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Pax6 and negative for DAT, a marker of immature postmitotic DA
progenitors (supplementary material Fig. S2A-E). In addition,
many BrdU+ cells were observed along perpendicular migration
routes in a short-pulse experiment at E17 (supplementary material
Fig. S2F), confirming the presence of abnormally proliferating
progenitors in the ak/ak mesencephalon at late embryonic stages.
The mean density of BrdU+ cells in the red nucleus of the ak/ak
mutant was significantly higher than in WT (Fig. 2N).

Taken together, our data provide strong evidence of the
perpendicular migration of DA neurons to the VM and that this is
significantly disturbed in the ak/ak mutant. Thus, in the absence of
Pitx3, DA neuronal migration is impaired, contributing to severe
loss of A9 DA neurons in the SN. Interestingly, we also found that
migration of E13-labeled neuronal progenitors was similarly
affected in the ak/ak mutant (supplementary material Fig. S3).

Pre-existing DA neurons modulate GABA neuron
migration to ventral mesencephalon
GABA neuron development was also significantly affected in the
ak/ak mesencephalon. By E17, in WT mouse embryos GABA
neurons had settled together in close physical contact with TH
neurons (Fig. 3A-C,G). This profile was substantially altered in the
ak/ak mutant, leading to significantly limited contact of these
neurons in the VM (Fig. 3D-F,H). GABA neurogenesis was
unaffected in the ak/akmutant (supplementary material Fig. S4). The
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stalled cells on the route of perpendicular migration or in the VM
were not apoptotic (supplementary material Fig. S5), and so we
examined whether the decreased GABA neuron profile in the ak/ak
mutant by late embryonic stages was due to impaired migration. To
search for cellular sources of guidance cues in the VM for migratory
BP neurons, explants of VM were confronted with explants of BP
from WT mice. BP neurons were markedly attracted towards VM
(Fig. 3I-K,O). BP explants from WT mice, by contrast, showed no
attraction to VM from the ak/ak mutant (Fig. 3L-O).

Birthdating studies indicated that E11-labeled neuronal
progenitors contributed to GABA neurons of VM in WT
embryos and many BrdU+ GAD65/67+ co-labeled cells were
observed (Fig. 4A,C). In the ak/ak mutant, E11-labeled neuronal
progenitors did not contribute significantly to GABA neurons of
the VM, as illustrated by the significant decrease in BrdU
GAD65/67 co-labeling (Fig. 4B,D) and mean density of BrdU+

GAD65/67+ cells in the VM area (Fig. 4E). The stalled cells
along the perpendicular migration routes expressed the GABA
neuron progenitor markers Helt (Fig. 4F,G) and calbindin (Fig.
4H-J). Heterochronic microtransplants were also performed to
understand mesencephalic GABA neuron migration. When a BP
explant from a GAD65-GFP mouse was transplanted into ak/ak
mesencephalon, GFP+ cells appeared to be stalled around the
transplantation site and were unable to migrate and integrate into
VM (Fig. 4K,M,O). By contrast, when ak/ak VM was substituted

Fig. 4. DA neurons modulate GABA neuron
migration to ventral mesencephalon. (A-E)��E11-
labeled neuronal progenitors were examined at E17 for
BrdU and GAD65/67 markers in WT (A,C) and ak/ak
mutant (B,D). VM from A and B is magnified in C and D,
respectively. White arrows show BrdU GAD65/67 co-
labeling in WT mouse and blue arrows indicate the lack
thereof in the ak/ak mutant. (E)��BrdU+ GAD65/67+ cells in
the VM of WT and ak/ak mutant were quantified (mean
density of BrdU+ GAD65/67+ cells ± s.d.) and a significant
reduction was observed in the mutant. *P<0.0001; n��5;
error bars indicate s.d. (F-J)��The stalled cells in ak/ak
mesencephalon were Helt+ (F,G) and calbindin+ (H-J). The
boxed regions in F, H and I are magnified in G, I and J,
respectively. Arrows indicate BrdU+ Helt+ (G) and BrdU+

calbindin+ (J) co-labeled cells. (K,L) Scheme of
transplantation of GAD65-GFP BP (green circle) and WT
VM (pink shape) into ak/ak mesencephalon. Red crescent
marks the defective DA neuron architecture of the ak/ak
mesencephalon. (M,N)��Blue arrows (M) indicate GFP+

cells close to site of transplantation (yellow dotted circle),
white asterisk (M) indicates the lack of migration to ak/ak
VM, and white arrows (N) indicate significant migration
and integration into transplanted WT VM (white border).
(O)��Quantification of migrated GFP+ cells to ak/ak VM
(K,M) and ak/ak VM substituted with WT VM (ak/ak-WT,
L,N). *P<0.0001; n��25; error bars indicate s.d.
(P,Q)��Model of mesencephalic DA (blue arrows) and
GABA (green arrows) neuron migration in WT (P), which
involves ventral migration of VTA precursors (vertical
arrow) and perpendicular migration of SN precursors and
some VTA precursors (perpendicular arrows). In the ak/ak
mutant (Q), perpendicular migration of DA neurons to
VM is significantly affected (lower red cross) and cells
cluster abnormally in the red nucleus. Then, GABA
neurons also cannot migrate to VM (upper red cross). Aq,
aqueduct; BP, basal plate; VM, ventral mesencephalon.
Scale bars: 100����m in A-D,F,H,M,N; 50����m in G,I; 25����m
in J.
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with a VM from WT mouse, GFP+ cells exited the
transplantation site and migrated robustly to integrate with DA
neurons (Fig. 4L,N,O).

Together, these results strongly support our idea that the intact
DA system of the VM guides the GABA neuron system to descend
to VM and establish its connectivity with DA neurons.
Furthermore, the reduction in GABA neurons observed in the ak/ak
mesencephalon was reflected in adult (4 month old) mice as well
(supplementary material Fig. S6).

Our data provide novel insights into neuronal migration in the
embryonic mouse mesencephalon and its relevance for final ventral
mesencephalic neuronal population and connectivity. First, our data
support a model for DA and GABA neuron migration in the
mesencephalon that depicts vertical migration of VTA precursors
and perpendicular migration of both SN and VTA precursors (Fig.
4P). Second, our analysis of ak/ak mice indicates how A9 DA
progenitor cells show blocked perpendicular migration and
accumulate in the red nucleus area (Fig. 4Q). Perpendicular
migration is therefore essential to set up the proper anatomical
architecture of ventral mesencephalic structures. Third, we found
that DA and GABA neurons occupy VM in a temporally sequential
manner. Thus, at E13, the primary structure of DA neurons in the
VM is completely devoid of GABA neurons, whereas by E17
GABA neurons come to reside along with DA neurons.
Remarkably, proper migration of GABA neurons to their final
location is dependent on the complete DA neuron architecture in
the VM, strongly indicating an important interaction between
GABA and DA neurons for final location and connectivity.

Given that major brain disorders such as schizophrenia, attention
deficit hyperactivity disorder (ADHD) and Parkinson’s disease are
considered to be caused by abnormal early brain development, this
study will serve as a gateway to a whole new field of exploration
to identify substrates and mechanisms of neuronal migration in the
mesencephalon that might provide novel insights into the
underlying pathophysiology of these brain disorders.
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