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Quantitative trait locus mapping identifies a locus linked
to striatal dopamine and points to collagen IV alpha-6 chain
as a novel regulator of striatal axonal branching in mice
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Abstract

Dopaminergic neurons (DA neurons) are controlled by multiple factors, many

involved in neurological disease. Parkinson's disease motor symptoms are caused by

the demise of nigral DA neurons, leading to loss of striatal dopamine (DA). Here, we

measured DA concentration in the dorsal striatum of 32 members of Collaborative

Cross (CC) family and their eight founder strains. Striatal DA varied greatly in foun-

ders, and differences were highly heritable in the inbred CC progeny. We identified a

locus, containing 164 genes, linked to DA concentration in the dorsal striatum on

chromosome X. We used RNAseq profiling of the ventral midbrain of two founders

with substantial difference in striatal DA–C56BL/6 J and A/J—to highlight potential

protein-coding candidates modulating this trait. Among the five differentially

expressed genes within the locus, we found that the gene coding for the collagen IV
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alpha 6 chain (Col4a6) was expressed nine times less in A/J than in C57BL/6J. Using

single cell RNA-seq data from developing human midbrain, we found that COL4A6 is

highly expressed in radial glia-like cells and neuronal progenitors, indicating a role in

neuronal development. Collagen IV alpha-6 chain (COL4A6) controls axogenesis in

simple model organisms. Consistent with these findings, A/J mice had less striatal

axonal branching than C57BL/6J mice. We tentatively conclude that DA concentra-

tion and axonal branching in dorsal striatum are modulated by COL4A6, possibly dur-

ing development. Our study shows that genetic mapping based on an easily

measured Central Nervous System (CNS) trait, using the CC population, combined

with follow-up observations, can parse heritability of such a trait, and nominate novel

functions for commonly expressed proteins.
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1 | INTRODUCTION

Dopamine (DA) is one of the main neurotransmitters in the mamma-

lian brain. It regulates several brain activities, such as motor and cogni-

tive functions. Two important populations of DA neurons, with

distinct functions, are located in the substantia nigra (SN) and ventral

tegmental area (VTA) in the ventral midbrain, respectively. The DA

neurons in the SN project mainly to the dorsal striatum, controlling

motor function, while the ones in the VTA project mainly to nucleus

accumbens and amygdala, controlling reward and emotion, or to the

cortex and hippocampus, modulating cognition and memory.1,2 Both

DA neuron populations are at the center of research because of their

involvement in neurological diseases, notably VTA DA neurons in neu-

ropsychiatric disorders, and SN DA neurons in Parkinson's dis-

ease (PD).

Because of its prevalence and costs to society, PD has

received much attention. Environmental and genetic risk factors

contribute to the variability of PD features.3–6 Age of onset, sever-

ity, rate of progression of PD motor symptoms, as well as the

response to DA replacement therapies, vary greatly and are likely

because of polymorphism in genes of the nigrostriatal circuit.7,8

Genetic factors governing the development of this circuit and its

baseline functions in adults are frequently those that are dys-

regulated in PD.9 Hence, a better understanding of genetic varia-

tion associated with these factors could pave the way for a better

understanding of PD.

As studies with standardized environments are difficult in

humans, mouse models are used to study genetic variations. The

mouse shares similar brain architecture and 99% of genes with

humans, and allows for cost-effective and controlled studies.10 Phe-

notypic differences in the dopaminergic circuit and related behaviors

in rodents are based on genetic variation. Differences in DA neuron

cell number and striatal DA level have been reported between differ-

ent strains of mice.11–15 Motor behavior and susceptibility to PD

toxins differ between strains.16–19 Recombinant inbred mouse strains

are commonly used to identify candidate genes by QTL mapping.20

Collaborative Cross (CC) strains are a collection of such strains and

are derived from eight founder strains.21

In this study, we used CC strains to map a QTL linked to DA level

in the dorsal striatum. We measured DA concentration in the dorsal

striata of eight CC founders and 32 derived CC strains, and observed

that this trait was dictated in large part by the genetic background of

the strains. We identified a QTL associated with striatal DA concen-

tration on chromosome X that contained 164 genes. This showed that

the CNS trait of striatal DA is inheritable. As a first step toward identi-

fication of expressed gene candidates modulating this trait, we ana-

lyzed previously generated transcriptome data of the ventral

midbrains of C57BL/6J and A/J mice, two CC founders with large

striatal DA differences. Within the QTL region, five differentially

expressed genes were identified, with Col4a6 showing 9-fold lower

expression in A/J than in C57BL/6J mice. Single cell RNA-seq data of

developing human midbrain have showed that COL4A6 expression is

modulated during development, indicating a role in neurogenesis.22

Studies in simple models (Drosophila, zebra fish) support a role of the

Col4a6 gene product in axon guidance and outgrowth during brain

development.23,24 Interestingly, our measurements of tyrosine-

hydroxylase (TH, a key enzyme in DA biosynthesis)-positive axons in

projection areas of SN DA neurons (dorsal striatum) and of VTA DA

neurons (piriform cortex, basolateral amygdala) showed that axonal

branching of SN DA neurons, but not that of VTA DA neurons, is less

dense in A/J than in C57BL/6J mice. However, the area occupied by

TH-positive neuronal profiles in the SN did not differ between these

two strains, indicating that a difference in the number of nigral TH-

neurons between the two strains was not the cause of the observed

difference in striatal branching. Our observations show that DA con-

centration in the dorsal striatum is inheritable, and indicate that differ-

ences of Col4a6 expression during development could lead to

differences in DA striatal innervation.
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2 | MATERIALS AND METHODS

