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ABSTRACT
BACKGROUND: Dopaminergic input to the prefrontal cortex (PFC) increases throughout adolescence and, by
establishing precisely localized synapses, calibrates cognitive function. However, why and how mesocortical
dopamine axon density increases across adolescence remains unknown.
METHODS: We used a developmental application of axon-initiated recombination to label and track the growth of
dopamine axons across adolescence in mice. We then paired this recombination with cell-specific knockdown of
the netrin-1 receptor DCC to determine its role in adolescent dopamine axon growth. We then assessed how
altering adolescent PFC dopamine axon growth changes the structural and functional development of the PFC by
quantifying pyramidal neuron morphology and cognitive performance.
RESULTS: We show, for the first time, that dopamine axons continue to grow from the striatum to the PFC during
adolescence. Importantly, we discover that DCC, a guidance cue receptor, controls the extent of this protracted
growth by determining where and when dopamine axons recognize their final target. When DCC-dependent
adolescent targeting events are disrupted, dopamine axons continue to grow ectopically from the nucleus
accumbens to the PFC and profoundly change PFC structural and functional development. This leads to
alterations in cognitive processes known to be impaired across psychiatric conditions.
CONCLUSIONS: The prolonged growth of dopamine axons represents an extraordinary period for experience to
influence their adolescent trajectory and predispose to or protect against psychopathology. DCC receptor signaling in
dopamine neurons is a molecular link where genetic and environmental factors may interact in adolescence to
influence the development and function of the prefrontal cortex.
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Adolescence is a period of heightened risk to develop psy-
chiatric disease, suggesting that these disorders have a
neurodevelopmental origin (1,2). Adolescence is also an
extended period of refinement to the structure and function of
neurocircuitry. In particular, the prefrontal cortex (PFC) con-
tinues to develop until adulthood and is among the final brain
regions to fully mature (3). During adolescence, dopaminergic
innervation to the rodent medial PFC (mPFC) increases pro-
gressively, undergoing substantial modifications in fiber
density, shape, and organization (4–7). In parallel to the
adolescent development of mPFC dopamine connectivity, the
structure and function of local circuitry is established (8,9).
Prolonged PFC dopamine development also occurs in pri-
mates, including humans (10–13), indicating that alterations
in its course may lead to susceptibility or resilience to
psychiatric disease (14,15). However, the cellular and mo-
lecular events that govern the adolescent time course and
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trajectory of mesocortical dopamine innervation remain to
be elucidated.

While the protracted increase in the density of mPFC
dopamine innervation across adolescence has been assumed
to result from dopamine axons that continue to grow to this
region, this has not yet been experimentally validated. If indeed
dopamine axons are still growing to the mPFC in adolescence,
they may do so by using mechanisms known to control axon
growth early in life. During embryonic or early postnatal
development, axons are known to grow toward their distant
targets through a series of intermediate choice points. At each
of these points, axons undergo target recognition events
where either they will stay, arborize, and form synapses or
instead continue to grow. These axon “decisions” are
controlled by the spatiotemporal distribution of guidance cue
proteins and their receptors (16). In adolescence, mesocortical
dopamine axons may still be growing through intermediate
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choice points en route to their cortical target. Alternatively, the
delayed increase in mPFC dopamine fiber density that occurs
in adolescence may result from increased arborization of fibers
that have already reached this region by this age. Whether
guidance cues also mediate the targeting and/or arborization
of axons during adolescent development remains to be
explored.

Here, we applied axon-initiated viral tracing techniques,
molecular recombination, and quantitative neuroanatomy to
determine whether mesocortical dopamine axons are still
growing to the PFC during adolescence or instead have
already reached the cortex but are undergoing exaggerated
arborization at this age. We then combined axon-initiated viral
transduction with Cre-lox recombination to test whether the
netrin-1 guidance cue receptor, DCC, mediates dopamine
axon targeting or arborization in adolescence. We focused our
study on the DCC protein because in both rodents and
humans, DCC receptors are highly and conspicuously
expressed by ventral tegmental area dopamine neurons across
the lifetime (17–19). In addition, our work has implicated DCC
signaling as a critical determinant of the extent of dopamine
innervation to the cingulate and prelimbic subregions of the
mPFC, specifically during adolescence (20). Finally, we deter-
mined whether subtle changes in the adolescent develop-
mental profile of mPFC dopamine connectivity may have an
impact on adult cognitive processes linked to a range of
psychiatric conditions (21,22).

METHODS AND MATERIALS

Detailed descriptions of experimental procedures are provided
in Supplemental Methods and Materials.

