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Precise cell cycle regulation is critical for nervous system

development. To assess the role of the cell cycle regulator,

retinoblastoma (Rb) protein, in forebrain development,

we studied mice with telencephalon-specific Rb deletions.

We examined the role of Rb in neuronal specification and

migration of diverse neuronal populations. Although layer

specification occurred at the appropriate time in Rb

mutants, migration of early-born cortical neurons was

perturbed. Consistent with defects in radial migration,

neuronal cell death in Rb mutants specifically affected

Cajal–Retzius neurons. In the ventral telencephalon,

although calbindin- and Lhx6-expressing cortical neurons

were generated at embryonic day 12.5, their tangential

migration into the neocortex was dramatically and speci-

fically reduced in the mutant marginal zone. Cell trans-

plantation assays revealed that defects in tangential

migration arose owing to a cell-autonomous loss of Rb

in migrating interneurons and not because of a defective

cortical environment. These results revealed a cell-auton-

omous role for Rb in regulating the tangential migration of

cortical interneurons. Taken together, we reveal a novel

requirement for the cell cycle protein, Rb, in the regulation

of neuronal migration.
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Introduction

Cell cycle regulation is essential for cortical neurogenesis,

ensuring maintenance of the progenitor cell pool, production

of the correct proportions of diverse cell types, and coordina-

tion of the timing of neuronal differentiation. During cortico-

genesis, cortical precursor cells located in the germinal zone

of the dorsal telencephalon undergo multiple rounds of

proliferation, between embryonic days (E) E10 and E17

(Takahashi et al, 1996). Following cell cycle withdrawal,

newly born neurons initiate expression of early neuronal

markers and commence migration into the developing cor-

tical plate (CP). The first neurons generated, or the ‘pioneer-

ing neurons’, are born around E10–11. Pioneering neurons

give rise to the preplate, which is then split by subsequent

neuronal cohorts into the superficial marginal zone (MZ) and

the deeper subplate. The MZ, also known as layer I, is a

heterogeneous population of neurons that includes Cajal–

Retzius neurons, which provide important guidance cues for

neuronal migration during CP formation. Cortical layers

(lamina) II–VI form between the MZ and subplate in an

inside-out pattern, such that earlier generated neurons reside

in deep layers and later-born neurons give rise to more

superficial layers (Takahashi et al, 1999). As cortical devel-

opment proceeds, the subplate becomes separated from the

germinal zone by the intermediate zone (IZ), a white matter

tract containing afferent and efferent projections (Sidman and

Rakic, 1973; Caviness, 1982).

In addition to the excitatory projection neurons that are

born in the dorsal telencephalon, interspersed throughout the

cortical layers are a population of GABAergic inhibitory

interneurons that are generated in the ventral telencephalon

and reach the cortex via tangential migration (Anderson et al,

1997; Lavdas et al, 1999; Sussel et al, 1999; Wichterle et al,

1999). Tangentially migrating interneurons follow very spe-

cific migratory routes, generally avoiding the developing

striatum to form two distinct paths—either superficial to or

underlying the striatal mantle (Marin et al, 2001). Super-

ficially migrating neurons do not enter the CP, and instead

migrate along the MZ, whereas interneurons following the

deeper path travel through the lower IZ and subventricular

zone (SVZ) (DeDiego et al, 1994; Lavdas et al, 1999; Denaxa

et al, 2001). Once GABAergic interneurons have completed

their tangential migration, they switch to a radial mode of

migration to enter the CP (Polleux et al, 2002).

The time at which a newly generated neuron undergoes

terminal mitosis and exits the cell cycle correlates highly with

its eventual laminar fate and neuronal identity (McConnell

and Kaznowski, 1991). The cell cycle dependence of laminar

specification was best shown by a series of heterochronic

transplantation studies in the ferret (McConnell and

Kaznowski, 1991). Cells isolated at E29, which would nor-

mally give rise to layer VI, were [3H]thymidine-labeled in

vitro and transplanted into post-natal hosts, in which layers

II/III were currently being generated. It was shown that the

majority of precursors transplanted during their S phase

switched fates and migrated to layers II/III, thereby adopting

the laminar fate appropriate for their new environment. In

contrast, neurons that were in later cell cycle stages at the

time of transplantation migrated to layer VI, maintaining the

laminar identity appropriate for their birth date (McConnell

and Kaznowski, 1991). These studies demonstrated that cells
Received: 25 April 2005; accepted: 3 November 2005; published
online: 24 November 2005

*Corresponding author. Ottawa Health Research Institute, University of
Ottawa, 451 Smyth Road, Ottawa, Ontario, Canada K1H 8M5.
Tel.: þ 1 613 562 5800; Fax: þ 1 613 562 5403;
E-mail: rslack@uottawa.ca
4These authors contributed equally to this work

The EMBO Journal (2005) 24, 4381–4391 | & 2005 European Molecular Biology Organization | All Rights Reserved 0261-4189/05

www.embojournal.org

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 24 | 2005

 

EMBO
 

THE

EMBO
JOURNAL

THE

EMBO
JOURNAL

4381



receive their environmental cues for correct laminar identity

during terminal mitosis, and established the importance for

proper cell cycle control in cortical development. Because of the

strong correlation between neuronal subtype and time of gen-

eration, it is believed that precise cell cycle regulation and the

determination of neuronal identity are intimately connected.

