.932‐1.114) 6.77E‐01 

rs17289394  HTR2A a  g 0.400 0.992 (0.906‐1.085) 8.55E‐01 

rs10502058  GRIA4  t  c 0.884 0.888 (0.774‐1.019) 9.18E‐02 

rs2510177  GRIA4  a  g 0.090 1.140 (0.976‐1.331) 9.72E‐02 

rs10895837  GRIA4  t  c 0.116 1.122 (0.977‐1.287) 1.03E‐01 

rs642544  GRIA4  t  g 0.583 0.960 (0.878‐1.051) 3.78E‐01 

rs17104711  GRIA4  a  g 0.084 1.039 (0.887‐1.217) 6.38E‐01 

rs8065080  TRPV1 t  c 0.618 0.929 (0.848‐1.017) 1.09E‐01 

rs1143623  IL‐1B  c  g 0.721 0.923 (0.836‐1.019) 1.12E‐01 

rs16944  IL‐1B  a  g 0.344 1.076 (0.980‐1.182) 1.25E‐01 

rs12621220  IL‐1B  t  c 0.277 1.080 (0.979‐1.192) 1.26E‐01 

rs1143627  IL‐1B  a  g 0.656 0.937 (0.853‐1.029) 1.74E‐01 

rs1143634  IL‐1B  a  g 0.244 0.952 (0.856‐1.058) 3.61E‐01 

rs1143643  IL‐1B  t  c 0.336 0.987 (0.897‐1.086) 7.91E‐01 

rs1143633  IL‐1B  t  c 0.337 0.988 (0.898‐1.087) 8.03E‐01 

rs3917368  IL‐1B  t  c 0.335 0.990 (0.901‐1.089) 8.42E‐01 

rs1800469  TGFb  a  g 0.299 0.931 (0.843‐1.029) 1.61E‐01 

rs11661134  MC2R  a  g 0.069 0.859 (0.692‐1.067) 1.70E‐01 

rs11627241  SERPINA6  t  c 0.257 0.931 (0.839‐1.033) 1.78E‐01 

rs746530  SERPINA6  a  g 0.327 0.940 (0.854‐1.034) 2.01E‐01 

rs941601  SERPINA6  t  C 0.135 0.954 (0.837‐1.087) 4.76E‐01 

rs1998056  SERPINA6  c  g 0.413 1.019 (0.931‐1.115) 6.86E‐01 

rs8022616  SERPINA6  a  g 0.892 1.005 (0.867‐1.165) 9.48E‐01 

rs1800871  IL‐10  a  g 0.220 0.931 (0.834‐1.038) 1.99E‐01 

rs1800872  IL‐10  t  g 0.221 0.931 (0.834‐1.039) 2.02E‐01 

rs1800896  IL‐10  t  c 0.492 0.968 (0.886‐1.057) 4.73E‐01 

rs1800890  IL‐10  a  t 0.600 1.001 (0.910‐1.103) 9.77E‐01 

rs1875999  CRHBP t  c 0.683 0.948 (0.863‐1.041) 2.61E‐01 

rs17561  IL‐1A  a  c 0.304 0.950 (0.862‐1.047) 3.02E‐01 

rs1800587  IL‐1A  a  g 0.304 0.951 (0.862‐1.048) 3.08E‐01 
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MarkerName (III)  Gene  Allele1  Allele2 Freq A1 OR 95%CI P‐value 

rs3813034  SLC6A4 a  c 0.538 1.044 (0.955‐1.141) 3.46E‐01 

rs11842874  MCF2L a  g 0.931 1.098 (0.903‐1.335) 3.51E‐01 

rs2239704  TNF / LTA  a  c 0.387 0.957 (0.872‐1.050) 3.54E‐01 

rs6746030  SCN9A a  g 0.140 1.058 (0.932‐1.202) 3.81E‐01 

rs454078  IL‐1RN a  t 0.730 0.964 (0.874‐1.064) 4.72E‐01 

rs315952  IL‐1RN T  c 0.705 0.990 (0.899‐1.090) 8.31E‐01 

rs1048101  ADRA1A a  g 0.562 0.971 (0.889‐1.061) 5.19E‐01 

rs1946518  IL‐18  t  g 0.397 1.028 (0.940‐1.125) 5.38E‐01 

rs1799945  HFE  c  g 0.858 1.035 (0.910‐1.177) 6.01E‐01 

rs2842003  RGS4  t  g 0.428 1.021 (0.929‐1.123) 6.65E‐01 

rs6280  DRD3  t  c 0.676 1.021 (0.929‐1.123) 6.69E‐01 

rs1020759  NFKb  t  c 0.402 0.980 (0.896‐1.073) 6.69E‐01 

rs4129256  TAAR2 a  g 0.203 1.024 (0.917‐1.143) 6.72E‐01 

rs2745428  TAAR2 a  c 0.788 0.993 (0.892‐1.106) 9.03E‐01 

rs5275  PTGS2 a  g 0.671 1.020 (0.929‐1.121) 6.75E‐01 

rs4906902  GABRB3 a  g 0.827 1.026 (0.910‐1.156) 6.80E‐01 

rs2069827  IL‐6  t  g 0.058 0.960 (0.781‐1.179) 6.96E‐01 

rs1800795  IL‐6  c  g 0.409 1.004 (0.916‐1.099) 9.39E‐01 

rs1800797  IL‐6  a  g 0.399 0.997 (0.909‐1.093) 9.44E‐01 

rs1554606  IL‐6  t  g 0.428 0.998 (0.913‐1.091) 9.72E‐01 

rs2069845  IL‐6  a  g 0.572 1.001 (0.916‐1.095) 9.76E‐01 

rs7911  GBP1  a  g 0.637 0.994 (0.907‐1.090) 9.05E‐01 

rs6265  BDNF  t  c 0.198 1.006 (0.900‐1.124) 9.22E‐01 
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Summary		
An	 acute	 pain	 response	 is	 important	 to	 avoid	 further	 tissue	 damage	 to	 potentially	 injurious	
stimuli.	However,	after	healing	of	an	injury	or	when	an	inflammation	has	resolved,	some	people	
develop	 chronic	 pain.	 Chronic	 pain	 is	 present	 in	 approximately	 19%	 of	 the	 European	
population20.	A	recent	study	has	shown	that	the	total	number	of	American	people	suffering	from	
chronic	pain	is	more	than	people	suffering	from	diabetes,	heart	disease	and	cancer	combined172.	
Chronic	 pain	 is	 a	 major	 clinical	 problem	 and	 there	 is	 a	 great	 need	 for	 effective	 treatments.	
Understanding	the	mechanisms	underlying	the	transition	from	acute	to	chronic	pain	is	therefore	
of	great	importance.	In	the	studies	described	in	this	thesis	we	investigated	various	aspects	of	the	
transition	from	acute	to	chronic	inflammatory	pain	and	we	specially	focused	on:		

1. GRK2	in	microglia/macrophages	

2. Underlying	neurobiological	mechanisms	of	the	transition	to	chronic	pain		

3. Potential	novel	treatments	 	

4. Identification	of	new	potential	target	genes	involved	in	chronic	pain	conditions	

First,	we	demonstrated	that	spinal	cord	microglia/macrophage	GRK2	is	reduced	during	chronic	
inflammation‐induced	hyperalgesia.	In	addition,	mice	with	low	GRK2	in	peripheral	macrophages	
(LysM‐GRK2+/‐	 mice)	 develop	 prolonged	 IL‐1‐induced	 hyperalgesia.	 This	 persistent	
hyperalgesia	 is	 maintained	 via	 a	 loop	 that	 involves	 fractalkine	 signaling,	 p38	 activation,	 IL‐1	
release	 and	 persistent	 spinal	 microglia/macrophage	 activity	 (chapter	 2).	 Furthermore,	 the	
levels	 of	 microRNA‐124	 (miR‐124)	 in	 spinal	 cord	 microglia	 from	 LysM‐GRK2+/‐	 mice	 were	
decreased	 after	 intraplantar	 IL‐1.	 Interestingly,	 we	 observed	 a	 switch	 towards	 a	 spinal	 pro‐
inflammatory	M1	phenotype	in	LysM‐GRK2+/‐	mice.	Moreover,	miR‐124	treatment	prevented	the	
transition	 to	 IL‐1‐induced	 persistent	 pain	 and	 normalized	 the	 expression	 of	 spinal	 M1/M2	
markers	in	LysM‐GRK2+/‐	mice.	In	addition,	miR‐124	treatment	reversed	persistent	carrageenan‐
induced	hyperalgesia	and	prevented	the	development	of	chronic	neuropathic	pain	in	wild	type	
(WT)	mice.	These	findings	indicate	that	miR‐124	is	a	novel	option	for	the	treatment	of	chronic	
pain	(chapter	3).	Next	we	investigated	the	contribution	of	peripheral	monocytes/macrophages	
versus	 microglia	 to	 inflammation‐induced	 hyperalgesia.	 Surprisingly,	 GRK2	 deficiency	 in	
peripheral	 monocytes/macrophages	 is	 sufficient	 to	 promote	 transition	 from	 acute	 to	 chronic	
pain,	due	to	 the	reduced	capacity	of	 these	cells	 to	produce	IL‐10	(chapter	4).	 In	chapter	5	we	
developed	novel	p38	MAPK	docking‐site	targeted	inhibitors.	Compound	FGA‐19	yielded	the	best	
inhibition	 of	 p38	 kinase	 activity	 in	 vitro.	 In	 vivo,	 FGA‐19	 treatment	 completely	 resolved	
carrageenan‐induced	persistent	hyperalgesia.	Thus,	FGA‐19	is	a	potential	novel	candidate	for	the	
treatment	of	persistent	inflammatory	hyperalgesia	(chapter	5).	 In	chapter	6,	we	identified	the	
genomic	region	encoding	CCT5	and	FAM173b	to	be	associated	with	chronic	widespread	pain.	In	
a	murine	model	of	chronic	inflammatory	pain,	we	detected	increased	expression	levels	of	CCT5	
and	FAM173b	in	the	spinal	cord.	Overall	these	data	identified	CCT5	and	FAM173b	as	potential	
players	in	the	pathophysiology	of	chronic	pain	(chapter	6).	
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Discussion	
Activation	 of	microglia	 in	 the	 spinal	 cord	 is	 known	 to	 be	 an	 important	 factor	 in	maintaining	
hyperalgesia.	 Activated	 microglia	 release	 pro‐inflammatory	 cytokines	 and	 chemokines	 that	
contribute	to	central	sensitization	and	consequently	to	the	development	of	chronic	pain166,204,250.	
Previously,	we	showed	 that	GRK2	 levels	are	 reduced	 in	microglia	 isolated	 from	spinal	 cord	 in	
rats	with	 neuropathic	 pain61.	 In	chapter	2	we	provide	 evidence	 that	GRK2	 is	 also	 reduced	 in	
spinal	microglia	in	mice	with	inflammatory‐induced	hyperalgesia	induced	by	one	single	injection	
of	a	high	dose	of	 carrageenan	(20	l	of	2%).	Thus	 in	 these	 two	models	of	 chronic	pain,	 spinal	
microglial	GRK2	 levels	 are	 reduced	by	 local	 injury	or	 inflammation.	We	hypothesized	 that	 the	
decrease	 in	 GRK2	 in	 spinal	 microglia	 during	 ongoing	 inflammation	 is	 associated	 with	 the	
development	of	chronic	pain.	To	 test	 this	hypothesis	we	used	 the	CRE‐Lox	system	to	generate	
mice	with	a	cell‐specific	GRK2	reduction.	GRK2‐lox	mice	were	crossed	with	mice	expressing	the	
Cre	enzyme	under	the	specific	Lysozyme	M	(LysM)	promoter.	The	LysM	promoter	is	activated	in	
myeloid	 cells,	 like	microglia,	macrophages	 and	 granulocytes.	We	described	 that	 LysM‐GRK2+/‐	

mice	 have	 a	 40%‐60%	 reduction	 of	 GRK2	 in	 cultured	 microglia	 and	 freshly	 isolated	
macrophages	and	not	in	isolated	astrocytes	(chapter	2	and	61,177).		

In	 our	 first	 experiments	 we	 described	 that	 a	 single	 intraplantar	 injection	 of	 the	 pro‐
inflammatory	cytokine	 IL‐1	 induces	 transient	hyperalgesia	 in	WT	mice	(<	24	h),	while	LysM‐
GRK2+/‐	mice	develop	persistent	hyperalgesia	for	at	least	8	days.	Subsequently,	we	demonstrated	
that	granulocytes	are	not	required	for	the	transition	from	acute	to	chronic	hyperalgesia	in	LysM‐
GRK2+/‐	mice,	since	granulocyte	depletion	did	not	affect	inflammation‐induced	hyperalgesia61.	In	
addition	 the	 prolonged	 hyperalgesia	 in	 LysM‐GRK2+/‐	 mice	 was	 prevented	 by	 an	 intrathecal	
injection	 and	 reversible	by	 an	 intraperitoneal	 injection	of	 the	microglia/macrophage	 inhibitor	
minocycline	 (chapter	 2).	 On	 the	 basis	 of	 these	 results	 we	 suggested	 that	 GRK2	 in	
microglia/macrophages	 is	 crucial	 for	 determining	 the	 duration	 of	 inflammation‐induced	
hyperalgesia.	However,	recent	studies	described	that	resident	microglia	 in	 the	central	nervous	
system	(CNS)	are	in	a	resting	state	and	that	the	LysM	promoter	is	not	active.	Only	in	activated	
microglia	 the	LysM	gene	 is	upregulated,	 resulting	 in	 the	deletion	of	 the	preferred	 lox‐targeted	
gene31,157.	In	line	with	the	literature,	we	found	that	the	GRK2	protein	and	mRNA	levels	in	freshly	
isolated	 spinal	microglia	 from	WT	and	LysM‐GRK2+/‐	mice	were	not	different.	However,	GRK2	
levels	were	reduced	for	approximately	50%	in	peripheral	macrophages	from	LysM‐GRK2+/‐	mice	
(chapter	 4).	 This	 was	 an	 interesting	 finding	 that	 LysM‐GRK2+/‐	 mice	 have	 normal	 microglia	
GRK2	levels,	and	we	needed	to	adjust	our	hypothesis	which	will	be	discussed	in	the	paragraph	
below.		

