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The Nigrostriatal pathway (NSP) is formed by dopaminergic axons that project from the
ventral midbrain to the dorsolateral striatum as part of the medial forebrain bundle.
Previous studies have implicated chemotropic proteins in the formation of the NSP
during development but little is known of the role of substrate-anchored signals in this
process. We observed in mouse and rat embryos that midbrain dopaminergic axons
ascend in close apposition to descending GAD65-positive axon bundles throughout their
trajectory to the striatum. To test whether such interaction is important for dopaminergic
axon pathfinding, we analyzed transgenic mouse embryos in which the GAD65 axon
bundle was reduced by the conditional expression of the diphtheria toxin. In these
embryos we observed dopaminergic misprojection into the hypothalamic region and
abnormal projection in the striatum. In addition, analysis of Robo1/2 and Slit1/2 knockout
embryos revealed that the previously described dopaminergic misprojection in these
embryos is accompanied by severe alterations in the GAD65 axon scaffold. Additional
studies with cultured dopaminergic neurons and whole embryos suggest that NCAM
and Robo proteins are involved in the interaction of GAD65 and dopaminergic axons.
These results indicate that the fasciculation between descending GAD65 axon bundles
and ascending dopaminergic axons is required for the stereotypical NSP formation during
brain development and that known guidance cues may determine this projection indirectly
by instructing the pathfinding of the axons that are part of the GAD65 axon scaffold.
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INTRODUCTION

The Nigrostriatal pathway is formed by axons of A9 dopaminer-
gic (DA) (Dahlstroem and Fuxe, 1964) from the Substantia Nigra
pars compacta (SNpc) located in the ventral midbrain. DA axons
navigate rostrally from the midbrain through the ventral aspect
of the diencephalon as part of the medial forebrain bundle (MFB)
along with other midbrain dopaminergic axons from the ventral
tegmental area (A10) and the retrorubral nucleus (A8) (Albanese
et al., 1986). In the rostral diencephalon, A9 axons veer into the
striatal anlage forming the mesostriatal pathway while A10 axons
continue to the cortex forming the mesocortical pathway.

Several chemotropic axon guidance systems have been impli-
cated in the pathfinding of midbrain dopaminergic axons. These
include Ephrins, Slits, Netrinl, Sonic hedgehog (Shh), Class 3
Semaphorins (Sema), and Wnt5a (reviewed in Blakely et al,
2013). The expression of Robo proteins, Neuropilins (Npns), and
DCC, which are the receptors for Slits, class III Semaphorins, and
Netrinl, respectively, has been detected in embryonic DA neu-
rons (Lin et al., 2005; Lin and Isacson, 2006; Hernandez-Montiel
etal., 2008; Tamariz et al., 2010; Xu et al., 2010; Dugan et al., 2011;
Flores, 2011). These proteins, however, are not present in all DA
neurons at early stages during their projection through midbrain
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and diencephalon (Lin et al., 2005; Hernandez-Montiel et al.,
2008; Torigoe et al., 2013), suggesting that other guidance sys-
tems may be involved in determining this pathway. In addition, as
dopaminergic axons project only after other axonal populations
pioneer tracts through the diencephalon (Figdor and Stern, 1993;
Mastick and Easter, 1996; Nural and Mastick, 2004), it is possible
that preceding axons serve as substrate and provide navigational
information for dopaminergic axon growth.

No information exists to date regarding substrate-anchored
signals on non-dopaminergic axons that may regulate dopamin-
ergic pathfinding. In this respect, unknown substrate-anchored
signals appear to influence rostral growth of mDA axons
(Nakamura et al., 2000) and the IgCAM cell adhesion protein
L1 is involved in the survival, maintenance, axon extension,
and migration of dopaminergic neurons (Poltorak et al., 1992;
Hulley et al., 1998; Ohyama et al., 1998; Demyanenko et al.,
2001). Moreover, L1, NCAM, and NrCAM, have been detected
in embryonic DA axons (Shults and Kimber, 1992; Chao et al,,
2003; Schiff et al., 2009).

Since dopaminergic axons are part of the MFB in the
adult brain, we tested the hypothesis that the interaction with
axons from this tract is relevant for DA axon pathfinding. We
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determined that DA axons project in close apposition to descend-
ing axons of the MFB that express GAD65 and that the latter are
necessary for stereotypical DA pathway formation. Moreover, our
analysis of Robo1/2 and Slit1/2 double knockout mouse embryos
revealed that the DA misprojection observed previously in these
mice is accompanied by severe alterations in the GAD65 axon
scaffold, which may in part be responsible for the observed DA
errors. Additional experiments with cultured embryos and dis-
sociated DA neurons suggest that NCAM and Robo proteins are
involved in the interaction of DA axons with their substrate.

MATERIALS AND METHODS

ANIMALS

Mice and rats at Universidad Nacional Auténoma de México
(UNAM) were handled humanely and killed by cervical dislo-
cation or using CO, with the minimum of distress by qualified
personnel in compliance with regulations of the Mexican gov-
ernment regarding the use of laboratory animals for research
purposes (NOM-062-ZO0-1999) and following the “Guide for
Care and use of laboratory animals” of the Institute of Laboratory
Resources, National Research Council, USA. Mice at University
of Nevada, Reno (UNR) were maintained according to UNR
IACUC protocols, following NIH guidelines. The day of detection
of vaginal plug was considered embryonic day 0.5 (E0.5).

