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Disproportionate neuroanatomical effects of DCC
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adulthood: links to dopamine, connectivity, covariance,
and gene expression brain maps in mice
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Background: Critical adolescent neural refinement is controlled by the DCC (deleted in colorectal cancer) protein, a receptor for the netrin-1
guidance cue. We sought to describe the effects of reduced DCC on neuroanatomy in the adolescent and adult mouse brain. Methods: We
examined neuronal connectivity, structural covariance, and molecular processes in a DCC-haploinsufficient mouse model, compared with
wild-type mice, using new, custom analytical tools designed to leverage publicly available databases from the Allen Institute. Results: We
included 11 DCC-haploinsufficient mice and 16 wild-type littermates. Neuroanatomical effects of DCC haploinsufficiency were more severe
in adolescence than adulthood and were largely restricted to the mesocorticolimbic dopamine system. The latter finding was consistent
whether we identified the regions of the mesocorticolimbic dopamine system a priori or used connectivity data from the Allen Brain Atlas to
determine de novo where these dopamine axons terminated. Covariance analyses found that DCC haploinsufficiency disrupted the coordin-
ated development of the brain regions that make up the mesocorticolimbic dopamine system. Gene expression maps pointed to molecular
processes involving the expression of DCC, UNC5C (encoding DCC’s co-receptor), and NTN7 (encoding its ligand, netrin-1) as underlying
our structural findings. Limitations: Our study involved a single sex (males) at only 2 ages. Conclusion: The neuroanatomical phenotype
of DCC haploinsufficiency described in mice parallels that observed in DCC-haploinsufficient humans. It is critical to understand the DCC-

haploinsufficient mouse as a clinically relevant model system.

Background

Adolescence is a critical period for the maturation of com-
plex cognitive functions like reward, motivation, and be-
havioural control." This period is also characterized by the
maturation of the nervous system, including the refinement
of neuronal connectivity.? Some refinement is controlled by
the DCC (deleted in colorectal cancer) protein, a receptor
for the netrin-1 guidance cue (encoded by the NTN1
gene).>* In humans, DCC haploinsufficiency, resulting from
1 nonfunctional allele for the DCC gene, leads to altered be-
haviours.® Altered expression of DCC and NTN1 is also im-
plicated in psychiatric disorders, particularly those that
emerge during adolescence.®”

Mice that are haploinsufficient for the DCC gene have
provided critical insight into the role of DCC receptors in
adolescent brain development. These mice have reduced
levels of DCC protein and altered neurodevelopmental
processes, including altered mesolimbic dopamine axon
innervation to the prefrontal cortex. By inducing condi-
tional DCC haploinsufficiency in dopamine neurons in
the ventral tegmental area, we showed that DCC recep-
tors control the targeting of mesolimbic dopamine axons
in adolescence, preventing them from growing ectopically
to the prefrontal cortex.®1° Adult, but not adolescent,
DCC-haploinsufficient mice have increased dopamine in-
nervation and release in the prefrontal cortex, and, in-
versely, reduced dopamine varicosities and release in the
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nucleus accumbens.®!1? Behaviours related to the func-
tion of the mesocorticolimbic dopamine system are al-
tered in adulthood, including blunted responses to
stimulant drugs of abuse.®'*"> Increased dopamine in the
prefrontal cortex may underlie symptoms of several
psychiatric disorders.

Broadly, we sought to explore whether the neuroanatom-
ical effects of DCC haploinsufficiency are general or specific
to the mesocorticolimbic dopamine system and whether
these effects are likely to be directly caused by changes in
DCC expression or by downstream and compensatory
changes in the expression of a wide constellation of genes.
We conducted comparisons across the entire brain between
DCC-haploinsufficient and wild-type mice in both adoles-
cence and adulthood.

Methods

To compare the effects of DCC haploinsufficiency in and
outside the mesocorticolimbic dopamine system, we used
2 approaches. First, we examined the regions we identi-
fied a priori as components of the mesocorticolimbic sys-
tem and compared them with those that are not part of
this system. We then used data sets from the Allen Brain
Connectivity Atlas to compare the anatomic distribution
of dopamine axons with the brain structure phenotype of
DCC haploinsufficiency without any a priori information.
We also examined whether the affected brain regions
showed any developmental shifts in structural covariance
caused by DCC haploinsufficiency, since their develop-
ment is associated with the growth of dopamine axons to
these regions.**

We then developed methods for integrating our data
with that of the Allen Institute Spatial Gene Expression at-
lases, allowing us to examine potential molecular correlates
of the neuroanatomical changes associated with DCC hap-
loinsufficiency. We examined whether genes associated
with netrin-1 signalling were more likely to be associated
with the DCC-haploinsufficient phenotype than other
genes, and whether genes expressed at different postnatal
developmental time points showed varying relationships
to the phenotype. These analyses could provide an idea of
the mechanisms that link the DCC-haploinsufficient geno-
type with its neuroanatomical phenotype, both spatially
and temporally.

Animals

Mice bearing 1 nonfunctional copy of the DCC gene on a
C57BL/6] background (i.e., DCC-haploinsufficient mice)"”
were bred and maintained at the animal facility of the
Douglas Hospital Research Centre in Montréal, Canada.
They were maintained on a 12-hour light-dark cycle with
ad libitum access to food and water. Pups were weaned at
postnatal day 21 and housed in cages with same-sex litter-
mates. The DCC-haploinsufficient and wild-type mice in this
study were from the same litters and our experimental de-
sign counterbalanced for age and litter.

Image acquisition and processing

We conducted magnetic resonance imaging (MRI) of male DCC-
haploinsulfficient mice and wild-type littermates during adoles-
cence and in adulthood. We anesthetized mice with isoflurane
and acquired whole-brain images using a Bruker BioSpec 7-T
spectrometer. We acquired brain images using the standard
Bruker TrueFISP sequence,'® with a repetition time of 5.2 ms,
echo time of 2.6 ms, field-of-view of 18 mm x 18 mm x 9 mm,
and matrix size of 128 x 128 x 64, producing images with 141 um
isotropic voxels. Total scan time for each mouse was less than
40 minutes.

