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Abstract
Astrocytes	play	a	key	role	in	the	progression	of	amyotrophic	lateral	sclerosis	(ALS)	by	
actively	inducing	the	degeneration	of	motor	neurons.	Motor	neurons	isolated	from	re-
ceptor	for	advanced	glycation	end	products	(RAGE)-knockout	mice	are	resistant	to	the	
neurotoxic	signal	derived	from	ALS-astrocytes.	Here,	we	confirmed	that	in	a	co-cul-
ture	model,	the	neuronal	death	induced	by	astrocytes	over-expressing	the	ALS-linked	
mutant hSOD1G93A	is	prevented	by	the	addition	of	the	RAGE	inhibitors	FPS-ZM1	or	
RAP.	These	inhibitors	also	prevented	the	motor	neuron	death	induced	by	spinal	cord	
extracts	from	symptomatic	hSOD1G93A mice. To evaluate the relevance of this neuro-
toxic	mechanism	in	ALS	pathology,	we	assessed	the	therapeutic	potential	of	FPS-ZM1	
in hSOD1G93A	mice.	FPS-ZM1	treatment	significantly	improved	hind-limb	grip	strength	
in hSOD1G93A	mice	during	the	progression	of	the	disease,	reduced	the	expression	of	
atrophy	markers	in	the	gastrocnemius	muscle,	 improved	the	survival	of	 large	motor	
neurons,	and	reduced	gliosis	in	the	ventral	horn	of	the	spinal	cord.	However,	we	did	
not observe a statistically significant effect of the drug in symptoms onset nor in the 
survival of hSOD1G93A	mice.	Maintenance	 of	 hind-limb	 grip	 strength	was	 also	 ob-
served in hSOD1G93A	mice	with	RAGE	haploinsufficiency	[hSOD1G93A;RAGE(+/-)],	fur-
ther	supporting	the	beneficial	effect	of	RAGE	inhibition	on	muscle	function.	However,	
no	benefits	were	observed	after	complete	RAGE	ablation.	Moreover,	genetic	RAGE	
ablation significantly shortened the median survival of hSOD1G93A mice. These results 
indicate	that	the	advance	of	new	therapies	targeting	RAGE	in	ALS	demands	a	better	
understanding	of	its	physiological	role	in	a	cell	type/tissue-specific	context.
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1  | INTRODUC TION

Amyotrophic	 lateral	 sclerosis	 (ALS)	 is	 characterized	 by	 the	 pro-
gressive	 degeneration	 of	 both	 upper	 and	 lower	motor	 neurons,	
leading	to	paralysis	and	muscle	atrophy.	Most	ALS	cases	are	spo-
radic while ~10% are familial cases.1,2	 Superoxide	 dismutase	 1	
(SOD1)	 was	 the	 first	 ALS	 gene	 identified	 and	 over	 170	 genetic	
variants	 have	 been	 linked	 to	 ALS.3	 Mice	 over-expressing	 ALS-
linked	 mutant	 human	 SOD1	 variants,	 including	 hSOD1G93A,	 de-
velop	a	progressive	motor	neuron	disease	that	 recapitulates	key	
pathological	hallmarks	and	clinical	symptoms	observed	in	ALS	pa-
tients,4,5	and	are	considered	 the	standard	mouse	model	 for	ALS	
pre-clinical	studies.6,7

Motor	neuron	degeneration	in	ALS	occurs	through	a	non-cell-au-
tonomous process.8	Astrocytes,	 key	 regulators	of	 central	nervous	
system	 (CNS)	 homeostasis,	 play	 a	 major	 role	 in	 disease	 progres-
sion.8,9	 Accordingly,	 astrocytes	 isolated	 from	 rodents	 over-ex-
pressing different mutant hSOD1 variants induce the death of 
co-cultured	motor	neurons.10,11 The relevance of this observation 
for the human pathology was confirmed using astrocytes differenti-
ated	from	spinal	cord	autopsy-derived	neuronal	progenitor	cells,	or	
fibroblast-derived	induced	pluripotent	stem	cells	(iPSCs),	from	spo-
radic	and	familial	ALS	patients.12,13	We	showed	that	astrocyte-me-
diated motor neuron death involves receptor for advanced glycation 
end	 products	 (RAGE)	 signaling	 activation.	 The	 neuronal	 death	 in-
duced by hSOD1G93A	astrocytes	was	prevented	by	RAGE	blocking	
antibodies,	while	motor	neurons	isolated	from	RAGE-knockout	mice	
were	not	sensitive	to	the	neurotoxic	signal	derived	from	hSOD1G93A 
astrocytes.14	 Moreover,	 spinal	 cord	 extracts	 from	 symptomatic	
hSOD1G93A	mice,	but	not	from	non-transgenic	littermates,	induced	
the death of cultured hSOD1G93A motor neurons by a mechanism 
involving	 RAGE	 signaling.14	 Relevance	 of	 this	 neurotoxic	 mech-
anism	 in	ALS	 is	 supported	 by	 the	 presence	 of	 increased	 levels	 of	
RAGE	and	many	of	its	ligands,	including	oxidatively	modified	nerve	
growth	factor	 (NGF),	high	mobility	group	box	1	protein	 (HMGB1),	
S100B	and	glycated	proteins,	in	the	spinal	cord	of	ALS	patients	and	
hSOD1G93A mice.14-19	Furthermore,	ALS	patients	display	decreased	
levels	 of	 soluble	RAGE	 (sRAGE)	 in	 serum.20	 sRAGE	variants	 com-
prise	C-terminally	truncated	isoforms	that	preserve	the	ligand-bind-
ing	domain	and	exert	negative	effects	on	RAGE	activation,	acting	as	
decoy receptors by competing for ligand binding.21-23	Collectively,	
these	results	suggest	the	involvement	of	RAGE	signaling	in	ALS	pa-
thology and support the use of therapeutic approaches focused on 
RAGE	inhibition.

Therapeutic	strategies	targeting	astrocyte-mediated	neurotoxic-
ity	have	proved	to	be	effective	in	ALS	mouse	models,	increasing	motor	
neuron survival and improving motor performance.24-27 Different 
approaches	have	been	developed	to	target	RAGE	in	vivo,	including	
treatment	with	sRAGE,	small	molecule	antagonists	and	neutralizing	
anti-RAGE	antibodies.28	Treatment	with	sRAGE	(intraperitoneal	 in-
jections)	modestly	extended	the	survival	of	hSOD1G93A male mice.29 
However,	sRAGE	does	not	access	the	CNS	after	intraperitoneal	ad-
ministration,30	and	gaining	access	to	the	CNS	is	essential	to	prevent	

RAGE-dependent	astrocyte-mediated	neurotoxicity.	Hence,	the	use	
of	 a	 pharmacological	 inhibitor	with	 the	 ability	 to	 cross	 the	 blood-
brain barrier could result in improved therapeutic effects.