Animals

Experimental procedures were performed according to the
guidelines of the Canadian Council of Animal Care and
approved by the McGill University/Douglas Mental Health Uni-
versity Institute Animal Care Committee. Mice were bred in the
Douglas Mental Health University Institute Neurophenotyping
Centre, maintained on a 12-hour light/dark cycle (lights on
at 8:00 AM), and given ad libitum access to food and water
unless noted. Dcc haploinsufficiency was achieved by crossing
Dcclox/1mice with DATCre mice (20,23). Male mice were used in
all experiments.

Axon-Initiated Recombination

To track the growth of dopamine axons during adolescence,
we adapted an axon-initiated viral transduction technique to
specifically label midbrain neurons that terminate in the ventral
striatum at the start of adolescence (24). At postnatal day
(PND) 21, we injected a retrogradely transported virus
expressing Cre recombinase (CAV-Cre; BioCampus Mont-
pellier, Montpellier, France) (25) unilaterally at the level of the
nucleus accumbens (NAcc). We simultaneously injected a Cre-
dependent enhanced yellow fluorescent protein (eYFP) virus
DIO-eYFP (pAAV-Ef1a-DIO-EYFP-WPRE-pA; University of
North Carolina Vector Core, Chapel Hill, NC) into the ipsilateral
ventral tegmental area (VTA). CAV-Cre is preferentially taken
up by axon terminals because of its internalization by
the Coxsackievirus and adenovirus receptor (25), which is
182 Biological Psychiatry January 15, 2018; 83:181–192 www.sobp.or
enriched at axon terminals (26). Thus, this recombination
strategy limits eYFP labeling to VTA neurons with axons that
terminate in the NAcc at PND 21 (Figure 1A). Detailed infor-
mation about the viruses, injection coordinates, and proced-
ures are available in Supplemental Methods and Materials.

Immunofluorescence

Immunofluorescence was performed as described previously
(20,28).

Stereology

Stereological quantification was performed as described
previously (4,20,28). The coefficient of error for stereological
quantification of tyrosine hydroxylase–positive varicosities
was below 0.06 for all regions of interest in all sampled
brains.

Axon Structure Analysis

Regions of interest were delineated according to Paxinos and
Franklin (29) at 53 magnification with a Leica DM4000B mi-
croscope (Leica Microsystems, Wetzlar, Germany). Individual
eYFP-positive axon arbors were identified at 203 magnifica-
tion. Neurolucida software (MBF Bioscience, Williston, VT) was
used to trace the terminal arbors of selected axons at high
magnification (403) and to quantify arbor length, complexity,
and varicosity density for each axon. Only eYFP-positive
axons with intact arbors, defined as having all of the tips of
their terminal branches within the section, were included in the
analyses.

Western Blot

Bilateral punches of the mPFC, dorsal striatum, and NAcc of
PND 75 6 15 male Dcclox/1 or Dcclox/1DATCre mice were pro-
cessed for Western blot as before (17,30). Antibodies against
netrin-1 (1:750; Novus Biologicals, Littleton, CO) and b-actin
(1:15000; Sigma-Aldrich, Oakville, Ontario, Canada) were used.

Pyramidal Neuron Morphology

Brains of Dcclox/1 or Dcclox/1DATCre mice were processed for
Golgi-Cox staining, and the structure of mPFC pyramidal
neurons was quantified using Neurolucida as described pre-
viously (4,20).

Behavioral Testing

Behavioral Inhibition. Mice were food restricted to 1.5 g
food per day for the duration of the task in order to maintain a
body weight that was 85% of the initial free feeding weight. We
used a modified mouse go/no-go task that was optimized for
our operant equipment (31) to test behavioral inhibition, with
chocolate-flavored dustless precision pellets (BioServ, Inc.,
Flemington, NJ) as our operant reinforcer. After training, mice
underwent 10 daily sessions of the go/no-go task. This task
required the mice to respond to a lighted go cue or inhibit their
response to this cue when presented in tandem with an
auditory no-go cue. In the go trials, mice had to respond to the
illuminated nose poke hole in the 3-second timeframe during
which the cue light was on in order to receive a reward. This
was counted as a “hit” in our analysis. In the no-go trials, an
80-dB tone was paired with the 3-second cue light to signal
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that the mouse should withhold from responding. If mice
responded during the 3-second no-go trial, an intertrial interval
was initiated and no reward was dispensed. This was counted
as a “commission error” in our analysis. However, if mice
withheld from responding for the 3-second duration of the
tone/light no-go cue, a reward was dispensed. A randomized,
variable pretrial period of 3 to 9 seconds preceded each trial,
and the number of premature responses was recorded. Within
each session, the numbers of go and no-go trials were given
in an approximately 1:1 ratio and presented in a randomized
order. Each session lasted 30 minutes and consisted of 30 to
50 go and 30 to 50 no-go trials. Detailed information on the
task and training is available in Supplemental Methods and
Materials.

