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Role of netrin-1 in the organization and function
of the mesocorticolimbic dopamine system

Cecilia Flores, PhD

Department of Psychiatry, McGill University, Douglas Hospital Research Centre, Montréal, Que.

Changes in mesocorticolimbic dopamine (DA) neurons and their target cells can be induced throughout life and are important determin-
ants of individual differences in susceptibility to psychopathology. The goal of my research is to gain insight into the nature of the cellular
and molecular mechanism underlying the selective plasticity of mesocorticolimbic DA neurons. Here, | review work showing that the guid-
ance cue netrin-1 is implicated in the organization, plasticity and function of mesocorticolimbic DA neurons in rodents. Developmental vari-
ations in netrin-1 receptor function result in selective reorganization of medial prefrontal DA circuitry during adolescence and in an adult
phenotype protected against schizophrenia-like dopaminergic and behavioural abnormalities. Furthermore, in adulthood, expression of
netrin-1 receptors is upregulated by repeated exposure to stimulant drugs of abuse in DA somatodendritic regions and is necessary for
drug-induced behavioural plasticity. | propose that risk factors associated with DA-related adult psychiatric disorders alter netrin-1 function.

Introduction

The mesocorticolimbic dopamine (DA) circuitry has a con-
tinuous capacity to change. The work I describe here has
been directed at deciphering the nature of the changes in-
duced in these DA neurons and their connections by genetic
abnormalities and by exposure to drugs or stressors at differ-
ent times in life. I will outline my group’s findings to date
and their implications for psychopathology.

Changes in mesocorticolimbic DA neurons and their target
cells can be induced throughout life by exposure to external
and internal events, such as perinatal complications, alter-
ations in levels of gonadal hormones or repeated experience
with drugs of abuse. Such changes are thought to be impor-
tant determinants of individual differences in susceptibility
to psychopathology."* For instance, it is known that disrup-
tions in the development of DA circuitry perinatally can con-
tribute to the symptomatology of various psychiatric disor-
ders, such as schizophrenia, that appear later in life.** Even in
adulthood, changes in the organization of DA circuitry
brought about by exposure to stressors or stimulant drugs

confer increased vulnerability to pathological drug-taking.””
What is missing to date is the specification of the molecular
processes underlying such plasticity within both the develop-
ing and adult mesocorticolimbic DA systems.

Mesocortical and mesolimbic DA projections

In adults, 2 primary projections of the mesocorticolimbic DA
neurons arising in the ventral tegmental area (VTA) have
been identified (Fig. 1). One group projects to the limbic fore-
brain, primarily to the ventral striatum (nucleus accumbens,
mesolimbic), and the other one innervates the medial pre-
frontal cortex (mPFC; mesocortical). These 2 projections are
anatomically distinct and physiologically differentiated. In
rodents, it has been determined that mPFC but not nucleus
accumbens—projecting DA neurons are innervated directly by
cortical glutamatergic inputs,"” whereas nucleus accumbens—
projecting DA cells receive direct glutamatergic innervation
from brainstem neurons, including those located in lat-
erodorsal pedunculopontine tegmental nuclei."""* Mesolimbic
and mesocortical DA neurons also have different functional
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properties. Relative to nucleus accumbens DA projections,
mPFC DA neurons have lower terminal density, a decreased
number of DA transporters per terminal™" and lack somato-
dendritic DA D2 G-protein-coupled potassium channel
(Girk2) autoreceptors.” Furthermore, uptake of DA in the nu-
cleus accumbens depends primarily on the DA transporter,
whereas in the mPFC, DA uptake depends primarily on the
norepinephrine (NE) transporter.”* Released synaptic DA in
the mPFC but not in the nucleus accumbens is metabolized,
in part, by catechol-O-methyltransferase (COMT"); COMT
knockout mice exhibit increased DA levels in the mPFC but
not in the nucleus accumbens.””** Such differences between
the 2 projections and their targets may be key to understand-
ing how each is differentially affected by events that induce
plastic changes at different periods of development.

Reciprocal relations between mesolimbic and
mesocortical DA systems

Evidence that these 2 projections can be differentially affected
by a single manipulation comes from studies showing that ex-
posure to pharmacologic agents or stressors produces diver-
gent, even opposite, effects in mesolimbic and mesocortical
DA neurons (e.g., see Castner and colleagues”* and Brake
and colleagues®®). This selective modulation appears to re-
sult, at least in part, from the fact that DA activity in the
mPFC can lead to reduced DA activity in the nucleus accum-
bens. For example, selective lesions of the DA input to the
mPFC result in increased stress- and drug-induced release of
DA in the nucleus accumbens.” Conversely, stimulation of
DA receptors in the mPFC decreases DA release in the nu-
cleus accumbens in response to these stimuli.** Such an in-
verse functional relationship between the mPFC and nucleus
accumbens DA systems suggests that alterations in the de-
velopment, organization and/or rewiring of one of these DA
systems could affect the normal functioning of the other. In-
deed, increased expression of DA D2 receptors in the striatum
has been shown to lead to reduced DA turnover in the
mPFC.” Furthermore, individuals with schizophrenia and
stimulant drug addiction exhibit exaggerated striatal DA re-
lease in response to an amphetamine challenge, but appear to

Fig. 1: Mesocorticolimbic dopamine system in the rodent brain. The
diagram shows the dopamine (DA) projections to the medial pre-
frontal cortex (mPFC) and ventral striatum (nucleus accumbens;
NAcc) in the rodent brain viewed in the sagittal plane. Ventral
tegmental area (VTA) DA neurons projecting to the mPFC are
anatomically distinct from those projecting to the nucleus accum-
bens. SN = substantia nigra.

have blunted DA activity in the mPFC.** (For possible mech-
anisms accounting for the inhibitory control of DA activity in
mPFC over DA activity in the nucleus accumbens, see Carr
and Sesack," Sesack and Pickel” and Gao and colleagues.*)

Time course of mesolimbic and mesocortical
DA development

Another important difference between the mesolimbic and
mesocortical DA systems is the fact that they have distinct
developmental timelines. In contrast to the DA innervation of
the striatum, which reaches near adult density by postnatal
day 20 in rats,” the ingrowth of DA terminals into the mPFC
is slow and continues until early adulthood. This slow, de-
layed maturation confers increased vulnerability for struc-
tural plasticity. In both rats and mice, mPFC DA innervation
increases progressively beyond the weanling stage until early
adulthood, undergoing a substantial change in DA fibre den-
sity and shape around puberty, with the highest density oc-
curring in deeper layers V and VIL.** The late maturation of
the mPFC DA innervation, which is also observed in non-
human primates,” is unique within the monoamine systems;
both NE and serotonergic innervations of the mPFC reach
adult density by the end of the first and third postnatal week,
respectively, in rats.*#* This slow course of the mPFC DA
development is intriguing, considering that psychiatric
symptoms often emerge postpubertally. A similar phenom-
enon has been observed in putative developmental animal
models of schizophrenia.** Taken together with the inverse
functional relation described above, these findings have led
to the hypothesis that factors associated with increased risk
of developing DA-related psychiatric disorders in adulthood
may target selectively molecular processes underlying mPFC
DA development. The nature and precise time course of the
development of the DA innervation of the prefrontal cortex
in humans is not known. However, because the distribution
pattern of DA axons is similar in the neocortex of the adult
monkey and in the homologous regions of the human pre-
frontal cortex, it has been suggested that mesocortical DA
axons undergo similar spatiotemporal modifications in both
species (see Rosenberg and Lewis®).