2.1 | Animals

Eight CC founder strains (A/J, C57BL/6J, 129S1Sv/ImJ, CAST/EiJ,

PWK/PhJ, WSB/EiJ, NOD/ShiLtJ and NZO/HILtJ), were originally

obtained from Jackson laboratories (Bar Harbor, Maine), and 32 CC

strains (supplemental Table 1) were originally obtained from the Uni-

versity of North Carolina, Chapel Hill (UNC). Mice were bred at

Chapel Hill or at the Central Animal Facilities of the Helmholtz Centre

for Infection Research (Braunschweig, Germany). Animals were group

housed. Animals that had been bred up at Jackson laboratories or at

Chapel Hill, and transported to Braunschweig for work-up (without

further breeding), were allowed to acclimatize for at least 2 weeks

before euthanasia and extraction of brains. All mice were 3-month-old

at the time of euthanasia. Ten to 12 mice per strain (mixed males and

females) were anesthetized with a ketamine-medetomidine mix

(150 and 1 mg/kg, respectively). Intracardial perfusion with PBS was

performed to remove the blood. The brains were extracted from the

skulls and halved along the midline with a razor blade. One hemibrain

(brain hemisphere) was placed on a cooled metal plate over ice and

regions of interest were dissected out with Dumont forceps. The dor-

sal striatum and ventral midbrain were identified using anatomical

landmarks. These regions were identified visually on the cut medial

surface of the hemibrain. The dorsal striatum was collected by care-

fully removing cortical tissue and brain tissue caudal of the fimbria

and dorsal of the ventral commissure. The ventral midrain was

removed as described.25,26 Briefly, the hemibrain was placed ventral

side up on a metal plate over ice, and the region of interest that was

removed was caudally of the hypothalamus and thalamus, rostrally of

the pons, and ventrally of the medial lemniscus, and inferior colliculus.

The second hemibrain was fixed in paraformaldehyde (PFA) 4% for

48 h, and then transferred to PBS with 0.5% sodium azide as preser-

vative, until further processing for histology.

The experiments were performed according to the national guide-

lines of the animal welfare law in Germany (BGBl. I S. 1206, 1313 and

BGBl. I S. 1934) and the European Communities Council Directive

2010/63/EU. The protocol was reviewed and approved by the

“Niedersächsisches Landesamt für Verbraucherschutz und

Lebensmittelsicherheit, Oldenburg, Germany” (Permit Numbers:

33.9–42,502-05-11A193, 33.19–42,502-05-19A394), respecting the

3 Rs' requirements for Animal Welfare.

2.2 | DA measurement by gas chromatography–
mass spectrometry

Striatal DA levels were measured in CC founders and 32 CC strains.

The tissue homogenization and metabolite extraction were performed

at 4�C to prevent changes in the metabolic profile. As this study prog-

ressed over a couple of years, the method for DA measurement was

optimized, and hence, DA in the first set of CC founders were mea-

sured by a different, less straightforward method than in a second set

of CC founders and all 32 CC strains. To not use additional mice to

repeat the initial measurements (in accordance with E.U.'s 3R's guide-

lines for animal use), we present here the results for all CC founders

as percentage of the mean of C57BL/6J, a reference strain in the

neurosciences.27

The first method was described previously.28 The dorsal striatum

of each mouse was pulverized in a bead mill with metal grinding beads

(7 mm). The samples were then homogenized in the bead mill with

smaller grinding beads (1 mm) and the extraction fluid (methanol/dis-

tilled water, 40:8.5 vol/vol). The metabolites were extracted using a

liquid–liquid extraction method first by addition of chloroform to the

tissue fluid followed by distilled water. After shaking for 20 min at

1300 rpm at 4�C, the mixture was centrifuged for 5 min at 5000 x g

at 4�C. The upper phase containing the polar metabolites was trans-

ferred to a sample vial for speed vacuum evaporation. The second

method was also described previously.29 The difference to method

1 is that ceramic beads are used instead of metal ones, and it was

slightly modified to reduce the runtime.29

For both methods, the resulting dried samples were derivatized

using an established procedure. Twenty microliter of pyridine (con-

taining 20 mg/ml of methoxyamine hydrochloride) were added to the

samples and incubated at 45�C with continuous shaking for 90 min.

Then 20 μl of MSTFA were added to the sample vial and incubated

30 min at 45�C with continuous shaking.