Brain images were digitally aligned using linear image
registration, followed by nonlinear registration with iterative
template refinement encapsulated into a custom pipeline,'*>
implemented in Pydpiper.* Briefly, this pipeline uses the ad-
vanced neuroimaging tools (ANTSs) registration algorithm to
align individual images toward an initial model, a 125pum
isotropic resolution MRI mouse brain template.??¢ Once
roughly aligned, the template is discarded and the individual
images are further aligned to each other to create an itera-
tively refined, consensus average brain model from the 54 in-
dividual images. The Jacobian determinants of the final trans-
formation fields needed to align the model to each individual
brain image represent the local volume ratio at each voxel of
each individual image, compared with the consensus aver-
age. Practically, they represent the extent to which brain ele-
ments (voxels) in an individual brain are larger or smaller
than the group average.

We registered a previously constructed atlas of the mouse
brain, generated by combining MRI-based segmentation at-
lases for different brain regions,” to the average brain
model to determine the volumes of the 182 anatomic regions
included in the atlas and for comparison of volumes between
DCC-haploinsufficient and wild-type mice. We obtained the
volume of each anatomic region for each brain at each age by
summing the Jacobian determinants for the voxels within
each region.

Methodological validation

We first examined the regions of interest from our previous
report,®! which used manual segmentation to measure only
select brain regions, namely the anterior cingulate, prelim-
bic, and infralimbic subregions of the prefrontal cortex, the
dorsal striatum, the nucleus accumbens, and the hippocam-
pus. We employed the same statistical approach, mixed-
effects analysis of variance (ANOVA),% to compare the vol-
umes of our preselected regions of interest between
DCC-haploinsufficient and wild-type mice. We included age
as a fixed effect and mouse identification number as a ran-
dom effect to account for repeated measurements.

We included the ventral tegmental area as a region of inter-
est because it is the source of mesocorticolimbic dopamine pro-
jections that express DCC and innervate the frontal regions
listed above. We also included the orbital subregions of the
prefrontal cortex, the orbitofrontal and insular cortices, as they
have protracted dopamine development during adolescence.!

E158 J Psychiatry Neurosci 2024;49(3)



Neuroanatomical effects of DCC haploinsufficiency in adolescence

Unbiased whole-brain volumetric analysis

We conducted mixed effects ANOVAs for age and genotype
for each neural structure included in the MRI-based
segmentation atlas® and for each voxel. For post hoc analy-
ses, we conducted voxel-wise analyses separately for the ad-
olescent and adult images, and compared the number of af-
fected voxels between adolescents and adults using a
pairwise t test. Throughout these analyses, when analyzing
across both adolescent and adult measurements, we included
age as a fixed effect and mouse identification number as a
random effect to account for repeated measurements. For all
analyses involving more than 2 comparisons of means, we
adjusted p values using the false discovery rate (FDR) with a
threshold of 5%.% Volumes in the results are presented in pL
for clarity and were converted from voxels using the volume
of a voxel (141 um? or around 2.8 x 1073 uL).

Owerlap with structural connectivity

To test whether the spatial patterns of volume changes in
DCC haploinsulfficiency reflected the spatial organization of
the mesocorticolimbic dopamine system, we used the Allen
Institute for Brain Science’s Mouse Brain Connectivity Atlas
data sets on viral tracing.®® If DCC haploinsufficiency induced
widespread neuroanatomical changes in adolescence, we
would not expect the spatial pattern of those changes to cor-
relate with the dopamine system. However, if the changes
were primarily localized to the dopamine system, we would
expect such a correlation.

Briefly, the Allen Institute viral tracing data set consists of
a series of injections of recombinant adeno-associated viruses
that express enhanced green fluorescent protein. The tracer
virus is injected into a variety of brain regions of adult mice,
including Cre (cyclization recombination) lines targeting spe-
cific cell types. The tracer does not cross synapses, and thus
describes direct neuronal connectivity.* We obtained the
data in a processed form, gridded at an isotropic resolution
of 50 um and aligned to a template (Common Coordinate
Framework version 3 [CCFv3])®, from the Allen Institute’s
application programming interface.

Previously, for small injection volumes, we observed a re-
lationship between tracer injectate volume and length of pro-
jection tract detected.*® Therefore, here, we considered only
the 1309 viral tracing experiments with more than 0.1 mm? of
injectate. We computed the binary overlap between voxels
that showed a significant difference in Jacobian determinant
(i.e., local volume) between wild-type and DCC-
haploinsufficient genotypes, thresholded at a t statistic cor-
responding to a FDR of 5%, and voxels that contain a tracer
signal, thresholded at a projection density of 0.05. We ob-
tained the map of ¢ statistics describing volumetric changes
caused by DCC haploinsufficiency from the linear mixed-
effects model combining both adolescent and adult data sets,
aligned to the Allen Institute’s CCFv3 template using ANTs.
We analyzed volume increases caused by DCC haploinsuffi-
ciency separately from volume decreases. Considering the
tracer data as ground truth, we quantified overlap as both the

sensitivity (i.e., proportion of voxels with a tracer signal that
also showed a volume difference) and positive predictive
value (i.e., proportion of voxels with volume differences that
also showed a tracer signal).

We examined this overlap for an individual tracer experi-
ment, Allen Brain Connectivity experiment 156314762, which
targeted the ventral tegmental area in a mouse line trans-
fected by tyrosine hydroxylase (TH)-internal ribosome entry
site (IRES)—Cre estrogen receptor (CreER). This is the only ex-
periment available that specifically targeted ventral tegmen-
tal area dopamine neurons; it was conducted in a male
mouse. We quantified statistical significance by comparing
the sensitivity and positive predictive values obtained
against the distribution of sensitivities and positive predict-
ive values for all 1309 Allen Brain Connectivity experiments
considered in our analyses.

We also analyzed a set of 37 experiments that targeted the
mesocorticolimbic dopamine system more broadly, includ-
ing pre- and postsynaptic components. These experiments
were conducted in dopamine receptor (DRD1, DRD2, or
DRD3-specific) Cre mouse lines, and TH Cre mouse lines,
and include experiments involving both male and female
mice. We ranked the sensitivities and positive predictive
values of the 37 tracing experiments against the values of all
1309 experiments, and used the Mann-Whitney U test to
determine the p value.