Role of netrins in the differential plasticity
within the mesolimbic and mesocortical DA
systems

In our attempt to identify molecular processes responsible for
the differential plasticity of VTA mPFC and nucleus accum-
bens DA neurons, my group has concentrated on a potential
role for the developmental protein netrin-1. Netrin-1 is a guid-
ance cue highly expressed by both DA neurons and their post-
synaptic targets*** and, as such, is likely to be implicated in the
very selective, precise and orchestrated organization of meso-
corticolimbic DA connectivity. We proposed that netrin-1 sig-
nalling could be altered by genetic and environmental factors
associated with vulnerability to develop DA-related psycho-
pathologies. Furthermore, because netrin-1 and its receptors
continue to be expressed in the adult brain, we also anticipated
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their role in the refined and enduring plasticity of adult DA
neurons induced by repeated exposure to drugs of abuse.

Netrin-1 and its receptors DCC and UNC5
homologues

The most characterized member of the netrin family of guid-
ance cues, netrin-1, is an approximately 65-kDa secreted pro-
tein evolutionarily related to the extracellular matrix protein
laminin. Netrin-1 is made up of 3 domains (VI, V and C) and
an amino terminal signal peptide. It participates in the de-
velopmental organization of neural networks as a bifunc-
tional cue, either attracting or repelling extending axons and
dendrites.** Initially, netrin-1 was identified and character-
ized as an attractant of spinal cord commissural axons, but it
was soon demonstrated to also function as a repellent of cer-
tain motor axons.”' These opposing responses to netrin-1 are
now known to depend on the activation of different receptors
or receptor complexes.

There are 2 families of netrin-1 receptors, the deleted in col-
orectal cancer (DCC) and the UNC5 homologues (UNC5H),
with 4 homologues identified to date (UNC5H-D). Both DCC
and UNC5H proteins are transmembrane immunoglobulin
superfamily members. Whereas DCC receptors account for
the attractant responses to netrin-1, UNC5H receptors alone,
or as DCC-UNC5H receptor complexes, mediate netrin-1-
induced chemorepulsion.*** Consistent with their function,
DCC and UNC5H recruit downstream proteins that regulate
cytoskeletal reorganization. The Rho family of small GTPases
are key players in linking netrin-1 receptor signalling to cyto-
skeleton dynamics. The DCC-induced activation of 2 Rho
family members, Cdc42 and Racl, promotes neurite extension
and mediates the attractive function of netrin-1.5" In contrast,
chemorepulsion appears to be brought about by activation of
RhoA.**" In addition, second messenger pathways dependent
on Ca2* influx, Src-family kinases, the serine-threonine kinase
Pakl, the Wiskott—Aldrich syndrome-related protein family
(NWASP) and the Arp2/3 actin-binding complex, also influ-
ence netrin-1 receptor signalling (for a more comprehensive
review on signalling pathways implicated in DCC- and
UNC5H-netrin-1 signalling see Wang and Poo,” Bradford
and colleagues” and Rajasekharan and Kennedy®).

The attractive and repulsive actions of netrin-1 can be
switched by regulating the availability of DCC and UNC5H
receptors at the cell surface.”* Thus, the selectivity with
which netrin-1 organizes neuronal connectivity is determined
by the ratio of DCC:UNC5H receptors expressed by particu-
lar neurons at a particular time. Subtle alterations in this ratio
at different developmental periods should result in discrete
remodelling of specific neuronal circuits and in turn in signifi-
cant changes in the function of these systems in adulthood.

Although netrin-1 is a diffusible protein, it can function as
both a long- and short-range cue. Secreted netrin-1 can act as
a chemotropic cue during development and guide growing
axons that are far away from their appropriate targets
through a gradient.” However, netrin-1 can also have an ef-
fect on cellular processes found within the surrounding area
of the cells that produce it. For instance, local expression of

netrin-1 in the mouse optic disc is not required for long-range
axonal pathfinding of retinal ganglion cells, but for allowing
these axons to exit the optic disc into the optic nerve.® Fur-
thermore, as a target-derived short-range cue, netrin-1 also
plays a critical role in the wiring events that take place once
the axons have reached such a target. These events include
axon arborization and synapse formation.””* Studies con-
ducted in Caenorhabditis elegans show that netrin participates
in synapse formation by regulating the assembly of proteins
at the presynaptic site. This role is similar to its axonal guid-
ance function: whereas netrin-DCC signalling recruits pre-
synaptic proteins in axons, netrin-UNCS5 signalling excludes
presynaptic proteins from dendrites.””

The expression of netrin-1 and its receptors in the central
nervous system persists into adulthood.””” Moreover, most
embryonic and adult netrin-1 appears to be attached to the
extracellular matrix and to the cell membrane, suggesting
that it mainly functions as a short-range cue.” One could
therefore predict that not only during development,” but also
in adulthood, alterations in netrin-1 receptor expression
within selective neuronal populations result in reorganiza-
tion of already established synaptic networks.

Although my group’s studies focus on the role of netrin-1
signalling through DCC and UNC5H, there are other trans-
membrane proteins that bind netrin-1. Down syndrome cell
adhesion molecule (DSCAM) has been identified as a novel
netrin-1 receptor involved in signalling axon guidance.”
Neogenin, a second member of the DCC family in the verte-
brate, is another netrin-1 receptor that appears to be involved
in neurogenesis in the developing and adult brain.” Expres-
sion of these netrin-1 receptors by DA neurons remains to be
determined. Similarly, it is important to clarify that the role
of netrin-1 is not restricted to neuronal connectivity, but also
involves cell adhesion, cell migration, cell death and angio-
genesis processes (for reviews see Bradford and colleagues,”
Baker and colleagues,” Mehlen and Guenubeaud”™ and
Castets and Mehlen”).

