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Preface	
One	of	the	main	features	of	the	nervous	system	is	the	presence	of	a	highly	organized	
network	of	specialized	cells	 i.e.	neurons ,	which	allow	coordinated	and	integrated	
communication	over	long	distances.	The	formation	of	the	brain	neuronal	network	is	
achieved	 during	 embryonic	 development,	 when	 precise	 axonal	 connections	
between	 neurons	 and	 their	 synaptic	 targets	 are	 established.	 This	 process,	 called	
axon	 guidance,	 is	 conserved	 in	 several	 species.	 In	 the	 last	 25	 years,	 the	 use	 of	
animal	models	led	to	the	identification	of	the	genes	regulating	the	interaction	of	the	
growing	 axons	with	 attractant	 or	 repellent	 cues,	 guide	 post	 cells	 or	 other	 axons,	
present	along	their	complex	trajectories.	This	research	constitutes	the	fundaments	
needed	 to	 understand	 the	 pathogenesis	 of	 several	 human	 psychiatric	 and	
neurodegenerative	disorders	caused	by	alterations	in	brain	connectivity.	Strikingly,	
among	the	numerous	axonal	tracts	that	run	along	the	antero‐posterior	 AP 	axis	of	
the	 brain,	 the	 development	 of	 the	 striatal	 axonal	 pathway	 remains	 poorly	
characterized.		

The	striatum	is	one	of	the	largest	nuclei	in	the	brain	and	it	 is	 involved	in	the	
regulation	 of	 voluntary	 movements	 and	 goal	 directed	 behavior.	 Altered	 striatal	
connectivity	 is	 found	 in	 diseases	 that	 impair	 decision‐making,	 social	 interactions	
and	self‐awareness	 e.g.	autism,	obsessive‐compulsive	disorder,	schizophrenia	and	
Huntington’s	 disease .	 This	 thesis	 explores	 the	 genetic	mechanisms	 orchestrating	
striatal	 pathway	 formation	 and	 uncovers	 novel	 roles	 for	 Wnts	 and	 Fzds	 in	 the	
regulation	of	this	process	in	the	ventral	telencephalon.		
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1.1.1	 Molecular	and	cellular	mechanisms	of	axon	guidance	

“Men	ought	to	know	that	from	nothing	else	but	thence	 from	the	brain 	come	joys,	
delights,	laughter	and	sports,	and	sorrows,	grieves,	despondency,	and	lamentations.	
And	by	this,	 in	a	special	manner,	we	acquire	wisdom	and	knowledge,	and	see	and	
hear,	and	know	what	are	foul	and	what	are	fair,	what	are	bad	and	what	are	good,	
what	are	sweet	and	what	unsavory.	Some	we	discriminate	by	habit,	and	some	we	
perceive	by	their	utility	 ... .	And	by	the	same	organ	we	become	mad	and	delirious,	
and	 fears	and	 terrors	assail	us,	 some	by	night,	and	some	by	day,	and	dreams	and	
untimely	 wanderings,	 and	 cares	 that	 are	 not	 suitable,	 and	 ignorance	 of	 present	
circumstances,	desuetude,	and	unskillfulness.	All	 these	things	we	endure	from	the	
brain,	 when	 it	 is	 not	 healthy	 … ”	 Hippocrates,	 trans.	 Withington,	 1972 .	 With	
these	modern	words,	 Hippocrates	 described	 brain	 function	 and	 dysfunction	 over	
2400	years	ago.	Hippocrates	was	a	Greek	physician	and	the	first	to	observe	that	the	
brain	 is	 the	organ	through	we	perceive,	act,	remember	and	exhibit	consciousness,	
while	others	of	his	 time	believed	 the	brain	was	 just	a	 secondary	organ	needed	 to	
cool	blood	and	regulate	heart	 temperature	 Gross,	1995;	Breitenfeld	et	al.,	2014 .	
Today	we	 know	 that	 the	 brain	 is	 composed	 of	 billions	 of	 neurons	 and	 that	 their	
functions	 are	 defined	by	 the	 connections	 between	 them.	Each	neuron	 can	 form	a	
complex	 and	 specific	 network	 with	 hundreds	 of	 other	 cells,	 through	 which	
information	 is	 transmitted	 and	 processed	 in	 specialized	 brain	 areas.	 Over	 1015	
connections	define	us	as	human	beings.	Loss	or	miswiring	of	 part	of 	this	network	
is	a	cause	of	a	broad	spectrum	of	neurological	diseases	that	impair	motor	functions	
e.g.	Parkinson’s	disease,	Huntington’s	disease ,	cognitive	functions	and	emotional	
behavior	 such	as	Autism,	Schizophrenia,	Depression,	Bipolar	disorders 	or	sensory	
and	 reproductive	 functions	 Kallman	 syndrome 	 Engle,	 2010;	 Zikopoulos	 and	
Barbas,	2010;	Zalesky	et	al.,	2011;	Burke	and	O'Malley,	2013;	Shepherd,	2013 .	For	
this	 reason,	 understanding	 how	 the	 precise	 pattern	 of	 the	 brain’s	 connectivity	 is	
established	it	is	one	of	most	fascinating	questions	in	neuroscience.	

Brain	wiring	 is	 an	 extremely	 accurate	process	 that	occurs	during	embryonic	
and	postnatal	development	and	that	involves	several	steps,	including	the	formation	
of	 specific	 connections	 between	 different	 brain	 regions:	 a	 process	 called	 axon	
guidance.	During	axon	guidance,	neurons	extend	a	cellular	protrusion	‐	called	axon‐	
that	 navigates	 over	 a	 long	distance	 in	 the	 brain	 to	 reach	 its	 appropriate	 synaptic	
targets	 Figure	1A .	During	this	process,	axons	sense	the	surrounding	environment	
through	 a	 specialized	 structure	 localized	 at	 their	 leading	 tip:	 the	 growth	 cone	
Plachez	 and	 Richards,	 2005 .	 This	 structure	 can	 be	 compared	 to	 an	 open	 hand,	
with	 actin	 rich	 filaments	 that,	 like	 fingers,	 can	 actively	 extend	 filopodia	 from	 the	
growth	cone	and	explore	the	extracellular	territory	 Lowery	and	Van	Vactor,	2009;	
Vitriol	and	Zheng,	2012 .	The	growth	cone	is	rich	in	membrane	receptors	that	can		
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bind	 to	 guidance	 cues	 present	 along	 the	 presumptive	 trajectory	 of	 the	 axon.	
Guidance	cues	directly	affect	growth	cone	shape	and	motility,	acting	as	attractants	
or	 repellents	 in	 a	 short	 contact‐dependent 	 or	 long	 diffusible	 gradient 	 range	
manner.	 Through	 these	 interactions	 the	 growth	 cone	 undergoes	 continues	
morphological	 changes,	 responding	 to	 the	 environment	 in	 a	 highly	 dynamic	way:	
promoting	 axonal	 elongation,	 turning	 or	 retracting,	 affecting	 the	 rate	 of	 axonal	
extension	 and	 guiding	 the	 axon	 along	 its	 proper	 trajectory	 Figure	 1B 	 Tessier‐
Lavigne	and	Goodman,	1996;	Kolodkin	et	al.,	2011 .		

Guidance	cues,	localized	in	the	extracellular	environment,	and	their	receptors,	
localized	 on	 the	 growth	 cone,	 are	 evolutionary	 conserved	 molecules:	 from	
invertebrates	 to	mammals.	Netrins,	 Slits,	 Semaphorins	and	Ephrins	are	classically	
considered	 the	 four	 major	 families	 of	 axon	 guidance	 cues.	 Netrins	 were	 first	
identified	 as	 chemoattractants,	 while	 Slits,	 Semaphorins	 and	 Ephrins	 are	 major	
repellents,	although	these	cues	can	also	exert	opposite	effects	on	extending	axons,	
depending	on	the	cellular	context	 Figure	1C 	 Chilton,	2006;	Kolodkin	et	al.,	2011;	
Pasterkamp,	2012 .	In	the	last	years,	all	these	classes	of	molecules	were	shown	to	
regulate	 different	 cellular	 processes,	 ranging	 from	 different	 aspects	 of	 neuronal	
development	 guidance,	 migration,	 synaptogenesis 	 to	 the	 genesis	 and	
differentiation	of	other	organs,	such	cardiovascular	system	development	 Serini	et	
al.,	2003;	Lu	et	al.,	2004 .	Vice	versa,	morphogens	 like	Wingless	 Wnts 	and	Sonic	
hedgehog	 Shh ,	that	were	first	characterized	for	their	role	in	tissue	patterning	and	
cell	fate	specification,	are	now	known	to	also	regulate	axon	pathfinding,	providing	
specific	 positional	 information	 and	 acting	 as	 long‐range	 attractants	 or	 repellents	
Charron	and	Tessier‐Lavigne,	2005 .	Adhesion	molecules	also	serve	an	important	
role	in	axon	guidance.	These	molecules	do	not	mediate	attraction	or	repulsion,	but	
provide	 a	 substrate	 that	 allows	 the	 stabilization	 of	 the	 growth	 cone	 and	 axon	
outgrowth	 Kolodkin	 et	 al.,	 2011 Figure	 1C .	 During	 axon	 pathfinding,	 all	 these	
molecular	mechanisms	simultaneously	act	on	the	growth	cone.	Thus,	depending	on	
the	receptor	portfolio	present	on	the	growth	cone,	complex	intracellular	signals	are	
integrated	in	a	synergistic	manner	and	transduced	into	a	cellular	response	 Bashaw	
et	al.,	2010;	Dudanova	and	Klein,	2013 .	

Growing	 axons	 often	 need	 to	 travel	 over	 a	 long	 distance	 and	 cross	 a	
continuously	 changing	 molecular	 environment	 before	 reaching	 their	 final	 targets.	
Extending	 axons	 not	 only	 respond	 to	 gradients	 of	 guidance	 cues	 in	 their	
environment,	but	also	interact	with	 intermediate	targets	 guidepost	cells 	and	with	
other	 axonal	 tracts	 axon‐axon	 interactions .	 Generally,	 axons	 use	 intermediate	
targets	as	crucial	decision	points,	where	attractant	or	repellent	information	reorients	
the	 axon’s	 trajectory	 Figure	 2A .	 At	 the	 same	 time,	 guidepost	 cells	 can	 secrete	
neurotropic	factors	that	selectively	promote	the	survival	of	neurons	that	are	growing	
in	 the	 right	 direction.	 Intermediate	 targets	 can	 also	 act	 as	 scaffolds,	 forming	
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permissive	 ‘corridors’	or	bridges	across	hostile	environments	and	providing	 in	 this	
case	 continuous	 guidance	 all	 along	 the	 axonal	 path	 Figure	2B 	 Chao	 et	 al.,	 2009;	
Raper	et	al.,	2010 .	For	example,	several	studies	show	that	during	the	 formation	of	
major	 brain	 tracts,	 glial	 cells	 or	 transient	 neuronal	 populations	 are	 essential	
intermediate	 targets	 that	 facilitate	 the	 crossing	 of	 defined	 anatomical	 boundaries,	
through	 the	 expression	 of	 permissive	 cues	 like	 Wnts,	 Netrins	 or	 Semaphorins	
Lopez‐Bendito	et	al.,	2006;	Richards,	2014;	Squarzoni	et	al.,	2014 .	Growing	axons	
can	also	interact	with	other	axons	in	a	contact‐dependent	manner	to	fasciculate	and	
form	 large	 bundles	 Figure	 2C 	 Wang	 and	 Marquardt,	 2013 .	 To	 extend	 in	 the	
appropriate	 direction,	 axons	 can	 recognize	 pre‐existing	 axons	 so	 called	 “pioneer	
axons” 	of	 the	same	tract	and	use	 them	as	a	scaffold	or	use	other	unrelated	axonal	
tracts	 present	 along	 their	 trajectory	 Figure	 2D‐E 	 Wang	 et	 al.,	 2011;	 Deck	 et	 al.,	
2013;	 Schmidt	 et	 al.,	 2014 .	 These	 axon‐axon	 interactions	 are	 regulated	 through	
homo‐	or	heterophilic	binding	of	adhesion	molecules.		

	
Figure	2.	Schematic	overview	of	the	cellular	mechanisms	regulating	axon	guidance.	
A 	 During	 embryonic	 development	 growing	 axons	 need	 to	 travel	 over	 long	 distances.	 The	
interaction	 of	 the	 axon	 with	 intermediate	 cellular	 targets	 guidepost	 cells 	 present	 at	 crucial	
decision	points	aids	 in	 finding	 the	 right	 trajectory	and	 in	 reaching	 the	 final	 target.	B 	Moreover,	
guidepost	cell	can	also	act	as	scaffolds	allowing	axons	to	cross	hostile	anatomical	boundaries.	C 	
Extending	 axons	 can	 interact	 with	 other	 axon	 tracts	 to	 extend	 in	 the	 appropriate	 direction.	
Growing	 follower 	 axons	 can	 use	 pre‐existing	 axons	 as	 scaffolds,	 D 	 fasciculate	 and	 form	 large	
bundles	or	E 	use	other	axonal	tracts	present	along	their	trajectory	as	scaffolds	to	extend	into	an	
opposite	direction.		
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All	 the	 molecular	 and	 cellular	 mechanisms	 described	 here	 are	 tightly	
controlled	 during	 nervous	 system	 development.	 Axon	 tracts,	 in	 fact,	 develop	 in	 a	
stereotyped	manner,	conserved	between	different	species	and	different	individuals.	
For	example,	brain	wiring	in	mammals	requires	the	formation	of	long‐longitudinal	
tracts	along	the	anterior‐posterior	axes	 i.e.	the	corticofugal	tract,	the	dopaminergic	
and	 striatal	 pathways	 and	 the	 serotoninergic	 tract ,	 the	 development	 of	 dorso‐
ventral	 tracts	 i.e.	 the	 internal	 capsule 	 and	 connections	 between	 the	 two	
hemispheres,	through	the	formation	of	commissures	 i.e.	the	anterior	commissure	
and	the	corpus	callosum	or	the	optic	chiasm 	 Figure	3 .	Interestingly,	the	temporal	
sequence	of	when	these	tracts	are	formed	is	conserved	 in	most	vertebrates :	some	
of	 the	 longitudinal	 tracts	 form	 first	 while	 the	 dorso‐ventral	 tracts	 form	 later	 in	
development.	

	

Figure	3.	Schematic	representation	of	the	main	axonal	tracts	in	the	mouse	brain.	
The	development	of	axon	tracts	in	the	brain	is	conserved	between	different	species	and	different	
individuals.	 Represented	 here	 are	 the	main	 axon	 pathways	 that	 develop	 along	 A 	 the	 anterior‐
posterior	 axis	B 	 dorsal‐ventral	 axis	 and	C 	 between	 the	 two	brain	 hemispheres.	 Adapted	 from:	
Chedotal	and	Richards,	2010.	

1.1.2	 The	role	of	Wnts	and	Frizzleds	in	axon	guidance	

In	the	following	section,	we	will	summarize	the	current	knowledge	about	a	class	of	
soluble	 axon	 guidance	molecules,	 Wnts,	 and	 their	 seven	 pass‐transmembrane	 G‐
coupled	 receptors,	 Frizzled	 Fzds .	 Wnts	 are	 a	 large	 family	 of	 small	 secreted	
proteins	 that	 have	 key	 roles	 both	 in	 developmental	 and	 adult	 processes.	 At	 the	
cellular	level,	Wnt/Fzd	signaling	is	involved	in	the	control	of	cell	fate	specification,	
proliferation,	 adhesion,	 migration,	 polarization	 and	 cell	 survival	 Nusse	 and	
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Varmus,	 2012 .	 Alterations	 in	 Wnt/Fzd	 signaling	 are	 associated	 with	
carcinogenesis,	 neuropsychiatric	 disease	 and	 neurodegenerative	 disorders	
Okerlund	 and	 Cheyette,	 2011;	 Anastas	 and	 Moon,	 2012;	 Klein,	 2012;	 Inestrosa,	
2013;	 Salinas,	 2013;	 Galli	 et	 al.,	 2014 .	 The	 importance	 of	 these	 genes	 is	 also	
underlined	by	 the	 fact	 that	 their	 functions	are	highly	 conserved	during	evolution,	
from	 sponges	 to	 humans.	 In	 mammals	 there	 are	 19	Wnts	 and	 10	 Fdz	 receptors	
Huang	and	Klein,	2004;	Bazan	et	al.,	2012 .		

The	wide	range	of	effects	that	Wnts/Fzds	can	elicit	is	strictly	connected	to	the	
fact	that	they	can	signal	through	three	distinct	downstream	pathways:	the	canonical	
Wnt/	β‐Catenin	pathway	and	the	non‐canonical	and	Calcium	 Ca2 	and	Planar	Cell	
Polarity	 PCP 	 pathways	 Figure	 4 .	 The	 canonical	 pathway	 is	 activated	 by	 the	
interaction	 of	 Wnt/Fzd	 with	 their	 single	 pass	 LRP5/6	 co‐receptors	 low‐density	
lipoprotein	receptor	related	protein	5/6 MacDonald	and	He,	2012 .	This	 leads	to	
the	 recruitment	 of	 Disheveled	 Dvl ,	 an	 intracellular	 scaffold	 protein,	 to	 the	
membrane	 that	 in	 turn	 binds	 and	 inactivates	 a	 cytoplasmic	 destruction	 complex	
formed	 by	 Axin,	 APC	 adenomatous	 polyposis	 coli 	 and	 GSK‐3beta	
serine/threonine	 kinase	 glycogen	 synthase	 kinase	 3‐B .	 This	 allows	 the	
stabilization	of	β‐Catenin	and	its	translocation	into	the	nucleus.	Here,	β‐Catenin	can	
bind	 to	 the	 transcription	 factor	 TCF	 T	 cell	 factor /LEF	 Lymphoid	 enhancing	
factor 	 and	 promote	 transcriptional	 regulation	 Clevers	 and	 Nusse,	 2012 .	 The	
outcome	of	this	signaling	pathway	depends	on	the	cell	type	and	it	can	regulate	the	
expression	 of	 proteins	 involved	 in	 the	 control	 of	 the	 cell	 cycle	 like	 cyclin	 D1 ,	
oncogenes	 like	 c‐Myc,	 Axin2 ,	 adhesion	molecules	 like	 N‐CAM	 or	 L1 	 and	 axon	
guidance	molecules	 like	 Ephrins 	 He	 et	 al.,	 1998;	 Beier	 et	 al.,	 1999;	 Yan	 et	 al.,	
2001;	Conacci‐Sorrell	et	al.,	2002;	Clevers	and	Batlle,	2006;	Klein	et	al.,	2008 .	The	
canonical	 pathway	 has	 been	 the	 most	 investigated	 Wnt	 pathway	 in	 the	 past	 25	
years	 because	 its	 constitutive	 activation	 promotes	 cancer	 development	 and	 its	
implication	in	several	other	human	diseases	 Clevers	and	Nusse,	2012 .	In	neurons,	
the	 β‐Catenin	 pathway	 is	 involved	 in	 the	 control	 of	 cell	 fate	 specification	 and	
proliferation,	 dendritic	 morphogenesis,	 axon	 guidance,	 synaptogenesis,	 adult	
neurogenesis	and	neuronal	function	 Huelsken	et	al.,	2000;	Maretto	et	al.,	2003;	Yu	
and	 Malenka,	 2003;	 Chen	 et	 al.,	 2006;	 Zaghetto	 et	 al.,	 2007;	 Maro	 et	 al.,	 2009;	
Varela‐Nallar	et	al.,	2009;	Varela‐Nallar,	2013 .		

Activation	of	the	two	“non‐canonical”	pathways	by	Wnt/Fzd	interactions	is	β‐
Catenin‐independent	 and	 involves	 the	 activation	 of	 different	 domains	 of	 the	
intracellular	 protein	 Dvl,	 that	 represents	 a	 regulatory	 link	 between	 the	 three	
signaling	 cascades	 Onishi	 et	 al.,	 2013;	 Kafka	 et	 al.,	 2014 .	 In	 the	 PCP	 pathway,	
Wnt/Fzd	binding	leads	to	the	activation	of	the	small	GTPase		RhoA	and	JNK	 c‐Jun	
N‐terminal	kinases 	that	regulate	cytoskeleton	dynamics	through	the	formation	of	
actin	 stress	 fibers	 and	 stabilization	 of	 microtubule	 filaments	 Schlessinger	 et	 al.,		



Chapter 1 

  17

	

Fi
gu
re
	4
.	W

nt
	s
ig
na
lin
g	
pa
th
w
ay
s.
		

A
	I
n	
th
e	
ca
no
ni
ca
l	β
‐c
at
en
in
	p
at
hw

ay
,	W

nt
	b
in
ds
	t
o	
th
e	
Fz
d	
Fr
iz
zl
ed

	a
nd
	L
rp
5/
6	
lo
w
‐d
en
si
ty
	li
po
pr
ot
ei
n	
re
ce
pt
or
‐r
el
at
ed
	p
ro
te
in
	5
/6

	r
ec
ep
to
rs
,	

th
er
eb
y	
ac
tiv
at
in
g	
D
vl
	
di
sh
ev
el
ed

.	T
hi
s	
pr
ev
en
ts
	th
e	
ph
os
ph
or
yl
at
io
n	
of
	β
‐c
at
en
in
	th
ro
ug
h	
th
e	
A
xi
n‐
A
PC
	
ad
en
om

at
ou
s	
po
ly
po
si
s	
co
li
‐G
sk
3β
	
gl
yc
og
en
	

sy
nt
he
ta
se
	k
in
as
e	
3
	c
om

pl
ex
	a
nd
	it
s	
de
gr
ad
at
io
n.
	β
‐c
at
en
in
	a
cc
um

ul
at
es
	in
	th
e	
cy
to
pl
as
m
	a
nd
	tr
an
sl
oc
at
es
	to
	th
e	
nu
cl
eu
s.
	H
er
e	
it	
as
so
ci
at
es
	w
ith
	T
cf
	
T‐

ce
ll	
fa
ct
or

	a
nd
	r
eg
ul
at
es
	t
ra
ns
cr
ip
tio
n,
	c
el
l	p
ro
lif
er
at
io
n	
an
d	
ce
ll	
fa
te
	s
pe
ci
fic
at
io
n.
	s
FR
P	
se
cr
et
ed
	fr
iz
zl
ed
‐r
el
at
ed
	p
ro
te
in
s
	a
re
	s
ol
ub
le
	m
od
ul
at
or
s	
of
	

W
nt
	s
ig
na
lin
g	
an
d	
pr
ev
en
t	t
he
	in
te
ra
ct
io
n	
be
tw
ee
n	
W
nt
s	
an
d	
Fz
ds
.	B

	In
	th
e	
PC
P	
pl
an
ar
	c
el
l	p
ol
ar
ity

‐p
at
hw

ay
,	W

nt
/F
zd
	b
in
di
ng
	le
ad
s	
to
	th
e	
ac
tiv
at
io
n

of
	D
vl
	a
nd
,	i
n	
tu
rn
,	t
o	
th
e	
ac
tiv
at
io
n	
of
	t
he
	s
m
al
l	G
TP
as
e	
R
ho
A
,	R
oc
k	
R
ho
	k
in
as
e
	a
nd
	J
N
K
	
c‐
Ju
n	
N
‐t
er
m
in
al
	k
in
as
es

.	T
he
se
	m
ol
ec
ul
es
,	t
hr
ou
gh
	t
he

fo
rm
at
io
n	
of
	a
ct
in
	s
tr
es
s	
fib
er
s	
an
d	
th
e	
st
ab
ili
za
tio
n	
of
	m
ic
ro
tu
bu
le
	fi
la
m
en
ts
,	r
eg
ul
at
e	
ce
ll	
po
la
ri
ty
	a
nd
	m
ig
ra
tio
n.
	T
he
	P
CP
	s
ig
na
lin
g	
ca
sc
ad
e	
re
qu
ir
es
	th
e	

in
te
ra
ct
io
n	
of
	W
nt
/F
zd
	w
ith
	tw

o	
ot
he
r	
re
ce
pt
or
s:
	V
an
	G
og
h‐
lik
e	
1	
an
d	
2	
Va
ng
l
	a
nd
	C
el
sr
1‐
3	
Ca
dh
er
in
	E
G
F	
LA
G
	s
ev
en
‐p
as
s	
G
‐t
yp
e	
re
ce
pt
or
s	
1,
	2
,	a
nd
	3
.	

C
	In
	th
e	
W
nt
/C
a2

	p
at
hw

ay
,	W

nt
‐F
zd
	b
in
di
ng
	le
ad
s	
to
	th
e	
ac
tiv
at
io
n	
of
	P
LC
	
ph
os
ph
ol
ip
as
e	
C
	a
nd
	to
	th
e	
re
le
as
e	
of
	in
tr
ac
el
lu
la
r	
ca
lc
iu
m
.	H
ig
he
r	
le
ve
ls
	o
f

in
tr
ac
el
lu
la
r	
ca
lc
iu
m
	a
ct
iv
at
e	
th
e	
ca
lc
iu
m
/c
al
m
od
ul
in
‐d
ep
en
de
nt
	p
ro
te
in
	k
in
as
e	
II
	
Ca
m
K
II
,	P
K
C	

pr
ot
ei
n	
ki
na
se
	C

	a
nd
	c
al
ci
ne
ur
in
.	P
CK
	le
ad
s	
to
	t
he

ac
tiv
at
io
n	
of
	t
he
	s
m
al
l	G
TP
as
e	
Cd
c4
2	
ce
ll	
di
vi
si
on
	c
on
tr
ol
	p
ro
te
in
	4
2	
ho
m
ol
og

	a
nd
	a
ct
in
	p
ol
ym

er
iz
at
io
n.
	C
al
ci
ne
ur
in
	a
ct
iv
at
es
	t
he
	t
ra
ns
cr
ip
tio
n	
fa
ct
or

N
FA
T	
nu
cl
ea
r	
fa
ct
or
	o
f	a
ct
iv
at
ed
	T
	c
el
ls
	a
nd
	g
en
es
	in
vo
lv
ed
	in
	c
el
l	f
at
e	
sp
ec
ifi
ca
tio
n.
	A
da
pt
ed
	fr
om

:	N
ih
er
s,
	2
01
2.
	



Chapter 1 

 18

2009 .	 The	 PCP	 signaling	 cascade	 is	 complex	 and	 its	 regulation	 requires	 the	
interaction	 of	Wnt/Fzd	with	 two	 other	 receptors:	 Van	Gogh‐like	 1	 and	 2	 Vangl 	
and	 Cadherin	 EGF	 LAG	 seven‐pass	 G‐type	 receptors	 1‐3	 Celsr1‐3 .	 These	 genes	
were	 first	 characterized	 in	 Drosophila,	 where	 their	 homologs	 are	 distributed	 on	
opposite	 sides	 of	 epithelial	 cells:	 Fzd/Celsr	 complexes	 on	 the	 distal	 side	 and	
Vangl/Celsr	complexes	on	the	apical	side.	This	polarized	distribution	can	induce,	in	
a	 contact‐dependent	 manner,	 the	 transmission	 of	 PCP	 signals	 and	 cytoskeletal	
remodeling	 in	 the	 surrounding	 cells,	 regulating	 cell	 orientation	 and	 tissue	
polarization	 in	 Drosophila	 wings.	 These	molecular	mechanisms	 are	 conserved	 in	
vertebrates,	were	 the	PCP	pathway	 is	 activated	by	 the	presence	of	Wnt	gradients	
and	 can	 regulate	 epithelial	 and	 also	 neural	 cell	 polarization,	 for	 example	 during	
gastrulation	and	neural	tube	formation	 Wu	and	Mlodzik,	2008;	Clark	et	al.,	2012 .	
Moreover,	 in	 neurons	 PCP	 pathways	 can	 regulate	 axon	 guidance,	 growth	 cone	
steering,	 and	 dendritic	 development	 Rosso	 et	 al.,	 2005;	 Zou,	 2012a;	 Hua	 et	 al.,	
2014 .	The	exact	molecular	mechanisms	and	the	precise	 interactions	between	the	
Fzd/Vangl/Celsr	 proteins	 required	 for	 these	 effects	 are	 just	 beginning	 to	 be	
elucidated.	 At	 cellular	 level,	 it	 was	 shown	 that	 the	 PCP	 pathway	 is	 required	 for	
growth	cone	steering	and	also	in	this	case,	similarly	to	the	Drosophila	homologs	in	
epithelial	cells,	Fzd	and	Vangl	have	a	different	cellular	distribution.	Overexpression	
of	Vangl	can	induce	Fzd	internalization	upon	Wnt	binding	and	inhibition	of	Dvl.	This	
results	 in	 a	 high	 levels	 of	 the	 Vangl	 receptor	 in	 growth	 cone	 filopodia	 that	 are	
actively	exploring	the	surrounding	environment,	while	the	activated	Fzd	receptor	is	
localized	 intracellularly,	 inducing	 actin	 remodeling	 and	 growth	 cone	 steering	
Shafer	 et	 al.,	 2011;	 Zou,	 2012b;	 Onishi	 et	 al.,	 2013 .	 Studies	 using	 conditional	
knock‐out	 mice,	 in	 contrast,	 excluded	 a	 major	 role	 of	 Vangl	 genes	 Vangl	 1‐2 	
during	 forebrain	 wiring	 and	 suggest	 that	 Fzds	 and	 Celsrs	 can	 regulate	 axon	
guidance	through	a	mechanism	different	from	the	classical	PCP	pathway	 Qu	et	al.,	
2014 .		

In	 the	 Wnt/Ca2 	 pathway,	 Wnt/Fzd	 binding	 and	 Dvl	 recruitment	 leads	 to	
activation	of	phospholipase	C	 PLC 	 that	 then	 triggers	an	 increase	 in	 intracellular	
calcium	levels.	This	then	stimulates	the	activation	of	Ca2 ‐dependent	enzymes	that	
have	 different	 downstream	 effects:	 blockage	 of	 the	 Wnt/B‐catenin	 pathway	
through	 Ca2 /Calmodulin‐dependent	 kinase	 II	 CaMKII ,	 the	 regulation	 of	 actin	
dynamics	through	protein	kinase	C	 PKC ,	and	the	activation	of	gene	transcription	
through	 Calcineurin	 and	 the	 Nuclear	 factor	 of	 activated	 T‐cells	 NFAT 	 De,	
2011 .	 This	 pathway	 has	 been	 implicated	 in	 several	 aspects	 of	 neuronal	
development	and	function:	cell	fate	specification,	cell	migration,	axon	guidance	and	
elongation,	 synaptogenesis	 and	 dendritic	 spine	 morphogenesis	 Hutchins	 et	 al.,	
2011;	Inestrosa,	2013 .		
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The	three	Wnts/Fzd	signaling	cascades	are	distinct	but	strictly	integrated	and	
regulated	through	different	 levels	of	crosstalk	 van	Amerongen	and	Nusse,	2009 .	
In	particular	Wnts/Frizzleds	can	 interact	with	other	proteins	 that	can	act	both	as	
specific	 activators	 or	 inhibitors	 of	 the	 canonical	 pathway.	 For	 example,	 with	
“alternative”	 receptors	 present	 on	 the	 cell	 membrane,	 like	 Ryk	 receptor	 Tyr	
kinase 	 or	 ROR	 the	 retinoic	 acid‐related	 orphan	 receptor	 family	 cell	 surface	
tyrosine	 kinase	 receptors .	 Or	 with	 secreted	 antagonists	 present	 in	 overlapping	
patterns	in	the	extracellular	environment,	like	Dkk‐1	 Dickkopf‐related	protein 	or	
sFRPs	 secreted	Frizzled‐related	proteins 	 Kawano	and	Kypta,	2003;	Bovolenta	et	
al.,	2006;	Petrova	et	al.,	2014 .		

Classically	Wnts	 are	 classified	 in	 canonical	 Wnt1,	Wnt2,	Wnt3,	Wnt10b 	 or	
non‐canonical	 Wnt4,	Wnt5a,	Wnt7,	Wnt11 	Wnts,	based	on	their	ability	to	induce	
β‐Catenin‐dependent	 transcription	 or	 not.	 It	 is	 important	 to	 note	 that	 Wnts	 can	
elicit	 different	 effects	 depending	 on	 the	 Frizzled	 receptor	 they	 bind,	 the	 cell	 type	
involved	 and	 the	 developmental	 stage.	 For	 example,	 during	 the	 first	 stages	 of	
nervous	 system	 development	 Wnts	 are	 present	 in	 gradients	 that	 act	 as	
morphogens,	defining	 tissue	 identity	 and,	more	precisely,	 acting	 as	posteriorizing	
agents	 during	 brain	 patterning.	 Later	 during	 development,	 Wnt	 gradients	 act	 as	
chemoattractant	or	chemorepellent	signals	during	nervous	system	wiring	 Killeen	
and	Sybingco,	2008;	Clark	et	al.,	2014 .	For	example,	a	repulsive	Wnt5a	gradient	it	
is	necessary	for	cortical	axons	to	form	connections	with	the	other	brain	hemisphere	
through	the	corpus	callosum	 Keeble	et	al.,	2006 .	In	this	case,	Wnt5a	induces	axon	
repulsion	through	the	activation	of	the	Ryk	receptor	and	the	alternative	Wnt/Ca2 	
pathway	 Li	et	al.,	2009 .	Moreover,	Wnt	gradients	have	been	studied	extensively	in	
the	 spinal	 cord,	 a	well‐explored	 system	 that	 keeps	 representing	 a	 good	model	 to	
study	the	function	and	mechanism‐of‐action	axon	guidance	molecules	 Zou,	2012c .	
Here	 Wnt/Fzd	 signaling	 is	 essential	 to	 direct	 axon	 growth	 along	 the	 anterior‐
posterior	 axis	 Dickson,	 2005 .	 In	 particular,	 during	 embryogenesis	 ascending	
sensory	 axons	 are	 attracted	 towards	 the	 brain,	 after	 crossing	 the	midline,	 by	 the	
presence	 of	 gradient	 of	Wnt4,	Wnt7b,	Wnt5a,	 and	Wnt7a,	mediated	 by	 the	 Fzd3	
receptor	 and	 PCP	 pathway	 activation	 Lyuksyutova	 et	 al.,	 2003 .	 In	 contrast,	
corticospinal	 axons	 descend	 from	 the	 brain	 into	 the	 spinal	 cord	 due	 to	 repulsive	
Wnt5a	and	Wnt1	gradients	and	signaling	 through	 the	Ryk	receptor	 Keeble	et	al.,	
2006 .	The	high	level	of	complexity	and	redundancy	of	Wnt/Fzd	signaling	explains	
why	 in	other	neuronal	systems	the	 functional	outcome	of	Wnt/Fzd	 interactions	 is	
often	difficult	to	predict.	

Many	Frizzled	receptors	have	been	shown	to	be	involved	in	the	regulation	of	
axon	 guidance	 in	 vertebrates,	 both	 in	 the	 peripheral	 and	 in	 the	 central	 nervous	
system.	 Of	 these	 receptors,	 Fzd3	 is	 the	 most	 investigated	 Garcia‐Morales	 et	 al.,	
2009;	Shah	et	al.,	2009;	Hua	et	al.,	2013 .	This	receptor	was	the	first	molecule	of	the	
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Wnt/Fzd	families	shown	to	be	involved	in	brain	wiring	through	the	analysis	of	the	
Fzd3	 knock‐out	 mouse.	 Loss	 of	 Fzd3	 during	 embryogenesis	 results	 in	 the	 loss,	
stalling	 or	misrouting	 of	major	 axon	 tracts	 in	 the	 forebrain	 corticothalamic	 and	
thalamocortical	tracts	forming	the	internal	capsule,	corticospinal	tract,	anterior	and	
hippocampal	 commissure	 and	 nigrostriatal	 tract 	 Wang	 et	 al.,	 2002;	 2006 .	
Subsequent	 studies	 identified	 the	 precise	 cellular	 and	 molecular	 mechanisms	
through	which	Fzd3	controls	axon	 tract	development.	For	example,	Fzd3	controls	
dopaminergic	 axon	 guidance	 in	 a	 cell	 autonomous	 manner,	 mediating	 Wnt5a	
repulsion	and	Wnt7b	attraction	and	controlling	the	anterior‐posterior	organization	
of	 both	 dopaminergic	 and	 serotoninergic	 system	 through	 PCP	 signaling	
components	 Fenstermaker	et	al.,	2010;	Blakely	et	al.,	2011 .	In	contrast,	with	the	
use	 of	 conditional	 Fdz3	 knock‐out	 mice,	 it	 has	 been	 demonstrated	 recently	 that	
during	the	formation	of	the	corticothalamic	and	thalamocortical	system	Fzd3	has	a	
non	 cell‐autonomous	 role,	 probably	 regulating	 the	 correct	 formation	 of	 the	
intermediate	target	in	the	internal	capsule,	the	guidepost	cells	 Hua	et	al.,	2014 .	A	
non‐cell	 autonomous	 role	 of	 Fzd3	 was	 also	 suggested	 in	 commissural	 axon	
formation	 and	 facial	 branchiomotor	 neuron	 migration	 FBM 	 Qu	 et	 al.,	 2010;	
Hofmeister	 et	 al.,	 2012 .	Moreover,	 in	 the	peripheral	 nervous	 system,	 it	 has	been	
demonstrated	that	Fzd3	can	 form	a	receptor	complex	with	another	PCP	molecule,	
Celrs3.	 This	 receptor	 complex	 can	 then	 interact	 with	 Ephrins	 to	 regulate	 motor	
neurons	 guidance	 through	 the	 interaction	 with	 Eph‐ephrin	 signaling	 Chai	 et	 al.,	
2014 .	Thus,	Fzd3	signaling	can	regulate	different	aspects	of	brain	wiring	through	
complex	molecular	and	cellular	mechanisms.	
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1.2	 The	direct	and	indirect	striatal	pathways	

1.2.1	 The	Basal	Ganglia	

The	basal	ganglia	 BG 	consist	of	a	group	of	 interconnected	nuclei	 located	deep	in	
the	 brain	 hemispheres	 characterized	 by	 the	 production	 of	 different	
neurotransmitters	and	with	different	developmental	origins.	The	main	components	
of	 the	basal	ganglia	are	the	striatum	 STR ,	 the	globus	pallidus	 GP ,	external	and	
internal	 segment ,	 the	 subtalamic	 nucleus	 STN 	 and	 the	 substantia	 nigra	 pars	
reticulata	 SNr .	 The	 striatum	 is	 a	 large	 subcortical	 structure	 in	 the	mammalian	
forebrain	and	 it	 is	 involved	 in	processing	 information	received	from	most	cortical	
areas,	 representing	 the	 main	 input	 structure	 of	 the	 basal	 ganglia.	 The	 GP	 pars	
internal	 GPi,	called	endopeduncular	nuclei	 in	rodents 	and	the	SNr	represent	the	
output	 structures	 of	 the	 basal	 ganglia,	 providing	 inhibitory	 information	 to	 the	
motor	 thalamus	 which	 in	 turn	 projects	 back	 to	 the	 cortex 	 and	 the	 brainstem	
Figure	 5A‐B 	 Steiner	 and	 Tseng,	 2010;	 Lanciego	 et	 al.,	 2012 .	 The	 information	
that	 flows	 from	 input	 to	 output	 structures	 is	mediated	by	 the	direct	 and	 indirect	
striatal	 pathway.	 Moreover,	 different	 feedback	 pathways	 can	 directly	 modulate	
basal	 ganglia	 activity:	 excitatory	 glutamatergic	 information	 is	 provided	 by	 the	
thalamus	 thalamo‐striatal	pathway ,	dopaminergic	information	from	the	midbrain	
nigrostriatal	 pathway ,	 and	 cholinergic	 and	 serotonergic	 information	 from	 the	
brainstem	 Figure	 5C ,	 Steiner	 and	 Tseng,	 2010;Wall	 et	 al.,	 2013;	 Dautan	 et	 al.,	
2014;	 Smith	 et	 al.,	 2014 .	 Thus,	 the	 basal	 ganglia	 represent	 a	 complex	 circuit	 in	
which	information	received	from	the	cerebral	cortex	is	integrated	and	redirected	to	
brain	regions	that	directly	control	movement	and	behavior.		

The	basal	ganglia	first	appeared	in	the	vertebrate	lineage	around	560	million	
years	ago,	where	the	main	function	of	these	nuclei	was	to	regulate	action	selection	
based	 on	 sensory	 information	 received	 from	 the	 outside	 environment	 Grillner,	
2016 .	However,	during	mammalian	evolution	the	connectivity	of	the	basal	ganglia	
became	more	complex	due	to	enriched	cortical	 inputs.	Cortical	neurons	project	 to	
the	striatum	topographically	and	can	mainly	 transmit	motor,	 cognitive	and	 limbic	
information	 Hintiryan	et	al.,	2016 .	In	mammalian	basal	ganglia,	there	are	different	
parallel	loops	 or	basal	ganglia‐thalamocortical	pathways 	that	receive	this	specific	
information	from	the	cortex,	elaborate	and	integrate	it	in	the	striatum,	transmit	it	to	
the	 output	 basal	 ganglia	 structure	 through	 the	 direct	 and	 indirect	 pathways	 and	
then	 project	 back	 to	 the	 same	 cortical	 region	 Figure	 5C .	 Each	 of	 these	 loops	 is	
functionally	 and	 structurally	 distinct,	 controlling	 motor	 information,	 emotions,	
expectations,	 reward	 and	 memory.	 The	 integration	 of	 all	 this	 information	 is	
essential	for	the	basal	ganglia	control	of	complex	behaviors:	i.e.	associative	learning,	
habit	 formation	 or	 addictive	 behaviors 	 and	 goal‐directed	 behavior	 Alexander	
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and	Crutcher,	1990;	 Jain	et	 al.,	 2001;	Stephenson‐Jones	et	 al.,	 2011;	Dautan	et	 al.,	
2014;	Hikida,	2014;	Haber,	2016 .		

	
Figure	5.	The	basal	ganglia	network.		
Schematic	overview	of	 the	main	components	of	 the	basal	ganglia	 in	the	A 	human	and	B 	mouse	
brain:	the	striatum	 STR ,	the	globus	pallidus	 GP,	external	and	internal	segment ,	the	subthalamic	
nucleus	 STN 	and	the	substantia	nigra	pars	reticulata	 SNr .	C 	The	basal	ganglia	are	involved	in	
the	processing	and	integration	of	information	received	by	most	cortical	areas.	The	striatum	is	the	
main	 input	 structure	of	 the	 basal	 ganglia	 and	 receives	 information	 from	 the	 cortex,	 through	 the	
cortico‐striatal	 pathway	 1 .	 From	 the	 striatum	 information	 flows	 to	 the	 output	 structure	of	 the	
basal	 ganglia,	 the	 SNr,	 through	 the	 direct	 and	 indirect	 striatal	 pathways	 2 .	 	 From	 the	 SNr,	
information	 is	 integrated	and	 transmitted	back	 to	 the	cortex	 through	 the	nigrothalamic	pathway	
3 	 and	 the	 thalamocortical	 pathway	 4 .	 Different	 types	 of	 information	 sensory,	 cognitive,	
emotional 	are	elaborated	along	several	parallel	loops	in	the	basal	ganglia.		

Dysfunctions	 of	 the	 activity	 or	 interaction	 between	 these	 different	 nuclei	 is	
implicated	 in	 a	 broad	 spectrum	 of	 neurological	 diseases:	 childhood	 neurological	
disorders	 such	 as	Tourette's	 syndrome	or	 attention	deficit	 hyperactive	 disorder,	
ADHD ,	autism	spectrum	disorders ,	psychiatric	disorders	 obsessive‐compulsive	
disorder,	schizophrenia,	drug	addiction,	depression 	or	neurodegenerative	diseases	
mainly	Parkinson's	and	Huntington's	disease 	 Kreitzer	and	Malenka,	2008;	Maia	
and	Frank,	2011;	Cho	and	Sohal,	 2014;	Fuccillo,	 2016 .	The	vast	heterogeneity	of	
these	 neurological	 disorders	 emphasizes	 the	 importance	 of	 understanding	 the	
correct	function	and	the	development	of	the	affected	brain	circuits.	



Chapter 1 

  23

1.2.2	 Striatal	medium	spiny	neurons	 MSNs 	

The	striatum	was	carefully	described	for	the	 first	 time	 in	 the	Cerebri	Anatome	by	
the	English	physician	Thomas	Willis	 1621‐1675 .	Willis	noticed	that	this	nucleus	is	
characterized	 by	 the	 presence	 of	 alternating	 bands	 of	 white	 and	 grey	 matter,	 a	
pattern	 that	 could	 not	 be	 found	 in	 any	 other	 part	 of	 the	 brain.	 Based	 on	 his	
observation	 he	 named	 this	 structure	 corpus	 striatum	 from	 the	 Latin	 “striatus”,	
striped .	 Willis	 also	 proposed	 that	 the	 striatum	 was	 the	 main	 sensorimotor	
integration	center	of	 the	brain.	He	speculated	 that	 the	striatum	contains	channels	
through	which	 'the	 animal’s	 spirits	 released	 from	higher	 levels	 by	 the	will'	 could	
travel	along	the	brain	and	reach	the	peripheral	nerves	and	musculature.	To	support	
his	hypothesis,	he	described	degeneration	and	atrophy	of	 the	striatum	during	 the	
autopsy	of	a	few	patients	that	suffered	of	paralysis	prior	to	death.	Indeed,	today	we	
know	 that	 the	 striatum	 is	 involved	 in	 the	 control	 of	movement	 and	 that	 patients	
affected	by	 neurodegenerative	 disorders	 like	Huntington's	 or	 Parkinson's	 disease	
show	 loss	 of	 striatal	 neuron	 and	 loss	 of	 the	 dopaminergic	 innervation	 to	 the	
striatum,	respectively	 O'Connor,	2003 .		

