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Abstract

Midbrain dopaminergic (mDA) neurons are generated from a ventral midbrain progenitor zone over a time
span of several days [embryonic day 10.0 (E10.0) to E14.5 in mouse]. Within this neurogenic period, a
progressively changing fate potential of mDA progenitors could contribute to the generation of diverse
mDA neuronal subpopulations. To test this idea, we combined inducible genetic fate mapping and inter-
sectional labeling approaches to trace the lineage of cells expressing the chemokine receptor CXCR4.
The Cxcr4 transcript is expressed in mDA progenitors and precursors, but not in differentiated mDA neu-
rons. Cxcr4-expressing mDA progenitors/precursors labeled at E11.5 develop into a broad range of mDA
neurons, whereas labeling of the Cxcr4 lineage at later time points (E12.5–E15.5) results in an increas-
ingly restricted contribution to mDA neurons proceeding from lateral to medial in the substantia nigra
and from dorsal to ventral in the ventral tegmental area. In parallel, the innervation of dopaminergic pro-
jection targets by mDA neurons derived from Cxcr4-expressing cells is becoming more restricted: the
late-generated mDA neurons innervate only the medial–rostral regions in the dorsal striatum and only the
medial shell in the nucleus accumbens. Our results suggest that mDA progenitor cells become increas-
ingly restricted in their cell fate potential over time.
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Significance Statement

Midbrain dopaminergic (mDA) neurons modulate cognitive processes, voluntary movement, and reward be-
havior. The degeneration of a subset of mDA neurons results in the motor deficits in Parkinson’s disease,
while altered dopamine transmission is associated with neuropsychiatric disorders including depression
and schizophrenia. The dopaminergic system is composed of molecularly distinct subpopulations and dis-
crete dopaminergic circuits, which influence distinct aspects of behavior. Understanding how diversity in
the dopaminergic system is established is essential for a better insight into its functional output and the
mechanisms underlying its dysfunction. Our study shows that mDA progenitors change their competence
over time to generate at different developmental time points mDA subtypes that are distinct in their anatom-
ic location and projection targets.
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Introduction
The majority of midbrain dopaminergic (mDA) neurons is

located in the substantia nigra pars compacta (SNc), the ven-
tral tegmental area (VTA), and the retrorubral field (RRF). mDA
projections to specific targets in the forebrain originate essen-
tially from anatomically distinct populations of mDA neurons:
mDA neurons in the medial VTA project to the prefrontal cor-
tex, the amygdala, and medial nucleus accumbens (NAc);
dorsolateral VTA–mDA neurons send projections to the lat-
eral nucleus accumbens; mDA neurons in the medial SNc
project to the dorsomedial striatum (DMS), andmDA neurons
in the lateral SNc to the dorsolateral striatum (DLS; Lammel
et al., 2008; Beier et al., 2015; Lerner et al., 2015; Morales
andMargolis, 2017; Poulin et al., 2018). Targets of RRF–mDA
neurons are not well characterized.
Given the diversity of mDA neurons in the adult brain, the

question arises whether and how mDA diversity is estab-
lished during progenitor specification and differentiation.
mDA neurons are generated from progenitors in the floor-
plate of the ventral midbrain. In this domain, neurogenesis
starts around embryonic day 10.0 (E10.0), when the first cells
positive for NR4A2 (nuclear receptor 4A2, expressed in mDA
precursors and neurons) are detected just below the mDA
progenitor zone (Wallén et al., 1999; Dumas and Wallén-
Mackenzie, 2019). Shortly after, the cells start to express ty-
rosine hydroxylase (TH), the rate-limiting enzyme in dopa-
mine synthesis and a marker for mDA neurons. Over the
subsequent days of development, mDA neurons continue
their differentiation process to develop into mature mDA neu-
rons. Even as the first cohort of mDA precursors and neurons
is undergoing this maturation process, neurogenesis (and
subsequent maturation steps) from the mDA progenitor domain
continues until;E14.5 (Bayer et al., 1995; Bye et al., 2012).
Considering the mechanisms that generate neuronal di-

versity in other parts of the developing brain, mDA diver-
sity could be generated during progenitor specification
and early differentiation through different mechanisms.
On one hand, mDA diversity may arise because diverse
sets of mDA progenitors are established. In this model,
mDA neuronal subclasses are generated from discrete
progenitors similar to what has been demonstrated for
progenitors of cortical interneurons (Lim et al., 2018).
Indeed, two spatially distinct mDA progenitor domains in

the ventral midbrain with different molecular profiles have
been described: a medial progenitor domain preferentially
contributes to SNc–mDA neurons, and a lateral progenitor
domain gives rise predominantly to medial VTA neurons
(Blaess et al., 2011; Hayes et al., 2011; Panman et al.,
2014). While these studies show that some aspects of
mDA neuronal diversity are predetermined in mDA pro-
genitors, two distinct progenitor subtypes are not suffi-
cient to account for the functional or molecular diversity
of mDA subtypes in the adult brain (Roeper, 2013; Poulin
et al., 2020) and as of yet there is no evidence (e.g., from
single-cell transcriptomics; Manno et al., 2016) that the
two identified mDA progenitor domains are further subdi-
vided. On the other hand, mDA progenitors could change
their competence over time to generate different mDA
subtypes at different developmental time points. Such a
progressive competence restriction is thought to under-
lie the generation of distinct projection neurons in the
cerebral cortex (Llorca and Marín, 2021). It is a plausible
model for the formation of neuronal diversity in the do-
paminergic system because mDA neurogenesis occurs
over several days (E10.0–E14.5 in the mouse), and
birth-dating studies indicate that mDA neurons in SNc
versus VTA differ in the timing of peak neurogenesis
(Fig. 1A; Bayer et al., 1995; Bye et al., 2012).
To examine whether progressive competence restric-

