
Early events of neural development
Goals:
1) to discuss the origins of cells in the nervous system
2) to discuss how neural stem cells generate diverse cell types in the nervous system

The next four lectures will cover:
Induction (Jan 22)...emergence of the nervous system
Regionalization (Jan 24)...acquisition of positional information of neural cells
Discussion of a journal article (Jan 26)

Neuronal fate specification (Jan 29)
Cell division and cell lineage (Jan 31)
Discussion of a journal article (Feb 2)

We will deal with glia later in the course!
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Puelles (2013)

since the neural primordium elongates massively, while
the notochord hardly elongates at all, which soon causes
their physical separation. The cephalic, pontine, and cervi-
cal flexuresof theneural tube formasa result (Figure10.3).

Sanchez-Arrones et al. (2009) observed that various
genes expressed primarily across the neural plate midline
in the chick suddenly become downregulated precisely
along the portion of the midline that ends rostrally in
the prospectivemamillary floor. The floor plate, like other
longitudinal zones, thus seems to start emerging as a mo-
lecularly distinct domain at neural plate stages.

These diverse lines of evidence accordingly support
the conclusion that the prospective floor plate, one of the
fundamental DV landmarks, ends rostrally at themolecu-
larly distinct midline that separates the mamillary bodies
(the latter are currently assigned to the basal plate; see
Figures 10.1–10.3). The floor plate is primarily coextensive
with its inducer, the notochord, a relationship known as
being ‘epichordal.’ This viewpoint, recently incorporated
into the prosomeric model (Puelles et al., 2012a), impor-
tantly implies that the entire forebrain including the
hypothalamus and the telencephalon is fundamentally

epichordal. This hadnot been recognizedorpostulatedpre-
viously. Note that the entire primordial brain vesicle is
likewise epichordal in amphioxus. This affects how the
morphologic organization of the hypothalamus is pres-
ently conceived. (Puelles et al., 2011a,b; see below).

As was pointed out by Kingsbury (1922), Johnston
(1923), Ariens Kappers (1947), and Kuhlenbeck (1973),
if the floor plate does not occupy all the midline of the
neural plate, the remaining portion must be occupied
by the basal and alar plates meeting front to front correl-
atively with the bilateral structure of primary longitudi-
nal neural clones described above. Various longitudinal
gene patterns have been found that support this idea
since they are continuous from left to right across the ter-
minal wall, both at neural plate stages and in the neural
tube (Puelles, 1995, 2001; Shimamura et al., 1995). This
portion of themidline is thus best understood as a singu-
lar transversal landmark at the terminal midline, extend-
ing topologically from ventral (floor) to dorsal (roof). Its
diverse prospective subregions within the hypothala-
mus therefore can be interpreted conveniently, even if
paradoxically, as being all equally rostralmost, akin to
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FIGURE 10.3 Model of further subdivisions (including neuromeric ones) in the neural tube. Roof and floor plate areas are in gray (AC, anterior
commissure), and choroidal roof tissue in black. The colored areas are the samemarked in Figure 10.2, adding the pontine hindbrain region in blue,
that separates the prepontine hindbrain (isth, r1, r2) from the pontomedullary hindbrain (r5, r6), leaving caudally themedullary hindbrain (r7–r11).
Dotted lines indicate shared alar DV subdivisions within the forebrain–midbrain tagma as well as main basal DV subdivisions in the hypothal-
amus. The alar midbrain region has been reproduced as an inset to show its major subregions.

192 10. PLAN OF THE DEVELOPING VERTEBRATE NERVOUS SYSTEM

I. INDUCTION AND PATTERNING OF THE CNS AND PNS

How does the neural tissue acquire more 
precise positional identity?

Specialized “patterning centers” are 
formed within the neural tissue and 
secrete signaling molecules that further 
separate the brain into distinct regions or 
segments.

Nieuwenhuys Organization of brainstem

whereas the remaining two columns could be traced into the fore-
brain. By intersection of the transverse bands and the longitudinal
zones a chequered network develops, made up of squares with a
high proliferative activity (Figure 8A). As far as the longitudinal
columnar organization of the brainstem is concerned, the scheme
of Bergquist and Källén closely resembles the pattern revealed by
our topological analyses. It should be noted, however, that in the
parcellation of Bergquist and Kállën, the boundaries between the
various columns are not marked by ventricular sulci, but rather by
“incisures” in the mantle layer. Topological analyses of the brain-
stems of embryonic and larval vertebrate species are required to
determine the precise relationships between the results of the two
approaches.

Bergquist and Källén (1954) designated the squares with high
proliferative activity as migration areas. They noted that these
areas show a remarkable consistency in both number and pat-
tern throughout the vertebrate kingdom. On that account, they
considered the migration areas to be fundamental morphological
units, providing a sound basis for the homologization of neural

grisea. These units represent three-dimensional radial complexes,
stretching from the ventricular to the meningeal surface, within
the confines of which the principal histogenetic events, i.e., pro-
liferation, migration, and differentiation, essentially take place
(Figure 8B). It is important to note that the boundaries of the
units, as well as the migration of neuroblasts within them, strictly
adhere to the vectors of the natural system of coordinates, dis-
cussed in Section “Topological Analysis of the Brainstem” of the
present paper. During the last decades, the remarkable results of
the pioneering studies of Bergquist and Källén have been con-
firmed and extended by numerous publications, as may appear
from the following synopsis.

1. Segmental organization of early developing cells and cell groups. It
has been observed that in the brainstem of teleosts, early devel-
oping primary motoneurons, as well as reticulospinal neurons
show a distinct segmental distribution (Metcalfe et al., 1986;
Hanneman et al., 1988; Bass et al., 2008). A segment-related pat-
tern of organization has also been observed in the embryonic

FIGURE 8 | Fundamental morphological units in the vertebrate brain.
(A) Diagrammatic median section through a vertebrate embryo, showing that
the boundaries of transverse bands (1, 2 etc.) and longitudinal zones of high
mitotic rate (D, DL, VL, V), divide the wall of the developing brain into
fundamental morphological units. These units represent three-dimensional
radial complexes, stretching from the ventricular surface to the meningeal
surface. Modified from Bergquist and Källén (1954). (B) Ontogeny of a
fundamental morphological unit. The principal histogenetic events, i.e.,
proliferation, migration, and differentiation essentially take place within the
confines of these units. The migration of neuroblasts is radially directed (red

arrows). During later development, tangentially migrating neuroblasts,
originating from other sources, may invade a given unit (blue arrow).
(C) Schema of the brain of a mammalian embryo. The longitudinal and
transverse delineations are primarily based on the expression patterns of a
number of developmental regulatory genes. Based on
Puelles et al. (2007). (D) Diagrammatic median section through the rostral
part of the brain of a chick embryo. Distinct groups of early differentiating
neuroblasts manifest themselves in the basal plate sections of the midbrain
segment (m), and of the five prosomeres (p1–p5). Modified from
Puelles et al. (1987).

Frontiers in Neuroanatomy www.frontiersin.org June 2011 | Volume 5 | Article 33 | 11
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Neurons generally migrate radially (perpendicular to the surface of the ventricle), 
thus preserving the positional relationship between stem/progenitor cells and 
postmitotic neurons.

As a result, regional/segmental organization of early nervous system dictates the 
regional/segmental organization of the adult nervous system.

At the cellular level, positional information of individual neural stem/progenitor 
cells controls the types of neurons and glia they produce. 
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Activation-transformation results in coarse 
rotro-caudal patterning of the brain

Puelles 2015

Garda et al., 2001

ro
st

ra
l

ca
ud

al

Otx2

Gbx2

-Initially, almost the entire brain is dominated by expression of the transcription factor Otx2. 

-”Transformation” results in expansion of the expression domain of Gbx2, a transcription factor expressed 
in the caudal brain. 

-Expression of Otx2 and Gbx2 overlaps, which results in the formation of the border between the midbrain 
and the hindbrain.
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Interface between the Otx2- and Gbx2-expression 
domains becomes the rostral end of the hindbrain

!"#$ %& '&( %$)$*&+ (,"- .$/"&' 012--2.!2' $( 2*34 566783
9&(, /$'$-4!"#$ 2'%%&#$4 ,2)$ &++&-"($ .&*$- "' ,"'%:.2"'
2'% !"%:.2"' %$)$*&+!$'( .$-+$#(")$*;4 :<( #&!+*$!$'(2.;
2#(")"(; "' (,$ *&#2*"=2("&' &> (,$ "-(,!"# &./2'"=$. 2'%4
(,$.$>&.$4 "' (,$ +&-"("&'"'/ &> '()* $?+.$--"&' 0@##2!+&.2
$( 2*34 5667A 9.&##&*" $( 2*34 5666A B"%2*/&CD2'#,$= $( 2*34
5666A E"**$( $( 2*34 5666A D,2!"' 2'% E2-&'4 566FA G2(2C
,".2 $( 2*34 HIII83

J,$ .&*$ &> '()* "' (,$ %$)$*&+!$'( &> (,$ &./2'"=$. 2(
(,$ "-(,!"# .$/"&' ,2- '&K :$#&!$ #*$2.$. %<$ (& -$)$.2*
$?+$."!$'(2* %2(2 &:(2"'$% >.&! (,$ -(<%; &> '()* !<(2'(
!&<-$ 0E$;$.- $( 2*34 566F84 #,"#L $?+$."!$'(2* $!:.;&*C
&/; 0M.&--*$; $( 2*34 566NA E2.(OP'$= $( 2*34 5666A D,2!"' $(
2*34 5666A Q.)"'/ 2'% E2-&'4 HIII8 2'% =$:.2R-, !<(2'(-
09.2'% $( 2*34 566NA S$">$.- $( 2*34 566F83 Q( "- 2##$+($% (,2(
(,$ #2<%2* *"!"( &>%&#$ $?+.$--"&' "- 2 ><'%2!$'(2* $*$!$'(
"' '()* "'%<#("&' 2'% Q-T *&#2*"=2("&'4 :<( (,$ .&*$ &> !"#$
"' (,"- +.&#$-- 2'% "(- +&--":*$ $2.*; "'($.2#("&' K"(, %&#$
,2- 2#,"$)$% #&'(.&)$.-"2* .$-<*(- -& >2. 012--2.!2' $( 2*34
5667A B"%2*/&CD2'#,$= $( 2*34 5666A E2.(OP'$= $( 2*34 5666A
U<" $( 2*34 566683 1$ #2' #&'#*<%$ (,2( 2>($. (,$ .$+&.($%
K&.L-4 (,$ $-+2("&C($!+&.2* +2(($.' &> !&*$#<*2. "'($.2#C
("&'- (,2( *&#2*"=$ (,$ %&#$+!"#$ :&<'%2.; 2'% "'%<#$
'()* "' (,$ Q-T 2( $2.*; -(2/$- &> %$)$*&+!$'( "- -("** +&&.*;
<'%$.-(&&%3 J,$ +&--":"*"(; &> #&C*&#2*"=2("&' &> !"#$ 2'%
%&#$ "' '$<.&$+"(,$*"2* #$**-4 :$>&.$ (,$ !<(<2* $?#*<-"&'
2'% :&<'%2.; >&.!2("&'4 -<//$-($% "' (,$ -(<%; &> B"%2*/&C
D2'#,$= $( 2*3 0566684 ,2- '&( :$$' -+$#"R#2**; 2--$--$% "'
+.$)"&<- -(<%"$-3

Q' (,$ +.$-$'( K&.L K$ ,2)$ 2'2*;=$% (,$ ,$($.&#,.&'"#
2'% ,$($.&(&+"# "'%<#("&' &> 2' "-(,!"# &./2'"=$. :; V/>FC
:$2% "'-$.("&'3 J,"- +.&#$%<.$ 2++$2.- 2- 2' "'($.$-("'/
$?+$."!$'(2* !&%$* (& $?+*&.$ (,$ "'($.2#("&' :$(K$$'
%&#$4 !"#$ 2'% '()*4 "' &.%$. (& $-(2:*"-, (,$ .$/<*2(")$
!&*$#<*2. +2(($.' >&. (,$ "'"("2* $)$'(- "' (,$ Q-T %$)$*&+C
!$'(3

