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Abstract: The quantity and quality of collagen fibrils in the extracellular matrix (ECM) have a pivotal role in
dictating biological processes. Several collagen-binding proteins (CBPs) are known to modulate collagen
deposition and fibril diameter. However, limited studies exist on alterations in the fibril ultrastructure by CBPs.
In this study, we elucidate how the collagen receptor, discoidin domain receptor 1 (DDR1) regulates the collagen
content and ultrastructure in the adventitia of DDR1 knock-out (KO) mice. DDR1 KO mice exhibit increased
collagen deposition as observed using Masson’s trichrome. Collagen ultrastructure was evaluated in situ using
transmission electron microscopy, scanning electron microscopy, and atomic force microscopy. Although the
mean fibril diameter was not significantly different, DDR1 KO mice had a higher percentage of fibrils with larger
diameter compared with their wild-type littermates. No significant differences were observed in the length of
D-periods. In addition, collagen fibrils fromDDR1 KOmice exhibited a small, but statistically significant, increase
in the depth of the fibril D-periods. Consistent with these observations, a reduction in the depth of D-periods was
observed in collagen fibrils reconstituted with recombinant DDR1-Fc. Our results elucidate howDDR1modulates
collagen fibril ultrastructure in vivo, which may have important consequences in the functional role(s) of the
underlying ECM.
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INTRODUCTION

Collagen type I fibrils are the major constituent of the
extracellular matrix (ECM) present in connective tissues.
The quantity, organization, and structure of collagen fibrils
play an important role in dictating ECM remodeling
(Manabe et al., 2002; Fomovsky et al., 2012), cell–matrix
interactions (Bhatnagar et al., 1997; Orgel et al., 2011), and
mechanical properties (Chen et al., 2011; Ghazanfari &
Driessen-Mol, 2012; Cheng & Stoilov, 2013; Sugita &
Matsumoto, 2013) of the underlying tissue. Collagen content
in the ECM is regulated by a number of factors, including the
expression of collagen-binding proteins (CBPs) that possess
the ability to regulate collagen fibrillogenesis. A number of
studies employing knock-out (KO) mouse models have
elucidated the role of CBPs secreted in the ECM in regulating
collagen deposition and fibril diameter (Table 1). However,
very little is understood on how the collagen fibril
ultrastructure (e.g., the D-periodicity) is affected by these
soluble CBPs. Even less is known regarding the ability
of cell-surface collagen receptors to regulate collagen

deposition and ultrastructure in vivo. This is especially
important as the past decade has provided two novel insights
into the putative role of CBPs in regulating collagen
fibrillogenesis, namely (i) the binding sites of several CBPs
have been mapped onto the collagen type I triple helix
(Farndale et al., 2008; Sweeney et al., 2008) and (ii) the
packing of collagen molecules in the gap and overlap zones
of the D-period and the arrangement of the microfibril in
the type I collagen fibril has been revealed using X-ray
diffraction (Orgel et al., 2006; Herr & Farndale, 2009). Thus,
binding of CBPs at specific sites on the collagen triple helix
could perturb the packing of collagenmolecules, which could
be manifested as alterations in the length or depth of
D-periods in the fibril.

The CBP discoidin domain receptor 1 (DDR1) is
a widely expressed receptor tyrosine kinase, which binds
to and is activated by collagens, including types I–III
(Shrivastava et al., 1997; Vogel et al., 1997). The extracellular
domain (ECD) of DDR1 is necessary and sufficient for
collagen binding (Vogel et al., 1997). Recently, the DDR1
binding site on the collagen type III triple helix has been
identified (Xu et al., 2011) and mapped to lie in the gap
region of the collagen type I fibril. The DDR1 ECD is also
shed as a soluble protein in the ECM in various cell types*Corresponding author. agarwal.60@osu.edu
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(Vogel, 2002; Slack et al., 2006; Fu et al., 2013), but the
collagen-binding activity of the shed fragment has not yet
been elucidated. In our earlier in vitro studies, we demon-
strated that the presence of DDR1 ECD as a recombinant
(Agarwal et al., 2007) or cell-secreted protein (Blissett et al.,
2009; Flynn et al., 2010) altered collagen fibrillogenesis and
resulted in fibrils with a weakened D-periodicity when
examined using transmission electron microscopy (TEM).
DDR1 ECD secretion by cells also led to decreased collagen
deposition and fibrils with thinner diameters. In vivo, limited
studies exist on collagen regulation by DDR1. DDR1 KOmice
have poorly developed mammary glands with increased
collagen deposition (Vogel et al., 2001). In a mouse model for
atherosclerosis, DDR1 KO mice exhibited fewer and smaller
plaques with proportionally more collagen deposition than
wild-type (WT)mice (Franco et al., 2008, 2009, 2010). Despite
these observations, collagen ultrastructure in the ECM of
DDR1 KO mice remains uncharacterized.