tion may contribute to the generation of diverse mDA
subpopulations, we used an inducible genetic fate-map-
ping approach that relies on the expression of Cxcr4
(CXC motif chemokine receptor 4). Using Cxcr4CreER mice
(Werner et al., 2020) in combination with classical reporter
alleles or intersectional reporter strategies allows us to
label mDA progenitors and precursors (and all their de-
scendants) at different embryonic time points. The analysis
of the distribution of fate-mapped neurons in prenatal and
postnatal brains shows that the activation of Cre-mediated
recombination by the administration of tamoxifen (TM) at
different time points (between E11.5 and E15.5) results in
progressively less contribution of fate-mapped cells to
mDA neurons. Importantly, we demonstrate that the ana-
tomic distribution and consequently the projection targets
of mDA neurons derived from the Cxcr4 lineage get more
restricted at later time points of progenitor/precursor label-
ing. These data indicate that mDA progenitors can initially
give rise to all types of mDA neurons but are more restricted
in their fate at later stages of development, which is consist-
ent with a progressive competence restriction model.

Materials and Methods
Animals
All mouse experiments were carried out with strict

observance of protocols and guidelines approved by the
University of Bonn Animal Care and Use Committee,
Federal Government of Germany and European Union legis-
lation. The protocols were approved by the Landesamt für
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen
(Permit Number: 84-02.02.2016.A238). The mice were
housed under controlled light (12 h light/dark cycle at
an ambient temperature of 22°C). Water and mice chow
were available ad libitum.
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Cxcr4CreER(T2)-IRES-eGFP (Cxcr4CreER) mice were provided
by Ralf Stumm (Werner et al., 2020). Rosa26Ai9 (stock
#007909; Madisen et al., 2010), DattTA (stock #027178;
Chen et al., 2015), and Ai82D (lgs7TITLGFP; stock #023532;
Madisen et al., 2015) mice were purchased from The
Jackson Laboratory. For inducible fate-mapping studies,
Cxcr4CreER/1; Rosa26Ai9/Ai9 males were bred with CD1
wild-type females (Charles River) to generate Cxcr4CreER/1;
Rosa26Ai9/1 progeny. For intersectional fate mapping,
Cxcr4CreER/1; DattTA/1; lgs7TITLGFP/TITLGFP males were bred
with CD1 wild-type females (Charles River) to generate
Cxcr4CreER/1; DattTA/1; lgs7TITLGFP progeny. Mice of either
sex were used for experiments.

Tamoxifen administration
TM (catalog #T-5648, Sigma-Aldrich) was dissolved in

corn oil (catalog #C8264, Sigma-Aldrich) at the final con-
centration of 20mg/ml. Day of vaginal plug was desig-
nated as E0.5. To induce Cre recombinase, TM (75mg/kg
body weight) was administered by oral gavage with feed-
ing needles to a pregnant female at 12:00P.M. of E11.5,
E12.5, E13.5, E14.5, or E15.5.

Tissue processing
Embryonic brains
Pregnant dams were killed by cervical dislocation, and

pups were rapidly removed by uterine horns, placed in

ice-cold PBS, and decapitated. Embryonic brains were
fixed in 4% paraformaldehyde (PFA) in PBS at 4°C over-
night, cryoprotected in sucrose (15% sucrose in PBS fol-
lowed by 30% sucrose in PBS), and embedded in Tissue
Tek. Embryonic brains were sectioned at 14 mm, mounted
on a coated glass slide, and stored at�20°C.

Adult brains (postnatal day 30)
Mice were anesthetized with an intraperitoneal injection

of Ketanest/Rompun and subsequently perfused trans-
cardially with PBS, followed by 4% PFA. Dissected brains
were postfixed in PFA overnight at 4°C, cryoprotected in
sucrose (15% sucrose in PBS followed by 30% sucrose in
PBS) and mounted in Tissue Tek. Brains were sectioned
coronally at 40mm, and the free-floating sections were
stored in antifreeze solution (30% glycerol and 30% ethyl-
ene glycol in phosphate buffer) at�20°C.

Immunofluorescence
Sections of embryonic brains were thawed for 2 h at

room temperature (RT), rinsed in PBS at RT, postfixed in
4% PFA for 5min, and again rinsed in PBS followed by
PBS10.5% Triton X-100 (PBT). Then they were incu-
bated in PBT plus 10% normal donkey serum (NDS;
Jackson ImmunoResearch) at RT for 2 h, followed by pri-
mary antibodies (Table 1) in PBT1 3% NDS at 4°C over-
night. After washing in PBT, sections were incubated with
secondary antibodies (Table 1) in PBT13% NDS for 2 h

