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‘The fact is, however, that the truths that are most evident are also the hardest to explain.’
- Roger Scruton

Chapter 1
General Introduction

PREFACE

1

Proper functioning of the nervous system relies on highly precise synaptic
connectivity between millions of neurons. The formation of these connections relies
on intricate cellular and molecular processes, in which axons are guided over long
distances towards their targets, innervate appropriate subdomains and selectively
connect with their synaptic partner neurons. Once laid out, these connections show
various degrees of plasticity necessary to accommodate different aspects of behavior.
Studies into the cellular and molecular mechanisms that control these processes
have uncovered complex molecular interactions between axons and the extracellular
environment and axon-axon interactions between different types of axons within
larger axon tracts. However, despite these advances, the development of many brain
regions remains poorly understood. Studying these processes is further complicated
by the heterogeneous nature of many brain regions, with different classes of neurons
grouped together into single brain nuclei or laminae. Though part of the same brain
region, these different neuronal subtypes show distinct connectivity patterns and
require unique but sometimes overlapping molecular mechanisms for proper circuit
formation. A striking example of a brain region where heterogeneity is crucial for
coordinating complex physiological and cognitive functions is the mesodiencephalic
dopamine (mdDA) system. Disturbances in molecular mechanisms controlling the
formation of mdDA neuronal circuitry have been implicated in various neurological
and psychiatric diseases, including Parkinson’s disease and schizophrenia. Still, our
knowledge of the molecular events that underlie the formation of dopaminergic
circuitry is still very limited. This thesis explores how molecular mechanisms
orchestrate the formation of mdDA neuronal circuitry and aims at developing new
tools to support future studies into the molecular and cellular basis of dopaminergic
pathway development.
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Wiring the Brain: Mechanisms for Shaping
Connectivity
A hallmark of the central nervous system (CNS) is the highly specific pattern of
synaptic connectivity between large varieties of neuronal subtypes. The formation
of these precise connections is crucial for the assembly of functional neural circuits.
Remarkably, many of these connections are established simultaneously during
embryonic and early postnatal development, which poses a challenging task
coordinating the formation of these circuits. The following sections present a brief
summary of our present knowledge of the molecular mechanisms controlling axon
pathfinding and target innervation, processes which are essential for the development
of neuronal connectivity.
Axon Pathfinding

Developing neurons extend their axons over long distances in order to form
connections with appropriate synaptic partners. This process of axon guidance is
controlled by a group of molecules collectively known as axon guidance molecules.
These molecules have classically been presented as cues in the environment, which act
either as attractants or repellants and thereby direct axons towards there appropriate
targets (Figure 1; Chilton, 2006; Dickson, 2002). In addition, these molecules can
either be secreted or membrane-bound, which determines their range of action.
Secreted molecules form gradients allowing them to signal over large distances,
while membrane-bound cues display a restricted distribution and function locally.
Growing axons detect these molecules via highly motile structures at their leading
tip, called growth cones, which express specialized cell surface receptors. Binding
of axon guidance proteins to the appropriate receptors on the growth cone of an
extending axon induces activation of intracellular signaling cascades and results in
the subsequent remodeling of the cytoskeleton and growth cone steering (Chilton,
2006; Dickson, 2002; Huber et al., 2003).
Over the past decades, different families of axon guidance proteins, including
morphogens and growth factors, have been identified, which has allowed for detailed
studies on the molecular mechanisms underlying axon guidance (Kolodkin and
Pasterkamp, 2013; Kolodkin and Tessier-Lavigne, 2011). These studies have shown
that axon guidance is not a unidirectional mechanism where the growth cone passively
receives information through its growth cone receptor. Instead, the expression of
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Figure 1. Principles of Axon Guidance.
Axon guidance is a multi-step process controlled by repellent (red minus) or attractant (green plus) molecules in

the extracellular environment. These cues can be either secreted, forming long distance gradients, or membrane-

associated, forming corridors through which axons travel. These guidance molecules are detected by the growth cone,
a motile structure at the leading edge of the axon. Adapted from Schmidt et al., 2009.
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these receptors is dynamically regulated via both cell and non-cell autonomous
processes, which enables the growth cone to actively change its response to guidance
molecules in the environment. In addition, interactions between different guidance
molecules and/or downstream signaling pathways can have a synergistic effect, which
is different from when these molecules act in isolation (Pasterkamp and Kolodkin,
2013; Raper and Mason, 2010).
Axon-Axon Interactions

During early development, the first extending axons, or pioneer axons, grow in a
relatively axon-free environment in which they are guided by so-called guidepost
cells to form the initial axon tracts. These tracts are then used by later extending
axons for guidance towards their target, a process mediated by axon-axon interactions
(Raper and Mason, 2010; Wang and Marquardt, 2013). For example, within the
peripheral nervous system (PNS), axon-axon interactions play a crucial role in wiring
sensory connections. Here it was shown that dorsal root sensory axons rely on earlier
extending motor axons for guidance towards their targets (Figure 2A). Sensory axons
recognize motor axons, a process which is mediated by EphA/ephrin-A signaling,
and follow these axons towards their target. Loss of motor axons or changes in
their molecular identity results in abnormal guidance of sensory axons (Gallarda
et al., 2008; Wang et al., 2011). Similar mechanisms may play a role in guidance of
corticothalamic axons (CTAs) and thalamocortical axons (TCAs). In contrast to the
peripheral system, CTAs and TCAs extend in opposite directions and meet halfway
their trajectory (Figure 2B). Selective ablation of these axon tracts, or selective
changes in their trajectory perturbs the growth of the reciprocal tract, indicating
a dependency between these two axonal populations (Deck et al., 2013; Hevner et
al., 2002). Interestingly, this dependency was postulated almost twenty years ago as
the ‘handshake-hypothesis’ in an attempt to explain how different subpopulations
of TCAs are guided towards their appropriate subdomains in the cortex (Molnár
and Blakemore, 1995). Although the dependency between CTAs and TCAs is now
established, it remains unknown whether these axon-axon interactions are required
for subdomain targeting and which molecular mechanisms mediate these types of
reciprocal interactions.
Many of the major axon tracts in the CNS and PNS are composed of multiple
types of axons. For example, the corpus callosum is composed of axons originating
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in cortical layers II/III and V derived from different anatomical domains, such as
the visual and sensorimotor cortex. These different axonal subtypes are segregated
and organized along the rostrocaudal and ventrodorsal axis (Fame et al., 2011).
Heterotypic organization of axon tracts can also be recognized in the PNS, where
peripheral nerves are composed of segregated, but tightly bundled sensory and motor
projections (Gallarda et al., 2008). The segregation of different axonal subtypes is
crucial for the proper wiring of these projections, and in both the CNS and PNS
involves EphA/ephrin-A signaling which functions as contact-dependent repulsive
cues (Gallarda et al., 2008; Nishikimi et al., 2011). As has been shown for the thalamus
and olfactory system (Imai et al., 2009; Lokmane et al., 2013), this segregation may
serve as a sorting mechanism where the position of an axon within the tract is directly
related to its final mapping in the target region, a mechanism which in the olfactory
system is controlled by Semaphorin3A/Neuropilin-1 signaling (Imai et al., 2009).
Target Specificity

Upon arrival in the target region, afferent axons need to make connections with
their appropriate synaptic partners, which are often located within subdomains of
larger brain nuclei or laminated structures. Our current knowledge of the molecular
mechanisms that control this selective targeting of axons is mainly derived from
work done on laminated structures and involves complex interactions between
axon guidance and cell adhesion molecules. Initially, a combination of repulsive and
attractive molecules directs afferent axons to their appropriate layers. For example,
repulsive membrane-bound cues, such as transmembrane semaphorins, direct
retinal projections and mossy fibers to appropriate lamina in the mouse retina and
hippocampus, respectively (Matsuoka et al., 2011a, 2011b; Suto et al., 2007), while
the secreted repellent Slit1 regulates layered connectivity in the zebrafish tectum
(Xiao et al., 2011). Similarly, Netrin-B acts as a secreted attractant in Drosophila,
where it mediates lamina-restricted targeting of axons in the medulla of the optic
lobe (Timofeev et al., 2012). Following the laminar targeting of axons by guidance
molecules, combinatorial expression of homophilic cell surface molecules facilitates
the recognition and stabilization of contacts between matched pre- and postsynaptic
neurons. For example, Sidekicks and DsCAMs mediate precise synaptic connectivity
between different retina neuron subtypes in the inner plexiform layer (IPL) of the
chick retina (Yamagata and Sanes, 2008). Homophilic cell adhesion molecules such as
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N-Cadherin and Capricious serve analogous functions in the Drosophila visual system
(Nern et al., 2008; Shinza-Kameda et al., 2006). Similar to laminated structures such
as the retina, brain nuclei are often subdivided into smaller subdomains comprising
small clusters of related neurons. Recent progress supports the idea that repulsive
and adhesive molecules may assist in the targeting of afferent axons to distinct (sub)
nuclei (Osterhout et al., 2011; Pecho-Vrieseling et al., 2009). However, the cellular
and molecular mechanisms that control subnucleus-specific wiring events remain
largely unknown.
The precise pattern of pre- and postsynaptic connectivity largely determines
the functional properties of brain regions. Understanding how connections are
established and maintained is crucial for grasping the complex workings of the brain.
Moreover, emerging evidence indicates the involvement of axon guidance molecules
and potential wiring defects in several neurological diseases (Goshima et al., 2012;
Lin et al., 2009; Nugent et al., 2012; Schmidt et al., 2009; Yaron and Zheng, 2007).
This further underlines the importance of studying how these molecules control

A
DRG

B
CTA

Motor
TCA
Figure 2. Axon-Axon Interactions Are Crucial for Axon Guidance.
(A) Dorsal root ganglion (DRG) axons interact (arrows) with earlier extending motor axons for proper guidance

towards their targets. Upon making contact, DRG axons bundle together with motor axons, but remain segregated
within the peripheral nerve.

(B) Corticothalamic axons (CTA) and thalamocortical axons (TCA) meet halfway along their trajectories in the
subpallium (arrow). Interaction between these reciprocal projections is crucial for proper guidance as it determines
which subdomain of the cortex or thalamus they innervate.
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formation of neuronal circuitry. In this thesis, the mesodiencephalic dopamine
(mdDA) system is studied within this context for two reasons: (1) it is a well described
and accessible system, making it suitable for studying the development of neuronal
connectivity in the CNS; (2) the mdDA system is directly and indirectly associated
with many neurological and psychiatric diseases and advancing our knowledge of the
development of this system is crucial for developing successful therapeutic strategies.
The next sections will specify the midbrain dopamine system in more detail and
discuss our current knowledge of the development of mdDA neuronal connectivity.

The Mesodiencephalic Dopamine System
The mdDA system comprises a group of dopaminergic neurons located within
the ventral midbrain. The mdDA system is essential for controlling voluntary
movement and motivational behavior and is affected in many neurological and
neuropsychiatric diseases, including Parkinson’s disease, depression, schizophrenia,
and drug addiction (Björklund and Dunnett, 2007a; Bromberg-Martin et al., 2010;
Prefrontal cortex

Habenula
Mesohabenular
pathway

Dorsal
Striatum

Mesostriatal
pathway

Ventral
Striatum

SNc
VTA
Amygdala

Mesocorticolimbic
pathway

Figure 3. Projections of the Mesodiencephalic Dopamine System.
The mesodiencephalic (mdDA) system sends out projections to various regions in the brain. The substantia nigra pars

compacta (SNc) primarily projects to the dorsal striatum, forming the mesostriatal pathway. Projections originating

in the ventral tegmental area (VTA) form the mesocorticolimbic pathway, which projects to targets such as the

amygdala, ventral striatum, and prefrontal cortex. A small group of axons projects dorsally towards the habenula,
forming the mesohabenular pathway.
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Dunlop and Nemeroff, 2007; Iversen and Iversen, 2007; Sesack and Carr, 2002;
Sulzer, 2007). It contains approximately 20,000-30,000 neurons in mice and up to
400,000-600,000 neurons in humans, which are anatomically organized into three
distinct subdomains. Located laterally is the substantia nigra pars compacta (SNc),
which mainly sends out its projections towards the dorsal striatum forming the
mesostriatal pathway (Figure 3). This mesostriatal pathway is mainly involved in
controlling voluntary movement and its degeneration, together with the selective
loss of SNc neurons, is the hallmark of Parkinson’s disease. In contrast, the ventral
tegmental area (VTA) and retrorubral field (RRF) have prominent projections
towards the ventral striatum and medial prefrontal cortex (mPFC), known as the
mesocorticolimbic pathway (Figure 3), which are involved in controlling motivational
behavior (Björklund and Dunnett, 2007b; Van den Heuvel and Pasterkamp, 2008).
The mesostriatal and the mesocorticolimbic pathways initially run together through
the medial forebrain bundle (MFB) after which they segregate in the forebrain to
innervate their prospective targets. In contrast, a small group of axons arising from
neurons within the VTA, project dorsally towards the habenula. These projections are
known as the mesohabenular pathway (Figure 3). The habenula plays an important
role in signaling negative reward and has been associated with psychiatric diseases,
such as major depressive disorder (Li et al., 2011, 2013; Matsumoto and Hikosaka,
2007, 2009). It comprises two subdomains, the medial habenula (mHb) and lateral
habenula (lHb). The mHb primarily innervates the interpeduncular nucleus, while
the lHb innervates monoaminergic nuclei, including the mdDA system. Moreover,
the lHb is the only subdomain which receives reciprocal dopaminergic input from the
mesohabenular pathway. The function of the mesohabenular pathway is still poorly
understood, but recent results suggest it may act as a feedback loop by modulating
habenular activity, and as such is important for coordinating reward related behaviors
(Bianco and Wilson, 2009; Gruber et al., 2007; Kowski et al., 2009; Lecourtier and
Kelly, 2007; Shen et al., 2012; Stamatakis et al., 2013). Mesohabenular axons run
through the fasciculus retroflexus (FR), which is also the major output bundle of
the habenula. The FR contains efferents from the habenula, which intermingle with
afferents targeting the habenula. Interestingly, early tracing and lesion studies have
shown that axons within the FR are organized into different subdomains (Araki
et al., 1988; Ellison, 1992, 2002). Whether organization of axon tracts, such as in
the FR, plays a role in guidance of mdDA axons remains unexplored. As will be
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discussed in Chapter 3, the mesohabenular pathway provides a unique opportunity
for studying how such processes control wiring of the mdDA system.
The identification of anatomically and functionally distinct mdDA subsets has
provided important insights into how the mdDA system controls cognitive and motor
behavior (Ikemoto, 2007; Roeper, 2013). Recent studies have further unraveled this
diversity on a molecular and physiological level (Chung et al., 2005; Greene et al.,
2005; Lammel et al., 2008; Di Salvio et al., 2010; Simeone et al., 2011; Veenvliet et
al., 2013). However, our understanding of the underlying development and function
of these neuronal subsets is lagging behind, and many aspects, such as how subsetspecific connectivity is established, are still poorly understood (Van den Heuvel and
Pasterkamp, 2008; Smidt and Burbach, 2007). Studies addressing these questions
have been hindered by a lack of tools to reliably identify these subsets, an issue which
will be further discussed in Chapter 5.

Development of the mdDA System
The formation of mdDA neuronal circuitry involves a series of stereotypic cellular and
molecular events which control the guidance of mdDA axons towards appropriate
target areas. The following sections will discuss our current knowledge of how mdDA
axons are routed towards their targets and the molecular mechanisms that dictate the
formation of this circuitry during development.
Early Guidance within the Midbrain

Upon leaving the ventral midbrain, mdDA axons follow a dorsal trajectory after
which they turn and grow in a rostral direction towards the forebrain (Figure 4A).
Interactions between different classes of repellent and attractant axon guidance
proteins play a role in this initial outgrowth and turning. Slits, known for their
potent repulsive effect, are expressed in the hindbrain and the caudal and dorsal
midbrain, whereas mdDA neurons express the cognate receptors Robo1 and Robo2
(Dugan et al., 2011; Lin et al., 2005; Marillat et al., 2002). This distribution of Slit
proteins together with in vitro data showing the repulsive effect of Slits on mdDA
axon outgrowth, strongly suggests these Slits prevent mdDA axons from aberrantly
extending into the caudal or dorsal midbrain. This is further supported by pathfinding
errors observed in Slit1/2 and Robo1/2 mutant mice (Dugan et al., 2011; Lin et al.,
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2005; Marillat et al., 2002). Similarly, Semaphorin3F (Sema3F) is expressed dorsal
and caudal of the mdDA system and is required for the rostral orientation of mdDA
axons by repelling these axons rostrally (Yamauchi et al., 2009). In contrast, Sema3C
is expressed in the prospective path along which mdDA axons travel towards the
forebrain and acts as an attractant for these axons in vitro (Hernández-Montiel et al.,
2008), supporting a role in guiding axons towards the forebrain. In addition to these
axon guidance molecules, morphogens, such as Wnts, have recently been implicated
in the rostral orientation of mdDA axons (Fenstermaker et al., 2010). Wnt5a and
Wnt7b are expressed in opposing gradients along the rostrocaudal axis in the ventral
midbrain, with Wnt5a showing low rostral/high caudal and Wnt7b high rostral/low
caudal expression. Consistent with their role in controlling early mdDA pathfinding,
Wnt5a acts as a repellent for mdDA axons, whereas Wnt7b has an attractive effect.
Both Wnts signal through PCP receptor molecules expressed on mdDA axons and
both PCP and Wnt5 mutant mice show defects in the rostral orientation of mdDA
axons (Fenstermaker et al., 2010).
The expression of repellent molecules, such as Slits, Sema3F and Wnt5, in the
ventral midbrain, is crucial for the proper rostral orientation and guidance of mdDA
axons towards the forebrain. However, it is important to note that a small group of
mdDA axons needs to traverse the dorsal midbrain to reach the habenula. As will
be discussed in Chapter 3, these axons make use of a permissive pathway laid out by
axons from the lHb, which provides a permissive corridor for these mesohabenular
neurons.
Guidance through the Medial Forebrain Bundle

As mdDA axons enter the diencephalon, they tightly fasciculate into the medial
forebrain bundle (MFB; Figure 4B). This process is controlled by surround repulsion
mediated by Sema3F, which is expressed around the presumptive MFB. In addition,
Sema3F is required for maintaining rostral growth through the lateral hypothalamic
region (Kolk et al., 2009). Similarly, Wnt5a plays a role in fasciculating mdDA
axons, since abnormal fasciculation of the MFB was observed in Wnt5a mutant
mice (Blakely et al., 2011). In addition, a combination of molecules expressed at
the ventral midline, including Netrin-1, Slit-1/Slit-2 and Sema3A, maintains the
ipsilateral projection of mdDA axons by preventing aberrant midline crossing (Dugan
et al., 2011; Kawano, 2003; Lin et al., 2005; Xu et al., 2010). Finally, a combination
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of repellent and attractant cues in structures along the route of the MFB, such as
expression of Slits and Sonic hedgehog (Shh) in the hypothalamus, may be involved
in ensuring guidance of mdDA axons towards their targets within the forebrain
(Deschamps et al., 2010; Hammond et al., 2009; Prestoz et al., 2012).
Innervation of Forebrain Targets

After traveling through the MFB, mdDA axons reach the forebrain, from where they
innervate their targets (Figure 4C). In the adult, SNc neurons target the dorsolateral
striatum, while VTA neurons predominantly target the ventrolateral striatum and
prefrontal cortex (PFC). However, the dorsal and ventral striatum are initially
innervated by both SNc and VTA neurons. Correct mapping of mdDA projections
within the striatum is subsequently achieved by eliminating inappropriate axon
collaterals during late embryonic development (Hu et al., 2004). Innervation and
correct mapping of mdDA projections within the striatum may in part be controlled
by the Eph/Ephrin family of axon guidance molecules. High expression of Ephrin-B2
is detected in ventromedial striatum, while expression is low in the dorsolateral
striatum. Ephrin-B2 functions as a repulsive ligand for EphB1 expressing axons.
Interestingly, SNc neurons, which target the dorsolateral striatum, express EphB1.
No EphB1 expression is detected in VTA neurons which target the ventromedial
striatum (Yue et al., 1999). Although this suggests a possible role for Ephrin-B2
as a pruning factor, analysis of EphB1 mutant mice did not reveal any defects in
the mapping of mdDA axons within the striatum (Richards et al., 2007). This may
be explained by compensatory mechanism of other Ephs or Ephrins expressed
within this system, or could indicate that Ephrin-B2 signals through other receptor
molecules (Cooper et al., 2008; Passante et al., 2008; Sun et al., 2010).
Axons originating in the VTA densely innervate the prefrontal cortex (PFC).
Although the molecular mechanisms controlling this innervation remain largely
unknown, Sema3F and Nrp2 have been implicated in controlling innervation of the
developing cortical plate (Kolk et al., 2009). Sema3F functions as a chemoattractant
by reorienting and redirecting Nrp2-expressing mdDA axons in the subplate towards
the cortical plate. This is surprising, as Sema3F functions as a repellent at earlier
stages of development when these axons grow through the MFB. This demonstrates
the potential of mdDA axons to actively change their response to environmental cues
and underlines the complexity of mdDA circuit development.
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Figure 4. Development of Mesodiencephalic Projections.
(A-C) Developing mdDA axons are guided by a combination of repellent (red) and attractant (green) molecules
that direct these axons towards their targets in the forebrain. MdDA axons initially extend in a dorsal direction after

which they redirect rostrally (arrow) towards the forebrain. This process is mediated by chemorepulsive activity in the
caudal and dorsal midbrain and chemoattractive activity along the presumptive trajectory of mdDA axons towards

the forebrain (A). Next, mdDA axons fasciculate (arrow) in the medial forebrain bundle (MFB), which is mediated

by surround repulsion around the MFB, after which they continue their journey ventrally in a rostral direction (B).
Upon arrival at their target regions in the forebrain, mdDA axons defasciculate and innervate their appropriate targets
(arrow). A gradient of chemorepulsive cues mediates mapping of mdDA axons in the striatum. Chemoattractive

activity in the cortex directs mdDA axons towards their appropriate cortical layers (C). Mechanisms controlling

development of mdDA axons targeting the habenula (blue) are discussed in Chapter 3. AQ, aquaduct; Ctx, cortex;
dS, dorsal striatum; Hab, habenula; Hyp, hypothalamus; LV, lateral ventricle; Th, thalamus; vS, ventral striatum.
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After the initial formation of mdDA circuitry, several classes of guidance molecules
remain expressed within mdDA neurons and their target areas at postnatal stages
and during adulthood. These molecules may be important for the late phases
of development, such as the innervation of the PFC, which continues until early
adulthood. In addition, they may function to control neuronal plasticity and maintain
neuronal connections throughout life (Prestoz et al., 2012; Rosenberg and Lewis,
1995). The mdDA system has been implicated in various neuropsychiatric disorders
and changes in the mdDA circuitry during perinatal development or adulthood may
underlie or contribute to these disorders (Flores, 2011). Recent studies have begun to
unravel how axon guidance molecules, in particular Netrin-1 and its transmembrane
receptors Deleted in Colorectal Cancer (DCC), control functional changes in mdDA
circuitry during postnatal and adult stages. Changes in the level of DCC, using
DCC heterozygous mutant mice, results in a reduced sensitization to amphetamine.
Interestingly, this effect was not present in juvenile or peripubertal mice, consistent
with the idea that the presence of axon guidance molecules at adult stages is crucial
for maintaining proper functional connectivity in response to extrinsic stimuli
(Flores et al., 2005; Grant et al., 2007). Moreover, corresponding structural changes
in the PFC were found at both the pre- and postsynaptic level (Manitt et al., 2011).
It should be noted that Netrin-1 is a bifunctional guidance protein and its role as
an attractant or repellent is determined by its interaction with DCC or UNC5H,
respectively (Muramatsu et al., 2010). In Chapter 4 the possible role of UNC5H in
controlling functional changes in mdDA circuitry will be further discussed.

Concluding Remarks
Our current knowledge of the cellular and molecular mechanisms controlling the
formation and maintenance of mdDA circuitry is still very limited. The mdDA system
consists of a heterogeneous group of neurons located within different anatomical
domains. However, besides this anatomical diversity, recent studies have identified
new neuronal subtypes at a molecular and physiological level (Chung et al., 2005;
Greene et al., 2005; Lammel et al., 2008; Di Salvio et al., 2010; Simeone et al.,
2011; Veenvliet et al., 2013). This has provided important new insights into how
the mdDA system controls cognitive and motor behaviors (Ikemoto, 2007; Roeper,
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2013), but our understanding of the development and function of these neuronal
subsets is rather limited and many aspects, such as how subset-specific connectivity
is established and maintained, are still poorly understood (Van den Heuvel and
Pasterkamp, 2008; Smidt and Burbach, 2007).
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Formation of precise synaptic connectivity is controlled by a myriad of molecular
interactions between axons and the extracellular environment, and interactions
between axons in larger axon tracts. Disturbances in the formation of neuronal
circuits have been implicated in various neuropsychiatric disorders. In particular,
disruptions in the development of mdDA circuitry may contribute to the underlying
pathology of diseases such as Parkinson’s disease and schizophrenia. Still, very little
is known about the molecular mechanisms underlying the development of mdDA
circuitry. Studies into the development of these circuits have been hampered by a lack
of tools to identify and characterize different subsets of mdDA neurons. This thesis
is aimed at unraveling the molecular principles that dictate mdDA circuit formation
by 1) using a combination of molecular, cellular and mouse genetic approaches to
study the development of mdDA circuitry, and 2) develop new tools to facilitate
future in-depth studies into the molecular mechanisms that control mdDA circuit
development. Our findings can be summarized as follows:
Chapter 2: Dissection and Culture of Mouse Dopaminergic and Striatal
Explants in Three-Dimensional Collagen Matrix Assays
Molecules that affect mdDA axon guidance and targeting can be studied in vitro
by culturing mdDA explants together with explants of their target areas, such as
the striatum, in a collagen matrix assay. In this chapter, we describe methods for
the purification of rat tail collagen, microdissection of dopaminergic and striatal
explants, their culture in collagen gels, and subsequent immunohistochemical and
quantitative analysis.
Chapter 3: Subdomain-Mediated Axon-Axon Signaling and
Chemoattraction Cooperate to Regulate Afferent Innervation of the
Lateral Habenula
Axons originating in the VTA specifically target the lHb. However, how this specific
innervation of the lHb is established remains largely unknown. In this chapter, we
demonstrate that the lHb sends out efferent projections that guide dopaminergic
afferents to the lHb, a process mediated by the cell adhesion molecule LAMP. Upon
arrival, Netrin-1 secretion by the lHb controls axon target entry to ensure specific
innervation of the lHb.
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Chapter 4: Unc5C Haploinsufficient Phenotype: Striking Similarities
with the DCC Haploinsufficiency Model
The guidance cue receptors DCC and UNC5 homologues (UNC5H) are expressed
by mesocorticolimbic dopamine neurons. In this chapter, we demonstrate that
Unc5C haploinsufficiency results in diminished amphetamine-induced locomotion
which is observed after adolescence. Tyrosine hydroxylase expression in Unc5C
haploinsufficient mice is increased in the medial prefrontal cortex, but not in the
nucleus accumbens. The striking similarity between the DCC and the Unc5C
haploinsufficient phenotypes supports the possibility that the reported effects are
mediated by DCC/UNC5C receptor complex.
Chapter 5:Transgenic Strategy for Analyzing Midbrain Dopamine
Neuron Diversity
In this chapter, we present a genetic strategy, called Pitx3-ITC, which relies on
subset-specific Cre or Flp expression for labeling of two mdDA subsets in a single
mouse. In addition, we present Nrp2-FlpO and Gucy2c-iCre mice which, together
with Pitx3-ITC mice, sparsely label mdDA neurons. Initial characterization of these
mice reveals previously unknown axonal organization of mdDA subsets, as well as
characteristic, but poorly understood, connectivity patterns at both the pre- and
postsynaptic level.
Chapter 6: General Discussion
In this chapter, we discuss the results described in this thesis in the light of what
is currently known about mechanisms controlling formation of neuronal circuits.
Our findings provide new insights into fundamental mechanisms dictating neuronal
circuit formation and provide new tools for future studies into the development of
the mdDA system.
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‘All of us would like realism to be true; we would like to think that science works because it has got

a grip on how things really are. But such claims have yet to be made out.’
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ABSTRACT

2

Midbrain dopamine (mdDA) neurons project via the medial forebrain bundle
towards several areas in the telencephalon, including the striatum1. Reciprocally,
medium spiny neurons in the striatum that give rise to the striatonigral (direct)
pathway innervate the substantia nigra2. The development of these axon tracts is
dependent upon the combinatorial actions of a plethora of axon growth and
guidance cues including molecules that are released by neurites or by (intermediate)
target regions3,4. These soluble factors can be studied in vitro by culturing mdDA
and/or striatal explants in a collagen matrix which provides a three-dimensional
substrate for the axons mimicking the extracellular environment. In addition, the
collagen matrix allows for the formation of relatively stable gradients of proteins
released by other explants or cells placed in the vicinity (e.g. see references 5 and 6).
Here we describe methods for the purification of rat tail collagen, microdissection
of dopaminergic and striatal explants, their culture in collagen gels and subsequent
immunohistochemical and quantitative analysis. First, the brains of E14.5 mouse
embryos are isolated and dopaminergic and striatal explants are microdissected.
These explants are then (co)cultured in collagen gels on coverslips for 48 to 72 hours
in vitro. Subsequently, axonal projections are visualized using neuronal markers (e.g.
tyrosine hydroxylase, DARPP32, or bIII tubulin) and axon growth and attractive
or repulsive axon responses are quantified. This neuronal preparation is a useful tool
for in vitro studies of the cellular and molecular mechanisms of mesostriatal and
striatonigral axon growth and guidance during development. Using this assay, it is
also possible to assess other (intermediate) targets for dopaminergic and striatal
axons or to test specific molecular cues.

34 | Chapter 2

PROTOCOL
1. Preparation of rat tail collagen

1.1)

Collect 6-10 adult rat tails (it is possible to store the tails at -20°C until 		
use).

1.2)

Soak the tails in 95% ethanol overnight at room temperature (RT).

Dissection of rat tails (in tissue culture hood; keep tools in 70% ethanol when not using
them and make sure that all solutions, tools and glassware used throughout this procedure
are sterile).
1.3)

To collect tendons from the tails, cut off the tip of the tail. Hold large end
of the tail with a pair of forceps. Use another pair of forceps to hold, bend
and break the tail close to the other forceps. Pull apart and the tendons
will be left behind (Fig. 1A,B).

1.4)

Collect the tendons in sterile H2O and after collecting all tendons move
them to a new petridish with sterile H2O.

1.5)

Take 2-3 tendons and shred them using 2 pairs of forceps in a new
petridish with sterile H2O. Remove non-tendon tissue such as veins
(tendon tissue is shiny and reflective; Fig. 1C). After removal of all
non-tendon tissue, each tail yields approximately 100-150 mg of tendons.