Reduced	intracellular	GRK2	

Peripheral	sensory	neurons	

Many	pain	signals	are	first	detected	by	sensory	nociceptors.	Numerous	pain	signaling	molecules	
signal	 through	 G	 protein‐coupled	 receptors	 (GPCRs),	 such	 as	 the	 chemokine	 CCL3,	 the	
inflammatory	stimuli	prostaglandin	E2	 (PGE2)	and	 the	stress	hormone	epinephrine	(EPI).	Mice	
with	reduced	GRK2	levels	in	peripheral	sensory	neurons	(SNS‐GRK2+/‐	mice)	have	an	increased	
acute	pain	 response	 after	 intraplantar	 carrageenan,	CCL3,	PGE2	or	EPI	 injections	 compared	 to	
WT	controls60,61,245.	However,	we	demonstrated	that	the	intensity	of	the	acute	hyperalgesia	after	
intraplantar	 IL‐1was	 not	 affected	 in	 SNS‐GRK2+/‐	 mice	 and,	 in	 addition,	 the	 duration	 of	
hyperalgesia	 was	 similar	 in	 WT	 and	 SNS‐GRK2+/‐	 mice	 (chapter	 2	 and	 61).	 Peripheral	 IL‐1	
injections	directly	 increase	 the	excitability	of	 the	neurons	via	p38	MAPK‐dependent	activation	
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downstream	of	the	receptor,	leading	to	a	rapid	increase	in	thermal	sensitivity	via	enhancements	
of	 TTX‐resistant	 sodium	 currents.	 Intraplantar	 administration	 of	 a	 p38	 MAPK	 inhibitor	
significantly	attenuated	the	IL‐1‐induced	hyperalgesia	in	WT	mice11.	Similar	results	were	found	
in	mice	with	reduced	levels	of	the	kinase	GRK6.	This	kinase	is	also	known	to	play	a	crucial	role	in	
inflammatory	pain	such	as	observed	in	experimental	colitis59.	Moreover,	recently	we	published	
that	 IL‐1‐induced	 hyperalgesia	 is	 increased	 and	 prolonged	 in	 GRK6‐/‐	mice	 compared	 to	WT	
mice62.	Subsequently,	 the	p38	MAPK	inhibitor	SB239063	also	inhibited	the	magnitude	of	acute	
IL‐1‐induced	hyperalgesia	and	partially	the	duration	of	hyperalgesia	in	GRK6‐/‐	mice62.	Notably,	
IL‐1	 is	 not	 a	 GPCR	 ligand,	 so	 this	 might	 explain	 that	 we	 did	 not	 see	 an	 effect	 of	 GRK2	
downregulation	in	sensory	neurons	on	the	intensity	of	acute	hyperalgesia.		

Next	we	investigated	possible	differences	between	mice	with	only	low	GRK2	in	sensory	neurons	
or	mice	with	a	downregulation	of	GRK2	in	all	cells.	The	duration	of	carrageenan‐,	IL‐1‐,	CCL3‐	
and	 PGE2‐induced	 hyperalgesia	 was	 shorter	 in	 SNS‐GRK2+/‐	 mice	 compared	 to	 mice	 with	
reduced	GRK2	levels	in	all	cell	types	(GRK2+/‐)	(reviewed	in	119).	Only	EPI‐induced	hyperalgesia	
was	prolonged	in	SNS‐GRK2+/‐	mice	to	the	same	extent	as	in	GRK2+/‐	mice.	Interestingly,	in	LysM‐
GRK2+/‐	mice	the	carrageenan‐,	IL‐1‐	and	CCL3‐induced	hyperalgesia	are	prolonged	to	the	same	
extent	as	in	GRK2+/‐	mice	(chapter	2	and	61).	This	indicates	that	not	peripheral	sensory	neurons,	
but	other	cell	types	have	an	important	role	in	determining	the	duration	of	hyperalgesia.		

Astrocytes	

The	 exact	 role	 of	 astrocytes	 in	 the	 regulation	 of	 pain	 is	 less	 well	 studied	 than	 in	 peripheral	
sensory	 neurons	 and	 microglia.	 It	 has	 been	 suggested	 that	 astrocytes	 play	 a	 role	 in	 the	
maintenance	 of	 chronic	 pain210.	 In	 chapter	 2,	 we	 examined	 whether	 a	 reduction	 of	 GRK2	 in	
GFAP‐positive	 astrocytes	 (GFAP‐GRK2+/‐)	 has	 an	 effect	 on	 the	 duration	 of	 IL‐1‐induced	
hyperalgesia.	However,	 there	were	no	differences	 in	 the	 course	of	 IL‐1‐induced	hyperalgesia	
between	WT	 and	 GFAP‐GRK2+/‐	mice.	 Similar	 results	were	 found	 for	 the	 PGE2‐,	 carrageenan‐,	
EPI‐	 and	 CCL3‐	 induced	 hyperalgesia61,245.	 This	 suggests	 that	 GRK2	 in	 astrocytes	 does	 not	
contribute	 to	 the	 initiation	 of	 the	 prolonged	 inflammation‐induced	 hyperalgesia.	 Different	
results	on	the	role	of	GRK2	in	astrocytes	were	found	by	our	group	in	a	model	of	brain	damage	
(hypoxia‐ischemia).	Here	we	showed	 that	a	60%	reduction	of	GRK2	 in	astrocytes	significantly	
reduced	 the	 development	 of	 brain	 damage,	 indicating	 that	 low	 levels	 of	 astrocytic	 GRK2	 are	
beneficial	for	the	neuroprotection	of	neurons	in	the	developing	brain176,178.	

Peripheral	monocytes/macrophages	

Recent	findings	in	models	of	neuropathic	pain	suggest	that	peripheral	monocytes/macrophages	
infiltrate	 into	 the	 CNS	where	 they	 can	 exert	 dual	 effects:	 peripheral	monocytes/macrophages	
have	 been	 shown	 to	 promote	 repair	 or	 to	 aggravate	 injury120,129,217.	 However,	 the	 effect	 of	
monocyte/macrophage	 infiltration	 during	 inflammation‐induced	 hyperalgesia	 was	 still	
unknown.	 In	 chapter	 4,	 we	 described	 that	 peripheral	 monocytes/macrophages	 regulate	
inflammation‐induced	 hyperalgesia	 in	 a	 positive	 way.	 Depletion	 of	 peripheral	
monocytes/macrophages	 caused	 transition	 from	acute	 to	 persistent	 IL‐1	 hyperalgesia	 in	WT	
mice.	This	finding	indicates	that	monocytes/macrophages	are	key	to	preventing	the	transition	to	
chronic	 pain	 after	 a	 transient	 peripheral	 inflammatory	 stimulus.	 In	 a	 model	 of	 nerve	 injury‐
induced	 allodynia,	 clodronate‐liposome	 mediated	 monocyte/macrophage	 depletion	 alleviated	
allodynia144.	However,	 in	other	chronic	pain	models	depletion	of	monocytes/macrophages	had	
no	effect18,160,211.		 						
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On	 the	 basis	 of	 our	 results	 described	 above,	 we	 hypothesized	 that	 normal	 GRK2	 levels	 in	
peripheral	 monocytes/macrophages	 are	 crucial	 to	 promote	 resolution	 of	 IL‐1‐induced	
hyperalgesia.	In	line	with	our	hypothesis	we	found	that	adoptive	transfer	of	WT	bone	marrow‐
derived	 monocytes	 (BMDM),	 but	 not	 of	 GRK2+/‐	 BMDM,	 to	 LysM‐GRK2+/‐	 mice	 prevented	
development	 of	 IL‐1‐induced	 persistent	 hyperalgesia.	 In	 our	 search	 for	 localization	 of	
transplanted	BMDM,	we	detected	the	transplanted	GFP+	BMDM	in	the	lumbar	DRG,	but	not	in	the	
spinal	 cord	 (chapter	 4).	 In	 future	 experiments	 we	 still	 have	 to	 determine	 more	 carefully	
whether	these	cells	can	really	only	be	traced	in	the	DRG	and	not	in	the	spinal	cord.	How	these	
monocytes/macrophages	 infiltrate	 into	 the	 DRG	 during	 IL‐1‐induced	 hyperalgesia	 is	 still	
unclear.	However,	 it	 is	known	that	 the	chemokine	 fractalkine	 is	an	 important	chemoattractant	
for	 leukocyte	 trafficking.	 Recently,	 it	 has	 been	 described	 that	 under	 inflammatory	 conditions	
fractalkine	 recruits	 CX3CR1‐expressing	 macrophages	 to	 the	 DRG49.	 Another	 group	 described	
that	CX3CR1	is	important	for	the	recruitment	of	CD115+Gr1+	inflammatory	monocytes,	which	we	
also	used	for	our	adoptive	transfer	studies2.	In	future	experiments	we	will	investigate	whether	
CX3CR1	 is	 important	 for	 attraction	 of	 the	monocytes/macrophages	 from	 the	periphery	 to	 the	
DRG.	Other	recent	studies	described	 that	under	conditions	of	neuropathic	pain	 the	chemokine	
monocyte	 chemoattractant	 protein‐1	 (MCP1)	 is	 increased	 in	 the	 DRG116,121.	 We	 described	 in	
chapter	 4	 that	 CCR2+	 (receptor	 for	 MCP1)	 monocytes/macrophages	 are	 important	 for	 the	
regulation	 of	 pain.	 So	 it	 is	 possible	 that	 intraplantar	 IL‐1	 injection	 up	 regulates	 MCP1	
expression	 in	 the	DRGs,	which	 in	 turn	 attracts	monocytes/macrophages	 to	down	 regulate	 the	
pain	response	(Figure	7.1).		

Next	 we	 searched	 for	 a	 pathway	 via	 which	 peripheral	 monocytes/macrophages	 promote	
resolution	 of	 transient	 inflammatory	 hyperalgesia.	 We	 described	 that	 intrathecal	 injection	 of	
anti‐IL‐10	prolonged	the	IL‐1‐induced	hyperalgesia	in	WT	mice,	while	injection	of	anti‐IL‐10	in	
LysM‐GRK2+/‐	mice	did	not	affect	the	thermal	hyperalgesia.	Furthermore,	adoptive	transfer	of	IL‐
10‐/‐	monocytes	 did	 not	 have	 any	 effect	 on	 the	 persistent	 hyperalgesia	 in	 LysM‐GRK2+/‐	mice.	
This	indicates	that	IL‐10	signaling	is	required	for	spontaneous	resolution	of	hyperalgesia	during	
IL‐1‐induced	hyperalgesia.	In	vitro	we	found	that	GRK2+/‐	macrophages	produce	less	IL‐10	and	
more	IL‐1	and	TNF‐	after	LPS	stimulation.	Moreover,	after	 intraplantar	IL‐1	 the	transfer	of	
WT,	 but	 not	 of	 IL‐10‐deficient	 BMDM,	 reduces	 the	 expression	 of	 the	 pro‐inflammatory	 M1	
phenotypic	marker	CD16/CD32	in	spinal	cord	of	LysM‐GRK2+/‐	mice	(chapter	4).	Therefore,	we	
suggest	 that	 GRK2‐deficient	 macrophages/monocytes	 have	 reduced	 IL‐10	 expression	 levels,	
which	 in	 turn	 are	 not	 capable	 of	 preventing	 the	 downregulation	 of	 microglia	 activity	 which	
results	in	the	development	of	persistent	hyperalgesia	(Figure	7.1C).		

Until	 now	 it	 is	 still	 unclear	 how	 low	 GRK2	 leads	 to	 decreased	 IL‐10	 production	 in	
monocyte/macrophages.	The	observation	that	GRK2	in	monocytes/macrophage	is	crucial	for	the	
resolution	of	inflammatory‐induced	hyperalgesia	sheds	a	new	light	on	the	interpretation	of	the	
results	described	in	chapters	2	and	3	and	will	be	discussed	in	the	following	paragraph.	