!" #$%&'(%

$,-, !"#$ ./0 %&#$ 1#2314456/4 5/ 785794

M,"#L $!:.;&- K$.$ R?$% >&. W"' (&(&X %&<:*$ "' -"(<
,;:."%"=2("&'4 :; <-"'/ 2 .$% -<:-(.2($ (& %$($#( %&#$ (.2'C
-#."+(- 2'% 2 :*<$ -<:-(.2($ (& %$($#( !"#$ (.2'-#."+(- "' (,$
%$)$*&+"'/ '$<.2* (<:$ 0V"/-3 5 2'% H83 J$' $!:.;&- K$.$
+.&#$--$% >&. $2#, -(2/$ &> B2!:<./$. 2'% B2!"*(&' 056Y58
0%$-"/'$% :; BB8 :$(K$$' -(2/$- BB7 2'% BBHZ3 1$ ,2)$
&:-$.)$% 2( -(2/$- BB7CF (,$ '&.!2* $?+.$--"&' +2(($.' &>
%&#$ 2'% !"#$ "' .&-(.2* 2'% #2<%2* %&!2"'-4 .$-+$#(")$*;4
&> (,$ #$+,2*"# '$<.2* +*2($ 0V"/3 5283 J,$-$ %&!2"'-4 "'"("C
2**; 2.$ -$+2.2($% :; 2 '$/2(")$ '$<.&$+"(,$*"2* /2+4
2++.&2#, $2#, &(,$. <'("* #&'(2#( 2'%4 2( -(2/$ BB64 -,&K
2' &)$.*2++"'/ $?+.$--"&' "' (,$ !"%C,"'%:.2"' '$<.&$C
+"(,$*"<! 0V"/3 5:83 1$ ,2)$ >&**&K$% ,&K (,$ %$#.$2-"'/
/.2%"$'(- &> :&(, /$'$- +.&/.$--")$*; 2%)2'#$ "'(& (,$ '$/2C

(")$ 2.$24 K,$.$ (,$ (K& /$'$- 2.$ (,$' <+C.$/<*2($%3 J,<-4
%&#$ 2'% !"#$ $?+.$--"&' +.&/.$-- (& R** (,$ '$/2(")$
%&!2"' 2'%4 (,$'4 "')2%$ (,$ '$<.&$+"(,$*"<! K,$.$ $2#,
/$'$ "- K$2L*; $?+.$--$% (& /$'$.2($ (,$ #&C$?+.$--"&' 2.$23
J,$ '$<.&$+"(,$*"2* #&C$?+.$--"&' &> %&#$ 2'% !"#$ "-
&:-$.)$% "' (,"- (.2'-)$.-2* :2'%4 K,"#, #&..$-+&'% (& (,$
-(.&'/$-( "!!<'&%$($#("&' &> ['H +.&($"' 0V"/3 5%84 2'% (&
(,$ .$/"&' K,$.$ "(-,!"# '()* (.2'-#."+(- 2.$ R.-( %$($#($%
0V"/3 5#4%83 J,"- #&C$?+.$--"&' %"-2++$2.- 2( BB5Z\5Y 2'%
:&(, %&#$ 2'% !"#$ %&!2"'- :$#&!$ !<(<2**; $?#*<%$%
2'% #&!+*$!$'(2.; 0V"/3 H/83 %&#$ $?+.$--"&' +.&/.$-C
-")$*; %$#.$2-$- "' !"#$ $?+.$--"'/ #$**- >.&! -(2/$-
BB6 (& BB5Z\5Y3 Q' '()* $?+.$--"'/ #$**-4 "' K,"#, %&#$
,2% +.$)"&<-*; :$$' %&K'C.$/<*2($%4 !"#$ "'#.$2-$-3
]<."'/ (,"- +.&#$-- (,$ #2<%2* *"!"( &>%&#$ :$#&!$- #*$2.*;
%$R'$% 2'% (,$ *&#2*"=2("&' &> Q-T "- -+$#"R$% 2( (,"- *$)$*3

$,$, :7&6257 5/0;7&56/ 6) !"#$ 5/ ./ %&#$ 1#231445/(
06<.5/ 5/ 78579 1<"3=64

J& :$(($. $?+*&.$ (,$ +&--":*$ "'($.2#("&'- :$(K$$' !"#$4
%&#$ 2'% '()* /$'$("# +.&%<#(-4 K$ ,2)$ <-$% (,$ !&%$* &>
(,$ $?+$."!$'(2* "'%<#("&' &> 2' Q-T 2>($. V/>FC:$2%- "'-$.C
("&'4 "' 2 .&-(.2* $#(&+"# *&#2*"=2("&'3 V.&! &<. +.$)"&<-
K&.L-4 K$ L'&K (,2( HZ , 2>($. (,$ $?+$."!$'(2* !2'"+<*2C
("&'4 V/>FC:$2%- "'%<#$% '()* $?+.$--"&' K,$' "'-$.($% "'
2' %&#$ $?+.$--"&' %&!2"' 0M.&--*$; $( 2*34 566NA E2.(OP'$=
$( 2*34 5666A V"/3 H283 1$ ,2)$ .$+.&%<#$% (,"- (;+$ &>

>,?@, !.30. 1& .A, + B178./54<4 6) C1D1A62<1/& -E- F$EE-G ---H--*55H

V"/3 53 [2.*; /$'$ $?+.$--"&' +2(($.'- "' (,$ "-(,!"# .$/"&' &> #,"#L
$!:.;&-3 028 ]&.-2* )"$K &> 2 BBF #,"#L $!:.;&3 %&#$ 0.$% #&*&.8 2'%
!"#$ 0:*<$ #&*&.8 (.2'-#."+(- K$.$ *&#2*"=$% "' -$+2.2($ %&!2"'- &> (,$
'$<.2* +*2($3 0:8 [!:.;&- 2( -(2/$ BB6 -,&K"'/ 2' &)$.*2++"'/ %&!2"'^
:*2#L %&!2"' 0K,"($ 2..&K- *2:$* (,$ $?($'-"&' &> (,$ #&C$?+.$--"'/
-$/!$'(83 0#8 '()* $?+.$--"&' "- R.-( &:-$.)$% 2( BB6! "' (,$ '$<.&$+"(,$C
*"2* -$/!$'( K,$.$ %&#$ 2'% !"#$ #&C$?+.$-- 0:*2#L 2..&K- *2:$* (,$ @\_
$?($'-"&' &> (,$ $?+.$--"'/ %&!2"'83 0%8 :/$ +.&($"' "- %$($#($% 2( (,"- -(2/$
0BB6!8 K"(, 2 !2?"!<! &> "!!<.$2#(")"(; #$'($.$% "' (,$ '()* $?+.$-C
-"'/ %&!2"' -,&K"'/ :"C%".$#("&'2* /.2%"$'(- (& (,$ .&-(.2* 2'% #2<%2*
+&*$-3 D#2*$ :2.4 HYI !!3

Garda et al., 2001

ro
st

ra
l

ca
ud

al

Otx2

Gbx2

Otx2

Gbx2

!"#$ %& '&( %$)$*&+ (,"- .$/"&' 012--2.!2' $( 2*34 566783
9&(, /$'$-4!"#$ 2'%%&#$4 ,2)$ &++&-"($ .&*$- "' ,"'%:.2"'
2'% !"%:.2"' %$)$*&+!$'( .$-+$#(")$*;4 :<( #&!+*$!$'(2.;
2#(")"(; "' (,$ *&#2*"=2("&' &> (,$ "-(,!"# &./2'"=$. 2'%4
(,$.$>&.$4 "' (,$ +&-"("&'"'/ &> '()* $?+.$--"&' 0@##2!+&.2
$( 2*34 5667A 9.&##&*" $( 2*34 5666A B"%2*/&CD2'#,$= $( 2*34
5666A E"**$( $( 2*34 5666A D,2!"' 2'% E2-&'4 566FA G2(2C
,".2 $( 2*34 HIII83

J,$ .&*$ &> '()* "' (,$ %$)$*&+!$'( &> (,$ &./2'"=$. 2(
(,$ "-(,!"# .$/"&' ,2- '&K :$#&!$ #*$2.$. %<$ (& -$)$.2*
$?+$."!$'(2* %2(2 &:(2"'$% >.&! (,$ -(<%; &> '()* !<(2'(
!&<-$ 0E$;$.- $( 2*34 566F84 #,"#L $?+$."!$'(2* $!:.;&*C
&/; 0M.&--*$; $( 2*34 566NA E2.(OP'$= $( 2*34 5666A D,2!"' $(
2*34 5666A Q.)"'/ 2'% E2-&'4 HIII8 2'% =$:.2R-, !<(2'(-
09.2'% $( 2*34 566NA S$">$.- $( 2*34 566F83 Q( "- 2##$+($% (,2(
(,$ #2<%2* *"!"( &>%&#$ $?+.$--"&' "- 2 ><'%2!$'(2* $*$!$'(
"' '()* "'%<#("&' 2'% Q-T *&#2*"=2("&'4 :<( (,$ .&*$ &> !"#$
"' (,"- +.&#$-- 2'% "(- +&--":*$ $2.*; "'($.2#("&' K"(, %&#$
,2- 2#,"$)$% #&'(.&)$.-"2* .$-<*(- -& >2. 012--2.!2' $( 2*34
5667A B"%2*/&CD2'#,$= $( 2*34 5666A E2.(OP'$= $( 2*34 5666A
U<" $( 2*34 566683 1$ #2' #&'#*<%$ (,2( 2>($. (,$ .$+&.($%
K&.L-4 (,$ $-+2("&C($!+&.2* +2(($.' &> !&*$#<*2. "'($.2#C
("&'- (,2( *&#2*"=$ (,$ %&#$+!"#$ :&<'%2.; 2'% "'%<#$
'()* "' (,$ Q-T 2( $2.*; -(2/$- &> %$)$*&+!$'( "- -("** +&&.*;
<'%$.-(&&%3 J,$ +&--":"*"(; &> #&C*&#2*"=2("&' &> !"#$ 2'%
%&#$ "' '$<.&$+"(,$*"2* #$**-4 :$>&.$ (,$ !<(<2* $?#*<-"&'
2'% :&<'%2.; >&.!2("&'4 -<//$-($% "' (,$ -(<%; &> B"%2*/&C
D2'#,$= $( 2*3 0566684 ,2- '&( :$$' -+$#"R#2**; 2--$--$% "'
+.$)"&<- -(<%"$-3

Q' (,$ +.$-$'( K&.L K$ ,2)$ 2'2*;=$% (,$ ,$($.&#,.&'"#
2'% ,$($.&(&+"# "'%<#("&' &> 2' "-(,!"# &./2'"=$. :; V/>FC
:$2% "'-$.("&'3 J,"- +.&#$%<.$ 2++$2.- 2- 2' "'($.$-("'/
$?+$."!$'(2* !&%$* (& $?+*&.$ (,$ "'($.2#("&' :$(K$$'
%&#$4 !"#$ 2'% '()*4 "' &.%$. (& $-(2:*"-, (,$ .$/<*2(")$
!&*$#<*2. +2(($.' >&. (,$ "'"("2* $)$'(- "' (,$ Q-T %$)$*&+C
!$'(3

!" #$%&'(%

$,-, !"#$ ./0 %&#$ 1#2314456/4 5/ 785794

M,"#L $!:.;&- K$.$ R?$% >&. W"' (&(&X %&<:*$ "' -"(<
,;:."%"=2("&'4 :; <-"'/ 2 .$% -<:-(.2($ (& %$($#( %&#$ (.2'C
-#."+(- 2'% 2 :*<$ -<:-(.2($ (& %$($#( !"#$ (.2'-#."+(- "' (,$
%$)$*&+"'/ '$<.2* (<:$ 0V"/-3 5 2'% H83 J$' $!:.;&- K$.$
+.&#$--$% >&. $2#, -(2/$ &> B2!:<./$. 2'% B2!"*(&' 056Y58
0%$-"/'$% :; BB8 :$(K$$' -(2/$- BB7 2'% BBHZ3 1$ ,2)$
&:-$.)$% 2( -(2/$- BB7CF (,$ '&.!2* $?+.$--"&' +2(($.' &>
%&#$ 2'% !"#$ "' .&-(.2* 2'% #2<%2* %&!2"'-4 .$-+$#(")$*;4
&> (,$ #$+,2*"# '$<.2* +*2($ 0V"/3 5283 J,$-$ %&!2"'-4 "'"("C
2**; 2.$ -$+2.2($% :; 2 '$/2(")$ '$<.&$+"(,$*"2* /2+4
2++.&2#, $2#, &(,$. <'("* #&'(2#( 2'%4 2( -(2/$ BB64 -,&K
2' &)$.*2++"'/ $?+.$--"&' "' (,$ !"%C,"'%:.2"' '$<.&$C
+"(,$*"<! 0V"/3 5:83 1$ ,2)$ >&**&K$% ,&K (,$ %$#.$2-"'/
/.2%"$'(- &> :&(, /$'$- +.&/.$--")$*; 2%)2'#$ "'(& (,$ '$/2C