1.6)

Transfer the tendons to 300 ml of sterile 3% acetic acid and stir slowly
overnight at 4°C.

1.7)

Add an additional 200 ml of sterile 3% acetic acid and stir slowly overnight
at 4°C.
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1.8)

Centrifuge the acetic acid solution containing the tendons at ~2700xg for
120 min at 4°C to pellet non-dissolved tendons and non-tendon tissue.

1.9)

During centrifugation prepare dialysis tubing:
- cut pieces of 40 cm
- boil in 500 mM EDTA for 5 min
- cool in sterile H2O

1.10)

Tie a knot at one end of the dialysis tubing and fill the tubing with the
supernatant of the centrifuged tendon solution on ice in the tissue culture
hood using an automatic pipetter and a 25 ml pipet. Avoid producing
bubbles. Knot the other end of the tubing and store tubing on sterile
aluminum foil on ice until all pieces of tubing are filled (Fig. 1D).

Figure 1. Photos Illustrating the Preparation of Collagen From Rat Tail Tendons.
(A) Pulling apart the rat tail exposes the tendons.
(B) Tendons are visible as rope-like bundles.

(C) The tendons are easy to distinguish from veins by their shiny white appearance.

(D) After dissolving the tendons in acetic acid, the solution is transferred to dialysis tubing. To keep the dissolved
collagen cold, tubes are placed on sterile aluminum foil on ice.
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1.11)

Prepare 10 l of sterile 0.1X MEM, pH 4.0, in the tissue culture hood.
Add floater to pieces of tubing and add these to the pre-cooled 0.1X
MEM solution in a 10 l beaker. Dialyze overnight at 4°C while slowly
stirring. This dialysis removes excess acid while keeping the pH low.

1.12)

Replace with new pre-cooled 10 l 0.1X MEM and stir overnight at 4°C.

1.13)

Repeat the previous step by replacing with new pre-cooled 10 l 0.1X
MEM and stir overnight at 4°C.

1.14)

Aliquot collagen solution into sterile 50 ml tubes. Store aliquots at 4°C.
Keep 6- 12 months, only handle the collagen stock in the tissue culture
hood.

1.15)

It is important to test whether the purified collagen needs to be diluted
(in 0.1x MEM) to obtain optimal results in the collagen matrix assay.
Therefore, generate a collagen dilution series (undiluted collagen, 1:1,
1:2 and 1:5 diluted) and perform collagen matrix assays as described
below to determine the optimal collagen dilution.

2. Dissection of the dopaminergic midbrain7,8

2.1)

Dissect E14.5 mouse embryos from the uterus of the mother and keep in
L15 medium on ice until needed.

All subsequent dissection steps are performed in L15 medium on ice.
2.2)

Dissect out the brain.

2.3)

Remove the telencephalon by cutting along the medial part of each
telencephalic vesicle (use the telencephalic vesicles for striatal explants).

2.4)

Remove the meningeal sheath.
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2.5)

Make a dorsoventral cut just rostral of the mesencephalic flexure.

2.6)

Make another dorsoventral cut just caudal of the mesencephalic flexure.

2.7)

Make a rostrocaudal cut along the dorsal midline using a microdissection
knife to expose the underlying ventral midbrain tissue. Be careful not to
hit the ventral midbrain tissue as it contains the dopaminergic neurons
(Fig. 2).

2.8)

Make two rostrocaudal cuts lateral and parallel to the ventral midline to
remove dorsal midbrain tissue.

2.9)

Divide the remaining ventral midbrain tissue into explants using a
microdissection knife.

2.10)

Store the explants in L15 medium containing 5% FBS on ice until use.

3. Dissection of the striatum

All dissection steps are performed in L15 medium on ice.
3.1)

Use telencephalic vesicles dissected during midbrain dissection.

3.2)

Remove the thalamus by cutting in between the thalamus and the
striatum using forceps.

3.3)

Make a mediolateral cut rostral to the striatum to remove rostral structures
such as the olfactory bulb. Repeat this step for tissue located caudally to
the striatum.

3.4)

Position the remaining slice to obtain a coronal view of the striatum
(Fig. 2).
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Figure 2. Schematic Indicating the Different Steps of the Procedure.
Appropriate brain regions are dissected and cut to generate explants. A single midbrain and striatal explant are
positioned in close proximity in a collagen matrix and left to grow for 48-72 hours at 37°C. Axons are visualized by
fluorescence immunohistochemistry and a P/D ratio is calculated to quantify chemotropic responses.
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The striatum can be recognized as a slightly less dense (more transparent)
part of tissue. Dissect out the striatum and cut into explants using a
microdissection knife. Avoid the slightly darker tissue close to the
midline, which contains migrating neurons of the lateral and medial
ganglionic eminence.

4. Assembly collagen matrix assays

Preparation of the collagen (all steps on ice, use cooled pipet tips).
4.1)

Mix 860 ml of diluted collagen with 100 ml of 10x MEM and 40 ml of 1M
sodium bicarbonate (NaHCO3) and keep on ice. If at this point the
collagen warms up it will solidify.

4.2)

Add a drop of 20 ml (approximately 5 mm in diameter) of prepared
collagen to a coverslip in a well of a 4-well Nunc dish and let it stand in
a CO2 incubator at 37°C and 5% CO2 for 30 min (ambient O2
concentration is sufficient). During this incubation the collagen will
gelatinize.

Setup co-culture in collagen gel.
4.3)

After the collagen has gelatinized, use a pipet with a 200 ml tip to transfer
a dopaminergic or striatal explant to the collagen.

4.4)

Move the explants in close proximity to each other using a needle. Keep
them apart at a distance of approximately the diameter of one explant
(~200-300 mm) (Fig. 2).

4.5)

Remove excess medium and add 20 ml of prepared collagen on top of the
explants. This will often cause the explants to move around. Reposition 		
the explants using a needle as described in 4.4.

4.6)

Let the collagen solidify for 15 min at RT followed by 30 min at 37°C
and 5% CO2.
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4.7)

After the collagen has set, add 400ml of explant medium and grow for 2-3
days in a CO2 incubator at 37°C and 5% CO2.

5. Analysis by immunohistochemistry and quantification

Immunohistochemistry.
5.1)

To fix explants, gently add 400 ml of 8% paraformaldehyde (PFA) in PBS
to 400 ml of medium (thereby diluting the PFA to 4%) and let stand for
1 hour at RT.

5.2)

Wash 3x 15min in PBS at RT.

5.3)

Incubate in blocking buffer (BB; PBS + 1% FBS + 0.1% Triton X-100) 		
for 2 hours.

5.4)

Incubate overnight with primary antibody in BB at 4°C. For dopaminergic
axons use anti-tyrosine hydroxylase antibodies (1:1000)7, for striatal
axons anti-Darpp32 antibodies (1:500)9 and for visualizing all axons
anti-bIII tubulin (1:3000)7.

5.5)

Wash 5x 1 hour in PBS at RT.

5.6)

Incubate with secondary antibody conjugated to the appropriate
fluorophore (1:500) in BB overnight at 4°C. From this step on minimize
exposure of the explants to light (e.g. cover them with aluminum foil).

5.7)

Wash overnight in PBS at 4°C followed by several washes during the
next day.

5.8)

Mount explants on microscope slides using Prolong Antifade reagent
mounting medium. Add a drop of ~10 ml on a glass microscope slide.
Take the coverslip and gently place it on the drop of mounting medium
with the explant side facing down. Avoid trapping any air under de
coverslip by very gently lowering it on the drop of mounting medium.
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Quantification by calculating P/D ratio.
5.9)

Acquire digital images of the explants using an epifluorescence microscope
(Fig. 3).

5.10)

Using these images, divide each explant into quadrants to generate a
proximal quadrant (i.e. part of the explant closest to the adjacent explant)
and a distal quadrant (part of the explant farthest away from the adjacent
explant) (Fig. 2, 4).

5.11)

Measure the length of 20 longest neurites emerging from the explant
both in the proximal and distal quadrants.

5.12)

Use the average length of the 20 longest neurites to calculate the P/D
ratio for each individual explant. A P/D ratio > 1 indicates axon attraction,
while a ratio < 1 indicates axon repulsion.

5.13)

In some cases, the dense growth of neurites prevents the assessment of
individual neurite length. In these situations, quantification can be
performed by measuring the distance between the edge of the explant
and the leading front of axon growth in the proximal and distal quadrants.

2
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REPRESENTATIVE IMAGES
After successful culture of dopaminergic and striatal explants a large number of
axons are visible using bright field microscopy or as visualized by anti-bIII tubulin
immunocytochemistry (not shown). A subset of these axons will be dopaminergic
or striatal axons as visualized using immunocytochemistry (Fig. 3). By dividing the
explants into quadrants as described and determining P/D ratios, a putative axon
attractive or repulsive effect can be quantified (Fig. 3E).

Figure 3. Representative Results Showing Axon Growth in a Collagen Matrix Culture.
(A-B) Midbrain explant stained with anti-tyrosine hydroxylase antibody revealing axon outgrowth. Dotted line
indicates adjacent explant. (B) Magnification of A showing individual neurites and growth cones (arrows).
(C-D) Striatal explant stained with anti-Darpp32. (D) Magnification of C showing individual neurites.

(E) Example of P/D ratio quantification. Explants are divided into equal quadrants. The proximal quadrant is facing
the adjacent explant while the distal quadrant is facing away from it. Scale bars indicate 100 µm.
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DISCUSSION
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The collagen matrix assay described here has been used and improved by many
different labs in the past decades to investigate a variety of axon guidance molecules
and neuronal systems (e.g. see references 5-8). These studies have shown that this
assay is a powerful tool for studying the effects and regulation of axon guidance
molecules secreted by different (intermediate) target tissues.
However, it should be noted that the collagen matrix is a substitute for the
extracellular environment (ECM) but clearly lacks many proteins normally present
in the ECM. Components of the ECM are known to influence the effects of axon
guidance molecules10. Nevertheless, the collagen matrix assay is particularly useful
for investigating basic molecular mechanisms in vitro and in combination with
other tissue culture approaches (e.g. organotypic slice cultures11) or the analysis of
genetically engineered animal models.
Several factors determine the success of the collagen matrix assay. First, the size
of the explants is crucial for optimal axon growth. Large dopaminergic and striatal
explants often display limited axon growth, while small explants show irregular and
fasciculated outgrowth. Furthermore, the distance between the individual explants
greatly influences the effect a secreted molecule can exert on adjacent explants. If
the explants are too far apart, diffusible molecules will fail to reach the explants.
Conversely, when the distance is too small axons may grow into the adjacent
explants, making it difficult to qualitatively and quantitatively assess axon growth
and guidance. Finally, the quality of the rat tail collagen is important and is directly
correlated with the outgrowth of axons and survival of explants.
The assay described here can be modified in different ways to address specific
research questions. For instance, addition of function blocking antibodies to the
growth medium allows for the functional inhibition of (candidate) molecules. In
addition, explants can be combined with cell aggregates secreting specific axon
growth and guidance factors. Finally, explants could be obtained from GFP reporter
mice in which specific neuronal populations and their axons are labeled. Using this
setup, axons can be followed during the course of the collagen matrix assay.
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table of specific reagents
Name of the reagent

Company

Catalogue number

Fetal Calf Serum

BioWhittaker

14-801F

Glutamine (200mM)

PAA

M11-004

Hepes

VWR International

441476L

β-Mercaptoethanol

Merck

444203

Minimum Essential Media
(MEM)

Gibco

61100-087

Neurobasal

Gibco

21103-049

B27

Gibco

17504-044

Leibovitz's L-15 Medium

Gibco

11415-049

Penicillin-Streptomycin

Gibco

15070-063

Prolong Gold Antifade Reagent

Invitrogen

P36930

Dialysis tubing

Spectrum Labs

132660

Rabbit anti-Tyrosine Hydroxylase

Pel-Freez

P40101-0

Rabbit anti-Darpp32 (H-62)

Santa-Cruz

Sc-11365

Mouse anti-βIII tubulin

Sigma

T8660

Alexa Fluor labeled secondary
antibodies

Invitrogen

Dissection and Culture of Mouse Dopaminergic and Striatal Explants in Three-Dimensional Collagen Matrix Assays | 45

2

ACKNOWLEDGEMENTS

2

The collagen matrix assay has been developed and improved by the work of many
different research groups during the past two to three decades. The approaches
described here for dopaminergic and striatal explants greatly benefit from these
studies. In addition, the authors would like to thank Asheeta Prasad for her help in
setting up striatal explant cultures. Work in the lab was funded by the Human frontier
Science Program Organization (Career Development Award), the Netherlands
Organization of Health Research and Development (ZonMW-VIDI and ZonMWTOP), the Europanian Union (mdDA-NeuroDev, FP7/2007-2011, Grant 222999)
(to RJP), and the Netherlands Organization for Scientific Research (TopTalent; to
ERES).

46 | Chapter 2

REFERENCES 
1. Van den Heuvel, D.M., Pasterkamp, R.J. Getting connected in the dopamine system.
Prog. Neurobiol. 85, 75-93, (2008).
2. Lobo, M.K. Molecular profiling of striatonigral and striatopallidal medium spiny neurons past, present, and
future. Int. Rev. Neurobiol. 89, 1-35, (2009).
3. Dickson, B.J. Molecular mechanisms of axon guidance. Science 298, 1959-1964, (2002).
4. Chilton, J.K. Molecules mechanisms of axon guidance. Dev. Biol. 292, 13-24, (2006).
5. Lumsden, A.G., Davies, A.M. Chemotropic effect of specific target epithelium in the developing mammalian
nervous system. Nature 323, 538-539, (1986).
6. Tessier-Lavigne, M., Placzek, M., Lumsden, A.G., Dodd, J., Jessel, T.M., Chemotropic guidance of developing
axons in the mammalian central nervous system. Nature 336, 775-778, (1988).
7. Kolk, S.M., Gunput, R.A., Tran, T.S., van den Heuvel, D.M., Prasad, A.A., Hellemons, A.J., Adolfs, Y., Ginty,
D.D., Kolodkin, A.L., Burbach, J.P., Smidt, M.P., Pasterkamp, R.J. Semaphorin 3F is a bifunctional guidance cue
for dopaminergic axons and controls their fasciculation, channeling, rostral growth, and intracortical targeting. J.
Neurosci. 29, 12542-12557, (2009).
8. Fenstermaker, A.G., Prasad, A.A., Bechara, A., Adolfs, Y., Tissir, F., Goffinet, A., Zou, Y., Pasterkamp, R.J. Wnt/
planar cell polarity signaling controls the anterior-posterior organization of monoaminergic axons in the brainstem.
J. Neurosci. 30, 16053-16064, (2010).
9. Arlotta, P., Molyneaux, B.J., Jabaudon, D., Yoshida, Y., Macklis, J.D. Ctip2 controls the differentiation of medium
spiny neurons and the establishment of the cellular architecture of the striatum. J. Neurosci. 28, 622-632, (2008)
10. De Wit, J., Toonen, R.F., Verhage, M. Matrix-dependent local retention of secretory vesicle cargo in cortical
neurons. J. Neurosci. 29, 23-37, (2009)
11. Gähwiler, B.H., Capogna, M., Debanne, D., McKinney, R.A., Thompson, S.M. Organotypic slice cultures: a
technique has come of age. Trends Neurosci. 20, 471-477, (1997)

Dissection and Culture of Mouse Dopaminergic and Striatal Explants in Three-Dimensional Collagen Matrix Assays | 47

2

‘Induction is the glory of science and the scandal of philosophy.’
-Charlie Dunbar Broad
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Under Revision

ABSTRACT

3

A pervasive feature of neural circuitry is the organization of neuronal projections
and synapses into specific brain nuclei or laminae. Lamina-specific connectivity is
controlled by selective expression of extracellular guidance and adhesion molecules in
the target field. However, how (sub)nucleus-specific connections are established and
whether axon-derived cues contribute to subdomain targeting is largely unknown.
Here we demonstrate that the lateral subnucleus of the habenula (lHb) determines
its own afferent innervation by sending out efferent projections that express the
cell adhesion molecule LAMP to reciprocally collect, sort and guide dopaminergic
afferents to the lHb – a phenomenon we term subdomain-mediated axon-axon
signaling. This process of reciprocal axon-axon interactions cooperates with lHbspecific chemoattraction mediated by Netrin-1, which controls axon target entry,
to ensure specific innervation of the lHb. We propose that cooperation between
pre-target reciprocal axon-axon signaling and subdomain-restricted instructive cues
provides a highly precise and general mechanism to establish subdomain-specific
neural circuitry.
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INTRODUCTION
The formation of highly specific patterns of synaptic connectivity between afferent
axons and their partner neurons is essential for the assembly of functional neural
circuits that underlie all behavior. The organization of the nervous system in two
main anatomical units, i.e. brain nuclei and laminated structures, facilitates this
process by spatially grouping synaptic partners and by enabling subdomainrestricted expression of instructive molecular cues. Despite the important role of
these organizing principles, our understanding of the cellular and molecular basis of
lamina- or subnucleus-specific circuit development is still limited.
Our current knowledge of subdomain-specific axon targeting mainly derives from
work on laminated structures and recent studies have uncovered different molecular
strategies that control lamina-specific targeting independent of neural acitvity. This
work shows that initially target-derived membrane-associated or secreted guidance
cues function to direct axon projections to or exclude them from specific layers.
Subsequently, combinatorial expression of cell adhesion molecules facilitates the
recognition and stabilization of contacts between matched pre- and postsynaptic
neurons (Baier, 2013; Huberman et al., 2010; Robles and Baier, 2012; Sanes and
Yamagata, 2009; Williams et al., 2010). Similar to laminated structures, brain nuclei
are often subdivided into smaller subdomains comprising small clusters of related
neurons (e.g. Aizawa et al., 2012; Molnár et al., 2012). A striking example of a brain
nucleus in which subdomain-specific connectivity coordinates complex physiological
functions is the habenula. The habenula receives afferent inputs from many forebrain
regions, mediates reward related behavior and is linked to psychiatric disease (Li
et al., 2011, 2013; Matsumoto and Hikosaka, 2007, 2009). It comprises two main
subdomains, the medial habenula (mHb) and lateral habenula (lHb). The mHb
primarily projects axons to the interpeduncular nucleus, while the lHb can directly
innervate monoaminergic nuclei, including dopaminergic neurons (Bianco and
Wilson, 2009; Hikosaka et al., 2008). The lHb is the only subdomain that receives
reciprocal dopaminergic innervation (Gruber et al., 2007), which acts as a feedback
loop to inhibit lHb activity (Kowski et al., 2009; Shen et al., 2012; Shumake et
al., 2010; Stamatakis et al., 2013). However, our understanding of how subdomainspecific innervation patterns in the habenula, as well as in other brain nuclei, are
established is rather limited.
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During development, axons do not only rely on molecular gradients presented
in the surrounding environment for guidance (Pasterkamp and Kolodkin, 2013),
but also on signals provided by other axons. Although axon-axon signaling serves
critical roles in nervous system wiring, the underlying mechanisms are incompletely
understood. Furthermore, our understanding of the function and mechanisms
of axon-axon interactions mainly derives from studies on axon types extending
alongside as part of the same nerve, or bundle (Grueber and Sagasti, 2010; Imai and
Sakano, 2011; Luo and Flanagan, 2007; Tessier-Lavigne and Goodman, 1996; Wang
and Marquardt, 2013). In contrast, molecular mechanisms that drive instructive
interactions between reciprocally projecting axons, e.g. those between the habenula
and dopamine system, and the functional contribution of such interactions to neural
circuit assembly remain largely unresolved (Deck et al., 2012). This is surprising as
reciprocal connections between brain regions function as important feedback and
feedforward loops in many neural circuits.
Here, we show that the habenular nucleus integrates different, previously
uncharacterized cellular and molecular mechanisms to control its subdomain-specific
innervation by dopaminergic axons. Alhough dopaminergic afferents inhibit the
activity and function of the lHb through unique non-canonical signaling pathways
(Stamatakis et al., 2013), how these mesohabenular connections are established is
unknown. We demonstrate that during development neurons in the lHb send out
axon projections that selectively express the neural cell adhesion molecule limbic
system-associated membrane protein (LAMP; Pimenta et al., 1995) to reciprocally
guide afferent dopaminergic axons from the midbrain specifically to the lHb. These
observations unveil a novel role for axon-axon signaling by showing that a specific
subdomain sends out molecularly labeled efferent projections in a larger axon bundle
to collect, sort and guide its own reciprocal afferent projections in a subdomainrestricted manner. Furthermore, we find that selective innervation of the lHb by
dopaminergic afferents not only relies on axon-axon signaling but also requires
subdomain-restricted expression of the secreted attractant Netrin-1 (Lai Wing
Sun et al., 2011) to mediate the entry of these afferents into the lHb. This function
of Netrin-1 in axon target entry is distinct from its previously reported roles in
vertebrate neural circuit assembly. Together, our findings identify conceptually novel
axonal wiring principles in the developing habenular system that may also apply
more generally to other brain nuclei or laminated structures.
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RESULTS
The habenula receives complex, subdomain-restricted afferent inputs, including those
from dopaminergic neurons in the ventral tegmental area (VTA). However, despite
the important physiological role of these dopaminergic afferents (Stamatakis et al.,
2013), how dopaminergic innervation of the habenula is established is unknown.
To determine how dopaminergic afferents specifically innervate the lHb (Fig. 1A),
we first characterized their ontogeny using immunohistochemistry for tyrosine
hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis. TH-positive
axons started to project towards the habenula around E12.5 and arrived at this
structure by E13.5 (Fig. 1B; data not shown). At E16.5, TH-positive axons had
entered the lHb, but not the mHb, and two days later, at E18.5, this subdomainspecific innervation was further increased (Fig. 1C, D). Thus, during development
dopaminergic axons selectively innervate the lHb without expanding into the mHb.
Netrin-1 is a Subnucleus-specific Attractant for
Dopaminergic Axons

How is the selective innervation of the lHb achieved? To address this question, we
searched for molecular differences between the mHb and lHb by using laser capture
microdissection in combination with mass spectrometry (Fig. 1E). This analysis
identified 2880 unique proteins and revealed differential expression of several classes
of proteins with established roles in neural circuit development, e.g. axon guidance
and cell adhesion molecules (Table S1). Expression of these candidates was either
restricted to the mHb, lHb or markedly enriched in one of the two subdomains.
Analysis of the expression of several of these candidates, and of their ligands or
binding partners, revealed subdomain-specific expression for Netrin-1 and its receptor
DCC in the habenula. Netrin-1 is a secreted protein that induces axon repulsion or
attraction through specific cell surface receptors, including DCC (Lai Wing Sun et
al., 2011). DCC strongly labeled the mHb at E16.5, while Netrin-1 expression was
confined to the lHb (Fig. 1F). DCC was also expressed in the dopaminergic midbrain
with strong expression in the VTA, the origin of the dopaminergic projections that
innervate the lHb (Gruber et al., 2007; Phillipson and Griffith, 1980) (Fig. 1G). To
confirm that DCC protein is expressed on dopaminergic axons growing towards the
lHb, we performed immunohistochemistry for DCC in Pitx3-GFP mice, because
of an inability to combine DCC and TH antibodies for double immunostaining. In
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Figure 1. Netrin-1 is a Subnucleus-Specific Attractant for Dopaminergic Axons.
(A) Schematic of a coronal section of the mouse brain depicting the medial habenula (mHb), lateral habenula
(lHb) and the fasciculus retroflexus (FR). The FR is the major output bundle of the habenula. Dopaminergic (DA)
innervation of the habenula is restricted to the lHb.

(B-D) Immunohistochemistry for tyrosine hydroxylase (TH) on coronal sections of the embryonic habenula. Green
arrows indicate TH-positive axons. Inset in B shows a higher magnification of the boxed area in B.

(E) Laser capture microdissection was performed on the mHb or lHb in E16.5 mouse brain sections.

(F, G) In situ hybridization for DCC and Netrin-1 in coronal sections of the habenula (F) and dopaminergic

midbrain (G). Immunohistochemistry for TH labels the dopamine system (delineated by dashed line) (G). VTA,
ventral tegmental area.

(H) Schematic of a sagittal section of the mouse brain depicting the habenula, dopaminergic midbrain (DA) and
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Pitx3-GFP mice, midbrain dopamine neurons and their axons express GFP (Zhao
et al., 2004). At E14.5, GFP-positive axons heading towards the habenula expressed
DCC and were surrounded by reciprocally projecting DCC-positive, GFP-negative
habenular axons (Fig. 1H).
The expression of DCC on dopaminergic axons and Netrin-1 in the lHb suggested
that this ligand-receptor pair may regulate the dopaminergic innervation of the lHb.
To test this model, we first determined whether dopaminergic VTA axons respond
to Netrin-1 in vitro. VTA explants were combined with transiently transfected 293
cells secreting Netrin-1, or control cells, in a collagen matrix (Schmidt et al., 2012).
In line with the reported chemoattractive effect of Netrin-1 in other neural systems,
dopaminergic VTA axons were attracted by Netrin-1 (Fig. S1). Next, explant
co-culture assays were performed by combining VTA and lHb explants. Axons
emanating from VTA explants were attracted towards lHb explants and this effect
was blocked by the addition of DCC function blocking antibodies, but not IgG
control antibodies (P/D ratio 1.39 ± 0.12 for control (n = 16), 1.34 ± 0.09 for control
IgG (n = 12) and 1.01 ± 0.06 for anti-DCC (n = 10); P < 0.05; Fig. 1I, J). Together,
these data show that Netrin-1 secreted by the lHb acts as an attractant for DCCexpressing dopaminergic axons.
Netrin-1 Controls Dopaminergic Axon Target Entry in the
lHb

To examine whether DCC and Netrin-1 are required in vivo for subdomain-specific
innervation of the lHb, dopaminergic targeting of the lHb was analyzed in DCC-/and Netrin-1-/- mice at E18.5, when dopaminergic fibers occupy most of the lHb (Fig.
1D). Genetic ablation of DCC resulted in an almost complete loss of lHb innervation
(27.7% ± 4.8% of control, n = 4 for control and DCC-/-; P < 0.001; Fig. 2A, B) and
TH-positive axons were found to accumulate at the ventral border of the lHb in
DCC-/- mice instead of entering this structure (Fig. 2A, B, insets). Netrin-1-/- mice
FR. Immunohistochemistry for DCC and GFP on Pitx3-GFP mouse brain sections reveals expression of DCC on

GFP-positive dopaminergic axons in the FR (arrows). Dashed line indicates border between core and sheath region.
(I) Immunocytochemistry for TH on collagen matrix assays combining E14.5 VTA and lHb explants in the absence

of antibody (control) or in the presence of IgG control or anti-DCC function blocking antibodies. Arrowheads
indicate position of adjacent lHb explants.

(J) Average P/D ratio for control, control IgG and anti-DCC conditions. * P < 0.05. Error bars indicate SEM. See
also Figure S1 and Table S1.
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displayed similar phenotypes, although some innervation of the lHb was observed,
most likely because this mouse mutant is a hypomorph displaying residual Netrin-1
expression (41.3% ± 12.3% of control, n = 3 and n = 4 for control and Netrin-1-/-,
respectively; P < 0.05; Fig. 2A, C) (Serafini et al., 1996). To determine whether lack of
dopaminergic innervation of the lHb in DCC-/- mice is due to removal of DCC from
habenular or dopaminergic axons, we next genetically ablated DCC in the habenula
or in the dopaminergic midbrain. To remove DCC from the habenula, a bacterial
artificial chromosome (BAC) mouse was generated expressing Cre recombinase
under the control of Tag-1 promotor sequences. Tag1 is a marker of the habenula
and Tag-1-Cre:ROSA26-eYFP mice revealed robust recombination in the habenula
but not in dopaminergic neurons (Fig. 2D). Crossing Tag1-Cre mice with DCCfl/fl
mice (Krimpenfort et al., 2012) resulted in loss of DCC expression in the habenula
but did not change the number of dopaminergic axons in the lHb (90.4% ± 9.4%
of control, n = 3; n.s.; Fig. 2E, G; not shown). To remove DCC from dopaminergic
axons, DCC conditional mutants were crossed with Engrailed(En1)-Cre mice, which
drive Cre recombinase expression at early stages of midbrain development but not in
the habenula (Kimmel et al., 2000). We tested several other Cre-lines with reported
expression in dopaminergic neurons (e.g. Pitx3-Cre, DAT-Cre), but none of these
lines induced recombination at sufficiently early stages of dopaminergic development
(not shown). Loss of DCC in midbrain dopamine neurons in En1-Cre:DCCfl/fl
mice resulted in reduced innervation of the lHb (39.7% ± 9.9% of control, n = 3;
P < 0.05; Fig. 2F, H). This reduction was somewhat less severe in En1-Cre:DCCfl/fl
Figure 2. Subdomain-Specific Innervation of the Habenula by Dopaminergic Afferents Requires In
Vivo DCC/Netrin-1 Signaling.
(A) Immunohistochemistry for tyrosine hydroxylase (TH) in coronal sections of the E18.5 habenula of wild-type

(WT), DCC-/- or Netrin-1-/- mice. Insets show a higher magnification of the boxed areas showing the ventral border

of the lateral habenula (lHb). Green arrows point to aberrant accumulation of dopaminergic axons.

(B, C) Quantification of the dopaminergic innervation of the lHb in DCC-/- (B) and Netrin-1-/- (C) mice.
* P < 0.05, *** P < 0.001. Error bars indicate SEM.

(D) Immunohistochemistry for GFP and TH on coronal sections of E18.5 Tag1-Cre:Rosa26-eYFP mice showing
GFP expression in the habenula and FR, but not in dopamine neurons in the ventral tegmental area (VTA).
(E, F) Immunohistochemistry for tyrosine hydroxylase (TH) in coronal sections of E18.5

Tag1-Cre:DCCwt/wt and Tag1-Cre:DCCfl/fl mice (E) or En1-Cre:DCCwt/wt and En1-Cre:DCCfl/fl mice (F). White

arrows indicate dopaminergic axons in the lHb. Arrowhead in F indicates accumulation of dopaminergic axons at
the ventral border of the lHb
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(G, H) Quantification of the dopaminergic innervation of the lHb in Tag1-Cre:DCC (G) and En1-Cre:DCC (H)
conditional knockout mice. Innervation is not affected in Tag1-Cre:DCCfl/fl mice, but is dramatically reduced in

En1-Cre:DCCfl/fl mice. * P < 0.05. Error bars indicate SEM.