Wistar rats were used. The following mouse lines were
obtained from The Jackson Laboratories (Bar Harbor, MN):
Gad2-IRES-Cre (GAD65RE, Gad2m2(cre)Zib/] - stock 010802)
which expresses the Cre recombinase under that GAD65 pro-
moter (Taniguchi et al., 2011) and ROSA26-DTA (ROSA26P™,
B6.129P2-Gt(ROSA)26Sor™/PTALKY/I - stock  009669) which
expresses the diphtheria toxin upon cross with a Cre recombinase
strain (Voehringer et al., 2008). ROSA26-DTA and Gad2-IRES-
Cre mice were maintained as homozygous lines. Gad2-IRES-Cre
homozygotes were crossed to CD1 mice and the resulting mice
were crossed to ROSA26-DTA homozygotes to obtain embryos
carrying both transgenic alleles or only ROSA26P™. Embryos
from crosses between four independent male-female pairs were
analyzed and the described phenotype was detected in litters from
the four pairs. The following primers from Jackson Laboratory
catalog were used for genotyping: GAD®RE; wild type forward
primer number 9981 (5'CTT CTT CCG CAT GGT CAT CT),
mutant forward primer number 9983 (5AAA GCA ATA GCA
TCA CAA ATT TCA), and common reverse primer number
9982 (5'CAC CCC ACT GGT TTT GAT TT). ROSA26P™;
mutant forward primer number 12211 (5’CCA AAG TCG CTC
TGA GTT GTT ATC), mutant reverse primer number 8824
(5'CTC GAG TTT GTC CAA TTA TGT CAC), wild type for-
ward primer number olMR3621 (5CGT GAT CTG CAA CTC
CAG TC), and wild type reverse primer number olMR8546
(5GGA GCG GGA GAA ATG GAT ATG). For studies with
Slit1/2 and Robol/2 knockout embryos we used lines that were
a kind gift from Marc Tessier-Lavigne (Genentech Inc., South
San Francisco, CA) (Grieshammer et al., 2004; Long et al., 2004;
Lopez-Bendito et al., 2007). Slit1/2 double mutants were offspring
of Slit1=/=; Slit2*/~, interbred with each other for more than
10 generations. Robol/2 mutant mice were maintained as het-
erozygotes back-crossed to CD1 outbred wild-type mice for more

than 10 generations. PCR genotyping was performed as described
elsewhere (Dugan et al., 2011).

IMMUNOSTAINING

Whole brain staining

Mouse or rat embryos were fixed in 4% of paraformaldehyde
(PFA) in phosphate buffer saline (PBS, 10010-056, Molecular
probes, Grand Island, NY) for 2-6h depending on the stage.
Fixed embryos were dissected to obtain the whole brain which
was washed ten times for 10min in PBS. The tissue was
blocked with 10% goat serum (16210072, Gibco, Life technolo-
gies, Grand Island, NY) in PBS for 30 min and washed 10 min
with PBS. The primary antibody was diluted in antibody incu-
bation solution [PBS containing 0.3% of Triton X-100 (T8787,
Sigma, St. Louis, MO) and 10% goat serum]. Brains were incu-
bated in primary antibodies 16-20h at 4°C with gentle shak-
ing. The primary antibodies used were: anti-NCAM (Sigma,
C9672), anti-NCAM (Sigma, SAB2501672), anti-GAD65 (EMD
Millipore, MAB351, Billerica, MA), anti-TH (Pelfreez, P40101-0),
anti-GAD67 (Chemicon MAB5406, Temecula, CA), anti-GABA
(Sigma, A2052), anti-Robo 1 and 2 (kind gift of Elke Stein, Yale
University), anti-Robo 1 (Sigma, WH0006091M1), anti-Robo
2 (Sigma, WHO0006092M1), anti-TAG1 (R&D, AF4439, R&D
Systems, Minneapolis, MN) and anti-L1 (Millipore, CBL275).
After incubation, the samples were washed ten times for 10 min
in PBS at room temperature. A second blocking was performed
as described above followed by incubation for 2h in secondary
antibody diluted 1:1000 in antibody incubation solution. After
ten washes for 10 min each in PBS at room temperature, brains
were hemisected by cutting along the dorsal and ventral mid-
lines and mounted flat on glass slides with the pial side fac-
ing up in 10% glycerol in PBS containing 0.4 mg/ml DABCO
(290734, Sigma). The secondary antibodies used were: Cy3 goat
anti-mouse (A10521, Molecular Probes), Cy3 goat anti-rabbit
(Molecular probes, A10520), Fluor Alexa 488 goat anti-rabbit
(Invitrogen, A11034, Life Technologies, Grand Island, NY), Alexa
fluor 488 goat anti-mouse (Invitrogen, A11029), Avidin Alexa
fluor 488 conjugate (Invitrogen, A21370), Anti-goat biotinylated
(Invitrogen, A21370), and ABC kit standard Vector (Jackson
immuno research, PK6100, West Grove, PA).

Frozen sections and cultured cells. Frozen sections (30 jum)
were collected on SuperFrost Plus slides (VWR, 48311-703,
Radnor, PA) and dried for 4h; dried samples were washed
with PBS1X three times and immunostained by incubation of
primary antibody mixed in antibody incubation solution for
12-16h at 4°C. Samples were washed three times for 10 min
in PBS, incubated in secondary antibody mix as described
above for 2h at room temperature, washed three times for
10 min in PBS and mounted with DABCO-glycerol as described
above.

RETROGRADE NEURONAL LABELING

Retrograde labeling was performed as described (Auclair et al,,
1999). Briefly, embryos were pinned on their side in a dish con-
taining a layer of cured clear Sylgard and filled with Ringer
solution. Rhodamine-Dextran (3000 M.W., D3308, Molecular
Probes) was deposited on the tips of minutien pins (0.05mm
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diameter, 26002-10, Fine Science Tools, Foster City, CA) as a
droplet of a thick solution of the dye dissolved in water and
allowed to dry. The midbrain was exposed and the dye was applied
by making a small incision in the neuroepithelium with the
dye-laden pins. Labeled embryos were incubated 4 h at 35°C with
constant bubbling with a gas mix of 95% oxygen and 5% carbon
dioxide. After incubation, embryos were fixed in paraformalde-
hyde for dissection of the brain for immunostaining or direct
visualization.

