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Abstract
Introduction—Bone morphogenetic protein 1 (BMP1) is part
of an extracellular metalloproteinase family that biosynthet-
ically processes procollagen molecules. BMP1-and tolloid-
like (TLL1) proteinases mediate the cleavage of carboxyl
peptides from procollagen molecules, which is a crucial step
in fibrillar collagen synthesis. Ablating the genes that encode
BMP1-related proteinases (Bmp1 and Tll1) post-natally
results in brittle bones, periodontal defects, and thin skin in
conditional knockout (BTKO) mice. Despite the importance
of collagen to cardiovascular tissues and the adverse effects
of Bmp1 and Tll1 ablation in other tissues, the impact of
Bmp1 and Tll1 ablation on cardiovascular performance is
unknown. Here, we investigated the role of Bmp1- and Tll1-
ablation in cardiovascular tissues by examining ventricular
and vascular structure and function in BTKO mice.
Methods—Ventricular and vascular structure and function
were comprehensively quantified in BTKO mice (n = 9) and
in age- and sex-matched controls (n = 9). Echocardiogra-
phy, cardiac catheterization, and biaxial ex vivo arterial
mechanical testing were performed to assess tissue function,
and histological staining was used to measure collagen
protein content.
Results—Bmp1- and Tll1-ablation resulted in maintained
hemodynamics and cardiovascular function, preserved biax-
ial arterial compliance, and comparable ventricular and
vascular collagen protein content.
Conclusions—Maintained ventricular and vascular structure
and function despite post-natal ablation of Bmp1 and Tll1
suggests that there is an as-yet unidentified compensatory
mechanism in cardiovascular tissues. In addition, these
findings suggest that proteinases derived from Bmp1 and

Tll1 post-natally have less of an impact on cardiovascular
tissues compared to skeletal, periodontal, and dermal tissues.

Keywords—Collagen, Arterial stiffness, Pressure–volume

loop, Mammalian tolloid, Elastic modulus.

INTRODUCTION

Members of a small family of structurally-similar
extracellular metalloproteinases, including bone mor-
phogenetic protein 1 (BMP1), mammalian tolloid
(mTLD), and tolloid-like 1 and 2 (TLL1, TLL2), are
broadly expressed in tissues and have roles in pro-
cessing procollagen molecules and other precursors of
various extracellular matrix (ECM) components.34,44

These BMP1/tolloid-related proteinases (BTPs) affect
a crucial step in fibrillar collagen synthesis: cleavage of
the carboxyl propeptide domain from procollagen
molecules.19,25 The genes that encode these proteinases
(Bmp1 for BMP1 and mTLD; Tll1 for TLL1) have
been individually knocked out in mice to investigate
the role of BTPs in tissues with abundant collagen.
Mice homozygous null for the Bmp1 gene were peri-
natal lethal while those null for the Tll1 gene were
embryonic lethal due to cardiovascular defects.8,41 To
prevent early mortality and allow postnatal study of
BTP-ablation, mice conditionally null for both Bmp1
and Tll1 were created. These mice are referred to as
BTKO mice. BTKO mice treated with tamoxifen at 4
and 5 weeks of age to induce the conditional knockout
have brittle bones with spontaneous fractures, peri-
odontal defects, thin skin, and reduced processing of
procollagen in these tissues at approximately 18 weeks
of age.33,34,52 Results from these studies indicate that
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proteinases derived from Bmp1 and Tll1 strongly im-
pact skeletal, periodontal, and dermal tissue function
and structure and are implicated in disease.

Cardiovascular tissues contain mostly fibrillar col-
lagen types I and III, which comprise approximately
25–55% of the ECM.35 Collagen has integral roles in
the cardiovascular system including interconnecting
cardiac cells, contributing to arterial and valvular
mechanical properties, and preventing excessive arte-
rial deformation at high pressures. Changes in collagen
accumulation and cross-linking are important to tissue
remodeling processes in healthy and diseased
states.3,17,31 Disruption of the balance between colla-
gen synthesis and degradation has been linked to car-
diovascular disease and ventricular dysfunction.3,9,39

Specifically with age and hypertension, collagen accu-
mulation contributes to arterial stiffening leading to
increased ventricular afterload, causing further stiff-
ening in a positive feedback loop.10,36,47,49