In this study, we investigated how deletion of DDR1
impacts collagen content and ultrastructure in vivo. We
focused our studies on the murine vascular adventitia, which
is rich in collagen type I (Hechler et al., 2010) and contains
DDR1, expressed in the adventitial fibroblasts (Hou et al.,
2001). Aortas from mice deficient in DDR1 were dissected,
analyzed, and compared with their WT littermates. Histo-
logical staining, as well as electron and atomic force
microscopy (AFM) techniques, were used to characterize the
collagen content and the fibril D-periods in the adventitia.
Our studies provide novel insights into how DDR1 modulates
collagen deposition and fibril ultrastructure in the aortic wall.

MATERIALS AND METHODS

Animals
DDR1 KO mice, used in this study were generated by
Lexicon Pharmaceuticals Inc. (Woodlands, TX, USA) using
homologous recombination. Coding exons 1–3 of the DDR1
gene were replaced with the LacZ/Neo3a cassette (Fig. 1a)
resulting in silencing of the DDR1 gene (NCBI accession
NM_007584). Heterozygous mice with a 129Sv/C57BL6
background, thus generated, were purchased through the
Texas Institute of Genomic Medicine. DDR1 KO mice and

their WT littermates were obtained through heterozygous
breeding at expected Mendelian frequency. Animal studies
were performed according to a protocol approved by the
Institutional Animal Care and Use Committee at the Ohio
State University. Studies were performed on 6–8-month-old
DDR1 KO mice and their age- and gender-matched WT
littermates. Murine tissue was processed and analyzed in
sets of WT/KO littermate pairs.

Genotyping
Mice were genotyped by polymerase chain reaction (PCR) to
determine the presence of the DDR1 and/or the Neo3a
(mutant) allele. At weaning, tail clippings were lysed in direct
PCR lysis buffer (Viagen Biotech, Los Angeles, CA, USA)
and used as a template for PCR. The primer sequences are
shown in Table 2. The PCR conditions were 95 °C for 4min,
followed by 35 cycles at 95 °C for 30 s, 59 °C for 30 s, and
72 °C for 30 s. Cycling was followed by a final extension
step at 72 °C for 7min. WT, homozygous DDR1− /−, and
heterozygous DDR1+ /− mice were identified by the presence
of DDR1, Neo3, or both the PCR products, respectively
(Fig. 1a). Mice used in this study were re-genotyped upon
euthanasia to confirm their genotype.

As an additional verification of genotype and to confirm
successful insertion of the LacZ/Neo3a cassette into the DDR1
KO mouse, β-galactosidase expression was examined with
x-gal staining. Brain, heart, aorta, and skin (from the upper
back) were dissected from WT and KO mice and subjected to
β-galactosidase staining as follows (Williams et al., 2014).
Tissues were fixed in 1% paraformaldehyde, 0.2% glutar-
aldehyde, 2mM MgCl2, 5mM EGTA (ethylene glycol tetra-
acetic acid), and 0.02% IGEPAL (IGEPAL® CA-630) CA-630
(Sigma-Aldrich, St. Louis, MO, USA). After washing in 0.02%
IGEPAL, tissues were stained with x-gal solution [1mg/ml
x-gal, 5mM K3Fe(CN)6, 5mM K4Fe(CN)6, 2mM MgCl2,
0.01% deoxycholic acid, 0.02% IGEPAL] for 2 weeks at 4°C.
The tissue pieces were thereafter rinsed in ethanol and imaged
using light microscopy. Strong x-gal staining was observed in
the brain, heart, and skin of the DDR1 KOmice, but not in the
WT tissues (Fig. 1b). Small punctate x-gal staining was
observed in DDR1 KO aortas, whereas no staining was
observed in WT aortas.

Table 1. Regulation of Collagen Fibrillogenesis in Mice Lacking a Collagen-Binding Protein (CBP).

CBP Tissue(s) Collagen Deposition Fibril Diameter References

Decorin Skin – Irregular Danielson et al. (1997)
Lumican Skin, heart, cornea Reduced Increased Chakravarti et al. (1998), Dupuis et al. (2015),

Chakravarti et al. (2000)
Fibromodulin Tendon, skin Reduced Irregular and decreased Svensson et al. (1999), Jepsen et al. (2002)
SPARC Heart, skin Reduced Decreased Rentz et al. (2007), Bradshaw et al. (2003, 2010)
Thrombospondin2 Tendon, skin Reduced Irregular and increased Kyriakides et al. (1998)
Periostin Skin Reduced Decreased Norris et al. (2007)
Biglycan Tendon – Decreased Ameye et al. (2002)

Comparisons have been made between the CBP knock-out mice relative to their wild-type littermates.
SPARC, secreted protein acidic and rich in cysteine.
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Aorta Extraction
Thoracic aortas were dissected from male and female mice
within 30min of death. Excision of the aortas was initiated
just distal to the left subclavian artery and terminated at the
diaphragm. The dissected aortas were cut into portions and
immediately stored for experiments as detailed below. For
each mouse, the same region was allocated for the same
experiment, namely the ~2mm most proximal region was
used for TEM analysis, the next ~2mm region was used for
Trichrome staining, and the rest of the excised aorta was
used for scanning electron microscopy (SEM) and AFM
analysis.

