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The cerebellum, like the cerebrum, includes a nuclear structure and an overlying cortical structure. Experiments in the past decade have
expanded knowledge beyond the traditional function of the cerebellum to include critical roles in motor learning and memory and
sensory discrimination. The initial steps in cerebellar development depend on inductive signaling involving FGF and Wnt proteins
produced at the mesencephalic/metencephalic boundary. To address the issue of how individual cerebellar cell fates within the cerebellar
territory are specified, we examined the expression of transcription factors, including mammalian homologues of LIM homeodomain-
containing proteins, basic helix-loop-helix proteins, and three amino acid loop-containing proteins. The results of these studies show that
combinatorial codes of transcription factors define precursors of the cerebellar nuclei, and both Purkinje cells and granule neurons of the
cerebellar cortex. Examination of gene expression patterns in several hundred lines of Egfp-BAC (bacterial artificial chromosome)
transgenic mice in the GENSAT Project revealed numerous genes with restricted expression in cerebellar progenitor populations, includ-
ing genes specific for cerebellar nuclear precursors and Purkinje cell precursors. In addition, we identified patterns of gene expression
that link granule and Purkinje cells to their precerebellar nuclei. These results identify molecular pathways that offer new insights on the
development of the nuclear and cortical structures of the cerebellum, as well as components of the cerebellar circuitry.
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Introduction
The cerebellum, like the cerebrum, contains an outer cortical
structure, a layer of white matter, and a set of cerebellar nuclei
(CNPs) beneath the white matter. The cerebellar nuclei, like the
basal ganglia of the forebrain, control the execution of smooth
coordinated movements. The cortex contains two principal neu-
rons, the Purkinje cell (PC) and the granule cell, arranged in a
nearly crystalline, laminar array (Palay and Chan-Palay, 1974).
The granule neuron receives inputs from mossy fibers from var-
ious parts of the brain, including the lateral pontine nucleus
(Eccles et al., 1967; Palay and Chan-Palay, 1974; Ito, 2006). Gran-
ule cell parallel fiber excitation and ascending axonal inhibition
of the Purkinje cell are the principal elements of the cerebellar
circuitry (for review, see Bower, 2002). The Purkinje cell is the
sole output neuron of the cerebellar cortex, via connections with
neurons in the cerebellar nuclei, which project efferent fibers to
the thalamus, brainstem, and spinal cord (Cholley et al., 1989;

Teune et al., 2000). Because experiments to trace the commit-
ment of cells to specific fates in other systems, most notably spinal
cord, have revealed key insights on the mechanisms underlying
physiology and connectivity, defining the genes that specify dif-
ferent types of neurons in the cerebellar cortex and the cerebellar
nuclei should provide insight on the development of the cerebel-
lar system.

During embryogenesis, the vertebrate hindbrain is transiently
segmented into neural segments termed rhombomeres between
embryonic day 8.5 (E8.5) to E9.5 in the mouse and stages 9 –12 in
the chick (Fienberg et al., 1987; Fraser et al., 1990; Krumlauf et al.,
1993). The borders of the rhombomeres align with the borders of
expression of specific Hox genes (Wilkinson et al., 1989). In
chick, the cerebellar territory arises from rhombomere 1, delin-
eated by the expression of Hoxa2 (posterior) and Otx2 (anterior)
(Wingate and Hatten, 1999). In both mouse and chick, expres-
sion of Fgf8 in the isthmus “organizes” the patterning of the
cerebellum (Martinez et al., 1999) by maintaining the expression
of Otx2 and Gbx1 (Joyner et al., 2000). Negative interactions
between Otx2 and Gbx2 provide the boundary of the cerebellar
territory and the midbrain.

In the mouse, neural tube closure is complete by E9.5, except
for several areas, including the area at the border of mesenceph-
alon and metencephalon, the rhombic lip. Both fate-mapping
experiments and transplantation experiments have concluded
that the anterior rhombic lip (aRL) gives rise to the precursors of
the granule neuron of the cerebellum, the most abundant neuron
in the brain, and neurons of the precerebellar nuclei and the
olivary nucleus (Essick, 1912; Palay and Chan-Palay, 1974; Millen
et al., 1999; Rodriguez and Dymecki, 2000; Sotelo, 2004). Classi-
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cal studies indicate that the ventricular zone (VZ) along the
fourth ventricle generates neurons of the cerebellar nuclei, the
principal output neuron of the cerebellar cortex, the Purkinje
cell, and cerebellar interneurons (Palay and Chan-Palay, 1974;
Laine and Axelrad, 1994; Dino et al., 2000; Nunzi et al., 2001;
Laine and Axelrad, 2002). More recent studies show that neurons
of the cerebellar nuclei (Wang et al., 2005; Fink et al., 2006) and of
the hindbrain nuclei of the “cerebellar system” (Dymecki and
Tomasiewicz, 1998; Wingate and Hatten, 1999; Machold and
Fishell, 2005; Wang et al., 2005) are also generated from progen-
itors located in the anterior rhombic lip, the source of cerebellar
cortical granule neurons (Hallonet et al., 1990; Alder et al., 1996)

Combinations of transcription factors (TFs) play pivotal roles
in CNS neuronal specification. Several classes of transcription
factors are required for the development of the cerebellum, in-
cluding mammalian homologues of Hox genes, Paired-box
(PAX) genes, Pou genes, basic helix-loop-helix (bHLH) genes,
and LIM (the three gene products LIN-11, ISL-1, and MEC-3)
homeodomain-containing genes (Shirasaki and Pfaff, 2002).
Negative interactions between the Pax genes, Pax6 and Pax2 and
the Homeobox gene, En1/2, are essential for cerebellar patterning
because of their maintenance of the midbrain/hindbrain bound-
ary (Joyner, 1996). Among Pou genes, Pit is essential for cerebel-
lar development because of its control of a specific pituitary pro-
tein that activates genes that encode growth hormones (Hoshino
et al., 2005). The bHLH gene Math1 is essential for granule cell
development (Ben-Arie et al., 1997), and recent lineage tracing
experiments show that Math1� cells in the rhombic lip also gen-
erate neurons in the cerebellar nuclei, the lateral pontine nucleus,
and the cochlear nucleus (Wingate and Hatten, 1999; Machold
and Fishell, 2005; Wang et al., 2005).