EMBRYO CULTURE

Rat embryos were obtained through a cesarean incision from
anesthetized Sprague Dawley pregnant dams as described pre-
viously for mouse embryos (De Carlos et al., 1996) and incu-
bated for 24h at 37°C with an in-shop built rotator device.
Three to five embryos were incubated in 5ml of freshly
extracted rat serum or in goat serum (69023, Sigma) contain-
ing 1% penicillin-streptomycin mix (15070-063, Gibco) per-
fused constantly with a gas mix of 95% oxygen/5% carbon
dioxide. In control cultures we confirmed that growth in rat
or goat serum was comparable. The incubation medium was
changed once after 12h of culture. Embryos were then fixed
in 4% PFA in PBS followed by whole brain immunostaining.
The following recombinant proteins (all from R&D Systems,
Minneapolis, MN), were added to the culture medium as
indicated in the results section to a final concentration of
40 ng/ml each: Recombinant rat ROBO I/Fc Chimera (1749-RB-
050), Recombinant human ROBO 2/Fc Chimera (3147-RB-050),
NCAM-C56 Recombinant human NCAM-I/CD56 (2408-NC-
050) or Ig-Fc Recombinant human IgG1 Fc, Human IgG1 (110-
Hg-1-100).

CELL CULTURE

Ventral midbrain was obtained and dissociated as described pre-
viously (Tamariz et al., 2010). Dissociated cells were diluted to a
concentration of 1 x 10° per ml in DMEM (11995, Gibco) sup-
plemented with 1% penicillin/streptomycin mix and L-glutamax
(35050079, Gibco) and seeded onto sterile coverslips (12 mm,
GG12, Knitell glass, Braunschweig, Germany) coated previously
with poly-D-lysine (P4707, Sigma) and the following proteins as
indicated in Figure 8E: Fibronectin (F0895, Sigma), Recombinant
rat ROBO I/Fc Chimera, Recombinant human ROBO 2/ Fc
Chimera, NCAM-C56 Recombinant human NCAM-1I/CD56 or
Recombinant human IgG1/Fc chimera. Coverslips were coated
by incubation in 24-well dishes with poly-D-lysine (0.2 mg/ml in
PBS) for 24 h at 37°C in an incubator with 5% CO,, then washed
three times for 1h each with sterile water, incubated with the
proteins for 4h (40 ng/ml each in PBS) at 37°C in an incubator
with 5% CO;, washed three times again and used immediately
for culture. Proteins in solution were added 2h after the cul-
ture was initiated at a concentration of 40 ng/ml as indicated on
Figure 8E. After 24 h in culture at 37°C and 5% CO,, coverslips
were fixed in 4% PFA in PBS and immunostained for TH as
described for frozen sections. Additional cultures were performed
in which the only difference was that Laminin (L2020, Sigma) was
used instead of Fibronectin at a final concentration of 1 pg/ml
(Figure 8F).

MICROSCOPY
Confocal microscopes used were: Zeiss LSM510 META, Zeiss
LSM 780 and Nikon Eclipse E600 PCM 2000.

STATISTICAL ANALYSIS

The results of axonal length were analyzed in a completely
randomized design using the general linear model procedure
(SAS Institute Inc., Cary, NC) with the significance level set at
P < 0.05. Least square means £ s.e.m. were used to analyze
differences between treatments (Figure 8). The results of axon
colocalization (Figure 6) were analyzed by a frequencies proce-
dure, the Pearson correlation coefficient was used (SAS Institute
Inc., Cary, NC).

RESULTS

ASCENDING DOPAMINERGIC AXONS PROJECT IN CLOSE APPOSITION
TO EARLY PROJECTING DESCENDING GAD65+ AXON FASCICLES
Analysis by immunostaining for Tyrosine hydroxylase (TH)
revealed the earliest TH* neurons in the ventral aspect of
the embryonic rat midbrain and caudal diencephalon at E12
(Figure 1A). Parallel double immunostaining for the axonal
marker BIII-tubulin at the same stage revealed a very prominent
ventral axon bundle that runs longitudinally through the whole
extent of the developing brain (Figure 1B). On a closer view it is
possible to observe that the first TH axons grow into the region
containing the non-dopaminergic axon bundles (Figures 1C-E).
At E13, dopaminergic axons reached the ventral diencephalon en
route to the developing striatum along a territory containing the
thick non-dopaminergic axon bundle (Figures 1E,G). On its ros-
tral part, this bundle constitutes the MFB which in the adult brain
carries ascending midbrain dopaminergic axons (Nieuwenhuys
etal., 1982).

To determine the origin of the non-dopaminergic axons that
precede dopaminergic axons, we performed axon labeling with
Dextran-Rhodamine from the ventral midbrain in E12.5 and
13 embryos which revealed that only descending axons project
through this region at this stage (Figures 2A,D). Labeling from
a location just caudal to the dopaminergic territory, revealed
somata located distantly in the hypothalamic region which likely
correspond to neurons of the mammillo-tegmental tract (MTG).
At E13, retrograde labeling from the diencephalon at the point
of entry of DA axons into the telencephalon revealed neuronal
somata in this latter region (Figures 2E,F). These results reveal
that this longitudinal axon bundle is in fact composed by
segments from different neuronal populations and that no single
neuronal population has axons running through its whole extent
at E13. By its location, this bundle appears to be an early form of
the MFB.

Immunostaining for TH of retrograde labeled E12.5 prepara-
tions, indicate that nascent dopaminergic axons project in close
apposition to the axons of Dextran labeled neurons (arrows in
Figures 2B,C). Therefore, at the onset of their projection, mid-
brain dopaminergic axons grow in close apposition to preexisting
descending longitudinal axons.

