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Abstract
Mechanisms that determine the survival of midbrain dopaminergic (mDA) neurons in 
the adult central nervous system (CNS) are not fully understood. Netrins are a family 
of secreted proteins that are essential for normal neural development. In the ma-
ture CNS, mDA neurons express particularly high levels of netrin-1 and its recep-
tor Deleted in Colorectal Cancer (DCC). Recent findings indicate that overexpressing 
netrin-1 protects mDA neurons in animal models of Parkinson’s disease (PD), with a 
proposed pro-apoptotic dependence function for DCC that triggers cell death in the 
absence of a ligand. Here, we sought to determine if DCC expression influences mDA 
neuron survival in young adult and ageing mice. To circumvent the perinatal lethality 
of DCC null mice, we selectively deleted DCC from mDA neurons utilizing DATcre/loxP 
gene-targeting and examined neuronal survival in adult and aged animals. Reduced 
numbers of mDA neurons were detected in the substantia nigra pars compacta (SNc) 
of young adult DATcre/DCCfl/fl mice, with further reduction in aged DATcre/DCCfl/fl 
animals. In contrast to young adults, aged mice also exhibited a gene dosage effect, 
with fewer SNc mDA neurons in DCC heterozygotes (DATcre/DCCfl/wt). Notably, loss 
of mDA neurons in the SN was not uniform. Neuronal loss in the SN was limited to 
ventral tier mDA neurons, while mDA neurons in the dorsal tier of the SN, which re-
sist degeneration in PD, were spared from the effect of DCC deletion in both young 
and aged mice. In the ventral tegmental area (VTA), young adult mice with conditional 
deletion of DCC had normal mDA neuronal numbers, while significant loss occurred 
in aged DATcre/DCCfl/fl and DATcre/DCCfl/wt mice compared to age-matched wild-
type mice. Our results indicate that expression of DCC is required for the survival of 
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1  |  INTRODUC TION

The cellular and molecular mechanisms that underlie the premature 
loss of ventral mDA neurons in Parkinson’s disease (PD) and related 
conditions are not well understood. Although a number of factors 
have been identified that support the survival of mDA neurons, ef-
fective neuroprotective therapies for different types of age-related 
mDA degeneration remain elusive (Sidorova & Saarma 2020). Netrins 
are a family of secreted proteins that were initially identified as axon 
guidance cues (Sun et al. 2011) but have since been demonstrated 
to also influence neuronal survival (Negulescu & Mehlen 2018). The 
netrin receptor Deleted in Colorectal Cancer (DCC) is a type-1 trans-
membrane Ig superfamily protein that directs cell and axon exten-
sion during embryogenesis (Keino-Masu et al. 1996; Sun et al. 2011; 
Fazeli et al. 1997). DCC and netrin-1 are essential for normal mam-
malian development, and mice devoid of DCC or netrin-1 (DCC 
null / netrin-1 null mice) die during embryogenesis or shortly after 
birth (Serafini et al. 1994; Bin et al. 2015; Serafini et al. 1996; Fazeli 
et al. 1997). mDA neurons express particularly high levels of DCC 
and netrin-1 during embryogenesis, which persist during post-natal 
maturation and in the adult brain (Livesey & Hunt  1997; Volenec 
et al. 1998; Vosberg et al. 2020; Reyes et al. 2013).

DCC expression by mDA neurons in the mature brain is heteroge-
neous, with high levels expressed by mDA neurons of the substantia 
nigra pars compacta (SNc), and comparatively low to non-detectable 
expression in the ventral tegmental area (VTA) and retrorubral fields 
(RRF), respectively (Reyes et al. 2013; Osborne et al. 2005; Livesey & 
Hunt 1997; Xu et al. 2010). Notably, the DCC-expressing mDA pop-
ulation in the ventral tier of the SNc is particularly vulnerable to neu-
rodegeneration in PD and in PD models (German et al. 1992; Yamada 
et al. 1990; Lavoie & Parent 1991; Luk et al. 2013; Hassani et al. 2020; 
Damier et al. 1999). Patients with mutations in the coding sequences 
of the human DCC or netrin-1 genes show mirror movements (Srour 
et al. 2010; Meneret et al. 2017) that may resemble those seen in adult-
onset PD (Cincotta et al. 2006; Espay et al. 2005). Genetic studies have 
identified single nucleotide polymorphisms in the human DCC and ne-
trin-1 genes that are correlated with the age of onset and susceptibility 
to develop PD (Lesnick et al. 2007; Lin et al. 2009; Sun et al. 2018).

The ventral midbrain expresses amongst the highest levels of 
DCC and netrin-1 in the CNS. Previous studies have identified a 
role for netrin-1 and DCC in neural development in regulating mDA 
precursor cell migration, axon guidance, terminal arborization and 
survival (Xu et al. 2010; Brignani et al. 2020; Flores et al. 2005). A 
recent study provided evidence that reducing netrin-1 expression 
in the substantia nigra (SN) of adult mice results in the loss of mDA 

neurons, and that netrin-1 is neuroprotective for mDA neurons in ro-
dent models of PD (Jasmin et al. 2021). DCC is suggested to regulate 
cell survival, although it is unclear whether it functions as a depen-
dence receptor that promotes mDA neuron death in the absence of 
its ligand netrin-1 (Mehlen et al. 1998; Llambi et al. 2001; Negulescu 
& Mehlen 2018), or whether it mediates a survival role by itself.