After derivatization, the gas chromatography–mass spectrometry

(GC–MS) analysis was performed with an Agilent 7890A GC, or

7890B for the second method, coupled to an Agilent 5975C inert XL

mass selective detector (MSD) or 5977A for the second method

(Diegem, Belgium). One microliter of sample was injected into a Split/

Splitless inlet operating in split mode (10:1) at 270�C. Helium was

used as a carrier gas with a constant flow rate of 1.2 ml/min. The

transfer line temperature was set constantly to 280�C and the MSD

was operating under electron ionization at 70 eV. As described by

Jäger et al.,29 a multi-analyte detection using a quadrupole analyzer in

selected ion monitoring mode was used for a sensitive and precise

quantification of DA and the internal standard DA-d4.

2.3 | Quantitative immunofluorescence of
tyrosine-hydroxylase positive neuronal components

TH protein was measured by quantitative immunofluorescence in the

dorsal striatum, basolateral amygdala, piriform cortex and SN of

3-month-old C57BL/6J and A/J mice. After fixation in phosphate-

buffered 4% paraformaldehyde for 48 h, hemibrains were stored in

PBS with 0.2% of sodium azide at 4�C until work-up. Parasagittal

free-floating sections (50 μm) were generated using a vibratome

(Leica; VT 1000S). Sections were collected sequentially in a set of

eight tubes/mouse, containing a cryoprotective medium (polyvinyl

pyrrolidone 1% wt/vol in PBS/ethylene glycol 1:1), then stored at

�20�C until use. The lateral sections were collected for the dorsal stri-

atum, basolateral amygdala and piriform cortex measurements and

the medial sections were collected for the SN measurements.
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The sections were washed in PBS with 0.1% Triton X-100 (PBST)

and permeabilized in PBS with 3% H2O2 and 1.5% Triton X-100. The

sections were then blocked for 1 h in PBST with 5% bovine serum

albumin (BSA), and incubated overnight with rabbit anti-TH antibody

(1:1000, Millipore, AB152) diluted in the same buffer. After three

washing steps in PBS, the sections were incubated for 2 h with the

secondary antibody (Alexa fluor 488 goat anti-rabbit 1:1000, Invi-

trogen), then mounted on slides and embedded in fluoromount-G

(Southern Biotech).

Imaging was performed using a Zeiss AxioImager Z1 upright micro-

scope, coupled to a “Colibri” LED system, and an Mrm3 digital camera

for image capture using the software Zeiss Zen 2 Blue. For each stria-

tum, basolateral amygdala and piriform cortex on each section, 2–3

images/section (out of a total of three randomly selected sections per

animal) were taken at �40 magnification using the Zeiss ApotomeR sys-

tem. After thresholding, the area occupied by TH-positive stainings in

each picture was determined using the FIJI imaging software.30,31 For

the SN sections, the pictures were taken at �10 magnification. The area

occupied by TH-positive neuronal profiles was measured in the region of

interest, the SN, using ImageJ FIJI software. We measured four different

anatomical levels of the SN, from medial to lateral, covering the entire

region of interest. Each area was quantified and averaged separately,

and all were summed as a cumulated surface (mm2). Details on the vali-

dation of this approach, used as indirect measure for the number of TH-

positive neurons, by stereological count estimates of TH-positive cells

can be found in the supplemental material of Reference 32.

All measurements were performed on blinded sections, and codes

were not broken until the analysis was complete. The difference in

striatal TH in C57BL/6J versus A/J mice (see results) was confirmed

by two independent investigators (Mélanie H. Thomas and Mona

Karout) on independent sets of sections.

2.4 | Cell culture

Human small molecule neuroepithelial precursor cells (smNPCs) were

differentiated from a previously established induced pluripotent stem

(iPS) cell line from a healthy 67-year old male donor.33 Differentiation

of smNPCs toward ventral neural tube lineages, including DA neurons,

was carried out for 30 days as previously described.34

2.5 | cDNA synthesis

Total RNA was extracted using Quick-RNA Miniprep Kit from Zymo

Research (R1055) as per manufacturer instructions. cDNA synthesis was

performed using 1 μg of total RNA, 2.5 μM oligo dT-primer, 0.5 mM

dNTPs from ThermoFisher (R0181), 1 μl Ribolock Rnase inhibitor (40 U/

μl) from ThermoFisher (EO0381) and 1 μl RevertAid Reverse Transcrip-

tase (200 U/μl) from ThermoFisher (EP0441). The final volume of the

reaction mix was 40 μl. The reaction was incubated at 42�C for 1 h. The

reaction was terminated by incubating at 70�C for 10 min. The cDNA

was diluted 1:10 in DNase/RNase free water, and stored at �20�C.