From our unpublished observations we knew that, in colla-
gen gel cultures, midbrain dopaminergic axons grow in bundles
that also contain GABAergic axons. To assess the possibility that
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A TH/ Blll-Tubulin B

FIGURE 1 | Early projecting midbrain TH axons grow into territories
containing pre-existing non-dopaminergic axon bundles. \Whole brains
from E12 (A-E) and E13 (F,G) rat embryos were immunostained, cut along
dorsal and ventral midlines and the resulting hemibrains were mounted flat.
Confocal images were collected and are shown here as projections of
Z-stacks. (A,C,E,F) Tyrosine Hydroxylase (TH, green) immunostaining.
Approximate location of dopaminergic cell groups is indicated from A9 to
A15. (B,D,E,G) Blll-Tubulin-stained fiber tracts (red). (C-E) Show a
magnified view of a field in the ventral MB region and part of the
diencephalon (Di) indicated in (B). Arrow in (B) indicates the point of entry
of TH axons into the striatal anlage. Abbreviations: Tel, Telencephalon; Di,
Diencephalon; |, Isthmus; HB, hindbrain; MB, midbrain; Lc, locus ceruleus;
TPOC, tract of the post-optic commissure; HT, habenular tract; MTG,
mammillotegmental tract; TmesV, mesencephalic nucleus of the trigeminal
nerve. Scale bar: 100 pum.

this interaction occurs in vivo, we first analyzed whether the
observed descending axon bundles contained GAD65" axons.
Retrograde labeling from the midbrain as described above com-
bined with immunostaining for GAD65 confirmed that descend-
ing axons from the MTG, from the hypothalamic region, and
from the telencephalon, express GAD65 (Figures 2G-I and data
not shown).

To determine whether these descending GAD65" axons inter-
act with growing DA axons, we performed TH/GAD65 dou-
ble immunostaining of whole E13 and E14 brains (Figure 3).
At E13, we observed a prominent GAD65 axon bundle run-
ning along the dopaminergic trajectory to the striatum very
reminiscent of that observed by BIII-tubulin immunostaining
(compare Figures 1B, 3B). This observation suggests that many
of the axons of the MFB are GAD65". Confocal imaging of
the double stained brains revealed that TH™ axons grow in
close apposition to GAD65" axons along their trajectory in the
midbrain, in the diencephalon, and at the entry into the telen-
cephalon (Figures 3C,D and data not shown). Such apposition
was also observed in histological transverse sections through the
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FIGURE 2 | Retrograde labeling in embryonic rat brain reveals that
ascending TH axons interact with descending GAD65 axons.
Dextran-Rhodamine was applied at the locations indicated by asterisks in
E12.5 (A) and E13 (D,F) rat embryos (red) and whole brains were
immunostained for TH (B,C, green) or GAD65 (H,1, green). Flat-mounted
hemibrains are shown. (A,D-F) are panoramic views; (B,C) show a
magnified view of the frame indicated in (A) revealing apposition of
descending Dextran-labeled axons with ascending TH axons (example axon
indicated by three arrows). (F) shows dextran labeling in the diencephalon
at the DA axon entry point into the telencephalon and (E) shows the rostral
region of the same preparation revealing neurons with descending axons.
(G-1) are magnified views of the frame indicated in (D) and show
colocalization of GAD65 signal (green) with all Dextran-labeled axons (red,
examples indicated by arrows) consistent with expression of GAD65 in
descending axons. Abbreviations as in Figure 1. Scale bars: 100 um.

diencephalon at E13 and E14 (Figures 3E-G, respectively). At the
later stage, TH axons were found inside the robust longitudinal
GADG65 axon bundle (Figures 3EG).

These results indicate a close apposition of ascending TH™
axons with descending GAD65" axons along their trajectory
and suggest that, during their growth toward the striatum,
dopaminergic axons interact with the various GAD65" axon pop-
ulations that contribute to the MFB (Nieuwenhuys et al., 1982).
This raises the possibility that the GAD65" axons serve as a
scaffold for the growth of dopaminergic axons.

SELECTIVE ELIMINATION OF DESCENDING GAD65 AXONS AFFECTS
THE NIGRO-STRIATAL PROJECTION

To test whether the observed apposition of projecting TH™ axons
to preexisting GAD65" axons is important for the stereotypical
dopaminergic pathfinding we devised a strategy using transgenic
mouse lines to eliminate GAD65 axons by the expression of an
attenuated form of the diphtheria toxin that ablates developing
neurons (DTA). A line expressing the Cre recombinase from the
GAD65 locus (GAD65“RE) (Taniguchi et al., 2011) was crossed
with ROSA26P™ mice (Voehringer et al., 2008). In embryos car-
rying both alleles, we expected ablation of GAD65" neurons
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TH / GAD65

FIGURE 3 | Dopaminergic axons grow in close apposition to GAD65
axon bundles during mesostriatal projection (E12, E13). \Whole brains
(A-D) or frozen sections (E-G) from E13 (A-E) and E14 (F.G) embryonic rat
brains were immunostained for TH (red) and GAD65 (green). (A,B) Show
panoramic views of a flat-mounted hemibrain and the location of magnified
field shown in (C,D) is indicated in (B). The apposition observed in (C,D)
was confirmed in single focal planes and in histological sections through
the diencephalon in E13 (E) and E14 (FG) embryos. Arrows in (C-G)
indicate TH axons adjacent to GAD65 axons. Scale bar: 100 um.

upon activation of the expression of the diphtheria toxin by Cre
expressed from the GAD65 gene locus.

Whole brains of E13.5 embryos carrying both transgenic alle-
les (GAD2CRE/ROSA26P™ | two embryos from each of four dif-
ferent litters) or control embryos (two wild type CD-1 and six
carrying only the ROSA26P™ allele) were immunostained for
TH to visualize dopaminergic axon tracts. The normal projec-
tion was observed in control embryos as shown in Figures 4A-G.
In contrast, embryos carrying both alleles showed misprojection
of dopaminergic axons (Figures 4H-N). The TH™ axon bundle
in these embryos appeared largely normal in the midbrain and
diencephalon (Figures 4H,]). Upon reaching the telencephalon
in E13, however, many dopaminergic axons failed to veer into
the striatal anlage turning instead ventrally into the hypotha-
lamic region (arrows in Figures 4H,I). While the hypothalamic
tract was also observed in control embryos, in double trans-
genic embryos it became a much more robust tract seemingly
by the contribution of dopaminergic axons that would normally
navigate into the striatum. Moreover, DA axons that entered
the striatal anlage overshot rostrally (arrowhead in Figure 4I).

On a coronal section, it can also be appreciated that instead of
entering the striatum from a medial location as in the control
brain (Figures 4EG), DA axons in the double transgenic mice
entered from a ventral location and at a different rostro-caudal
level (Figures 4M,N).