Figure 1. Generation of mDA neurons and Cxcr4 lineage in the ventral midbrain. A, The mDA progenitor domain is located at the
ventral midline of the midbrain and generates mDA neurons between E10.0 and E14.5. Progenitors give rise to mDA precursors (dif-
ferentiated, but not yet TH expressing) that then mature into mDA neurons. Since neurogenesis occurs over several days, mDA neu-
rons have distinct birthdates, as indicated by the different colors (green, after E10.5; blue, after E11.5; red, after E12.5; yellow, after
E13.5; pink, after E14.5). B, Cxcr4 is expressed in mDA progenitors [and other progenitors in the ventricular zone (VZ), not shown]
and in mDA precursors, but is largely absent from mDA neurons (Yang et al., 2013; Bodea et al., 2014). C, Fate-mapping/labeling of
Cxcr4-expressing mDA progenitors and precursors at different developmental time points allows monitoring of the developmental
potential of the progenitors and precursors at specific developmental time points. Ven, Ventricle. This figure was created with
https://biorender.com/.
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at RT. Hoechst 33258 (Abcam) was used to counterstain
nuclei. Sections of adult brains were rinsed in PBS at RT
and then incubated in PBS10.5% Triton X-100 (PBT)
plus 10% NDS (Jackson ImmunoResearch) at RT for 2 h.
Sections were incubated with primary antibodies in
PBT1 3% NDS at 4°C overnight. After washing in PBT,
sections were incubated with secondary antibodies in
PBT1 3% NDS for 2 h at RT. Hoechst 33258 (Abcam)
was used to counterstain nuclei.

Imaging
Images of fluorescently stained sections were acquired

with an inverted microscope (model AxioObserver Z1, Carl
Zeiss) equipped with structured illumination (ApoTome)
and a camera (model AxioCam MRm, Carl Zeiss). At 10�
magnification (EC PlnN 10�/0.3; Carl Zeiss), tile images
were acquired with conventional epifluorescence. At 20�
magnification (EC PlnN 20�/0.5; Carl Zeiss), 40� magni-
fication (Pln Apo 40�/1.3 Oil; Carl Zeiss), and 63� mag-
nification (Pln Apo 63�/1.4 Oil; Carl Zeiss), structured
illumination was used to acquire tile images and z-
stacks. Some of the images taken with the 20� objective
and all the images taken with the 40� and 63� objec-
tives are maximum-intensity projections of z-stacks. Tile
images were stitched with Zen Blue software (version
2012; Carl Zeiss). The images are presented either as
maximum intensity projection of the z-stacks or as single
optic layers.

Quantification of recombinedmDA neurons in adult
brains
Quantification of tdTomato (tdT)-expressing recombined

mDA neurons (in Cxcr4CreER Rosa26Ai9 animals) were quan-
tified at one rostrocaudal level (from bregma, �3.52 mm).
mDA-containing areas were outlined for each level (medial
or lateral SNc; ventral or dorsal VTA) and TH-positive cells
and TH-, tdT-double-positive cells were counted. For each
outlined area, the number of fate-mapped mDA neurons
(TH-, tdT-double positive) was normalized for the total num-
ber of TH-positive cells.
Recombined mDA neurons in the intersectional labeling

approach were quantified on coronal sections at four ros-
trocaudal levels for four animals at (level 1: bregma,�2.70

mm; level 2, �3.16 mm; level 3, �3.52 mm; level 4, �3.80
mm). mDA-containing areas were outlined for each level
(medial, lateral, or caudal SNc; rostral, ventral, or dorsal
VTA) and TH-positive cells and TH-, GFP-double-positive
cells were counted. For each outlined area, the number of
fate-mapped mDA neurons (TH-, GFP-double positive)
was normalized for the total number of TH-positive cells
or for the number of GFP-positive cells.

Statistical analysis
Statistical analyses of cell numbers were performed with

GraphPad Prism (9.0) software using one-way ANOVA fol-
lowed by �Sídák’s multiple-comparison test. Sample size
estimation was not performed. No data or subjects were
excluded from the analysis. Statistical details are described
in the figure legends or in the results. p values of ,0.05
were considered statistically significant. Data are reported
as mean values6 SEM.

Results
Inducible fate mapping ofCxcr4-expressing
progenitors andmDA precursors
CXCR4 is widely expressed in the developing nervous

system (Tissir et al., 2004). In the midbrain, the Cxcr4 tran-
script is weakly, but broadly, expressed in ventral progeni-
tors from E10.5 to at least E13.5. In addition, both the
protein and the transcript are transiently expressed in newly
differentiated, radially migrating mDA precursors just after
they exit the ventricular zone. Slightly more mature mDA
neurons have downregulated Cxcr4, while expression of the
CXCR4 protein appears to persist for a while (Fig. 1B; Yang
et al., 2013; Bodea et al., 2014). Based on the presence of
Cxcr4 in progenitors and the transient expression of Cxcr4
in mDA precursors, labeling cells of the Cxcr4 lineage at
different developmental stages should make it possible to
examine the competence of mDA progenitors/precursors
at different developmental time points (Fig. 1C). This re-
quires labeling Cxcr4-expressing progenitors/precursors
in such a way that the labeling is retained after Cxcr4
expression ceases (Fig. 1). To achieve such specific la-
beling, we combined a Cxcr4CreER mouse line with the
reporter line Ai9 that expresses tdT on recombination

Table 1: Antibodies used in this study

Antibodies Source Identifier Dilution
Rabbit anti-RFP Rockland RRID:AB_2209751 1:1000 or 1:5000
Mouse anti-TH Merck RRID:AB_2201528 1:400 or 1:500
Rabbit anti-TH Merck RRID:AB_390204 1:500–1:1000
Mouse anti-glutamine synthetase Merck RRID:AB_2110656 1:500
Rat anti-GFP Nacalai Tesque RRID:AB_10013361 1:2000
Donkey anti mouse-Alexa Fluor 488 Thermo Fisher Scientific RRID:AB_141607 1:500
Donkey anti mouse-Alexa Fluor 647 Thermo Fisher Scientific RRID:AB_162542 1:500
Donkey anti rabbit-Alexa Fluor 488 Thermo Fisher Scientific RRID:AB_2535792 1:500
Donkey anti rabbit-Alexa Fluor 546 Thermo Fisher Scientific RRID:AB_2534016 1:500
Donkey anti rabbit-Alexa Fluor 647 Thermo Fisher Scientific RRID:AB_2536183 1:500
Donkey anti rat-Alexa Fluor 488 Thermo Fisher Scientific RRID:AB_2535794 1:500
Donkey anti-rabbit Biotin-SP Jackson ImmunoResearch RRID:AB_2340593 1:200
Streptavidin Cy3 Jackson ImmunoResearch 1:200
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(genotype, Cxcr4CreER/1, R26Ai9/1; Madisen et al., 2010;
Werner et al., 2020). Administration of tamoxifen at distinct
developmental time points (e.g., at E12.5, referred to as
TM12.5) results in Cre activation, and recombination occurs