Structural covariance

To assess structural covariance among our regions of inter-
est, we first averaged the map of DCC haploinsufficiency—
associated t statistics obtained from the linear mixed-effects
model with a version mirrored across the midline, resulting
in a bilaterally symmetric map of t statistics. We then gener-
ated masks for regions of significant volume change by
thresholding at a f statistic corresponding to an FDR of 5%.
We computed volumes for resulting clusters of voxels that
overlapped with the regions of interest chosen a priori and
further normalized volumes (separately for adolescents and
adults) by regressing out the main effects of genotype and
whole-brain volume. We assessed structural covariance by
regressing the normalized volumes against each other sep-
arately for adolescent and adult data.*”

Owerlap with gene expression

To identify potential molecular mechanisms that might under-
lie the volumetric changes observed in DCC-haploinsufficient
mice, we linked the Allen Institute’s data on spatial gene ex-
pression to the spatial volumetric differences we observed in
our MRI brain images. This analysis sought to identify spe-
cific genes whose spatial expression patterns in the brain
predicted the volumetric changes associated with DCC hap-
loinsufficiency, and gene modules that were enriched for
these genes.®® We used the Allen Developing Mouse Brain
Atlas, which characterizes the expression patterns of
2104 genes related to neurodevelopment at 3 early postnatal
ages (postnatal day 4, 14, and 28).* We obtained expression
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data for all 3 available ages to contrast the relationship of
pre-adolescent and adolescent gene expression on the neuro-
anatomical phenotype. We normalized gene expression data
independently at each voxel and for each age by regressing
out the total amount of gene expression, and mapped these
data onto the common CCFv3 template to allow for compar-
isons with our structural data. Additional details regarding
the sourcing of spatial gene expression data can be found in
Lindenmaier and colleagues’ article.*

Correlation between structural changes and gene
expression for genes of interest

For each gene we computed the Spearman correlation be-
tween normalized spatial gene expression and the structural
volume difference between DCC-haploinsufficient and wild-
type mice, as quantified by the t-statistic map. Separately for
each age, we ranked all available genes by correlation to de-
termine which genes were most and least correlated with the
DCC-haploinsufficient phenotype. Focusing on 3 genes of
interest selected a priori (DCC, NTN1, and UNC5, which en-
codes the uncoordinated-5 receptor), we examined the rank
order of these genes relative to all other available genes,
hypothesizing that these genes would appear at the extreme
ends of the ranked list.

Spatial gene envichment

Gene modules are biologically relevant terms that are anno-
tated with sets of genes, a prominent example being the set of
gene ontology (GO) terms maintained by the GO Consor-
tium. 44 We obtained a set of modules that combined GO
terms with pathways from the Bader laboratory.* Using the
list of genes ranked by their Spearman correlation with the
DCC-haploinsufficient phenotype, we examined which mod-
ules contained genes that were preferentially distributed at
the extreme ends of this ranked list.

Following the methods described by Ritchie and col-
leagues,* we first filtered the gene set to remove extremely
large (i.e., generic) and extremely small modules, retaining
those that contained between 10 and 200 genes (inclusive). To
quantify enrichment given a ranked list of genes, we built on
the area under the receiver operating characteristic curve
(AUC), which is closely related to the U statistic from the
Mann-Whitney U test. Briefly, for a given module, this statis-
tic is calculated by computing the area under a curve formed
by plotting the cumulative distribution of genes within the
module as a function of rank; therefore, the AUC is a measure
of how unevenly the genes within the module are distributed.

Motivated by the idea that both positive and negative cor-
relations are meaningful, we used a modified version of the
AUC. We split the ranked list in half, computed the AUC
separately for both of these ordered lists of genes (with top
rank being defined as the most extreme ends of the lists), and
defined the bidirectional AUC as the mean of these 2 AUCs.
Thus, for a given module, when the bidirectional AUC
equalled around 1, genes within the module tended to be dis-
tributed at the ends of the ranked list, indicating a spatial en-

richment pattern that is correlated with the DCC haploinsuf-
ficiency t-statistic map. If the bidirectional AUC equalled
around 0, genes within the module tended to be clustered
around the middle of the ranked list. If the bidirectional AUC
equalled around 0.5, then genes within the module were
evenly distributed across the list, indicating no relationship
with the DCC haploinsufficiency t-statistic map.

To test which bidirectional AUC values were statistically
significant, we used a randomization framework in which —
for each module — a null distribution of bidirectional AUC
values was constructed from an ensemble of 5000 random
anatomic phenotypes. In our case, we generated random
phenotypes by drawing 10 random genes at a time and com-
puting the average spatial expression; this approach ac-
counted for within-module coexpression and spatial auto-
correlation that must be accounted for to avoid biased
p values.* We first analyzed gene modules that contained
our term of interest (netrin-1), using uncorrected p values.
We then analyzed the complete suite of all gene modules
using FDR-corrected p values.

Data and code

We conducted all analyses in the R statistical computing en-
vironment using the MRI analysis package (RMINC).#4¢ All
data and code use in these analyses are available through the
Open Science Framework (doi: 10.17605/OSF.I0/H64QF).

Ethics approval

All experiments were performed in accordance with the Can-
adian Council of Animal Care and the McGill University and
Douglas Mental Health University Institute Animal Care
Committee.

Results

Regional differences in neuroanatomical volumes between
male DCC-haploinsufficient and wild-type mice

We included 11 DCC-haploinsufficient mice and 16 wild-type
littermates, all males. We obtained MRI scans first during
adolescence (postnatal day 33 + 2), and then again in adult-
hood (postnatal day 75 + 15). As an initial validation of our
methods, we automated the measurement of the same struc-
tures previously measured using manual segmentation.”
Using an MRI-based segmentation atlas and our automated
segmentation algorithm, we found significant effects of age
and genotype in the nucleus accumbens (t = 6.21, g < 0.0001
for age; t = —2.99, g = 0.02 for genotype; Figure 1) and in the
hippocampus (t = 6.80, g < 0.0001 for age; t = -2.67, q = 0.04
for genotype; Figure 1). We did not find significant effects of
genotype in the dorsal striatum (t = 2.03, g = 0.1) or in the an-
terior cingulate (t = 0.63, g = 0.5), prelimbic (t =-0.23, 4 = 0.8),
and infralimbic (f = -0.76, ¢ = 0.4) subregions of the medial
prefrontal cortex (Figure 1). However, these regions did
show significant effects of age (respectively, t = 6.79,
g <0.0001; t =-5.84, g < 0.0001; t = —6.70, g < 0.0001; { = -3.26,
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Figure 1: The effect of DCC haploinsufficiency on the volumes of brain regions of interest in (A) adolescence and (B) adulthood. Prefrontal
cortex subregions and the dorsal striatum showed no volumetric differences between the 2 genotypes, while the other regions of interest were
smaller in DCC-haploinsufficient (Hap) mice (n = 11) than in wild-type (WT) mice (n = 16). Box plots show median (thick horizontal lines), up-
per and lower quartiles (thin horizontal lines), minimums (lower whiskers), and maximums (upper whiskers). Data for the whole brain are also
presented for comparative purposes. Adolescent and adult data are presented separately for clarity; however, the significant differences indi-
cated by asterisks were determined using a mixed-effects analysis of variance that incorporated both age and genotype as independent vari-
ables. All data were centred and scaled such that all means equal 0 and all standard deviations equal 1.