To assess the extent of the reduction of GAD65 axons,
we performed TH and GAD65 immunostaining on E13.5
control and double transgenic brains. Compared to controls
(Figures 4C-E), transgenic GADG65“RE/ROSA26P™ embryos
(Figures 4J,L), showed a mild reduction in GAD65 immunostain-
ing in the midbrain (Figure 4K) and a more noticeable decrease in
the diencephalon (Figure 4L). We interpret this incomplete elim-
ination of GADG65 axons to be the combined result of a protracted
generation of new GAD65-expressing neurons and a lag between
the onset of Cre expression in those cells and the time in which
expression of DTA reaches the effective level that ablates them.
Nevertheless, this experiment yielded misprojection results as
predicted, thus confirming a role for GAD65" axons on midbrain
dopaminergic pathfinding.

Analysis of the dopaminergic projection in the brain
of newborn control and double transgenic animals by TH
immunostaining (Supplementary Figure 1) revealed in the
latter an aberrant spread of DA axons in the diencephalon
(arrow in Supplementary Figure 1E) and an abnormal
strongly stained domain in the preoptic region (arrow in
Supplementary Figure 1D) probably resulting from the ventral
misprojection observed in E12.5 embryos. It is important to
note that there were no gross abnormalities in the brains of
double transgenic animals as assessed in Nissl stained material
(Supplementary Figures 1C,F).

TH* AND GAD65t AXON FASCICLES EXPRESS THE IG SUPERFAMILY
MEMBRANE PROTEINS NCAM, ROBO1, AND ROB02

Our results indicate that dopaminergic axons interact with
descending GAD65" axon bundles along their trajectory to the
striatum and that this interaction seems to be relevant for their
stereotypical pathfinding. To identify molecules that could medi-
ate such interaction, we analyzed the expression of cell adhesion
proteins in both axonal groups.

We performed immunostaining for the Ig superfamily pro-
teins L1, TAG-1 and NCAM. Of these proteins only NCAM was
detected in patterns that overlapped with GAD65' and TH*
axons at the stages analyzed (Figure5 and data not shown).
NCAM expression was detected in ventral midbrain TH* neu-
rons at E12 (Figures 5A,B) and along the dopaminergic trajec-
tory at E13 (Figures 5C-E). Moreover, NCAM was detected in
most GAD65™ axon fascicles at E13 in the ventral diencephalon
(Figures 5F-H).

Since in previous studies Robol and Robo2 were shown to
have cell adhesion properties (Hivert et al., 2002), and it is known
that dopaminergic, MTG, and TPOC axons express these pro-
teins (Tsuchiya et al., 2009; Dugan et al., 2011; Ricano-Cornejo
etal, 2011), we analyzed their role in the interaction of dopamin-
ergic axons with other axon types. We confirmed these findings
for DA axons (not shown) and observed that the axon bundle
dorsal to dopaminergic axons expressed both Robol and Robo2
(Figures 51-K).
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GADG65/TH
CONTROL

FIGURE 4 | Conditional depletion of GAD65 axon fibers alters
dopaminergic meso-striatal projection. Brains or sections of E13.5 control
mouse embryos (ROSA26P™/+, A-G) or of embryos carrying both alleles
(ROSA26PT™/+:GADE5CRE/+ | H-N) were immunostained for GAD65 (red) and
TH (green). (A,H) are views of flat-mounted hemibrains showing the more
abundant ventral projection in embryos carrying both alleles (arrows), (B-E,I-L)

DTA CRE
ROSA26 /GAD65

are of parasaggital sections. (C-E,J-L) Are magnified views of frames indicated
in (B,1), respectively. (L) Shows a dramatic reduction in the GADG5 staining
compared to (E). (FM) Are parasaggital sections though the telencephalon
showing the location of the magnified views in (G,N) respectively. Note that the
rostro-caudal level in (FM) is different as the location of the TH axons bundle
varies between control and double transgenic brains. Scale bar: 100 wm.

These data indicate that NCAM is expressed both in TH and
GADG5 axons at the time of dopaminergic pathfinding and that
Robol and Robo2 are expressed as well in the bundle precursor
that we observed is continuous with the MFB and in a fraction
of TH neurons from E12 onwards. Hence, these proteins could
be involved in the interaction between these axon types during
dopaminergic projection.

MISPROJECTION OF MIDBRAIN DOPAMINERGIC AXONS IN EMBRYO0S

LACKING SLIT OR ROBO IS ACCOMPANIED BY SEVERE ALTERATION OF
GAD65" AXON SCAFFOLDS

Previous studies have implicated Slit/Robo signaling in dopamin-
ergic axon pathfinding (Bagri et al., 2002; Dugan et al., 2011).
Since the studies in the present work revealed the requirement
of the GAD65 axon scaffold for normal dopaminergic pathfind-
ing, we formulated the following question: Are dopaminergic
misprojections in embryos lacking Robol/2 accompanied by

alterations of the GAD65 axon scaffold? To address that, we
analyzed by TH and GAD65 immunostaining whole brains of
mutant mouse embryos at a stage in which dopaminergic pro-
jection begins. In control embryos we observed the normal DA
axon projection into the ventral aspect of the diencephalon and
the GADG65 axon bundle running along the ventral aspect of the
brain as previously observed in rat embryos (Figures 6A,D,G). As
observed before (Dugan et al., 2011) Robo1/2 and Slit1/2 dou-
ble knockout (dko) embryos had severe dopaminergic projection
errors; both types of embryos had a reduction of projection which
was more dramatic in Robo mutants (Figures 6B,C) and in addi-
tion in Robo1/2 dko embryos there were axons that misprojected
dorsally (Figures 6B,H). Furthermore, analysis of GAD65 axons
in dko embryos also revealed strikingly disorganized bundles
with the effect being more pronounced in Robo1/2 dko embryos
(Figures 6E,F). Hence, these results reveal that DA misprojection
is accompanied by GAD65 axon scaffold disruption in Robol/2
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FIGURE 5 | NCAM is expressed in midbrain dopaminergic and
descending GAD65 neurons and non-dopaminergic longitudinal axon
bundle expresses Robo proteins. \Whole rat brains or frozen sections
were immunostained for NCAM (red) and either TH or GAD65 (both in
green). (A,B) Show sagittal sections of the ventral midbrain (MB-v) of an
E12 embryo. (C-E) Are images of a frame in the diencephalon of an E13
embryo. (F-H) Are images of a sagittal section in the ventral midbrain