(")$ 2.$24 K,$.$ (,$ (K& /$'$- 2.$ (,$' <+C.$/<*2($%3 J,<-4
%&#$ 2'% !"#$ $?+.$--"&' +.&/.$-- (& R** (,$ '$/2(")$
%&!2"' 2'%4 (,$'4 "')2%$ (,$ '$<.&$+"(,$*"<! K,$.$ $2#,
/$'$ "- K$2L*; $?+.$--$% (& /$'$.2($ (,$ #&C$?+.$--"&' 2.$23
J,$ '$<.&$+"(,$*"2* #&C$?+.$--"&' &> %&#$ 2'% !"#$ "-
&:-$.)$% "' (,"- (.2'-)$.-2* :2'%4 K,"#, #&..$-+&'% (& (,$
-(.&'/$-( "!!<'&%$($#("&' &> ['H +.&($"' 0V"/3 5%84 2'% (&
(,$ .$/"&' K,$.$ "(-,!"# '()* (.2'-#."+(- 2.$ R.-( %$($#($%
0V"/3 5#4%83 J,"- #&C$?+.$--"&' %"-2++$2.- 2( BB5Z\5Y 2'%
:&(, %&#$ 2'% !"#$ %&!2"'- :$#&!$ !<(<2**; $?#*<%$%
2'% #&!+*$!$'(2.; 0V"/3 H/83 %&#$ $?+.$--"&' +.&/.$-C
-")$*; %$#.$2-$- "' !"#$ $?+.$--"'/ #$**- >.&! -(2/$-
BB6 (& BB5Z\5Y3 Q' '()* $?+.$--"'/ #$**-4 "' K,"#, %&#$
,2% +.$)"&<-*; :$$' %&K'C.$/<*2($%4 !"#$ "'#.$2-$-3
]<."'/ (,"- +.&#$-- (,$ #2<%2* *"!"( &>%&#$ :$#&!$- #*$2.*;
%$R'$% 2'% (,$ *&#2*"=2("&' &> Q-T "- -+$#"R$% 2( (,"- *$)$*3

$,$, :7&6257 5/0;7&56/ 6) !"#$ 5/ ./ %&#$ 1#231445/(
06<.5/ 5/ 78579 1<"3=64

J& :$(($. $?+*&.$ (,$ +&--":*$ "'($.2#("&'- :$(K$$' !"#$4
%&#$ 2'% '()* /$'$("# +.&%<#(-4 K$ ,2)$ <-$% (,$ !&%$* &>
(,$ $?+$."!$'(2* "'%<#("&' &> 2' Q-T 2>($. V/>FC:$2%- "'-$.C
("&'4 "' 2 .&-(.2* $#(&+"# *&#2*"=2("&'3 V.&! &<. +.$)"&<-
K&.L-4 K$ L'&K (,2( HZ , 2>($. (,$ $?+$."!$'(2* !2'"+<*2C
("&'4 V/>FC:$2%- "'%<#$% '()* $?+.$--"&' K,$' "'-$.($% "'
2' %&#$ $?+.$--"&' %&!2"' 0M.&--*$; $( 2*34 566NA E2.(OP'$=
$( 2*34 5666A V"/3 H283 1$ ,2)$ .$+.&%<#$% (,"- (;+$ &>

>,?@, !.30. 1& .A, + B178./54<4 6) C1D1A62<1/& -E- F$EE-G ---H--*55H

V"/3 53 [2.*; /$'$ $?+.$--"&' +2(($.'- "' (,$ "-(,!"# .$/"&' &> #,"#L
$!:.;&-3 028 ]&.-2* )"$K &> 2 BBF #,"#L $!:.;&3 %&#$ 0.$% #&*&.8 2'%
!"#$ 0:*<$ #&*&.8 (.2'-#."+(- K$.$ *&#2*"=$% "' -$+2.2($ %&!2"'- &> (,$
'$<.2* +*2($3 0:8 [!:.;&- 2( -(2/$ BB6 -,&K"'/ 2' &)$.*2++"'/ %&!2"'^
:*2#L %&!2"' 0K,"($ 2..&K- *2:$* (,$ $?($'-"&' &> (,$ #&C$?+.$--"'/
-$/!$'(83 0#8 '()* $?+.$--"&' "- R.-( &:-$.)$% 2( BB6! "' (,$ '$<.&$+"(,$C
*"2* -$/!$'( K,$.$ %&#$ 2'% !"#$ #&C$?+.$-- 0:*2#L 2..&K- *2:$* (,$ @\_
$?($'-"&' &> (,$ $?+.$--"'/ %&!2"'83 0%8 :/$ +.&($"' "- %$($#($% 2( (,"- -(2/$
0BB6!8 K"(, 2 !2?"!<! &> "!!<.$2#(")"(; #$'($.$% "' (,$ '()* $?+.$-C
-"'/ %&!2"' -,&K"'/ :"C%".$#("&'2* /.2%"$'(- (& (,$ .&-(.2* 2'% #2<%2*
+&*$-3 D#2*$ :2.4 HYI !!3

Co-expression of Otx2 and Gbx2 induced a new domain 
that expresses Fibroblast growth factor 8 (Fgf8) and the 
transcription factor Engrailed 2 (En2).

The Fgf8-expressing domain is called the isthmus 
(isthmic organizer), which forms the rostral end of the 
hindbrain and later contributes the cerebellum.
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FGF8 induces an ectopic midbrain when 
expressed in the caudal diencephalon

Crosby et al., 1996

-Implanting an FGF8-soaked bead or 
transplanting an isthmic tissue into the caudal 
diencephalon induced an ectopic midbrain in 
the host tissue.

-The ectopic midbrain was present in a mirror 
image orientation relative to the normal 
midbrain.
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Primary vs secondary organizers

primary organizer:
The Spemann organizer (e.g. dorsal lip in Xenopus, (Hansen’s) node in chick and mouse) 
induces a neural tissue in the ectoderm that would otherwise form the epidermis. BMP 
inhibitors are the responsible molecules for this role.

secondary organizer:
The isthmic organizer induces a midbrain in the neural tissue that would otherwise form the 
caudal diencephalon. FGF8 is the responsible molecule for this role.   
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GBX2 and OTX2 suppress each other’s 
expression

Millet et al., 1999
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-In Gbx2 knockout mice, expression of Otx2 expands caudally (b).
-Fgf8 expression shifts caudally so that its rostral border of matches 
the caudal border of Otx2 expression (f).
-Wnt1 is normally expressed in the caudal midbrain (i). Its expression 
expands caudally similar to Otx2 (j). 

-When Gbx2 is over-expressed, caudal border of Otx2 expression 
is shifted rostrally (g). 
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FIGURE 4 | The upper scheme represents the functional interaction
(induction/inhibition) of genes that, together with Fgf8, are involved in
the molecular maintenance of isthmic region at E9.5. The table below

summarizes the expression intensity and range of genes along the AP axis of
the neural tube focusing on the isthmus. The color code depicts their mRNA
expression range from the isthmus toward rostral or caudal regions.

candelabrum cells (Lainé and Axelrad, 1994), and Bergmann glia
(see below; Figure 2V). The final and deepest layer is the so-
called granule cell layer (GCL) and is the widest cerebellar layer,
mainly composed of Pax6 positive granule cells (Figures 2D,F–K)
as well as Golgi, Lugaro, and unipolar brush cells (Sotelo, 2004;
Zervas et al., 2005). PCs are the only output of the cerebellar
cortex, while inputs coming to the granular cells are transmit-
ted to PCs via their axons, the parallel fibers. On the other hand,
inhibitory interneurons such as stellate and basket cells innervate
dendrites and soma of PCs respectively. Deeply, with respect to
the cortex, the white matter is located in the center of the cere-
bellum. It extends to the ventricular surface of the 4th ventricle,
accommodating the cerebellar nuclei (from medial to lateral: the
fastigial, the interpositus, and the dentate nucleus). Axons com-
ing from diverse cerebral origins enter the cerebellum through any
of the cerebellar peduncles (superior, middle, and inferior). They
project either directly or collaterally to the cerebellar nuclei and
to the GCL in the cortex, and are named mossy fibers. Only those
axons coming from the inferior olive are called climbing fibers
because of their “climbing” features to synapses the PC dendrite
arborization (Sotelo, 2004).

Neurochemically the cerebellar cortex contains two gluta-
matergic neuronal subtypes (granule and unipolar brush cells)
and five GABAergic subtypes (Purkinje, Golgi, Lugaro, Stellate,
and Basket cells). The deep cerebellar nuclei (DCN; Figure 2C),
contain both GABAergic interneurons and glutamatergic pro-
jection neurons (Wang and Zoghbi, 2001; Hoshino, 2006; Leto
et al., 2006; Carletti and Rossi, 2008). Fate-mapping studies of the
developing cerebellum have uncovered when and where cells are

born and which migratory routes they follow in order to reach
their final position. Cerebellar neurons are generated from two
major germinal centers: the external granule layer (EGL) and
ventricular zone (VZ; Sotelo, 2004; Millen and Gleeson, 2008;
Figures 2B,C). Over the past decades has been proven that gran-
ule cells are produced by early granule cell precursors located in
the EGL that originate from the rhombic lip (RL; Figures 1A,B,B′,
2A–E, 3D,E), at the interface of the dorsal neural tube and the
extended roof plate of the 4th ventricle (the choroid plexus; Chp;
Wingate, 2001). Also, the glutamatergic DCN neurons and unipo-
lar brush cells are derived from the RL (Fink et al., 2006; Carletti
and Rossi, 2008). Therefore, all glutamatergic neurons in the cere-
bellum appear to originate from the RL. The anterior RL expresses
Math1 (also called Atoh1) as early as embryonic stage E9.5 in
mice. Math1 is induced by bone morphogenetic protein (BMP)
from the roof plate, which itself is differentiating into the Chp
(Basson et al., 2008; Figures 2A–E). Math1 positive RL progenitor
cells give rise to multiple glutamatergic cell derivatives in a time-
dependent sequence. Progenitors of the rostral part of the RL
migrate through over the cerebellar anlage and give rise to gran-
ule progenitors cells and DCN (Figures 3D,E). The caudal part of
RL gives rise to multiple brain stem precerebellar nuclei, includ-
ing the pontine nuclei and superior and inferior olive. Thus,
Math1 positive RL cells (Figures 2K, 3E) generate cerebellar gran-
ule cells which mature in the EGL and later migrate inwards into
the definitive granular cell layer in a anterior to posterior tempo-
ral gradient (green arrows in Figures 2A–D, 3D,E; Sotelo, 2004).
Unipolar brush cells are the last Math1-positive RL population
migrating through the cerebellar white matter to their final GCL
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-Mutual suppression between two transcription factors results in the 
formation of a secondary organizer that produces a signaling molecule.

-Signaling molecules produced by a secondary organizer regulates 
regional identity of the brain by controlling the differential expression of 
various transcription factors.

-Both FGF8 and Gbx2 are important for repressing the expression of 
Otx2.

-Each of these transcription factors determines the gene expression 
“landscape” (=identity) of neural progenitor cells.

738 Cell differentiation

forebrain is transformed into a cerebellum. At early somite
stages, Otx2 expression is lost from the midbrain and the
domains of expression of Fgf8, Wnt1, Gbx2 and En1 expand
anteriorly into the posterior forebrain with Fgf8 being
expressed ectopically first (Figure 2). By E9, Fgf8 and Wnt1
become localized on each side of the new Otx2–Gbx2 border
in the forebrain [32,33]. In recent gain-of-function studies, it
was shown that Otx2 is sufficient to repress Gbx2 expression
and cerebellar development. The domain of Otx2 was
expanded into the dorsal anterior hindbrain from early
somite stages by expressing an Otx2 cDNA from the mouse
En1 locus [13••]. In such mutants, the dorsal and anterior
cerebellum is lost and the midbrain expanded posteriorly;
furthermore, Gbx2 and Fgf8 are repressed in the anterior
hindbrain and the Wnt1–Fgf8 domains are shifted posteriorly
by E9.5 to the new Otx2–Gbx2 border (Figure 2). 