in Cre-expressing (Cxcr4-expressing) cells approximately
within a day after TM administration (Legué and Joyner,
2010). Once the Ai9 allele is recombined, tdT expression is
permanently turned on (Fig. 2A).

Figure 2. Cxcr4-inducible fate-mapping strategy results in the labeling of mDA progenitors and precursors. A, Fate-mapping strat-
egy to label Cxcr4-expressing cells and their descendants with tdT. Cxcr4CreER mice were used in combination with the reporter
mouse line Ai9. CreER is activated by TM administration. B, Experimental timeline. C, Sagittal view of the embryonic mouse brain.
mDA neurons are indicated in green. Dotted lines indicate levels of sections in D-I999. D, E, F, G, H, I, Immunostaining for tdT (red)
and TH (green) on E14.5 (D, E, F) or E18.5 (G, H, I) coronal midbrain sections. Counterstain: Hoechst (Hoe). D9, E9, F9, G9, H9, I9,
Ventricular zone is outlined. Area indicated by the box (dashed line) in D, E, F, G, H, I. D99, E99, F99, G99, H99, I99, and D999, E999, F999, G999,
H999, and I999, Area indicated by the box (solid line) in D, E, F, G, H, and I. Asterisks indicate blood vessels. D99, E99, F99 and D999, E999,
F999, With TM12.5, medial mDA regions (area left of the dashed line) contain many tdT and TH double-positive cells. Arrowheads indi-
cate tdT and TH double-positive cells in lateral mDA-containing areas (to the right of the dashed line). G99, H99, and I99, and G999, H999,
and I999, With TM15.5, few tdT and TH double-positive cells are present and only at intermediate levels (arrowheads). Scale bar: D,
E, F, G, H, I, 100mm. In addition, the contribution of the Cxcr4 lineage to the midbrain ventricular zone was analyzed at E18.5 for
the TM administration time points E11.5–E14.5 (Extended Data Fig. 2-1).
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To confirm that this approach does indeed result in the
labeling of ventral midbrain progenitors and precursors,
TM was administered at E12.5 and E15.5 and the fate-
mapped (tdT-expressing) cells were analyzed shortly after
onset of Cre-mediated recombination at E14.5 or E18.5,
respectively (Fig. 2B). Immunostaining for TH and tdT at
three rostrocaudal levels (Fig. 2C) showed extensive tdT
expression in progenitors in the ventricular zone of the
midbrain at both stages analyzed (Fig. 2D,D9,E,E9,F,F9,G,
G9,H,H9,I,I9, Extended Data Fig. 2-1). With TM12.5, tdT
was also broadly expressed in the area just below the
ventralmost progenitor zone that corresponds to the re-
gion that contains TH-negative mDA precursors in rostral
and intermediate levels of the ventral midbrain (Fig. 2D,E).
In addition, TH-positive mDA neurons expressed tdT.
Overlap of TH and tdT was particularly widespread in
mDA neurons located close to the TH-negative mDA pre-
cursors, suggesting that the upregulation of TH expres-
sion was likely a relatively recent event in the tdT-positive
neurons (Fig. 2D–E99). Interestingly, at caudal levels, the
TH-negative transition zone between the ventricular zone
and TH-expressing neurons was essentially missing, and
there was a broad overlap between tdT and TH (Fig. 2F–
F999). Analysis of cells labeled with TM15.5 showed that
scattered tdT-positive cells were located throughout the
midbrain at E18.5 (Fig. 2G–I999). Although mDA neurogene-
sis is complete at E15.5, the labeling of Cxcr4-expressing
cells resulted in a few TH and tdT double-positive neurons
at intermediate levels, suggesting that these are derived
from Cxcr4-expressing mDA precursors. Finally, we con-
firmed that mDA progenitors are also labeled at other time
points of TM administration by administering TM between
E11.5 and E14.5 and analyzing the fate-mapped (tdT-ex-
pressing) cells at E18.5 (Extended Data Fig. 2-1). We
found that at all TM administration time points, cells in
the ventricular zone were extensively labeled (Fig. 2,
Extended Data Fig. 2-1). Labeling was not restricted to
the ventral midbrain progenitors but was found through-
out the ventricular zone, indicating that Cxcr4 is broadly
expressed in midbrain progenitors at the analyzed induc-
tion time points.
In summary, these data indicate that the Cxcr4-based

lineage analysis allows the labeling of midbrain progeni-
tors and mDA precursors, consistent with the expression
pattern of Cxcr4 (Yang et al., 2013; Bodea et al., 2014).
The expression of tdT in TH-expressing mDA neurons 2 or
3 d after TM administration (TM12.5; analysis at E14.5 or
TM15.5; analysis at E18.5) likely indicates that these cells
have switched on TH expression between the onset of
tdT expression in mDA precursors and the time point of
analysis. Alternatively, some recombination could also
occur in mDA neurons that have recently turned on TH
expression.