The	striatum	can	be	divided	in	different	functional	and	anatomical	territories:	
the	 dorsal	 striatum	 caudate	 and	 putamen ,	 involved	 in	 the	 control	 of	 action	
initiation,	 action	 selection	 and	 learning	 of	 habits	 and	 the	 ventral	 striatum,	 or	
nucleus	accumbens 	implicated	in	the	control	of	motivational	processes	and	reward	
Figure	 5 .	 Both	 the	 dorsal	 and	 ventral	 striatum	 can	 be	 subdivided	 in	 specific	
domains	 based	 on	 their	 inputs	 and	 the	 information	 they	 process	 i.e.	 the	
dorsomedial‐striatum	 receives	 limbic	 information	while	 the	 dorsolateral‐striatum	
receives	sensory‐motor	information	form	the	cortex 	 O’Doherty,	2004;	Gangarossa	
et	 al.,	 2013 .	 The	 striatum	 is	 also	 organized	 in	 two	 different	 functional	
compartments:	 the	 matrix	 and	 patch	 compartments.	 Matrix	 neurons	 constitute	
85%	 of	 all	 striatal	 cells	 and	 are	 organized	 around	 patch	 or	 striosome 	 neurons,	
displaying	 a	 unique	 mosaic	 organization	 Figure	 6A .	 These	 two	 compartments	
express	different	neurochemical	markers	and	have	separate	dendritic	domains	and	
axon	 collaterals.	 In	 the	 last	 20	 years	 these	 two	 compartments	 were	 thought	 to	
receive	 different	 inputs	 matrix	 neurons	 from	 sensorimotor	 cortical	 areas	 and	
thalamus,	while	patch	neurons	mainly	receive	inputs	from	the	amygdala	and	limbic	
cortical	areas 	and	have	different	synaptic	 targets	 matrix	neurons	project	 to	SNr	
and	GP,	while	patch	neurons	innervate	dopaminergic	cells	in	SNc 	 Goldman‐Rakic,	
1982;	Gerfen,	1989 .	However,	recently,	Smith	et	al,	using	transgenic	mice	and	viral	
tracing	 techniques,	 demonstrated	 that	 both	 patch	 and	 matrix	 neurons	 receive	
limbic	and	sensorimotor	information	and	send	projections	to	the	SNc	 Smith	et	al.,	
2016 .	
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Figure	6.	Striatal	medium	spiny	neurons	 MSNs .	
The	 striatum	 is	 a	 large	 subcortical	 structure	 and	 is	 mainly	 composed	 of	 striatal	 medium	 spiny	
neurons	 MSNs .	 A 	 Coronal	 section	 of	 the	 mouse	 brain.	 The	 striatum	 can	 be	 divided	 in	 two	
anatomical	 territories:	 the	 dorsal	 striatum	 or	 caudate‐putamen 	 and	 the	 ventral	 striatum	 or	
nucleus	accumbens .	The	dorsal	striatum	is	mainly	involved	in	the	control	of	voluntary	movement	
while	the	ventral	striatum	mediates	motivation	processes.	Striatal	neurons	are	also	organized	into	
two	neurochemical	compartments:	 the	patch	and	 the	matrix.	B 	Schematic	overview	of	a	sagittal	
section	 of	 the	 basal	 ganglia	 network.	 Striatal	 neuron	 can	 be	 classified	 based	 on	 their	 axonal	
projections	 and	 functions	 in	 direct	 pathway	 MSNs	 or	 indirect	 pathways	 MNSs.	 Direct	 pathway	
MSNs	 represented	 in	 green 	 project	 their	 axons	 to	 the	 internal	 segment	 of	 the	 globus	 pallidus	
GPi 	and	directly	from	synapses	with	substantia	nigra	pars	reticulata	 SNr 	in	the	midbrain.	Here,	
direct	pathway	MSNs	directly	 inhibit	 the	SNr	neurons	and	promote	movement.	 Indirect	pathway	
MSNs	 represented	in	red 	project	into	the	external	segment	of	the	GP	 GPe .	GPe	neurons	project	
to	 the	 subtalamic	 nucleus	 STN 	 and	 STN	 nucleus	 project	 to	 the	 SNr.	 Thus,	 the	 information	
transmitted	from	indirect	pathway	MSNs	is	converted,	through	synaptic	connection	with	GPe	and	
subtalamic	nucleus,	 in	excitatory	 information	 to	 the	SNr.	This	 results	 in	 inhibition	of	movement.	
Adapted	from:	Steiner	and	Tseng,	2010.	

Thus,	the	striatum	represents	a	complex	heterogeneous	structure	involved	the	
control	of	a	wide	range	of	functions.	However,	the	striatum	is	mainly	composed	of	
one	neuronal	type:	medium‐spiny	projecting	neurons	 MSNs .	MSNs	constitute	the	
vast	majority	 90‐95% 	of	striatal	cells.	These	neurons	have	a	medium‐sized	soma	
10‐15	 µm ,	 dendrites	 highly	 rich	 in	 spines,	 and	 long	 axons.	 MSNs	 release	 the	
neurotransmitter	 gamma‐amino	 butyric	 acid	 GABA ,	 inhibiting	 their	 synaptic	
targets.	 The	 remaining	 neuronal	 striatal	 populations	 5‐10%	 of	 striatal	 neurons 	
are	large	aspiny	cholinergic	interneurons	and	GABAergic	interneurons	 that	can	be	
categorized	 in	 three	 different	 populations:	 Somatostatin‐,	 Calretinin‐	 or	
Parvalbumin‐positive	 neurons 	 Marıń	 et	 al.,	 2000;	 Lobo,	 2009 .	 MSNs	 can	 be	
divided	 into	 two	 subpopulations	 based	 on	 their	 projections	 targets:	 direct	 and	
indirect	pathway	MSNs.	Direct	pathway	 or	striatonigral 	MSNs	project	their	axons	
out	of	 the	striatum	to	 the	 internal	segment	of	 the	GP	 GPi 	and	all	 the	way	to	 the	
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SNr	in	the	midbrain.	Indirect	pathway	 or	striatopallidal 	neurons	project	into	the	
external	 segment	 of	 the	 GP	 GPe 	 and	 innervate	 this	 structure	 extensively.	 GPi	
neurons	reach	the	SNr	 'indirectly',	 through	synaptic	connections	between	the	GPe	
and	the	subthalamic	nucleus	 Figure	6B 	 Gerfen	et	al.,	1990 .		

In	contrast	to	other	brain	regions,	direct	and	indirect	pathway	MSNs	cannot	be	
distinguished	 based	 on	 their	 anatomical	 location	 or	 their	 topographical	
organization	 because	 they	 are	 intermingled	 in	 the	 striatum.	 However,	 these	 two	
different	 neuronal	 subtypes	 express	 specific	molecular	markers:	 direct	 pathways	
MSNs	 express	 dopamine	 receptor	 1	 Drd1 ,	 muscarinic	 receptor	 4	 Chrm4 ,	
dynorphin	 Dyn 	and	substance	P	 SubP ,	while	indirect	pathway	neurons	express	
dopamine	 receptor	 2	 Drd2 ,	 enkephalin	 Penk ,	 and	 adenosine	 receptor	 2	
Adora2 .	The	generation	of	 specific	 transgenic	mouse	 lines	 that	express	EGFP	or	
channelrodopsin	 under	 the	 control	 of	 these	 markers	 has,	 in	 the	 last	 10	 years,	
fuelled	 striatal	 research	 leading	 to	 a	 better	 functional	 characterization	 of	 MSNs		
Gerfen	et	al.,	1990;	Lobo,	2009 .		

The	 different	 projection	 patterns	 of	 direct	 and	 indirect	 MSNs	 reflect	 their	
function.	In	the	classical	view,	direct	pathway	MSNs	are	thought	to	promote	action	
initiation	and	movement	by	disinhibiting	thalamic	excitatory	neurons	which	project	
to	the	motor	cortex.	Indirect	pathway	MSNs,	are	thought	to	promote	the	inhibition	
of	movement	 through	 the	 inhibition	 of	 the	 thalamus.	 The	 correct	 function	 of	 the	
basal	 ganglia	 circuits	 is	 based	 on	 the	 balance	 between	 these	 two	 pathways.	
Dysfunction	 of	 the	 activity	 of	 direct	 and	 indirect	 MSNs	 underlies	 opposite	
physiopathology	 of	Huntington’s	 and	 Parkinson’s	 disease.	Huntington’s	 disease	 is	
characterized	 by	 the	 selective	 loss	 of	 indirect	 pathway	 MSNs	 and	 patients	 are	
affected	 by	 continues	 and	 involuntary	 movements	 Galvan	 et	 al.,	 2012 .	 On	 the	
other	 end,	 Parkinson’s	 disease	 is	 characterized	 by	 the	 selective	 loss	 of	 SNc	
dopaminergic	neurons	 that	 send	axon	projections	 to	and	release	dopamine	 in	 the	
striatum.	Dopamine	inhibits	indirect	pathway	MSNs	 which	express	Drd2	receptor ,	
while	 it	 stimulates	 the	 activity	 of	 direct	 pathway	 MSNs	 which	 express	 Drd1	
receptor .	 In	 Parkinson’s	 disease,	 the	 loss	 of	 dopamine	 stimulates	 activity	 of	 the	
indirect	 pathway	 and,	 thus,	 the	 symptoms	 of	 Parkinson’s	 disease	 patients	 are	
slowness	 in	 movement	 and	 difficulties	 in	 movement	 initiation	 Wichmann	 and	
DeLong,	2003;	Calabresi	et	al.,	2014 .	The	classical	view	of	striatal	pathways	with	
opposite	 functions	 was	 recently	 experimentally	 confirmed	 using	 optogenetic	
stimulation	 in	 mice	 Kravitz	 et	 al.,	 2010;	 Freeze	 et	 al.,	 2013 .	 Moreover,	 striatal	
pathways	have	also	an	opposite	effect	on	reward	and	reinforcement:	stimulation	of	
the	 direct	 pathway	 promotes	 motivated	 behavior	 and	 it	 is	 involved	 in	 cocaine	
sensitization,	 while	 the	 indirect	 pathway	 promotes	 aversive	 behavior	 or	
punishment	 Hikida	et	al.,	2010;	Kravitz	et	al.,	2012;	Sippy	et	al.,	2015 .	
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1.2.3	 Striatal	development	and	cell	fate	specification	

During	embryogenesis,	the	striatum	develops	from	the	ganglionic	eminence,	a	brain	
structure	 located	 in	 the	 ventral	 part	 of	 the	 telencephalon	 or	 subpallium .	 The	
ganglionic	 eminence	 can	 be	 divided	 in	 different	 domains	 along	 the	 dorso‐ventral	
axis:	 the	 lateral	 ganglionic	 eminence	 LGE ,	 from	 which	 striatal	 neurons	 and	
interneurons	 of	 the	 amygdala	 and	 olfactory	 bulb	 in	 its	 ventral	 and	 dorsal	 part	
respectively 	derive,	and	the	medial	ganglionic	eminence	 MGE ,	from	which	striatal	
interneurons	and	GP	neurons	derive	 Figure	7A 	 Deacon	et	al.,	1994;	Marin	et	al.,	
2000;	Stenman	et	al.,	2003;	Villar‐Cervino	et	al.,	2015 .	Striatal	neurogenesis	 in	the	
LGE	 starts	 around	 E11.5	 in	 mice	 with	 some	 sex‐specific	 differences ,	 with	 two	
peaks:	patch	neurons	are	generated	first,	between	E11.5‐14.4,	while	matrix	neurons	
are	generated	later,	between	E15.5‐19.5	 van	der	Kooy	and	Fishell,	1987;	Newman	et	
al.,	2015 .	After	exiting	 the	cell	 cycle,	patch	MSNs	exit	 the	LGE	subventricular	zone	
SVZ 	 and	migrate	 along	 radial	 glia	 into	 the	 striatal	mantle	 zone	 MZ ,	 the	 striatal	
primordium,	 followed	 by	 the	 matrix	 neurons	 Figure	 7B .	 Radial	 glia	 fibers	 that	
extend	 from	 the	LGE	not	only	 constitute	a	 support	along	which	MSNs	migrate,	but	
also	 release	 retinoids	 that	 are	 necessary	 for	 MSN	 differentiation	 Toresson	 et	 al.,	
1999;	Chatzi	et	al.,	2011 .	At	early	postnatal	stages,	when	MSNs	have	already	made	
contact	 with	 their	 synaptic	 targets,	 and	 after	 cortical	 and	 dopaminergic	 input	 has	
reached	the	striatum,	patch	and	matrix	MSNs,	initially	intermixed,	segregate	into	two	
different	compartments	 Passante	et	al.,	2008 .			

In	 the	 last	 20	 years,	 researchers	 have	 begun	 to	 identify	 the	 molecular	 and	
cellular	mechanisms	involved	in	the	control	of	striatal	differentiation.	In	particular,	
the	 analysis	 of	 knock‐out	mice	 helped	 to	 identify	 genes	 involved	 in	 the	 temporal	
specification	 of	 patch	 and	 matrix	 MSNs.	 Gsh2,	 Notch1,	 Mash1,	 Rar	 and	 Ctip2	
knock‐out	mice	show	loss	of	the	patch	compartment,	while	Gsh1‐2,	Notch1‐3,	Dlx1‐
2,	 Ebf1,	 Nr41	 and	 Helios	 knock‐out	 mice	 show	 mainly	 loss	 of	 the	 matrix	
compartment	 Figure	7C .	Many	of	 these	genes	 are	 expressed	 in	 the	LGE	VZ/SVZ	
and	 the	 analysis	 of	 knock‐out	 mice	 showed	 alteration	 in	 LGE	 patterning,	
reduction/loss	 of	 the	 striatal	 precursors,	 and	 alteration	 in	 the	 timing	 of	 the	 cell	
cycle‐exit	 Anderson	et	al.,	1997;	Garel	et	al.,	1999;	Jain	et	al.,	2001;	Yun	et	al.,	2003;	
Arlotta	 et	 al.,	 2008;	 Long	 et	 al.,	 2009;	 Davis	 and	 Puhl,	 2011;	 Evans	 et	 al.,	 2012;	
Martín‐Ibáñez	 et	 al.,	 2012 .	Moreover,	 a	mouse	model	 of	 Huntington’s	 disease	 in	
which	 the	 first	 exon	of	 the	huntingtin	 Htt 	 gene	was	 substituted	with	a	mutated	
human	 exon	 of	 the	 same	 gene,	 showed	 alteration	 in	 striatal	 precursor	 cell	 cycle	
progression.	This	 results	 in	an	alteration	 in	patch/matrix	architecture,	 suggesting	
that	 a	 delay	 in	 MSNs	 development	 may	 contribute	 to	 the	 pathogenesis	 of	
Huntington’s	disease	 Molero	et	al.,	2009 .	
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Figure	7.	MSN	development.		
A 	 Schematic	 representation	 of	 a	 coronal	 section	 of	 the	 developing	 telencephalon	 at	 E11.5.	 The	
striatum	originates	in	the	ventral	part	of	the	telencephalon	 subpallium 	in	an	embryonic	structure	
called	the	LGE	 lateral	ganglionic	eminence,	green ,	dorsal	to	the	MGE	 medial	ganglionic	eminence .	
B 	Schematic	representation	of	the	LGE	ventricular	zone	 VZ,	green 	and	subventricular	zone	 SVZ,	
light	brown .	After	cell	cycle	exit,	striatal	neurons	migrate	out	of	the	SVZ	to	their	final	destination	in	
the	 striatal	mantle	 zone	 MZ,	 dark	 brown .	 In	 the	 past	 20	 years,	 several	 genes	 important	 for	 the	
specification	of	striatal	neurons	have	been	identified	and	presented	here	is	their	expression	pattern.	
C 	Scheme	showing	genetic	pathways	involved	in	the	specification	of	striatal	neuron	subtypes.	Patch	
neuron	originate	first	 between	E11.5	and	E14.5 .	Gsh2,	Notch1,	Msh1,	Rar	are	genes	essential	for	
their	 specification.	Matrix	 neurons	 originate	 later	 in	 the	 development	 between	E14.5	 and	E19.5 	
and	their	specification	is	under	the	control	of	Gsh1‐2,	Notch1‐3,	Dlx1‐2,	Ebf1,	Nr41	and	Helios.	Patch	
and	matrix	 neurons	 separate	 into	 two	different	 compartments	 during	postnatal	 development	 and	
this	 process	 is	 regulated	 by	 the	 expression	 of	 EphrinA5	 and	 EphA4.	 The	 specification	 of	 direct	
pathway	 striatonigral 	MSNs	is	under	the	control	of	Isl1,	Foxo1	and	Sox8,	while	Ebf1	regulates	the	
specification	of	direct	pathway	MSNs	of	the	matrix	compartment	only	 and	the	specific	expression	in	
these	cells	of	Zfp521 .	The	specification	of	indirect	pathway	 striatonigral 	MSNs	is	under	the	control	
of	Sp9,	G9a	and	Ikaros1‐2.	Mature	direct	and	indirect	pathway	neurons	express	different	markers.	
Ctx:	 cortex;	MGE;	medial	 ganglionic	eminence;	MZ:	mantle	zone;	LGE;	 lateral	 ganglionic	eminence;	
SV;	subventricular	zone;	STR:	striatum	VZ:	ventricular	zone	

Ctip2	 or	 Bcl2 	 is	 expressed	 in	 the	 LGE	 SVZ	 and	maintained	 in	 post‐mitotic	
MSNs	 in	 the	MZ,	and,	unlike	other	genes	described	before,	 is	not	required	 for	cell	
specification	or	cell	migration	 Ctip2	knock‐out	mice	do	not	show	any	reduction	in	
MSN	cell	number 	but	is	essential	for	late	MSN	differentiation.	Ctip2	knock‐out	mice	
show	changes	in	gene	expression	in	the	striatum	 i.e.	reduction	of	the	mature	MSNs	
markers	Foxp1,	DARPP‐32,	Chrm4 	and	loss	of	patch‐matrix	organization.	The	loss	
of	 these	 two	 functional	 compartments	 is	 associated	 with	 loss	 of	 PlexinD1	 and	
Sema3E	 expression	 and	 the	 presence	 of	 ectopic	 cells	 invading	 the	 knock‐out	
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striatum.	This	suggests	that	Ctip2	may	be	important	for	the	expression	of	attractant	
or	repellent	molecules	regulating	this	process	 Arlotta	et	al.,	2008 .		

At	 early	 postnatal	 stages,	 the	 interaction	 between	 Ephrins	 and	 their	 Eph	
receptors	 is	 important	 for	 the	 final	 differentiation	of	 the	 striatum	and	 these	 cues	
are	expressed	in	a	complementary	pattern.	EphrinA5	is	expressed	by	patch	MSNs,	
while	EphA4	is	present	in	matrix	MSNs.	Knock‐out	mice	for	these	genes	show	loss	
of	MSN	segregation	in	two	different	compartments	 Passante	et	al.,	2008 .	

The	advent	of	 large‐scale	genetic	screening	and	 the	development	BAC‐eGFP	
and	BAC‐Cre	mice	specific	for	striatal	markers	recently	helped	the	identification	of	
genes	underlying	the	specification	of	direct	and	indirect	MSNs	 Figure	7C .	Zfp521	
was	the	first	transcription	factor	found	to	be	enriched	in	direct	pathway	MSNs	in	a	
gene	expression	analysis	study	in	postnatal	mice.	Zfp521	is	a	functional	partner	of	
the	transcription	factor	Ebf1,	expressed	mainly	in	the	striatal	SVZ/MZ.	Analysis	of	
Ebf1	 knock‐out	 mice	 showed	 loss	 of	 Zfp512	 expression	 and	 defects	 in	 the	
differentiation	 and	 connectivity	 of	 direct	 pathway	 MSNs	 of	 the	 matrix	
compartment	 Lobo	et	al.,	2006;	2008 .	Similarly,	Rarβ	regulates	the	development	
of	a	subset	of	direct	pathway	MSNs	 through	a	mechanism	dependent	on	FGF	and	
Meis1 ,	while	 indirect	pathway	neurons	are	not	affected	 Rataj‐Baniowska	et	al.,	
2015 .	

Islet‐1	is	expressed	in	the	LGE	SVZ	and	regulates	the	specification	of	a	subset	
of	direct	MSNs.	Islet‐1	knock‐out	mice	show	reduction	in	striatonigral	MSN	number	
and	a	 concomitant	up‐regulation	of	 indirect	MSNs	markers,	 suggesting	 that	 Islet1	
normally	 represses	 indirect	 pathway	 gene	 expression	 and	 fate.	 In	 vivo	
overexpression	of	Islet‐1	is	sufficient	to	repress	Drd2	expression	in	indirect	MSNs	
Ehrman	et	al.,	2013;	Lu	et	al.,	2014 .	Recently,	two	other	transcription	factors	have	
been	 shown	 to	 be	 co‐expressed	 with	 Islet1	 in	 striatonigral	 neurons,	 Sox8	 and	
Foxo1,	and	may	act	as	downstream	effectors	 in	 the	specification	of	 this	MSN	type	
Waclaw	et	al,	2017;	Merchan‐Sala	et	al,	2017 .		

Sp9	and	Ikaros	1‐2	transcription	factors	are	important	for	the	specification	of	
indirect	pathway	MSNs.	Sp9	is	expressed	in	the	LGE,	 in	progenitors	of	both	direct	
and	 indirect	 pathway	MSNs,	 but	 its	 expression	 is	maintained	only	 in	post‐mitotic	
indirect	pathway	MSNs.	Sp9	regulates	proliferation,	differentiation	and	survival	of	
indirect	pathway	MSNs,	while	direct	pathway	neurons	are	not	affected.	Ikaros‐1	is	
expressed	at	 the	boundary	of	 the	 striatal	 SVZ	and	MZ,	 and	 it	 is	 important	 for	 the	
generation	of	indirect	MSNs	matrix	neurons.	Overexpression	of	Ikaros‐1	in	culture	
enhances	the	number	of	Enk 	indirect	pathway	MSNs	 Agoston	et	al.,	2007;	Martín‐
Ibáñez	et	al.,	2010 .		

Interestingly,	 G9a,	 a	 histone	 methyltransferase,	 is	 also	 involved	 in	 the	
specification	of	indirect	pathway	MSNs.	However,	this	gene	functions	in	an	unusual	
manner.	Maze	et	al,	 in	fact,	showed	that	G9a	is	down‐regulated	in	striatal	neurons	
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after	repeated	cocaine	treatment	exposure,	in	particular	in	indirect	pathway	MSNs.	
Analysis	of	G9a	conditional	knock‐out	mice	surprisingly	revealed	that	loss	of	G9a	in	
indirect	MSNs	 neurons	 causes	 a	 cell‐fate	 switch:	 indirect	 pathway	MSNs	 partially	
lose	 their	 identity	 and	 start	 resembling	 direct	 pathway	 MSNs,	 expressing	 Drd1	
receptor,	changing	their	physiological	properties,	and	also	their	projection	patterns	
Drd2	 knock‐out	 MSNs	 show	 projections	 in	 the	 SNr .	 This	 cell	 fate	 switch	 is	
associated	with	enhanced	sensitivity	to	the	rewarding	effect	of	cocaine	in	the	NAc,	
both	in	mice	and	human.	However,	the	role	of	G9a	during	striatal	development	still	
remains	unexplored	 Maze	et	al.,	2014 .		

1.2.4	 Striatal	development:	axon	guidance	

Striatal	pathway	development	is	a	complex	process	in	which	axons	from	indirect	
pathway	 MSNs	 grow	 into	 the	 GP,	 while	 axons	 from	 direct	 MSNs	 have	 to	 cross	
many	anatomical	boundaries	to	find	their	final	destination	in	the	midbrain	 Figure	
8A .	 The	 molecular	 mechanisms	 that	 regulate	 this	 process	 remain	 largely	
unknown.	 Tracing	 studies	 in	 rats	 suggest	 that	 patch	 MSNs	 reach	 the	 SNc	 first	
E12.5‐15.5 	 followed	 by	 matrix	 MSN	 axons	 E17.5‐E20 	 van	 der	 Kooy	 and	
Fishell,	1987 .	

Analysis	 of	 Sema3E	 and	 OL‐protocadherin	 knock‐out	 mice	 has	 shed	 some	
light	on	the	molecular	mechanisms	regulating	this	process.	During	embryogenesis,	
PlexinD1	 is	 a	 receptor	 expressed	 on	 striatal	 MSNs,	 while	 Sema3E,	 its	 ligand,	 is	
expressed	in	brain	regions	that	flank	the	striatonigral	pathway.	For	example	in	the	
diencephalic‐telencephalic	boundary	 Chauvet	et	al.,	2007 .	Here,	Sema3E	acts	as	
a	 repellent	 for	 MSN	 axons	 preventing	 their	 growth	 in	 abnormal	 areas.	 Sema3E	
knock‐out	 mice	 show	 the	 presence	 of	 ectopic	 axon	 fascicles	 in	 the	 thalamic	
reticular	 nucleus	 and	 axons	 that	 terminate	 abnormally	 in	 the	 dorsal	 midbrain.		
However,	 no	 specific	 striatal	 marker	 was	 used	 in	 this	 study	 to	 discriminate	
between	 striatal	 or	 corticofugal	 pathways	 Figure	 8B .	 Moreover,	 Ding	 et	 al.	
showed	 that	 PlexinD1/Sema3E	 signaling	 is	 also	 important	 for	 the	 correct	
formation	 of	 the	 cortico‐thalamo‐striatal	 circuits	 during	 postnatal	 development,	
where	these	molecules	also	show	complementary	expression	 PlexinD1	on	MSNs	
and	 Sema3E	 on	 thalamic	 fibers .	Here,	 they	 regulate	 synaptogenesis	 of	 thalamic	
fibers	specifically	onto	direct	pathway	MSNs	 Ding	et	al.,	2011 .		
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Figure	8.	Striatal	axon	guidance	defects	in	different	KO	mouse	models.		
A 	Schematic	representation	of	the	developing	mouse	brain	 horizontal	view .	The	striatum	 STR 	
is	represented	 in	blue,	while	GP	 globus	pallidus ,	 the	main	target	 for	both	striatal	MSN	types,	 is	
represented	in	violet.	The	striatal	direct	pathway	is	represented	in	green,	while	the	striatal	indirect	
pathway	 is	 represented	 in	 red.	 During	 development,	 axons	 of	 direct	 pathway	MSNs	 reach	 their	
final	destination	in	the	midbrain	 the	substantia	nigra	pars	reticulata,	SNr 	after	crossing	different	
anatomical	 boundaries.	 Two	 different	 cellular	 populations	 flank	 the	 striatal	 pathways	 during	
development:	 Pax6 	 cells	 represented	 in	 black ,	 at	 the	 pallial‐subpallial	 boundary,	 and	 Islet1 	
cells	 also	 known	 as	 corridor	 cells,	 represented	 in	 yellow ,	 next	 to	 the	GP.	 B 	 In	 Semaphorin3E	
Sema3E 	KO	mice,	direct	pathway	MSN	axons	are	misrouted	and	innervate	two	ectopic	regions:	
the	thalamus	and	the	dorsal	midbrain.	In	WT	mice,	Sema3E	acts	as	a	repellent	preventing	striatal	
axonal	 growth	 in	 abnormal	 areas	 by	 binding	 its	 receptor	 PlexinD1.	 C 	 In	 OL‐protocadherin	 KO	
mice,	striatal	MSNs	do	not	grow	out	of	the	striatum.	Moreover,	part	of	the	GP	and	of	the	corridor	
cells	are	misplaced.	D 	In	Pax6	KO	mice,	striatal	axon	guidance	is	impaired.		Pax6 	cells,	normally	
flanking	striatal	axons,	are	reduced	 in	number	while	GP	cells	are	present	at	 the	pallial‐subpallial	
boundary,	an	ectopic	area.	Striatal	axons	are	also	present	in	this	ectopic	area.	E 	In	Islet1	KO	mice,	
direct	 pathway	MSNs	 show	defects	 similar	 to	 those	described	 in	 Sema3E	KO	mice.	Moreover,	 in	
Islet1	KO	mice,	Pax6 	cells	are	absent	and	GP	cells	are ectopically	located.	F 	Ebf1	KO	mice	show	an	
abnormal,	broad	distribution	of	striatal	axons	in	the	SNr.	
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OL‐protocadherin	 is	 a	 transmembrane	 protein	 that	 belongs	 to	 the	 cadherin	
superfamily.	It	is	expressed	in	the	striatal	mantle	zone	 E11.5‐E17.5 	and	by	striatal	
axons.	OL‐protocadherin	knock‐out	mice	show	loss	of	the	striatal	pathways	and	in	
vitro	 culture	of	 striatal	MSNs	 showed	 that	OL‐protocadherin	 is	 essential	 for	 axon	
elongation.	 Uemura	 et	 al.	 also	 documented	 other	 alterations	 in	 the	 ventral	
telencephalon	of	these	mice.	In	particular,	they	noted	that	the	caudal	part	of	the	GP	
and	 the	 corridor	 cells	 an	 Islet1 	 population	 that	 regulates	 thalamocortical	
pathfinding	and	that	creates	a	permissive	corridor	in	an	area	that	flanks	the	striatal	
pathways 	are	missing	 Figure	8C .		

Two	 other	 knock‐out	 mice,	 Emx1	 and	 Pax6	 knock‐out	 mice,	 show	 an	 altered	
location	of	Nkx2.1 	GP	cells	and	changes	in	striatal	pathways,	suggesting	that	striatal	
axons	 may	 require	 factors	 released	 by	 GP	 cells.	 Interestingly,	 during	 striatal	
development,	 Pax6 	 cells	 are	 present	 in	 the	 ventral	 telencephalon	 at	 the	 pallial‐
subpallial	 boundary	 and	 absence	 of	 these	 cells	 is	 associated	 with	 abnormal	
development	of	Islet1 	corridor	cells	that	are	located	more	broadly	and	are	less	dense	
in	the	ventral	telencephalon	 Figure	8D 	 Uemura	et	al.,	2007;	Simpson	et	al.,	2009 .	

Two	 studies	 investigated	 the	 role	 of	 Islet1	 during	 direct	 pathway	 formation,	
showing	that	this	transcription	factor	is	important	for	striatal	axon	guidance.	Erman	
et	al.,	using	conditional	inactivation	of	Isl1	in	the	ventral	telencephalon,	showed	that	
in	these	knock‐out	s	striatal	fibers	can	still	reach	the	SNr	but	that	they	pass	through	
the	STN,	an	ectopic	location.	The	authors	also	suggested	that	Islet1	is	required	for	the	
expression	of	Sema3E	in	the	reticular	thalamic	nucleus	and	that	Sema3E	knock‐out	
mice	show	the	same	defect.	The	behavioral	analysis	of	Islet1	conditional	knock‐out		
showed	that	these	mice	show	hyper‐locomotor	phenotypes	and	a	blunted	response	
to	 psychostimulants,	 typical	 phenotypes	 associated	with	 people	 affected	 by	 ADHD	
Ehrman	et	al.,	2013 .	Lu	et	al	also	investigated	the	formation	of	the	direct	pathway	
in	 Islet1	 knock‐out	mice,	 characterizing	 in	 detail	 the	 defect	 present	 in	 the	 ventral	
telencephalon.	 In	particular,	 they	documented	 the	presence	of	ectopic	 fibers	 in	 the	
corridor	 cell	 area	 and	 in	 the	 pallial‐subpallial	 boundary,	 where	 Nkx2.1 	 GP	 were	
ectopically	 located	 and	 Pax6 	 cells	 were	 absent.	 These	 observations	 lead	 to	 the	
conclusion	that	Islet1	could	also	have	non	cell‐autonomous	roles	in	the	regulation	of	
the	direct	pathway	formation	 Figure	8E 	 Lu	et	al.,	2014 .	

Another	 transcription	 factor	 that	 has	been	 implicated	 in	 the	development	of	
the	direct	pathway	is	Ebf1.	EBf1	knock‐out		mice	show	abnormal	distribution	of	the	
striatal	axon	in	the	SNr,	suggesting	that	this	transcription	factor	could	be	involved	
in	 the	 regulation	 of	 the	 final	 targets	 of	 direct	 pathway	 formation	 Figure	 8GF 	
Lobo	et	al.,	2008 .		

In	conclusion,	so	far	only	two	axon	guidance	molecules	have	been	implicated	
in	 the	 regulation	 of	 striatal	 pathways.	 Therefore,	 the	 axon	 growth	 and	 guidance	
mechanisms	required	for	striatal	pathway	development	remain	largely	unknown.	
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1.3	 Aim	and	outline	of	the	thesis	

Axon	 guidance	 is	 a	 complex	 process	 orchestrated	 by	 precise	 spatiotemporally	
controlled	expression	of	a	multitude	of	molecules.	In	fact,	to	reach	their	appropriate	
targets	in	the	developing	brain,	axons	need	to	interact	with	several	heterogeneous	
microenvironments	present	along	their	path.	This	thesis	aims	at	understanding	the	
molecular	 and	 cellular	 mechanisms	 involved	 in	 the	 formation	 of	 striatonigral	
direct 	 and	 striatopallidal	 indirect 	 pathways.	 These	 pathways	 have	 different	
projections	 patterns	 and	 exert	 opposite	 function	 in	 the	 control	 of	movement	 and	
reward.	 Defects	 in	 these	 pathways	 are	 involved	 in	 the	 pathogenesis	 of	 several	
neuropsychiatric	 and	 neurological	 disorders	 i.e.	 Huntington’s	 and	 Parkinson’s	
disease,	 Tourette	 Syndrome,	 addiction .	 Despite	 their	 important	 roles	 and	
implication	 in	 disease,	 little	 is	 known	 about	 the	 mechanisms	 regulating	 the	
formation	of	the	striatonigral	and	striatopallidal	pathways.		

In	 the	 last	 several	 years,	 the	 development	 of	 new	 genetic	 tools	 i.e.	 BAC	
transgenic	mice 	to	specifically	label	the	striatonigral	and	striatopallidal	pathways	
has	allowed	us	to	conduct	a	detailed	analysis	of	their	development.	We	explored	the	
involvement	 of	 one	 class	 of	 axon	 guidance	 molecules,	 Wnts/Frizzleds,	 in	 the	
regulation	 of	 several	 molecular	 and	 cellular	 aspects	 of	 striatal	 axon	 guidance.	 In	
addition,	 we	 analyzed	 genes	 differentially	 expressed	 in	 the	 two	 striatal	 neuronal	
subtypes	 during	 striatal	 circuit	 development,	 identifying	 several	 candidate	 genes	
potentially	 involved	 in	 striatal	 axon	 guidance.	 These	 studies	 are	 described	 in	 the	
following	chapters:	

Chapter	 2:	Dissection	 and	Culture	 of	Mouse	Dopaminergic	 and	 Striatal	 Explants	 in	
Three‐Dimensional	Collagen	Matrix	Assay	

In	vitro	models	are	essential	to	study	axon	guidance	in	a	controlled	and	simplified	
environment.	Here,	we	describe	all	the	steps	and	the	technical	details	necessary	for	
culturing/analyzing	dopaminergic	and	striatal	explants	 in	a	collagen‐based	matrix	
assay.	 Dopaminergic	 and	 striatal	 explants	 can	 be	 co‐culture	 in	 the	 same	 assay	 to	
explore	the	effect	an	axon	elongation	 i.e.	attraction/repulsion 	in	the	presence	of	
the	 correspondent	 target	 area.	 Moreover,	 this	 assay	 can	 also	 be	 modified	 to	
specifically	 manipulate	 dopaminergic	 or	 striatal	 axon	 guidance	 in	 presence	 of	
diffusible	 guidance	 cues	 or	 chemical	 factors	 i.e.	 blocking	 antibodies	 or	
pharmacological	inhibitors .	

Chapter	3:	Frizzled3	Controls	Axonal	Polarity	and	Intermediate	Target	Entry	during	
Striatal	Pathway	Development	

The	 mechanisms	 orchestrating	 striatal	 pathway	 development	 remain	 largely	
unknown.		In	this	chapter,	we	describe	the	ontogeny	of	the	two	MSN	pathways	and	
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the	 role	 of	 the	 Wnt	 receptor	 Frizzled3	 in	 MSN	 directional	 axon	 growth	 and	
targeting	 in	 the	ventral	 telencephalon.	 In	Frizzled3	knock	out	mice,	 striatal	 axons	
fail	 to	grow	along	the	A‐P	axis.	With	a	series	of	 in	vitro	assays	and	the	analysis	of	
several	 transgenic	mice,	we	 show	 that	Wnt5a	 and	 Frizzled3	 are	 required	 for	 the	
coordinated	polarization	of	MSN	axons	in	a	cell‐autonomous	manner.	 	 In	addition,	
we	show	that	 in	Frizzled3	knock‐out	mice,	MSN	axons	 that	reach	 the	GP	stall	and	
fail	 to	 enter	 this	 structure.	 We	 then	 characterized	 the	 molecular	 and	 cellular	
composition	of	 the	GP,	uncovering	a	non‐cell	 autonomous	role	of	Frizzled3	 in	 the	
regulation	of	corridor	cell	positioning	and	MSN	entry	into	the	GP.		

Chapter	4:	Wnt	signaling	regulates	striatal	axons	extension	and	fasciculation	during	
development.	

In	 this	chapter,	we	used	a	series	of	 in	vitro	experiments	 to	 investigate	 the	role	of	
Wnt5a	 and	Wnt5b	during	 the	 development	 of	 striatal	 axons,	 focusing	 on	 growth,	
branching	 and	 bundle	 formation.	 Moreover,	 with	 the	 use	 of	 pharmacological	
inhibitors	 or	 knock‐out	 mouse	 models	 SFRP4‐/‐,	 Celsr3‐/‐,	 and	 Fzd3‐/‐ 	 we	
investigated	the	role	of	 the	different	downstream	signaling	pathways	activated	by	
these	molecules.		

Chapter	 5:	 Differential	 Gene	 Expression	 Profiling	 of	 Chm4‐Striatonigral	 and	 Drd2‐
Striatopallidal	Projection	Neurons	during	Striatal	Development	and	Axon	guidance	

Here,	 we	 report	 the	 first	 differential	 gene	 expression	 profiling	 of	 the	 two	 MSN	
subtypes	 during	 embryonic	 development.	 We	 isolated	 by	 FACS	 striatonigral	
neurons	from	Chrm4‐EGFP 	mouse	brains	and	striatopallidal	neurons	from	Drd2‐
EGFP 	 mouse	 brains,	 during	 embryogenesis	 and	 postnatal	 development,	 and	
performed	 microarray	 analysis.	 Next,	 we	 selected	 new	 candidate	 genes	 possible	
involved	 in	 the	 regulation	 of	 striatal	 axon	 guidance	 and	 independently	 validated	
their	 differential	 gene	 expression	 by	 qRT‐PCR	 and	 in	 situ	 hybridization.	 This	
analysis	provides	insight	into	genes	involved	in	the	regulation	of	striatopallidal	and	
striatonigral	pathway	development.		

Chapter	6:	General	Discussion	

In	this	chapter,	we	review	our	findings	and	critically	discuss	the	results	described	in	
the	thesis.	
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Abstract	
Midbrain	 dopamine	 mdDA 	 neurons	 project	 via	 the	 medial	 forebrain	 bundle	
towards	 several	 areas	 in	 the	 telencephalon,	 including	 the	 striatum1.	 Reciprocally,	
medium	 spiny	 neurons	 in	 the	 striatum	 that	 give	 rise	 to	 the	 striatonigral	 direct 	
pathway	 innervate	 the	 substantia	nigra2.	The	development	of	 these	axon	 tracts	 is	
dependent	 upon	 the	 combinatorial	 actions	 of	 a	 plethora	 of	 axon	 growth	 and	
guidance	 cues	 including	 molecules	 that	 are	 released	 by	 neurites	 or	 by	
intermediate 	 target	 regions3,4.	 These	 soluble	 factors	 can	 be	 studied	 in	 vitro	 by	
culturing	 mdDA	 and/or	 striatal	 explants	 in	 a	 collagen	 matrix	 which	 provides	 a	
three‐dimensional	 substrate	 for	 the	 axons	 mimicking	 the	 extracellular	
environment.	In	addition,	the	collagen	matrix	allows	for	the	formation	of	relatively	
stable	gradients	of	proteins	released	by	other	explants	or	cells	placed	in	the	vicinity	
e.g.	see	references	5	and	6 .	Here	we	describe	methods	for	the	purification	of	rat	
tail	collagen,	microdissection	of	dopaminergic	and	striatal	explants,	their	culture	in	
collagen	gels	and	subsequent	immunohistochemical	and	quantitative	analysis.	First,	
the	 brains	 of	 E14.5	 mouse	 embryos	 are	 isolated	 and	 dopaminergic	 and	 striatal	
explants	are	microdissected.	These	explants	are	then	 co cultured	in	collagen	gels	
on	 coverslips	 for	 48	 to	 72	 hours	 in	 vitro.	 Subsequently,	 axonal	 projections	 are	
visualized	 using	 neuronal	 markers	 e.g.	 tyrosine	 hydroxylase,	 DARPP32,	 or	 β‐III	
tubulin 	and	axon	growth	and	attractive	or	repulsive	axon	responses	are	quantified.	
This	 neuronal	 preparation	 is	 a	 useful	 tool	 for	 in	 vitro	 studies	 of	 the	 cellular	 and	
molecular	mechanisms	of	mesostriatal	and	striatonigral	axon	growth	and	guidance	
during	 development.	 Using	 this	 assay,	 it	 is	 also	 possible	 to	 assess	 other	
intermediate 	 targets	 for	 dopaminergic	 and	 striatal	 axons	 or	 to	 test	 specific	
molecular	cues.	
	 	



Chapter 2 

  43

Protocol	

1.	 Preparation	of	Rat	Tail	Collagen		

1.1  Collect	6‐10	adult	rat	tails	 it	is	possible	to	store	the	tails	at	‐20°C	until	use .		
1.2  Soak	the	tails	in	95%	ethanol	overnight	at	room	temperature	 RT .	
Dissection	of	rat	tails	 in	tissue	culture	hood :	

keep	tools	 in	70%	ethanol	when	not	using	them	and	make	sure	 that	all	solutions,	
tools	and	glassware	used	throughout	this	procedure	are	sterile .	

1.3  To	collect	tendons	from	the	tails,	cut	o	the	tip	of	the	tail.	Hold	large	end	of	the	
tail	with	a	pair	of	forceps.	Use	another	pair	of	forceps	to	hold,	bend	and	break	
the	 tail	 close	 to	 the	 other	 forceps.	 Pull	 apart	 and	 the	 tendons	 will	 be	 left	
behind	 Figure	1A,B .		

1.4  Collect	the	tendons	in	sterile	H2O	and	after	collecting	all	tendons	move	them	
to	a	new	petridish	with	sterile	H2O.	

1.5  Take	2‐3	tendons	and	shred	them	using	2	pairs	of	forceps	in	a	new	petridish	
with	sterile	H2O.	Remove	non‐tendon	 tissue	such	as	veins	 tendon	 tissue	 is	
shiny	and	 reflective,	Figure	1C .	After	 removal	of	 all	 non‐tendons,	 each	 tail	
yield	approximately	100‐150	mg	of	tendons.		

1.6  Transfer	 the	 tendons	 to	 300	 ml	 of	 sterile	 3%	 acetic	 acid	 and	 stir	 slowly	
overnight	at	4°C.		

1.7  Add	an	additional	200	ml	of	sterile	3%	acetic	acid	and	stir	slowly	overnight	
at	4°C.		

1.8  Centrifuge	 the	 acetic	 acid	 solution	 containing	 the	 tendons	 at	 ~2700xg	 for	
120	min	at	4°C	to	pellet	non‐dissolved	tendons	and	non‐tendon	tissue.		

1.9  During	centrifugation	prepare	dialysis	tubing:		
‐	cut	pieces	of	40	cm		
‐	boil	in	500	mM	EDTA	for	5	min	
‐	cool	in	sterile	H2O.	

1.10  Tie	 a	 knot	 at	 one	 end	 of	 the	 dialysis	 tubing	 and	 all	 the	 tubing	 with	 the	
supernatant	 of	 the	 centrifuged	 tendon	 solution	 on	 ice	 in	 the	 tissue	 culture	
hood	 using	 an	 automatic	 pipetter	 and	 a	 25	 ml	 pipet.	 Avoid	 producing	
bubbles.	 Knot	 the	 other	 end	 of	 the	 tubing	 and	 store	 tubing	 on	 sterile	
aluminum	foil	on	ice	until	all	pieces	of	tubing	are	filled	 Figure	1D .		

1.11  Prepare	10	l	of	sterile	0.1X	MEM,	pH	4.0,	in	the	tissue	culture	hood.	Add	oater	
to	pieces	of	tubing	and	add	these	to	the	pre‐cooled	0.1X	MEM	solution	in	a	10	
l	beaker.	Dialyze	overnight	at	4°C	while	 slowly	 stirring.	 is	dialysis	 removes	
excess	acid	while	keeping	the	pH	low.	

1.12  Replace	with	new	pre‐cooled	10	l	0.1X	MEM	and	stir	overnight	at	4°C.		
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1.13  Repeat	 the	 previous	 step	 by	 replacing	 with	 new	 pre‐cooled	 10	 l	 0.1X		
MEM	and	stir	overnight	at	4°C.		

1.14  Aliquot	collagen	solution	into	sterile	50	ml	tubes.	Store	aliquots	at	4°C.	Keep	
6‐12	months,	only	handle	the	collagen	stock	in	the	tissue	culture	hood.		

1.15  It	 is	 important	 to	 test	whether	the	purified	collagen	needs	to	be	diluted	 in	
0.1x	MEM 	to	obtain	optimal	results	in	the	collagen	matrix	assay.	Therefore,	
generate	 a	 collagen	 dilution	 series	 undiluted	 collagen,	 1:1,	 1:2	 and	 1:5	
diluted 	and	perform	collagen	matrix	assays	as	described	below	to	determine	
the	optimal	collagen	dilution.		

	

Figure	1.	Photos	illustrating	the	preparation	of	Collagen	from	rat	tail	tendons.		
A 	Pulling	apart	the	rat	tail	exposes	the	tendons.	 B 	Tendons	are	visible	as	rope‐like	bundles.	 C 	
e	tendons	are	easy	to	distinguish	from	veins	by	their	shiny	white	appearance.	 D 	After	dissolving	
the	 tendons	 in	 acetic	 acid,	 the	 solution	 is	 transferred	 to	 dialysis	 tubing.	 To	 keep	 the	 dissolved	
collagen	cold,	tubes	are	placed	on	sterile	aluminum	foil	on	ice.  