(I) Schematic representation of the defects in dopaminergic innervation of the lHb observed following loss of DCC

or Netrin-1. Dopaminergic axons fail to enter the lHb and accumulate at the ventral border of this subnucleus
(arrow). mHb, medial habenula.
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Figure 3. Abnormal Organization of the FR in DCC and Netrin-1 Knockout Mice.
(A) Schematic of a sagittal section of the mouse brain showing the segregated organization of habenular (Hab) and
dopaminergic axons in the fasciculus retroflexus (FR). Axons from medial habenula (mHb) neurons run in the core

of the FR, while lateral habenula (lHb) and dopaminergic (DA) axons are closely associated in the sheath of the FR.
IPN, interpeduncular nucleus; sm, stria medullaris; VTA, ventral tegmental area.

(B) Double-immunohistochemistry for tyrosine hydroxylase (TH) and neurofilament medium polypeptide (Nefm)

on sagittal sections. In E18.5 DCC and Netrin-1 knockout mice, thick bundles of TH-positive axons and Nefmpositive habenular axons intermingle throughout the entire FR (arrows), contrasting their normal lateral distribution
in the FR in wild-type (WT, arrows) mice.

(C, D) Immunohistochemistry for Robo3, Nefm and TH on coronal sections of the FR of E18.5 Tag1-Cre:DCC
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mice as compared to DCC full knockout mice, presumably because En1 levels vary
among dopaminergic neurons (Veenvliet et al., 2013). Nevertheless, the majority
of dopaminergic axons accumulated at the border of the lHb in En1-Cre:DCCfl/fl
mice and did not enter the lHb, as we also observed following complete ablation of
DCC (Fig. 2A, F). Collectively, these data show that Netrin-1 expressed in the lHb
instructs dopaminergic axons expressing DCC to enter the lHb (Fig. 2I).
Reciprocal Axon-Axon Interactions Guide Dopaminergic
Afferents to the lHb

Although dopaminergic axons did reach the lHb in DCC-/- and Netrin-1-/- mice,
we observed that their organization in the fasciculus retroflexus (FR) was severely
disrupted. The FR is the major output bundle of the habenula in which efferent
habenular axons are intermingled with specific afferent projections. Habenular
efferents display a characteristic segregated distribution in the FR, with axons from
the mHb projecting in the core of the bundle and lHb axons forming a sheath
around this core (Fig. 3A) (Bianco and Wilson, 2009). To analyze this organization
in relation to dopaminergic afferents in DCC-/- and Netrin-1-/- mice, we identified
and applied new markers for mHb and lHb axons, Robo3 and Neurofilament
medium polypeptide (Nefm), respectively (Fig. S2A). In E18.5 wild-type mice,
TH-positive axons were restricted to the Nefm-postive sheath region and absent
from the Robo3-positive core (Fig. 3A, B; Fig. S2A). In contrast, in DCC-/- and
Netrin-1-/- mice thick bundles of TH-positive axons traversed the entire width of the
FR (Fig. 3B). The mutant FR consisted mainly of Nefm-positive axons, while only
few Robo3-positive axons were detected. Instead an aberrant population of Robo3positive mHb axons was detected at the dorsal roof of the habenula, suggesting
that mHb axons redirect dorsally in the absence of Netrin-1–DCC signaling (Fig.
S2B). Interestingly, TH-positive axons in the FR in DCC-/- and Netrin-1-/- mice were
conditional knockout mice. The organization of the FR is severly disrupted in Tag1-Cre:DCCfl/fl mice: TH-positive

axons intermingle with lHb axons throughout the FR (arrow), while a small number of Robo3-positive mHb axons
is situated outside of the sheath (arrowhead).

(E, F) Immunohistochemistry for Nefm and TH on coronal sections of the FR of E18.5 En1-Cre:DCC conditional

knockout mice.

(G) Schematic representation of the disrupted organization of the FR following loss of Netrin-1 or DCC. Misrouted

core axons are observed at the dorsal roof of the habenula and closely associated lHb and dopaminergic axons occupy
the entire FR (arrows). See also Figure S2.
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Figure 4. Lateral Habenula Axons Serve as a Scaffold for Dopaminergic Afferents Targeting this
Subnucleus.
(A-C) Immunohistochemistry for neurofilament medium polypeptide (Nefm), Robo3 and/or tyrosine hydroxylase
(TH) on sagittal sections of E18.5 Tag1-Cre:DTA and En1-Cre:DTA mice. The habenula (Hab, A) and the fasciculus

retroflexus (FR) are absent in Tag1-Cre+/-:DTA mice (B, white arrows) and TH-positive dopaminergic (DA) axons
fail to project to the habenula (B). In En1-Cre+/-:DTA mice midbrain DA neurons are absent (white arrows), but the
FR is intact (C). Boxed areas are shown at a higher magnification at the right. Ctx, cortex.

(D, E) E12.5 organotypic slices were cultured for 3 days in vitro (DIV) and subjected to immunohistochemistry for
Robo3, TH and Nefm. Insertion of blocking membranes (dotted lines) redirected habenular axons (white arrows)

and prevented growth of DA axons towards the habenula (E). Squares in D show bins used for quantification shown
in F.

(F) Growth of DA axons was quantified using the bins shown in D. All bins were normalized to Bin 1 of the control
condition. *** P < 0.001. Error bars indicate SEM.

(G) Schematic representation of the effect of Hab or FR ablation or the insertion of blocking membranes on
dopaminergic axon growth towards the Hab. See also Figure S3 and S4.
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restricted to regions occupied by Nefm-positive lHb axons, resembling their close
association in the sheath region of wild-type mice. Furthermore, the overall number
of TH-positive axons reaching the lHb in mutant mice was comparable to control
(not shown). Ablation of DCC in the habenula in Tag1-Cre:DCCfl/fl mice induced
similar phenotypes: intermingling of TH and lHb axons throughout the width of the
FR and a dorsal redirection of most Robo3-positive mHb axons (Fig. 3C, D; Fig.
S2C). In contrast, loss of DCC in dopaminergic axons in En1-Cre:DCCfl/fl mice did
not affect the organization of the FR (Fig. 3E, F). These results show that Netrin-1
and DCC are required for the guidance of mHb axons to the midbrain and suggest
that dopaminergic axons utilize lHb efferents to reach the lHb (Fig. 3G). This latter
hypothesis is in line with our observation that during development habenular axons
first extend to the ventral midbrain following which dopaminergic axons reciprocally
project to the habenula along the developing FR (Fig. S3).
To evaluate a model in which dopaminergic axons use lHb efferents to reach
the lHb and to study whether such dependency would be uni- or bidirectional,
we performed in vivo genetic ablation studies. DTA mice, which conditionally
express subunit A of the diphtheria toxin, were crossed with Tag1-Cre mice to
ablate the habenula. Tag1-Cre:DTA embryos displayed a loss of the habenula and
the FR, in addition to other Tag1-positive structures outside the midbrain (Fig.
4A). Furthermore, no dopaminergic projections extended to the habenula in Tag1Cre:DTA mice, while other dopaminergic pathways in the brain were intact (Fig.
4B; Fig. S4). Thus, dopaminergic axons require the habenula and/or the FR for
guidance towards the lHb. To assess whether, the converse, lHb axons depending
on dopaminergic neurons or axons for guidance to the midbrain, is true, the region
of the midbrain containing dopaminergic neurons was ablated by crossing En1-cre
and DTA mice. Although En1-cre:DTA embryos showed complete loss of midbrain
dopaminergic neurons and their axons, the projection and organization of mHb and
lHb axons was intact (Fig. 4C).
Together these data unveil a dependency by dopaminergic axons on either longdistance instructive cues from the habenula or short-range cues on lHb axons in the
sheath for guidance to the lHb. To discriminate between these two possibilities, we
developed an organotypic culture assay that recapitulates the in vivo development of
the habenular system in order to specifically block axonal growth from the habenula
while leaving the habenula itself intact. A blocking membrane was placed at the
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ventral border of the habenula in E13.5 mouse brain hemisections following which
the hemisections were cultured for three days. The membrane contains pores that
allow diffusion of secreted molecules but block the growth of axons (López-Bendito
et al., 2006). In cultures without membrane insertion, a clear FR had formed with
both mHb and lHb axons extending into the midbrain, as visualized by Robo3
and Nefm immunohistochemistry in combination with TH staining (Fig. 4D). In
contrast, insertion of blocking membranes prevented the formation of the FR (Fig.
4E). In addition, the number of dopaminergic axons growing to the habenula was
dramatically reduced (Bin 1, 26.4% ± 6.3% of control; Bin 2, 44.4% ± 9.3% for control
and 5.3% ± 1.4% for blocked, n = 7 and n = 10 slices for control and blocked; P <
0.001; Fig. 4E, F), and no dopaminergic axons were detected directly at the habenula
(Bin 3, 39.1% ± 2.8% for control and 1.9% ± 0.4% for blocked; P < 0.001; Fig. 4E,
F). Thus, our expression, genetic and cell culture data show that dopaminergic axons
depend on lHb axons for guidance towards the lHb (Fig. 4G). This suggests that the
lHb sends out efferent projections to collect and guide its own afferent projections.
Subdomain-specific Axon Guidance and Cell Adhesion
Molecule Expression in the FR

Although our data show that dopaminergic projections rely on lHb axons for
guidance towards the habenula, how this interaction is mediated at the molecular
level is not known. To identify the underlying molecular mechanism, laser capture
microdissection experiments were performed on the embryonic FR in combination
with mass spectrometry analysis to identify subdomain-specific proteins in the FR at
the time of dopaminergic axon pathfinding (Fig. 5A). Since axon guidance proteins
and adhesion molecules are likely candidates for mediating axon-axon interactions,
these proteins were selected from the mass spectrometry data and subjected to
immunohistochemical analysis (Table S2 and Fig. 5B-D). Immunohistochemistry
on transverse sections of the FR showed that these selected proteins can be grouped
on basis of their subdomain localization within the FR. Candidates were either
localized to the entire FR (Fig. 5B), the core (Fig. 5C) or the sheath domain (Fig.
5D). These results reveal subdomain-specific expression of various axon guidance
and cell adhesion molecules in the developing FR, uncovering a molecular code
that could underlie various aspects of FR organization, including the segregation of
different axonal populations and their guidance towards specific subdomains.
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Axon-derived LAMP Guides Dopaminergic Axons to the lHb

Two FR proteins identified by mass spectrometry (Table S2) displayed sheathspecific expression; close homologue of L1 (CHL1) and limbic-system associated
protein (LAMP) (Fig. 5D). Given their selective expression and reported role in
cell adhesion and neurite outgrowth (Hillenbrand et al., 1999; Zhukareva and
Levitt, 1995), we next assessed whether CHL1 or LAMP mediated interactions
between lHb and dopaminergic axons. CHL1 is a type I transmembrane protein,
while LAMP is tethered to the membrane via a glycosylphosphatidylinositol (GPI)
anchor. We exploited these differences in membrane presentation by using the
enzyme phosphatidylinositol‐specific phospholipase C (PI-PLC) in combination
with hemisection cultures. PI-PLC will remove GPI-linked proteins, such as LAMP,
but leaves transmembrane proteins, such as CHL1, intact (Fig. 6A). Treatment with

Figure 5. Laser Capture Microdissection of the Fasiculus Retroflexus Reveals Subdomain-Specific
Expression of Axon Guidance and Cell Adhesion Molecules.
(A) Laser capture microdissection was performed on the fasciculus retroflexus (FR) in E16.5 sagittal mouse brain
sections. Hab, habenula; DA, dopamine neuron pool.

(B-D) Immunohistochemistry on coronal sections of the FR using antibodies against different axon guidance and

cell adhesion molecules. Proteins identified by mass spectrometry on FR samples display three modes of expression:
throughout the FR (B), restricted to the core region of the FR (C), or specific to the sheath (D). See also Table S2.
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PI-PLC did not affect the initial growth of TH-positive axons towards the habenula,
indicating that this enzymatic treatment does not have a deleterious effect on axon
growth (Bin 1, 102.9% ± 16.23% of control, n = 11 for both control and PI-PLC; P
= 0.896; Fig. 6B, C). Despite this initial growth towards the habenula, dopaminergic
axons did not reach this brain region following PI-PLC treatment but, rather,
stalled or were redirected rostrally halfway along their normal trajectory (Bin 2,
82.8% ± 12.2% for control and 45% ± 7.8% for PI-PLC; P < 0.05; Fig. 6B, C). Most
redirected axons eventually joined the medial forebrain bundle and, consequently,
the habenula remained largely devoid of dopaminergic innervation (Bin 3, 63.1%
± 7.4% for control and 15% ± 2.3% for PI-PLC; P < 0.001; Fig. 6B, C). PI-PLC
treatment did not alter the growth of habenular axons in the FR, as visualized by
Nefm immunohistochemistry (Fig. 6B).
To confirm that the impaired growth of TH-positive axons towards the habenula
following PI-PLC application resulted from the cleavage of LAMP, LAMP function
blocking antibodies were applied to the hemisection cultures (Fig. 6D). In line with
the effect of PI-PLC treatment (Fig. 6A-C), TH-positive axon growth towards
the habenula was reduced, with many axons deviating towards the forebrain in the
presence of anti-LAMP antibodies (Bin 1, 70.4% ± 4.3% of control, n = 15 and
n = 17 for control and anti-LAMP; P < 0.001; Bin 2, 61.9% ± 4.9% for control
and 35.1% ± 4.3% for anti-LAMP; P < 0.001; Bin 3, 48.3% ± 3.32% for control
and 23.3% ± 3% for anti-LAMP; P < 0.001; Fig. 6E, F). Application of PI-PLC
induced a greater reduction and redirection of TH-positive axons as compared to
anti-LAMP antibody application. This could reflect an inability of the antibody to
block all LAMP, perhaps due to limited tissue penetration, or a role for additional
GPI-linked proteins in the development of dopaminergic projections to the lHb.
Anti-LAMP antibody treatment did not alter the growth of habenular axons in the
FR (Fig. 6E).
LAMP is a member of the IgLON family, which includes proteins that promote
or inhibit cell adhesion and axon growth of specific neuronal populations (Gil et al.,
2002; Keller et al., 1989; Zhukareva and Levitt, 1995). Therefore, we hypothesized
that LAMP on lHb axons serves as an adhesive and growth promoting substrate for
dopaminergic axons. To test this idea, dopaminergic explant cultures were grown
on coverslips coated with control or LAMP substrate. In line with the PI-PLC and
antibody blocking experiments, TH-positive axon growth was increased on LAMP
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Figure 6.The GPI-linked Cell Adhesion Molecule LAMP Mediates Guidance of Dopaminergic Axons
to the Habenula.
(A, D) Schematics showing the PI-PLC or function blocking antibody treatments to specifically remove
glycophosphatidylinositol (GPI)-anchored molecules (A) or block limbic system associated protein (LAMP) (D).

(B, E) Immunohistochemistry for tyrosine hydroxylase (TH) and neurofilament medium polypeptide (Nefm) on

E12.5 organotypic slice cultures treated with PI-PLC or anti-LAMP antibodies and cultured for 3 days in vitro.

Boxed areas are shown at higher magnification in two right panels. White arrows indicate rostrally redirected axons.
DA, dopaminergic; Hab, habenula.

(C, F) Quantification of PI-PLC or antibody treated cultures using bins as shown in Fig. 4D. * P < 0.05, *** P <
0.001. Error bars indicate SEM.
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Figure 7. LAMP is Required on lHb Axons to Establish Subdomain-Restricted Innervation of the
Habenula by Dopaminergic Afferents.
(A-D) Explants of the E14.5 dopamine system were grown on control or limbic system-associated protein (LAMP)
substrate and subjected to immunocytochemistry for tyrosine hydroxylase (TH) (A, C). The length of TH-

positive axons and the size of TH-positive growth cones are increased on LAMP as compared to control substrate.
Arrowheads in A indicate growth cones. Boxed areas are shown at higher magnification in C. *** P < 0.001. Error
bars denote SEM.

(E) HEK293 cells transfected with a LAMP expression vector show robust LAMP expression. Subsequent
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as compared to control protein (116.1% ± 3.24% of control, n = 310 and n = 320 for
control and LAMP; P < 0.001; Fig 7A, B). Furthermore, the size of growth cones at
the leading tip of TH-positive axons was strongly increased (218.91% ± 16.72% of
control, n = 304 and n = 314 for control and LAMP; P < 0.001; Fig. 7C, D). Together,
these experiments show that LAMP serves as an adhesive and growth-promoting
factor for dopaminergic axons.
To confirm the specificity of the antibody experiments and to establish that
LAMP expressed by lHb axons, rather than other structures in the vicinity of the
FR, guides dopaminergic axons, we directed siRNAs to the habenula during early
stages of dopaminergic pathfinding using ex vivo electroporation. Transfection of an
ON-TARGETplus pool of siRNAs against LAMP in HEK293 cells exogenously
expressing this cell adhesion molecule resulted in effective knockdown of LAMP,
as compared to scrambled control siRNAs (38% ± 3.5% of control, n = 12; P <
0.001; Fig. 7E). To confirm our ability to target the habenula by electroporation,
a GFP expression vector was electroporated at E12.5. Subsequent analysis of GFP
signals revealed strong and specific labeling of habenular neurons and projections
in the FR (Fig. 7F). Next, siRNAs were introduced at E12.5 or E13.5 followed by
immunohistochemical assessment of the trajectories of habenular and dopaminergic
transfection of siRNAs directed against LAMP (si-LAMP) but not of scrambled control siRNAs induces efficient
knock-down of LAMP. *** P < 0.001. Error bars denote SEM.

(F) Schematic showing the injection site used for ex vivo electroporation of GFP and siRNAs. Electroporation

of GFP into the habenula results in expression in both the habenula as well as axons projecting into the fasciculus
retroflexus (FR). DA, dopamine neuron pool; Hab, habenula.

(G, H) Immunohistochemistry for tyrosine hydroxylase (TH) and neurofilament medium polypeptide (Nefm)
following electroporation with scrambled or LAMP siRNAs. White arrows indicate rostrally redirected axons.

(I) Quantification of fluorescence intensty using bins as shown in Fig. 4D. * P < 0.05. Error bars denote SEM.

(J) Immunohistochemistry for LAMP and GFP following electroporation with a GFP or a combination of LAMP

and GFP expression vectors. Electroporation of the LAMP expression vector induces ectopic expression of LAMP
protein. Arrowheads indicate GFP-positive cells expressing ectopic LAMP in the medial habenula (mHb).

(K, L) Immunohistochemistry for TH and GFP on slice cultures 3 days after electroporation. Dotted lines in K

indicate sheath region and arrowhead points to a TH-positive axon crossing over from the sheath region to a GFP/

LAMP-positive core axon. Dotted line in L indicates mHb as determined by immunohistochemistry for Robo3.
Boxed area is shown at higher magnification at the right. Arrow indicates TH-positive axons extending along GFP/
LAMP-expressing cell bodies and processes in the mHb. c, core; sh, sheath.

(M) Quantification of the number of dopaminergic axons innervating the mHb. * P < 0.05. Error bars denote SEM.
(N, O) Schematics summarizing the effects of LAMP knockdown and ectopic LAMP expression in the mHb on
dopaminergic axon guidance towards the habenula and subdomain targeting in the habenula.
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axons three days later. Electroporation with scrambled control siRNAs did not visibly
alter the growth or trajectory of habenular or dopaminergic axons. In contrast, LAMP
knockdown induced a significant decrease in the outgrowth of TH-positive axons
towards the habenula, causing a marked reduction in the dopaminergic innervation
of this nucleus (Bin 3, 82.6% ± 7.5% for control (n = 13) and 52% ± 8.5% (n = 8)
for si-LAMP; P < 0.05; Fig 7G-I). This effect was evident despite our observation
that only a subset of habenular neurons is targeted by the ex vivo electroporation
procedure. Furthermore, similar to our observations following PI-PLC treatment
and antibody application, many TH-positive axons redirected rostrally halfway
along their trajectory towards the habenula (Fig. 7H). LAMP knockdown did
not visibly alter the growth of habenular axons in the FR, as visualized by Nefm
immunohistochemistry (Fig. 7G, H).
Finally, to show that LAMP not only guides dopaminergic afferents to the lHb but
also has an instructive role in the targeting dopaminergic axons specifcally towards
the lHb, we ectopically expressed LAMP in the mHb using ex vivo electroporation.
Co-electroporation of LAMP and GFP expression vectors confirmed the presence
of LAMP protein in electroporated neurons and axons (Fig. 7J). LAMP or control
expression vectors were electroporated at E13.5 and dopaminergic innervation of
the FR and habenula was assessed three days later using immunohistochemistry. As
expected, many GFP-positive neurons were present in the mHb and extended axons
into the core of the FR. Interestingly, TH-positive axons from the sheath region
often crossed over to nearby GFP/LAMP-positive axons in the core but never to
axons expressing GFP only (Fig. 7K). This effect was also reflected at the level of
the mHb. Robo3 was used to identify the mHb, which was devoid of dopaminergic
axons after electroporation of GFP (Fig. 7L). In contrast, overexpression of GFP and
LAMP induced aberrant dopaminergic innervation of the mHb (321,4% ± 70,8%
of control, n = 11 for and n = 14 for control and LAMP, respectively; P < 0.05; Fig.
7L, M). Although only a small subset of mHb neurons was targeted by the ex vivo
electroporation procedure, several dopaminergic axons were found to abnormally
innervate the mHb along GFP-positive axons and continue along the cell bodies
and processes of LAMP-expressing neurons in the mHb (Fig. 7L).
Together these results show that LAMP expressed on lHb axons in the sheath of
the FR serves as a molecular scaffold for dopaminergic axons, guiding these axons
to a specific subdomain of the habenula, the lHb (Fig. 7N, O). These data show that
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pre-target reciprocal axon-axon signaling can contribute to subdomain-specific axon
targeting and provide insight into the function of the poorly characterized IgCAM
LAMP.

DISCUSSION
Numerous brain nuclei are distinguishable in the vertebrate nervous system and often
these structures are further subdivided into smaller subdomains. Although clustering
of neurons into (sub)nuclei facilitates the generation of highly specific patterns of
synaptic connectivity, how brain nuclei are formed and innervated remains poorly
understood. Here we show that reciprocal axon-axon interactions cooperate with
subnucleus-restricted chemoattractive mechanisms to coordinate the dopaminergic
innervation of the lateral subnucleus of the habenula (lHb). We demonstrate that
the lHb determines its own pattern of afferent innervation by sending out LAMPpositive efferent projections that reciprocally guide dopaminergic afferents to the
lHb. At the lHb, the secreted attractant Netrin-1 is required for their entry into this
subnucleus (Fig. 8). Together, our findings identify pre-target axon-axon signaling
as a novel mechanism to wire reciprocally connected brain regions in a subdomainspecific manner and reveal an unexpected role for chemoattraction in subnucleusrestricted axon target entry.
Reciprocal Axon-Axon Signaling Guides Dopaminergic
Afferents

Although the guidance and targeting of axons by chemotropic cues in their
environment has been well established (Pasterkamp and Kolodkin, 2013), less is known
about the role of axon-derived cues. It is clear, however, that axon-axon interactions
are used to establish complex neural circuits (Grueber and Sagasti, 2010; Imai and
Sakano, 2011; Luo and Flanagan, 2007; Tessier-Lavigne and Goodman, 1996; Wang
and Marquardt, 2013). Our knowledge of these interactions mainly derives from
studies on afferent axons that extend alongside. For example, Eph/ephrin signaling
between sensory and motor axons in the periphery mediates their segregation and
guidance, while axon-derived semaphorins and their receptors mediate pre-target
sorting of olfactory sensory axons (Gallarda et al., 2008; Imai et al., 2009; Joo et
al., 2013; Lattemann et al., 2007; Wang et al., 2011). How interactions between
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reciprocally projecting axon types are controlled or contribute to circuit assembly is
poorly understood. This is remarkable given the critical role of reciprocal connections
as feedback or feedforward loops in many neural circuits.
The habenula is an excellent system for studying axon-axon signaling. Neurons in
the lHb and mHb give rise to well-characterized, anatomically segregated efferent
projections in a large axon bundle, the FR. In addition, during early development
many habenular afferents make a binary choice between the lHb and mHb, providing
a sensitive assay for studies on axon target selection and innervation. Finally, the
habenular system not only contains axon types that run alongside, but it also harbors
reciprocal connections (Fig. 3A) (Bianco and Wilson, 2009). Here, we exploited
these characteristics to reveal a requirement for reciprocal axon-axon signaling in
the development of subdomain-specific dopaminergic connections. Remarkably,
our data show that the lHb determines its own pattern of afferent innervation by
sending out molecularly labeled efferents in a larger axon bundle that collect, sort
and guide afferents and specifically deliver them in the lHb, a phenomenon we
term subdomain-mediated axon-axon signaling (Fig. 8). Multiple lines of evidence
support this model. First, expression data localize dopaminergic axons in the FR
sheath intermingled with reciprocally projecting lHb axons. Second, dopaminergic
axon targeting of the lHb is largely intact in Tag1-Cre:DCCfl/fl mice in which the
FR is almost exclusively composed of lHb axons. Third, blockage of habenular axon
growth in vitro and genetic ablation of the habenula and the FR in vivo precludes
dopaminergic innervation of the lHb. Fourth, neutralization or knockdown of the
lHb-specific cue LAMP prevents dopaminergic innervation of the lHb. Finally,
ectopic LAMP expression in mHb neurons and their axons erroneously redirects
dopaminergic afferents to the mHb.
One of the best-studied examples of reciprocal axon-axon interactions is the
interdependency of thalamocortical and corticothalamic axons (Molnár et al., 2012).
During development, thalamocortical axons traverse the subpallium to reach the
cortex and are then used by corticothalamic afferents for reciprocal guidance through
the subpallium (Deck et al., 2013). We observe a similar temporal sequence of axon
progression: lHb efferents reach the midbrain following which dopaminergic afferents
use these efferents to navigate towards the habenula. Our data do, however, not only
confirm previous findings in another system but also uncover novel roles for reciprocal
axon-axon signaling in axon sorting and targeting. Further, our study provides an
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Figure 8. Subdomain-Specific Innervation of the Habenula Requires Cooperation Between
Reciprocal Axon-Axon Signaling and Subnucleus-Restricted Chemoattraction.
In our model, the lateral subnucleus of the habenula (lHb) sends out efferent projections that selectively express

the cell adhesion molecule limbic system-associated membrane protein (LAMP) to reciprocally guide afferent

dopaminergic (DA) axons over a long distance and deliver these axons specifically at the border of the lHb, a
process we refer to as subdomain-mediated axon-axon signaling. Upon arrival at the lHb, subdomain-restricted

expression of the secreted attractant Netrin-1 is required for the entry of DCC-expressing dopaminergic afferents

into this subnucleus. These findings reveal the first subnucleus-specific axonal targeting mechanisms and highlight
novel axonal wiring principles that are likely to also apply to subdomain-specific wiring events in other reciprocally
connected neural systems. See text for more details. c, core; Hab, habenula; mHb, medial habenula; lHb, lateral
habenula; sh, sheath; sm, stria medullaris.
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example of a protein that can mediate such reciprocal axon-axon interactions, LAMP.
LAMP promotes dopaminergic axon extension and is expressed in dopaminergic
neurons that project afferents to the habenula (Gruber et al., 2007) (Fig. 7, S5).
This, together with the fact that the adhesive effects of LAMP are attributed to
homophilic interactions (Zhukareva and Levitt, 1995) supports a model in which
homophilic LAMP interactions guide dopaminergic axons (Fig. 8). Notably, LAMP
is also expressed in reciprocally connected parts of the thalamus and cortex and in
vitro it regulates the growth and guidance of the axonal projections connecting these
structures (Mann et al., 1998). Further studies are needed to determine whether
LAMP mediates interactions between thalamocortical and corticothalamic axons,
or other reciprocal connections in the brain, analogous to its role in the habenular
system.
Axon-Axon Signaling Regulates Subdomain-Specific Axon
Targeting

The ordered distribution of different axon types in large axon tracts is a pervasive
anatomical feature of neural circuits and underlies the generation of precise synaptic
connections (Wang and Marquardt, 2013). Efferent projections from the mHb
and lHb are segregated in the core and sheath regions of the FR, respectively.
Although the molecular basis of this segregation is unknown, our findings show
that lHb axon-derived LAMP localizes dopaminergic afferents to the FR sheath. In
addition, misexpression of LAMP in the mHb and core axons aberrantly redirects
dopaminergic afferents to the mHb revealing that LAMP-positive lHb axons not
only guide dopaminergic afferents but also dictate their subdomain targeting. Our
current understanding of the molecular basis of subdomain-specific axon targeting
mainly derives from studies on laminar structures such as the hippocampus and
the visual system. This work shows that target-derived guidance cues first direct
axons to or away from specific laminae following which combinatorial expression
of cell adhesion molecules facilitates the formation of (sub)lamina-specific synaptic
contacts (Baier, 2013; Huberman et al., 2010; Robles and Baier, 2012; Sanes and
Yamagata, 2009; Williams et al., 2010). Our data show that subdomain-mediated
axon-axon signaling provides an additional strategy to regulate subdomain-specific
circuit assembly that relies on axon-axon interactions rather than target restricted
cues. Previous studies have implicated axon-axon signaling in different aspects of
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target selection, innervation and mapping (Imai et al., 2009; Lattemann et al., 2007;
Mizumoto and Shen, 2013; Schwabe et al., 2013; Sweeney et al., 2007; Takeuchi
et al., 2010). However, our findings are conceptually distinct from these previous
reports: we find that molecular interactions between reciprocal efferent and afferent
axons target dopaminergic afferents to the lHb, rather than signaling between
afferent projections heading for the same target. Further, they reveal one of the first
subnucleus-specific targeting mechanisms and it will be interesting to determine
whether similar mechanisms operate in other nuclei or even in laminated structures.
Netrin-1 is a Subdomain-Specific Cue Regulating Subnuclear
Axon Target Entry

Although one might predict that dopaminergic axons would simply follow LAMPpositive axons into the lHb to meet their synaptic targets, our data identify a
requirement for Netrin-1 in the entry of dopaminergic afferents into this subnucleus
(Fig. 8). In the absence of Netrin-1, or its receptor DCC, dopaminergic axons
accumulate at their normal entry site at the lHb. Our data show that Netrin-1 secreted
by the lHb serves as an attractant for dopaminergic axons expressing DCC. This is
supported by the analysis of conditional and full DCC and Netrin-1 knockout mice
suggesting that in vivo Netrin-1 most likely functions as a short-range attractant, as
axons arrive at the lHb in the absence of Netrin-1-DCC signaling but accumulate
at its ventral border. This idea is in line with recent work on short-range attractive
effects of Netrin-B during the lamina-specific targeting of R8 retinal axons in the
medulla of the Drosophila optic lobe. Here, Netrin-B is released in the R8 axonrecipient layer M3 of the retina by afferent axonal projections and subsequently
captured by neuron-associated Frazzled, the fly homologue of DCC. This results
in a short-range Netrin-B signal that attracts ingrowing R8 axons into layer M3
(Timofeev et al., 2012). Our data extend these findings by showing that Netrin-1
mediates the entry of dopaminergic afferents into a specific subnucleus in vertebrate
species. This indicates that Netrins play conserved roles in the subdomain-specific
innervation of both laminated structures and brain nuclei and identifies a novel
role for these cues distinct from previously reported functions in for example axon
guidance, topographic sorting and synaptogenesis ((Bielle et al., 2011; Goldman et
al., 2013; Lai Wing Sun et al., 2011; Manitt et al., 2011; Poon et al., 2008; Powell et
al., 2008) and references therein).