The retinoblastoma (Rb) protein is a key cell cycle reg-

ulator. First discovered as a tumor suppressor, Rb regulates

the G1/S phase restriction point, thereby controlling entry

into S phase (reviewed in Trimarchi and Lees, 2002). Studies

with Rb-deficient embryos were the first to show that Rb has

an important role in nervous system development. Rb-null

mutants died by mid-gestation (E12–15) with massive apop-

tosis throughout the liver and nervous system, as well as

ectopic mitoses (Clarke et al, 1992; Jacks et al, 1992; Lee et al,

1992, 1994). More recently, we and others have shown that

Rb deficiency does not result in large-scale apoptosis in a cell-

autonomous manner (Lipinski et al, 2001; Ferguson et al,

2002; MacPherson et al, 2003; Wu et al, 2003). Indeed, in the

developing telencephalon, Rb deficiency is fully compatible

with survival of the majority of neuronal populations

(Ferguson et al, 2002). In contrast, Rb regulation of cell

proliferation is cell-autonomous because telencephalon-

specific Rb-deficient mutants exhibit ectopic cell divisions

outside the germinal zones (Ferguson et al, 2002).

In this study, we examined the impact of deregulated cell

cycle regulation resulting from the loss of Rb function in the

developing telencephalon. We demonstrate that, despite de-

fective exit from the cell cycle, Rb mutants appear to generate

and specify diverse neuronal populations at the appropriate

developmental time. Neuronal birthdating experiments,

however, reveal that Rb mutants exhibit defective laminar

patterning and impaired radial migration. Finally, by slice

co-culture assays, we reveal a cell-autonomous defect in

tangential migration. The results of our studies reveal a

novel role for the tumor suppressor protein, Rb, in the

regulation of neuronal migration during development.

Results

Telencephalon-specific Rb-deficient progenitor cells

undergo ectopic cell divisions

In our initial examination of telencephalon-specific Rb

knockouts, we demonstrated that these mutants retained

the ectopic mitoses phenotype characteristic of Rb germline

knockouts (Ferguson et al, 2002; Supplementary Figure 1B).

Confocal analyses showing BrdU and bIII-tubulin co-labeling

have previously identified the ectopically dividing cells as

early neuroblasts, suggesting the ability to cycle after the

initiation of neuronal differentiation (Ferguson et al, 2002).

Here, we sought to examine the impact of deregulated cell

cycle regulation resulting from Rb deficiency on laminar

patterning, the timing of neuronal differentiation, and the

regulation of distinct neuronal populations.

Laminar patterning is perturbed in the absence of Rb

As the precise timing of cell cycle exit is believed to be critical

for proper generation of cortical layers (McConnell and

Kaznowski, 1991; Takahashi et al, 1999), we questioned

whether conditional Rb mutants might display defective

laminar patterning. To ask whether layers were appropriately

generated in the absence of Rb function, we first assessed the

expression of layer-specific markers by in situ hybridization

(Figure 1). Sections were examined at E15.5 to coincide with

the peak occurrence of ectopic mitoses. At E15.5, only

neurons in the deepest cortical layers, V and VI, have

differentiated, whereas layer IV neurons are in the process

of being born and layer II–III neurons are just beginning to

withdraw from the cell cycle (Takahashi et al, 1999). Tbr1, a

T-box transcription factor, is highly expressed in postmitotic

glutamatergic projection neurons in layer VI (Rubenstein

et al, 1999). We noted that Tbr1 was expressed in the Rb

mutant CP at E15.5 but, unlike control embryos, strong Tbr1

labeling was also observed within the IZ (Figure 1C and D).

CP expression of the pan-neuronal marker, SCG10 (Stein et al,

1988), in Rb mutant cortices was similar to littermate con-

trols, but ectopic SCG10 expression was also detected within

the IZ (Figure 1G and H), such that the boundary between the

mutant CP and IZ lacked the clear definition observed in

control embryos. The more dramatic SCG10 phenotype is

likely due to its pan-neuronal expression as opposed to the

more restricted expression of Tbr1 to deep-layer neurons.

This pattern was further confirmed by in situ hybridization

with the layer-restricted markers Id2, RORb, and Otx1, which

also displayed increased IZ expression in Rb mutants (data

not shown). These results suggest either a requirement for Rb

function in the establishment of a cortical laminar structure

or in the specification of layer identities.

Figure 1 Laminar patterning is perturbed in the absence of Rb. In situ hybridization of E15.5 sagittal sections of mutant and control embryos
demonstrates enhanced expression of neuronal markers, Tbr1 and SCG10, in the Rb mutants. Tbr1 labeling is slightly elevated within the
mutant CP, and strongly upregulated within the IZ (arrows) (C, D), relative to control (A, B). Similarly, SCG10 expression is highly elevated
within the mutant IZ (arrows) (G, H), relative to control (E, F). The boundary between the mutant CP and IZ lacks the clear definition observed
in the control embryos (n¼ 4 control; 5 cond. Rb�/�); bar¼ 100 mm, ge¼ ganglionic eminence, MZ¼marginal zone, CP¼cortical plate,
IZ¼ intermediate zone.
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To distinguish between these possibilities, we examined

whether the abnormal lamination in Rb mutants was the

result of defective radial migration by conducting neuronal

birthdating experiments (Figure 2). Pregnant females were

injected with a single dose of BrdU at E13.5 and embryos

were dissected at E18.5, when neurogenesis is complete

but neuronal migration is still in progress. Examination

of brightly labeled BrdU-positive cells revealed the location

of neurons that exited the cell cycle at E13.5, as cells that

continued to cycle would dilute the BrdU label.