The use of conventional DCC knockout mice to study processes 
relevant to ageing or neurodegenerative diseases is limited since 
DCC nulls die within a few hours after birth (Fazeli et al.  1997). 
Furthermore, interpreting findings in conventional DCC nulls is con-
founded by DCC expression by many neuronal and glial cell types. 
Here, we used cell-type-specific genetic deletion to determine if DCC 
expression impacts survival of mDA subpopulations during develop-
ment and normal aging. We report reduced numbers of mDA neurons 
in the SNc of young adult DATcre/DCCfl/fl mice, with further reduction 
in aged DATcre/DCCfl/fl animals. In contrast to young adults, aged mice 
also exhibited a gene dosage effect, with fewer SNc mDA neurons in 
DCC heterozygotes (DATcre/DCCfl/wt). Loss of mDA neurons in the SN 
was not uniform, but rather was limited to the ventral tier, with spar-
ing of mDA neurons in the dorsal tier of the SN and in the retroru-
bral field (RRF). In the ventral tegmental area (VTA), young adult mice 
with conditional deletion of DCC had normal mDA cell numbers, while 
significant loss occurred in aged DATcre/DCCfl/fl and DATcre/DCCfl/wt 
mice compared to age-matched wild-types. Our findings indicate that 
during postnatal maturation and healthy aging, DCC is required for the 
survival of specific subpopulations of mDA neurons. mDA neuron loss 
preferentially in the ventral tier of the SN suggests that DCC may be 
relevant to the degenerative process in PD.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

The use of conventional DCC knockout mice to study processes rele-
vant to ageing or neurodegenerative diseases is limited, since DCC nulls 
die within a few hours after birth (Fazeli et al. 1997). Furthermore, inter-
pretation of findings in conventional DCC nulls is confounded by DCC 
expression by many neuronal and glial cell types. To overcome the chal-
lenges posed by early postnatal death of conventional DCC nulls and 
the lack of cellular specificity of conventional DCC knockouts, we used 
a cell-type specific cre/loxP gene-targeting strategy (Sauer 1998) to tar-
get DCC in mDA neurons of adult and aged animals. Mice with loxP sites 
flanking exon 24 of the DCC gene (Sauer 1998; Krimpenfort et al. 2012; 
Horn et al.  2013) were crossed with Slc6a3tm1.1(cre)Bkmn (DATcre) mice 

subpopulations of mDA neurons and may be relevant to the degenerative processes 
in PD.
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that express Cre-recombinase (Cre) regulated by expression of the 
dopamine transporter (DAT) gene (Backman et al.  2006)) (purchased 
from The Jackson Laboratory, Bar Harbor, ME, USA, catalogue number 
006660) to generate mice with conditional deletion of DCC in mDA 
neurons. In this DATcre line, mDA neurons initiate cre expression at ~E16 
and maintain expression throughout adulthood. We generated DATcre/
DCCfl/fl, DATcre/DCCfl/wt, and DATcre/DCCwt/wt genotypes, and quanti-
fied survival of mDA subpopulations in young adults and healthy aged 
mice. We also determined if vulnerable subpopulations of mDA neu-
rons correspond to those especially susceptible to degeneration in PD. 
To validate the specificity of the gene-targeting strategy, DATcre mice 
were crossed with ROSA26-lacZ reporter mice (Soriano 1999) (129S-
Gt(ROSA)26Sortm1Sor/J, The Jackson Laboratory, catalogue number 
003310). ROSA reporter expression in mDA neurons was detected using 
β-galactosidase histochemistry (Soriano 1999).

All lines were maintained on a C57BL/6 background and housed 
with a 12 hr light/dark cycle in the Montreal Neurological Institute 
(MNI) animal care facility (Edge Cage System with Micro Barrier Top; 
Allentown Inc), with up to five cage companions, with ad libitum access 
to food and water. All procedures involving animals were performed in 
accordance with the Canadian Council on Animal Care’s guidelines for 
the use of animals in research, according to a protocol approved by the 
McGill University Institutional Review Board (protocol no. AUP4532). 
To reduce variability related to sex, only male mice were used. Young 
adult and aged mice were each derived from 5 L (n = 7–9 mice/litter). 
The litters were genotyped and either young adult DATcre/DCCwt/wt 
(n  =  4), DATcre/DCCfl/wt (n  =  4) and DATcre/DCCfl/fl (n  =  4) mice, or 
aged DATcre/DCCwt/wt (n  =  5), DATcre/DCCfl/wt (n  =  5) and DATcre/
DCCfl/fl (n = 5) mice were selected for analysis based on optimal per-
fusion quality. Young adults weighed 25–30 g, and aged mice 35–40 g. 
Predetermined inclusion and exclusion criteria, and randomization are 
not relevant to this study, and are therefore not reported.

2.2  |  Immunohistochemistry

Mice were transcardially perfused under deep anesthesia (ketamine 
100 mg/kg, xylazine 10 mg/kg, acepromazine 3 mg/kg, i.p) with hep-
arinized phosphate buffered saline (PBS, pH 7.4) followed by 4% para-
formaldehyde (PFA, ACROS Organics-Fisher, cat. no. 41678-0030) in 
phosphate buffer (PB, 0.1 M, pH 7.4, 4°C). Brains were removed and 
immersed in the same fixative for 12 h, and transferred into cold 30% 
phosphate buffered (PB, pH 7.4) sucrose solution for an additional 
48 h. 40-μm-thick brain sections were cut in the coronal plane using a 
freezing microtome and free-floating sections collected in PBS.