Subdomain-Mediated Axon-Axon Signaling and Chemoattraction Cooperate to Regulate Afferent Innervation of the Lateral Habenula | 73

3

3

Our work further shows that at least two distinct mechanisms are needed to
control the dopaminergic innervaton of the lHb. A possible explanation for this
cooperation between axon-axon signaling and chemoattraction is that lHb axons
act to deliver dopaminergic axons specifically at the lHb following which Netrin-1
uncouples these axons. This would allow other (non-)axonal molecular signals within
the lHb to guide dopaminergic axons to their partner neurons. Furthermore, Netrin-1
may not only facilitate axon entry but could subsequently confine these axons to the
lHb. Netrin-B serves an analogous role in the Drosophila visual system, where it
not only attracts but also confines R8 axonal afferents to layer M3, preventing their
progression into deeper layers (Timofeev et al., 2012). It is possible that Netrin-1
cooperates with repulsive signals in the mHb to safeguard subdomain-specificity.
Interesting candidates would be Slits, which have recently been implicated in the
layer-specific organization of the zebrafish tectum (Xiao et al., 2011) and display
habenular subnucleus-specific expression, e.g. the repulsive cue Slit2 is specifically
expressed in the mHb (E.R.E.S. and R.J.P., unpublished observations). Further
studies will be needed to dissect the mechanistic details of Netrin-1-mediated axon
target entry and to test whether Netrin-1 is required for confining dopaminergic
afferents to the lHb.
Despite its important physiological functions and its implication in disorders such
as major depressive disorder (MDD) (Hikosaka, 2010), the mechanisms underlying
habenular circuit development in mammals remain largely unknown (Chen et
al., 2000; Funato et al., 2000; Giger et al., 2000; Kantor et al., 2004). Our study
reveals mechanisms that enable the generation of highly specific patterns of afferent
innervation in the habenula. These principles may not only apply to dopaminergic
axons but also to the many other afferent projections targeting the habenula (Bianco
and Wilson, 2009). Together, our work provides tools and a conceptual framework
for the further dissection of habenular circuit assembly. More generally, our findings
unveil an unexpected cooperation between subdomain-mediated axon-axon signaling
and subnucleus-restricted chemoattraction in subdomain-specific axon targeting.
Analogous combinatorial targeting strategies could be widely used because many
brain nuclei and layered structures in the nervous system display subdomain-specific
patterns of guidance cue expression and are interconnected with their afferent target
regions though reciprocal axon projections.
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MATERIALS AND METHODS
Mouse Lines

Animal use and care was in accordance with local institutional guidelines. Generation
of transgenic mice and all other mouse lines used in this study are described in the
Supplemental Experimental Procedures.
Immunohistochemistry and In Situ Hybridization

Nonradioactive in situ hybridization and immunohistochemistry were performed as
described previously (Kolk et al., 2009; Pasterkamp et al., 2007). Average fluorescence
intensity was measured using the histogram function in Adobe Photoshop.
Background was determined in areas without staining and subtracted from images
after which mean signal intensity was determined. See Supplemental Experimental
Methods for more details on reagents and protocols.
Laser capture microdissection

Laser capture microdissection was performed using a PALM laser microscope system
(Zeiss). Samples were subjected to SDS-PAGE and were sent for mass spectrometry
analysis. See Supplemental Experimental Methods for a detailed description of the
laser capture microdissection procedure.
Explant and Organotypc Slice Cultures

Three dimensional collagen matrix assays were performed as described previously
(Kolk et al., 2009; Schmidt et al., 2012). See Supplemental Experimental Procedures
for a detailed description of the antibody prepration, coating and quantification. For
organotypic slice cultures, E12.5 mouse brains were dissected to produce two sagittal
hemisections. Following three days in culture, hemisections were fixed in 4% PFA and
stained using appropriate antibodies. See Supplemental Experimental Procedures
for more detailed description of the culture conditions, immunohistochemistry and
quantification.
Ex vivo electroporation

To test siRNA knockdown efficiency, HEK 293 human embryonic kidney cells
were plated onto poly-D-lysine coated coverslips. siRNAs (ON-TARGET plus
SMARTpool; Dharmacon) were transfected using Lipofectamine 2000 (Invitrogen)
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according to manufacturer’s protocol. For electroporation, mouse embryos were
collected at E13.5 and the third ventricle was injected with siRNA (25 µM) and
DNA (1 µg/µl). After electroporation hemisections were cultured as described above
for the organotypic slice cultures. See Supplemental Experimental Procedures for
more details.

3

Quantification and statistics methods

Statistical analyses were performed using IBM SPSS Statistics by Student’s t-test.
All data were expressed as means ± SEM and significance was defined as P < 0.05.
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Figure S1. Netrin-1 is an Attractant for Dopaminergic Axons of the Ventral Tegmental Area (VTA),
Related to Figure 1.
(A) Collagen matrix assays combining E14.5 VTA and control or Netrin-1 expressing HEK 293 cells. Dopaminergic

axons are attracted towards Netrin-1 expressing cells, but not control cells. Arrowheads indicate position of adjacent
HEK 293 cell aggregates.

(B) Average P/D ratio for control and Netrin-1 conditions. P/D ratios, 1.09, n = 14, and 1.80,
n = 14, respectively, ** P < 0.01. Error bars indicate SEM.
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Figure S2. Markers Allow For Specific Visualization of the Core and Sheath Domains of the
Fasciculus Retroflexus (FR), Related to Figure 3.
(A) Immunohistochemistry for tyrosine hydroxylase (TH), neurofilament medium polypeptide (Nefm) and/or

Robo3 on coronal sections of the FR. Nefm is specific for the sheath and shows that dopaminergic axons (green
arrows) are confined to this subdomain of the FR. The core is stained by Robo3. Double staining of Robo3 and Nefm
reveals the complete segregation of the core and sheath domain.

(B,C) Immunohistochemistry for Robo3 in the habenula. In DCC-/- and Netrin-1-/- mice (B) and in

Tag1-Cre:DCCfl/fl mice (C) Robo3-positive axons are found at the dorsal roof of the habenula. c, core; mHb, medial
habenula; sh, sheath; sm, stria medullaris.
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Figure S3. Development of Reciprocal Habenular and Dopaminergic Projections, Related to
Figure 4.
(A-C) Immunohistochemistry for tyrosine hydroxylase (TH), Tag1 and/or Robo3 on sagittal sections of the

fasciculus retroflexus (FR). At E11.5, Tag1-positive axons from the habenula arrive at the dopaminergic midbrain
(red arrows). Dopaminergic neurons extend axons but these do not yet progress towards the habenula (green arrow)

(A). At E13.5, a bundle of fasciculated axons from the habenula (red arrow) extends into the dopaminergic midbrain.

A few dopaminergic axons (green arrow) grow along this bundle and are restricted to the outer part of the FR (B).
At E18.5, dopaminergic axons (green arrows) are restricted to the outer part of the FR (C). Inset shows a coronal
cross section of the FR. DA, dopamine neuron pool; Hab, habenula; v, ventricle.
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Figure S4. Dopaminergic Projections to the Forebrain Are Intact in Tag1-Cre+/-:DTA Mice, Related to
Figure 4.
Immunohistochemistry for tyrosine hydroxylase (TH) on sagittal sections of the forebrain. Dopaminergic axons

projecting to the forebrain run through the MFB and are intact in Tag1-Cre+/-:DTA mice. MFB, medial forebrain

bundle.

Figure S5. LAMP Protein is Expressed in the Lateral Habenula (lHb) and Ventral Tegmental Area
(VTA), Related to Figure 7.
(A-B) Immunohistochemistry for limbic-system associated membrane protein (LAMP) and/or tyrosine hydroxylase

(TH) on coronal sections. At E18.5, LAMP is specifically expressed in the lHb (A) and in dopaminergic neurons in
the VTA (B). mHb, medial habenula.
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lHb

Symbol (Entrez)

Protein

ALCAM

Activated leukocyte cell adhesion molecule

Amigo2

Adhesion molecule with Ig like domain 2

Cntn2

Contactin-2

Crk

Adapter molecule crk

DCC

Deleted in colorectal carcinoma

Nrp2

Neuropilin 2

Plxnb2

Plexin-B2

Gap43

Neuromodulin

Gpc2

Glypican-2

NCAM1

Neural cell adhesion molecule 1

Nefm

Neurofilament medium polypeptide

Nlgn2

Neuroligin-2

Nlgn3

Neuroligin-3

NrCAM

Neuronal cell adhesion molecule

Table S1. Related to Figure 1.
List of cell adhesion and axon guidance molecules detected or enriched in either the mHb or lHb.

Whole FR

Core

Sheath

Symbol (Entrez)

Protein

ALCAM

Activated leukocyte cell adhesion molecule

Cdh13

Cadherin 13

Negr1

Neuronal growth regulator 1

Nfasc

Neurofascin

Nrp2

Neuropilin 2

Robo1

Roundabout homolog 1 (Drosophila)

DCC

Deleted in colorectal carcinoma

Gpc2

Glypican 2 (cerebroglycan)

L1CAM

L1 cell adhesion molecule

NCAM1

Neural cell adhesion molecule 1

NrCAM

Neuron-glia-CAM-related cell adhesion molecule

Robo3

Roundabout homolog 3 (Drosophila)

CHL1

Cell adhesion molecule with homology to L1CAM

LAMP

Limbic system-associated membrane protein

Table S2. Related to Figure 5.
List of cell adhesion and axon guidance molecules detected in the FR. Expression and localization was confirmed by
immunohistochemistry, as shown in main Figure 5.

88 | Chapter 3

SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Mouse Lines

All animal use and care were in accordance with institutional guidelines. The morning
on which a vaginal plug was detected was considered embryonic day 0.5 (E0.5).
C57BL/6 mice were obtained from Charles River. DTA and Rosa26-eYFP mice were
obtained from the Jackson Lab. En1-Cre mice were a kind gift of Wolfgang Wurst
(Helmholtz Zentrum München) and kindly provided by Alain Chédotal (INSERM).
Pitx3-GFP mice were a kind gift of Meng Li (MRC Clinical Science Center) and
kindly provided by Marten Smidt (University of Amsterdam). DCC conditional
mutant mice were a kind gift of Anton Berns (Netherlands Cancer Institute) and
kindly provided by Cecilia Flores (McGill University). DCC-/- (Fazeli et al., 1997)
and Netrin1 hypomorph mice (Serafini et al., 1996) were originally obtained from
the laboratory of Marc Tessier-Lavigne (Rockefeller University) and then bred at
the University of Queensland under the approval of the University of Queensland
Animal Ethics Committee and according to the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes. DCC and Netrin1 knockout mice
were backcrossed for over 10 generations onto a C57Bl/6 background.
Generation of Tag1-Cre mice

The Tag1(Tg)Cre line was generated using BAC technology (Bacterial Artificial
Chromosome) as described previously (Fogarty et al., 2007; Kessaris et al., 2006; Lee
et al., 2001). Briefly, 3 clones containing the entire murine Tag1 gene and upstream
and downstream genomic sequences were selected from a BAC library (Ensemble
CytoView). In parallel, a plasmid was constructed containing a transgene that included
Cre-recombinase flanked by sequences homologous to sequences upstream (95659796 bp) and downstream (9861-10159) of exon 2 of the Tag1 gene that contains
the ATG. A polyA-frt-kanamycin-frt cassette was also included in the vector. The
appropriate BAC clone and the plasmid were introduced into EL250 cells, colonies
were tested for homologous recombination (by which exon 2 sequences were replaced
by Cre-recombinase) using restriction digestion and Southern blotting with a probe
for the 5’ homology region of the Tag1 gene. Finally, the recombined transgene was
isolated and generation of transgenic mice by pronuclear injection of the modified
BAC was as described previously (Kessaris et al., 2006). Mice were genotyped using
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primers to detect a 550bp Cre fragment (5’-TGAGTGCTTTAGCTCTACAGC-3’
and 5’-GACACAGCATTGGAGTCAGA-3’). To examine the spatiotemporal
patterns of Cre recombination in the Tag1-Cre mice, Tag1-Cre mice were crossed
with Rosa26-eYFP mice, in which a YFP cDNA is preceded by a lox-STOP-lox
cassette (Srinivas et al., 2001).

3

Immunohistochemistry

After cervical dislocation, brains were fixed in 4% paraformaldehyde (PFA) in PBS
after which they were cryoprotected in 30% sucrose in PBS. Cryostat sections were
cut at 16-18 µm, mounted on Superfrost Plus slides (Thermo Fisher Scientific), airdried, and stored at -20oC. Sections were blocked with 1% BSA in PBS containing
0.4% Triton X-100 for 30 min at room temperature (RT). Subsequent incubation
with primary antibodies in blocking buffer was done overnight at 4oC. Sections were
washed extensively in PBS and incubated with secondary antibodies conjugated to
Alexa Fluor-488, 555 and 680 from appropriate species. After several washes in PBS,
sections were counterstained with fluorescent Nissl (Neurotrace; Invitrogen; 1:500),
washed in PBS and mounted in FluorSave reagent (Merck Millipore). Staining
was visualized on a Zeiss Axioskop A1 epifluorescent microscope or by confocal
laser-scanning microscopy (Olympus FV1000). Average fluorescence intensity was
measured using the histogram function in Adobe Photoshop. Background was
determined in areas without staining and subtracted from images after which the
mean signal intensity was measured. Primary antibodies used were:
mouse anti-Nefm (clone 2H3; 1:30), rabbit anti-TH (Millipore; 1:1000), goat antiRobo3 (R&D Systems; 1:50), mouse anti-Tag1 (DSHB; 1:50), chicken anti-GFP
(Abcam; 1:500), mouse anti-DCC (Calbiochem; 1:500), rabbit anti-DCC (a kind
gift from Dr. Helen M. Cooper (Queensland Brain Institute; 1:500), goat antiNeurofascin (Santa Cruz; 1:50), goat anti-ALCAM (R&D Systems, 1:50), antiCadherin 13 (Santa-Cruz, 1:50), goat anti-Neurotractin (Santa Cruz; 1:50), goat
anti-Robo1 (R&D Systems; 1:50), goat anti-Glypican 2 (R&D Systems, 1:50),
rabbit anti-NrCAM (Abcam, 1:50), mouse anti-NCAM (R&D Systems, 1:50), goat
anti-L1 (R&D Systems, 1:100), goat anti-CHL1 (R&D Systems, 1:100), mouse
anti-LAMP (DSHB; 1:50), goat anti-Neuropilin-2 (R&D Systems, 1:100).
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Laser capture microdissection

Fresh frozen sections of E16.5 mouse brains were sagittally cut (16 µm) and
mounted on MembraneSlides 1.0 PEN (Zeiss). Sections were dried within the
cryostat chamber to prevent protein degradation and were stored at -80oC until
use. Before the laser dissection procedure, sections were incubated in ice-cold 70%
ethanol for 2 min and stained for 1 min with 1% (w/v) cresyl violet in 50% ethanol.
Next, sections were washed shortly in ice-cold 70% ethanol and 100% ethanol and
subsequently air-dried. Laser capture microdissection was performed on a PALM
laser microscope system (Zeiss). Dissected tissue was collected in lysis buffer (20 mM
Tris pH7.5, 15 0mM NaCl, 10% glycerol, 1% NP-40) containing protease inhibitor
cocktail (Complete; Roche). After the procedure, LDS sample buffer (NuPAGE)
and 2-mercaptoethanol was added and samples were stored at -80oC. Samples were
subjected to SDS-PAGE and stained using GelCode Blue Stain reagent (Thermo
Scientific). Gels were sent for mass spectrometry analysis at the Erasmus Proteomics
Center (Rotterdam).
RNA in situ hybridization

cDNA was made from whole mouse brain RNA using a one-step RT-PCR kit
(Qiagen), according to supplied protocol and using the following primers:
DCC, 5’-Cccagtccaaggttacagattg-3’ and
5’-GGAGGTGTCCAACTCATGATG-3’;
Netrin-1, 5’-GATGTGCCAAAGGCTACCAG-3’ and
5’-TTCTTGCACTTGCCCTTCTTC-3’;.
cDNA was cloned into pGEM-T Easy (Promega) and transcribed using either SP6
or T7 RNA polymerase (Roche) and digoxigenin-labeled nucleotide mix (Roche) to
produce digoxigenin-labeled cRNA probes. Brain sections were from prepared on
a cryostat from brains frozen on dry-ice. Sections were cut at 16 µm and stored at
-80oC. After hybdrization of probes, digoxigenin was detected using anti-digoxigenin
FAB fragments conjugated to alkaline phosphatase (Roche; 1:3000) and stained
with NBT/BCIP (Roche). Sections were counterstained with fluorescent Nissl
(Neurotrace; Invitrogen; 1:500), mounted using FluorSave reagent and visualized on
a Zeiss Axioscope A1.
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Explant Cultures

3

E14.5 mouse embryos were collected in ice-cold L15. Appropriate brain regions were
dissected in L15 with 5% FCS and explants were cut to a diameter of approximately
350 µm. For cocultures, explants and/or transfected HEK 293 cells were placed
together in a collagen hill at a distance of approximately 300 µm and were cultured in
Neurobasal containing HEPES, B27, β-mercaptoethanol, glutamine and penicillin/
streptomycin. For blocking experiments, sodium azide was removed from IgG
control (Millipore) and anti-DCC blocking antibodies (Calbiochem) using SlideA-Lyzer 10K dialysis cassettes (Thermo Scientific). Antibodies were added at a final
concentration of 10 µg/ml. After 72 h in culture, explants were fixed in 4% PFA
and stained using appropriate antibodies. Quantification of cocultures was done by
measuring the 20 longest neurites in both the proximal and distal quadrants. Using
average values the proximal/distal (P/D) ratio was determined for each explant. For
growth on LAMP substrate, coverslips were coated with either poly-D-lysine (PDL)
for control or PDL and 10 µg/mL of recombinant mouse LAMP (Sino Biological).
Average axon length was determined after 72 h in culture.
Organotypic Slice Cultures

For organotypic slice culture experiments, E12.5 mouse brains were dissected and
cut along the midline to produce two sagittal hemisections. Brain slices were cultured
on Millicell cell culture inserts (PTFE, 0.4 µm, Millipore) for three days in 1.6 ml
slice culture medium consisting of Basal Medium Eagle (Sigma) and supplemented
with cHBSS, glucose, glutamine and penicillin/streptomycin, as described previously
(Polleux and Ghosh, 2002). For blocking of axon outgrowth, membrane blocking
filters (Nuclepore Track-Etched 8 µm, Whatman) were cut to a size roughly
covering the complete ventral side of the habenula and were placed at 0 days in vitro
(DIV) where they remained for the entire culture period. For removal of GPI-linked
proteins, PI-PLC (Sigma) was dissolved according to manufacturer’s protocol and
added at 0, 1 and 2 DIV to a final concentration of 1 U/ml. Control slices were
incubated with the same volume of vehicle. Blocking experiments were performed
by adding LAMP blocking antibodies (R&D Systems) to a final concentration of 30
µg/ml at 0, 1 and 2 DIV. After 3 DIV slices were fixed in 4% PFA for 1 h and washed
in PBS. Slices were blocked in PBS-T (PBS containing 1% Triton-X100) and 10%
fetal calf serum (FCS) for 3 h at RT. Slices were stained with primary antibodies
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overnight in blocking buffer at 4oC and subsequently washed 6 times for 1 h in
PBS-T with 1% FCS at RT. Next, slices were incubated with secondary antibodies
overnight at 4oC after which they were washed several times in PBS, mounted on
microscope slides with ProLong Gold antifade reagent (Invitrogen) and visualized
on an Olympus FV1000 confocal laser-scanning microscope. For quantification of
axon growth, three bins of equal size were drawn along the axon bundle and average
fluorescence intensity in each bin was determined, as described above.
siRNA knockdown procedure

HEK 293 human embryonic kidney cells were plated onto poly-D-lysine coated
coverslips. For transfection, 1.75 µl of Lipofectamine 2000 was diluted in 25 µl OptiMEM (Gibco). Separately, 15 pmol siRNA together with 0.5 µg of DNA encoding
LAMP (LAMP-pIRES-hrGFP-1a) (Hashimoto et al., 2009) was added to 25 µl
Opti-MEM. Both Opti-MEM dilutions were mixed and allowed to incubate for
10 min after which they were directly added to each well. After 72 h cells were
fixed in 4% PFA, briefly washed in PBS, and incubated for 30 min in blocking
buffer containing 1% BSA in PBS and 0.4% Triton X-100. Cells were incubated
with appropriate primary antibodies in blocking buffer overnight at 4oC. Cells were
washed in PBS and incubated for 1 h with appropriate secondary antibodies at RT.
After washing in PBS, nuclei were counterstained with DAPI (Sigma) after which
the coverslips were mounted in Prolong Gold antifade reagent (Invitrogen).
Ex vivo electroporation

Mouse embryos were collected at E13.5 and the third ventricle was injected, as
described (Quina et al., 2009), with siRNA (25 µM) and/or DNA (GFP or LAMPpIRES-hrGFP-1a; 1 µg/µl) diluted in 0.05% Fast Green Dye (Sigma) using a PLI100 Pico-injector (Harvard Apparatus). Brains were electroporated using an ECM
830 Electro-Square-Porator (Harvard Apparatus) set to three unipolar pulses at 30 V
(100-ms interval and length) and using gold-plated Genepaddles (Fisher Scientific).
Brains were dissected and prepared for slice culture assay as described above. Slices
were grown for 3 DIV after which they were fixed, stained and visualized on a confocal
laser-scanning microscope (Olympus FV1000). For LAMP knockdown experiments,
axon growth in each electroporated slice was quantified by drawing three bins of
equal size along the axon bundle and subsequently determining average fluorescence
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intensity in each bin, as described above. LAMP overexpression experiments were
quantified by counting the number of TH-positive axons that inappropriately
innervated the mHb, as determined by double immunohistochemistry for TH and
Robo3. Only those slices were considered where a sufficient amount of GFP-positive
cells was found in the habenula and where no abnormal growth of Robo3-positive
axons was observed.
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‘I think animal testing is a terrible idea. They get all nervous and give silly answers.’
-A bit of Fry and Laurie

Chapter 4
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ABSTRACT

4

DCC and UNC5 homologues (UNC5H) are guidance cue receptors highly expressed
by mesocorticolimbic dopamine neurons. We have shown that dcc heterozygous mice
exhibit increased dopamine, but not norepinephrine, innervation and function in
medial prefrontal cortex. Concomitantly, dcc heterozygotes show blunted mesolimbic
dopamine release and behavioral responses to stimulant drugs. These changes
appear only in adulthood. Recently, we found an adolescent emergence of UNC5H
expression by dopamine neurons and co-expression of DCC and UNC5H by single
dopamine cells. Here, we demonstrate selective expression of unc5 homologue c
mRNA by dopamine neurons in adulthood. We show that unc5c haploinsufficiency
results in diminished amphetamine-induced locomotion in male and female
mice. This phenotype is identical to that produced by dcc haploinsufficiency and
is observed after adolescence. Notably, and similar to dcc haploinsufficiency, unc5c
haploinsufficiency leads to dramatic increases in tyrosine hydroxylase expression in
the medial prefrontal cortex, but not in the nucleus accumbens. In contrast, medial
prefrontal cortex dopamine-β-hydroxylase expression is not altered. We confirmed
that UNC5C protein is reduced in the ventral tegmental area of unc5c heterozygous
mice, but that DCC expression in this region remains unchanged. UNC5C receptors
may also play a role in dopamine function and influence sensitivity to behavioral
effects of stimulant drugs of abuse, at least upon first exposure. The striking similarities
between the dcc- and the unc5c- haploinsufficient phenotypes raise the possibility
that functions mediated by DCC/UNC5C complexes may be at play.
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INTRODUCTION
Netrin-1 is a developmental cue that directs axons and dendrites towards their
appropriate targets (“long-range” function) and participates in events that occur
following pathfinding (“short-range” function), including synaptogenesis and axonal
sprouting (Manitt & Kennedy, 2002; Barallobre et al., 2005; Colon-Ramos et al.,
2007; Hutchins & Kalil, 2008; Poon et al., 2008; Chao et al., 2009; Manitt et al.,
2009). DCC (Deleted in Colorectal Cancer) and the UNC-5 homologues (UNC5H,
A-D) are netrin-1 receptors that mediate attraction and repulsion, respectively
(Hong et al., 1999; Bouchard et al., 2004; Muramatsu et al., 2010). However, DCC/
UNC5H receptor complexes can also mediate netrin-1-induced repulsion (Keleman
& Dickson, 2001).
We and others have shown that DCC receptors are discretely and highly
expressed by dopamine (DA) neurons in the ventral tegmental area (VTA) from
embryonic life to adulthood in rodents (Osborne et al., 2005; Grant et al., 2007;
Yetnikoff et al., 2007; Manitt et al., 2010). Our group has accumulated substantial
evidence showing that DCC receptors are critically implicated in the development
of the mesocorticolimbic DA system (Flores, 2011). Briefly, we have shown that
adult dcc haploinsufficient mice have blunted locomotor responses to amphetamine
and cocaine and resistance to drug-induced deficits in sensorimotor gating. These
phenotypes do not depend on genetic background and are observed in both male and
female mice (Flores et al., 2005; Grant et al., 2007; Flores, 2011). Correspondingly,

Figure 1. Unc5c mRNA is Expressed in the Ventral Tegmental Area of the Adult Mouse Brain.
Micrographs of coronal midbrain hemisections of adult wild-type male mice. In both pictures, dorsal is on top, lateral

is on the left and medial is on the right. (A) Low magnification image showing unc5c mRNA expression within the
ventral tegmental area (VTA) and substantia nigra pars compacta (SNc). (B) UNC5H protein expression in the
VTA and SNc; note that the pattern of labeling is nearly identical to that detected in A. Sections correspond to plate
55 of the Mouse Brain Atlas (Franklin & Paxinos, 2007). Scale bar: 250 μm.
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dcc heterozygotes exhibit reduced amphetamine-induced DA release in the NAcc,
but have exaggerated extracellular concentrations of DA, but not norepinephrine, in
the mPFC. This is observed both at baseline and following exposure to amphetamine
(Grant et al., 2007). These behavioral and neurochemical traits are opposite to those
observed in putative developmental animal models of schizophrenia (Tseng et al.,
2009; Boksa, 2010), in the disease itself (Lieberman et al., 1987; Breier et al., 1997;
Akil et al., 1999; Meyer-Lindenberg et al., 2002; Abi-Dargham et al., 2009; Howes
et al., 2012), or following repeated exposure to stimulant drugs (Vezina, 2004; Evans
et al., 2006; Leyton, 2007). In fact, we have demonstrated an association between
variation in the human DCC gene and schizophrenia (Grant et al., 2012). Strikingly,
the dcc “protective” phenotype emerges only after adolescence (Grant et al., 2009;
Yetnikoff et al., 2011; Yetnikoff et al., 2013) and is tightly associated with a selective
increase in DA connectivity in the mPFC (Manitt et al., 2011).
Although mesocorticolimbic DA neurons express DCC throughout life, they
only begin to co-express UNC5H receptors during the adolescent period (Manitt
et al., 2010). Moreover, the emergence of UNC5H expression within DA neurons
in the VTA marks a drastic switch in the DCC:UNC5H ratio in this region,
leading to a predominant, but not exclusive, UNC5H expression from adolescence
onwards (Manitt et al., 2010). UNC5H receptors may therefore contribute to the

Figure 2. Unc5c mRNA Is Expressed By Ventral Tegmental Area DA Neurons.
Micrographs of coronal midbrain hemisections of adult wild-type male mice. In (A), dorsal is on top, medial is on

the left and lateral is on the right. In (B), dorsal is on top, medial is on the right, and lateral is on the left. (A) High
magnification images showing that unc5c mRNA (red) is expressed by most TH-positive neurons (green) in the
ventral tegmental area (VTA). (B) No mRNA expression (red) is detected using the mRNA sense probe. Sections
correspond to plate 55 of the Mouse Brain Atlas (Franklin & Paxinos, 2007). Scale bar: 50 μm.
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adolescent maturation of the DA circuitry, either alone or as DCC/ UNC5H
receptor complexes. As such, one would expect that unc5 homologue receptor
haploinsufficiency would also lead to DA-related phenotypes in adulthood. We have
previously found that only unc5 homologue c (unc5c) mRNA, and to a lesser extent
unc5d, are expressed within the VTA of adult rodents (Manitt et al., 2010). Thus, the
goal of this study was to begin to determine whether unc5c heterozygous mice exhibit
behavioral and molecular indicators of altered DA function. We chose to study unc5c
haploinsufficiency to make comparisons to our previous studies in dcc heterozygotes.
To this end, we employed experimental protocols identical to those used in our
dcc haploinsufficiency studies. Indeed, netrin-1 receptor haploinsufficiency models
recapitulate naturally occurring variations in gene expression in humans (Srour et al.,
2010; Grant et al., 2012).

RESULTS
Adult Midbrain Dopamine Neurons Express Unc5c mRNA

As shown in Figure 1a, there is robust and selective expression of unc5c mRNA in
both the VTA and substantia nigra pars compacta of adult mice. Furthermore, the
pattern of expression appears to be specific to a subset of neurons within these regions.
The labeling within the substantia nigra pars reticulata is sparse, suggesting that DA

Figure 3. Unc5c, But Not Unc5d, mRNA Is Expressed By DA Neurons In the Ventral Tegmental Area
of the Adult Mouse.
(A) Micrograph of a coronal midbrain hemisection from an adult Pitx3-GFP mouse. The ventral tegmental area is
delineated with white dots. GFP-positive DA neurons were laser-dissected from the delineated area, and mRNA
from these neurons was subjected to RT-PCR using primers specific to unc5c and unc5d. Scale bar: 150 μm. (B) RTPCR products after gel electrophoresis. Note that only unc5c, and not unc5d, mRNA was amplified from adult DA
neurons from the ventral tegmental area (VTA). bp; base pairs.