2.		 Dissection	of	the	Dopaminergic	Midbrain	7,8	

2.1  Dissect	E14.5	mouse	embryos	from	the	uterus	of	the	mother	and	keep	in	L15	
medium	on	ice	until	needed.		

All	subsequent	dissection	steps	are	performed	in	L15	medium	on	ice.	

2.2  Dissect	out	the	brain.		
2.3  Remove	 the	 telencephalon	 by	 cutting	 along	 the	 medial	 part	 of	 each	

telencephalic	vesicle	 use	the	telencephalic	vesicles	for	striatal	explants .			
2.4  Remove	the	meningeal	sheath.	
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2.5  Make	a	dorsoventral	cut	just	rostral	of	the	mesencephalic	flexure.		
2.6  Make	another	dorsoventral	cut	just	caudal	of	the	mesencephalic	flexure.		
2.7  Make	a	rostrocaudal	cut	along	the	dorsal	midline	using	a	microdissection	knife	

to	 expose	 the	 underlying	 ventral	 midbrain	 tissue.	 Be	 careful	 not	 to	 hit	 the	
ventral	midbrain	tissue	as	it	contains	the	dopaminergic	neurons	 Figure	2 .		

2.8  Make	 two	 rostrocaudal	 cuts	 lateral	 and	 parallel	 to	 the	 ventral	 midline	 to	
remove	dorsal	midbrain	tissue.	

2.9  Divide	 the	 remaining	 ventral	 midbrain	 tissue	 into	 explants	 using	 a	
microdissection	knife.	Store	the	explants	in	L15	medium	containing	5%	FBS	
on	ice	until	use.		

2.10  Store	the	explants	in	L15	medium	containing	5%	FBS	on	ice	until	use.	

3.		 Dissection	of	the	Striatum		

All	dissection	steps	are	performed	in	L15	medium	on	ice.		

3.1  Use	telencephalic	vesicles	dissected	during	midbrain	dissection.		
3.2  Remove	the	thalamus	by	cutting	 in	between	the	thalamus	and	the	striatum	

using	forceps.		
3.3  Make	a	mediolateral	cut	rostral	to	the	striatum	to	remove	rostral	structures	such	

as	the	olfactory	bulb.	Repeat	this	step	for	tissue	located	caudally	to	the	striatum.		
3.4  Position	the	remaining	slice	to	obtain	a	coronal	view	of	the	striatum	 Figure	2 .		
3.5  The	e	striatum	can	be	recognized	as	a	slightly	less	dense	 more	transparent 	part	

of	tissue.	Dissect	out	the	striatum	and	cut	into	explants	using	a	microdissection	
knife.	 Avoid	 the	 slightly	 darker	 tissue	 close	 to	 the	 midline,	 which	 contains	
migrating	neurons	of	the	lateral	and	medial	ganglionic	eminence.		

3.6  Store	the	explants	in	L15	medium	containing	5%	FBS	on	ice	until	use.	

	

Figure	2.	Schematic	indicating	the	different	steps	of	the	procedure.		
Appropriate	 brain	 regions	 are	 dissected	 and	 cut	 to	 generate	 explants.	 A	 single	 midbrain	 and	
striatal	explant	are	positioned	 in	close	proximity	 in	a	collagen	matrix	and	 left	 to	grow	 for	48‐72	
hours	 at	 37°C.	 Axons	 are	 visualized	 by	 fluorescence	 immunohistochemistry	 and	 a	 P/D	 ratio	 is	
calculated	to	quantify	chemotropic	responses.		
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4.		 Assembly	Collagen	Matrix	assays	

Preparation	of	the	collagen	 all	steps	on	ice,	use	cooled	pipet	tips .		

4.1  Mix	 860	ml	 of	 diluted	 collagen	with	 100	ml	 of	 10x	MEM	 and	 40	ml	 of	 1M	
sodium	bicarbonate	 NaHCO3 	and	keep	on	 ice.	 If	at	 this	point	 the	collagen	
warms	up	it	will	solidify.	

4.2  Add	a	drop	of	20	µl	 approximately	5	mm	in	diameter 	of	prepared	collagen	
to	 a	 coverslip	 in	 a	 well	 of	 a	 4‐well	 Nunc	 dish	 and	 let	 it	 stand	 in	 a	 CO2	
incubator	 at	 37°C	 and	 5%	 C02	 for	 30	 min	 ambient	 02	 concentrations	 is	
sufficient .	During	this	incubation,	the	collagen	will	gelatinize.			

Setup	co‐culture	in	collagen	gel.		

4.3  After	the	collagen	has	gelatinized,	use	a	pipet	with	a	200	µl	tip	to	transfer	a	
dopaminergic	or	striatal	explant	to	the	collagen.		

4.4  Move	the	explants	in	close	proximity	to	each	other	using	a	needle.	Keep	them	
apart	at	a	distance	of	approximately	the	diameter	of	one	explant	 ~200‐300	
µm 	 Figure	2 .		

4.5  Remove	 excess	medium	 and	 add	 20	ml	 of	 prepared	 collagen	 on	 top	 of	 the	
explants.	 is	 will	 often	 cause	 the	 explants	 to	 move	 around.	 Reposition	 the	
explants	using	a	needle	as	described	in	4.4.		

4.6  Let	the	collagen	solidify	for	15	min	at	RT	followed	by	30	min	at	37°C	and	5%	
CO2.		

4.7  After	 the	 collagen	has	 set,	 add	400ml	of	 explant	medium	and	grow	 for	2‐3	
days	in	a	CO2	incubator	at	37°C	and	5%	CO2.		

	

5.		 Analysis	by	Immunohistochemistry	and	Quantification		

Immunohistochemistry.		

5.1  To	fix	explants,	gently	add	400	ml	of	8%	paraformaldehyde	 PFA 	in	PBS	to	
400	ml	of	medium	 thereby	diluting	the	PFA	to	4% 	and	let	stand	for	1	hour	
at	RT.		

5.2  Wash	3x	15min	in	PBS	at	RT.		
5.3  Incubate	in	blocking	buffer	 BB;	PBS	 	1%	FBS	 	0.1%	Triton	X‐100 	for	2	hours.		
5.4  Incubate	 overnight	 with	 primary	 antibody	 in	 BB	 at	 4°C.	 For	 dopaminergic	

axons	use	anti‐tyrosine	hydroxylase	antibodies	 1:1000 7,	 for	striatal	axons	
anti‐Daropp32	 antibodies	 1:500 	 9	 and	 for	 visualizing	 all	 axons	 anti	 β‐III	
tubulin	 1:3000 7.		

5.5  Wash	5x	1	hour	in	PBS	at	RT.		
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5.6  Incubate	with	secondary	antibody	conjugated	to	the	appropriate	fluorophore	
1:500 	in	BB	overnight	at	4°C.	From	this	step	on	minimize	exposure	of	the	
explants	to	light	 e.g.	cover	them	with	aluminum	foil .		

5.7  	Wash	 overnight	 in	 PBS	 at	 4°C	 followed	by	 several	washes	 during	 the	 next	
day.		

5.8  Mount	explants	on	microscope	slides	using	Prolong	Antifade	reagent	mounting	
medium.	Add	a	drop	of	~10	ml	on	a	glass	microscope	slide.	Take	the	coverslip	
and	gently	place	it	on	the	drop	of	mounting	medium	with	the	explant	side	facing	
down.	Avoid	trapping	any	air	under	de	coverslip	by	very	gently	lowering	it	on	
the	drop	of	mounting	medium.		

Quantification	by	calculating	P/D	ratio.	

5.9  Acquire	digital	 images	of	the	explants	using	an	epi	fluorescence	microscope	
Figure	3 .		

5.10  Using	 these	 images,	 divide	 each	 explant	 into	 quadrants	 to	 generate	 a	
proximal	 quadrant	 i.e.	 part	 of	 the	 explant	 closest	 to	 the	 adjacent	 explant 	
and	 a	 distal	 quadrant	 part	 of	 the	 explant	 farthest	 away	 from	 the	 adjacent	
explant 	 Figure	2,	4 .		

5.11  Measure	the	length	of	20	longest	neurites	emerging	from	the	explant	both	in	
the	proximal	and	distal	quadrants.		

5.12  Use	 the	average	 length	of	 the	20	 longest	neurites	 to	calculate	 the	P/D	ratio	
for	each	individual	explant.	A	P/D	ratio	 	1	indicates	axon	attraction,	while	a	
ratio	 	1	indicates	axon	repulsion.		

5.13  In	 some	 cases,	 the	 dense	 growth	 of	 neurites	 prevents	 the	 assessment	 of	
individual	 neurite	 length.	 In	 these	 situations,	 quantification	 can	 be	
performed	by	measuring	 the	distance	between	 the	edge	of	 the	 explant	and	
the	leading	front	of	axon	growth	in	the	proximal	and	distal	quadrants.		
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Representative	Images	
After	 successful	 culture	 of	 dopaminergic	 and	 striatal	 explants	 a	 large	 number	 of	
axons	are	visible	using	bright	field	microscopy	or	as	visualized	by	anti‐βIII	tubulin	
immunocytochemistry	 not	shown .	A	subset	of	 these	axons	will	be	dopaminergic	
or	striatal	axons	as	visualized	using	immunocytochemistry	 Figure	3 .	By	dividing	
the	 explants	 into	 quadrants	 as	 described	 and	 determining	 P/D	 ratios,	 a	 putative	
axon	attractive	or	repulsive	effect	can	be	quantified	 Figure	3E .		

	

Figure	3.	Representative	results	showing	axon	growth	in	a	Collagen	Matrix	Culture.		
A‐B 	Midbrain	explant	stained	with	anti‐tyrosine	hydroxylase	antibody	revealing	axon	outgrowth.	
Dotted	 line	 indicates	 adjacent	 explant.	 B 	 Magnification	 of	 A	 showing	 individual	 neurites	 and	
growth	 cones arrows .	 C‐D 	 Striatal	 explant	 stained	with	 anti‐Darpp32.	 D 	Magnification	 of	 C	
showing	 individual	 neurites.	 E 	 Example	 of	 P/D	 ratio	 quantification.	 Explants	 are	 divided	 into	
equal	quadrants.	 e	proximal	 quadrant	 is	 facing	 the	 adjacent	 explant	while	 the	distal	quadrant	 is	
facing	away	from	it.	Scale	bars	indicate	100	μm.		
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Discussion	
The	 collagen	matrix	 assay	 described	 here	 has	 been	 used	 and	 improved	 by	many	
different	 labs	 in	 the	 past	 decades	 to	 investigate	 a	 variety	 of	 axon	 guidance	
molecules	 and	 neuronal	 systems	 e.g.	 see	 references	 5‐8 .	 These	 studies	 have	
shown	that	 this	assay	 is	a	powerful	 tool	 for	studying	the	effects	and	regulation	of	
axon	guidance	molecules	secreted	by	different	 intermediate 	target	tissues.		

However,	 it	 should	 be	 noted	 that	 the	 collagen	matrix	 is	 a	 substitute	 for	 the	
extracellular	environment	 ECM 	but	clearly	lacks	many	proteins	normally	present	
in	 the	 ECM.	 Components	 of	 the	 ECM	 are	 known	 to	 influence	 the	 effects	 of	 axon	
guidance	molecules10.	Nevertheless,	the	collagen	matrix	assay	is	particularly	useful	
for	 investigating	 basic	 molecular	 mechanisms	 in	 vitro	 and	 in	 combination	 with	
other	tissue	culture	approaches	 e.g.	organotypic	slice	culture11 	or	the	analysis	of	
genetically	engineered	animal	models.		

Several	 factors	determine	 the	 success	of	 the	 collagen	matrix	assay.	First,	 the	
size	 of	 the	 explants	 is	 crucial	 for	 optimal	 axon	 growth.	 Large	 dopaminergic	 and	
striatal	 explants	 often	 display	 limited	 axon	 growth,	 while	 small	 explants	 show	
irregular	 and	 fasciculated	 outgrowth.	 Furthermore,	 the	 distance	 between	 the	
individual	 explants	 greatly	 influences	 the	 effect	 a	 secreted	molecule	 can	 exert	 on	
adjacent	explants.	If	the	explants	are	too	far	apart,	di	diffusible	molecules	will	fail	to	
reach	the	explants.	Conversely,	when	the	distance	is	too	small	axons	may	grow	into	
the	 adjacent	 explants,	making	 it	 di	 cult	 to	 qualitatively	 and	 quantitatively	 assess	
axon	growth	and	guidance.	Finally,	 the	quality	of	the	rat	tail	collagen	is	 important	
and	is	directly	correlated	with	the	outgrowth	of	axons	and	survival	of	explants.		

The	assay	described	here	can	be	modified	in	different	ways	to	address	specific	
research	 questions.	 For	 instance,	 addition	 of	 function	 blocking	 antibodies	 to	 the	
growth	medium	 allows	 for	 the	 functional	 inhibition	 of	 candidate 	 molecules.	 In	
addition,	 explants	 can	 be	 combined	 with	 cell	 aggregates	 secreting	 specific	 axon	
growth	and	guidance	factors.	Finally,	explants	could	be	obtained	from	GFP	reporter	
mice	in	which	specific	neuronal	populations	and	their	axons	are	labeled.	Using	this	
setup,	axons	can	be	followed	during	the	course	of	the	collagen	matrix	assay.		
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Table	of	Specific	Reagents	
Name	of	the	reagent		 Company		 Catalogue	number		
Fetal	Calf	Serum		 BioWhittaker		 14‐801F		
Glutamine	 200mM 		 PAA		 M11‐004		
Hepes		 VWR	International		 441476L		
β‐Mercaptoethanol		 Merck		 444203		
Minimum	Essential	Media	 MEM 		 Gibco		 61100‐087		
Neurobasal		 Gibco		 21103‐049		
B27		 Gibco		 17504‐044		
Leibovitz's	L‐15	Medium		 Gibco		 11415‐049		
Penicillin‐Streptomycin		 Gibco		 15070‐063		
Prolong	Gold	Antifade	Reagent		 Invitrogen		 P36930		
Dialysis	tubing		 Spectrum	Labs		 132660		
Rabbit	anti‐Tyrosine	Hydroxylase		 Pel‐Freez		 P40101‐0		
Rabbit	anti‐Darpp32	 H‐62 		 Santa‐Cruz		 Sc‐11365		
Mouse	anti‐βIII	tubulin		 Sigma		 T8660		
Alexa	Fluor	labeled	secondary	antibodies		 Invitrogen		 	
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Abstract	
The	 striatum	 is	 a	 large	 brain	 nucleus	 with	 an	 important	 role	 in	 the	 control	 of	
movement	 and	 emotions.	 Medium	 spiny	 neurons	 MSNs 	 are	 striatal	 output	
neurons	 forming	 prominent	 descending	 axon	 tracts	 that	 target	 different	 brain	
nuclei.	 However,	 how	 MSN	 axon	 tracts	 in	 the	 forebrain	 develop	 remains	 poorly	
understood.	 Here,	 we	 implicate	 the	 Wnt	 binding	 receptor	 Frizzled3	 in	 several	
uncharacterized	 aspects	 of	 MSN	 pathway	 formation	 i.e.,	 anterior–posterior	
guidance	of	MSN	axons	in	the	striatum	and	their	subsequent	growth	into	the	globus	
pallidus	 GP ,	 an	 important	 intermediate 	 target .	 In	 Frizzled3	 knock‐out	 mice,	
MSN	 axons	 fail	 to	 extend	 along	 the	 anterior–posterior	 axis	 of	 the	 striatum,	 and	
many	do	not	 reach	 the	GP.	Wnt5a	 acts	as	an	attractant	 for	MSN	axons	 in	vitro,	 is	
expressed	 in	 a	 posterior	 high,	 anterior	 low	 gradient	 in	 the	 striatum,	 and	Wnt5a	
knock‐out	mice	phenocopy	striatal	anterior–posterior	defects	observed	in	Frizzled3	
knock‐out	s.	This	suggests	that	Wnt5a	controls	anterior–posterior	guidance	of	MSN	
axons	through	Frizzled3.	Axons	that	reach	the	GP	in	Frizzled3	knock‐out	mice	fail	to	
enter	 this	 structure.	 Surprisingly,	 entry	 of	 MSN	 axons	 into	 the	 GP	 non–cell‐
autonomously	 requires	 Frizzled3,	 and	 our	 data	 suggest	 that	 GP	 entry	 may	 be	
contingent	 on	 the	 correct	 positioning	 of	 “corridor”	 guidepost	 cells	 for	
thalamocortical	 axons	 by	 Frizzled3.	 Together,	 these	 data	 dissect	 MSN	 pathway	
development	 and	 reveal	 non cell‐autonomous	 roles	 for	 Frizzled3	 in	 MSN	 axon	
guidance.	 Further,	 they	 are	 the	 first	 to	 identify	 a	 gene	 that	 provides	 anterior–
posterior	axon	guidance	in	a	large	brain	nucleus	and	link	Frizzled3	to	corridor	cell	
development.	

Significance	statement	
Striatal	 axon	 pathways	 mediate	 complex	 physiological	 functions	 and	 are	 an	
important	 therapeutic	 target,	 underscoring	 the	 need	 to	 define	 how	 these	
connections	 are	 established.	 Remarkably,	 the	 molecular	 programs	 regulating	
striatal	pathway	development	remain	poorly	characterized.	Here,	we	determine	the	
embryonic	 ontogeny	 of	 the	 two	 main	 striatal	 pathways	 striatonigral	 and	
striatopallidal 	 and	 identify	 novel	 non cell‐autonomous	 roles	 for	 the	 axon	
guidance	 receptor	 Frizzled3	 in	 uncharacterized	 aspects	 of	 striatal	 pathway	
formation	 i.e.,	 anterior–posterior	 axon	 guidance	 in	 the	 striatum	 and	 axon	 entry	
into	 the	globus	pallidus .	Further,	our	results	 link	Frizzled3	 to	corridor	guidepost	
cell	 development	 and	 suggest	 that	 an	 abnormal	 distribution	 of	 these	 cells	 has	
unexpected,	 widespread	 effects	 on	 the	 development	 of	 different	 axon	 tracts	 i.e.,	
striatal	and	thalamocortical	axons .	
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Introduction	
The	 formation	 of	 longitudinal	 axon	 tracts	 in	 the	 CNS	 is	 complex	 and	 requires	 a	
myriad	of	molecular	signals	and	specialized	cell	types,	such	as	intermediate	target	
and	 guidepost	 cells.	 Progress	 has	 been	 made	 in	 defining	 the	 mechanisms	 that	
regulate	 the	wiring	of	 long	 ascending	 and	descending	pathways	 in	 the	 brainstem	
and	spinal	cord	 for	review,	see	Mastick	et	al.,	2010;	Stoeckli,	2006;	Van	den	Heuvel	
and	 Pasterkamp,	 2008;	 Zou,	 2012 .	 However,	 how	 longitudinal	 axon	 tracts	 that	
originate	in	the	forebrain	are	established	is	less	well	understood.	Furthermore,	our	
understanding	of	how	intermediate	targets	and	guidepost	cells	develop	into	choice	
points	and	permissive	corridors	for	growing	axons	is	rather	rudimentary	 Dickson	
and	Zou,	2010;	Garel	and	López‐Bendito,	2014 .	

	Among	 the	 most	 prominent	 descending	 longitudinal	 fiber	 systems	 in	 the	
forebrain	 are	 axon	 projections	 from	 medium	 spiny	 neurons	 MSNs 	 in	 the	
striatum.	The	striatum	is	part	of	the	basal	ganglia	and	controls	the	output	of	this	
structure	 through	 two	 distinct	 axon	 tracts:	 the	 direct	 and	 indirect	 pathways.	
These	 pathways	 arise	 from	 morphologically	 similar	 but	 biochemically	 and	
functionally	 distinct	 subpopulations	 of	 MSNs	 that	 are	 intermingled	 within	 the	
striatum.	 The	 direct	 pathway	 originates	 from	 striatonigral	 MSNs	 that,	 in	 mice,	
project	 axons	 to	 the	 entopeduncular	 nucleus	 and	 substantia	 nigra	 SN .	 In	
contrast,	 axons	 from	 striatopallidal	 MSNs	 form	 the	 indirect	 pathway	 and	
innervate	 the	 globus	 pallidus	 GP 	 and	 indirectly	 influence	 the	 SN	 via	 the	
subthalamic	nucleus	 Gerfen	and	Surmeier,	2011 .	The	striatonigral	 direct 	and	
striatopallidal	 indirect 	pathways	provide	antagonistic	but	balanced	outputs	that	
control	 psychomotor	 function	 Graybiel,	 2005 .	 Changes	 in	 striatal	 connectivity	
cause	 behavioral	 deficits	 and	 underlie	 disorders,	 such	 as	 Huntington's	 disease	
Crittenden	 and	 Graybiel,	 2011;	 Gerfen	 and	 Surmeier,	 2011;	 Russo	 and	Nestler,	
2013 ,	 underscoring	 the	 need	 to	 understand	 how	 these	 connections	 are	
established	and	maintained.	

Surprisingly	 little	 is	 known	 about	 the	 extracellular	 cues	 that	 regulate	 the	
development	 of	 MSN	 axon	 projections.	 The	 transmembrane	 protein	 OL‐
protocadherin	 OL‐pc	 or	 Pcdh10 	 cell‐autonomously	 mediates	 MSN	 axon	
outgrowth,	 whereas	 interactions	 between	 the	 chemorepellent	 semaphorin3E	
Sema3E 	 and	 its	 receptor	 plexinD1	 regulate	 striatonigral	 axon	 pathfinding	
Chauvet	 et	 al.,	 2007;	 Uemura	 et	 al.,	 2007 .	 The	 transcriptional	 regulators	 Islet1	
Isl1 	 and	 COUP‐TF‐interacting	 protein	 2	 Ctip2 	 control	 plexinD1	 expression	 in	
embryonic	 MSNs,	 whereas	 Isl1	 also	 regulates	 sema3E	 expression	 along	 the	
trajectory	of	striatonigral	axons	 Arlotta	et	al.,	2008;	Ehrman	et	al.,	2013;	Lu	et	al.,	
2014 .	 Isl1 / 	 mice	 show	 altered	 striatonigral	 pathfinding	 in	 part	 phenocopying	
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defects	observed	in	sema3E / 	mice	 Ehrman	et	al.,	2013 .	Knock‐out	mice	for	the	
transcription	 factor	 early	 B‐cell	 factor	 1	 Ebf1 	 also	 show	 reduced	 striatonigral	
pathway	development,	 but	 the	 extrinsic	 effectors	 involved	are	unknown	 Lobo	et	
al.,	2006,	2008 .	Despite	this	recent	progress	in	our	understanding	of	the	intrinsic	
regulation	of	MSN	axon	pathway	development,	 the	extrinsic	cues	 involved	remain	
largely	 unknown.	 For	 example,	 molecules	 controlling	 anterior–posterior	 AP 	
guidance	and	GP	navigation	have	yet	to	be	determined.	

Here,	 we	 determine	 the	 ontogeny	 of	 the	 mouse	 striatal	 efferent	 pathways	
using	BAC	transgenic	reporter	mice	and	identify	a	requirement	for	the	Wnt	binding	
receptor	Frizzled3	 Fzd3 	 Zou,	2012;	Tissir	and	Goffinet,	2013 	in	striatal	pathway	
formation.	 We	 find	 that,	 within	 the	 striatum,	 Fzd3,	 and	 its	 ligand	 Wnt5a	 are	
required	 in	 vivo	 for	 extension	 of	MSN	 axons	 along	 the	AP	 axis.	 In	 addition,	 Fzd3	
non–cell‐autonomously	 regulates	 the	 entry	 of	 MSN	 axons	 into	 an	 important	
intermediate 	target,	the	GP,	and	the	positioning	of	“corridor”	cells.	Corridor	cells	
are	a	population	of	guidepost	cells	for	thalamocortical	axons	located	in	between	the	
GP	 and	 the	 medial	 ganglionic	 eminence	 MGE .	 The	 mechanisms	 that	 regulate	
corridor	 cell	 development	 remain	 incompletely	 understood	 Bielle	 and	 Garel,	
2013 .	 Our	 data	 indicate	 that	 corridor	 cells	 repel	 MSN	 axons	 and	 that	 their	
mislocalization	 in	 the	 GP	 of	 Fzd3 / 	 mice	 may	 render	 the	 GP	 nonpermissive	 for	
MSN	axon	growth.	Conclusively,	our	data	reveal	previously	uncharacterized	aspects	
of	 striatal	 pathway	 development	 and	 identify	 cell	 autonomous	 and	 non–cell‐
autonomous	roles	for	Fzd3	in	MSN	axon	guidance.	Further,	they	implicate	Fzd3	in	
the	poorly	defined	mechanisms	underlying	corridor	cell	development.	
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Materials	and	Methods	

Animals	and	tissue	treatment.	

All	animal	use	and	care	were	in	accordance	with	local	regulations	and	institutional	
guidelines.	Mice	of	either	sex	were	used	and	maintained	in	a	12	h	light‐dark	cycle	
and	 housed	 1–4	 per	 cage	 with	 food	 and	 water	 ad	 libitum.	 C57BL/6	 mice	 were	
obtained	 from	 Charles	 River.	 Frizzled3	 knock‐out	 mice	 were	 kindly	 provided	 by	
Jeremy	Nathans	 Johns	Hopkins	University	School	of	Medicine,	Baltimore 	 Wang	et	
al.,	2002 ,	Pitx3‐Cre	mice	by	Marten	Smidt	 University	of	Amsterdam 	 Smidt	et	al.,	
2012 ,	 Islet1‐Cre	mice	 by	 Sonia	 Garel	 Ecole	 Normale	 Supérieure,	 Paris,	 France 	
Srinivas	et	al.,	2001 ;	with	permission	from	Thomas	Jessell,	Ryk	knock‐out	mice	by	
Steven	 Stacker	 Ludwig	 Institute	 for	 Cancer	 Research,	 Melbourne,	 Australia 	
Halford	 et	 al.,	 2000 ,	 Gbx2‐CreERT2	 mice	 by	 James	 Li	 University	 of	 Connecticut	
Health	Center,	Farmington,	CT 	 Chen	et	al.,	2009 ,	and	Nkx2‐1‐Cre	mice	by	Oscar	
Marin	 MRC	 Center	 for	 Developmental	 Neurobiology,	 London 	 Xu	 et	 al.,	 2008 ;	
with	permission	from	Stewart	Anderson.	Wnt5a	knock‐out	mice	 Yamaguchi	et	al.,	
1999 	 and	 ROSA26‐DTA	 mice	 Ivanova	 et	 al.,	 2005 	 were	 obtained	 from	 The	
Jackson	 Laboratory,	 and	 Drd2‐EGFP,	 Chrm4‐EGFP,	 and	 Drd2‐Cre	 ER44 	 BAC	
transgenic	mice	 from	Mutant	Mouse	Regional	 Resource	 Center	 www.gensat.org 	
Gong	et	al.,	2003,	2007 .	Frizzled3fl/fl	mice	were	as	described	previously	 Chai	et	
al.,	2014 .	The	morning	of	detection	of	the	vaginal	plug	was	defined	as	embryonic	
E 	day	0.5,	 and	 the	day	of	birth	 as	postnatal	 P 	day	0.	 For	 in	 situ	hybridization	
experiments,	embryonic	brains	were	directly	frozen,	and	20	μm	sections	were	cut	
on	a	cryostat.	For	immunohistochemistry,	embryonic	brains	were	collected	in	PBS	
and	fixed	by	immersion	for	0.5–8	h	in	4%	PFA	in	PBS	at	4°C.	Postnatal	mice	were	
transcardially	perfused	with	ice‐cold	saline	followed	by	4%	PFA	and	postfixed	for	2	
h.	 Samples	 intended	 for	 immunohistochemistry	 on	 cryosections	 were	 washed	 in	
PBS	 and	 cryoprotected	 in	 30%	 sucrose.	Brains	were	 frozen	 and	 stored	 at	 80°C.	
Cryostat	 sections	 were	 cut	 at	 16–25	 μm.	 To	 generate	 vibratome	 sections,	 fixed	
brains	 were	 embedded	 in	 3%	 low	 melting	 point	 agarose	 in	 PBS	 and	 sectioned	
coronally	at	150	μm	using	a	vibratome	 Leica .	

Enzymatic	dissociation	and	FACS	of	striatal	neurons.	

E15.5	 or	 E17.5	 embryos	 from	 hemizygous	 D2‐EGFP	 or	 M4‐EFGP	 mice	 were	
collected	in	ice‐cold	L‐15	 Invitrogen 	followed	by	dissection	of	the	striatum	in	L‐15	
with	10%	FCS.	Striatal	tissue	was	dissociated	using	the	Papain	Dissociation	System	
Worthington	 Biochem ,	 as	 previously	 described	 Lobo	 et	 al.,	 2006 .	 Cells	 were	
resuspended	in	L‐15	containing	25	μg/ml	DNase	I	 Sigma 	and	filtered	through	a	70	
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μm	mesh.	Cells	were	treated	with	propidium	iodide	 20	μg/ml,	Invitrogen 	to	label	
dead	 cells	 and	 sorted	 in	 a	 Cytopeia	 Infux	 cell	 sorter	 528/38	 filter	 for	 EGFP	
fluorescence .	 Wild‐type	 cells	 were	 used	 to	 calibrate	 the	 FITCH	 and	 propidium	
iodide	 signals.	 Approximately	 70,000–100,000	 striatal	 cells	 were	 obtained	 per	
embryo	from	each	FACS	run.	EGFP 	cells	were	directly	collected	in	RLT	lysis	buffer	
QIAGEN .	

RNA	extraction	and	quantitative	PCR.	

Total	RNA	extraction	was	performed	from	FACS	purified	striatal	neurons	using	the	
RNeasy	Micro	Kit	 QIAGEN 	according	to	the	manufacturer's	protocol.	RNA	quality	
and	 relative	 concentration	 were	 determined	 using	 a	 spectrophotometer	 and	
Bioanalyzer	 Nanochip	 Agilent .	 Each	 experimental	 sample	 consisted	 of	 pooled	
RNA	derived	 from	at	 least	 two	hemizygous	D2‐EGFP	or	M4‐EGFP	embryos.	 cDNA	
synthesis,	cRNA	double	amplification,	and	quality	control	and	fragmentation	were	
performed	using	an	automated	system	 Caliper	Life	Sciences 	and	starting	with	70	
ng	total	RNA	from	each	sample,	as	described	previously	 Chakrabarty	et	al.,	2012 .	
The	qPCR	was	performed	in	a	10	μl	reaction	solution	using	Roche	SYBR	Green	I	 LC‐
FastStart	DNA	MasterPlus 	and	0.5	μm	of	each	primer.	PCRs	were	performed	 in	a	
7900HT	 Fast	 Real‐Time	 PCR	 System	 Applied	 Biosystems 	 95°C	 for	 3	 min,	
followed	by	45	cycles	of	denaturation	at	95°C,	annealing	at	55°C,	and	extension	at	
72°C	for	30	s	each .	Primer	sequences	are	as	follows:	Fzd1‐10	and	Gapdh	 Shah	et	
al.,	 2009 ,	 Drd2	 Bice	 et	 al.,	 2008 ,	 and	 Hprt1	 QuantiTec	 primer	 Assay;		
QIAGEN .	 To	 detect	 Chmr4,	 the	 following	 primers	 were	 used:	 5′‐
AGCCGAGCATTAAGAAACCTCCAC‐3′	 forward ;	 and	 5′‐TCATTGGAAGTGTCCTTGTCAGCC‐3′	
reverse .	 Samples	 were	 run	 in	 triplicate,	 and	 a	 common	 threshold	 signal	 was	
chosen	manually	 in	the	 linear	amplification	range	of	all	samples	by	 inspecting	the	
log‐transformed	 fluorescence	 signals	 plotted	 against	 cycle	 number	 using	 SDS	
software	 Applied	Biosystems .	 For	 each	gene,	 relative	 expression	was	 calculated	
using	 the	 ddCt	 method	 Livak	 and	 Schmittgen,	 2001 	 correcting	 for	 the	
amplification	efficiency	of	each	primer	pair	and	using	Gapdh	and	Hprt1	as	reference	
genes.	

Explant,	dissociated	neuron,	and	hemislice	cultures.	

Three‐dimensional	collagen	matrix	assays	were	performed	as	described	previously	
Schmidt	 et	 al.,	 2012 .	 In	 brief,	 E13.5‐E14.5	 wild‐type	 or	 Fzd3 / 	 and	 littermate	
control	embryos	were	collected	 in	 ice‐cold	L‐15	and	 the	striatum,	GP,	or	 corridor	
cells	were	 carefully	 dissected	 in	 ice‐cold	 L‐15	 containing	 2%	 FCS.	 Small	 explants	
were	then	cut	from	the	dissected	tissue	at	200–350	μm	and	plated	in	custom‐made	
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rat	 tail	 collagen.	 Striatal	 explants	 were	 placed	 300–500	 μm	 from	 either	 1 	
aggregates	 of	 HEK293	 cells	 transiently	 transfected	 with	 EGFP,	Wnt5a,	 or	Wnt5b	
constructs	using	Lipofectamine	2000;	or	 2 	GP	or	corridor	cell	explants	 in	4‐well	
tissue	 culture	 dishes	 Nunc .	 Explants	 were	 cultured	 in	 Neurobasal	 with	 B27	
supplement	 Invitrogen ,	 HEPES,	 β‐mercaptoethanol,	 and	 antibiotics,	 and	
incubated	in	a	humidified	incubator	at	37°C	and	5%	CO2	for	2–3	d.	Then,	cultures	
were	fixed	in	4%	PFA	for	1	h	at	room	temperature	and	immunostained	with	anti‐β‐
tubulin	 Covance 	 and	 anti‐Nkx2‐1	 antibodies	 Biopat ,	 as	 previously	 described	
Schmidt	et	al.,	2012 .	Staining	was	visualized	using	epifluorescent	illumination	on	
a	Zeiss	Aksioskop	A1	or	by	confocal	laser	scanning	microscopy	 Olympus	FV1000 .	
Nkx2‐1	 staining	 was	 used	 to	 monitor	 the	 success	 of	 GP	 dissection	 and	 only	
cocultures	containing	the	entire	GP	were	analyzed.	Quantifications	were	performed	
on	 explants	 deriving	 from	 at	 least	 three	 independent	 experiments.	 To	 calculate	
proximal/distal	 P/D 	ratios	in	cocultures,	the	total	area	covered	by	striatal	axons	
in	 the	proximal	 and	distal	 quadrants	of	 the	 cultures	was	determined	and	used	 to	
calculate	 P/D	 ratios	 per	 explant	 Schmidt	 et	 al.,	 2012 .	 For	 quantification	 of	
corridor‐striatal	 explant	 cocultures,	 the	 length	 of	 the	 40	 longest	 axons	 extending	
into	the	quadrants	proximal	and	distal	to	the	corridor	explant	was	measured	with	
ImageJ	 software.	 Once	 the	 mean	 P/D	 ratio	 of	 each	 explant	 was	 determined,	 a	
guidance	 index	was	calculated	as	described	previously	 Bielle	et	al.,	2011b .	Data	
were	 statistically	 analyzed	 by	 unpaired	 two‐tailed	 Mann–Whitney	 test,	 one‐way	
ANOVA	 α	 	5% 	or	Kruskal–Wallis	test	and	expressed	as	mean	 	SEM.	

To	 generate	 dissociated	 striatal	 neuron	 cultures,	 the	 striatum	 was	
microdissected	 from	E15.5	D2‐EGFP	and	M4‐EGFP	embryos.	Tissue	 from	several	
different	embryos	was	pooled	and	incubated	in	trypsin	in	DMEM/F‐12	for	20	min	
at	37°C.	Trypsin	activity	was	inhibited	through	addition	of	20%	FCS	in	DMEM/F12	
and	 tissue	 was	 triturated	 with	 a	 fire‐polished	 glass	 pipette.	 Then,	 cells	 were	
pelleted	 by	 mild	 centrifugation	 and	 resuspended	 in	 Neurobasal	 medium	
supplemented	with	B27,	antibiotics,	and	glutamine.	A	single‐cell	 suspension	was	
generated	by	forcing	the	cells	through	a	70	μm	filter,	after	which	cells	were	plated	
on	poly‐d‐lysine‐	and	laminin‐coated	glass	coverslips	in	a	12‐well	plate	for	3	d	in	
Neurobasal	 medium.	 Cultures	 were	 fixed	 in	 4%	 PFA	 for	 10	 min	 at	 room	
temperature	 and	 coimmunostained	 with	 rabbit	 anti‐Fzd3	 1:500,	 a	 gift	 from	
Jeremy	Nathans 	and	chicken	anti‐EGFP	 1:500,	Abcam 	antibodies.	Images	were	
captured	 on	 a	 Zeiss	 Aksioskop	 A1	 or	 by	 confocal	 laser	 scanning	 microscopy	
Olympus	FV1000 .	The	 length	of	 axons	 emerging	 from	EGFP‐labeled	MSNs	was	
determined	 in	 three	 randomly	 selected	 areas	 in	 each	 culture	 using	 OpenLab	
Improvision 	 software.	 Data	 from	 three	 independent	 experiments	 were	
statistically	 analyzed	 by	 unpaired	 two‐tailed	 Student's	 t	 test	 and	 expressed	 as	
mean	 	SEM.	
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For	transplantation	experiments,	striatal	explants	 200	μm 	were	microdissected	
from	E14.5	Fzd3 / 	embryos	or	littermate	controls,	and	a	small	DiI	crystal	 Invitrogen 	
was	 placed	 in	 each	 explant,	 as	 described	 previously	 Uemura	 et	 al.,	 2007 .	 Striatal	
explants	containing	DiI	crystals	were	then	placed	into	the	rostral	part	of	the	striatum	
in	E14.5	wild‐type	or	Fzd3 / 	hemislices.	Hemislices	consist	of	half	brains	cultured	on	
membrane	 inserts	 Corning 	with	 the	 cortical	 surface	 facing	 up	 Pasterkamp	 et	 al.,	
2003;	Schmidt	et	al.,	2014 .	Transplant	cultures	were	grown	 in	Neurobasal	medium	
supplemented	with	B27,	antibiotics,	and	glutamine	and	maintained	for	3	d	in	culture.	
Then	cultures	were	fixed	in	PBS	containing	4%	PFA	and	4%	sucrose	for	1	h	at	room	
temperature,	 washed	 in	 PBS,	 incubated	 in	 blocking	 solution	 1%	 PBS,	 1%	 FCS,	 1	
mg/ml	digitonin 	 for	1	h	at	room	temperature,	and	 incubated	 in	primary	antibodies	
overnight	 4°C.	 Cultures	were	washed	 extensively	 in	 PBS,	 incubated	with	AlexaFluor	
secondary	antibodies	 for	3	h	at	 room	 temperature,	 rinsed	 in	PBS,	 and	embedded	 in	
Fluosave	 Calbiochem 	or	95%	glycerol.	To	quantify	the	transplantation	experiments,	
the	presence	of	DiI‐labeled	axons	from	striatal	explants	was	assessed	using	Photoshop	
software.	 The	 GP	 was	 visualized	 by	 Nkx2‐1	 immunostaining,	 and	 fluorescence	
intensity	of	striatal	axons	was	measured	in	three	bins	corresponding	to	regions	rostral	
to	 the	GP,	 in	 the	GP,	 and	 caudal	 to	 the	GP	 followed	by	background	 correction.	Data	
from	at	 least	 three	 independent	experiments	were	statistically	analyzed	by	Kruskal–
Wallis	test,	and	data	were	presented	as	mean	 	SEM.	

In	situ	hybridization	and	immunohistochemistry.	

Nonradioactive	 in	 situ	 hybridization	 was	 performed	 as	 described	 previously	
Pasterkamp	 et	 al.,	 2007 .	 Digoxigenin‐labeled	 Fzd3,	 Wnt5a,	 Sema3A,	 Sema3F,	
ephrinA5,	 and	 Netrin‐1	 in	 situ	 probes	 were	 as	 described	 previously	 Kolk	 et	 al.,	
2009;	 Fenstermaker	 et	 al.,	 2010;	 Schmidt	 et	 al.,	 2014 .	 For	 Sema3E	 probes,		
the	 following	 primers	 were	 used	 to	 generate	 probe	 templates:		
5′‐CCGTACTGTGCCTGGGATGGC‐3′	 forward ,	 5′‐GGGGTTGGCATACTTCCACTT‐3′	
reverse ;	 and	 for	 Ebf1	 5′‐GCTCACTTTGAGAAGCAGCCG‐3′	 forward ,	 5′‐
CGTACCTTCCGAGGGGTCAAG‐3′	 reverse .	 Probe	 hybridization	 was	 performed	
overnight,	 and	 sense	 probes	 were	 included	 as	 specificity	 controls.	 Sections	
subjected	to	the	entire	in	situ	hybridization	procedure,	but	with	no	or	sense	probe	
added,	did	not	exhibit	specific	hybridization	signals.	

Immunohistochemistry	 on	 cryostat	 or	 vibratome	 sections	 was	 as	 described	
previously	 Kolk	et	al.,	2009 .	In	brief,	sections	were	incubated	in	blocking	solution	
1%	PBS,	1%	BSA,	0.1%	Triton	X‐100 	for	30	min	at	room	temperature	followed	by	
incubation	in	primary	antibodies	in	blocking	buffer	overnight	at	4°C.	The	next	day,	
sections	 were	 rinsed	 several	 times	 in	 PBS	 and	 incubated	 with	 appropriate	
AlexaFluor	 secondary	 antibodies	 for	 1	 h	 at	 room	 temperature.	 Sections	 were	
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counterstained	with	 DAPI	 Sigma ,	washed	 extensively	 in	 PBS,	 and	 embedded	 in	
Prolong	 Gold	 Antifade	 reagent	 Invitrogen .	 Staining	 was	 visualized	 using	
epifluorescent	 illumination	on	a	Zeiss	Aksioskop	A1	or	by	confocal	 laser	scanning	
microscopy	 Olympus	FV1000 .	

The	following	primary	antibodies	were	used:	rabbit	anti‐EGFP	 1:500,	Invitrogen,	
A11122 ,	 chicken	anti‐EGFP	 1:500,	Abcam	AB13970 ,	 rabbit	 anti‐DARPP32	 1:500,	
Santa	Cruz	Biotechnology	SC‐11365 ,	rabbit	anti‐Nkx2‐1	 1:2000,	Biopat ,	rabbit	anti‐
Frizzled3	 1:500;	a	gift	 from	Jeremy	Nathans ,	rabbit	anti‐tyrosine	hydroxylase	 TH 	
1:1000;	 Pel‐Freeze ,	 rat	 anti‐OL‐protocadherin	 1:2000,	 Millipore,	 clone	 5G10 ,	
mouse	 anti‐βIII‐tubulin	 1:3000,	 Sigma,	 T8660 ,	 mouse	 anti‐Islet1	 1:100;	
Developmental	 Studies	 Hybridoma	 Bank,	 394D5 ,	 mouse	 anti‐neurofilament	 1:50;	
Developmental	 Studies	 Hybridoma	 Bank,	 2H3 ,	 rat	 anti‐Ctip2	 1:500,	 Abcam,	
ab18465 ,	 and	 rabbit	 anti‐Foxp1	 1:250;	 Abcam,	 ab16645 .	 Secondary	 antibodies	
were	AlexaFluor‐488,	AlexaFluor‐555,	or	AlexaFluor‐594	conjugated	 1:500,	Sigma .	

To	 assess	 and	 quantify	MSN	 axon	 orientation	 defects,	 sagittal	 sections	 from	
E17.5‐E18.5	 mutant	 embryos	 n	 	 3 	 and	 littermate	 controls	 n	 	 3 	 were	
immunostained	 with	 anti‐DARPP32	 antibodies	 and	 counterstained	 with	 DAPI.	
Images	were	captured	from	these	sections	at	identical	medial	to	lateral	locations	in	
the	middle	 portion	 of	 the	 striatum	 using	 a	 Zeiss	 Axioskop	 A1	microscope.	 Then,	
using	Axiovision	software	 Zeiss ,	angles	were	determined	between	baseline	 a	line	
dividing	the	striatum	in	a	dorsal	and	ventral	half,	represents	0° 	and	the	trajectory	
of	the	initial	axon	segment	just	proximal	to	the	DARPP32‐positive	cell	body.	Fifty	to	
100	 DARPP32‐positive	 neurons	 were	 measured	 per	 embryo,	 and	 angles	 were	
grouped	 and	 calculated	 as	 percentage	 of	 total	 Fenstermaker	 et	 al.,	 2010 .	 For	
assessing	DARPP32	axon	density	at	 the	GP,	 two	to	 five	embryos	were	analyzed	at	
E17.5‐E18.5	 and	 two	or	 three	well‐spaced	 80	μm 	 sections	 at	 the	 same	AP	 level	
were	imaged	and	assessed.	A	250	μm	rectangle	was	placed	50	μm	from	the	dorsal	
surface	of	the	Nkx2‐1‐positive	GP	and	DARPP32	axon	density	was	assessed	 in	the	
rectangle	using	 ImageJ	 software	 Kolk	et	 al.,	 2009 .	 In	each	embryo,	 signals	were	
normalized	to	DARPP32	staining	in	the	cortex,	which	was	similar	in	wild‐type	and	
mutant	 mice.	 Data	 were	 averaged	 per	 embryo,	 and	 data	 from	 several	 individual	
animals	were	 pooled.	 Finally,	 data	 from	mutant	mice	were	 normalized	 to	 control	
and	statistically	analyzed	by	unpaired	two‐tailed	Student's	t	test.	

Quantification	and	statistics	methods.	