DCC receptor signalling contributes to the
development of mesocorticolimbic DA circuitry

Expression of netrin-1, DCC and UNC5H by DA neurons:
peripubertal shift

Since the late 1990s, neuroanatomic studies have demonstrated
that although mRNA expression of netrin-1 spans across sev-
eral brain regions in both the developing and adult rodent
brain, its highest levels of expression are observed within
midbrain DA cell body regions.” Similarly, robust expres-
sion of dcc was reported in the developing and adult rodent
VTA and substantia nigra pars compacta.” Consistent with
these findings, my group has recently shown that netrin-1
protein is highly expressed by the mPFC, nucleus accum-
bens and VTA neurons, including robust expression by DA
cells (Fig. 2). Importantly, the pattern and intensity of ex-
pression of netrin-1 within these mesocorticolimbic DA re-
gions remains indistinguishable from prepubertal age (post-
natal day 21 + 1 in mice; postnatal day 21 in rats) to adulthood
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(postnatal day 75 + 15 in mice; postnatal day 90 in rats).**

We have also characterized the spatiotemporal expression
of DCC and UNC5H proteins in the VTA of both mice and
rats from embryonic life to adulthood.” In contrast to netrin-1,
the expression of these receptors varies significantly across the
lifespan. There are high levels of DCC expression in the em-
bryonic VTA, with most DA neurons expressing DCC at all
embryonic stages. In contrast, there is only scarce UNC5H ex-
pression at this time, and there are no tyrosine hydroxylase/
UNC5H-positive neurons in the VTA. Whereas DCC contin-
ues to be expressed by DA neurons in the VTA at birth,
UNCS5H expression remains weak and does not colabel with
tyrosine hydroxylase. At postnatal day 21, DCC is still ex-
pressed by DA neurons and, although the number of
UNC5H-positive neurons increases relative to the earlier de-
velopmental stages, there is no UNC5H expression in DA
cells. Deleted in colorectal cancer continues to be expressed
in tyrosine hydroxylase—positive neurons during peripuber-
tal (postnatal day 33 + 2 in mice; postnatal day 33 in rats) and

Postnatal day 21

Postnatal day 60

Role of netrin-1 in dopamine plasticity

adult periods, consistent with previous reports.®* Remark-
ably, there is a dramatic emergence of UNC5H expression by
DA neurons in the peripubertal period, which persists until
adulthood.***

Importantly, from the peripubertal period onward, single
VTA DA neurons coexpressed both UNC5H and DCC recep-
tors (Fig. 3A*). These findings strongly suggest that netrin-1
plays a role in the development and adult function of mesocor-
ticolimbic DA circuitries. The fact that single DA neurons ex-
press both DCC and UNC5H receptors is also consistent with
the idea that subtle changes in their expression induced by
events occurring at particular critical periods could lead to al-
tered organization of DA connectivity. The peripubertal emer-
gence of UNC5H expression by VTA DA neurons indeed rep-
resents a drastic shift in the DCC:UNC5H ratio in this region,
leading to a predominance of UNC5H effects that endure into
adulthood (Fig. 3B). This shift is likely to be associated with a
change in the response of DA neurons to netrin-1 and may
have a significant impact on their functional organization.

netrin

netrin

Fig. 2: Netrin-1 protein expression in the ventral tegmental area (VTA) of the mouse, before (postnatal day 21) and after puberty (postnatal
day 60). Micrographs of coronal midbrain hemisections of wild-type BL6 male mice on postnatal days 21 and 60 showing immunofluorescence
for netrin-1 (green) and tyrosine hydroxylase (TH; red). In all pictures, dorsal is on top, lateral on the left and medial on the right. Most tyrosine
hydroxylase—positive neurons coexpress netrin-1 (merged); however, not all netrin-1—positive cells express tyrosine hydroxylase. The pattern
of expression is similar at both ages. These findings are consistent with previous reports showing that the region of highest netrin-1 mRNA ex-
pression in the central nervous system is the midbrain dopamine somatodendritic region” and with netrin-1 mRNA expression shown in the
Allen Atlas (www.brain-map.org). In our experiments, we used a chicken antimouse netrin-1 antibody (1:7000; Novus Biological). We have
tested the specificity of this antibody using Western blot. Lysates from whole rat brain were processed next to rat liver, which does not express
netrin-1." A band of about 75 kDa was observed in the adult rat brain, consistent with the molecular weight of rat netrin-1. This band was not
detected in the liver. In addition, we found that preadsorption of the netrin-1 antibody with a 10-fold excess of recombinant mouse netrin-1
(R&D Systems) before immunolabelling abolishes or dramatically reduces netrin-1 labelling (C. Manitt and C. Flores, Montréal, Que.: unpub-
lished observations, 2011). Scale bar: 250 pm. SNc = substantia nigra pars compacta; SNr = substantia nigra pars reticulata. Reproduced
from Manitt et al.*®
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The dcc +/—mice are protected against amphetamine-
induced behavioural alterations

To determine whether developmental alterations in netrin-1 re-
ceptor expression affect the organization and function of meso-
cortical and/or mesolimbic DA circuitries, my group has now
completed several studies using dcc heterozygous (+/-) mice,
which develop with reduced levels of DCC protein.*** In con-
trast to dcc knockout homozygous mice, which die a few hours
after birth, dcc +/— mice survive to adulthood and do not ex-
hibit obvious phenotypic differences from their wild-type
counterparts.” We hypothesized that a DA phenotype might
emerge in response to challenges that trigger DA neuron func-
tion, including exposure to stimulant drugs. It is noteworthy
that a haploinsufficiency model is in fact quite relevant to the
study of biologic phenomena. Variations rather than absence of
protein levels are more likely to occur throughout the lifespan
of animals, including humans. In fact, DCC heterozygosity in
the human population has recently been identified.® It is im-
portant to clarify that dcc haploinsufficiency in mice does not
result in compensatory changes in UNC5H protein expression
at least in the VTA, mPFC and nucleus accumbens.®

We have tested adult male dcc +/- and wild-type mice for
a number of behaviours that reflect the state of DA function-
ing and that are altered in schizophrenia and in adult labora-
tory animals subjected to perinatal manipulations associated
with increased risk for this disorder.

Locomotor activity

My group has found no genotypic differences between dcc +/—
and wild-type mice in baseline locomotor activity or following
an intraperitoneal injection of saline. However, dcc +/— mice
show significantly reduced locomotor activation in response to
a single injection of 2.5 mg/kg of the indirect DA agonist am-
phetamine compared with their wild-type littermates (Fig. 4A).
This effect is quite robust and does not depend on sex, amphet-
amine dose or genetic background: it is observed in males and
females, following 1.5, 2.5 or 4 mg/kg of amphetamine, and in
mice of a pure BL6 strain or of a 129Sv/BL6 cross.®* Further-
more, adult dcc +/— mice show reduced locomotor responses to
single injections of cocaine (Fig. 4B).