For immunohistochemistry, one set of free-floating sections 
out of a series of 6 were initially incubated for 1  h in PBS con-
taining 10% bovine serum albumin (BSA) and 0.3% Triton X-100. 
Sections were then washed with PBS (1  ×  5 min) and incubated 
overnight (18  h) at 4°C in PBS solution containing 0.1% Triton 
X-100, 2% BSA, and a monoclonal antibody against tyrosine hy-
droxylase (TH) (1:1000; Immunostar Inc, cat. no. 22941). This 
antibody does not cross-react with dopamine-β-hydroxylase, 

phenylethanolamine-N-methyltransferase or tryptophan hydrox-
ylase and has been extensively employed to identify catecholami-
nergic neurons in rodents (van den Munckhof et al. 2003; Hassani 
et al. 2020; Murphy & Deutch 2018; Luk et al. 2013). The present ex-
periments omitted primary antibody as a control for the specificity of 
the TH labeling, which revealed absent immunolabelling. Following 
washes with PBS (3 × 5 min), sections were incubated in PBS solu-
tion containing secondary antibody (biotinylated anti-mouse IgG, 
1:200, cat no. BA-2000; Vector Labs), 0.1% Triton X-100, and 2% 
BSA, followed by washes in PBS (3 × 5 min). Sections were then in-
cubated for 1  h at RT in PBS containing peroxidase-linked avidin-
biotin complex (ABC, 1:100, cat. no: PK-6100; Vector Labs), 0.1% 
Triton X-100, and 2% BSA. Finally, PBS washed sections (3 × 5 min) 
were developed using Tris buffer (0.05 M, pH 7.6) containing diami-
nobenzidine (0.25 mg/ml, DAB, cat. no. D5905; Sigma), 1% imidazole 
(1.0 M stock solution; cat. no. 56750; Sigma), and hydrogen peroxide 
(0.006%, cat. no. H323; Fisher) for 15 min to yield a light brown im-
munohistochemical reaction product. Thoroughly washed sections 
(PBS 6 × 5 min) were mounted out of distilled water onto glass slides 
(Superfrost/Plus, cat. no. 12-550-15; Fisher), air-dried, dehydrated 
in a graded series of alcohols, cleared in Xylene substitute (HC700; 
Fisher), and coverslipped with Permount (cat. no. SP-15; Fisher).

Sections were also immunolabelled for calbindin D-28k to identify 
the dorsal tier mDA neuron subpopulation of the SNc. Free-floating sec-
tions were incubated in Tris buffer saline (TBS) containing 10% metha-
nol and 3% hydrogen peroxide for 10 min at RT to inhibit endogenous 
peroxidase activity. Sections were then washed 3 times and incubated 
for one hr in TBS containing 10% horse serum and 0.3% Triton X-100. 
Sections were incubated for 16 h at 4°C in a TBS solution (10% horse 
serum and 0.1% Triton X-100) containing a monoclonal antibody against 
CB (1:3000 in PBS, cat. no: 300; Swant Inc), followed by incubation in 
secondary antibody (biotinylated anti-mouse IgG, 1:200 in PBS, Vector). 
Finally, sections were incubated with the peroxidase-linked avidin-biotin 
complex, and the ABC reaction product revealed using DAB as a chro-
mogen, as described above. The specificity of the CB antibody has been 
well-validated for immunohistochemistry including demonstrating the 
absence of immunostaining in CB knockout mice and preadsorption con-
trols (Sequier et al. 1990). The antibody has been widely used for immu-
nohistochemical analysis on sections of rodent brain (Rymar et al. 2004; 
van den Munckhof et al. 2003; Hassani et al. 2020; Luk et al. 2013) and 
reveals CB in regions that express CB mRNA (Sequier et al. 1990).

2.3  |  Stereological quantification of midbrain 
dopaminergic neurons

All image analysis and quantification of TH-immunoreactivity (IR) or 
CB-IR neurons was conducted by an individual blinded to the experi-
mental conditions. Unbiased estimates of the number of neurons were 
obtained using the optical dissector method as described in detail in 
our previous work (van den Munckhof et al.  2003; Luk et al.  2013; 
Hassani et al.  2020). The rostrocaudal extent of the midbrain was 
examined in TH-IR 40-μm-thick coronal serial sections of adult and 
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ageing DATcre/DCCfl/fl, DATcre/DCCfl/wt and DATcre/DCwt/wt mice. 
Delineation of the boundaries of mDA nuclei was performed with ref-
erence to a mouse brain stereotactic atlas (Paxinos & Franklin 2003), 
and in keeping with previous morphological analysis of mDA subpopu-
lations in mouse brain (Nelson et al.  1996). The SNc included mDA 
neurons identified in the compact portion of the substantia nigra 
and the neighboring lateral part of the SN (Nelson et al. 1996). mDA 
neurons in the VTA and RRF were delineated as defined in previous 
work (Nelson et al. 1996). Estimates of the total number of TH-IR and 
CB-IR neurons in young adults and aged mice were generated using 
an Olympus BX40 microscope equipped with motorized stage and 
Stereo Investigator software (Microbrightfield). Parameters for stereo-
logical analysis were essentially identical for TH-IR and CB-IR, with 
the mentioned exceptions. Briefly, a systematic random sampling grid 
(150 × 150 μm for TH-IR; 125 × 125 μm for CB-IR) was applied to the 
ventral midbrain region of interest. An optical brick (50 × 50 × 10 μm 
for TH-IR; 50 × 60 × 10 μm for CB-IR) with exclusion lines and guard 
zones (1 μm) was applied at each intersection point on the grid. Each 
optical brick was then analyzed using a 100× objective (oil immersion, 
numerical aperture 1.3, with a matching condenser).

2.4  |  Statistical analysis

Statistical analyses applied one-way or two-way ANOVA as appropri-
ate, with Tukey’s HSD posthoc tests. Two-tailed tests were used in 
all cases (Graphpad Prism, v9.3.0). All datasets used for comparisons 
passed the Shapiro–Wilk test for normality, with an absence of outli-
ers (ROUT test; Graphpad Prism, v9.3.0). Sample size estimates were 
initially based on review of G*Power software (v3.1.9.4, Faul et al. 
2007), but no formal sample size calculation was performed in this 
study. Rather, sample sizes used were based on previous publications 
using similar analysis of midbrain dopaminergic subpopulations in ro-
dent models (Hassani et al. 2020; Luk et al. 2013; van den Munckhof 
et al. 2003). The primary endpoint was to determine if mDA neuron 
numbers in different nuclei were reduced in response to reduction 
in DCC gene dosage in young adult or ageing mice. As a secondary 
endpoint, we determined if mDA subpopulations of the dorsal tier of 
the SN were spared from the effect of reduction of DCC gene dosage. 
The chosen significance levels to testing hypotheses were: *p < 0.05, 
**p < 0.01, ***p < 0.001. Randomization of animals was not relevant 
to this study. This study was not pre-registered prior to completion of 
experiments and manuscript submission.

