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Abstract
Here we explore the role of semaphorin 3A and 3F (Sema3A, Sema3F) in the formation of the
mesotelencephalic pathway. We show that Sema3A and 3F are expressed in the ventral
mesencephalon (VM) of E13.5 rat embryos; the receptors Neuropilin 1 and Neuropilin 2, and
coreceptors L1CAM, NrCAM, and Plexins A1 and A3 but not A4 are expressed by VM dopaminergic
neurons; these neurons bind Sema3A and 3F in vitro which induces collapse of their growth cones
and elicits, with different potencies, a repulsive response; and this response is absent in axons from
Nrp1 and Nrp2 null embryos. Despite these in vitro effects, only very mild anatomical defects were
detected in the organization of the mesotelencephalic pathway in embryonic and adult Nrp1 or
Nrp2 null mice. However, the dopaminergic meso-habenular pathway and catecholaminergic
neurons in the parafascicular and paraventricular nuclei of the thalamus were significantly affected
in Nrp2 null mice. These data are consistent with a model whereby Sema3A and 3F, in combination
with other guidance molecules, contributes to the navigation of DA axons to their final synaptic
targets.

Introduction
In the wiring of the central nervous system (CNS), axons frequently travel long distances
following very precise pathways before synapsing with specific target cells, a process that
requires a series of structured spatio-temporal signals. While progress has been made in
elucidating the signals regulating the formation of several major tracts in the CNS (Garcez et
al., 2007; Henion and Schwarting, 2007; Lindwall et al., 2007; Price et al., 2006; Webber and
Raz, 2006) the molecular and topographical cues that make possible the formation of the
mesotelelencephalic dopaminergic pathways (MTp) is only beginning to be understood.

The MTp is a key component in the basal ganglia thalamo-cortical loop and its disturbance, as
a consequence of neurodegenerative diseases like Parkinson's disease (Barzilai et al., 2000;
Betarbet et al., 2005; Di Monte, 2003; Hague et al., 2005; Lim and Lim, 2003; Moore et al.,
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2005) can lead to severe motor and behavioral deficits. The interest in devising restorative
therapies for patients suffering from these diseases in part motivates elucidation of the cues
involved in the formation of this pathway. The MTp originates in DA neurons in the ventral
mesencephalon (VM) whose axons grow rostrally to traverse the diencephalon in a large but
well-defined pathway, the medial forebrain bundle (MFB), and reach the telencephalon to
synapse on neurons in the nucleus accumbens (mesolimbic pathway) and the striatum
(mesostriatal pathway) (Altman and Bayer, 1981; Bayer et al., 1994; Bayer et al., 1995; Voorn
et al., 1988). A much smaller group of DA axons originates in rostral cells of the VM, branches
off the MFB at the mesencephalon-diencephalon boundary and gives rise to the meso-
habenular pathway (MHp) whose axons run along the fasciculus retroflexus and synapse on
the lateral habenula (Phillipson and Griffith, 1980; Skagerberg et al., 1984). The MHp has been
implicated in the integration of descending output pathways from limbic hypothalamic and
striatal forebrain regions and feedback control of the MTp (Gruber et al., 2007; Skagerberg et
al., 1984).

During the last decade it has become increasingly clear that bound and soluble signals acting
through ligand-receptor signaling can modify growth cone behavior allowing for normal axon
pathfinding. Some of these proteins are located on cell surfaces or are part of the extracellular
matrix (e.g., laminin, glycans) (Benson et al., 2001; Huber et al., 2003), while others, including
semaphorins (Chen et al., 1998a; Chen et al., 1998b; Goshima et al., 2002; Goshima et al.,
2000), netrins (Leonardo et al., 1997; MacLennan et al., 1997; Shirasaki et al., 1996; Winberg
et al., 1998), ephrins (Barnes et al., 2003; Knoll and Drescher, 2002), and slits (Bagri et al.,
2002; Marillat et al., 2002; Niclou et al., 2000) are secreted by neighboring tissue confining
the growth of distinct axonal systems to specific pathways. In vitro studies indicate that
attractive and repulsive signals produced in the VM and diencephalon are indeed involved in
the organization of the ventro-mesencephalic DA (vDA) axons into the MTp (Gates et al.,
2004; Nakamura et al., 2000b). Netrin1 (Lin et al., 2005; Osborne et al., 2005b) and Sema 3C
(Hernandez-Montiel et al., 2008) have been reported to function as attractant signals acting on
vDA axons. However, while disturbances of Netrin1 signaling give rise to structural and
functional defects of the DA system (Flores et al., 2005), it is not yet clear how deletion of
Sema 3C impacts the formation of the MTp.

A few chemorepellent factors have also been implicated in the organization of DA axons. Slits
acting through Robo receptors (Brose et al., 1999) expressed by DA neurons (Lin and Isacson,
2006; Lin et al., 2005) may prevent DA axons from crossing the midline (Kawano et al.,
2003; Lin et al., 2005) while EphrinB2 and its receptor EphB1 have been implicated in the
topographical guidance of the MTp (Yue et al., 1999). Class 3 semaphorins are potent axonal
repellents and have been recently implicated in the organization of the MTp. Sema3F, a secreted
semaphorin with potent repulsive effects on cortical and sympathetic axons has been shown
to repel DA axons (Hernandez-Montiel et al., 2008; Kolk et al., 2009; Yamauchi et al., 2009)
and to induce aberrant growth of DA axons in Neuropilin 2 (Nrp2) null mutant mice (Kolk et
al., 2009; Yamauchi et al., 2009) while Sema3A, whose mRNA has also been shown to be
expressed in the mesencephalon, has been reported to be ineffective on DA axons (Hernandez-
Montiel et al., 2008). The receptors for Sema3A and 3F, Neuropilin 1 (Nrp1) and Nrp2,
respectively, have been reported to be expressed in the VM and by vDA neurons during
development (Hernandez-Montiel et al., 2008; Kolk et al., 2009) and in the adult brain.
However, it is not clear whether the plexin coreceptors recruited to the Sema3A/Nrp1 or the
Sema3F/Nrp2 complex to transduce the semaphorin signal (Nakamura et al., 2000a; Rohm et
al., 2000b; Takahashi et al., 1999; Takahashi and Strittmatter, 2001, Suto, 2005 #61; Yaron et
al., 2005), or the cell adhesion molecules L1CAM and NrCAM (Castellani et al., 2000;
Castellani et al., 2002; Falk et al., 2005), which are also required for the full manifestation of
the repulsive effect of Sema3A and 3F, are expressed by vDA neurons during the organization
of the MTp.
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Here we show that Sema3A and Sema3F are strongly expressed in the mesencephalon at the
time the vDA axons are growing toward the striatum, and that, as previously reported
(Hernandez-Montiel et al., 2008; Kolk et al., 2009; Yamauchi et al., 2009), the receptors Nrp1
and Nrp2 are expressed by vDA neurons and their axons enabling them to bind to both Sema3A
and 3F. We show that the transducers PlexinA1 and A3, but not A4, and the coreceptors
L1CAM and NrCAM, are expressed by vDA neurons. In line with these observations, in in
vitro experiments Sema3A and 3F induced with different potencies the collapse of DA growth
cones and a significant repulsive response on DA axons. However, the potency with which
these semaphorins modify the response of the DA axon in vitro contrasted with the finding of
very mild defects in the gross anatomical organization of the VM DA system as well as the
lack of a behavioral phenotype in Nrp1 and Nrp2 knockout mice. The results suggest that
Sema3A and 3F signals play a role in the organization of the DA MTp, but that their absence
is largely compensated leaving the nigrostriatal and meso-limbic synaptic organization largely
unimpaired.

Results
Sema3A and Sema3F are expressed in the VM region of the mesencephalon

We first explored the expression pattern of Sema3A and 3F during the development of the
MTp. In parasagittal sections of E13.5 rat embryos the staining for Sema3A in the VM defined
an increasing gradient that extended from the floor of the ventricle up to the pial surface (Fig.
1A). Most of the tyrosine hydroxylase immunostained (TH+) neurons were localized in the
more densely Sema3A stained areas of the VM. Caudal to the VM the gradient is replaced by
a strong staining that remains confined to the ventral portion of the rhombencephalon and spinal
cord. Some sections showed a dense track of axons originating in the rostral mesencephalon,
presumably the medial longitudinal fasciculus (Belanger et al., 1997;Mastick and Easter Jr,
1996), that was strongly stained for Sema3A.

Sema3F staining was confined to the ventral aspect of the spinal cord and rhombencephalon,
extending dorsally in the VM and hindbrain. In medial regions of the VM the distribution of
the Sema3F signal is stronger than in the rostral rhombencephalon and dorsal VM (Fig 1B).
In addition, a rostrally-decreasing gradient of the Sema3F signal that coincided with that
previously reported for its mRNA (Funato et al., 2000;Giger et al., 2000;Kolk et al.,
2009;Melendez-Herrera and Varela-Echavarria, 2006) accentuates a caging pattern that
appears to surround the vDA neurons (Fig. 1B, D). This pattern seems to dissipate in more
lateral sections (Fig. 1C) where the staining becomes evenly distributed.