Sensorimotor gating

My group has measured sensorimotor efficacy in adult dcc
+/— and wild-type mice using prepulse inhibition of the
acoustic startle response. Sensorimotor gating is impaired in
schizophrenia,” depends on proper mesocorticolimbic DA
function® and is disrupted by exposure to stimulant drugs, in-
cluding amphetamine.” Again, we found no differences in re-
sponse to baseline prepulse inhibition between genotypes,
consistent with the idea that the dcc +/— phenotype only be-
comes evident upon a challenge. Thus, when animals are
given an intraperitoneal injection of 3.2 mg/kg of ampheta-
mine, wild-type but not dcc +/— mice show amphetamine-
induced deficits in prepulse inhibition. The dcc +/— mice remain
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Fig. 3: Expression of deleted in colorectal cancer (DCC) and UNC5 homologue (UNC5H) receptors in the ventral tegmental area (VTA). (A)
Micrographs of coronal midbrain hemisections from adult male rats showing coexpression of DCC (green) and UNC5H (blue) by single VTA
tyrosine hydroxylase (TH)—positive neurons (red). Scale bar: 25 pm. (B) Peripubertal shift in the levels of DCC and UNC5H receptor expres-
sion in the VTA. (Top panel) Western blot showing DCC and UNC5H protein expression in tissue lysates from rat midbrain at embryonic day
17 (E 17) and at birth (postnatal day [P] 0), and in VTA lysates from male rats on postnatal days 23, 35 and 90. It can be noticed that whereas
the level of expression of DCC decreases with age, UNC5H receptor expression increases. (Bottom panel) Western blot for DCC and
UNCS5H immunoreactivity was performed on lysates from the VTA of wild-type male BL6 mice on postnatal days 21, 35 and 90 (n = 6-9 per
age). The graph shows quantitative analysis of mean (and standard error of the mean) DCC and UNC5H expression levels in the VTA (ex-
pressed as a DCC:UNCS5H ratio) for each sample. A shift toward UNC5H predominance occurs between the peripubertal period and adult-
hood. A 1-way analysis of variance performed on these data revealed significant differences between postnatal days 21 and 90. Reproduced
from Manitt et al.*
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resistant to amphetamine-induced prepulse inhibition impair-
ment even after doubling the dose.®

Reward

My group has also tested whether adult dcc +/— mice show
differential sensitivity to the rewarding effects of amphetamine
using conditioned place preference. In this procedure, animals
learn to associate the effects of a drug with a particular envi-
ronment. Subsequent preference for the drug-paired environ-
ment is taken as an index of the rewarding properties of the
drug. We have found that, in the postconditioning test, wild-
type mice spend a significantly greater amount of time in the
compartment previously paired with 2.2 mg/kg of ampheta-
mine than in the one paired with saline. However, dcc +/-
mice do not exhibit preference for either compartment. When a
higher dose of amphetamine (4.4 mg/kg) was used, both
groups exhibited significant preference for the amphetamine-
associated compartment.” These findings indicate dimin-
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Fig. 4: Blunted behavioural responses to stimulant drugs in adult
dcc heterozygous (+/-) mice. (A) Mean (and standard error of the
mean) locomotor activity before and after an injection of d-
amphetamine sulfate (2.5 mg/kg, intraperitoneally; arrow) in adult
male BL6 dcc +/— and wild-type (+/+) mice (n = 8 per group).
Repeated-measures analysis of variance revealed a significant
main effect of genotype. Reproduced with permission from Grant et
al.® (B) Mean (and standard error of the mean) locomotor activity
before and after an injection of either 10 or 20 mg/kg, intraperi-
toneally, of cocaine hydrochloride (arrow) in adult male BL6 dcc +/—
(n = 10 per group) and +/+ mice (low dose, n = 10; high dose,
n=12). A mixed-design, 3-way analysis of variance conducted on
the first 25 minutes after cocaine injections revealed a significant
main effect of genotype (F, 3 = 4.40, p = 0.042), but no significant
genotype by dose interaction (p = 0.39).

ished sensitivity to the incentive properties of amphetamine
in adulthood in dcc +/— mice. Exaggerated behavioural
response to amphetamine is observed in patients with schizo-
phrenia and following repeated exposure to drugs of abuse
and is a hallmark of animal models of these disorders. To-
gether, these behavioural results show that dcc haplo-
insuffiency protects against this trait.

Adult dcc +/— mice exhibit enhanced mPFC activity, but
reduced DA release in the nucleus accumbens

Amphetamine-induced locomotion, conditioning place prefer-
ence and deficits in prepulse inhibition depend to a large extent
on the ability of the drug to induce DA release in the nucleus
accumbens.”” Thus, my group predicted that the behavioural
phenotype observed in adult dcc +/— mice would be associated
with altered amphetamine-induced DA release in this region.
Results from in vivo microdialysis experiments on freely mov-
ing adult dcc +/- and wild-type mice revealed that this is the
case. Consistent with the absence of a baseline behavioural phe-
notype, baseline extracellular concentrations of DA are not dif-
ferent between genotypes. The dcc +/—mice do, however, show
considerably lower baseline extracellular concentrations of the
DA metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanilic acid (HVA), indicating decreased DA activity
within this region. Importantly, dcc +/— mice exhibit signifi-
cantly blunted DA release in the nucleus accumbens when
challenged with 2.5 mg/kg of amphetamine — less than half
of the increase observed in wild-type mice (Fig. 5A%). Previ-
ous work I did resulted in consistent findings from drug-
naive adult mice when I used high-performance liquid chro-
matography analysis of whole tissue punches taken from the
nucleus accumbens.*

As mentioned in the introduction, DA activity in the mPFC
can have inhibitory control over DA activity in the nucleus ac-
cumbens. My group, therefore, hypothesized that the reduced
nucleus accumbens DA activity observed in dcc +/— mice at
baseline and after the amphetamine challenge could result
from mPFC DA hyperactivity. Indeed, we found that extracel-
lular concentrations of DA, DOPAC and HVA at baseline are
significantly elevated in the mPFC of adult dcc +/— mice and,
furthermore, that the increase in DA in the mPFC induced by
an injection of 2.5 mg/kg of amphetamine is significantly
greater in dcc +/— than in wild-type mice (Fig. 5B*).
Dopamine and DA metabolite levels measured from whole
tissue punches of mPFC of drug-naive mice revealed an ap-
proximately 200% increase in both DA and DOPAC and an
approximately 50% increase in HVA.*

These findings show that a reduction in DCC receptors
during development results in greater mPFC DA activity, but
reduced DA activity in the nucleus accumbens in the adult,
confirming the original hypothesis that changes in netrin-1
signalling result in selective, even opposite, effects on
mesolimbic versus mesocortical DA neurons. Furthermore,
we suggest that the mPFC hyperactivity observed may ac-
count for the blunted amphetamine effects on DA release in
the nucleus accumbens and on behaviour observed in adult
dcc +/— mice. It is important to mention that these changes
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appear to be specific to the DA system because there are no
genotypic differences in extracellular concentrations of NE in
the mPFC at baseline or following amphetamine exposure.®