2.6 | Reverse-transcription quantitative
Polymerase Chain Recation (RT-qPCR)

RT-qPCR was performed with the Applied Biosystems 7500 Fast Real-

Time PCR System using 1xAbsolute Blue qPCR SYBR green low-ROX mix

from ThermoFisher (AB4322B), 5 μl of diluted cDNA and 500 nM primer

concentration, in a final volume of 20 μl. The conditions of the PCR reac-

tion were 95�C for 15 min and repeating 40 cycles of 95�C for 15 s, 55�C

for 15 s and 72�C for 30 s. The gene expression level was calculated using

the 2-(ΔΔCt) method. The ΔΔCt refers to (ΔCt(target gene) � ΔCt(housekeeping

gene)Neurons) � (ΔCt(target gene) � ΔCt(housekeeping gene))smNPC. ACTB was used

as the housekeeping gene. The following primer sequences were used:

ACTB (forward), 50-AAACTGGAACGGTG-30; ACTB (reverse), 50-AGAG

AAGTGGGGTGGCTTTT-30; SOX2 (forward), 50-CCCCTTTATTTTCC

GTAGTTGTATTT-30; SOX2 (reverse), 50-GATTCTCGGCAGACTGATT

CAA-30; COL4A6 (forward), 50-CTGGCTTTCTTGGCATCAAT-30; COL4A6

(reverse), 50-CTACCTGGAGCAAGGACAGG-30.

2.7 | Quantitative trait locus mapping

The QTL mapping was performed using www.genenetwork.org/.35

The dataset with DA measurements of dorsal striata of 32 CC strains

can be located with search terms (Species: Mouse [mm10]; Group: CC

Family; Type: Traits and Cofactors; Dataset: CC Phenotypes), then by

navigating to Record CCF_10,039. QTL mapping was performed with

GEMMA on all chromosomes, MAF > = 0.05 with LOCO method. The

genome wide significance of QTL mapping was set by 500 permuta-

tion simulations, with FDR under 5% for each scan.

GeneNetwork uses the GEMMA linear mixed model to map com-

plex populations, and has been used to map loci in interbreds,36

advanced intercross lines,37,38 and outbreds.39 GEMMA accounts for

kinship relations among cases and strains. The GEMMA algorithm

used here is described elsewhere,40 and its use in the context of Gen-

eNetwork has recently been described.41

2.8 | Estimation of striatal DA level heritability in
CC strains

The heritability (h2) was estimated as described.42 Briefly, the total

phenotypic variance (Vp) is calculated on all CC strains. The additive

genetic variance (Va) was estimated by the mean of within-strain vari-

ance. The heritability (h2) was calculated as Va/Vp.

2.9 | Statistical analysis

Statistics were carried out with R (version 4.0.2), or PRISM v. 9

(Graphpad). Normality of the data was confirmed with Shapiro–Wilk test

or Kolmogorov–Smirnov test. For the striatal DA concentration of foun-

ders, because we applied two different methods for measurement (see

above), we used the mean of reference strain C57BL/6J27 in each

4 of 13 THOMAS ET AL.

http://www.genenetwork.org/


method, and normalized all individual measurements from CC founders to

that value. After confirming that the normalized data was still normally

distributed and that the standard deviation of the normalized data did not

differ substantially (over 10%) for those of the original data sets, the data

from both measurement sets were combined. Two-way ANOVA was

applied to the DA values of the eight founder strains, with strain, sex and

strain-sex interaction taking into consideration. The resulting data was

analyzed by three post-hoc tests: Tukey, Two-stage procedure of Ben-

jamini, Krieger & Yekutieli, and, finally, Dunett's using C57BL/6J as refer-

ence strain. All p-values were FDR corrected. For the striatal DA

concentrations in CC strains, because we used only one method for DA

measurement, we applied ANOVA directly on raw values, followed by

Tukey, and two-stage procedure of Benjamini, Krieger & Yekutieli. The

statistical analysis of RT-PCR data was performed with unpaired two-

tailed t-test. The input value was delta Ct (Actb as the housekeeping

gene). The statistical analysis for RNA-seq was performed in R with pack-

age DESeq2 (version: 1.28.1), details can be found in Reference 25. Two-

tailed, unpaired-test was used to analyze the effect of strain (C57BL/6J

vs. A/J) on TH-immunopositive neuronal structures in each brain region.

3 | RESULTS

3.1 | Differences in striatal DA levels across CC
mice are genetically controlled

Several phenotypic differences have been described between CC

founders as well as CC mouse strains.43–45 In this study, we started

by measuring DA concentration in dorsal striata from the eight inbred

founder CC strains (Supplemental Table 2). Striatal DA is a key neuro-

transmitter regulating voluntary motor behavior.46 In total, striatal DA

level from 102 mice was measured by GC–MS. DA concentrations

varied significantly across the founders (two-way ANOVA, p-

value = 5.152e-05, F = 5.3212), showing strain-specific differences

(Figure 1, supplemental Table 2). There was no difference between

males and females (two-way ANOVA, sex p-value = 0.8626,

F = 0.0301; strain:sex p-value = 0.8564, F = 0.4659), thus values for

both sexes were pooled for each strain. p values from all pair-wise

multiple comparisons are listed in supplemental Table 3. Because

C57BL/6J is a reference strain in biomedicine,27 in particular in

neuroscience,47,48 we used this strain to compare the striatal DA con-

centrations of the other seven founder strains to (Figure 1). PWK/PhJ,

A/J and NOD/ShiLtJ strains showed the lowest concentrations of

striatal DA, while the highest levels were detected in NZO/HILtJ,

CAST/EiJ and C57BL/6J mice (supplemental Table 3 for p values of

post-hoc tests). This result indicated that striatal DA is controlled

genetically in mice.