To study the previous specification of neurons of the cerebel-
lar nuclei and the cerebellar cortex, we examined the expression
of major families of transcription factors in both the mouse and
the chick. In addition, to assay gene expression at multiple stages
of cerebellar development and to enable real time studies of cell
migration, we generated the following bacterial artificial chro-
mosome (BAC) transgenic mice that express an enhanced green
fluorescent protein (EGFP) reporter protein: Lhx1, Lhx2, Lhx5,
Lhx9, Irx3, Meis1, Meis2. We also screened several hundred lines
of BAC transgenic mice generated in the GENSAT project for
genes expressed in the cerebellum at E15.5. The results of these
studies provide evidence that postmitotic precursors of neurons
of the cerebellar nuclei express the transcription factors Lhx2/9,
Meis 1/2, and Irx3. Other genes expressed in cerebellar nuclei at
E15.5 include Gap junction membrane channel protein � 9
(Gja9), Methyl-Cpg-binding domain protein 2 (Mbd2),
5-hydroxytryptamine (serotonin) receptor 3a (Htr3a), and the
G-protein inward rectifying channel gene (Girk4), providing
other novel markers for neurons of the cerebellar nuclei. Cortical
Purkinje neurons expressed the LIM transcription factors LHX1,
LHX5, and RGS8, a GTPase-activating protein. Granule neurons
and their precerebellar nuclei are marked by Math1, Pde1c, and
Pcsk9 expression. Our results demonstrate that combinatorial
patterns of transcription factor expression mark progenitors of
the cerebellar nuclei and the Purkinje cells and illustrate the com-
plex migrations that generate the nuclear and cortical regions of
the cerebellum.

Materials and Methods
Animals. C57BLJ/6 and FVB/N mice were housed in the Rockefeller Uni-
versity animal facility on a 12 h light/dark cycle. Timed pregnancies were
established by checking vaginal plugs every morning, with the day of the

sperm impregnation being designated E0.5. Embryos were collected be-
tween stages E10 and E16.5 from anesthetized pregnant dams. Postnatal
day 6 (P6) and adult mice were also analyzed. The generation of Irx3,
Math1, Lhx1, Lhx5, and Pcp2 BAC transgenic mouse lines carrying the
EGFP gene reporter was done following procedures reported by Gong et
al. (2003). Fertilized White Leghorn (Gallus gallus) chicken eggs (Spafas,
North Franklin, CT) were incubated at 37.5°C with a relative humidity of
90% in a circulated air incubator (GQF Manufacturing, Savannah, GA).
The first day of incubation is designated as E0. Embryos were collected
between stages E4 (HH23) and E7 (HH31) (Hamburger and Hamilton,
1992).

Immunohistochemistry. Embryos were fixed by immersion in 4% para-
formaldehyde in PBS at 4°C. For immunostaining on postnatal and adult
brains, the animals were anesthetized with Nembutal and fixed by tran-
scardial perfusion of 4% paraformaldehyde/PBS. Cryostat sections were
blocked for 1 h in PBS containing 3–5% NGS and 0.1% Triton X-100.
Incubation with primary antibodies was done at 4°C overnight, followed
by rinses in PBS and incubation with secondary antibodies for 1 h at
room temperature. Fluorescent-conjugated secondary antibodies were
used to detect the primary antibodies (Jackson ImmunoResearch, West
Grove, PA; Invitrogen, San Diego, CA). The primary antibodies used in
this study were as follows: rabbit anti-Lhx1/5, rabbit anti-Lhx2/9, and
rabbit anti-Irx3 (gift from Dr. T. M. Jessell, Columbia University, New
York, NY); rabbit anti-Meis1 and rabbit anti-Meis2 (gift from Dr. A.
Buchberg, Thomas Jefferson University, Philadelphia, PA); mouse anti-
Reelin (gift from Dr. A. Goffinet, University of Louvain, Brussels, Bel-
gium); rabbit anti-brain lipid-binding protein (BLBP) (gift from Dr. N.
Heintz, The Rockefeller University, New York, NY); mouse anti-RC2
(gift from Dr. M. Yamamoto, University of Tsukuba, Tsukuba, Japan);
mouse anti-Calbindin (Swant, Bellinzona, Switzerland); mouse anti-
Tuj1 (class III �-tubulin) (Covance, Santa Cruz, CA); rabbit anti-EGFP
(Invitrogen); and sheep anti-EGFP (Biogenesis, Sandown, NH). Images
were collected on a Zeiss (Thornwood, NY) fluorescence microscope
using a SPOT camera (Diagnostic Instruments, Sterling Heights, MI) or
a Radiance 2100 confocal microscope (Bio-Rad, Hercules, CA).

RNA in situ hybridization. In situ hybridization on whole-mount
brains or tissue sections was performed as described by Sanders et al.
(2002). Briefly, embryos were fixed in 4% paraformaldehyde/PBS at 4°C
overnight. Samples were incubated in detergent solution and then post-
fixed with 4% paraformaldehyde/PBS. RNA probes synthesized using
digoxigenin-labeled nucleotides (Roche, Indianapolis, IN) were diluted
in hybridization solution (50% formamide, 5� SSC, 2% SDS, 500 �g/ml
tRNA, 2% Boehringer blocking reagent, and 50 �g/ml heparin) and
applied at 70°C overnight. After hybridization, the samples were washed
first in solution X (50% formamide, 2� SSC, and 1% SDS) and then with
TBST (25 mM Tris HCl, pH 7.5, 136 mM NaCl, 2.68 KCl, and 1% Tween
20). Probes to cMeis1 (Dr. M. Torres, Centro Nacional de Biotecnologia,
Madrid, Spain), cIrx3 (T. Jessell), and Math1 (Dr. Q.-F. Ma, Dana-Farber
Cancer Institute, Boston, MA) were detected with alkaline phosphatase-
conjugated anti-digoxigenin antibody. Color reactions were performed
with the substrates for alkaline phosphatase 5-bromo-4-chloro-3-
indolyl-phosphate and tetranitroblue tetrazolium chloride.

5-bromo-2�-deoxyuridine staining. Pregnant mice were injected intra-
peritoneally with a solution of 5-bromo-2�-deoxyuridine (BrdU) in wa-
ter between E10 and E11.5 (Sigma; 50 �g/g body weight). Cryostat sec-
tions were incubated in 2N HCl at 37°C for 30 min, rinsed in PBS, and
incubated in 0.1 M boric acid, pH 8.5, for 10 min. The sections were
blocked for 1 h in PBS with 10% normal goat serum and 0.1% Triton
X-100, followed by incubation with anti-BrdU monoclonal antibody
(Beckton Dickinson, Mountain View, CA) in 5% NGS at 4°C overnight.
For fluorescent detection, we used Cy3 and FITC-conjugated secondary
antibodies.