FPS-ZM1	is	a	high-affinity	RAGE-specific	inhibitor	that	has	been	
shown	to	cross	the	blood-brain	barrier	to	access	the	CNS.31	FPS-ZM1	
has	 no	 toxicity	 in	mice,	 even	 at	 high	 doses.	Moreover,	 after	 intra-
peritoneal	 administration,	 FPS-ZM1	 gained	 access	 to	 the	 CNS	 and	
significantly	 reduced	 Aβ	 pathology,	 decreased	 neuroinflammation	
and	improved	cognitive	impairment	in	an	Alzheimer's	disease	mouse	
model.31	Importantly,	FPS-ZM1	inhibits	the	binding	of	RAGE	to	differ-
ent	ligands	and	its	effects	are	not	restricted	to	Aβ-RAGE	interaction.31

Here	we	sought	to	determine	the	effect	of	FPS-ZM1	in	the	ALS-like	
pathology developed by hSOD1G93A	mice.	Moreover,	to	further	evaluate	
the	effect	of	RAGE	inhibition,	we	generated	hSOD1G93A mice with ge-
netic	RAGE	haploinsufficiency	or	complete	RAGE	ablation.	Our	results	
show	that	RAGE	signaling	could	exert	both	neurotoxic	and	neuroprotec-
tive functions in hSOD1G93A	mice.	Hence,	the	advance	of	new	therapies	
targeting	RAGE	signaling	in	ALS	would	require	a	better	understanding	of	
its	physiological	role	in	a	cell	type/tissue-specific	context.

2  | MATERIAL S AND METHODS

2.1 | Reagents

All	 chemicals	 and	 reagents	were	 acquired	 from	 Sigma-Aldrich	 unless	
otherwise	specified.	Cell	culture	media,	serum	and	supplements	were	
obtained	from	Life	Technologies	unless	otherwise	indicated.	The	RAGE	
antagonist	peptide	RAP	was	obtained	from	Calbiochem-EMD	Millipore.	
FPS-ZM1	was	obtained	from	Selleck	Chemicals	LLC	or	Calbiochem-EMD	
Millipore.	Primers	were	obtained	from	Integrated	DNA	Technologies.

2.2 | Animals

Transgenic	mice	over-expressing	hSOD1G93A were obtained from The 
Jackson	 Laboratory,	 strain	 B6.Cg-Tg(SOD1*G93A)1Gur/J	 (stock	 #	
004435)	 and	were	maintained	as	hemizygous	animals	 in	 a	C57BL/6J	
background.	 Littermates	 were	 randomly	 assigned	 to	 a	 vehicle	 (10%	
2-Hydroxypropyl-β-cyclodextrin	in	saline)	or	FPS-ZM1	treatment	group.	

Significance statement

This	study	demonstrates	that	RAGE	pharmacological	inhi-
bition	or	RAGE	haploinsufficiency	 improves	muscle	func-
tion	 during	 the	 progression	 of	 the	 ALS-like	 pathology	 in	
hSOD1G93A	mice.	However,	genetic	RAGE	ablation	short-
ens the median survival of hSOD1G93A mice. These data 
highlight	the	complex	role	of	RAGE	signaling	during	neu-
rodegeneration	 and	 identify	 protective	 effects	 of	 RAGE	
signaling	in	this	ALS	mouse	model.
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Starting	at	60	days	of	age	mice	received	daily	intraperitoneal	(i.p.)	injec-
tions	of	vehicle	or	FPS-ZM1	at	a	dose	of	1	mg/kg	in	a	total	volume	of	
0.1	mL.	Treatment	continued	until	endpoint	was	reached	(see	below).

RAGE-knockout	 mice	 were	 previously	 described32 and were 
also	maintained	 in	 a	C57BL/6J	background.	To	generate	 the	 an-
imals	 for	 this	 study,	 hemizygous	 hSOD1G93A males were mated 
with	 RAGE(−/−)	 or	 RAGE(+/-)	 females	 to	 obtain	 breeders	 with	
the following genotype hSOD1G93A(+/-);RAGE(+/-)	 and	 hSOD-
1G93A(−/−);RAGE(+/-).	 Then,	 hSOD1G93A(+/-);RAGE(+/-)	 males	
were mated with hSOD1G93A(−/−);RAGE(+/-)	females	to	obtain	the	
genotypes	analyzed	in	the	study.

For	 lifespan	 studies,	 endpoint	 was	 determined	 by	 the	 lack	 of	
“righting	reflex,”	that	is,	the	inability	of	the	animal	to	right	itself	within	
20	seconds	after	being	placed	on	either	side.	Mice	that	were	unable	to	
right	themselves	within	20	seconds	were	euthanized	and	recorded	as	
dead.	Mice	were	weighed	daily	and	disease	onset	was	retrospectively	
determined	as	the	time	when	mice	reached	peak	body	weight.	Hind-
limb	 grip	 strength	 was	measured	 using	 a	 grip	 strength	meter	 (San	
Diego	Instruments).	Tests	were	performed	by	allowing	the	animal	to	
grasp the grid with both hind limbs and then pulling the animal straight 
away	from	the	grid	until	 it	released	the	platform.	Grip	strength	was	
measured	once	a	week,	and	 in	each	session	the	average	peak	force	
of	five	attempts	was	recorded.	Relative	quantitative	PCR	was	used	to	
estimate hSOD1 gene copy number. One of the male breeders that 
fathered the litters used in this study was used as a reference for copy 
number	estimation.	Animals	with	a	relative	gene	copy	number	lower	
than the reference breeder were not used in the study.

All	 animal	 procedures	 were	 carried	 out	 in	 strict	 accordance	
with	 the	 recommendations	 in	 the	 Guide	 for	 the	 Care	 and	 Use	
of	 Laboratory	 Animals	 of	 the	 NIH.	 The	 Animal	 Care	 and	 Use	
Committee	of	MUSC	(Animal	Welfare	Assurance	number	A3428-
01)	and	UW-Madison	(Animal	Welfare	Assurance	number	A3368-
01)	 approved	 the	 animal	 protocols	 pertinent	 to	 the	experiments	
reported in this publication.