To investigate if variation in striatal DA concentration is inherit-

able, we measured this trait in 32 CC mouse strains (Figure 2, supple-

mental Table 4). In total, we analyzed 327 CC mice with similar

number of mice from both sexes in each strain. The CC strains

showed considerable variation in striatal DA concentration, with a

range of around 10 pmol/mg (Figure 2, two-way ANOVA, p-value

<2e-16, F = 9.5587). There was no significant difference between

males and females (two-way ANOVA, sex p-value = 0.5657,

F = 0.3308; strain:sex p = 0.1343, F = 1.3093), thus the DA values

F IGURE 1 Striatal dopamine (DA) concentration of eight Collaborative Cross (CC) founder strains. (A) Schematic representation of the
experimental set-up. (B) DA concentration was measured by GC–MS in the dissected dorsal striata of one hemibrain/mouse of the eight CC
founders. Because two different methods were used for DA measurements (see Section 2 for the reason), raw data in each of the two data sets
were normalized to the mean of reference strain C57BL/6J, then combined. Data are means ± SD. The significance of differences was tested by
two-way ANOVA, considering strain (p = 5.152e-05, F value = 5.3212), sex (p = 0.8626, F value = 0.0301) and strain:sex interaction
(p = 0.8564, F value = 0.4659). The post-hoc analysis was performed with Dunnett's post-hoc analysis, using the data of C57BL/6J strain as

reference. Three strains (A/J, PWK/PhJ, and NZO/HILtJ) differ significantly from C57BL/6J. GC–MS, gas chromatography–mass spectrometry

THOMAS ET AL. 5 of 13



for both sexes were grouped for each strain. P values from pair-wise

multiple comparison tests are listed in supplemental Table 5.

The estimated heritability of striatal DA in CC strains (h2) was 0.52,

indicating that striatal DA differences are inheritable (see Section 2 for

details). In comparison, the heritability of the trait in founder strains was

0.31. The lower heritability in founder compared to CC strains is likely cau-

sed by the high variability of this trait in some founders strains, notably

129S1Sv/ImJ, NZO/HILtJ and CAST/EiJ. Our results show that striatal DA

is controlled genetically in mice, thus indicating that QTL mapping can be

used to identify candidate genes associated with this trait.42,49

3.2 | QTL mapping associates a genomic locus on
chromosome X with striatal DA levels

Identifying novel genetic regulators associated with striatal DA concen-

tration could help better understand the development of DA circuits and

susceptibility to diseases, such as PD. Therefore, to leverage the power

of CC strains in identifying trait-associated genetic loci at a good resolu-

tion, we performed QTL mapping based on striatal DA concentration in

32 CC strains. The genome-wide significance of results for the top

genetic markers is shown in Figure 3, and the full list is in supplemental

Table 6. QTL mapping identified one genetic marker (SNP

UNC31420222; rs29282811) located on chromosome X at position

144.300241 Mb (�log10 p-value = 4.42, mm10 assembly) that is associ-

ated with striatal DA concentration. This linkage statistic was significant

at the 0.05 genome-wide threshold of 4.38 (Figure 3). The 1.5 LOD sup-

port interval for the QTL extended from 139 Mb to 149 Mb, showing

that this region habors gene(s) that modulate striatal DA level.

3.3 | Col4a6 is a developmental gene with altered
expression between two founder mouse strains

QTL mapping can be a stepping-stone toward identification of candi-

date gene products that modulate biological traits associated with the

mapped locus. To determine if such a gene product candidates could

be found in our study, we looked back at striatal DA data of the foun-

der strains.

The C57BL/6J reference strain was one the founder strains with

the highest striatal DA (Figure 1). Across CC strains, mice with the

C57BL/6J genotype at marker rs2928281 had a mean striatal DA con-

centration of 28.162 pmol/mg, whereas mice that did have that

C57BL/6J genotype had a mean striatal DA concentration of

24.111 pmol/mg. Because rs29282811is located on the X chromo-

some, we assume that just one C57BL/6J allele was driving the higher

average striatal DA in strains with that genotype.

Two CC founder strain mice, A/J and PWK/PhJ, had significantly

lower striatal DA than C57BL/6J mice (Figure 1, supplemental

Table 3), and a different genotype at rs29282811 (https://www.

sanger.ac.uk/sanger/Mouse_SnpViewer). Interestingly, these mice

have also been reported to perform less well in motor tests than

C57BL/6J mice.50 However, compared to C57BL/6J mice, A/J mice

performed worse than PWK/PhJ mice in tests commonly used to test

voluntary motor performance: open field (distance traveled and rea-

ring events) and rotarod (Figure 3 in Reference 50). The lesser motor

performance of A/J compared to C57BL/6J mice was already

reported in an earlier study,18 indicating that the difference between

these two common laboratory strains is stable over generations and

across labs. Thus, by looking more closely at the nigro-striatal circuit

of C57BL/6J versus that of A/J mice, we set out to find new potential

modulators of properties of that circuit.