In a complementary set of experiments, Gbx2 expression was
expanded into the presumptive mesencephalic territory of
transgenic embryos during early somite stages by expressing
a Gbx2 cDNA from a Wnt1 enhancer [12••]. In such embryos,
Otx2 is repressed in the posterior midbrain by the seven
somite stage and the domains of Fgf8 and Wnt1 are shifted
anteriorly (Figure 2). Interestingly, there is an overlap in Gbx2
and Otx2 expression at the anterior end of the Gbx2 domain,
possibly because a threshold level of Gbx2 is required to
repress Otx2 expression. At E9.5, in such mutant embryos, the
midbrain is truncated and the hindbrain expanded. Similar to
the mouse studies, Gbx2 misexpression in the posterior chick
midbrain results in repression of Otx2 and Wnt1, whereas Otx2
misexpression in the anterior hindbrain represses Fgf8 and
Gbx2 [14••]. Taken together, all these studies indicate that
there is a reciprocal antagonism between Otx2 and Gbx2 and

Figure 2

Schematic representation of the spatial
relationship between the domain of Otx2,
Gbx2, Wnt1 and Fgf8 expression along the
A–P axis at the six-somite stage in the neural
tube of wild-type and mutant embryos. The
schematic is drawn based on results in
[22–32]. En1–Otx2, Wnt1–Gbx2 or
Wnt1–Fgf8: are transgenic embryos
expressing Otx2, Gbx2 or Fgf8 from an En1 or
Wnt1 enhancer, respectively. The thickness of
each bar is proportional to the level of
expression of the corresponding gene except
for Wnt1 and Fgf8 in En1–Otx2 and
Otx1–/–;Otx2+/– embryos for which these data
are not available. The En1–Otx2 embryos have
not been analyzed at the six-somite stage; the
data represented in the figure are extrapolated
from the published data at E9.5 and the rostral
limit of Wnt1 and caudal limit of Fgf8 cannot
be specified. P3 to P1, prosomeres 3 to 1 of
the diencephalon; ZLI, zona limitans
intrathalamica (border between prosomere 3
and 2); MHB, mid–hindbrain junction; r3,r4,
rhombomeres 3 and 4, respectively.
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FIGURE 3 | Representation of a dorsal view of mid-hindbrain junction,
where the isthmic segment is colored in light purple (which will
generate also cerebellar vermis: Cbv) and the cerebellar plates in yellow
(which will generate cerebellar hemispheres). (A) The isthmic organizer
expressing Fgf8 (pink arrows) induces the expression of Sprouty, Sef, and
Mkp3 in this region; and is also required for other genes differentially
expressed in the midbrain (Mes) or rhombencephalic (Rho) neuroepithelium.
(B) The spatio-temporal expression of these genes regulates the normal
morphogenesis and growth of the cerebellar vermis (Cbv; red arrows) and
hemispheres (Cbh; green arrows). (C) Failure in proper isthmic organizer
development (due to a lack of morphogenetic signaling or disruption of gene

expression) can result in cerebellar (Rho∗) and mesencephalic (Mes∗)
hypoplasia due to a strong increase of cell death with posterior fossa
disorders and fourth ventricle dilatation (gray shadow). (D) Radial migration of
GABAergic neurons in the cerebellar vermis (Cbv; blue arrows) and
hemispheres (Cbh; Green arrows). (E) Rhombic lip specification is regulated
by Math1. Tangential migration of glutamatergic neurons of the deep
cerebellar nuclei (DCN) and granule cells (egl) are represented by pink and
black arrows, respectively. (F) When normal development of cortical
cerebellar cells is disrupted, the structural phenotype is classified as
cerebellar dysgenesis (Cbv∗ and Cbh∗), with enlargement of the fourth
ventricle and reversion of cerebellar-choroidal junction (arrows).

higher functions such as cognition, emotion, and language pro-
cessing (Zervas et al., 2005; Barkovich, 2012).

The adult cerebellar cortex is laminated into three layers. The
molecular cell layer (MCL), rich in neuropil consisting mainly of

parallel fibers, purkinje dendrites, and glial cell processes as well
as neurons allocated at superficial and deep zones, such stellate
and basket cells (Figure 2D). The PC layer (PCL) is composed
of a monolayer of Calbindin positive PCs (Figures 2D,L–P),
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versus hRPe has been viewed as arising solely through changes in
cell shape – densely packed pseudostratified hRPe spreads out to
form the simple cuboidal hCPe (Dohrmann, 1970). In addition to
producing CSF, the hCPe is thought to play a patterning role during
late embryogenesis via its secretion of morphogens and growth
factors, including BMPs and fibroblast growth factors (Emerich et
al., 2005).

Here, we extend our understanding of how hRPe and hCPe
develop. We show that hRPe comprises three molecularly distinct
spatiotemporal fields with only two appearing to contribute to hCPe.
Further, we show that hCPe receives contributions directly from the
rhombic lip at late embryonic stages when hRPe seems no longer
present. This supports a model of hCPe development in which
transformation through an hRPe intermediate is not required and
counters the view that hCPe formation is strictly a conservative
process. Further, we show that the hCPe lineage appears to be unique
among rhombic lip-derived lineages in that it proliferates in response
to ligand-independent activation of the Notch1 pathway. Together,
these findings offer a new platform for investigating development,
function, aging and regeneration of the hRPe and hCPe, and support
the model that they are themselves patterned, segmental structures,
perhaps capable of influencing neural diversity along multiple
spatial and temporal axes.

MATERIALS AND METHODS
Mouse strains
Mouse lines include: Gdf7::cre (Lee et al., 2000); En1::cre (En1-cre)
(Kimmel et al., 2000); Egr2::cre (Voiculescu et al., 2000); Rse2::cre (Rse2
refers to a rhombomere 2-specific enhancer) (Awatramani et al., 2003);
Wnt1::cre (Chai et al., 2000); Math1::cre (Math1 is also known as Atoh1 –
Mouse Genome Informatics) (Matei et al., 2005); Wnt1::Flpe (Awatramani
et al., 2003); Wnt1::FlpeERT2 (Hunter et al., 2005); R26R (Soriano, 1999);
R26::FRAP (Awatramani et al., 2001); RC::Fa (R. Awatramani, A. F. Farago
and S.M.D., unpublished; Flp-responsive n!gal indicator); RC::PFttc

(A. F. Farago and S.M.D., unpublished; Cre-responsive n!gal indicator);
RC::PFwe (Farago et al., 2006); R26::stop-Notch1-ICD::IRES-nGFP
(Murtaugh et al., 2003).

Bromodeoxyuridine (BrdU) injections
For each developmental stage, pregnant females were injected
intraperitoneally with 30 "g of BrdU (Roche) per gram of body weight.

Tamoxifen (TAM) administration
Intraperitoneal TAM (Sigma) injections were given as follows: injection
time point to harvest time point = dose per 40 g body weight. E7.5 to E11.5
= 6 mg; E8.5 to E11.5 = 7 mg; E9.5 to E11.5 = 8 mg; E7.5 to E16.5 = 5 mg;
E8.5 to E16.5 = 6 mg; E9.5 to E16.5 = 7 mg; E10.5 to E16.5 = 7 mg; E11.5
to E16.5 = 8 mg; E12.5 to E16.5 = 9 mg; E13.5 to E16.5 = 10 mg; E14.5 to
E16.5 = 11 mg; E15.5 to E16.5 = 12 mg (Hunter et al., 2005).

In situ hybridization (ISH), X-gal and alkaline phosphatase (PLAP)
histochemistry
Embryos were prepared for cryosection (30 "m) and mRNA ISH (Hunter et
al., 2005). Riboprobes directed against the following mRNAs were used:
AP-2# (GenBank 3983850, Open Biosystems), Barhl1 (GenBank
AI324745, Research Genetics), Bmp7 (C. Cepko, Harvard Medical School,
MA), Br (C. Tabin, Harvard Medical School, MA), Gdf7 (K. Millen,
University of Chicago, IL), FlpeERT2 (Hunter et al., 2005), Kcne2 (C.
Cepko), Lmx1a (K. Millen), Math1 (mAtoh1) (GenBank BC010820, Open
Biosystems), Notch1 (C. Cepko), Pax3 (C. Tabin), Sox9 (C. Tabin), Ttr (C.
Walsh, Harvard Medical School, MA), and Wnt1 (A. McMahon, Harvard
University, MA). Detection of !gal on whole tissue and sections was
performed as described (Farago et al., 2006). Detection of PLAP followed
established protocols (Hunter et al., 2005), except: slides were post-fixed in
4% PFA, dehydrated in methanol, cleared in benzyl alcohol:benzyl benzoate
(1:2, Sigma) and rehydrated.

Immunodetection
For co-detection of either !gal and BrdU or GFP and BrdU, embryos were
soaked in 30% sucrose/PBS for 3 hours at 4°C, embedded in OCT (Tissue-
Tek), sectioned (30 "m), fixed in 4% PFA/PBS for 10 minutes, blocked in
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Fig. 1. Roof plate epithelium in the
hindbrain. (A) Cartoon of a dorsal view
of the neural tube (E11.5);
neuroepithelium of the rhombic lip is
dark gray and hindbrain roof plate
epithelium (hRPe) is light gray. The
rhombic lip in rhombomere 1 (r1) is the
cerebellar or upper rhombic lip (URL,
white arrowhead); that within r2-r8 is
the hindbrain or lower rhombic lip (LRL,
black arrowhead). Broken line marked
by ‘b’ indicates the level of the idealized
transverse section shown in B and the
section plane in subsequent figures.
Broken line marked by ‘d’ indicates the
axial level of idealized transverse section
through the spinal neural tube depicted
in D. (B) Vertical bracket demarcates the
dorsoventral (DV) region of the rhombic
lip (RL); horizontal brackets demarcate
medially (med) versus laterally (lat)
located hRPe (relevant to subsequent
figures). Boxed area (c) is further
schematized in C. (E) Schematic of
cumulative and inducible (temporal)
fate mapping. A broadly active promoter (BAP) drives expression of an indicator transgene containing either an FRT- or loxP-flanked stop cassette
followed by a sequence encoding a reporter molecule that serves as a lineage tracer. Transcription of the reporter is prevented by the stop cassette
(top); excision by Flpe or Cre (or following FlpeERT2-mediated recombination in the presence of tamoxifen), permits reporter transcription (bottom).
mb, midbrain; hb, hindbrain; ov, otic vesicle; 4v, fourth ventricle; vz, ventricular zone; mz, post-mitotic mantle zone; ect, epidermal ectoderm; mes,
mesenchyme; RPe, roof plate epithelium.

Granule cells are produced in a special progenitor zone, the external granular 
layer (EGL). EGL is derived from the upper rhombic lip, originated from r1.  EGL 
progenitor cells undergo many rounds of symmetric divisions and produce 
granule neurons (source of medulloblastoma).

GABA neurons (including Purkinje cells) are derived from the ventricular zone 
(blue below).

Hunter and Dymecki, 2007

Butts et al.  2014

Butts et al.  2014

roof plate (Alder et al., 1999; Fernandes et al., 2012; Tong and
Kwan, 2013). Although this might suggest that the rhombic lip is a
dorsally allocated progenitor pool, it is perhaps more appropriate to
consider it as a zone of dynamic induction at the edge of the
ventricular zone. The production of Atoh1-positive cells depends
both on local Delta-Notch signalling and direct contact with the
roof plate (Broom et al., 2012). Furthermore, once Atoh1 is
switched on, cells rapidly migrate away from the rhombic lip
(Machold and Fishell, 2005).
Consistent with this dynamic definition of the rhombic lip as an

inductive interface, the lineage boundaries between the ventricular
zone, rhombic lip and roof plate are somewhat blurred (Fig. 5). The
ventricular zone of the cerebellum is characterised by Ptf1a
expression (Fig. 5A,B) and gives rise to GABAergic interneurons
(Hoshino et al., 2005). By contrast, the roof plate comprises non-
neural Lmx1a- (Mishima et al., 2009) and Gdf7-positive lineages
(Currle et al., 2005) and gives rise to the choroid plexus (Fig. 5A,B).
Atoh1-positive cells at the interface between these two zones are
largely glutamatergic (Machold and Fishell, 2005; Wang et al.,
2005; Rose et al., 2009). However, blurring is seen when genetic
labelling with Lmx1a- and Gdf7-driven Cre lines, which might be
expected to be confined to the roof plate and its choroid plexus
derivative, is also found unexpectedly in both glutamatergic and
GABAergic descendants (Chizhikov et al., 2010; Cheng et al.,
2012). This is significant in that it could suggest that lineages are not
restricted. Furthermore, this blurring is increased on deletion of
Lmx1a (Chizhikov et al., 2010), whereas genetic deletion of either
Ptf1a or Atoh1 leads to increased mixing of lineages (Fig. 5C-E)
(Wang et al., 2005; Pascual et al., 2007; Millen et al., 2014) due to
the mutually repressive functions of these genes (Yamada et al.,
2014). Loss of Ptf1a also leads to mixing between dorsal and ventral
(non-cerebellar) ventricular derivatives (Millen et al., 2014). These
results suggest a dynamic segregation of lineages that is dependent
on their genetically determined post-mitotic identity.
As in the EGL, the proliferation of both roof-plate and ventricular-

derived cells is, at late stages, sensitive to Shh signalling. In the roof
plate, endogenous Shh production stimulates secondary proliferation
from non-neural precursors adjacent to the rhombic lip (Huang et al.,
2009; Nielsen and Dymecki, 2010). Shh secreted into the
cerebrospinal fluid (Huang et al., 2010) acts to drive early
ventricular zone proliferation whereas, later, Shh secreted from
Purkinje cells also acts on a population of secondary precursors of
inhibitory neurons and glia that reside in the prospective white matter
(Leto et al., 2009; Fleming et al., 2013).