g = 0.004). In all cases, affected brain regions were smaller in
DCC-haploinsufficient mice than wild-type mice, and larger in
adult mice than adolescent mice. These results are qualitatively
identical to those we observed using manual segmentation.®
We looked at the ventral tegmental area because it is
where cell bodies of mesocorticolimbic dopamine neurons
are located. We found significant effects of age (t = 5.50,
g < 0.0001) and genotype (t = -3.53, g = 0.01; Figure 1). We
also looked at the orbital and insular subregions of the pre-
frontal cortex, which also receive mesocortical dopamine in-
nervation in adolescence.”® In the orbital prefrontal cortex,
we found a significant effect of age (t = -6.24, g < 0.0001) but

not genotype (t = 0.31, g = 0.8; Figure 1), and in the insular
region we did not find significant effects of age (t = -0.97,
g = 0.3) or genotype (f = 0.32, g = 0.8; Figure 1). In all cases,
affected brain regions were smaller in DCC-haploinsuffi-
cient mice than wild-type mice and larger in adult mice
than adolescent mice. We did not find significant interaction
terms in any cases.

Next, we checked whether DCC haploinsufficiency af-
fected whole-brain volume. We found no effect of genotype
on brain volume (t = 0.59, p = 0.4; Figure 1), an effect of age —
with the brain being larger in adulthood (¢ = 40.57, p < 0.0001)
— and no interaction between variables (f = 2.65, p = 0.1).
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After looking specifically at our regions of interest, we
sought to evaluate differences across the whole brain be-
tween DCC-haploinsufficient and wild-type mice. Following
adjustment of p values for multiple comparisons using an
FDR of 5%, no structure showed a significant effect of geno-
type. A table of these results is available as Appendix 1,
Supplementary Table 1, available at www .jpn.ca/lookup/
doi/10.1503/jpn.230106/ tab-related-content..

Subregional differences in volumes between male
DCC-haploinsufficient and wild-type mice

We conducted linear mixed-effects models comparing the
volumes of DCC-haploinsufficient and wild-type mice at
each voxel across the entire brain. This dramatically in-
creased the number of comparisons; however, this method
can detect volumetric differences that do not substantially af-
fect entire regions. Given the large number of comparisons,
we adjusted our significance threshold using FDR. We found
numerous voxels that were either larger or smaller among
DCC-haploinsufficient mice compared with wild-type mice
(Figure 2). Many of these voxel-wise differences were found
in brain structures that, overall, were not different between
genotypes (e.g., the prefrontal cortex).

When analyzing adolescents and adults separately,
fewer voxels per brain region were larger (f = 3.83,
p = 0.0002) or smaller (t = 4.35, p < 0.0001) among DCC-
haploinsufficient mice in adulthood compared with ado-
lescence, consistent with dynamic neural changes occur-
ring in the adolescent brain. A complete table of anatomic
locations that we found to be larger and smaller in DCC-
haploinsufficient mice is available as Appendix 1, Supple-
mentary Table 2.

As the same mice were imaged in adolescence and adult-
hood, we are also able to analyze and visualize brain de-
velopment at the level of the individual. To this end, we iden-
tified the voxels most affected by DCC haploinsufficiency, as
estimated by those voxels for which the comparison of over-
all volume difference between DCC-haploinsufficient and
wild-type mice had an associated p value of less than 0.001.
The results of this analysis are presented in Appendix 1,
Supplementary Figure 1.

We observed clusters of significant voxels within our re-
gions of interest (Table 1). In fact, visual examination of the
t statistic neuroanatomical map (Figure 2) showed that the
effects of DCC haploinsufficiency appear to be largely re-
stricted to our regions of interest, comprising the cell body
and terminal regions of mesocorticolimbic dopamine neur-
ons. The subregions of the prefrontal cortex, which did not
show significant volumetric changes at the region level, still
included significantly altered voxels. Voxels that were
larger in DCC-haploinsufficient mice were detected in the
anterior cingulate and orbital subregions of the prefrontal
cortex, along with smaller numbers of voxels in the insular
and prelimbic subregions. We also found a small number of
voxels that were smaller in DCC-haploinsufficient mice in
the infralimbic subregion of the prefrontal cortex. Further-
more, we observed smaller voxels in the nucleus accumbens,

hippocampus, and ventral tegmental area. Interestingly, the
dorsal striatum showed large numbers of both larger and
smaller voxels. Visual examination of the voxel maps sug-
gested that the larger voxels were located more ventrally
and posteriorly, while the smaller voxels were more dorsal
and anterior (Figure 2).

Voxels affected by DCC haploinsufficiency were dispro-
portionately represented in the mesocorticolimbic dopa-
mine system. Considering both the adolescent and adult
data together, we found similar proportions of larger voxels
within our regions of interest as across the rest of the brain.
However, the proportion of smaller voxels within our re-
gions of interest was 3 times that found in the rest of the
brain (Table 2). Similar patterns remained when we exam-
ined the adolescent and adult ages separately. From ado-
lescence to adulthood, there was a substantial reduction in
the proportions of voxels that were affected by DCC haplo-
insufficiency both within and outside of our regions of
interest (Table 2).

Regions with volume changes associated with DCC
haploinsufficiency and dopamine projections

To formalize our comparison of regions affected by DCC
haploinsufficiency and regions that receive dopamine pro-
jections, we computed the binary overlap between the
DCC-haploinsufficient phenotype (our MRI data, quanti-
fied as an anatomic map of f statistics; Figure 3A, lefthand
column) and voxels that showed a fluorescent tracer sig-
nal in an experiment that labelled dopamine axons origin-
ating from the ventral tegmental area (Allen Institute con-
nectivity experiment 156314762; Figure 3A, middle
column). Connectivity data were considered as ground
truth, and the sensitivity and positive predictive value
showed significant overlap between regions that were
smaller in DCC haploinsufficiency and those that receive
dopamine projections from the ventral tegmental area
(Figure 3B). However, there was no relationship between
larger regions and dopamine projections. We found simi-
lar results when comparing the DCC-haploinsufficient
phenotype with the set of 37 dopamine-targeting tracer
experiments (Figure 3C, righthand column). In this case,
the f-statistic map of volume decreases was significantly
sensitive to the presence of a tracer signal, but did not pre-
dict connectivity (Figure 3C).