Contribution ofCxcr4-expressing progenitors and
precursors to mDA neurons becomesmore restricted
over time
To gain a comprehensive overview of the extent of la-

beling at different developmental time points, the distribu-
tion of fate-mapped (tdT-expressing) cells was analyzed

in E18.5 and postnatal day 30 (P30) brains from mice that
received TM between E11.5 and E15.5. To examine the
contribution of the fate-mapped cells to mDA neurons, we
performed immunostaining for tdT and TH. Both at E18.5
and in P30 brains, it was obvious that the contribution of
the Cxcr4 lineage to the ventral midbrain was very broad
at the earliest induction time point (TM11.5) and became
progressively more restricted (Fig. 3, Extended Data Fig.
3-1). With TM11.5, the Cxcr4 lineage did not only contrib-
ute broadly to mDA neurons, but also to the red nucleus,
the SN pars reticulata (SNr), the TH-negative parts of the
rostral and caudal linear nucleus, and other regions of the
ventral and dorsal midbrain (Fig. 3, Extended Data Figs.
3-1, 3-2). Contribution to these areas became sparser
over subsequent time points of TM administration.
Given the extensive labeling of cells in the ventral mid-

brain at TM11.5 and TM12.5 (Fig. 3D–E99), it was not pos-
sible to assess the contribution of the Cxcr4 lineage to
different anatomic subsets of mDA neurons in a quantita-
tive manner at these two induction time points. Qualitative
and quantitative assessment of cell distribution at subse-
quent stages of TM induction showed that with TM13.5,
tdT-positive mDA neurons were found primarily in the VTA
and in the medial SNc, with little contribution of the fate-
mapped cells to mDA neurons in the lateral SNc. With
TM14.5, the highest percentage of tdT-positive mDA neu-
rons was found in the ventral VTA, while by TM15.5 only
very few VTA–mDA neurons were tdT positive (Fig. 3C,F–
I, Extended Data Fig. 3-1). At all stages analyzed, the
Cxcr4 lineage gave rise to neurons and cells with glial
morphology (Fig. 3D–H). Staining for glutamine synthe-
tase, a marker for astrocytes, and tdT confirmed that a
subset of cells with glial morphology were astrocytes (Fig.
3J).

Specific labeling of mDA neurons derived from the
Cxcr4 lineage
To label specifically mDA neurons of the Cxcr4 lineage,

we used an intersectional labeling approach. To this end,
the Cxcr4CreER mouse line was used in conjunction with a
DattTA mouse line [tetracycline transactivator expressed
under control of the Slc6a3 (Dat) locus] and the Ai82 inter-
sectional reporter mouse (Chen et al., 2015; Madisen et
al., 2015; Poulin et al., 2018). Since the expression of Dat
(dopamine transporter) is restricted to mDA neurons, tTA
expression should be mDA neuron specific. In the Ai82
mouse line, an enhanced green fluorescent protein (GFP)
is expressed only in cells in which Cre-mediated recombi-
nation has occurred and that also express tTA (Fig. 4A).
Indeed, immunostaining for GFP and TH showed that the
large majority of GFP-expressing cells were also positive
for the mDA marker TH when using this intersectional la-
beling approach (Fig. 4C), consistent with previous re-
ports (Poulin et al., 2018).
Since our analysis with the Ai9 reporter allele showed

that the Cxcr4 lineage gives rise to mDA neurons in the
SNc and VTA primarily between TM11.5 and TM13.5 (Fig.
3, Extended Data Fig. 3-1), we focused on these TM ad-
ministration time points for the intersectional approach
(Fig. 4B). Brains were analyzed at P30. To investigate the
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anatomic distribution of Cxcr4 lineage-derived mDA neu-
rons (GFP expressing), immunostaining for GFP and TH
was performed on four coronal levels along the rostrocau-
dal axis of the adult midbrain (Fig. 4D–O; see also

Materials and Methods). Quantification of the number of
GFP-positive cells confirmed our previous observation
obtained using the Ai9 allele: the number of GFP-express-
ing mDA neurons was similar with TM11.5 and TM12.5