Unc5C haploinsufficient phenotype: striking similarities with the DCC haploinsufficiency model | 101

4

4

cells express the unc5c homologue. Interestingly, the patterns of unc5c mRNA and
UNC5H protein expression in the adult VTA are very similar (Figure 1b), indicating
that the UNC5H antiserum does detect UNC5 homologue C within the VTA.
To further verify whether adult midbrain DA neurons express unc5c mRNA, we
conducted dual unc5c in situ hybridization-TH immunohistochemistry experiments
on brain sections of adult wild-type male mouse. These experiments revealed that
neurons that express unc5c mRNA co-express TH. This is the case for both VTA
(Figure 2) and substantia nigra pars compacta (data not shown). Most, if not all,
TH-positive neurons appear to express unc5c mRNA within the VTA, but there are
unc5c mRNA positive neurons that are non-dopaminergic. No signal was detected
when sense probes were used, confirming the specificity of the unc5c antisense probe
(Figure 2).
In a previous study we performed RT-PCR experiments on whole tissue punches
of the VTA of adult rodents and found that both unc5c and unc5d homologues were
expressed in this region. To further investigate unc5 homologue expression within
VTA DA neurons specifically, we laser-dissected VTA DA neurons of adult Pitx3GFP transgenic mice and conducted RT-PCR using primers specific to unc5c and
unc5d mRNA. We found that adult VTA DA neurons express significant levels
of unc5c, but not unc5d mRNA (Figure 3). Previous studies have shown similar
functional and neuroanatomical characteristics between DA neurons of Pitx3-GFP
mice and DA neurons of wild-type mice and of other transgenic lines (Dougalis et
al., 2012). The fact that unc5c mRNA is expressed in DA neurons of both Pitx3-GFP
and wild-type mice in adulthood is consistent with these reports.
Blunted Behavioral Response to Amphetamine in Adult Unc5c
Heterozygous Mice

As shown in Figure 4, adult male unc5c heterozygous (n=8) and their wild-type
littermate (n=14) mice show similar locomotor activity at baseline (Figure 4a) or
following an i.p. injection of saline (Figure 4b). However, male unc5c heterozygous
mice exhibit significantly reduced locomotion in response to an i.p. injection of
amphetamine (2.5 mg/kg) in comparison to their wild-type controls (Figure 4c).
A repeated measures ANOVA revealed no main effect of genotype (F1,20 = 1.61, P =
0.21), but a significant genotype × time interaction (F17,340 = 4.25, P < 0.0001). We
have shown previously that dcc haploinsufficiency also leads to blunted amphetamine-
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Figure 4. Blunted Amphetamine-induced Locomotion In Adult Male Unc5c Heterozygous Mice.
Data points represent the total distance traveled in centimeters (mean ± SEM). The injection time point is indicated
by an arrow. (A) No difference was observed between unc5c heterozygous (+/-) and wild-type (+/+) mice during

habituation. (B) No difference was observed between groups following an injection of 0.9% saline, 15 min after
habituation. (C) Male +/- mice display a blunted response to a single injection of amphetamine (2.5 mg/kg i.p.)

compared to male +/+ mice. Post hoc analysis revealed significantly less amphetamine-induced locomotion in unc5c

+/- male mice compared to +/+ controls at the following times, post-drug injection: t = 15 min: p = 0.0386; t = 20
min: p = 0.0038; t = 25 min: p = 0.0024. (D) Adult male unc5c +/- mice show diminished amphetamine-induced

stereotypy in comparison to +/+ controls. Data from adult male dcc +/- mice presented in the insets were adapted
from Grant et al., 2007. A repeated measures ANOVA on amphetamine-induced stereotypy of these previous data

revealed both a main effect of genotype (F1, 19 = 8.50, P = 0.0089) and a significant genotype x time interaction (F17,
323

= 3.34, P < 0.0001). Note that the phenotypes of adult male unc5c +/- and dcc +/- mice are almost identical. A,

amphetamine injection; S, saline injection
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Figure 5. Blunted Amphetamine-induced Locomotion In Adult Female Unc5c Heterozygous Mice.
Data points represent the total distance traveled in centimeters (mean ± SEM). The injection time point is indicated
by an arrow. (A) No difference was observed between unc5c heterozygous (+/-) and wild-type (+/+) mice during

habituation. (B) No difference was observed between groups following an injection of 0.9% saline, 15 min after
habituation. (C) Female unc5c +/- mice display a blunted response to a single injection of amphetamine (2.2 mg/kg

i.p.) compared to female +/+ mice. (D) No differences in amphetamine-induced stereotypy were observed between

unc5c +/- mice and +/+ controls. Data from adult female dcc +/- mice presented in the insets were adapted from Grant
et al., 2007. A repeated measures ANOVA on amphetamine-induced stereotypy of these previous data revealed a

main effect of genotype (F1, 18 = 6.04, P = 0.024), but a non-significant genotype × time interaction (F17, 306 = 1.12, P

= 0.33). Note that the phenotypes of adult female unc5c +/- and dcc +/- mice are almost identical. A, amphetamine
injection; S, saline injection
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induced locomotion in adulthood. The time course and magnitude of the reduced
behavioral responding to amphetamine is remarkably similar between adult male
unc5c heterozygous and adult male dcc heterozygous mice (see Figure 4 inset).
As shown in Figure 5, both adult female and male unc5c heterozygous mice show
blunted amphetamine-induced locomotion in comparison to their corresponding
littermate controls. There are no differences in locomotor activity between adult
female unc5c heterozygous (n=8) and female wild-type mice (n=9) during habituation
(Figure 5a) or after an injection of saline (Figure 5b). However, single exposure to
amphetamine (2.2 mg/kg) elicits significantly blunted locomotor activity in female
unc5c heterozygous mice versus their wild-type counterparts (Figure 5c). A repeated
measures ANOVA revealed a main effect of genotype (F1,15 = 4.14, P = 0.05), but a
non-significant genotype × time interaction (F17,225 = 1.5, P = 0.08). The time course
and magnitude of the reduced behavioral responding to AMPH is remarkably
similar between adult unc5c heterozygous female mice and dcc heterozygous female
mice (Figure 5 inset).
We also examined amphetamine-induced stereotypy in order to ensure that the
locomotor phenotype of unc5c heterozygotes was not a consequence of increased
stereotypy. In adult males, a repeated measures ANOVA revealed no main effect
of genotype (F1, 20 = 0.66, P = 0.42). However there is a significant genotype × time
interaction (F17, 340 = 3.94, P < 0.0001), with unc5c heterozygous mice showing less
amphetamine-induced stereotypy than their control littermates during the first part
of the test (Figure 4d). In adult female mice, no differences in stereotypy counts were
observed between genotypes (Figure 5d). A repeated measures ANOVA revealed no
main effect of genotype (F1, 15 = 0.41, P = 0.52) and a non-significant genotype × time
interaction (F17, 255 = 1.41, P = 0.13).
The Behavioral Phenotype of Unc5c Heterozygous Mice is
Not Evident Before Adolescence

We found no differences in locomotor activity between male juvenile unc5c
heterozygous mice (n=7) and their corresponding male wild-type littermates (n=11)
at baseline (Figure 6a) or after an i.p. injection of saline (Figure 6b). However, in
contrast to adults, male juvenile unc5c heterozygous and wild-type mice show identical
locomotor activity in response to a single injection of 2.5 mg/kg of amphetamine
(Figure 6c; repeated measures ANOVA: no significant main effect of genotype (F1,16
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= 0.19, P = 0.66) and a non significant genotype × time interaction (F17,272 = 0.44, P
= 0.97).
Similarly, juvenile female unc5c heterozygous (n=12) and female wild-type
littermate (n=9) mice show indistinguishable behavioral responses at baseline (Figure
6d), following an i.p. injection of saline (Figure 6e), or after a single injection of
2.2. mg/kg of amphetamine (Figure 6f; repeated measures ANOVA: no significant
main effect of genotype (F1,19 = 0.76, P = 0.39) and a non significant genotype ×
time interaction (F17,323 = 1.08, P = 0.36). The post-adolescence expression of the
behavioral phenotype of unc5c heterozygous mice parallels our previous findings
with dcc heterozygous mice (Grant et al., 2009; Yetnikoff et al., 2011), which exhibit
blunted behavioral responses to amphetamine only in adulthood (Grant et al., 2009;
Yetnikoff et al., 2010)

Figure 6. Juvenile Male And Female Unc5c Heterozygous Mice Show No Differences In
Amphetamine-induced Locomotion Compared to Wild-type Littermates.
Data points represent the total distance traveled in centimeters (mean ± SEM). The injection time point is indicated
by an arrow. (A, D) During habituation, no differences in locomotion were observed between juvenile male unc5c

heterozygous (+/-) and wild-type (+/+) controls, or between juvenile female unc5c +/- and +/+ mice. (B, E) No

difference in locomotion was observed between groups following an injection of 0.9% saline. (C, F) Both juvenile

male and female unc5c +/- mice display identical behavioral responses relative to their respective +/+ control groups
following a single injection of amphetamine (2.5 mg/kg i.p.). A, amphetamine injection; S, saline injection.
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Both male and female juvenile unc5c heterozygous mice show nearly identical
amphetamine-induced stereotypy in comparison to their corresponding male
or female wild-type littermates (data not shown). For juvenile males, a repeated
measures ANOVA revealed no main effect of genotype (F1, 16= 0.16, P = 0.68) and a
non-significant genotype × time interaction (F17,272 = 0.33, P = 0.99). Likewise, for
juvenile females a repeated measures ANOVA showed no main effect of genotype
(F1, 19 = 0.21, P = 0.64) and a non-significant interaction of genotype × time (F17, 323
= 0.87, P = 0.59).
Unc5c Heterozygous Mice Exhibit a Selective Increase in TH
Protein Expression in the mPFC, But Not in the NAcc

To assess whether the behavioral changes in unc5c heterozygous mice are accompanied
by changes in DA function, we examined the expression of TH in the mPFC and
NAcc of adult unc5c heterozygotes and wild-type controls using Western blot. unc5c
heterozygous mice show a large and significant increase (2.3 fold) in TH expression
in the mPFC in comparison to control groups (Figure 7A; t11 = 2.251 P = 0.04). In
the NAcc, however, the levels of TH expression are comparable between genotypes
(Figure 7A; t12 = 0.621 P = 0.54). dcc heterozygous mice also exhibit increased TH
expression in the mPFC, but not in the NAcc (Flores et al., 2005).
The mPFC receives both DA and noradrenergic innervation. Thus, to determine
whether the changes in TH observed in unc5c heterozygotes reflect changes in DA
terminals, we examined mPFC expression of DBH, the enzyme responsible for
converting DA to norepinephrine. Similar to what we reported previously in adult
dcc haploinsufficient mice (Flores et al., 2005), we found no differences in DBH
expression between unc5c heterozygous mice and wild-type controls (Figure 7A,
inset; t9 = 0.944 P = 0.36).
Unc5c Heterozygous Mice Have Reduced UNC5C Protein
Expression in the VTA, But No Changes in DCC Expression

To determine whether UNC5C protein expression is altered in adult unc5c
heterozygous mice, we conducted western blot analysis in bilateral punches of the
VTA of unc5c heterozygous and wild-type mice using the same UNC5H antiserum
as in Figure 1. We found a significant reduction in UNC5H immunoreactivity in
unc5c heterozygous mice in comparison to wild-type controls (Figure 7B; t12 = 2.179
P = 0.01). This finding, together with the fact that only unc5c and unc5d mRNA are
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expressed within the VTA, indicates that unc5c haploinsufficiency leads to reduction
of UNC5C protein expression.
In contrast, we found no changes in DCC expression in the VTA of adult
unc5c heterozygous mice, indicating that reductions in UNC5C expression within
this region are not associated with corresponding compensatory changes in DCC
expression (Figure 7B; t15 = 2.179 P = 0.4). Likewise, there are no compensatory
changes in UNC5C expression in the VTA of adult dcc heterozygous mice (Grant et
al., 2007).

DISCUSSION
In this study, we first demonstrate, using two different strategies, that DA neurons
in the VTA express, selectively, unc5c mRNA in the adult mouse. We then show
that haploinsufficiency of unc5c results in reduced UNC5C protein expression and
diminished sensitivity to the effects of a single injection of amphetamine on locomotor
activity. This behavioral phenotype is observed in both male and female unc5c
haploinsufficient mice and, remarkably, becomes evident in adulthood. Furthermore,
adult unc5c haploinsufficient mice exhibit dramatic increases in TH, but not DBH
expression in the mPFC selectively; TH levels in the NAcc are not different between
unc5c heterozygous and wild-type mice. Importantly, there are no compensatory
changes in DCC expression in the VTA of unc5c heterozygotes. These behavioral and
DA phenotypes are remarkably similar to the ones exhibited by mice that develop
with dcc haploinsufficiency (Flores, 2011). Thus, our findings raise the intriguing
possibility that reduced UNC5C expression, similar to dcc heterozygosity, may lead
to alterations in adult mPFC DA function. In turn, reduced UNC5C function may
confer diminished sensitivity to the behavioral effects of stimulant drugs.
Dopamine Neurons of the VTA Express Unc5 Homologue C
Exclusively

In a previous study, we assessed UNC5H expression within mesocorticolimbic DA
neurons in rodents from embryonic life to adulthood. We found robust UNC5H
immunofluorescence in VTA DA neurons, but only from adolescence onwards
(Manitt et al., 2010). The antiserum we used was raised against UNC5C, but it
detects recombinant UNC5A and UNC5B proteins too (Tong et al., 2001; Manitt
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et al., 2004). We then conducted RT-PCR on tissue punches of the VTA of adult
mice using primers specific to mRNA of unc5a-d homologues. We found a robust
amplification of unc5c cDNA, but also a faint unc5d band (Manitt et al., 2010).
In the present study, we now show, using in situ hybridization, that unc5c mRNA
is expressed by most, if not all, adult VTA DA neurons. Furthermore, our laser
dissection experiments revealed that the unc5c, but not unc5d, transcript is expressed
by DA neurons of the VTA. unc5d mRNA expression in the VTA is exclusive to
non-dopaminergic VTA neurons.
In this study we found that the patterns of unc5c mRNA and UNC5H protein
expression within the VTA are almost identical; confirming that the UNC5H
antiserum we have used in all our studies detects UNC5C protein in this region
(Grant et al., 2007; Yetnikoff et al., 2007; Manitt et al., 2010). Within this context, the

Figure 7. Increased Medial Prefrontal Cortex Tyrosine Hydroxylase Expression and Reduced Ventral
Tegmental Area UNC5C Protein Expression In Adult Unc5c Heterozygous Mice.
Optical density data were converted to percent of the wild-type (+/+) group (100%). All data are presented as the

mean ± SEM. (A) There is increased tyrosine hydroxylase (TH) protein expression in the medial prefrontal cortex
(mPFC) of unc5c heterozygous (+/-) mice in comparison to +/+ controls, but no changes in TH expression within the
nucleus accumbens (NAcc). Furthermore, expression of dopamine-β-hydroxylase (DBH) in the mPFC of +/- mice is

unaltered relative to +/+ controls (inset). (B) There is reduced UNC5H protein in the ventral tegmental area (VTA)

of unc5c +/- mice in comparison to +/+ controls, but no differences in DCC expression. Representative examples of
western blots for unc5c +/- and +/+ groups are shown below the graphs. n = 4-9 mice per group.
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significant reduction in UNC5H immunoreactivity we observed in the VTA of unc5c
heterozygous mice relative to controls indicates that unc5c haploinsuffiency leads to
reduced UNC5C protein expression.
A Potential Role for DCC/UNC5C Receptor Complexes in
Dopamine Function

4

We have shown previously that dcc heterozygous mice display blunted behavioral
responses to amphetamine, including reduced drug-induced locomotion. This
phenotype, which is associated with blunted amphetamine-induced DA release in
the NAcc, is observed in adult, but not juvenile or adolescent mice (Grant et al., 2007;
Grant et al., 2009; Yetnikoff et al., 2010; Yetnikoff et al., 2011). Similarly, here we show
that unc5c heterozygous mice exhibit diminished amphetamine-induced locomotion
and that this phenotype becomes evident in adulthood. Importantly, there are no
compensatory changes in DCC or UNC5C expression in either unc5c or dcc mice
(Grant et al., 2007), indicating that reduction in DCC or UNC5C, alone, leads to
the same age-dependent behavioral phenotype. This is intriguing considering that
DCC and UNC5C receptors have been shown to mediate opposite responses during
axonal guidance (Hong et al., 1999; Keleman & Dickson, 2001). Notably, however,
it has also been shown that certain functions, such as netrin-1-induced repulsion,
can be mediated by both UNC5H alone and by DCC/UNC5H receptor complexes
(Hong et al., 1999; Keleman & Dickson, 2001).
Because from adolescence onwards single VTA DA neurons co-express DCC and
UNC5C (Manitt et al., 2010), it is possible that DCC/UNC5C receptor complexes
play a role in the function of DA neurons, but only starting in adolescence. As such, a
reduction in levels of these complexes caused by either dcc or unc5c haploinsufficiency,
could potentially explain why both dcc and unc5c heterozygous mice show identical
phenotypes and at the same developmental periods. Alternatively, both DCC and
UNC5C receptors may modify the function of DA neurons, but via separate and
perhaps independent mechanisms. To shed light into this issue, we are now beginning
to conduct experiments aimed at determining the presence of DCC/UNC5C
complexes within adult DA neurons. These studies will begin to address whether
DCC/UNC5C receptor complexes are likely to participate in the critical effects of
DCC on the adolescent maturation of the mesocortical DA circuitry (Manitt et al.,
2011).

110 | Chapter 4

It is important to note that, in addition to regulating neuronal connectivity, UNC5
homologues are also known to induce apoptosis (Llambi et al., 2001; Williams et al.,
2006). Thus, our future investigations will also examine whether reduced UNC5C
expression produces differences in DA cell number (Flores et al., 2005).
Phenotypes in Unc5c Heterozygous Mice: Dopamine or Other
Transmitters?

Previous work has shown unc5c mRNA expression within norepinephrine neurons in
the locus coeruleus during embryonic development (Shi et al., 2008). Moreover, changes
in norepinephrine function, within the mPFC, have been shown to contribute to
amphetamine-induced locomotion (Blanc et al., 1994; Ventura et al., 2003). Therefore,
one could argue that the behavioral phenotype of adult unc5c mice may result from
alterations in norepinephrine function. However, unc5c haploinsufficient mice show
a) exaggerated levels of TH, but not DBH expression in the mPFC in adulthood
and b) nearly identical phenotypes to those observed in dcc haploinsufficient mice,
which is a model of altered DA development and function (Flores 2011; Manitt
et al., 2011). Thus, we propose that the behavioral changes observed in adult unc5c
haploinsufficient mice are related to alterations in DA function specifically. Future
stereological studies will address whether enhanced mPFC TH immunoreactivity in
unc5c mutants results from an increase in the span of the DA innervation within this
region, similar to what we observed in adult dcc heterozygotes (Manitt et al., 2011).
Nonetheless, we are currently examining the contributions of other neurotransmitter
systems, including serotonin and glutamate, to the development of phenotypic traits
of unc5c heterozygous mice.
Conclusions

UNC5C is a protein implicated in orchestrating assembly of neural circuits during
development. Here we show that reduced expression of UNC5C leads to increased
TH, but not DBH expression in the mPFC selectively and to blunted behavioral
responses to stimulant drugs in adulthood. This novel finding raises the possibility
that, like dcc haploinsufficiency, unc5c haploinsufficiency may confer resilience to the
development of dopamine and behavioral abnormalities associated with schizophrenia
and other psychiatric disorders (Flores, 2011; Grant et al., 2012). These effects may be
mediated by disruption in the function of DCC/UNC5C receptor complex during
adolescence.
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MATERIALS AND METHODS
Animals

4

Mice heterozygous for a null mutation in the unc5c gene (B6.cg-unc5crcmTg(Ucp)1.23Kz/
Slac
) were obtained from Dr. S. Ackerman (The Jackson Laboratory; Ackerman et
al., 1997). The C57BL6 background was maintained by crossing unc5c heterozygous
males with female C57BL6 wild-type mice. Mice were kept on a 12h light/dark
cycle with ad-libitum access to water and food. All behavioral testing was conducted
during the light phase of the cycle. Mice were weaned at postnatal day 21 (PND 21
± 1) and housed with same-sex littermates. Different cohorts of unc5c heterozygotes
and wild-type littermates were used for each experiment. Each cohort had mice from
a minimum of 5 litters. In all the behavioral experiments we used both male and
female mice. We conducted behavioral tests in separate groups of juvenile (postnatal
day; PND 21 ± 1) and adult (PND 75 ± 15) mice, these ages are based on our previous
developmental studies (Grant et al., 2009; Manitt et al., 2010; Yetnikoff et al., 2011).
The neuroanatomical experiments were conducted on C57BL6 wild-type male mice
bred in our animal colony. All experiments were performed in accordance with the
guidelines of Canadian Council of Animal Care. The experimental procedures were
approved by the McGill University / Douglas Mental Health University Institute
Animal Care Committee.
Genotyping

Mice were genotyped using primers against the mutant allele and the wild-type
unc5c allele:
Mutant, 5'-CAGGAGAAGATACATTTAACCAC-3' and
5'-GACAGAAGAGCATAGCATTCAC-3';
Wild-type, 5'-CACTCTATGGAAATGGCTGAAT-3' and
5'-GTCCTCCAATCCAAGAACTG-3'.
Drugs

d-amphetamine sulphate salt was dissolved in sterile 0.9% saline on the day of the
experiment and injected i.p.
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Antibodies

The UNC5H antiserum was provided generously by Dr. Pawson (University of
Toronto). This antibody was raised against a GST fusion protein containing the region
between the ZU-5 and the death domain of UNC5C (residue 605-877). The region
of UNC5C used to generate this antiserum shares high amino acid identity with the
corresponding region of other mammalian UNC5 homologues. The specificity of the
antiserum for UNC5C has previously been demonstrated with immunoprecipitation,
western blot and immunostaining of HEK-293 cells transfected with unc5c cDNA.
However, the antiserum also detects recombinant UNC5A and UNC5B by western
blot (Manitt et al., 2004). Our western blot experiments with tissue punches of rodent
midbrain and forebrain regions indicate that this antiserum detects a single band of
135 kDa (Manitt et al., 2010). The monoclonal DCC antibody (BD Pharmingen,
Missisauga, ON Canada, Cat: 554223, Clone G97-449) was raised in mouse against
the intracellular domain of recombinant human DCC. The antibody detects a single
band of 185 kDa on western blots, consistent with the molecular weight of DCC
(manufacturer’s technical information). We have demonstrated the specificity of this
DCC antibody previously by performing western blots on tissue lysates from newborn
dcc knockout mice (Manitt et al., 2010). The tyrosine hydroxylase (TH) antibody
(Chemicon, Temecula, CA USA) was raised in rabbit against SDS-denatured TH
from rat pheochromocytoma. It detects a single band of 60 kDa on western blot
(manufacturer’s technical information). The antibody labels DA cell bodies and
terminals in wild-type mice, but not mice lacking TH protein. The monoclonal
dopamine beta-hydroxylase (DBH) antibody (MediMabs, Montreal, QC Canada,
Cat No.: MM-0008-P) was raised in mouse against rat DBH protein. This antibody
detects two bands of 70 and 75 kDa that correspond to soluble and membranebound forms of the enzyme, respectively (manufacturer’s technical information).
In situ hybridization

Adult wild-type mice were killed by decapitation and their brains were quickly
dissected and flash-frozen in 2-methylbutane. Brains were sliced into 16 µm coronal
sections using a cryostat and mounted onto Superfrost slides. Sense and antisense
digoxigenin-labeled riboprobes against 582 bp of the cytoplasmic domain of the unc5c
transcript were transcribed from a linearized plasmid provided by Dr. S. Ackerman
(The Jackson Laboratory). SP6 and T7 RNA polymerases (Promega, Madison WI,
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USA) were used to transcribe sense and antisense probes, respectively. Slices were
fixed with 4% paraformaldehyde, underwent acetylation with triethanolamine and
acetic anhydride, and were dehydrated in increasing concentrations of ethanol; these
steps were conducted in RNAse-free conditions. Probes were then hybridized to the
slices (200 ng/slide) for 18h at 56°C. After hybridization, slides were stringently
washed in 4X SSC and 50X formamide for 30 min at 60°C, treated with RNAse A
for 1 hr at 37°C and washed in decreasing concentrations of SSC. Sections were then
processed for unc5c mRNA expression alone or for unc5c mRNA/TH co-expression.
For mRNA detection alone, sections were incubated overnight with an anti-DIG
antibody coupled to alkaline phosphatase (1:1000, Roche, Indianapolis IN, USA)
and developed with NBT/BCIP solution for 10-20 hours. For the fluorescent colabeling experiments, sections were incubated overnight with both an anti-DIG
antibody coupled to horseradish peroxidase (1:1000, Roche, Indianapolis IN, USA)
and an anti-TH antibody raised in rabbit (1:500, Chemicon, Temecula CA, USA).
The following day, sections were incubated with tyramide coupled to Cy3, according
to the manufacturer’s instructions (Perkin Elmer, Waltham MA, USA) to reveal
mRNA expression. Following this step, sections were incubated for 30 min with
a goat anti-rabbit secondary antibody coupled to Alexa 488 (1:500) to reveal TH
immunofluorescence.
Immunohistochemistry

Adult male mice were anesthetized with an overdose of sodium pentobarbital (>75
mg/kg, i.p.) and were perfused intracardially with 0.9% saline, followed by a fixative
solution (4% PFA in 0.1 m phosphate buffer, pH 7.5). Brains were sectioned at 35 μm on
a vibratome. Free-floating sections were used immediately for immunohistochemical
processing. Endogenous peroxidase was quenched with a solution of 0.3% hydrogen
peroxide and 0.3% heat-inactivated goat serum in PBS, for 30 min. After a 1 hour
incubation in blocking solution (2% bovine serum albumin, 0.2% Tween 20 in PBS
at room temperature), sections were incubated in rabbit UNC5H antiserum (1:5000)
for 48–72 h at 4°C. Immunostaining was visualized with a peroxidase-conjugated
donkey anti-rabbit secondary antibody and DAB kit (Vector Labs, Burlingame CA,
USA).
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Laser dissection of DA neurons and unc5 homologue RT-PCR

To assess unc5c and unc5d mRNA expression in adult DA neurons selectively, we
used adult C57BL6 Pitx3-GFP mice (Zhao et al., 2004). Adult Pitx3-GFP mice
were deeply anesthetized and perfused intracardially with PBS, followed by a fixative
solution (1% PFA in PBS) and by 20% sucrose in PBS. Brains were dissected, flash
frozen, and stored at -80oC until use (Khodosevich et al., 2007; Fenstermaker et al.,
2010). Coronal cryosections were cut (10µm) and mounted on MembraneSlides 1.0
PEN (Zeiss). Laser microdissection was performed on a PALM laser microscope
system (Zeiss, Oberkochen, Germany). For each animal, approximately 1200 cells
were isolated and laser catapulted into AdhesiveCap 200 opaque tubes (Zeiss,
Oberkochen, Germany). RNA was then isolated immediately using a Qiagen RNeasy
FFPE kit. Samples were incubated with Proteinase K overnight at 55oC for complete
digestion and higher RNA yields. RNA was eluted in 20 µl of RNAse-free water and
2 µl were used for subsequent RT-PCR reactions using the one-step RT-PCR kit
(Qiagen, Hilden, Germany). The following primers were used:
unc5c, 5’-ACCTGCGCCTGTCTATTCAT-3’ and
5’-GGGCCAGCATCCTCCAGTCA-3’;
unc5d, 5’-GCCTGTCACGTGCTGCTTGA-3’ and 5’TCGTGTGTGTCCTCCCAATC-3’.
RT-PCR amplification was conducted at the following temperatures and times:
50oC for 30 min; 95oC for 15 min; 94oC for 1 min, 56oC for 1 min, 72oC for 1 min
for 42 cycles; 72oC for 10 min. PCR products were separated on a 1.5% agaroseethidium bromide gel. Both primer pairs yielded positive signals following RT-PCR
on embryonic whole brain mRNA.
Locomotor activity

Locomotor activity was quantified using an infrared activity-monitor apparatus
modified for use with mice (AccuScan Instruments, Columbus, OH USA), as
previously done in our laboratory (Grant et al., 2007; Grant et al., 2009; Yetnikoff et
al., 2010). Data are expressed as total distance traveled in cm in a given period of time.
Stereotypy was measured as the number of repeated breaks of one or more photocell
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beams when the animal is not locomoting, but engaging in repetitive movements
(Yetnikoff et al., 2011). Although this automated system cannot distinguish
between head bobbing, sniffing, grooming, and other stereotypic movements, other
research groups have validated that the measure reflects total stereotypy (Pierce
& Kalivas, 2007). Procedure: On day 1, mice were placed in the activity boxes and
their locomotion was recorded for 15 min. On the day 2, mice were placed in the
activity boxes for a 15-min habituation period and their locomotor activity was then
measured for 30 min following an i.p. injection of 0.9% saline. On day 3, following
a 15 min period of habituation, mice were given an i.p. injection of amphetamine
and their locomotor was measured for 90 min. At both ages, male mice were given a
dose of 2.5 mg/kg and female mice were given a dose of 2.2 mg/kg. The experimental
procedure and doses of amphetamine are identical to those used in our previous
studies with dcc heterozygous mice (Grant et al., 2007; Grant et al., 2009) The doses
of amphetamine given to males and female mice were adjusted in order to produce
equivalent concentrations of drug in the brain (Castner et al., 1993; Becker et al.,
2001).
Western blotting

Western blot experiments were conducted as previously (Grant et al., 2007; Grant
et al., 2009; Yetnikoff et al., 2011). Briefly, brains of adult wild-type and unc5c
heterozygous mice were flash-frozen in 2-methylbutane and sectioned into 800 µm
slices. Bilateral tissue punches were taken from the VTA, nucleus accumbens (NAcc),
including the core and shell, and mPFC, including cingulate areas 1 and 2, using a
0.5-mm diameter punch. Sections corresponded to Plates 15 and 55 of the Paxinos
and Franklin’s mouse brain atlas (Franklin & Paxinos, 2007). Protein samples (25
µg) were separated using SDS-PAGE and transferred to a nitrocellulose membrane,
which was incubated with rabbit anti-TH antibody (1:5000), mouse anti-DBH
antibody (1:100), the rabbit anti-UNC5H antiserum (1:4000), or mouse anti-DCC
antibody (1:1000). Immunoreactivity was visualized following incubation with
horseradish peroxidase-conjugated secondary antibodies using a chemiluminescence
reagent (Perkin Elmer, Waltham MA, USA). Protein expression was normalized
to total protein loaded in each lane as determined by ponceau-S staining (Sigma
Aldrich, St. Louis, MO USA; Romero-Calvo et al., 2010; Yetnikoff et al., 2011;
Argento et al., 2012).
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Statistical Analysis

Locomotor Activity: Differences in total distance traveled between unc5c heterozygous
and wild-type mice were analyzed using two-way repeated measures ANOVAs with
genotype as the between-group variable, and time (min) as the within-group variable.
Post-hoc analyses of significant interactions were decomposed using ANOVA tests
for simple effects. Student’s t-tests for independent samples were used to analyze
differences in stereotypy counts between groups.
Western Blot analysis: Raw data (optical density of scanned immunoblots) were
normalized to Ponceau-S staining to correct for differences in loading. Differences
in protein expression between unc5c heterozygous and wild-type mice were analyzed
on the normalized data using Student’s t-tests for independent samples.
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ABSTRACT