Statistical	 analyses	were	 performed	 using	 IBM	 SPSS	 Statistics	 by	 Student's	 t	 test,	
one‐way	ANOVA,	or	Kruskal–Wallis.	All	data	in	this	manuscript	are	derived	from	at	
least	three	independently	performed	experiments.	All	data	were	expressed	as	mean	
	SEM,	and	significance	was	defined	as	p	 	0.05.	
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Results	

Development	of	striatopallidal	and	striatonigral	axon	projections	

MSNs	account	for	the	vast	majority	of	all	striatal	neurons	 90%–95% 	and	are	the	
output	 projection	 neurons	 of	 the	 striatum.	 The	 remaining	 5%–10%	 of	 striatal	
neurons	 are	 interneurons	 with	 local	 connections	 within	 the	 striatum.	 The	 two	
classes	of	MSNs	that	occupy	the	striatum,	striatopallidal	and	striatonigral	neurons,	
are	 morphologically	 indistinguishable	 and	 intermingled	 in	 the	 striatum.	 As	 a	
result	 of	 these	 anatomical	 features,	 relatively	 little	 is	 known	 about	 the	
spatiotemporal	 development	 of	 striatopallidal	 and	 striatonigral	 MSNs	 and	 their	
axon	 projections.	 Here	 we	 exploited	 BAC	 transgenic	 mouse	 lines	 in	 which	
striatopallidal	 and	 striatonigral	MSNs	 are	 specifically	 and	 independently	 labeled	
with	GFP	 Gong	et	al.,	2003 .	 In	Dopamine	receptor	D2	 Drd2 ‐EGFP	 D2‐EGFP 	
mice,	 striatopallidal	 MSNs	 and	 their	 axons	 are	 labeled,	 whereas	 in	 Cholinergic	
receptor,	 muscarinic	 4	 Chrm4 ‐EGFP	 M4‐EGFP 	 mice	 striatonigral	 MSNs	 and	
axons	 are	 labeled.	 These	 mouse	 lines	 have	 been	 used	 previously	 to	 examine	
functional	 and	 molecular	 properties	 of	 postnatal	 and	 adult	 striatopallidal	 and	
striatonigral	 neurons	 Lobo,	 2009 ,	 but	 a	 comprehensive	 analysis	 at	 embryonic	
and	 early	 postnatal	 stages	 is	 lacking.	 The	 bulk	 of	 MSNs	 is	 generated	 from	 E13	
onwards	 Passante	et	al.,	2008 ,	and	we	therefore	started	our	analysis	at	E13.5.	At	
E13.5,	EGFP 	cells	were	observed	in	the	striatum	of	both	D2‐EGFP	and	M4‐EGFP	
embryos	 Fig.	 1A,B .	 In	 D2‐EGFP	mice,	 these	 cells	 were	 largely	 confined	 to	 the	
striatum,	whereas	 cellular	 EGFP	 expression	 in	M4‐EGFP	mice	was	 broader	with	
labeling	in	surrounding	structures,	such	as	the	ganglionic	eminences.	In	both	lines,	
EGFP 	striatal	axons	were	readily	discernible	and	extended	posteriorly	to	the	GP	
at	 E13.5	 Fig.	 1A–C .	 In	 addition,	 the	 first	 striatonigral	 axons	 already	 contacted	
their	target,	the	SN,	at	this	stage	 Fig.	1C .	Comparison	of	D2‐EGFP	and	M4‐EGFP	
mouse	 embryos	 showed	 that	 the	 development	 of	 the	 striatopallidal	 pathway	
appeared	delayed	compared	with	that	of	 the	striatonigral	pathway.	For	example,	
at	 E15.5	 and	 E17.5,	 a	 prominent	 striatonigral	 bundle	 was	 present	 in	 M4‐EGFP	
mice,	and	numerous	EGFP 	axons	projected	into	midbrain.	In	contrast,	despite	the	
presence	of	a	 large	number	of	strongly	 labeled	EGFP 	neurons	 in	 the	striatum,	a	
relatively	small	subset	of	EGFP 	axons	extended	into	the	GP	at	these	stages	in	D2‐
EGFP	mice	 Fig.	1D–H .	However,	by	P7,	patterns	of	innervation	resembled	those	
detected	in	the	mature	brain	in	both	lines.	The	GP	was	heavily	innervated	in	D2‐
EGFP	mice,	and	EGFP 	axons	traversed	the	GP	in	tight	axon	fascicles	in	M4‐EGFP	
mice	to	further	fasciculate	into	a	compact	axon	bundle	at	more	caudal	 levels	and	
innervate	the	SN	 Fig.	1I,J .	Together,	 these	results	reveal	previously	unexplored	
aspects	 of	 striatonigral	 and	 striatopallidal	 axon	 pathway	 development	 and	
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identify	D2‐EGFP	and	M4‐EGFP	mice	as	valuable	 tools	 for	 the	analysis	of	striatal	
axon	pathfinding	and	target	innervation.	

	

Figure	1.	Development	of	striatopallidal	and	striatonigral	axon	pathways.	
Immunohistochemistry	 for	 EGFP	 green 	 in	 coronal	 sections	 from	Dopamine	 receptor	 D2	 D2 ‐
EGFP	mice	 A,	D,	G,	I 	and	in	sagittal	sections	from	Cholinergic	receptor,	muscarinic	4	 M4 ‐EGFP	
mice	 B,	C,	E,	F,	H,	 J 	 at	 the	 indicated	developmental	 stages.	B,	C,	E,	F,	H,	 J,	Rostral	 is	 to	 the	 left.	
Sections	are	counterstained	with	DAPI	 blue .	 In	D2‐EGFP	and	M4‐EGFP	mice,	 the	striatopallidal	
indirect 	 and	 striatonigral	 direct 	 pathways	 are	 labeled,	 respectively.	 Arrows	 indicate	 the	
striatonigral	 pathway.	 At	 least	 n	 	 3	 embryos	 per	 time	 point	 per	 genotype	were	 analyzed.	Hip,	
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Hippocampus;	SNr,	substantia	nigra,	pars	reticulata;	STR,	striatum.	Scale	bars:	A,	B,	D,	E,	G,	I,	100	
μm;	C,	F,	40	μm;	H,	J,	200	μm.	

Molecular	profiling	of	Frizzleds	in	striatopallidal	and	striatonigral	neurons	

The	 D2‐EGFP	 and	 M4‐EGFP	 mouse	 lines	 not	 only	 provide	 a	 tool	 for	 visualizing	
striatal	pathways	 Fig.	1 	but	also	enable	the	purification	of	MSNs	by	FACS	 Lobo	et	
al.,	 2006 .	 We	 exploited	 this	 property	 to	 search	 for	 molecular	 cues	 involved	 in	
striatal	pathway	development.	Pure	populations	of	striatopallidal	and	striatonigral	
MSNs	were	obtained	 from	E15.5	and	E17.5	D2‐EGFP	and	M4‐EGFP	mice	by	FACS	
Fig.	 2A .	 At	 these	 developmental	 stages,	 striatal	 axons	 are	 actively	 navigating	
toward	and	into	their	target	structures	 Fig.	1 .	Analysis	of	the	expression	of	Drd2	
and	 Chmr4,	 markers	 for	 striatopallidal	 and	 striatonigral	 MSNs,	 respectively,	
confirmed	 the	 specificity	 of	 the	 purification	 procedure	 Fig.	 2B,C .	 Next,	 we	
performed	quantitative	PCR	 qPCR 	 to	detect	 expression	of	members	of	 different	
axon	guidance	ligand	and	receptor	families	 Kolodkin	and	Pasterkamp,	2013 	 data	
not	 shown .	Among	 the	most	 strongly	expressed	candidates	was	 the	Wnt	binding	
and	 planar	 cell	 polarity	 receptor	 Frizzled3	 Fzd3 ,	 which	 was	 detected	 at	 equal	
levels	in	E15.5	and	E17.5	striatopallidal	and	striatonigral	MSNs	 Fig.	2D .	Fzd3	has	
previously	been	 implicated	 in	 the	development	of	 longitudinal	 axon	bundles	 that,	
analogous	to	striatal	projections,	extend	along	the	AP	axis	of	the	CNS	 Zou,	2012 .	
In	addition,	Fzd3	is	enriched	in	the	embryonic	striatum,	and	the	striatum	of	Fzd3 / 	
embryos	displays	increased	cell	death	from	E18	onwards,	hinting	at	reduced	target	
innervation	 by	 striatal	 projections	 Wang	 et	 al.,	 2002 .	 Together,	 these	
observations	 identify	 Fzd3	 as	 a	 strong	 candidate	 for	 controlling	 striatal	 axon	
development.	 To	 further	 examine	 the	 role	 of	 Fzd3	 in	 MSNs,	 we	 performed	
immunohistochemistry	 for	 Fzd3	 in	 dissociated	 neuron	 cultures	 from	 E15.5	 D2‐
EGFP	 and	M4‐EGFP	mice.	 Fzd3	was	 expressed	 in	 the	 somata,	 axons,	 and	 growth	
cones	of	most	EGFP 	striatopallidal	and	striatonigral	MSNs	 Fig.	2E–J .	Thus,	Fzd3	
is	 expressed	 in	 MSNs	 and	 their	 axons	 during	 the	 period	 of	 axonal	 growth	 and	
pathfinding.	



Chapter 3 

  65

	

Figure	2.	Molecular	profiling	of	Frizzled	expression	in	striatopallidal	and	striatonigral	MSNs.		
A,	Scatter	plots	showing	the	distribution	of	EGFP‐positive	MSNs	purified	from	E15.5	and	E17.5	D2‐
EGFP	 embryos	 compared	 with	 reference	 tissue.	 EGFP‐positive	 neurons	 outlined	 area 	 were	
selected	 by	 FACS.	 PI,	 Propidium	 iodide;	 wt,	 wild‐type.	 B–D,	 Quantitative	 PCR	 was	 used	 to	
determine	 relative	 expression	 of	 Dopamine	 receptor	 D2	 Drd2;	 marks	 striatopallidal	 MSNs ,	
Cholinergic	receptor,	muscarinic	4	 Chrm4;	marks	striatonigral	MSNs ,	and	Frizzled3	in	D2‐EGFP 	
or	M4‐EGFP 	cells	obtained	by	FACS	at	E15.5	or	E17.5.	Drd2	is	expressed	in	D2‐EGFP 	but	not	in	
M4‐EGFP 	cells,	whereas	Chrm4	is	expressed	in	M4‐EGFP 	but	not	D2‐EGFP 	cells,	confirming	the	
specificity	 of	 the	 FACS	 procedure.	 Of	 10	 Frizzleds	 tested,	 only	 Fzd2	 data	 not	 shown 	 and	 Fzd3	
showed	detectable	 expression	 in	E15.5	 and	E17.5	MSNs.	 n	 	 3	 independent	 experiments.	 **p	 	
0.01	 two‐way	 ANOVA .	 ***p	 	 0.001	 two‐way	 ANOVA .	 E–J,	 Coimmunostaining	 for	 EGFP	 and	
Frizzled3	in	dissociated	striatal	neuron	cultures	generated	from	E15.5	M4‐EGFP	or	D2‐EGFP	mice	
analyzed	at	3	DIV.	Arrows	indicate	axons.	M4‐EGFP	n	 	3	litters,	D2‐EGFP	n	 	3	litters.	Scale	bars:	
E–J,	40	μm	
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Frizzled3	is	requireed	for	growth	of	striatal	axons	toward	and	into	the	GP	

To	examine	whether	Fzd3	is	required	for	striatal	pathway	development	in	vivo,	we	
performed	 immunohistochemistry	 for	 dopamine‐	 and	 cAMP‐regulated	
phosphoprotein	 DARPP32 	in	E17.5	wild‐type	and	Fzd3 / 	embryos.	DARPP32	is	
expressed	in	∼95%	of	MSNs	but	not	by	other	cell	types	in	the	striatum	 Anderson	
and	Reiner,	1991 .	Although	expression	of	DARPP32	was	decreased	in	the	striatum	
of	Fzd3 / 	embryos	 Fig.	3A–E ,	analysis	of	 the	expression	of	various	other	genes	
known	 to	 be	 expressed	 in	 MSNs	 OL‐pc,	 Ebf1,	 Ctip2,	 forkhead	 box	 protein	 p1	
Foxp1 ,	Isl1,	Netrin‐1 	did	not	reveal	a	marked	loss	of	MSNs	 Fig.	4,	Fig.	10 .	This	is	
in	line	with	previous	work	showing	that	the	proliferation,	distribution,	and	number	
of	striatal	neurons	is	similar	in	wild‐type	and	Fzd3	mutant	mice	until	E18	 Wang	et	
al.,	2002 .	Analysis	of	DARPP32 	axons	revealed	that	in	wild‐type	mice	MSN	axons	
projected	 caudally	 in	 the	 striatum	 toward	 the	 GP,	 entered	 the	 GP	 forming	 large	
bundles	 that	 eventually	 targeted	 the	 midbrain.	 In	 contrast,	 in	 Fzd3 / 	 embryos	
striatal	 axons	 accumulated	 at	 the	 GP	 and	 did	 not	 enter	 this	 nucleus	 nor	 project	
caudally	 toward	 the	 SN	 Fig.	 3A–I .	 In	 mice,	 striatopallidal	 axons	 target	 the	 GP,	
whereas	 striatonigral	 axons	 traverse	 the	 GP	 to	 innervate	 the	 entopeduncular	
nucleus	 and	 the	 SN	 Gerfen	 and	 Surmeier,	 2011 .	 Because	 DARPP32	 labels	 both	
axon	 types,	 we	 next	 generated	 Fzd3 / ;D2‐EGFP	 and	 Fzd3 / ;M4‐EGFP	 mice	 to	
assess	whether	or	not	both	striatopallidal	and	striatonigral	pathways	are	affected.	
MSN	axons	accumulated	in	very	close	proximity	to	the	GP	in	Fzd3 / ;D2‐EGFP	and	
Fzd3 / ;M4‐EGFP	mice	but	never	entered	this	structure,	confirming	the	DARPP32	
data	and	showing	that	both	striatonigral	and	striatopallidal	axons	are	affected	 Fig.	
3J–M .	

In	addition	to	a	 failure	to	grow	into	the	GP,	we	noted	that	fewer	EGFP 	axon	
bundles	appeared	 to	arrive	at	 the	 rostral	border	of	GP	 in	E17.5	Fzd3 / ;D2‐EGFP	
and	 Fzd3 / ;M4‐EGFP	 mice,	 compared	 with	 wild‐type	 controls	 Fig.	 3L,M .	
Quantification	of	axonal	EGFP	signals	at	the	GP	at	E17.5	confirmed	this	observation	
relative	axonal	intensity	at	GP:	Fzd3 / ;D2‐EGFP	100	 	3.3,	Fzd3 / ;D2‐EGFP	81.1	
	2.8;	Fzd3 / ;M4‐EGFP	100	 	3.9,	Fzd3 / ;M4‐EGFP	76.0	 	4.1;	n	 	3	mice	per	

genotype;	p	 	0.01 .	Thus,	our	results	indicate	that,	in	Fzd3 / 	mice,	 1 	fewer	MSN	
axons	project	from	the	striatum	to	the	GP,	and	 2 	no	MSN	axons	enter	the	GP.	
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Figure	3.	Frizzled3 / 	mice	show	defects	in	striatal	pathway	development.		
A,	Schematics	of	sagittal	sections	of	the	embryonic	brain	showing	the	striatum	 STR 	and	its	axon	
projections	in	green.	Red	lines	and	box	indicate	the	origin	of	B–M.	B–I,	Immunohistochemistry	for	
DARPP32	 green 	 in	 coronal	 sections	 from	 E17.5	 Fzd3 / 	 and	 Fzd3 / 	 mice	 obtained	 from	
different	rostrocaudal	levels.	Sections	are	counterstained	with	DAPI	 blue .	White	arrows	indicate	
the	striatonigral	bundle.	Red	arrow	indicates	accumulation	of	striatal	axons	at	the	level	of	the	GP.	
AC,	Anterior	commissure;	Hip,	hippocampus;	STR,	striatum.	J,	K,	Immunohistochemistry	for	EGFP	
in	coronal	sections	from	E13.5	Fzd3 / ;D2‐EGFP	and	Fzd3 / ;D2‐EGFP	embryos.	DAPI	in	blue.	Red	
arrow	indicates	accumulation	of	striatopallidal	axons.	White	dotted	 lines	 indicate	GP.	Red	dotted	
line	 indicates	 striatal	 axons.	 L,	M,	 Immunohistochemistry	 for	 EGFP	 and	Nkx2‐1	 red 	 in	 coronal	
sections	from	E17.5	Fzd3 / ;M4‐EGFP	and	Fzd3 / ;M4‐EGFP	embryos.	White	dotted	lines	indicate	
GP.	Asterisks	 indicate	axon	bundles	at	 the	GP.	Number	of	mice	analyzed:	B–I,	E17.5	Fzd3 / ,	n	 	
10;	 E17.5	 Fzd3 / ,	 n	 	 12;	 J,	 K,	 E13.5	 Fzd3 / ;D2‐EGFP	or	 Fzd3 / ;D2‐EGFP,	 n	 	 3;	 L,	M,	 E17.5	
Fzd3 / ;M4‐EGFP	or	Fzd3 / ;M4‐EGFP,	n	 	5.	Scale	bars:	B–I,	190	μm;	J–M,	95	μm.	
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Figure	4.	MSN	differentiation	is	intact	in	Frizzled3 / 	mice.		
Immunocytochemistry	for	OL‐protocadherin	 OL‐pc 	 A,	B ,	COUP‐TF‐interacting	protein	2	 Ctip2 	
E,	F,	 J,	L ,	or	 forkhead	box	protein	p1	 Foxp1 	 G,	H,	M,	P,	Q,	T 	on	coronal	sections	of	E13.5	or	
E16.5	 Fzd3 / 	 or	 Fzd3 / 	 embryos.	 Several	 sections	 are	 counterstained	with	 DAPI.	 C,	 D,	 In	 situ	
hybridization	 for	 early	 B‐cell	 factor	 1	 Ebf1 	 on	 coronal	 sections	 of	 E16.5	 Fzd3 / 	 or	 Fzd3 / 	
embryos.	Fzd3 / 	mice	have	a	slightly	enlarged	brain	but	show	no	obvious	defect	in	the	expression	
or	distribution	of	various	striatal	markers	 OL‐pc,	Ctip2,	Foxp1,	Ebf1 .	Cx,	Cortex;	STR,	 striatum.	
Scale	bars:	A,	B,	400	μm;	C,	D,	400	μm;	E–H,	550	μm;	I–L,	650	μm;	M–O,	Q–S,	500	μm;	P,	T,	250	μm.	
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Figure	5.	Conditional	ablation	of	Frizzled3	in	the	striatum	and	GP.		
A,	Schematic	of	a	coronal	section	 indicating	the	 location	of	B–J.	Cx,	Cortex;	STR,	striatum.	B,	E,	H,	
Immunohistochemistry	 for	 EYFP	 on	 E13.5	 coronal	 sections	 in	 D2‐Cre;Rosa26‐EYFP,	 Isl1‐
Cre;Rosa26‐EYFP,	 and	Nkx2‐1‐Cre;Rosa26‐EYFP	mice.	D2‐Cre;Rosa26‐EYFP	and	 Isl1‐Cre;Rosa26‐
EYFP	mice	show	specific	labeling	of	the	STR	 B,	E .	Nkx2‐1‐Cre;Rosa26‐EYFP	mice	show	labeling	of	
the	GP	 dotted	line	as	determined	by	Nkx2‐1	immunolabeling;	data	not	shown .	EYFP 	cells	in	the	
STR	are	interneurons.	C,	D,	F,	G,	I,	J,	Immunohistochemistry	for	DARPP32	 red 	in	coronal	sections	
from	E18.5	mice.	Sections	are	counterstained	with	DAPI	 blue .	Specific	ablation	of	Fzd3	in	MSNs	
in	D2‐Cre;Fzd3fl/fl	 or	 Isl1‐Cre;Fzd3fl/fl	mice 	 reduces	MSN	 axon	 growth	 toward	GP	 but	 does	 not	
affect	entry	of	axons	into	the	GP.	Ablation	of	Fzd3	in	the	GP	 in	Nkx2‐1‐Cre;Fzd3fl/fl	mice 	does	not	
affect	 striatal	 axon	growth	 toward	or	 into	 the	GP.	n	 	 3	mice	analyzed	 for	 each	 genotype.	 Scale	
bars:	B,	E,	375	μm;	H,	400	μm;	C,	D,	F,	G,	600	μm;	I,	J,	900	μm.	

To	 further	 characterize	 these	MSN	axon	defects,	we	genetically	ablated	Fzd3	
from	 1 	striatonigral	or	striatopallidal	MSNs	by	crossing	conditional	Fzd3fl/fl	mice	
Chai	et	al.,	2014 	with	Isl1‐Cre	 Srinivas	et	al.,	2001 	or	D2‐Cre	 Gong	et	al.,	2007 	
mice,	 respectively,	 or	 2 	 GP	 neurons	 by	 crossing	 Fzd3fl/fl	 mice	 with	 Nkx2‐1‐Cre	
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mice	 Xu	 et	 al.,	 2008 .	 Isl1‐Cre;ROSA26‐EYFP	 and	 D2‐Cre;ROSA26‐EYFP	 mice	
revealed	 robust	 recombination	 in	 the	early	embryonic	 striatum	but	not	 in	 the	GP	
Fig.	 5A,B,E .	MSN	 axons	 entered	 and	 crossed	 the	 GP	 in	 Isl1‐Cre;Fzd3fl/fl	 and	D2‐
Cre;Fzd3fl/fl	mice	 Fig.	5C,D,F,G .	However,	the	number	of	axons	arriving	at	the	GP	
was	reduced	in	Isl1‐Cre;Fzd3fl/fl	and	D2‐Cre;Fzd3fl/fl	mice	compared	with	littermate	
controls	 relative	 axonal	 intensity	 at	 GP:	 Isl1‐Cre;Fzd3 / ,	 100	 	 5.1;	 Isl1‐
Cre;Fzd3fl/fl,	78.2	 	3.8;	D2‐Cre;Fzd3 / ,	100	 	4.5;	D2‐Cre;Fzd3fl/fl,	81.8	 	3.2;	n	 	
3	 per	 genotype;	 p	 	 0.01 .	 Nkx2‐1‐Cre;ROSA26‐EYFP	 mice	 revealed	 robust	
recombination	in	the	GP	and	MGE	but	not	in	the	early	embryonic	striatum,	except	
for	a	small	number	of	 interneurons	 Fig.	5H .	MSN	axons	entered	and	crossed	the	
GP	in	Nkx2‐1‐Cre;Fzd3fl/fl	mice	 Fig.	5I,J ,	and	the	number	of	axons	arriving	at	the	
GP	 was	 similar	 in	 Nkx2‐1‐Cre;Fzd3 / 	 and	 Nkx2‐1‐Cre;Fzd3fl/fl	 mice	 relative	
axonal	intensity	at	GP:	Nkx2‐1‐Cre;Fzd3 / ,	100	 	5.1;	Nkx2‐1‐Cre;Fzd3fl/fl,	99.8	 	
4.7;	 n	 	 3	 per	 genotype;	 p	 	 0.8351 .	 Together,	 these	 data	 support	 a	 cell‐
autonomous	role	for	Fzd3	in	MSNs	during	the	growth	of	MSN	axons	toward	the	GP	
and	a	non–cell‐autonomous	role	in	their	subsequent	entry	into	the	GP.	

Frizzled3	dictates	the	AP	guidance	of	striatal	axons	

A	decrease	in	the	number	of	MSN	axons	arriving	at	the	rostral	border	of	the	GP	in	
Fzd3 / ,	Isl1‐Cre;Fzd3fl/fl,	or	D2‐Cre;Fzd3fl/fl	mice	could	simply	reflect	a	reduction	in	
MSN	 axon	 outgrowth.	 However,	 analysis	 of	 axon	 outgrowth	 in	 dissociated	 MSN	
cultures	 derived	 from	 E15.5	 Fzd3 / ;D2‐EGFP	 or	 Fzd3 / ;M4‐EGFP	 mice,	 and	
littermate	controls	did	not	reveal	a	difference	in	axon	outgrowth	between	wild‐type	
and	mutant	cultures	 data	not	shown .	Frizzleds	have	been	shown	to	regulate	AP	
guidance	of	axons	in	the	brainstem	and	spinal	cord.	Therefore,	another	explanation	
for	 the	 decrease	 in	 the	 number	 of	 striatal	 axons,	 reaching	 the	 GP	 is	 a	 defect	 in	
axonal	AP	guidance	in	the	striatum.	To	test	this	model,	we	analyzed	the	orientation	
of	 MSN	 cell	 bodies	 and	 axons	 in	 the	 striatum	 of	 wild‐type	 and	 Fzd3 / ,	 Isl1‐
Cre;Fzd3fl/fl,	 or	 D2‐Cre;Fzd3fl/fl	 embryos.	 In	 wild‐type	 embryos,	 many	 DARPP32 	
MSN	cell	bodies	were	oriented	toward	the	GP	with	their	axons	running	posteriorly	
in	a	specific	medial–lateral	plane	within	the	striatum.	MSN	cell	bodies	at	the	same	
anatomical	location	in	 conditional 	knock‐out	mice	were	oriented	more	randomly,	
and	 their	 axons	were	misrouted	along	 the	 lateral–medial	 and	 rostral–caudal	 axes	
i.e.,	no	 longer	confined	to	their	normal	posterior	direction 	 Fig.	6A–C .	The	only	
known	 ligands	 for	 Fzd3	 are	 Wnts,	 and	 gradients	 of	 Wnt	 proteins	 can	 guide	
longitudinal	 axon	 tracts	 along	 the	 AP	 axis	 in	 the	 brainstem	 and	 spinal	 cord	 in	 a	
Fzd3‐dependent	manner	 Zou,	2012 .	Whether	similar	mechanisms	function	in	the	
forebrain	 is	unknown.	Several	Wnts	are	expressed	 in	 the	embryonic	striatum,	but	
only	Wnt5a	and	Wnt5b	display	an	anterior	low,	posterior	high	expression	pattern		
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Figure	 6.	 Frizzled3	
and	 Wnt5a	 regulate	
AP	 guidance	 of	
striatal	axons.		
A,	Top,	The	embryonic	
brain	 with	 the	
striatum	 and	 its	
projections	 in	 green.	
Red	 box	 represents	
position	 of	 bottom	
panels.	 Dotted	 line	
indicates	 baseline	 for	
quantification	 in	 B,	 C,	
and	 K.	 Bottom,	
Immunohistochemistr
y	 for	 DARPP32	
green 	 in	 sagittal	
sections	 from	 E17.5	
Fzd3 / 	 and	 Fzd3 /

mice	 obtained	 from	
similar	 medial–lateral	
levels.	 In	 Fzd3 /

mice,	 most	 MSN	 cell	
bodies	 and	 axons	 are	
oriented	 posteriorly	
white	 arrows ,	
whereas	 in	 Fzd3 /

mice	 MSNs	 project	
their	 axons	 more	
randomly	 white	
arrows .	 MSN	 axons	
project	 in	 an	
abnormal	 lateral–
medial	 direction	 and	
are	 therefore	 for	 the	
most	part	not	visible.		

B,	Quantification	of	 the	angles	between	baseline	 0°,	black	dotted	 line	 in	A 	and	the	trajectory	of	
the	axon	segment	just	proximal	to	the	cell	body.	Inset,	Axon	orientation	plots	for	a	few	randomly
selected	 axons.	 Number	 of	 mice	 analyzed:	 E17.5	 Fzd3 / ,	 n	 	 4;	 E17.5	 Fzd3 / ,	 n	 	 4.	 C,	
Quantification	 of	 MSN	 axon	 orientation	 in	 E18.5	 D2‐Cre;Fzd3fl/fl	 or	 Isl1‐Cre;Fzd3fl/fl	 mice	 and	
littermate	controls	as	in	B.	n	 	3	mice	for	the	different	groups.	D,	In	situ	hybridization	for	Wnt5a
on	coronal	sections	from	E15.5	mouse	brain.	Images	containing	the	anterior	and	posterior	striatum
STR 	are	shown.	Dotted	lines	outline	the	striatum.	Insets,	Higher	magnification	of	ISH	signals	 in
the	striatum.	Wnt5a	expression	displays	an	anterior	 low,	posterior	high	gradient	 in	 the	striatum
and	surrounding	regions	 cortex,	LGE .	Sections	incubated	with	Wnt5a	sense	probes	do	not	exhibit
specific	labeling.	LV,	Lateral	ventricle.	E,	In	situ	hybridization	for	Wnt5b	on	a	sagittal	section	from	
E14.5	mouse	brain.	Image	obtained	from	www.genepaint.org	 EH3735 	 Visel	et	al.,	2004 .	Wnt5b
is	expressed	in	an	anterior	 low,	posterior	high	gradient	 in	the	striatum	 STR .	F,	Collagen	matrix	
cultures	of	E14.5	striatal	explants	cultured	adjacent	to	HEK293	cells	 arrowhead 	secreting	either
control	protein,	Wnt5a	 data	not	shown 	or	Wnt5b.	Con,	n	 	14	explants;	Wnt5a,	n	 	10;	Wnt5b,	n
	14.	G–J,	Immunohistochemistry	for	DARPP32	 green 	in	coronal	sections	from	E17.5	Wnt5a /

and	Wnt5a / 	mice	 obtained	 at	 the	 level	 of	 the	 STR	 and	GP	 G,	 I 	 or	 the	 SN	 H,	 J .	 Sections	 are	
counterstained	with	DAPI	 blue .	K,	Quantification	of	the	angles	as	in	B.	Number	of	mice	analyzed:
E17.5	Wnt5a / ,	n	 	3;	E17.5	Wnt5a / ,	n	 	3;	E17.5	Ryk / ,	n	 	3.	Scale	bars:	A,	20	μm;	D,	90	μm;	
D,	insets,	30	μm;	E,	1	mm;	F,	250	μm;	G–J,	100	μm.	
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consistent	 with	 a	 role	 in	 AP	 guidance	 Fig.	 6D,E 	 Fenstermaker	 et	 al.,	 2010 .	
Therefore,	we	determined	whether	or	not	Wnt5a	and	Wnt5b	can	direct	the	growth	
of	 striatal	 axons	using	a	previously	established	collagen	matrix	assay	 Schmidt	et	
al.,	2012 .	When	confronted	with	cell	aggregates	releasing	Wnt5a	or	Wnt5b,	axons	
emanating	from	striatal	explants	displayed	biased	growth	toward	the	cells	 Fig.	6F .	
Quantification	of	P/D	ratios	in	these	cultures	confirmed	the	axon	attractive	effect	of	
Wnt5a	and	Wnt5b	 con,	P/D	ratio,	1.05	 	0.05;	n	 	14;	Wnt5a,	P/D	ratio,	1.45	 	
0.11;	n	 	10;	Wnt5b,	P/D	ratio,	1.38	 	0.09;	n	 	14,	p	 	0.001,	Kruskal–Wallis	test .	
Previous	work	identifies	Fzd3	as	an	axonal	receptor	for	instructive	Wnt5a	gradients	
during	axon	pathfinding	 Fenstermaker	et	al.,	2010 .	To	determine	whether,	similar	
to	 Fzd3,	 Wnt5a	 is	 required	 in	 vivo	 for	 striatal	 axon	 guidance,	 Wnt5a / 	 mice	
Yamaguchi	 et	 al.,	 1999 	 were	 analyzed.	 DARPP32 	 axons	 entered	 the	 GP	 in	
Wnt5a / 	 mice	 and	 did	 reach	 the	 SN.	 However,	 innervation	 of	 the	 SN	 was	
dramatically	 reduced	 in	 the	 absence	 of	 Wnt5a,	 and	 the	 number	 of	 axons	 that	
arrived	at	the	GP	was	decreased	 Fig.	6G–J .	Although	DARPP32	expression	in	the	
striatum	was	reduced,	quantification	showed	that	a	smaller	subset	of	axons	arrived	
at	the	GP	in	Wnt5a / 	mice	compared	with	wild‐type	mice	 relative	axonal	intensity	
at	 GP	 normalized	 to	 neuronal	 DARPP32	 expression:	 Wnt5a / ,	 100	 	 3.3;	
Wnt5a / ,	71.2	 	3.9;	n	 	3	mice	per	genotype;	p	 	0.01 .	Similar	to	Fzd3 / 	mice,	
many	DARPP32 	axons	in	Wnt5a / 	mice	were	no	longer	confined	to	their	normal	
posterior	 trajectory	 in	 the	 striatum	 Fig.	 6K .	 Analysis	 of	 mice	 deficient	 for	 Ryk	
Halford	et	al.,	2000 ,	another	Wnt5a	receptor,	did	not	reveal	obvious	defects	 Fig.	
6K .	These	 results,	 together	with	Wnt	expression	analysis	and	data	 from	collagen	
matrix	 assays,	 suggest	 that	 Fzd3	 and	Wnt5a	 cooperate	 to	 attract	MSN	axons	 into	
their	normal	posterior	direction	in	the	striatum	toward	the	GP.	

Non–cell‐autonomous	role	for	Frizzled3	during	entry	of	MSN	axons	into	the	GP	

MSN	 axons	 that	 do	 reach	 the	 GP	 in	 Fzd3 / 	 mice	 fail	 to	 enter	 this	 nucleus.	 The	
observation	 that	 selective	 ablation	 of	 Fzd3	 from	MSNs	 in	 Isl1‐Cre;Fzd3fl/fl	 or	 D2‐
Cre;Fzd3fl/fl	embryos	does	not	cause	MSN	axon	stalling	at	the	GP	hints	at	a	non–cell‐
autonomous	role	for	Fzd3	in	GP	entry.	To	further	confirm	this	model,	we	performed	
in	 vitro	 transplantation	 experiments.	 Striatal	 explants	 were	 dissected	 from	wild‐
type	 or	 Fzd3 / 	 embryos	 and	 grafted	 into	 the	 striatum	 of	 wild‐type	 and	mutant	
hemislice	cultures	adjacent	to	the	GP,	at	the	onset	of	striatal	axon	pathfinding	 Fig.	
7A .	Although	 this	setup	does	not	allow	analysis	of	striatal	AP	guidance	given	 the	
close	proximity	 of	 the	 striatal	 explants	 to	 the	GP,	 it	 can	be	 used	 to	monitor	 axon	
growth	 into	 the	 GP.	 As	 the	 majority	 of	 MSNs	 are	 generated	 from	 E13	 onwards	
Passante	 et	 al.,	 2008 ,	 explants	 and	 hemislices	 were	 dissected	 at	 E14.5	 and	
cultured	 for	 3	 d	 in	 vitro	 DIV .	 Immunohistochemistry	 for	 DARPP32	 in	 DIV3		
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Figure	7.	Frizzled3	non–cell‐autonomously	regulates	the	entry	of	striatal	axons	into	the	GP.	
A,	 Schematic	 illustrating	 the	 transplantation	 of	 Fzd3 / 	 WT 	 or	 Fzd3 / 	 explants	 into	 WT	 or
Fzd3 / 	hemislices	followed	by	striatal	pathway	analysis	using	DiI	labeling.	STR,	Striatum.	B,	E14.5
hemislice	cultured	for	3	DIV	and	subjected	to	whole‐mount	immunostaining	for	DARPP32	 green .
Cx,	Cortex.	Dotted	lines	indicate	boundaries	of	hemislice	and	GP.	C–J,	Examples	of	WT	and	Fzd3 /

explants	 transplanted	 into	 hemislices	 and	 analyzed	 at	 DIV3.	 DiI	 labeling	 in	 red	 and
immunostaining	 for	 Nkx2‐1,	 to	 label	 the	 GP,	 in	 green.	 C,	 Dotted	 line	 outlines	 hemislice.	 D,	 G,	 I,
Dotted	line	outlines	the	GP.	DiI‐labeled	striatal	axons	from	WT	explants	fail	to	enter	the	GP	in	KO
hemislices	 I,	 J .	 K,	 Quantification	 of	 the	 number	 of	 hemislices	 showing	 DiI‐labeled	 projections
from	transplanted	explants	rostral	to	the	GP,	in	the	GP,	or	caudal	to	the	GP.	**p	 	0.01	 Kruskal–
Wallis	 test .	 ***p	 	0.001	 Kruskal–Wallis	 test .	Data	 represent	mean	 	 SEM.	Scale	bars:	B,	100
μm;	C,	2.2	mm;	D,	G,	I,	75	μm;	E,	F,	H,	J,	20	μm.	



Chapter 3 

74 

hemislices	 revealed	 prominent	 striatal	 projections	 emanating	 from	 the	 striatum	
toward	 synaptic	 targets,	 such	 as	 the	 SN,	 as	 observed	 in	 vivo,	 confirming	 the	
physiological	relevance	of	the	culture	system	 Fig.	7B .	Explants	were	labeled	with	
the	 lipophilic	 dye	 DiI	 and	 the	 GP,	 in	 the	 hemislices,	 was	 visualized	 using	whole‐
mount	 immunohistochemistry	 for	Nkx2‐1.	At	DIV3,	wild‐type	grafts	 send	out	DiI‐
labeled	axons	into	the	endogenous	striatum	and	the	GP.	In	addition,	a	subset	of	DiI‐
labeled	axons	already	extended	beyond	the	GP	toward	the	midbrain	 Fig.	7C–F,K .	
Intriguingly,	axons	derived	from	Fzd3 / 	grafts	extended	into	and	beyond	the	GP	in	
wild‐type	 hemislices	 Fig.	 7G,H,K .	 The	 irregular	 trajectories	 of	 individual	 DiI‐
labeled	wild‐type	and	knock‐out	axons,	which	are	clearly	distinct	from	endogenous	
axon	 tracts,	 suggest	 that	 axons	 emanating	 from	 the	 grafts	 do	 not	 simply	 follow	
endogenous	axons	but	 rather	engage	 in	active	pathfinding.	 In	 striking	 contrast	 to	
the	ability	of	wild‐type	and	Fzd3 / 	striatal	axons	 to	navigate	 the	GP	 in	wild‐type	
hemislices,	axonal	projections	from	wild‐type	grafts	stalled	at	the	border	of	the	GP	
in	 hemislices	 derived	 from	 Fzd3 / 	 mice,	 resembling	 the	 defects	 observed	 in	
Fzd3 / 	mice	in	vivo	 Fig.	7I–K .	These	data	together	with	the	intact	growth	of	MSN	
axons	into	the	GP	in	Isl1‐Cre;Fzd3fl/fl	or	D2‐Cre;Fzd3fl/fl	embryos	 Fig.	5 	support	a	
non–cell‐autonomous	role	for	Fzd3	during	the	entry	of	MSN	axons	into	the	GP.	

Axon	entry	into	the	GP	is	independent	from	reciprocal	axon‐axon	interactions	

One	mechanism	through	which	Fzd3	could	non–cell‐autonomously	regulate	striatal	
pathfinding	 at	 the	 GP	 is	 by	 controlling	 the	 development	 of	 other	 axon	 tracts	 on	
which	 striatal	 axons	 depend	 for	 guidance.	 For	 example,	 interactions	 between	
reciprocal	axon	projections	regulate	pathfinding	 in	the	embryonic	subpallium	and	
midbrain	 Deck	et	al.,	2013;	Schmidt	et	al.,	2014 .	During	early	embryonic	stages,	
striatal	 axons	 at	 the	 GP	 grow	 in	 close	 proximity	 to	 dopaminergic	 and	
thalamocortical	axons	en	route	to	the	striatum	and	cortex,	respectively	 Fig.	8A–D 	
Uemura	et	al.,	2007 .	Other	projections,	 such	as	 corticothalamic	and	corticofugal	
axons,	arrive	at	the	GP	after	striatal	axons	have	entered	this	nucleus	 Uemura	et	al.,	
2007;	 Leyva‐Díaz	 and	 López‐Bendito,	 2013 .	 In	 Fzd3 / 	 mice,	 dopaminergic	 and	
thalamocortical	pathways	are	disrupted	and	fail	 to	enter	the	subpallium	 Wang	et	
al.,	2002;	Fenstermakeret	al.,	2010 .	To	evaluate	a	model	in	which	striatal	axons	use	
reciprocal	 dopaminergic	 or	 thalamocortical	 projections	 to	 traverse	 the	 GP,	 we	
performed	in	vivo	genetic	ablation	studies.	DTA	mice,	which	conditionally	express	
subunit	A	of	the	diphtheria	toxin,	were	crossed	with	Pitx3‐Cre	or	Gastrulation	Brain	
Homeobox	 2	 Gbx2 ‐CreERT2	 mice	 to	 ablate	 the	 midbrain	 dopamine	 system	 and	
principal	nuclei	of	the	thalamus,	respectively	 Chen	et	al.,	2009;	Smidt	et	al.,	2012 .	
E17.5	Pitx3‐Cre;DTA	embryos	displayed	a	loss	of	midbrain	dopamine	neurons	and	
their	axon	projections	in	the	midbrain	and	forebrain,	including	those	in	the	medial	
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forebrain	 bundle,	 as	 visualized	 by	 immunohistochemistry	 for	 TH	 Fig.	 8E,G .	
However,	DARPP32 	MSN	axons	were	present	and	projected	 into	and	beyond	the	
GP	in	Pitx3‐Cre;DTA	mice	 Fig.	8F,H .	Similarly,	in	Gbx2‐CreERT2;DTA	mice,	in	which	
thalamocortical	 axons	 from	 principal	 thalamic	 nuclei	 were	 ablated,	 navigation	 of	
the	 GP	 by	DARPP32 	MSN	 axons	was	 comparable	with	 control	 Fig.	 8I–L .	 Thus,	
MSN	axons	do	not	 rely	on	 reciprocal	dopaminergic	and	 thalamocortical	 axons	 for	
navigation	into	and	beyond	the	GP.	

	

Figure	8.	Striatal	axons	do	not	require	dopaminergic	or	thalamocortical	projections	to	enter	the	GP.		
A–D,	Immunohistochemistry	for	EGFP	 green 	and	TH	 red 	in	coronal	sections	of	E13.5	or	E15.5	
M4‐EGFP	embryos.	Arrowhead	 indicates	dopaminergic	 axons.	Dotted	 line	 indicates	GP.	 Striatal	
and	 dopaminergic	 axons	 grow	 in	 close	 proximity	 during	 early	 development.	 Cx,	 Cortex;	 ic,	
internal	 capsule;	 STR,	 striatum;	 Thal,	 thalamus.	 E–H,	 Immunohistochemistry	 for	 TH	 E,	 G 	 or	
DARPP32	 F,	H 	 in	 sagittal	 cryosections	 of	 E17.5	WT;DTA	or	Pitx3‐Cre;DTA	mice.	 Sections	 are	
counterstained	with	DAPI	 blue .	Arrowheads	indicate	medial	forebrain	 E 	and	striatonigral	 F,	
H 	 bundles.	 Hip,	 Hippocampus;	 SN,	 substantia	 nigra.	 I–L,	 Immunohistochemistry	 for	
neurofilament	 NF;	 I,	K 	 or	DARPP32	 J,	 L 	 in	 coronal	 vibratome	 sections	of	E17.5	WT;DTA	or	
Gbx2‐CreERT2;DTA	mice.	 Sections	 are	 counterstained	 with	 DAPI	 blue .	 I,	 Arrowhead	 indicates	
thalamocortical	pathway.	Whereas	dopaminergic	and	thalamocortical	pathways	are	lost	in	Pitx3‐
Cre;DTA	 and	 Gbx2‐CreERT2;DTA	 mice,	 respectively,	 DARPP32‐positive	 striatal	 projections	 are	
intact.	 Number	 of	 mice	 analyzed:	 E13.5	 and	 E15.5	 M4‐EGFP,	 n	 	 2;	 E17.5	 WT;DTA	 or	 Pitx3‐
Cre;DTA,	n	 	4;	E17.5	WT;DTA	or	Gbx2‐CreERT2;DTA	mice,	n	 	3.	Scale	bars:	A,	B,	100	μm;	E–H,	
200	μm;	I,	K,	560	μm;	J,	L,	250	μm.	
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The	permissive	effect	of	the	GP	on	striatal	axons	is	dependent	on	Frizzled3	

An	alternative	explanation	for	the	accumulation	of	axons	at	the	GP	in	Fzd3 / 	mice	
is	 that	Fzd3	deficiency	affects	 the	GP	and	thereby	striatal	axon	pathfinding	at	 this	
nucleus.	 Complex	 target‐mediated	 molecular	 mechanisms	 regulate	 the	 entry	 of	
axons	 at	 other	 intermediate 	 targets,	 such	 as	 the	 spinal	 cord	 midline		
Derijck	 et	 al.,	 2010;	 Dickson	 and	 Zou,	 2010;	 Chédotal,	 2011;	 Izzi	 and	 Charron,	
2011 .	Therefore,	we	 first	 examined	whether	 the	GP	 releases	 instructive	 cues	 for	
striatal	 axons.	 Striatal	 and	 GP	 explants	 were	 cocultured	 in	 collagen	 matrices	
Schmidt	 et	 al.,	 2014 .	 Axons	 emanating	 from	wild‐type	 striatal	 explants	 showed	
preferred	 growth	 toward	 wild‐type	 GP	 explants,	 indicating	 that	 this	 nucleus	
secretes	 attractive	 or	 permissive	 cues	 for	 striatal	 axons	 Fig.	 9A,E .	 Interestingly,	
Fzd3 / 	 striatal	 explants	 also	 displayed	 biased	 growth	 toward	 wild‐type	 GP	
explants.	 In	 contrast,	 quantification	 showed	 that	 wild‐type	 and	 Fzd3 / 	 striatal	
explants	do	not	display	biased	growth	toward	Fzd3 / 	GP	 Fig.	9B–E .	Thus,	Fzd3	
deficiency	 causes	 loss	 of	 GP‐derived	 permissive	 signals	 but	 leaves	 the	 ability	 of	
striatal	axons	to	sense	these	signals	in	wild‐type	GP	tissue	intact.	It	is	unlikely	that	
Fzd3	directly	promotes	the	expression	of	permissive	cues	in	GP	cells,	or	represses	
inhibitory	ones,	because	in	situ	hybridization	for	Fzd3	showed	Fzd3	expression	in	
the	 embryonic	 striatum,	 but	 no	 labeling	 in	 the	mid‐embryonic	GP	 Fig.	 9F–H .	 In	
addition,	we	 found	no	difference	 in	 the	ability	of	 striatal	axons	 to	enter	 the	GP	 in	
Nkx2‐1‐Cre;Fzd3fl/fl	 mice,	 in	 which	 Fzd3	 is	 genetically	 ablated	 from	 most	 GP	
neurons	 Fig.	 5 .	 Together,	 these	 data	 argue	 against	 a	 direct	 role	 for	 Fzd3	 in	 the	
regulation	of	molecular	cues	produced	by	GP	neurons.	