The 10 Mb QTL from position 139 Mb to 149 Mb on chromo-

some X includes 164 genes that could potentially be associated with

striatal DA concentration. The vast majority (>95%) of trait-associated

genetic variants are located outside of protein-coding regions.51

Therefore, we assumed that such regulatory variants could affect

gene expression at our locus of interest in the ventral midbrain of

C57BL/6J versus A/J mice. We first took advantage of our recent

transcriptomic profiling of ventral midbrains from C57BL/6J and A/J

mice.25 Using their ventral midbrain RNA-seq data, we plotted the

absolute log2-fold change for all 164 genes between C57BL/6J and

F IGURE 2 Dorsal striatum
dopamine (DA) concentration in
32 Collaborative Cross (CC) strains.
DA concentration was measured by
GC–MS in dorsal striata dissected
from one hemibrain for each mouse.
Data, expressed in pg/mg of tissue, are
means ± SD. Significance of
differences was tested by two-way

ANOVA considering strain (p < 2e-16,
F value = 9.5587), sex (p = 0.5657, F
value = 0.3308) and strain:sex
interaction (p = 0.1343, F
value = 1.3093). GC–MS, gas
chromatography–mass spectrometry
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A/J in the QTL region to identify those with altered gene expression

(Figure 4A). The transcriptomic analysis was based on a total of

24 mice, 12 from each strain (mixed sexes). Interestingly, only five

genes showed significant differential gene expression (supplemental

Table 7). By far the largest fold change of all protein-coding genes

was found for the collagen IV subunit 6 (Col4a6) gene, which showed

over 9-fold difference between the two strains, with A/J mice having

significantly less Col4a6 expression compared to C57BL/6J

(Figure 4B, log2FC = �3.12, padj = 6.28e�22). The differential expres-

sion of the four other DEGs between the two strains was quite low

(Figure 4A, Supplemental Table 7). Moreover, the Col4a6 transcription

start site is located at position 141.474076 Mb, within the 10 Mb

region of the QTL associated with striatal DA concentration, and

approximately three centimorgan away from the rs29282811 marker.

While Col4a6 expression was significantly lower in A/J than in

C57BL/6J ventral midbrains, the overall level of expression in the

adult C57BL/6J midbrain was also quite low (<0.3 RPKM), indicating

its expression in adult mice is limited to only one or few cell types,

most likely endothelial cells, which have been reported to produce

collagens.52,53 Collagen IV is an essential and abundant component of

the basement membrane.54 In the nervous system, its function has

been associated with axon guidance and neurite outgrowth in simple

model systems,23,24 and in cultured neurons.55

To get a better idea about the cellular source of COL4A6 during

development, we performed RT-qPCR experiments with RNA col-

lected from multipotent SOX2+ human iPSC-derived neuroepithelial

precursor cells, either in their undifferentiated state, or after 30 days

of differentiation toward ventral neural tube lineages containing

mainly neurons, including DA neurons.34 Interestingly, COL4A6

showed relatively high-expression levels in the neuronal progenitors

and was strongly downregulated upon neuronal differentiation

(unpaired two-sided t-test, p-value = 4.468e-6), indicating that

COL4A6 is indeed developmentally regulated (Figure 4C). As expected,

COL4A6 reduction was accompanied by decreased SOX2 expression

(unpaired two-sided t-test, p-value = 0.0003) during neuronal differ-

entiation. To address the in vivo relevance of our findings on COL4A6

level during development, we looked into its expression in published

single cell RNA-seq (scRNA-seq) data corresponding to 26 cell types

of the developing human midbrain.22 COL4A6 expression was highest

in floor plate progenitors and selected subtypes of radial glia-like cells,

but had very low expression detected in other cell types (Figure 4C).

In keeping with our own results, the expression profile of COL4A6

closely followed the expression of SOX2, a key regulator of neuro-

genesis.56 Screens for primary SOX2 target genes have shown that

COL4A6 expression depends on SOX2,57,58 supporting our

observations.

Taken together, the expression profile of COL4A6 implicates it is

primarily a developmental gene and its dependence on SOX2 indi-

cates a role in neurogenesis and axonal outgrowth.

3.4 | Differences in striatal axonal branching
between C57BL/6J and A/J mice

Studies in zebra fish have shown that orthologs of type IV collagens,

coded by gene products of Col4a5 and Col4a6, control axonal guid-

ance during development.24 Based on the observed differences of A/J

versus C57BL/6J mice in striatal DA concentration, motor

performance,50 the localization of Col4a6 gene in the associated QTL,

the distinct neurodevelopmental expression profile of COL4A6, and

the role of collagen IV in neurite outgrowth and guidance (see refer-

ences above), we hypothesized that DA neuron axonal fiber density

F IGURE 3 QTL mapping for dorsal striatum dopamine concentration in CC strains. Plot shows �log10 p-values (y-axis) of genetic markers
across chromosome locations (x-axis). Horizontal dashed lines represent the 95th percentile thresholds for genome-wide significance �log10 p-
values = 4.38. QTL mapping with CC strains yielded the most significant QTL (in blue in the figure) at chromosome X 144.3 Mb with �log
(P) 4.42. CC, Collaborative Cross
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F IGURE 4 Col4a6, a gene located in mapped QTL, shows high differential expression between C57BL/6J and A/J midbrains, and plays a role
in neurogenesis. (A) Log2-fold changes of genes in chromosome X locus between 139 and 149 MB (highlighted with shade). Genes with adjusted