DCC haploinsufficiency and coordination in male
adolescent brain development

Structural covariance — the correlated variation in volumes
between pairs of structures — is thought to be a signature of
coordinated neurodevelopment and connectivity.?+4 We
assessed structural covariance between our regions of inter-
est in wild-type mice, separately in adolescence and adult-
hood, and measured how that covariance was altered by
DCC haploinsulfficiency.

In adolescence, we found positive covariance (enlarge-
ment of 1 region correlated with enlargement of another
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Figure 2: The effect of DCC haploinsufficiency on local brain anatomy in mice. Coronal sections are presented in anterior—posterior order from
top to bottom in each column. Regions of interest (ROIs) are coloured in sequential coronal sections on the consensus model average of a
mouse brain generated in this study. For columns 2, 3, and 4, warm-coloured voxels indicate anatomic locations that are larger (g < 0.05) in
DCC-haploinsufficient mice than wild-type mice and cool-coloured voxels indicate locations that are smaller in DCC-haploinsufficient mice.
Although this analysis was conducted across the entire brain, it is notable that there is substantial overlap between altered voxels and our pre-
determined ROls. Column 2 demonstrates anatomic differences in DCC-haploinsufficient mice overall, as determined by a 2-way mixed-
effects model with age and genotype as factors. Column 3 compares genotypes in adolescence, while column 4 compares genotypes in adult-
hood. All neuroanatomical differences between genotypes are more prominent in adolescence, with some being completely ameliorated by

adulthood. PFC = prefrontal cortex.
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Table 1: Volumetric effects of DCC haploinsufficiency in regions of interest*

Overall Adolescents Adults
Larger Smaller Larger Smaller Larger Smaller Total volume,

Region of interest volume, pL volume, pL volume, pL volume, pL volume, pL volume, pL pL

Anterior cingulate PFC 0.233 0.003 0.168 0.000 0.003 0.000 7.843
Prelimbic PFC 0.006 0.000 0.014 0.000 0.000 0.000 3.737
Infralimbic PFC 0.000 0.039 0.000 0.011 0.000 0.000 0.782
Orbital PFC 0.146 0.000 0.073 0.000 0.006 0.000 10.476
Insular PFC 0.053 0.000 0.000 0.000 0.000 0.000 11.353
Dorsal striatum 1.233 1.474 0.656 0.342 0.146 0.000 30.684
Nucleus accumbens 0.000 1.589 0.000 0.880 0.000 0.833 5.685
Hippocampus 0.000 1.418 0.000 0.830 0.000 0.090 28.753
Ventral tegmental area 0.000 0.109 0.000 0.104 0.000 0.028 0.174

PFC = prefrontal cortex.

*Volumes that were either larger or smaller in mice with DCC haploinsufficiency are indicated overall (in an analysis combining both adolescent and adult data sets) and separately by age
class. Total volume indicates the volume of the whole structure, including parts unaffected in DCC haploinsufficiency, in an average including both adolescents and adults. Within a brain
region, some subregions can be larger while others are smaller. Therefore, for each brain region, we identified voxels that increased and voxels that decreased in volume relative to wild-
type mice. Voxels that were increased in volume were summed separately from voxels that were decreased in volume. This resulted in volume estimates of both larger and smaller

portions of the same brain region.

Table 2: Volumetric effects of DCC haploinsufficiency in the mesocorticolimbic dopamine system and the rest of the brain*

Overall Adolescents Adults
Region Larger volume, % Smaller volume, % Larger volume, %  Smaller volume, % Larger volume, % Smaller volume, %
Regions of interest 1.74 4.84 2.26 0.16 0.99
Rest of the brain 2.11 1.65 1.08 0.18 0.44
Whole brain 2.06 2.14 1.26 0.17 0.52

*Percentages of the total volumes that were affected (either larger or smaller) in mice with DCC haploinsufficiency are indicated overall (considering both adolescent and adult data sets)
and separately for adolescents and adults. Our regions of interest, which describe the mesocorticolimbic dopamine system, were disproportionately affected compared with the rest of the

brain. Adolescents were disproportionately affected compared with adults.

region) between the ventral tegmental area and medial
accumbens, as well as between the dorsal striatum and the
hippocampus. We found negative covariance (enlarge-
ment of 1 region correlated with diminution of another re-
gion) between the ventral tegmental area and the lateral
accumbens, the hippocampus, and the medial accumbens,
as well as between the dorsal striatum and prefrontal cor-
tex (Figure 4A). In adolescent DCC-haploinsufficient mice,
we found that the negative covariance between the ventral
tegmental area and lateral accumbens was diminished
(Figure 4A). That is, DCC haploinsufficiency resulted in a
dissociation of volumetric changes between the ventral
tegmental area and accumbens in adolescence.

In adulthood, both the positive covariances we observed
in adolescence (between the ventral tegmental area and
medial accumbens, and between the dorsal striatum and
the hippocampus) were maintained in wild-type mice
(Figure 4B). The negative covariance between the hippo-
campus and medial accumbens was also maintained, and
there were additional negative covariances between the
dorsal striatum and both the ventral tegmental area and
lateral accumbens. In contrast with adolescence, none of
the covariances observed in the adult mouse brain were af-
fected by DCC haploinsufficiency (Figure 4B).