3  |  RESULTS

3.1  |  Selective deletion of DCC from dopaminergic 
neurons

We first assessed the cell-type specificity of our gene-targeting 
strategy by crossing DATcre mice (Slc6a3tm1.1(cre)Bkmn) (Backman 
et al.  2006) with ROSA26-lacZ reporter mice (Soriano  1999). 

Cre-induced recombination results in Lac-Z transcription and ac-
cumulation of cytoplasmic β–galactosidase that we detected his-
tochemically in the ventral midbrain of DATcre/ROSA +ve, with 
only background staining in sections from DATwt/ROSA +ve mice 
(Figure 1a,b). These findings confirm that this DATcre strategy tar-
gets mDA neurons, in agreement with previous studies that used 
these mice (Wang et al. 2010).

F I G U R E  1  Ventral midbrain in DATcre/ROSA26-lacZ reporter 
and cDCC mice. Photomicrographs of midbrain from ROSA26 
reporter lines, and cDCC WT (DATCre/DCCwt/wt), cDCC Het 
(DATCre/DCCwt/fl) and cDCC KO (DATCre/DCCfl/fl) mice. (a, b) 
To validate the specificity of the gene-targeting strategy, the 
progeny of ROSA26-lacZ reporter mice were crossed either 
with DATcre positive mice that express cre recombinase in 
midbrain dopaminergic neurons (mDA) neurons (a), or with DATcre 
negative mice (b). Sections from these mice were processed for 
β-galactosidase histochemistry. The blue β-galactosidase reaction 
product reveals DAT expressing mDA neurons in DATcre positive 
mice and absence of stain in the control. (c–e) Tyrosine hydroxylase 
immunoreactive (TH-IR) mDA neurons in coronal sections from 
cDCC WT (c), cDCC Het (d) or cDCC KO mice (e) at a mid-level 
along the rostro-caudal axis of the substantia nigra-ventral 
tegmental area (SN-VTA). (f, g) More caudal level showing the 
retrorubral field (RRF) in addition to the SN and VTA, comparing 
cDCC WT and cDCC KO mice. Inset shows higher magnification 
images corresponding to the white bounding box in the SNc (c–e) 
and RRF (f, g). All 3 genotypes exhibit broadly similar patterns of 
TH-IR. SNc, Substantia nigra pars compacta; SNr, Substantia nigra 
pars reticulata; VTA, ventral tegmental area; RRF, retrorubral field; 
ml, medial lemniscus. Scale bars, 700 μm
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3.2  |  Quantitative analysis of mDA neurons in 
young adult mice

To determine whether mDA number is altered following cell-type-
specific conditional DCC knockout, the TH-immunolabelled sections 
from 2.5-month-old young adult mice were quantified by unbiased 
stereology using the optical fractionator probe. Two-way ANOVA 
with Tukey’s HSD post-hoc tests was used to compare neuron 
numbers in different midbrain areas in the conditional DCC knock-
out genotypes that target mDA neurons: DATcre/DCCwt/wt, DATcre/
DCC fl/wt, DATcre/DCC fl/fl, abbreviated henceforth as cDCC WT, 
cDCC Het and cDCC KO (Figure 1c–g). The total number of TH-IR 
neurons within ventral mDA nuclei (SNc, VTA and RRF) was signifi-
cantly decreased in cDCC KO mice compared with either cDCC WT 
(WT, 18450 ± 1296, mean ± SD, n = 4 vs KO, 14455 ± 827, n = 4; 
F(2,9) = 21.90, p = 0.0005) or cDCC Het mice (Het, 17741 ± 353, n = 4 
vs KO 14455 ± 827, n = 4; F(2,9) = 21.90, p = 0.0019). However, the 
total number of TH-IR neurons was statistically similar in cDCC Hets 
compared to cDCC WTs in young adult mice (WT, 18450 ± 1296, 

n  =  4, Het, 17741  ±  353; F(2,9)  =  21.90, p  =  0.6566). There was 
no significant change in the size of reference spaces containing 
TH-IR neurons in SNc, VTA and RRF in the three different geno-
types. Furthermore, visual inspection of coronal sections con-
taining mDA nuclei showed similar distribution and intensity of 
TH-immunostaining, with differences appreciated on quantitative 
rather than qualitative analysis (Figures 1c–g and 2b–g).

Regional analysis revealed that the SNc of cDCC KO mice con-
tained significantly lower numbers of TH-IR neurons compared to 
cDCC WTs (WT 8449 ± 464, mean ± SD, n = 4 vs KO 6600 ± 330, 
n = 4; F(2,27) = 17.70; p = 0.0018) (Figure 2). In contrast, counts of 
TH-IR neurons in the VTA (WT 6615 ± 953, n = 4 vs KO 5671 ± 384, 
n = 4; F(2,27) = 17.70; p = 0.3182) and RRF (WT 2970 ± 913, n = 4 
vs KO 1934 ± 331, n = 4; F(2,27) = 17.70; p = 0.02147) were not sig-
nificantly different between genotypes. Numbers of TH-IR neurons 
in young adult cDCC Hets (SNc 8066 ± 242, VTA 6053 ± 566, RRF 
3105 ± 238, n = 4) when compared with young adult cDCC WT mice 
were also similar in all midbrain regions (F(2,27) = 17.70; p = 0.9850, 
p = 0.8735, p = 0.9999 respectively) (Figure 2). Comparison of young 