As	 an	 alternative	 model,	 we	 examined	 whether	 Fzd3	 controls	 the	 cellular	
make‐up	 of	 the	 GP	 and	 thereby	 indirectly	 the	 permissive	 effect	 of	 this	 nucleus.	
Immunohistochemistry	was	performed	 for	different	molecular	markers	known	 to	
be	expressed	in	and	around	the	GP	 Fig.	10A .	Immunostaining	for	Nkx2‐1	revealed	
that	 Nkx2‐1 	 GP	 neurons	 occupied	 a	 larger	 area	 in	 Fzd3 / 	 mice,	 but	 that	 their	
number	was	unchanged	 E17.5	Fzd3 / 	481.7	 	1.2	Nkx2‐1 	cells,	Fzd3 / 	480.7	 	
1.3;	n	 	3	per	genotype;	p	 	0.607 	 Fig.	10B,C .	A	similar	result	was	obtained	by	
using	 in	 situ	 hybridization	 for	 two	 other	 GP	 markers,	 Sema3E	 and	 Netrin‐1.	
Sema3E,	and	Netrin‐1	expression	was	detected	but	occupied	an	expanded	area	 Fig.	
10D–G .	Expression	of	OL‐pc,	a	marker	for	MSN	neurons	and	axons,	was	unaffected	
in	the	striatum	of	Fzd3 / 	embryos,	but	as	expected	OL‐pc 	striatal	axons	did	not	
project	into	the	GP	 Fig.	10H,I .	Intriguingly,	double	immunolabeling	for	Nkx2‐1	and	
Islet1	 Isl1 	 revealed	 an	 invasion	 of	 Isl1 	 cells	 into	 the	 GP	 of	 Fzd3 / 	mice	 Fig.	
10J,K .	Isl1	is	expressed	in	striatonigral	MSNs	and	in	“corridor”	cells,	a	population	
of	 guidepost	 cells	 for	 thalamocortical	 axons	 located	 in	 between	 the	 GP	 and	MGE	
López‐Bendito	 et	 al.,	 2006 .	 Double	 labeling	 for	 Isl1	 and	 Ctip2	 confirmed	 the	
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presence	of	ectopic	 Isl1 	cells	 in	 the	Fzd3 / 	GP	 Fig.	10L,M .	At	early	embryonic	
stages,	Ctip2	 labels	 the	GP,	 striatum,	and	corridor	cells,	 but	 at	 later	 stages	 E15.5	
onwards 	 becomes	 restricted	 to	 the	 striatum	 and	 corridor	 cells.	 Interestingly,	 at	
E15.5	ectopic	Ctip2 	cells	were	observed	in	the	E15.5	GP	of	Fzd3 / 	but	not	control	
mice	 Fig.	10L,M,	inset .	To	determine	whether	the	ectopic	Isl1 ;Ctip2 	cells	in	the	
Fzd3 / 	 GP	 represent	MSNs	 or	 corridor	 cells,	 we	 performed	 immunostaining	 for	
Foxp1,	 which	 is	 expressed	 in	 MSNs	 but	 not	 in	 corridor	 cells.	 Immunolabeling		

	

Figure	9.	GP‐mediated	chemoattraction	of	striatal	axons	is	lost	in	Frizzled3 / 	mice.		
A–D,	 Collagen	matrix	 cocultures	 of	 E14.5	 Fzd3 / 	 WT 	 or	 Fzd3 / 	 KO 	 striatal	 STR 	 and	 GP
explants	maintained	for	3	DIV	and	immunostained	for	βIII‐tubulin.	GP	explants	are	on	the	left	and
dotted	line	indicates	STR	explants.	E,	Quantification	of	the	P/D	ratios	of	striatal	explants	in	collagen
matrix	cultures	as	shown	in	A–D.	P/D	 	1.0	indicates	attraction.	wt	STR	versus	wt	GP,	n	 	18;	wt
STR	versus	ko	GP,	n	 	29;	ko	STR	versus	ko	GP,	n	 	11;	ko	STR	versus	wt	GP,	n	 	28.	*p	 	0.05
Kruskal–Wallis	 test .	Red	dotted	 line	 indicates	P/D	 	1.0.	F–H,	 In	situ	hybridization	 for	Fzd3	 in
coronal	sections	of	E15.5	and	E17.5	wild‐type	mice.	Dotted	line	indicates	GP,	which	does	not	show
specific	Fzd3	signal.	No	specific	staining	is	detected	following	incubation	with	Fzd3	sense	probes
H .	Cx,	Cortex.	Scale	bars:	A–D,	180	μm;	F,	580	μm;	G,	H,	650	μm.	
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Figure	10.	Mislocalization	of	corridor	cells	in	the	GP	of	Frizzled3 / 	mice.	
A,	 Schematic	 of	 a	 coronal	 section	 indicating	 the	 cortex	 Cx ,	 striatum	 STR ,	 GP,	 and	 corridor
cells	 Co .	 Listed	 at	 the	 right	 are	 proteins	 expressed	 by	 the	 indicated	 structures.	 B,	 C,
Immunohistochemistry	 for	Nkx2‐1	 red 	 in	coronal	sections	 from	E13.5	embryos	of	 the	rostral
part	of	the	GP.	Sections	are	counterstained	with	DAPI	 blue .	The	GP	covers	an	expanded	area	in
Fzd3 / 	 embryos.	 D–G,	 In	 situ	 hybridization	 for	 Semaphorin	 3E	 D,	 E 	 and	 Netrin‐1	 F,	 G 	 in
coronal	 sections	 from	 E13.5	 embryos.	 Sema3E	 and	 Netrin‐1	 expression	 is	 intact	 in	 the	 GP	 of
Fzd3 / 	 embryos	 but	 covers	 an	 expanded	 region.	 H,	 I,	 Immunohistochemistry	 for	 OL‐
protocadherin	 OL‐pc;	green 	 in	coronal	sections	 from	E13.5	embryos	of	 the	caudal	part	of	 the
GP.	Arrowhead	 indicates	striatal	axons	 in	GP.	 J–O,	Double	 immunostaining	 for	 Islet1	 Isl1;	red
and	Nkx2‐1	 green 	 J,	K 	and	for	Isl1	 red 	and	Ctip2	 green 	 L,	M ,	and	immunohistochemistry
for	 Foxp1	 green;	 DAPI	 in	 blue 	 N,	 O ,	 in	 coronal	 sections	 from	 E13.5	 Fzd3 / 	 and	 Fzd3 /

embryos.	 L,	M,	 Insets,	 Ctip2	 immunostaining	 green 	 in	 the	GP	 at	 E15.5	 blue;	 DAPI	 staining .
Dotted	 lines	 indicate	 rostral	 GP.	 The	 GP	 in	 Fzd3 / 	 embryos	 is	 invaded	 by	 ectopic
Isl1 ;Ctip2 ;Foxp1 	 corridor	 cells.	 Number	 of	 mice	 analyzed:	 E13.5	 Fzd3 / ,	 n	 	 6;	 E15.5
Fzd3 / ,	n	 	3;	E13.5	Fzd3 / ,	n	 	5;	E15.5	Fzd3 / ,	n	 	3.	Scale	bars:	B,	C,	H–M,	400	μm;	D,	E,	85
μm;	F,	G,	155	μm;	N,	O,	145	μm.	
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Figure	11.	Corridor	cells	induce	striatal	axon	repulsion.		
A–D,	Double	staining	combining	immunohistochemistry	for	Nkx2‐1	 A,	C 	and	in	situ	hybridization
for	ephrinA5	 B,	D 	in	coronal	sections	from	E13.5	embryos.	EphrinA5‐positive	cells	are	present	in
the	GP	of	Fzd3 / 	but	not	wild‐type	embryos	 indicated	by	arrowhead .	Number	of	mice	analyzed:
E13.5	Fzd3 / ,	n	 	3;	E13.5	Fzd3 / ,	n	 	3.	E,	Collagen	matrix	cocultures	of	E14.5	striatal	 STR 	and
corridor	cell	 Co 	explants	maintained	for	2	DIV	and	immunostained	for	βIII‐tubulin.	Coexplants	are
at	 the	 left.	Dotted	 line	 indicates	STR	explant.	F,	Left	graph,	Quantification	of	 the	P/D	ratios	of	STR
explants	 in	 cocultures	 as	 in	 E.	 P/D	 	 1.0	 indicates	 repulsion.	 n	 	 34	 cocultures.	 Right	 graph,
Quantification	of	the	number	of	STR	explants	that	show	symmetrical	axon	growth	or	growth	toward
or	 away	 from	 coexplants.	 Scale	 bars:	 A–D,	 220	 μm;	 E,	 160	 μm.	 G,	 Schematic	 representation	 of	 a
coronal	 section	 of	 the	 embryonic	 mouse	 brain	 showing	 the	 striatum	 STR 	 and	 GP.	 In	 wild‐type
embryos,	MSNs	in	the	striatum	send	their	axons	posteriorly.	These	axons	project	into	 striatopallidal
pathway 	 or	 through	 striatonigral	 pathway 	 the	 GP.	 An	 anterior	 A 	 low,	 posterior	 P 	 high
Wnt5a/Wnt5b	gradient	 is	present	 in	the	striatum,	and	MSN	axons	are	attracted	by	Wnt5s	in	vitro.
Fzd3 / ,	and	Wnt5a / 	mice	display	aberrant	caudal,	lateral,	and	medial	MSN	projections.	These	data
support	 a	model	 in	which	Wnt5s	 guide	 Fzd3‐postive	MSN	 axons	 along	 the	 AP	 axis	 of	 the	 STR.	 In
Fzd3 / 	mice,	all	striatal	axons	accumulate	at	the	GP	and	do	not	enter	this	structure.	Corridor	cells
express	axon	repellents	for	MSN	axons	and	are	mislocalized	in	the	GP	of	Fzd3 / 	mice.	The	normally
attractive	effect	of	the	GP	on	MSN	axons	is	lost	in	the	absence	of	Fzd3.	This	suggests	that	patterning
of	corridor	cells	by	Fzd3	is	required	to	create	permissive	corridors	for	MSN	axon	growth.	Cx,	Cortex.	



Chapter 3 

80 

revealed	no	Foxp1 cells	in	the	GP	of	Fzd3 / 	mice.	This	suggests	that	corridor	cells	
are	misplaced	into	the	GP	in	the	Fzd3 / 	mice	 Fig.	10N,O .	Corridor	cells	express	
repulsive	axon	guidance	proteins,	such	as	Slit1,	ephrinA5,	and	class	3	semaphorins	
Sema3s ,	 that	 guide	 thalamocortical	 axons	 in	 the	 subpallium	 Garel	 and	 López‐
Bendito,	 2014 .	 The	 ectopic	 expression	 of	 these	 cues	 in	 the	 GP,	 due	 to	
mislocalization	of	corridor	cells,	 could	counteract	 the	normally	attractive	effect	of	
the	 GP	 on	 MSN	 axons.	 To	 test	 this	 model,	 we	 determined	 whether	 repulsive	
guidance	 molecules	 are	 ectopically	 expressed	 in	 the	 Fzd3 / 	 GP	 and	 assessed	
whether	corridor	cells	affect	MSN	axon	growth.	In	situ	hybridization	revealed	that	
cues,	 such	 as	 ephrinA5,	 Sema3A,	 and	 Sema3F,	 are	 absent	 from	wild‐type	 GP	 but	
expressed	 in	 Fzd3 / 	GP	 Fig.	 11A–D;	data	not	 shown .	 In	 addition,	 cocultures	 of	
corridor	 and	 striatal	 explants	 showed	 that	 striatal	 axons	 are	 repelled	by	 corridor	
cells	 Fig.	 11E,F .	 Together,	 our	 results	 are	 consistent	 with	 a	 model	 in	 which	
mislocalization	of	corridor	cells	into	the	GP	due	to	Fzd3	deficiency	causes	loss	of	the	
permissive	 effect	 of	 the	 GP	 on	MSN	 axons	 due	 to	 the	 ectopic	 expression	 of	 axon	
repulsive	cues.	
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Discussion	
Striatal	 axon	pathways	mediate	 complex	physiological	 functions	and	are	a	known	
therapeutic	 target,	 underscoring	 the	 need	 to	 define	 how	 these	 connections	 are	
established.	MSN	axon	projections	are	remarkably	complex	and	their	development	
is	 contingent	 on	 the	 completion	 of	 several	 highly	 stereotypic	 events,	 such	 as	 AP	
extension	and	 intermediate	 target	navigation.	The	molecular	programs	regulating	
these	 disparate	 developmental	 processes	 remain	 mostly	 unknown.	 Here,	 we	
determine	the	embryonic	ontogeny	of	the	two	main	striatal	pathways	 striatonigral	
and	 striatopallidal 	 and	 identify	 a	 role	 for	 Fzd3	 in	 uncharacterized	 aspects	 of	
striatal	pathway	formation	 i.e.,	AP	guidance	in	the	striatum	and	axon	entry	into	the	
GP .	Further,	our	results	link	Fzd3	to	corridor	cell	development.	

Frizzled3	and	Wnt5a	control	AP	guidance	of	striatal	axons	

Frizzleds	can	pattern	axonal	connections	along	 the	AP	axis	different	species	 Zou,	
2012;	 Avilés	 et	 al.,	 2013;	 Ackley,	 2014 .	 In	 mice,	 these	 molecules	 provide	
directional	guidance	 for	ascending	and	descending	axons	along	 the	AP	axis	of	 the	
spinal	 cord	 and	 brainstem	 Lyuksyutova	 et	 al.,	 2003;	 Wolf	 et	 al.,	 2008;	
Fenstermaker	et	al.,	2010;	Shafer	et	al.,	2011;	Hua	et	al.,	2014 .	Until	now,	 it	was	
unknown	 whether	 AP	 guidance	 of	 longitudinal	 axon	 tracts	 originating	 in	 the	
forebrain	also	requires	Frizzleds.	Here,	we	show	that	indeed	Fzd3	is	required	for	AP	
guidance	of	striatal	axons	in	the	forebrain	in	vivo.	In	Fzd3 / 	mice,	MSN	axons	are	
misrouted	along	the	lateral–medial	and	rostral–caudal	axes	of	the	striatum	 i.e.,	no	
longer	confined	to	their	normal	posterior	trajectory .	As	a	result,	fewer	MSN	axons	
arrive	at	the	rostral	border	of	the	GP	 Fig.	11G .	In	the	mouse	brainstem	and	spinal	
cord,	Fzd3‐mediated	AP	guidance	 is	 controlled	by	complex	Wnt	protein	gradients	
that	bind	Fzd3	to	repel	or	attract	axons	into	the	appropriate	direction	 Lyuksyutova	
et	 al.,	 2003;	 Fenstermaker	 et	 al.,	 2010 .	 Our	 data	 show	 expression	 of	 two	 Wnt	
family	members,	Wnt5a	 and	Wnt5b,	 in	 an	 anterior	 low,	 posterior	high	pattern	 in	
the	 striatum	and	 reveal	 chemoattractive	 effects	 of	both	Wnts	 on	 striatal	 axons	 in	
vitro.	 In	 addition,	 Wnt5a / 	 mice	 display	 defects	 in	 AP	 guidance	 of	 MSN	 axons	
similar	 to	 those	 observed	 in	 Fzd3 / 	 mice.	 These	 observations	 together	 with	
previous	 work	 identifying	 Fzd3	 as	 an	 axonal	 receptor	 for	 instructive	 Wnt5a	
gradients	during	axon	pathfinding	 Fenstermaker	et	al.,	2010 	are	consistent	with	a	
model	in	which	Fzd3	and	Wnt5a	cooperate	to	attract	MSN	axons	posteriorly	in	the	
developing	striatum	 Fig.	11G .	More	generally,	 these	data	are,	 to	our	knowledge,	
the	first	to	identify	a	cue,	Fzd3,	that	dictates	AP	axon	guidance	within	a	large	brain	
nucleus,	the	striatum.	
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Entry	of	striatal	axons	into	the	GP	non–cell‐autonomously	requires	Frizzled3	

In	the	mouse,	the	GP	is	a	final	target	for	striatopallidal	axons	and	an	intermediate	
target	for	striatonigral	axons	 Loopuijt	and	van	der	Kooy,	1985 .	We	show	that,	in	
Fzd3 / 	mice,	MSN	axons	are	present	and	the	outgrowth	of	Fzd3 / 	MSN	axons	in	
vitro	 is	 intact.	 However,	 both	 striatopallidal	 and	 striatonigral	 axons	 stall	 at	 the	
rostral	border	of	the	GP	failing	to	enter	this	structure	 Fig.	11G .	Our	data	show	that	
the	GP	releases	permissive	cues	for	striatal	axons	and	provide	support	for	a	model	
in	which	Fzd3	deficiency	induces	 loss	of	this	permissive	nature	of	the	GP,	thereby	
causing	 axon	 stalling	 at	 this	 nucleus.	 First,	 in	 in	 vitro	 transplant	 studies,	 Fzd3 / 	
MSN	axons	successfully	navigate	the	wild‐type	GP,	but	wild‐type	axons	stall	at	the	
Fzd3 / 	GP,	as	observed	in	vivo.	Second,	genetic	ablation	of	Fzd3	in	striatopallidal	
and	 striatonigral	MSNs	 in	 D2‐Cre;Fzd3fl/fl	 and	 Isl1‐Cre;Fzd3fl/fl	 mice,	 respectively,	
does	not	prevent	MSN	axons	from	entering	the	GP.	Third,	axons	derived	from	wild‐
type	 and	 Fzd3 / 	 striatal	 explants	 grow	 toward	 wild‐type	 but	 not	 knock‐out	 GP	
explants	in	vitro.	Finally,	genetic	ablation	of	axonal	populations	that	traverse	the	GP	
at	early	embryonic	stages	 i.e.,	dopaminergic	and	 thalamocortical	axons 	and	 that	
may	serve	as	a	scaffold	for	MSN	axons	through	reciprocal	axon–axon	interactions,	
does	not	influence	the	entry	of	MSN	axons	into	the	GP.	

How	 does	 Fzd3	 control	 the	 permissive	 nature	 of	 the	 GP?	 A	 plausible	
explanation	 would	 be	 that	 Fzd3	 deficiency	 causes	 decreased	 expression	 of	 axon	
attractants	or	enhanced	expression	of	axon	inhibitory	cues	in	GP	cells.	However,	the	
lack	of	Fzd3	expression	 in	 the	embryonic	GP	and	 the	normal	 trajectory	of	 striatal	
axons	in	Nkx2‐1‐Cre;Fzd3fl/fl	mice,	in	which	Fzd3	is	inactivated	in	a	major	subset	of	
GP	cells	 Nóbrega‐Pereira	et	al.,	2010 ,	argue	against	direct	regulation	of	guidance	
cue	 expression	 by	 Fzd3	 in	 GP	 cells.	 Indeed,	 expression	 of	 several	 guidance	 cues,	
such	as	Netrin‐1,	Sema3E,	and	Sfrp4,	was	unchanged	in	the	GP	of	Fzd3 / 	embryos.	
Further,	striatal	axons	enter	the	GP	in	knock‐out	mice	lacking	Netrin‐1,	Sema3E,	or	
Sfrp4	 Chauvet	 et	 al.,	 2007;	 Ehrman	 et	 al.,	 2013;	 F.M.	 and	 R.J.P.,	 unpublished	
observations .	

We	 report	 that	 cells	displaying	a	molecular	 signature	of	 corridor	 cells	 Isl1 	
and	 Ctip2 ,	 but	 Foxp1 	 López‐Bendito	 et	 al.,	 2006;	 Bielle	 and	 Garel,	 2013 	 are	
detected	in	the	GP	of	Fzd3 / 	but	not	wild‐type	embryos.	These	data	are	in	line	with	
previous	work	showing	thalamocortical	axon	pathfinding	defects	and	an	abnormal	
distribution	 of	 cells	 expressing	 Ebf1,	 a	 marker	 for	 MSNs	 and	 corridor	 cells,	 in	
Dlx5/6‐Cre;Fzd3fl/fl	 mice	 Hua	 et	 al.,	 2014;	 Qu	 et	 al.,	 2014 .	 Corridor	 cells	 are	
guidepost	 cells	 for	 thalamocortical	 axons	 and	 are	 located	 in	 between	 the	 GP	 and	
MGE	 López‐Bendito	et	al.,	2006 .	Corridor	cells	originate	 in	the	 lateral	ganglionic	
eminence	 LGE 	 and	 express	 molecular	 cues	 to	 sort	 and	 guide	 thalamocortical	
axons	 López‐Bendito	 et	 al.,	 2006;	 Bielle	 et	 al.,	 2011b;	 Garel	 and	 López‐Bendito,	
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2014;	Leyva‐Díaz	et	al.,	2014 .	These	cues	 include	several	known	axon	repellents,	
including	 Slit1,	 Sema3A,	 and	 ephrinA5.	 It	 is	 therefore	 tempting	 to	 speculate	 that	
axon	repellents	expressed	by	mislocalized	corridor	cells	in	the	Fzd3 / 	GP	disrupt	
molecular	mechanisms	 that	 normally	would	 facilitate	MSN	axon	 target	 entry	 into	
the	GP	 Fig.	 11G .	Our	 observations	 are	 consistent	with	 this	model.	 First,	 ectopic	
corridor	cells	in	the	GP	of	Fzd3 / 	mice	express	axon	repellents,	such	as	ephrinA5	
and	 Sema3s.	 Second,	 MSN	 axons	 are	 repelled	 by	 molecular	 cues	 released	 by	
corridor	 cell	 explants	 in	 vitro.	 Therefore,	 a	 possible	 explanation	 for	 our	
observations	 is	 that	 Fzd3	 deficiency	 causes	 a	 mislocalization	 of	 corridor	 cells	
expressing	 axon	 repellents	 in	 the	 GP	 rendering	 this	 structure	 nonpermissive	 for	
MSN	axon	extension.	

Interestingly,	recent	studies	analyzing	Fzd3 / 	mice	report	motor	axon	stalling	
at	 an	 important	 intermediate	 target	 in	 the	peripheral	 nervous	 system,	 the	plexus	
region,	and	a	failure	of	sympathetic	axons	to	 innervate	peripheral	targets,	such	as	
the	heart	and	kidneys	 Armstrong	et	al.,	2011;	Hua	et	al.,	2013 .	These	phenotypes	
have	 been	 attributed	 to	 defects	 in	 axon‐intrinsic	 mechanisms.	 These	 results	
coupled	 with	 our	 own	 findings	 in	 the	 CNS	 indicate	 that	 Fzd3	 can	 regulate	
intermediate 	 target	 innervation	 through	 cell‐autonomous	 and	 non–cell‐
autonomous	 mechanisms	 i.e.,	 by	 controlling	 axon	 growth	 and	 guidance	 or	 by	
regulating	the	cellular	composition	of	intermediate	targets,	respectively .	

A	role	for	Frizzled3	in	corridor	cell	positioning	

Corridor	 cells	migrate	 tangentially	 from	 the	 LGE	 to	 the	MGE	where	 they	 form	an	
instructive	corridor	for	thalamocortical	axons.	The	molecules	that	control	corridor	
cell	migration	or	that	confine	these	cells	to	their	final	position	are	largely	unknown	
Bielle	 and	 Garel,	 2013 .	 Here,	 we	 show	 that	 Fzd3	 is	 required	 for	 restraining	
corridor	cells	to	their	normal	position	between	the	GP	and	MGE.	This	effect	of	Fzd3	
is	most	 likely	 non–cell‐autonomous	 as	 analysis	 of	 Isl1‐Cre;Fzd3fl/fl	mice,	 in	which	
Fzd3	 is	 ablated	 in	 striatonigral	 MSNs	 Ehrman	 et	 al.,	 2013;	 Lu	 et	 al.,	 2014 	 and	
corridor	cells	 López‐Bendito	et	al.,	2006 ,	does	not	reveal	defects	in	striatal	axon	
pathfinding	nor	in	the	location	of	corridor	cells	 Fig.	5F,G;	data	not	shown .	Fzd3	is	
known	 to	 regulate	 neuronal	migration	 Wada	 et	 al.,	 2006;	 Vivancos	 et	 al.,	 2009;	
Fenstermaker	 et	 al.,	 2010;	 Qu	 et	 al.,	 2010;	 Hua	 et	 al.,	 2013 ,	 and	 one	 model	 to	
explain	 our	 observations	 is	 therefore	 that	 Fzd3	 deficiency	 triggers	 the	 aberrant	
migration	of	 corridor	 cells	 from	 the	LGE	 into	 the	GP.	Given	 the	 important	 role	 of	
Slit2	 in	 corridor	 cell	 migration	 Bielle	 et	 al.,	 2011a 	 and	 expansion	 of	 slit2	
expression	 following	 fzd3a	knockdown	 in	zebrafish	 Hofmeister	et	al.,	2012 ,	 it	 is	
tempting	 to	 speculate	 that	Fzd3	 regulates	 Slit2	 expression	along	 the	presumptive	
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trajectory	of	 corridor	 cells	 and	 thereby	 controls	 their	distribution.	 Future	 studies	
will	address	this	and	other	possible	mechanisms.	

Importantly,	our	data	suggest	that	the	proper	positioning	of	corridor	cells	may	
not	only	be	 crucial	 for	 the	development	of	 thalamocortical	 axons	but	 also	 for	 the	
formation	 of	 permissive	 territories	 for	 other	 axonal	 populations,	 such	 as	 MSN	
axons.	In	addition,	the	contribution	of	Fzd3	to	guidepost	cell	development	is	most	
likely	not	restricted	to	corridor	cells.	For	example,	Fzd3 / 	mice	show	defects	in	the	
distribution	 of	 putative	 calretinin 	 guidepost	 cells	 in	 the	 midbrain	 Hua	 et	 al.,	
2014 	and	knockdown	of	fzd3a	in	zebrafish	embryos	perturbs	the	development	of	a	
population	of	glial	guidepost	cells	at	the	midline	of	the	forebrain	 Hofmeister	et	al.,	
2012 .	 Several	 different	 populations	 of	 guidepost	 cells	 have	 been	 defined	 in	 the	
brain	 Bielle	and	Garel,	2013 ,	and	it	will	be	interesting	to	determine	whether,	and	
if	so	how,	Fzd3	contributes	to	the	development	of	these	cells.	

In	 conclusion,	 our	 study	 provides	 tools	 and	 a	 conceptual	 framework	 for	
further	 dissection	 of	 striatal	 circuit	 assembly.	 Further,	 our	 data	 identify	 cell	
autonomous	 and	 non–cell‐autonomous	 requirements	 for	 Fzd3	 in	 several	
fundamental	and	previously	uncharacterized	aspects	of	striatal	pathway	formation	
in	vivo.	More	generally,	our	findings	identify	Fzd3	as	the	first	cue	that	controls	AP	
guidance	 in	a	 large	brain	nucleus	and	unveil	 a	novel	 role	 for	 this	 transmembrane	
protein	 in	 regulating	 intermediate 	 target	 entry	 of	 CNS	 axons.	 Further,	 they	
implicate	 Fzd3	 in	 the	 positioning	 of	 corridor	 cells	 and	 indicate	 that	 an	 abnormal	
distribution	 of	 these	 cells	 may	 have	 unexpected,	 widespread	 effects	 on	 the	
development	of	different	axon	tracts.	
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Abstract	
Members	 of	 the	 Wnt	 family	 have	 important	 roles	 in	 the	 regulation	 of	 neuronal	
development,	 axon	 guidance	 and	 neuronal	 function.	 We	 have	 previously	
demonstrated	 that	 Wnt5a	 and	 Wnt5b	 are	 expressed	 in	 the	 developing	 striatum,	
where	 they	 act	 as	 chemo‐attractants	 for	 the	 axons	 of	 medium	 spiny	 neurons	
MSNs .	Here,	we	investigate	in	detail	the	cellular	effects	of	these	proteins.	Using	a	
series	of	in	vitro	experiments	and	treatments	with	recombinant	proteins	we	show	
that	Wnt5a	and	Wnt5b	can	regulate	MSN	axon	growth,	branching	and	fasciculation.	
Further,	we	have	begun	to	dissect	the	signaling	pathways	involved	in	the	regulation	
of	 these	 processes.	 Wnts	 can	 signal	 through	 a	 variety	 of	 receptors	 and	 Wnt	
signaling‐responses,	 which	 are	 highly	 regulated.	 Here	 we	 show	 that	 MSN	 axon	
fasciculation	 can	 be	 blocked	 in	 vitro	 by	 the	 treatment	 with	 pharmacological	
inhibitors	 of	 Wnt	 secretion	 and	 of	 the	 canonical	 Wnt/β‐catenin	 pathway.	 By	
analyzing	striatal	pathway	development	in	Sfrp4‐/‐	and	Celsr3	‐/‐	mice,	we	show	that	
soluble	 inhibitors	 and	 planar	 cell	 polarity	 pathway	 PCP 	 components	 are	 not	
essential	 for	 the	 cell‐autonomous	 regulation	 of	 striatal	 axon	 fasciculation	 and	 GP	
entry	in	vivo.	In	contrast,	in	vitro	explant	cultures	of	Fzd3	‐/‐	mice	support	the	role	
of	 this	 receptor	 in	 the	 regulation	 of	 MSN	 axon	 growth	 and	 fasciculation.	
Surprisingly,	in	Celsr3	‐/‐	mice,	MSN	axons	form	axonal	loops	inside	the	GP	and	fail	
to	cross	the	telencephalic/diencephalic	boundary,	showing	that	Celsr3	inactivation	
in	 the	 ventral	 telencephalon	 does	 not	 phenocopy	 the	 defects	 observed	 in	 Fzd3‐/‐	
mice.	Together,	these	data	provide	new	insight	into	the	role	of	Wnts	during	striatal	
axon	 guidance	 and	 indicate	 that	 distinct	 Wnt	 signaling	 pathways	 may	 regulate	
specific	aspects	of	striatal	pathway	formation.		
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Introduction	
Wnts	 are	 soluble	 glycoproteins	 that	 act	 as	 important	 regulators	 of	 brain	
morphogenesis	and	wiring	during	embryonic	development	 Salinas	and	Zou,	2008;	
Dickins	and	Salinas,	2013 .	In	the	adult	nervous	system,	Wnts	have	been	implicated	
in	 the	 regulation	 of	 synaptic	 plasticity	 and	 axon	 regeneration	 Oliva	 et	 al.,	 2013;	
Onishi	et	al.,	2014 .	In	the	mouse,	this	wide	range	of	functions	is	achieved	through	
interaction	of	the	19	identified	Wnts	with	different	receptors	 10	Frizzleds,	Ryk,	2	
Rors 	 and	 the	 activation	 of	 three	 intracellular	 pathways:	 the	 canonical	 Wnt/‐
catenin	 pathway	 and	 the	 alternative	 planar	 cell	 polarity	 PCP 	 pathway	 and	
Wnt/Ca2

	
pathway	 Ciani	and	Salinas,	2005;	Green	et	al.,	2014 .	In	the	developing	

telencephalon,	Wnt/‐catenin	pathway	is	essential	for	the	establishment	of	dorso‐
ventral	 specification	 Maretto	 et	 al.,	 2003;	 Backman	 et	 al.,	 2005 .	 In	 the	 adult	
striatum,	blockage	of	 the	canonical	Wnt	pathway	results	 in	synapse	degeneration,	
implicating	Wnt	signaling	in	Huntington	and	Parkinson’s	disease	 Galli	et	al.,	2014 .	
However,	the	role	of	Wnts	in	the	regulation	of	striatal	axon	development	is	poorly	
understood.	In	our	previous	work,	we	found	that	Wnt5a	and	Wnt5b	are	expressed	
by	 developing	medium	 spiny	 neurons	 MSNs 	 and	 that	 these	 proteins	 can	 act	 as	
axon	 attractants	 during	 striatal	 axon	 guidance.	 Further,	 analysis	 of	Wnt5a‐/‐	mice	
revealed	that	MSN	axons	were	not	confined	to	their	normal	anterior‐posterior	 AP 	
trajectory	toward	their	 intermediate 	target,	the	globus	pallidus	 GP 	 Morello	et	
al.,	2015 .	In	addition	to	axon	guidance,	Wnts	are	known	to	affect	other	aspects	of	
axonal	biology.	Here,	we	therefore	explored	putative	roles	of	Wnts	in	the	regulation	
of	MSN	axon	outgrowth,	branching	and	fasciculation.	Next,	to	analyze	the	potential	
signaling	 pathways	 involved	 in	 the	 regulation	 of	 these	 processes,	 Wnts	 and	 ‐
catenin	function	were	manipulated	in	vitro	using	specific	chemical	inhibitors	 Iwp‐
2	and	Irw‐1 .	Furthermore,	we	analyzed	the	in	vivo	role	of	Sfrps	 Secreted	Frizzled	
Related	Proteins ,	soluble	modulators	of	Wnt	signaling,	and	Celsr3	 Cadherin	EGF	
LAG	Seven‐Pass	G‐Type	Receptor	3 ,	a	cadherin	that,	with	Frizzled	3,	is	involved	in	
the	 regulation	 of	 axon	 guidance	 and	 PCP	 pathway	 signaling,	 during	 MSN	
development	 Zhou	et	al.,	2009;Esteve	et	al.,	2011;	Marcos	et	al.,	2015 .	Our	results	
provide	evidence	that	canonical	and	alternative	Wnt	signaling	may	regulate	distinct	
aspects	of	striatal	axon	guidance.		
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Material	and	methods	

Animals	and	tissue	treatment.	

All	 procedures	 relating	 to	 animal	 care	 and	 treatment	 were	 in	 line	 with	 local	
regulations	and	 institutional	guidelines.	Mice	were	maintained	 in	a	12h	 light‐dark	
cycle	and	housed	1	 breeding	males ‐	4	per	cage	with	 food	and	water	ad	 libitum.	
C57bl/6	 mice	 were	 obtained	 from	 Charles	 River.	 Celsr3	 knock‐out	 	 mice	 were	
kindly	 provided	 by	 Andre	 M.	 Goffinet	 Institute	 of	 Neuroscience,	 University	 of	
Louvain,	 Brussels,	 Belgium 	 Tissir	 et	 al.,	 2005 ,	 and	 Frizzled3	 knock‐out	 	 mice	
were	 	 kindly	 provided	 by	 Jeremy	 Nathans	 Johns	 Hopkins	 University	 School	 of	
Medicine,	 Baltimore 	 and	 Sfrp4	 knock‐out	mice	were	 kindly	 provided	 by	 Roland	
Baron	 Harvard	Medical	School,	Harvard	University,	Boston,	Massachusetts,	USA .	

The	morning	of	detection	of	a	vaginal	plug	was	defined	as	embryonic	 E 	day	
0.5.	 For	 in	 situ	hybridization	 experiments,	 embryonic	brains	were	directly	 frozen	
and	cut	at	16	m	on	a	cryostat.	For	immunohistochemistry,	embryonic	brains	were	
fixed	in	4%	PFA	in	PBS	at	4	oC	for	4‐8h	and	then	cryoprotected	in	30%	sucrose	in	
PBS.	Cryostat	sections	were	cut	at	25	m.		

Dissociated	neuron	cultures	and	explants.	

Striata	were	dissected	from	E14.5	embryos	as	described	previously	 Schmidt	et	al.,	
2012 .	For	primary	cultures,	striata	from	C57bl/6	embryo	were	incubated	in	0.25%	
trypsin,	 DMEM/F‐12,	 4%	 EDTA	 for	 30	 minutes	 at	 37oC	 and	 mechanically	
dissociated	with	 a	 fire	 polished	 glass	 pipette	 for	maximum	 6	 times .	 Cells	were	
grown	 in	media	 containing	Neurobasal	media	 Gibco	#21103‐049 	supplemented	
with	 2%	 B‐27	 Gibco	 #17504‐044 ,	 glutamine	 and	 antibiotics	 as	 described	
previously	 Morello	et	al.,	2015 .	Cells	 50000‐10000	cells/ml	each	well 	were	then	
plated	 on	 poly‐D‐lysine	 and	 laminin	 coated	 coverslips	 in	 24	 well	 plates,	 for	 72	
hours	at	37oC,	5%	CO2.	Wnt5a	 RD	#645‐WN‐010 	and	Wnt5b	 RD	#7347‐WN 	
recombinant	proteins	were	reconstituted	in	0.1%	Bovine	Serum	Albumin	and	were	
added	to	the	media	before	plating,	at	1	g/ml.	Anti‐Wnt5a	antibody	 RD	#AF645 	
was	 dissolved	 in	 PBS	 and	 added	 to	 a	 final	 concentration	 of	 2	 g/ml.	 Explant	
cultures	were	performed	as	previously	described	 Schmidt	et	al.,	2012;	Morello	et	
al.,	2015 .	Explants	were	grown	for	48	or	72	hours.	Iwp‐2	 Sigma	#	I0536 	and	Irw‐
1	 Sigma#	L01615MOG 	were	reconstituted	in	DMSO	and	added	to	the	final	media	
at	different	concentrations	 Iwp‐2:	10‐15	M;	Iwr‐1	at	5‐15‐25	M .	Controls	were	
treated	with	the	same	volume	of	the	respective	vehicle.		
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In	situ	hybridization	and	immunohistochemistry.	

Non‐radioactive	 in	 situ	 hybridization	 was	 performed	 as	 previously	 described	
Pasterkamp	et	al.,	2007 .	Celsr3	probes	 sense	and	antisense 	were	generated	by	
PCR	 from	 embryonic	 cDNA	 mouse	 as	 previously	 described	 using	 the	 following	
primers:	 Fw:	 5’GCTTGGACACCAGCCTGTCTA3’;Rv:	 5’TTAACCCCCACCTGCATAGA‐
TGCGA3’	 Morello	 et	 al.,	 2015 .	 Immunohistochemistry	 was	 performed	 as	
previously	described	 Kolk	et	al.,	2009;	Morello	et	al.,	2015 .	Briefly,	dissociated	cell	
cultures	 or	 explants	 were	 fixed	 for	 15	 minutes	 or	 1	 hour	 with	 4%PFA	 in	 PBS,	
respectively,	incubated	with	blocking	solution	 10%	Donkey	serum,	0.3%	Triton‐X	
in	 PBS 	 for	 1	 hour	 at	 room	 temperature	 followed	 by	 incubation	 with	 primary	
antibody	 2%	Donkey	Serum	0.1%	Triton‐X	in	PBS 	overnight	at	4oC.	The	following	
day	 sections	 were	 rinsed	 in	 PBS	 and	 incubated	 0.1%	 Triton‐X	 PBS 	 with	
appropriate	 AlexaFluor	 secondary	 antibody	 1:500,	 Sigma 	 for	 at	 least	 1	 hour	 at	
room	 temperature.	 Sections	were	 counterstained	with	DAPI	 or	Nissl	 Sigma 	and	
mounted	 in	 FluorSafe	 Millipore .	 The	 following	 primary	 antibodies	 were	 used:		
rabbit	anti‐DARPP32	 1:500,	Santa	Cruz	Biotechnology	SC‐11365 ,	mouse	anti	Tuj1	
1:3000,	 Sigma	 T8660 ,	 mouse	 anti‐neurofilament	 1:50;	 Development	 Studies	
Hybridoma	Bank,	2H3 .		

Imaging	and	statistical	analysis.	

Staining	was	 visualized	with	 epifluorescent	 illumination	 on	 a	 Zeiss	 Aksioskop	A1	
microscope	 or	 by	 confocal	 laser	 scanning	 microscopy	 Olympus	 FV1000 .	 All	
measurements	 and	 quantifications	 were	 performed	 in	 ImageJ.	 To	 quantify	 axon	
length	and	branching	in	the	primary	cell	culture	experiment,	a	primary	neurite	was	
defined	 as	 a	 projection	 extending	 directly	 from	 the	 cell	 body.	 For	 bundle	
quantification,	 a	 thickness	 10m	 was	 considered	 fasciculated	 axons.	 Statistical	
analysis	was	performed	in	GraphPadPrism.	Statistical	significance	was	established	
using	Student’s	T	test	and	data	were	represented	as	mean		SEM.		
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Results	

Wnt5a	and	Wnt5b	promote	MSN	axon	growth	in	vitro	

Given	 the	 expression	 of	 Wnt5a	 and	 Wnt5b	 in	 the	 developing	 striatum,	 we	 asked	
whether	 these	 proteins	 can	 regulate	 striatal	 axon	 elongation	 or	 morphology	 in	
vitro Lein	 et	 al.,	 2007;	Morello	 et	 al.,	 2015 .	MSNs	were	 isolated	 from	E14.5	mouse	
embryos	 and	cultured	 in	 control	medium	or	 in	 the	presence	of	Wnt5a	or	Wnt5b	 1	
g/ml .	 After	 72	 hours,	 cells	 were	 immunostained	 using	 anti‐Tuj1	 ‐III‐tubulin 	
antibody	to	assess	changes	in	neuronal	morphology	 Figure	1 .	MSNs	grown	in	control	
medium	had	an	average	primary	neurite	length	of	785		23.8	m	 n 30 .	In	contrast,	
MSNs	treated	with	Wnt5a	or	Wnt5b	displayed	a	significant	increase	in	neurite	length	
Wnt5a;	1083	63.4	 n 26,	p	 3.6	x	10‐5 ,	Wnt5b;	1065	62	m	 n 36;	p	 0.003 	
Figure	1D .	Moreover,	we	evaluated	whether	treatment	with	Wnt5a	and	Wnt5b	could	
affect	 neurite	 branching	 in	 our	 neuronal	 cultures.	 Neurons	 grown	 in	 presence	 of	
control	medium	showed	an	average	of	2.9	0.59	 n 21 	branches	along	the	primary	
neurite.	The	application	of	Wnt5a	did	not	change	the	number	branch	points,	 2.28		
0.41	 n 21,	p 0.05 ,	while	in	the	presence	of	Wnt5b	the	level	of	neurite	branching	
was	significantly	higher	 5.190.37	 n 21,	p 0.003 	 Figure	1E .	These	results	show	

	

Figure	1.	Wnt5a	and	Wnt5b	promote	MSN	neurite	growth	in	dissociated	neuronal	cultures.		
Tuj1	immunostaining	shows	the	morphology	of	striatal	neurons	cultured	for	72	hours	in	different
growth	 conditions:	 A 	 control	 medium,	 B 	 medium	 with	Wnt5a	 1	 g/ml ,	 or	 C 	medium	with	
Wnt5b	 1	µg/ml .	Red	arrows	indicate	the	primary	neurite.	Scale	bar:	50m.	D 	Quantification	of	
neurite	length:	both	Wnt5a	 ***	p	 0,001 	and	Wnt5b	 *	p 0.01 	treatments	promote	MSN	axon
growth.	 E 	 Quantification	 of	 the	 number	 of	 branch	 points	 per	 primary	 neurite.	 Only	 Wnt5b
treatment	induces	an	increase	in	the	number	of	branches	 *	p 0.01 .	Values	are	means		SEM	from	
two	independent	experiments.	Statistical	comparisons	were	performed	by	Student’s	t	test.		
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that	Wnt5a	and	Wnt5b,	in	addition	to	mediating	axon	guidance	 Morello	et	al.,	2015 ,	
induce	MSN	axon	growth	and	that	Wnt5b	promotes	MSN	axon	branching.		

Pharmacological	Wnt	and	‐Catenin	inhibition	reduces	axon	growth	and	
fasciculation	in	striatal	explants	

Since	 Wnt5a	 and	 Wnt5b	 have	 been	 implicated	 in	 different	 aspects	 of	 axon	
development,	 including	 axon	 fasciculation,	 we	 next	 investigated	 their	 effects	 on	
MSN	 axons	 in	 a	 complex	 3D	 in	 vitro	 system	 collagen	matrix	 assay .	 In	 collagen,	
MSN	axons	grow	in	thick	bundles,	which	can	be	easily	quantified.	We	examined	the	
effects	of	 recombinant	Wnt5a	and	Wnt5b	or	of	Wnt5a	blocking	antibody	on	MSN	
axon	 bundling	 but	 found	 no	 obvious	 effects	 of	 either	 treatment	 Figure	 S1 .	 To	
employ	 a	 different	 method	 for	 examining	 the	 effects	 of	 Wnts,	 pharmacological	
inhibition	of	Wnt	 signaling	was	performed	using	 Iwp‐2.	This	molecule	 selectively	
inhibits	Wnt	 production	 by	 blocking	 an	 enzyme	 porcupine 	 responsible	 for	Wnt	
release	from	the	Golgi	 Chen	et	al.,	2009 .	MSN	explants	grown	in	control	condition	
DMSO,	10‐15	M 	had	an	average	number	of	axon	fascicles	of	3.6		0.55	 n 19;	10	
M 	and	3.27		0.43	 n 18;	15	M ,	while	explants	 treated	with	 Iwp‐2	showed	a	
significant	reduction	in	the	mean	number	of	axon	fascicles	per	explant	 1.75		0.34	
n 16;	 10	 M;	 p 0.02 ,	 2.07	 	 0.36	 n 13;	 p 0.03 	 Figure	 2A,	 B,	 D .	 Thus,	
inhibition	of	Wnt	release	affects	MSN	axon	bundle	formation	in	vitro.	

The	ability	of	 Iwp‐2	 to	affect	MSN	axon	bundling	suggests	a	role	 for	Wnts	 in	
this	process.	Wnts	 can	 signal	 via	 several	 intracellular	pathways	and	we	 therefore	
first	investigated	the	involvement	of	‐catenin	signaling	in	MSN	axon	fasciculation.	
MSN	explants	were	treated	with	Wnt	response	1	 Iwr‐1 	at	different	concentrations	
5,	10,	25	M 	 Figure	2C,	E .	Iwr‐1	decreases	intracellular	‐catenin	levels	by	the	
stabilization	of	Axin,	thereby	blocking	Wnt/‐catenin	signaling	 Chen	et	al.,	2009 .	
Despite	 high	 variability	 in	 the	 control	 groups,	 application	 of	 Irw‐1	 resulted	 in	 a	
reduced	number	of	 fascicles	per	explant	compared	to	the	control	at	5	M	 DMSO:	
1.61	 0.32,	 n 16,	 Iwr‐1:	 0.76	 0.24,	 n 17;	 p 0.02 ,	 15M	 DMSO:	 2.52	 0.44,	
n 17.	Iwr‐1:	0.44		0.17,	n 18,	p 6.4	x	10‐5 	and	25	M	 DMSO:	1.2	0.31,	n 15;	
Iwr‐1:	 0.5	 0.15,	 n 16,	 p 0.02 	 Figure	 2E .	 Thus,	 blocking	 ‐catenin	 signaling	
significantly	impairs	MSN	axon	bundling	in	vitro.		