Reorganization of mPFC DA synaptic circuitry in adult
dcc +/—mice

To investigate possible causes of the coexistence of hyper-
and hypo-DA activity in the mPFC and nucleus accumbens,
respectively, in dcc +/— mice, I conducted a series of molecular
and neuroanatomic studies in drug-naive animals. Using
Western immunoblotting we observed a significant increase in
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Fig. 5: In vivo microdialysis measurements of mean (and standard er-
ror of the mean) baseline and amphetamine-induced dopamine (DA)
concentrations in the nucleus accumbens (NAcc) and medial pre-
frontal cortex (mPFC) of freely moving adult dcc heterozygous (+/-)
and wild-type (+/+) mice. (A) Dopamine release in the nucleus accum-
bens (both core and shell divisions) of adult male dcc +/— (n = 10) and
+/+ (n = 7) mice both before and after an injection of 2.5 mg/kg,
intraperitoneally, of d-amphetamine sulfate (arrow). Two-way
repeated-measures analysis of variance revealed that amphetamine-
induced DA release is significantly reduced in dcc +/— mice (main
effect of genotype: F,,; = 6.04, p = 0.027). There were no significant
differences between genotypes in baseline DA concentrations. (B)
Dopamine release in the mPFC (pregenual mPFC, including cingu-
late 1, prelimbic and infralimbic subregions) of adult male dcc +/-
and +/+ mice before and after an injection of 2.5 mg/kg, intraperi-
toneally, of d-amphetamine sulfate (arrow). Two-way repeated-
measures analysis of variance revealed that in comparison to +/+
mice, dcc +/— exhibit increased extracellular concentrations of DA at
baseline (main effect of genotype: F,,, = 4.10, p = 0.05) and following
treatment with amphetamine (main effect of genotype: F,,, = 4.90,
p = 0.041; n = 8 per group). Reproduced with permission from
Grant et al.®

baseline levels of tyrosine hydroxylase immunoreactivity in
the mPFC of adult dcc +/— mice compared with wild-type con-
trols, without a corresponding increase in expression of the
NE-converting enzyme, dopamine-B-hydroxylase (Fig. 6A™).
There were no differences in tyrosine hydroxylase levels be-
tween genotypes in the nucleus accumbens or the dorsal stria-
tum. To determine whether adult dcc +/— mice exhibit changes
in number and/or distribution of DA presynaptic terminals
in the mPFC, we conducted stereologic analysis of tyrosine
hydroxylase—positive varicosities in this region. We found that
the volume encompassed by tyrosine hydroxylase—positive
varicosities in the pregenual mPFC was significantly greater
in adult dcc +/- than in wild-type mice.” We anticipate that
the increase in the number of DA terminals in the mPFC of
adult dcc +/— mice may result from axonal sprouting, espe-
cially because these mice have reduced (about 20%) tyrosine
hydroxylase—positive neurons in the VTA.* Because DA im-
munoreactive varicosities represent sites at which DA syn-
thesis, packaging, release and reuptake most often occur,”
these results suggest that dcc +/— mice have an increased
number of DA synapses within the mPFC. The number
and/or distribution of DA presynaptic terminals in the nu-
cleus accumbens does not differ between adult dcc +/— and
wild-type mice (C. Manitt and C. Flores, Montréal, Que.: un-
published observations, 2011).

It is intriguing that studies conducted in postmortem
brains of patients with schizophrenia reported opposite find-
ings. In comparison to healthy controls, the total length of
tyrosine hydroxylase-immunoreactive axons is reduced in
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Fig. 6: Presynaptic and postsynaptic changes in medial prefrontal
cortex (MPFC) dopamine (DA) circuitry of adult dcc heterozygous
(+/-) mice. (A) Western blot for mean tyrosine hydroxylase (TH) im-
munoreactivity (and standard error of the mean) was performed on
lysates from tissue punches taken from the pregenual mPFC (in-
cluding cingulate 1, prelimbic and infralimbic subregions) of adult
male dcc +/- and wild-type (+/+) mice. Student ¢ test analysis re-
vealed increases in tyrosine hydroxylase immunoreactivity in dcc
+/— mice (&, = 2.39, p = 0.05; n = 4 per group). Reproduced with
permission from Flores et al.* (B) Mean (and standard error of the
mean) basilar dendritic spine density in Golgi-Cox—stained pregen-
ual mPFC layer V pyramidal neurons of adult male dcc +/- and +/+
mice. Student t test analysis revealed a significant reduction in
spine density in dcc +/- mice (t, = 6.477, p < 0.001; n = 6 per
group). Reproduced with permission from Grant et al.®
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layer VI of the dorsomedial prefrontal cortex of patients with
schizophrenia — an effect that does not seem to result from
chronic exposure to antipsychotic medication.”

Adult dcc +/— mice show blunted amphetamine-induced
locomotion, resistance to amphetamine-induced deficits in
prepulse inhibition and reduced sensitivity to amphetamine-
induced conditioning place preference. These mice also show
blunted amphetamine-induced DA release in the nucleus ac-
cumbens, but greater DA activity in the mPFC. This latter
finding is associated with increased DA innervation within
this region. All these traits are opposite to those observed in
developmental animal models of schizophrenia, in the disor-
der itself and to those exhibited following repeated exposure
to stimulant drugs of abuse. We propose that reduced DCC
receptor activity during development leads to selective re-
organization of mesocortical DA circuitry. My group’s work-
ing hypothesis is that this reorganization results in enhanced
DA function within the mPFC, which in turn reduces respon-
siveness of DA neurons terminating in the nucleus accum-
bens, protecting against the development of DA-related be-
havioural abnormalities.

Structural changes in postsynaptic layer V pyramidal
neurons of dcc +/— mice

Consistent with the idea that reduced DCC leads to changes
in mPFC DA circuitry specifically, dcc +/— mice also exhibit
structural alterations in layer V mPFC pyramidal neurons that
are suggestive of reorganization in synaptic connectivity. In
comparison to wild-type mice, layer V, but not layer III, pyra-
midal neurons of dcc +/— mice show significantly reduced
density of dendritic spines (Fig. 6B¥). In contrast, there are no
differences in dendritic spine density in the nucleus accum-
bens medium spiny neurons between genotypes. Moreover,
pyramidal neurons in the mPFC layer V of dcc +/— mice show
differential organization and complexity of their basilar den-
dritic arbors; they have fewer and shorter dendritic arbors

than wild-type controls.” The mPFC layer V is the region that
receives the densest DA innervation,”” expresses in the rat
the highest levels of mRNA of DA D1 and D2 receptors”™ and
sends projections to the nucleus accumbens.”