Quantification of BrdU-positive cells revealed an aberrant

distribution of early-born neurons in the developing cortex

of Rb mutants (Figure 2A and B). The number of BrdU-

positive cells within the VZ was not significantly different

between control and mutant brains. In control sections, an

average of 33.379.2 BrdU-labeled cells was counted within

the IZ as compared to 158.0714.3 cells in the Rb mutant

(Figure 2C; Po0.001). The substantial increase of BrdU-

labeled cells within the mutant IZ was compensated for by

a corresponding decrease in labeled cells within the CP

(480.2757.9 cells in controls and only 336.9730.5 neurons

in the Rb mutants) (Figure 2C; Po0.05). In contrast, the

number of BrdU-positive cells within the VZ was not sig-

nificantly different between control and mutant brains.

Consistent with an increase in IZ cell number, total cell

counts of E16.5 embryos revealed significantly increased

cell numbers within the Rb mutant IZ (Supplementary

Figure 1C–E). These results suggest that many of the Rb-

deficient cells failed to reach their correct laminar destination

within the cortex.

Reduced number of Cajal–Retzius neurons in the

Rb mutant MZ

We next examined whether there were defects in the genera-

tion or survival of layer I Cajal–Retzius cells, pioneering

neurons born between E11 and E12 that synthesize and

secrete Reelin, and which are essential to guide newly

generated cortical neurons along radial glial fibers

(Frotscher, 1998; Sarnat and Flores-Sarnat, 2002). To assess

Cajal–Retzius cell number, immunohistochemistry with a

Reelin (G10) antibody was performed on mutant and control

E12.5 and E16.5 embryos (Figure 3). At E12.5, the number of

Reelin-expressing cells in the cortical MZ was similar be-

tween mutant and control embryos (Figure 3A and D), with

126.2712.3 cells in the control and 126.0717.8 cells in the

Rb mutant MZ (Figure 3G). In addition, total MZ cell counts

at E13.5 demonstrated similar cell numbers between control

and mutant littermates (Figure 3H). In contrast, at E16.5,

quantification of Reelin-positive cells revealed a dramatic

50% decrease in Cajal–Retzius neurons in the mutant MZ,

with an average of 143.8711.8 cells in the controls and

67.576.9 cells in Rb mutants (Figure 3B, E, and I;

Po0.001). To confirm that reduced Reelin labeling was due

to a decrease in positive cells and not merely a downregula-

tion of Reelin protein, we counted the total cell number

within the MZ. Consistent with Reelin immunohistochemis-

try, total cell counts revealed that mutant cortices contained

nearly 50% fewer MZ cells compared to control embryos

(Figure 3J) (3276 cells in the control and 1873 cells in the

mutant; Po0.05). These results suggest that Rb deficiency

does not negatively impact upon the generation of Cajal–

Retzius neurons, but does affect the survival of this specific

neuronal population.

Although telencephalon-specific Rb deficiency is not asso-

ciated with the large-scale neuronal death characteristic of Rb

germline knockouts, we previously reported a slight increase

in TUNEL-positive cells within the mutant telencephalon at

E13.5 (Ferguson et al, 2002). As Cajal–Retzius neurons are

lost by E16.5 in Rb mutants, we questioned whether this was

due to neuronal-specific apoptosis. To test this, we performed

TUNEL labeling on mutant and control E13.5 and E16.5

embryos, and quantified positive cells within the germinal

zones, IZ, CP, and along the MZ. At E13.5, control and

Rb mutant sections contained similar numbers of TUNEL-

positive cells within the germinal zones and IZ/CP

(Supplementary Figure 2A). In contrast, Rb mutant sections

showed elevated apoptosis within the MZ, with an average

of 10.071.3 TUNEL-positive cells, as compared to 4.370.7

cells in control sections, representing a 2.3-fold increase

(Figure 3K; Po0.05). At E16.5, TUNEL-positive cells in all

quantified regions were not significantly different between

mutant and control samples (Supplementary Figure 2B).