Sfrp4	is	not	required	for	MSN	pathway	formation	

Since	Wnt	inhibition	elicited	an	effect	on	MSN	axon	bundling,	we	investigated	which	
other	 Wnt‐related	 factors	 in	 addition	 to	 Wnt5a	 and	Wnt5b 	 are	 present	 in	 the	
striatum	during	development.	By	examination	of	in	situ	hybridization	data	from	the		
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Figure	2.	Pharmacological	inhibition	of	Wnt	activity	affects	striatal	axonal	fasciculation.		
Representative	 images	 of	 striatal	 explant	 cultures	 immunostained	 after	 72	 hours	 for	 Tuj1	 and
counterstained	with	DAPI.	A 	Control	media	 DMSO	10	μM .	Striatal	axons	grow	out	of	the	explant
forming	thick	 fascicles.	B 	Addition	of	 Iwp‐2	 10uM 	reduces	striatal	axon	fasciculation.	C 	 Irw‐1	
treatment	 5	 μM 	 reduces	 striatal	 axon	 bundling.	 White	 arrows	 indicate	 axon	 fascicles,	 yellow
arrows	indicate	unfasciculated	axons.	Scale	bar:	200	μm.	D‐E 	Quantification	of	axon	fasciculation
was	performed	by	counting	the	number	of	fascicles	 10	μm 	per	explant.	Results	are	presented	as
means	 	 SEM	 from	 three	 independent	 experiments.	 Statistical	 comparisons	were	 performed	 by	
Student’s	t	test.	***p 0.001,	*p 0.05.	
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Allan	Brain	Atlas	at	two	different	developmental	stages	 E13.5	and	E15.5,	Figure	3 	
we	 found	 that	 of	 the	 19	Wnt	 genes	 present	 in	 the	mouse	 genome	 only	Wnt7a	 is	
expressed	 in	 the	 striatum	at	 earlier	 embryonic	 stages	 Figure	3H‐H’ 	 Lein	 et	 al.,	
2007 .	However,	Fzd5	and	Fzd7,	known	Wnt7a	receptors,	are	not	expressed	in	the	
developing	 striatum	 Le	 Grand	 et	 al.,	 2009;	 Sahores	 et	 al.,	 2010;	 Morello	 et	 al.,	
2015 .	 Moreover,	 we	 checked	 expression	 of	 Sfrps,	 soluble	 proteins	 that	 can	

	
Figure	3.	In	situ	hybridization	results	 obtained	from	the	Allen	Brain	Atlas 	show	the	expression	of
Wnts	in	sagittal	section	of	the	embryonic	mouse	brain	at	A‐P 	E13.5	and	at	A’‐P’ 	E15.5.	Dotted	line	
indicates	the	striatal	mantle	zone	 developing	striatum .	Scale	bar:	200m.	Ctx:	cortex;	GP;	globus	
pallidus;	STR;	striatum.	
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modulate	 canonical	Wnt/‐catenin	 signaling	 and	 influence	 retinal	 axonal	 growth	
and	fasciculation	 Esteve	et	al.,	2011;	Marcos	et	al.,	2015 .	By	examination	of	in	situ	
hybridization	 data	 from	 Gene	 Paint	 at	 E14.5,	 we	 found	 that	 Sfrp1	 and	 Sfrp2	 are		
	
  	

	

Figure	4.	Sfrp4		is	not	required	for	MSN	pathway	formation.		
A‐D 	In	situ	hybridization	 from	Gene	Paint 	showing	Sfrps	expression	in	the	developing	striatum
indicated	 by	 the	 dotted	 line 	 in	 a	 sagittal	 view,	 at	 E14.5.	 A 	 Sfrp1	 is	 expressed	 in	 the	 striatal
ventricular	 zone	 but	 not	 in	 the	 striatum.	 	 B 	 Sfrp2	 is	 expressed	 in	 the	 ventricular	 zone,	 with	 a
pattern	of	expression	that	differs	 from	Sfrp1.	C 	Sfrp3	 is	not	expressed	 in	the	striatal	ventricular
zone	 or	 in	 the	 striatum,	 however	 low	 levels	 of	 expression	 are	 present	 in	 the	 putative	 internal
capsule.	 D 	 Sfrp4	 is	 clearly	 expressed	 in	 the	 GP	 black	 arrow .	 Scale	 bar:	 150	 m.	 E‐J
Immunohistochemistry	for	DARPP32	 green 	and	neurofilament	 red 	in	coronal	sections	of	E17.5
brains,	at	different	anterior	to	posterior	levels.	Sections	are	counterstained	with	DAPI.	E,F 	DARPP‐
32	 labels	 striatal	 cell	 bodies.	 Striatal	 axons	 green 	 innervate	 and	 cross	 the	 GP,	 in	 large	 axon
bundles	and	cortico‐thalamic	axons	run	in	an	adjacent	area:	the	internal	capsule	 red .	G 	Striatal	
axons	from	the	direct	pathway	run	towards	the	midbrain	forming	a	large	bundle	indicated	by	the
white	arrow.	H‐J 	In	Sfrp4‐/‐	mice	no	obvious	defects	are	detected.	Scale	bar:	100	m.	Ctx:	cortex;	
GP;	globus	pallidus;	ic:	internal	capsule;	Spt:	septum;	STR:	striatum		
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expressed	 in	 the	 striatal	 ventricular	 zone	 and,	 like	 Sfrp3,	 do	 not	 show	 clear	
expression	in	the	striatal	mantle	zone	or	in	the	GP	 Figure	4A‐C .	In	contrast,	Sfrp4	
is	not	expressed	in	the	striatal	ventricular	zone,	but	it	is	expressed	in	the	GP	 Figure	
4D .	Therefore,	we	investigated	striatal	axon	development	in	Sfrp4‐/‐	mice	at	E17.5.	
Immunohistochemistry	 for	 dopamine‐	 and	 cAMP‐regulated	 phosphoprotein	
DARPP32 ,	 a	marker	 of	 striatal	 axons,	 and	 neurofilament,	 a	marker	 for	 cortico‐
thalamic	 axons,	 did	 not	 show	 obvious	 defects	 in	 striatal	 pathway	 formation,	 as	
compared	to	the	control	 Figure	4E‐J .		

Celsr3	and	Fzd3	signaling	have	distinct	roles	during	the	regulation	of	MSN	axon	
growth	

As	Wnts	can	also	signal	through	non‐canonical	signaling	pathways,	we	analyzed	the	
requirement	of	two	receptor	proteins	essential	for	the	Wnt/PCP	signaling	cascade:	
Celsr3	 and	 Fzd3.	 Previous	 studies	 showed	 that	 Fzd3‐/‐	 and	 Celsr3‐/‐	mice	 display	
similar	 defects	 in	 brain	wiring:	 absence	 of	 all	 the	major	 axonal	 tracts,	 stalling	 of	
thalamo‐cortical	 axons	 in	 the	 ventral	 thalamus	 and	 impaired	 internal	 capsule	
formation	 Zhou	et	al.,	2009;	Fenstermaker	et	al.,	2010;	Qu	et	al.,	2014a .	Moreover,	
Celsr3	 is	 expressed	 in	 the	 developing	 striatum	 Figure	 S2 	 Jia	 et	 al.,	 2014 .	 To	
examine	 a	 potential	 role	 for	 Celsr3	 in	 striatal	 pathway	 development,	 we	 first	
performed	immunohistochemistry	for	DARPP32	and	neurofilament	on	E17.5	wild‐
type	control	or	Celsr3‐/‐	embryos	 Anderson	and	Reiner,	1991;	Morello	et	al.,	2015 .	
In	 control	mice,	 cortico‐thalamic	axons	enter	 the	 internal	 capsule	and	MSN	axons	
enter	 the	GP,	 forming	 large	 bundles	 Figure	5A,	B .	 Surprisingly,	 in	Celsr3‐/‐	mice	
both	 cortico‐thalamic	 and	MSN	 axons	 enter	 and	 innervate	 the	 GP	 Figure	 5C,	 D .	
However,	MSN	axons	form	axonal	loops	at	caudal	GP	levels	and	are	not	able	to	cross	
the	 telencephalic‐diencephalic	 boundary.	 As	 reported	 in	 other	 studies,	 this	 is	
probably	due	to	non‐cell	autonomous	mechanisms	and	changes	in	the	composition	
of	 the	 GP	 Zhou	 et	 al.,	 2009 .	 These	 results	 together	 with	 our	 previous	 study	
Morello	 et	 al.,	 2015 	 indicate	 that	 Fzd3‐Celsr3	 interactions	 are	 not	 required	 for	
mediating	Wnt/PCP	signaling	during	MSN	axon	growth,	guidance	and	fasciculation,	
as	MSN	axons	are	able	 to	 reach	and	enter	 the	GP	 in	Celsr3‐/‐	mice	 in	 contrast	 to	
Fzd3‐/‐	mice 	 Figure	5A‐C .	

Next,	we	studied	the	ability	of	striatal	explants	from	Celsr3‐/‐	and	Fzd3‐/‐	mice	
to	 develop	 MSN	 axon	 bundles	 in	 vitro.	 Celsr3‐/‐	 explants	 showed	 no	 significant	
difference	in	the	number	of	bundles	per	explant	 wild	type:	2.7		0.4	n 47;	Celsr3‐/‐

:	2.40.5	n 48;	p 0.5 	or	length	 wild	type:	50.2		6.6	m,	n 47;	Fzd3‐/‐:	48.093.3	
m,	 n 34;	 p 0.5 	 as	 compared	 to	 control	 Figure	 6A‐D .	 In	 contrast,	 in	 Fzd3‐/‐	

explants	 the	 number	 of	 bundles	 was	 significantly	 reduced	 wild	 type:	 4.5	 0.4	
n 43;	 Fzd3‐/‐:	 1.30.3	 n 45;	 p 0.01 	 and	 the	 length	 of	 axon	 bundles	 was		
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Figure	5.	Celsr3	is	not	required	for	MSN	GP	entry.		
Representative	 confocal	 images	 of	 coronal	 sections	 of	 E17.5	 brains	 subjected	 to
immunohistochemistry	for	DARPP32	 green 	and	neurofilament	 red .	Sections	are	counterstained
with	DAPI.	A 	In	control	mice,	striatal	axons	innervate	or	cross	the	GP	in	large	axonal	bundles.	A’
Cortico‐thalamic	 axons	 run	 in	 an	 adjacent	 area,	 the	 internal	 capsule.	 Scale	 bar:	 100	 m.	 B‐B” 	
Higher	magnifications	 of	 images	 shown	 in	A‐A”.	 Scale	 bar:	 200m.	 	 C 	 In	 Celsr3	 ‐/‐	mice,	 striatal	
axons	 green 	enter	the	GP	C’ 	Cortico‐thalamic	axons	 red 	aberrantly	enter	the	GP.	Scale	bar:	100	
m.		D‐D” 	Higher	magnifications	of	images	shown	in	C‐C”.	Scale	bar:	200	m.	GP;	globus	pallidus;	
ic:	internal	capsule;	STR:	striatum.	
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decreased	 wild	 type:	 57.8	 	 4.2	 m,	 n 43;	 Fzd3‐/‐:	 18.133.3	 m,	 n 45;	
p 0.0001 	as	compared	to	control	 Figure	6E‐H .	These	results	 indicate	a	Celsr3‐
independent	role	for	Fzd3	in	MSN	axon	fasciculation.		

  	

	

Figure	6.	Celr3	and	Fzd3	have	different	roles	in	the	regulation	of	MSN	axon	fasciculation.	
Representative	 images	 of	 striatal	 explant	 cultures	 immunostained	 after	 72	 hours	 for	 Tuj1	 and
counterstained	with	DAPI.	A 	In	wild	type	cultures,	striatal	axons	grow	out	of	the	explant	forming
thick	 bundles	 B 	 In	 Celsr3	 ‐/‐	 cultures,	 striatal	 axon	 do	 not	 show	 apparent	 defects	 in	 axon
fasciculation.	 A’‐B’ 	 Higher	 magnifications.	 White	 arrowheads	 indicate	 fasciculated	 axons.	 D,	 E
Quantification	of	 axon	 fasciculation	and	bundle	 length.	Data	 are	 represented	as	means		 SEM	of
number	of	bundles	 10	m	per	explant	or	means		SEM	of	bundle	length	per	explant.	F 	In	wild
type	 explants,	 most	 striatal	 axons	 grow	 out	 of	 the	 explant	 forming	 thick	 bundles.	 G 	 In	 Fzd3‐/‐
cultures	 the	 number	 of	 bundles	 and	 their	 length	 is	 reduced	 yellow	 arrowhead .	 F’G’ 	 Higher
magnifications.	G,	H 	Quantification	of	axon	fasciculation	and	bundle	length.	Data	are	represented
as	means		SEM	of	number	of	bundles	 10	m	per	explant	or	means		SEM	of	bundle	length	per
explant.	***	p 0.001;	**	p 0.01.	A,B,F,G:	Scale	bar	100m	;		A’,B’,F’G’:	Scale	bar	200m.	
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Discussion	
Wnts	 can	 regulate	 several	 aspects	 of	 axon	 development:	 axon	 extension,	
fasciculation,	branching	and	target	 innervation	 Salinas	and	Zou,	2008 .	However,	
the	 role	 of	Wnts	 during	MSN	 axon	 development	 remained	 largely	 unexplored.	 In	
our	 previous	 work,	 we	 showed	 that	 Wnt5a	 and	 Wnt5b	 are	 expressed	 in	 the	
developing	striatum	and	that	these	cues	guide	MSN	axons	through	chemoattractive	
mechanisms.	Moreover,	the	analysis	of	Wnt5a‐/‐	mouse	embryos	revealed	defects	in	
A‐P	guidance	of	MSN	axons	in	the	striatum	similar	to	those	observed	in	Fzd3‐/‐	mice	
Morello	et	al.,	2015 .	Here,	we	show	that	Wnt5a	and	Wnt5b	can	also	induce	MSN	
axon	 growth	 in	 vitro,	 while	 in	 addition	 Wnt5b	 stimulates	 MSN	 axon	 branching	
Figure	 1 .	 These	 data	 indicate	 partially	 overlapping	 roles	 of	 these	 two	 proteins	
during	 striatal	 pathway	 development.	 As	 axon	 branching	 is	 essential	 for	 axonal	
innervation	of	intermediate	and	final	targets,	it	would	be	interesting	to	evaluate	the	
function	 of	 Wnt5b	 in	 the	 regulation	 of	 these	 processes	 during	 striatal	 pathway	
development	 Bodmer	et	al.,	2009 ,	 for	example,	during	the	 innervation	of	 the	GP	
or	substantia	nigra.	Moreover,	it	will	be	important	to	evaluate	the	effects	of	Wnt5a	
and	Wnt5b	at	different	developmental	 time	points	or	on	different	MSN	cell	 types	
patch/matrix,	 striatonigral/striatopallidal ,	 as	 in	 other	 neuronal	 system	 it	 has	
been	 previously	 shown	 that	 the	 effects	 of	Wnts	 can	 depend	 on	 the	 cell	 type	 and	
developmental	stage	analyzed	 Bodmer	et	al.,	2009;	Blakely	et	al.,	2011 .	

Analysis	of	the	effects	of	Wnt5a	and	Wnt5b	in	collagen	matrix	assays	allowed	
us	to	evaluate	the	effect	of	these	proteins	on	other	aspects	of	axon	development	 i.e.	
MSN	 axon	 fasciculation .	 Treatment	 of	 striatal	 explants	with	 recombinant	Wnt5a	
and	Wnt5b,	or	with	anti‐Wnt5a	antibodies,	did	not	have	any	obvious	affect	effect	on	
axon	 outgrowth	 or	 bundling	 from	 striatal	 explants	 Figure	 S1 .	 However,	 these	
preliminary	 data	 were	 obtained	 at	 low	 concentrations	 of	 recombinant	 proteins	
compared	 to	 the	experiment	using	dissociated	MSNs	 300	ng/ml	and	500	ng/ml‐
1g/ml,	 respectively 	and	endogenous	Wnts	proteins	present	 in	 the	cultures	may	
have	influenced	the	outcome	of	the	experiments.	This	latter	idea	gains	support	from	
the	treatment	of	striatal	explants	with	Iwp‐2.	Blocking	of	secretion	of	endogenous	
Wnts,	reduced	the	 formation	MSN	axon	bundles	per	explant	and	 induced	a	higher	
number	 of	 unfasciculated	 axons	 Figure	 2 .	 Moreover,	 blocking	 the	 canonical	 ‐
catenin	 signaling	 pathway	 with	 Irw‐1	 resulted	 in	 fewer	 axon	 bundles	 number	
Figure	2C‐E .	These	data	suggest	a	role	for	endogenous	Wnts	and	Wnt	signaling	in	
the	regulation	of	MSN	axon	fasciculation/outgrowth.	It	is	possible	that	Wnts	act	in	
an	 autocrine	 fashion	 to	 affect	 neighboring	 axons,	 for	 example	 inducing	 their	
fasciculation	 by	 regulating	 the	 cell	 surface	 expression	 of	 cell	 adhesion	molecules.	
Further	work	is	needed	to	dissect	the	underlying	mechanisms.	
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In	 an	 attempt	 to	 examine	 the	 molecules	 involved	 in	 Wnt	 function	 during	
striatal	development,	we	searched	the	Allen	Brain	Atlas	 for	known	Wnts	and	Wnt	
signaling	components.	Surprisingly,	only	Wnt7a	 in	addition	to	Wnt5a	and	Wnt5b 	
is	 present	 at	 detectable	 levels	 in	 striatal	 mantle	 zone	 during	 early	 development,	
while	its	receptors	 Fzd5	and	Fzd7 	are	not	detectable	 data	not	shown 	 Figure	3 .	
Wnt7a	can	regulate	dopaminergic	neuron	axon	extension	or	repulsion	through	the	
canonical	 ‐catenin	 pathway	 and	 induce	 synapse	 formation	 in	 the	 hippocampus	
and	 cerebellum	 Lucas	 and	 Salinas,	 1997;	 Sahores	 et	 al.,	 2010;	 Fernando	 et	 al.,	
2014 .	Further	studies,	employing	Wnt7a‐/‐	mice,	in	combination	with	Wnt5‐/‐	mice,	
are	needed	to	establish	the	precise	role	of	Wnt7a	during	striatal	development.		

We	also	analyzed	striatal	pathway	development	in	a	series	of	knock‐out	mice,	
in	an	attempt	 to	 identify	possible	receptor/downstream	pathways	 involved	 in	 the	
regulation	of	Wnts	signaling	in	MSNs:	Sfrp4	‐/‐,	Celsr3‐/‐	and	Fzd3‐/‐	mice.		SFRPs	are	
soluble	 proteins	 that	 can	 modulate	 Wnts	 signaling	 and	 that	 are	 involved	 in	 the	
regulation	of	axon	fasciculation	and	growth	 Kawano	and	Kypta,	2003;	Esteve	et	al.,	
2011;	 Marcos	 et	 al.,	 2015 .	 However,	 we	 found	 that	 Sfrp4	 ‐/‐	 mice	 do	 not	 show	
obvious	 defects	 in	 striatal	 pathway	 development	 Figure	 4 .	 Celsr3	 and	 Fzd3	 are	
components	of	the	Wnt/PCP	signaling	pathway.	Previous	work,	including	our	own,	
has	 implicated	 Celsr3	 and	 Fzd3	 interaction	 in	 axon	 guidance	 in	 different	 brain	
regions	 Fenstermaker	 et	 al.,	 2010;	 Qu	 et	 al.,	 2014b;	 Feng	 et	 al.,	 2016 .	 In	 the	
ventral	 telencephalon,	Celsr3	 is	 required	 for	 the	correct	 formation	of	 the	 internal	
capsule	 and	 GP,	 regulating	 its	 cellular	 composition	 in	 a	 non‐cell‐autonomous	
manner	 Jia	 et	 al.,	 2014;	Qu	et	al.,	 2014b .	Analysis	of	Celsr3‐/‐	mice	and	explants	
revealed	 that	 Celrs3	 is	 not	 necessary	 for	 striatal	 axon	 extension	 or	 fasciculation	
Figure	5‐6 .	However,	Celsr3	and	Celsr2	have	redundant	activity,	thus	is	it	possible	
that	 the	 analysis	 of	 double	 knock‐outs	 for	 these	 genes	 may	 reveal	 their	 cell‐
autonomous	role	during	MSN	axon	growth	 Qu	et	al.,	2014b .	In	contrast	with	the	
phenotype	previously	described	in	Fzd3‐/‐	mice,	in	Celrs3	‐/‐	mice	DARPP32‐positive	
striatal	axons	enter	the	GP	 Figure	5 .	However,	striatal	axons	form	axonal	loops	in	
the	caudal	GP	and	fail	to	cross	the	telencephalic/diencephalic	boundary.	These	data	
are	 in	 contrast	with	 a	 previous	 study	 in	which	 retrograde	 tracing	 did	 not	 reveal	
striatal	axon	innervation	of	the	GP	in	Celrs3	‐/‐	mice	 Jia	et	al.,	2014 .	This	apparent	
discrepancy	may	 be	 caused	 by	 differences	 in	 axon	 labeling,	 as	we	 used	 a	 striatal	
axon	 specific	 labeling	 while	 Jia	 et	 al	 2014 	 did	 not.	 Thus,	 it	 is	 important	 to	
characterize	 the	 expression	 of	 Celsr3	 in	 striatonigral	 and	 striatopallidal	 neurons	
and	 its	exact	role	 in	 the	regulation	of	 the	development	of	 the	GP/corridor	cells	 to	
understand	if	the	differences	observed	in	Fzd3‐/‐	and	Celsr3‐/‐	mice	underlie	distinct	
mechanisms	in	the	control	of	striatal	axon	GP	entry.		

Finally,	 we	 observed	 that	 Fzd3‐/‐	 explants	 generate	 fewer	 and	 shorter	 axon	
fascicles	 Figure	6 .	This	phenotype	recapitulates	the	results	obtained	following	the	
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pharmacological	 inhibition	 of	 Wnt	 secretion	 and	 canonical	 ‐catenin	 signaling	
pathway	 in	 striatal	 explant	 and	 it	 is	 in	 line	 with	 the	 results	 presented	 in	 our	
previous	work	 Morello	 et	 al.	 2015 .	However,	primary	 striatal	neuronal	 cultures	
from	 Fzd3‐/‐	 tissue	 did	 not	 show	 any	 defect	 in	 axon	 outgrowth	 compared	 to	 the	
control,	indicating	that	a	different	molecular	mechanisms	may	control	this	process	
A.A.	Prasad	and	R.J.	Pasterkamp,	data	not	shown 	 Wang	et	al.,	2002 .		

Together,	 these	 data	 indicate	 that	 Wnts	 regulate	 striatal	 axon	 growth	 and	
fasciculation	 in	 a	 cell‐autonomous	manner	 and	 that	 the	 canonical	Wnt/‐catenin	
signaling	pathway	and	the	Wnt/PCP	signaling	pathway	may	each	regulate	different	
aspects	of	striatal	pathway	formation.		Additional	studies	are	needed	to	explore	the	
redundant	activity	of	many	components	of	this	complex	signaling	network	and	their	
precise	role	in	the	regulation	of	MSN	development.		
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Figure	S1.	A 	Anti‐Wnt5a	treatment	of	striatal	explants	does	induce	a	reduction	in	the	number	of	
axon	fascicles	per	explant.	Control:	2.660.54,	n 3;	Anti‐Wnt5a:	2.20.33,	n 5.	B 	Explants	treated	
with	recombinant	Wnt5a	or	Wnt5b	do	not	show	a	change	in	the	number	of	axon	fascicles.	Control:	
2.080.17,	n 37.	Wnt5a:	2.140.24,	n 28.	Wnt5b:	1.850.27,	n 21.	Data	are	represented	as	mean	
	SEM	and	are	the	results	of	3	independent	experiments.		

	
Figure	S2.	In	situ	hybridization	for	Celsr3.		In	situ	hybridization	for	Celsr3	on	coronal	sections	from	
E17.5	mouse	telencephalon	at	anterior	 A 	and	posterior	 B 	levels.	Celsr3	is	expressed	in	the	STR	
and	globus	pallidus	 dotted	line .	Scale	bar:	500	m.	Ctx:	cortex;	GP:	globus	pallidus;	STR:	striatum.	
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Abstract	
Striatal	medium	spiny	neurons	 MSNs 	can	be	divided	into	two	subtypes	based	on	
their	 synaptic	 targets	 and	 function.	 Striatonigral	 MSNs	 mainly	 project	 to	 the	
substantia	 nigra	 SN ,	 preferentially	 express	 Chrm4	 and	 promote	 movement.	 In	
contrast,	 striatopallidal	 MSNs	 project	 to	 the	 globus	 pallidus	 GP ,	 preferentially	
express	 Drd2	 and	 inhibit	 movement.	 This	 anatomical	 feature	 suggests	 that	
striatonigral	and	striatopallidal	neurons	may	employ	a	different	molecular	code	for	
establishing	 appropriate	 connectivity	 during	 development.	 	 Remarkably,	 even	
though	these	two	MSN	subtypes	have	different	synaptic	targets,	their	cell	bodies	are	
not	 separated	 in	 different	 anatomical	 compartments,	 but	 intermingled	 in	 the	
striatum.	 The	 aim	 of	 this	 study	 was	 to	 identify	 new	 molecules	 that	 underlie	
differences	in	neuronal	and	axonal	development	of	striatonigral	and	striatopallidal	
MSNs.	 Using	 BAC	 transgenic	mice	 in	which	 the	 two	 subsets	 of	MSNs	 are	 labeled	
with	 EGFP,	 we	 isolated	 Chrm4 	 striatonigral	 and	 Drd2 	 striatopallidal	 MSNs	 by	
FACS	 and	 performed	microarray	 expression	 profiling	 at	 different	 embryonic	 and	
postnatal	 developmental	 stages.	 Next,	 we	 identified	 and	 independently	 validated	
the	 expression	 of	 several	 new	 candidate	 genes	 potentially	 involved	 striatonigral	
and	 striatopallidal	 axon	 guidance	 and	 development.	 The	 differential	 gene	
expression	 patterns	 reported	 in	 this	 study	 will	 form	 the	 basis	 for	 the	 further	
dissection	 of	 striatonigral	 and	 striatopallidal	 MSN	 development	 and	 pathway	
formation.	
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Introduction	
The	 striatum	 is	 a	 large	 subcortical	 structure	 that	 integrates	 cognitive,	 emotional	
and	 sensory	 information	 from	 the	 cortex,	 to	 control	 motor	 and	 goal‐directed	
behavior.	 It	 is	 mainly	 composed	 of	 GABAergic	 medium	 spiny	 neurons	 MSNs ,	
which	 can	 be	 divided	 into	 two	 subtypes	 on	 basis	 of	 biochemical	 properties,	
projection	sites	and	 functions:	striatonigral	and	striatopallidal	MSNs.	Striatonigral	
MSNs	express	Drd1a	and	Chrm4,	project	axons	directly	to	the	substantia	nigra	 SN 	
forming	 the	direct	pathway 	and	promote	movement	and	reward.	Striatopallidal	
MSNs	 express	 Drd2	 and	 Adora2,	 project	 axons	 to	 the	 globus	 pallidus	 GP 	 and	
indirectly	 to	 the	 SN	 through	 the	 indirect	 striatal	 pathway 	 to	 inhibit	movement	
and	reward	 Gerfen	et	al.,	1990;	Gerfen,	1992;	Calabresi	et	al.,	2014;	Hikida,	2014 .	
Previous	studies	using	knock‐out	mice	have	started	to	shed	some	light	on	the	genes	
involved	 in	 the	 regulation	 of	 striatal	 pathway	 formation:	 OL‐protocadherin	 and	
Frizzled3	are	necessary	for	MSN	axon	growth	and	guidance	in	general,	while	Ebf1,	
Islet1,	 Sema3E,	 and	 PlexinD1	 regulate	 the	 formation	 of	 the	 striatonigral	 pathway	
Wang	 et	 al.,	 2002;	 Chauvet	 et	 al.,	 2007;	 Uemura	 et	 al.,	 2007;	 Lobo	 et	 al.,	 2008;	
Ehrman	et	al.,	2013;	Lu	et	al.,	2014;	Morello	et	al.,	2015 .	 In	addition,	profiling	of	
striatonigral	and	striatopallidal	MSNs	in	juvenile	and	adult	mouse	brain	has	led	to	
the	identification	of	several	transcription	factors	essential	for	striatal	development,	
MSN	subtype	specification	and	function	 Lobo	et	al.,	2006;	Heintz,	2008;	Amours	et	
al.,	 2011;	Maze	 et	 al.,	 2014;	 Gokce	 et	 al.,	 2016 .	Despite	 this	 recent	 progress,	 the	
molecular	 mechanisms	 that	 control	 striatonigral	 and	 striatopallidal	 pathway	
formation	 during	 early	 development	 remain	 largely	 unknown.	 Furthermore,	 no	
gene	 profiling	 of	 striatonigral	 and	 striatopallidal	 MSNs	 has	 been	 performed	 at	
embryonic	 and	 early	 postnatal	 stages,	 at	which	 developmental	 processes	 such	 as	
neuron	migration	and	axon	guidance	occur.	Here,	we	used	FACS‐array	profiling	to	
identify	 genes	 differentially	 expressed	 in	 striatonigral	 Chrm4‐EGFP 	 and	
striatopallidal	Drd2‐EGFP 	MSNs	during	mouse	embryogenesis	and	early	postnatal	
development.	We	 report	 the	 identification	 of	 several	 candidate	 genes	 potentially	
involved	in	the	control	of	striatal	axon	guidance	during	the	formation	of	the	direct	
and	indirect	pathways.		
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Material	and	methods	

Mice	

Mice	were	maintained	in	a	12	h	light‐dark	cycle	and	housed	1–4	per	cage	with	food	
and	 water	 ad	 libitum.	 Chrm4‐EGFP	 and	 Drd2‐EGFP	 BAC	 transgenic	 mice	 were	
obtained	 from	 Mutant	 Mouse	 Regional	 Resource	 Center	 and	 mouse	 lines	 were	
maintained	as	heterozygotes	in	C57BL/6	background	 Gong	et	al.,	2003 .	C57BL/6	
mice	were	 obtained	 from	 Charles	 River.	 The	morning	 of	 detection	 of	 the	 vaginal	
plug	was	defined	as	embryonic	 E 	day	0.5	and	the	day	of	birth	as	postnatal	 P 	day	
0.	 All	 animal	 use	 and	 care	 were	 in	 accordance	 with	 local	 regulations	 and	
institutional	guidelines.	

Striata	dissection	and	FACS	

Striata	dissection	 and	FACS	were	performed	as	described	previously	 Lobo	 et	 al.,	
2006;	 Morello	 et	 al.,	 2015 .	 Briefly,	 E15.5	 and	 E17.5	 embryos	 or	 P6	 pups	 were	
collected	 in	 ice‐cold	L‐15	 Invitrogen 	and	the	striata	were	dissected	 in	L‐15	with	
5%	 FCS.	 Striatal	 tissue	 was	 dissociated	 using	 the	 Papain	 Dissociation	 System	
Worthington	Biochem .	After	dissociation,	cells	were	resuspended	in	L‐15	without	
phenol	 Invitrogen 	containing	25	μg/ml	DNase	I	 Sigma .	Cells	were	treated	with	
propidium	 iodide	 20	 μg/ml,	 Invitrogen 	 to	 label	 dead	 cells,	 filtered	 through	 a	
70μm	mesh	 Falcon 	and	sorted	in	a	Cytopeia	Infux	cell	sorter.	Wild‐type	cells	were	
used	to	calibrate	 the	FITCH	and	propidium	iodide	signals.	Approximately	20,000–
100,000	striatal	cells	were	obtained	per	embryo	from	each	FACS	run,	depending	on	
the	 developmental	 stage.	 EGFP 	 cells	 were	 directly	 collected	 in	 RLT	 lysis	 buffer	
Qiangen .	On	every	experimental	day,	one	Chrm4‐EGFP	and	one	Drd2‐EGFP	litter	
approximately	 20	 embryos/pups 	 were	 processed	 in	 parallel	 to	 minimize	
variation	during	the	dissection,	cell	dissociation	and	FACS	procedures.		

RNA	extraction	and	microarray	analysis	

RNA	 extraction	was	 performed	 using	 the	RNeasy	Micro	 kit	 Qiagen 	with	DNase	 I	
digestion	 of	 DNA	 according	 to	 the	 manufacturer's	 protocol.	 All	 samples	 from	 a	
specific	 developmental	 stage	 were	 processed	 in	 parallel.	 RNA	 quality	 and	
concentration	were	confirmed	using	a	spectrophotometer	and	Bioanalyzer	Nanochip	
Agilent .	 Each	 experimental	 sample	 consisted	 of	 pooled	 RNA	 derived	 from	 two	
biological	 replicates.	Drd2‐EGFP	and	Chrm4‐EGFP	samples	were	compared	using	a	
common	reference	experiment	design	using	dual	channel	microarrays.	Each	sample	
was	 hybridized	 twice	 against	 an	 identical	 common	 reference	 total	 RNA	 sample	
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consisting	 of	 a	 pool	 of	 C57BL/6	mouse	 adult	 brain	 total	 RNA	 N 3 .	Within	 each	
group	of	3	samples	for	each	stage/tissue	type,	6	samples	versus	common	reference	
hybridizations	were	performed	with	dye‐swap.	Microarrays	used	were	mouse	whole	
genome	gene	expression	microarrays	V1	 Agilent,	Belgium 	representing	41174	M.	
musculus	60‐mer	probes	in	a	4x44K	layout.	

cDNA	 synthesis,	 cRNA	 double	 amplification,	 labeling,	 quantification,	 quality	
control	and	fragmentation	were	performed	using	an	automated	system	 Caliper	Life	
Sciences	 NV/SA,	 Belgium ,	 starting	 with	 70	 ng	 total	 RNA	 from	 each	 sample,	 all	 as	
previously	described	 Roepman	et	al.,	2006;	van	Wageningen	et	al.,	2010 .	Microarray	
hybridization	 and	 washing	 was	 performed	 with	 a	 HS4800PRO	 system	 with	
QuadChambers	 Tecan,	 Benelux 	 using	 300	 ng,	 1‐2%	 Cy5/Cy3	 labeled	 cRNA	 per	
channel	 as	 described	 van	 Wageningen	 et	 al.,	 2010 .	 Slides	 were	 scanned	 on	 an	
Agilent	 G2565BA	 scanner	 at	 100%	 laser	 power,	 100%	 PMT.	 After	 automated	 data	
extraction	using	Imagene	8.0	 BioDiscovery ,	Loess	normalization	was	performed	on	
mean	spot‐intensities	 Yang	et	al.,	2002 .	Data	were	further	analyzed	by	MAANOVA,	
modeling	 sample,	 array	 and	 dye	 effects	 in	 a	 fixed	 effect	 analysis.	 P	 values	 were	
determined	by	a	permutation	F2‐test,	 in	which	residuals	were	shuffled	10000	times	
globally	 Wu	 et	 al.,	 2003 .	 Gene	 probes	 with	 P	 	 0.05	 after	 family	 wise	 error	
correction	 FWER 	were	considered	significantly	changed.	In	cases	of	multiple	probes	
per	 gene,	 the	 values	 from	 the	most	 3'	 probe	were	 used.	 Clustering	 analysis	 of	 the	
microarray	data	was	performed	with	R/BioConductor	 Gentleman	et	al.,	2004 .	The	
GO	enrichment	analysis	was	performed	with	default	settings	 GO	Ontology	database	
Released	2017‐02‐28 	with	a	cut	off	of	adjusted	P	 	0,05	 Gene	Ontology	Consortium,	
2015 .	Heatmaps	were	generated	using	Microsoft	Excel	and	Adobe	Illustrator.		

qRT‐PCR	

One	 step	 q‐RT‐PCRs	 were	 performed	 using	 QuantiTect	 SYBR	 Green	 RT‐PCR	 Kit	
Qiagen 	following	the	manufacturer’s	instruction.	The	PCR	was	carried	out	in	a	10	
μl	 reaction	with	1	ng	of	RNA	and	a	 final	 concentration	of	0.5	μM	 for	each	primer	
pair.	 PCRs	 were	 performed	 in	 a	 7900HT	 Fast	 Real‐Time	 PCR	 System	 Applied	
Biosystems,	55°C	for	30	minutes,	95°C	for	15	min,	45	cycles	of	denaturation	at	95°C	
for	 15	 s,	 annealing	 at	 55°C	 for	 30	 s	 and	 extension	 at	 72°C	 for	 30	 s 	 in	 384	well	
plates.	 All	 samples	 were	 run	 in	 triplicate	 and	 a	 common	 threshold	 signal	 was	
chosen	manually	 in	the	 linear	amplification	range	of	all	samples	by	 inspecting	the	
log‐transformed	 fluorescence	 signals	 plotted	 against	 cycle	 number	 using	 SDS	
software	 Applied	Biosystems .	 For	 each	gene,	 relative	 expression	was	 calculated	
using	 the	 ddCt	method	 Livak	 &	 Schmittgen,	 2001 .	 Target	 gene	 expression	 was	
normalized	to	Actin,	Gapdh	and	Hprt1	housekeeping	genes.	Primer	sequences	can	
be	 found	 in	 Table	 1	 tested	 primer	 amplification	 efficiency	 95%‐110% .	 PCR	
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amplification	 product	 specificity	 was	 confirmed	 for	 single	 PCR	 products	 using	
melting	 curves	with	 single	 dissociation	 peaks	 and	 by	 separation	 on	 agarose	 gels.	
Statistical	 analysis	 was	 performed	 using	 Graph	 Pad	 Prism	 5.0,	 differences	 were	
considered	significant	at	fold	change	 2	and	P	 	0.05.	

In	situ	hybridization	and	immunohistochemistry	

Nonradioactive	 in	 situ	 hybridization	 was	 performed	 as	 described	 previously	
Pasterkamp	 et	 al.,	 2007 .	 All	 in	 situ	 probes	 were	 cloned	 in	 PGMTeasy	 Vector	
System	 Promega 	 and	 the	 correct	 probe	 sequence	 was	 verified	 by	 sequencing.		
Digoxigenin‐labeled	 probes	 were	 generated	 using	 the	 primers	 listed	 in	 Table	 2	
obtained	 from	 the	 Allen	 brain	 Atlas .	 Probe	 hybridization	 was	 performed	
overnight,	 and	 sense	 probes	 were	 included	 as	 specificity	 controls.	
Immunohistochemistry	 on	 cryostat	 or	 vibratome	 sections	 was	 as	 described	
previously	 Kolk	et	al.,	2009 .	In	brief,	sections	were	incubated	in	blocking	solution	
0.1%	Triton	X‐100,	10%	FCS	in	PBS 	for	1	hour	at	room	temperature	followed	by	
incubation	in	primary	antibodies	in	blocking	buffer	overnight	at	4°C.	The	next	day,	
sections	 were	 rinsed	 several	 times	 in	 PBS	 and	 incubated	 with	 appropriate	
AlexaFluor	 secondary	 antibodies	 1:500,	 Sigma 	 for	 1	 h	 at	 room	 temperature.	
Sections	were	counterstained	with	Nissl	 Sigma ,	washed	2	times	for	10	minutes	in	
PBS,	 and	 embedded	 in	 FluoroSave	 reagent	 Millipore .	 The	 following	 primary	
antibodies	 were	 used:	 anti‐rabbit	 anti‐EGFP	 1:500,	 Invitrogen,	 A11122 	 and	
mouse	 anti‐Islet1	 1:100;	 Developmental	 Studies	 Hybridoma	 Bank,	 394D5 .	
Stainings	were	visualized	using	epifluorescent	illumination	on	a	Zeiss	Aksioskop	A1	
or	 by	 confocal	 laser	 scanning	microscopy	 Olympus	 FV1000 .	 Images	 were	 then	
processed	with	Adobe	Photoshop	and	Adobe	Illustrator.		
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Results	

Differential	gene	expression	analysis	in	striatonigral	and	striatopallidal	MSNs	

In	order	 to	 identify	 genes	 involved	 in	 striatal	 development	 and	 axon	guidance,	we	
exploited	 the	 Chrm4‐EGFP	 and	 Drd2‐EGFP	 BAC	 mouse	 transgenic	 lines.	 In	 these	
mice,	 striatonigral	 Chrm4‐EGFP 	 and	 striatopallidal	 neurons	 Drd2‐EGFP 	 are	
labeled	 throughout	 striatal	 pathway	 development	 Figure	 1A 	 Lobo	 et	 al.,	 2006;	
Valjent	 et	 al.,	 2009;	 Morello	 et	 al.,	 2015 .	 We	 analyzed	 gene	 expression	 in	 both	
neuronal	 types	 at	 different	 embryonic	 and	 postnatal	 stages.	 In	 Chrm4‐EGFP	 and	
Drd2‐EGFP	BAC	mice,	EGFP	expression	can	be	visualized	in	the	striatal	primordium	
as	early	as	E12.5,	one	day	after	striatal	neurogenesis	has	started	and	around	the	time	
axon	growth	and	guidance,	and	other	developmental	processes	are	initiated	 Figure	
S1 	 Uemura	et	al.,	2007;	Morello	et	al.,	2015 .	However,	in	the	Chrm4‐EGFP 	mouse	
line	 EGFP	 expression	 is	 not	 restricted	 to	 striatal	 neurons,	 but	 also	 present	 brain	
regions	 in	 close	 proximity	 to	 the	 striatal	 mantle	 zone	 Figure	 S1 .	 Therefore,	 the	
developing	 striatum	was	dissected	at	 later	 embryonic	 stages	 starting	 at	E15.5 	 to	
ensure	 that	 the	 striatum	 could	 be	 obtained	 without	 concomitant	 dissection	 of	
adjacent	regions.	Furthermore,	at	later	developmental	stages	the	number	of	striatal	
neurons	obtained	by	FACS	was	higher	 data	not	shown .		

Striata	were	dissected	and	EGFP 	neurons	were	sorted	 from	each	transgenic	
line	at	3	developmental	time	points:	E15.5	 at	which	striatal	neurogenesis	and	axon	
guidance	 occurs ,	 E17.5	 to	 cover	 axon	 guidance	 and	 synaptogenesis 	 and	 P6	
synaptogenesis	and	pruning 	 Figure	1A,	B 	 Passante	et	al.,	2008;	Morello	et	al.,	
2015 .	 From	 each	 sample,	 we	 obtained	 20.000‐100.000	 EGFP 	 MSNs.	 For	 each	
mouse	 line	 and	 developmental	 stage,	 RNA	 from	 two	 sorting	 experiments	 was	
combined	 to	 minimize	 variation	 caused	 by	 sample	 preparation.	 A	 total	 of	 18	
microarray	experiments	were	performed	to	compare	three	independent	biological	
replicated	 Drd2‐EGFP 	 or	 Chrm4‐EGFP 	 samples	 to	 a	 common	 reference	 RNA	
from	adult	mouse	brain 	at	the	three	different	timepoints	 Figure	1B .		

Comparative	 analysis	 of	 the	data	 identified	602	genes	 enriched	 in	 striatonigral	
neurons	and	374	genes	in	striatopallidal	neurons	at	E15.5,	517	genes	in	striatonigral	
neurons	 and	 221	 in	 striatopallidal	 neurons	 at	 E17.5,	 and	 820	 genes	 in	 striatonigral	
neurons	and	265	genes	in	striatopallidal	neurons	at	P6	 fold	change	 2	as	compared	
to	 common	 reference,	 adjusted	P	 	 0.05 	 Figure	1C .	The	 expression	 levels	of	362	
genes	 overlapped	 between	 developmental	 stages	 Figure	 1D .	 We	 did	 not	 detect	
significant	 differences	 in	 the	 gene	 expression	within	 one	neuronal	 type	 Chrm4 	 vs	
Drd2 	during	development	 data	not	shown .		Hierarchical	clustering	using	the	100	
most	variable	genes	segregated	the	samples	into	two	distinct	groups	according	to	cell	
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type	 striatonigral	or	 striatopallidal	MSNs 	and	 into	 three	 sub‐clusters,	 according	 to	
the	developmental	stage	at	which	the	samples	were	collected	 Figure	1E .	

As	a	first	step	to	verify	the	microarray	results,	we	examined	genes	previously	
reported	to	be	enriched	in	striatonigral	or	striatopallidal	neurons	in	our	dataset.	In	
line	 with	 previous	 studies,	 substance	 P	 Tac1 	 and	 dynorphin	 Pdyn 	 were	
enriched	 in	 the	 striatonigral	 Chrm4‐EGFP 	 samples,	 while	 dopamine	 receptor	 2	
Drd2 ,	adenosine	2a	receptor	 Adora2a 	and	enkephalin	 Enk 	were	expressed	at	
higher	 levels	 in	 striatopallidal	 Drd2‐EGFP 	 samples.	 We	 further	 detected	
striatonigral‐enriched	 e.g.	Ebf1,	Slc35d3,	Arx,	Qk 	and	striatopallidal‐enriched	 e.g.	
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Olfr1360,	Slc6a15,	Upb1,	Utrn,	Nr4a1,	Rgs2,	Zswim6 	genes	 identified	in	the	FACS	
microarray	study	of	Lobo	et	al.	 2006 	 Figure	2 .	It	should	be	noted	that	several	of	
these	markers	were	not	detected	at	all	developmental	stages.	Remarkably,	Chrm4,	
Drd1	and	Isl1	 well‐known	striatonigral	markers 	were	not	found	to	be	enriched	in	
the	Chrm4 ‐EGFP	sample	 Lobo	et	al.,	2006;	Lu	et	al.,	2014 .		