The receptors for Sema3A and Sema3F are expressed by vDA neurons both in vivo and in
vitro

We used immunochemical approaches to evaluate whether vDA neurons, both in tissue and in
dissociated VM cultures, expressed the receptors for Sema3A and Sema3F. In E13.5 rat
embryos, the signal for the Sema3A receptor, Nrp1, was weak and detected in some vDA
neurons and a larger number of non-DA neurons (Fig. 2). The Sema3A/Nrp1 complex recruits
plexins to transduce the semaphorin signal. Of the possible transducers, PlexinA1 showed a
weak signal that, like the Nrp1 signal, was only associated with few vDA neurons. Both proteins
were immunodetected along the MFB in small patches, sometimes associated with axonal
varicosities, and frequently co-localizing with TH+ axons running on the dorsal aspect of the
MFB (Fig. 2). Surprisingly, PlexinA4 - the obligatory transducer for Sema3A at least in sensory
and sympathetic neurons (Suto et al., 2005;Yaron et al., 2005) - was not expressed by vDA
neurons but by cells that extended radially from the ventral surface toward the ventricle. Double
staining with Nestin identified these cells as radial glia (Park et al., 2009;Wei et al., 2002) (Fig.
2). Strong staining of hippocampal and cortical neurons in the same section (Gutekunst et al.,
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submitted), two regions whose axons are strongly repelled by Sema3A (Chen et al., 1997),
ruled out a technical artifact as the cause for the lack of staining of vDA neurons (data not
shown).

In addition to plexins, the full effect of Sema3A in several neuronal systems requires the
association with L1CAM (Castellani, 2002; Castellani et al., 2000; Castellani et al., 2002;
Wright et al., 2007). Since it has been reported that L1CAM can affect the distribution
(Demyanenko et al., 2001) and survival of vDA neurons (Hulley et al., 1998) we also
investigated whether L1CAM was expressed in the VM in general, and by vDA neurons in
particular. Confocal microscopic analysis revealed that at E13.5 the L1CAM signal co-
localized with a small fraction of the TH-expressing neurons in the VM (Fig. 2) that was
consistent with what we found for Nrp1 and PlexinA1. As shown in Fig. 2, the signal for
L1CAM in the VM was largely associated with the extracellular space surrounding vDA
neurons and the axons emerging from VM and running along the MFB.

Cultured vDA neurons expressed the same complement of receptors found in vivo (Fig. 3A).
Nrp1 and PlexinA1 co-localized in TH+ neurons but, as seen in brain sections, the PlexinA1
signal was light with a somewhat more diffuse distribution than that of Nrp1. The staining of
Nrp1 and PlexinA1 was characterized by a fine punctate pattern that generally colocalized in
cell bodies, axons, and particularly in growth cones of TH+ neurons (Fig. 3A). As in brain
sections, PlexinA4 antibodies did not stain cultured vDA neurons. In contrast, L1CAM was
strongly expressed by vDA neurons in culture although a fraction of the TH+ axons remained
unstained for this antigen (Fig. 3A).

We next investigated whether the proteins that comprise the receptor complex for Sema3F
were expressed by vDA neurons. E13.5 embryonic rat brain sections and cultures from
dissociated E14 VM were double-stained for Nrp2, PlexinA3 or NrCAM, and TH. At E13.5
both the Sema3F receptor Nrp2 and the signal transducer PlexinA3 were expressed by TH+

and non-TH immunoreactive (TH-) cells in the VM (Fig. 4). Staining for Nrp2 was particularly
intense and co-localized with a large number of TH+ neurons and extended into axons in the
MFB. PlexinA3 staining was weaker and appeared in a punctate pattern within many vDA
neurons and also extended into TH+ axons along the MFB (Fig. 4). Finally, we examined the
expression of NrCAM -an immunoglobulin superfamily adhesion molecule of the L1
subfamily- that has been reported to associate with Nrp2 and be a component of a receptor
complex for Sema3B and Sema3F (Falk et al., 2005). In E13.5 rat brain embryos NrCAM
immunoreactivity was detectable in the VM. However, the signal was predominantly
associated with the extracellular matrix, surrounding DA and non-DA cells and underlying
TH+ axons that extend along the MFB. Some TH+ neurons in the VM and axons along the
MFB were also immunoreactive for NrCAM (Fig. 4).

Nrp2, PlexinA3 and NrCAM labeled dissociated vDA neurons in culture as well. The staining
was generally distributed along axons and growth cones (Fig. 3B). Whereas PlexinA3 was
more enriched in TH+ neurons, Nrp2 and NrCAM were expressed by both TH+ and TH-

neurons, and most axons were NrCAM immunoreactive.

Sema3A and Sema3F bind to dissociated DA neurons in culture, induce the collapse of DA-
growth cones and repel DA axons in vitro

The expression of the receptors Nrp1 and Nrp2, their signal transducers PlexinA1 and A3 and
coreceptors L1CAM and NrCAM by vDA neurons suggested Sema3A and 3F may be bound
by functional receptor complexes that could then elicit a repulsive response in vDA axons.
Cultures of VM dissociated neurons were affinity labeled using His/flag-tagged Sema3A or
myc-tagged Sema3F conditioned media and the binding of the guidance molecules to vDA
neurons was verified by immunocytochemistry. Sema3A conditioned media labeled both vDA

Torre et al. Page 4

Mol Cell Neurosci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and non-DA neurons producing a weak punctate pattern sparsely associated with axons and
growth cones (Fig. 5A2). In contrast, Sema3F binding produced a more selective and intense
labeling of TH+ neurons (Fig. 5A4). Sema3F puncta were densely distributed along the shaft
of the axon and the surface of growth cones resembling the distribution pattern of Nrp2. The
specificity of the Sema3A and 3F labeling is further supported by the absence of any specific
labeling following the incubation of the cells in media conditioned by normal untransfected
293T cells (Fig. 5A2 and 4).

Next, we evaluated whether these associations affect the growth cone dynamics and induce a
repulsive response on TH+ axons. Growth cone collapse assays were conducted on 5-day-old
VM aggregates growing on PLL/laminin-treated coverglasses. Axons extending from the
aggregates were exposed to media conditioned by either un-transfected (control) or stably
Sema3A or 3F-transfected 293T cells (Puschel et al., 1995). The growth cone area of TH+

axons was reduced 27% when treated with Sema3A (Fig. 5B1 and 2). This change reflected
an increase in medium size and fully collapsed growth cones whereas the number of growth
cones with large area appeared unaffected. The area of fully collapsed TH+ axons (a tapered
axonal terminal without spread lamellipodia) when measured within 10 μm of its tip ranged
from 7 to 25 μm2. The number of fully collapsed axons, although increased four-fold with
respect to controls, represented about 10% of the growth cone population (Figure 5B3b). In
contrast, a larger proportion of TH+ growth cones collapsed when exposed to Sema3F. This
was reflected by a decrease of more than 60% in the growth cone area (Fig. 5B2) where the
number of large growth cones was dramatically diminished and more than 45% percent of the
growth cone areas were compatible with fully collapsed axons (Fig. 5B3b). The collapsing
effect of Sema3F on TH+ growth cones was abrogated by pre-treatment with anti-Nrp2
antibodies. Since pre-treatment with antibodies against Nrp1 did not affect the response to
Sema3F (Fig. 5B2) we concluded that the effect of Sema3F on DA growth cones is solely
mediated by the Nrp2 receptor.

To verify if the collapse of vDA growth cones correlated with a repulsive response we set up
co-cultures where VM explants, dissected from E14 rat embryos, were embedded with
untransfected (control) or stably Sema3A/3F-transfected 293T cells aggregates in a mixture of
collagen/Matrigel as described previously (Puschel et al., 1995). Co-cultures were maintained
for 2-3 days, fixed and double-labeled for tubulin and TH to evaluate the response of both DA
and non-DA axons. The effectiveness of Sema-secreting cell aggregates in repelling axons was
established in parallel control co-cultures using dorsal root ganglia or hippocampal tissue
explants whose axons are known to be repelled by Sema3A whereas they are unresponsive to
or strongly repelled by Sema3F, respectively (Chen et al., 1997; Dontchev and Letourneau,
2002; Fu et al., 2000; Kawasaki et al., 2002; Masuda et al., 2003; Scarlato et al., 2003; Suto et
al., 2003; Yaron et al., 2005). As expected, Sema3F-secreting aggregates produced a strong
repulsive effect on TH+ and TH- axons extending from VM explants (Fig. 6A and B). Although
in most experiments some TH+ as well as TH- axons escaped the repulsive action of Sema3F,
in general the repulsive effect of Sema3F consistently induced P/D ratios below 50 in about
80% of the VM explants and 50% of the brain stem explants. However, this response was
significantly weaker than that exerted on hippocampal axons (VM P/D = 38.64 ± 4.86 vs. Hc
P/D = 23.3 ± 3.9. p<0.01) possibly due to a less robust expression of Nrp2/PlexinA3 receptors
in the VM. The repulsive effect induced by Sema3F was significantly reduced or practically
eliminated in co-cultures set up with VM explants dissected from E14 Nrp2+/- and Nrp2-/- mice
embryos, respectively. Only 37% of the Nrp2+/- and practically none of the Nrp2-/- co-cultures
were repelled by Sema3F (Fig. 6D), further supporting the specificity of the repulsive response
of vDA axons to Sema3F and the direct involvement of Nrp2 in eliciting this response.