Timing and diversity: how cells become specified
Although Shh-dependent late-born populations represent the last
stages of cell production in the cerebellum, a clear temporal order of
cell production precedes this stage. This temporal pattern is
superimposed onto dynamically maintained progenitor zones.
Thus, in the rhombic lip, the production of granule cell precursors
proceeds alongside that of a population of small unipolar brush cells
(Kita et al., 2013) that also express the T-box gene Tbr2 (Englund
et al., 2006). This represents the final phase in a sequence of cell
specification. Granule cell precursor production is preceded by the
generation of glutamatergic cerebellar nuclei, which briefly express
Atoh1 but do not undergo transit amplification. The number of
cerebellar nuclei varies between major amniote orders, with two in
reptiles and between three and five divisions in mammals
(Nieuwenhuys et al., 1998). These accumulate in a sequence with
the most lateral being born first (Hagan and Zervas, 2012; Green
and Wingate, 2014).

As cerebellar nuclei represent the output connection of the
cerebellum, this diversity is functionally significant. For example,
birds lack the most lateral of the mammalian nuclei, the Lhx9-
positive dentate nucleus, which in mammals targets the thalamus
(Arends and Zeigler, 1991; Green and Wingate, 2014). This
connection allows the cerebellum to participate in regulating
cortical functions and its absence in birds marks a major
difference in brain organisation.

Cerebellar nucleus neurons are the first cerebellar cells to be
generated, but are not the earliest Atoh1 cells to be generated in
rhombomere 1.At pre-cerebellar stages, the rhombic lip is patterned by
FGF signalling from the isthmus and generates Lhx9-positive neurons
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Fig. 5. Blurring the boundaries of lineages by genetic deletion of
transcriptional regulators. (A) The relationship between the cerebellum (cb),
midbrain (mb) and the roof plate of the IVth ventricle (rp) in a vertebrate embryo
in lateral, dorsal and sagittal view. (B) A schematic sagittal section through the
midbrain, cerebellum and roof plate (green line in A) showing the distinct
progenitor zones at the ventricular surface (green, extra-cerebellar; blue,
cerebellar; red, rhombic lip; yellow, roof plate) that contribute to different cell
populations following distinct migratory paths (colour-coded shaded regions).
The contributions of these progenitors zones to different cell populations are
perturbed following knockdown of: (C) ventricular zone Ptf1a (Pascual et al.,
2007; Millen et al., 2014); (D) rhombic lip Atoh1 (Machold and Fishell, 2005;
Wang et al., 2005); or (E) roof plate Lmx1a (Chizhikov et al., 2010). egl,
external granule later; vz, cerebellar ventricular zone; rl, rhombic lip; cbn,
cerebellar nuclei.
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roof plate (Alder et al., 1999; Fernandes et al., 2012; Tong and
Kwan, 2013). Although this might suggest that the rhombic lip is a
dorsally allocated progenitor pool, it is perhaps more appropriate to
consider it as a zone of dynamic induction at the edge of the
ventricular zone. The production of Atoh1-positive cells depends
both on local Delta-Notch signalling and direct contact with the
roof plate (Broom et al., 2012). Furthermore, once Atoh1 is
switched on, cells rapidly migrate away from the rhombic lip
(Machold and Fishell, 2005).
Consistent with this dynamic definition of the rhombic lip as an

inductive interface, the lineage boundaries between the ventricular
zone, rhombic lip and roof plate are somewhat blurred (Fig. 5). The
ventricular zone of the cerebellum is characterised by Ptf1a
expression (Fig. 5A,B) and gives rise to GABAergic interneurons
(Hoshino et al., 2005). By contrast, the roof plate comprises non-
neural Lmx1a- (Mishima et al., 2009) and Gdf7-positive lineages
(Currle et al., 2005) and gives rise to the choroid plexus (Fig. 5A,B).
Atoh1-positive cells at the interface between these two zones are
largely glutamatergic (Machold and Fishell, 2005; Wang et al.,
2005; Rose et al., 2009). However, blurring is seen when genetic
labelling with Lmx1a- and Gdf7-driven Cre lines, which might be
expected to be confined to the roof plate and its choroid plexus
derivative, is also found unexpectedly in both glutamatergic and
GABAergic descendants (Chizhikov et al., 2010; Cheng et al.,
2012). This is significant in that it could suggest that lineages are not
restricted. Furthermore, this blurring is increased on deletion of
Lmx1a (Chizhikov et al., 2010), whereas genetic deletion of either
Ptf1a or Atoh1 leads to increased mixing of lineages (Fig. 5C-E)
(Wang et al., 2005; Pascual et al., 2007; Millen et al., 2014) due to
the mutually repressive functions of these genes (Yamada et al.,
2014). Loss of Ptf1a also leads to mixing between dorsal and ventral
(non-cerebellar) ventricular derivatives (Millen et al., 2014). These
results suggest a dynamic segregation of lineages that is dependent
on their genetically determined post-mitotic identity.
As in the EGL, the proliferation of both roof-plate and ventricular-

derived cells is, at late stages, sensitive to Shh signalling. In the roof
plate, endogenous Shh production stimulates secondary proliferation
from non-neural precursors adjacent to the rhombic lip (Huang et al.,
2009; Nielsen and Dymecki, 2010). Shh secreted into the
cerebrospinal fluid (Huang et al., 2010) acts to drive early
ventricular zone proliferation whereas, later, Shh secreted from
Purkinje cells also acts on a population of secondary precursors of
inhibitory neurons and glia that reside in the prospective white matter
(Leto et al., 2009; Fleming et al., 2013).

Timing and diversity: how cells become specified
Although Shh-dependent late-born populations represent the last
stages of cell production in the cerebellum, a clear temporal order of
cell production precedes this stage. This temporal pattern is
superimposed onto dynamically maintained progenitor zones.
Thus, in the rhombic lip, the production of granule cell precursors
proceeds alongside that of a population of small unipolar brush cells
(Kita et al., 2013) that also express the T-box gene Tbr2 (Englund
et al., 2006). This represents the final phase in a sequence of cell
specification. Granule cell precursor production is preceded by the
generation of glutamatergic cerebellar nuclei, which briefly express
Atoh1 but do not undergo transit amplification. The number of
cerebellar nuclei varies between major amniote orders, with two in
reptiles and between three and five divisions in mammals
(Nieuwenhuys et al., 1998). These accumulate in a sequence with
the most lateral being born first (Hagan and Zervas, 2012; Green
and Wingate, 2014).

As cerebellar nuclei represent the output connection of the
cerebellum, this diversity is functionally significant. For example,
birds lack the most lateral of the mammalian nuclei, the Lhx9-
positive dentate nucleus, which in mammals targets the thalamus
(Arends and Zeigler, 1991; Green and Wingate, 2014). This
connection allows the cerebellum to participate in regulating
cortical functions and its absence in birds marks a major
difference in brain organisation.

Cerebellar nucleus neurons are the first cerebellar cells to be
generated, but are not the earliest Atoh1 cells to be generated in
rhombomere 1.At pre-cerebellar stages, the rhombic lip is patterned by
FGF signalling from the isthmus and generates Lhx9-positive neurons
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Fig. 5. Blurring the boundaries of lineages by genetic deletion of
transcriptional regulators. (A) The relationship between the cerebellum (cb),
midbrain (mb) and the roof plate of the IVth ventricle (rp) in a vertebrate embryo
in lateral, dorsal and sagittal view. (B) A schematic sagittal section through the
midbrain, cerebellum and roof plate (green line in A) showing the distinct
progenitor zones at the ventricular surface (green, extra-cerebellar; blue,
cerebellar; red, rhombic lip; yellow, roof plate) that contribute to different cell
populations following distinct migratory paths (colour-coded shaded regions).
The contributions of these progenitors zones to different cell populations are
perturbed following knockdown of: (C) ventricular zone Ptf1a (Pascual et al.,
2007; Millen et al., 2014); (D) rhombic lip Atoh1 (Machold and Fishell, 2005;
Wang et al., 2005); or (E) roof plate Lmx1a (Chizhikov et al., 2010). egl,
external granule later; vz, cerebellar ventricular zone; rl, rhombic lip; cbn,
cerebellar nuclei.
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been shown that distinct pathways govern the morphological and
molecular features of the MHB downstream of the common
transcription factor grainyhead-like 2 (Grhl2), with engrailed 2
acting downstream of Grhl2 to promote cell survival and formation
of the molecular boundary (Dworkin et al., 2012). In addition to the
co-repressive actions ofOtx2 andGbx2 at the boundary, Fgf8,Gbx2
and Notch signalling (Sunmonu et al., 2011; Tossell et al., 2011)
promote cell sorting and, hence, lineage restriction at the boundary.
The signalling molecule Fgf8 also has a key role in establishing and
maintaining the cerebellar boundary.

FGF signalling: an inducer or repressor of cerebellar development?
Fgf8 is the major signalling molecule in the MHB, and it is
expressed within the Gbx2-positive domain and abutting Otx2
expression (Hidalgo-Sanchez et al., 1999). Previously, it was
considered that FGF signalling from this boundary induced
cerebellar development, due to the ability of ectopic Fgf8 in the
midbrain to induce a secondary cerebellum (Crossley et al., 1996;
Liu et al., 1999; Martinez et al., 1999; Sato et al., 2001). Fgf8 is also
essential for the survival of the entire midbrain-hindbrain region and
is required in a dose-dependent manner for the development of the
vermis (Meyers et al., 1998; Chi et al., 2003; Basson et al., 2008).
However, much like Gbx2, FGF signalling at the MHB appears to
act primarily by inhibiting Otx2 in the r1 territory. Where reduction
ofFgf8 causes loss of the vermis, an expansion ofOtx2 expression is
also seen in dorsal r1 (Sato et al., 2004; Sato and Joyner, 2009).
Correspondingly, where ectopic Fgf8 induces cerebellar tissue in
the midbrain territory, a downregulation of Otx2 expression always
accompanies this switch of cell fate (Liu et al., 1999; Martinez et al.,
1999; Sato and Joyner, 2009). Furthermore, reduction of Otx2

expression is sufficient to rescue the loss of the cerebellum in
zebrafish fgf8 mutants (Foucher et al., 2006), demonstrating that
FGF signalling is not required to directly induce cerebellar
differentiation and instead acts to maintain r1 as an Otx2-negative
domain.

However, FGF signalling does appear to have a role beyond
maintaining the caudal limit of Otx2 expression. Blockade of FGF
signalling in r1, leaving MHB signalling intact, appears to affect
elongation of the rhombic lip and r1, suggesting that FGF signalling
mediates growth of the territory (Green et al., 2014). Given the
anisotropic nature of growth at the isthmus (Millet et al., 1996) and
the rostral origin of the cerebellar vermis in r1 (Sgaier et al., 2005), it
is possible that the vermal dysplasia observed in Fgf8 hypomorphic
mice may be attributed to a reduction in Fgf8-mediated growth
(Fig. 3), in addition to the loss of cerebellar territory through
expansion of the roof plate (Basson et al., 2008) and the Otx2
domain (Sato and Joyner, 2009). Furthermore, in sprout 2 (Spry2)
mutants, in which negative feedback of FGF signalling is reduced,
the cerebellar vermis is expanded (Yu et al., 2011), suggesting an
increase in rostral r1 growth.