We	 also	 compared	 our	 dataset	 with	 other	 two	 other	 published	 datasets	
generated	 using	 BAC‐TRAP	 transgenic	 mice	 and	 single‐cell	 RNA	 sequencing	 to	
profile	 MSNs	 in	 the	 adult	 brain	 Heintz,	 2008;	 Maze	 et	 al.,	 2014 .	 Interestingly,	
expression	 of	 30	 genes	 reported	 to	 be	 enriched	 in	 Chrm4‐EGFP ‐striatonigral	
neurons	in	these	two	studies	and	46	genes	enriched	in	Drd2‐EGFP 	striatopallidal	
neurons	were	 found	 to	 display	 higher	 levels	 of	 expression	 in	 the	 same	 subset	 of	
MSNs	 in	 our	 dataset,	 despite	 the	 fact	 that	 our	 analysis	 was	 performed	 at	 earlier	
developmental	stages	 Figure	2 .	While	Lhx8,	Cdc14a	and	Slc10a4	were	identified	
by	Heintz	et	al.	 2008 	 to	be	enriched	 in	adult	mouse	striatopallidal	neurons,	our	
dataset	 found	 those	 genes	 to	 be	 enriched	 in	 striatonigral	 Chrm4‐EGFP 	 neurons	
Figure	2 .	Gocke	et	al.	 2016 ,	through	single	cell	RNA‐sequencing,	identified	two	
subpopulations	of	 striatonigral	neurons	displaying	enhanced	expression	of	Pchd8	
or	 Foxp1	 in	 adult	mouse	 brain.	 Our	 dataset	 showed	 enrichment	 of	 Pchd8	 in	 the	
Chrm4‐EGFP 	 striatonigral	 neurons	 at	 P6,	 while	 Foxp1	 was	 enriched	 in	 Drd2‐
EGFP 	 MSNs	 at	 all	 three	 developmental	 stages.	 Thus,	 our	 study	 identifies	 many	
previously	 identified	 markers	 of	 striatonigral	 and	 striatopallidal	 MSNs,	 even	 at	
earlier	developmental	stages,	conforming	the	specificity	of	our	study.	
  	

←	Figure	1.	FACS‐array	profiling	of	striatonigral	Chrm4 ‐EGFP	and	striatopallidal	Drd2 ‐EGFP	MSNs.		
A 	Schematic	drawing	of	the	BAC	transgenic	lines	used	in	the	experiments,	adjacent	to	a	representative
image	 showing	 immunofluorescence	 of	 EGFP	 in	 sagittal	 brain	 sections	 at	 E15.5	 in	 Chrm4‐EGFP	
transgenic	mice	 where	striatonigral	neurons	are	specifically	labeled,	top 	and	Drd2‐EGFP	mice	 where	
striatopallidal	neurons	are	specifically	labeled,	bottom .	Examples	of	FACS	purification	of	EGFP 	and	PI‐
MNSs	in	each	transgenic	line.	B 	Schematic	drawing	of	the	study	design.	Each	circle	represents	pooled
RNA	 from	 two	 Chrm4‐EGFP 	 red 	 or	 Drd2‐EGFP 	 blue 	 sorted	MSN	 samples.	 Each	 cell	 type	was
compared	to	the	common	reference	 total	mRNA	from	adult	mouse	brain .	N	 	3	were	analyzed	for
each	transgenic	 line	at	3	different	developmental	 time	points	 E15.5,	E17.5	and	P6 	for	a	total	of	18
microarrays.	C 	Venn	Diagrams	showing	the	number	of	genes	enriched	in	striatonigral	Chrm4‐EGFP
red 	or	striatopallidal	Drd2‐EGFP 	 red 	MSNs	during	striatal	development,	and	those	shared	between
the	MSN	subtypes.	D 	Venn	Diagram	showing	the	number	of	genes	differentially	expressed	at	different
time	points.	E 	Hierarchical	 clustering	of	 the	 top	100	differentially	expressed	genes	 fold	change⩾2,	
adjusted	 P 0.05 .	 Increased	 average	 expression	 is	 represented	 in	 green	 and	 decreased	 average
expression	is	represented	in	red.	Samples	segregate	into	two	distinct	clusters,	based	on	differences	in
cell	type	 striatonigral	Chrm4 	EGFP	samples	or	striatopallidal	Drd2 	EGFP .	Moreover,	each	sample
segregates	 into	 three	 different	 subclusters	 determined	 by	 the	 developmental	 timepoint:	 embryonic
development	 E15.5	 and	 E17.5 	 or	 postnatal	 P6 .	 Scale	 bar:	 100	 μm.	 Chrm4:	 Cholinergic	 receptor
muscarinic	4;	Ctx:	cortex;	Drd2:	Dopamine	receptor	D2	EGFP:	enhanced	green	fluorescent	protein;	LGE:
lateral	 ganglionic	 eminence;	 MGE:	 medial	 ganglionic	 eminence;	 MSNs:	 medium	 spiny	 neurons;	 PI:
propidium	iodide;	STR:	striatum.		
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Gene	ontology	analysis	and	validation	of	microarray	data	by	expression	level	
and	pattern	analysis.	

Grouping	 of	 Chrm4‐EGFP ‐	 and	 Drd2‐EGFP ‐enriched	 genes	 fold	 change	 ⩾2;	
adjusted	 P	 	 0.05 	 according	 to	 their	 biological	 function	 biological	 process,	 BP 	
and	 cellular	 localization	 cellular	 component,	 CC 	 was	 performed	 using	 Gene	

	
Figure	2.	Striatonigral	and	striatopallidal	markers	enriched	in	our	FACS‐microarray	profiling	study.	
Heatmaps	showing	the	level	of	expression	of	known	striatonigral	 blue	line 	or	striatopallidal	 red
line 	markers	or	genes	identified	in	previous	studies	 Lobo	et	al.	2006;	Heintz	et	al.	2008;	Maze	et
al.	 2014 .	 Drd2‐EGFP 	 upregulated,	 red 	 vs	 Chrm4‐EGFP 	 downregulated,	 blue 	 samples	 are
compared	at	E15.5,	E17.5	and	P6,	 fold	change	⩾2,	P 0.05 .	
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Ontology.	 At	 all	 developmental	 stages,	 the	 upper	 fifteen	 GO‐BP	 terms	 associated	
with	Chrm4‐EGFP 	 samples	 included	 cell	 cycle	 regulation	 and	 cell	 division,	while	
GO‐CC	 terms	 included	 cell	 nucleus	 and	 chromosome	 Figure	3 .	This	 indicates	 an	
enrichment	for	genes	that	contribute	to	cell	division	and	differentiation.	Within	the	
first	 fifteen	 GO‐BP	 terms	 associated	 with	 the	 Drd2‐EGFP 	 samples	 neuronal	

	

Figure	3.	Gene	ontology	 GO 	analysis.	
Gene	 ontology	 GO 	 analysis	 of	 genes	 enriched	 in	 Chrm4‐EGFP 	 blue 	 and	 Drd2‐EGFP 	 red 	
samples,	 at	 different	 developmental	 timepoints	 A:	 E15.5;	 B:	 E17.5;	 C:	 P6 .	 The	 bar	 charts	
represent	 the	 ‐log10	 P‐values 	 for	 the	 top	 15	 most	 enriched	 GO	 categories	 associated	 with	
biological	function	 GO‐BP,	biological	process 	or	cellular	localization	 GO‐CC,	cellular	component ,	
P	value	 0,001 .	The	gene	number	 white 	represents	the	number	of	genes	annotated	to	the	GO
term	in	the	input	list.		
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development	and	cellular	communication	were	found,	while	GO‐CC	terms	included	
cell	periphery,	neuronal	projection	and	synapses.	This	suggests	an	enrichment	for	
genes	involved	in	neuronal	maturation	and	connectivity	 Figure	3 .		

Important	 developmental	 processes	 that	 occur	 at	 the	 embryonic	 stages	 that	
were	 selected	 for	 this	 study	 are	 axon	 growth	 and	 guidance.	 Interestingly,	 several	
genes	 encoding	 canonical	 axon	 guidance	were	 differentially	 expressed	 in	 Chrm4‐
EGP 	 and	 Drd2‐EGFP 	 MSNs	 at	 different	 developmental	 stages	 Figure	 S2 .	
However,	 striatal	 pathway	 development	 not	 only	 depends	 on	 canonical	 axon	
guidance	genes	and	therefore	we	considered	a	larger	group	of	genes	with	reported	
functions	 related	 to	 axon	 growth	 and	 guidance,	 displaying	 striatal	 expression	
according	Gene	Paint,	Alan	Brain	Atlas 	and	with	differential	expression	patterns	
in	our	data.	Using	these	criteria	we	selected	15	candidate	genes	which	had	not	been	
explored	previously	within	the	context	of	striatal	pathway	development	for	further	
expression	studies	 Visel	et	al.,	2003;	Lein	et	al.,	2007 .	Selected	genes	enriched	in	
Chrm4‐EGFP 	MSNs	were:	 Cxcr4,	 Cxcr7,	 Kitl,	 Sema5b	 and	 Sulf2.	 From	 the	 Drd2‐
EGFP 	sample	we	selected:	Adam23,	Cyp26b1,	Cobl,	Gucy1a3,	Gucy1b3,	Id4,	Lmo4,	
Nedd9,	P2ry1,	and	Skap2.	

To	verify	our	data,	we	performed	qRT‐PCR	on	independent	Chrm4‐EGFP 	and	
Drd2‐EGFP 	 samples.	We	 confirmed	 a	 differential	 enrichment	 in	 the	 striatonigral	
Chrm4‐EGFP 	samples	 fold	change	⩾2,	P 0.05 	for	Cxcr4,	Kitl,	Sema5b	mRNA	at	
both	embryonic	time	points.	Cxcr7	expression	was	verified	at	E15.5	only	and	Sulf2	
expression	 at	 E17.5	 fold	 change⩾2,	 P	 0.05 .	Moreover,	 Chrm4	mRNA	was	 also	
enriched	 in	 striatonigral	 Chrm4‐EGFP 	 samples	 by	 qRT‐PCR,	 suggesting	 that	 the	
low	expression	levels	of	this	gene	or	poor	probe	design	may	have	contributed	to	the	
false	 negative	 result	 in	 the	 microarray	 experiment	 Figure	 4A .	 We	 confirmed	
differential	enrichment	in	striatopallidal	Drd2‐EGFP 	samples	for	P2ry1,	Cyp26b2,	
Gucy1a3,	 Id4,	 Lmo4,	 Need9,	 Skap2	 mRNA	 at	 both	 embryonic	 time	 points,	 while	
Adam23	and	Cobl	mRNA	were	verified	only	at	E17.5	 fold	change⩾2,	P 0.05 .	We	
further	 confirmed	enrichment	 for	 two	 striatopallidal	MSNs	markers	mRNA	 Drd2	
and	 Enk 	 Figure	 4B .	 Moreover,	 we	 found	 a	 significant	 positive	 correlation	
between	 the	 microarray	 data	 and	 the	 qRT‐PCR	 results	 at	 both	 embryonic	 time	
points	 E15.5:	 P 	 0,0003;	 Pearson	 r:	 0,7522,	 r2:	 0,56581	 and	 E17.5:	 P 	 0,0001;	
Pearson	r:	0,8137,	r2:	0,6621 	 Figure	4C .			
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Figure	4.	qRT‐PCR	validation	of	the	FACS‐array	results.		
A 	qRT‐PCR	validation	of	candidate	genes	enriched	in	striatonigral	Chrm4‐EGFP 	samples	at	E15.5	
light	blue 	and	E17.5	 blue .	Data	are	normalized	to	two	housekeeping	genes	and	in	this	graph	are	
presented	as	fold	change	ratio	difference	between	Chrm4‐EGFP 	and	Drd2‐EGFP 	samples.	Chrm4,	
Cxcr4,	Kitl	 and	 Sema5b	were	 significantly	 enriched	 in	 striatonigral	 samples	 at	 both	 time	points,	
while	 Cxr7	 was	 confirmed	 just	 at	 E15.5	 and	 Sulf2	 was	 confirmed	 only	 at	 17.5	 fold	 change⩾2,	
P 0.05 .	B 	qRT‐PCR	validation	of	candidate	genes	enriched	in	striatopallidal	Drd2‐EGFP 	samples	
at	E15.5	 light	red 	and	E17.5	 red .	Data	are	presented	as	 fold	change	ratio	difference	between	
Drd2‐EGFP 	and	Chrm4‐EGFP 	samples.	Drd2,	P2ry1,	Enk,	Cyp26b2,	Gucy1a3,	 Id4,	Lmo4,	Need9,	
Skap2	were	significantly	enriched	in	striatopallidal	samples	at	both	timepoints,	while	Adam23	and	
Cobl	 were	 only	 confirmed	 at	 17.5	 fold	 change⩾2,	 P 0.05 .	 In	 both	 graphs,	 the	 error	 bar	
represents	 fold	 change	 	 S.E.M.	Statistical	 significance	was	determined	by	 two‐tailed	Student’s	 t	
test.	C 	A	positive	 correlation	between	 the	microarray	and	 the	qRT‐PCR	measurement	 log2	 fold	
change 	was	 found	across	 the	18	genes	 tested	 at	E15.5	 grey;	P 	0,0003;	Pearson	 r:	 0,7522,	 r2:	
0,56581 	and	E17.5	 black;	P 	0,0001;	Pearson	r:	0,8137,	r2,	0,6621 .	

To	further	confirm	the	microarray	and	qRT‐PCR	results	we	performed	in	situ	
hybridization	to	analyze	the	expression	of	candidate	genes	in	the	striatum	at	E15.5	
and	E17.5.	Of	candidate	genes	enriched	in	the	striatonigral	Chrm4‐EGFP 	samples,	
we	were	 able	 to	 detect	 only	 Cxcr4	 and	Cxcr7	 expression,	which	 are	 expressed	 in	
ventricular	 and	 subventricular	 zone	 of	 the	 developing	 striatum	 Figure	 5 .	 Of	
candidate	genes	enriched	 in	 striatopallidal	Drd2‐EGFP 	 samples,	we	were	able	 to	
confirm	 the	 expression	 in	 the	 striatal	 mantle	 zone	 of	 Gucy1a3,	 Gucy1b3,	 Nedd9,		
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Adam23,	 Lmo4	 and	 at,	 lower	 levels,	 Cobl.	 Surprisingly,	 Cyp26b	 mRNA	 was	 not	
expressed	 in	 the	 striatum,	 but	 we	 detected	 its	 expression	 in	 the	 globus	 pallidus	
Figure	 5 .	 Together,	 our	 data	 identify	 a	 set	 of	 novel	 MSN	 subtype‐specific	
molecular	 cues	 with	 potential	 roles	 in	 striatal	 MSN	 development	 and	 pathway	
formation.	

Figure	 5.	 In	 situ	 hybridization	 validation	 of	 the	 FACS‐array	
results.	
Coronal	embryonic	brain	sections	 E17.5 	showing	the	pattern
of	 expression	of	 genes	enriched	 in	 striatopallidal	Drd2‐EGFP
neurons	 and	 striatonigral	 Chrm4‐EGFP 	 neurons	 in	 the	
anterior,	 medial	 ‘ 	 and	 posterior	 “ 	 part	 of	 the	 developing	
striatum.	 Scale	 bar:	 500	 µm.	 Ctx:	 cortex;	 GP:	 globus	 pallidus;
STR:	striatum;	Thal:	thalamus.	
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Discussion	
In	 this	 study,	 we	 analyzed	 Chrm4‐EGFP 	 striatonigral	 and	 Drd2‐EGFP 	
striatopallidal	MSNs	by	FACS‐array	profiling	during	striatal	development	and	axon	
guidance.	 Our	 analysis	 revealed	 that	 hundreds	 of	 transcripts	 are	 differentially	
expressed	between	the	two	MSN	populations	at	three	different	time	points:	E15.5,	
E17.5	and	P6	 Figure	1 .	Most	of	 the	differentially	expressed	genes	overlapped	at	
different	 developmental	 time	 points.	 Thus,	 even	 if	 the	 initial	 design	 of	 our	
experiment	 could	 have	 led	 to	 the	 identification	 of	 genes	 enriched	 in	 one	 MSN	
subtype	 at	 different	 time	 points,	we	were	 not	 able	 to	 identify	 genes	 significantly	
enriched	at	a	 specific	developmental	 stage	 Figure	1 .	This	 can	be	due	 to	 the	 fact	
that	 our	 samples	 were	 representing	 a	 mixed	 population	 of	 differentiating	 and	
younger	 neurons	 patch	 and	 matrix	 MSNs 	 or	 that	 striatal	 MSNs	 use	 the	 same	
molecular	mechanisms	during	 their	differentiation	 Passante	et	 al.,	 2008 .	 Future	
principal	 components	 analyses	 of	 our	 dataset	 that	 take	 in	 consideration	 the	
different	 days	 of	 the	 experimental	 procedures	 or	 the	 embryo’s	 sex	 as	 cofounding	
factors	may	correct	for	this	 Ringner,	2008 .		

Importantly,	 we	 first	 verified	 the	 presence	 in	 our	 dataset	 of	 previously	
established	striatonigral	or	striatopallidal	MSNs‐specific	markers.	Although	known	
striatopallidal	 markers	 were	 enriched	 in	 our	 data,	 the	 markers	 used	 to	 isolate	
Chrm4 	and	define	striatopallidal	neurons	 Drd1a 	were	not	present.	This	may	be	
due	 to	a	poor	design	of	 the	microarray	probes	and	 the	 low	 level	of	 expression	of	
these	mRNA,	as	previously	reported	in	other	studies	 Lobo	et	al.,	2006 .	We	were	
able	to	confirm	the	specific	expression	of	several	other	genes	identified	in	previous	
profiling	studies	of	juvenile	and	adult	mouse	striatum	in	both	MSN	samples	 Figure	
3,	Figure	S2 	 Lobo	et	al.,	2006;	Heintz,	2008;	Maze	et	al.,	2014;	Gokce	et	al.,	2016 .	
This	 indicates	 that	 the	 expression	 of	 many	 genes	 that	 mark	 striatonigral	 and	
striatopallidal	 neurons	 does	 not	 change	 during	 development.	 However,	 despite	
their	 continued	 expression,	 these	 genes	may	 have	 different	 functions	 at	 different	
developmental	 stages.	 Furthermore,	 expression	 and	 functional	 studies	 are	
necessary	 to	 verify	 this	 hypothesis.	 While	 Heintz	 et	 al.	 2008 	 identified	 the	
enrichment	of	Lhx8,	Cdc14a	and	Slc10a4	in	adult	mouse	striatopallidal	neurons,	in	
our	 dataset	 these	 genes	 were	 enriched	 in	 striatonigral	 Chrm4‐EGFP 	 neurons	
Figure	2 .	This	 apparent	discrepancy	may	be	 explained	 in	different	ways.	 In	our	
study,	 we	 used	 the	 Chrm4‐EGFP 	 transgenic	 mouse	 line	 to	 isolate	 striatonigral	
MSNs.	 However,	 Chrm4	 is	 also	 expressed	 at	 low	 levels 	 by	 a	 subpopulation	 of	
striatopallidal	 neurons	 and	 by	 striatal	 cholinergic	 interneurons	 Yan	 et	 al.,	 2001;	
Gonzales	 &	 Smith,	 2015 .	 Interestingly,	 a	 recent	 study	 showed	 that	 cholinergic	
interneurons	 located	 in	 striatal	 mantle	 zone	 co‐express	 Lhx8,	 Isl1	 and	 Nkx2.1	
during	embryonic	development	 Cho	et	al.,	2014 .	Nkx2.1	mRNA	is	present,	at	low	
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levels,	 in	 our	 striatonigral	 MSN	 enriched	 dataset	 data	 not	 showed .	 Moreover,	
Slc10a4	 is	 expressed	 by	 cholinergic	 neurons	 in	 the	 rat	 central	 nervous	 system	
Geyer	 et	 al.,	 2008 .	 Although	 cholinergic	 interneurons	 represent	 a	 very	 small	
number	of	neurons	in	the	striatum	 	then	5%	of	total	cells 	and	Chrm4	expression	
levels	are	low	in	striatopallidal	MSNs	 less	than	five	fold	change ,	it	is	possible	that	
we	isolated	these	cell	types	during	our	FACS	experiments	 Lobo,	2009 .	We	noted	
that	 EGFP	 expression	 levels	 during	 FACS	 were	 highly	 variable	 in	 Chrm4‐EGFP 	
samples,	 indicating	 the	 presence	 of	 different	 cell	 types	 Figure	 1 .	 An	 alternative	
explanation	 may	 be	 that	 Lhx8,	 Cdc14a	 and	 Slc10a4	 mRNA	 are	 enriched	 in	
striatonigral	 and	 not	 striatopallidal	 MSNs	 at	 early	 developmental	 stages.	 Further	
work	is	needed	to	examine	these	and	other	possible	models.		

Our	 GO	 analysis	 underlined	 that	 the	 genes	 enriched	 in	 the	 Chrm4‐EGFP 	
samples	were	involved	in	the	regulation	of	cell	cycling,	while	genes	enriched	in	the	
Drd2‐EGFP 	samples	showed	enrichment	in	neuronal	maturation	and	connectivity.	
These	data	indicate	a	difference	in	the	developmental	stage	of	the	cells	analyzed	in	
the	 two	 samples	 and	 that	 extra	 striatal	 tissue	 may	 have	 been	 included	 in	 the	
Chrm4‐EGFP 	 samples	 e.g.	 MGE .	 In	 fact,	 we	 observed	 that	 in	 the	 Chrm4	 BAC	
transgenic	 line,	EGFP	expression	 is	broader	 than	expected	 and	present	 in	 several	
tissues	 flacking	 the	 striatal	 mantle	 zone	 Figure	 S2 .	 Appropriate	 deconvolution	
data	analysis	could	be	used	to	characterize	the	exact	cell	composition	of	the	Chrm4‐
EGFP 	sample	and	improve	the	results	of	this	study	 Newman	et	al,	2015 .			

To	 confirm	 our	 FACS	 profiling	 results,	 we	 selected	 15	 candidate	 genes	
differentially	expressed	between	the	two	MSN	subtypes	during	embryogenesis	and	
verified	their	expression	by	qRT‐PCR	on	independent	biological	replicates	and	by	in	
situ	 hybridization.	 These	 candidate	 genes	 were	 selected	 as	 they	 may	 control	
important	 aspects	 of	 striatopallidal	 and	 striatonigral	 MSNs	 axon	 guidance	 and	
development	 based	 on	 previously	 reported	 functions	 in	 our	 brain	 regions.	 In	 the	
following	sections,	we	discuss	several	of	the	candidates	that	were	selected.		

From	 the	 analysis	 of	 Chrm4‐EGFP 	 samples	 we	 selected	 and	 analyzed	 the	
expression	 of	 Cxcr4,	 Cxcr7,	 Kitl,	 Sema5b	 and	 Sulf2.	 Cxcr4	 and	 Cxr7	 are	 two	
transmembrane	receptors	involved	in	the	regulation	of	axon	guidance	and	cortical	
interneuron	migration	 Lieberam	et	al.,	2005;	Wang	et	al.,	2011 .	We	confirmed	the	
enrichment	 of	 Cxcr4	 mRNA	 by	 qRT‐PCR	 in	 Chrm4‐EGFP 	 samples	 at	 both	
embryonic	 stages,	 while	 expression	 of	 Cxcr7	 was	 only	 enriched	 at	 E15.5	 fold	
change⩾2,	P 0.05 	 Figure	4 .	The	in	situ	hybridization	analysis	of	these	two	genes	
revealed	 that	 they	 were	 mainly	 expressed	 in	 the	 LGE	 and	 MGE,	 as	 previously	
reported	 Figure	5 	 Wang	et	al.,	2011 .	These	results	suggest	that	Cxcr4	and	Cxcr7	
may	not	be	 important	 for	striatal	axon	guidance,	as	 they	are	not	expressed	 in	 the	
striatal	 mantle	 zone.	 Moreover,	 the	 presence	 of	 Cxcr4	 and	 Cxcr7	 in	 our	 dataset	
suggests	 that	during	 the	dissection	process	we	may	have	 included	 in	our	samples	
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extra‐striatal	 tissue	 LGE,	MGE	or	GP 	containing	 striatonigral	Chrm4‐EGFP 	cells	
Figure	S1 .	Cxcr4	and	Cxcr7	may	be	important	for	striatal	cell	specification	in	the	
LGE	 	or	 for	the	development	of	other	cell	 types	 e.g.	cortical	 interneurons 	 Long,	
Cobos,	et	al.,	2009;	Wang	et	al.,	2011 .	

We	 could	 not	 confirm	 expression	 of	 Kitl,	 Sulf2	 and	 Sema5b	 in	 the	 striatum	
during	 embryonic	 development	 data	 not	 shown .	 However,	 Gocke	 et	 al.	 2016 ,	
using	 single	 cell	 RNA	 sequencing,	 identified	 Sema5b	 as	 a	 gene	 enriched	 in	
striatonigral	 MSNs	 in	 adult	 mouse	 brain,	 suggesting	 that	 more	 detail	 expression	
studies	 are	 required	 Figure	 4;	 Figure	 S2 .	 This	 result	 could	 be	 due	 to	 the	 high	
variability	in	the	dissection	of	striata	from	the	Chrm4‐EGFP 	transgenic	line	and	the	
probable	inclusion	of	MGE	and	GP	cells.	A	more	specific	method	of	dissection	would	
avoid	the	inclusion	of	extra‐striatal	tissue.	For	example,	the	use	of	coronal	sections	
of	 the	 embryonic	 telencephalon	 and	 UV‐dissection	 lamp	 to	 directly	 visualize	 the	
GFP	signal.	A	more	specific	 reporter	 line	 i.e.	Drd1‐EGFP 	or	 the	use	of	a	double	
fluorescent	reporter	line	 i.e.	Chrm4‐EGFP;	Drd2‐tdtomato	double	transgenic	mice 	
to	 perform	 these	 experiments	 may	 also	 avoid	 the	 selection	 of	 false	 positive	
candidate	genes	by	allowing	FACS	of	striatonigral	and	striatopallidal	cells	from	the	
same	sample.		

Genes	 selected	 from	Drd2‐EGFP 	 samples	 included	 Adam23,	 Cyp26b1,	 Cobl,	
Gucy1a3,	 Gucy1b3,	 Id4,	 Lmo4,	 Nedd9,	 P2ry1,	 Skap2.	 The	 enrichment	 of	 most	 of	
these	genes	expression	in	the	Drd2‐EGFP 	sample	was	confirmed	by	qRT‐PCR	and	
by	in	situ	hybridization	 Figure	4,	5 .	Importantly,	Gucy1a3,	Id4,	Nedd9	and	Skap2	
were	reported	to	be	enriched	 in	striatopallidal	neurons	 in	previous	MSN	profiling	
studies	 performed	 in	 adult	mice	 Heintz,	 2008;	Maze	 et	 al.,	 2014 .	 Cyp26b1	 is	 a	
retinoic	 acid‐degrading	 enzyme	 and	 is	 essential	 to	 create	 a	 retinoic	 acid	 gradient	
along	 the	 anterior‐posterior	 axis	 of	 the	 embryo/brain	 during	 embryonic	
development	 Stoney	et	al.,	2016 .	Moreover,	retinoic	acid	is	important	for	striatal	
neuron	development	and	in	general	for	axon	guidance	 Sen	et	al.,	2005;	Urban	et	al.,	
2010;	Chatzi	et	al.,	2011;	Rataj‐Baniowska	et	al.,	2015 .	In	our	in	situ	hybridization	
experiment,	Cyp26b1	expression	was	not	detected	in	the	striatum,	while	Cyp26b1	
was	expressed	 in	the	GP	and	 in	cells	positioned	 in	the	pallial‐subpallial	boundary,	
two	regions	 important	 for	a	correct	 striatal	 axon	guidance	 Figure	5 	 Uemura	et	
al.,	2007 .	This	observation	is	in	line	with	our	observation	of	the	presence	of	Drd2‐
EGFP 	non‐striatal	 cells	 in	 the	GP	 at	E12.5	 Figure	 S1 .	 	 It	 could	 be	 important	 to	
verify	the	expression	and	the	function	of	Cyp26b1	during	striatal	development.	One	
intriguing	 hypothesis	 could	 be	 that	 Cyp26b1	 activity	 is	 necessary	 to	 create	
gradients	of	RA	essential	 to	guide	striatal	 axons	along	 the	anterior‐posterior	axes	
during	striatal	development.		

Gucy1a3	 and	 Gucy1b3	 are	 guanylate	 cyclase	 soluble	 subunits	 and	 they	 can	
form	heterodimers.	Guanylate	cyclases	are	activated	by	nitric	oxide	 NO 	in	several	
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tissues,	including	the	striatum,	and	may	for	example	mediate	semaphorins	signaling	
during	axon	guidance	through	the	regulation	of	cyclic	GMP	 Togashi	et	al.,	2008;	Lin	
et	 al.,	 2010;	 Chang	 et	 al.,	 2011 .	 Gucy1a3	 inhibition	 induces	 neurite	 retraction	 in	
vitro	 and	 inhibits	 cell	 migration	 from	 the	 MGE.	 Moreover,	 striatal	 Gucy1a3	
expression	is	lost	in	Dlx1/Dlx2	double	knock‐out	mice	 Long	et	al.,	2009 .		Dlx1/2	
and	Mash1	are	genes	expressed	in	the	LGE	and	essential	for	MSN	specification	and	
differentiation	 Long,	Swan,	et	al.,	2009;	Mandal	et	al.,	2013 .	Gucy1a3	and	Gucy1b3	
are	expressed	at	high	levels	in	the	striatum	during	embryonic	development	and	we	
propose	that	they	may	represent	important	candidates	for	striatopallidal	MSN	axon	
guidance.		

Id4	 and	 Lmo4	 are	 two	 transcription	 factors	 enriched	 in	 our	 Drd2‐EGFP 	
dataset.	Both	transcription	factors	are	expressed	in	the	striatal	mantle	zone	during	
embryonic	development,	and,	interestingly,	their	expression	is	also	downregulated	
in	 Dlx1/Dlx2	 double	 knock‐out	 	 mice	 Figure	 5 	 Long,	 Swan,	 et	 al.,	 2009 .	 The	
function	 of	 Id4	 in	MSN	 differentiation	 remains	 unknown,	 but	 the	 protein	 has	 an	
important	 role	 in	 the	 temporal	 regulation	 of	 neuronal	 differentiation	 in	 the	
forebrain	 Bedford	 et	 al.,	 2005 .	 Lmo4	 is	 necessary	 for	 the	 establishment	 of	
neuronal	 subtypes	 diversity	 in	 the	 cortex	 Cederquist	 et	 al.,	 2013;	 Harb	 et	 al.,	
2016 .	

Nedd9	 is	 a	member	 of	 the	CAS	 Crk‐Associated	 Substrate 	 family	 of	 scaffold	
proteins.	It	regulates	cell	cycle,	adhesion	and	actin	dynamics	and	is	involved	in	the	
regulation	of	neural	crest	cell	migration	and	tumor	invasive	behavior	 Singh	et	al.,	
2007;	 Aquino	 et	 al.,	 2009;	 Shagisultanova	 et	 al.,	 2015 .	 	Nedd9	 transcription	 and	
activation	is	retinoic	acid‐dependent	 Clagett‐Dame	et	al.,	2006;	Latasa	et	al.,	2016 .	
Nedd9	is	expressed	in	the	developing	striatum	and	enriched	during	embryogenesis	
in	 our	 Drd2‐EGFP	 	 dataset	 Figure	 3‐5 .	 Interestingly,	 studies	 in	 Drosophila	
melanogaster	show	that	Dcas,	the	only	homologue	of	the	CAS	family	present	in	this	
species,	has	a	role	in	the	regulation	of	axon	fasciculation	and	defasciculation,	in	an	
integrin‐dependent	manner	 Tikhmyanova	et	al.,	2010 .	For	this	reason,	it	could	be	
interesting	 to	 investigate	 the	 role	 of	 Nedd9	 during	 striatal	 axon	 guidance.	
Moreover,	a	previous	study	also	identified	Nedd9	in	striatopallidal	neurons	in	adult	
striatum	 Heintz	et	al,	2008 .	Thus,	Nedd9	represents	an	excellent	candidate	for	the	
regulation	of	MSNs	subtypes	development	and	function	at	different	developmental	
stages.		

P2ry1	mediates	 neurite	 outgrowth	 in	 vitro	 and	 is	 enriched	 in	 striatopallidal	
neurons	 during	 development.	 Zhang	 et	 al	 2016 	 previously	 showed	 that	 P2ry1	
expression	 is	 under	 the	 control	 Sp9,	 a	 transcription	 factor	 essential	 for	 the	
development	 of	 striatopallidal	 neurons	 Heine	 et	 al.,	 2015;	 Zhang	 et	 al.,	 2016 .	
Skpa2,	Src	kinase‐associated	phosphoprotein	2,	is	involved	in	the	regulation	of	actin	
polymerization	and	integrin	activation	in	neutrophils	 Boras	et	al.,	2017 .	Its	role	in	
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neuronal	development	remains	unknown.	However,	its	enrichment	was	confirmed	
in	human	striatum	and,	in	our	data,	in	Drd2‐EGFP 	MSNs	 Johnson	et	al.,	2009 .	It	
could	play	a	role	in	the	regulation	of	striatopallidal	axon	growth.	

In	 conclusion,	 we	 identified	 several	 genes	 potentially	 involved	 in	 MSN	
subtype‐specific	 axon	 guidance	 and	 hundreds	 of	 other	 new	 genes	 that	 may	 be	
associated	with	other	aspects	of	 their	development	 e.g.	MSN	migration .	Further	
studies	are	necessary	 to	verify	 the	 functional	roles	of	 these	genes.	Our	study	may	
also	provide	insight	into	the	genetic	regulation	of	striatal	afferent	innervation,	e.g.	
by	 cortical	 and	 dopaminergic	 axons.	 To	 assess	 these	 possibilities,	 detailed	
bioinformatics	analysis	of	our	dataset	and	comparison	with	public	databases	would	
be	 required.	 Moreover,	 the	 use	 of	 new	 profiling	 techniques	 e.g.	 RNA	 single	 cell	
sequencing 	 could	 represent	 a	 necessity	 to	 reduce	 the	 data‐variability	 present	 in	
this	 study,	 due	 to	 the	 high	 heterogeneity	 of	 the	 MSNs	 subtypes	 and	 cells	 type	
present	in	the	developing	striatum	at	early	embryonic	developmental	stages.		

Understanding	 striatonigral	 and	 striatopallidal	 pathway	 development	 is	 an	
important	 step	 toward	 understanding	 pathological	 conditions	 that	 affect	 its	
functions	 e.g.	 Huntington	 and	 Parkinson’s	 disease .	 Moreover,	 understanding	
striatal	 pathway	 formation	 could	 give	 unexpected	 insights	 about	 the	 complex	
molecular	mechanisms	regulating	axon	guidance.		
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Figure	S1.	EGFP	expression	in	Chrm4‐EGFP	and	Drd2‐EGFP	BAC	transgenic	mice	at	E12.5.		
Double	 immunohistochemistry	 for	 EGFP	 green 	 and	 Islet1	 red,	 striatonigral	 MSN	 marker 	 of	
coronal	sections	of	the	developing	telencephalon.	A 	Low	magnification	showing	EGFP	expression	
in	 the	 telencephalon	 of	 Chrm4‐EGFP	 BAC	 mice.	 EGFP	 expression	 is	 present	 in	 the	 developing	
striatum,	but	also	in	the	PoA	 red	arrow 	and	GP	 white	arrow .	A’ 	Higher	magnification.	In	the	
striatum	 EGFP	 signal	 co‐localizes	 with	 Islet1,	 confirming	 that	 EGFP	 expression	 is	 specific	 to	
striatonigral	MSNs	B 	Low	magnification	showing	EGFP	expression	in	the	telencephalon	of	Drd2‐
EGFP	BAC	mice.	EGFP	expression	is	confined	in	the	developing	striatum,	but	some	EGFP 	cells	are	
present	 in	 the	 developing	GP	 white	 arrow .	 B’ 	Higher	magnification.	 EGFP	 signal	 does	 not	 co‐
localize	with	Islet1,	confirming	that	EGFP	expression	is	specific	to	striatopallidal	MSNs.	A,B:	Scale	
bar,	 100	 µm	 ;	 A’,B’	 :	 scale	 bar	 200	 µm.	 Ctx:	 cortex;	 GP:	 globus	 pallidus;	 LGE:	 lateral	 ganglionic	
eminence;	PoA:	preoptic	area;	STR:	striatum;	Thal:	thalamus.	
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Figure	S2.	Axon	guidance	molecules	differentially	expressed	in	Chrm4‐EGFP 	 blue 	or	Drd2‐EGFP 	
red 	 samples	at	different	 time	points.	Heat	map	displaying	 the	 level	of	 expression	 P 0,01,	 fold	
change	 2 .	

	 	



Chapter 5 

  137 

Table1.	Primers	used	for	qRT‐PCR.	
Primers	were	purchased	from:	Actin	and	Hrp1	 Qiagen ;	Adam23,	Cobl	Cxcr4,	Cxcr7,	Cyp26b1,	
Enk,	Gucy1a3,	Gucy1b3	Id4,	Kitl,	Lmo4,	Nedd9,	P2ry1,	Sema5b,	Sulf2,	and	Skap2	 Origene .		

Gene ID Forward (5'->3') Reverse (5'->3') 
Adam23 TTCCAATGGCGGTGGCACAAGT CCTGTTTCTTCCATGATGCAGCC 
Chrm4 ATGGCGAACTTCACACCTGTC CTGTCGCAATGAACACCATCT 
Cobl   GGCAGAACTTGATGAAGACCTGG  GGCTTCTTGCAGACTGTGGTTG 
Cxcr4  GACTGGCATAGTCGGCAATGGA  CAAAGAGGAGGTCAGCCACTGA 
Cxcr7 GACCGCTATCTCTCCATCACCT GTTGGAAGCAGATGTGACCGTC 
Cyp26b1  TGAGAGCAGCAAGGAACATGGC TCAAGGATGTGCTTGCACTGGC 
Drd2 ACCTGTCCTGGTACGATGATG GCATGGCATAGTAGTTGTAGTGG 
Enk AGAAGGATGCAGATGAGGGAGACA TCTCTTGTTGGTGGCTGTCTTTCG 
Gapdh  CCCCAATGTGTCCGTCGTG GCCTGCTTCACCACCTTCT 
Gucy1a3 CAGGTCATCACGATGCTCAACG  CCATCAGTGCTATCTGGACAGC 
Gucy1b3 CACACTGAGAGCCTTGGAGGAT ACAATGCCGCTGAAGAGGATGG 
Id4 AGTGCGATATGAACGACTGCTAC AGCAAAGCAGGGTGAGTCTCCA 
Kitl  CGCTGCTGGTGCAATATG TACCAGCCACTGTGCGAA 
Lmo4 ATAGCCGCTGCCTCAAGTGCTC   AGGCACTGCAAGCACCGCTATT  
Nedd9 GAGTGGAATCCTTACCAGCGTG AGAATGCGGTGTCGCTGTGGAA 
P2ry1  AATCTCTGCTCACTTAGCCAGG TGAAAGGAGACAAGCCTTTAGC 
Sema5b  GGCAACTTTGCAGCACGCTTGA AGTGCTCACACGGTTTCCATGG 
Sulf2 CGTCTCAAGCACAAAGGCTCCA GCTGCACGTATCGTTGTTCTGC 
Skap2 CAGGGCCCGGCGTCCAGCGA TTTTCTCCTTTCAGTGTGTCT 

 

Table1.	Primers	used	for	generating	in	situ	hybridization	probes	 obtained	from	the	Allen	brain	
atlas . 

Gene ID Forward (5'->3') Reverse (5'->3') 

Adam23 GTGTGTTCTCGAATAAGAGG CCACGTCTGTATCATCGTCT 

Cobl GCCAACCTTAGCCAACACAT CTCTCTTCCTCCAGGTGTGC 

Cxcr4 ATGGAACCGATCAGTGTGAGTA ATGCTCTCGAAGTCACATCCTT 

Cxcr7 ATCAGCCACTCCTTGATGCT CTACACGGGACCCATGAAGC 

Cyp26b TCTGCCCCTTTGCTCTTG  ACAGGGATCCCCTTCAGC 

Gucy1a3 TCATGTGAAGAGCACCAAGC TCATCTTCAGGGCCATCAG 

Gucy1b3 AGCCCTTACACCTTCTGCAA GTCTCAGCTCATTGGCAACA 

Lmo4 GCTCCCTCTCCTGGAAGC GGGGCCCTGCTAATTGTT 

Nedd9 AAAAGGCAAATCCGGAGG CCGCTCAGAACCGTCACT 
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The	 basal	 ganglia	 are	 group	 of	 subcortical	 nuclei	 involved	 in	 the	 integration	 of	
motor,	cognitive	and	emotional	information	received	from	the	cortex.	The	striatum,	
the	input	structure	of	the	basal	ganglia,	transmits	information	to	other	structures	of	
the	basal	ganglia	network	through	two	axon	pathways:	the	striatonigral	 or	direct 	
pathway	and	 the	 striatopallidal	 or	 indirect	pathway .	While	 striatopallidal	 axons	
form	 their	 connections	 locally	 in	 the	 forebrain,	 striatonigral	 neurons	 form	 a	
longitudinal	 tract	 that	 runs	 along	 the	 entire	 anterior‐posterior	 A‐P 	 axis	 of	 the	
forebrain.	Despite	extensive	research	focusing	on	the	function	of	these	neurons	and	
their	 changes	 in	 psychological	 and	 neurodegenerative	 disorders,	 the	 molecular	
mechanisms	regulating	the	ontogeny	of	striatal	circuitry	are	largely	unexplored.		

In	 this	 thesis,	we	revealed	new	molecular	and	cellular	mechanism	of	 striatal	
axon	 guidance.	 First,	 we	 described	 an	 in	 vitro	 system	 that	 can	 be	 used	 to	
manipulate	 and	 study	MSN	axon	development	 Chapter	 2 .	Next,	 by	 using	mouse	
genetics	 approaches,	 we	 were	 able	 to	 visualize	 and	 describe	 the	 ontogeny	 of	
striatonigral	 and	 striatopallidal	 cells	 during	 embryonic	 development.	 We	 then	
revealed	 new	 roles	 of	 Fzd3	 in	 the	 regulation	 of	 striatal	 pathway	 and	 ventral	
telencephalon	 development.	 Our	 experiments	 demonstrated	 that	 striatal	 axon	
guidance	 is	 actively	 regulated	 by	 two	 populations	 of	 guidepost	 cells:	 GP	 and	
surprisingly	 corridor	 cells	 Chapter	 3 .	 Moreover,	 with	 the	 use	 of	 recombinant	
proteins	and	pharmacological	inhibitors	of	the	Wnt	pathway,	we	showed	effects	of	
Wnts	 on	 primary	 MSN	 axon	 growth,	 guidance	 and	 fasciculation.	 Next,	 we	 found	
potential	 distinct	 roles	 of	 several	 Wnt	 signaling	 pathways	 in	 the	 regulation	 of	
striatal	pathway	formation	 Chapter	4 .	Finally,	we	performed	expression	profiling	
and	 identified	hundreds	of	 new	genes	differentially	 expressed	by	 the	 two	 striatal	
neuronal	subtypes	during	embryogenesis.	These	genes	are	potential	candidates	 in	
the	regulation	of	striatal	axon	guidance	and	MSNs	differentiation	 Chapter	5 .	

The	 present	 work	 rises	 a	 series	 of	 compelling	 questions.	 In	 the	 following	
section,	 we	 will	 discuss	 the	 results	 presented	 in	 this	 thesis	 and	 highlight	 future	
steps	 that	 are	 required	 to	 further	 entangle	 the	 complex	 mechanisms	 of	 striatal	
pathway	development.		
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Cell	autonomous	mechanisms	of	striatal	A‐P	axon	guidance:	the	role	of	Wnts	
and	Fzd3	

In	 chapter	 3,	 we	 show	 that	 the	 Fzd3	 receptor	 and	 its	 ligand,	 Wnt5a,	 cell	
autonomously	coordinate	A‐P	guidance	of	MSN	axons	in	the	ventral	telencephalon.	
In	chapter	4	we	explored	the	effect	of	Wnt5a	and	Wnt5b	on	primary	MSN	cultures,	
showing	 that	 these	 proteins	 regulate	 MSN	 axon	 growth.	 With	 the	 use	 of	
pharmacological	 inhibitors	of	the	Wnt	secretion	or	of	the	Wnt/‐catenin	signaling	
pathway,	we	showed	that	Wnt	proteins	and	signaling	regulate	axon	outgrowth	and	
fasciculation	 in	striatal	explants	 Figure	1F .	 It	 is	not	clear	 if	 the	 lower	number	of	
fascicles	present	 in	 the	 treated	explants	 is	due	 to	 fewer	MSN	axons	being	able	 to	
grow	out	of	the	explant	 due	to	defects	in	axon	orientation	or	extension 	or	because	
blocking	of	 the	Wnt	pathway	 leads	 to	defect	 in	MSN	axon‐axon	 interactions.	This	
phenotype	was	recapitulated	by	in	vitro	culture	of	Fzd3‐/‐	mouse	explants	from	the	
striatum	 Figure	 1F .	 Wnts	 may	 cell	 autonomously	 regulate	 the	 expression	 of	
adhesion	molecules	 needed	 for	 the	 regulation	 of	MSN	 axon	 fasciculation	 through	
the	 canonical	 Wnt/‐catenin	 signaling	 pathway	 Wiencken‐Barger	 et	 al.,	 2004;	
Gavert	 et	 al.,	 2005;	Heuberger	 and	Birchmeier,	 2010 .	However,	 LRP5	 and	 LRP6,	
two	 Fzd	 co‐receptors	 that	 are	 needed	 for	 canonical	Wnt/‐catenin	 signaling,	 are	
not	 expressed	 in	 the	 striatum	during	 embryonic	 development	 Lein	 et	 al.,	 2007 .		
Moreover,	 we	 were	 not	 able	 to	 detect	 changes	 in	 the	 levels	 of	 cell	 adhesion	
molecules	 e.g.	E‐cadherins,	N‐cadherins,	L1 	or	axon	guidance	cues	 Netrin,	Slits,	
Ephrins 	in	Fzd3‐/‐	striatum	by	qRT‐PCR	 data	not	shown .		