Despite the importance of collagen types I and III to
cardiovascular function and the adverse effects of
14 weeks of Bmp1 and Tll1 ablation in skeletal, peri-
odontal, and dermal tissues in adult mice, the conse-
quences of Bmp1 and Tll1 ablation on cardiovascular
structure and function have not yet been studied. Here,
we investigated the role of BTP-ablation in cardio-
vascular tissues by examining ventricular and vascular
structure and function in BTKO mice. We measured
cardiovascular function in adult BTKO mice after
14 weeks of Bmp1 and Tll1 ablation for consistency
with previous studies that found significant defects in
other tissues with identical treatment.33,34 Echocar-
diography, cardiac catheterization, and biaxial ex vivo
arterial mechanical testing were performed to assess
tissue function, and histological staining was used to
measure collagen protein content. Metrics of ventric-
ular and vascular structure and function were main-
tained in BTKO mice. Our results indicate that
cardiovascular structure and function were preserved
despite induced BTP-ablation.

MATERIALS AND METHODS

Animals

Male and female BTKO mice (n = 9) were generated
as described previously.34 Briefly, mice carrying the
Cre transgene, under the control of the ubiquitin C
promoter, were crossed with mice with a Bmp1flox/flox;
Tll1flox/flox background to produce BTKO mice
(Bmp1flox/flox; Tll1flox/flox; Cre). To ensure a global
knockout, the Cre trans Bmp1 and Tll1 sequences in
Cre-expressing mice were excised through administra-
tion of tamoxifen (Sigma, Life Science) via IP injection

at a concentration of 100 mg/kg body weight once per
day for five days at 4 weeks of age and again for 5 days
at 5 weeks of age. Male and female littermates lacking
the Cre transgene (Bmp1flox/flox; Tll1flox/flox) were used
as controls (n = 9), and tamoxifen was also adminis-
tered. Body weight (BW) was measured weekly. The
gene excision efficiency was measured by PCR using
genomic DNA from ear punch samples at ~ 12 weeks
of age, and mice were only included in analyses if the
gene excision efficiency was greater than 70%. Ven-
tricular function and arterial mechanics were tested at
approximately 18 weeks of age for consistency with the
age of mice and duration of Bmp1 and Tll1 ablation
with prior studies.33,34 The University of Wisconsin-
Madison Institutional Animal Care and Use Com-
mittee approved all procedures.

Echocardiography

Non-invasive metrics of cardiopulmonary function
were measured using echocardiography procedures as
previously described5 at 10, 14, and approximately
18 weeks of age, which correspond to 6, 10, and
14 weeks, respectively, after tamoxifen treatment to
activate the transgene. Measurements were made at
these time points to examine whether adverse cardio-
vascular events were evident at or before the duration
of Bmp1 and Tll1 ablation where defects were previ-
ously observed in other tissues. Measurements were
performed on an additional ten female mice (n = 5
controls; n = 5 BTKO) at 26, 30, and 34 weeks of age
to examine whether adverse phenotypes would occur
with longer durations of Bmp1 and Tll1 ablation.
Briefly, mice were anesthetized with isoflurane (1%)
while body temperature was maintained at 37 �C using
a heated pad. A 30-MHz transducer (RMV 707B, Vi-
sual Sonics, Toronto) was used to obtain 2D guided
M-mode and Doppler images in the left and right
ventricles (LV and RV, respectively). RV wall thick-
ness, mitral (MVE, MVA) and tricuspid (TVE, TVA)
valve velocities in early and late diastole, fractional
shortening (FS), and aorta (Ao) and pulmonary artery
(PA) diameters and ejection times (ET) were deter-
mined from images acquired over at least three con-
secutive heartbeats. LV wall thickness was estimated
using LV dimensions in diastole as previously
reported.5