Egfp-BAC transgenic mice. Egfp-BAC transgenic mice used in this study
were kindly provided by the NIH GENSAT Project (Gong et al., 2003).
The expression pattern of EGFP in BAC transgenic mice was confirmed
by parallel in situ hybridization experiments in the BGEM PROJECT at
St. Jude (Memphis, TN).
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Results
Cell proliferation commences in the VZ of the cerebellar territory
soon after neural tube closure. The earliest cerebellar progenitors
exit the cell cycle in the VZ on approximately E10.25 (our unpub-
lished results). At E11.5, the general postmitotic neuronal marker
(�-Tub) reveals a zone of postneuronal precursors along the dor-
sal surface of the anlage; by E12.5, a second zone of postmitotic,
�-Tub� cells forms beneath the superficial zone. Between E12.5
and E14.5, a secondary germinal zone, the anterior rhombic lip,
begins to generate neuronal progenitors, which spread onto the
surface of the thickening anlage. Thus, three primary zones of
progenitor cells emerge in a step-wise manner in the embryonic
cerebellum.

To define the expression patterns of TFs in the cerebellar pro-
genitor populations, we combined BrdU incorporation with im-
munocytochemical localization of antibodies for transcription
factors (Table 1). From E10.25 to E12.5, IRX3 and MEIS1 immu-
nopositive cells were evident in the VZ and in the zone of post-
mitotic �-Tub� cells on the dorsal surface, suggesting that
MEIS1 and IRX3, members of the TALE (three amino acid loop)
superfamily of transcription factors, are expressed by both divid-
ing and postmitotic progenitor cells (Fig. 1) (data not shown).
MEIS2 and the LIM homeodomain containing transcription fac-
tors, LHX2/9, are also expressed in the developing cerebellum at
these stages of development. At E12.5, MEIS2 and LHX2/9 ex-
pression is specific to the postmitotic dorsal precursor popula-
tion with no expression noted in ventricular zone progenitors
(Fig. 1A,D) (data not shown).

Classical 3H-birthdating studies (Pierce, 1975) provide evi-
dence that cells born in this period are progenitors of the cerebel-
lar nuclei. To confirm the identity of this progenitor cell popula-
tion, we performed BrdU labeling experiments in combination
with immunolocalization of MEIS2. Sagittal sections of E12.5
mouse embryos pulsed with BrdU at E10.25 showed large num-
bers of BrdU-labeled cells on the dorsal surface (Fig. 1C). The
majority of the BrdU� cells expressed MEIS2, indicating that
prospective neurons born at E10.25 migrate from the VZ onto the
surface of the E12.5 anlage. At E14.5, MEIS1, MEIS2, IRX3, and
LHX2/9 expression is maintained in nuclear precursors and

marks the movement of these precursors into the aggregating
cerebellar nuclei (Fig. 1E,F) (data not shown).

To assay the mode of migration of early nuclear progenitors
from the ventricular zone to the dorsal surface of the anlage, we
turned to Irx3-Egfp BAC transgenic mouse lines. Our aim was to
examine whether radial glial fibers guide the radial migration of
progenitors of the cerebellar nuclei from the VZ onto the surface
during this early time period. In these assays, we stained trans-
verse sections from Irx3-EGFP BAC transgenic mice with anti-
bodies against EGFP and RC2. Similar assays were done using
Meis2 antibodies in combination with RC2 staining. In control
experiments, we demonstrated that RC2� cells stretch across the
thickness of the cerebellar anlage at E10.25, and that RC2� cells
double label with antibodies against BLBP at this stage (Feng et
al., 1994; Anthony et al., 2004). By confocal imaging, MEIS2�
cells were closely apposed to RC2� radial glial cells (Fig. 2A).
Moreover, visualization of IRX3� cells revealed a columnar ar-
rangement of the progenitors of the nuclei migrating from the VZ
to the surface along the radial glial fibers (Fig. 2B). Between
E10.25 and E12.5, increasing numbers of IRX3� neurons ap-
posed to radial glial fibers (data not shown). Thus, the radial glial
fiber system appears to provide the migratory pathway for the
initial migration of cerebellar nuclear progenitors from the VZ to
the surface of the anlage.

To further characterize patterns of gene expression and cell
movement and to examine whether individual cells expressed
combinations of transcription factors, we double labeled tissue
sections from Egfp-BAC transgenic mice for each of the TFs stud-

Table 1. List of transcription factors assayed in the current study

Gene Ventricular zone Postmitotic zone

Math1 � (RL) ��� (EGL)
Mash1 � �
Neurogenin2 � �� (SVZ)
Neurogenin1 � �
NeuroD � ���
Dbx1 � �
Dbx2 � �
Lhx1 � ���
Lhx5 � ���
Lhx3 � �
Lhx2 � ���
Lhx9 � ���
Meis1 � ���
Meis2 � ���
Irx3 ��� ���
Irx1 ��� ��
Irx2 ��� ��
Zic1,3 ��� �
Pax2 � ���

�, Lowest level of expression; ����, highest level of expression; �, no expression; ND, not done. SVZ,
Subventricular zone.

Figure 1. Precursors of the neurons of the cerebellar nuclei express the transcription factors
IRX3, MEIS1, MEIS2, and LHX2/9. On E10.25, the initial progenitor population generated in the
VZ lining the fourth ventricle gives rise to progenitors of the cerebellar nuclei. At this age,
postmitotic cells are labeled with �-tubulin (data not shown). At E10.25 (A), MEIS2 cells are
labeled on the surface of the developing cerebellar anlage. Irx3-positive cells are evident on the
surface (B) but also in transit from the VZ to the surface. By E12.5 (C), cells that exit the cell cycle
on E10.25, as indicated by BrdU labeling (C, green), are located on the surface of the emerging
cerebellar anlagen. Double labeling with antibodies against MEIS2 (red) confirms the expres-
sion of the transcription factor MEIS2; the total cell population is labeled with the marker
4�,6�-diamidino-2-phenylindole (blue). D, Labeling with antibodies against LHX2/9. By E14.5,
cells labeled with antibodies against MEIS2 (E) and MEIS1 (F ) have migrated from the surface
and begun to assemble into nascent cerebellar nuclei in the rostral aspect of the cerebellar
territory.
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ied. Immunostaining of E11.5 Irx3-EGFP BAC transgenic mice,
with antibodies specific to EGFP and MEIS1, revealed double-
labeled cells in the VZ and in the zone on the dorsal surface. By
E14.5, double-labeled cells were visible in the nascent cerebellar
nuclei in the anterior cerebellum. Parallel experiments with Irx3
BAC mice revealed numerous IRX3/MEIS2, IRX3/MEIS1, and
IRX3/LHX2/9 double-labeled cells within the emerging cerebellar
nuclei in the anterior cerebellum (data not shown). Interestingly,
double labeling was not uniform among the population of pre-
sumptive cerebellar nuclei progenitors cells, along the mediolat-
eral axis. This suggests additional subpopulations of progenitors
or different stages of development of progenitors within cerebel-
lar nuclei.