In contrast, the response of TH+ axons to Sema3A was weaker and inconsistent. Measured by
the P/D ratios this response was undistinguishable from controls (Sema3A P/D: 90.7 ± 3.5;
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293T P/D: 97.7 ± 2.5; Fig. 7B) where TH+ axons were frequently seen growing on and/or
around the Sema3A cell aggregates. A small but significant repulsive effect of Sema3A was
detected on non-DA axons from brain stem co-cultures that was consistent with the localization
of the Sema3A receptor in a larger number of TH- cells in this region. The possibility that
insufficient levels or quality of the secreted Sema3A was responsible for the poor response of
VM or brain stem axons was ruled out by controls indicating that axons from hippocampal and
DRG explants were strongly and consistently repelled by Sema3A secreting cells (90 to 100
% of the co-cultures produced P/D ratios smaller than 30) (Fig. 7B). It was intriguing that
despite this apparent lack of effect of Sema3A upon TH+ positive axons we frequently observed
co-cultures strongly repelled or attracted by Sema3A secreting cells (Fig. 7A). Whereas the
distribution of the individual P/D ratios for 293T or Sema3F/VM co-cultures fall into well
differentiated clusters, those for Sema3A overlapped with both groups (Fig. 7D). We reasoned
that if the population of Sema3A-responsive DA neurons is small, only the explants containing
a large percentage of them might exhibit a clear repulsive response while the response might
proceed unnoticed in explants in which the fraction is smaller. Thus, we decided to re-evaluate
these results by scoring the response of each co-culture by its P/D ratio. Cultures with P/D
ratios that were <1 standard deviation (S.D.) below the control mean were scored as repelled
while those that were >1 S.D. above the control mean were scored as attracted. P/D ratios
falling between these limits defined unresponsive cultures. This approach revealed that TH+

axons from one third of the cultures were significantly repelled by Sema3A while the attractive
effect was not statistically different from that exerted by untransfected 293T cell aggregates
(Fig. 7E). Although DA axons can sometimes be repelled by control 293T-cell aggregates the
incidence of these responses was significantly larger and stronger when facing Sema3A
secreting cells (Repulsion 293T: 14.4±5.2; Sema3A: 34.75±5.7, p< 0.02; Fig. 7E). Similar to
Sema3F, the response elicited by Sema3A on DA axons is significantly weaker than that
elicited on hippocampal axons. Nevertheless, the disappearance of this subpopulation of
Sema3A responsive DA neurons in co-cultures using VM explants from conditionally deleted
mice (TH-Cre+;Nrp1c/c) further supports their existence (Fig. 7D and E).

Embryonic and adult Nrp2 knockout mice and conditional Nrp1 knockout mice manifest mild
defects of the MTp

Ventro-mesencephalic DA neurons in the ventral tegmental area (VTA) and substantia nigra
pars compacta (SNc) express the receptor complexes necessary for the binding and transduction
of Sema3A and 3F signals. In vitro studies showed that, indeed, axons from these cells could
be repelled by both semaphorins. Thus, we postulated that the absence of the binding receptors
Nrp1 or Nrp2 might lead to anatomical defects in the organization of the MTp. This possibility
was investigated in E12, E14, E16 embryos and adult Nrp2-/- or TH-Cre+;Nrp1c/c (data not
shown) mutant mice and their wild type littermate controls. DA neurons and their axonal
projections were visualized in coronal and parasagittal brain sections by TH
immunocytochemistry. Despite the repulsive effects of Sema3A and 3F in the in vitro studies
described above, no clear differences were observed in either mutant in the number of TH+

neurons, or their position in VTA or SNc of embryonic or adult mice (Figs. 8 and 9).

The TH+ fibers in the MFB as well as the striatal terminal field exhibited an identical
appearance in Nrp1 mutant as compared to wild type mice at all ages studied (data not shown).
The lack of an obvious anatomical phenotype in the MTp of the TH-Cre+;Nrp1c/c mutant mice
is not surprising in view of the small number of Nrp1 expressing DA neurons as well as the
weak response to Sema3A by vDA axons. Thus, if the signaling mediated by Nrp1 is not
compensated the presence of aberrant growing axons might be masked by the more abundant
population of normal DA axons.
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Despite the strong and extensive response of DA axons to Sema3F we observed a very mild
anatomical phenotype in Nrp2-/- mutant mice (Fig. 8), in contrast to the severe defects of several
major central axonal tracts including the anterior commissure and the fasciculus retroflexus
(Chen et al., 2000;Giger et al., 2000). It was recently reported that in Nrp2lacZ/lacZ knockout
mice (Yamauchi et al., 2009), and also in Nrp2-/- (used in our studies), Sema3F-/- and
Nrp2-/-;TH-Cre conditional knockout mouse strains (Kolk et al., 2009), DA axons originating
in the VM became defasciculated and spread dorsally, while a subset of them grew aberrantly
into the rostral hindbrain. In our studies, however, these anatomical phenotypes were much
less striking or absent. We indeed observed very mild dorsal expansion in the area occupied
by TH+ axons in the MFB, confined to a region extending rostral to the VM and descending
into the hypothalamus. However, the combined measurements of the MFB area (Fig. 8B) and
width (data not shown), both laterally and along the track, were not significantly different
statistically between Nrp2-/- and control littermates. The most dramatic of these phenotypes,
the growth of TH+ neurites toward the hindbrain was seen in only one out of 16 Nrp2-/- mice
examined, despite our meticulous replication of the anatomical and immunological techniques
described by Yamauchi et al. (Yamauchi et al., 2009). In this case not only neurites but also
TH+ neurons were seen extending caudally toward the frontal rhombencephalon (Fig. 8B).
Finally, it was reported that TH+ fibers in the MFB become dramatically defasciculated in
Nrp2 and Sema3F mutant mice (Kolk et al., 2009). However, we could not detect this phenotype
in E12 to E16 Nrp2-/- mice. Using confocal as well as conventional light and fluorescent
microscopy we found that TH+ fibers descending into the hypothalamus of both E13-14
Nrp2-/- and wild type mice brains were mildly fasciculated (Fig. 8 and see also Fig. 2 and 4),
a pattern that persisted into E16 brains. In brains from both Nrp2-/- and wild type littermates,
TH+ fibers run closer together through the hypothalamus toward the internal capsule. The
organization of these fibers into fascicles becomes apparent at E14 and is truly organized as
discrete bundles by E16.

In contrast, we observed the DA mesohabenular track to be in disarray in the Nrp2-/- knockout
mice (Fig. 8C). This subset of DA axons originating in the rostral VTA branch off the MFB
and ascend along the fasciculus retroflexus to synapse in the lateral habenula (Phillipson and
Griffith, 1980;Skagerberg et al., 1984). As reported previously, the fasciculus retroflexus - an
axonal track originating in cells of the medial habenula that descends to the interpeduncular
nucleus under the tight control of Sema3F signaling - is severely affected in Sema3F (Sahay
et al., 2003) and Nrp2 knockout mice (Giger et al., 2000;Yamauchi et al., 2009). In our
Nrp2-/- mice the fasciculus retroflexus loses its compactness and definition and although it still
can be detected in parasagittal brain sections (Fig. 8C) it is hardly visible in coronal sections
(Fig. 8A and 9). TH-immunostaining revealed that in Nrp2-/- E-16 embryos the number of DA
axons in the mesohabenular pathway is significantly reduced and the remaining ones appear
stunted and varicose (Fig. 8C). This defect persists in the adult Nrp2-/- mutant mice since a
perceptible reduction in the number of DA fibers could still be detected in the lateral habenula.
Unfortunately, the low number of DA axons reaching this nucleus makes a more accurate
quantitation difficult.

In adult brains of the Nrp2-/- mutant mice we found several defects in the number and
distribution of TH+ non-DA neurons and fibers in the medial region of the nucleus
parafascicularis (PF). A small subset of non-DA TH+ neurons normally detected bilaterally
close to the midline in the paraventricular nucleus of the thalamus of wild type mice appeared
significantly denser and lateralized in the Nrp2-/- mice (Fig. 9B 1 and 1′). Similarly, a few non-
DA TH+ neurons stained along the medial edge of the fasciculus retroflexus and their axons
extend medially and may cross to the contralateral side. Coinciding with the distribution of the
TH mRNA depicted in the Allen Mouse Brain Atlas (Lein et al., 2007) most of these cells are
distributed ventrally in the thalamus. In contrast, in the Nrp2-/- mutant mice the number of
these cells and their fibers increases significantly and extends more dorsally (Fig. 9B 2 and 2′).
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Axons from other non-DA TH+ neurons like those originating in the locus coeruleus showed
no significant differences with the pattern found in wild type animals.

The silencing of Sema3A or Sema3F signaling does not elicit a behavioral phenotype
The strong repulsive effects elicited by Sema3A and 3F in vitro encouraged us to examine the
basic components of motor behavior in the adult Nrp2-/- or TH-Cre+;Nrp1c/c mutant mice and
their littermate controls. Consistent with the lack of an anatomical phenotype, the adult TH-
Cre+;Nrp1c/c mutant mice showed no behavioral differences with control littermates when
locomotion, rearing, total distances and stereotypic activities (head movements, grooming,
etc.) were measured (data not shown). In contrast, the Nrp2-/- mutant mice exhibited a reduced
motor activity such that the measured distance traveled in the 30 min test amounted to less than
50% of the values measured in wild type animals (Fig. 9C). We also used a biased conditioned
place preference (CPP) test to evaluate the Nrp2-/- mutant mice. This approach is commonly
used to measure the rewarding or aversive effects of drugs and requires an intact mesolimbic
DA system (Bals-Kubik et al., 1993;Gong et al., 2007;Tzschentke, 1998). Thus, changes in
the wiring of the striatum by defects in the MTp induced by silencing Sema3F might modify
the response in the CPP test. In these studies the preference elicited by cocaine in the Nrp2-/-

mutant mice was undistinguishable from wild type littermates (Fig. 9D).