Microglia	

As	 described	 in	 chapter	 2,	 intrathecal	 injection	 of	 minocycline	 prior	 to	 intraplantar	 IL‐1	
significantly	reduced	the	hyperalgesia	at	6	and	8	hours	after	IL‐1	injection	in	both	genotypes.	In	
addition,	the	chronic	phase	was	completely	prevented	by	pre‐treatment	of	minocycline	in	LysM‐
GRK2+/‐	 mice.	 This	 indicated	 to	 us	 that	 in	 both	 genotypes	 spinal	 microglia	 or	
monocyte/macrophage	 activity	 in	 DRG	 contributes	 to	 the	 late	 phase	 of	 acute	 hyperalgesia	
(Figure	7.1).		
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Figure	7.1:	 Schematic	model	of	 the	proposed	 role	of	GRK2	 in	 IL‐1β‐induced	hyperalgesia.	 (A)	 A
single	 intraplantar	 injection	of	 IL‐1	 induces	 transient	hyperalgesia	 in	WT	mice	 that	 is	 associated	with
transient	spinal	microglia	activation.	(B)	Bone	marrow‐derived	monocytes	(BMDM)	migrate	towards	the
DRG,	 possibly	 through	MCP1	 production	 by	 sensory	 neurons	 in	 the	 DRG.	 The	 IL‐10	 producing	 BMDM
attenuate	ongoing	 spinal	microglia	 activation	and	 thereby	preventing	 the	development	of	 chronic	pain.
(C)	 Conversely,	 LysM‐GRK2+/‐	 mice	 that	 have	 reduced	 GRK2	 levels	 in	 macrophages	 have	 a	 reduced
capacity	 to	produce	 IL‐10	 leading	to	ongoing	hyperalgesia	and	a	microglial	M1	phenotype	 in	 the	spinal
cord.	(D)	In	comparison	to	WT	microglia,	miR‐124	levels	are	decreased	in	microglia	from	LysM‐GRK2+/‐

mice	with	ongoing	hyperalgesia.	In	addition,	M2	type	phenotypic	markers	decrease	and	pro‐inflammatory
cytokines	increase,	which	contributes	to	central	sensitization	and	the	development	of	chronic	pain.	(E)	In
LysM‐GRK2+/‐	mice	the	fractalkine	signalling	pathway	is	initiated	that	contributes	to	the	maintenance	of
the	IL‐1‐induced	hyperalgesia.		
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The	antibiotic	minocycline	has	been	shown	to	reduce	the	release	of	pro‐inflammatory	mediators	
from	 microglia	 and	 monocytes/macrophages75.	 Furthermore,	 we	 know	 that	 normal	 levels	 of	
GRK2	 in	 monocytes/macrophages	 are	 important	 to	 ensure	 adequate	 termination	 of	
inflammation‐induced	hyperalgesia.	In	addition,	as	described	above,	after	intraplantar	IL‐1,	IL‐
10	 deficient	 BMDM	 reduced	 the	 expression	 of	 the	 pro‐inflammatory	 M1	 phenotypic	 marker	
CD16/CD32	 in	 spinal	 cord	 of	 LysM‐GRK2+/‐	 mice.	 So	 we	 suggested	 that	 GRK2‐deficient	
monocytes/macrophages	 produces	 not	 enough	 IL‐10	 to	 (indirectly)	 downregulate	 microglia	
activity	 and	 consequently	 cannot	 prevent	 the	 development	 of	 chronic	 pain.	 Moreover,	 the	
observed	similar	effect	of	minocycline	pre‐	treatment	in	WT	mice	(reduction	of	hyperalgesia	6‐8	
hr	 after	 IL‐1)	 indicated	 to	 us	 that	 the	 production	 of	 IL‐10	 by	 peripheral	
monocytes/macrophages	 is	 just	 not	 enough	 to	 keep	microglia	 in	 a	 resting	 state	 during	 acute	
hyperalgesia	 and	 that	 another	 factor	 contributes	 to	 down	 regulate	 spinal	 microglia	 activity.	
Although	 we	 first	 suggested	 that	 GRK2	 was	 down	 regulated	 in	 microglia	 from	 LysM‐GRK2+/‐	
mice,	now	we	know	that	they	express	normal	GRK2	levels	under	basal	conditions	(chapter	4).		

In	 chapter	 3	 we	 aimed	 at	 determining	 the	 mechanism	 how	 spinal	 cord	 microglia	 activity	 is	
regulated	 and	 terminated	 during	 inflammatory	 pain.	 It	 has	 recently	 been	 described	 that	
microRNA‐124	 (miR‐124)	 keeps	 resident	 microglia	 in	 brain	 and	 spinal	 cord	 in	 a	 quiescent	
state189.	MicroRNAs	have	an	 important	role	 in	 the	regulation	of	gene	expression	by	promoting	
degradation	 of	mRNA	 or	 by	 preventing	 translation	 of	multiple	 target	 genes.	 Ponomarev	 et	al.	
demonstrated	 that	 bone	 marrow‐derived	 macrophages	 (BMDM)	 transfected	 with	 miR‐124	
produce	 less	 anti‐inflammatory	 mediators	 and	 increased	 levels	 of	 pro‐inflammatory	
mediators189.	 Thus	 the	 authors	 proposed	 that	 miR‐124	 is	 involved	 in	 defining	 the	 activation	
state	 of	microglia.	 Interestingly,	we	 observed	 that	 isolated	microglia	 from	 LysM‐GRK2+/‐	mice	
have	a	reduction	in	miR‐124	expression	after	intraplantar	IL‐1	 injection	compared	to	isolated	
microglia	 from	 WT	 mice.	 Next	 we	 wanted	 to	 know	 if	 this	 difference	 in	 miR‐124	 levels	 was	
associated	 with	 differences	 in	 the	 expression	 of	 spinal	 microglia	 activation	 markers.	 We	
investigated	 the	 two	 well‐known	 microglia/macrophage	 activation	 subtypes,	 known	 as	 pro‐
inflammatory	 or	 M1	 type	 and	 anti‐inflammatory	 or	 M2	 type,	 in	 the	 spinal	 cord	 after	 IL‐1‐
induced	 hyperalgesia	 in	 control	WT	 and	 LysM‐GRK2+/‐	 mice.	 In	 line	 with	 our	 hypothesis,	 we	
observed	a	switch	 in	 the	M1/M2	balance	 towards	a	pro‐inflammatory	M1	phenotype	 together	
with	increased	pro‐inflammatory	cytokine	production	after	IL‐1‐induced	hyperalgesia	in	LysM‐
GRK2+/‐	 mice	 compared	 to	 WT	 mice	 (chapter	 3	 and	 figure	 7.1D).	 In	 addition,	 intrathecal	
administration	 of	 miR‐124	 prevented	 the	 transition	 to	 persistent	 IL‐1‐induced	 hyperalgesia	
and	normalized	the	M1/M2	ratio	 in	LysM‐GRK2+/‐	mice	(chapter	3).	We	suggest	that	miR‐124	
bypasses	the	need	for	IL‐10	production	by	monocytes/macrophages	to	halt	microglia	activation.	
However,	 the	 reverse	 may	 also	 be	 true	 that	 IL‐10	 regulates	 miR‐124	 expression	 in	
monocytes/macrophages.	Future	experiments	will	have	to	uncover	if	or	how	IL‐10	and	miR‐124	
interact	to	regulate	microglial	activity.		

The	 question	 arises	 how	 intraplantar	 IL‐1	 induces	 a	 decrease	 in	 spinal	 microglial	 miR‐124	
levels.	 There	 is	 evidence	 that	 in	 vitro	 co‐culture	 of	 BMDM	with	 primary	 neurons	 reduces	 the	
level	of	macrophage	miR‐124189.	This	 indicates	that	neuronal	signals	can	regulate	the	miR‐124	
expression	 in	 macrophage‐like	 cells.	 Recently,	 we	 described	 that	 the	 GRK2‐exchange	 protein	
activated	by	cAMP	(Epac1)	ratio	 in	nociceptors	 is	 important	for	the	regulation	of	chronic	pain.	
Normally	 pain	 signaling	 is	 regulated	 via	 the	 classical	 cAMP/PKA	 pathway	 to	 induce	 transient	
hyperalgesia.	 However,	 low	 nociceptor	 GRK2	 protein	 levels	 induce	 a	 switch	 from	 PKA‐	 to	 an	
Epac/PKC‐dependent	pathway,	resulting	in	markedly	prolonged	inflammatory‐induced	chronic	
pain.	GRK2	physically	binds	to	Epac1	and	inhibits	Epac	signaling	to	its	downstream	target	Rap1.	
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So	 reduced	 GRK2	 results	 in	 enhanced	 Rap1	 activation,	 leading	 to	 prolongation	 of	
hyperalgesia60,246.	 A	 recent	 study	 described	 that	 Rap1	 physically	 binds	 to	 the	 regulatory	
elements	 of	 the	 miR‐124	 gene	 to	 restrict	 miR‐124	 transcription265.	 Therefore,	 it	 might	 be	
possible	that	also	in	macrophage/microglia	with	low	GRK2	enhances	Rap1	activation,	leading	to	
a	 reduction	 in	miR‐124	 expression.	 However,	 most	 of	 this	 research	 is	 done	 in	 neurons,	 so	 it	
should	still	be	 investigated	whether	this	pathway	is	also	present	 in	macrophages	or	microglial	
cells.		

The	fractalkine	pathway	is	an	important	mechanism	for	neuro‐microglia	communication,	since	
fractalkine	 is	 expressed	 on	 neurons,	 whereas	 its	 receptor	 CX3CR1	 is	 mainly	 expressed	 on	
microglia/macrophages	 in	 the	 spinal	 cord.	 It	 has	 been	 suggested	 that	 activation	 of	 the	
fractalkine	 signaling	 pathway	 is	 critical	 for	 the	 maintenance	 of	 chronic	 pain36,249.	 During	 the	
development	 of	 chronic	 pain	 several	 molecules	 are	 released	 in	 the	 spinal	 cord	 to	 facilitate	
central	sensitization.	An	 important	molecule	 that	regulates	microglial	activity	 is	ATP	234.	 It	has	
been	suggested	that	the	central	terminals	of	(damaged)	primary	afferent	neurons	produce	high	
extracellular	 ATP	 levels	 to	 induce	 the	 release	 of	 the	 lysosomal	 cysteine	 protease	 cathepsin	 S	
(CatS)	via	a	p38‐mediated	pathway,	which	in	turn	initiates	the	fractalkine‐pathway36.	Clark	et	al.	
hypothesized	 that	 during	 peripheral	 tissue	 damage	 or	 nerve	 injury,	 ATP	 is	 released	 from	
sensory	 neurons	 in	 the	 spinal	 cord	 which	 activates	 the	 ATP‐receptor	 (P2X7)	 on	microglia	 to	
induce	the	activation	of	the	p38	MAPK	pathway	and	the	release	of	the	CatS.	Subsequently,	CatS	
cleaves	 and	 liberates	 fractalkine	 expressed	 on	 neuronal	membranes.	 Soluble	 fractalkine	 feeds	
back	 onto	 the	microglial	 cells	 to	 bind	 to	 its	 receptor	 (CX3CR1)	 to	 further	 activate	 p38	MAPK.	
This	 p38	 MAPK	 activation	 stimulates	 the	 release	 of	 inflammatory	 mediators	 that	 activates	
neurons	 and	 microglia	 and	 in	 turn	 the	 development	 of	 chronic	 pain	 (38	 and	 Figure	 7.1E).	
Recently,	 it	has	been	described	 that	during	neuropathic	pain	 the	 fractalkine	 levels	on	neurons	
remained	unaltered	while	CX3CR1	is	upregulated	in	spinal	microglia	and	neutralizing	antibodies	
to	CX3CR1	were	able	to	block	the	pain142,226,238,275.	In	chapter	2	we	found	similar	results	in	LysM‐
GRK2+/‐	mice	after	intraplantar	IL‐1,	since	a	significant	increase	in	spinal	CX3CR1,	CatS	and	IL‐
1	 was	 measured	 in	 LysM‐GRK2+/‐	 mice	 compared	 to	 WT	 mice.	 Furthermore,	 the	 prolonged	
hyperalgesic	state	in	LysM‐GRK2+/‐	mice	was	also	dependent	on	spinal	cord	fractalkine	signaling,	
since	 i.t.	 administration	 of	 anti‐CX3CR1	 attenuated	 ongoing	 IL‐1	 –induced	 hyperalgesia.	 As	
described	above,	CX3CR1	activation	is	thought	to	lead	to	activation	of	p38	MAPK	signaling	and	
subsequently	the	release	of	pro‐inflammatory	cytokines	including	IL‐134.	 Indeed,	 inhibition	of	
p38	 MAPK	 activity	 or	 IL‐1	 signaling	 during	 prolonged	 hyperalgesia	 attenuated	 the	 ongoing	
response	in	LysM‐GRK2+/‐	mice.	We	propose	that	in	WT	mice	the	fractalkine	signaling	pathway	is	
not	 initiated,	 since	WT	 peripheral	 monocytes/macrophages	 produce	 high	 levels	 of	 IL‐10	 and	
prevent	a	M1	activation	phenotype	 in	 the	spinal	cord.	Conversely,	mice	with	reduced	 levels	of	
GRK2	 in	macrophages	produce	 low	 levels	of	 IL‐10	and	a	 switch	 towards	an	 increased	 ratio	of	
spinal	M1/M2	phenotype	occurs.	 Subsequently,	 the	development	of	 prolonged	hyperalgesia	 is	
maintained	 via	 aberrant	 microglial	 miR‐124	 regulation	 and	 ongoing	 fractalkine‐induced	
microglia	activity	(chapter	2	and	Figure	7.1).	