Corresponding to this role as a proliferative node, the isthmic
region of r1 is evolutionarily diverse. In actinopterygian fish (see
Glossary, Box 1), it is the origin of a sometimes hugely elaborate
and expanded valvulus (Chaplin et al., 2010; Kaslin et al., 2013).
It also spawns a range of isthmic nuclei with sensory coordinating
roles across different vertebrates, which develop from a newly
identified FGF-dependent domain of isthmic Atoh1 expression
(Green et al., 2014). The evolutionary emergence of the mammalian
vermis appears to have been at the expense of the development of a
subset of isthmic nuclei (or a valvulus) (Fig. 3). This presents a
paradox, given that the scale of both the isthmic structures
and the vermis are dependent on FGF signalling. The resolution
of this contradiction lies in recent evidence that FGF,
perhaps paradoxically, inhibits cerebellar development: while
FGF signalling increases the size of the cerebellar anlage,
downregulation of FGF signalling is essential for the specification
of cerebellar cell types (Suzuki-Hirano et al., 2010). Furthermore,
overexpression of Fgf8 drives the specification of non-cerebellar,
Lhx9-positive cell types in early r1 and at the isthmus in favour of
later-born cerebellar cell types (Green et al., 2014). Hence, the
removal of FGF signalling after a period of establishing territory
boundaries and promoting growth is essential for the onset of
cerebellar development.

Transit amplification and the size and foliation of the
cerebellum
Although early events can significantly bias patterns of cerebellar
growth, the final shape and size of the cerebellum of mammals and
birds (possibly all reptiles) is the product of a remarkable example
of a discrete phase of transit amplification that occurs much later in
development. This proliferative episode takes a small number of
Atoh1-positive granule cell precursors and multiplies their numbers
by many fold through multiple symmetrical mitoses of single fated
germinal cells. The transient appearance of this population of
granule cell precursors over the surface of the cerebellum was
quickly identified as a key feature of cerebellum development
(Ramón y Cajal, 1894) and offered an intuitive explanation for the
massive foliation of the cerebellar surface in mammals. More
recently, the same logic has made the outermost layer of the
cerebellum, the external germinal layer (EGL, see Glossary Box 1),
an obvious candidate for medulloblastoma (see Glossary Box 1), a
devastating childhood cancer (Box 3). This has exemplified how

Chick Mouse Fgf8-deficient
mouse

Midbrain

Rhombomere 1

Hindbrain

A

B

Otx2-derived
midbrain

Fgf8-dependent
isthmic/vermal region

Fgf8-independent
cerebellum
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Key

Fig. 3. FGF signalling regulates territorial allocation and anisotropic
cerebellar growth from rhombomere 1. (A) In early embryonic development,
the boundaries of rhombomere 1, from which the cerebellum derives, is
defined by the exclusion of Otx (red) and Hox (blue) genes. FGF signalling
(yellow) is established at the anterior end of rhombomere 1. (B) Colour coding
indicates the contribution of territorial patterning mechanisms to regions of the
adult cerebellum in birds and mammals. It seems likely that differences in their
organisation reflect changes in the influence of isthmic FGF signalling on the
initial expansion of the anlage. The induction of both the mammalian vermis
(a medial expansion that is absent in other vertebrates) and isthmic territory,
which lies just rostral to the cerebellum, is dependent on FGF (yellow). This
suggests that the evolution of the mammalian vermis occurred at the expense
of a more-extensive isthmic territory. Cerebellar differentiation (green) is
inhibited by isthmic signalling, suggesting that FGF expands the precursor
pools but is not directly involved in cerebellar specification.
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vermis (in mice): isthmus and “r1”
hemisphere: “r1”

Formation of the cerebellum depends on Fgf8 and Gbx2.

9



Multiple secondary organizers contribute to 
anterior-posterior patterning of the brain

Otx2 Gbx2

ANR: anterior neural ridge
ZLI: zona limitans intrathalamica
IsO: isthmic organizer

Vieira et al., 2010
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Anterior neural ridge (ANR)

Vieira et al., 2010

-ANR is formed at the junction between most 
anterior neural tissue (anterior commissure later 
forms here) and non-neural ectoderm

-ANR requires the underlying anterior visceral 
endoderm (AVE) for its formation

-ANR is a source of FGF8. 

-Ectopic FGF8 in more caudal tissue induces 
rostral forebrain phenotypes.

-ANR and FGF8 are required for the telencephalic 
identity

-FGF8 also regulate the AP polarity of the cerebral 
cortex at later stages (discussed later).
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FGF8 patterns the cerebral cortex

rostrally

-Ectopic FGF8 expression in the rostral cortex by in utero electroporation results in the expansion of rostral cortical areas, 
such as the motor area (red)

-Ectopic FGF8 expression in the caudal cortex causes the formation of duplicated, mirror image of the somatosensory map.

Wp1: original somatosensory map
Wp2: new somatosensory map

Wp1

Wp2

rostral

caudal

lateralmedial

(FGF8 and FGF15)

M1

S1

V1

12



Primary somatosensory area of rodents can 
be identified histologically

Li and Crair (2011)

Neurons conveying somatosensory information from each whisker are clustered in the brainstem (“barrelettes”) 
and the thalamus (barreloids). 

Terminals of thalamocortical axons originated from each barreloid are clustered in primary somatosensory area, 
which is required for aggregation of layer 4 neurons. This results in the formation of “barrels”, which are 
histologically distinct.
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FGF8 suppresses caudally-expressed 
transcription factors, Emx2 and Coup-TF1

O’Leary et al. (2007) Neuron 56: 252-269
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FGF8 regulates cortical patterning by 
controlling gene expression network

Analysis of knockout and over-
expression mice show that Emx2 and 
Coup-TF1 impart the caudal cortical 
area identity.

FGF8 suppresses the caudal cortical 
area identity by suppressing the 
expression of Emx2 and Coup-TF1 in 
anterior cortical progenitor cells. 

Other transcription factors such as 
Pax6 and Sp8 are also involved in this 
gene regulation network.

O’Leary et al. (2007) Neuron 56: 252-269
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The zona limitans intrathalamica (ZLI) 
ZLI is located within the diencephalon, immediately 
anterior to the thalamus.

since the neural primordium elongates massively, while
the notochord hardly elongates at all, which soon causes
their physical separation. The cephalic, pontine, and cervi-
cal flexuresof theneural tube formasa result (Figure10.3).

Sanchez-Arrones et al. (2009) observed that various
genes expressed primarily across the neural plate midline
in the chick suddenly become downregulated precisely
along the portion of the midline that ends rostrally in
the prospectivemamillary floor. The floor plate, like other
longitudinal zones, thus seems to start emerging as a mo-
lecularly distinct domain at neural plate stages.

These diverse lines of evidence accordingly support
the conclusion that the prospective floor plate, one of the
fundamental DV landmarks, ends rostrally at themolecu-
larly distinct midline that separates the mamillary bodies
(the latter are currently assigned to the basal plate; see
Figures 10.1–10.3). The floor plate is primarily coextensive
with its inducer, the notochord, a relationship known as
being ‘epichordal.’ This viewpoint, recently incorporated
into the prosomeric model (Puelles et al., 2012a), impor-
tantly implies that the entire forebrain including the
hypothalamus and the telencephalon is fundamentally

epichordal. This hadnot been recognizedorpostulatedpre-
viously. Note that the entire primordial brain vesicle is
likewise epichordal in amphioxus. This affects how the
morphologic organization of the hypothalamus is pres-
ently conceived. (Puelles et al., 2011a,b; see below).

As was pointed out by Kingsbury (1922), Johnston
(1923), Ariens Kappers (1947), and Kuhlenbeck (1973),
if the floor plate does not occupy all the midline of the
neural plate, the remaining portion must be occupied
by the basal and alar plates meeting front to front correl-
atively with the bilateral structure of primary longitudi-
nal neural clones described above. Various longitudinal
gene patterns have been found that support this idea
since they are continuous from left to right across the ter-
minal wall, both at neural plate stages and in the neural
tube (Puelles, 1995, 2001; Shimamura et al., 1995). This
portion of themidline is thus best understood as a singu-
lar transversal landmark at the terminal midline, extend-
ing topologically from ventral (floor) to dorsal (roof). Its
diverse prospective subregions within the hypothala-
mus therefore can be interpreted conveniently, even if
paradoxically, as being all equally rostralmost, akin to
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FIGURE 10.3 Model of further subdivisions (including neuromeric ones) in the neural tube. Roof and floor plate areas are in gray (AC, anterior
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192 10. PLAN OF THE DEVELOPING VERTEBRATE NERVOUS SYSTEM

I. INDUCTION AND PATTERNING OF THE CNS AND PNS

ZLI produces Sonic Hedgehog (SHH). In addition to conferring ventral identity to neural progenitor cells 
(discussed later), SHH from the ZLI is critical for rostro-caudal patterning of the thalamus.

ZLI is formed at the interface of two domains (Six3 
vs Irx3) that are established by differential Wnt 
signaling coming from the paraxial mesoderm. 
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Summary 1 (secondary organizers and rostro-
caudal identity of the neural tissue)

As the neural identity is established in early embryos, differential Wnt signaling originating 
from paraxial mesoderm, establish gross rostro-caudal identity of neural tissue by 
controlling expression of several transcription factors (e.g. Otx2 and Gbx2, Six3 and Irx3). 

Mutual repression between these transcription factors produces an expression interface, 
which becomes a secondary organizer. 

Secondary organizers secrete molecules (e.g., FGF8, SHH) that further refine the grossly 
patterned nervous system into smaller domains.

e.g. FGF8 from the isthmus....midbrain
       FGF8 from the ANR...cerebral cortex 
       SHH from the ZLI...thalamus
Each of the established structures possesses proper rostro-caudal polarity.
How does the same molecule (FGF8) induces different brain regions (midbrain and 
cortex)?

Through regionalization, neural progenitor cells establish positional identity (=gene 
expression network appropriate for their location). Together with their temporal identity, 
many different types of neurons are generated at the right time and place.
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Two more stories
1. Hndbrain patterning and segmentation

-roles of Hox genes
-roles of retinoic acid, another mesoderm-derived signaling molecule
-origin of concepts and key genes in Drosophila genetics

2. Dorso-ventral patterning of the brain and spinal cord
-involvement of two more secondary organizers, floor plate and roof plate
-opposing roles of SHH and BMP in dorso-ventral “segmentation” of the spinal cord
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Segmental organization of the hindbrain
-Early embryonic hindbrain is divided into morphological units called rhombomeres.
-Progenitor cells in each rhombomere produce specific classes of neurons and branchial 
neural crest cells  
-A special class of transcription factors called Hox genes regulate the segmental identity of 
rhombomeres. They show overlapping and nested patterns of expression, which is regulated 
by RA, FGF and Wnts).
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(just FYI) Origins of various hindbrain 
structures from rhombomers

Nieuwenhuys Organization of brainstem

FIGURE 10 | Provisional topological chart of the brainstem of
amniotes, showing the zonal and segmental allocation of cell masses,
as determined by Puelles and collaborators. In order to avoid crowding,
primary sensory and primary motor nuclei are shown to the right, whereas
centers of higher order are shown to the left.

3. Two special proliferation zones, the mesencephalic midven-
tral proliferation zone and the rhombic lip, give rise to long
tangential migrations in the brainstem. The proliferation zone
first mentioned forms a conspicuous component of the mam-
malian mesencephalic floor plate. Neuroblasts originating from
this zone migrate laterally through the marginal zone of the
adjacent basal plate. The sheet of cells, resulting from this
remarkable tangential migration, represents the dopaminer-
gic, compact part of the substantia nigra (Verney et al., 2001;
Figure 11: 5). The rhombic lip is a thickened proliferation zone
in the rhombencephalic alar plate, situated directly adjacent to
the attachment of the membranous roof of the fourth ventri-
cle (Figure 11). Different sectors of the rhombic lip give rise
to different structures (see Nieuwenhuys et al., 2008, for ref-
erences and details). Thus, its most rostral sector provides the
neuroblasts, destined to form the cerebellar granular layer. A
rostral intermediate part of the rhombic lip gives rise to the cells
of the cochlear nuclei, whereas a caudal intermediate portion
produces a large stream of tangentially migrating neuroblasts,
which invade the basal plate sector of rhombomeres 3 and 4, to
form the pontine nuclei (Figure 11: 6). Several streams of tan-
gentially migrating neuroblasts also arise from the caudal sector

FIGURE 11 | Features which may complicate the morphological
interpretation of topological charts. For explanation, see text.

of the rhombic lip. The most prominent of these leads to the
formation of the inferior olivary nucleus (Figure 11: 7). Other
“precerebellar” nuclei, such as the nucleus cuneatus externus
and the nucleus funiculi lateralis (Figure 10), arise from similar,
though smaller streams.