Studies of BAC transgenic lines confirmed that the zone of
nuclear progenitor cells migrated toward the rostral aspect of the
anlage between E12.5 and E15.5. By E14.5, the population of
Irx3� cells left the surface and migrated inward to a position
beneath the prospective zone of Purkinje cell precursors (see be-
low). By E15.5, an Irx3� axonal tract emerged from the medial
deep nucleus toward the contralateral medial nucleus (Fig. 2c). At
early postnatal stages, Irx3 and MEIS1- and MEIS2-positive cells
were evident in the three-cerebellar nuclei (Fig. 2d) (data not
shown). Thus, the combinatorial expression of Irx3, Meis1, and
Meis2 delineates the progenitors of the cerebellar nuclei from
their origin in the VZ to the formation of the nuclear structure in
the neonatal cerebellum.

To examine whether the pattern of transcription factor ex-
pression observed for murine cerebellar nuclei progenitor cells
was conserved in other vertebrates, we performed parallel studies
in chick embryos. Chick offered the additional advantage of
whole-mount preparations to trace formation of the cerebellar

nuclei. In the E5 (HH24) chick cerebel-
lum, staining of transverse sections shows
LHX2/9, MEIS1, and IRX3 expression in
postmitotic cells on the surface of the an-
lage (Fig. 3) (data not shown). To examine
the formation of the cerebellar nuclei, we
performed whole-mount in situ hybrid-
ization analysis with RNA probes specific
to Irx3 and Meis1 at E7. Irx3 and Meis1
were expressed in two groups of cells ag-
gregating to form the cerebellar nuclei in
the depth of the cerebellar anlage (Fig.
3E,F). Thus, parallel programs of tran-
scription factor expression define the pro-
genitors of the cerebellar nuclei in mouse
and chick and the formation of the nuclear
structure. Our studies of gene expression
in hundreds of Egfp-BAC transgenic mice
generated in the GENSAT program re-
vealed other markers for neurons of the
cerebellar nuclei, including Gap junction
membrane protein �9 (Connexin-35) Gja9,
a gene that is abundantly in developing
brain, possibly because it characterizes
weak electrophysiological connections,
methyl-CpG binding domain protein
(MBD2-Zinc finger) Mbd2, a transcrip-
tional repressor, Serotonin receptor 3a
(Htr3a) and potassium inwardly rectifying
channel (Kcnj5) (Fig. 4A–F). Each of these
genes has potentially important functions
in cerebellar development and should be

useful tools for more detailed studies on the development of the
structure and circuitry of the cerebellar nuclei.

Neurons of the cerebellar cortex: Purkinje cells
Although Purkinje cells begin to exit the cell cycle at approxi-
mately E11 (Miale and Sidman, 1961; Goldowitz et al., 1997),
they do not express the classical postmitotic Purkinje cell marker
Calbindin (CALB1) until E14.5 (Wassef et al., 1985). To identify
TFs that mark earlier PC progenitors, we localized antibodies
against transcription factors and then used Egfp-BAC transgenic
mice to assay combinatorial expression patterns. At E11.5, anti-
bodies against LHX1 and LHX5 labeled a small number of cells
located just above the VZ. At E12.5, a large number of LHX1/5�
cells were located between the VZ and the superficial layer of
cerebellar nuclei progenitors (Fig. 5B,D). Similar patterns were
noted in early chick embryos (Fig. 3B,D). LHX1/5� cells did not
express MEIS1/2, IRX3, or LHX2/9 by double labeling assays
(data not shown). This suggests differential patterns of transcrip-
tion factors in progenitors of the cerebellar nuclei and Purkinje
cells: the boundary of expression of transcription factors delin-
eated zones of precursors of CN or PC cells.

To confirm the identity of Lhx1� precursors, we immuno-
stained cryostat tissue sections from E15.5, Egfp-Lhx1 BAC trans-
genic mice with a marker for Purkinje cells, CALB1. Although the
vast majority of the Calb1� cells double-labeled with Lhx1 (Fig.
5C,D,E), a subpopulation of cells was Lhx1�/CALB1�. The lat-
ter cells most likely represented postmitotic, Purkinje neuron
progenitors that had not yet differentiated sufficiently to express
CALB1. At E16.5, double labeling of Lhx5 BAC transgenic mice
with antibodies against EGFP and CALB1 also revealed double
labeling in the vast majority of cells, confirming that Lhx5 expres-

Figure 2. Migratory pathways of precursors of the neurons of cerebellar nuclei. At E10.25, the first precursors of the CN are
migrating from the VZ to the surface of the anlagen. Double labeling with a marker for radial glia RC2 (red) and the EGFP reporter
(green) on sections of Meis2-Egfp-BAC transgenic animals reveals a close apposition of migrating neurons to the radial glial
pathway. In B, similar results are observed with Irx3� progenitors from Irx3-Egfp-BAC transgenic mice (green) and RC2� radial
glia. In the lower left area of B, a high-magnification image of the cell marked with an arrow is illustrated. In C, aggregating Irx3�
CN cells form distinct nuclei interconnected by fibers (EGFP labeling in Irx3-Egfp-BAC transgenic mice detected by DAB localiza-
tion). In D, MEIS2 expression is illustrated in the cerebellar nuclei (immunostaining with antibodies against MEIS2). On the right,
a general schema for the formation of the cerebellar nuclei is shown in a drawing of a whole mount of the midbrain/hindbrain
region between E12.5 (left side of drawing) and E15.5 (right side of drawing). The dorsal surface of the cerebellar anlage is “D,” and
the ventral midline is “V.” At the left, the orange zone on the dorsal surface is occupied by precursors of cerebellar nuclei progen-
itors on E12.5. By E 15.5, these cells exit the surface and form three distinct nuclei (green stripes); the EGL (blue) now occupies the
dorsal surface.
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sion marks Purkinje cells in the developing cerebellum (data not
shown). Lhx5 expression persisted in Purkinje cells postnatally;
after birth, Lhx5 was also expressed by cerebellar interneurons in
the molecular layer and internal granule cell layer (Fig. 6C).