GRK2	is	capable	to	bind	and	phosphorylate	p38	(p‐p38),	thereby	interfering	with	activation	of	
p38	 MAPK158,185.	 Activated	 p38	 MAPK	 enhances	 the	 production	 of	 pro‐inflammatory	
cytokines110.	Recently	it	has	been	shown	in	vitro	that	LPS‐stimulated	macrophages	and	microglia	
with	a	50%	reduction	in	GRK2	produced	significantly	more	pro‐inflammatory	cytokines	and	this	
increase	was	p38	MAPK‐	dependent117,177,185.	Thus	 it	 is	possible	that	GRK2	binds	to	p38	MAPK	
and	thereby	prevents	the	development	of	pro‐inflammatory	mediators	in	WT	mice	which	have	
normal	GRK2	expression	levels	in	monocytes/macrophages.	Conversely,	we	suggest	that	GRK2‐
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deficient	 peripheral	 monocytes/macrophages	 produce	 more	 pro‐inflammatory	 cytokines	 and	
less	IL‐10	due	to	enhanced	p38	MAPK	activity,	leading	to	a	decrease	in	spinal	microglia	miR‐124	
expression.	Activation	of	microglia	stimulates	the	fractalkine	pathway	which	now	contributes	to	
the	maintenance	of	chronic	hyperalgesia	(Figure	7.1E).	From	our	recent	findings	we	can	confirm	
that	mice	with	 low	 levels	of	GRK2	 in	monocytes/macrophages	have	a	more	pro‐inflammatory	
phenotype,	since	intrathecal	injections	with	IL‐1ra	or	p38	inhibitor	can	prevent	the	development	
of	persistent	IL‐1‐induced	hyperalgesia	(Figure	7.2A	and	B).		

Normally	 the	 persistent	 hyperalgesia	 in	 LysM‐GRK2+/‐	 mice	 resolves	 in	 8‐10	 days	 after	
intraplantar	 IL‐1.	 Interestingly,	 the	magnitude	and	duration	of	 IL‐1‐induced	hyperalgesia	 in	
homozygous	 LysM‐GRK2‐/‐	 mice	 (>95%	 reduction	 of	 GRK2	 in	 peripheral	 macrophages)	 was	

	

Figure	7.2:	Role	of	p38	and	 IL‐1	 in	 the	 regulation	of	 IL‐1β‐induced	hyperalgesia.	The	percentage
decrease	in	heat	withdrawal	latency	was	determined	over	time	after	intraplantar	IL‐1β	in	WT	and	LysM‐
GRK2+/‐	mice.	Mice	received	15	minutes	prior	to	intraplantar	IL‐1β	an	intrathecal	injection	of	(A)	10	ng
IL‐1ra	 or	 vehicle	 (n	 =	 12)	 or	 (B)	 5	 μg	 of	 the	 p38‐inhibitor	 SB239063	 or	 vehicle	 (n	 =	 8)	 and	 a	 second
injection	at	4	hours	after	intraplantar	IL‐1β.	All	data	are	expressed	as	mean	±	SEM.	*	p<0.05	**	p<0.01,	***
p<0.001.	



	

	

Summary	and	discussion 129

similar	 as	 in	 heterozygous	 LysM‐GRK2+/‐	 mice	 (chapter	2).	 This	 indicates	 that	 no	 gene	 dose	
effect	of	GRK2	exists	 since	 in	both	heterozygous	and	homozygous	LysM‐GRK2	mice	 the	 IL‐1‐
induced	hyperalgesia	lasts	till	approximately	8	days	and	does	not	differ	with	respect	to	severity	
of	hyperalgesia.	

One	 of	 the	 intriguing	 problems	 is	 how	 hyperalgesia	 around	 day	 8	 after	 intraplantar	 IL‐1	
resolves.	In	WT	mice	we	know	that	IL‐10	is	an	important	factor	to	prevent	the	development	of	
IL‐1induced	 hyperalgesia.	 We	 don’t	 know	 whether	 this	 same	 resolution	 mechanism	 takes	
place	during	the	late	phase	of	IL‐1‐induced	hyperalgesia	in	LysM‐GRK2+/‐	mice.	Possibly	other	
cell	 types	or	molecules	 can	 switch	off	 the	pain	 response,	 like	 e.g.	 regulatory	T‐cells	 (Tregs).	A	
recent	study	described	that	Tregs	can	reduce	the	activation	of	microglia	and	the	infiltration	of	T	
cells	 in	 the	 spinal	 cord,	 which	 in	 turn	 results	 in	 the	 reduction	 of	 mechanical	 pain	
hypersensitivity.	Furthermore	depletion	of	Tregs	prolonged	the	neuropathic	pain	response5.	In	
addition,	 astrocytes	 may	 contribute	 to	 the	 termination	 of	 hyperalgesia.	 For	 example,	 many	
astrocytes	express	several	glutamate	receptors	and	glutamate	transporter	molecules	to	regulate	
the	concentration	of	extracellular	glutamate	in	the	spinal	cord.	Xin	et	al.	have	shown	that	these	
receptors	 are	 down	 regulated	 during	 the	 development	 of	 chronic	 pain263.	Moreover,	 hypoxia‐
ischemic	 and	 ibotenate‐induced	 excitotoxic	 brain	 damage	 decreases	 the	 levels	 of	 GRK2	 in	
astrocytes.	Nijboer	et	al.	recently	showed	that	reduced	GRK2	in	astrocytes	leads	to	an	increase	in	
the	 uptake	 of	 glutamate178.	 If	 this	mechanism	would	 also	 be	 operative	 in	 astrocytes	 in	 spinal	
cord	or	in	satellite	glial	cells	in	the	DRG,	it	might	be	that	around	8	days	after	intraplantar	IL‐1,	
astrocytes	will	have	a	low	GRK2	level,	which	may	lead	to	an	increase	in	glutamate	uptake	which	
subsequently	 leads	 to	 a	 termination	 of	 the	 hyperalgesic	 response.	 In	 addition,	 until	 now	 it	 is	
unclear	 whether	 the	 ongoing	 microglia	 activation	 in	 LysM‐GRK2+/‐	 mice,	 due	 to	 decreased	
capacity	of	GRK2‐deficient	monocytes/macrophages	to	produce	IL‐10,	initiates	the	reduction	of	
microglial	GRK2	levels,	since	most	likely	the	LysM	promoter	is	activated	in	the	later	phase	of	IL‐
1‐induced	hyperalgesia.	Future	research	is	needed	to	investigate	this	more	in	detail.		

Pain	and	genetics	

Pain	is	a	complex	trait	since	not	only	environmental	factors	but	often	also	genetic	factors	play	a	
role	in	the	aetiology.	Genetic	research	is	important	to	investigate	DNA	polymorphisms	in	genes	
that	 can	 be	 responsible	 for	 expression	 of	 the	 ‘pain	 phenotype’71.	 For	 example,	 recently	 it	 has	
been	described	 that	a	polymorphism	 in	 the	opioid	receptor‐1	gene	 is	 significantly	associated	
with	the	opioid	dosage	that	is	required	during	neuropathic	pain33,145.	Another	well‐known	gene	
in	relation	to	pain	is	catechol‐O‐methyltransferase	gene	(COMT).	The	enzyme	COMT	controls	the	
breakdown	 of	 dopamine,	 epinephrine	 and	 norepinephrine.	 A	 SNP	 in	 this	 gene	 decreases	 the	
COMT	 activity	 and	 consequently	 increases	 the	 levels	 of	 e.g.	 epinephrine	 which	 in	 response	
increases	the	pain	sensitivity146,199.		

Genetic	studies	are	often	done	by	hypothesis‐driven	approaches	such	as	by	studying	a	particular	
pain‐related	 gene,	 like	 COMT,	which	 is	 important	 to	 regulate	 pain	 sensitivity.	 This	 allows	 the	
assumption	 that	 a	 possible	 SNP	 in	 this	 gene	 can	 contribute	 to	 altered	 function	 of	 the	 COMT	
enzyme	 and	 thereby	 to	 pain	 signaling.	 During	 the	 past	 several	 years	more	 research	 has	 been	
done	to	investigate	possible	SNP’s	in	pain‐related	genes71.	However,	as	discussed	several	times,	
pain	 is	 a	 complex	 trait	 so	 it	 is	 possible	 that	 many	 pain‐related	 genes	 are	 still	 not	 known.	
Therefore	we	 investigated	 in	chapter	6	 genetic	 variants	 involved	 in	 chronic	widespread	pain	
(CWP)	by	 a	 large‐scale	hypothesis	 free	 genome‐wide	association	 study	 (GWAS).	We	 identified	
genetic	variants	near	the	genes	CCT5	and	FAM173b	to	be	associated	with	CWP.	Next,	we	tested	
whether	 those	genetic	variants	affected	gene	expression	 levels	of	CCT5	and	FAM173b.	 In	both	
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genes	we	found	a	SNP	in	the	coding	region,	however,	only	the	SNP	rs2438653	in	the	FAM173b	
gene	was	non‐synonymous,	thus	altering	the	amino	acid	sequence	in	the	protein.	Moreover,	we	
found	a	significant	increase	in	both	FAM173b	and	CCT5	expression	in	the	spinal	cord	(and	not	
DRG)	 during	 inflammatory‐	 induced	 hyperalgesia	 in	 mice.	 The	 function	 of	 FAM173b	 is	 still	
unknown,	 so	 it	 is	 difficult	 to	 propose	 a	 mechanism	 how	 this	 gene	 can	 influence	 CWP.	 In	 a	
Moroccan	 family,	 a	 mutation	 in	 the	 CCT5	 gene	 was	 found	 to	 be	 associated	 with	 sensory	
neuropathy	with	spastic	paraplegia16.	Furthermore,	it	is	known	that	CCT5	can	interact	with	the	
phosphatase	 PP4C	 and	 it	 has	 been	 suggested	 that	 this	 phosphatase	 can	 regulate	 central	
sensitization	mechanisms29,269.	So	both	CCT5	and	FAM173b	are	novel	genes	that	are	associated	
with	 inflammatory	 pain	 but	 the	 underlying	 mechanism	 involving	 pain	 sensation	 should	 be	
investigated	more	in	detail.			

We	also	 investigated	whether	patients	with	CWP	have	polymorphisms	 in	 or	nearby	 the	GRK2	
gene.	However,	no	significant	SNPs	were	found	(unpublished	data).	It	is	possible	that	there	are	
SNPs	 in	 downstream	 targets	 of	 GRK2	 or	 in	 proteases	 that	 can	 regulate	 the	 GRK2	 expression	
levels.	However,	this	is	pure	speculation	and	should	be	investigated	more	in	detail	in	the	future.		

Possible	therapeutic	consequences	of	our	observations	

As	 described	 in	 chapter	 4,	 GRK2‐deficient	 peripheral	 monocytes/macrophages	 have	 an	
increased	 production	 of	 pro‐inflammatory	 cytokines,	 like	 IL‐1	 and	 TNF‐,	 and	 a	 reduced	
production	 of	 anti‐inflammatory	 cytokine	 IL‐10.	 The	 p38	 MAPK	 is	 known	 to	 regulate	 the	
stability	and	expression	of	many	mRNAs	coding	for	several	inflammatory	mediators	(e.g.	TNF‐,	
IL‐1,	 IL‐10)39.	 Inflammation	 plays	 a	 crucial	 role	 in	 the	 development	 of	 chronic	 pain	 and	
different	pharmaceutical	companies	are	investigating	effective	therapeutics	to	target	p38	MAPK.	
However,	during	clinical	trials	there	were	some	disappointing	results,	since	many	of	the	first	and	
second	generation	of	p38	MAPK	 inhibitors	were	designed	 to	 target	 the	ATP	binding	pocket	of	
p38	MAPK.	This	 is	a	common	domain	and	has	high	homology	with	many	different	kinases	and	
therefore	 can	 affect	 other	 signaling	 pathways	 that	 are	 important	 for	 e.g.	 cell	 survival,	
proliferation,	 tumorigenesis45.	 Recently	 it	 has	 been	 described	 that	 direct	 interaction	 of	 GRK2	
with	p38	MAPK,	 results	 in	 phosphorylation	 of	 Thr‐123	 at	 the	 docking	domain	which	 reduced	
binding	 of	 upstream	 kinases	 (like	MM6)	 and	 downstream	 targets185.	With	 this	 knowledge	we	
investigated	 in	 chapter	5	 the	 development	 of	 a	 novel	 p38	MAPK	 inhibitor.	We	 identified	 the	
FGA‐19	 compound	 as	 an	 effective	 inhibitor	 in	 vitro	 and	 in	 vivo.	 We	 detected	 that	 FGA‐19	
treatment	 could	 completely	 reverse	 the	 carrageenan‐induced	 hyperalgesia	 in	 WT	 mice.	 In	
addition,	 FGA‐19	 is	 almost	 ten	 times	 as	 potent	 as	 the	 commercially	 available	 SB239063	 p38	
MAPK	 inhibtor,	 since	 0.5	 g	 of	 FGA‐19	 has	 the	 same	 analgesic	 effect	 as	 5	 g	 SB239063.	
Moreover,	 FGA‐19‐treatment	 results	 in	 a	 long‐lasting	 effect,	 since	 the	 carrageenan‐induced	
hyperalgesia	 resolved	 at	 least	 during	 5	 days	 post‐injection	 of	 the	 drug,	 while	 SB239063	
treatment	did	not	last	longer	than	6	hours.	We	know	that	GRK2	can	bind	and	inhibit	p38	MAPK	
activity,	 thus	we	 propose	 that	 low	 levels	 of	 GRK2	 can	 increase	 the	 p38	MAPK	 activity	which	
results	in	an	increase	of	pro‐inflammatory	mediators	and	the	development	of	chronic	pain.	Our	
hypothesis	 is	 strengthened	 by	 our	 finding	 that	 FGA‐19	 treatment	 can	 completely	 reverse	 the	
carrageenan‐induced	 persistent	 hyperalgesia	 in	 LysM‐GRK2+/‐	 mice	 (chapter	 5).	 We	 suggest	
that	under	 inflammatory	conditions	reduced	GRK2	 levels	enhance	p38	MAPK	activity	and	 that	
FGA‐19	 treatment	 has	 promising	 effects	 to	 dampen	 p38	MAPK	 activity	 and	 consequently	 the	
development	 of	 hyperalgesia.	 In	 the	 future	 the	 side‐effects	 of	 FGA‐19	 treatment	 should	 be	
investigated,	since	this	drug	might	represent	an	attractive	therapy	in	pain	management.		
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It	is	widely	expected	that	spinal	cord	microglia	activity	plays	a	major	role	in	the	maintenance	of	
chronic	pain.	Most	of	 the	 therapeutics	are	not	exclusively	microglial	 inhibitors	and	may	 target	
other	 immune	 cells	 or	 neurons.	 The	 fractalkine	 receptor	 is	 exclusively	 expressed	 on	 spinal	
microglia	 and	 several	 studies	 identified	 that	 blocking	 of	 CX3CR1	 attenuates	 neuropathic	 pain	
and	 as	 we	 described	 also	 inflammatory	 pain	 (38,163	 and	 chapter	 2).	 Recently,	 it	 has	 been	
demonstrated	 that	 rats	 with	 bone	 cancer	 pain	 have	 increased	 spinal	 CX3CR1	 levels99.	 In	
addition,	 intrathecal	 injection	 of	 anti‐CX3CR1	 suppressed	 the	 spinal	 microglia	 activation	 and	
p38	 MAPK	 activity	 and	 subsequently	 delayed	 and	 also	 attenuated	 mechanical	 allodynia.	 We	
suggest	 that	 anti‐CX3CR1	 treatment	 or	 drugs	 specifically	 blocking	 the	 CX3CR1	 could	 become	
beneficial	therapeutic	agents	to	treat	chronic	pain.		