The specific purpose of the brief exercitation just presented, is
to show that topological maps, derived from the brainstems of
adult specimens, have certain important limitations, irrespec-
tive of their overall explanatory power. The exceptions discussed,
make plain that the topological procedure does not project all cell
masses back to their sites of origin and therewith to their primary
topological positions. Conversely, it is now clear that the prepa-
ration of a topological supermap, showing the genuine primary
topological positions of all constituent nuclei in the brainstem
of a given species, would require extensive neuroembryological
studies involving, inter alia, the expression patterns of numerous
developmental regulatory genes and the tracing of all tangential
migrations.
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Nieuwenhuys (2011)

Neurons of pontine nuclei and 
inferior olive migrate from different 
levels of the lower rhombic lip.

Dopaminergic neurons of the pars 
compacta of the substantia nigra are 
generated in the floor plate of the 
midbrain.
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How were Hox genes discovered?

-Genetic screens pioneered by Nüsslein-Volhard and Wiechaus 
in the 1980s identified a hierarchy of genes that establish 
anterior-posterior polarity of Drosophila embryos and divide the 
embryo into a specific number of segments with different 
identities. 

-Basic ideas of the identified gene regulatory cascade apply to 
many other aspects of animal development, including the 
regionalization of the vertebrate nervous system.

-Many genes identified in this screen have vertebrate homologs 
that are important in the patterning of the neural tissue. These 
include Hox and other homeobox genes, Wnt genes as well as 
Sonic hedgehog.
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A-P patterning of Drosophila embryos

The fly consists of a head (with mouth, eyes, 
antennae), three thoracic segments (T1-3) and 
8-9 abdominal segments (A1-9)

The segmentation starts to develop in early 
embryos
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A-P polarization starts in unfertilized 
oocytes

bicoid and nanos mRNAs are near the anterior and 
posterior end of the oocyte, respectively (egg-polarity 
genes)

Bicoid protein diffuses and forms a concentration gradient, 
regulating the graded expression of Hunchback

Hunchback, Krüppel and Giant are products of the gap 
genes, which mark out coarse subdivisions of the embryo

23



Pair-rule genes are required for alternative 
body segments

Expression of even-skipped (eve) and fushi tarazu (ftz) are 
under the combinatorial regulation of gap genes

eve expression

Interactions of transcription factors with graded 
expression can generate a sharp border.
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Segment polarity genes organize the A-P 
pattern of individual segment

Segment polarity genes stabilize boundary between segments.

Genes encoding two secreted proteins, Wingless and 
Hedgehog, are segment polarity genes. They promote each 
other’s expression as well as a transcription factor Engrailed.

Search for vertebrate homologs for Wingless and 
Hedgehog identified Wnts and Shh.
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Homeotic mutations

Antennapedia 

Ultrabithorax 

extra pair of wings 

legs sprout from the head 
instead of antennae

Mutations that transform parts of the body 
into structures appropriate for other 
positions are called homeotic mutations.
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Homeotic selector genes code for DNA-
binding proteins

These proteins contain 60 amino acids of a conserved DNA-binding domain called the 
homeodomain. 

These genes are located in two clusters (Antennapedia complex and Bithorax complex) on 
chromosome 3. 

The order of genes on the chromosome corresponds almost entirely to the order in which 
they are expressed along the AP axis of the body (co-lineality).
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Hox gene complexes in mice and flies
After the discovery of Hox genes in the fly, 
mammalian homologs were identified. 

In the mouse, there are four complexes, HoxA, 
HoxB, HoxC and HoxD complexes, each on different 
chromosomes.

Each of the four complexes is the equivalent of the 
Drosophila set.

Members of each complex are expressed in a head-
to-tail series along the AP axis, just as in Drosophila.

In neural cells of the CNS, Hox genes are expressed 
only in the hindbrain and spinal cord. 

There are many transcription factors that have a 
homeodomain (homeobox genes). Only a subset of 
these are encoded by Hox genes. Non-Hox 
homeobox genes are differentially expressed in the 
forebrain and midbrain (Otx2, Emx2, Gbx2 are all 
homeobox genes).
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Hox genes are required for segment-specific 
differentiation program in the hindbrain 

Mutation of a Hox genes or a combination of “paralogous” Hox genes (e.g., a3+b3) causes a loss of specific types of 
neurons in a specific rhombomere.

Gaufo, Wu, Capecchi (2004)
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Retinoic acid (RA) regulates Hox gene 
expression574 Evolution of Retinoic Acid Receptors and Retinoic Acid Signaling 

Fig. 4.1  RA signaling pathway. a Schematic representation of RA metabolism and signaling. 
Retinol is converted to RA in two steps, first retinol (vitamin A) is oxidized into retinal by a 
reversible reaction and then retinal is oxidized into RA. RA is transported into the nucleus 
where it binds to the retinoic acid receptor (RAR), which forms a heterodimer with the retinoid 
X receptor (RXR). Upon binding of RA, the RAR-RXR heterodimer will recruit co-activators 
and activate the transcription of target genes. The colors represent the evolutionary conserva-
tion: RXR and RALDH are in red because they are present in all metazoans and CYP26 and 
RAR are in orange because they are absent in ecdysozoans and cnidarians. ADH alcohol dehy-
drogenase; CRBP cellular retinol binding protein; CRABP cellular retinoic acid binding protein; 
CYP26 cytochrome P450 subfamily 26; RA retinoic acid; RALDH retinaldehyde dehydroge-
nase; RAR retinoic acid receptor; RARE retinoic acid response element; RXR retinoid X recep-
tor; SDR short chain dehydrogenase/reductase. b Overview of the structure of the RAR protein: 
N-terminal ligand-independent transcriptional activation domain (AF-1), a centrally located 
DNA-binding domain (DBD) consisting of a highly conserved core region, which contains two 
zinc finger modules, a hinge that allows flexibility between the N- and C-terminal portion of the 
molecule and a C-terminal ligand binding domain (LBD), which interacts with the ligand, allow-
ing receptor dimerization and additionally serving as a ligand-activated transcriptional activation 
function (AF-2) domain

-RA is synthesized from vitamin A by two sets of enzymes. 

-RA binds to a receptor RAR, which heterodimerizes with 
RXR. 

-The RA-RAR-RXR complex binds to a specific target 
sequence (RARE) and activates transcription.
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more 5′ Hox genes (Gavalas and Krumlauf, 2000; Dupé and
Lumsden, 2001) in the hindbrain. Two main conditions are
essential for the normal expression of the Hox genes in the
hindbrain: the distribution of the inducing signals and the
sensitivity of the promoter region of the Hox genes to these
signals. The decreasing concentration of RA diffusing from the

boundary of RA production in the mesenchyme, combined
with the increasing sensitivity to RA of 5′ to 3′ Hox genes,
generate the unique combinations of Hox genes expressed in
r3 to r8 that define rhombomere identity (Gould et al., 1998;
Gavalas and Krumlauf, 2000; Dupé and Lumsden, 2001).
Increasing levels of retinoids are required for the Hox-
mediated specification of the identity of chick rhombomeres 3
to 8 (Dupé and Lumsden, 2001). In the mouse, the anterior
expression boundaries of 3′ to 5′ Hox genes in the hindbrain
directly depends on endogenous retinoids (Niederreither et al.,
2000; Oosterveen et al., 2003) and on functional retinoic acid
responsive elements (RAREs) around some of the Hox genes.
These RAREs are active in sequential, co-linear time windows;
this time window is earlier for the Hoxb1 RAREs than for the
Hoxb4 RARE, and for the RARE located between the Hoxb4
and Hoxb5 (reviewed by Gavalas and Krumlauf, 2000;
Oosterveen et al., 2003). The expression of the Hox genes in
the hindbrain therefore undergoes a spatially and temporally
co-linear regulation by RA. In addition to the mesoderm-
derived signals such as RA, rhombomere-specific transcription
factors modulate the expression of Hox genes in the
neurectoderm itself, including the r3- and r5-specific Krox20
(Egr2 – Mouse Genome Informatics), the r5- and r6-specific
kreisler, and Hoxb1 and Hoxb4, which act in autoregulatory
loops in r4 and r6, respectively.

In the posterior part of the embryo, the elongation of the
embryonic trunk and spinal cord occurs in a process that
continues gastrulation. As discussed in the previous section,
this process involves the maintenance of a posterior zone of
self-renewing stem cells that contributes descendants to the
elongating neural tube and mesoderm (Mathis et al., 2001;
Dubrulle and Pourquié, 2004a; Diez del Corral and Storey,
2004). Complex regulatory interactions modulate the
expression of the Hox genes in the interval between the
emergence of new cells from the posterior stem cell zone and
their final contribution to the elongating neural tube. In
addition to the diffusion of RA from the somitic mesoderm at
AP levels anterior to the newly generated neural cells, Fgf
produced in an area centred around the node region modulates
axial extension in the neurectoderm and regulates the
expression of the Hox genes (Fig. 4). Fgf signalling has been
shown in the chick to be essential for the maintenance of the
progenitor cell population throughout the period of spinal cord
elongation (Mathis et al., 2001). Gradually decreasing Fgf
concentrations at more anterior positions are thought to
regulate the transition between the proliferating progenitor
cells (high Fgf) and the maturing neurons escaping from the
stem cell zone (low Fgf) (Mathis et al., 2001). Interestingly,
RA and Fgf have an opposite effect on the cells: while
mesoderm-derived RA stimulates the maturation and
differentiation of cells in the young spinal cord, Fgf produced
by both the ectoderm and mesoderm in the node region
prevents this differentiation. The integration of both signals
acts as a switch that coordinates the patterning of the
extending spinal cord with that of the mesoderm (reviewed by
Diez del Corral and Storey, 2004). The mutually inhibitory
action of RA and Fgf signalling ensures that neuronal
maturation progresses in concert with the generation of new
somites (Diez del Corral and Storey, 2004). It is likely that the
combined action of RA and Fgf coordinately regulate the
expression of the Hox genes in both tissues, while additional

Fig. 4. Signalling molecules that affect Hox gene expression along
the AP axis. An E8.5 (10 pairs of somites) stage mouse embryo,
showing the hindbrain and spinal cord in the neural tube, and the
occipital and trunk somites in the paraxial mesoderm. The
distribution of RA is indicated in blue. RA is synthesized by Raldh2
in the somites. Anteriorly, RA diffuses into the hindbrain, where the
Hox genes are differentially sensitive to RA. For example,
rhombomeres (r) 3 and 4, where RA concentration is low, express
only the most 3′ Hox genes; r6 to r8 express the 3′ plus more 5′ Hox
genes. Posteriorly to somite levels, the concentration of diffusing RA
decreases more sharply because of the activity of a RA-degrading
enzyme, Cyp26 (see red double-headed arrow, which also shows the
extent of the presomitic mesoderm). Other signalling molecules
present posteriorly are Wnt (not shown) and Fgf. Fgf signals
(orange/yellow) are abundant around the node region and decrease
gradually to fade out in the neurectoderm and in the mesoderm at the
level of the last-formed somite. The node region and its nearby pool
of stem cells (see Fig. 3) are exposed to high Fgf concentrations. The
mesoderm and neurectoderm cells exposed to low Fgf concentrations
are maturing. As the axis extends, ‘younger’ cells come to
experience this decreasing Fgf concentration. 

-RA is produced in paraxial mesoderm and has the highest 
level in the caudal hindbrain.

Deschamps and van Nes (2005)
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Segmentally restricted Hox gene expression is 
controlled by temporally dynamic gene regulation

-Initial expression is established by the caudal-high RA 
signaling. FGF8 from the isthmus and the RA-degrading 
enzyme Cyp26a1 suppress Hoxb1 in r1 and r2.

-Expression is suppressed in r3 and r5 by a zinc-finger 
transcription factor Krox20.

-Expression is enhanced by other Hox genes like Hoxa1 and 
Hoxb1.

-In the end, expression becomes specific to r4.

element upstream of the gene (P€opperl et al., 1995; Studer et al., 1998b;
Tvrdik & Capecchi, 2006).