Discussion
At E13-14 the class 3 semaphorins Sema3A and Sema3F are expressed in the mesencephalon
in the territory where DA neurons will migrate, differentiate and mature. We used in situ and
in vitro techniques to examine the possible functional roles of Sema3A and 3F during the early
stages of the formation of the MTp, finding the following. First, despite reports indicating low
levels of Sema3A mRNA expression in the midbrain (Melendez-Herrera and Varela-
Echavarria, 2006), Sema3A was strongly expressed in this region producing a pattern
resembling an increasing dorso-ventral gradient. At this same embryonic stage Sema3F was
also strongly expressed, paralleling the distribution of its mRNA at E13 (Funato et al., 2000;
Hernandez-Montiel et al., 2008; Kolk et al., 2009; Melendez-Herrera and Varela-Echavarria,
2006), defining a caudal to rostral decreasing gradient that surrounded the population of
TH+ neurons. Second, at E13/14, as previously reported (Hernandez-Montiel et al., 2008; Kolk
et al., 2009), a subpopulation of vDA neurons expressed the Nrp1 receptor. In addition, the
coreceptor L1CAM and the transducers PlexinA1 and A3, but not A4 were expressed by vDA
neurons. In contrast, a larger number of vDA neurons expressed proteins that would make
possible the formation of a Sema3F receptor complex, both in vivo and in vitro, including Nrp2
(Funato et al., 2000; Hernandez-Montiel et al., 2008; Kolk et al., 2009; Yamauchi et al.,
2009) and this work), PlexinA3 and NrCAM. Third, we found that in dissociated cultures
Sema3A and 3F bind to vDA neurons inducing, with different potencies, the collapse of
TH+ growth cones, and eliciting a strong repulsive effect on vDA axons. The existence of
Sema3A and 3F responsive vDA neurons was further supported by the loss of the repulsive
response in cultures from TH-Cre+;Nrp1c/c or Nrp2-/- mutant mice. Finally, despite the
susceptibility of vDA axons to be repelled by Sema3A and 3F in vitro very mild changes in
the gross anatomical organization of the MTp were detected in embryonic or adult brains of
TH-Cre+;Nrp1c/c or Nrp2-/- mutant mice.

The role of Sema3A in the formation of the meso-telencephalic DA pathway
At E13.5 Sema3A has a very distinctive expression pattern in the VM, concentrated ventrally
and gradually decreasing toward the aqueduct. In addition, Sema3A is strongly expressed by
axons, presumably belonging to the medial longitudinal fasciculus (Belanger et al., 1997;
Mastick and Easter Jr, 1996), that by its organization in the anterocaudal axis might play a role
in informing Nrp1 expressing TH+ axons in the VM. At this stage most DA neurons have
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already reached the ventral surface of the mesencephalon, concentrating at both sides of the
midline (Kawano et al., 1995), are producing TH and DA, and their axons are growing toward
the striatum (Altman and Bayer, 1981; Perrone-Capano and Di Porzio, 2000; Voorn et al.,
1988). A recent report showed that these neurons express Nrp1, Nrp2, both or neither of these
receptors suggesting that in the VM there are DA neurons with distinct capabilities to respond
to Sema3A and/or 3F (Hernandez-Montiel et al., 2008). The finding of PlexinA1 and A3 in
TH+ axons along the MFB suggests that those axons might still respond to Sema3A, and
consistent with this we found that the Sema3A signal could generate a repulsive response in a
subpopulation of TH+ neurons in vitro, which is absent in explants from the TH-
Cre+;Nrp1c/c mouse. These results contrast with a previous report (Hernandez-Montiel et al.,
2008) where the effect of Sema3A on DA axons was defined as trophic rather than tropic.
Axons were neither repelled nor attracted but the number of axons growing out of the explants
increased when exposed to Sema3A expressing cell aggregates. In about one third of our VM
co-cultures more and longer axons appeared to grow toward the Sema3A-expressing cell
aggregates, resulting in P/D ratios that were sometimes equivalent to those of an attractive
response. When these cultures were scored as “attracted”, however, the group was not
significantly different from those attracted to untransfected 293T cells suggesting that some
intrinsic factor produced by 293T cells might work as a weak attractant to the DA axon, an
activity that might be enhanced in co-cultures using TH-Cre+;Nrp1c/c VM cells in which the
repulsive effect of Nrp1 is deleted in DA neurons. Thus, it is possible that the more stringent
conditions of the repulsion paradigm used by Hernandez-Montiel et al. (Hernandez-Montiel
et al., 2008) made it harder for the detection of this weak response in a low number of responsive
cells.

Recent reports showed that the Sema3A receptor requires the association of Nrp1 with
PlexinA4 or, to a much lesser extent, PlexinA3 to serve as signal transducers (Cheng et al.,
2001; Suto et al., 2005; Yaron et al., 2005). Therefore, it was surprising to find that the PlexinA4
signal was absent in vDA neurons, but rather was associated with TH- cells, many of them
identified as radial glia by their morphology, organization and co-localization with Nestin
(Dahlstrand et al., 1995; Park et al., 2009). In contrast, both PlexinA3 and PlexinA1 were
expressed by TH+ neurons in vivo and in vitro. PlexinA1, a protein that has been repeatedly
shown to associate with Nrp1 and to transduce the Sema3A signal when co-expressed in
vitro (Bachelder et al., 2003; Catalano et al., 2004; Deo et al., 2004; Mitsui et al., 2002; Rohm
et al., 2000a; Takahashi et al., 1999; Takahashi and Strittmatter, 2001), was detected in many
TH+ and TH- cells in the VM, along numerous TH+ fibers of the dorsal MFB and in cultures
of VM neurons. Thus, PlexinA1 and/or A3 might be recruited to the Sema3A-Nrp1/L1CAM
complex and be capable of propagation of the Sema3A signal. Our finding of Nrp1 and
PlexinA1 co-localizing in TH+ neurons in culture (Fig. 3A) supports the possibility that this
association can occur. The formation of this particular receptor complex may explain why the
repulsive response elicited by Sema3A was weaker than that elicited by Sema3F and much
weaker and less reliable than that evoked on hippocampal explants.

The Sema3A receptor also requires L1CAM, associating in cis or cis/trans, which contributes
to or changes the Sema3A response, respectively (Castellani et al., 2000; Castellani et al.,
2002). We found L1CAM largely associated with the extracellular matrix and TH- fibers while
few TH+ neurons were stained in the VM, a view that agrees with previous reports
(Demyanenko et al., 2001; Ohyama et al., 1998). In contrast, numerous TH+ fibers in the MFB,
and a large fraction of TH+ axons in VM cultures, stained for L1CAM suggesting that it is
likely that more vDA cells express this protein, but it becomes easier to detect it in axons where
it appears to be enriched. Reports indicating that L1CAM (Munakata et al., 2003) and its mRNA
(Horinouchi et al., 2005) are expressed by numerous presumably DA cells in the VTA and SNc
of the adult mouse would support this possibility.
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The low number of vDA neurons capable of responding to Sema3A as well as the weak
repulsive response elicited by it suggests that Sema3A might not be a decisive player in the
initial steering of DA axons in the MTp, consistent with the lack of significant differences in
the gross anatomical organization of the MTp as well as the absence of a behavioral phenotype
in the Nrp1 conditional knockout mutant mice. However, even in the absence of a robust
anatomical phenotype, it is possible that Sema3A is involved in other more nuanced processes
such as pre-target axon sorting (Imai et al., 2009), thus contributing to establishing the
topographical organization of the terminal fields in the accumbens and caudate/putamen
(Haber, 2003; Joel and Weiner, 2000). Another possibility, based on the increasing distribution
of Sema3A from the aqueduct to the ventral midbrain, is that it may be involved in the migration
of newly formed DA neurons, which originate in the aqueduct and follow radial glia to reach
the ventral mesencephalon (Shults et al., 1990). Sema3A was only recently proposed to be a
likely player in cell migration during development (Bagri and Tessier-Lavigne, 2002; Eickholt
et al., 1999; Kurschat et al., 2006; Osborne et al., 2005a; Spassky et al., 2002; Tamamaki et
al., 2003; Tsai and Miller, 2002) and it has been recently shown to be a key player in the radial
migration of cortical neurons (Chen et al., 2008). Thus, our observations suggest the possibility
that an increasing expression of Sema3A in the ventral mesencephalon may signal DA neurons
to end their ventral migration.

Sema3F is a potent repellant of vDA axons
In contrast to the limited effects of Sema3A on DA axons, Sema3F unequivocally elicited a
strong collapsing effect on DA growth cones and repulsive response of DA axons in vitro,
suggesting that it may contribute to the rostral orientation of the DA axons in the VM. However,
the response elicited by Sema3F on DA axons was still significantly weaker than hippocampal
axons, possibly related to the expression level of receptor complexes or other downstream
signaling components. Specifically, PlexinA3 may need the co-expression of PlexinA4 to
mediate the full effect of Sema3F (Yaron et al., 2005), and since vDA neurons do not express
PlexinA4 the propagation of the Sema3F signal might be accomplished solely through
PlexinA3 and/or PlexinA1 (Cheng et al., 2001). That other plexins might be used in the Sema3F
receptor complex has been suggested by findings showing that a subset of the abnormalities
detected in both Sema3F and Nrp2 null mutant mice (Catalano et al., 1998; Chen et al.,
2000; Giger et al., 2000; Sahay et al., 2003) are not manifested in the PlexinA3 null mice
(Yaron et al., 2005). An alternative explanation is that, similar to Sema3A, Sema3F may be
differentially processed by furin enzymes (Adams et al., 1997) in the VM region thereby
attenuating its potency.