| NCAM /GAD65

TH/Robo1 TH/Robo2

region of an E13 brain. (H1,H2) Are orthogonal views of a confocal
Z-stack along the lines (H1, red; H2, green). Arrows in (H1,H2') indicate
colocalization of GAD65 and NCAM signal. (I-K) Coronal sections of rat
E12, E13 and E15, were immunostained for TH (green) and either Robo1
or Robo?2 (red). (I,J) Midbrain (arrows indicate location of longitudinal
axon bundle dorsal to the dopaminergic neurons), (K) diencephalon. Scale
bar: (A-J), 100 um; (K), 50 um.

and Slit1/2 dko embryos suggesting that at least part of the DA
projection errors may result from such underlying GAD65 axon
misprojection.

To assess whether the absence of Robo proteins could affect
the interaction between TH and GADG65 axons, we analyzed
orthogonal planes that were reconstructed digitally from confo-
cal Z-stacks collected from dko preparations. In control and in
Slit1/2 dko embryos, we found that most TH axons were apposed
to GAD65 axons (Figures 6G,L,J). In Robo1/2 dko embryos, how-
ever, most TH axons appeared to grow independent of GAD65
axons (Figures 6H,J). This is clearly appreciated in Figure 6H
which is a single focal plane showing mostly TH* axons, as
GAD65™ axons are largely absent from that plane. These results
indicate that interaction between these two axon types is impaired
in the absence of Robo1l and Robo2.

IMPAIRING NCAM AND ROBO SIGNALING CAUSES MISPROJECTION
OF MESOSTRIATAL AXONS IN CULTURED EMBRYO0S

With the aim of assessing the role of NCAM and Robo proteins in
the nigrostriatal projection we performed whole rat embryo cul-
tures in presence or absence of soluble versions of these proteins
consisting only of their extracellular domain which, at least for
Robo, are known to interfere with their function (Ricano-Cornejo
etal., 2011). After culture for 24 h, embryos were immunostained
for TH.

Cultures were initiated at the onset of dopaminergic axon pro-
jection at a stage in which the GAD65" axon scaffold is already
present, thus avoiding an earlier and indirect effect as observed in
Slit1/2 and Robo1/2 mutant embryos (E12, Figure 7A). In control
cultures, a stereotypical projection was observed with numerous
axons that turned, projected through the ventral aspect of pretec-
tum (PT) and dorsal thalamus (DT) and reached the ventral tha-
lamus (VT) (n = 14) (arrows in Figure 7C). In contrast, in only
one of ten cultured embryos with soluble NCAM we observed

rostral axon turning, in seven of them there was dorsal projec-
tion toward the thalamus reaching the roof plate and in two
of them, there were axons projecting caudally toward the hind-
brain and some axons reaching the dorsal thalamus (Figure 7D).
The most obvious effect in these experiments was the reduction
of axons that projected away from the ventral midbrain region.
The effect of soluble Robol and Robo2 ectodomains, which are
expected to impair Robo/Slit function, was more dramatic in the
reduction of projection; no axons reached the VT in any of the
twelve cultured embryos and in ten of them only dorsal mis-
projection was detected (Figure 7E). The diagram in Figure 7B
shows a summary of the TH growth observed in control cultures
and in cultures with Robo and NCAM ectodomains.

Furthermore, immunostaining for B-III tubulin of cul-
tured control embryos revealed overall normal axons scaffolds
(Figure 7F). In embryos treated with NCAM, however, B-1II
tubulin staining showed slight alterations in the thickness of
the longitudinal fiber tracts in the midbrain and diencephalon
(Figure 7G) while in embryos treated with Robol/Robo2 axon
tracts were more disorganized but with longitudinal axons still
present (Figure 7H).

Hence, using Robo/Slit blocking reagents we obtained results
that are in keeping with the known role of these proteins on guid-
ance of dopaminergic axons thus supporting the suitability of the
soluble NCAM ectodomain as a reagent to interfere with axon
projection in culture. Our findings further suggest that NCAM is
involved in dopaminergic pathfinding.

NCAM ON A SUBSTRATE ENHANCES MESENCEPHALIC
DOPAMINERGIC AXON GROWTH WITH THE PARTICIPATION OF ROBO1
AND ROBO2

With the purpose of assessing the potential relevance of NCAM
or Robo proteins as mediators of axon interactions, we analyzed
whether these proteins could enhance dopaminergic axon growth
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FIGURE 6 | Dopaminergic misprojection in mouse embryos lacking
either Robo1/Robo2 or Slit1/Slit2 is accompanied by dramatic
alterations in the GAD65 axon bundles. Brains from control (A,D,G),
Robo1/Robo2 double knock out (dko) (B,E,H), or Slit1/Slit2 dko (C,Fl) E12
mouse embryos were double immunostained for TH (green) and GAD65
(red) and hemibrains were mounted flat for observation. Normal projection
at this early stage of TH* axon pathfinding can be observed in (A) (control).
Dramatic reduction and misprojection of TH axons is observed in (B)
(Robo1/Robo2 dko), and (C) (Slit1/Slit2 dko). (D-F) Show GAD65
immunostaining of the same areas; in (D), normal GAD65 axon scaffolds
are observed while notable alterations in the scaffold are observed in
double knockouts (dko) (E,F) being more dramatic in Robo1/Robo2 dko (E).
(G-1) Show single focal planes of the same regions with ortohogonal
projections at the red and green lines shown. Apposition of TH axons on
the orthogonal projections shown in (G-l) was quantified and is shown in
(J). Significance (*) in (J) is p < 0.05. Scale bar: 100 wm.