Other Behaviors. The Morris water maze, attentional set-
shifting task, and elevated plus maze were performed as
described previously (20,32). These tasks, and the open field
procedure, are described in detail in Supplemental Methods
and Materials.

Data Analysis

Neuroanatomical data were analyzed using two-way mixed-
design analyses of variance with genotype as a between-
subjects factor and subregion as a within-subjects factor.
Correlations were calculated using the Pearson correlation
coefficient with one-tailed analysis. To quantify the complexity
of individual dopamine axons, we adapted the axonal
complexity index (ACI) from developmental studies using
Xenopus tadpoles (33). To quantify the complexity of mPFC
neuron dendritic arbors, we used the dendritic complexity in-
dex (34). Western blot data were compared using Student’s
t tests. Behavioral data were analyzed using either a Student’s
t test (elevated plus maze and open field) or two-way mixed
design analysis of variance with genotype as a between-
subjects factor and day (go/no-go, Morris water maze
training), task (attentional set-shifting task), or quadrant (Morris
water maze test) as a within-subjects factor. Analyses of
variance were followed by post hoc Bonferroni tests where
appropriate. All statistical analyses were carried out using
Prism software (GraphPad Software, La Jolla, CA).

RESULTS

Dopamine Axons Continue to Grow to the mPFC
During Adolescence

To determine if dopamine axons are still growing to the mPFC
in adolescence, we used axon-initiated recombination to limit
eYFP expression to VTA neurons that have reached the NAcc
by the start of adolescence (Figure 1A) (24). If the axons of
these neurons continue to grow to the mPFC during adoles-
cence, we should observe eYFP-positive dopamine axons in
the adult mPFC. We targeted the NAcc because dopamine
axons that arrive to the mPFC early during development grow
through the developing striatum on their way to the cortex
(5,35). In addition, although the density of dopamine axon
innervation to the NAcc achieves adult levels by approximately
PND 20 in rodents (36), dopamine activity and connectivity in
this region undergo an exuberant period of dynamic changes
Biological Psy
in adolescence (37,38). This is in contrast to the paucity of
changes occurring in dopamine connectivity in other limbic
targets at this age (39,40).

Remarkably, we found eYFP dopamine axons in the
cingulate and prelimbic subregions of the mPFC in adult mice
that received dual viral infection in early adolescence. The
presence of these fibers indicates that dopamine axons indeed
continue to grow to the mPFC from the NAcc across adoles-
cence (Figure 1B, F). To our knowledge, this is the first evi-
dence of axonal growth in the adolescent brain.

To exclude the possibility that these eYFP-positive dopa-
mine axons are collaterals of fibers innervating the NAcc, we
performed the same axon-initiated viral tracing experiment in
adult wild-type mice (PND 75 6 15; Figure 1A, Supplemental
Figure S1A). eYFP-positive dopamine axons in the cingulate
or prelimbic subregions of the mPFC are absent or negligible
in mice that received viral injections in adulthood and were
euthanized 6 weeks later (Figure 1C, Supplemental
Figure S1B). This in line with reports showing that 1) the
vast majority of dopamine axons do not send collaterals
between the NAcc and the mPFC (24,41–45), and 2) dopa-
mine axon growth into the mPFC is complete by PND 60 in
rodents (5,6).
DCC Receptors Within Dopamine Neurons Prevent
Their Ectopic Growth to the mPFC in Adolescence

In the NAcc and dorsal striatum, netrin-1 expression is low.
However, DCC receptors are highly and exclusively expressed
by dopamine axons (4). The opposite is true for the mPFC:
netrin-1 expression is intense and DCC expression by mPFC
dopamine axons is minimal (4). This complementary pattern of
DCC to netrin-1 expression is maintained before and after
adolescence and appears to determine the extent of the mPFC
dopamine innervation (4,20). We hypothesize that during
normal adolescent development, DCC receptors in dopamine
axons promote target recognition events in noncortical
regions. Dopamine axons with low levels of DCC expression in
adolescence fail to recognize these targets, and instead
continue to grow to the mPFC.