F I G U R E  2  Reduced numbers of 
mDA neurons in SNc of young adult 
cDCC KO mice but not in cDCC Hets. 
(a) Comparison of stereological counts 
of mDA neuron subpopulations in 
2.5-month-old young adult cDCC WT 
(DATCre/DCCwt/wt, n = 4), cDCC Het 
(DATCre/DCCfl/wt, n = 4) and cDCC KO 
(DATCre/DCC fl/fl, n = 4) mice. cDCC 
KO mice have significantly fewer mDA 
neurons in the SNc compared to either 
cDCC WTs (**p= 0.0018) or cDCC Hets 
(*p = 0.0207). The VTA and RRF contain 
similar numbers of mDA neurons in all 3 
genotypes indicating that in young adults 
these neurons are spared from the impact 
of DCC loss. Statistical analysis applied 
is a two-way ANOVA with Tukey’s HSD 
posthoc tests. Statistical significance was 
set as *p < 0.05, **p < 0.01, ***p < 0.001). 
Graphs are box and whiskers plots 
including all data points, median, mean 
(+ sign), 1st and 3rd quartile delimiting 
box, and minimum and maximum values 
at whiskers. n = number of animals. (b–g) 
The distribution and intensity of TH-IR 
in the SNc (dashed boundary), VTA and 
RRF in all 3 genotypes is similar, and 
differences in mDA counts are discerned 
by quantitative methods using unbiased 
stereology. SNc, Substantia nigra pars 
compacta; VTA, ventral tegmental area; 
RRF, retrorubral field. Scale bars B-G, 
500 μm
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adult cDCC Hets with cDCC KO mice revealed significantly lower 
numbers in the SNc of KOs (Het 8066 ± 242, n = 4 vs KO 6600 ± 330, 
n = 4; F(2,27) = 17.70; p = 0.0207), but not in the VTA (Het 6053 ± 566, 
n = 4 vs KO 5671 ± 384, n = 4; F(2,27) = 17.70, p = 0.9853) or RRF 
(Het 3105  ±  238, n  =  4 vs KO 1934  ±  331, n  =  4; F(2,27)  =  17.70, 
p = 0.1112). In summary, the number of mDA neurons in young adult 
cDCC KO mice is selectively reduced in the SNc, with sparing of other 
mDA groups. In contrast, young adult cDCC Hets have numbers of 
mDA neurons comparable to WT littermates in all midbrain regions.

3.3  |  Quantitative analysis of mDA neurons in aged 
adult mice

The reduced number of mDA neurons detected in the SNc of young 
adult cDCC KO mice, with relative sparing of the VTA and RRF, is 
reminiscent of the differential vulnerability of mDA cell loss found 
in PD (Fearnley & Lees 1991; German et al. 1992; Reyes et al. 2013; 
Yamada et al. 1990). To determine if loss of DCC makes mDA neurons 
more vulnerable to the degenerative stress of ageing, we quantified 
the number of mDA neurons in midbrain subnuclei of littermate co-
horts aged 16 months.

The total number of TH-IR cells within mDA nuclei (SNc, 
VTA and RRF) was significantly decreased in both aged adult 
cDCC KO mice and cDCC Hets compared with cDCC WT litter-
mates (WT 13968 ± 1623, mean ± SD, n = 5 vs KO 11520 ± 360, 
n  =  5; F(2,12)  =  6.374, p  =  0.0151); WT 13968  ±  1623, vs Het 
11943  ±  1125, n  =  5, F(2,12)  =  6.374, p  =  0.0423). Although the 
mean number of TH-IR dorsal tier neurons was also lower in aged 
cDCC KOs compared with cDCC Hets, this trend was not sta-
tistically significant (F(2,12)  =  6.374; p  =  0.8162) . There was no 
change in the size of reference spaces containing TH-IR neurons 
in SNc, VTA and RRF when comparing either the 3 different aged 
genotypes, or when comparing similar areas in young adult ver-
sus aged mice. Furthermore, visual inspection of coronal sections 
containing mDA nuclei showed similar distribution and intensity 
of TH-immunostaining in the different genotypes, with differ-
ences appreciated on quantitative rather than qualitative analysis 
(Figure 3b–g).

Analysis of specific subregions identified a significant decrease 
in the number of mDA neurons in the SNc of aged cDCC KOs com-
pared to aged cDCC WT mice (WT 5841 ± 678, mean ± SD, n = 5 
vs KO 4482  ±  75, n  =  5; F(2,36)  =  13.45, p  =  0.0019) (Figure  3). 
In contrast to the young adult animals, analysis of aged mice re-
vealed significant mDA loss in the SNc of cDCC Hets compared to 
cDCC WT mice (Het 4968 ± 426, n = 5; F(2,36) = 13.45, p = 0.0407), 
suggesting an effect of DCC gene dosage. Whereas homozygous 
deletion of DCC resulted in early mDA neuronal loss in the SNc 
in young adult mice, in cDCC Hets, mDA neuronal loss was only 
detected in aged mice. Furthermore, while no significant loss of 
TH-IR neurons was found in the VTA of young adult cDCC KOs 
or cDCC Hets, significant loss of TH-IR neurons was detected in 
the VTA of aged cDCC KOs and cDCC Hets compared to cDCC 

WT mice (WT 6039  ±  698, n  =  5 vs Het 4959  ±  542, n  =  5; 
F(2,36) = 13.45, p = 0.0245); WT 6039 ± 698, vs KO 4851 ± 467, 
n = 5; F(2,36) = 13.45, p = 0.0095) (Figure 3). Finally, mDA neurons 
in the RRF were preserved in the 3 genotypes in aged mice (WT 
1773 + 442, n = 5, Hets 1611 + 200, n = 5, KOs 1800 + 401, n = 5; 
F(2,36) = 13.45; p = 0.9998 (WT vs. Hets), p = 0.9999 (WT vs. KOs), 
p = 0.9993 (Hets vs. KOs).