when presented anchored to the substrate. The ventral mid-
brain region containing dopaminergic neurons was obtained
from E12.5 rat embryos, dissociated and cultured on control
glass slides or slides coated with different substrates followed
by TH immunostaining. It is important to note that dissociated
cultures were performed to identify single TH axons growing
independent of any other axons that could affect their interaction
with the substrate or their response to the medium components
(Figures 8A-D) in contrast with previous studies in which this
issue was not considered (Poltorak et al., 1992; Lin et al., 2005; Lin
and Isacson, 2006). The first experiments evaluated axon growth

TH/ Blll Tub

A
M Ig-Fc
M Robo1-Fc/
Robo2-Fc
BNCAM-C56
VM
| 4
[ E12+24hrsinculture o o]

NCAM-C56 Robo2 Fc

FIGURE 7 | NCAM and Robo1/2 ectodomains impair projection of
midbrain dopaminergic axons in whole embryo culture. \Whole E12 rat
embryos were cultured for 24 h in control medium (C,F) or in medium with
either NCAM or Robo1/Robo2 soluble ectodomains (D,G,E,H, respectively)
followed by TH (red) or BllI-Tubulin (green) immunostaining. Flat-mounted
hemibrains are shown. (A) Shows TH signal in a normal E12 embryo at the
beginning of the culture. (C-F) Show control growth and (D,G,E,H) show
halted growth or misprojection in cultures with NCAM or Robo1/2
ectodomains, respectively. The diagram in (B) shows the growth observed
in each condition. Arrows in (C) indicate normal growth of TH axons into the
diencephalon and in (D,E) indicate aberrant dorsally projecting axons. Scale
bar: 100 wm.

on slides coated with fibronectin (FNIII) or on slides coated
additionally with the NCAM or Robol/Robo2 ectodomains
(Figure 8E). The additional presence of NCAM on the substrate
caused an increase on dopaminergic axon length in comparison
with the control growth on FNIII alone (Figure 8E). In contrast,
the substrate containing Robol/Robo2 did not have an effect on
axon growth. The specificity of the observed effect of the substrate
NCAM was confirmed in cultures in which the medium was addi-
tionally supplemented with the soluble form of the protein: the
growth increase induced by substrate NCAM was abolished by
soluble NCAM (Figure 8E). Surprisingly, however, Robol/Robo2
ectodomains in the medium also abolished the axon enhance-
ment effect of substrate NCAM (Figure 8E) despite the fact that
these proteins failed to induce axon growth when presented on
the substrate as described above. Since neither soluble NCAM nor
Robo1/Robo2 have any effect on basal growth on the FNIII sub-
strate (last two bars in Figure 8E), this suggests that the effect of
substrate NCAM involves the participation of Robo proteins.

A similar, albeit less dramatic, axon growth enhancement
of substrate NCAM was observed on an experiment in which
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FIGURE 8 | NCAM on the substrate enhances dopaminergic axon growth
in culture and soluble Robo1/Robo2 ectodomains block such effect. The
ventral region of the midbrain containing dopaminergic neurons was
extracted from E12 rat brains, dissociated and seeded onto coverslips coated
with control substrates [fibronectin (FNIII) or laminin] or the ectodomains
indicated. (A-D) Show examples of fluorescent TH immunostaining signal
(red) overlaid on phase contrast images (b/w) of the same fields of some of
the different culture conditions tested. The effect of soluble ectodomains was
assessed by adding them to the culture medium as indicated. After culture,
TH immunostaining was performed and the length of axons of individual

neurons that were not in contact with other axons was quantified. (E) Results
obtained with fibronectin as control substrate. (F) Results obtained with
laminin as control substrate. The number of axons quantified for each
conditions were as follows. (E): FNIlI/control: 261; NCAM/Control: 39;
NCAM/Ig-Fc: 38; NCAM/NCAM:; 47; NCAM/Robo1&2: 33; Robo1&2/Control:
54; Robo1&2/lg-Fc: 54; Robo1&2/NCAM: 53; Robo1&2/Robo1&2:41;
FNII/NCAM: 70; FNIII/Robo1&2; 69. (F): Lam/Control: 56; NCAM/Control: 50;
NCAM/Ig-Fc: 11; NCAM/NCAM: 58; NCAM/Robo1&2: 58; Robo1&2/Control:
36; Robo1&2/Ig-Fc: 35; Robo1&2/NCAM: 81; Robo1&2/Robo1&2: 58;
Lam/NCAM: 36; Lam/Robo1&2: 22. Scale bars: 50 um.

Laminin was used as control substrate (Figure 8F). Furthermore,
using this substrate we also observed the neutralizing effect of
soluble NCAM and Robo1l/Robo2 ectodomains upon the growth
enhancement induced by substrate NCAM (Figure 8F). It is
noteworthy, however, that a decrease in axon length on a Laminin

substrate was also induced by soluble NCAM (Figure 8F). Since
this suggests that the interaction of the dopaminergic axons with
the laminin substrate involves NCAM, the reduction induced
by soluble NCAM on the dopaminergic growth on an NCAM
substrate may in part result from blocking such interaction.
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Overall, these results revealed that NCAM is capable of
enhancing dopaminergic axon growth when presented on the
substrate and that Robol and Robo2 are involved in this effect.

DISCUSSION

DA AXONS REQUIRE GAD65 AXON SCAFFOLDS FOR STEREOTYPICAL
PATHFINDING

The interaction between axons of different types has been impli-
cated in the establishment of several axon pathways during devel-
opment. The tract of the postoptic commissure (TPOC) serves
as scaffold for axons of the supraoptic tract and of retinal axons
(Taylor, 1991; Anderson and Key, 1999) and hindbrain reticu-
lospinal neurons are required for projection of MLF axons that
descend from the midbrain (Hernandez-Montiel et al., 2008).
Moreover, decussating axons appear to interact with homologous
contralateral axons during ventral midline crossing in the hind-
brain (Sandoval-Minero and Varela-Echavarria, 2008) and during
the formation of the corpus callosum (Fujimori et al., 2000; Rash
and Richards, 2001).