To test this idea, we applied axon-initiated recombination to
Dcc floxed haploinsufficient mice (Dcclox/1). Thus, in addition to
inducing the expression of eYFP in VTA neurons that have
reached the NAcc by adolescence, we also reduced DCC
expression selectively in these neurons (Figure 1D). We found
that inducing Dcc haploinsufficiency in NAcc-projecting
dopamine neurons at the start of adolescence leads to a dra-
matic increase in the number of eYFP-positive dopamine axons
in the adult mPFC (Figure 1E). To compare the number of
dopamine axons that continue to grow from the NAcc to the
mPFC in adolescence between wild-type andDcclox/1mice, we
quantified eYFP-positive dopamine varicosities in the cingulate
and prelimbic subregions of the adult mPFC (Supplemental
Figure S1I). There is a twofold greater number of eYFP-
positive dopamine varicosities in the mPFC of mice with both
VTA eYFP expression and Dcc haploinsufficiency than in mice
with VTA eYFP expression alone (total mPFC eYFP-positive/
tyrosine hydroxylase–positive varicosities 3 103, mean 6
SEM: wild-type = 36.84 6 5.24; Dcclox/1 = 76.86 6 10.36)
(Figure 1F).
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DCC Receptors Promote Target Recognition Events
in the NAcc During Adolescence

Importantly, we find that inducing Dcc haploinsufficiency
dopamine neurons that project to the NAcc at the start of
adolescence leads to a dramatic decrease in the number of
eYFP-positive dopamine varicosities in the adult NAcc
(Figure 1G). Remarkably, we found that the number of NAcc
eYFP-positive dopamine varicosities is significantly and
negatively correlated with the number of eYFP-positive
dopamine varicosities in the prelimbic subregion of the
mPFC (Figure 1H). This result is consistent with the idea that
DCC receptors within dopamine neurons function to prevent
the growth of mesolimbic axons to the mPFC during adoles-
cence. Thus, reducing DCC signaling in these axons induces
targeting errors and their ectopic growth into the mPFC
(Figure 1L).

The increased number of dopamine axons that continue to
grow from the NAcc to the mPFC in Dcclox/1 mice does not
result from a greater number of dually infected VTA neurons
(Figure 1I, J), nor from differences in the population distribution
of dually infected neurons (Figure 1K). Furthermore, the dis-
tribution of VTA neurons expressing eYFP is consistent with
previous reports that dopamine neurons in the medial VTA
project to the medial NAcc or to the mPFC (24,43,45).

Wild-type mice that received dual viral injections in adult-
hood have a comparable 1) level of eYFP infection of VTA
dopamine neurons (Supplemental Figure S1D) and 2) distri-
bution of eYFP-positive dopamine neurons (Supplemental
Figure S1E). However, eYFP-positive dopamine varicosities
in the mPFC were rare and largely stereologically unreliable
(coefficient of error . 0.2) (Supplemental Figure S1B). More-
over, eYFP-positive/tyrosine hydroxylase–negative fibers were
found in the mPFC of all groups of mice, suggesting that other
populations of midbrain neurons may send collaterals between
the NAcc and mPFC (Supplemental Figure S1C, G) (46).

Because we target only a subset of neurons with our in-
jection technique (Figure 1I), these results are likely an under-
estimation of the total growth that takes place during normal
=

Figure 1. Mesocortical dopamine (DA) axons are still growing during adolescen
cortex (mPFC) by targeting them to the nucleus accumbens (NAcc). (A) Exper
neurons with enhanced yellow fluorescent protein (eYFP) from the start of adolesc
axon-initiated viral transduction. Six weeks later, at which point adolescent m
quantified. (Inset) Viral recombination in midbrain neurons. (B) Representative mic
to the prelimbic (PrL) subregion of the mPFC after viral injections in adolescent wil
the mPFC of wild-type mice that received injections of the tracing viruses in adu
axons are present, eYFP-positive DA axons are exceedingly rare. (D) Infection
haploinsufficiency at the start of adolescence. (Inset) In Dcclox/1 mice, the Cre r
neurons. (E) Representative micrographs of eYFP-positive DA fibers, represented
received the viral injections at the start of adolescence. (F) Stereological quantific
are present in the mPFC in adult mice (i.e., DA axons continue to grow from the N
DA varicosities is dramatically increased by Dcc haploinsufficiency (two-way m
p = .0088; main effect of subregion, F1,8 = 38.03, p = .0003; genotype by subreg
eYFP-positive DA varicosities in the NAcc is dramatically reduced by Dcc haplo
positive DA varicosity number in the NAcc and PrL subregion of the mPFC. (I) R
rons indicated by closed arrowheads. A nondopaminergic eYFP neuron is identifie
differ between genotypes, and in both genotypes there are significantly more eYF
mixed-design analysis of variance; no interaction, F1,8 = 1.89, p = .20; no effect of
.0012). (K) Distribution map of stereological markers for TH-positive/eYFP-positiv
subset of DA axons continue to grow from the NAcc into the mPFC during ad
recognition events in the NAcc, preventing their ectopic growth into the mPFC.
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adolescent development. Although we find that under the
conditions of this experiment the effect appears to be more
pronounced in the prelimbic subregion, we do not know
whether this is the case during normal development.