Masson’s Trichrome Staining
Portions from the dissected aortas were fixed in 10%
neutral-buffered formalin for at least 24 h, paraffin
embedded, and stained with Masson’s trichrome.
Trichrome-stained specimens were imaged using a 40×

objective. Images were analyzed using ImageJ software
(NIH). Thickness of the adventitial layer was determined by
crude integration, i.e., by measuring the area of the layer
and dividing by the length of the midline of the layer.
Measurements were calibrated using a stage micrometer
(2280-16, Ted Pella, Redding, CA, USA). Adventitial thick-
ness was determined only from intact contiguous adventitia,
which was often surrounded by adjacent intact tissue. Aorta
sections where the adventitia appeared to be falling apart or
diffuse in staining were excluded from our analysis. The
mean adventitial thickness was determined using at least
three images from each mouse. The number of mice (nm)
analyzed and the mean adventitial thickness obtained for
each genotype are summarized in Table 3.

TEM
Portions from the dissected aortas were fixed in 4% buffered
glutaraldehyde for at least 24 h and thereafter processed

Figure 1. Genotyping of discoidin domain receptor 1 (DDR1) knock-out (KO) mice. a: Schematic shows generation of
the DDR1 KO mouse through homologous recombination, by replacing exons 1–3 with a LacZ/Neo cassette. The geno-
type of the mice was determined using polymerase chain reaction of tail lysates. Presence of DDR1, Neo3a, or both
alleles indicated homozygous positive (DDR1+/+), homozygous negative (DDR1−/−), and heterozygous (DDR1+/−) mice,
respectively. b: Brain, skin, and heart extracted from DDR1 KO mice exhibited strong x-gal staining, whereas wild-type
(WT) tissues did not. The brain and heart have been cut in half to illustrate staining. Aortic longitudinal sections,
viewed with white light microscopy from the luminal side, revealed punctate x-gal staining in DDR1 KO aortas (black
arrows), whereas no staining was observed in WT aortas. Scale bar is 30 μm.
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for TEM (Blissett et al., 2009; Flynn et al., 2010).
Briefly, specimens were post-fixed in 1% osmium tetroxide
and en-bloc stained with a saturated aqueous uranyl acetate
solution. Thereafter, specimens were dehydrated in a graded
ethanol series and then embedded in Spurr’s epoxy resin
(Electron Microscopy Sciences, Fort Washington, PA, USA).
Tissue blocks were sectioned with a Leica Ultracut
UCT ultramicrotome (Leica Microsystems GmbH, Wien,
Austria). Electron micrographs were generated using a JEOL
JEM-1400 TEM (JEOL Ltd. Tokyo, Japan) equipped with
a Veleta digital camera (Olympus Soft Imaging Solutions
GmbH, Műnster, Germany). Images were calibrated with
a grating replica calibration grid with parallel lines (Electron
Microscopy Services).

Collagen fibril diameters were determined by measuring
the length of the shortest diameter of collagen cross-sections
using ImageJ (NIH). The mean fibril diameter for each
mouse was ascertained by averaging at least 800 fibrils.
A MATLAB code was used to fit the collagen diameter
distributions to a Gaussian function and the full-width
at half-maxima (FWHM) for each mouse was determined.
We also classified fibrils into categories according to
their diameter ranges (0–25, 25–50, etc.) and ascertained the
average number of fibrils in each range across nm = 8 mice
of each genotype. We then used a χ2 test to determine if
there was a difference in the percentage of fibrils with

diameters >50 nm between the two genotypes. Data were
analyzed by using Minitab software 16 (Minitab, State
College, PA, USA).

Longitudinal regions of the adventitial collagen fibrils
were analyzed for length of D-periods, which was measured
perpendicular to the bands using ImageJ. The length of the
D-period for each fibril was determined by averaging at least
four D-periods along the fibril axis and the mean D-length
per mouse was determined by averaging values from at least
15 fibrils. The length of individual gap and overlap regions
were also independently measured in a subset of fibrils from
each mouse. The number of mice (nm), total number of
fibrils (nf) analyzed, and mean values for fibril diameter and
length of D-periods for each genotype are summarized in
Table 3.