As	suggested,	miR‐124	levels	are	required	to	keep	microglia	in	a	quiescent	state189.	We	support	
this	 suggestion,	 since	 during	 inflammatory	 hyperalgesia	 the	 miR‐124	 levels	 are	 decreased	 in	
isolated	spinal	microglia	from	LysM‐GRK2+/‐	mice.	Furthermore,	we	presented	the	first	evidence	
that	intrathecal	miR‐124	treatment	can	be	used	to	prevent	IL‐1‐induced	hyperalgesia	in	LysM‐
GRK2+/‐	 mice.	 In	 addition,	 miR‐124	 can	 also	 be	 used	 to	 treat	 persistent	 inflammatory	 and	
neuropathic	 pain	 since	 miR‐124	 treatment	 attenuates	 the	 existing	 persistent	 carrageenan‐
induced	hyperalgesia	in	WT.	The	clinical	relevance	of	miR‐124	treatment	is	further	supported	by	
the	current	data	showing	that	miR‐124	treatment	inhibited	the	development	of	hyperalgesia	in	a	
mice	model	 of	 neuropathic	 pain	 (chapter	3).	 In	 conclusion,	miR‐124	might	 represent	 a	 novel	
option	for	the	treatment	of	chronic	pain.	

In	chapter	4,	we	described	that	normal	GRK2	levels	in	peripheral	monocytes/macrophages	are	
crucial	 to	 prevent	 the	 transition	 from	 acute	 to	 chronic	 inflammatory	 pain.	 GRK2‐deficient	
peripheral	 monocytes/macrophages	 have	 an	 impaired	 capacity	 to	 produce	 IL‐10	 and	 are	
thereby	unable	to	promote	resolution	of	inflammatory	pain.	These	results	indicate	that	the	GRK2	
and/or	IL‐10	expression	levels	in	peripheral	monocytes/macrophages	can	be	used	as	biomarker	
to	predict	the	risk	of	developing	chronic	pain	after	an	inflammation.	

In	 chapter	4	 we	 also	 described	 that	 an	 i.t.	 IL‐10	 injection	 transiently	 reduced	 IL‐1‐induced	
hyperalgesia	 in	 LysM‐GRK2+/‐	 mice.	 Milligan	 et	 al.	 also	 described	 a	 transient	 effect	 of	 IL‐10	
treatment	in	neuropathic	rats,	likely	due	the	short	half‐life	of	IL‐10	in	the	intrathecal	space164.	To	
overcome	 the	 problem	 of	 the	 short	 half‐life	 of	 IL‐10,	 some	 studies	 described	 that	 IL‐10	 gene	
therapy	in	the	spinal	cord	might	be	better	to	attenuate	chronic	hyperalgesia	in	models	of	chronic	
neuropathic	pain.	These	authors	used	adenoviral	vector	encoding	human	IL‐10	to	treat	chronic	
neuropathic	pain.	However,	 the	disadvantage	 is	 that	 these	viral	 vectors	 are	 short‐lived	due	 to	
recognition	by	the	immune	system	or	due	to	inefficient	cellular	specific	promoter	activity165.	But	
most	of	all,	the	use	of	systemic	viral	vector	injections	can	be	dangerous	since	the	virus	could	also	
infect	other	cell	types.	Alternative	methods	are	needed,	so	a	non‐viral	gene	therapy	is	preferable	
over	the	use	of	viruses	that	are	specifically	interacting	with	or	integrating	in	a	specific	cell	type.	
Recently	it	has	been	described	that	the	use	of	naked	pDNA	encoding	IL‐10	reversed	neuropathic	
pain	 in	 rats.	High	doses	of	pDNA	are	 required	because	 the	uptake	of	naked	DNA	 is	 inefficient	
which	makes	 it	 an	 expensive	 procedure137.	 The	 same	 group	 improved	 the	 uptake	 of	 pDNA	by	
using	 microparticle‐encapsulated	 DNA220.	 We	 propose	 that	 a	 relatively	 simple	 and	 save	
approach	 to	 deliver	 a	 stable	 IL‐10	 protein	 is	 needed.	 At	 the	moment	 our	 lab	 is	 testing	 a	 new	
stable	IL‐10	construct	with	promising	results.		

As	described	in	chapter	6	patients	with	chronic	widespread	pain	have	genetic	variants	nearby	
the	CCT5	and	FAM173b	gene.	In	addition,	CCT5	and	FAM173b	expression	are	up	regulated	in	the	
spinal	 cord	 of	 mice	 with	 inflammatory	 pain.	 Preliminary	 results	 identify	 that	 FAM173b	
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reduction	enhances	 the	resolution	of	 inflammatory	pain.	Future	research	 is	needed	 to	 identify	
whether	FAM173b	or	CCT5	can	be	used	as	potential	therapeutic	targets	to	treat	chronic	pain.		

Conclusion	

An	important	finding	in	this	thesis	is	that	peripheral	monocytes/macrophages	have	a	key	role	
in	promoting	the	resolution	of	inflammatory	hyperalgesia.	Mice	with	a	50%	reduction	of	GRK2	
in	macrophages	 (LysM‐GRK2+/‐)	 have	 a	 decreased	 capacity	 to	 produce	 IL‐10	 and	 thereby	 are	
unable	to	prevent	the	transition	from	acute	to	chronic	inflammation‐induced	hyperalgesia.	The	
observation	 that	 LysM‐GRK2+/‐	 mice	 have	 normal	 microglial	 GRK2	 levels	 strengthened	 our	
hypothesis	 that	 peripheral	monocyte/macrophages	 are	 crucial	 to	 regulate	 the	 transition	 from	
acute	 to	 chronic	 pain.	 In	 addition	 we	 found	 that	 intraplantar	 IL‐1	 administration	 in	 LysM‐
GRK2+/‐	 mice	 induces	 persistent	 hyperalgesia,	 decreases	 the	 level	 of	 miR‐124	 in	 spinal	 cord	
microglia	and	increases	the	expression	of	spinal	M1	type	phenotypic	markers.	In	addition,	miR‐
124	 treatment	 reverses	 persistent	 carrageenan‐induced	 hyperalgesia	 and	 prevents	 the	
development	of	chronic	neuropathic	pain	in	WT	mice.	We	identified	that	the	ongoing	microglia	
activity	in	LysM‐GRK2+/‐	mice	is	maintained	via	the	fractalkine	loop.	Taken	these	data	together,	
we	 propose	 that	 LysM‐GRK2+/‐	 mice	 can	 be	 used	 as	 a	 model	 to	 investigate	 mechanisms	 of	
chronic	 pain.	 In	 addition,	we	 describe	 here	 a	 novel	 p38	MAPK	 inhibitor,	 FGA‐19,	which	 is	 an	
effective	 inhibitor,	 since	 FGA‐19	 treatment	 can	 completely	 reverse	 the	 carrageenan‐induced	
persistent	hyperalgesia	 in	LysM‐GRK2+/‐	mice.	 Finally,	we	 found	genetic	 variants	nearby	CCT5	
and	FAM173b	gene	in	patients	with	chronic	widespread	pain.	The	expression	of	these	genes	are	
up	regulated	in	the	spinal	cord	of	mice	with	inflammatory	pain,	thus	representing	novel	target	
genes	that	are	involved	in	pathological	pain.		

In	 conclusion	 the	 studies	 described	 in	 this	 thesis	 give	 more	 insight	 into	 the	 neurobiological	
mechanisms	of	chronic	inflammatory	pain,	leading	not	only	to	more	fundamental	knowledge	on	
the	development	of	chronic	pain	but	also	to	uncovering	of	some	interesting	novel	options	for	the	
treatment	of	chronic	pain.		
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Pijn	 is	 een	 belangrijk	 beschermend	 signaal.	 Specifieke	 receptoren	 in	 perifere	 zenuwcellen	
(neuronen),	 zogenoemde	 nociceptoren,	 detecteren	 en	 reageren	 op	 de	 aanwezigheid	 van	
mogelijk	 schadelijke	 stimuli,	 zoals	 hitte,	 druk,	weefselschade	 of	 een	 ontsteking,	 om	mogelijke	
(verdere)	 weefselbeschadiging	 te	 voorkomen.	 De	 ontstekingsmediatoren	 die	 geproduceerd	
worden	tijdens	weefselschade	en/of	ontsteking	kunnen	de	gevoeligheid	voor	signalering	van	de	
nociceptoren	 veranderen.	 Bijvoorbeeld	 een	 verhoogde	 gevoeligheid	 voor	 pijnlijke	 prikkels	
(hyperalgesie)	 of	 voor	 prikkels	 die	 normaal	 gesproken	 geen	 pijn	 zouden	 veroorzaken	
(allodynia).	 Pijnprikkels	 kunnen	 lokaal	 gedetecteerd	 worden	 door	 perifere	 neuronen	 of	 door	
neuronen	 in	 het	 centrale	 zenuwstelsel,	 zoals	 in	 het	 ruggenmerg,	 waar	 de	 pijnprikkels	
uiteindelijk	 naar	 de	 hersenen	 worden	 geleid.	 In	 het	 ruggenmerg	 zijn	 naast	 neuronen	 ook	
microglia	en	astrocyten	(ontstekingscellen)	aanwezig,	die	de	gevoeligheid	van	neuronen	kunnen	
reguleren	 en	 dus	 ook	 een	 belangrijke	 rol	 spelen	 tijdens	 hyperalgesie.	 Normaal	 zijn	 de	
fysiologische	veranderingen	van	de	nociceptoren	van	tijdelijke	aard	en	kunnen	zo	beschermen	
tegen	verdere	weefselschade.	Echter,	in	sommige	gevallen	kan,	nadat	de	weefselbeschadiging	is	
genezen	 of	 de	 ontsteking	 voorbij	 is,	 een	 verhoogde	 gevoeligheid	 van	 de	 nociceptoren	 blijven	
bestaan	 hetgeen	 zich	 vertaalt	 in	 de	 ontwikkeling	 van	 chronische	 pijn.	 Het	 ontstaan	 van	
chronische	pijn	 is	 een	 groot	 klinisch	probleem	omdat	 de	 huidige	 therapieën	nog	niet	 effectief	
genoeg	zijn	om	chronische	pijn	te	voorkomen	of	te	bestrijden.	Daarom	is	er	een	grote	behoefte	
om	 nieuwe	 therapeutische	 targets	 te	 identificeren.	 Om	 deze	 therapeutische	 targets	 te	
ontdekken,	moeten	we	het	mechanisme	ontrafelen	dat	verantwoordelijk	is	voor	het	ontstaan	en	
onderhouden	van	chronische	pijn.		

Veel	ontstekingsmediatoren	(zoals	chemokines,	cytokines	en	neurotransmitters)	binden	aan	een	
specifieke	familie	van	receptoren,	genaamd	G	proteïne‐gekoppelde‐receptoren	(GPCRs).	GPCRs	
zijn	aanwezig	aan	de	oppervlakte	van	cellen	en	spelen	een	rol	bij	het	doorgeven	van	signalen.	
Wanneer	 een	 ontstekingsmediator	 bindt	 aan	 de	 GPCR	 worden	 G	 proteïne‐gekoppelde‐
receptoren‐kinases	 (GRKs)	 geactiveerd.	 GRKs	 fosforyleren	 de	 receptor	 waardoor	 de	 GPCR	
ongevoelig	wordt	 gemaakt.	 Tevens	wordt	 de	 GPCR	 verwijderd	 van	 de	 oppervlakte	 van	 de	 cel	
(internalisatie),	 zodat	 de	 receptor	 niet	 meer	 geactiveerd	 kan	 worden.	 GRKs	 hebben	 dus	 een	
belangrijke	functie	in	het	reguleren	van	de	gevoeligheid	van	de	GPCR	en	zijn	essentieel	om	GPCR	
signalering	te	beëindigen,	een	proces	dat	overstimulatie	van	cellen	voorkomt.	Recent	onderzoek	
heeft	uitgewezen	dat	GRKs	niet	alleen	GPCRs	reguleren,	maar	dat	GRKs	ook	aan	andere	eiwitten	
kunnen	binden	om	signalering	van	de	cel	te	beïnvloeden.		