Although the development of Purkinje cells has been inferred
previously using birth-dating techniques and molecular markers
(Miale and Sidman, 1961; Altman and Bayer, 1985b; Feirabend et
al., 1985; Yuasa et al., 1991; Millen et al., 1995; Lin and Cepko,
1998), absence of early markers for Purkinje cell precursors has
precluded direct observations of their migratory pathway. In
transverse tissue sections, LHX1/5� cells closely apposed to
RC2� radial glia as they exited the VZ, beginning at E11.5 (Fig.
6A). Between E12.5 and E14.5 (Fig. 6C), numerous LHX1/5�
cells were evident along the RC2� radial glial fiber system (Fig.
6D). These results provide direct evidence for the long-standing
assumption that immature Purkinje cells migrate away from the
VZ along the radial glial fiber system.

We identified a remarkable new marker for both early Pur-
kinje cell progenitors and mature Purkinje cells, RGS8, a GTPase-
activating protein, which modulates the kinetics of signaling by
G-protein-coupled receptors. At E15.5, RGS8 is strongly ex-
pressed in PC precursors in the cerebellar anlagen (Fig. 7A). By
P7, RGS8 is expressed in the cell soma, dendrites, and axons of
Purkinje neurons (Fig. 7B). Although previous studies have ex-
amined RGS localization and function in cerebellar Purkinje cells
(Saitoh et al., 1999; Jeong and Ikeda, 2001; Benians et al., 2004;
Saitoh and Yoshihiro, 2004), our results provide the first evidence
that RGS8 is an early marker of Purkinje cell differentiation. This
suggests that G-protein-coupled receptors may function in Pur-
kinje cell development, including axon extension and dendritic
arborization. Similar expression patterns were observed using a
BAC transgenic line for Pcp2, a gene expressed specifically in
Purkinje cells within the developing brain (Fig. 7C,D) (data not
shown).

The anterior rhombic lip: neurons of the cerebellar nuclei, the
precerebellar nuclei, the vestibular nuclei, and the external
germinal zone (EGL) of the cerebellar cortex.
To follow the emergence of progenitors from the aRL, we
mapped the disposition of cells that express the transcription
factor Math1 mRNA by in situ hybridization. By E12.5, Math1�
cells were observed in the aRL. Between E12 and E14, Math1�
cells spread across the surface of the developing cerebellum into
the zone previously occupied by the progenitors of the cerebellar
nuclei (Fig. 8). Meis1 also marked cells in the rhombic lip, mi-
grating over the surface to form the EGL. A small number of
Math1� cells appeared to follow the MEIS1/IRX3/LHX2/9�
progenitors of the cerebellar nuclei, migrating across the surface
and turning into the deeper layers of the anlage (data not shown).
To examine whether a subpopulation of Math1� granule cell
progenitors also expressed MEIS1, we double labeled sections
from a Math1-Egfp-BAC transgenic mouse line with antibodies
against EGFP and MEIS1. At E16.5, when the cerebellar nuclear
precursors have migrated to form the cerebellar nuclei, the vast
majority of Math1� cells in the EGL coexpressed MEIS1 (Fig.
8E–G). These findings extend previous studies showing that
Math1, Zic1, Zic3, and Pax6 and now Meis1 mark granule cell
progenitors in the EGL (Ben-Arie et al., 1997; Nagai et al., 1997;
Engelkamp et al., 1999).

Previous studies support the idea that Math1� cells, which
originate in the anterior rhombic lip, give rise to neurons in the
precerebellar nuclei of the brainstem (Machold and Fishell, 2005;
Wang et al., 2005). At E15.5, Math1-Egfp is abundantly expressed

in both the EGL of the cerebellar cortex, the basilar pontine nu-
cleus, and the vestibular nucleus (data not shown). This result
confirms and extends our previous observation that aRL cells
migrate to the lateral pontine nucleus in chick (Wingate and
Hatten, 1999) and further suggests that Math1 is expressed in the
vestibular nucleus.

A second molecular marker shared by cerebellar granule
cell precursors and neurons of the pontine nucleus is the gene
phosphodiesterase1c (Pde1c). Pde1c is of particular interest,
because it is expressed by granule neuron progenitors from
E12 through adulthood. Pde1c is therefore a novel granule cell
marker expressed at all stages of granule cell development. In
addition, Pde1c is expressed in the basilar pons, the primary
source of mossy fiber inputs to granule neurons, and in the
olivary nucleus, the source of climbing fiber inputs to Purkinje
cells (Fig. 9 B, D). Thus, Pde1c is expressed in both classes of
inputs that drive Purkinje cell excitability, the mossy fiber-
granule cell-Purkinje circuit, and the climbing fiber projection
to the Purkinje cells. Pcsk9 is also expressed in cerebellar gran-
ule cells and cells of the basilar pons. In the brain at P7, strong
expression is visible in granule cell progenitors and the neu-
rons of the pontine nucleus (Fig. 9A). At E15.5 (Fig. 9C), Pcsk9
expression is restricted to the EGL of the cerebellar anlage and
the prospective pontine nucleus of the brainstem. Pcsk9 is the

Figure 3. Expression of transcription factors in progenitor cell populations of the embryonic
chick cerebellum. To examine whether the patterns of gene expression we observed were
evident across species, we performed localization studies in embryonic chick cerebellum. In
transverse sections at E4.5, antibodies against LHX2/9 label prospective cerebellar nuclear cells
on the surface of the cerebellum (A), and antibodies against LHX1/5 label cells in a zone beneath
the cell surface (B). In sagittal sections of E5 chick, LHX2/9� cells are evident on the surface of
the developing cerebellar anlagen (C) and LHX1/5 PC precursors beneath the superficial zone
occupied by CN progenitors (D). In flat mount preparations of E7 chick (see Fig. 2 for schematic),
in situ hybridization with a probe for Irx3 (E) reveals that Irx3 transcripts are restricted to the
cerebellar nuclei, whereas hybridization with a probe for Meis1 (F ) reveals that Meis1 tran-
scripts are expressed in cerebellar nuclei and in the EGL on the dorsal surface at right (arrow).
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first example of a molecular marker for the lateral pontine
nucleus, the primary source of mossy fiber afferents to the
cerebellum, and the target of mossy fiber axons, the granule
cell of the cerebellar cortex.