SEM
Dissected aortas were cleaned of perivascular adipose tissue
and embedded in optimal cutting temperature (OCT)
compound by flash freezing in liquid nitrogen. Five-μm thick
sections were cryosectioned, adhered to poly-lysine-coated
(EMD Millipore, Billerica, MA, USA) glass coverslips, and
stored at −20 °C until use. The aortic sections were washed
three times with phosphate-buffered saline (PBS), fixed with
2% glutaraldehyde, washed three times with PBS, washed
two times with ultrapure water, and incubated in ultrapure
water for 1 h to ensure removal of OCT residue. Sections
were dehydrated by air drying in a vacuum desiccator at
room temperature overnight and thereafter coated with
gold-palladium for 40 s in a Cressington 108 sputter coater
(Cressington, Watford, England). The coated aortic sections
were imaged using the through-the-lens detector of a FEI
Nova NanoSEM 400 (FEI, Hillsboro, Oregon, USA) SEM
with an accelerating voltage of 5 kV. The length of D-periods
in the longitudinal images of collagen fibrils was measured
using ImageJ. D-period lengths were determined by aver-
aging at least five periods in a fibril and also by measuring
individual D-periods in each fibril. At least, n = 20 fibrils
were analyzed per mouse. The number of mice (nm), total

Table 3. Summary of Measurements of Various Parameters in the Adventitial Collagen in Murine Aorta.

Length of D-Period (nm)

Adventitia
Thickness (μm)

Fibril Diameter (nm)
[Average]
[(FWHM)] TEM SEM AFM

Depth of
D-Period (nm)

DDR1 KO – 56.6± 7.3 (8; 9047) Measured per 46.6± 2.3 (8; 198) 60.2± 2.1 (4; 70) 67.1± 3.4 (8; 44) 3.6± 0.6 (8; 43)
WT – 52.3± 8.7 (8; 8822) fibril 48.6± 1.0 (8; 219) 59.2± 1.9 (4; 77) 66.0± 1.9 (8; 44) 3.0± 0.4 (8; 42)

DDR1 KO 37.2± 1.2 (6) 18.2± 4.7 (8; 9047) Measured per 46.6± 2.1 (8; 1188) 58.4± 1.6 (4; 42) 67.5± 3.8 (8; 279) 3.6± 0.6 (8; 276)
WT 26.8± 5.1 (6) 18.1± 3.4 (8; 8822) D-period 48.5± 0.6 (8; 1314) 57.7± 1.1 (4; 41) 67.0± 1.8 (8; 253) 3.0± 0.4 (8; 251)

Means± SD are listed with number of mice (nm) and number of collagen fibrils (nf), or number of D-periods (np) in parentheses (nm; nf; or np).
Shaded cells = means are statistically significant (p< 0.05).
FWHM, full-width at half-maxima; TEM, transmission electron microscopy; SEM, scanning electron microscopy; AFM, atomic force microscopy;
DDR1, discoidin domain receptor 1; KO, knock-out; WT, wild-type.

Table 2. Primer Sequences Used for Genotyping Litters.

Target Primer Sequence (5′–3′ Direction)

Predicted
PCR

Product
Size (bp)

DDR1 Forward GTTGCGTTACTCCCGAGATG 159
Reverse AGACAATCTCGAGATGCTGG

Neo3a Forward GCAGCGCATAGCCTTCTATC 243
cassettea Reverse AGACAATCTCGAGATGCTGG

aPrimers target sequence containing portion of the inserted Neo3a cassette
and discoidin domain receptor 1 (DDR1).
PCR, polymerase chain reaction.
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number of fibrils (nf) analyzed, and mean values for length of
D-periods for each genotype are summarized in Table 3.

AFM
Aortic sections were prepared as described for SEM but used
without the metal coating. AFM imaging was performed
using the Multimode AFM equipped with a JV scanner and a
Nanoscope IIIa controller (Bruker Inc., Santa Barbara, CA,
USA). A reflected light module mounted over the AFM head
enabled laser alignment on the AFM probe and visualization
of the aortic section for AFM imaging. The adventitial and
medial regions could be easily distinguished using this
module. AFM imaging was performed in tapping mode in
ambient air using NSC15 cantilevers (Micromasch, Estonia)
with a nominal spring constant of 40N/m. Both height and
amplitude images were recorded at 512 lines/scan direction
with a scan speed of two lines per second and at a scan
angle of 0 degrees.