2.3 | Histology and immunostaining

Mice	were	transcardially	perfused	with	0.1	M	PBS	(pH	7.4),	followed	
by	 4%	 paraformaldehyde	 in	 PBS.	 Spinal	 cords	 were	 removed	 and	
paraffin-embedded	 using	 standard	 techniques.	 Antigen	 retrieval	
and immunostaining were performed as previously described.33 
Mice	 lumbar	 spinal	 cord	 sections	 were	 stained	 with	 anti-GFAP	
(Novus,	 NBP2-29415)	 and	 anti-IBA1	 (Fujifilm	 Wako,	 013-27691)	
antibodies.	Secondary	antibodies	were	Alexa	Fluor	488-conjugated	
goat	 anti-mouse	 and	 Alexa	 Fluor	 594-conjugated	 goat	 anti-rabbit	
(Invitrogen).	Nuclei	were	counterstained	with	DAPI	(4',6-Diamidino-
2-phenylindole	dihydrochloride;	Invitrogen).	Each	slide	had	sections	
from both treatment groups and were stained and imaged concur-
rently.	 Images	were	captured	 in	a	Zeiss	LSM	880	NLO	microscope	
(Carl	 Zeiss)	 with	 identical	 settings	 for	 both	 experimental	 groups.	
Image	quantification	was	performed	as	previously	described27 using 
Imaris	image	analysis	software	9.1.2	(Oxford	Instruments).

To determine the number of large motor neurons in the ventral 
horn	of	the	spinal	cord,	10	μm serial sections across the lumbar spi-
nal cord were stained with cresyl violet. Two independent observers 
blinded to the treatment group counted every fifth section and a 
total	of	15	sections	per	animal	were	analyzed.

2.4 | Cell culture

Primary	 astrocyte	 cultures	were	prepared	 from	 the	 spinal	 cord	of	
1-day-old	mice	as	we	previously	described.34	Astrocytes	were	main-
tained	 in	Dulbecco's	modified	 Eagle's	medium	 supplemented	with	
10%	FBS,	HEPES	(3.6	g/L),	penicillin	(100	IU/mL),	and	streptomycin	
(100	μg/mL).	Cultures	were	>99% pure as determined by glial fibril-
lary	acidic	protein	(GFAP)	 immunoreactivity	and	contained	<1% of 
IBA1-positive	microglial	cells.

Motor	 neuron	 cultures	 were	 prepared	 from	 mouse	 embryonic	
spinal	cords	(E12.5)	as	previously	described.35 To prepare hSOD1G93A 
motor	neurons,	genotyping	was	performed	by	real-time	PCR	during	
dissection,	 and	 all	 embryos	 of	 the	 same	 genotype	were	 pooled	 to-
gether	 for	 the	 rest	 of	 the	 preparation.	Motor	 neurons	were	 plated	
at a density of 500 cells/cm2	 on	 four-well	 multidishes	 (Nunclon)	
pre-coated	with	 polyornithine-laminin.	 Cultures	were	maintained	 in	
Neurobasal	medium	supplemented	with	2%	horse	serum,	25	μmol/L	
L-glutamate,	25	μmol/L	2-mercaptoethanol,	0.5	mmol/L	L-glutamine,	
2%	 B-27	 supplement,	 and	 GDNF	 (1	 ng/mL;	 Sigma-Aldrich).	 Motor	
neuron	death	induced	by	trophic	factor	deprivation	(NONE,	without	
GDNF)	was	determined	in	all	experiments	as	a	control	and	was	never	
>50%.	Motor	neuron	survival	was	assessed	by	direct	counting	of	all	
neurons displaying intact neurites longer than four cell bodies in diam-
eter,	as	previously	described.36

For	co-culture	experiments,	motor	neurons	were	plated	on	top	
of mouse astrocyte monolayers at a density of 300 cells/cm2.	Co-
cultures	were	maintained	in	Leibovitz's	L15	medium	supplemented	
with	0.63	mg/mL	bicarbonate,	5	μg/mL	insulin,	0.1	mg/mL	conalbu-
min,	0.1	mmol/L	putrescine,	30	nmol/L	sodium	selenite,	20	nmol/L	
progesterone,	 20	 mmol/L	 glucose,	 100	 IU/mL	 penicillin,	 100	 μg/
mmol/L	 streptomycin,	 and	 2%	 horse	 serum,	 as	 previously	 de-
scribed.37	Motor	 neurons	were	 identified	 by	 immunostaining	with	
anti-Tubulin	βIII	antibody	 (Clone	2G10;	Sigma-Aldrich)	and	survival	
was determined by direct counting over an area of 0.90 cm2	in	24-
well	plates,	as	previously	described.37

2.5 | Spinal cord extracts

Lumbar	spinal	cord	extracts	were	prepared	as	previously	described14 
from early symptomatic hSOD1G93A	 mice	 (120-130	 days	 old)	 or	
aged-matched	 non-transgenic	 littermates.	 Protein	 concentration	
was	 determined	 by	 the	 bicinchoninic	 acid	 method	 (BCA	 protein	
assay;	Thermo	Scientific-Pierce).	Extracts	were	collected	and	kept	at	
−80°C	until	used.	Aliquots	were	added	to	motor	neuron	cultures	to	
reach a final protein concentration of 0.5 μg/mL.
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2.6 | Real-time PCR analysis

RNA	 extraction,	 RNA	 retrotranscription,	 and	 real-time	 PCR	 were	
performed as previously described.38 Specific primers were as 
follows:	 Trim63	 (5’-GGACTACTTTACTCTGGACTTAGAAC-3’	
and	 5’-CAGCCTCCTCTTCTGTAAACTC-3’),	 Fbxo32	 (5’-
GCGCC	ATGGATACTGTACTT-3’	 and	 5’-ATCAGCTCCAACAG	
CCTTAC-3’),	 and	 Rplp0	 (5’-CCTCCTTCTTCCAGGCTTTG-3’	 and	
5’-CCACCTTGTCTCCAGTCTTTATC-3’).