In summary, our findings indicate that mDA neuronal survival 
in aged mice is decreased with reduction or loss of DCC gene ex-
pression. In contrast to young adults where SNc mDA neuronal 
loss is evident only in cDCC KOs, aged mice show additional mDA 
loss in cDCC Hets. Furthermore, aged mice exhibit loss of mDA 
neurons in VTA in both cDCC Hets and cDCC KOs, in contrast to 
the young adults where the VTA is spared after DCC reduction 
or loss. Unlike the SNc and VTA, the survival of mDA neurons in 
the RRF is not dependent on DCC expression in young adults or 
in ageing mice.

Our findings reveal a reduction in the total number of TH-IR neu-
rons in aged cDCC WT mice compared to young adult cDCC WT 
mice (young adult cDCC WT 18450 ± 1296, mean ± SD, n = 4 vs 
aged cDCC WT 13968 ± 1623, n = 5, F(1,28) = 46,97, p < 0.0001) 
(Figure 3). Regional analysis revealed significant reduction of mDA 
neurons in the SNc (cDCC WT, young adult vs aged, 8449 ± 464, 
n = 4 vs 5841 ± 678, n = 5, F(1,28) = 46,97, p = 0.0080). In contrast, 
there was no significant difference in TH-IR counts in the VTA of 
aged cDCC WT mice compared to young adults (cDCC WT, young 
adult vs aged, 6615 ± 953, n = 4 vs 6039 ± 698, n = 5, F(1,28) = 46,97, 
p = 0.9845). Thus, ageing in these mice is associated with a preferen-
tial loss of TH-IR neurons in the SN, with relative resistance of mDA 
neurons in the VTA and RRF (young adults vs. aged, F(1,28) = 46,97, 
p = 0.5929). In cDCC KOs and cDCC Hets, a general effect of ageing 
could contribute to the observed mDA loss in the SNc but does not 
account for cell loss in the VTA. Furthermore, despite the reduction 
in mDA neurons with ageing in the SNc in all genotypes, an impact 
of DCC gene dosage is evident, since Hets show mDA loss compared 
to WT counterparts in aged mice, but not in young adults. These 
findings collectively suggest that reduced levels of DCC expression 
by mDA neurons increases the vulnerability of SNc and VTA neurons 
to the degenerative stress of ageing.

3.4  |  Quantitative analysis of dorsal tier SNc 
neurons identified using CB-IR

The mDA subpopulation that occupies the dorsal tier of the SNc is 
identified by expression of the calcium binding protein CB, and is no-
tably resistant to several toxic insults and in PD (German et al. 1992; 
Yamada et al.  1990; Lavoie & Parent  1991; Luk et al.  2013; Duda 
et al. 2016; Hassani et al. 2020; Gerfen et al. 1987; Damier et al. 1999; 
Dopeso-Reyes et al. 2014). To determine whether mDA neurons of 
the dorsal tier of the SN specifically resist loss with reduced DCC 
gene dosage, we quantified CB-IR neurons in the SNc of young adult 
and aged mice (Figure 4a–f). In young adults, there was no significant 
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loss of CB-IR neurons in the SNc of cDCC KOs or cDCC Hets com-
pared to cDCC WT mice (cDCC WT 1616 ± 35, mean ± SD, n = 4 vs 
KO 1595 ± 47, n = 4, cDCC Hets 1604 ± 85, n = 5; F(2,10) = 0,1192, 
p = 0.9529 (WT vs. Hets); p = 0.8795 (WT vs. KOs); p = 0.9748 (Hets 
vs. KOs)) (Figure 4a). These results indicate that the loss of SNc mDA 
neurons observed in young adults after loss of DCC expression is 
limited to the ventral tier, without significant loss in the dorsal tier.

Comparison of CB-IR neuron counts in the SNc of aged cDCC WT 
mice with cDCC KOs or cDCC Hets also revealed no significant dif-
ferences between genotypes (WT 1626 ± 46, mean ± SD, n = 4 vs 
either KO 1584 ± 64, n = 4, or Hets 1582 ± 48, n = 4; F(2,9) = 0.8895, 

p = 0.4970 (WT vs. Hets); p = 0.5163 (WT vs. KOs); p = 0.9994 (Hets 
vs. KOs) (Figure 4b). CB-IR mDA neurons in the dorsal tier of the SNc 
are therefore not dependent on DCC for survival in aged mice, in con-
trast to mDA neurons in the SNc ventral tier.

4  |  DISCUSSION

DCC and netrin-1 are highly expressed by midbrain dopaminergic 
neurons (mDA) during neural development and in the mature brain 
(Livesey & Hunt 1997; Volenec et al. 1998; Osborne et al. 2005; Reyes 