AFM probes were characterized for tip radius (Fig. S1)
by ascertaining the estimated tip diameter (ETD1) at a height
of 5 nm from the apex by using the tip-estimation module
and a polycrystalline titanium roughness sample available on
the Bioscope Resolve AFM equipped with a Nanoscope V
controller (Bruker Inc.). Our probes had an ETD1 range of
10–23 nm with an average value of 16.7± 5.6 nm and an
aspect ratio of 0.91± 0.16. The same AFM probe was
typically used to image sections from each KO/WT pair.
Interprobe variability was examined by testing three
different probes on the same region of the sample.

The length and depth of D-periodicity of collagen fibrils
in the adventitia were measured from AFM topographic
images using the WSxM software (Horcas et al., 2007). Only
fibrils oriented at identical angles (±15o) in AFM images of
each KO/WT pair were selected for analysis. The length and
depth of individual D-periods were ascertained by geometric
analysis as shown in Figure 2. At least five periods per fibril
and five fibrils per mouse were included in our analysis.
The length of D-period per fibril was also measured by
one-dimensional Fourier transform on the AFM amplitude
images, namely by manually tracing a line perpendicular to
the fibril bands and measuring the power spectrum density.
The number of mice (nm) and number of fibrils (nf) analyzed
using AFM are summarized in Table 3.

In Vitro Reconstituted Collagen
Collagen type I fibrils were reconstituted in vitro by incu-
bating monomeric collagen in neutral buffer conditions at
37 °C for 24 h in the presence or absence of recombinant
DDR1-Fc protein as previously described (Agarwal et al.,
2007). The source of collagen monomers was PurCol
collagen I (Advanced BioMatrix, San Diego, CA, USA), and
DDR1-Fc fusion protein was purchased (R&D Systems,
Minneapolis, MN, USA). The collagen fibrils, thus formed,
were immobilized on freshly cleaved mica, washed with
water, air-dried, and subjected to AFM imaging and analysis.

Statistical Analysis
The results for each parameter (adventitial thickness, fibril
diameter, FWHM, D-length, and D-depth) measured are
summarized in Table 3 and by box and whisker plots
indicating the overall mean, median, and percentiles (25 and
75%) for each genotype. The Student’s two-tailed t-test for
paired data was performed using Excel to determine
statistical significance between the two genotypes. For all
t-tests, approximate p-values are given, and a p-value< 0.05
was considered statistically significant.

RESULTS

Effect of DDR1 on Collagen Deposition
Descending thoracic aortas were fixed, paraffin embedded,
sectioned, and stained with Masson’s trichrome. Collagen
was observed as a near-contiguous blue staining in the
adventitia and as interspersed blue staining between the
elastic lamellae and smooth muscle cells in the media
(Figs. 3a, 3b). The thickness of the adventitial collagen layer
was significantly greater in DDR1 KO mice as compared with
WT (Fig. 3c; p = 0.039; Table 3). No significant difference in
the thickness of the media was observed between the two
genotypes (data not shown). The thicker adventitia in DDR1
KO aortas indicates an increased collagen deposition.

Effect of DDR1 on Collagen Fibril Diameter
Collagen fibril diameters were measured from fibril cross-
sections in TEM images. The majority of the adventitial layer

Figure 2. Schematic illustrating geometric analysis of collagen
fibril profiles from atomic force microscopy height images to
determine the length and depth of D-periodicity. This geometric
analysis accounts for fibril inclinations departing from the
horizontal plane. The lengths (a´, b´, and a, b) and angles (α1, α2),
corresponding to the width and height of an individual D-period
were directly measured using WSxM software. The segment c and
angle, α3, in red were calculated. The length of a D-period (bold
black line) was calculated using a´ and cosα1. The D-period depth
(bold blue line) was defined as the line perpendicular to D-period
length and extending up to the highest point in the
profile for the overlap. The depth was calculated as c sin α3.
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contained fibrils with circular cross-sections and relatively
homogeneous diameter distributions (Figs. 4a, 4b). Both
genotypes exhibited a subpopulation of larger and some-
times irregular cross-sections of collagen fibrils (Figs. 4c, 4d).
These regions were generally observed near the interface of

the media and adventitia and made up <10% of collagen
fibrils analyzed. Quantitative analysis revealed that the mean
collagen fibril diameter was larger in DDR1 KO as compared
with WT littermates, but the difference was not statistically
significant (p = 0.236; Table 3). We also fit the frequency
distributions for collagen fibril diameters to a Gaussian curve
and ascertained the FWHM for each mouse. No significant
difference was observed between the FWHMs of the two
genotypes (p = 0.95; Table 3). However, when we fit the
frequency distribution of the entire genotype to a Gaussian
curve, the DDR1 KO mice exhibited a narrower distribution
of fibril diameters compared with WT (data not shown) and
also a greater subpopulation of large (>75 nm) diameter
fibrils compared with WT. To evaluate whether differences
in fibril diameter distribution correlated with genotype, the
fibrils were classified into two groups according to diameter
(< or >50 nm) (Fig. 4e). The percent of fibrils with a size of
>50 nm in the DDR1 KO mice was 69%, whereas that in the
WT group was 56%. The KO mice had 13% more fibrils with
a size of>50 nm, and a χ2 test showed that this difference was
significant (p< 0.0001).