2.7 | Western blot analysis

Western blots were performed as previously described.38	Membranes	
were incubated overnight with one of the following antibodies: rabbit 
monoclonal	against	FBX32	(1:1000;	clone	JE41-27;	Novus	Biologicals	
Cat#	NBP2-76836),	goat	polyclonal	against	TRIM63	(1	μg/mL;	Novus	
Biologicals	Cat#	AF5366),	 or	 rabbit	monoclonal	 against	 pan-ACTIN	
(1:1000;	clone	D18C11;	Cell	Signaling	Cat#	8456).	Membranes	were	
developed	using	the	ECL	Prime	chemiluminescent	detection	system	

F I G U R E  1  RAGE	pharmacological	inhibition	prevented	motor	neuron	death	induced	by	hSOD1G93A astrocytes and hSOD1G93A lumbar 
spinal	cord	extracts.	A,	Non-transgenic	embryonic	motor	neurons	were	plated	on	top	of	astrocytes	isolated	from	non-transgenic	(NTG)	
or hSOD1G93A	mice.	Vehicle	(Control,	Ctrl)	or	RAGE	inhibitors,	FPS-ZM1	(100	nmol/L;	ZM1)	and	RAP	(20	μmol/L),	were	added	2	h	after	
motor	neuron	plating.	Neuronal	survival	was	determined	72	h	later.	Data	are	expressed	as	percentage	of	motor	neuron	survival	on	top	of	
NTG	control	astrocytes	(mean	±	SD).	*Significantly	different	from	NTG	control	(P	≤	.05);	#Significantly different from hSOD1G93A control 
(P	≤	.05).	B,	Primary	motor	neuron	cultures	isolated	from	the	spinal	cord	of	E12.5	hSOD1G93A	embryos	were	maintained	with	GDNF	(1	ng/
mL).	Two	hours	after	plating,	cultures	were	treated	with	vehicle	(control	GDNF)	or	spinal	cord	extracts	(0.5	μg	protein/mL)	from	early	
symptomatic hSOD1G93A	mice	or	aged-matched	non-transgenic	littermates	(NTG).	Vehicle	(Ctrl)	or	RAGE	pharmacological	inhibitors,	FPS-
ZM1	(100	nmol/L;	ZM1)	and	RAP	(10	μmol/L),	were	added	30	min	before	treatment	with	spinal	cord	extracts	and	motor	neuron	survival	
was	determined	48	h	later.	Motor	neuron	death	induced	by	trophic	factor	deprivation	(NONE)	was	used	as	a	control.	Data	are	expressed	
as	percentage	of	control	GDNF	(mean	±	SD).	*Significantly	different	from	control	GDNF	(P	≤	.05);	#Significantly different from hSOD1G93A 
control	(P	≤	.05).	For	all	panels,	experiments	were	performed	in	three	independent	cultures	performed	in	duplicate	and	the	average	of	each	
experiment	is	shown.	Each	experimental	replica	is	shown	for	control	groups
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(GE	 Healthcare-Amersham	 Biosciences)	 and	 image	 acquisition	 was	
performed	in	a	C-DiGit	chemiluminescence	Western	blot	scanner	(Li-
Cor	 Biosciences).	 Quantifications	 were	 performed	 using	 the	 Image	
Studio	Software	(Li-Cor	Biosciences).

2.8 | Statistical analysis

Survival,	 onset,	 and	weight-loss	 data	 were	 analyzed	with	 Kaplan-
Meier	curves	and	 log	rank	test.	Groups	of	 four	animals	were	used	
for biochemical analysis and all data are reported as mean ± SD. 
Comparisons between two groups were performed with an un-
paired	t	test.	Hind-limb	grip	strength	data	during	the	progression	of	
the	disease	were	analyzed	by	multiple	t	tests	assuming	populations	
with	the	same	standard	deviation.	Cell	culture	experiments	were	re-
peated	 in	at	 least	three	 independent	primary	culture	preparations,	
and	values	from	each	 independent	experiment	were	combined	for	
data	 reporting.	Multiple	 group	 comparisons	were	 performed	with	
one-way	ANOVA	with	Tukey's	post-test.	Differences	were	declared	
statistically significant if P	≤	 .05.	All	 statistical	 computations	were	
performed	using	GraphPad	Prism	6.0	(GraphPad	software).

3  | RESULTS

We	 previously	 showed	 that	 in	 an	 astrocyte-motor	 neuron	 co-cul-
ture	 model,	 activation	 of	 RAGE	 signaling	 mediates	 motor	 neuron	
death induced by hSOD1G93A	 over-expressing	 astrocytes.14 Here 
we	 demonstrate	 that	 two	 RAGE	 pharmacological	 inhibitors	 effec-
tively prevent the neuronal death induced by hSOD1G93A astrocytes 
(Figure	1A).	Both,	 the	small	molecule	RAGE	antagonist	FPS-ZM131 
and	RAP,	a	RAGE	antagonist	peptide	that	inhibits	the	interaction	of	
the	receptor	with	multiple	ligands,39 prevented motor neuron death 
when	added	 to	 the	co-cultures.	 In	addition,	we	previously	showed	
that	 lumbar	spinal	cord	extracts	 from	early	symptomatic	ALS	mice	
induce the death of cultured hSOD1G93A-expressing	motor	neurons	
by	a	mechanism	involving	RAGE	signaling.14	The	RAGE	antagonists	

FPS-ZM1	and	RAP	also	prevented	the	toxicity	of	ALS	spinal	cord	ex-
tracts	(Figure	1B),	confirming	the	involvement	of	RAGE	signaling	in	
the	neurotoxicity	observed.	The	 in	 vitro	neuroprotective	 effect	 of	
FPS-ZM1	and	its	ability	to	cross	the	blood-brain	barrier31 prompted 
us to evaluate its therapeutic potential in vivo in hSOD1G93A mice.