Therefore, the specific increase in TUNEL labeling at E13.5

Figure 2 Rb-deficient cortical neurons exhibit delayed radial mi-
gration. Pregnant females at E13.5 of gestation were injected with a
single dose of 20 mg/g body weight BrdU. Embryos were removed 5
days later at E18.5, fixed, and subjected to immunohistochemistry
for BrdU (A, B). BrdU-labeled cells were counted across a 620-mm-
wide section of dorsal cortex. In contrast to the control sections with
only 33.379.2 cells, 158714.3 labeled cells were counted within
the IZ of Rb mutants, representing an almost five-fold increase
(arrows) (C; Po0.001). This dramatic increase was compensated
for by a corresponding decrease of labeled cells that had reached the
CP. The controls had 480.2757.9 cells within the CP compared to
only 336.9730.5 in the Rb mutants (C; Po0.05). These results
indicate that although similar numbers of neurons were generated
at E13.5 in control and mutant cortices, Rb-deficient cortical
neurons are delayed in reaching their ultimate position within
the CP. Error denotes standard error (n¼ 3 control; n¼ 4 cond.
Rb�/�). Bar: 50mm. MZ: marginal zone; CP: cortical plate; IZ:
intermediate zone; VZ: ventricular zone.
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Figure 3 Rb is required for survival of Cajal–Retzius neurons. Coronal sections of control and Rb mutant embryos at E12.5 (A, D) and E16.5
(B, E) were subjected to immunohistochemistry with a Reelin (G10) antibody. Positive cells in each section were quantified along a 1500 mm
(E12.5) or 3000mm (E16.5) length of the MZ. At E12.5, Reelin expression in the cortical MZ appeared similar between mutant and control
embryos (A, D, G) (n¼ 3 control; n¼ 3 cond. Rb�/�). Total MZ cells counted within a 245 mm length of the dorsal cortex of E13.5 embryos
confirmed similar cell numbers between mutant and controls at this time (H; n¼ 4 control; n¼ 4 cond. Rb�/�). However, by E16.5, Rb
mutants contained approximately 50% fewer Reelin-positive neurons as compared to control embryos (B, E, I, Po0.001) (n¼ 5 controls; n¼ 4
cond. Rb�/�). Total MZ cell number quantified within a 245 mm length of the dorsal cortex of E16.5 embryos resulted in a similar reduction in
Rb mutants (J, Po0.05) (n¼ 3 control; n¼ 4 cond. Rb�/�). To detect cell death, E13.5 conditional mutant and control littermates were
assayed for TUNEL labeling. On each section, positive cells were quantified within the MZ. Rb mutants exhibited significantly increased TUNEL
labeling within the MZ (C, F, K, Po0.05; arrows point to representative cells) (n¼ 4 control; n¼ 5 cond. Rb�/�). Error denotes standard error.
Bar: 25mm. MZ: marginal zone.
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within the MZ of Rb mutants suggests a requirement for Rb in

the survival of Cajal–Retzius neurons. Owing to the impor-

tant role of Cajal–Retzius neurons in guiding radial migration

of newly born cortical neurons, reduction of these cells by

mid-neurogenesis may contribute to the aberrant neuronal

migration we observed in Rb mutants.

Rb deficiency does not significantly impact neuronal

specification

Owing to the defective terminal mitosis characteristic of Rb

deficiency, we questioned whether the generation and/or

specification of distinct neuronal populations may be altered

in Rb mutants. We first examined the expression of cortical

progenitor markers, including Ngn1, Ngn2, Pax6, and Emx1,

by in situ hybridization at E15.5 in Rb mutant and control

embryos. For all markers tested, no difference was observed

between mutant and control sections (data not shown).

Similarly, examination of ventral progenitor markers such

as Hes1, Hes5, Nkx2.1, and Lhx7 did not reveal any defects

in progenitor cell generation or specification in Rb mutants

(data not shown). Given that post-mitotic cortical neurons

were mislocalized within the Rb mutant cortex (Figure 1), we

investigated whether Rb deficiency might also impact upon

the positioning of ventrally derived interneurons. To test this,

we examined expression of GABAergic interneuron markers

early in neurogenesis and at mid-neurogenesis. At earlier

time points, we did not observe any differences in the ventral

populations with the examined markers, including calbindin

(Figure 4A and B), Lhx6 (Figure 4C and D), GAD 65, and GAD

67 (Supplementary Figure 3A–D) in Rb mutant embryos. In

contrast, at mid-neurogenesis, the distribution of calbindin

and Lhx6 was noticeably perturbed in Rb mutant sections.

Immunolabeling revealed that, although calbindin expression

appeared normal in the ventral telencephalon, labeling was

dramatically reduced in the temporal cortical MZ, to such an

extent as to be almost absent (Figure 5B and D). Similarly,

in situ hybridization with an Lhx6 riboprobe demonstrated

defective expression in mutant embryos (Figure 5E–H).

Although expression was similar in mutant and control

embryos along the IZ/ SVZ migratory route, there was sub-

stantially reduced expression along the cortical MZ

(Figure 5H). Furthermore, Lhx6 expression was reduced

within the Rb mutant CP, suggesting that regardless of the

migratory route, fewer Lhx6-positive interneurons were

reaching the CP. In contrast, other interneuron markers

were unaltered in Rb mutants, including calretinin, Lhx7,

and Nkx2.1 (data not shown).

Figure 4 Rb deficiency does not impact interneuron specification
or generation. To examine whether interneurons are properly
generated in the absence of Rb, mutant and control E12.5 coronal
sections were immunolabeled with a calbindin (D-28) antibody or
subjected to in situ hybridization with an Lhx6 riboprobe. The
generation of calbindin- (A, B) and Lhx6-positive (C, D) progenitors
appeared similar in the mutant and control embryos (n¼ 3 control;
n¼ 3 cond. Rb�/�). Bar: 50mm.