Figure 3. The Cxcr4 lineage contributes to mDA neurons between E11.5 and E15.5. A, Experimental timeline. B, Coronal view of the
adult ventral midbrain. mDA neurons are indicated in green. Red box indicates area shown in D, E, F, G, and H. C, Schematic indi-
cating the medial SNc (m_SN), lateral SNc (l_SN), dorsal VTA (d_VTA), and ventral VTA (v_VTA). Fate-mapped cells in these areas
are quantified in I. D, E, F, G, H, Immunostaining for tdT (red) and TH (green) on P30 coronal midbrain sections. Rli, Rostral linear
nucleus; RN, red nucleus. D9, E9, F9, G9, H9, Area in the VTA indicated by the box (dashed line) in D, E, F, G, and H. D99, E99, F99, G99,
H99, Area in the SNc indicated by the box (solid line) in D, E, F, G, and H. E9–H99, Arrowheads indicate tdT-expressing cells with glial
morphology. D–D99, With TM11.5, most cells in the ventral midbrain appear to be positive for tdT, including almost all mDA neurons.
E–E99, With TM12.5, some mDA neurons do not coexpress tdT (indicated by asterisks). F–G99, With TM13.5 and TM14.5, many tdT-
positive mDA neurons (indicated by arrows) are present in the ventral part of the VTA. In the SNc, double-labeled mDA neurons are
almost completely restricted to the medial SNc. H–H99, With TM15.5, only very few tdT-expressing mDA neurons are present and
none are found in the examples in H9 and H99. I, Quantitative analysis of tdT-expressing cells in the P30 midbrain. The percentage of
tdT-expressing TH-positive mDA neurons was determined in m_SN, l_SN, d_VTA, and v_VTA as shown in the schematic in C. With
TM13.5, TM14.5, or TM15.5, the Cxcr4 lineage does essentially not contribute to mDA neurons in the l_SN. With TM15.5, the few la-
beled mDA neurons are restricted to the d_VTA and v_VTA. J–J99, Immunostaining for tdT (red) and glutamine synthetase (GS;
green), an astrocyte marker on P30 coronal midbrain sections. TM was administered at E12.5. Scale bars: D, E, F, G, H, 200mm; J,
50mm. Analysis of the contribution of the Cxcr4 lineage to mDA neurons and other midbrain areas at E18.5 (Extended Data Figs. 3-
1, 3-2).
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Figure 4. The Cxcr4 lineage contributes to progressively more restricted populations of mDA neurons over the course of develop-
ment. A, Intersectional strategy to label Cxcr4-expressing mDA neurons with enhanced GFP (EGFP). tTA, Tetracycline controlled
transactivator; TRE, tetracyclin response element. B, Experimental timeline. C–O, Immunostaining for TH (red) and GFP (green). D9-
O9, Immunostaining for GFP. C, Higher magnification of an area in the VTA shows that almost all GFP-expressing cells coexpress
TH (TM12.5). D–O9, Coronal sections from 4 different rostrocaudal levels. Medial SNc (m_SN), lateral SNc (l_SN), caudal SNc
(c_SN), dorsal VTA (d_VTA), and ventral VTA (v_VTA). P–S, Contribution of fate-mapped cells to the levels and regions shown in D–
O9. Number of cells labeled with the intersectional approach is expressed as a percentage of the number of mDA neurons in each
indicated region. Scale bars: C, 50mm; D–O9, 200mm. Higher-magnification images of selected areas in the SNc and VTA are
shown in Extended Data Figure 4-1.
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but was greatly reduced with TM13.5 (number of GFP-
positive cells: at TM11.5, 812.756 34.04; at TM12.5,
702.56 25.69; at TM13.5, 2806 41.0).
Next, we assessed whether the contribution of the

fate-mapped cells to different anatomic areas of the SNc
and VTA changed with different labeling time points. The
SNc was divided into medial and lateral SNc (level 1–3)
and caudal SNc (level 4); and the VTA into rostral VTA
(level 2) and dorsal and ventral VTA at levels 3 and 4
(Figs. 3C, 4D–O, Extended Data Fig. 4-1). The SN pars
lateralis (SNpl) was not assessed separately but was in-
cluded in the lateral SNc. To account for differences in
the numbers of mDA neurons in these various areas, the
number of TH- and GFP-double positive cells was nor-
malized for the number of TH-positive cells for each area
(e.g., for medial SNc at level 1). When comparing TM11.5
and TM12.5, there was no significant change in the contri-
bution of fate-mapped cells to mDA neurons in the medial
SNc, rostral VTA, dorsal VTA, or caudal SNc. However, we
found a strong reduction in the contribution of labeled cells
to the lateral SNc and a significant increase in the percent-
age of TH- and GFP-positive mDA neurons in the ventral
VTA at level 3 (Fig. 4D–S, Extended Data Fig. 4-1). With
TM13.5, the contribution of fate-mapped cells to mDA neu-
rons in the medial SNc, rostral VTA, dorsal VTA, and caudal
SNc was significantly reduced compared with the previous
two time points of TM induction. However, there was no sig-
nificant change in the percentage of fate-mapped cells con-
tributing to mDA neurons in the ventral VTA. Only a few
TH- and GFP-positive neurons were located in the lateral
SNc (Fig. 4D–S, Extended Data Fig. 4-1). These data sug-
gest that when labeled with TM11.5, the Cxcr4 lineage
gives rise to essentially all subtypes of mDA neurons in the
SNc and VTA. With TM12.5, Cxcr4-expressing mDA pro-
genitors/precursors still have the potential to develop into
most mDA neurons except for the lateral SNc. With
TM13.5, despite the reduced overall contribution of the
Cxcr4 lineage to mDA neurons, the percentage of TH- and
GFP-expressing neurons in the ventral VTA remains con-
stant, suggesting that at this stage the mDA progenitors/
precursors fate is largely restricted to mDA neurons in the
ventral VTA.

Projection pattern of mDA neurons in theCxcr4
lineage
Since we observed a restricted anatomic distribution of

fate-mapped mDA neurons with TM12.5 and TM13.5, we
next examined whether these anatomically restricted pop-
ulations show specific innervation patterns of the forebrain
target regions of mDA neurons. Forebrain sections from six
rostrocaudal levels were costained for TH to delineate the
entire area innervated by mDA neurons and for GFP to vis-
ualize projections of fate-mapped mDA neurons. The anal-
ysis was focused on the striatum, and other mDA neuronal
targets such as PFC, lateral septum, and amygdala were
not assessed.
The projections of GFP-expressing mDA neurons la-

beled with TM11.5, appeared dense throughout the DMS,
DLS, and tail of the striatum (TS). GFP-positive innerva-
tion of the NAc shell and olfactory tubercle (OT) appeared