Discussion
The cerebellum is unique among brain re-
gions, because it contains both a nuclear
structure, typical of subcortical regions,
and an overlying laminar cortex, typical of
higher cortical regions. The present study
provides evidence that the histogenesis of
the cerebellum occurs via the stepwise
generation of progenitor cells with re-
stricted patterns of expression of TALE,
LIM, and bHLH transcription factors, and
coordinated movements of these popula-
tions to form the cerebellar nuclei and the
overlying cerebellar cortex (Fig. 10). A
particularly interesting aspect of this study
is the multistep migration involved in
the formation of the cerebellar nuclei,
and the finding that progenitors derived
from the rhombic lip generate precursor
populations for both the cerebellar nu-
clei and the cerebellar cortex. The fact
that progenitors of the anterior rhombic
lip give rise to neurons of the precerebel-
lar nuclei was first reported by Wingate
and Hatten (Wingate and Hatten, 1999).
Over the past several months, several
molecular fate-mapping studies have
extended those previous findings to in-
clude cells of the vestibular nucleus and
precerebellar nuclei (Funfschilling and
Reichardt, 2002; Landsberg et al., 2005;
Machold and Fishell, 2005; Wang et al.,
2005).

The cerebellar nuclei
Our gene expression profiles show that
the onset of expression of TALE and
LIM homeodomain transcription fac-
tors follows a precise temporal sequence
in the embryonic cerebellum, in concert
with the emergence of the three classes
of cerebellar neurons (supplemental Fig.
1, available at www.jneurosci.org as sup-
plemental material). Within the VZ ger-
minal zone, expression of IRX3 and
MEIS2 begins at E10, the time when
classical studies by Sidman and col-
leagues showed that cell proliferation
commences in the murine cerebellar ter-
ritory (Miale and Sidman, 1961; Sid-
man, 1970; Pierce, 1975). The expres-
sion of LHX2/9 commences at E10.25,
because the first wave of postmitotic
progenitors delaminates from the epi-
thelium lining the ventricle and moves
above the VZ. Expression of LHX1/5
marked progenitor cells begins on ap-
proximately E11.5 in the zone just above
the VZ.

An important aspect of the present study is the definition of a
set of molecular markers to visualize the migratory pathways that
establish the cerebellar nuclei. The cerebellar nuclei form in a

Figure 4. Markers for precursors of the neurons of cerebellar nuclei. Analysis of Egfp-BAC transgenic mice generated by the
GENSAT project illustrates at least four markers for progenitors of the CN at E15.5. EGFP is expressed in cells located in the region
occupied by precursors of the CN in the cerebellar territory of Gja9-Egfp BAC transgenic mice (A), Mbd2-Egfp-BAC transgenic mice
(B, C), Htr3a-Egfp-BAC transgenic mice (C), and Kcnj5-Egfp BAC transgenic mice (D, E). As discussed previously, GJA9, a member of
the connexin family, functions in temporary physiological connections, typical of embryonic neurons; MBD2 is thought to function
in transcriptional repression; HTR3a is a serotonin receptor; and KCNJ5 is a potassium inwardly rectifying channel. A, B, D, E,
Unstained sections; C, F, sections immunostained with antibodies against EGFP (DAB).

Figure 5. Purkinje cell progenitors express LIM homeodomain transcription factors. A, At E12.5, PC progenitors that have exited
the VZ express LHX1/5. In B, LHX1/5 expression continues as the number of PC progenitors increases and forms a dense zone of cells
beneath the dorsal surface of the anlagen. At E14, the earliest stage at which PC progenitors express the signature PC marker CALB1
(C), EGFP� cells are evident in sections of Lhx1-Egfp-BAC transgenic mice in this zone. In D, staining with antibodies against CALB1
also reveals Purkinje cell progenitors, many of which are double labeled with EGFP (E). Identical results were obtained in double-
labeling experiments with cells from Lhx5-Egfp-BAC mice (data not shown). Thus, Lhx1 and Lhx5 are expressed in progenitors of
cerebellar Purkinje cells 2 d before expression of CALB1.
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four-step process: migration of postmi-
totic, IRX3/MEIS2/LHX2/9� progenitors
from the VZ to the surface of the anlage
along the radial glial pathway; formation
of CNP zone along the surface of the an-
lage; migration of CNPs from the surface
to a position deep to the zone of immature
Purkinje cells; and aggregation of CNPs
into three distinct nuclei (two in chick).
The coordinated expression of transcrip-
tion factors provides insight into both the
allocation of cell fates in the developing
cerebellum and the complex migrations
that establish the structure of the cerebel-
lar nuclei. Although previous studies have
suggested parallel plans of cerebellar his-
togenesis in mammals and birds, the
present work provides the first evidence
that similar molecular programs control
the emergence of the three principal neu-
ral classes at the time when neurogenesis
begins in the avian and murine cerebella.
Moreover, the morphogenetic move-
ments that drive the assembly of neurons
into the cerebellar nuclei and overlying
cerebellar cortex are similar in both model
organisms.

This finding is of critical importance
because of parallels in the development of
the cerebellum and the cerebrum. The
present study provides molecular evi-
dence, consistent with the neuroanatomi-
cal literature, for the general idea that dif-
ferent combinations of transcription
factors specify the principal classes of neu-
rons in different brain structures. It will be
interesting to examine whether parallels
exist in the molecular pathways that spec-
ify progenitors of the cerebellar nuclei and
progenitors of the basal ganglia of the ce-
rebrum. Recent cellular and molecular
fate-mapping studies of “the cerebellar
system” (Millen et al., 1999), which in-
cludes the cerebellum and the precerebel-
lar brainstem nuclei, reveal that the pro-
genitor cell population, which emerges
from the rhombic lip, is far more complex
than previously recognized. Beginning
with chick-quail fate-mapping experi-
ments (Wingate and Hatten, 1999) and in-
cluding recent elegant molecular fate-
mapping (Funfschilling and Reichardt,
2002; Landsberg et al., 2005; Machold and
Fishell, 2005; Wang et al., 2005; Farago et al., 2006), it is now
evident that the EGL includes cells that have multiple fates.
Within the developing cerebellar cortex, progenitors in the EGL
give rise to granule neurons, one of the two principal neurons of
the cortex. However, subpopulations of EGL cells, generated as
early as E10.5 (Machold and Fishell, 2005), migrate from the
surface of the anlage to generate progenitors of the cerebellar
nuclei and to brainstem nuclei that project axons to the cerebel-
lum. The new markers that we identified will aid in the further
dissection of these progenitor subpopulations.