Figure 5 Cortical interneurons are mislocalized in Rb mutants. Rb
mutant and control embryo sections were examined at mid-neuro-
genesis to determine whether specific interneuron populations may
be impacted by Rb deficiency. E16.5 sections (coronal) were im-
munolabeled with a calbindin (D-28) antibody and E15.5 (sagittal)
sections were subjected to in situ hybridization with an Lhx6
riboprobe. Although calbindin expression appeared normal in
other telencephalic regions (A, B), these cells were dramatically
reduced in the mutant MZ (C, D). Similarly, Lhx6 expression was
normal along the SVZ/IZ migratory route, but was substantially
reduced in the mutant CP and MZ (G, H; n¼ 4 control, n¼ 5 cond.
Rb�/� (E15.5); n¼ 5 control, n¼ 5 cond. Rb�/� (E16.5).
Calbindin-positive cells were quantified either within the MZ or
deeper corresponding to the IZ (arrows point to MZ route; arrow-
heads denote IZ population). Although the total number of calbin-
din-positive cells does not differ, there is an approximately 50%
reduction in cell number within the Rb mutant MZ (I, Po0.05). The
decreased number of calbindin-positive neurons within the Rb
mutant MZ is associated with a corresponding increase in these
neurons within the mutant IZ (I, Po0.01). Error denotes standard
error. Bar: 100 mm (A, B, E–H), 25mm (C, D). MZ: marginal zone; IZ:
intermediate zone.
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Possible explanations for the mislocalization of Lhx6- and

calbindin-expressing interneurons in the Rb mutant cortex

are that they failed to properly migrate along their appro-

priate trajectories or that these neurons were lost by apopto-

sis. Calbindin-positive neurons were quantified in mutant

and control sections along either the MZ or within the deeper

IZ migratory route. Rb mutants showed a substantial 2.8-fold

reduction in calbindin-positive neurons in the MZ, with

23.273.9 cells in the littermate controls and 8.371.7 cells

in the mutant MZ (Figure 5I; Po0.05). This reduction in MZ

neurons in the mutant appears to be accounted for by an

increased IZ population. As compared to control sections

with 51.674.9 cells within the IZ, Rb mutants exhibited

significantly more calbindin-positive neurons along this

migratory route with 76.175.1 cells (Figure 5I; Po0.01).

Although the total number of calbindin-expressing neurons

appeared slightly elevated in Rb mutants, the difference was

not statistically significant (74.873.1 cells in controls and

84.475.6 in mutants). These results indicate that the dra-

matic reduction of these ventrally derived interneurons,

specifically along the MZ migratory route, is not due to

selective apoptosis, but instead suggests that these tangen-

tially migrating neurons may be diverted from their normal

MZ path into the deeper IZ trajectory.

A cell-autonomous requirement for Rb in interneuron

migration

Cortical GABAergic interneurons are derived from the ventral

ganglionic eminences (Anderson et al, 1997; Lavdas et al,

1999; Sussel et al, 1999; Wichterle et al, 1999). These

neurons migrate tangentially through the ventral telencepha-

lon to the cortex along distinct routes: a deep trajectory in

the lower IZ/SVZ and a superficial route along the MZ. To

determine whether Rb may be required to regulate tangential

migration along the MZ route, we performed slice co-culture

assays (Figure 6A). Mice were interbred to generate Rb

mutants at a 25% frequency, with one parent additionally

expressing green fluorescent protein (GFP) such that 50% of

embryos would also be GFP-positive. Telencephalons of GFP-

negative embryos were sectioned and plated onto coated

filter-membrane inserts. Medial ganglionic eminence (MGE)

explants were excised from GFP-positive littermates and

placed directly on the area of the sections corresponding to

the MGE. Co-cultures were grown in vitro for 72 h prior to

fixation and immunolabeling for GFP. It has previously been

shown that within 72 h, explanted cells will readily integrate

into the slice and will migrate up to the dorsal cortex, along

the appropriate MZ and IZ trajectories (Polleux et al, 2002).

We assessed the migratory routes of GFP-positive cells,

specifically focusing on the MZ trajectory, and classified

each slice hemisphere into one of three categories: ‘cell

integration’, ‘MZ stops early’, and ‘MZ migration’. ‘Cell inte-

gration’ refers to the condition in which GFP-positive cells

integrated into the section and initiated tangential migration

in the appropriate ventrolateral direction; however, these

cells failed to follow a distinct migratory route or reach the

MZ. This was considered to be the most extreme form of

failed migration (Figure 6B, E, and H). The second category,

‘MZ stops early’, was considered to be a more moderate

failure to migrate along the MZ and occurred when GFP-

positive cells were detected in the MZ route, but did not reach

the cortex (Figure 6C, F, and I). The third category, ‘MZ

migration’, included all sections in which a GFP-positive

migratory route was observed along the MZ, reaching the

dorsal cortex (Figure 6D, G, and J).

In addition to guiding radial migration, Cajal–Retzius

neurons have recently been suggested to have a potential

role in regulating the tangential migration of interneurons

from the ventral telencephalon (Hack et al, 2002; Shinozaki

et al, 2002; Morante-Oria et al, 2003; Stoykova et al, 2003).

Because Rb mutants exhibit a 50% reduction in Cajal–Retzius

neurons, we asked whether tangential migration in Rb mu-

tants may be altered owing to defective environmental cues.

To test this, we examined the MZ migratory routes formed by

control MGE explants on either control or Rb mutant slices

(Figure 7). When control explants were placed on control

slices, 93.3% of sections revealed complete MZ migration

(28/30), whereas only 7.1% failed to migrate and were

classified as ‘cell integration’ (2/30). Similarly, cells derived

from control MGE explants placed on Rb mutant slices were

able to appropriately migrate along the Rb-deficient MZ.