5

The mesodiencephalic dopamine (mdDA) system is composed of a heterogeneous
group of dopamine neurons which control cognitive and motor behavior. However, the
molecular mechanisms underlying development and function of different neuronal
subsets in the mdDA system remain largely unknown. To address these questions
we designed a genetic strategy, called Pitx3-ITC, which relies on subset-specific Cre
or Flp expression for labeling two mdDA subsets in a single mouse. In addition, we
generated Nrp2-FlpO and Gucy2c-Cre mice which, in combination with Pitx3-ITC
mice, sparsely label mdDA neurons. Initial characterization of these mice reveals
previously unknown axonal organization of mdDA subsets, as well as characteristic,
but poorly understood, connectivity patterns at both the pre- and postsynaptic level.
The ability to differentially label two mdDA subsets in a single mouse and to visualize
mdDA neurons at a single-cell level, offers a unique opportunity for studying the
function and development of the mdDA system.
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INTRODUCTION
A key feature of the central nervous system (CNS) is its organization into distinct
brain areas. These functionally distinct brain regions are composed of heterogeneous
groups of neurons necessary to accommodate different aspects of behavior. For
example, retinal ganglion cells (RGCs) of the mouse retina are grouped together in
the ganglion cell layer. Although they share the same functionality as being output
neurons of the retina, approximately 20 different RGC subtypes have been identified
(Kim et al., 2010). Each RGC type encodes a different aspect of visual information,
such as movement or luminosity, which is determined by differences in their synaptic
input (Masland, 2012). Similar organizational features are present in other parts
of the CNS, such as the cortex, striatum, and olfactory system (Ding et al., 2012;
Molyneaux et al., 2007; Sakano, 2010). The functional properties of brain regions
are largely determined by the organization of their neuronal subsets and the precise
pattern of pre- and postsynaptic connectivity. Hence, understanding how neuronal
subsets develop and how subset-specific connectivity is established is crucial for
unraveling the complex workings of the brain. However, our knowledge on the
molecular mechanisms controlling subset-specific wiring is rather limited.
A striking example of a brain region where heterogeneity is crucial for coordinating
complex physiological and cognitive functions is the mesodiencephalic dopamine
(mdDA) system. The mdDA system consists of dopamine neurons grouped
together in the ventral midbrain and plays a critical role in voluntary movement
and motivational control. As such, it has been implicated in both neurological and
neuropsychiatric diseases such as Parkinson’s disease, depression, schizophrenia,
and drug addiction (Björklund and Dunnett, 2007a; Bromberg-Martin et al., 2010;
Dunlop and Nemeroff, 2007; Iversen and Iversen, 2007; Sesack and Carr, 2002; Sulzer,
2007). Although neurons within the mdDA system share the same neurotransmitter
phenotype, heterogeneity is apparent in both its structure and connectivity. Midbrain
dopamine neurons are organized into distinct anatomical groups of neurons, the
substantia nigra (SNc) and ventral tegmental area (VTA), which give rise to different
patterns of connectivity. Axons from the SNc form the mesostriatal pathway, which
extensively innervates the dorsal striatum and is involved in control of voluntary
movement. The VTA projects to the ventromedial striatum and medial prefrontal
cortex, giving rise to the mesocorticolimbic pathway, and plays an important role in
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regulating emotion and reward (Björklund and Dunnett, 2007b; Van den Heuvel
and Pasterkamp, 2008). The heterogeneous nature of the system is also apparent in
different neurological and psychiatric disorders, such as Parkinson’s disease where
neurons in the SNc selectively degenerate, leading to severe deficits in motor control
(Sulzer, 2007). Insights into the heterogeneity of the mdDA system, including the
ongoing identification and characterization of new DA neuronal subtypes (Chung
et al., 2005; Greene et al., 2005; Simeone et al., 2011), has provided a valuable
framework for investigating how this brain region controls cognitive and motor
behaviors (Ikemoto, 2007; Roeper, 2013). However, the mechanisms underlying
development of these neuronal subsets are still poorly understood (Van den Heuvel
and Pasterkamp, 2008; Smidt and Burbach, 2007).
Studies on the development of mdDA subsets have been hampered by the lack
of tools to selectively identify and label these neurons. Progress has been made by
studying transgenic mouse lines, e.g. CCK-Cre and Otx2-Cre mice, in which specific
subsets are targeted (Fossat et al., 2006; Di Salvio et al., 2010a; Taniguchi et al.,
2011; Veenvliet et al., 2013). However, expression in these lines is not confined
to mdDA neurons, making experiments such as axon tract tracing cumbersome.
Furthermore, these lines label single mdDA subsets, preventing studies on how
development of subsets is differentially regulated and whether interaction between
different subsets is required for proper development. This has precluded in-depth
studies on the formation of the mdDA system, including migration, subset-specific
axon pathfinding and dendritic development. The latter being even more challenging,
since it requires sparse subset-specific labeling of neurons for proper visualization of
individual dendrites.
To address these issues, we designed a genetic strategy, called ITC (IFP/tdTomato/
Citrine), which combines the widely used Cre/lox and Flp/frt recombination system
with selective expression of different fluorescent proteins. This approach enables
Cre-dependent expression of tdTomato or Flp-dependent expression of Citrine in
mdDA neurons and allows for specific labeling of two mdDA subsets in a single
mouse. Furthermore, in our attempt to develop subset-specific Cre and Flp lines, we
generated mice which label mdDA neurons in a highly sparse manner, enabling the
in-depth study of features such as dendritic development and axonal arborization.
Taken together, the ITC strategy offers a unique approach towards unraveling the
complex cellular and molecular mechanisms underlying mdDA subset development.
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RESULTS
Strategy for Subset-Specific Labeling of mdDA Neurons

The Cre/loxP and Flp/frt systems have been widely used in mammals to drive
expression of fluorescent markers into specific cell types (Branda and Dymecki,
2004). We devised an approach which combines these two systems to enable specific
labeling of neuronal subsets with different fluorescent proteins in one mouse. Figure
1A illustrates the design of this construct, termed ITC (IFP/tdTomato/Citrine),
which incorporates two loxP sites, two frt sites and three genes encoding three

5

Figure 1. Cre/Flp Dependent Expression of Specific Fluorophore.
(A) Schematic of ITC. Without the presence of Cre or Flp, expression of IFP is induced, while the SV40 pA signal
prevents expression of downstream tdTomato. Recombination of loxP sites by Cre results in removal of IFP and

activation of tdTomato. Alternatively, recombination of frt sites by Flp removes both IFP and tdTomato resulting
in expression of Citrine.

(B-D) HEK 293 cells were transfected with CMV-ITC and express IFP, but not tdTomato or Citrine (B). Co-

transfection with iCre results in expression of tdTomato (C), while co-transfection with FlpO results in expression
of Citrine (D). Combined expression of ITC, iCre and FlpO results in expression of Citrine (E). Boxed areas are
shown as separate channels at the right.
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different fluorescent proteins. Each gene is followed by a unique stop codon which
prevents expression of the next gene located downstream. The first gene, encoding
Infrared Fluorescent Protein (IFP; Shu et al., 2009), is expressed in all cells where the
promoter is active. IFP is flanked by two loxP sites, while IFP and tdTomato (Shaner
et al., 2004) together are flanked by two frt sites. Cre-mediated recombination of
the loxP sites leads to excision of IFP and in turn activates tdTomato, while Flpmediated recombination of frt sites leads to excision of both IFP and tdTomato
and subsequently activates Citrine (Griesbeck et al., 2001). Since Flp-mediated
recombination removes IFP and tdTomato, the presence of both Cre and Flp does
not result in double labeling of cells.
Transfection of the ITC construct in HEK 293 cells resulted in expression of
IFP without expression of tdTomato or Citrine (Figure 1B). Cells that were cotransfected with both improved Cre (iCre; Shimshek et al., 2002) and ITC showed
no expression of IFP and instead cells expressed tdTomato (Figure 1C). Cells cotransfected with ITC and a codon optimized version of Flp (FlpO; Raymond and
Soriano, 2007) also did not express IFP but showed expression of Citrine (Figure
1D). As expected from the configuration of loxP and frt sites in the ITC construct,
combining Flp and Cre resulted in expression of Citrine only, without expression of
IFP or tdTomato (Figure 1E).
Thus, differential labeling of cells from a single construct can be achieved, with
the fluorescent label being determined by either Cre or Flp. Furthermore, double
labeling of cells is prevented due to the arrangement of loxP and frt sites, with Flp
ultimately determining Citrine expression.
Cre/Flp-Dependent Labeling of mdDA Neurons in vivo

Our ITC strategy relies on expression of ITC specifically in mdDA neurons. Within
the CNS, mdDA neurons can be recognized specifically by the expression of Pitx3.
This transcription factor is important for proper development of mdDA neurons
and is first detected at E11.5, correlating with the first appearance of these neurons
(Smidt et al., 1997). Because of this early and specific localization, we selected the
Pitx3 promoter for driving expression of ITC in mdDA neurons.
Pitx3-ITC mice were generated using a BAC mediated transgenesis approach
(Gong et al., 2002). As expected, Pitx3-ITC mice did not express tdTomato or
Citrine. However, we were unable to detect IFP expression (not shown). Since
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expression levels in vivo may be much lower than observed in HEK 293 cells, our
inability to detect IFP might be due to limitations of our confocal setup as excitation
by our 635 nm laser only results in approximately 50% emission intensity. In addition,
IFP fluorescence relies on the incorporation of biliverdine (BV) into the fluorophore.
Although the endogenous concentration of BV is sufficient to induce fluorescence,
intravenous injections of BV can increase this fluorescence by about fivefold and
may reveal IFP expression in our Pitx3-ITC mice (Shu et al., 2009). To determine
whether we could obtain Cre-induced expression of tdTomato or Flp-induced
expression of Citrine in mdDA neurons, we crossed Pitx3-ITC mice with EIIa-Cre
(Lakso and Pichel, 1996) or ACTB-FlpE mice (Rodríguez et al., 2000). Both lines
express their transgene under control of a ubiquitous promoter, resulting in complete
germline excision of loxP or frt flanked sequences. This enabled us to identify which
cells express the ITC transgene as well as determine the ability of Cre and Flp to
induce expression of tdTomato or Citrine. Dopamine neurons were identified by
immunohistochemistry for tyrosine hydroxylase (TH), the rate-limiting enzyme
in dopamine synthesis. Analysis of adult animals positive for both ITC and FlpE
showed expression of Citrine in 3 out of 4 lines, which was limited to a subset of
mdDA neurons (Figure 2A, B). Most SNc neurons were positive for Citrine, while
only the ventrolateral portion of the VTA showed expression of Citrine. This pattern
of expression was similar in all lines, with the exception of line #4, in which labeling
was more confined to the SNc with almost no positive neurons present within the
VTA (not shown). As expected, crossing of Pitx3-ITC and EIIa-Cre mice resulted
in expression of tdTomato in the same set of neurons as observed following ACTBFlpE crosses (Figure 2A, C). Because of this identical expression pattern, subsequent
analysis of Pitx3-ITC mice was done using ACTB-FlpE:Pitx3-ITC mice. The lateral
distribution of labeled mdDA neurons was also observed during embryonic (E16.5)
and postnatal (P5) development (Figure 2D). A small number of labeled neurons
were detected medially at E16.5. This number decreased over time, with only a few
labeled neurons present at P5 (Figure 2E). Although most other brain areas were
devoid of Citrine, few non-dopaminergic neurons were detected caudally of the
VTA and in layer V/VI of the cortex (Figure 2F, G). No expression of Pitx3 has
been reported in these regions, although a previous report on the generation of a
Pitx3-Cre knock-in animals described the same groups of neurons to be positive
for their transgene (Smidt et al., 2012). These neurons may belong to an as of yet
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Figure 2. Pitx3-ITC Mice Label a Subset of Mesodiencephalic (mdDA) Neurons.
(A-C) Immunohistochemistry for tdTomato, Citrine, and tyrosine hydroxylase (TH) on adult ACTB-FlpE:Pitx3-

ITC (A, B) and EIIa-Cre:Pitx3-ITC (C) coronal brain sections. Neurons are labeled within the substantia nigra pars

compacta (SNc) and lateral part of the ventral tegmental area (VTA) (white arrows; A, B) and labeling is specific for

TH-positive neurons (arrowheads; B).

(D and E) Immunohistochemistry for Citrine and TH on coronal sections of E16.5 and P5 ACTB-FlpE:Pitx3-
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unidentified group of Pitx3 expressing neurons, or may indicate that an unknown
regulatory element in one of the first exons, which gets disturbed in both Pitx3-ITC
and Pitx3-Cre mice, normally suppresses expression of Pitx3 in these neurons.
Thus, our ITC strategy allows for Cre-dependent tdTomato or Flp-dependent
Citrine expression specifically in the SNc and ventrolateral VTA neurons at
developmental stages and during adulthood.
Analysis of mdDA Subset Development using Pitx3-ITC mice

Since Pitx3-ITC mice show expression of ITC in many but not all dopamine neurons
of the mdDA system, we characterized which of the known targets innervated by
these neurons contain Citrine-positive fibers. A prominent target of SNc neurons
is the dorsal striatum, where axons extensively branch to make numerous synaptic
contacts (Matsuda et al., 2009; Prensa and Parent, 2001). In ACTB-FlpO:Pitx3-ITC
mice we observed a dense innervation of the dorsal striatum by Citrine-positive fibers
(Figure 3A). Using TH immunohistochemistry we confirmed all these fibers to be
dopaminergic (Figure 3D), indicating that these projections were originating from
the mdDA system and did not stem from the small population of non-dopaminergic
neurons in the cortex or hindbrain. Similar innervation patterns were found in EIIaCre:Pitx3-ITC animals (Figure 3C), confirming the ability of ITC expressing axons
to switch between Citrine or tdTomato expression depending on the presence of Cre
or Flp. Besides a diffuse and widespread innervation of Citrine-positive fibers, we also
observed patches of more intense clustering of fibers (Figure 3A, A’’, B, B’). This type
of innervation has been described as an important feature of the compartmentalized
makeup and connectivity pattern of the striatum (Snyder-Keller, 1991; Voorn et al.,
1988). In the ventral striatum less prominent innervation of Citrine-positive fibers
was observed, as expected from the minimal amount of VTA neurons that express
ITC. Still, similar patches of innervation were found in both the nucleus accumbens
(Figure 3B, B’) and the olfactory tubercle, though in this latter structure the patches
were visibly smaller (Figure 3B, B’’). Subset-specific wiring of the mdDA system
ITC coronal brain sections. Labeled neurons are present within the developing SNc (white arrows, D) and VTA
(arrowheads, E).

(F and G) Immunohistochemistry for Citrine and counterstained with Nissl on adult ACTB-FlpE:Pitx3-ITC
coronal brain sections. A small group of Citrine-positive neurons is detected in the hindbrain (white arrows; F) and
layer V/VI of the cortex (white arrows; G). Position of sections is indicated in the adjacent mouse brain schematic.
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begins around E16.5, when mdDA axons are innervating the dorsal and ventral
striatum (Torigoe et al., 2013). However, the molecular mechanisms underlying
the development of this subset-specific connectivity are still poorly understood. To
assess whether we could study the development of mdDA connectivity with our
Pitx3-ITC mice, we analyzed the expression of ITC during embryonic and postnatal
development. At E16.5, Citrine-positive fibers innervated the striatum, though
the patch-like innervation pattern observed at adult stages was not yet established
(Figure 3D). At P5, this innervation was increased and a patch-like pattern was
clearly observed throughout the striatum (Figure 3E).
Dopaminergic projections traveling towards the forebrain collectively run through
the MFB. Recent studies have begun to unravel how organization of axon bundles is
essential for proper wiring of neuronal networks. To assess whether Pitx3-ITC mice
are useful for studying these mechanisms in the development of the mdDA system,
we analyzed the distribution of Citrine-positive axons in the MFB. The MFB could
clearly be recognized as a grouping of TH immunoreactive fibers running through
the ventral forebrain. Analyzing Citrine-positive fibers within the MFB showed that
approximately half of all TH-positive axons were also Citrine-positive. Remarkably,
instead of being dispersed throughout the MFB, these fibers were grouped together
in the dorsal portion of the MFB (Figure 3G), a feature we could detect at earlier
embryonic stages (Figure 3H, unpublished data). This novel insight may indicate
that organizational properties play an important role in subset-specific wiring of the
mdDA system.
Together, these results show that Pitx3-ITC mice label a large subset of mdDA
neurons and that their projections can be visualized with different fluorophores in
several of the known target areas of the mdDA system, allowing for the studies on
different developmental aspects of mdDA neuronal connectivity.
Figure 3. Pitx3-ITC Neurons Project to the Dorsal and Ventral Striatum.
(A and B) Immunohistochemistry for Citrine and tyrosine hydroxylase (TH) on adult ACTB-FlpE:Pitx3-ITC

coronal brain sections. The dorsal striatum (dS) is strongly innervated by Citrine-positive fibers (A), which show
both a diffuse (A’) and patch-like (arrowheads; A, A’’) innervation pattern. Within the ventral striatum, the nucleus

accumbens (NAc) and olfactory tubercle (OT) (B) contain dopaminergic fibers mainly organized as patches (B’, B’’).
Boxed areas are shown at higher magnification at the right.

(C) Immunohistochemistry for tdTomato and TH on adult EIIa-Cre:Pitx3-ITC coronal brain sections. The dorsal
striatum is strongly innervated by tdTomato-positive fibers, which show both diffuse and patch-like (white arrow)
innervation patterns.

132 | Chapter 5

5

(D and E) Immunohistochemistry for Citrine on ACTB-FlpE:Pitx3-ITC coronal brain sections. Innervation of the

striatum (Str) is detected at E16.5 (D) and increased at P5 (E). At P5, numerous patches were observed (arrowheads).
Boxed areas are shown at higher magnification at the right.

(F) Single confocal slice of the dorsal striatum of a ACTB-FlpE:Pitx3-ITC mouse stained for Citrine and TH.
Citrine-positive fibers stain for TH (arrowheads), confirming their dopaminergic identity.

(G and H) Immunohistochemistry for Citrine and TH on adult ACTB-FlpE:Pitx3-ITC coronal brain sections.
Approximately 50% of all TH-positive axons within the medial forebrain bundle (MFB; indicated by dashed line)
are Citrine-positive and cluster together in the dorsal part of the MFB (white arrow; G). This type of organization
is similarly observed at E16.5 (H).
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Markers for Subsets of Dopaminergic Neurons
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Over the past several years extensive studies have been performed to characterize
mdDA neuronal subsets, and several Cre lines have been generated that target
molecular subsets such as Otx2-positive or CCK-positive mdDA neurons within the
VTA (Fossat et al., 2006; Di Salvio et al., 2010a; Taniguchi et al., 2011; Veenvliet et
al., 2013). Although these lines are suitable for labeling subsets within our Pitx3-ITC
mice, there is still a lack of SNc specific Cre lines, while in general not many Flp lines
have been generated. In order to obtain more flexibility in choosing which subsets
to label in our Pitx3-ITC mouse, we set out to identify new molecular markers for
subsets of mdDA neurons.
With the development of the Anatomic Gene Expression Atlas (AGEA, http://
www.brain-map.org; Ng et al., 2007) it is possible to identify genes that are expressed
within a specific region of interest. An AGEA analysis of the SNc or VTA (Figure
4A, B) resulted in a large number of genes expressed in and around these areas.
A short list was made based on expression within either the SNc or VTA, paying
attention to how well the expression pattern described a subset of mdDA neurons.
Importantly, results from AGEA are based on expression patterns in the adult mouse
brain. To understand whether these genes display similar patterns of expression
during early development, we analyzed their expression at E13.5 and E16.5 using
in situ hybridization. Based on these results we selected two candidates, guanylate
cyclase 2c (Gucy2c) and Neuropilin-2 (Nrp2), which showed specific expression in
the SNc or VTA, respectively (Figure 4C).
Gucy2c was predominantly expressed within the SNc. At E13.5 expression was
detected in the lateral part of the dopaminergic midbrain, as shown by the expression
pattern of Pitx3 in adjacent sections (Figure 4C). At E16.5, most of the SNc expressed
Gucy2c, while no expression was observed within the VTA (Figure 4D). In contrast,
Nrp2 was specifically expressed within the VTA, as has been reported previously
(Torigoe et al., 2013). A medial population of Nrp2 expressing cells was detected at
E13.5 (Figure 4C), while at E16.5 a subpopulation of cells in the ventromedial part
of the VTA expressed Nrp2 (Figure 4D).
Thus, Gucy2c and Nrp2 define two different subsets within the SNc and VTA,
respectively. Expression remains stable within these subsets during development,
making them suitable candidates to drive expression of Cre and Flp within subsets
of the mdDA system for studies on neural development.
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Figure 4. Gucy2c and Nrp2 Mark Different Mesodiencephalic (mdDA) Subsets.

(A and B) Using the Anatomic Gene Expression Atlas (AGEA) explorer and Gene Finder search tool of the Allen
Brain Atlas a region of interest was selected for either the ventral tegmental area (VTA) or substantia nigra pars

compacta (SNc). Coronal planes shown in (B) correspond with the plane indicated in the schematic sagittal section

in (A). Color coding in (B) shows the correlation between the transciptome profile of the selected voxel and the
adjacent voxels (as described in Ng et al., 2009).

(C and D) In situ hybridization for Gucy2c and Nrp2 at E13.5 (C) and E16.5 (D). Expression of Gucy2c is selective
for the SNc, while Nrp2 is specifically expressed in the VTA. DA, dopaminergic midbrain.

Generation and Analysis of Nrp2-FlpO and Gucy2c-Cre Mice

Similar to Pitx3-ITC mice, Nrp2-FlpO and Gucy2c-Cre mice were generated using
a BAC mediated transgenesis approach (Gong et al., 2002). In order to analyze the
Cre recombinase excision patterns, Gucy2c-Cre animals were crossed with lox-STOPlox-YFP animals. As expected, dopaminergic neurons in the SNc were labeled, but
to our surprise this labeling was very sparse (Figure 5A). Labeled neurons were
primarily located in the ventral SNc and the lateral part of the VTA (Figure 5A,
F). Of the 5 lines we generated, 3 lines showed this sparse labeling with comparable
cell numbers and distribution, while in the 2 remaining lines no labeling of neurons
was detected. Crossing Gucy2-Cre and Pitx3-ITC mice resulted in similar sparse
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labeling of neurons in the SNc (Figure 5B). Unfortunately, no frt-STOP-frt reporter
animals were available to us for analysis of Nrp2-FlpO mice. Since our main interest
was to use these mice to label subset of neurons in the Pitx3-ITC mice, we instead
used Pitx3-ITC animals for analyzing the Nrp2-FlpO lines. In Nrp2-FlpO:Pitx3ITC mice we found sparse labeling of neurons in the SNc and VTA (Figure 5C,
F). Sparse labeling in these animals can be explained by the notion that Nrp2-FlpO
animals were designed to express FlpO in VTA neurons. Since most VTA neurons
are negative for ITC in Pitx3-ITC mice, we can only label a few SNc neurons that
are expressing FlpO in Nrp2-FlpO animals. This view was supported by that fact that
similar results were obtained when crossing Pitx3-ITC and CCK-Cre mice, which
express Cre primarily in VTA neurons and sparsely in SNc neurons (Figure 5D).
Crossing CCK-Cre mice with Pitx3-ITC mice induced sparse labeling of neurons
with tdTomato in the SNc (Figure 5E). Although we observed sparse labeling of
neurons in all these lines, comparison of their distribution suggested that they belong
to different, and perhaps overlapping, subsets of mdDA neurons (Figure 5F).
Development of mdDA Connectivity at the Single-cell Level

Subsets of mdDA neurons show differences in connectivity at both the pre- and
postsynaptic level. This includes differences in target selection and innervation, but
also the position of their dendritic fields and the extent of arborization within their
targets. However, the cellular and molecular mechanisms underlying the development
of these differences remain unknown, largely due to a lack of tools which allow for
identification of axons and dendrites at a single-cell level. In order to assess whether
single-labeling of neurons in Pitx3-ITC mice can address these problems, we
characterized the cellular properties of labeled neurons in these animals.
Figure 5. Gucy2c-Cre and Nrp2-FlpO Mice Label Single Mesodiencephalic (mdDA) Neurons in Pitx3ITC Mice.
(A) Immunohistochemistry for tyrosine hydroxylase (TH) and YFP on coronal sections of adult Gucy2c-Cre:loxYFP mice. Single mdDA neurons are labeled (white arrows) which co-stain with TH, indicating their dopaminergic

origin. Boxed area is shown as separate channels below. SNc, substantia nigra pars compacta; VTA, ventral tegmental
area.

(B,C) Immunohistochemistry for TH, tdTomato, and Citrine on coronal brain sections of adult mice. In both

Gucy2c-Cre:Pitx3-ITC (B) and Nrp2-FlpO:Pitx3-ITC (C) mice single mdDA neurons are labeled (white arrows).
Their dopaminergic identity is confirmed by co-staining with TH (arrowheads). Boxed area is shown as separate
channels below.
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(D and E) Immunohistochemistry for TH, tdTomato and YFP on coronal brain sections of adult CCK-Cre mice.

In CCK-Cre:loxYFP mice most VTA neurons are labeled, while SNc neurons are labeled sparsely (arrowheads; D).

Similar sparse labeling of SNc neurons is observed in CCK-Cre:Pitx3-ITC mice (arrowheads; E). Boxed area is
shown as separate channels below.

(F) Schematic of a coronal section of the mdDA system depicting the distribution of single-labeled cells in Nrp2FlpO, Gucy2-Cre and CCK-Cre mice crossed with Pitx3-ITC mice.
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Figure 6. Labeling of Single Mesodiencephalic (mdDA) Neurons Reveals Characteristic Dendritic
Projections and Axonal Arborizations.
(A-C) Immunohistochemistry for tyrosine hydroxylase (TH) and Citrine. Single-labeled mdDA neurons indicated

by white arrows are shown at high magnification below. Pyramidal shaped neurons primarily target their dendrite
into the substantia nigra pars reticulata (SNr) with only a single projection confined within the substantia nigra

pars compacta (SNc; arrowheads; A). Dashed line indicates orientation of the SNc. Fusiform shaped neurons (B, C)
either have dendritic projections (arrowheads) in both the SNr and SNc (B) or align all their dendrites with the SNc
without projections into the SNr (C).

(D) High magnification of sections stained for TH and Citrine reveals spine-like protrusions (arrowheads) on
dendrites of labeled mdDA neurons in Nrp2-FlpO:Pitx3-ITC mice.