Peripuberty as a critical period for the effects of reduced
DCC on mesocorticolimbic DA function

If the protective phenotype observed in adult dcc +/— mice
results from alterations in mPFC DA circuitry, specifically,
then it should become evident only on maturation of this sys-
tem. To address this question, my group has examined
whether postweanling (postnatal day 21 + 1) and peripuber-
tal (postnatal day 33 + 2) male and female dcc +/— mice,
which express reduced DCC levels throughout the brain, ex-
hibit the behavioural, neurochemical and neuroanatomic al-
terations displayed by their adult counterparts. Our findings
are striking: in contrast to adult dcc +/— mice, neither post-
weanling nor peripubertal dcc +/— mice show blunted
amphetamine-induced locomotor responses, elevated base-
line concentrations of DA and DA metabolites in the mPFC,
increased tyrosine hydroxylase protein levels in mPFC or re-
duced numbers of VTA DA neurons (e.g., Fig. 7). Signifi-
cantly, the alterations in synaptic connectivity in mPFC DA
circuitry observed in adult dcc +/— mice are not evident pre-
pubertally.* These results demonstrate clearly that the pro-
tective phenotype observed in adult dcc +/— mice only mani-
fests after puberty, pointing to peripuberty as a critical period
for the netrin-1-DA interaction.

The delayed emergence of structural changes in layer V
mPFC pyramidal neurons of dcc +/— mice suggests that prior
changes in synaptic formation and/or maintenance within
this circuitry does not account for the adult phenotype. How-
ever, transient overexpression of DA D2 receptors in the
striatum has been shown to produce reduced mPFC DA ac-
tivity, selectively.” The mesocortical dcc +/— phenotype
could, therefore, result from prepubertal alterations in DA
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Fig. 7: Absence of the behavioural phenotype in prepubertal dcc heterozygous (+/-) mice. (A) Mean (and standard error of the mean) locomo-
tor activity in postweanling (postnatal day 21 + 1) male +/— and wild-type mice (+/+) in response to an injection of 2.5 mg/kg, intraperitoneally,
of d-amphetamine sulfate (arrow). Baseline locomotor activity data obtained during a 15-minute period before the amphetamine injection are
presented in the inset graph (n = 8 per group). (B) Mean (and standard error of the mean) locomotor activity in peripubertal (postnatal day 33
+2) male +/- and +/+ mice in response to an injection of 2.5 mg/kg, intraperitoneally, of d-amphetamine sulfate (arrow). Baseline locomotor
activity data obtained during a 15-minute period before the amphetamine injection are presented in the inset graph (+/+, n = 10; +/—, n = 5).

Reproduced with permission from Grant et al.*
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function in striatal regions. Our results to date indicate no
differences in baseline DA activity in the nucleus accumbens
or dorsal striatum.*® We are currently assessing for differ-
ences between genotypes in striatal density of D1 and D2 re-
ceptors using autoradiography.

The peripubertal period (adolescence) is thought to be a
critical one for the establishment of individual differences in
DA function and DA-related behaviours in adulthood. In-
triguingly, this period coincides with the occurrence of dra-
matic maturational changes in the mesocortical DA sys-
tem. " Our findings suggest that netrin-1 signalling during
adolescence may contribute to the organization of mPFC DA
synaptic connectivity and, further, that risk factors associated
with DA-related adult psychiatric disorders may target
netrin-1 signalling mechanisms during development. Indeed,
we have shown that ventral hippocampal lesions given to
neonatal rats, a putative neurodevelopmental model of schizo-
phrenia,* produce dynamic, enduring and opposite changes
in DCC expression in the mPFC and nucleus accumbens. Re-
markably, for both regions, a “switch” in the direction of the
effect occurs peripubertally. Alterations in mPFC, but not nu-
cleus accumbens, DCC expression last into adulthood."*

Possible mechanisms mediating the effects of reduced DCC
on the functional organization of the mesocortical DA
circuitry

The cellular and molecular mechanisms by which netrin-1-
DCC signalling may regulate the development of mesocor-
tical DA circuitry are currently unknown. Based on my
group’s results to date, we propose that 1 or more of the fol-
lowing processes is implicated.

Axonal branching

The postpubertal increases in tyrosine hydroxylase immuno-
reactivity and in the number of tyrosine hydroxylase—positive
varicosities in the mPFC in dcc +/— mice suggest that reduced
DCC leads to exaggerated axonal branching of mPFC DA
fibres during puberty. This hypothesis is supported by the re-
duction in the total number of VTA DA neurons displayed by
adult, but not prepubertal dcc +/— mice.* Terminal arbors of
individual DA axons have been shown to undergo extensive
sprouting after partial loss of DA neurons in the substantia
nigra."” Furthermore, netrin-1 has been shown to promote ax-
onal branching independently of axonal growth.™ ' This ef-
fect of netrin-1 seems to be more pronounced at specific de-
velopmental periods,'”'" is activity-dependent'"" and can
involve DCC-mediated signalling.” Collateral branch forma-
tion, rather than extension of the primary growth cone, ap-
pears to be the main mechanism underlying cortical innerva-
tion."* Thus, reduced DCC during development may lead to
changes in DA wiring events that take place once axons from
VTA DA neurons have reached the mPFC.

UNC5H-mediated cellular processes

The spatiotemporal regulation of the expression of guidance cue
receptors is critical for axonal guidance, target selection/
recognition and synaptogenesis. The emergence of UNC5H

expression by DA neurons during the prepubertal period is,
therefore, likely to be associated with critical events in the de-
velopment of mPFC DA circuitry. Such events may include
modifications in the number, shape and/or distribution of
DA terminals. Because dcc +/— mice develop with reduced
DCC levels, it is possible that UNC5H expression by DA
neurons emerges earlier and that, as a consequence, the critic-
al modifications in the development of mPFC DA circuitry
occur earlier and/or are exaggerated in these mice. Initial
examination of UNC5H/tyrosine hydroxylase immunofluo-
rescent neurons and of the ratios of DCC:UNC5H in the VTA
of postweanling, peripubertal and adult dcc +/— mice suggest
that this is the case (C. Labelle-Dumais, A. Grant and C. Flores,
Montréal, Que.: unpublished observations, 2009). In addition,
my group is currently conducting experiments to determine
whether the expression of UNC5H by VTA DA neurons is re-
stricted to a specific subpopulation of projecting cells (e.g.,
mesocortical DA neurons).

Axon pruning

Netrin-1 signalling during the peripubertal period may also
participate in the normal pruning of excitatory and inhibitory
influences that occurs across species in the mPFC at that
time.">""* Netrin-1 signalling is involved in synaptogenesis,
and guidance cues have been demonstrated recently to play a
role in axon pruning." It is possible that the changes in synap-
tic circuitry within the mPFC observed in dcc +/— mice results
from a reduction in the normal synaptic pruning that takes
place peripubertally. Notably, excessive synaptic pruning in
the prefrontal cortex has been proposed to occur in schizo-
phrenia.'” Finally, developmental changes in the expression
and/or activity of proteins involved in the regulation of DA
synthesis, metabolism and clearance could also be involved.