F I G U R E  3  Reduced numbers of mDA neurons in SNc and VTA of aged cDCC Hets and cDCC KO mice. (a) Comparison of stereological 
counts of mDA neuron subpopulations in aged 16 month old cDCC WT (DATCre/DCCwt/wt, n = 5), cDCC Het (DATCre/DCCfl/wt, n = 5) and 
cDCC KO (DATCre/DCCfl/fl, n = 5) mice. Significantly fewer mDA neurons were detected in the SNc of aged cDCC Het and cDCC KO mice 
compared to cDCC WT (*p = 0.0407 and **p = 0.0019, respectively). Unlike young adults, the VTA of cDCC HET and cDCC KO mice also 
shows reduced mDA neuron numbers compared to cDCC WT (*p = 0.0245 and ** p= 0.0095, respectively). mDA neuron numbers in the 
RRF remain unaltered between the 3 genotypes. Statistical analysis applied is a two-way ANOVA with Tukey’s HSD posthoc tests. Statistical 
significance was set as *p < 0.05, **p < 0.01, ***p < 0.001. Graphs are box and whiskers plots including all data points, median, mean (+ sign), 
1st and 3rd quartiles delimit box, and minimum and maximum values at whiskers. n= number of animals. (b–g) The distribution and intensity 
of TH immunolabelling in the SNc (dashed boundary), VTA and RRF in all 3 genotypes is similar, and differences in mDA counts are discerned 
using quantitative methods using unbiased stereology. SNc, Substantia nigra pars compacta; VTA, ventral tegmental area; RRF, retrorubral 
field. Scale bar B-G, 500 μm
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et al. 2013). DCC null mice die within a few hours after birth (Fazeli 
et al.  1997), limiting the utility of the conventional knockout allele 
for the study of DCC loss of function in mDA neurons. Initial stud-
ies that examined perinatal DCC null mice revealed cell loss and re-
duced numbers of mDA neurons (Flores et al. 2005; Xu et al. 2010). 
However, these studies did not determine if specific expression of 
DCC by mDA neurons contributes to their survival in adult brain, and 
if certain mDA subpopulations are especially vulnerable. Here we as-
sessed the function of DCC expressed by mDA neurons using unbi-
ased stereological analysis to quantify the survival of ventral midbrain 
TH-IR neurons in young adult and aged cDCC WT (DATcre/DCCwt/wt),  
cDCC Het (DATcre/DCCfl/wt) and cDCC KO (DATcre/DCC fl/fl) mice.

4.1  |  DCC and mDA Survival in young adult and 
aged mice

Our findings reveal a significant decrease in the total number of mDA 
neurons in the ventral midbrain of young adult mDA cDCC KO mice 
compared to cDCC Hets or cDCC WT littermates. Analysis of specific 
subpopulations revealed significantly reduced numbers of mDA neu-
rons in the SNc in cDCC KOs compared to cDCC Hets or cDCC WT 
mice. In contrast, the number of mDA neurons in the SNc of young 
adult cDCC Hets was unchanged compared to cDCC WTs. In the VTA 
and RRF, mDA neuron numbers were similar across all 3 genotypes, in-
dicating these subpopulations are not dependent on DCC for survival in 

F I G U R E  4  DCC expression does not impact mDA neuron survival in the SNc dorsal tier identified using calbindin D-28k. (a, b) 
Stereological counts of mDA neurons in the dorsal tier of the SNc in young adult (a) and aged mice (b). Calbindin D-28k (CB)-IR identifies 
the dorsal tier subpopulation of SNc neurons that resists degenerative stress in Parkinson’s disease. Comparison of cDCC WT (DATCre/
DCCwt/wt), cDCC Het (DATCre/DCCfl/wt) and cDCC KO (DATCre/DCCfl/fl) mice indicates that mDA neurons of the SNc dorsal tier are not 
dependent on DCC for survival in either young adult or aged mice (n= 4 for all groups, except aged Het group where n = 5). Statistical 
analysis applied is a one-way ANOVA with Tukey’s HSD posthoc tests. Graphs are box and whiskers plots including all data points, 
median, mean (+ sign), 1st and 3rd quartile delimiting box, and minimum and maximum values at whiskers. n = number of animals. (c, d) 
Photomicrographs of adjacent ventral midbrain sections from young adult WT control mice immunolabelled for either tyrosine hydroxylase 
(TH) (c) or CB (d). The dorsal and ventral tier of the SNc are identified using adjacent CB-IR sections. (e, f) Higher magnification images of 
TH-IR or CB-IR neurons within SN area identified by the bounding box. The dorsal tier of the SNc is populated by CB-IR mDA neurons with 
very few CB-IR neurons detected in the SNc ventral tier. SNc, Substantia nigra pars compacta; VTA, ventral tegmental area. Scale Bars (c), (d) 
200 μm
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young adult mice. Several developmental abnormalities could contrib-
ute to cell loss in the SNc of young adult mice, including neurogenesis, 
migration, or postnatal cell loss. Since Cre is expressed at about E16 in 
these mice (Backman et al. 2006), and since most mDA neurogenesis 
in SN occurs prior to E13 (Bayer et al.  1995), reduced neurogenesis 
is unlikely as an explanation. Aberrant migration may contribute, but 
significantly misplaced neurons were not detected in this mutant strain. 
Thus, the cause of SNc mDA loss in young adult DCC KO mice is likely 
postnatal, either during or following the perinatal apoptosis period.

To determine how DCC expression by mDA neurons might in-
fluence neuronal survival during aging, we examined 16-month-old 
animals. We detected a further reduction in the number of mDA 
neurons in the SNc of aged cDCC KO mice compared to cDCC WTs. 
Unlike young adult mice, aged cDCC Hets exhibited a significant loss 
of mDA neurons in the SNc compared to cDCC WTs. Furthermore, 
in contrast to young adults, the number of mDA neurons was signifi-
cantly reduced in the VTA of aged cDCC KOs and cDCC Hets com-
pared with aged WTs. mDA neuron numbers in the RRF remained 
unaltered in the 3 genotypes in aged mice.

Notably, we detected reduced mDA neuron numbers in the SNc 
of ageing cDCC WTs, without a change in mDA neuron numbers in 
the VTA or RRF. The age-related mDA neuron loss in SNc of cDCC 
WTs raises the possibility that ageing alone may have driven the neu-
ronal loss detected in cDCC Hets and KOs, rather than reduced DCC 
gene dosage. Arguing against this possibility, while we found that 
SNc mDA neuron numbers were unaffected in young cDCC Hets, 
aged cDCC Hets exhibited significant neuronal loss that approached 
the reduced number of SNc mDA neurons in cDCC KOs. The critical 
impact of DCC gene dosage on ageing mDA neurons is further em-
phasized by our findings in the VTA, which notably did not exhibit 
neuronal loss with age in cDCC WTs. In contrast, significant loss of 
mDA neurons was found in the VTA of aged cDCC Hets and cDCC 
KOs. In summary, our findings demonstrate that DCC expression by 
SNc mDA neurons contributes to their survival during development 
and that specific subpopulations of mDA neurons with reduced DCC 
expression exhibit enhanced vulnerability to degenerative stress as-
sociated with ageing.