Cardiac Catheterization

Surgical preparation and catheterization procedures
were based on established protocols.30,43 Anesthesia
was induced via urethane (1.8–2 mg/g BW) to main-
tain heart rate, and mice were intubated and placed on
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a ventilator (Harvard Apparatus, Holliston, MA).
Systemic blood pressures and heart rate (HR) were
continuously recorded using a pressure catheter (Mil-
lar, Houston, TX) placed in the aortic arch. Pressure–
volume loops for the LV and then RV were obtained
using a 1.2 F, 3.5 mm spaced, admittance catheter
(Scisense, London, Ontario, Canada) with software
(Notocord, Croissy Sur Seine, France) recording
waveforms at 1 kHz. Ventricular function was quan-
tified using established metrics including end-systolic
pressures, relaxation time (s), ejection fraction (EF),
maximum and minimum pressure derivatives (dP/
dtmax, dP/dtmin), cardiac index (CI; cardiac out-
put/body weight) stroke volume index (SVI; stroke
volume/body weight), arterial elastance (Ea), stroke
work (SW), ventricular compliance, and total vascular
resistance (TVR).

Hematocrit, Tissue Weights, and Tibia Length

Following cardiac catheterization, animals were
euthanized, and a blood sample was immediately
centrifuged to measure hematocrit (Hct). The atria,
ventricles, and lung lobes were weighed, and tibia
length was measured (TL).

Ex Vivo Biaxial Mechanical Testing

The descending thoracic aortas (DTA) were har-
vested and tested using a modified version of the iso-
lated vessel mechanical testing system previously used
in our group.22,29,51 To measure axial force during
vessel extension, a force transducer (400A, Aurora
Scientific) was added to the system and affixed to a 3-
stage micrometer (Parker, Hannifin Corporation,
Mayfield Heights, OH) for three dimensional control
of the distal cannula. Preliminary tests on aortas from
C57BL6 mice demonstrated a nonlinear axial force
response to axial stretch as expected from the litera-
ture.18

The DTA was submerged in PBS, cannulated, af-
fixed to the cannulas using suture ties, and the suture–
suture length was measured. The approximate in vivo
axial stretch (kiv) was experimentally determined by
increasing the pressure at a fixed axial stretch until the
force response was constant.20,48 The DTA was then
stretched to kiv, equilibrated at 90 mmHg for at least
30 min and preconditioned with at least three sinu-
soidal cycles at 0.014 Hz from 10 to 140 mmHg.29

Vessel outer diameter (OD) was measured at 5 mmHg
to approximate the no-load state. Static inflation test-
ing for the circumferential direction was performed by
measuring OD from 10 to 140 mmHg with 10 mmHg
increments for at least 30 s at each step. Axial pre-
conditioning was performed 3 times from k = 1 to kiv

at a rate of ~ 10 lm/s.1 Static extension testing for the
axial direction was then performed at 90 mmHg by
measuring axial force (F) at multiple axial stretch
values in increments of 0.1. Finally, dynamic testing
was performed at kiv to quantify viscoelastic properties
at physiologically relevant frequencies as done previ-
ously.22,51 Sinusoidal pressure waveforms from 90 to
120 mmHg at 1, 5, and 10 Hz were applied to each
vessel.

Analysis of Ex Vivo Arterial Mechanical Properties

The circumferential stretch ratio (kh) was calculated
using the diameter measured at each pressure (ODp)
and the reference diameter at 5 mmHg (OD5).

kh ¼
ODp

OD5
ð1Þ

The axial stretch ratio (kz) was calculated using the
stretched length (lL) and the suture–suture length (lo).

kz ¼
lL
lo

ð2Þ

Wall thickness (h) was calculated as a function of
pressure14,36 using the outer diameter (OD) and wall
thickness at the maximum pressure (ODmax and
hmax).

14,36

h ¼ 1

2
ODp �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

OD2
p �OD2

max þ ODmax � 2hmaxð Þ2
q

� �

ð3Þ

This analysis assumes arteries are homogenous and
incompressible, and the software tracks the arterial
wall using an algorithm that automatically detects
differences in pixel intensity between the arterial wall
and the lighter lumen and background. Experimental
2nd Piola–Kirchhoff stresses in the circumferential
(Sh ) and axial (Sz) directions were calculated using the
applied pressure (P), axial force (F), DTA inner radius
(ri), and DTA outer radius (ro).

Sh ¼
Pri

hk2h
ð4Þ

Sz ¼
Fþ Ppr2i

p r2o � r2i
� �

k2z
ð5Þ

Green strain (E) was calculated using the stretch in
each direction (h = circumferential; z = axial).