In the next step, Hoxb1 autoregulates its own expression in conjunction

with the cofactors Pbx and Meis through its highly conserved Hox response

element (Gavalas et al., 1998; Moens & Selleri, 2006; P€opperl et al., 1995;
Studer et al., 1998b; Vitobello et al., 2011; Waskiewicz, Rikhof,
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(RA) upregulates expression of hoxb1 and krox20, with some cells at the prospective bor-
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583Segment Identity and Cell Segregation in the Vertebrate Hindbrain

Krumlauf (2016)

Addison and Wilkinson (2016)
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Dorsoventral (DV) patterning
Similar to early AP patterning, early DV patterning is 
imposed by signals that come from outside of the nervous 
system.

medial (future ventral): notochord
lateral (future dorsal): epidermis

Notochord induces the floor plate at the ventral end of the 
neural tube.

Epidermis (surface ectoderm) induces roof plate at the 
dorsal end of the neural tube.

Floor plate and roof plate secrete signaling molecules that 
antagonize with each other and further pattern the neural 
tube into domains along DV axis.

Cell types in the spinal cord
are generated at early stages
of neural plate folding

D-V pattern is imposed by signals that come 
from the environment

-notochord: underlies the folding neural 
plate and imposes ventral pattern
(induces medial hinge cells to 

become the floor plate)

-epidermis: comes to sit on top of the neural 
plate and imposes the dorsal pattern 
(induces roof plate cells of neural tube)

How is pattern imposed?
Secretion of signaling factors (paracrine
signaling)
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The notochord controls the dorsal-ventral 
polarity of the neural tube

B. Removal of the notochord 
results in the loss of the floor 
plate and motor neurons.

C. Ectopic transplantation of 
the notochord near the dorsal 
neural tube induces a second 
floor plate and ectopic motor 
neurons.

The floor plate can be considered 
as another secondary organizer.
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Sonic hedgehog (SHH) controls the ventral 
identity of the neural tube

Shh is a homologue of the Drosophila segment polarity 
gene, Hedgehog.

Notochord-derived SHH induces the expression of Shh 
in the floor plate.

SHH is secreted and form a concentration gradient 
along the DV axis.

Roof-plate derived BMP antagonizes SHH signaling.

Shh signaling pathway

34



Graded SHH signaling controls differential 
gene expression in ventral spinal cord

Ribes and Briscoe (2009) 

Initially, expression of various transcription factors in 
progenitor cells is graded. 

By the time neurogenesis starts, mutual suppression 
between these transcription factors results in the 
formation of boundaries of progenitor cell domains.

Distinct subtypes of interneurons (V0-V3) and motor 
neurons (MN) are generated from each of the six 
progenitor domains in the ventral spinal cord.

underlying the ventral pole of the neural tube. These two
signals establish anti-parallel gradients that control the
expression of a set of homeodomain and basic helix-loop-
helix TFs. The combinatorial expression of these TFs
divides the spinal cord into !14 discrete DV domains of
progenitors, each of which generates molecularly-distinct
cell types [71,72]. Shh signaling in the ventral spinal cord
specifies the progenitors of motor neurons (MNs) and
interneurons (V0–V3), as well as the non-neural floor plate
cells (FP). By contrast, neural crest cells (NCCs) and the
progenitors of dI1–dI6 interneurons are generated in the
dorsal neural tube under the influence of Bmp signaling
[73] (Figure 4).

Much attention has focused on the role that graded
morphogen signaling plays in the establishment of the
DV pattern of the neural progenitor domains. In the case
of Shh signaling, the Gli family of transcriptional effectors
plays a pivotal role [74–76]. Shh signaling establishes a
dynamic gradient of Gli activity along the DV axis [77–79]
and in response to this gradient, the expression of specific
ventral TFs is induced and dorsal TFs are repressed. Many
of the TFs expressed in neural progenitors act as Groucho/
TLE-dependent repressors [80], and pairs expressed in
adjacent domains appear to act as bistable switches by
cross-repressing each other’s expression [71,81]. The com-
bination of these cross-repressive interactions and the
input from the Gli activity gradient produces a gene regu-
latory network. This network establishes and maintains
the spatial patterns of neural progenitor gene expression,
thereby determining the position of progenitor domain
boundaries [77,78,82,83]. Detailed analysis of the dynam-
ics of subcircuits of this network [77,84] and the molecular
dissection of regulatory elements directing the expression
of key TFs [78,82,83] have provided further insight into the
operation of this network. Together the studies indicate

that the network plays a pivotal role in the establishment
of DV pattern in the neural tube. The network also main-
tains this pattern by buffering fluctuations in the Shh
gradient [77,84,85]. Bioinformatic analysis of regulatory
elements of neural-expressed genes suggests that the net-
work can be extended to include input from both Bmp
signaling and RA [82]. Together, these studies suggest a
mechanism in which multiple inputs from extrinsic signals
are interpreted by a transcriptional network to establish
the molecularly-distinct domains of progenitors arrayed
along the DV axis. Thus, pattern formation in the neural
tube is dependent on the downstream transcriptional net-
work that it controls.

The timing of Shh and Bmp signals also contributes to
the patterning and cell type diversity in the neural tube
[64,86,87]. The specification of both FP and NCCs, which
are generated in the most ventral and dorsal parts of the
neural tube, respectively, require exposure to patterning
signals at earlier developmental times than do other neu-
ral progenitor identities [86,88]. Consequently, cells ex-
posed to Bmp4/7 at early time-points generate NCCs,
whereas later exposure to the same signal produces dorsal
interneurons. Similarly, exposure to Shh at an early de-
velopmental time-point induces FP, but at later develop-
mental times, Shh-exposed cells differentiate into p3
progenitors of V3 neurons [64,86,89].

The switch in the response to inductive signals corre-
sponds with the transition of cells from the PNT to the
spinal cord. Consistent with this, if Fgf signaling or Nkx1.2
expression are artificially maintained, cells retain the
ability to differentiate into FP and NCCs in response to
Shh and Bmp, respectively [64]. Conversely, prematurely
inhibiting Fgf signaling or Nkx1.2 expression results in the
loss of FP and NCC potential and the acquisition of neural
progenitor identity. Thus, this mechanism exploits the
differences between the transcriptional state of PNT cells
and that of progenitors in the spinal cord to increase the
diversity of the cell types generated in response to the same
extrinsic signals, Shh and Bmp. This provides a means to
ensure the correct spatiotemporal generation of these cell
types; Shh and Bmp signaling is restricted to the ventral
and dorsal poles at PNT stages [68,90], thus limiting FP
and NCC to these regions. Moreover, after induction, FP
cells express Shh, and that is sufficient to induce FP
identity [91]. Thus, the transition of PNT cells to a neural
progenitor state, which does not respond to Shh signaling
by initiating FP differentiation, restricts the specification
of FP to the ventral midline of the neural tube.

It remains unclear how Fgf signaling and/or Nkx1-2
expression provides cells with the competence to respond
to Shh and Bmp by inducing FP and NCCs, respectively.
The repression of neural progenitor genes such as Pax6
[85] and the induction of TFs including FoxA2 and Nato3
[64,86,92] appear to be important. Nevertheless, details of
the underlying transcriptional network remain to be dec-
iphered.

Perspective
Although many questions remain (Box 3), recent studies
provide new insight into the molecular and cellular mecha-
nisms that generate the spinal cord and the neuronal
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Figure 4. Developmental landscape of progenitor cells en route to the spinal cord.
Along the rostral–caudal axis of an embryo, opposing gradients of RA and Fgf/Wnt
signals are important for axis elongation and correct patterning. Fgf and Wnt
signaling, emanating from caudal regions of the elongating embryo, induce and
maintain a population of neuromesodermal progenitors (NMPs). As cells leave this
region they choose between two alternative routes: the presomitic mesoderm
(PSM), which forms the somites, and the preneural tube (PNT), which will form the
spinal cord. PNT cells are competent to respond to dorsal (Bmp) and ventral (Shh)
signals by generating neural crest cells (NCCs) and floor plate (FP), respectively. As
axis elongation continues PNT cells are exposed to increasing levels of RA
(produced by the somites). This results in a switch in competency, and these cells
now adopt a neural progenitor identity and respond to graded BMP and Shh
signaling by inducing the generation of progenitors for dorsal (dI1–dI6) and ventral
neurons (p0–p3, pMN), respectively.
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SHH ventralizes the brain, too

Puelles (2013)

since the neural primordium elongates massively, while
the notochord hardly elongates at all, which soon causes
their physical separation. The cephalic, pontine, and cervi-
cal flexuresof theneural tube formasa result (Figure10.3).

Sanchez-Arrones et al. (2009) observed that various
genes expressed primarily across the neural plate midline
in the chick suddenly become downregulated precisely
along the portion of the midline that ends rostrally in
the prospectivemamillary floor. The floor plate, like other
longitudinal zones, thus seems to start emerging as a mo-
lecularly distinct domain at neural plate stages.

These diverse lines of evidence accordingly support
the conclusion that the prospective floor plate, one of the
fundamental DV landmarks, ends rostrally at themolecu-
larly distinct midline that separates the mamillary bodies
(the latter are currently assigned to the basal plate; see
Figures 10.1–10.3). The floor plate is primarily coextensive
with its inducer, the notochord, a relationship known as
being ‘epichordal.’ This viewpoint, recently incorporated
into the prosomeric model (Puelles et al., 2012a), impor-
tantly implies that the entire forebrain including the
hypothalamus and the telencephalon is fundamentally

epichordal. This hadnot been recognizedorpostulatedpre-
viously. Note that the entire primordial brain vesicle is
likewise epichordal in amphioxus. This affects how the
morphologic organization of the hypothalamus is pres-
ently conceived. (Puelles et al., 2011a,b; see below).

As was pointed out by Kingsbury (1922), Johnston
(1923), Ariens Kappers (1947), and Kuhlenbeck (1973),
if the floor plate does not occupy all the midline of the
neural plate, the remaining portion must be occupied
by the basal and alar plates meeting front to front correl-
atively with the bilateral structure of primary longitudi-
nal neural clones described above. Various longitudinal
gene patterns have been found that support this idea
since they are continuous from left to right across the ter-
minal wall, both at neural plate stages and in the neural
tube (Puelles, 1995, 2001; Shimamura et al., 1995). This
portion of themidline is thus best understood as a singu-
lar transversal landmark at the terminal midline, extend-
ing topologically from ventral (floor) to dorsal (roof). Its
diverse prospective subregions within the hypothala-
mus therefore can be interpreted conveniently, even if
paradoxically, as being all equally rostralmost, akin to
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FIGURE 10.3 Model of further subdivisions (including neuromeric ones) in the neural tube. Roof and floor plate areas are in gray (AC, anterior
commissure), and choroidal roof tissue in black. The colored areas are the samemarked in Figure 10.2, adding the pontine hindbrain region in blue,
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192 10. PLAN OF THE DEVELOPING VERTEBRATE NERVOUS SYSTEM

I. INDUCTION AND PATTERNING OF THE CNS AND PNS

Location of SHH expression and expression of SHH-
target genes allowed defining the border between alar 
and basal plate (red line, “sulcus limitans”) as well as 
the rostral end of the ventral-most part of the brain 
(=mammillary body).

Together-with the expression patterns of 
many regulatory genes, most notably 
homeobox genes, may allow the 
generation of logical ontology 
(=hierarchical classification) of forebrain 
structures that can be applied to all 
vertebrate species.
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Summary 2
1. Hndbrain patterning and segmentation

-Hindbrain is segmentally organized into rhombomeres.
-Hox genes are expressed in the hindbrain and spinal cord in nested patterns. 
-Hox genes are required for segmental identity of rhombomeres.
-Segmental expression of Hox genes is controlled by a combination of extrinsic 
signals such as retinoic acid and intrinsic gene regulatory network.
-Genetic studies of anterior-posterior patterning of Drosophila embryos found basic 
concepts of gene regulation as well as the actual genes that are conserved across 
species. These genes include Hox and other homeobox genes, Wnts and Shh.

2. Dorso-ventral patterning of the brain and spinal cord
-Two secondary organizers, floor plate and roof plate, impart dorso-ventral patterning 
of the neural tube, in which opposing gradients of SHH and BMP signaling generates 
dorso-ventral “segmentation” of the spinal cord.

Findings in in vivo neural patterning have been applied to the generation of specific 
types of neurons from pluripotent stem cells.
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In vitro generation of specific types of 
neurons from ES cells

Gaspard and Vanderhaeghen (2010) 
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