DCC haploinsufficiency phenotype and expression of DCC,
NTN1, and UNC5 in male mice

We compared the DCC-haploinsufficient phenotype map (our
MRI data, quantified as an anatomic map of ¢ statistics) with
data from the Allen Institute that mapped gene expression onto
the mouse brain at 3 early postnatal ages (postnatal days 4, 14,
and 28). We examined the spatial expression patterns of our
genes of interest (DCC, NTN1, and UNCD)) relative to the ex-
pression of the other genes included in the atlas. Using the
Spearman coefficient, we computed the spatial correlations be-
tween DCC-associated volume change (represented by the ¢
statistic) and normalized gene expression for each gene of inter-
est. We ordered all genes in the Allen Developing Mouse Brain
Atlas by increasing Spearman coefficient. Genes close to the top
of the list (rank approaching 1) were positively correlated with
the DCC-haploinsufficient phenotype map, while those at the
bottom of the list (rank approaching —1) were inversely correl-
ated with the phenotype map. Comparing DCC, NTN1, and the
4 homologues of UNCS5 to the rest of the genes included in the
atlas, we found that these genes were frequently ranked at the
extreme ends of the distribution (Figure 5). At postnatal day 4,
DCC and NTNT1 expression were negatively correlated with the
map, while UNC5C was positively correlated with the map. At
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Figure 3: Volume differences in relation to connectivity. (A) Volume differences associated with DCC haploinsufficiency, computed from a
linear mixed-effects model combining both ages, are shown in the left column. Red regions are larger and blue regions are smaller in DCC
haploinsufficiency. The middle column shows a single viral tracing experiment, which labelled dopamine (DA) projections from the ventral
tegmental area (VTA) (Allen Brain Connectivity experiment 156314762). The right column shows a maximum intensity projection of all
37 available Allen Brain Connectivity experiments that targeted the DA system. (B) Sensitivity (top) and positive predictive value (bottom)
between DCC haploinsufficiency and DA projections from the VTA. The binary overlap between voxels showed significant negative and
positive volume differences, when considering connectivity as ground truth. Sensitivity and positive predictive values were computed for the
tracer experiment, illustrated as red vertical lines. Black curve shows distribution for all experiments. We calculated p values by comparing
these values to those for all available viral tracing experiments (background density). Probability increases to the right; p values reflect the
probability of obtaining values as extreme as the ones observed in relation to the background distribution. (C) Sensitivity (top) and positive
predictive value (bottom) between DCC haploinsufficiency and DA projections overall. The binary overlap for the set of experiments illus-
trated in the right column of panel A, which target the DA system, are shown in the same format as panel B, with p values computed using
the Mann—Whitney U test. The underlying curve (in black) represents the sensitivity or positive predictive values of all available viral tracer
experiments. The vertical lines (coloured) represent the sensitivity or positive predictive values of the 37 experiments that target the DA
system. Probability increases to the right; p values reflect the probability of obtaining a distribution of values for the 37 experiments as ex-
treme as the ones observed in relation to the background distribution. Cre = cyclization recombination, DRD = dopamine receptor, IRES =
internal ribosome entry site, TH = tyrosine hydroxylase.

The genes examined in the Allen Developing Mouse Brain
Atlas can be grouped into gene sets or modules. We con-

postnatal day 14, DCC expression remained negatively correl-
ated with the map and UNC5C expression remained positively

correlated with the map. At postnatal day 28, the correlations
were weaker; none of the genes appeared to significantly pre-
dict the phenotype map. At all 3 ages, the expressions of
UNC5A, UNC5B, and UNC5D remained close to the centre of
the distribution, indicating a lack of correlation with the pheno-
type map. A full list of all genes from the Allen Developing
Mouse Brain Atlas and their correlations is available in
Appendix 1, Supplementary Table 3.

sidered a set of modules that combined GO terms from the
biological process tree* with pathway terms obtained from
the Bader laboratory.* After filtering out extremely large and
small modules, we ended with 3564, 3561, and 3575 modules
for postnatal day 4, 14, and 28 respectively. The number of
modules per age varied because of differing numbers of genes
within the Allen Institute’s gene expression data sets. The
modules included 4 associated with netrin-1 function, namely
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Figure 4: The effects of DCC haploinsufficiency on structural covariance between regions of interest. Values in the upper, black-bordered tri-
angles assess the extent that a pair of regions covary in volume (¢ statistic for the main effect of structure) and values in the lower, purple-
bordered triangles assess DCC haploinsufficiency—related differences in this structural covariance (t statistic for the structure—genotype inter-
action). Asterisks indicate structure pairs that covary significantly at a threshold of g < 0.05. (A) In adolescence, we observed covariance in
volume between 5 structure pairs among wild-type mice (upper, black-bordered triangle). Among DCC-haploinsufficient mice, the negative
structural covariance between the nucleus accumbens and the ventral tegmental area was reduced compared with wild-type mice (lower,
purple-bordered triangle). (B) In adulthood, there was covariance between 5 structure pairs among wild-type mice (upper, black-bordered tri-
angle). We did not see any effect of DCC haploinsufficiency on adult structural covariance (lower, purple-bordered triangle). Red regions are

larger and blue regions are smaller in DCC haploinsufficiency.

the Pathway Interaction Database (PID) netrin pathway from
the Molecular Signatures database curated gene sets, netrin-
mediated signaling events from the National Cancer Institute—
Nature Pathway Interaction Database, netrin-1 signaling from
the Reactome Pathway Database (R-HSA-373752.2), and axon
guidance mediated by netrin from the PANTHER Pathway
database (P00009). All 4 modules contained our 3 genes of
interest (DCC, NTN1, and UNC5). Two of these modules, the
PID netrin pathway and netrin-mediated signaling events,
completely overlapped in their gene annotations, effectively
resulting in 3 modules related to netrin-1.

We computed spatial enrichment of these modules using a
modified version of the AUC metric and calculated p values
by testing against an ensemble of random phenotypes. We
found that only the PID netrin pathway or netrin-mediated
signaling events module was enriched with genes that cor-
relate spatially with the DCC-haploinsufficient phenotype at
postnatal day 4 (Figure 6). When exploring the rest of the
modules, after adjusting p values for multiple comparisons,
no module maintained a statistically significant level of en-
richment (Appendix 1, Supplementary Table 4).

Discussion

Our unbiased approach to analyzing the neuroanatomical
phenotype of the DCC-haploinsufficient mouse demonstrated
that the mesocorticolimbic dopamine system was selectively af-
fected, and that the phenotype was more pronounced in adoles-
cence than in adulthood. By linking our data to the Allen Insti-
tute’s public data sets, we were also able to detect potential
molecular processes involved in generating this phenotype, with
the DCC, NTN1, and UNC5C genes appearing to be involved,
but not other genes linked to the netrin-1 signalling pathway.
These happen to be the 3 netrin-1-related genes expressed by the
mesocorticolimbic dopamine system,* further emphasizing the
link between DCC haploinsufficiency and this system.