4.2  |  Possible Functional Association between 
DCC and Parkinson’s disease

Recent findings provide evidence for loss of mDA neurons when 
expression of the DCC ligand netrin-1 is reduced via stereotaxic in-
jection of an adenovirus associated (AAV)-Cre into the SNc of mice 
carrying a floxed allele of netrin-1 (Jasmin et al. 2021). Analysis of 
SN homogenates from these mice suggests that acute reduction of 
netrin-1 is associated with the loss of mDA neurons. This study also 
provided evidence that increased levels of netrin-1 are neuroprotec-
tive in rodent models of PD (Jasmin et al. 2021), and that netrin-1 
protein levels are reduced in the ventral midbrain in neuropatho-
logical samples from PD patients. A dependence model for netrin-
1 and DCC is proposed, with reduced levels of ligand activating a 

pro-apoptotic DCC function (Jasmin et al.  2021). Our findings, in 
contrast, highlight an additional pro-survival function for DCC in 
mDA neurons. Thus, in contrast to a pro-apoptotic dependence re-
ceptor function where reduction in DCC would predict increased 
mDA survival, our findings suggest that netrin-1 signaling via DCC 
activates pro-survival mechanisms. The dependence receptor hy-
pothesis may be reconciled with our findings by noting that netrin-
1 expression was not manipulated in our study and the absence 
of ligand is required for activation of a pro-apoptotic dependence 
mechanism.

Notably, the young adult cDCC KOs and cDCC Hets recapitulate 
the preferential loss of mDA subpopulations within the SNc, with 
relative VTA and RRF sparing characteristic of many PD patients 
(German et al. 1992; Fearnley & Lees 1991). Aged cDCC Hets, but 
not young adult Hets, showed mDA neuron loss in the SNc, indicat-
ing that reduced DCC gene dosage increases vulnerability to age-
related degenerative stress. DCC loss also results in additional mDA 
neuron loss in the VTA in aged mice, a pattern reminiscent of ad-
vanced PD (Fearnley & Lees 1991; German et al. 1992). PD patients 
show a relative sparing of the subpopulation of mDA neurons local-
ized in the dorsal tier of the SN identified by expression of the cal-
cium binding protein CB (Gerfen et al. 1985; Luk et al. 2013; Hassani 
et al.  2020). Our findings indicate that this dorsal tier SN mDA 
population was also spared from degeneration in young adult and 
aged mice following conditional deletion of DCC. Thus, dorsal tier 
SN mDA neurons that resist degeneration in PD and in neurotoxin-
based models (Yamada et al. 1990; Lavoie & Parent 1991; German 
et al.  1992; Hassani et al.  2020; Luk et al. 2013) are also resistant 
to mDA loss induced by reduced DCC gene dosage. In keeping 
with major genetic mouse models related to familial PD (Airavaara 
et al. 2020), our initial analysis using open field assays did not re-
veal a significant locomotor phenotype in cDCC KOs. This is not un-
expected, since early developmental loss of mDA neurons is often 
compensated, with mild or absent locomotor abnormalities (Golden 
et al. 2013). Furthermore, since PD patients only show motor symp-
toms following chronic loss of over 30% of mDA neurons (Fearnley 
and Lees 1991), relevant mouse models with modest mDA loss may 
also not show overt changes in spontaneous locomotor behavior.

Interestingly, mDA neurons of the SN ventral tier express rel-
atively high levels of DCC compared to the dorsal tier (Osborne 
et al.  2005). Our findings therefore suggest that one mechanism 
contributing to degeneration of mDA neurons in PD may be altered 
function of a DCC-dependent pathway in ventral tier neurons that 
express DCC. Indeed, dorsal tier SNc neurons, identified by CB-
IR, do not express DCC (Osborne et al.  2005; Reyes et al.  2013) 
and are spared when DCC gene dosage is reduced. This suggests 
that DCC-dependent survival functions are not required in dorsal 
tier subpopulations but are necessary for ventral tier populations 
that are also vulnerable in PD. Neurons in the VTA express lower 
levels of DCC compared to the ventral tier of the SN (Osborne 
et al. 2005; Reyes et al. 2013) and these populations may therefore 
be less dependent on DCC for survival, with mDA neuron loss seen 
in ageing but not in young DCC mutants. The RRF does not express 
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readily detectable levels of DCC (Osborne et al.  2005; Reyes 
et al. 2013). As expected, the mDA neurons in the RRF are spared 
from effects of DCC loss, similar to dorsal tier mDA neurons. Of in-
terest, impaired mitochondrial function is implicated in the vulner-
ability of SN mDA neurons in PD (Pissadaki & Bolam 2013; Pacelli 
et al. 2015). The precise role of DCC in the face of neurodegen-
erative stress requires further investigation. Possibilities include 
reduced levels of netrin-1 and/or dysfunction of DCC receptors or 
a cellular pathway downstream of DCC. Recent findings indicate 
that local netrin-1 signaling through DCC triggers subcellular re-
cruitment of mitochondria and enhances mitochondrial function 
(Nakamura et al.  2021) suggesting one possible mechanism by 
which netrin-1 and DCC may maintain mDA survival. It will be im-
portant in future studies to determine how DCC function is altered 
by different age-related cellular stresses to modulate survival of 
specific neuronal subpopulations of the CNS.
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