Effect of DDR1 on the Length of D-Period
D-period length in the collagen fibrils in the adventitia
was evaluated by AFM, SEM, and TEM imaging. The
characteristic D-period bands were exhibited in both
genotypes (Fig. 5). The mean values of D-period length per
fibril, determined via each imaging modality are shown as
boxplots and are also listed in Table 3. The length of
D-periods determined by TEM was significantly lower as
compared with AFM and SEM measurements. However, no
significant differences in the length of D-periods were
observed between the two genotypes using any of the ima-
ging techniques. Measurements of the length of individual
D-periods versus that per fibril also revealed no significant
differences among the two genotypes (Table 3), except for
the smaller TEM measurements (p = 0.045).

Effect of DDR1 on the Depth of D-Period
As another unique feature of the collagen ultrastructure, the
depth of the gap region (“groove”) in a D-period along the
collagen fibril was measured from AFM height images
(Fig. 6). The average depth of the D-period in DDR1 KO
(3.6± 0.6 nm) was higher than WT mice (3.0± 0.4 nm) and
the differences, although small, were statistically significant
(p = 0.030). To further ascertain the impact of DDR1 on
collagen fibril ultrastructure, AFM analysis was also
conducted on collagen fibrils reconstituted in vitro in the
presence or absence of recombinant DDR1-Fc. Collagen
fibrils lacking DDR1-Fc exhibited a distinct D-periodicity
and the depth of the gap region could be ascertained from the
AFM topographic images (Fig. 7; 1.6± 0.4 nm). In contrast,
the majority of fibrils formed in the presence of DDR1-Fc
exhibited a flat topography with no discernible banded
structure (Fig. 7).

Figure 3. Deletion of discoidin domain receptor 1 (DDR1)
enhanced collagen deposition in aortic adventitia. Masson’s tri-
chrome staining shows adventitial collagen (blue stain) in the
thoracic aorta from (a) wild-type (WT) and (b) DDR1 knock-out
(KO) mice. Brackets indicate the adventitial (red) and medial
(green) layers. c: The mean adventitial thickness for each geno-
type is displayed in boxplots. Average of the means is indicated
by a dot. The adventitial thickness for DDR1 KO aortas was
significantly greater than the WT (p = 0.039). Scale bar is 100 μm.
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The fibril orientation with respect to the fast-scan axis in
our AFM images was random for both in vivo and in vitro
samples. To rule out the effect of fibril orientation on
measured D-periods, we analyzed fibrils at a fixed fibril
orientation (±15°) for each WT/KO littermate pair. As
shown in Figure 8, the mean D-depth per fibril was higher
for DDR1 KO mice irrespective of fibril orientation for six
out of the eight pairs examined. The depth of D-periods of
in vitro created collagen fibrils was identical at the two
different fibril orientations measured. No significant

differences were observed in the depths of D-periods when
measurements were repeated using different probes from
the same lot on the same sample (supporting information).

DISCUSSION

DDR1 KO mice utilized in this study were generated by
homologous recombination (by replacing exons 1–3).
A similar approach (replacing exons 1–17) was used to

Figure 4. Collagen fibril diameter distribution in the mouse tunica adventitia. Representative transmission electron
microscopy images of typical collagen fibril cross-sections from (a) discoidin domain receptor 1 (DDR1) knock-out (KO)
and (b) wild-type (WT) are displayed. In addition to regular fibrils, both genotypes exhibited large irregular-shaped
collagen fibrils (c,d), which made up <10% of the total fibrils measured and were only observed near the adventitia-media
interface. Scale bar is 100 nm. e: Average percentage of fibrils in each diameter range across eight mice of each genotype.
The χ2 test showed that the percent of fibrils >50nm was significantly higher in the DDR1 KO mice (p< 0.0001).
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generate DDR1 KO mice by Vogel et al. (2001). Our studies
reveal that DDR1 KO mice have increased collagen deposi-
tion in the adventitia. These observations are consistent with
increased collagen deposition observed in the mammary
gland (Vogel et al., 2001) and in atherosclerotic plaques
(Franco et al., 2008, 2010) of DDR1 KOmice from the Vogel
model. It is interesting to note that despite sharing the same

binding location on collagen, the role of SPARC (secreted
protein acidic and rich in cysteine), another CBP, is contrary
to that of DDR1 in regulating collagen. Deletion of SPARC
reduces collagen deposition (Bradshaw et al., 2003), whereas
deletion of DDR1 increases collagen deposition. This may be
partly explained by the fact that even though DDRs and
SPARC share the same amino acid binding sequence on