Decreased activity of Sema3F in vDA neurons may account for our failure to detect a striking
in vivo phenotype. Most of the studies using Sema3F null mice or knockouts for its receptor
components (e.g. Nrp2, PlexinA3) (Catalano et al., 1998; Chen et al., 2000; Giger et al.,
2000; Sahay et al., 2003), A4 (Yaron et al., 2005), and NrCAM (Falk et al., 2005) have not
reported alterations in the MTp, suggesting that the deficits, if any, are subtle. However, two
recent reports showed that elimination of Nrp2 (Kolk et al., 2009; Yamauchi et al., 2009) or
Sema3F (Kolk et al., 2009) led to an apparent dorsal expansion of the MFB accompanied by
the loss of fasciculation of the ascending TH+ fibers. In addition, the aberrant growth of a
significant number of DA fibers that extended caudally toward the rhombencephalon was
described in the Sema3F-/- as well as the three Nrp2 knockout strains (Kolk et al., 2009;
Yamauchi et al., 2009). These observations are in partial disagreement with the results
presented here. While the MFB seemed to run as a tighter bundle in wild type as compared to
Nrp2-/- mice, where a dorsal spread of TH+ fibers - particularly in the region rostral to the
substantia nigra and descending into the hypothalamus is apparent, measurements of both the
width of the MFB and the mean area occupied by TH+ fibers in several contiguous sagittal
sections failed to produce statistically significant differences from wild type (although the
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sample size was small accounting for the failed statistical test, this is nevertheless an indication
of the subtlety of the finding). Regarding the fasciculation of TH+ fibers: light, fluorescent and
confocal microscopy presented a similar picture in wild type and Nrp2-/- brains that contrasted
with that described by Kolk et al. (Kolk et al., 2009). In our studies of E12 to E14 embryos,
TH+ axons, particularly in the region rostral to the VM and descending into the hypothalamus,
ran individually or in small bundles. In the hypothalamus/thalamus region TH+ axons run close
together and mild fasciculation began to appear by E14 becoming striking by E16 (see Fig.
8A,B). Although this disagreement might be attributed to technical variables we cannot
completely discard subtle differences in the animal strains due to housing or breeding
manipulations (2009; Gerlai, 1996; Phillips et al., 1999; Steward and Trimmer, 1997). Thus,
despite the role that Nrp2 may play in axonal fasciculation (Cloutier et al., 2002) its absence
in the Nrp2-/- mice did not dramatically alter the organization of TH+ fibers in the MFB. Finally,
the aberrant growth of DA fibers towards the rhombencephalon (Kolk et al., 2009; Yamauchi
et al., 2009) was only detected it in one out of sixteen embryos examined between E12 and
E16. However, despite the low incidence of this phenotype in the Nrp2-/- mouse it appeared
to be more dramatic than that seen in the Nrp2lacZ/lacZ knockout mouse since it involved not
only the fibers but also TH+ neurons (see Fig.8). That our anatomical results likely reflect a
true phenotypic difference rather than a technical artifact is supported by several lines of
reasoning. First, we were able to observe the mutant phenotype, albeit in only one animal,
ruling out technical immunohistochemical issues. Second, the possibility that the results were
due to inaccurate genotyping is unlikely since (a) the animals were genotyped twice, and (b)
as discussed further below, other phenotypic abnormalities were detected involving TH+ axons.

In contrast to the mild phenotype in the MTp, we detected a significant deficit in a minor DA
track originating in the VTA and branching off the MFB, the mesohabenular pathway, that
ascends through the fasciculus retroflexus to innervate the lateral habenula (Gruber et al.,
2007; Phillipson and Griffith, 1980; Skagerberg et al., 1984). This abnormality might be
secondary to the severe defects in the fasciculus retroflexus present in these mice, or to the
lack of Sema3F signaling impinging on the DA axon. Indeed, TH+ axons in the MHp were
reduced in number and length while their varicose appearance suggested an unhealthy state.
Given the scarcity of DA axons ascending in the MHp it was difficult to determine the degree
of alteration along the track, but TH-staining in the lateral habenula of adult mice suggested
that the number of DA axons reaching their target was reduced. In addition, non-DA TH+

neurons were abnormally distributed in the paraventricular nucleus of the thalamus. More
strikingly, in the nucleus parafascicularis and the periventricular gray area a larger number of
non-DA TH+ neurons and neurites expanded into a territory usually not occupied by them.
Sema3F is a potent anti-tumor factor that can act not only through Nrp2 but also Nrp1, and it
has been shown that Sema3F can inhibit cell adhesion and migration in several tumor cell lines
(Nasarre et al., 2003; Potiron et al., 2007; Shimizu et al., 2008) and also in neurons (Tamamaki
et al., 2003). Thus our finding suggests that the silencing of Sema3F in those areas might have
eliminated an inhibitory signal that prevented non-DA TH+ cells from invading the region.
This is an interesting observation that might directly link Sema3F to the migration of some
catecholaminergic neuron subpopulations.

Implications for development of the meso-telenecephalic DA pathway
Although the precise molecular determinants that guide DA axonal projections from the ventral
midbrain to the striatum and elsewhere are still poorly understood, several axon guidance
molecules have been implicated, including EphrinB1 (Yue et al., 1999), Netrin-1 (Bagri et al.,
2002; Flores et al., 2005; Lin and Isacson, 2006; Lin et al., 2005; Vitalis et al., 2000). Based
on the absence of Sema3A- and Slit2-expressing (Kawano et al., 2003) ventricular
neuroepithelium in Nkx2.1 – deficient mice, it was proposed that Sema3A and/or Slit repel
developing ventral midbrain DA neurons thus preventing them from crossing the midline.
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However, the small number of cells affected by Sema3A in the VM as well as the mild repulsive
response elicited by Sema3A makes it an unlikely candidate for playing a critical role in
preventing DA axons from crossing the midline. Our anatomical analysis in adult TH-
Cre+;Nrp1c/c mice further supports this conclusion.

Our results point to Sema3F as a more likely candidate to be one of the active repulsive signals
emanating from both the caudal midbrain (Gates et al., 2004) and the dorsal mesencephalon
(Nakamura et al., 2000b) that lead to the rostral orientation of the TH positive fibers exiting
the VM. The expression pattern of Sema3F in fact suggests a significant role in channeling the
dopaminergic fibers towards the telencephalon. Moreover, the combined action of Sema3F in
the VM and the hindbrain (Funato et al., 2000) and Slit1/2 in the ventricular zone and
hypothalamus may later contribute to the packaging of the DA axons within the MFB in its
passage to the striatum. The presence of other guidance molecules in the VM as well as other
receptors that can be recruited into the Sema3F receptor complex may explain that the silencing
of the Sema3F signal can be compensated leading to the absence of a stronger anatomical
phenotype. The lack of an in vivo phenotype despite strong effects in vitro has been repeatedly
reported for class 3 semaphorins (Catalano et al., 1998; Kitsukawa et al., 1997; Taniguchi et
al., 1997). Our data suggests that Sema3A and 3F are part of the array of attractive and repulsive
signals steering the DA axon on its path toward the striatum and mesolimbic cortex. As
visualized by Tessier-Lavigne and Goodman (Tessier-Lavigne and Goodman, 1996) the
requirement of multiple cues may be critical to ensure the completion and accurate targeting
of a developing axonal tract, and because of that complexity the absence of a stronger
anatomical phenotype in the Nrp2-/- mice, although surprising, fits the view underlined by
Catalano et al. (Catalano et al., 1998) suggesting that because in many brain systems class 3
semaphorins are not essential for their development, the in vitro response is not necessarily a
good predictor of the in vivo phenotype resulting from knocking down the expression of
semaphorins or their receptors. As a consequence of that complexity, more elaborate
experiments involving multiple signaling pathways will be required to fully understand the
role of Sema3F in the formation of the MTp.

Experimental Methods
Animals

Timed pregnant female Wistar rats (Charles Rivers) at embryonic day 14 (E14) were housed
in single cages with ad-lib food and water. Nrp1 is critical for normal development (due in
large measure to its role in VEGF signaling) and Nrp1 null mice die at E10.5 – 12.5 (Gu et al.,
2003; Kawasaki et al., 1999; Kitsukawa et al., 1997). To obtain mice lacking Nrp1 in TH
expressing neurons (Th-Cre+;Nrp1c/c), floxed Nrp1 mice obtained from Dr. David Ginty (Johns
Hopkins University, Baltimore, MD) (Gu et al., 2003) were crossed with transgenic mice
expressing Cre recombinase in all TH expressing cells (Gelman et al., 2003), thus excising the
Nrp1 gene in those neurons only. These TH-Nrp1 null mice are born in normal Mendelian ratio
and are indistinguishable from their littermate controls. Nrp2 knockout mice were obtained
from Dr. David Ginty (Johns Hopkins University, Baltimore, MD) and were generated by
deleting exon 1 from the Nrp2 gene (Giger et al., 2000). All protocols involving the use and
maintenance of animals were approved by the Emory University Animal and Care Committee
and conform to NIH guidelines.