Under control explant:mutant slice conditions, GFP cells

displayed complete MZ migration, in all sections examined

(19/19). These data demonstrate that, despite the reduced

number of Cajal–Retzius neurons in the Rb mutants, control

MGE-derived interneurons do not exhibit any defects in

migrating along the MZ route in the Rb-null cortex.

We next questioned whether Rb may be required by

migrating neurons in order to properly navigate the MZ

migratory route. We compared the MZ migration of GFP

cells derived from either control or mutant MGE explants

on control slices. Although the large majority of control

explants placed on control sections exhibited complete MZ

migration (93.3%), Rb-deficient migrating neurons showed a

dramatic failure to migrate along the MZ of the control slices.

The majority of sections (61.9% or 13/21) exhibited the most

severe form of failed migration in the form of ‘cell integra-

tion’, whereas in 14.2% of sections, the MZ route stopped

early (3/21), and only 23.8% of sections showed complete

MZ migration (5/21). Furthermore, we examined the migra-

tory capacity of Rb-deficient MGE-derived interneurons on Rb

mutant slices. Under these conditions, 40% (2/5) of sections

exhibited ‘cell integration’, 60% (3/5) exhibited an MZ

trajectory that stopped early, and none of the sections under-

went complete MZ migration (Figure 7). These results

demonstrate that Rb is essential for the MGE-derived inter-

neurons to complete tangential migration along the MZ route.

When pooled together, 95.9% (47/49) of sections with con-

trol explants showed complete MZ migration, whereas only

19.2% (5/26) of sections with mutant explants displayed

proper MZ migration (Figure 7). These data comprise the

first evidence indicating a cell-autonomous requirement for

the cell cycle protein, Rb, in regulating neuronal migration

during forebrain development.

Discussion

In this study, we examined the requirement for the cell cycle

regulator, Rb, in telencephalic development. Although Rb

mutants produced appropriate numbers of correctly specified

cortical projection neurons and interneurons, the radial and

tangential migration of these neuronal populations, respec-

tively, were perturbed. In particular, neuronal birthdating and

marker analyses revealed that the radial migration of early-
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born neurons within the cortex was impaired in the absence

of Rb. Similarly, an examination of cortical interneuron

markers and the use of slice co-culture assays revealed that

Rb is essential for normal tangential migration. In conclusion,

our results demonstrate a novel cell-autonomous function for

the Rb tumor suppressor, in regulating neuronal migration

during telencephalic development.

Cell cycle and cell fate

Proper timing of cell cycle exit and terminal mitosis is

believed to be critical for the generation of specific neuronal

cell types in the developing neocortex (McConnell and

Kaznowski, 1991). We have previously shown the prevalence

of ectopically dividing neuroblasts throughout the IZ and CP

of Rb mutants (Ferguson et al, 2002). Despite the fact that

Rb-deficient mutants exhibit defective terminal mitoses, we

show here that cortical neuronal populations do not appear

to be misspecified. First, all dorsal progenitor cell markers

examined showed normal expression patterns in Rb mutants.

Second, layer-specific markers were appropriately expressed

in Rb mutants, with the exception of ectopic expression in the

IZ at early developmental stages. While neuronal fate deter-

mination has been shown to be tightly coupled with the

timing of terminal mitosis (McConnell, 1995; Waid and

Figure 6 Slice co-cultures. To assess the requirement for Rb function in interneuron migration, we performed slice co-culture assays. (A) GFP-
negative telencephalon sections were plated onto coated filter-membrane inserts in a six-well dish. MGE were removed from GFP-positive
littermates and equal-sized pieces were placed directly on sections corresponding to the MGE. Co-cultures were grown in vitro for 72 h prior to
fixation and GFP immunohistochemistry. The migratory routes of the GFP-positive cells, specifically the MZ trajectory, were analyzed and
classified as follows: ‘cell integration’, in which GFP-positive cells integrated into the section (arrow) but did not follow a distinct migratory
route (arrowhead) or reach the MZ (B, E, H). ‘MZ stops early’ occurred when GFP-positive cells formed an MZ route (arrow) but did not reach
the dorsal cortex (arrowhead) (C, F, I) ‘MZ migration’ included sections in which a GFP-positive MZ migratory route reaching the dorsal cortex
was observed (arrows) (D, G, J). Bar: 100mm (D, G), 50mm (J). MGE: medial ganglionic eminence; MZ: marginal zone.
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McLoon, 1995), the Rb-deficient mouse represents an anom-

aly in which these events become aberrantly uncoupled.

Although Rb-deficient neurons fail to undergo terminal mi-

tosis at the correct time, they are still able to generate the

appropriate neuronal populations as in wild-type animals.

This lack of correlation between neuronal gene expression

and terminal mitosis suggests that terminal mitosis may not

always be a prerequisite for the specification of the appro-

priate neuronal population.

Our neuronal birthdating experiments revealed that

although similar numbers of early-born cortical neurons

were generated in Rb mutants, they failed to reach their

ultimate destination within the CP, suggestive of a role of

Rb in radial migration. In contrast, later-born neurons were

able to migrate to their appropriate layers, raising the possi-

bility that Rb is required for the migration of specific neuronal

subpopulations. We cannot, however, rule out the idea that

the early-born cortical projection neurons migrate inappro-

priately because they are born in ectopic locations. Confocal

microscopy has revealed that the vast majority of dividing

cells in the IZ are committed neuroblasts co-expressing BrdU

and the neuronal marker b-III tubulin (Ferguson et al, 2002).