Figure 5. Length of D-periods in collagen fibrils from discoidin domain receptor 1 (DDR1) knock-out (KO) mice
examined by atomic force microscopy (AFM), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). Representative AFM (amplitude), SEM, and TEM images of adventitial collagen fibrils from DDR1
KO and wild-type (WT) aortas are displayed. Higher magnification images are shown as insets. Boxplots are shown for
each imaging technique. Scale bar is 225 nm (inset scale bars are 100 nm).
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collagen (Giudici et al., 2008; Xu et al., 2011), they recognize
different chains of the collagen triple helix (Brondijk et al., 2012).

Multiple mechanisms may contribute to the increased
collagen deposition observed in DDR1 KO mice including
altered cell density, collagen synthesis, and collagen
fibrillogenesis. In our study, we did not observe a significant
difference in the number of adventitial fibroblasts between the
two genotypes (data not shown). Previous reports revealed that
collagen synthesis is affected by the expression of DDR1.
Studies using primary smooth muscle cells have shown that
messenger ribonucleic acid (mRNA) levels for collagen types I
and III were significantly higher in DDR1 KO cells compared
with WT cells (Franco et al., 2008; Roig et al., 2010).
Overexpression (by transient transfection) of DDR1 in human
smooth muscle cells induced a significant decrease in collagen
type I mRNA, which was accompanied by a similar decrease at
the protein level (Ferri et al., 2004). Further, our in vitro studies
have elucidated how DDR1 (and DDR2) expression inhibits
collagen fibrillogenesis (Blissett et al., 2009; Flynn et al., 2010).
Thus, the increase in adventitial collagen observed in the
DDR1 KO mice could be caused by DDR1 suppressing
collagen synthesis and/or fibrillogenesis.

Our fibril diameter analysis revealed a higher percentage
of larger collagen fibrils (>50nm diameter) in DDR1 KO
adventitia as compared with WT. This observation is con-
sistent with our studies where overexpression of DDR1 ECD
in cultured cells resulted in reduced fibril diameters (Flynn
et al., 2010). However, a milder effect of DDR1 on fibril dia-
meters was observed in vivo, as compared with our cell culture
studies. This could be due to the fact that the level of endo-
genous DDR1 present in WT murine aorta is not as high as
that in our DDR1 ECD transfected cells. This explanation can
be further affirmed by our previous study where the expres-
sion level of DDR2 ECD in cells inversely correlated with fibril
diameter (Blissett et al., 2009). Variation in adventitial
collagen fibril diameter has also been reported in mice lacking
other genes. These include an increased range of fibril
diameters in the biglycan KOmice (Heegaard et al., 2007), and
a higher percentage of larger fibrils inmice lacking collagen III
(Liu et al., 1997). Besides fibrils with circular cross-sections,
we also observed irregularly shaped collagen fibrils at the
adventitia-media interface in both the DDR1 KO and WT
mice. Irregular fibril cross-sections and collagen “flowers”
have also been observed in healthy human aorta media,

Figure 6. Increased D-period depth in collagen fibrils from discoidin domain receptor 1 (DDR1) knock-out (KO)
mice. Representative atomic force microscopy topographic images from the adventitia of DDR1 KO and wild-type
(WT) aortas show collagen fibrils. Section profiles, measured along the axis of the fibril, are shown next to the
corresponding image. Boxplots exhibit mean depth of D-periodicity for each genotype. Collagen fibrils from DDR1 KO
mice exhibited a significantly greater depth compared with WT (p = 0.030).
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particularly near the adventitia (Ishii & Asuwa, 1996;
Dingemans et al., 2000).

Our results show no difference in the mean length of
D-periodicity present in collagen fibrils from DDR1 KO
versus WTmice. These results are consistent with our earlier
in vitro observations where no changes in the length of

D-periods was found in collagen fibrils reconstituted in the
presence of recombinant DDR1-Fc (Agarwal et al., 2007) or
those formed by cells expressing DDR1 ECD (Flynn et al.,
2010). Our observations are consistent with recent reports
elucidating how the evolution of collagen has constrained
possible alterations in the length of D-periods in collagen fibrils
(Slatter & Farndale, 2015), and how the mean length
of D-periods is not significantly altered even in dis
eases characterized by collagen mutations (Wallace et al., 2011;
Erickson et al., 2013). Only one study has reported collagen
fibrils exhibiting a significant alteration in length of D-period
in vivo. The D-period length of collagen fibrils, isolated from
the tendon of TGFβ-inducible early gene-1 (TIEG1) KO mice
and measured by X-ray diffraction, was increased and corre-
lated with a higher disorder in packing of collagen molecules
(Gumez et al., 2010). Further studies will be required to
understand the conditions and mechanism(s) that may induce
alterations in the length of D-periodicity in collagen fibrils.