Another	 signal	 transduction	 pathway	 that	 could	 mediate	 the	 effects	 of	 axon	
growth	 and	 fasciculation	 is	 the	 Wnt/PCP	 pathway.	 Previous	 studies	 showed	 that	
Celsr3	 and	 Celsr2,	 core	 component	 of	 this	 signaling	 pathway,	 are	 required	 for	 the	
regulation	of	 forebrain	wiring	with	Fzd3	 Qu	et	 al.,	 2014a .	Our	 analysis	of	Celsr3‐/‐	

mice	and	explant	cultures	 Chapter	4 	did	not	reveal	obvious	defects	in	axon	extension	
from	 the	 striatum	 to	 the	GP	or	MSN	axon	 fasciculation	 Figure	1F .	This	 result	may	
point	to	to	compensatory	mechanisms	mediated	by	Celsr2,	thus	the	analysis	of	striatal	
axon	outgrowth	of	double	knock‐out	mice	 Celsr2‐/‐;	Celsr3‐/‐ 	is	needed.		

Recent	work	by	Duan	et	al	 2017 	reported	that	Wnt5a/Ryk	interactions	can	
directly	modulate	PCP	signaling	 through	the	regulation	of	Fzd3	distribution	in	the	
cytoplasm 	and	mediate	corticospinal	neuron	repulsion	 Qu	et	al.,	2014a;	Duan	et	
al.,	 2017 .	 Previous	 work	 also	 showed	 that	 Wnt5a/Ryk	 signaling	 mediates	 axon	
outgrowth,	 while	 Wnt5a/Ryk/Fzd3	 signaling	 mediates	 axon	 repulsion	 during	
cortical	axon	outgrowth	 Li	et	al.,	2014 .	Our	analysis	of	Ryk‐/‐	mice	 Chapter	3 	did	
not	 reveal	 gross	 defects	 in	 striatal	 axon	 guidance;	 however,	 detailed	 in	 vitro	
analysis	 is	 needed	 to	 exclude	 a	 role	 of	 this	 receptor	 in	MSN	axon	 outgrowth	 and	
fasciculation.		
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Our	preliminary	data	do	not	 clarify	 the	precise	 signaling	pathway	 regulating	
the	effect	of	Wnts	on	MSN	axon	development	or	which	precise	Wnts	are	involved.	
Moreover,	we	 do	 not	 know	 if	 striatonigral	 and	 striatopallidal	MSNs	 respond	 in	 a	
different	 manner	 to	 these	molecules.	 For	 example,	 based	 on	 the	 anatomy	 of	 the	
striatal	 pathways,	 it	 is	 tempting	 to	 speculate	 that	 Wnt	 signaling	 may	 influence	
striatonigral,	 but	 not	 striatopallidal,	 MSN	 fasciculation.	 Striatonigral	 neurons,	 in	
fact,	 form	 a	 thick	 bundle	 along	 their	 way	 to	 the	 midbrain	 and	 cell	 autonomous	
mechanisms	may	be	necessary	to	mediate	their	fasciculation	 Wang	and	Marquardt,	

	

Figure	1.	Wnts	and	Fzds	regulate	striatal	axon	development.	Schematic	summary	of	the	in	vivo	and
in	vitro	data	presented	in	this	thesis.	A 	Wnt5a	and	Wnt5b	are	present	in	a	 low 	anterior	to	 high
posterior	gradient	along	the	developing	striatum	 in	green .		B 	In	control	conditions,	MSN	axons
are	oriented	along	the	A‐P	axis.	C 	In	Fzd3‐/‐	and	Wnt5a‐/‐	mice,	MSN	axons	are	miss‐oriented	and	a
decreased	 number	 of	 axons	 reach	 the	 GP.	 This	 phenotype	 is	 present	 also	 when	 Fdz3	 is
conditionally	 deleted	 in	 striatonigral	 or	 striatopallidal	 MSNs	 cFzd3‐/‐ .	 D 	 Wnt5a	 and	 Wnt5b
mediate	MSN	axon	attraction	in	explant	cultures.	E 	Primary	MSN	cultures	of	Fzd3‐/‐	mice	do	not
show	defects	in	axon	outgrowth	compared	to	control.	Wnt5a	and	Wnt5b	treatment	promotes	axon
outgrowth	 and	 axon	 branching.	 F 	 MSN	 explants	 show	 axons	 growing	 individually	 and	 or	 in
bundles.	Explants	treated	with	Iwp‐2	 inhibitor	of	Wnt	endogenous	secretion 	or	Irw‐1	 inhibitor
of	 the	 canonical	 ‐catenin	 pathway 	 show	 a	 decreased	 number	 of	 fasciculated	 axons.	 Striatal
explants	from	Celsr3‐/‐	mice	do	not	show	defect	in	axon	outgrowth	or	bundling,	while	explants	from
Fzd3‐/‐	mice	show	fewer	axon	fascicles	and	shorter	axonal	projections.	STR:	striatum.	
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2013 .	Expression	studies	and	biochemical	analysis	focusing	on	components	of	Wnt	
signaling	pathways	by	 in	situ	hybridization	together	with	RT‐PCR	or	western	blot	
experiments	are	needed	at	different	developmental	time‐points	to	begin	to	identify	
the	 relevant	 pathways.	 Additionally,	 in	 vitro	 and	 in	 vivo	 functional	 studies	 are	
essential	to	untangle	the	complexity	and	redundancy	of	Wnt	signaling	during	MSN	
axon	guidance.	

Similar	 to	 pathfinding	 of	 MSN	 axons	 in	 the	 striatum	 and	 towards	 posterior	
targets	 such	 as	 the	 midbrain,	 the	 mechanisms	 that	 control	 innervation	 of	 the	
midbrain	remain	largely	unexplored	 Lobo	et	al.,	2008;	Smith	et	al.,	2016 .	Because	
Wnts/Frizzleds	 are	 involved	 in	 the	 regulation	 of	many	 aspects	 of	 brain	wiring,	 it	
would	be	 interesting	 the	 analyze	 their	 role	 in	 the	 regulation	of	 striatonigral	 axon	
target	entry	and	synaptogenesis	in	the	midbrain	 Dickins	and	Salinas,	2013;	Galli	et	
al.,	2014 .	Previous	work	showed	that	Wnt5a	and	Wnt7b	are	expressed	in	opposite	
gradients	 in	 the	 developing	 midbrain	 and	 that	 they	 have	 opposite	 effects	 on	
dopaminergic	axons	 repulsive	versus	attractive 	 Fenstermaker	et	al.,	2010 .	Thus,	
Wnt/Frizzled	signaling	could	regulate	striatonigral	axonal	innervation	of	the	SN.	In	
future	 studies,	 characterization	 of	 recently	 generated	 conditional	 mouse	 models	
will	help	to	unveil	if	Wnts	and	Fzd3	control	the	innervation	of	the	SN	by	MSN	axons.		

Cellular	composition	of	the	ventral	telencephalon	during	MSN	axon	guidance	

Striatal	axon	guidance	in	the	ventral	telencephalon	is	concomitant	to	the	migration	
of	 several	 cellular	 populations	 in	 the	 same	 area:	 GP	 neurons,	 GABAergic	
interneurons,	 cholinergic	 neurons	 and	 ‘corridor	 cells’.	 These	 populations	 are	
generated	 along	 the	 dorso‐ventral	 axes	 of	 the	 ganglionic	 eminences	 and	migrate	
radially	and	tangentially 	to	their	final	destinations	along	complex	routes,	closely	
associated	 to	 the	 striatal	 mantle	 zone	 Figure	 2A 	 These	 migratory	 streams	 are	
regulated	 by	 the	 presence	 of	 several	 gradients	 of	 attractant	 and	 repulsive	 cues	
Marin	and	Rubenstein,	2001;	Lopez‐Bendito	et	al.,	2006 .	The	precise,	and	rather	
complex,	 interaction	 between	 striatal	 axons	 and	 other	 cell	 type	 present	 in	 the	
ventral	 telencephalon	 remains	mostly	 unexplored.	 In	 this	 thesis,	 we	 investigated	
the	 role	 of	 the	 GP	 and	 of	 corridor	 cells	 in	 the	 regulation	 of	 striatal	 pathway	
formation.		

The	 GP	 is	 an	 heterogeneous	 structure,	 composed	 of	 different	 classes	 of	
projecting	neurons	 Kita,	2007;	Mastro	et	al.,	2014;	Saunders	et	al.,	2015 .	Most	GP	
neurons	originate	from	the	MGE	and	express	the	transcription	factor	Nkx2.1,	while	
other	GP	cells	originate	in	the	LGE	and	migrate	tangentially	to	their	final	destination	
in	 the	GP	 Nóbrega‐Pereira	 et	 al.,	 2010 .	 The	GP	 represents	 a	 synaptic	 target	 for	
striatopallidal	MSNs	and	an	intermediate	target	for	striatonigral	MSNs,	which	also	
send	axon	collateral	to	GP	neurons	 Loopuijt	and	van	der	Kooy,	1985 .	In	addition,	
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the	 GP	 represents	 the	 first	 anatomical	 structure	 that	 striatal	 MSN	 growth	 cones	
encounter	along	their	path.	In	a	pioneering	study,	Uemura	et	al,	 2007 	suggested	
that	 the	 GP	 cells	 serve	 as	 guidepost	 cells	 to	 striatal	 axons,	 in	 a	 cell	 adhesion‐
dependent	mechanism.	In	chapter	3,	we	demonstrated	that	in	vitro	GP	cells	express	
attractant	or	permissive	factors	that	direct	striatal	MSN	to	enter	the	caudal	part	of	
the	 ventral	 telencephalon,	 acting	 as	 a	 permissive	 domain	 Figure	 2B .	 The	 exact	
cues	mediating	these	effects	remain	undetermined.	However,	our	analysis	of	Fzd3‐/‐	

mice	revealed	that	alteration	in	the	cellular	composition	of	the	GP	causes	stalling	of	
MSN	axons	at	the	striatum/GP	border	 Figure	2C .	Conditional	deletion	of	Fzd3	in	
the	 GP	 in	Nkx2.1Cre;	 Fzd3	 fl/fl	mice 	 or	 in	 the	 striatum	 did	 not	 cause	MSN	 axon	
guidance	defects,	suggesting	that	the	misplacement	of	another	cell	population	may	
be	responsible	for	the	defect	observed	in	the	Fzd3‐/‐	mice	 Morello	et	al.,	2015 .	In	
our	study,	we	cannot	completely	exclude	that	Fzd3	has	a	role	 in	 the	regulation	of	
Nkx2.1‐	 GP	 cells	 positioning	 derived	 for	 the	 LGE .	 Even	 if	 it	 is	 unlikely,	 as	 Fzd3	
does	not	seems	to	be	expressed	in	the	GP	area	 Morello	et	al.,	2015 .	Furthermore,	
it	is	intriguing	that	different	cell	types	of	the	GP	 MGE	or	LGE	derived 	could	have	
different	 effects	 on	 striatopallidal	 and	 striatonigral	 neuron	 guidance	 and	
synaptogenesis.	Precise	molecular	analysis	of	the	cues	expressed	by	these	different	
GP	cell	types,	in	vitro	experiments	investigating	their	interaction	with	MSNs	or	the	
analysis	 of	 specific	 transgenic	 mouse	 lines	 is	 needed	 to	 further	 unveil	 essential	
information	on	the	mechanisms	regulating	MSN	axon	guidance.		

Corridor	 cells	 are	 guidepost	 cells	 required	 for	 the	 formation	 of	 the	
thalamocortical	 tract.	 Normally,	 corridor	 cells	 are	 distributed	 between	 the	 GP	 and	
MGE	 and	 express	 a	 variety	 of	 axon	 guidance	 cues,	 including	 axon	 repellent	 cues	
Lopez‐Bendito	et	al.,	2006;	Molnár	et	al.,	2012 .	Our	in	vitro	data	suggest	that	MSN	
axons	can	be	repelled	by	diffusible	cues	expressed	by	the	corridor	cells	 Figure	2B .	
Our	 analysis	 of	 Fzd3	 ‐/‐	 mice	 in	 Chapter	 3,	 supports	 a	model	 in	which	 the	 ectopic	
presence	of	corridor	cells	 in	 the	GP	cause	 this	structure	 to	become	non‐permissive	
for	MSN	axons	and	thereby	induce	MSN	axon	stalling	in	Fzd3	‐/‐	mice.	The	mechanism	
that	causes	the	miss‐localization	of	corridor	cells	 in	the	GP	of	Fzd3	 ‐/‐	mice	remains	
unknown.	 Conditional	 deletion	 of	 Fzd3	 in	 corridor	 cells	 in	 Isl1‐Cre;Fzd3fll/fl	mice 	
did	not	cause	striatal	axon	stalling,	again	 suggesting	a	non	cell‐autonomous	role	of	
Fzd3	 in	 the	 control	 of	 corridor	 cell	 localization.	 Several	 studies	 have	 focused	 on	
understanding	 the	mechanisms	 underlying	 corridor	 cell	 function	 and	 their	 correct	
positioning	in	the	ventral	telencephalon.	This	work	shows	that	Slit2	 is	essential	 for	
corridor	cell	formation	 Lopez‐Bendito	et	al.,	2006;	Bielle	et	al.,	2011 .	In	zebrafish,	
knockdown	of	 fzd3a	 leads	 to	 the	expansion	of	Slit2	expression	and	 loss	of	 the	glial	
bridge	 that	 supports	 the	 formation	 of	 commissural	 axons	 crossing	 the	 midline	
Hofmeister	 et	 al.,	 2012 .	 It	 is	 therefore	 possible	 that	 in	 Fzd3‐/‐	 mice	 ectopic	
expression	of	Slit	proteins	causes	the	abnormal	positioning	of	corridor	cells.		
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Another	cell	population	located	in	the	ventral	telencephalon,	that	needs	to	be	
better	 characterized	 in	 future	 studies,	 can	 by	 identified	 by	 the	 expression	 of	 the	
transcription	 factor	 Pax6.	 In	 the	 ventral	 telencephalon,	 Pax6 	 cells	 are	 located	
ventrally	 to	 the	 corridor	 cells	 and	GP	 Figure	2B .	Pax6‐/‐	mice	present	defects	 in	
striatal	and	thalamocortical	axon	guidance	and	in	the	distribution	of	GP	cells	during	
early	embryonic	development	 Uemura	et	al.,	2007 .	Conditional	depletion	of	Pax6 	
cells	 in	 the	 ventral	 telencephalon	 leads	 to	 the	 disorganization	 of	 corridor	 cells	
during	 early	 embryonic	 development	 E12.5 .	 In	 particular,	 corridor	 cells	 are	
present	 in	 ectopic	 positions	 in	 the	 ventral	 telencephalon,	 with	 a	 broader	medio‐
lateral	 distribution,	 resembling	 the	 ectopic	 distribution	 observed	 in	 Fzd3‐/‐	 mice	
Simpson	et	al.,	2009 .	Loss	or	reduction	of	the	number	of	Pax6 	cells	in	the	ventral	
telencephalon	 has	 also	 been	 described	 in	 another	 mouse	 model	 that	 presents	
defects	in	striatal	axon	guidance,	e.g.	Islet1‐/‐	mice	 Lu	et	al.,	2014 .	Together,	these	
studies	suggest	that	it	may	be	important	to	investigate	the	relationship	 attraction	/	
repulsion 	between	different	cells	types	present	in	the	ventral	telencephalon	 Islet 	

corridor	 cells,	 Nkx2.1 	 GP	 cells	 and	 Nkx2.1‐	 GP	 cells	 and	 Pax6 	 cells 	 and	 their	
specific	role	in	shaping	striatal	pathways	 Figure	2B .		

In	 Chapter	 4,	 our	 analysis	 of	 Celsr3	 ‐/‐	mouse	 revealed	 a	 different	MSN	axon	
guidance	 defect:	 in	 this	 knock‐out	mouse	model,	 striatal	 axon	 form	 axonal	 loops	
inside	the	GP	 Figure	2C .		Even	though	a	more	specific	analysis	of	these	knock‐out	
mice	 is	needed	 e.g.	 investigation	of	earlier	embryonic	developmental	 time‐points	
and	use	of	conditional	Celsr3	knock‐out	mice ,	 it	 is	possible	that	these	defects	are	
due	 to	 the	 fact	 that	 striatonigral	 neurons	 can	 not	 exit	 the	 GP	 and	 cross	 the	
telencephalic/diencephalic	boundary.	Jia	et	al,	 2014 	suggest	that	the	ectopic	 non	
cell‐autonomous 	 localization	 of	 cholinergic	 neurons	 in	 the	 ventral	 GP	 is	
responsible	 for	 the	 axon	 guidance	 defect	 of	 several	 axonal	 tracts	 present	 in	 this	
mouse	 model.	 Furthermore,	 it	 is	 necessary	 to	 underline	 that	 in	 Celsr3‐/‐	 mice	
similar	 to	Fzd3‐/‐	 	 or	OL‐Protocadherin‐/‐	mice 	 the	 caudal	part	of	GP,	a	 group	of	
Nkx2.1	cells	that	extends	toward	the	diencephalon,	 is	absent	and	the	formation	of	
the	 guidepost	 cells	 that	 guide	 thalamo‐cortical	 axons	 through	 the	
diencephalic/telencephalic	 boundary	 is	 missing	 Uemura	 et	 al.,	 2007;	 Jia	 et	 al.,	
2014;	 Qu	 et	 al.,	 2014b;	 Morello	 et	 al.,	 2015;	 Feng	 et	 al.,	 2016 .	 Several	 studies	
showed	that	 the	growth	of	 thalamo‐cortical	axons	 into	the	telencephalon	requires	
the	 formation	 of	 a	 scaffold	 bridge	 that	 runs	 along	 the	 diencephalic/telencephalic	
boundary,	 composed	 of	 corridor	 cells	 and	 IC‐guidepost	 cells	 a	 different	 cellular	
population	 present	 in	 the	 ventral	 telencephalon 	 Molnár	 et	 al.,	 2012 .	 The	
formation	 of	 this	 bridge	 requires	 Fzd3	 and	 Celsr3	 Zhou	 et	 al.,	 2009;	 Feng	 et	 al.,	
2016 .	 Thus,	 we	 could	 hypothesize	 that	 striatonigral	 neurons	 use	 a	 similar	
mechanism	to	cross	the	telencephalic/diencephalic	boundary,	for	example,	using	as	
scaffold	GP	cells	or	axons	that	project	to	the	thalamus.		
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Together,	 these	 studies	 indicate	 the	 need	 to	 untangle	 the	 precise	 interactions	
between	 intermediate 	guidepost	cells	and	developing	striatal	axons.	This	could	be	
achieved	with	the	generation	of	appropriate	in	vitro	and	in	vivo	tools	 e.g.	reporter	

	

Figure	 2.	 A 	 The	 development	 of	 the	 ventral	 telencephalon	 is	 characterized	 by	 the	migration	 of
several	neuronal	populations	along	complex	migratory	routes	 that	 flack	the	striatal	mantle	zone.
Part	of	GP	neurons	originates	in	the	MGE	while	part	originates	in	the	LGE	and	migrate	to	their	final
position	 tangentially	 to	 the	 radial	 glia	 violet	 arrow .	 ‘Corridor	 cells’	 originate	 in	 the	 LGE	 and
migrate	 tangentially	 to	 form	 a	 bridge	 between	 the	 MGE	 and	 GP	 yellow	 arrow .	 Cholinergic
neurons	originate	 in	 the	MGE	or	 in	 the	PoA	 preoptic	area 	and	 then	migrate	 tangentially	 to	 the
striatum	to	form	local	interneurons,	or	radially	to	form	projecting	neurons	located	caudal	to	the	GP
orange	arrow .	Pax6 	neurons	originate	in	the	pallial/subpallial	boundary	and	migrate	ventrally,
flanking	 striatum	 and	 GP	 black	 arrow .	 At	 the	 same	 time,	 striatal	 and	 cortical	 interneuron
originate	 in	 the	 MGE	 gray	 arrow .	 B 	 In	 this	 thesis,	 we	 investigated	 the	 interaction	 between
striatal	axon	 blue ,	GP	 violet 	and	corridor	cells	 yellow .	In	vitro,	GP	cells	expressed	attractant
cues	to	striatal	axons,	while	corridor	cells	express	repellent	cues.	In	vivo,	these	gradients	regulate
striatal	 axon	 guidance	 directing	 growth	 cone	 steering	 and	 GP	 entry.	 Miss‐localization	 of	 the
corridor	cells	into	the	GP	disrupts	this	process.	Pax6 	cells	 black 	are	located	next	to	the	GP	and
corridor	 cells	 and	 may	 regulate	 their	 positioning,	 however	 their	 exact	 functions	 and	 effect	 on
striatal	 axon	 guidance	 are	 currently	 unknown.	 C 	 Schematic	 and	 simplified	 representation	 of
striatal	 pathways	 development	 in	 wild	 type	 mice,	 Fzd3‐/‐	 and	 Celsr3‐/‐.	 Normally,	 the	 GP	 is	 a
permissive	area	to	MSN	axon	outgrowth.	In	Fzd3‐/‐	mice,	MSN	axon	stall	at	the	GP/striatum	border.
In	Celsr3‐/‐	mice,	MSN	axons	enter	the	GP,	but	form	axonal	loops.	Striatonigral	neurons	are	not	able
to	exit	the	GP.	Co:	corridor	cells;	GP:	globus	pallidus;	LGE:	lateral	ganglionic	eminence;	MGE:	medial
ganglionic	eminence;	PoA:	preoptic	area;	STR:	striatum	
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transgenic	 mice,	 depletion	 and	 profiling	 of	 specific	 cell	 types 	 to	 study	 the	
molecular	 mechanisms	 that	 regulate	 striatal	 axon	 outgrowth	 through	 complex	
decision	points.	In	particular,	the	role	of	many	other	cell	populations	present	along	
the	 striatonigral	 pathway	 endopeduncular	 nucleus,	 hypothalamus,	 sub‐thalamic	
nucleus 	needs	to	be	investigated.	

Axon‐axon	interaction	during	basal	ganglia	network	formation	

Axons	can	interact	with	other	axons	and	use	them	as	scaffolds	to	navigate	over	long	
distances	 or	 cross	 hostile	 anatomical	 boundaries.	 In	 Chapter	 3,	we	 demonstrated	
that	 striatal	 axons	 do	 not	 rely	 on	 the	 interaction	 with	 thalamocortical	 and	
dopaminergic	axons	to	enter	the	GP	or	reach	the	midbrain.	In	contrast,	two	studies	
suggest	 that	 striatal	 neurons	 could	 be	 used	 as	 axonal	 scaffold	 by	 other	 tracts,	 in	
particular	by	those	arising	from	the	dopaminergic	system.	First,	Gracia‐Pena	et	al,	
2014 	showed	that	dopaminergic	axons	use	GABAergic	axons	as	a	scaffold	to	reach	
the	telencephalon	and	enter	the	striatum.	The	adhesion	molecule	NCAM	and	axon	
guidance	receptor	Robo	mediate	the	fasciculation	between	these	two	axonal	types.	
However,	in	this	study	no	specific	marker	to	label	striatal	axons	was	used	 Varela‐
Echavarría,	2014 .	For	 this	reason,	additional	studies	using	specific	 reporter	mice	
or	MSN	markers	 are	 needed.	 Similarly,	work	 from	Schmidt	 et	 al.,	 2014 	 showed	
that	dopaminergic	axons	require	specific	guidance	instruction	form	thalamic	axons	
to	reach	and	 innervate	 their	correct	domain	 in	 the	habenula.	 Interestingly,	 lateral	
habenula	 axons,	 expressing	 the	 adhesion	 molecule	 LAMP,	 can	 induce	 the	
segregation	 of	 dopaminergic	 axons	 in	 a	 separate	 compartment	 of	 the	 growing	
axonal	tract	 Schmidt	et	al.,	2014 .	It	is	therefore	tempting	to	speculate	that	subsets	
of	 striatal	neurons	 through	 the	 expression	of	 specific	 guidance	 cues	or	 adhesion	
molecules 	 could	 direct	 the	 guidance	 and	 target	 innervation	 of	 the	 dopaminergic	
axons	 in	 different	 striatal	 compartments	 NAc	 core	 and	 shell	 or	 striosome	 and	
matrix	 neurons .	 For	 example,	 tracing	 studies	 suggest	 that	 striosome	 and	matrix	
striatal	neurons	receive	inputs	from	subsets	of	dopaminergic	neurons	 ventral	tier	
and	dorsal	tier	SNc	neurons,	respectively 	 Prensa	and	Parent,	2001 .		

MSN	axon	target	innervation	

The	striatum	is	a	large	structure	and	can	be	divided	in	several	sub‐domains	based	
on	 the	 type	 of	 information	 received	 from	 the	 cortex	 along	 the	medio‐later	 axes:	
limbic,	motor	or	cognitive	information	 Haber,	2016;	Hintiryan	et	al.,	2016 .	Striatal	
axons,	 then,	 transmit	 this	 information	 in	 a	 topographic	 and	 conserved	manner	 to	
the	 GP	 and	 SN	 Kaneda	 et	 al.,	 2002 .	 Similar	 to	 pathfinding	 of	MSN	 axons	 in	 the	
striatum	and	towards	posterior	targets	such	as	the	midbrain,	the	mechanisms	that	
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control	innervation	of	the	GP	and	SN	remain	largely	unexplored	 Lobo	et	al.,	2008;	
Smith	et	al.,	2016 .	Because	Wnts/Frizzled	are	 involved	 in	the	regulation	of	many	
aspects	 of	 brain	 wiring,	 it	 would	 be	 interesting	 the	 analyze	 their	 role	 in	 the	
regulation	 of	 striatonigral	 axon	 target	 entry	 and	 synaptogenesis	 in	 the	midbrain	
Dickins	 and	 Salinas,	 2013;	Galli	 et	 al.,	 2014 .	 Previous	work	 showed	 that	Wnt5a	
and	Wnt7b	are	expressed	in	opposite	gradients	in	the	developing	midbrain	and	that	
they	 have	 opposite	 effects	 on	 dopaminergic	 axons	 repulsive	 versus	 attractive 	
Fenstermaker	et	al.,	2010 .	Furthermore,	in	C.	elegans	Wnt	gradients	regulated	the	
topographic	innervation	of	cholinergic	motor	neurons	 Cherra	and	Jin,	2015 .	Thus,	
Wnt/Frizzled	 signaling	 could	 regulate	 the	 topographic	 striatonigral	 axonal	
innervation	 of	 the	 SN.	 In	 future	 studies,	 characterization	 of	 recently	 generated	
conditional	 mouse	 models	 will	 help	 to	 unveil	 if	 Wnts	 and	 Fzd3	 control	 the	
innervation	of	the	SN	by	MSN	axons.		

Striatal	neuron	profiling	

Striatonigral	 and	 striatopallidal	 MSNs	 are	 mosaically	 distributed	 within	 the	
striatum	 and	 are	 morphologically	 indistinguishable.	 This	 anatomical	 feature	 has	
limited	 our	 ability	 of	 investigating	 the	 development	 and	 heterogeneity	 of	 these	
neurons.	 As	 a	 result,	 the	 axon	 guidance	mechanisms	 underlying	 striatal	 pathway	
formation	remain	incompletely	characterized.	To	further	dissect	these	mechanisms,	
we	 isolated	striatonigral	and	striatopallidal	MSNs	by	FACS	 from	Chrm4‐EGFP	and	
Drd2‐EGFP	BAC	transgenic	mice	and	performed	microarray	expression	profiling	at	
different	developmental	stages	 E15.5,	E17.5	ad	P6 .	To	our	knowledge,	this	is	the	
first	 study	 describing	 genes	 differentially	 expressed	 between	 striatonigral	 and	
striatopallidal	 neurons	 in	 vivo	 during	 embryogenesis	 and	 early	 postnatal	
development.	The	 timepoints	 that	were	chosen	reflect	 the	period	of	axon	growth,	
guidance,	 branching	 and	 synaptogenesis.	 This	 led	 to	 the	 identification	 and	
independent	 validation	 of	 the	 expression	 of	 several	 new	 candidate	 genes	
potentially	 involved	 in	MSN	axon	biology.	These	genes	code	 for	 ligands,	receptors	
or	 transcription	 factors.	 Several	 approaches	 are	 now	 needed	 to	 explore	 their	
function s 	during	striatal	pathway	development.	Next	to	knock‐out	mice	analysis	
if	 available 	 the	 design	 of	 an	 in	 vitro	 screening	 method	 could	 direct	 our	
understanding	 of	 the	 specific	 functions	 of	 these	 genes	 and	 narrow	 down	 the	
number	of	candidate	genes	which	function	could	be	then	explored	in	vivo.		

The	use	of	BAC	transgenic	mice	has	moved	forward	the	research	in	the	striatal	
field.	 However,	 the	 use	 of	 reporter	 transgenic	mice	 to	 isolate	 and	 profile	 striatal	
neurons	 during	 axon	 guidance	 has	 many	 limitations.	 It	 is	 preferable	 to	 isolate	
striatonigral	and	striatopallidal	neurons	from	the	same	mouse	tissue	while	labeling	
the	 two	 neuronal	 types	 with	 different	 fluorescence	 proteins.	 This	 would	 limit	
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variability	due	 to	 the	dissection	process,	 the	possible	 temporal	 different	between	
the	embryos	collected	from	different	mouse	litters	and	improve	the	selection	of	the	
right	neuronal	population	during	FACS.		

Another	level	of	complexity	is	added	by	the	fact	that	striatal	neurogenesis	is	a	
long	process,	divided	in	two	main	parts:	patch	neurons	develop	first,	while	matrix	
neurons	develop	 later	 during	development	 Passante	 et	 al.,	 2008 .	 It	 is	 unknown	
whether	the	molecular	mechanisms	regulating	patch	or	matrix	MSN	axon	guidance	
are	 the	 same.	 Thus,	we	 cannot	 anticipate	 how	 the	 analysis	 of	 younger	 and	 older	
neurons	 at	 the	 same	 time	 could	 influence	 the	 levels	 of	 gene	 expression.	
Furthermore,	 axon	 guidance	 is	 an	 active	 process	 and	 the	 transcriptomes	 of	 cells	
change	in	time,	for	example	after	axons	contact	guidepost	cells.	For	this	reason,	the	
use	of	new	techniques	to	profile	striatonigral	and	striatopallidal	neurons	at	single	
cell	levels	will	provide	better	insights	into	the	genes	essential	for	striatal	pathway	
development	at	different	stages	 Poulin	et	al.,	2016 .		

Final	words	

In	 this	 thesis,	 we	 provide	 new	 insights	 into	 the	 complex	 mechanisms	 regulating	
striatal	axon	guidance.	Our	work	shows	the	important	role	of	Wnts	and	Fzd3	in	the	
cell‐autonomous	 regulation	 of	 striatal	 circuit	 assembly	 and	 in	 the	 positioning	 of	
permissive	 or	 non‐permissive	 areas	 in	 the	 ventral	 telencephalon.	 Profiling	 of	
striatonigral	 and	 striatopallidal	 neurons	 revealed	 new	 candidate	 genes	 possibly	
involved	 the	 regulation	 of	 axon	 guidance.	 Moreover,	 our	 work	 underlines	 the	
necessity	 of	 using	 complex	 neuronal	 models	 to	 understand	 the	 cross‐talk	 and	
interaction	between	guidance	cues	and	their	receptors.			

Furthermore,	our	data	furnish	important	bases	to	understand	the	alteration	in	
striatonigral	 and	 striatopallidal	 pathways	 in	 neurological	 and	 neurodegenerative	
diseases.	 In	particular,	 the	establishment	of	cell	 replacement	 therapies	represents	
the	 current	 approach	 to	 study	 and	 treat	 Huntington’s	 disease.	 Several	 studies	
showed	 that	 striatal	 neurons	 generated	 in	 vitro	 can	 be	 transplanted	 in	 animal	
models	 and	 can	 integrate	 into	 the	 host	 basal	 ganglia,	 extending	 their	 axons	 and	
innervate	the	GP	or	SN.	The	mechanisms	regulating	this	process	are	unknown.	Our	
data	 could	 help	 to	 improve	 current	 approaches	 in	 the	 field	 of	 regenerative	
medicine,	for	example	improving	the	efficiency	of	protocols	used	to	generate	MSN	
in	vitro	from	human	stem	cells.		
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Abbreviations	

	

ADHD	 Attention	deficit	hyperactive	disorder	 Foxo1	 Forkhead	box	protein	O1	

Adam23	 ADAM	Metallopeptidase	Domain	23	 Foxp1	 Forkhead	box	protein	p1	

Adora2	 Adenosine	A2	receptor	2	 Fzds	 Frizzleds	

AP	 Anterior–posterior	 G9a	 Euchromatic	histone‐lysine	N‐	methyltransferase	2	

APC	 Adenomatous	polyposis	coli	 GABA	 Gamma‐amino	butyric	acid	

Arx	 Aristaless‐related	homeobox		 Gbx2	 Gastrulation	Brain	Homeobox	2	

BAC	 Bacterial	artificial	chromosome	 GMP	 guanosine	monophosphate	

BG	 Basal	Ganglia	 GO‐BP	 Gene	Ontology,	Biological	Process	

Ca2 		 Calcium	 GO‐CC	 Gene	Ontology,	cellular	component	

CaMKII	 Ca2 /Calmodulin‐dependent	kinase	II	 GPe	 Globus	pallidus,	external	part	

CAMs	 cell‐adhesion	molecules	 GPi	 Globus	pallidus,	internal	part	

CAS	 Crk‐Associated	Substrate	 Gsh1/2	 GS	Homeobox	1/2	

Cdc14a	 Cell	Division	Cycle	14A	 GSK‐3beta	 Serine/threonine	kinase	glycogen	synthase	kinase	3‐B	

Cdc42	 Cell	division	control	protein	42	homolog	 Gucy1a3	 Guanylate	Cyclase	1	Soluble	Subunit	Alpha	

Celsr	 Cadherin	EGF	LAG	seven‐pass	G‐type	receptor	 Gucy1b3	 Guanylate	Cyclase	1	Soluble	Subunit	Beta	

Chrm4	 Muscarinic	receptor	muscarinic	4	 Kitl,	 kit	ligand	

CNS	 Central	nervous	system	 Helios	 IKAROS	Family	Zinc	Finger	2	

Co	 Corridor	cells	 Htt	 Huntingtin	

Cobl	 Cordon‐bleu	protein	 ic	 internal	capsule	

Cre	 Cre	Recombinase		 Id4	 Inhibitor	Of	DNA	Binding	4	

Ctip2	 COUP‐TF‐interacting	protein	2	 Ikaros	 IKAROS	family	zinc	finger	1	

Ctx	 Cortex	 Islet1	 ISL	LIM	homeobox	1	

Cxcr4/7	 C‐X‐C	chemokine	receptor	type	4/7	 Iwp‐2	 Wnt	palmitoyltransferase	inhibitor	

Cyp26b1/2	 Cytochrome	P450	26B1/2	 Iwr‐1	 inhibitors	of	Wnt	response	1	

DARPP32	 Dopamine‐	and	cAMP‐regulated	 JNK	 c‐Jun	N‐terminal	kinases	

DCC	 Deleted	in	colorectal	cancer	 L1	 L1	cell	adhesion	molecule	

DIV	 Days	in	vitro	 LAMP	 Lysosomal‐associated	membrane	protein	1	

Dlx5/6	 Distal‐Less	Homeobox	5/6	 LEF	 Lymphoid	enhancing	factor	

Drd1/2	 Dopamine	receptor	d1/2	 LGE	 Lateral	ganglionic	eminence	

DTA	 Diphtheria	toxin	A	 Lhx8	 LIM	Homeobox	8	

DV	 Dorso‐Ventral	 Lmo4	 LIM	Domain	Only	4	

Dvl	 Dishevelled		 LRP5/6	 Low‐density	lipoprotein	receptor	related	protein	5/6	

Dyn	 Dynorphin	 Mash	 Achaete‐scute	complex	homolog‐1	

E	 Embryonic	day	 mdDA	 Midbrain	dopamine	neurons	

Ebf1	 Early	B‐cell	factor	1	 MGE	 Medial	ganglionic	eminence	

ECM	 Extracellular	environment	 MSNs	 Medium	spiny	neurons	

EDTA	 Ethylenediaminetetraacetic	acid	 MZ	 mantle	zone	

EGFP	 Enhanced	Green	Fluorescent	Protein	 NAc	 The	nucleus	accumbens	

Emx1	 Empty	Spiracles	Homeobox	1	 N‐CAM	 Neural	cell	adhesion	molecule	

ERT2	 Estrogen	receptor	Tamoxifen‐inducible	 Nedd9	 Neural	precursor	cell	expressed	developmentally	down‐	

EYFP	 Enhanced	Yellow	Fluorescent	Protein		 	 regulated	protein	9	

FACS	 Fluorescence‐activated	cell	sorting	 NFAT	 Calcineurin	and	the	Nuclear	factor	of	activated	T‐cells	
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Nkx2.1	 	 Slc35d3	 Solute	Carrier	Family	35	Member	D3	

Notch1/3	 Notch	Homolog	1/3	 Slc6a15	 Solute	Carrier	Family	6	Member	15,	

Nr41	 Nuclear	receptor	41	 Slc10a4	 Solute	Carrier	Family	10	Member	4	

Olfr1360	 Olfactory	receptor	1360	 Smo	 Smoothened	

P	 Postnatal	day	 SN	 Substantia	nigra	

P2ry1	 Purinergic	Receptor	P2Y1	 SNc	 Substantia	nigra	pars	compacta	

Pax6	 Paired	box	6	 SNr	 Substantia	nigra	pars	reticulata	

PBS	 Phosphate‐buffered	saline	 Sox8	 Sex	Determining	Region	Y‐Box	8	

Pchd8	 Protocadherin	8	 Sp9	 Sp9	Transcription	Factor	

PCP	 Planar	Cell	Polarity	 Spt	 Septum	

P/D	 Proximal/distal	 STN	 Subtalamic	nucleus	

PFA	 Pparaformaldehyde	 STR	 Striatum	

Pitx3	 Paired	Like	Homeodomain	3	 SubP	 Substance	P	

PLC	 Phospholipase	C	 Sulf2	 Sulfatase	2	

PoA	 Preoptic	area	 SVZ	 Subventricular	zone	

Ptc	 Patched	 TCF	 T	cell	factor	

Qk	 Quaking	 TH	 Tyrosine	hydroxylase	

Rarβ	 Retinoic	acid	receptor	beta	 Thal	 Thalamus	

Rgs2	 Regulator	of	G‐protein	signaling	2	 Tuj1	 Neuron‐specific	class	III	beta‐tubulin	

Robo	 Roundabouts	 UNC5	 Unc‐5	Netrin	Receptor	C	

RORs	 The	retinoic	acid‐related	orphan	receptor		 Upb1	 Beta‐Ureidopropionase	1	

	 family	cell	surface	tyrosine	kinase	receptors	 Utrn	 Utrophin	

RT	 room	temperature	 Vangl	 Van	Gogh‐like	

Ryk	 receptor	Tyr	kinase	 VZ	 Ventricular	zone	

Sema	 Semaphorin	 Wnts	 Wingless	

Sfrps	 secreted	frizzled‐related	proteins	 Zfp521	 Zinc	finger	protein	521	

Shh	 Sonic	hedgehog	 Zswim6	 Zinc	Finger	SWIM‐Type	Containing	6	

Skap2	 Src	Kinase	Associated	Phosphoprotein	2	 	 	
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Een	belangrijk	kenmerk	van	het	zenuwstelsel	is	de	mogelijkheid	van	neuronen	om	
over	lange	afstanden,	geïntegreerd	te	communiceren	met	een	complex	netwerk	van	
andere	neuronen.	Op	dit	moment	weten	we	dat	het	menselijke	brein	meer	dan	109	
verbindingen	bevat	 die	 tijdens	de	 embryonale	 ontwikkeling	worden	 aangelegd	 in	
een	proces	dat	 axon	 sturing	wordt	 genoemd.	Het	 striatum	 is	 een	 van	de	 grootste	
kernen	in	de	hersenen	en	is	betrokken	bij	de	regulering	van	vrijwillige	bewegingen	
en	doelgericht	gedrag.	

In	dit	proefschrift	onderzochten	we	de	rol	van	een	bepaalde	klasse	moleculen,	
genaamd	 Wnts	 /	 Frizzleds,	 in	 het	 reguleren	 van	 verschillende	 moleculaire	 en	
cellulaire	 aspecten	 van	 striatale	 axon	 sturing.	 Daarnaast	 hebben	 we,	 tijdens	 de	
ontwikkeling	van	neuronale	connecties	in	het	striatum,	genen	die	differentieel	in	de	
twee	 neuronale	 subtypes	 van	 het	 striatum	 tot	 expressie	 komen,	 geanalyseerd.	
Hierbij	 hebben	 we	 verschillende	 kandidaatgenen	 geïdentificeerd	 die	 mogelijk	
betrokken	zijn	bij	de	sturing	van	axonen	van	het	striatum.	

Axon	 sturing	 is	 een	 complex	 proces	 dat	 wordt	 reguleerd	 door	 precieze,	
spatieel	en	temporeel	gecontroleerde	expressie	van	een	groot	aantal	moleculen.	Om	
de	 juiste	 doelen	 in	 het	 ontwikkelende	 brein	 te	 bereiken,	 moeten	 axonen	
interacteren	met	verschillende	heterogene	micro‐omgevingen	die	zich	op	hun	pad	
bevinden.	 Dit	 proefschrift	 streeft	 naar	 het	 begrijpen	 van	 de	 moleculaire	 en	
cellulaire	 mechanismen	 die	 betrokken	 zijn	 bij	 de	 vorming	 van	 striatonigrale	
directe 	 en	 striatopallidale	 indirecte 	 neuronale	 banen.	 Deze	 routes	 hebben	
verschillende	 projectiepatronen	 en	 hebben	 tegengestelde	 functies	 bij	 de	 controle	
van	 beweging	 en	 beloning.	 Storingen	 in	 deze	 banen	 zijn	 betrokken	 bij	 de	
pathogenese	 van	 verschillende	 neuropsychiatrische	 en	 neurologische	
aandoeningen	 bijvoorbeeld	 Huntington's	 en	 Parkinson's	 ziekte,	 Tourette	
syndroom,	verslaving .	Ondanks	hun	belangrijke	rol	en	implicaties	bij	deze	ziekten,	
is	 weinig	 bekend	 over	 de	 mechanismen	 die	 de	 aanleg	 van	 de	 striatonigrale	 en	
striatopallidale	banen	regelen.	

In	 dit	 proefschrift	 ontdekten	 we	 nieuwe	 moleculaire	 en	 cellulaire	
mechanismen	die	striatale	axon	sturing	regelen.	Ten	eerste	beschrijven	we	een	 in	
vitro	 systeem	 dat	 gebruikt	 kan	 worden	 om	 de	 axon	 ontwikkeling	 van	 ‘medium	
spiny	neurons’	 MSN 	te	manipuleren	en	te	bestuderen	 hoofdstuk	2 .	Vervolgens,	
door	gebruik	te	maken	van	een	genetische	aanpak	in	muizen,	waren	we	in	staat	om	
de	 ontogenie	 van	 striatonigrale	 en	 striatopallidale	 cellen	 tijdens	 de	 embryonale	
ontwikkeling	 te	visualiseren	en	 te	beschrijven.	Ook	hebben	we	nieuwe	 rollen	van	
Fzd3	ontdekt	bij	 de	ontwikkeling	 van	 striatale	banen	 en	de	ontwikkeling	 van	het	
ventrale	 telencephalon.	Onze	experimenten	hebben	aangetoond	dat	 striatale	axon	
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sturing	 actief	 geregeld	 wordt	 door	 twee	 verschillende	 cel	 populaties:	 Globus	
Pallidus	 GP 	en	‘corridor’	cellen	 hoofdstuk	3 .	Bovendien,	door	gebruik	te	maken	
van	 recombinante	 eiwitten	 en	 farmacologische	 remmers	 van	 de	 Wnt	 pathway,	
hebben	we	effecten	van	Wnts	op	de	primaire	MSN	axongroei,	sturing	en	fasciculatie	
ontdekt.	 Vervolgens	 hebben	 we	 mogelijk	 verschillende	 rollen	 gevonden	 voor	 de	
verscheidene	 Wnt	 pathways	 bij	 de	 vorming	 van	 striatale	 neuronale	 banen	
Hoofdstuk	 4 .	 Tenslotte	 hebben	 we	 expressieprofielen	 geanalyzeerd	 en	 daarbij	
honderden	 nieuwe	 genen	 geïdentificeerd	 die	 differentieel	 tot	 expressie	 komen	
tijdens	 embryogenese	 in	 de	 twee	 striatale	 neuronale	 subtypes.	 Deze	 genen	 zijn	
potentiële	 kandidaten	 bij	 de	 regulatie	 van	 striatale	 axon	 sturing	 en	 MSN‐
differentiatie	 hoofdstuk	5 .	
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As you set out for Ithaka 

hope the voyage is a long one, 

full of adventure, full of discovery. 

Laistrygonians and Cyclops, 

angry Poseidon—don’t be afraid of them: 

you’ll never find things like that on your way 

as long as you keep your thoughts raised high, 

as long as a rare excitement 

stirs your spirit and your body. 

Laistrygonians and Cyclops, 

wild Poseidon—you won’t encounter them 

unless you bring them along inside your soul, 

unless your soul sets them up in front of you. 

  

Hope the voyage is a long one. 

May there be many a summer morning when, 

with what pleasure, what joy, 

you come into harbors seen for the first time; 

may you stop at Phoenician trading stations 

to buy fine things, 

mother of pearl and coral, amber and ebony, 

sensual perfume of every kind— 

as many sensual perfumes as you can; 

and may you visit many Egyptian cities 

to gather stores of knowledge from their scholars. 

  

Keep Ithaka always in your mind. 

Arriving there is what you are destined for. 

But do not hurry the journey at all. 

Better if it lasts for years, 

so you are old by the time you reach the island, 

wealthy with all you have gained on the way, 

not expecting Ithaka to make you rich. 

  

Ithaka gave you the marvelous journey. 

Without her you would not have set out. 

She has nothing left to give you now. 

  

And if you find her poor, Ithaka won’t have fooled you. 

Wise as you will have become, so full of experience, 

you will have understood by then what these Ithakas mean. 
 

 
C.P. Cavafy, Collected Poems. Translated by Edmund Keeley and Philip Sherrard. 

Edited by George Savidis. Revised Edition. Princeton University Press, 1992 
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