Plasmids
The pBK-CMV expression vector containing Sema3A was generously provided by Dr. A. W.
Puschel (Münster, Germany) (Adams et al., 1997; Puschel et al., 1995). A Sema3F expression
vector was generously provided by Dr. M. Tessier-Lavigne (San Francisco) (Chen et al.,
1997).
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Stable Transfectants
293T cells were transfected with pBK-CMV-6×His/Flag-Sema3A, or pSecTag-alkaline
phosphatase-Sema3F-myc/6×His, using Fugene® (Roche) according to the manufacturer's
instructions. Stable cell lines were selected under G418 (250μl/ml) (Life Technology) or
Zeocin (100 μg/ml) (Invitrogen). Expression of the fusion proteins was assessed by Western
blot analysis and immunocytochemistry using monoclonal antibodies against myc (Roche),
6×His (Cell Signaling), Flag (Sigma) or human alkaline phosphatase.

Cell Cultures
Dissociated VM neuronal cultures were established from E14 rat embryos. The VM tissue
extended about 1 mm at each side of the midline and for a millimeter rostral to the
mesencephalic flexure. Tissue was incubated in Hank's buffered salt solution (H-BSS.
Invitrogen) containing 0.25 % trypsin and 0.1mg/ml DNAse I (Sigma) for 15 minutes at 37°
C, then triturated using polished glass pipettes, and plated on poly-L-lysine (PLL, Sigma)
treated coverslips in MEM containing 10% Fetal Bovine Serum (FBS. Sigma). Coverslips were
flipped over dishes containing 2-week-old VM astrocyte cultures, and incubated at 37°C in
Neurobasal-A supplemented with B27 media (Invitrogen) for 2 to 14 days. Ten μM Cytosine-
arabinoside (AraC. Sigma) were added 48 hrs after plating to control glia proliferation.

For growth cone collapse assays dissociated VM cells were allowed to aggregate using a
modification of the hanging drop technique (Metin et al., 1997). Briefly, VM were dissected
and trypsinized in the presence of 10 μM of the selective Rho-associated kinase (ROCK)
inhibitor, Y-27632, since this compound appears to have a protective effect during the
preparation and aggregation of human stem cells by reducing dissociation-induced apoptosis
(Watanabe et al., 2007). VM dissociated cells were resuspended in MEM containing 0.2%
Methocel (Recio-Pinto et al., 1986; Schlumpf et al., 1977), 10% horse serum and 10μM Y27632
and 20 μl aliquots containing 5 × 103 cells were allowed to aggregate for 1-2 days as hanging
drops. Aggregates were plated on glass coverslips treated with 0.5 mg/ml PLL and 0.2μg/ml
laminin. We found that this treatment leads to the rapid formation of large aggregates (24-48h)
that readily adhered to the PLL/laminin-treated coverslips and promoted the formation of a
profuse mantle rich in TH-positive axons. Culture was carried out in VM-glia conditioned
Neurobasal A plus 1× B27 supplement containing 10μM AraC to prevent the proliferation of
glial cells.

Co-cultures and repulsion assays
Control 293T cells and cells expressing Sema3A or Sema3F were grown in DMEM/10 % FBS
media until confluence. Cells were trypsinized, dissociated and suspended in 5 ml of 10 %
FBS/DMEM at 107 cells/ml. The cells were allowed to re-aggregate for 3 to 5 days. Aggregates
were cut into approximately 500 μm diameter pieces for co-culture experiments. VM, brain
stem (BrSt, tissue dissected caudal and lateral to the VM), and dorsal root ganglia (DRG) were
obtained from E14 embryos. Hippocampal explants (Hc) were obtained from E16-E18
embryos, and used as positive controls for Sema3A/F co-cultures.

Pairs of tissue explants and stable 293T cell lines or untransfected 293T parent cell aggregates
were placed 100-500 μm apart onto 24 well PLL treated dishes and embedded in a 1:1 mixture
of collagen/Matrigel (Beckton and Dickinson). Collagen was mixed with 0.1 volume of 10 ×
MEM, 10% (v/v) fetal calf serum, before adding to Matrigel (Puschel et al., 1995). The
collagen/Matrigel matrix (CM) was allowed to gel for 45 min at 37°C. Co-cultures were carried
out for 2 days (DRG), or 5 days (VM, BrSt, or Hc) in Neurobasal A/B27 medium. DRG were
cultured in the presence of 50 ng/ml 7S recombinant human nerve growth factor (Invitrogen).
All cultures were treated with 10 μM AraC (Sigma) to inhibit the proliferation of astrocytes.
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Affinity labeling of semaphorin receptors
Binding assays were carried out as described (Castellani et al., 2002) Untransfected 293 T cells
(control) or stable 293T cell lines expressing Flag-tagged Sema3A or myc-tagged Sema3F
were used. Cells were rinsed and incubated in fresh Neurobasal A/b27 medium. The secreted
semaphorins were allowed to accumulate in the media for 3 to 5 days in culture. Conditioned
media was pooled, filtered, and concentrated. Small aliquots were stored at -80°C until used.
Sema3A, Sema3F, or control aliquots were diluted 10 fold for affinity labeling or growth cone
collapse experiments. The formation of antigen/antibody complexes was promoted by the
addition of a mouse anti-myc antibody to the Sema3F-conditioned media or either a rabbit
anti-6×His or a goat anti Sema3A to the Sema3A-conditioned media, and incubated for 30 min
at 37°C. Coverslips containing 2 and 5 days old VM neurons were overlaid with the complexes
containing media and incubated for 30 minutes at 37°C. The neurons were rinsed several times
with cold HBSS, fixed in 4% paraformaldehyde in 100 mM phosphate buffer (PB) and the
complexes revealed with either an Alexa 488-conjugated goat anti mouse/rabbit or donkey anti
goat secondary antibody. Cells were then permeabilized with 0.2% Triton X100 in PB and
double-labeled with a rabbit anti-TH (Pell-Freez) to evaluate the co-localization of the
complexes with vDA neurons.

Growth cone collapse assay
Collapse assays were performed on 5 day old VM cell aggregates prepared as described above.
Conditioned media from semaphorin-expressing cells lines or untransfected 293T cells
prepared as described above was diluted to 1× in Neurobasal A/B27 media. VM cell aggregates
were incubated in this mix for 30 or 60 min followed by fixation in 4% paraformaldehyde in
PB for 15 min. VM explants were double-stained for TH and α-tubulin to identify DA and non-
DA axons. In some experiments, the actin cytoskeleton was labeled with Texas Red-conjugated
Phalloidin. DA axons were identified by fluorescent microscopy and pictures were taken at
63× magnification. Growth cones growing free of any contact were selected (100 to 150 growth
cones including lamellipodia and filopodia per explant) and their areas measured using ImageJ
(NIH). In fully collapsed axons (a tapered axonal terminal without spread lamellipodia) the
area was measured in the final 10 μm of the axonal tip.

Immunocytochemistry (ICC)
E14 embryos were fixed with 4% paraformaldehyde in PB, pH 7.4, cryoprotected in 30%
sucrose in phosphate buffer, cut at 20 μm with a cryostat and mounted on gelatin coated glass
slides. Cells and co-cultures were fixed in 4% paraformaldehyde, 4% sucrose in PB for 10 min,
and permeabilized in 0.25% Triton X-100 for 5 minutes. Sections or cultured cells were
processed for light or fluorescence immunocytochemistry with one of the following antibodies:
goat anti-PlexinA1 (Santa Cruz at 1:10); goat anti-PlexinA3 V-15 (Santa Cruz at 1:50); rabbit
anti PlexinA1 (Santa Cruz, 1:25); rabbit anti PlexinA3 (Santa Cruz, 1:25); rabbit anti
Neuropilin1 1:500 (a generous gift from Dr. Fujisawa, Nagoya University, Nagoya, Japan);
rabbit anti Neuropilin-2 (Santa Cruz, 1:50); rabbit anti PlexinA4, mouse anti NrCAM (Abcam,
1:500) and mouse anti L1CAM (Abcam, 1:500). Tissue sections and cultured neurons were
double-stained by incubating them with one of the following antibodies: rabbit anti-TH (Pel-
Freez, 1:500); mouse anti-TH (Sigma, 1:500), or mouse anti α-tubulin (Sigma, 1:10000). In
some studies aimed to evaluate the organization of the vDA neurons and their projections we
used a rabbit or sheep anti TH (Millipore) as described by Yamauchi et al. (Yamauchi et al.,
2009). Incubation in the primary antibody combination was carried out overnight at 4°C. The
localization of the different receptors was revealed by incubation with Alexa-conjugated and/
or Cascade Blue conjugated secondary antibodies (Molecular Probes).

To assess the effect of Nrp1 or Nrp2 deletions on the development of the MTp pathways, TH-
immunostained coronal, horizontal and parasagittal brain sections from knockout and control
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strains were compared at E12, E14, E16, and adult. At early stages (E12), particular attention
was paid to changes in the number and positioning of the DA neurons within the VM region
as well as the organization of the DA fibers along the MTp. DA axons leaving the VM extend
rostrally and fasciculate to form the MFB pathway before reaching the neostriatum. To identify
MTp pathway defects, coronal, horizontal and parasagittal sections from each genotype (3-5
animals per genotype) were examined. To define defects in the antero-posterior, dorso-ventral
and medio-lateral planes coronal sections were stained for TH as described above. The
extension of aberrant DA axons growing caudally was also examined in parasagittal and
coronal sections from embryonic and adult brain using the rabbit and goat anti TH antibodies
(Millipore) as described by Yamauchi et al. (Yamauchi et al., 2009). Anatomical structures
were identified by comparison to prenatal and adult mouse brain atlases (Schambra et al.,
1991; Slotnik and Leonard, 1975)

Western Blotting
Western blots were carried out to verify the production of Sema3A, or Sema3F by stably
transfected 293T cells. Conditioned media or cells were prepared in Laemmly buffer, loaded
on 10% sodium dodecyl sulfate - polyacrylamide gels and transferred to nitrocellulose
membranes (BioRad). Membranes were Ponceau-S stained to verify the uniformity of loads,
blocked in 1× Odyssey blocking buffer, and then incubated with either mouse anti-Flag
(Sigma), mouse anti-myc (Roche), or rabbit anti-6×His (Cell Signaling). The presence of the
proteins was revealed using infrared-labeled secondary antibodies in a LI-COR Odyssey
Infrared system.