Dcc Haploinsufficiency Does Not Promote
Branching of Dopamine Axons in the mPFC

DCC-mediated netrin-1 signaling participates in axonal
arborization once axons reach their final targets (47,48). We
next determined whether compromised DCC expression within
dopamine neurons also increases their branching within the
mPFC. We quantified the fine architecture of individual eYFP
axon arbors in the cingulate and prelimbic subregions of the
mPFC of adult wild-type (DATCre) and conditional Dcc hap-
loinsufficient (Dcclox/1DATCre) mice (Figure 2B, C). We found
that dopamine axon arbors across the mPFC are shorter in
conditional Dcc haploinsufficient mice than in wild-type con-
trols (Figure 2D). We adapted the ACI measure to assess the
branching of dopamine axon arbors in the mPFC (Figure 2E,
inset) (33). A higher ACI value indicates that axons are promi-
nently arborized with many higher-order branches, while a
lower ACI value indicates that axons are simpler, with arbors
composed of mainly lower-order branches. We found that
dopamine axons of conditional Dcc haploinsufficient mice also
have a lower ACI value, indicating that their arbors are less
complex (Figure 2E). Thus, Dcc haploinsufficiency within
dopamine neurons triggers their growth to the mPFC, but re-
duces their branching. Importantly, we found that mPFC
dopamine axons of conditional Dcc haploinsufficient mice
have a greater density of dopamine varicosities (Figure 2F, G),
which may compensate functionally for their reduced arbori-
zation (Figure 2H). Consistent with the fact that dopamine
varicosities in the mPFC nearly always form synapses (49), Dcc
haploinsufficiency leads to increased extracellular dopamine in
this region (30). It is important to note that conditional Dcc
haploinsufficiency in dopamine neurons does not lead to
compensatory changes in netrin-1 protein expression in target
regions (Supplemental Figure S2).
ce; Dcc prevents the growth of mesolimbic DA axons to the medial prefrontal
imental strategy to label NAcc-projecting ventral tegmental area (VTA) DA
ence (postnatal day [PND] 21 6 1) or during adulthood (PND 75 6 15) using
ice have reached adulthood, eYFP-positive DA axons in the mPFC were
rographs of eYFP-positive DA fibers, indicated with arrowheads, which grew
d-type mice. (C) Representative micrographs from the prelimbic subregion of
lthood. Although both tyrosine hydroxylase (TH)–positive and eYFP-positive
strategy to combine axon-initiated viral transduction with conditional Dcc
ecombinase virus (CAV-Cre) also induces Dcc haploinsufficiency in labeled
by arrowheads, in the prelimbic subregion of the mPFC of Dcclox/1 mice that
ation reveals that after adolescent injections 1) eYFP-positive DA varicosities
Acc into the mPFC during adolescence), and 2) the number of eYFP-positive
ixed-design analysis of variance; main effect of genotype, F1,8 = 11.87,

ion interaction, F1,8 = 7.262, p = .0273; n = 5 per group). (G) The number of
insufficiency (t8 = 3.56, p = .0074). (H) Negative correlation between eYFP-
epresentative micrograph of eYFP infection in VTA. (Inset) Colabeled neu-
d with an open arrowhead. (J) The percentage of eYFP-DA neurons does not
P-positive DA neurons in the VTA than in the substantia nigra (SNc) (two-way
genotype, F1,8 = 0.04644, p = .83; main effect of subregion, F1,8 = 23.84, p =
e neurons in the VTA and SNc. (L) Model of adolescent DA axon growth. A
olescence. DCC receptors within mesolimbic DA neurons promote target
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Figure 2. DCC receptors within dopamine neurons determine their fine axonal architecture in the medial prefrontal cortex (mPFC). (A) Infection strategy for
labeling dopamine neurons with enhanced yellow fluorescent protein (eYFP). (B) (Right panel) Representative labeling of dopamine neurons in the ventral
tegmental area. (Left panel) Single eYFP-positive mPFC dopamine axon. (Inset) Neurolucida tracing of eYFP-labeled axon. (C) Neurolucida tracings
of representative dopamine axons from the cingulate and prelimbic subregions of the mPFC. (D) Dcclox/1DATCre mice have shorter mPFC dopamine axons
(two-way mixed design analysis of variance; main effect of genotype, F1,6 = 6.028, p = .0494; main effect of subregion, F1,6 = 10.11, p = .0191; no interaction,
F1,6 = 0.04470, p = .8396; n = 4 per group). (E) Dcclox/1DATCre mice have less complex mPFC dopamine axons (two-way mixed design analysis of variance;
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(A) Representative Neurolucida tracings of the basilar dendritic arbors of layer V pyramidal neurons. (B) The dendritic arbors of layer V pyramidal neurons are
shorter and less complex in Dcclox/1DATCre mice (arbor length: two-way mixed design analysis of variance [ANOVA]; main effect of genotype, F1,10 = 7.375,
p = .0217; no effect of subregion, F1,10 = 0.006162, p = .9390; no interaction, F1,10 = 0.2289, p = .6427; number of branches: two-way mixed design ANOVA;
main effect of genotype, F1,10 = 11.58, p = .0067; no effect of subregion, F1,10 = 0.08324, p = .7788; no interaction, F1,10 = 1.969, p = .1908; dendritic
complexity: two-way mixed design ANOVA; main effect of genotype, F1,10 = 37.09, p = .0001; no effect of subregion, F1,10 = 0.1742, p = .6852; no interaction,
F1,10 = 4.011, p = .0731; Dcclox/1DATCre, n = 7; wild-type, n = 5). (Inset) Calculation of dendritic complexity index (DCI). (C) The dendritic spine density of layer V
pyramidal neurons is reduced across cingulate and prelimbic medial prefrontal cortex subregions in Dcclox/1DATCre mice (two-way mixed design ANOVA; main
effect of genotype, F1,10 = 5.518, p = .0407; no effect of subregion, F1,10 = 3.957, p = .0747; no interaction, F1,10 = 0.4078, p = .5374; Dcclox/1DATCre, n = 7;
wild-type, n = 5).
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mPFC Pyramidal Neuron Structure Is Altered in
Mice With Increased Dopamine Input to the mPFC