sparser than in the dorsal striatum and was partially ab-
sent from the NAc core (Fig. 5, Extended Data Fig. 5-1A–
D9). With TM12.5, GFP-positive projections were less
dense in the TS and almost absent in the most lateral part
of the DLS (Fig. 5, Extended Data Fig. 5-1E–H99). This is
consistent with the very low contribution of fate-mapped
cells to the lateral SNc and SNpl with TM12.5, since the
DSL and TS are the two main projection targets of mDA
neurons in the lateral SNc and SNpl, respectively (Lerner
et al., 2015; Menegas et al., 2018). The GFP-positive in-
nervation of the DMS, a target of mDA neurons in the me-
dial SNc, and of the NAc and OT showed a similar pattern
with TM12.5 and TM11.5 (Fig. 5), again consistent with
the distribution of GFP-positive cells and previous studies
(Beier et al., 2015; Lerner et al., 2015). With TM13.5, the
GFP-positive innervation of the DLS was even more re-
stricted than with TM12.5. Interestingly, while the DMS
was still strongly positive for GFP at rostral levels, innerva-
tion was substantially reduced at intermediate and caudal
levels, and innervation of the TS was very sparse. The den-
sity of GFP-expressing projections to the NAc and OT was
comparable with TM12.5 and TM11.5 (Fig. 5, Extended
Data Fig. 5-1I–M99). Thus, the progressively more restricted
competence of the Cxcr4-expressing mDA progenitors/
precursors is also reflected in the more and more restricted
innervation pattern of mDA neuronal targets in the striatum.

Discussion
mDA neurons are generated over several days of em-

bryonic development (E10.0–E14.5 in the mouse), sug-
gesting that the mDA neuronal population could be
subdivided into cohorts based on the time window of their
differentiation (Fig. 1A). Birth-dating studies indicate that
the anatomic position of mDA neurons within the SNc and
VTA correlates approximately with their time point of dif-
ferentiation (Bayer et al., 1995; Bye et al., 2012), but how
precisely these cohorts correlate with diverse anatomic
populations of mDA neurons and subcircuits within the
dopaminergic system has not been addressed. Here
we use genetic inducible fate mapping to trace Cxcr4-
expressing mDA progenitors and precursors at different
developmental time points to assess the anatomic distri-
bution and projection targets of their descendants. In
contrast to birth dating, our fate-mapping strategy does
not label cohorts with a specific birth date, but rather all
descendants of the Cxcr4-expressing progenitors/precur-
sors that were marked during the time window of Cre ac-
tivity. Thus, if Cxcr4 is expressed in all mDA progenitors,
mDA progenitors that are fate mapped early—before or
just at the onset of neurogenesis—should give rise to the
entire population of mDA neurons. Progenitors that are la-
beled at consecutively later stages—after the onset of
neurogenesis—are expected to give rise to a progressively
smaller mDA neuronal population (Figs. 1A,C, 6A). Our
data demonstrate that initially Cxcr4-expressing mDA
progenitors and precursors have indeed the potential to
give rise to a broad range of mDA neurons (TM11.5). At
later stages of development, Cxcr4-expressing mDA
progenitors and precursors give rise to a subset of mDA
neurons. Importantly, this subset can be defined by its
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anatomic location (e.g., preferential contribution to the
ventral VTA and medial SNc with TM13.5) and specific
projection pattern (Fig. 6). Eventually, Cxcr4-expressing
progenitors/precursors cease to contribute to mDA neu-
rons (TM15.5). Together, these results point to a changing
competence of mDA progenitors over time that leads to
the generation of anatomically segregated mDA subtypes
at different developmental time points. Such a progres-
sive competence restriction is thought to underlie the
generation of distinct projection neurons in the cerebral
cortex (Llorca and Marín, 2021).
Since our labeling approach does not follow the fate of

mDA progenitors at a single-cell resolution, our data do
not resolve whether (1) the same progenitor gives sequen-
tially rise to different types of mDA neurons (e.g., lateral
SNc at E11.5, dorsal VTA and medial SNc at E12.5,

ventral VTA at E13.5), (2) whether different types of pro-
genitors give rise to different types of neurons during dif-
ferent time windows, or (3) whether the two mechanisms
are combined. A clonal labeling method (e.g., MADM;
Contreras et al., 2021) would be necessary to investigate
this further. Model three would integrate the distinct com-
petence of progenitors in the medial and lateral mDA pro-
genitor domain described previously with changes in
progenitor competence over time (Blaess et al., 2011;
Hayes et al., 2011; Panman et al., 2014). While medial
progenitors contribute to the SNc and dorsal VTA, lateral
progenitors contribute primarily to the ventral VTA. Thus,
neurogenesis may start later and also cease later in the
lateral than in the medial domain, and the lateral progeni-
tors may be the main source for late-born mDA neurons
that settle in the ventral VTA.

Figure 5. The progressively more restricted contribution of the Cxcr4 lineage to mDA neurons is reflected in the projection pattern
of the fate-mapped mDA neurons. mDA neurons were labeled using the intersectional approach described in Figure 4 with TM11.5,
TM12.5 and TM13.5. A, Levels shown in B–S. B–S, Immunostaining for TH and GFP. Arrowheads indicate areas with little or no in-
nervation of GFP-positive fibers within the NAc or OT. Dashed lines indicate areas with little or no innervation of GFP-positive fibers,
while asterisks indicate areas with intermediate density innervation of GFP-positive fibers in the DLS or DMS or TS. Scale bar,
500mm. Higher-magnification images of selected projection target areas are shown in Extended Data Figure 5-1.
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Regardless of which model reflects the actual determi-
nants of mDA progenitor cell competence, it will be inter-
esting to investigate in the future whether the changes in
mDA progenitor cell competence are cell intrinsic (e.g., is
there a change in transcription factor expression over
time) or extrinsic (i.e., are the progenitors exposed to
varying environmental signals over time that influence
their competence) and which molecular mechanisms play
a role. CXCR4 itself may even be a mediator of an extrin-
sic mechanism. The CXCR4 ligand CXCL12 is expressed
in the meninges of the ventral midbrain and has previously
been implicated in modulating the migration of mDA neu-
rons. Inactivation of CXCR4-mediated signaling in mice
results in subtle changes in the migration pattern of mDA
neurons (Yang et al., 2013; Bodea et al., 2014; Hillmer et
al., 2015). However, whether neurogenesis or subtype
specification of mDA neurons is altered in these mouse
mutants has not been investigated, in part because ho-
mozygous mutant mice die prenatally. Examples for
CXCR4-mediated signaling influencing neurogenesis
come from the postnatal dentate gyrus, where CXCL12
signals from granule neurons prevent dispersion and
support maturation of newborn granule neurons (Abe et
al., 2018).
The intersectional approach used in our study allows a