A marked shrinkage was observed in the length of
D-periodicity in our study when comparing different
imaging modalities. After glutaraldehyde fixation and air
drying, AFM imaging yielded D-periodicity values within
range of the standard D-period of 67 nm. After metal coating
for SEM, the mean collagen periodicity was decreased to
~60 nm. Furthermore, after ethanol dehydration and epoxy
resin embedding for TEM, collagen fibrils exhibited
a drastically reduced periodicity of ~47 nm. Such a marked
shrinkage in the observed D-periodicity for collagen fibrils in

Figure 7. Representative atomic force microscopy (AFM) topographic images of collagen fibrils reconstituted in the
absence and presence of discoidin domain receptor 1 (DDR1)-Fc. Collagen fibrils with DDR1-Fc exhibited no banded
structure or measurable D-period depth. Line profiles of a collagen fibril are displayed adjacent to the corresponding
AFM images. Scale bar is 200 nm.

Figure 8. Effect of fibril orientation on the D-period depth.
Fibrils from atomic force microscopy images were selected for
each wild-type/knock-out (WT/KO) littermate pair, which were at
identical orientations (±15°) for that set. WT/KO littermate pairs
are indicated by a gray line connecting the discoidin domain
receptor 1 KO (red circle) and the WT (blue circle). The fibril
D-depth is plotted as a function of the mean fibril orientation for
that pair. D-period depth from in vitro reconstituted collagen is
shown as black squares.
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soft tissue is likely due to dehydration and infiltration
procedures (Hulmes et al., 1981), and the specific fixative
and resin used for TEM samples (Akhtar, 2012).

The most characteristic feature of an altered
ultrastructure of collagen fibrils formed in the absence
versus presence of DDR1 was a change in the depth of the
D-periods (i.e., the difference in relative height of the gap
and overlap regions in a D-period). Our results show
a small but statistically significant increase in the depth of
D-periodicity in DDR1 KO adventitia collagen fibrils as
compared with their WT littermates. Consistent with these
results, in vitro reconstituted collagen fibrils in the presence
of recombinant DDR1-Fc had a negligible D-period depth.
These results are useful in understanding how the presence
of DDR1 resulted in a weakening of D-periodicity in our
earlier in vitro studies (Agarwal et al., 2007) employing TEM.
We postulate that the presence of DDR1 ECD during
collagen fibrillogenesis may affect the packing of collagen
molecules in the gap region of the microfibril and thus
reduce the relative height difference between the gap and
overlap regions. Our efforts to identify if DDR1 ECD
remains bound to collagen fibrils in vivo have not
been successful, thus far, with the currently available DDR1
antibodies and reagents. We also noted that, in our study, the
collagen fibrils reconstituted in vitro exhibited a smaller
D-period depth (1.6± 0.4 nm) as compared with collagen
fibrils from the WT murine aortic adventitia (3.0± 0.4 nm).
Previous reports revealed that D-period depth is dependent
on the specific environment in which the collagen fibrils are
formed. For instance, D-period depth in bovine (Yamamoto
et al., 1997) and human sclera (Yamamoto et al., 2002), and
in rat tail tendon (Baselt et al., 1993) was reported to be
~6 nm, whereas those in bovine (Yamamoto et al., 1997) and
human corneas (Yamamoto et al., 2002) were ~2–3 nm.

Taken together our results demonstrate that deficiency
of DDR1 results in increased collagen deposition accom-
panied by changes in collagen fibril ultrastructure in the
murine adventitia. Increased interstitial or perivascular
(adventitial) collagen deposition is found in cardiovascular
pathologies such as hypertrophic cardiomyopathy (Shirani
et al., 2000) or arterial remodeling (Durmowicz et al., 1994).
It is possible that alterations in the expression level of
collagen receptors like DDR1, along with changes in the
collagen ultrastructure, exist in these pathologies. An altered
collagen ultrastructure may also affect cell–matrix interac-
tions, matrix mineralization, and mechanical properties of
the underlying tissues. In this regard, it is interesting to note
that the proliferation and migration of smooth muscle cells
with/out DDR1 is noted to depend on the ECM micro-
environment (Franco et al., 2010). Further mineralization of
the ECM was directly correlated with expression of DDR1
in both in vitro (Flynn et al., 2010) and in vivo (Ahmad et al.,
2009) studies. Collagen fibrils formed in the presence
of DDR2 showed reduced persistence length (Sivakumar &
Agarwal, 2010). Characterizing the collagen fibril
ultrastructure may thus provide novel insights into
functional properties of the ECM.
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