(E and F) Schematic of single-axon projection fields in the dorsal striatum along the rostrocaudal axis of adult Nrp2-

FlpO:Pitx3-ITC mice (E). Corresponding coronal brain sections stained for TH and Citrine are shown in (F). R,
rostral; C, caudal.
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Nrp2-FlpO mice labeled single neurons throughout the ITC-positive population,
as compared to the more restricted group of neurons being labeled using Gucy2c-Cre
or CCK-Cre mice (Figure 2, Figure 5F). Therefore, analysis of individually labeled
mdDA neurons was done using Nrp2-FlpO:Pitx3-ITC mice. Single-labeled neurons
were primarily located within the SNc and lateral VTA. We could clearly identify
three types of neurons based on their morphology. In the ventral SNc, pyramidal
shaped neurons were observed which extended their dendrites primarily within the
substantia nigra pars reticulata (SNr), with occasional extensions parallel with and
into the SNc (Figure 6A). Neurons located more dorsally within the SNc had a
fusiform appearance and extended their dendrites both within the SNc and SNr
(Figure 6B). A third type of neuron had a similar fusiform shape, but restricted
its dendrites within the SNc without extensions into the SNr (Figure 6C). This
corresponds with earlier studies which used Golgi staining to show that the dendritic
field of neurons within the dorsal SNc is aligned horizontally, parallel to the SNc,
while neurons within the ventral portion of the SNc project their dendrites both
within the SNc as well as perpendicularly into the SNr (Fallon et al., 1978; Juraska et
al., 1977). High-magnification imaging of dendrites revealed spine-like protrusions
(Figure 6D), indicating the ability of Citrine to fill the entire dendrite, a feature that
is crucial for studying dendritic development.
MdDA neurons projecting to the dorsal striatum are known to extensively
arborize within their target areas (Matsuda et al., 2009; Prensa and Parent, 2001), but
the mechanisms underlying this type of target innervation are poorly understood.
Single-labeling of neurons in our Pitx3-ITC mice presents a unique opportunity
to study this distinct feature. In Nrp2-FlpO:Pitx3-ITC mice Citrine-positive fibers
were primarily detected throughout the dorsal striatum at different levels along the
rostrocaudal axis (Figure 6E). Citrine-positive fibers formed localized and dense
patches, confirming the distinct and highly arborized innervation pattern of mdDA
neurons in the dorsal striatum (Figure 6E, F). These patches were consistent in size
and density, which may indicate that each patch is composed of a single axon and not
of coincidental overlapping projection fields of multiple mdDA neurons.
Together, these results show how single-cell labeling of mdDA neurons in Pitx3ITC mice, using either Nrp2-FlpO or Gucy2c-Cre animals, enables studies on different
development aspects of mdDA connectivity at both the pre- and postsynaptic level.
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DISCUSSION

5

Brain regions within the CNS are often composed of a heterogeneous population of
neurons. This is apparent within the mdDA system, where heterogeneity is crucial for
coordinating cognitive and motor behaviors. Although the functional properties of
the mdDA system are largely determined by how these different types of neurons are
connected, their development and patterns of connectivity remain poorly understood.
Here we present a transgenic approach, called Pitx3-ITC, which allows for the
differential labeling of two non-overlapping neuronal subsets within the SNc and
lateral VTA of the mdDA system. Furthermore, in our attempt to develop subsetspecific Cre and Flp lines we have generated Nrp2-FlpO and Gucy2c-Cre mice which
sparsely label mdDA neurons in Pitx3-ITC mice. Together, these mice offer a unique
tool for unraveling the molecular mechanisms underlying the development of subsetspecific connectivity patterns at both the pre- and postsynaptic level.
Differential Labeling of mdDA Subsets

Development of a heterogeneous group of neurons is a complex task and requires a
high degree of coordination between different subsets within given a brain region.
Neurons need to migrate to their distinct anatomical location, extend their dendritic
fields into the appropriate domains and project their axons over long distances for
proper target innervation. Studies into the molecular mechanisms controlling these
processes in mdDA subsets have shown to be challenging, especially when set in
the context of mdDA development as a whole, where possible interactions between
subsets need to be taken into account. For example, during early development
mdDA neurons migrate together to form the SNc and VTA. Interactions with radial
glia are crucial for the first step in migration, but how these neurons acquire their
final positional information remains unknown (Kawano et al., 1995). One possible
mechanism is that interactions between mdDA subsets signals the position of these
neurons and ensures proper organization of the mdDA system. For example, SNc
neurons that have arrived at their final position in the lateral part of the mdDA system
may interact with VTA neurons and prevent their migration into this area. This view
is supported by the notion that expression of the chemorepellent Semaphorin7A
(Sema7A) and PlexinC1 defines two different mdDA subsets (Pasterkamp et al.,
2007). Sema7A expressing neurons are located in the SNc, while neurons expressing
PlexinC1 are located in the VTA. In addition, the role of Sema7A-PlexinC1
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signaling in controlling cell migration has been described for different systems and
cell types, although its role in mdDA development remains unknown ( Jongbloets
et al., 2013). Labeling different mdDA subsets in Pitx3-ITC mice will provide the
opportunity to study the cellular and molecular mechanisms that control this process
of migration. Interestingly, at E16.5 a large number of Citrine-positive neurons were
detected within the developing VTA of ACTB-FlpE:Pitx3-ITC mice. The number
of cells decreased at P5, while at adult stages they were no longer observed. A
possible explanation for this observation is the ongoing migration of mdDA neurons
from the midline area towards the SNc. At E16.5 many of these neurons still reside
within the VTA, but as their migration progresses they leave the VTA and migrate
into the SNc. An alternative explanation would be that these neurons remain in
the VTA, but lose their expression of Citrine at later stages of development. Future
studies will need to determine whether indeed these cells are migrating towards the
SNc, or whether they remain within the VTA and lose their expression of Citrine
over time. Furthermore, it is important to note that analysis of Pitx3-ITC mice at
earlier developmental stages will be necessary to assess whether neurons are labeled
throughout the entire process of migration. Still, the data we present here show
stable expression of ITC at different developmental stages and, together with the use
of the Pitx3 promoter, predicts that mdDA neurons will also be labeled during earlier
stages of development.
At the axonal level, interactions between subsets may be important for establishing
proper mdDA connectivity. Our data show that mdDA neurons located in the SNc
and lateral part of the VTA extend their axons in the dorsal part of the MFB and
primarily project to the dorsal and ventral striatum. This organization may be an
important mechanism for shaping mdDA connectivity as has been described for
other neuronal systems (Imai et al., 2009; Lokmane et al., 2013). For example, the
position of mdDA axons within the MFB may confer guidance information and
direct axons to their appropriate target areas. This position may be determined by
axon-axon interactions between different mdDA axons in MFB. However, whether
organization of mdDA axons in the MFB plays a role in targeting of forebrain areas
remains currently unresolved.
The ITC strategy we propose allows for the differential labeling of two mdDA
subsets in a single mouse. This offers a unique approach for studying subsetspecific development, by visualizing the migration, axon pathfinding and dendritic
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development of specific subsets. Further, it allows for studying possible interactions
between subsets and characterization of their molecular profiles. Future studies will
benefit from the differential labeling of mdDA neurons, as it provides an opportunity
of visualizing differential responses to candidate molecules in a single ex vivo or in
vitro setup, or testing whether manipulations in vivo have differential effects on these
mdDA subsets.
Labeling of mdDA Neurons in Pitx3-ITC Mice

5

Our strategy to specifically label mdDA subsets benefits from the Pitx3 promoter
to target expression of ITC to mdDA neurons. Although all midbrain dopamine
neurons express Pitx3 at the adult stage (Maxwell et al., 2005), our Pitx3-ITC mice
show expression of the ITC transgene only in the SNc and lateral part of the VTA.
Some variation between different lines was found, but approximately the same subset
was labeled in all lines. It remains unclear how to explain the lack of labeling of
medial VTA neurons, although the inherent variability of BAC transgenesis and
the possible lack of regulatory elements from the used BAC clone may account for
this. Interestingly, there are striking similarities between the lack of ITC expression
in VTA neurons and the reported expression pattern of the classical mdDA subset
marker G-protein-gated inwardly rectifying K+ channel subunit 2 (Girk2) (Schein et
al., 1998; Thompson et al., 2005), raising the possibility that mechanisms restricting
Girk2 to these neuronal subsets might similarly restrict expression of ITC.
With a large portion of the mdDA neurons expressing ITC, our strategy offers
a unique approach in differentially labeling of mdDA subsets within the SNc and
lateral VTA. Different types of mdDA neurons have been described within the
SNc and lateral VTA, based on their anatomical position, morphology or molecular
signature. For example, most neurons within the SNc express Girk2, while a small
population of neurons located dorsally, also known as the substantia nigra pars
lateralis (SNl), shows no expression of Girk2 but instead expresses Calbindin (Liang
et al., 1996; Schein et al., 1998; Thompson et al., 2005). Similarly, the lateral VTA
contains different types of dopamine neurons which express varying combinations
of Ahd2, Otx2 and Girk2 (Di Salvio et al., 2010a, 2010b; Simeone et al., 2011). In
addition, as described in previous studies (Fallon et al., 1978; Juraska et al., 1977),
and supported by our own data (Figure 6A-D), there is a clear distinction between
ventral SNc neurons, which are pyramidal shaped and extend their dendrites within
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the SNr, and dorsal SNc neurons which display a fusiform shape and either retain
their dendrites within the SNc or have prominent extensions in both the SNc and
SNr. Tracing studies have revealed how different subsets exist in the SNc and lateral
VTA based on their connectivity pattern, with some of these subsets being dispersed
throughout the entire mdDA system (Björklund and Dunnett, 2007b; Lammel et
al., 2008; Matsuda et al., 2009; Prensa and Parent, 2001). Using Cre or Flp lines
specific for these groups of neurons together with our Pitx3-ITC mice will provide a
powerful approach in studying the development of different mdDA subsets.
Distinct Features of Connectivity within the mdDA System

In our Pitx3-ITC mice prominent innervation of the dorsal and ventral striatum
was observed (Figure 3). Co-staining for TH revealed that axons targeting the
striatum are dopaminergic and uncovered a remarkable innervation pattern within
the dorsal and ventral striatum. In between the more diffuse pattern of labeled axons,
more intense patches of innervation were found. This type of compartmentalized
innervation of the striatum has been reported previously. It was shown that these
patches of dopaminergic axons overlapped with high-density regions of opiate
receptors (Graybiel, 1984; Herkenham et al., 1984; Voorn et al., 1988). In these
studies, dopaminergic patches were clearly recognized during embryonic and
early postnatal development. In contrast, at adult stages these patches were barely
observable, probably due to increased dopaminergic innervation of the surrounding
striatal matrix. In our Pitx3-ITC mice we could identify many patches, even at adult
stages, most likely because parts of the extensive dopaminergic projections in the
striatal matrix that usually occlude these patches are not present in our Pitx3-ITC
mice. Both the development and function of these patches remain unknown. Being
able to visualize these during structural development as well as during adulthood
provides a unique opportunity to establish how these patches develop and how they
function within the mdDA system.
Axons originating in the mdDA system reach the forebrain through the MFB,
after which they segregate to innervate their targets. Interestingly, instead of being
dispersed throughout the MFB, ITC expressing axons are grouped together within
the dorsal portion of the MFB. It is becoming increasingly clear that axon-axon
interactions and the organization of axon tracts is critical during the wiring of the
nervous system (Wang and Marquardt, 2013). These mechanisms have not been
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described for the mdDA system, but may play an important role in the formation of
subset-specific connectivity. For example, subsets of axons may be sorted within the
MFB such that their position within this tract mediates pathfinding towards their
appropriate targets, as has been described for other neuronal systems (Imai et al.,
2009; Lokmane et al., 2013; Wang and Marquardt, 2013).
Single-Cell Labeling of mdDA Neurons

5

Our current understanding of the development of mdDA circuitry is still limited and
mainly derives from studies focused on axon pathfinding and target innervation. Still,
much remains unknown about the molecular mechanisms underlying the formation
of subset-specific connectivity patterns. Besides their different target areas, mdDA
subsets show differences in the extent of arborization within these targets as well as
the complexity and extension of their dendrites (Fallon et al., 1978; Juraska et al.,
1977; Matsuda et al., 2009; Prensa and Parent, 2001). These features are difficult to
study without consistent visualization of single-cell morphology.
In our attempt to develop SNc- and VTA-specific Cre and Flp lines, respectively,
we generated mice in which mdDA neurons are sparsely labeled. Many of these
cells were located within the SNc, where different subtypes could be recognized.
Pyramidal shaped neurons located ventrally, extended their dendrites within both
the SNc and SNr, while dorsally located SNc neurons retained their dendrites within
the SNc. Although dendritic patterning is an important aspect in wiring of neuronal
networks, the functional implications and molecular determinants of mdDA dendritic
organization remain unknown. In addition, single-labeled neurons were found
to project their axons mainly towards the dorsal striatum, where they extensively
arborized to cover a relatively large projection area (Figure 6E, F), confirming earlier
reports which used different types of tracing technique to characterize the full
morphology of single SNc neurons and the notion that a single SNc neuron may
give rise of up to 150,000 presynaptic terminals (Matsuda et al., 2009; Prensa and
Parent, 2001; Sulzer, 2007).
Labeling of single mdDA neurons in Pitx3-ITC mice enables in-depth studies of
different developmental processes, such as identifying which molecular mechanisms
control subset-specific dendritic patterning and how synaptic specificity is acquired
in the striatum. Furthermore, visualization of dendritic structures and projection
fields of a single axon allows for studies on whether the structure and morphology
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is regulated in response to certain behavioral paradigms and pharmacological
treatments known to influence dopaminergic functioning. This will provide insight
into the functional properties of this stereotypic patterning and arborization.
In summary, our Pitx3-ITC strategy presents a unique and novel tool for studying
mdDA subset development and overcomes many of the difficulties involved in
studying the development and function of this complex neuronal system. Together
with subset-specific or single-cell specific Cre and Flp lines, such as Nrp2-FlpO or
Gucy2c-Cre mice, this approach enables in-depth studies of different developmental
and functional aspects of the mdDA system.

5
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MATERIALS AND METHODS
DNA constructs
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The ITC construct was assembled using conventional cloning techniques. First,
Citrine was cloned into the psiCheck2 vector (Promega) which contains a Synthetic
poly(A) sequence. Next, primers containing an frt site were used to clone Citrine and
the Synthetic poly(A) sequence into pcDNA3.1 (Invitrogen). TdTomato together
with a bGH poly(A) sequence was subsequently cloned upstream of Citrine. Next,
IFP with a SV40 poly(A) sequence was cloned upstream of tdTomato using primers
containing loxP and frt sequences generating ITC. For expression of iCre and FlpO
in HEK 293 cells, CMV-iCre and CMV-FlpO expression vectors were generated
by cloning iCre (a kind gift from Rolf Sprengel (Max Planck Institute, Heidelberg))
and FlpO into pcDNA3.1 (Invitrogen).
Cell culture and transfection

HEK 293 human embryonic kidney cells were transfected using Lipofectamine 2000
(Invitrogen) according to manufacturer’s protocol. Briefly, 1.75µl of Lipofectamine
2000 was diluted in 25µl Opti-MEM (Gibco). Separately, DNA encoding for either
ITC, iCre or FlpO was added to 25µl Opti-MEM. Both Opti-MEM dilutions were
mixed and allowed to incubate for 10 min after which they were directly added to
each well. After 72 h cells were fixed in 4% paraformaldehyde (PFA), briefly washed
in PBS and mounted in Prolong Gold antifade reagent (Invitrogen).
BAC recombination and mice

All animal use and care were in accordance with institutional guidelines. Targeting
constructs were assembled in pGEM-T Easy (Promega). ITC was flanked by
sequences homologous to 458 bp upstream of the Pitx3 ATG start codon in exon
2 and 450 bp downstream of exon 2, FlpO by sequences homologous to 440 bp
upstream of the Nrp2 ATG start codon in exon 1 and 447 bp downstream of exon
1, and iCre by sequences homologous to 459 bp upstream of the Gucy2c ATG start
codon in exon 1 and 402 bp downstream of exon 1. The resulting cassettes were
cloned in the pLD53 shuttle vector (Gong et al., 2002) and used for introducing
ITC into Pitx3 BAC clone RP23-125F3 (CHORI), FlpO into Nrp2 BAC clone
RP24-238H6 (CHORI) and iCre into Gucy2c BAC clone RP23-93A18 (CHORI).
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Recombination was verified by PCR and enzymatic digestion of the recombined
BAC clones. In order to generate transgenic mice, purified DNA was microinjected
into fertilized eggs obtained by mating (C57BL/6 X SJL)F1 or C57BL/6 female
mice with (C57BL/6 X SJL)F1 male mice. Pronuclear microinjection was performed
as described (Nagy et al., 2003). Mice were genotyped by PCR on genomic DNA
using the following primers:
Pitx3-ITC, 5’-CTGACGCCACTGGAGAGATG-3’ and
5’-TGGTGGCAGACAATCAGTCC-3’;
Nrp2-FlpO, 5’-GCAGGTTCAGCGACATCAAG-3’ and
5’-GGTAGGGGGCGTTCTTCTTC-3’;
Gucy2c-Cre, 5’-CCCGGGGCCACCATGGT-3’ and
5’-GACACAGCATTGGAGTCAGA-3’.
Tissue treatment

Timed-pregnant mice were killed by means of cervical dislocation. The morning
of which a vaginal plug was detected was considered embryonic day 0.5 (E0.5).
Tissue preparation was done as previously described (Kolk et al., 2009). For in situ
hybridization experiments, brains were directly frozen and sections were cut on a
cryostat. For immunohistochemistry, brains were fixed in 4% PFA in PBS after
which they were cryoprotected in 30% sucrose in PBS. Cryostat sections were cut
at 16-18 µm, mounted on Superfrost Plus slides (Thermo Fisher Scientific), airdried, and stored at -20oC for immunohistochemistry sections and -80oC for in situ
hybridization sections. For immunohistochemistry, mice were transcardially perfused
with 4% PFA. Brains were isolated and postfixed overnight at 4oC in 4% PFA. Fixed
brains were vibratome sectioned in the coronal plane at 50 µm.
Immunohistochemistry

Sections were blocked with 10% FCS in PBS containing 1% Triton X-100 for 3 h at
room temperature (RT). Subsequent incubation with primary antibodies in blocking
buffer was done overnight at 4oC. Sections were washed extensively in PBS and
incubated with secondary antibodies conjugated to Alexa Fluor-488, 555 and 680
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from appropriate species overnight at 4oC. After several washes in PBS, sections
were either counterstained with fluorescent DAPI (4’,6’-diamidino-2-phenylindole;
0.1 mg/ml in PBS; Invitrogen) and washed in PBS, or directly mounted in
FluorSave reagent (Merck Millipore). Staining was visualized on a Zeiss Axioskop
A1 epifluorescent microscope or by confocal laser-scanning microscopy (Olympus
FV1000). Primary antibodies used were rabbit anti-TH (Millipore; 1:1000), mouse
anti-TH (Millipore; 1:750), rabbit anti-GFP (Millipore; 1:500), chicken anti-GFP
(Abcam; 1:500), rabbit anti-tdTomato (Rockland; 1:500).

5

RNA in situ hybridization

Nonradioactive in situ hybridization was performed as described previously (Kolk et
al., 2009; Pasterkamp et al., 2007). cDNA was made from whole mouse brain RNA
using a one-step RT-PCR kit (Qiagen), according to supplied protocol and using the
following primers:
Gucy2c, 5’-CATAGGGACCTTTGAGTTGGAG-3’ and
5’-GTTTGAGACCAGCTTGGGATAC-3’;
Nrp2, 5’-AGGACACGAAGTGAGAAGCC-3’ and
5’-TTGCAGTCGTGTTTCTCGATTTC-3’;
TH, 5’-CAGCTTGCACTATGCCCACC-3’ and
5’-GAATTCCACAGTGAACCAG-3’.
cDNA was cloned into pGEM-T Easy (Promega) and transcribed using either
SP6 or T7 RNA polymerase (Roche) and digoxigenin-labeled nucleotide mix
(Roche) to produce digoxigenin-labeled cRNA probes. Digoxigenin was detected
using anti-digoxigenin FAB fragments conjugated to alkaline phosphatase (Roche;
1:3000) and stained with NBT/BCIP (Roche). Sections were counterstained with
fluorescent Nissl (Neurotrace; Invitrogen; 1:500), mounted using FluorSave reagent
and visualized on a Zeiss Axioscope 2.
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‘If you see through everything, then everything is transparent. But a wholly transparent world is

an invisible world. To ‘see through’ all things is the same as not to see.’
- C. S. Lewis

Chapter 6
General Discussion

6

The assembly of highly precise patterns of neuronal connectivity is crucial for proper
functioning of the nervous system and perturbed formation of neuronal circuits may
underlie various neuropsychiatric disorders.The mesodiencephalic dopamine (mdDA)
system consists of dopamine neurons located primarily in the ventral midbrain and
plays a critical role in control of voluntary movement and motivational behavior.
Disturbances in mdDA connectivity have been implicated in various neurological
and psychiatric disorders, including Parkinson’s disease and schizophrenia.
Understanding how neuronal circuits are formed is crucial for unraveling complex
brain functions and to gain insight into how situations of perturbed connectivity
contribute to the development of neuropsychiatric disorders. Within this context,
this thesis aims to unravel the mechanisms that control the formation of mdDA
connectivity. Using a combination of molecular, cellular and mouse genetic approaches,
we uncovered new mechanisms which control the development of mdDA circuitry.
In addition, tools were presented, including a new mouse transgenic strategy, to
facilitate studies of these processes in vitro and in vivo.
In the following sections, the results outlined in this thesis will be discussed within
the framework of our current knowledge of the development of mdDA neuronal
connectivity. In addition, suggestions will be made for future studies that will further
our understanding of the development and function of the mdDA system.
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Wiring the mdDA System: Lessons Learned from the
Mesohabenular Pathway
For studying mechanisms that dictate the development of mdDA connectivity we
focused in Chapter 3 on mdDA projections targeting the habenula. These projections
are particularly well suited for studying mdDA connectivity as it concerns an
easily identifiable group of axons which targets the lateral habenula (lHb), a well
described and discrete subdomain (Bianco and Wilson, 2009; Hikosaka et al.,
2008). In addition, recent studies have begun to unravel the important role of these
projections in controlling reward related behavior and in neuropsychiatric disorders
(Kowski et al., 2009; Li et al., 2011, 2013; Shen et al., 2012; Shumake et al., 2003,
2010; Stamatakis et al., 2013). However, the development of this pathway and the
mechanisms controlling its formation remained unresolved.
LAMP-Mediated Wiring of the mdDA System

An important finding reported in this thesis is the identification of the cell adhesion
molecule Limbic-system Associated Membrane Protein (LAMP) as a crucial factor
for controlling reciprocal axon-axon interactions between mdDA and lHb axons
(Chapter 3). Expression of LAMP on lHb efferents allows mdDA axons to grow
along these efferents. This positions these axons correctly for subsequent innervation
of the lHb. Interestingly, LAMP is expressed in many cortical and subcortical limbic
systems (Gil et al., 2002; Horton and Levitt, 1988), suggesting that it may serve to
guide axons in other brain areas as well. Notably, LAMP is expressed on a subset
of axons running through the striatum, as well as in the developing striatum itself
(Gil et al., 2002; Horton and Levitt, 1988; Pimenta et al., 1995). These striatal axons
run through the medial forebrain bundle (MFB) where they encounter mdDA
axons which grow in a reciprocal direction (Chapter 5). Analogous to mdDA axons
targeting the lHb, reciprocal axon-axon interactions between striatal and mdDA
axons in the MFB may be important for subset-specific targeting of the striatum.
In addition, LAMP expression in the striatum is graded, with high expression in
the ventromedial striatum and lower expression in the dorsolateral striatum (Gil et
al., 2002). Such differences in expression levels may be important for subset-specific
targeting of striatal afferents, including those originating in the mdDA system.
Although the expression pattern of LAMP is consistent with such a hypothesis,
future studies involving localized manipulations of LAMP expression are needed to
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assess whether LAMP plays a role in subset-specific targeting of mdDA axons into
brain regions other than the lHb.
Axon Tract Organization

6

Ectopic expression of LAMP on medial habenula (mHb) axons in the core of the
fasciculus retroflexus (FR) directly results in mistargeting of mdDA axons towards the
mHb and shows that LAMP plays an important role in confining mdDA axons to the
sheath of the FR. It also shows that organization of the FR into distinct subdomains
is essential for proper targeting of mdDA axons towards the lHb, as it ensures that
mdDA axons only interact with and follow sheath axons. Pre-target axon sorting
has been shown to be important for the development of different neuronal systems
(Imai et al., 2009; Lokmane et al., 2013). However, it is currently unknown whether
the guidance of mdDA axons to other brain regions is controlled by pre-target axon
sorting mechanisms. Characterization of our Pitx3-ITC mice (Chapter 5), in which
neurons are labeled that are located within the lateral part of the mdDA system,
reveals that mdDA axons running through the MFB show a specific organization
pattern. Axonal projections of this lateral subset were confined to the dorsal part
of the MFB and projected primarily to the dorsal and ventral striatum. As with
mdDA axons running through the FR, mdDA axons running through the MFB
intermingle with different axon populations. This, together with our results on the
dependency of mdDA axons targeting the lHb, suggests that, to some extent, mdDA
axon guidance is an opportunistic process where mdDA axons make use of already
laid out axon tracts for guidance towards their targets. Such a mechanism may be
more efficient, since it requires a much smaller set of molecules for guidance along
the major part of their trajectory, with no need of molecular mechanisms controlling
every required axon guidance event. However, this also comes at a cost, as the wiring
of this system becomes vulnerable to disturbances in the connectivity of those axons
they rely on for guidance. This supports the intriguing possibility that disorders with
a clear dopaminergic phenotype may initially be caused by changes in connectivity
of non-dopaminergic systems. Future studies are needed to further dissect the role
of axon-axon interactions in shaping mdDA connectivity. This may provide insight
into the possibility of non-dopaminergic wiring defects causing dopamine-related
phenotypes.
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Major Depressive Disorder

A recent study has associated particular variations in the LAMP genetic sequence
with Major Depressive Disorder (MDD) (Koido et al., 2012). This is striking, since
hyperactivity of the lHb has similarly been implicated in MDD (Li et al., 2011,
2013; Shumake et al., 2003). Moreover, mdDA projections are thought to inhibit
lHb activity and may therefore be involved in controlling reward related behavior
(Kowski et al., 2009; Shen et al., 2012; Shumake et al., 2010; Stamatakis et al.,
2013). Our results on the role of LAMP in targeting mdDA axons towards the lHb
(Chapter 3) connects these findings, since changes in the expression or structure of
LAMP are predicted to result in reduced or even a loss of dopaminergic innervation
of the lHb. Consequently, the lHb would receive reduced inhibitory input leading
to increased activity. It is worth noting that the initial analyses of LAMP-/- mutant
mice did not reveal any gross changes in neuronal connectivity (Catania et al., 2008).
Still, dopaminergic innervation of the lHb was not analyzed in these animals and a
reduction or loss of mdDA projections towards the habenula may easily go unnoticed
in a general analysis of neuronal connectivity. Future studies will need to establish
whether and how the reported genetic variations of LAMP affect mdDA growth
and/or targeting towards the habenula and whether this results in increased activity
of the lHb causing MDD-like symptoms.
Findings: Axon-axon interactions controlled by the cell adhesion molecule LAMP play
an important role in guidance of mdDA axons towards the lateral habenula (lHb) and

may similarly be involved in guidance of mdDA into brain regions other than the lHb. In
addition, disturbances in LAMP signaling may result in reduced dopaminergic innervation
of the lHb and lead to the development of Major Depressive Disorder (MDD).

Future Research: Guidance of mdDA axons may predominantly be an opportunistic
process where these axons are guided along laid out axon tracts. This calls for studies aimed

at unraveling how axon-axon interactions control the wiring of mdDA circuitry. This will
provide more insight into how disturbances in these mechanisms result in perturbed
mdDA connectivity underlying various neuropsychiatric disorders, such as MDD.
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DCC–Netrin-1 Signaling Controls Targeting and
Maintenance of mdDA Connectivity

6

DCC–Netrin-1 signaling has previously been described as an important factor in
wiring of neuronal circuits (Bielle et al., 2011; Goldman et al., 2013; Lai Wing Sun
et al., 2011; Manitt et al., 2011; Poon et al., 2008; Powell et al., 2008). Results from
this thesis expand these findings by identifying a new role for Netrin-1 in controlling
subdomain-specific target innervation and in the formation and maintenance of
functional mdDA circuitry.
A proteomics and gene expression analysis identified Netrin-1 to be selectively
expressed in the lHb (Chapter 3). Here, it acts as a subdomain-specific chemoattractant
controlling innervation of the lHb by mdDA axons, which express DCC. Although
mdDA axons follow lHb efferents towards the lHb, they require this separate,
Netrin-1 mediated, signal for innervation. Netrin-1 could be involved in uncoupling
mdDA axons from lHb axons, allowing them to innervate the habenula and make
appropriate synaptic contacts. During adulthood, Netrin-1 is involved in finetuning and maintaining the functional organization of mdDA circuitry (Chapter 4).
Netrin-1 signaling can be mediated through both DCC and Unc5H (A-D) receptors,
or through a multimeric DCC/Unc5H receptor complex. Interestingly, both DCC
and Unc5C heterozygous mutant mice show similar phenotypes in their response to
amphetamine (Chapter 4 and Flores, 2011). This effect is only present at adult stages
and corresponds to the gradually increased expression of Unc5C. This suggests that
this effect of Netrin-1 is mediated through the DCC/Unc5C receptor complex. A
recent study has revealed how reduced expression of DCC in DCC+/- mice causes
structural changes in the prefrontal cortex (PFC) at both the pre- and postsynaptic
level, which may underlie the observed phenotype of these animals (Manitt et al.,
2011). However, futures studies will determine whether such structural changes also
occur in Unc5C+/- mice.
These results reveal different roles for Netrin-1 at distinct stages of mdDA circuit
development. During formation of mdDA circuitry, Netrin-1 acts as a guidance
molecule, controlling early guidance and innervation. Next, remaining Netrin-1
expression within these target areas may serve to confine mdDA axons to the lHb,
as has been described for Netrin-B in the Drosophila visual system. Here, Netrin-B
not only attracts but also confines axonal afferents, preventing their progression into
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deeper layers (Timofeev et al., 2012). Finally, at adult stages, remaining Netrin-1
expression may serve to form and maintain functional circuits and control their
response to external stimuli. This could include controlling the formation of synaptic
contacts, as has previously been described for Netrin-1 in other systems (Goldman
et al., 2013).
Future studies will need to address whether this role of Netrin-1 at different stages
of development is a general mechanism for controlling formation and maintenance of
mdDA circuitry. If so, it places Netrin-1 at the heart of mdDA functioning. Changes
in the structure or expression of Netrin-1, or any of its downstream signaling
molecules, could interfere with normal development and functioning of the mdDA
system and thereby contribute to the symptomatology of various neuropsychiatric
disorders. As such, Netrin-1, its transmembrane receptors, and its downstream
signaling molecules, may be interesting therapeutic targets for modulating symptoms
of various neuropsychiatric disorders.
Findings: During embryonic development, Netrin-1 controls the dopaminergic
innervation of the lateral habenula (lHb), while during adulthood Netrin-1 is involved in
maintaining functional mdDA circuitry.

Future Research: Netrin-1 serves different functions in controlling the formation of

functional mdDA circuitry. Future studies will further characterize the role of Netrin-1

during different stages of mdDA development and assess whether Netrin-1 may serve as a
therapeutic target for various dopaminergic-related neuropsychiatric disorders.