Recent	heeft	onze	onderzoeksgroep	aangetoond	dat	het	gehalte	van	een	bepaald	GRK‐subtype,	
namelijk	 GRK2,	 is	 verlaagd	 in	 witte	 bloedcellen	 van	 patiënten	 met	 een	 chronische	
ontstekingsziekte,	zoals	reumatoïde	artritis	of	multiple	sclerosis.	Hetzelfde	geldt	in	diermodellen	
voor	 deze	 ziektes.	 In	 verschillende	 celkweken	 is	 aangetoond	 dat	 ontstekingsmediatoren	 het	
gehalte	van	GRK2	verlagen.	Dit	geeft	aan	dat	tijdens	chronische	ontsteking	GRK2	verlaagd	wordt	
door	de	geproduceerde	ontstekingsmediatoren.	Recent	heeft	onze	onderzoeksgroep	aangetoond	
dat	in	het	ruggenmerg	van	ratten	met	neuropatische	pijn	(zenuwpijn)	het	GRK2	gehalte	met	35‐
55%	verlaagd	was.	Vervolgens	 is	 bestudeerd	wat	de	 gevolgen	 zijn	 van	 een	 laag	GRK2‐gehalte	
voor	het	ontstaan	van	ontstekings‐geïnduceerde	 chronische	pijn.	Hiervoor	 is	 gebruik	gemaakt	
van	 knock‐out	 muizen	 met	 een	 partiële	 deletie	 van	 het	 GRK2‐gen,	 ook	 wel	 GRK2+/‐	 muizen	
genoemd	 (ongeveer	 50%	 reductie	 in	 het	 GRK2	 eiwit)	 en	 als	 controle	werden	wild	 type	 (WT)	
muizen	gebruikt.	Een	ontsteking	werd	geïnduceerd	door	het	toedienen	van	carrageenan	(stofje	
geïsoleerd	uit	zeewier)	in	de	poot	van	de	muis	en	vervolgens	werd	de	thermische	gevoeligheid	
van	de	muis	getest	met	de	“Hargreaves	Test”.	In	deze	test	wordt	een	warmtebron	op	de	poot	van	
de	muis	gericht	en	gemeten	wordt	hoe	snel	de	muis	zijn	pootje	wegtrekt.	Hoe	eerder	de	muis	
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reageert,	hoe	gevoeliger	het	dier	is	voor	de	thermische	prikkel.	Carrageenan	injectie	in	de	poot	
van	WT	muizen	induceert	gedurende	2‐3	dagen	thermische	hyperalgesie	in	WT	muizen,	terwijl	
GRK2+/‐	muizen	een	verhoogde	 en	 langdurige	hyperalgesia	 ontwikkelen	die	drie	weken	duurt.	
Ook	 andere	 ontstekingsstofjes	 (zoals	 PGE2,	 CCL3,	 adrenaline)	 induceren	 chronische	
hyperalgesie	 in	 GRK2+/‐	 muizen.	 Door	 het	 gebruik	 van	 celspecifieke	 knock‐out	 muizen,	 kan	
onderzocht	worden	welke	celtypen	een	rol	 spelen	 in	het	ontstaan	van	chronische	pijn.	Recent	
heeft	 onze	 onderzoeksgroep	beschreven	dat	muizen	met	 een	 verlaagd	GRK2‐gehalte	 in	 LysM‐
positieve	 cellen	 (zoals	 microglia/macrofagen/granulocyten),	 ook	 wel	 LysM‐GRK2+/‐	 muizen	
genoemd,	chronische	hyperalgesie	ontwikkelen	na	een	carrageenan	injectie	in	de	poot.	Daarbij	is	
aangetoond	 dat	 in	 GRK2+/‐	 muizen	 de	 ontstekings‐geïnduceerde	 chronische	 pijn	 geremd	 kan	
worden	 door	 microglia/macrofagen	 activiteit	 in	 het	 ruggenmerg	 te	 dempen.	 Deze	 eerdere	
bevindingen	 suggereren	 dat	 GRK2	 in	 microglia/macrofagen	 een	 cruciale	 factor	 is	 voor	 het	
regelen	 van	 ontstekingsgeïnduceerde	 hyperalgesie.	 Het	 hoofddoel	 van	 de	 studies,	 welke	 zijn	
beschreven	 in	 dit	 proefschrift,	 was	 om	 de	 rol	 van	 GRK2	 tijdens	 ontstekingsgeïnduceerde	
chronische	hyperalgesie	te	bestuderen	en	nieuwe	neurobiologische	mechanismes	te	ontrafelen.		

Hoofdstuk	 2	 laat	 zien	 dat	 het	 GRK2‐gehalte	 verlaagd	 is	 (ongeveer	 met	 40%)	 in	
microglia/macrofagen	geïsoleerd	uit	het	ruggenmerg	van	muizen	met	ontstekingsgeïnduceerde	
chronische	hyperalgesie.	De	rol	van	GRK2	in	microglia/macrofagen	is	vervolgens	bestudeerd	in	
muizen	met	chronische	hyperalgesie.	Hyperalgesie	werd	geïnduceerd	door	een	injectie	met	het	
pro‐inflammatoire	 cytokine	 IL‐1	 in	 de	 poot	 van	 WT	 en	 LysM‐GRK2+/‐	 muizen.	 Een	 sterke	
verlenging	 van	 de	 hyperalgesie	 werd	 waargenomen	 in	 LysM‐GRK2+/‐	 muizen	 (>	 8	 dagen)	 in	
vergelijking	 tot	WT	muizen	 (<	1	dag).	Een	 laag	GRK2‐gehalte	 in	neuronen	of	 in	astrocyten	gaf	
geen	 verschil	 in	 de	 intensiteit	 en	 de	 duur	 van	 de	 hyperalgesie.	 De	 chronische	 hyperalgesie	 in	
LysM‐GRK2+/‐	 muizen	 kan	 geremd	 worden	 door	 de	 microglia/macrofagen	 activiteit	 in	 het	
ruggenmerg	te	dempen.	Dit	geeft	aan	dat	microglia/macrofaag	activiteit	een	cruciale	rol	speelt	in	
het	onderhouden	van	de	chronische	hyperalgesie	in	LysM‐GRK2+/‐	muizen.	Daarnaast	bleek	dat	
de	 chronische	 hyperalgesie	 wordt	 onderhouden	 door	 het	 activeren	 van	 de	 fractalkine	
signaleringsroute	 in	 het	 ruggenmerg	 van	 LysM‐GRK2+/‐	 muizen.	 Door	 het	 remmen	 van	 deze	
route	 en	 van	 specifieke	 signaleringseiwitten	 p38	 en	 IL‐1	 kunnen	 we	 namelijk	 de	 chronische	
hyperalgesie	 opheffen	 in	LysM‐GRK2+/‐	muizen.	De	 resultaten	 in	dit	 hoofdstuk	 suggereren	dat	
een	chronische	ontsteking	het	GRK2‐gehalte	 in	microglia/macrofagen	doet	verlagen,	waardoor	
microglia/macrofaag	 activiteit	 in	 het	 ruggenmerg	 niet	 gedempt	 wordt.	 Hierbij	 wordt	 de	
fractalkine	signaleringsroute	wordt	geïnitieerd,	wat	vervolgens	bijdraagt	aan	het	ontstaan	van	
IL‐1	geïnduceerde	chronische	hyperalgesie.		

In	 hoofdstuk	 3	 beschrijven	 we	 hoe	 de	 microglia/macrofaag	 activiteit	 in	 het	 ruggenmerg	
gereguleerd	wordt	 en	welk	 signaal	 ervoor	kan	 zorgen	dat	deze	 activiteit	 geremd	kan	worden.	
Recent	 is	 beschreven	 dat	 microRNA‐124	 (miR‐124)	 microglia	 activiteit	 kan	 dempen.	 Ons	
genetisch	 materiaal	 is	 opgeslagen	 in	 DNA.	 RNA	 kopieert	 de	 genetische	 informatie	 en	 kan	
vervolgens	de	eiwitsynthese	regelen.	MicroRNA	is	een	niet‐coderend	stuk	RNA	maar	het	kan	wel	
de	 expressie	 van	 genen	 reguleren	 door	 bijvoorbeeld	 stukjes	 coderend	RNA	 af	 te	 breken	 of	 te	
voorkomen	 dat	 eiwitsynthese	 plaatsvindt.	 Hoofdstuk	 3	 laat	 zien	 dat	 miR‐124	 expressie	
significant	 verlaagd	 is	 in	 microglia	 van	 LysM‐GRK2+/‐	 muizen	 in	 vergelijking	 tot	 geïsoleerde	
microglia	van	WT	muizen	na	IL‐1	injectie	in	de	poot.	Na	injectie	van	IL‐1	in	de	poot	is	er	een	
meer	pro‐inflammatoire	fenotype,	zogenaamd	M1‐type,	en	minder	anti‐inflammatoire	fenotype,	
zogenaamd	M2‐type,	zichtbaar	in	het	ruggenmerg	van	LysM‐GRK2+/‐	muizen.	Als	LysM‐GRK2+/‐	

muizen	een	miR‐124	injectie	in	het	ruggenmerg	krijgen,	voorafgaand	aan	injectie	van	IL‐1	in	de	
poot,	 wordt	 de	 M1/M2	 ratio	 genormaliseerd.	 Daarbij	 hebben	 we	 de	 belangrijke	 bevinding	
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gedaan	dat	miR‐124	het	ontwikkelen	van	de	chronische	hyperalgesie	voorkomt.	Daarnaast	zien	
we	 in	 WT	 muizen	 dat	 miR‐124	 injectie	 carrageenan‐geïnduceerde	 hyperalgesie	 remt	 en	 dat	
chronische	 neuropatische	 pijn	 voorkomen	wordt	 na	 zenuwschade.	 Dit	 geeft	 aan	 dat	miR‐124	
behandeling	een	nieuw	methode	kan	worden	voor	het	behandelen	van	chronische	pijn.	

In	 hoofdstuk	 4	 beschrijven	we	 of	 specifieke	 perifere	 cellen,	 namelijk	macrofagen/monocyten,	
bijdragen	 aan	 het	 ontstaan	 van	 chronische	 pijn.	 Als	 we	 deze	 cellen	 depleteren	 ontstaat	 er	
chronische	 hyperalgesie	 in	 WT	 muizen	 (>	 1	 week)	 na	 injectie	 van	 IL‐1terwijl	 WT	 muizen	
normaalgesproken	alleen	acute	hyperalgesie	ontwikkelen	(<	1	dag).Daarentegen	heeft	depletie	
van	 macrofagen/monocyten	 in	 LysM‐GRK2+/‐	 muizen	 geen	 effect	 op	 het	 verloop	 van	 de	
hyperalgesie	 en	 deze	 blijft	 dus	 chronisch.	 Deze	 bevinding	 geeft	 aan	 dat	 perifere	
monocyten/macrofagen	een	cruciale	rol	spelen	in	het	voorkomen	van	de	transitie	van	acute	naar	
chronische	 hyperalgesie.	 Vervolgens	 hebben	 we	 vooraf	 aan	 IL‐1	 in	 de	 poot,	WT	monocyten	
overgebracht	 naar	 LysM‐GRK2+/‐	 muizen	 wat	 het	 ontstaan	 van	 chronische	 pijn	 voorkomt.	
Daarentegen	heeft	het	overbrengen	van	GRK2+/‐	monocyten	in	LysM‐GRK2+/‐	muizen	geen	effect	
op	 het	 verloop	 van	 de	 hyperalgesie	 en	 blijft	 deze	 dus	 chronisch.	 Dit	 suggereert	 dat	 WT	
monocyten	 een	 bepaalde	 stof	 produceren	 die	 de	 transitie	 van	 acute	 naar	 chronische	
hyperalgesia	kan	voorkomen.	Op	celniveau	vonden	we	dat	GRK2+/‐	macrofagen	minder	het	anti‐
inflammatoire	cytokine	IL‐10	produceren	dan	WT	macrofagen.	Daarbij	geeft	IL‐10	behandeling	
een	tijdelijke	remming	van	IL‐1‐geïnduceerde	chronische	hyperalgesie	in	LyM‐GRK2+/‐	muizen.	
Als	we	IL‐10	wegvangen	in	WT	muizen,	ontwikkelen	deze	muizen	chronische	hyperalgesie	na	IL‐
1	in	de	poot.	Daarnaast	hebben	we	in	hoofdstuk	4	beschreven	dat	het	overbrengen	van	IL10‐/‐	
monocyten	(deze	brengen	geen	IL‐10	tot	expressie)	naar	LysM‐GRK2+/‐	muizen	het	ontstaan	van	
IL‐1‐geïnduceerde	 chronische	 hyperalgesie	 niet	 kan	 voorkomen.	 Dit	 geeft	 aan	 dat	 IL‐10	 een	
belangrijk	anti‐inflammatoir	cytokine	is	dat	de	transitie	van	acute	naar	chronische	hyperalgesie	
kan	 reguleren.	 Wij	 suggereren	 dat	 perifere	 macrofagen/monocyten	 met	 laag	 GRK2	 een	
verlaagde	IL‐10	expressie	hebben,	wat	ertoe	leidt	dat	de	microglia‐activiteit	in	het	ruggenmerg	
niet	 gedempt	 wordt	 en	 zo	 chronische	 hyperalgesie	 ontstaat.	 De	 suggestie	 dat	 perifere	
macrofagen/monocyten	cruciaal	zijn	voor	de	regulatie	van	ontstekings‐geïnduceerde	pijn	wordt	
versterkt	door	de	interessante	bevinding	dat	LysM‐GRK2+/‐	muizen	een	verlaagd	GRK2	gehalte	
hebben	in	perifere	macrofagen,	maar	normale	GRK2	gehaltes	hebben	in	geïsoleerde	microglia	uit	
het	ruggenmerg	(hoofdstuk	4).		