We treated hSOD1G93A	mice	of	both	sexes	with	FPS-ZM1	at	a	
dose	of	1	mg/kg/d,	which	was	previously	described	to	be	effec-
tive	in	an	Alzheimer's	disease	mouse	model.31	According	to	pub-
lished guidelines for the preclinical in vivo evaluation of active 
drugs in hSOD1G93A	mice,40 we started treatment at the age of 
60	days.	At	this	age,	hSOD1G93A mice already display histological 
evidence	of	neurodegeneration,	although	no	overt	decline	in	gen-
eral locomotor function is evident.4,5 Treatment continued until 
endpoint was reached. We originally performed a preliminary 
study	in	a	small	cohort	of	female	mice	(n	=	7	in	vehicle	control	and	
n =	13	in	FPS-ZM1	group)	to	rule	out	potential	adverse	effects	of	
sequential	daily	injections	in	this	model.	Since	no	overt	toxicity	of	
the	treatment	was	observed,	we	decided	to	perform	an	additional	
trial	 including	 a	 larger	 number	 of	 animals	 of	 both	 sexes.	When	
combining	the	data	from	both	trials,	compared	to	vehicle	treated	
mice,	 FPS-ZM1	 treatment	 did	 not	 significantly	 affect	 the	 onset	
of the disease in hSOD1G93A	mice,	as	defined	by	the	age	at	peak	
body	weight	(Figure	2).	However,	FPS-ZM1-treated	mice	showed	
a	significant	improvement	in	hind-limb	grip	strength,	compared	to	
vehicle-treated	mice.	This	effect	was	observed	in	both	sexes	for	
several	weeks	during	the	progression	of	the	disease	 (Figure	3A-
C).	 The	 beneficial	 effect	 of	 FPS-ZM1	 treatment	 in	 hSOD1G93A 
mice	was	accompanied	by	a	significant	decrease	in	the	mRNA	and	
protein	levels	of	two	important	E3	ubiquitin	ligases	linked	to	mus-
cle	 atrophy,	 Fbxo32	 (FBX32,	 Atrogin-1)	 and	 Trim63	 (MuRF1),	 in	
the	gastrocnemius	muscle	of	17-week-old	FPS-ZM1-treated	mice	
(Figure	3D-H).	The	 increase	 in	hind-limb	grip	strength	observed	
in	 the	FPS-ZM1-treated	 group	was	 also	 associated	with	 a	~24% 
increase in the number of large motor neurons in the ventral horn 
of	the	spinal	cord	(Figure	4A).	In	addition,	when	compared	to	ve-
hicle-treated	mice,	early	symptomatic	FPS-ZM1-treated	mice	dis-
played a significant decrease in astrogliosis and microgliosis in the 

F I G U R E  2  FPS-ZM1	had	no	significant	effect	on	the	disease	onset	in	hSOD1G93A mice. hSOD1G93A	mice	were	treated	with	vehicle	(black)	
or	FPS-ZM1	(1	mg/kg/d;	red).	Disease	onset	was	retrospectively	determined	as	the	time	when	mice	reached	peak	body	weight.	A,	When	
both	sexes	were	analyzed	together,	median	onset	was	114	d	in	both	treatment	groups	(vehicle	group	n	=	20	[12	females	and	8	males],	and	
FPS-ZM1	group	n	=	29	[19	females	and	10	males]).	B,	In	males,	median	onset	was	117.5	d	in	vehicle	group	(n	=	8)	and	115.5	d	in	FPS-ZM1	
group	(n	=	10).	C,	In	females,	median	onset	was	113	d	in	vehicle	group	(n	=	12)	and	114	d	in	FPS-ZM1	group	(n	=	19).	Onset	curves	were	not	
significantly different
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F I G U R E  3  FPS-ZM1	treatment	preserved	hind-limb	grip	strength	and	decreased	the	expression	of	skeletal	muscle	atrophy	markers	
in hSOD1G93A	mice.	A,	Analysis	of	hind-limb	grip	strength	combining	both	sexes	together	(vehicle	group	n	=	20	[12	females	and	8	males],	
and	FPS-ZM1	group	n	=	29	[19	females	and	10	males]).	In	order	to	combine	both	sexes	together,	data	are	presented	as	the	ratio	of	hind-
limb	grip	strength	to	body	weight	(mean	±	SEM).	B,	Analysis	of	hind-limb	grip	strength	in	male	mice	(n	=	8	in	vehicle,	n	=	10	in	FPS-ZM1	
group).	C,	Analysis	of	hind-limb	grip	strength	in	female	mice	(n	=	12	in	vehicle,	n	=	19	in	FPS-ZM1	group).	In	(B	and	C),	data	are	presented	
as mean ±	SEM.	*Significantly	different	from	vehicle-treated	mice	(P	≤	.05).	For	(A-C),	statistical	significance	was	determined	by	multiple	t	
tests	assuming	populations	with	the	same	standard	deviation.	D	and	E,	FPS-ZM1	treatment	significantly	decreased	the	expression	of	skeletal	
muscle	atrophy	markers	(P	≤	.05).	Total	RNA	was	extracted	from	the	gastrocnemius	muscle	of	17-week-old	vehicle-	or	FPS-ZM1-treated	mice	
and Fbxo32	(D)	and	Trim63	(E)	mRNA	levels	were	determined	by	real-time	PCR	and	corrected	by	Rplp0	mRNA	levels	(n	=	4	mice	per	group).	
Data	are	expressed	as	percentage	of	vehicle-treated	mice	(mean	±	SD).	F,	Western	blot	analysis	of	FBX32	and	TRIM63	protein	levels	in	the	
gastrocnemius	muscle	of	17-week-old	vehicle-	or	FPS-ZM1-treated	mice.	G	and	H,	Quantification	of	FBX32	(G)	and	TRIM63	(H)	protein	
expression	after	correction	by	ACTIN	levels	(n	=	4	mice	per	group).	Data	are	expressed	as	percentage	of	vehicle-treated	mice	(mean	±	SD)
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ventral	horn	of	the	spinal	cord,	as	evidenced	by	decreased	GFAP	
and	IBA1	immunostaining,	respectively	(Figure	4B-D).

Disease progression in the hSOD1G93A mouse model is accom-
panied	 by	 progressive	 weight	 loss.	 Although	 we	 did	 not	 observe	
a statistical difference in the onset of the disease determined by 
peak	body	weight,	we	did	observe	differences	in	the	rate	of	the	pro-
gressive	weight	loss	experienced	by	vehicle-	and	FPS-ZM1-treated	
mice,	which	was	statistically	significant	in	female	mice	(Figure	5).	As	
summarized	 in	Figure	5D,	 female	mice	 in	FPS-ZM1	group	showed	
a	statistically	significant	delay	of	7.5	days	in	the	age	at	which	they	
displayed	5%	and	10%	body	weight	loss	(as	percentage	of	peak	body	
weight).	However,	FPS-ZM1	treatment	appeared	to	accelerate	dis-
ease	progression	 at	 later	 stages,	 since	 the	period	of	 time	elapsed	
after the animals lose 10% of the body weight until the endpoint 
is	 reached	was	significantly	decreased	 in	FPS-ZM1-treated	 female	

mice	(median	time	of	24	days	in	vehicle-treated	group	and	19	days	
in	 FPS-ZM1-treated	 group;	 Figure	 5F).	 The	 observed	 accelerated	
weight	 loss	rate	at	 later	stages	of	the	disease	 likely	contributes	to	
the	lack	of	significant	effect	of	FPS-ZM1	treatment	in	the	survival	of	
female hSOD1G93A	mice	(Figure	6B).	On	the	other	hand,	male	mice	
in	the	FPS-ZM1	group	showed	an	extension	of	2	weeks	in	the	time	
elapsed from 10% body weight loss until the endpoint was reached 
(median	time	of	17.5	days	 in	vehicle-treated	group	vs	31.5	days	 in	
FPS-ZM1-treated	 group;	 Figure	 5E).	 This	 delay	 in	 the	 progression	
of	the	disease	at	later	stages	was	reflected	in	an	overall	14-day	ex-
tension	in	the	survival	of	FPS-ZM1-treated	male	mice,	although	no	
statistical	significance	was	reached	(Figure	6A).