Dopamine input to pyramidal neurons, but not to local in-
terneurons, increases across adolescence (13). In parallel to
dopamine growth into the mPFC, the structure of pyramidal
neurons changes across adolescence, including morpholog-
ical modifications to their dendritic arbors and alterations to
their dendritic spine density (13,50). We analyzed mPFC layer V
pyramidal neuron morphology in adult mice with conditional
Dcc haploinsufficiency in dopamine neurons and in their wild-
type littermates (Figure 3A). We found that in adult conditional
Dcc haploinsufficient mice, which have augmented mPFC
dopamine input (20), pyramidal neurons of the cingulate and
prelimbic subregions have shorter basilar dendritic arbors and
fewer basilar dendritic branches (Figure 3B, C). We quantified
arbor complexity using the dendritic complexity index
(Figure 3D, inset) (34,51) and found that pyramidal neurons in
the mPFC of conditional Dcc haploinsufficient mice have less
complex basilar dendritic arbors than those of their wild-type
counterparts (Figure 3D). Pyramidal neurons of conditional
=

main effect of genotype, F1,6 = 9.845, p = .0201; no effect of subregion, F1,6 = 0.62
Axonal complexity index (ACI) calculation (33). (F) Representative Neurolucida trac
dopamine axons of Dcclox/1DATCre mice have greater density of varicosities (two-
p = .0154; no effect of subregion, F1,6 = 0.0000004733, p = .9983; no interaction,
fine mPFC dopamine axonal architecture. TH, tyrosine hydroxylase.
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Dcc haploinsufficient mice also have a significant reduction in
dendritic spine density compared with wild-type controls
across the cingulate and prelimbic subregions (Figure 3E) (20).
These subregion-specific results replicate and expand our
previous findings of structural alterations in layer V pyramidal
neurons across the entire mPFC in our models of conditional
and global Dcc haploinsufficiency (4,20). PFC pyramidal
neuron structure in adolescence can be shaped in response to
environmental factors (52). Thus, our results raise the possi-
bility that environmental stimuli may exert their effects by
altering the DCC-dependent adolescent growth of dopamine
axons to the mPFC, influencing in turn cognitive processing in
adulthood.

Improved Cognitive Outcome in Mice With
Increased Dopamine Input to the mPFC

Multiple psychiatric disease states share common cognitive
symptomology (1,2,53), suggesting that alterations in PFC
circuitry may serve as a common neurobiological mechanism
(21,54). Performance in tasks that require cognitive control are
13, p = .4606; no interaction, F1,6 = 2.097, p = .1978; n = 4 per group). (Inset)
ings of mPFC dopamine axons. The circles represent varicosities. (G) mPFC
way mixed design analysis of variance; main effect of genotype, F1,6 = 11.24,
F1,6 = 3.056, p = .1310; Dcclox/1DATCre, n = 4; wild-type, n = 4). (H) Model of

chiatry January 15, 2018; 83:181–192 www.sobp.org/journal 187

http://www.sobp.org/journal/www.sobp.org/journal


“Go” Trial

“No-Go” Trial

Reward

Omission Error

Commission Error

Reward

Intertrial interval Pretrial (3-12s)

Premature Response

10s

A

1 2 3 4 5 6 7 8 9 10
0

10

20

30

40

50

C
om

m
is

si
on

 e
rr

or
s

Day

Wild-type
Dcclox/+DATCre

1 2 3 4 5 6 7 8 9 10
0

10

20

30

40

50

R
ew

ar
ds

 (H
i ts

)