Using automated segmentation techniques, we found that
the dorsal striatum of DCC-haploinsufficient mice had sub-
regions that were significantly larger and others that were sig-
nificantly smaller than wild-type controls. This may explain
why Vosberg and colleagues® did not find an effect in this re-
gion in mice; the 2 effects we observe effectively cancel out
when considering the volume of the dorsal striatum as a whole.
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Figure 5: Frequency histograms of spatial correlations between the DCC-haploinsufficient phenotype and spatial gene expression at postnatal
days (PNDs) 4, 14, and 28. For each age, a histogram of Spearman coefficients demonstrated the spatial similarity between normalized gene
expression and the DCC-haploinsufficient phenotype (t-statistic map) for all genes in the Allen Institute’s Developing Mouse Brain Atlas data
set. Darker shades indicate a relatively strong relationship between gene expression and phenotype, while lighter shades indicate a relatively
weak relationship. The positions and correlations of DCC, NTN1, and the 4 homologues of UNC5 are indicated within these distributions. Pos-
itions near the left or right tails of the distribution indicate that the genes were negatively or positively correlated with the DCC-haploinsufficient

phenotype, respectively.

Vosberg and colleagues™ did not find a volumetric effect in
the mouse prefrontal cortex; however, they did find signifi-
cant increases in prefrontal cortex volume among human
adults with DCC haploinsufficiency. In the present study, we
found substantial areas of enlargement within most mouse
prefrontal cortex subregions in DCC haploinsufficiency even
though we did not find an effect on the overall volume in the
prefrontal cortex. Nonetheless, parallel increases in prefrontal
cortex volume with DCC haploinsufficiency among humans
and mice show that the DCC-haploinsufficient mouse model
is substantially more similar to the DCC-haploinsufficient
phenotype in humans (as described in Vosberg and col-
leagues)® than previously understood.

The prefrontal cortex is important for controlling most
complex cognitive processes and behaviours in humans,
such as novelty seeking, drug seeking, and impulse con-
trol.®® These behaviours are similarly altered among adult
DCC-haploinsufficient humans and rodents.® Notably, at
least in mice, these behavioural alterations only emerge in
adolescence.’

Further understanding of DCC haploinsufficiency in
humans will require novel multimodal approaches. In addi-
tion to the 3D gene expression data for the mouse brain that
we used in this study, there are now 3D gene expression data
sets available for the human brain through the Allen Brain
Institute.”® The Allen Institute’s microarray brain atlases for
DCC (probes A_23_P158708 and CUST_13856_PI416261804)
reveal that the regions where we have detected the most sub-
stantial volumetric effects of DCC haploinsufficiency, namely
the hippocampus, nucleus accumbens, and ventral tegmental
area, have high levels of DCC mRNA expression in the adult
human brain.

In the case of DCC haploinsufficiency, the development of
human spatial gene expression data sets at multiple ages,
including adolescence, is likely a key factor helping acceler-
ate our understanding of this syndrome. The Allen Brain In-
stitute’s Brainspan: Atlas of the Developing Human Brain pub-
lishes DCC microarray data for limited brain regions in
humans across ages.” The data (ENSG00000187323) reveal a
general trend of decreasing DCC mRNA expression with
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Figure 6: Spatial gene enrichment analysis using genes ranked by their correlation to the DCC-haploinsufficient neuroanatomical phenotype.
(A) A volcano plot demonstrates the extent to which each gene module was enriched. Each point is a module, and those above the dotted line
are statistically significant (p < 0.05) under a randomization approach. Points filled in yellow represent modules that contained at least 1 of our
genes of interest (DCC, NTN1, and UNCS5), and points circled in red are netrin-1-related modules that contain all 3 genes. Of the 3 modules
that contain all 3 genes of interest, only the Pathway Interaction Database (PID) netrin pathway module at postnatal day (PND) 4 was en-
riched. (B) Bidirectional area under the receiver operating characteristic curve (AUC) for the PID netrin pathway module at PND4, constructed
by going across the ranked list and incrementing when a gene within the module was found. The bidirectional AUC is represented as the pro-
portion of the shaded area to the total area of the lower-left and upper-right quadrants and is a measure of how probably distributed genes
within the module were in the provided ranked list. (C) The bidirectional AUC from the PID netrin pathway module at PND4, shown as a red
line and compared with randomized AUC values obtained from a distribution of 5000 random phenotypes. The position of the module in this

distribution was used to determine the p value.

increasing age, as we have previously shown in rodents.
However, notably, the striatum (which includes the nu-
cleus accumbens) and the hippocampus maintain relatively
high levels of DCC mRNA expression across the lifespan.
As more data sets are generated, understanding genetic
disorders, including DCC haploinsufficiency, will become
easier and the development of potential treatment and
mitigation strategies will be more streamlined. Indeed, re-

search regarding the spatiotemporal expression of DCC gene
co-expression networks using human data sets has highlighted
their enrichment in mesocorticolimbic dopamine regions and
dynamic patterns during adolescence.>

By comparing the volumetric effects of DCC haploinsuffi-
ciency within our regions of interest with the effects on the
rest of the brain, we observed that the mesocorticolimbic
dopamine system was disparately affected. We reinforced
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this finding using anterograde tracers to locate the projection
field of the ventral tegmental area’s dopamine neurons,
rather than a priori knowledge. The projection field of the
dopamine system, identified through tracer studies, over-
lapped with areas that were smaller among DCC-
haploinsufficient mice, although not regions that were
larger. This is consistent with most regions known to receive
these projections. However, the prefrontal cortex showed
primarily larger areas among DCC-haploinsufficient mice,
even though this area is known to receive dopamine input.
We hypothesize that its sparse ventral tegmental area dopa-
mine input is too diffuse to detect using the tracer data from
the Allen Brain Connectivity Atlas.

The effects of DCC haploinsufficiency were substantially
larger in the adolescent brain than the adult brain, which is
consistent with the major remodelling of dopamine connec-
tivity that occurs in adolescence and is largely governed by
DCC receptors. In DCC-haploinsufficient mice, dopamine
axons are misrouted during adolescence.” Here, we observed
that volumetric differences largely mapped to the pattern of
axon pathfinding. Regions from which axons are rerouted
were smaller, and regions to which axons are rerouted were
larger in DCC-haploinsufficient mice.

In this context, it is important to note that there was re-
duced structural covariance between the ventral tegmental
area and the nucleus accumbens among adolescent DCC-
haploinsufficient mice; these 2 structures represent the
source and terminus of the most substantial dopamine pro-
jections of the mesolimbic system. The DCC receptors ex-
pressed on dopamine axons promote target recognition in
the nucleus accumbens during adolescence. If DCC ex-
pression by dopamine neurons is reduced, their axons fail
to recognize the accumbens as their innervation target and
continue to grow ectopically to the prefrontal cortex.*!
The reduction in covariance between the ventral tegmental
area and the accumbens may reflect the failure of dopa-
mine axons to correctly innervate the nucleus accumbens
as a result of reduced DCC expression.