Microscopy and Image documentation
Localization of semaphorins and semaphorin receptors was carried out in brain sections or VM
dissociated cultures double-labeled with TH antibodies. Monochrome 8-bit digital images were
acquired with a Retiga Exi (Q-Imaging) camera controlled by Simple PCI Imaging software.
Acquisition parameters were adjusted such that the image could be taken in 0.1 seconds or
faster. Staining intensity allowed the acquisition of images at gains smaller than 20 (range:
0.7-40). Images were further processed in Adobe Photoshop by adjusting saturation and
contrast to best resemble the native immunostaining signal. Representative pictures from key
areas are shown as single or merged images (Alexa 594, Alexa 488, Cascade blue/Hoechst).
Confocal images were taken using a Zeiss LSM 510 confocal microscope equipped with META
detectors and Argon and HENE/3PMT lasers.

MFB areas were measured in calibrated pictures comparable TH stained sagittal sections from
E14 wild type and Nrp2-/- mouse brains using ImageJ. The areas were delimited between the
top and bottom TH+ fiber crossing 500 μm wide segments traced from the end of the VM
flexure to the Striatum. The width of the MFB was measured at the horizontal or vertical edge
of each segment. Whole area was measured along the entire MFB starting at the rostral end of
the VM flexure. Measurements from at least 3 sagittal sections were averaged for each animal
(wild type n=3; Nrp2-/- n=2).

Behavioral tests
TH-Cre+;Nrp1c/c, and Nrp2-/- knockout mice and their respective controls were subjected to
two different behavioral tests: (A) Baseline locomotor activities were obtained at 3 month of
age. Horizontal and vertical movements, rest time, total distances, and stereotypic activities
were recorded using Versamax via Digiscan software (Accuscan Instruments, OH) over a
period of 30 minutes. (B) Conditioned place preference (CPP): Place conditioning was
performed using an unbiased CPP apparatus from Accuscan (Columbus, Ohio). On day 1, mice
received a 30 minutes pre-test session during which they were allowed to freely explore the
open field. Time spent in each compartment was recorded. The next 8 days, mice received 30
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minute conditioning sessions during which the opening between the compartments is kept
closed. On days 2, 4, 8 and 10 mice were placed in the non-preferred side chamber from the
pre-test session following a s.c. injection of cocaine (5 mg/kg cocaine s.c.). On days 3, 5, 9 and
11 mice were placed in the preferred side chamber following a s.c. saline injection. On day 12,
(test day) mice will be injected with saline, placed into the center of the box with access to all
compartment. The amount of time spent in the compartment previously associated with the
drug serves as an indicator of preference and a measure of reward learning. Five to 15 mice
were used per test per genotype. CPP was calculated as the difference in the duration of time
spent in the drug-paired compartment before and after drug conditioning. Mean beam crossing
and CPP scores were compared using t-test.

Quantitative and Statistical analysis
The attractive or repulsive effect of semaphorins was measured as the ratio between the areas
occupied by the proximal (P) and distal (D) half of the axonal halo emanating from tissue
explants with respect to the 293T cell aggregate. Calibrated co-culture images taken at 2.5× or
10× were used to measure the P and D values using ImageJ (NIH) and to calculate a P/D value
for each co-culture. The P/D value reflects the effect that a secreted molecule exerts over the
direction and extent of axonal growth. Values larger than 100 indicate attraction while values
smaller than 100 represent repulsion or inhibition. Only explants with unambiguous extension
of neurites were measured. Since TH-staining provided an accurate view of the extent of the
growth cone as judged by cultures double-stained with TH and Phalloidin, the collapse of the
DA growth cone induced by semaphorins was measured by the reduction of the TH-stained
growth cone area. Areas were measured in ImageJ (NIH) using calibrated images of TH stained
cultures taken at 63× magnification. Statistical analyses were carried out in Kaleidagraph
(Synergy Software). The areas were measured in several explants from at least three different
cultures and compared using ANOVA followed by Student-Newman-Keuls post hoc test. P
values < 0.05 were considered significantly different from control. Behavioral studies were
compared by unpaired t test.
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Figure 1. Sema3A and Sema3F are strongly expressed in the ventral mesencephalon of E13.5 VM
rat embryos
E13.5 rat embryos were fixed and 40μm adjacent sagittal sections were stained with antibodies
against Sema3A (A), Sema3F (B, C) or TH (A′, B′, C′). In the VM (A), Sema3A is found as
an increasing gradient extending from the floor of the ventricle to the pial surface. Medial
sections showed a dense track of axons originating in the rostral mesencephalon, presumably
the medial longitudinal fasciculus, which was strongly stained for Sema3A (arrows). Sema3F
is expressed in a region that appears to wrap the DA neurons at their dorsal, ventral and caudal
borders while presenting an ostensibly decreasing gradient in the rostral direction. The caging
pattern dissipates in lateral regions of the VM (C). (D) Double staining with TH (red) and
Sema3F (green) antibodies confirms the caging distribution of Sema3F. (E) Schematic diagram
of the sectioning strategy used along these studies. Stained sections were cut parasagittally
within 500 μm from the midline as represented in a coronal section for panels A, B, C and D.
All pictures were taken in the region depicted by the frame in the sagittal cut. Spatial orientation
is represented by a cross where C, R, D, and V represent caudal, rostral, dorsal and ventral
positions. Scale bars: 100 μm. D, Diencephalon; Rh, Rhomboencephalon; FR, fasciculus
retroflexus; Hb, habenula.
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Figure 2. Expression of Sema3A receptor components in vivo
The Sema3A receptor complex comprises Neuropilin 1 (Nrp1), PlexinA1 and/or A4, and
L1CAM (L1). The figure shows the immunolocalization of the individual components of the
Sema3A receptor in the VM of E13.5 rat. Embryos were fixed and 20μm sagittal sections were
cut within the region depicted in fig. 1 and double-stained with antibodies against TH (green)
and Nrp1, L1, PlexinA1 or PlexinA4 (red). Green and red signal co-localization is shown in
the merge panel. For some pictures the merging process was made in Photoshop by placing an
inverted copy of the red channel image in the blue channel while the green channel image was
inverted, rendering a merged picture where TH is shown in blue, the second antigen in yellow
while co-localization varies from light green to red (arrowheads). Nrp1, as well as PlexinA1
immunorectivity was generally in a light punctate pattern that co-localized with a low number
of TH-stained cells in the VM and fibers in the medial forebrain bundle (MFB). L1
immunoreactivity strongly stained non-TH fibers extending out of the VM and was frequently
associated with DA neurons and their fibers in the MFB. In contrast, PlexinA4 did not stain
vDA neurons or their axons but it co-localized with radial glia in the VM as suggested by its
co-localization with Nestin. (A) Diagram showing the regions where the VM or MFB pictures
were taken. (B) Co-localization bar. Picture orientation is represented by the orientation cross
in the top left panel. Calibration bars: 50 μm.
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Figure 3. Expression of Sema3A and 3F receptors in vitro
Immunolocalization of the individual components of the Sema3A (A) and 3F (B) receptors in
cultured E14 rat VM neurons is shown. VM neurons were cultured for 7 to 10 days and double-
stained with antibodies against TH (green) and Nrp1, Nrp2, PlexinA1, PlexinA3, PlexinA4,
L1 or NrCAM in red. Green and red signal co-localization is shown in the merge panel. Selected
regions (white square) were enlarged to show the co-localization of the different receptor
elements with TH-stained axons. In some cases merging was made as described in Fig. 2. Co-
localization gradient bar is shown at the bottom right of the figure. Co-localization: arrowheads;
TH: arrows, Second antigen: dots. Calibration bars: 50 μm.
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Figure 4. Expression of Sema3F receptors in vivo
The Sema3F receptor complex comprises Nrp2, PlexinA3 and NrCAM. The figure shows the
immunolocalization of the individual components of the Sema3F receptor in the VM of E13.5
rat. Embryos were fixed and 20μm sagittal sections were cut within the region depicted in fig.
1, double-stained with antibodies against TH (green) and Nrp2, PlexinA3 or Nr-CAM (red).
Green and red signal co-localization (arrowheads) is shown in the merge panel. In some cases
merging was made as described in Fig. 2. (A) Diagram showing the regions where the VM or
MFB pictures were taken. (B) Co-localization bar. Picture orientation is represented by the
orientation cross in the top left panel. Calibration bars: 50 μm.VM, ventral mesencephalon;
MFB, medial forebrain bundle.
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Figure 5. Sema3A and 3F bind to DA neurons and induce the collapse of growth cones
Dissociated cells or aggregates were treated with Sema3A, Sema3F or 293T (control) -
conditioned media. (A) Semaphorin binding assays. Western blots with anti flag, 6×His or
myc antibodies confirmed the presence of secreted Sema3A (1; S3A) or Sema3F (3; S3F) in
conditioned media and their absence in control media (cm). (Arrowheads indicate the position
for molecular weight markers, from top to bottom: 200, 150, 100, 75, 50 and 37 Kd). Media
was preincubated with a monoclonal antibody directed against the flag (2) or myc (4) epitopes
for 30 min at 37°C and then added to the cells for 15 to 60 minutes. Cells were fixed and double-
stained for TH (green) and mouse IgGs (red). Sema3A bound to TH+ and TH- neurons. The
label was weak and characterized by fine puncta in cell body and neurites. In contrast, Sema3F
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bound largely to TH+ neurons. Sema3F signal was found associated with the axon and the
surface of the cell body (arrowheads). No surface staining of the neurons is visible following
incubation of the cells with 293T-conditioned media. (B) Growth cone collapse assays. VM
cell aggregates were cultured for 2-3 days and exposed to Sema3A, 3F or 293T conditioned
media for 30 min. Cells were fixed and stained for TH. Pictures of the stained growth cones
were taken at 40× magnification (1). The area of the TH+ growth cones was measured in ImageJ
(NIH). (2) The graph shows the effect of semaphorins on the vDA growth cone size. The bars
represent the average growth cone surface area ± SEM from 7 to 9 independent cultures.*:
p≤0.03. **: p≤ 0.0001 different from 293T. a: p≤ 0.0001 different from Sema3F (ANOVA
followed by Student-Newman-Keul test). (3) Dot/box plot graph showing the distribution of
the vDA growth cones areas in control and treated cultures (a). Thick horizontal bar represents
the mean area of TH+ growth cones. (b) Expanded view of small area vDA growth cones. Area
of fully collapsed TH+ growth cones ranged between 7 to 25 μm2.
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Figure 6. Sema3F is a strong repellent of DA axons
E14 VM rat explants were co-cultured with 293T-Sema3A producing cell aggregates for 2-3
days. Cultures were fixed and double-stained for TH (red) and tubulin (green) to distinguish
DA axons. Untransfected 293T cell aggregates were used in control co-cultures. (A) The typical
response elicited by Sema3F on VM explants. Note the strong repulsive effect of Sema3F on
TH+ axons in contrast to the weaker effect on TH- axons. Inset: The effect of Sema3F was
measured as the ratio between the proximal (P) and distal (D) hemiareas covered by axons with
respect to the 293T cell aggregate. Calibration bar indicates 100 μm. (B) The graph represents
the average P/D ratios ± SEM of ventro-mesencephalic (VM), brain stem (BrSt) or
hippocampal (Hc) explants co-cultured with 293T or Sema3F aggregates. • p<0.05; •• p< 0.005
and ••• p<0.0001 when compared with controls (293T). (C) The P/D ratio of each co-culture
was scored as repulsive when it was below -1SD from the 293T mean, as attractive when above
+1SD, or un-responsive when it was within ± 1 SD. The bars represent the average percentage
of cultures responding in one or another direction ± SEM. Note that more than 80% of the VM
cultures analyzed were repelled by Sema3F. The number under the bars represents the number
of independent cultures assayed. *: p < 0.0001 ANOVA followed by Student-Newman-Keul
comparison test. (D) The repulsive effect of Sema3F on DA axons is lost in VM explants from
Nrp2-/- mice. VM explants from wild type (Nrp2+/+), heterozygous (Nrp2+/-), and homozygous
(Nrp2-/-) mice were co-cultured with Sema3F-producing cell aggregates for 3 days, fixed and
stained for TH. Cultures P/D ratios were measured and scored as repulsion when the P/D ratio
was below 75. Calibration bar: 200 μm.