The cerebellar system: genes that mark progenitors of the
precerebellar nuclei and granule neurons
The expression of Math1 by neurons of the pontine nucleus is
consistent with previous results with chick/quail chimeras show-
ing that a subpopulation of progenitors in the EGL migrate ven-
trally to form the pontine nucleus, because Math1 is expressed by
neurons in the aRL. The expression of Math1 by pontine cells is of
special interest, because precursors of the pontine nucleus exit
the cell cycle before their ventral migration. In the cerebellar
cortex, the MATH1� EGL cells are dividing cells.

Figure 6. Purkinje cell progenitors migrate on the radial glial scaffold. Although previous studies indicate that CALB1� cells
migrate along VIMENTIN� fibers, CALB1 is a relatively late PC marker, and VIMENTIN labels both neuronal and glial fibers. In A, at
E11.5, cells expressing EGFP in Lhx1-Egfp-BAC-transgenic mice migrate along RC2� radial glial fibers. In B, at lower power, large
numbers of EGFP� cells associate with immunostained radial glial fibers, indicating that PC progenitors use the radial glial
pathway for their migration from the VZ out into the middle of the emerging cerebellar anlagen (E14.5). In the neonatal cerebel-
lum (C), antibodies against LHX1/5 proteins label both Purkinje neurons (arrow) and interneurons in the molecular layer (ML).

Figure 7. RGS8 is a marker for purkinje cell progenitors. Analysis of the Egfp-BAC transgenic mice generated in the GENSAT
Project reveals expression of the RGS8 gene at E15.5 in cells thought to be precursors of Purkinje cells (A). Fluorescence imaging of
sections of Rgs8-Egfp-BAC transgenic mouse cerebellum at P7 reveals bright labeling of immature Purkinje cells (B), their den-
drites, and their axonal projections (arrows). In C, localization of the EGFP reporter gene in the cerebellar territory of Pcp2-Egfp-BAC
transgenic mice indicates robust EGFP expression in the zone occupied by immature Purkinje cells at this stage. D indicates the
restricted expression of the EGFP reporter gene for Pcp2-Egfp-BAC transgenic animals at E15.5, because cells other than PC
progenitors in the emerging cerebellar territory are unlabeled. CP, Choroid plexus; S, surface.
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Pde1c is the second molecular marker shared by cerebellar
granule cells and pontine neurons. Moreover, progenitor cells
express Pde1c with a highly unusual migratory pathway in the
embryonic neocortex. Like progenitors of the rhombic lip,
Pde1c� cells in the embryonic neocortex migrate across the su-
perficial aspect of the emerging cortical region.

In the early postnatal period, Pde1c is expressed in several
brainstem nuclei that form connections with the cerebellum.
Two major types of afferent axons project to the cerebellum:
mossy fibers form connections with granule cells, and climbing
fibers form connections with Purkinje cells. Mossy fibers origi-
nate in the precerebellar nuclei, which include the basilar pontine
nuclei, the lateral reticular nucleus, and the reticular tegmental
pontine nucleus; and areas that project mossy fiber collaterals to
the cerebellum, including vestibular nuclei, the external cuneate
nucleus, and cells in lamina VII of the spinal cord. Climbing fiber
afferents to the cerebellar Purkinje cell originate in the olivary
nucleus. In the neonatal and adult mouse brain, Pde1c is ex-
pressed in the pontine nucleus, a primary source of mossy fiber
inputs and in the olivary nucleus, the source of climbing fiber
inputs. Thus, Pde1c labels both afferent inputs to the granule cell,

the synaptic target of the granule cell, the
Purkinje neuron, and the afferent inputs
to the Purkinje cell (Ito, 2006).

Pcsk9 also has a remarkable pattern of
expression in embryonic murine brain
(E15.5), because it only labels neurons of
the pontine nucleus and granule neurons
of the cerebellar cortex. Recent experi-
ments indicate that repetitive firing of
mossy fibers sets the level of intrinsic ex-
citability of granule cells (Bower, 2002;
Schmolesky et al., 2002; Boyden et al.,
2004). In turn, granule cells modulate the
dynamic range of Purkinje cell excitability
via both excitatory input at parallel fiber
synapses and inhibitory effects of the as-
cending granule cell axon (Bower, 2002;
Boyden et al., 2004). Thus, mossy fiber in-
puts provide real-time modulation of Pur-
kinje cell excitability. The restricted ex-
pression of Pcsk9 in one set of mossy fibers
should facilitate more detailed analysis of
the contribution of mossy fiber-granule
cell firing on Purkinje cell function, in-
cluding forms of Purkinje cell synaptic
plasticity thought to control cerebellar
function in motor learning and sensory
discrimination (Thach et al., 1992; Lis-
berger, 1998; Schmolesky et al., 2002; De
Zeeuw and Yeo, 2005)

Purkinje cell development
The Purkinje cell, because of its central
role in cerebellar physiology, is one of the
best-studied neurons in the vertebrate
brain. Although extensive gene profiling
has revealed as many as several thousand
genes in postnatal Purkinje cells, insight
on the earliest steps in Purkinje cell devel-
opment has been lacking. The present
study suggests a role for at least two mem-
bers of the LIM homeodomain family of

transcription factors (Lhx1/5) in early steps in PC differentiation
between cell cycle exit (E11.5–E13) and the expression of the
“signature markers” Calb1 and Pcp2 (L7) (E14.5–E16). By in situ
analysis, neonatal and adult Purkinje neurons also express high
levels of Lhx1, suggesting that Lhx1 is a marker for Purkinje neu-
rons from the time they exit the cell cycle in the cerebellar pri-
mordium throughout adulthood.