The volumetric changes we observed in DCC-
haploinsufficient mice during adolescence were somewhat
ameliorated by adulthood. Furthermore, the reduction in co-
variance between the nucleus accumbens and ventral tegmen-
tal area was no longer observed, suggesting that, by adult-
hood, there is no longer a discordance between the volumes
of these 2 regions, perhaps because of compensatory pro-
cesses. In adulthood, DCC haploinsufficiency does result in
an altered behavioural phenotype, and we noted that some
anatomic abnormalities remained as well, indicating that the
DCC-haploinsufficiency phenotype was not transitory, but
remained throughout life. However, the dynamic develop-
mental processes that are altered, resulting in the phenotype,
appear to be restricted to a small critical period in early ado-
lescence.® The decrease in the volumetric effects of DCC
haploinsufficiency observed between adolescence and adult-
hood could be the result of a compensatory mechanism or
could result from the cessation of dynamic developmental
processes during adolescence. This is a worthwhile avenue
of further investigation.

We examined correlations in gene expression with the DCC-
haploinsufficient phenotype to gain insight into potential gen-
etic mechanisms mediating the anatomic changes we ob-
served. Expression of DCC, as well as the expression of its
ligand NTN1 and the receptor with which it forms a complex,
UNC5C, all showed patterns that correlated with the volumet-
ric changes caused by DCC haploinsufficiency. Across the
brain, in regions where DCC expression was high, we found
volume loss in DCC haploinsufficiency. We found a similar,
but weaker, pattern for NTN1 expression. Although we exam-
ined all 4 homologues of LINC5, the only homologue to show
an expression pattern that mirrored the DCC-haploinsulfficient
phenotype map was UNC5C, the homologue expressed by
dopamine neurons in the ventral tegmental area.>® Before
adolescence, in regions where UNC5C expression was high,
volume gain was observed in DCC haploinsufficiency. At
postnatal day 28, no gene of interest, including DCC, correl-
ated with the DCC-haploinsufficient phenotype. This is con-
sistent with a recent study that found early adolescence (start-
ing at postnatal day 21) as the critical period for alterations to
mesocorticolimbic dopamine development among male
mice.”® Postnatal day 28 is likely past the critical period for
axon guidance mechanisms to shape the male mesocorticolim-
bic dopamine system. Whether the same critical period exists
among females is an important outstanding question.

We ran a spatial gene enrichment analysis to identify bio-
logical processes and pathways that might explain the patterns
of volume change we observed. Of 3 pre-selected NTN1-related
modules that contained all 3 genes of interest (DCC, NTN1, and
UNC5), only 1 was significantly enriched with genes whose ex-
pression patterns correlated with the DCC-haploinsufficient
neuroanatomical phenotype; after an exploratory approach that
tested enrichment in more than 3000 other modules, no mod-
ules were significantly enriched after correction for multiple
comparisons. We used an ensemble of random phenotypes to
build a null distribution of enrichment (bi-directional AUC)
values from which p values were computed to reduce bias,
which might occur at the expense of sensitivity.* Nonetheless,
this result suggests that the effect of DCC haploinsulfficiency on
neuroanatomy is a direct result of reduced presence of DCC re-
ceptors in the brain, rather than altering the expression of other
genes related to netrin-1 function. Indeed, behaviour—gene ex-
pression correlation studies involving humans have indicated
that DCC receptors act as a master organizer of adolescent
mesocorticolimbic development and that variation in DCC ex-
pression alone can have cascading downstream effects.”

Limitations

Adolescent development proceeds differently between
males and females, and the development of the mesocortico-
limbic system is no exception.®®*** In adults, both the archi-
tecture and function of the mesocorticolimbic dopamine sys-
tem are sexually dimorphic,® indicating that the maturation
of this system in adolescence occurs in a sex-specific manner.
Studies of these processes among females are currently on-
going and are essential to understanding the neural founda-
tions of the sex-specific aspects of adolescence development.
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In addition, although adolescence is a critical period for
mesocorticolimbic dopamine development, a subset of dopa-
mine axons grows to the prefrontal cortex during both embry-
onic and early postnatal development.®® Comparisons of MRI
scans from earlier ages would help characterize the global ef-
fects of DCC haploinsufficiency on dopamine development
and further determine whether DCC haploinsufficiency af-
fects other neural networks at other developmental stages.

Finally, although we detected correlative effects between
DCC haplosufficiency and the expression of NTN1 and
UNC5C, very little functional data were available to under-
stand what this might mean in terms of neural connectivity
or behaviour. Available data, which collected from adult
mice only, suggest that DCC haploinsufficiency does not re-
sult in changes in the expression levels of either NTN1 or
UNC5C, and the same seems to be the case in NTN1 haplo-
insufficiency.*®* Future experiments need to address
whether DCC haploinsufficiency alters the expression of
NTN1 and UNC5C specifically during adolescence and what
effects this may have on development, connectivity, and be-
haviour among rodents and humans.

Conclusion

Haploinsufficiency of DCC, where individuals have only
1 functional copy of the DCC gene, results in altered brain
development, structure, and function.>* The effects of DCC
haploinsufficiency on neuroanatomy are disproportionately
represented in the brain regions that constitute the meso-
corticolimbic dopamine system, a system that is still under-
going major neuroanatomical change in adolescence. The
neuroanatomical effects of DCC haploinsufficiency, both
within and outside the mesocorticolimbic dopamine system,
are more substantial in adolescence than in adulthood. Further-
more, DCC haploinsufficiency reduces the volumetric covari-
ance between the ventral tegmental area and its primary inner-
vation target, the nucleus accumbens, indicating a disruption
in the coordinated development of these 2 closely linked re-
gions. Gene expression maps suggest that these structural
changes are a direct result of changes in DCC expression, sup-
porting the concept of DCC as a master organizer of adolescent
mesocorticolimbic development. The DCC-haploinsufficient
mouse model provides insight into the consequences of DCC
haploinsulfficiency in humans, reveals molecular and cellular
processes underlying adolescent brain maturation, and pro-
vides mechanistic clues relevant to the development of inter-
ventions for adolescence-associated psychiatric disorders.
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