To	 further	 evaluate	 the	 effect	 of	 RAGE	 signaling	 inhibition	 in	
this	 ALS	 mouse	 model,	 we	 crossed	 hSOD1G93A	 mice	 with	 RAGE-
knockout	 mice	 in	 order	 to	 generate	 hSOD1G93A	 mice	 with	 RAGE	

F I G U R E  4  FPS-ZM1	treatment	delayed	motor	neuron	loss	and	decreased	glial	activation	in	the	spinal	cord	of	hSOD1G93A	mice.	A,	
Number	of	large	motor	neurons	in	the	ventral	horn	of	the	lumbar	spinal	cord	of	17-week-old	vehicle-	or	FPS-ZM1-treated	mice.	Data	are	
expressed	as	percentage	of	vehicle-treated	mice	(mean	±	SD).	Each	data	point	corresponds	to	the	value	obtained	from	individual	sections	
(15	sections	per	animal,	n	=	4	mice	per	treatment	group).	When	compared	with	vehicle-treated	mice,	the	number	of	large	motor	neurons	in	
FPS-ZM1-treated	mice	was	increased	by	24.3%	(P	≤	.0001).	B	and	C,	Quantification	of	relative	GFAP	(B)	and	IBA1	(C)	fluorescence	intensity	
in	images	from	the	ventral	horn	of	the	lumbar	spinal	cord	of	vehicle-	or	FPS-ZM1-treated	hSOD1G93A	mice.	Data	are	expressed	as	percentage	
of	vehicle-treated	mice	(mean	±	SD).	Each	data	point	corresponds	to	the	value	obtained	in	an	individual	image	(10-12	images	per	animal,	
n =	4	mice	per	treatment	group).	D,	Representative	microphotographs	showing	GFAP	(green)	and	IBA1	(red)	immunofluorescence	in	the	
ventral	horn	of	the	lumbar	spinal	cord	of	17-week-old	vehicle-	or	FPS-ZM1-treated	mice.	Nuclei	were	counterstained	with	DAPI.	Scale	bar,	
20 μm
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haploinsufficiency	or	complete	RAGE	ablation.	Further	stressing	the	
beneficial	effect	of	RAGE	inhibition	on	muscle	function	in	hSOD1G93A 
mice,	 we	 observed	 the	 preservation	 of	 hind-limb	 grip	 strength	 in	
hSOD1G93A	mice	 after	 genetic	 RAGE	 haploinsufficiency	 (Figure	 7A,	
hSOD1G93A;RAGE(+/-)).	 However,	 this	 beneficial	 effect	 on	 grip	
strength was not observed in hSOD1G93A	mice	with	complete	RAGE	
ablation	 (Figure	 7A,	 hSOD1G93A;RAGE(−/−)).	 It	 is	 worth	 noting	 that	
RAGE	haploinsufficiency	or	complete	ablation	did	not	affect	the	grip	

strength	of	mice	not	expressing	the	mutant	hSOD1	(not	shown).	We	
did	not	observe	a	significant	effect	of	RAGE	deletion	in	the	onset	of	
the	disease,	as	determined	by	the	age	at	peak	body	weight	(Figure	7B).	
Unexpectedly,	 a	 significant	 decrease	 of	 14	 and	 18	 days	 in	 the	me-
dian survival was observed in hSOD1G93A;RAGE(+/-)	 and	 hSOD-
1G93A;RAGE(−/−)	mice,	respectively	(Figure	7C).	The	detrimental	effect	
of	RAGE	deletion	in	the	survival	of	hSOD1G93A	mice,	together	with	the	
lack	of	beneficial	effect	in	grip	strength	after	complete	RAGE	ablation	

F I G U R E  5  Sex-specific	effect	of	FPS-ZM1-treatment	in	the	progressive	weight	loss	observed	in	hSOD1G93A	mice.	Body	weight	was	
recorded	daily	and	the	age	at	which	mice	exhibited	5%,	10%,	or	15%	peak	weight	loss	was	determined	(age	at	95%,	90%,	or	85%	peak	body	
weight,	respectively).	A-C,	Kaplan-Meier	curves	showing	the	probability	of	losing	5%	(A),	10%	(B),	or	15%	(C)	of	the	peak	body	weight.	Both	
sexes	were	analyzed	independently	(top	panel:	males;	lower	panel:	females;	vehicle	group	n	= 12 females and n =	8	males,	and	FPS-ZM1	
group n = 19 females and n =	10	males).	A	significant	7.5-d	delay	in	the	median	age	at	which	female	mice	display	5%	and	10%	peak	weight	
loss	was	observed	in	FPS-ZM1	group.	No	significant	effect	of	the	treatment	was	observed	in	male	mice.	D,	Table	summarizing	the	median	
age	at	which	mice	display	different	percentages	of	weight	loss.	*Significant	difference	between	vehicle	and	FPS-ZM1	groups	(P	≤	.05).	E	and	
F,	Kaplan-Meier	curves	representing	the	number	of	days	elapsed	from	age	at	10%	peak	weight	loss	until	endpoint	is	reached.	The	median	
time	elapsed	until	endpoint	significantly	increases	in	males	(17.5	d	in	vehicle	vs	31.5	d	in	FPS-ZM1	group;	χ2 =	3.97)	and	decreases	in	females	
(24	d	in	vehicle	vs	19	d	in	FPS-ZM1	group;	χ2 =	4.09)
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in hSOD1G93A;RAGE(−/−),	suggests	that	RAGE	signaling	might	not	only	
exert	a	neurotoxic	effect	but	also	a	stage-specific	neuroprotective	ef-
fect	during	the	development	of	the	disease	in	this	ALS	mouse	model.