In this work we present evidence that precise and long-range
navigation of the nigrostriatal projection involves its protracted
apposition with different axonal types such as those of the
descending GAD65" axons of the MTG and of the MFB pri-
mordium. Dopaminergic axons appear to use these tracts as
pathfinding scaffold because disrupting GAD65" axon tracts
selectively also affects the last choice points along the nigrostriatal
route; instead of turning into the telencephalic anlage many DA
axons veer ventrally into the hypothalamus along the posterior
hypothalamic nucleus (PHT) and others overshoot into rostral
regions of the striatum. Hence, our studies reveal a dependence
of ascending midbrain DA axons on descending GAD65 axons
for their projection to the striatum.

A POSSIBLE ROLE FOR NCAM AND ROBO1/2 IN DA AXON
INTERACTIONS

Axon fasciculation may be mediated by IgCAMs which support
cell-cell interactions through their extracellular domains contain-
ing immunoglobulin and fibronectin motifs. The receptors for
axon guidance molecules Robo, Npn, and DCC have structural
similarities to cell adhesion proteins and have also been impli-
cated in cell adhesion or neurite outgrowth (Pierceall et al., 1994;
Bennett et al., 1997; Shimizu et al., 2000; Hivert et al., 2002;
Liu et al., 2004; Martin et al., 2006; Valdembri et al., 2009).
Homophilic interactions have been demonstrated for IgCAMs,
Npnl, and Robo proteins (Fujisawa et al., 1997; Hivert et al., 2002;
Pavlou et al., 2002; Haspel and Grumet, 2003; Liu et al., 2004),
and heterophilic interactions occur between Robol and Robo2,
between different IgCAMs, or between IgCAMs and Npnl and
Npn2 (Morales et al., 1993; Castellani et al., 2000; Liu et al., 2004;
Falk et al., 2005; Wright et al., 2007). Consistently, recent find-
ings revealed a role of Npn1 in mediating sensory and motor axon
interactions in mouse embryos (Huettl and Huber, 2011; Huettl
etal., 2012).

Seeking evidence of the participation of cell adhesion
molecules in the interaction between DA and GADG65 axons,
we confirmed earlier findings of the presence of NCAM on
DA axons (Shults and Kimber, 1992; Schiff et al., 2009) and

detected this adhesion molecule in the GAD65 axon bundles
as well. Interfering with NCAM function in cultured embryos
with soluble NCAM ectodomain caused DA misprojection, and
when presented attached to the substrate, this adhesion molecule
enhanced DA axon growth. This suggests that NCAM mediates
DA axon interaction with the substrate in the developing brain
and could be involved in the interaction between DA and GAD65
axons as well.

Since Robol and Robo2 are capable of homophilic and het-
erophilic interactions in vitro (Hivert et al., 2002; Liu et al,
2004) and have been proposed to participate in axon interac-
tions in vivo (Dugan et al., 2011), we hypothesized that these
proteins could support DA growth when presented on the sub-
strate. Our results, nevertheless, failed to confirm this prediction.
Surprisingly, however, Robo1/2 ectodomains added to the cul-
ture medium abolished the positive effect on axon growth of
substrate NCAM. These findings suggest that Robo proteins are
involved in the NCAM-mediated interaction of DA axons to the
substrate. As NCAM and Robo could act in different manners and
on various cellular or axonal substrates, however, further stud-
ies will be required to elucidate their precise role on DA axon
guidance.

Our findings also led us to test the idea that at least some of
the dopaminergic misprojections observed previously in Robo1/2
mutants could be secondary to alterations in the GAD65 axon
scaffold, which would also be consistent with the proposed Slit-
independent roles of Robol/2 in axon guidance (Dugan et al.,
2011). We analyzed DA and GAD65" axons in Slitl/2 and
Robo1/2 double knockout embryos and found that the GAD65*
axon tracts were severely altered in both types of mutants. Based
on these results we postulate that some of the proposed roles in
DA axon pathfinding of Robo and Slit proteins are indirect and
involve effects on the GAD65 scaffold.

The additional observation that in Robol/2 mutants most
dopaminergic axons detached from GAD65" axons while in
embryos lacking Slit1/2 their apposition was maintained lends
further support to the notion of Robo proteins being involved in
mediating DA/GAD65 axon interactions.

RELEVANCE OF MEMBRANE BOUND MOLECULES IN DA GUIDANCE
While our studies reveal a role for interaction with GAD65
axons in DA axon guidance involving Robo proteins and suggest
a role of NCAM in such interaction, other proteins anchored to
the membranes of these axon types are likely to be involved as
well. These proteins may act via homophilic interactions or as het-
erophilic partners for NCAM or Robo. In this respect, we propose
that the role in DA axon growth of other guidance cue cell surface
receptors should be revisited to also consider their participation
in DA axon interactions with their substrate. Interestingly, in mice
lacking Npn2, desfasciculation of DA axons was observed which
was attributed to an impaired response to Sema3F (Kolk et al.,
2009); the possibility that the lack of Npn2 could also impair the
interaction between dopaminergic axons with adjacent fascicles
or alter the GAD65™ axon scaffold, however, remains unexplored.
Moreover, Semaphorin-independent roles of this receptor were
implicated in the ipsilateral projection of dopaminergic axons
(Torigoe et al., 2013).
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Knowledge of the membrane proteins involved in normal
dopaminergic pathfinding could allow the design of artificial
substrates to favor axon growth of embryonic stem cell-derived
DA neurons (esDA) upon intranigral transplant. This could
facilitate the development of combination methods involving
secreted guidance cues as used recently to elicit axon growth of
intranigrally grafted esDA neurons in rats (Diaz-Martinez et al.,
2013) along with substrate-anchored proteins to achieve efficient
nigrostriatal DA axon growth in Parkinson’s disease.
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Supplementary Figure 1 | Altered projection pattern of TH axons in
newborn ROSA26P™/+:GAD65RE/+ mice. Parasaggital sections of PO
mice are shown. (A,B,D,E) Show TH immunostaining and (C,F) are
Nissl-stained sections. Striatum (str), Midbrain (MB). Arrows point to sites
where differences between control and double transgenic mice were
found. Scale bar, 500 pm.
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