Torre et al. Page 30

Mol Cell Neurosci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Sema3A repels a small population of DA axons
E14 VM rat explants were co-cultured with 293T-Sema3A producing cell aggregates for 2-3
days. Cultures were fixed and double-stained for TH (red) and tubulin (green) to distinguish
DA axons. Untransfected 293T cell aggregates were used in control co-cultures. The response
of TH+ and TH- axons was measured as P/D area ratio (see legend Figure 6). (A) TH-
immunostained VM explants and the typical response elicited by Sema3A. Calibration bar
indicates 100 μm. (B) Average P/D ratios ± SEM of VM, brain stem (BrSt) or hippocampal
(Hc) axons co-cultured with 293T or Sema3A aggregates. Sema3A induced only a marginal
effect on DA axons, being slightly more effective on non-DA axons from BrSt explants. As
expected, Sema3A induced a very strong repulsive response on hippocampal (Hc) axons. (C)
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Effect of Sema3A on vDA axons from TH-Cre+;Nrp1c/c mice. The absence of Nrp1
accentuated the attractive response to Sema A but did not affect the Sema3F repulsive effect.
• p<0.05; •• p< 0.005 and ••• p<0.0001 when compared with controls (293T). (D) Dot plot
graph showing the P/D mean ± SEM as well as the distribution of the individual P/D ratios for
each treatment. The blue horizontal lines represent ± 1 SD from the control mean. Note that
while most of the Sema3F P/D ratios clustered below the -1 SD line, a large number of P/D
ratios for Sema3A were above and below the SD lines. (E) Given the wide distribution of the
Sema3A responses the P/D ratio of each co-culture was scored as repulsive when was below
-1SD from the 293T mean, as attractive when above + 1SD, or unresponsive when it was within
± 1 SD. The bars represent the average percentage of cultures responding in one or another
direction ± SEM. Note that more than ∼36 % of the VM cultures analyzed were repelled by
Sema3A. This effect was inhibited in explants from TH-Cre+;Nrp1c/c mice while an increase
in the percentage of cultures being attracted by Sema3A was detected. The number under the
bars represents the number of independent cultures assayed. *: p < 0.002; **: p <0.0001
different from its wild type control; a: p< 0.0002; b: p< 0.0005 ANOVA followed by Student-
Newman-Keul comparison test.
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Figure 8. The meso-telencephalic DA pathway appears unaffected in Nrp2-/- mice
(A) 20 μm coronal sections from wild type (a,b) and Nrp2-/- mouse E16 embryos (c,d) were
cut at different angles (e) to better visualize the aberrant growth of DA neurites. Most
Nrp2-/- brains showed a normal TH+ fiber and cell organization in the VM. Only one Nrp2-/-

mouse out of 16 (f) showed TH+ cells and axons extending caudally into the rhombencephalon
(compare with B). (B) Twenty micron parasagittal tissue sections were cut from E12-16 wild
type and Nrp2-/- mouse embryos as depicted in Fig. 1 and stained for TH. The number and
organization of the Nrp2-/- VM DA neurons were undistinguishable from wild type. TH+ fibers
running along the MFB have similar ventro-dorsal organization in E16 wild type and Nrp2-/-

mouse brains. The area occupied by the MFB was measured in 3 to 5 parasagittal sections from
3 wild type and mutant mice. The graph shows the area of the whole MFB measured from the
rostral end of the mesencephalic flexure to the internal capsule. The area occupied by the MFB
was also measured in 500 μm wide segments distributed in 3 rows (VM, Ah, Bh) and 4 columns
(Av-Dv) along the track. Although the MFB of Nrp2-/- embryos seems to spread dorsally no
significant differences were found with the wild type. High magnification of the areas framed
in the upper panels show detail of TH+ axons running along the MFB in E14 (a,b,c) and E16
(d,e) brains. Note that the degree of fasciculation of the TH+ axons is similar in both wild type
and Nrp2-/- brains. Arrows indicate TH+ axons entering the basal hypothalamus (BH). (C) The
DA mesohabenular pathway running along the fasciculus retroflexus (FR, arrows) was severely
disturbed by the Nrp2-/- mutation. (ad): High magnification of the areas framed in the upper
panels showing TH+ fibers running along the FR. Note the virtual disappearance of these fibers
in the Nrp2-/- mouse.
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Figure 9. Anatomical phenotype and behavioral correlate of adult Nrp2-/- mice
Coronal 20 μm slices were cut from adult wild type and Nrp2-/- mice and stained for TH. (A)
Organization of TH+ cells at different planes through the VM is shown (1-3: rostral to caudal).
The number and organization of the Nrp2-/- VM DA neurons was indistinguishable from wild
type. (B) TH+ non-DA cells and fibers become disturbed in the Nrp2-/- mouse. (1) Cells and
fibers in the paraventricular nucleus of the thalamus (PV) become more densely stained and
lateralized. The graph in (1′) shows the distance between the edges of this bilateral nucleus
measured after thresholding sections from at least 3 different animals. (2) TH+ non-DA cells
and fibers in the medial region of the nucleus parafascicularis (PF) and subparafascicular area
(SPA). The graph in (2′) shows the average number of TH+ cells ± SEM counted in the SPA
of at least 3 wild type and Nrp2-/- mice. *: p < 0.05. This pattern continues more caudally (3)
and in the periventricular gray area (PVG) the number of cells is also elevated but no significant
differences were found in the locus coeruleus (LC; 4). (C) The basic components of motor
behavior were measured in wild type and Nrp2-/- mice (see Methods). Average locomotor
activity ± SEM was significantly decreased in Nrp2-/- mice. (D) We also used a biased
conditioned place preference test to evaluate the Nrp2-/- mutant mice, but no significant
differences were observed. Other abbreviations: ml, medial lemniscus; SNc, substantia nigra
pars compacta; SNl, substantia nigra pars lateralis; RRF, retrorubral field; VTA, ventral
tegmental area.
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