Day

B

1 2 3 4 5
0

10

20

30

40

50

60

La
te

nc
y 

(s
)

Wild-type
Dcclox/+DATCre

Day

%
 T

im
e 

in
 q

ua
dr

an
t

Target Left Right Opposite
0

25

50

75 Wild-type
Dcclox/+DATCre

Escape platform Escape platform
removed

D

E

(1, 11) = 7.599, p = 0.0187

(9, 99)  = 8.783, p < 0.0001 
(9, 99)  = 2.654, p < 0.0085

C

SD CD ID shift ED shift
0

5

10

15

20

Tr
ia

ls
 to

 c
rit

e r
io

n

Wild-type
Dcclox/+DATCre

*

Digging cups

F

DCC Determines Dopamine Axon Targeting in Adolescence

188 Biological Psychiatry January 15, 2018; 83:181–192 www.sobp.org/journal

Biological
Psychiatry

http://www.sobp.org/journal/www.sobp.org/journal


DCC Determines Dopamine Axon Targeting in Adolescence
Biological
Psychiatry
emerging as a useful biomarker of disorders that involve PFC
dysfunction (22). First, we tested cognitive flexibility in condi-
tional Dcc haploinsufficient mice using the attentional set
shifting task, as we have done previously in mice with global
Dcc haploinsufficiency (20). Remarkably, conditional Dcc
haploinsufficient mice performed significantly better than their
wild-type counterparts in the extradimensional shift part of the
task, fully recapitulating our findings in mice with global Dcc
haploinsufficiency (Figure 4A) (20). Performance in the extra-
dimensional shift depends on PFC function (55), and an
improvement in this part of the task indicates greater cognitive
flexibility. We next extended this finding by assessing behav-
ioral inhibition, an aspect of cognitive control, in adult condi-
tional Dcc haploinsufficient and wild-type mice using a go/
no-go task (Figure 4B) (31). While both groups improved in
their ability to inhibit disadvantageous responses over the
course of the 10-day task, conditional Dcc haploinsufficient
mice made fewer commission errors throughout the entire
task, indicating superior behavioral inhibition (Figure 4C). There
were no differences between genotypes in the correct
responses to the go cue (hits; Figure 4D) or in learning the
components of the task (Supplemental Figure S3A). Condi-
tional Dcc haploinsufficient mice do not differ from wild-type
mice in spatial learning and memory (Figure 4E, F) or in loco-
motor and anxiety-like phenotypes (Figure S3B, C). Together,
we find that conditional Dcc haploinsufficiency leads to
improvements in adult cognitive functioning, likely by altering
the adolescent development of the mPFC. Factors regulating
DCC in adolescence may be useful in early intervention
strategies to improve cognitive control.
DISCUSSION

The protracted increase in PFC dopamine innervation across
adolescence has been described for some time in both rodents
and primates (5–7,10,13). We show, for the first time, that the
delayed increase in mPFC dopamine innervation results from
the fact that axons are still growing to this region over the
course of adolescence. We found that DCC receptors within
dopamine neurons control this process by inducing target
recognition events in axons destined to innervate the NAcc,
preventing their ectopic growth to the cortex. By determining
mesocorticolimbic dopamine axon targeting in adolescence,
DCC receptors in turn drive the maturation of the PFC. DCC-
dependent rerouting of mesolimbic dopamine axons to the
cortex alters the structure of mPFC layer V pyramidal neurons
=

Figure 4. DCC-dependent rerouting of mesolimbic dopamine axons to the m
required fewer trials than their wild-type littermates in the extradimensional (ED) p
(two-way mixed design analysis of variance [ANOVA]; genotype by task interactio
no effect of task, F3,72 = 2.123, p = .1048). Significant difference between genotyp
wild-type, n = 12. (B) Diagram of the go/no-go task adapted for mice. (C) Dcclox/1

(two-way mixed design ANOVA; main effect of genotype, F1,11 = 7.599, p = .0187
p = 0.94; Dcclox/1DATCre, n = 6; wild-type, n = 7). (D) There are no differences betw
no effect of genotype, F1,11 = 1.998, p = .185; main effect of time, F9,99 = 2.654
wild-type, n = 7). (E) No differences between genotypes in spatial learning in t
F4,64 = 14.67, p , .0001; no effect of genotype, F1,16 = 1.972, p = .1793; no inte
(F) No differences in the amount of time spent in the target quadrant between
design ANOVA; main effect of quadrant, F3,48 = 12.73, p , .0001; no effect of ge
Dcclox/1DATCre, n = 10; wild-type, n = 8). CD, compound discrimination; ID, intra
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and improves behavioral inhibition in adulthood. Our results
indicate that subtle alterations to the number of dopamine
axons growing to the mPFC in adolescence have significant
consequences on the structural and functional development of
the mPFC. To the best of our knowledge, axon growth during
adolescence has not previously been described. We estimate
that growing mesocortical dopamine axons travel over an
approximate distance of 2 to 4 mm to reach their cortical tar-
gets during adolescence. Along their route they need to make
frequent and cumulative decisions at intermediate targets and
thus remain very vulnerable for an extended spatiotemporal
window.