The present study used these early markers for Purkinje cell
progenitors, combined with specific markers for radial glia, to
demonstrate that early, postmitotic PC progenitors migrate away
from the germinal zone along the glial fiber pathway. Previous
studies were restricted to later stages (E15) after the onset of
Calbindin expression (Batini, 1990). Moreover, previous studies
used vimentin, a general marker for neuronal and glial fibers,
rather than RC2 or BLBP, to label radial glia (Misson et al., 1988;
Feng et al., 1994). The results on the migratory pathway of CNP
and PCP (progenitor of the Purkinje cell), together with both
classical and real-time imaging of granule cell migration, demon-
strate that all three principal classes of cerebellar neurons un-
dergo glial-guided migration. These results provide the impetus
for studies to examine whether early steps in the development of

Figure 8. Meis1 expression by precursors of the CN and a subpopulation of EGL cells, which generate cortical granule neurons.
Top, At E12.5, Math1 expression is confined to the anterior RL, visible as the labeled, blue structure at the bottom right of the tissue
(left). Antibodies against MEIS1 label precursors of the CN present on the surface of the anlagen and cells in the RL (right). Middle,
By E14.5, Math1� cells have spread across the surface of the anlage (left), and antibody staining reveals MEIS1 protein in the
precursor cells, which are forming the CN, visible as a large round domain of positive cells just beneath the surface in the medial
aspect of the cerebellar anlagen and the emerging EGL, which covers most of the surface (right). Bottom, Immunostaining of the
EGFP reporter in sections of Math1-Egfp-BAC transgenic animals to visualize EGFP illustrates a subpopulation of cells that are
double labeled with antibodies against MEIS1 (arrows) in the EGL.
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the many nuclei of the cerebrum migrate away from the VZ along
the glial fiber system, before tangential movements that assemble
progenitors into subcortical structures.

The expression of RGS8 by Purkinje cells, at both embryonic
and postnatal stages, is especially interesting, because RGS8 is
thought to modulate G-protein receptor kinetics, including ion
channels. RGS8 is expressed on both the dendritic arbors of Pur-
kinje cells and on Purkinje cell axons. Moreover, it is expressed in
early Purkinje cell progenitors, during the period when they are
migrating from the VZ into the zone beneath the prospective
EGL. Thus, RGS8 may function at early phases of Purkinje cell
differentiation, as well as previously described functions in adult
cerebellar cortex, where Purkinje cell RGS8 is thought to regulate
the kinetics of G-protein-coupled receptor signaling and physi-
ology (Saitoh et al., 1999; Jeong and Ikeda, 2001; Benians et al.,
2004; Saitoh and Yoshihiro, 2004).

Summary
The present study shows that differential patterns of transcrip-
tion factors define the three principal cerebellar neuron types:
neurons of the cerebellar nuclei and Purkinje and granule cells of

the cerebellar cortex. Together, these molecular markers illus-
trate several basic features of cerebellar development. First, the
spatiotemporal expression of transcription factors combine with
multistep migratory pathways of young neurons to generate the
two fundamental structures of the cerebellum: the cerebellar nu-
clei and the cerebellar cortex. Given the parallels in the structure
and function of the cerebrum (basal ganglia and cerebral cortex)
and cerebellum (cerebellar nuclei and cerebellar cortex) (Thach
et al., 1992; Fanselow and Poulos, 2005; Ito, 2006), our studies
suggest that a deeper molecular understanding of the mecha-
nisms of cerebellar development will provide new insights on the
development and function of the cerebrum. The present study
extends recent fate-mapping studies showing that the rhombic

Figure 9. Genes expressed in the cerebellar EGL and in neurons of the lateral pontine
nucleus. In the neonatal period, several genes are expressed in both the EGL, which will
generate cortical granule neurons, and in neurons of the precerebellar nuclei in the brain-
stem, which form connections with granule cells. In A, the EGFP reporter illustrates strong
expression of the Pcsk9 gene in EGL cortical cells and in cells of the lateral basilar pons
(LBP), a structure previously shown to be formed by aRL cells, which migrate ventrally
(Wingate and Hatten, 1999). More importantly, the LBP projects mossy fibers to the
granule cells, and the strength of the input from mossy fibers sets the level of parallel fiber
output to the PCs. In the embryonic cerebellum, EGFP expression is restricted to the EGL of
the cerebellar territory and the emerging LBP in the brainstem of Pcsk9-Egfp-BAC trans-
genic mice (C). Cerebellar EGL cells also express Pde1c, beginning on E10 in Pde1c-Egfp-
BAC transgenic mice (Gong et al., 2003). At P6 (B), the EGFP reporter is abundant in
cerebellar EGL cells and in cells of both the lateral basilar pons and the olivary nucleus. This
suggests that both the LBP cells, which project mossy fibers that form synapses with
granule cells, and olivary neurons, which project climbing fibers that synapse with the
targets of granule cells (Purkinje cells), express Pde1c. At E15.5, EGFP� cells from E15.5
Pde1c-Egfp-BAC transgenic mice are evident in the cerebellar EGL, precursor neurons of
the CN, the LBP, the olivary nucleus, and several other migratory pathways of rostral RL
cells. As reported recently (Machold and Fishell, 2005; Wang et al., 2005), similar results
are seen with EGFP labeling in Math1-Egfp-BAC transgenic mice where EGL cells, CN cells,
basilar pons cells, and cells of other brainstem “cerebellar” nuclei contain EGFP� cells
(data not shown).

Figure 10. A model for the generation and migratory pathways of progenitors of the
cerebellar nuclei. In the mouse, one population of progenitors of the neurons of the CNPs
is generated in the VZ of the emerging cerebellar anlagen. Between E10 and E12.5, this
progenitor population migrates radially along the glial fiber system (data not shown) to
establish a superficial layer (blue). Subsequently, progenitors of the Purkinje cell (PCP) are
generated in the VZ (E11–E14.5) and migrate radially to form a zone (red) beneath the
CNPs. A second germinal zone, the anterior rhombic lip (yellow; RL), generates a subpopu-
lation of precursors of neurons of the cerebellar nuclei, precerebellar nuclei (data not
shown), and the granule neurons of the cerebellar cortex. At E12.5, a layer of CNPs (blue)
generated in the VZ occupy the surface of the embryonic cerebellum. Between E12.5 and
E14.5, several populations of RL progenitors move up onto the surface of the anlagen
(yellow). These include the bulk of the progenitor population, the precursors of the gran-
ule neuron (solid yellow), and a subpopulation of cells that intercalate among the VZ-
derived CNPs (yellow dots). By E14.5, the CNPs (containing both VZ and RL derived pro-
genitors) have migrated off of the surface and formed the nascent cerebellar nuclei. By
E16, the cerebellar nuclei (blue with yellow dots) settle beneath the emerging cerebellar
cortex [containing the precursors of the granule neurons (EGL, yellow)], the Purkinje
neuron (red), and the interneurons. Thus, a complex pattern of histogenesis and migra-
tion set forth the architecture of the murine cerebellum.
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lip gives rise to progenitors for both the cerebellum and the struc-
tures that provide the afferent inputs for the cerebellar circuitry.
The discovery of markers that begin to dissect distinct afferent
pathways holds remarkable promise toward understanding the
molecular development and plasticity of the cerebellar circuitry
and its role in sensory discrimination and complex learning tasks
involved in the fine control of balance and movement.
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