In	 hoofdstuk	 5	 beschrijven	 we	 de	 ontwikkeling	 van	 een	 nieuw	 potentieel	 medicijn	 om	
chronische	pijn	te	bestrijden.	Het	signaleringsmolecuul	p38	MAPK	is	een	belangrijk	molecuul	dat	
de	productie	van	verschillende	ontstekingsmediatoren	reguleert.	In	verschillende	diermodellen	
is	aangetoond	dat	p38	MAPK	verhoogd	is	tijdens	chronische	pijn	en	dat	een	p38	MAPK	remmer	
de	pijn	 tijdelijk	kan	 remmen.	Verschillende	academische	groepen	en	 farmaceutische	bedrijven	
hebben	onderzoek	verricht	naar	het	ontwikkelen	van	een	p38	MAPK	remmer.	Zelfs	is	een	aantal	
van	 deze	 remmers	 al	 getest	 op	 patiënten,	 met	 bijvoorbeeld	 reumatoïde	 artritis,	 maar	 helaas	
waren	de	resultaten	teleurstellend.	De	meeste	van	deze	p38	MAPK	remmers	zijn	gemaakt	tegen	
een	bepaalde	plek	op	het	p38	MAPK	molecuul,	maar	deze	plek	komt	ook	voor	op	verschillende	
andere	eiwitten,	en	is	dus	niet	uniek.	Dit	is	zeer	nadelig,	want	hierdoor	kan	ook	de	activiteit	van	
andere	eiwitten	beïnvloed	worden.	Daarom	is	er	een	grote	behoefte	om	nieuwe	meer	specifieke	
p38	MAPK	remmers	te	ontwikkelen.	Recent	is	beschreven	dat	een	nieuwe,	meer	specifieke	plek	
op	 het	 p38	MAPK	molecuul	 gevonden	 is	 en	 door	 het	 blokkeren	 van	 deze	 plek	 het	 p38	MAPK	
molecuul	minder	activiteit	heeft.	Met	deze	kennis	hebben	we	 in	hoofdstuk	5	onderzocht	of	we	
een	nieuwe	remmer	tegen	deze	mogelijk	specifiekere	plek	op	het	p38	MAPK	molecuul	kunnen	
ontwikkelen.	We	hebben	verschillende	moleculen	ontwikkeld	en	getest,	waarvan	molecuul	FGA‐
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19	het	meest	potentieel	bleek	 te	hebben.	We	vonden	namelijk	op	 celniveau	dat	een	verlaagde	
p38	MAPK	activiteit	 ontstaat	 na	 een	 FGA‐19	behandeling.	Daarnaast	 kunnen	we	 carrageenan‐
geïnduceerde	chronische	hyperalgesie	remmen	met	een	FGA‐19	injectie	in	het	ruggenmerg	van	
WT	 muizen.	 Het	 pijnstillend	 effect	 van	 FGA‐19	 is	 duidelijk	 langduriger	 (>	 5	 dagen)	 in	
vergelijking	 tot	 de	 commercieel	 verkrijgbare	 p38	 MAPK	 remmer,	 SB239063	 (<	 6	 uur).	 In	 de	
toekomst	zullen	we	verder	onderzoeken	of	 een	FGA‐19	behandeling	geen	nadelige	aspecifieke	
bijwerkingen	heeft.	We	suggereren	dat	FGA‐19	een	potentieel	nieuw	medicijn	kan	zijn	voor	het	
behandelen	van	chronische	hyperalgesie.			

In	 hoofdstuk	 6	 hebben	 we	 een	 genetisch	 onderzoek	 uitgevoerd	 in	 patiënten	 met	 “chronic	
widespread	 pain	 (CWP)”,	 ook	wel	 bekend	 als	 fybromyalgie.	 Het	 doel	 hiervan	 is	 om	 eventuele	
nieuwe	genen	te	ontdekken	die	betrokken	kunnen	zijn	bij	het	ontstaan	van	chronische	pijn.	Het	
DNA	is	uit	bloed	geïsoleerd	van	1308	patiënten	met	CWP	en	5791	controles.	Het	DNA	is	gebruikt	
om	een	enkel‐nucleotide	polymorfisme	te	ontdekken	(Engels:	Single	nucleotide	polymorphism,	
afgekort	als	SNP),	wat	betekent	dat	één	bouwsteen	(nucleotide)	op	één	specifieke	plaats	in	het	
DNA	veranderd	is.	Van	elke	persoon	zitten	in	het	DNA	grote	hoeveelheden	SNP’s	(>	5	miljoen),	
doordat	er	kleine	foutjes	ontstaan	bij	het	kopiëren	van	het	DNA.	Meestal	heeft	dit	geen	nadelig	
effect.	In	sommige	gevallen,	echter,	kan	een	bepaalde	SNP	de	functie	van	een	gen	beïnvloeden.	In	
hoofdstuk	6	vinden	we	dat	één	bepaalde	SNP	significant	vaker	voorkomt	in	patiënten	met	CWP	
in	vergelijking	met	controledonoren	zonder	chronische	pijn.	Deze	SNP	ligt	in	de	buurt	van	twee	
verschillende	 genen,	 namelijk	 CCT5	 en	 FAM173b.	 We	 hebben	 aangetoond	 dat	 muizen	 met	
chronische	pijn	een	verhoging	hebben	van	het	CCT5	en	FAM173b	eiwit.	Dit	 is	een	interessante	
bevinding	 en	 kan	 klinisch	 zeer	 interessant	 zijn	 om	 nieuwe	 aanknopingspunten	 te	 vinden	 om	
chronische	pijn	te	bestrijden.	

De	resultaten	beschreven	in	dit	proefschrift	laten	zien	dat	perifere	monocyten/macrofagen	een	
cruciale	rol	spelen	in	het	voorkómen	van	ontstekings‐geïnduceerde	chronische	hyperalgesie.	We	
suggereren	dat	een	laag	GRK2‐gehalte	in	perifere	macrofagen	ertoe	leidt	dat	er	een	verlaagde	IL‐
10	productie	is,	wat	er	vervolgens	toe	leidt	dat	microglia	en	de	fractalkine	signaleringsroute	in	
het	 ruggenmerg	 geactiveerd	 worden,	 wat	 bijdraagt	 aan	 het	 ontstaan	 van	 chronische	
hyperalgesie.	 Daarnaast	 suggereren	 we	 dat	 een	 afwijkende	 miR‐124	 productie	 ervoor	 kan	
zorgen	dat	microglia	activatie	niet	wordt	uitgeschakeld.	Verder	zijn	in	dit	proefschrift	mogelijke	
nieuwe	opties	weergeven	voor	het	bestrijden	van	chronische	pijn.	De	studies	die	zijn	uitgevoerd	
geven	 nieuwe	 inzichten	 in	 welke	 mechanismes	 betrokken	 kunnen	 zijn	 bij	 het	 ontstaan	 van	
chronische	 ontstekingspijn.	 Deze	 nieuwe	 gegevens	 kunnen	 helpen	 bij	 het	 ontwikkelen	 van	
nieuwe	medicijnen	die	chronische	pijn	kunnen	bestrijden.	
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voelt	 en	 ik	 ben	 blij	 dat	 we	 je	 nog	 regelmatig	 in	 het	 lab	 of	 via	 skype	 zien.	 Fijn	 dat	 ik	 mijn	
onderzoek	in	het	NIDOD‐lab	kan	voortzetten!	

Hooggeleerde	 Professor	 Kavelaars,	 beste	 Annemieke,	 bedankt	 voor	 alles!	 Ik	 heb	 veel	 geleerd	
over	 hoe	 je	 nou	 eigenlijk	 goed	 onderzoek	 doet.	 Naast	 de	 vele	 theoretische	 kennis	 had	 je	 ook	
altijd	 veel	 tips	 en	 ideeën	over	hoe	 je	 een	experiment	 goed	kunt	uitvoeren.	 Jouw	kritische	blik	
heeft	er	mede	toe	bijgedragen	dat	er	een	paar	mooie	publicaties	de	deur	uit	zijn	gegaan.	 Jouw	
snelle	reacties	hebben	er	ook	zeker	aan	bijgedragen	dat	ik	mijn	proefschrift	in	december	bij	de	
commissie	 heb	 kunnen	 inleveren.	 Ik	 vind	 het	 leuk	 dat	 ik	 je	 eerste	Nederlandse	 promovendus	
ben;	 met	 ook	 jou	 als	 promotor,	 heb	 ik	 er	 nu	 gewoon	 twee!	 Ik	 wil	 je	 veel	 succes	 wensen	 in	
Houston,	maar	volgens	mij	heb	je	je	plek	daar	al	goed	gevonden.	Ik	hoop	dat	we	nog	een	lange	
tijd	kunnen	samenwerken.		

Zeergeleerde	Dr.	Eijkelkamp,	beste	Niels,	leuk	dat	jij	mijn	co‐promotor	bent!	Als	pijngoeroe	heb	
je	 me	 de	 beginselen	 van	 het	 pijnonderzoek	 geleerd,	 bedankt	 daarvoor!	 Ik	 kan	 me	 nog	 goed	
herinneren	dat	 jij	me	 introduceerde	op	het	GDL	om	voor	het	eerst	met	muizen	 te	werken,	dat	
was	even	wennen!	 Je	bent	een	erg	gezellige	collega	en	we	hebben	veel	 leuke	borrels,	uitjes	en	
feestjes	gehad.	Twee	jaar	heb	je	in	Londen	gezeten	en	nu	ben	je	alweer	bijna	een	jaar	terug	op	
het	NIDOD‐lab.	Nu	heb	je	een	belangrijke	verantwoordelijke	functie	gekregen,	wat	erg	spannend	
is,	maar	ik	weet	zeker	dat	je	snel	je	draai	daarin	zult	vinden.	Ik	vind	het	een	hele	leuke	uitdaging	
om	 samen	 met	 het	 pijnonderzoek	 verder	 te	 gaan	 en	 hopelijk	 kunnen	 we	 de	 groep	 snel	 wat	
uitbreiden.	Op	naar	spannende	nieuwe	publicaties!	

Next	I	like	to	thank	my	ex‐colleagues	in	the	pain	group:	Dear	Huijing,	it	was	really	nice	working	
together	with	you!	You	helped	me	a	lot	with	the	animal	experiments	and	you	are	the	expert	in	
DRG‐isolation	and	 intrathecal	 injections.	During	our	work	we	also	 laughed	a	 lot,	 since	often	 it	
was	a	mess,	but	finally	we	got	some	nice	results.	Thank	you	for	all	your	help!	You	are	not	only	a	
great	researcher	but	also	a	nice	person	to	have	around.	I	really	miss	you	but	I	am	very	glad	for	
you	that	you	are	back	in	China	with	your	husband,	daughter,	family	and	friends.	Best	of	luck	with	
your	career	and	we	keep	in	touch!	Dear	Anibal,	 it	was	nice	to	collaborate	with	you	on	the	pain	
projects.	But	next	to	work,	it	was	even	nicer	to	have	you	as	a	colleague,	since	you	are	a	person	
with	 a	 good	 sense	 of	 humor.	 We	 laughed	 a	 lot!	 With	 our	 Spanglish,	 Dunglish	 and	 hands	 we	
understood	each	other	quite	well.	When	you	 left	 to	Germany	 it	became	a	 little	bit	quiet	 in	 the	
PhD‐room…	Good	luck	with	everything!	Ilona,	bedankt	voor	alle	hulp	bij	mijn	dierexperimenten!	
Veel	succes	met	je	carrière	in	Amsterdam.	

Dan	mijn	paranimfen,	Debby	en	Chantal:	lieve	Debby,	super	leuk	dat	jij	mijn	paranimf	wilt	zijn!	
Ook	al	behoorde	je	tot	de	RSV‐groep,	je	was	gewoon	een	echte	collega.	Je	was	een	erg	gezellige	
buurvrouw,	we	hebben	veel	gelachen	op	het	werk	en	daarbuiten.	Ik	miste	wel	een	beetje	jouw	
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vrolijkheid	en	gezelligheid	toen	jij	een	nieuwe	baan	kreeg	en	niet	meer	naast	me	zat.	Leuk	dat	we	
elkaar	 nog	 regelmatig	 zien!	 Erg	 speciaal	 dat	 ik	 jouw	 zwangere	 paranimf	 was	 en	 dat	 het	 nu	
andersom	is.	Ik	hoop	dat	we	nog	regelmatig	gezellige	dates	hebben,	binnenkort	met	z’n	zessen!	
Lieve	 Chantal,	 bedankt	 dat	 jij	mijn	 paranimf	wilt	 zijn!	 Naast	 die	mooie	 foto	 van	 Elmar	 in	 het	
academiegebouw,	komt	nu	een	mooie	foto	van	jou	te	hangen.	We	zijn	al	29	jaar	vriendinnetjes,	
het	voelt	eigenlijk	meer	als	familie,	en	we	hebben	al	veel	mooie	en	moeilijke	momenten	gedeeld.	
Eén	van	de	mooie	momenten	was	 samen	zwanger	zijn	en	dat	 jij	 zo’n	mooie	 lieve	Tijme	op	de	
wereld	heb	gezet.	Ik	vind	het	heel	fijn	dat	jij	bij	dit	speciale	moment	voor	mij	bent.	Ik	hoop	dat	
we	 nog	 ons	 hele	 leven	 veel	 gezellige	 dagjes‐uit,	 etentjes,	 weekendjes‐weg	met	 z’n	 zessen	 (of	
meer)	mogen	hebben.			