This is consistent with the interpretation that Rb-deficient

neurons are committed to a specific fate before they leave the

VZ but then continue to divide ectopically. At present, there-

fore, we cannot distinguish between whether (a) neurons

born in the IZ fail to undergo appropriate radial migration

as a consequence of their generation in an inappropriate

location or (b) early-born projection neurons require Rb for

their radial migration.

A key question when evaluating radial migration is

whether any of the migrating cells, particularly those that

fail to find their appropriate destination, undergo apoptosis.

We have quantified apoptosis in each of the zones including

VZ, IZ, CP, and MZ and have only found a significant increase

in apoptosis in the MZ at E13.5 and no difference in any of

these regions at E16.5. This suggests that Rb is not essential

for the survival of CP neurons and that neurons born in the IZ

do not appear to default to an apoptotic pathway. Our studies

reveal however that Rb is required for the survival of Cajal–

Retzius neurons in the MZ. It should be noted that mice

carrying the conditional Rb mutation die at birth, hence we

cannot comment on the long-term survival of these cortical

neurons.

Selective loss of Cajal–Retzius neurons

Although Rb deficiency specific to the telencephalon does

not induce the widespread apoptosis observed in germline

knockouts, certain neuronal populations may require Rb for

survival. We previously reported a small but significant

increase in TUNEL-positive cells within the mutant telence-

phalon (Ferguson et al, 2002). We now demonstrate that the

neuronal loss in the Rb mutants is dramatically increased

within the cortical MZ, specifically affecting the Cajal–Retzius

neurons. Although the initial generation of Reelin-positive

Cajal–Retzius neurons is normal, by E16.5, these cells are

reduced in number by nearly 50% in the Rb-deficient MZ.

This raises the possibility that the reduction in Cajal–Retzius

cell numbers could account, at least in part, for the defects in

radial and tangential migration. Indeed, Cajal–Retzius neu-

rons are known to be critical for guiding radial migration of

newly generated cortical neurons (Frotscher, 1998; Sarnat

and Flores-Sarnat, 2002), and the loss of these cells by mid-

neurogenesis may be associated with the aberrant radial

migration and defective laminar patterning observed in the

Rb mutant cortex. A similar reduction of Cajal–Retzius neu-

rons occurs in mice deficient for Emx2, in which the neurons

appear to be properly generated but are subsequently lost.

These mice exhibit defective radial migration and laminar

patterning (Mallamaci et al, 2000; Shinozaki et al, 2002).

Although a reduction of Cajal–Retzius neurons by mid-

neurogenesis would not be expected to have a great effect

on the positioning of early-born neurons, the loss may be

responsible for more subtle defects.

Rb regulates tangential migration in a cell-autonomous

manner

The specification and generation of GABAergic interneurons,

specifically calbindin- and Lhx6-positive neurons, was not

initially impaired; however, by mid-neurogenesis, expression

of these cortical interneuron markers was dramatically

reduced along the MZ, whereas there was a corresponding

increase in the IZ. Thus, the total number of calbindin-

positive neurons was similar between Rb mutant and control

embryos, demonstrating that these interneurons were not

lost owing to apoptosis or neurogenesis defects. Instead, we

Figure 7 A cell-autonomous requirement for Rb in tangential mi-
gration. (A) The MZ migratory routes resulting from GFP-positive
MGE explants were compared according to the previously described
classifications (Figure 6). Control explants were able to complete
MZ migration in 95.9% (47/49) of sections examined, regardless of
whether they were placed on mutant or control slices (B). In
contrast, only 19.2% (5/26) of mutant explants placed on either
mutant or control slices displayed proper MZ migration (C). MZ:
marginal zone.
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found that the reduction of cells within the MZ was asso-

ciated with a corresponding increase in calbindin-positive

cells within the IZ. These results support our interpretation

that the specific MZ loss of interneurons is due to their failure

to properly follow their MZ migratory route, and that these

cells instead become re-routed toward the deeper IZ trajec-

tory. We cannot, however, rule out that the impaired migra-

tion we observe could be the result of a failure of these cells

to express the full complement of genes required for proper

migration.

Our data show that control cells from MGE explants

migrate equally well on control and mutant sections, indicat-

ing the migratory environment to be relatively inconsequen-

tial in terms of the defective migration observed in Rb

mutants. Instead, we demonstrate that Rb is essential

among certain MGE-derived interneurons in order to migrate

along the MZ. Despite the dramatic reduction in MZ migra-

tion derived from Rb mutant explants, a small proportion of

samples that included Rb-deficient interneurons (23.8%)

demonstrated complete MZ migration. This may be explained

by the heterogeneity of the MGE population, as Rb signaling

may only be required in specific interneuron subsets.

What may account for the mechanism through which Rb

could impact neuronal migration? Previous studies have

shown that Rb interacts with a number of genes that can

regulate differentiation. A well-established interaction is with

the helix–loop–helix (HLH) family member, Id2, an important

negative regulator of neuronal differentiation (Perk et al,

2005). By acting as a dominant inhibitor of proneural basic

HLH factors, Id2 represses the transcription of neuron-speci-

fic genes. Rb has been shown to interact with Id2, thereby

suppressing its activity (Lasorella et al, 2002). Several studies

demonstrate the importance of the Rb interaction with Id2 in

neural development. First, the neurological defects found in

Rb knockouts are rescued by the absence of Id2 (Lasorella

et al, 2000). Second, expression of Id2 in cortical progenitor

cells was shown to inhibit the induction of neuron-specific

genes, while this inhibition was alleviated by the co-expres-

sion of a constitutively active Rb (Toma et al, 2000).