4  | DISCUSSION

Inhibition	of	RAGE	signaling	has	been	shown	to	be	neuroprotec-
tive	 in	models	of	Alzheimer's	disease,41-43	Parkinson's	disease,44 
and	 ALS.29	 Indeed,	 Phase	 1	 and	 2	 clinical	 trials	 of	 a	 RAGE	 in-
hibitor	 (PF-04494700,	 TTP488,	 Azeliragon)	 for	 the	 treatment	
of	Alzheimer's	disease	obtained	promising	beneficial	effects,	al-
though they appeared to be restricted to patients with impaired 
glucose tolerance.45-49 These clinical trials confirmed it is safe to 
target	RAGE	for	therapeutic	purposes.	Our	previous	work	identi-
fied	RAGE	as	a	potential	mediator	of	astrocyte-mediated	neuro-
toxicity	in	ALS.14	Here,	we	use	RAGE	pharmacological	inhibitors	
to	 provide	 further	 evidence	 of	 the	 role	 of	 RAGE	 activation	 in	
the	 motor	 neuron	 death	 induced	 by	 ALS-astrocytes	 and	 spinal	
cord	 extracts	 from	 symptomatic	 ALS	 mice.	 A	 previous	 study	
in hSOD1G93A	 mice	 showed	 that	 treatment	 with	 soluble	 RAGE,	
which	 does	 not	 gain	 access	 to	 the	 CNS,	 modestly	 extends	 the	
survival of hSOD1G93A male mice.29 Since our data in cell culture 
models	indicated	the	involvement	of	RAGE	signaling	in	astrocyte-
mediated	motor	neuron	death,	we	designed	two	experimental	ap-
proaches	to	inhibit	RAGE	signaling	at	central	level	in	hSOD1G93A 
mice.	We	used	a	small	molecule	inhibitor	able	to	access	the	CNS,	
FPS-ZM1,31 and a genetic approach that generated hSOD1G93A 
mice	 in	 a	 background	 with	 complete	 or	 partial	 RAGE	 deletion.	
Our results showed that both approaches result in a significant 
improvement	 in	hind-limb	grip	 strength.	This	agrees	with	previ-
ous	reports	showing	that	increased	RAGE	signaling	is	linked	to	the	
muscle atrophy occurring during aging and in pathological condi-
tions	such	as	diabetes,	cancer,	and	myopathies.50-53	Accordingly,	
the	maintenance	 of	 hind-limb	 grip	 strength	 in	 hSOD1G93A mice 
after	 FPS-ZM1	 treatment	 was	 associated	 with	 reduced	 expres-
sion	of	the	atrophy	markers	TRIM63	and	FBX32	in	the	gastrocne-
mius	muscle.	The	ability	of	FPS-ZM1	to	decrease	the	expression	
of	FBX32	in	the	skeletal	muscle	of	hSOD1G93A mice is particularly 
relevant	 because	 increased	 expression	 of	 this	 muscle-specific	

ubiquitin	 E3-ligase	 was	 observed	 in	 atrophied	 muscles	 of	 ALS	
patients.54	The	maintenance	of	hind-limb	grip	strength	was	also	
associated with improved survival of large motor neurons and 
reduced gliosis in the ventral horn of the spinal cord. The latter 
observation	could	be	due	to	either	a	direct	effect	of	FPS-ZM1	in	
astrocyte and microglia biology or a secondary outcome due to 
delayed	motor	neuron	degeneration.	Nevertheless,	these	results	
confirm	 the	 beneficial	 functional	 outcome	 of	 inhibiting	 RAGE	
signaling in male and female hSOD1G93A mice.

However,	 we	 also	 identified	 a	 significant	 protective	 effect	 of	
RAGE	 expression	 in	 hSOD1G93A	mice.	 FPS-ZM1	 treatment	 slowed	
down	 early	 disease	 progression	 in	 female	 mice,	 as	 reflected	 by	 a	
delay	 in	 the	 age	 at	which	 they	 displayed	 5%	 and	 10%	 peak	 body	
weight	loss.	However,	the	treatment	appeared	to	accelerate	disease	
progression	at	 late	stages,	 leading	 to	a	 lack	of	significant	effect	 in	
overall	survival.	On	the	other	hand,	male	mice	showed	a	statistically	
significant	extension	in	the	duration	of	the	disease	in	late	stages,	al-
though	the	2-week	extension	in	the	median	survival	observed	in	male	
mice did not reach statistical significance. These results revealed an 
important	role	of	sex	 in	the	final	outcome	of	RAGE	inhibition,	and	
suggest that limiting the treatment window to an early disease stage 
could have a better clinical outcome in female hSOD1G93A mice. The 
protection	conferred	by	RAGE	expression	in	hSOD1G93A mice is also 
evidenced by the shorter lifespan of hSOD1G93A mice after partial 
or	 complete	 RAGE	 ablation.	 Although	RAGE	 haploinsufficiency	 in	
hSOD1G93A;RAGE(+/-)	shortened	the	lifespan,	mice	preserved	hind-
limb grip strength throughout most of the disease progression. 
However,	 animals	 with	 complete	 and	 ubiquitous	 RAGE	 deletion	
(hSOD1G93A;RAGE(−/−))	showed	no	significant	 improvement	 in	grip	
strength,	 only	 a	 detrimental	 effect	 in	 the	 survival	 was	 observed.	
These	 results	 could	 be	 explained	 by	 the	 fact	 that	 RAGE	 signaling	
may not only promote neurodegeneration but may also promote ho-
meostatic and reparative processes.55,56

Accordingly,	 it	 has	 been	 shown	 that	 RAGE	 signaling	 can	 in-
crease the trophic support provided by astrocytes.57 It is worth 
noting	 that	 the	neurotoxicity	of	ALS-astrocytes	 in	vivo	could	be	
explained	not	only	by	the	secretion	of	toxic	mediators	but	also	by	
deficient	supportive	functions,58,59 including secretion of trophic 
factors,60	regulation	of	glutamatergic	signaling,	61,62 and metabolic 
support.63	 Activation	 of	 RAGE	 and	 TLR4	 signaling	 in	 astrocytes	

F I G U R E  6  FPS-ZM1	treatment	has	no	statistically	significant	effect	on	the	survival	of	hSOD1G93A	mice.	A,	Median	survival	in	male	mice	
treated	with	vehicle	(164.5	d,	n	=	8)	or	FPS-ZM1	(178.5	d,	n	 =	10).	Curves	are	not	significantly	different.	B,	Median	survival	in	female	mice	
treated	with	vehicle	(164	d,	n	 =	 12)	or	FPS-ZM1	(166	d,	n	=	19).	Curves	are	not	significantly	different
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by	HMGB1	released	by	damaged	cells	increases	the	expression	of	
brain-derived	neurotrophic	 factor	 (BDNF)	and	GDNF,57 two tro-
phic factors with the ability to promote motor neuron survival. 