Role of DCC receptor signalling in DA-related
behavioural plasticity in adulthood

Sensitization to the effects of stimulant drugs

When animals, including humans, are repeatedly exposed to
stimulant drugs, such as amphetamine, they develop in-
creased sensitivity to their locomotor-activating and rewarding
effects. This phenomenon, known as behavioural sensitization,
is associated with sensitized drug-induced DA release in the
nucleus accumbens.”? Cellular and molecular mechanisms
underlying sensitization may be important to our under-
standing of the processes involved in the development of
drug addiction and of stimulant drug-induced psychosis.
Furthermore, the processes underlying sensitization within
the midbrain DA systems may explain, at least in part, the
high commorbidity between schizophrenia and drug abuse.
Sensitization develops gradually, persists over time and
involves reorganization of mesocorticolimbic DA circuitry.
Drug-induced neuronal modifications suggestive of alterations
in patterns of synaptic connectivity have been identified in the
VTA, nucleus accumbens and mPFC.”** The changes in den-
dritic structure in VTA neurons are particularly intriguing be-
cause the VTA is a critical site for the initiation of sensitization;
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administration of amphetamine directly into the VTA is suffi-
cient to produce sensitized DA release in the nucleus accum-
bens and behavioural response to a subsequent systemic injec-
tion of this drug."” Blockade of glutamate receptors directly in
the VTA during stimulant drug pretreatment prevents the de-
velopment of sensitization.” Importantly, the reorganization
of VTA neuronal circuitry by stimulant drugs of abuse is asso-
ciated with actual functional changes in synaptic plasticity
within this region.®

Upregulation of DCC expression in the VTA
by amphetamine exposure during adulthood

Netrin-1 and its receptors continue to be highly expressed in
mesocorticolimbic DA regions, including VTA DA neurons,
of adult rodents. My group has hypothesized that the orches-
trated functional reorganization of VTA DA circuitry by stimu-
lant drugs may be achieved via selective spatiotemporal regu-
lation of netrin-1 receptor expression. To test this hypothesis,
we have conducted a series of studies using the amphetamine
sensitization model in adult rats and mice, including dcc +/-
mice. The amphetamine treatment regimen we have used in
adult rats (3 mg/kg, 4 injections, once every day) and mice
(4 mg/kg, 5 injections, once every other day) produces robust
behavioural sensitization. That is, when 7 days after the pre-
treatment phase we challenge both amphetamine- and saline-
pretreated animals with a low dose of amphetamine (1.5 and
2 mg/kg to rats and mice, respectively), drug-pretreated ani-
mals exhibit significantly greater amphetamine-induced loco-
motion than saline-pretreated animals.

We have found consistently that exposure to amphetamine
results in upregulation (about double) of DCC expression in
the VTA. Significantly, amphetamine regulates netrin-1 re-

ceptor expression in the VTA, selectively; we do not observe
changes in the nucleus accumbens or mPFC. Furthermore,
this upregulation results from the amphetamine pretreat-
ment and not from the amphetamine challenge given on the
sensitization test; amphetamine-pretreated animals given a
saline injection on the test day exhibit increased DCC expres-
sion in the VTA. Finally, amphetamine-induced sensitization
and upregulation of VTA DCC are prevented by cotreatment
of an N-methyl-D-aspartate antagonist during the pretreat-
ment phase.”® These findings suggest that the upregulation
of VTA DCC expression by repeated amphetamine exposure
may be implicated in the development of sensitization.

DCC signalling in the VTA is critical for amphetamine
sensitization in adulthood

My group has now demonstrated that DCC function in the
VTA during amphetamine pretreatment is required for the
development of a sensitized response to amphetamine. Bilat-
eral intra-VTA microinfusions of a DCC function-blocking
antibody given 30 minutes before each amphetamine pretreat-
ment injection prevent the development of sensitization in
adult rats. This effect is evident 7 days after drug pretreat-
ment and persists for at least 14 days. It is important to specify
that on the test days for sensitization, animals do not receive
VTA microinfusions of the antibody. Moreover, in parallel ex-
periments, we have shown that the DCC function-blocking
antibody can be visualized in the VTA 30 minutes, but not
7 days, after its microinfusion.* The DCC antibody we used in
these experiments has been previously shown to block DCC-
mediated netrin-1 effects in vivo.” Together, these results sug-
gest that glutamate-mediated DCC receptor upregulation in
the VTA is essential for the development of sensitization,
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Fig. 8: Adult dcc heterozygous (+/—) mice do not develop sensitization when treated repeatedly with amphetamine. (A) Mean (and standard
error of the mean) locomotor activity in response to 2 mg/kg, intraperitoneally, of d-amphetamine sulfate during the test for sensitization in
wild-type (+/+) mice. This test was conducted 1 week after the last day of pretreatment with saline or amphetamine (4 mg/kg of amphetamine,
5 injections, once every other day; n = 7 per group). A 2-way mixed analysis of variance revealed that +/+ mice pretreated with amphetamine
showed significantly greater locomotor activity in response to the amphetamine injection on the test day than +/+ mice exposed to this drug for
the first time (i.e., saline pretreated; main effect of drug pretreatment: F,,, = 15.2, p = 0.002). (B) Mean (and standard error of the mean) loco-
motor activity in response to 2 mg/kg, intraperitoneally, of d-amphetamine sulfate during the test for sensitization in dcc +/— mice. This test was
conducted 1 week after the last day of pretreatment with saline (n = 4) or amphetamine (4 mg/kg of amphetamine, 5 injections, once every
other day; n = 5). A 2-way mixed-measures analysis of variance revealed no significant difference in response to the amphetamine injection on
the test day between amphetamine- and saline-pretreated dcc +/— mice (main effect of drug pretreatment: F,, = 0.07, p = 0.80). Reproduced
with permission from Yetnikoff et al.®
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most likely via effects on DA neurons and their local circuitry
in the VTA.

Lack of sensitization in adult dcc +/—mice

Consistent with a role for DCC receptor-signalling in the
VTA in amphetamine-induced plasticity that my group has
observed in adult rats, previous work I did has also shown
that in contrast to wild-type mice, adult dcc +/— mice fail to
develop sensitization when treated repeatedly with ampheta-
mine (Fig. 8). Furthermore, the upregulation of DCC expres-
sion in the VTA seen in wild-type mice after repeated am-
phetamine is not observed in dcc +/— mice (Fig. 9%%).