The consequence of increased free Id2 activity in Rb

deficiency could lead to inhibition of genes that impact on

differentiation and migration. One such example is TrkB,

which has previously been shown to be substantially reduced

in Rb-deficient brains (Lee et al, 1994). In addition to its well-

known role in neuronal survival (Atwal et al, 2000; Stucky

et al, 2002), TrkB has also been shown to regulate radial and

tangential neuron migration (Polleux et al, 2002; Medina

et al, 2004). Recent studies have demonstrated that Id2 can

also directly repress TrkB expression in neural cells (Liu et al,

2004). Thus, we envisage a model whereby the absence of Rb

leads to deregulated Id2 activity causing inhibition of tran-

scription of neuron-specific genes required for differentiation

and migration, such as TrkB (Figure 8). Future studies

exploring molecules that regulate neuronal migration in the

Rb-deficient brain will be required to identify the specific

pathways that are dependent on Rb.

In conclusion, we demonstrate a cell type-specific require-

ment for Rb in the regulation of cortical development.

Although the majority of cortical neurons survive in the

absence of Rb, specific populations, including Reelin-positive

Cajal–Retzius neurons, require Rb for survival. Furthermore,

we reveal, for the first time, an essential role for the cell cycle

protein, Rb, in regulating neuronal migration during cortical

development.

Materials and methods

Mice
Telencephalon-specific Rb-deficient mice were generated by cross-
ing Rb-F19 (Marino et al, 2000) and Foxg1-cre mice (Hebert and
McConnell, 2000), as described previously (Ferguson et al, 2002).
All experiments were approved by the University of Ottawa’s
Animal Care ethics committee adhering to the Guidelines of the
Canadian Council on Animal Care.

Histology
Females at various stages of gestation were killed by a lethal
injection of sodium pentobarbitol and embryos were removed and
placed in 1� PBS. Embryos were fixed in 4% paraformaldehyde/
0.1 M phosphate buffer pH 7.4 for 1–2 days at 41C. For frozen
sections, tissue was subjected to sequential solutions of 12, 16,
and 22% sucrose/0.1 M phosphate buffer for 1 day each at 41C.
Embryos were embedded in OCT (TissueTek 4583), frozen on
liquid N2, and cut on a cryostat as 14mm sections at �201C and
mounted on Superfrost slides (Fisher #12-550-15). For paraffin
sections, fixed embryos were dehydrated in 60% ethanol for 1–2
days, embedded in paraffin wax, and sectioned at 6mm thickness.
Cresyl violet staining was performed on paraffin sections according
to standard protocols.

Immunohistochemistry and in situ hybridization
Immunohistochemistry was performed on fixed frozen sections
with the following primary antibodies: TuJ1 (mouse monoclonal
hybridoma supernatant, 1:50, Dr David Brown, University of
Ottawa), mouse monoclonal anti-Reelin G10 (1:500; Calbiochem,
#553731), rabbit polyclonal anti-calbindin (D-28) (1:1000; Chemi-
con, AB1778), and mouse monoclonal anti-GAD 65 (1:100; BD
Pharmingen, 559931/69221A). Sections were incubated in primary
antibody overnight at 41C, rinsed three times for 10 min each
in PBS, and then incubated in the appropriate secondary antibody.
For Reelin immunohistochemistry, sections were subjected to an
antigen retrieval pretreatment: sections were brought to a boil in
10 mM sodium citrate buffer, pH 6.0, placed in an ice bath for 5 min,
then the process was repeated twice more. For BrdU incorporation
analyses, pregnant females were injected intraperitoneally with 20

Figure 8 Proposed model of Rb-mediated regulation of neuronal
differentiation and migration. In wild-type cells, Id2 is sequestered
by Rb and is unable to inhibit basic HLH-mediated transcription of
specific neuronal genes, such as TrkB, that are required for neuronal
differentiation and migration. In the absence of Rb, Id2 activity is
deregulated, allowing inhibition of TrkB transcription, which, in
turn, leads to impaired neuronal migration and differentiation.
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or 50mg BrdU/g body mass (Boehringer Mannheim #280879) and
were processed as described previously (Ferguson et al, 2002).
TUNEL staining was performed as described previously (Ferguson
et al, 2002). Non-radioactive in situ hybridization and digoxygenin
probe labeling was performed according to previously described
protocols (Wallace and Raff, 1999). The following antisense
riboprobes were used, as described previously: Tbr1, SCG10,
Lhx6, and GAD 67. Riboprobe references are found in Supplemen-
tary data. Sections were examined with a Zeiss Axioskop 2
fluorescence microscope and visualized with a Sony Power HAD
3CCD color video camera with Northern Eclipse software.

Slice co-cultures
The conditional Rb mutant mice were bred such that one of the
parents was additionally heterozygous for GFP. With this crossing,
25% of embryos would be expected to be Rb deficient while 50% of

embryos should express GFP. Heterochronic slice co-cultures were
performed on E16.5 litters, as previously described, with some
modification (Polleux et al, 2002) (Supplementary data).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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