characterization of the fate-mapped mDA neurons that
goes beyond the mere assessment of the anatomic loca-
tion of the cell bodies as the dopaminergic subcircuits
formed by the labeled cells can also be determined. With
respect to SNc neurons, we show that SNc neurons

derived from progenitors/precursors labeled with TM12.5
are localized almost exclusively in the medial SNc, and
densely innervate the dorsal striatum, with the exception
of the lateral part of the DLS, where projections from fate-
mapped mDA neurons are scarce. Parts of the TS are
only sparsely innervated by the labeled projections. The
projections of the medial SNc neurons labeled with
TM13.5 show not only this lateral–medial gradient in in-
nervation of the dorsal striatum but also a rostral–caudal
one: whereas the medial–rostral striatum shows dense in-
nervation by the projections of the fate-mapped cells, the
caudal aspects of the striatum and the TS are sparsely in-
nervated (Fig. 6). Our observation that medial SNc neu-
rons project to the DMS is consistent with the study of
Lerner et al. (2015), which used retrograde viral tracing to
show that DLS-projecting SNc–mDA neurons are located
in the lateral SNc, and DMS-projecting ones in the medial
SNc. In turn, the sparse innervation of the TS observed
with TM13.5 is consistent with data showing that the TS is
innervated by mDA neurons in the SNpl (Menegas et al.,
2018; Poulin et al., 2018). However, our data also suggest
that some of the dopaminergic projections in the TS arise
from mDA neurons other than the ones in the SNpl, since
innervation from mDA neurons fate mapped with TM12.5
is quite dense in some areas of the TS, although mDA
neurons of the SNpl are not labeled. The graded innerva-
tion of the dorsal striatum along the rostral–caudal axis by
different mDA subtypes in the medial SNc has not previ-
ously been described and adds new insight into the diver-
sity of SNc–mDA neurons.

Figure 6. Summary of the results. A, B, The Cxcr4-expressing mDA lineage (A) contributes to progressively more restricted anatom-
ic populations of mDA neurons (B) over the course of development. C, The progressively more restricted contribution is also re-
flected in the projection pattern of the fate-mapped mDA neurons. Three rostrocaudal levels of the striatal region are shown. Gray
regions, sparsely or not at all innervated by mDA neurons of the Cxcr4 lineage; orange regions, densely innervated by mDA neurons
of the Cxcr4 lineage at the indicated time point of TM administration. This figure was created with https://biorender.com/.
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While the restricted contribution of late-forming mDA
neurons to the medial SNc fits well with the topographic
projection map of mDA neurons, it does not correlate with
the “vulnerability map” of the SNc. SNc mDA neurons are
divided into a ventral tier that is more susceptible to neu-
rodegeneration and toxic insults, and a dorsal tier that is
more resilient (Kordower et al., 2013). A recent study has
shown that the ventral tier mDA neurons, which express
the transcription factor SOX6 in the adult brain, are de-
rived from a Sox6-expressing medial mDA progenitor do-
main (Luppi et al., 2021). These data could indicate that
the spatial location and molecular profile of a progenitor
determines the position of mDA neurons in the ventral or
dorsal SNc (and potentially also their vulnerability), while
the timing of neurogenesis determines their position in the
medial or lateral SNc (and their connectivity to the DMS
vs DLS).
With regard to the VTA, there is also anatomic, molecu-

lar, electrophysiological, and functional evidence that the
ventral and dorsal VTA (also referred to as medial and lat-
eral) are distinct (Lammel et al., 2008; Poulin et al., 2018;
de Jong et al., 2019). According to these studies, the ven-
tral (or medial) VTA population projects to the NAc ventral
and medial shells. This is consistent with our data, which
show that the ventral VTA population that is marked with
TM13.5 projects densely to the NAc shell but not to the
core. Whether this population projects to other previously
described targets of the ventral VTA mDA neurons such
as the prefrontal cortex and the basolateral amygdala will
have to be explored in the future. Moreover, further stud-
ies will have to clarify whether mDA neurons generated at
different developmental time points do not only differ in
their anatomic position and projection targets but also in
their molecular profiles and function.
Finally, we demonstrate that Cxcr4 is broadly expressed

in midbrain progenitors and that descendants of Cxcr4-ex-
pressing progenitors contribute neurons and glia cells to
various midbrain nuclei and structures. Interestingly, it
seems that Cxcr4 is only expressed in both progenitors
and neuronal precursors in the mDA-generating region,
while it is restricted to progenitors in other areas of the mid-
brain (Yang et al., 2013). Thus, inducible fate mapping of
Cxcr4-expressing progenitors could be used in other areas
of the midbrain to assess changing competencies of pro-
genitor cells, possibly even with greater temporal precision
than in mDA neurons.
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