p-value below 0.05 are labeled in orange for those with low-differential expression (list in Supplemental Table 7), and in red for Col4a6, the gene
with the heights differential expression. (B) The expression (RPKM) of Col4a6 in the ventral midbrain of C57BL/6J and A/J (padj = 1.29e-22, ***).
The data was derived from,25 https://doi.org/10.3389/fgene.2020.566734. (C) RT-qPCR analysis of COL4A6 and SOX2 expression in
undifferentiated Sox2+ neuroepithelial precursor cells (smNPCs) and after 30 days of differentiation toward ventral neural tube lineages),
including DA neurons. Significant downregulation of COL4A6 (unpaired two-sided t-test, p-value = 4.468e-6, ***) and SOX2 (unpaired two-sided
t-test, p-value = 0.0003, ***) were observed upon neuronal differentiation. Measurements were carried out in triplicates. Bar show means +/�
SD. (D) The expression of COL4A6 and SOX2 during human midbrain development based on scRNA-seq data from La Manno et al.22 The two
genes show similar expression profiles. Cell types are named with “h” to indicate human: Endo, endothelial cells; Peric, pericytes; Mgl, microglia;
OPC, oligodendrocyte precursor cells; Rgl1-3, radial glia-like cells; NProg, neuronal progenitor; Prog, progenitor medial floorplate (FPM), lateral
floorplate (FPL), midline (M), basal plate (BP); NbM, medial neuroblast; NbML1&5, mediolateral neuroblasts; RN, red nucleus; DA0-2,
dopaminergic neurons; Gaba, GABAergic neurons; Sert, serotonergic; OMTN, oculomotor and trochlear nucleus
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would be different in the dorsal striatum of these two mouse strains.

To test this, we performed TH immunostaining on brain sections from

C57BL/6J and A/J mice (see Section 2). The percentage image area

(in microphotographs) occupied by TH in the DA neuron projection

areas (dorsal striatum for SN, piriform cortex and basolateral amyglada

for VTA) was used to compare axonal fiber density between the

strains. Interestingly, A/J mice showed 29% lower TH-positive axonal

density in the dorsal striatum compared to C57BL/6J mice (two-tailed

unpaired t-test, p < 0.0001, F = 2.1) (Figure 5, Supplemental Table 8).

No such differences were observed in the basolateral amygdala (two-

F IGURE 5 Density of tyrosine hydroxylase (TH)-positive axons is higher in dorsal striatum of C57BL/6J mice than in that of A/J mice. Panels
show TH-positive axons and their quantification in dorsal striatum (first row), basolateral amygdala (second row), piriform cortex (third row), and
TH-positive neuronal profiles in Substantia Nigra (last row). Scale bar for all microphotographs of TH-positive axons is in second panel of third
row (Piriform cortex in A/J; 50 μm). Scale bar for microphotograph of TH-positive neuronal profiles is in second panel of last row (Substantia
Nigra; 200 μm). Scattergrams (3rd column) show quantification of the percentage image area occupied by TH-positive axons in striatum,
basolateral amygdala, and piriform cortex, and of quantification of area occupied by the TH-positive neuronal profiles in Substantia Nigra (see
main text for details). Data are expressed in mean ± SD, and were analyzed with two-tailed, unpaired t-test
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tailed unpaired t-test, p = 0.47, F = 1.14), or the piriform cortex (two-

tailed unpaired t-test, p = 0.42, F = 2.27), suggesting that the differ-

ences observed between the two mouse strains was specific for the

dorsal striatum.

We then looked at nigral DA neurons in C57BL/6J versus A/J

mice. We used a morphometric approach that measured the area

occupied by TH-positive neuronal profiles across the whole SN in the

two strains, and that we have shown previously to correlate with ste-

reological estimates of TH-positive neuronal counts (see Section 2,

and supplemental material of Reference 32). We observed no differ-

ence in the area occupied by nigral TH-positive neuronal profiles

between the two strains (two-tailed unpaired t-test, p = 0.78,

F = 1.29), implying that differences observed in striatal TH positive

axons in C57BL/6J versus A/J mice reflect a difference in branching

of DA neurons, rather than their number in the SN (Figure 5, supple-

mental Table 8). Hence, our data points to a role of collagen IV

alpha-6 chain (COL4A6) in modulating axonal branching of DA neu-

rons of the SN, but not that of DA neurons of the VTA.