Studies on molecular determinants of dopamine pathway
development have largely focused on embryonic life, when
various guidance cue systems have been shown to influence
the growth of dopamine axons toward their targets (56–59).
Target recognition regulates axonal growth to ensure that
axons do not stop prematurely or proceed past their target
(16). How and where dopamine axons undergo target recog-
nition events and the molecular cues regulating their target
selection has been, until now, completely unknown (59). Here
we show that the netrin-1 receptor DCC limits the adolescent
growth of dopamine axons to the mPFC by promoting target
recognition events in the NAcc. This role is in line with previous
reports showing that DCC receptors mediate target recogni-
tion events at intermediate or final targets of axons of retinal
ganglion cells in mice (60), and of axons of motor neurons and
of photoreceptors in drosophila (61,62).

Why dopamine axons destined to innervate the mPFC
remain in the NAcc for a period of time before continuing to
their target remains unknown. Waiting periods, where axons
pause before continuing along their path, have been
demonstrated in early dopamine development (5,35,63) and
may also rely on the function of guidance cues (64). We
have shown that DCC receptors are not required for dopa-
mine axons to grow to the NAcc (4,20), but are necessary
for axons to recognize this area as their target during
adolescence. VTA dopamine neurons express DCC re-
ceptors from embryonic life to adulthood, but levels
decrease significantly in adolescence (17). In fact, VTA
dopamine neurons begin to express another netrin-1
receptor, UNC5C, during adolescence, and the ratio of
DCC:UNC5C expression inverts (17). This developmental
switch may contribute to mesolimbic dopamine axon tar-
geting and to determining which axons pause in the NAcc
before continuing to the mPFC (27,65).
edial prefrontal cortex improves cognitive control. (A) Dcclox/1DATCre mice
art of the attentional set shifting task, indicating superior behavioral flexibility
n, F3,72 = 2.749, p = .049; no effect of genotype, F1,24 = 0.01038, p = .9197;
es during the ED shift, Bonferroni post hoc, p , .05. Dcclox/1DATCre, n = 14;
DATCre mice make significantly fewer commission errors than wild-type mice
; main effect of time, F9,99 = 8.783, p , .0001; no interaction, F9,99 = 0.3734,
een the genotypes on the number of “hits” (two-way mixed design ANOVA;

, p , .0085; no interaction, F9,99 = 1.473, p = .1686; Dcclox/1DATCre, n = 6;
he Morris water maze (two-way mixed design ANOVA; main effect of day,
raction, F4,64 = 0.7876, p = .5375; Dcclox/1DATCre, n = 10; wild-type, n = 8).
genotypes during the probe test in the Morris water maze (two-way mixed
notype, F1,16 = 0.7938, p = .3862; no interaction, F3,48 = 0.2690, p = .8474;
dimensional shift; SD, simple discrimination.
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Cognitive control relies on PFC function and matures in
tandem with its circuitry (66–69). Performance on cognitive
tasks improves throughout adolescence, including measures
of inhibitory control, behavioral flexibility, and working mem-
ory (70–73). In addition, impaired cognitive control is a
symptom that spans multiple diagnoses based on the DSM,
including those with an adolescent onset, suggesting that
disrupted PFC development is a common link between psy-
chiatric diseases (54,74). Indeed, cognitive control has been
proposed to serve as a biomarker for disease states resulting
from altered PFC circuitry (22). Our findings support the idea
that work in rodents can begin to identify the molecular
events underlying the development of circuitry involved in
specific behaviors altered in psychiatric disease, such as
behavioral inhibition, and inform research-based intervention
strategies (21).

Taken together, our results indicate that the pathfinding
trajectory of mesocortical dopamine axons is malleable in
adolescence and could be easily modified by factors that
target DCC receptors during this vulnerable age. These mod-
ifications would have profound consequences for adult cortical
function. Indeed, we have shown that environmental factors in
adolescence, such as exposure to drugs of abuse (75), alter
DCC receptor expression in dopamine neurons and, in turn,
disrupt the extent and the organization of mPFC dopamine
input (28). We propose that DCC receptor signaling in dopa-
mine neurons may be a molecular link where genetic and
environmental factors interact in adolescence to influence
mPFC dopamine axon growth and, thereby, vulnerability to
psychopathology.
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