Dan	de	post‐docs	van	het	NIDOD‐lab.	Lieve	Cora	en	Cindy,	al	heel	wat	jaartjes	zijn	we	collega’s.	
Op	het	werk,	maar	ook	vooral	daarbuiten	is	het	altijd	erg	gezellig	met	jullie,	bedankt!	Cindy,	heel	
veel	succes	in	de	VS!	Ik	hoop	dat	je	je	er	snel	thuis	voelt	en	je	gaat	daar	vast	een	hele	mooie	tijd	
tegemoet.	We	zullen	al	jouw	kennis	zeker	gaan	missen	en	natuurlijk	ook	jou	als	persoon.	Cora,	de	
nieuwe	“mama”	van	de	groep	.	Ik	heb	er	bewondering	voor	dat	je	begaan	bent	met	iedereen	en	
je	zorgt	daardoor	ook	mede	voor	een	goede	sfeer	op	het	NIDOD‐lab.	Daarnaast	vind	ik	het	knap	
dat	 jij	 nu	 je	 eigen	 groepje	 aan	 het	 creëren	 bent.	 Ik	 weet	 zeker	 dat	 er	 voor	 jou	 behalve	 een	
spannende	ook	een	mooie	tijd	aankomt.	Ik	hoop	dat	we	nog	lang	collegaatjes	zijn!	

Lieve	kamergenootjes,	Hilde,	Marcel,	Elke,	Vanessa,	Emiel	en	Luca.	Ik	wens	jullie	veel	succes	met	
het	afronden	van	jullie	promotieonderzoek.	Jullie	zijn	leuke	collega’s!	Hilde,	je	bent	een	erg	leuke	
en	gezellige	buurvrouw,	hopelijk	blijven	we	dat	nog	even.	Je	bent	een	slimme	dokter	en	over	een	
tijdje	ook	nog	eens	doctor!	Succes	met	alles!	Marcel,	ook	al	ben	je	in	je	eentje	de	RSV‐groep,	wij	
zijn	 blij	 dat	 we	 je	 een	 beetje	 geadopteerd	 hebben	met	 het	 NIDOD‐lab.	 Succes	 met	 de	 laatste	
loodjes!	Lieve	Marijke	en	Lotte,	ex‐kamergenootjes,	bedankt	voor	jullie	interesse	en	gezelligheid.	
Marijke,	bedankt	voor	het	helpen	met	allerlei	dingen;	bestellingen,	antibodies	overzicht	maken,	
promotiezaken	regelen	etc.	Lotte,	veel	succes	in	het	St.	Antonius,	nu	lekker	als	doctor	dokteren.	

Lieve	Jitske,	Karima	en	Mirjam,	al	lange	tijd	dé	analisten	van	het	lab.	Bedankt	voor	al	jullie	hulp!	
Jitske,	jou	mogen	we	wel	de	labgoeroe	noemen!	Je	weet	zoveel	van	bijna	alle	technieken	en	ook	
regeldingen.	 Jij	 hebt	 mij	 wegwijs	 gemaakt	 op	 het	 lab	 en	 ik	 heb	 veel	 van	 je	 geleerd,	 enorm	
bedankt	daarvoor!	Bedankt	voor	alle	kleuringen,	er	staan	een	aantal	mooie	door	jouw	gemaakte	
foto’s	in	dit	proefschrift.	Nog	eventjes	en	dan	ga	je	genieten	van	je	pensioen;	wat	zullen	we	jouw	
kennis	en	jou	als	persoon	enorm	gaan	missen!	Karima,	wij	zijn	ongeveer	tegelijk	op	het	NIDOD‐
lab	begonnen,	dus	ook	wij	zijn	al	een	hele	 tijd	collegaatjes,	dat	schept	een	bijzondere	band!	 Je	
bent	een	leuke	collega	en	ook	regelmatig	een	gezellig	reisgenootje.	Mirjam,	de	laatste	tijd	ben	je	
steeds	 vaker	 betrokken	 bij	 experimenten	 voor	 het	 pijnonderzoek.	 Bedankt	 dat	 je	 kunt	 helpen	
met	de	celkweken,	transfecties,	microscopie	etc.		

Ik	heb	aardig	wat	uurtjes	doorgebracht	op	het	GDL,	 iedereen	bedankt	voor	het	bijhouden	van	
fokken,	dieren	verzorgen,	bestellingen	doen	en	helpen	bij	al	mijn	vragen.	Vooral	Anja,	Manuela,	
Helma,	Tamara,	Herma	en	Sabine	bedankt	voor	alles!	Sabine,	leuk	dat	jij	nu	mijn	directe	collega	
bent	geworden.	We	zijn	blij	dat	je	nu	op	het	NIDOD‐lab	werkt,	hopelijk	gaan	we	flink	wat	jaartjes	
samenwerken.	Bedankt	voor	al	jouw	hulp!	

Dan	mijn	ex‐collegaatjes:	lieve	Jessica,	je	was	een	leuke	en	gezellige	collega.	Ik	vind	het	daarom	
ook	fijn	dat	we	elkaar	nog	af	en	toe	zien.	Veel	succes	met	je	nieuwe	baan!	Beste	Michael,	wat	was	
jij	een	goede	sfeermaker	 in	de	groep!	Wat	heb	 ik	veel	met	 je	gelachen!	Volgens	mij	heb	 jij	het	
goed	naar	je	zin	in	Lausanne.	Hopelijk	zie	ik	je	weer	eens	een	keertje!	Lieve	Maike	en	Mirjam,	dé	
psychologen	van	de	groep,	bedankt	voor	de	 leuke	gesprekken	en	de	gezellige	 tijd.	Leuk	dat	 ik	
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jullie	nog	soms	tegenkom!	Alle	andere	ex‐collega’s:	Pieter,	Mariska,	Moniek,	Noëline,	Margarida,	
Linda,	Esther,	Michaël,	Zabi,	Anne,	Paula	en	de	rest,	bedankt	voor	de	gezelligheid	op	het	werk,	
maar	ook	tijdens	borrels,	etentjes,	bowlen,	feestjes	en	de	leuke	ski‐trip!		

Koos,	 Pirkko,	 Nathalie,	 Wil,	 Gerda	 en	 Grada	 bedankt	 voor	 jullie	 interesse	 en	 de	 gezellige	
koffiepauzes.	

Beste	 Joyce	 en	 Marjolein,	 bedankt	 voor	 de	 goede	 samenwerking.	 Er	 zijn	 interessante	
bevindingen	gedaan	en	daardoor	is	er	een	mooie	publicatie	uitgekomen.	Marjolein,	succes	met	
de	laatste	loodjes!	

Dear	Federico,	Cristina,	Rocio	and	Elisa,	 thank	you	 for	 the	nice	 collaboration!	Cristina,	 I	 really	
appreciate	that	you	are	one	of	the	opponents	during	my	defence.	Rocio,	you	are	a	nice	colleague	
abroad.	I	enjoyed	the	times	when	you	were	in	the	Netherlands.	I	hope	that	everything	goes	well,	
and	I	wish	you	the	best	of	luck	with	your	research.		

Dear	XiaoJiao,	Pooja,	Mao,	Benedict	 and	Wenjun,	 thank	you	 for	 the	nice	 time	 in	Urbana.	Good	
luck	 with	 your	 scientific	 career	 in	 Houston!	 XiaoJiao	 and	 Mao,	 thank	 you	 for	 the	 good	
collaboration	on	the	miR‐124	manuscript.		

Beste	Mark	en	Stella,	hopelijk	heb	ik	jullie	wat	kunnen	leren	tijdens	jullie	stages.	Naast	het	harde	
werken	waren	jullie	ook	erg	sociale	en	gezellige	studenten	om	in	het	lab	te	hebben.	Succes	met	
jullie	verdere	wetenschappelijke	carrière.	

Lieve	 vriendinnen,	 vrienden,	 familie	 en	 schoonfamilie,	 bedankt	 voor	 jullie	 interesse	 en	 de	
gezellige	afspraken	en	gesprekken	over	ook	niet	werk	gerelateerde	dingen.	Lieve	ome	Ad,	door	
de	vele	gezellige	werkbezoekjes	in	je	atelier	ben	je	voor	mij	een	extra	speciale	oom.	De	ets	v./v.	
V.V.?	zie	ik	dagelijks	en	doet	me	denken	aan	allerlei	verbanden	uit	mijn	onderzoek.	Bedankt	dat	
ik	deze	mooie	ets	heb	mogen	gebruiken	voor	de	omslag	van	mijn	proefschrift.	

Wat	heb	 ik	een	 lieve	en	 leuke	broer	en	zus!	Wieteke,	ook	al	ben	 je	altijd	ver	weg,	 ik	spreek	 je	
gelukkig	 vaak	 via	 skype,	 zodat	 ik	 toch	 veel	 met	 je	 kan	 bespreken	 en	 wat	 promotietips	 kan	
krijgen.	Zo	blijven	we	toch	goed	op	de	hoogte	van	elkaar.	Ik	heb	bewondering	voor	hoe	je	heel	de	
wereld	over	reist	en	dat	je	van	elke	plek	weer	een	thuis	weet	te	maken.	Joost,	dan	heb	je	dadelijk	
twee	gepromoveerde	zusjes,	dat	is	wel	heel	apart!	Maar	eigenlijk	ben	jij	natuurlijk	de	slimste	van	
ons	drietjes	 .	Schoonzusje	Diana,	het	is	altijd	erg	gezellig	als	ik	jou	en	Joost	weer	zie,	leuk	dat	
jullie	een	mooi	nestje	gevonden	hebben.	Bedankt	voor	de	indirecte	connecties	die	je	hebt	gelegd	
met	Harlan	laboratories	.	

Lieve	pap	en	mam,	bedankt	dat	jullie	het	mogelijk	hebben	gemaakt	dat	ik	heb	kunnen	studeren.	
Eerst	HBO	daarna	Universiteit,	jullie	vonden	het	allemaal	goed	en	stimuleerden	het	alleen	maar.	
Bedankt	 voor	 het	 zelfvertrouwen	 dat	 jullie	 mij	 hebben	 geven	 en	 voor	 de	 interesse	 in	 mijn	
onderzoek.	 Ik	weet	dat	 jullie	 trots	op	me	zijn	en	dat	geeft	een	 fijn	gevoel.	 Jullie	zijn	hele	 lieve	
(o)ma	en	(o)pa!	Pap,	in	het	bijzonder	wil	ik	jou	nog	bedanken.	Op	school	was	ik	er	niet	altijd	met	
mijn	gedachten	bij,	maar	 jij	 legde	het	een	en	ander	 thuis	gewoon	nog	eens	uit.	Van	Engels	 tot	
biologie;	overal	kon	je	mij	wat	over	leren.	Wat	heb	ik	toch	een	slimme	pap.	Ook	niet	te	vergeten	
zijn	 de	 overhoringen	 over	 aardrijkskunde;	 zonder	 jou	 zou	 het	 nu	 nog	 steeds	 mis	 gaan	 met	
“elders	zijn	woestijnen…	“.	Pap,	je	hebt	een	hele	belangrijke	rol	gespeeld	in	mijn	basiskennis	op	
vele	vlakken.	Zelfs	nu	 ik	bijna	gepromoveerd	ben,	ben	 je	nog	 steeds	een	hele	 goede	helpdesk,	
vooral	op	taalgebied.	Bedankt!	
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Lieve	Elise,	wat	is	het	leven	nog	mooier	nu	jij	er	bent!	Na	het	harde	werken	is	het	heel	fijn	om	
thuis	te	komen	en	jouw	mooie	lach	te	zien.	Ga	maar	alvast	oefenen	met	je	eerste	woordjes:	dr.	
Papa	&	dr.	Mama.		

Lieve	Ruud,	wat	heb	ik	het	getroffen	met	zo’n	leuke	en	lieve	man!	Ook	jij	hebt	me	gestimuleerd	
om	 te	 promoveren,	 want	 jij	 vond	 dat	 toen	 zo’n	 geweldige	 periode.	 Bedankt	 dat	 je	 de	 laatste	
weekjes	met	mijn	proefschrift	hebt	 geholpen	door	 teksten	na	 te	kijken,	mee	 te	helpen	met	de	
discussiefiguur	 en	 uiteindelijk	 alles	 te	 lay‐outen!	 Vooral	 de	 laatste	 avondjes	 en	 weekenden	
waren	druk,	maar	het	resultaat	is	mooi	geworden!	Super	bedankt	en	jij	hebt	het	zeker	verdiend	
om	in	mijn	dankwoord	te	staan	 .	Bedankt	voor	al	jouw	liefde	en	steun!	Kouvanjou!	

	

Hanneke,	februari	2013	
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