Strategies for Analyzing Development of mdDA
Connectivity
Studies into how connections in the brain are established rely on the identification
and manipulation of neuronal circuits and the individual neurons that form these
connections. However, a lack of tools to selectively identify and label mdDA subsets
has complicated such studies and as a result our current knowledge of the subsetsspecific wiring of the mdDA system is still limited. Therefore, part of this thesis was
aimed at developing new tools to facilitate studies into the mechanisms controlling
the establishment of subset-specific connectivity patterns.
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Differential Labeling of mdDA Subsets

6

The mdDA system is composed of various neuronal subsets, each of which has a
distinct molecular profile and connectivity pattern (Björklund and Dunnett, 2007;
Chung et al., 2005; Greene et al., 2005; Lammel et al., 2008; Roeper, 2013; Simeone
et al., 2011; Veenvliet et al., 2013). In order to understand how these subset-specific
connections are established, these subsets need to be identified and their development
characterized. In Chapter 5 we presented a new transgenic approach, called Pitx3ITC, which allows for differential labeling of two mdDA subsets in a single mouse.
Differential labeling of multiple mdDA subsets offers a unique opportunity for
characterizing their molecular signature. Enriched populations of these subsets
can be obtained using flow cytometry techniques, such as Fluorescence-Activated
Cell Sorting (FACS). This allows for molecular profiling of mdDA subsets and the
identification of candidate molecules that could control subset-specific wiring of the
mdDA system. In addition, studies using in vitro techniques, including the threedimensional collagen matrix assay described in Chapter 2, would greatly benefit
from differential labeling of mdDA subsets. For example, the subset-specific effects
of identified candidate molecules can easily be tested by co-culturing tdTomato
and Citrine-labeled mdDA neurons in a single experimental setup. In this way the
differential effect of presented candidate molecules or manipulation of their cognate
receptors can be identified and allows for uncovering molecular determinants
shaping subset-specific connectivity. Similarly, this transgenic approach facilitates
in vivo studies by enabling the identification of subset-specific alterations at both
the pre- and postsynaptic level. Mouse genetic approaches, including (conditional)
knockout strategies, can be evaluated based on their effect on connectivity patterns
of specific subsets. These alterations may include subtle changes in targeting of
brain regions, such as the striatum, which may easily go unnoticed using classical
immunohistochemistry approaches or labeling of single-subsets using GFP reporter
lines.
Single-Cell Labeling of mdDA Neurons

Diversity of mdDA neurons has mostly been considered from a molecular perspective,
with different subsets expressing different molecular markers (Chung et al., 2005;
Greene et al., 2005; Roeper, 2013; Simeone et al., 2011; Veenvliet et al., 2013). This
has been extended by studies using advanced retrograde tracings methods which
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have uncovered new subsets based on the targets they innervate (Björklund and
Dunnett, 2007; Lammel et al., 2008). In contrast, little is known about the diversity
of the mdDA neurons at the level of their dendritic input, although differences in
the organization of dendrites were already recognized a few decades ago (Fallon et
al., 1978; Juraska et al., 1977). Our analysis of Pitx3-ITC mice crossed with Gucy2cCre or Nrp2-FlpO mice, in which single mdDA neurons are labeled (Chapter 5),
confirmed and expanded these previous studies by identifying differences in where
mdDA neurons extend their dendritic projections. At the moment, the functional
consequences and the molecular mechanisms dictating these differences remain
unknown. Until now, studies on the dendritic development of mdDA neurons were
complicated, since they required consistent sparse labeling of mdDA neurons. Future
studies into this largely unexplored topic will be greatly facilitated by our newly
generated mice.
Single-labeling of neurons also offers the opportunity of analyzing how axons,
after innervation, arborize within their targets and select partner neurons for
making synaptic connections. These processes are difficult to study when groups of
axons are labeled, as it prevents tracking which arbor belongs to which axon. Initial
analysis of single mdDA axon innervation of the striatum revealed relatively large
projection fields and extensive arborization within localized domains, consistent
with the notion that a single striatonigral neuron can make up to 150,000 synaptic
contacts (Matsuda et al., 2009; Prensa and Parent, 2001; Sulzer, 2007). The striatum
is composed of patch and surrounding matrix compartments. These are functional
subdomains, with specific expression of different neurotransmitters and receptors
and distinct connectivity patterns ( Joel and Weiner, 2000; Mansour et al., 1995;
Miura et al., 2007; Penny et al., 1986; Xu et al., 1994). We found that single
mdDA axons innervate the dorsal striatum in a patch-like pattern. This pattern
of innervation was also detected in Pitx3-ITC mice crossed with mice expressing
germline-line Flp or Cre. The functional properties of mdDA axons targeting patch
or matrix compartments and the molecular mechanisms controlling the formation
of this specific connectivity pattern remain unresolved. The patch-like innervation
pattern in Pitx3-ITC mice offers a unique approach for studying these processes
by visualizing structural changes in these patches, in combination with mouse
genetic approaches and functional challenges. For example, pruning or extension of
dopaminergic patches in knockout animals or animals tested in different behavioral
General Discussion | 163

6

paradigms may reveal the functional properties of these connections, and give insight
into how this connectivity pattern is established and maintained. It is important to
note that studies co-staining for patch and/or matrix specific markers will need to
establish whether the dopaminergic innervation of the striatum observed in Pitx3ITC mice is indeed specific for striatal patches.
BAC Transgenic Strategy

6

Our strategy for differential labeling of mdDA neurons was initially aimed at the
entire mdDA system because it used the Pitx3 promoter to drive the expression
of the ITC transgene (Smidt et al., 1997). However, only the lateral portion of the
mdDA system, including the substantia nigra pars compacta (SNc) and lateral ventral
tegmental area (VTA), showed expression of ITC. Since this expression pattern was
similar for all generated lines, the most likely cause of the lack of signals in the
medial VTA is the use of Bacterial Artificial Chromosomes (BACs) for generating
these transgenic mice. BACs are large pieces of DNA (~200 – 300 kb) and because
of their size not only contain promoter sequences for driving transgene expression,
but also many of the up- and downstream regulatory elements necessary for proper
expression. In contrast to a targeted knock-in approach, BACs randomly integrate
into the genome after pronuclear injections. Either lack of specific regulatory
elements in the BAC, or genetic influences from genomic areas surrounding the
BAC could affect expression. However, the identical expression patterns observed
in all generated lines does not support a role for influences by surrounding genetic
sequences. Besides missing regulatory elements in the BAC, the ITC transgene is
introduced into the first exon of the Pitx3 gene located on the BAC. This disturbance
of the Pitx3 gene may contribute to the observed expression pattern of ITC, as
specific elements within this exon may be crucial for proper expression of Pitx3 in
the medial VTA.
Future studies using Pitx3-ITC mice will focus on the development of mdDA
neurons in the SNc and lateral VTA. The unique expression pattern of ITC in these
mice provides novel opportunities for studying mdDA development. For example,
a patch-like innervation pattern of the striatum is clearly recognized at adult stages
in Pitx3-ITC mice. Although such patches were recognized in earlier studies using
a classical immunohistochemistry approach (Graybiel, 1984; Voorn et al., 1988),
massive innervation of the striatum by mdDA axons at later stages of development
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prevented visualization of this patch-specific striatal innervation by mdDA axons at
the adult stage. The absence of labeled projections from the medial VTA in Pitx3ITC mice enables the visualization of this patch-specific innervation pattern and
offers a unique approach to analyze how these connections are maintained and to
investigate their function at adult stages.
Findings: Pitx3-ITC mice allow for differential labeling of mdDA subsets located in
the substantia nigra pars compacta (SNc) and lateral ventral tegmental area (VTA). In

addition, Nrp2-FlpO and Gucy2c-Cre mice crossed with Pitx3-ITC mice show sparse
labeling of mdDA neurons, revealing distinct patterns of connectivity at the pre- and
postsynaptic level.

Future Research: Pitx3-ITC mice, together with Nrp2-FlpO and Gucy2c-Cre mice, offer a
unique approach towards studying the development of mdDA connectivity. These animals
will facilitate future studies aimed at unraveling the molecular mechanisms dictating the
formation of mdDA circuitry at a subset-specific level.

Final Words
Overall, this thesis provides new insights into the mechanisms controlling the
development of mdDA connectivity. In particular, a novel role for LAMP-mediated
axon-axon interactions in subdomain-targeting of mdDA axons was uncovered. We
also revealed a new role for target derived Netrin-1, which at early developmental
stages controls target entry via the DCC receptor, and at adult stages plays a role in
controlling functional circuitry via the DCC/Unc5C receptor complex. In addition,
we presented newly developed genetic tools to facilitate future studies aimed at
unraveling how mdDA circuitry is established. Changes in the mdDA circuitry
may underlie various neurological and psychiatric disorders. The findings and newly
developed tools presented in this thesis will help to unravel how disturbances in the
molecular mechanisms that control the formation of mdDA circuitry contribute to
the symptomatology of these diseases and help develop new therapeutic strategies
aimed at restoring perturbed mdDA connectivity.
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‘Once you accept that science is the only source of human knowledge, you have adopted a
philosophical position (scientism) that cannot be verified, or falsified, by science itself.'

- Thomas Burnett
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Het centraal zenuwstelsel is opgebouwd uit miljoenen zenuwcellen (neuronen) die
op een zeer specifieke wijze met elkaar verbonden zijn. Deze connectiviteit is cruciaal
voor het correct functioneren van het zenuwstelsel. Opmerkelijk is dat een groot
deel van de verbindingen tussen neuronen worden aangelegd tijdens de embryonale
en postnatale ontwikkeling. Dit is een zeer complex proces waarbij de uitlopers van
zenuwcellen (axonen) over relatief lange afstanden naar specifieke hersengebieden
worden gestuurd. In deze hersengebieden maken ze zeer selectief verbinding met de
juiste partner neuronen, welke veelal in specifieke subdomeinen liggen en worden
omgeven door andere type neuronen.
De sturing van axonen wordt gereguleerd door een combinatie van moleculaire
signalen (zie hoofdstuk 1). Moleculen in de extracellulaire omgeving sturen axonen
door ze aan te trekken (attractie) of ze af te stoten (repulsie) en functioneren zo
als wegwijzers. Axonen maken ook gebruik van al eerder aangelegde zenuwbanen
door ze te volgen naar de juiste hersengebieden. In deze hersengebieden leidt een
combinatie van moleculen, die op zeer specifieke locaties tot expressie komen, axonen
naar de juiste partner neuronen om synaptische verbindingen mee te vormen.
Het complexe patroon van neuronale connecties bepaalt voor een groot deel de
functionele eigenschappen van het zenuwstelsel. Begrijpen hoe deze connecties
worden gevormd is daarom van groot belang om te begrijpen hoe het zenuwstelsel
zich ontwikkelt en functioneert. Bovendien speelt de foutieve aanleg van neuronale
verbindingen een rol bij de ontwikkeling van neurologische en psychiatrische
aandoeningen, zoals de ziekte van Parkinson, autisme en schizofrenie. Echter, voor
veel hersengebieden is nog onbekend hoe de connectiviteit wordt aangelegd en welke
cellulaire en moleculaire processen hierbij betrokken zijn. Het onderzoek beschreven
in dit proefschrift richt zich op het ontdekken welke moleculaire mechanismen ten
grondslag liggen aan de vorming van neuronale connecties. Hierbij ligt de nadruk op
het mesodiencephalisch dopamine (mdDA) systeem, omdat: (1) het mdDA systeem
een goed beschreven en toegankelijk systeem is, waardoor het zeer geschikt is om de
vorming van connecties in het zenuwstelsel te bestuderen; (2) het mdDA systeem
direct en indirect betrokken is bij verschillende neurologische en psychiatrische
aandoeningen. Kennis over hoe verbindingen in dit hersengebied worden aangelegd
is cruciaal voor het begrijpen hoe deze ziekten ontstaan en voor de ontwikkeling van
therapeutische strategieën gericht op deze ziekten.
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Bevindingen van dit proefschrift

MdDA neuronen projecteren hun axonen via de mediale voorhersenbundel (MFB)
naar verschillende gebieden in de voorhersenen, waaronder het striatum. De vorming
van deze verbindingen wordt gereguleerd door moleculen die worden uitgescheiden
langs de route die mdDA axonen volgen (zie hoofdstuk 1). Zoals beschreven in
hoofdstuk 2 kunnen deze moleculen in vitro bestudeerd worden door weefsel van
het mdDA systeem en doelgebieden, zoals het striatum, samen in een collageen
matrix te groeien. De collageen matrix functioneert als een driedimensionale
omgeving die de extracellulaire matrix nabootst. Daarnaast biedt het de mogelijkheid
voor uitgescheiden moleculen om een stabiele gradiënt te vormen. Op deze manier
kan de invloed die moleculen hebben op de groei van mdDA axonen bestudeerd
worden en biedt het een methode om de uitgroei van axonen en/of de attractieve of
repulsieve respons te kwantificeren. Dit maakt deze methode uitermate geschikt om
de cellulaire en moleculaire mechanismen die de groei van mdDA axonen en striatale
axon reguleren in vitro te analyseren.
Om de mechanismen te onderzoeken die de ontwikkeling van mdDA
connectiviteit reguleren, hebben we in hoofdstuk 3 de mdDA axonen bestudeerd die
de habenula innerveren. Deze axonen zijn zeer geschikt om mdDA connectiviteit
te bestuderen, omdat het hier gaat om een geïsoleerde groep axonen die goed
herkenbaar zijn en waarvan het innervatiepatroon volledig bekend is. Bovendien
laten recente studies zien hoe deze axonen een rol spelen bij beloningsgedrag en
verschillende psychiatrische aandoeningen. Echter, de ontwikkeling van deze axonen
en de moleculaire mechanismen die dit proces reguleren zijn nagenoeg onbekend.
De habenula ligt dorsaal van de thalamus en bestaat uit twee subdomeinen, de
mediale habenula (mHb) en laterale habenula (lHb), waarbij mdDA axonen specifiek
de lHb innerveren. Een belangrijk resultaat van deze studie is de ontdekking dat
mdDA axonen gebruik maken van al eerder aangelegde axonen uit de lHb. Door
lHb axonen te volgen worden mdDA axonen naar de lHb gestuurd. Deze axon-axon
interactie tussen mdDA en lHb axonen wordt gemedieerd door het Limbic-system
associated membrane protein (LAMP) molecuul. LAMP is aanwezig op zowel lHb
als mdDA axonen en verstoringen van het expressieniveau of de locatie van LAMP
veroorzaken defecten in de innervatie van de lHb door mdDA axonen. Opmerkelijk
is dat eerdere studies naar de ontwikkeling van depressieve stoornissen een rol
hebben gevonden voor enerzijds de hyperactivteit van de habenula en anderzijds
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verstoringen in LAMP. De bevindingen beschreven in hoofdstuk 3 bieden een
mogelijke verklaring door te laten zien dat verstoringen in LAMP verlies van
dopaminerge innervatie in de habenula veroorzaakt. Dit verlies van innervatie zou
kunnen leiden tot hyperactivieit van de habenula.
Axonen van het mdDA systeem brengen ook het molecuul Deleted in Colorectal
Carcinoma (DCC) tot expressie. Deze receptor stelt mdDA axonen in staat om een
ander molecuul, Netrin-1, te detecteren. Netrin-1 wordt uitgescheiden door de lHb,
en collageen matrix assays (zoals beschreven in hoofdstuk 2) laten zien dat Netrin-1,
uitgescheiden door de lHb, een attractieve respons bij mdDA axonen veroorzaakt.
Verlies van Netrin-1 in de lHb, of DCC op mdDA axonen, resulteert in verlies van
dopaminerge innervatie van de lHb, waarbij mdDA axonen tot aan de lHb groeien,
maar deze niet binnen gaan.
De resultaten in deze studie laten voor het eerst zien hoe een subdomein van
een hersengebied via axon-axon interacties en secretie van attractieve moleculen zijn
eigen innervatie patroon bepaalt. Daarnaast werpen deze bevindingen nieuw licht op
een mogelijk algemeen mechanisme voor het sturen van mdDA axonen, bijvoorbeeld
naar structuren in het voorbrein, zoals het striatum (zie ook hoofdstuk 5).
Receptoren voor Netrin-1 spelen ook een belangrijke rol bij de ontwikkeling van
mdDA projecties naar de prefrontaal cortex (PFC). DCC haploinsufficiënte muizen
hebben afwijkingen in de dopaminerge innervatie van de PFC en zijn minder gevoelig
voor amfetamine en cocaïne, zoals blijkt uit een minder sterke locomotor respons na
toediening van deze stoffen. Echter, deze effecten ontstaan pas na de adolescentie. Dit
is opvallend, aangezien de DCC receptor al tot expressie komt vanaf de embryonale
ontwikkeling. Naast DCC is ook de Unc5 receptor in staat om Netrin-1 te binden.
De expressie van Unc5 wordt in mdDA neuronen sterk gereguleerd en komt tot
expressie vanaf de adolescentie. Dit suggereert een mogelijke rol voor het DCC/Unc5
receptor complex bij de vorming van mdDA circuits in de PFC en kan verklaren
waarom de defecten in DCC haploinsufficiënte muizen pas zichtbaar worden na de
adolescentie. De resultaten beschreven in hoofdstuk 4 tonen de expressie van Unc5C,
een homoloog van Unc5, specifiek in neuronen in het ventraal tegmentum (VTA) van
het mdDA systeem. De verlaging van Unc5C expressie in Unc5C haploinsufficiënte
dieren leidt tot een verstoorde respons na toediening van amfetamine en cocaïne.
Dit gaat gepaard met een sterke toename in expressie van tyrosine hydroxylase
(TH), het enzym dat essentieel is voor de productie van dopamine, in de PFC.
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Dit fenotype is sterk vergelijkbaar met wat in eerdere studies is gevonden bij DCC
haploinsufficiënte dieren. Bovendien is dit tegenovergesteld aan wat in diermodellen
voor schizofrenie en in patiënten met schizofrenie is gevonden. Deze bevindingen
geven een sterke aanwijzing dat het DCC/Unc5C receptor complex een belangrijke
rol speelt bij de vorming en stabiliteit van mdDA circuits in de PFC en wijst op een
mogelijke betrokkenheid van deze receptoren bij de ontwikkeling van psychiatrische
aandoeningen, zoals schizofrenie.
Zoals beschreven in de voorgaande hoofdstukken, bestaat het mdDA systeem uit
verschillende neuronen die naar verscheidene hersengebieden projecteren (waaronder
de habenula, het striatum en de PFC). Deze heterogeniteit van mdDA neuronen
speelt ook een rol in verschillende neurologische en psychiatrische aandoeningen. Zo
is een kenmerk van de ziekte van Parkinson de selectieve degeneratie van neuronen
in de substantia nigra van het mdDA systeem, en spelen neuronen in de VTA
een belangrijke rol bij de ontwikkeling van verslavingsgedrag. Onderzoek naar de
ontwikkeling van het mdDA systeem wordt bemoeilijkt door gebrek aan de juiste
middelen om de verschillende mdDA subtypes de identificeren en te markeren. In
hoofdstuk 5 beschrijven we een nieuwe, transgene methode waarbij gebruik wordt
gemaakt van het Cre/lox en Flp/frt recombinatie systeem dat selectieve expressie
van verschillende fluorescente eiwitten mogelijk maakt. Met deze methode, genaamd
ITC (IFP/tdTomato/Citrine) kunnen twee verschillende mdDA subsets worden
gemarkeerd met het fluorescente eiwit Citrine of tdTomato, waarbij tdTomato
expressie afhankelijk is van Cre recombinase en Citrine expressie van Flp recombinase.
In de ITC muizen is een groot deel van de mdDA neuronen ITC-positief, hoewel
neuronen in de mediale VTA geen expressie vertonen. Expressie is ook zichtbaar in
axonen die projecteren naar het striatum. Deze ITC-positieve axonen zijn echter niet
homogeen verspreid in het striatum, maar zijn verrijkt in specifieke compartimenten
van het striatum. Dit type innervatie is niet zichtbaar wanneer alle mdDA axonen
aangekleurd zijn en is mogelijk een gevolg van het niet aankleuren van ITC-negatieve
axonen vanuit de mediale VTA. Naast dit specifieke innervatiepatroon blijkt in deze
muizen ook dat dopaminerge axonen in specifieke domeinen van de MFB groeien.
Mogelijk is deze organisatie belangrijk voor de ontwikkeling van deze projecties (zie
hoofdstuk 3).
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Omdat de ITC strategie afhankelijk is van de juiste expressie van Cre en Flp
in mdDA subsets, zijn in hoofdstuk 5 ook subset-specifieke Cre en Flp muizen
gegenereerd. Hierbij is gebruik gemaakt van Neuropilin-2 (Nrp2) en Guanylyl Cyclase
2C (Gucy2c) promotor sequencies om Nrp2-Flp en Gucy2c-Cre dieren te genereren.
Tegen verwachting in leidt de kruising van Nrp2-Flp of Gucy2c-Cre muizen met
ITC muizen tot de markering van enkele, individuele neuronen in plaats van een
volledige groep neuronen. Hierdoor is de complete structuur van deze neuronen,
inclusief de dendritische projecties, goed zichtbaar. Voor het eerst kan met deze
benadering de ontwikkeling van het mdDA systeem op individueel celniveau
bestudeerd worden. Een eerste analyse van deze neuronen onthult specifieke
verschillen in pre- en postsynaptische connectiviteit. Subtypen van mdDA neuronen
kunnen worden herkend door verschillen in de dendritische organizatie. Daarnaast
kan in deze muizen de complexe innervatie van het striatum door individuele mdDA
axonen gevisualiseerd en bestudeerd worden. Dit opent nieuwe mogelijkheden om
te onderzoeken welke moleculaire mechanismen betrokken zijn bij de ontwikkeling
van dendritische structuren in het mdDA systeem en hoe synaptische specificiteit
wordt gereguleerd in het striatum.
De ITC strategie biedt nieuwe mogelijkheden voor het bestuderen van de
ontwikkeling en functie van mdDA circuits. Processen als migratie, de groei van
axonen en ontwikkeling van dendrieten kunnen in deze muizen bestudeerd worden,
maar ook of en hoe bepaalde gedragspatronen en farmacologische interventies
structurele verandering van dopaminerge circuits veroorzaken. Daarnaast biedt
het markeren van verschillende groepen van mdDA neuronen in dezelfde muis de
mogelijkheid om subset-specifieke effecten van kandidaatmoleculen te testen in een
enkele ex vivo of in vitro experimentele opstelling. Ook kunnen in vivo manipulaties
geanalyseerd worden op het niveau van specifieke groepen van mdDA neuronen.
Door deze nieuwe mogelijkheden zal deze strategie een belangrijke bijdrage leveren
aan toekomstige studies naar de ontwikkeling van het mdDA systeem.
De studies beschreven in dit proefschrift bieden nieuwe inzichten in de
mechanismen die betrokken zijn bij de ontwikkeling van mdDA circuits (zie
hoofdstuk 6). Axon-axon interacties spelen een belangrijke rol bij de vorming van
een deel van deze connecties en toekomstige studies moeten uitwijzen of dit ook voor
andere mdDA axonen geldt. Netrin-1, en de receptoren die dit molecuul binden,
zijn ook nauw betrokken bij de ontwikkeling van mdDA circuits. Verstoringen in
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mdDA connectiviteit spelen een mogelijke rol bij de ontwikkeling van verschillende
neurologische en psychiatrische aandoeningen. Dit maakt zowel LAMP als Netrin-1
interessante kandidaatmoleculen voor het ontwikkelen van therapieën. Ook is een
nieuwe transgene strategie ontwikkeld om studies naar de ontwikkeling van het
mdDA systeem te faciliteren. Deze bevindingen en nieuwe methoden dragen bij
aan het ontdekken van hoe verstoringen in de ontwikkeling van het mdDA systeem
betrokken zijn bij de ontwikkeling van neurologische en psychiatrische aandoeningen.
Daarnaast bieden ze nieuwe uitgangspunten voor de ontwikkeling van therapieën
gericht op het manipuleren of herstellen van deze connecties.
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Ewoud Roberto Eduard Schmidt is geboren op 5 februari 1985 te Rotterdam. Na
het behalen van zijn VWO diploma in 2003 aan het Wartburg College, Guido de
Brès in Rotterdam begon hij met zijn studie Biomedische Wetenschappen aan de
Universiteit Utrecht. Hij behaalde zijn bachelor diploma in 2006, waarna hij zijn
opleiding vervolgde met de master Neurowetenschappen & Cognitie aan dezelfde
universiteit. Als onderdeel van zijn master deed Ewoud een stage van 9 maanden in
het laboratorium van Jeroen Pasterkamp onder supervisie van Dianne van den Heuvel
in het Rudolf Magnus Instituut voor Neurowetenschappen van het Universitair
Medische Centrum Utrecht. Hierna deed hij een stage van 6 maanden in het
laboratorium van Antonella Riccio in het Medical Research Council Laboratory of
Molecular and Cell Biology, University College London, Groot-Brittannië. Ewoud
behaalde zijn master diploma in 2008 (cum laude). In hetzelfde jaar verkreeg hij een
Toptalent onderzoeksbeurs van de Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO) voor de financiering van zijn promotieonderzoek. Hij voerde dit
onderzoek uit in de groep van Jeroen Pasterkamp in het Rudolf Magnus Instituut voor
Neurowetenschappen in Utrecht. De resultaten van dit onderzoek staan beschreven
in dit proefschrift. Hij zal zijn wetenschappelijk onderzoek voortzetten als postdoc
in het laboratorium van Franck Polleux aan Columbia University in New York, de
Verenigde Staten van Amerika.
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Ewoud Roberto Eduard Schmidt was born on February 5th 1985 in Rotterdam, the
Netherlands. After graduation from secondary school (Wartburg College, Guido
de Brès in Rotterdam, the Netherlands) in 2003, he studied Biomedical Sciences at
Utrecht University. He obtained his Bachelor of Science degree in 2006 and continued
with the Master Neuroscience & Cognition at the same university. As part of the
Master program he did a 9 month internship in the laboratory of Jeroen Pasterkamp
under supervision of Dianne van den Heuvel at the Rudolf Magnus Institute of
Neuroscience of the University Medical Center Utrecht. This was followed by a 6
month internship in the laboratory of Antonella Riccio at the Medical Research
Council Laboratory for Molecular and Cell Biology, University College London,
United Kingdom. Ewoud obtained his Master of Science degree in 2008 (cum
laude). In the same year he acquired a Toptalent research grant from the Netherlands
Organisation for Scientific Research (NWO) to fund his own PhD research project.
He performed this research project in the laboratory of Jeroen Pasterkamp at the
Rudolf Magnus Institute for Neuroscience in Utrecht. The results of this research
project are presented in this thesis. He will continue with his postdoctoral research in
the laboratory of Franck Polleux at Columbia University in New York, USA.
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‘Science is organized knowledge. Wisdom is organized life.’
- Immanuel Kant
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‘The most important task of philosophy in the modern world is to resurrect the human person, to
rescue it from trivializing science, and to replace the sarcasm which knows that we are merely

animals, with the irony that sees we are not.’
- Roger Scruton
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Dankwoord
De afgelopen vijf jaar heb ik mogen merken dat wetenschap één grote sociale
activiteit is, waarmee ik niet alleen op alle zeer gewaardeerde borrelmomenten doel.
Zonder de mensen waarmee ik heb mogen samenwerken, en de mensen die direct
om mij heen staan, had dit proefschrift nooit tot stand gekomen. En nu is het zover,
het boekje is geschreven, de laatste woorden staan op papier. Dit boek kan letterlijk
en figuurlijk afgesloten worden met het meest gelezen hoofdstuk waarin ik mijn
dank wil uitspreken.
Allereerst mijn promotor, Jeroen Pasterkamp. Beste Jeroen, hartelijk dank voor je
begeleiding en expertise de afgelopen jaren. Tijdens mijn verblijf in het Pasterkamplab,
zowel als master student en als promovendus, heb ik veel geleerd over hoe een goed
onderzoeksproject uit te voeren. Ik heb je ambitie om vernieuwend en kwalitatief
hoogstaand onderzoek te doen zeer gewaardeerd. Dit bleek ook uit je steun bij het
zoeken naar een buitenland stage en later bij het aanvragen van mijn Toptalent
beurs. Ook je wetenschappelijke houding vond ik zeer prettig en herkenbaar. De
vasthoudendheid om met die extra stap de publicatie op een hoger niveau te brengen,
met alle risico’s en frustraties die daarbij horen, heeft geleid tot zeer mooie resultaten.
Mijn tweede promotor, Peter Burbach. Beste Peter, hartelijk dank voor je begeleiding
en ondersteuning. De gesprekken over mijn toekomstplannen en jouw inzet en hulp
bij het zoeken naar een postdoc positie heb ik zeer op prijs gesteld. Ook jouw inzicht
en visie over de inhoud van dit proefschrift waren zeer waardevol.
Ik bedank de leden van mijn leescommissie, prof. dr. Casper Hoogenraad, prof. dr.
Alain de Bruin, prof. dr. Sander van den Heuvel, prof. dr. Joost Verhaagen en prof. dr.
Vincent Christoffels voor het beoordelen van mijn proefschrift.
Alle (voormalig) leden van het Pasterkamplab. Julie hartelijk dank voor de input
en wetenschappelijke discussies. Dianne, bedankt voor de begeleiding tijdens mijn
masterstage. Uiteindelijk is dit een mooi begin gebleken van mijn – nu nog prille
– onderzoekscarrière. Youri, bedankt voor je enorme inzet en het meedenken met
de projecten. Het nemen van verschillende praktische drempels was niet altijd even
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makkelijk, maar onder andere jouw doorzettingsvermogen heeft ons er doorheen
geholpen. Mark, jij ook bedankt bij de hulp met experimenten en het muiswerk. Leo,
je zou in het dankwoord moeten staan van elk proefschrift dat van onze afdeling
komt. Hartelijk dank voor al je hulp op het lab. Eljo en Anna, jullie ook bedankt om
het toch een tijdje uit te houden met mij op de kamer. Het was een leuke tijd, maar
ik kon zo'n grote kamer met aquarium uiteraard niet afslaan.
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Bart, het was een voorrecht om het laatste jaar de kamer met je te delen. De
muziek was altijd dik in orde, de sfeer, met het prachtige aquarium, was prima, en
de gesprekken over wetenschap en andere zaken had ik niet willen missen. Ook
de ‘metal-momenten’ op het lab en het ‘klokhuis kijken met een biertje’ waren zeer
effectief tegen de frustraties die onlosmakelijk met labwerk verbonden zijn. Ook
zeer bedankt voor je hulp bij het bouwen van mijn eerste ‘fixie’. Jouw sportieve
inslag gecombineerd met een ‘doe-het-zelf ’ mentaliteit (vliegers naaien, longboards
zagen, fietsen bouwen etc.) heeft mooie – en misschien een paar minder mooie –
fietsmomenten opgeleverd!
Francesca, thanks for all your help on setting up many experiments and making
our awesome JoVE video. I very much appreciated our talks in which we critically
reviewed science and life. They were great, much fun, and sometimes even hilarious.
I wish you all the best with your new postdoc position, I am sure you can do it! And
hopefully it gives you exactly what you are looking for.
Sara, thank you very much for your help with completing the habenula project and
all the best in continuing with the ITC mice! Thanks for your incredible enthusiasm
and the many insights into the Dutch culture. Try to keep up your motivation, even
when it’s raining or the results are not up to your expectations!
De afgelopen jaren zijn er ook genoeg mensen weer vertrokken. Desalniettemin
hebben ze, direct of indirect, een belangrijke bijdrage geleverd aan dit proefschrift.
Sharon, zeer bedankt voor jouw bijdrage aan het 'habenula-hoofdstuk'. De Smidt
groep, Marten, Marco, Jesse, Elisa en Lars, hartelijk dank voor jullie expertise op
het gebied van het dopamine systeem en de feedback en discussies die hieruit
voortkwamen. Frank, Koushik, Anup, Arjen, Kristel, and Ruud, thanks for all the
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conversations and discussions, often accompanied by one or many drinks, that we
had over the years.
Krista, Ria, Joke, Vicki en Sandra, jullie bedankt voor alle hulp en ondersteuning.
Marjolein, jij zeer bedankt voor de goede zorg van alle dieren.
De masterstudenten die ik heb mogen begeleiden bij hun stage. Jitte Groothuis,
Camille Okom en Marieke Martens, hartelijk dank voor jullie bijdrage aan dit
onderzoek en heel veel succes met jullie toekomstige carrières.
Familie en vrienden. Jullie allemaal heel erg bedankt voor de momenten waarbij
ik even uit de wetenschappelijke bubbel kon stappen. Deze momenten waren zeer
belangrijk om te kunnen relativeren en te reflecteren.
Bart en Jerre, zeer bedankt dat jullie mij willen ondersteunen als paranimf tijdens
mijn verdediging. Toch fijn dat ik tijdens mijn verdediging het één en ander kan
overleggen.
Lieve ouders, hartelijk dank voor jullie steun en onvoorwaardelijke liefde. Zonder
jullie had ik dit punt nooit kunnen bereiken. Dit proefschrift gaat over mijn werk,
maar het is zeer belangrijk om daar een thuis tegenover te hebben staan. En hoewel
ik al geruime tijd mijn eigen plek heb gevonden, hebben jullie mij altijd een thuis
geboden om op terug te vallen.
Lieve Susanne, niet alleen wil ik je bedanken wat je voor mij betekent, maar
voornamelijk om wie je bent. Je manier van denken, doorzien en voelen zijn uniek en
heel bijzonder. Ik verwonder mij over de integriteit, ambitie en liefde die je in je hebt.
En je moet een enorm incasseringsvermogen hebben om het met mij uit te houden.
Dank voor je steun, je begrip en dat je mij helpt herinneren wat écht belangrijk is.
' The universe is big. It's vast and complicated and ridiculous. And sometimes, very rarely,
impossible things just happen and we call them miracles.'
- The Doctor
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‘Heb ik mijn rol goed gespeeld? Zo ja, applaudiseer dan, want de komedie is voorbij!’
- Keizer Augustus