Although	 inhibition	 of	 RAGE	 signaling	 in	 motor	 neurons	 pre-
vents	 the	 neuronal	 death	 induced	 by	 ALS-astrocytes,	 inhibition	
of	RAGE	signaling	in	astrocytes	could	also	negatively	impact	this	

F I G U R E  7  RAGE	haploinsufficiency	
preserves	hind-limb	grip	strength	but	
decreases the lifespan of hSOD1G93A 
mice.	A,	Analysis	of	hind-limb	grip	
strength	combining	both	sexes	
together	(hSOD1G93A;RAGE(+/+)	
group,	black,	n	=	9	[6	females	and	3	
males],	hSOD1G93A;RAGE(+/-)	group,	
red,	n	=	11	[7	females	and	4	males],	
and hSOD1G93A;RAGE(−/−)	group,	
green,	n	=	9	[4	females	and	5	males]).	
Data are presented as the ratio of 
hind-limb	grip	strength	to	body	weight	
(mean	±	SEM).	*Significantly	different	
from hSOD1G93A;RAGE(+/+)	mice	
(P	≤	.05).	Statistical	significance	was	
determined by multiple t tests assuming 
populations with the same standard 
deviation.	B,	No	significant	effect	in	
the onset of the disease was observed 
after	partial	or	complete	genetic	RAGE	
ablation. The onset of the disease was 
retrospectively determined as the 
time	when	mice	reached	peak	body	
weight. The median onset was 120 d 
in hSOD1G93A;RAGE(+/+)	mice	(black),	
118	d	in	hSOD1G93A;RAGE(+/-)	mice	
(red),	and	115	d	in	hSOD1G93A;RAGE(−/−)	
mice	(green).	The	number	and	sex	of	
the	animals	are	the	same	as	in	(A).	C,	
A	significant	decrease	in	the	median	
survival of hSOD1G93A mice was 
observed	after	genetic	RAGE	ablation.	
The median survival was 164 d in 
hSOD1G93A;RAGE(+/+)	mice	(black,	
n =	11	[7	females	and	4	males]),	150	d	in	
hSOD1G93A;RAGE(+/-)	mice	(red,	n	= 29 
[13	females	and	16	males]),	and	146	d	
in hSOD1G93A;RAGE(−/−)	mice	(green,	
n =	12	[6	females	and	6	males]).	No	
statistical difference was observed when 
comparing hSOD1G93A;RAGE(+/-)	versus	
hSOD1G93A;RAGE(−/−)	mice
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neuroprotective mechanism mediated by astrocytes in response 
to	 HMGB1	 released	 by	 damaged	 cells.	 Therefore,	 inhibition	 of	
RAGE	signaling	 in	a	cell	 type-specific	manner	could	 improve	 the	
overall neuroprotective effect in vivo.

RAGE	is	a	pattern	recognition	receptor	able	to	bind	multiple	 li-
gands,	most	of	which	are	oligomeric	in	nature.64	Moreover,	constitu-
tive	oligomerization	of	RAGE	in	the	plasma	membrane	is	required	for	
ligand recognition and cell signaling.65	Thus,	the	oligomerization	state	
of	RAGE	and	its	ligands,	which	is	dictated	in	part	by	structural	prop-
erties	and	level	of	expression,	together	with	the	expression	level	of	
intracellular	adaptor	proteins	involved	in	signal	transduction,	define	
the	outcome	of	RAGE	 signaling	 in	 a	 context-	 and	 celltype-specific	
manner.56,64	Thus,	 the	 level	of	 expression	of	RAGE	and	 its	 ligands	
can	significantly	impact	their	oligomerization	state	and	biological	ef-
fect.	Accordingly,	RAGE	activation	in	neurons	can	promote	cell	sur-
vival	 or	 cell	 death,	 depending	on	 the	 ligand	 and	 its	 concentration,	
and	on	the	cellular	context.55,56	Moreover,	the	detrimental	effect	of	
RAGE	deletion	in	the	survival	of	hSOD1G93A	could	also	be	explained	
by	 the	physiological	 homeostatic	 functions	of	RAGE	expression	 in	
peripheral	tissues.	For	example,	RAGE	is	constitutively	expressed	at	
high	 levels	 in	 the	 lung,	where	 it	plays	an	 important	protective	 role	
preventing the development of pulmonary fibrosis.66,67	Furthermore,	
mutant hSOD1G93A	retains	catalytic	activity,68 and it was shown that 
the	over-expression	of	wild-type	SOD1	accelerates	the	development	
of	asbestos-induced	pulmonary	fibrosis.69	Therefore,	RAGE	deletion	
and hSOD1G93A	over-expression	could	negatively	impact	pulmonary	
function and contribute to the detrimental effect of the genetic 
RAGE	deletion	in	the	survival	of	hSOD1G93A.

Contributing	to	the	complexity	of	the	RAGE	signaling	network,	many	
RAGE	ligands	also	signal	through	other	receptors	such	as	TLR4	and	TLR2,	
whose	expression	is	also	altered	in	ALS	patients.16	Thus,	RAGE	antago-
nism or deletion can facilitate signaling through these other receptors. 
Moreover,	soluble	RAGE	isoforms,	generated	by	alternative	splicing	or	
proteolytic	cleavage	at	the	level	of	the	plasma	membrane,	exert	a	decoy	
function competing for ligand binding and preventing signaling through 
RAGE	 and	 other	 receptors	 that	 share	 the	 same	 ligands.21-23	 Thus,	
pharmacological	antagonism	of	RAGE	or	decreased	expression	below	
a certain threshold also eliminates this modulatory component of the 
intricate	network	of	pattern	recognition	receptors,	potentially	explain-
ing	the	limited	neuroprotective	effects	of	FPS-ZM1	treatment	and	the	
detrimental	effects	observed	after	genetic	RAGE	ablation.	Our	results	
reveal	that	RAGE	signaling	exerts	both	neurotoxic	and	neuroprotective	
functions in hSOD1G93A	 ALS	mice.	 The	 development	 of	 inhibitors	 to	
specifically	counteract	RAGE	neurotoxic	signaling,	while	preserving	the	
potential	beneficial	effects	of	soluble	RAGE	isoforms,	could	improve	the	
efficacy	of	RAGE-targeting	therapies	in	ALS.
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