Adult wild-type mice given repeated amphetamine show
increased expression of the protein spinophilin in the VTA,
whereas dcc +/— mice do not.* Spinophilin is a protein asso-
ciated exclusively with dendritic spines,” and it is known
that DCC—netrin-1 signalling is implicated in synaptic tag-
ging.*” Thus, the role of DCC in sensitization appears to be
related to drug-induced changes in synaptic connectivity
within the VTA.

Exposure to amphetamine during the juvenile period
reverses the protective phenotype of dcc +/—mice

Recent results are showing that the phenotype resilient
against amphetamine-induced sensitization observed in dcc
+/— mice in adulthood is not observed when these mice are
treated repeatedly with amphetamine during the juvenile
period. These findings have important clinical relevance be-
cause they suggest that in the human population, individuals
with DCC heterozygosity® have reduced risk of long-lasting
DA and behavioural abnormalities induced by drugs of
abuse. However, our findings also indicate that these indi-
viduals lose this “protection” if they are treated with stimu-
lant drugs during childhood."

Conclusion

Changes in the functional organization of mesolimbic and
mesocortical DA circuitries at different periods of develop-
ment appear to confer differential vulnerability to psycho-
pathology. In my group’s search for molecular processes
underlying the selective plasticity that these 2 DA projections
and their targets undergo, we have found that netrin-1 sig-
nalling is critically implicated. We have demonstrated that
netrin-1 is highly expressed by mesocorticolimbic DA neur-
ons and their target regions, both before puberty and during
adulthood. This pattern of expression appears to be main-
tained from early life to adulthood. Deleted in colorectal can-
cer and UNC5H receptors are also expressed by DA neurons.
However, their pattern of expression is regulated develop-
mentally. Whereas DCC receptors are expressed by VTA DA
neurons throughout life, UNC5H expression by DA cells
emerges only peripubertally. Importantly, single DA neurons
coexpress DCC and UNC5H receptors in the adult VTA.

We have shown that DCC-mediated netrin-1 signalling
plays a critical role in the development of mesocorticolimbic

DA circuitries. Adult mice that develop with reduced levels
of DCC protein expression, in comparison to wild-type con-
trols, exhibit significantly reduced sensitivity to the effects of
amphetamine on locomotion and reward, and are resistant
against amphetamine-induced deficits in sensorimotor gat-
ing. These blunted behavioural responses are associated with
diminished amphetamine-induced DA release in the nucleus
accumbens, but with DA hyperactivity in the mPFC. These
behavioural and DA phenotypes, which are opposite to those
seen in schizophrenia or in developmental models of this dis-
order, are not observed in juvenile or peripubertal dcc +/-
mice. Furthermore, we have identified that the increased DA
activity in the mPFC observed in adult dcc +/— mice results
from peripubertal alterations in the organization of DA
synaptic connectivity within this region, including increased
sprouting of DA axons and reduced dendritic arbor and
spine density in layer V. mPFC pyramidal neurons. The ef-
fects of DCC on the organization of mPFC DA circuitry ap-
pear to be selective to this region because we have not ob-
served effects of reduced DCC on nucleus accumbens DA
synaptic connectivity.
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Fig. 9: Effect of repeated amphetamine pretreatment on DCC recep-
tor expression in the ventral tegmental area of adult dcc heterozy-
gous (+/-) and wild-type (+/+) mice. Results from Western blot analy-
sis of mean DCC immunoreactivity (and standard error of the mean)
in the ventral tegmental area (VTA) of adult male dcc +/- and +/+
mice that received a pretreatment with saline or with d-amphetamine
sulfate (AMPH; 4 mg/kg of amphetamine, 5 injections, once every
other day). These mice were tested for sensitization 1 week after the
last day of the pretreatment phase by injecting them with 2 mg/kg of
amphetamine intraperitoneally (see Fig. 8); their brains were
processed for Western blot immediately after this test (n = 7 per
group). Repeated administration of amphetamine induced significant
increases in DCC receptor expression in the VTA of +/+ mice, but did
not alter DCC expression in dcc +/— mice. As expected, dcc +/— ex-
hibited significantly less (about half) DCC expression than saline-
pretreated wild-type controls (significant genotype x drug pretreat-
ment interaction: F ,,; = 4.79, p = 0.044; post hoc Student ¢ tests:
significant difference between amphetamine- and saline-pretreated
+/+ groups, p < 0.05, and significant difference between saline-
pretreated dcc +/— and saline-pretreated +/+ mice, p < 0.001). Repro-
duced with permission from Yetnikoff et al.*
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Our experiments conducted in adult rats and mice show
that DCC-mediated netrin-1 signalling is implicated in the
enduring DA and behavioural plasticity induced by repeated
exposure to amphetamine in adulthood. Repeated ampheta-
mine exposure leads to upregulation of DCC in the VTA se-
lectively. Blockade of DCC receptor function in the VTA dur-
ing repeated amphetamine treatment prevents sensitized
behavioural response to a subsequent drug injection. More-
over, adult dcc +/— mice fail to develop sensitization when
treated repeatedly with amphetamine and do not show drug-
induced upregulation of DCC in the VTA. This protective
phenotype against amphetamine-induced sensitization is not
observed when dcc +/— mice are treated with amphetamine
as juveniles.

It is important to clarify that we are aware that, in addition
to the mPFC and nucleus accumbens DA systems, netrin-1 is
likely to be implicated in the development, plasticity and func-
tion of DA neurons projecting to other targets and of other
neurotransmitter systems. The effects of changes in netrin-1
signalling on other brain systems may contribute to the dcc
phenotype we have observed in the dcc +/— mice. The fact that
there is high expression of netrin-1, DCC and UNC5H by DA
neurons in the substantia nigra pars compacta of adult rats
and mice® strongly suggest that netrin-1 signalling plays a role
in the development, function and/or plasticity of the nigro-
striatal DA system. Future studies will investigate this possibil-
ity. Furthermore, the combined, coordinated actions of netrin-1
and protein members of other families of guidance cues are
likely to bring about the selective organization, function and
plasticity of the mesocortical and mesolimbic DA systems. In-
deed, members of the semaphorins, ephrins and slits families
of guidance cues have been shown to participate in the devel-
opment of mesocorticolimbic DA neurons (see Pasterkamp
and colleagues,” Cooper and colleagues,” Dugan and col-
leagues™ and Lin and colleagues').

Identifying developmental proteins that participate in the
differential organization and function between mPFC and
nucleus accumbens DA afferents can offer an important av-
enue for understanding, preventing and treating psychiatric
disorders characterized by opposite dysfunction of these 2
systems. Our results indicate that netrin-1 signalling is a key
factor. We are now in the process of assessing, in humans,
whether genetic alterations in NTN1, DCC and/or UNC5H
associate with increased risk or resilience to psychopathol-
ogy, primarily schizophrenia and drug abuse.
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