4 | DISCUSSION

While DA neurons residing in the SN are of central interest to transla-

tional neuroscience research because of their unique properties that

renders them susceptible in PD,59 many factors modulating their

properties remain unknown. Uncovering factors that control their

development, structure, and function help understand how they inter-

relate with other nervous system components in assuring the proper

operations of the brain, or how they contribute to disease.9

In this study, we used CC strains to identify a locus and a candi-

date gene linked to properties of the DA neurons of the SN. The dif-

ferences in striatal DA concentration between CC strains showed the

considerable heritability of this trait. Together with previous trans-

criptomic data in the ventral midbrain of two founder strains, our

results indicate that COL4A6 plays an important role in modulating

axonal branching of nigral DA neurons. By increasing the number of

CC strains, together with careful experimental study design,60 more

QTLs associated with this trait can probably be found, including some

linked to markers that did not make it to significance in our study.

Such follow-up studies could include mapping of loci linked to various

additional neurochemical and neuroanatomical traits, at baseline or in

response to disease, thus elevating the CC population to a key tool

for translational neuroscience.

Despite the success of human GWAS methodologies to decipher

phenotype–genotype associations, human tools lack proper standard-

ized and controlled conditions. To overcome these limitations, CC

mouse strains were generated to provide a model for heterogeneous

human population.21,61,62 Genetic diversity of CC mice provides more

precise QTL mapping tool than conventional mapping populations.

The wide phenotypic range of around 10 pmol/mg DA in the dorsal

striatum enabled us to map a significant QTL of about 10 Mb with the

reasonable number of 32 CC strains. To our knowledge, this is the

first study mapping a QTL associated with a major mammalian CNS

neurotransmitter using the CC reference family. Our transcriptomic

analysis of the ventral midbrain of 2 CC founders, C57BL/6J and A/

J,25 with significantly different concentration of striatal DA, helped us

narrow down potential mediators driving striatal DA differences to

five DEGs within this QTL. Col4a6, one of the DEGs, showed a 9-fold

difference in expression between the two strains. To find out more

about the role of Col4a6 in the nigro-striatal brain circuit, we looked

at data available from the developing human midbrain,22 which

suggested a role of COL4A6 in DA neuron neurogenesis. Collagen IV,

alpha-6 chain, is one of the six subunits of type IV collagen, a major

component of basement membranes. Collagen IV is a member of the

collagen family of glycoproteins, which themselves are constituents of

the extracellular matrix (ECM), and among the most abundant proteins

in the animal kingdom.63 ECM proteins, in particular collagens, play

key roles in nervous system development, in cellular maintenance and

repair, and in tissue responses to diseases such as injury or neopla-

sia.64 Collagens in the PNS provide a scaffold for Schwann cells and

support neurite outgrowth.65,66 A central role for collagen IV in axon

guidance and neurite outgrowth is also supported by studies in simple

model organisms.23,24 A missense mutation in COL4A6 is associated

with hearing loss.67 Collagens in the adult nervous system are pro-

duced primarily by cells of mesodermal origin, the endothelial cells,

and are found, together with other forms of ECM proteins, in the

basement membrane of cerebral blood vessels and at the glia

limitans.64 Upon injury, glial cells express and secret collagen and

other ECM proteins.68 While evidence suggests that this process sup-

ports neurite outgrowth (see above), in rats, by contributing to the

formation of the glial scar, it could also inhibit axonal regeneration.68

Interestingly although, engineered biopolymer scaffolds containing

collagen are explored as a therapeutic support for nerve repair after

injury.69

Our study shows, for the first time, that one subunit of collagen

IV, subunit 6, is a candidate for regulating axonal branching of nigral

DA neurons in a mammalian model. Because we had observed large

striatal DA differences and large ventral midbrain Col4a6 expression

differences in C56BL/6 versus A/J mice, we then tested if these two

mouse strains also differed in striatal axonal branching. We observed

less density of TH-positive axons in the dorsal striatum of A/J com-

pared to C57BL/6J mice. We found no difference in TH-positive neu-

ronal profiles in the SN of these two smouse strains. Thus, the lower

density of TH-positive axons in the striata of A/J mice most likely

reflects a lesser degree of axonal branching of the nigral DA neurons

in that strain. To ensure that our strain differences reflect properties

of the nigrostriatal circuitry and not all projecting DA neurons of the

ventral midbrain, we assessed brain areas that receive projections

from the VTA, the basolateral amygdala and piriform cortex. In these

areas, we observed no difference of TH-positive axonal branching

between C57BL/6J and A/J mice. In mouse strains other than those

used here, studies11,15 reported strain-dependent differences in the

number of midbrain populations of DA neurons. Using recombinant

inbred intercrosses generated from CC strains, recent studies showed

significant effect of genetic background on locomotor behavior45 and

response to cocaine,44 illustrating how the CC family can serve as
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useful model for identifying further QTLs and genetic variants that

govern structure and function of DA neurons.

Thus, we identified a locus linked to DA level in the dorsal stria-

tum of mice, and highlighted Col4a6 as a novel gene candidate whose

product may govern axonal branching in that brain region in mammals.

Because these are the structures that are affected early in PD,70 we

propose that further measurements of striatal DA in additional CC

strains and a better understanding of the actions of collagen IV on DA

neurons may open the way for better understanding of the early

phases of this disease.
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