Ei ¼
1

2
k2i � 1
� �

; i ¼ h; z ð6Þ

Linear regression lines were fit to the total strain
range, low-, and high-strain regions of the S–E curve
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(Fig. 1) to determine overall, low-, and high-strain
moduli as previously done by our group.21,28,42,49

Transition strain was taken as the intersection of the
lines of best fit for the low- and high-strain regions
(Fig. 1). An extrinsic property, structural stiffness, was
determined in the circumferential and axial directions
from the slope of the pressure-circumferential stretch
and force-axial stretch relationships, respectively.
Arteries exhibit viscoelastic characteristics, so we cal-
culated a dynamicmodulus and arterial damping at each
testing frequency as previously done.22,53 Briefly, the
dynamic elastic modulus was calculated as the slope of
the best fit line to the stress–strain hysteresis loop gen-
erated by loading and unloading cycles. The energy loss
during a pressure cycle, the arterial damping, was cal-
culated as the ratio of dissipated to stored energy from
the resulting hysteresis loop. All mechanical properties
were calculated using a custom routine in MATLAB
R2016a (Mathworks, Natick, MA).

Histology

DTA and LV tissues were fixed in 10% formalin,
preserved in 70% ethanol, embedded in paraffin, and
then sectioned. Picrosirius red and Verhoeff van Gie-
son stains were used to measure the ECM pro-
teins collagen and elastin, respectively. An inverted
microscope (TE-2000-5, Nikon, Melville, NY) con-
nected to a Spot CCD camera (Optical Analysis Sys-
tems, Nashua, NH) was used for image acquisition.
The area containing ECM proteins was determined
using color thresholding schemes in representative
fields of view by an observer blinded to the experi-
mental condition.23,50 Percentage of ECM proteins was
calculated by dividing area marked positive for ECM
proteins by the total tissue area. Collagen types I and
III, which are major constituents in cardiovascular
tissues, were measured using polarized light with a
yellow/orange and green thresholding scheme as pre-
viously done in our group.21 We report collagen con-
tent as the sum of type I and type III collagen values
from the same sample.

Primary Cardiac Fibroblast Culture

Harvesting and culturing of primary cardiac
fibroblasts were conducted as previously described.27

For immunoblotting, cells were grown to 80–90%
confluence. Cells were then washed three times with
PBS to remove residual FBS before being serum
starved in DMEM supplemented with 10 lg/mL
TGFb (R&D), 100 lg/mL L-ascorbic acid (Sigma),
and 40 lg/mL soybean trypsin inhibitor (Sigma).

Twenty-four hours post starvation conditioned media
samples were collected and concentrated by centrifu-
gation filters (Millipore).

Western Blot

Concentrated conditioned cardiac fibroblast media
samples were used for immunoblotting. For probigly-
can and biglycan immunoblotting, samples were treated
with 2.5 mU Chondroitinase ABC (Sigma) at 37 �C for
4 hprior to immunoblotting.All sampleswere subjected
to SDS-PAGE, and then transferred to nitrocellulose
membranes, which were then blocked in 5% nonfat dry
milk supplemented with 1% BSA. Blots were probed
with anti-a1(I) (LF-68), anti-pro-a1(I) C-propeptide
(LF-41), anti-probiglycan (LF-104), and anti-biglycan
(LF-159)16; all diluted 1:1000. Secondary antibodies
used were IR800 conjugated anti-rabbit IgG (Li-Cor)
diluted 1:15000. Blots were visualized using an Odyssey
FC Imager (Li-Cor). All immunoblots were repeated
using 3 different BTKO and control samples.

Statistics

Data are reported as mean ± standard error.
Comparisons between control and BTKO tissues were
conducted using a student’s t test with a two-sided p-
value < 0.05 to indicate statistical significance. A re-
peated measures ANOVA was used for echocardiog-
raphy data at each time point. Model assumptions for
analyses were validated by examining normal proba-
bility plots. Tukey’s Honestly Significance Difference
method was utilized to control the type I error when
conducting multiple comparisons. All analyses were
conducted using R-software version 3.2.2 (R, Foun-
dation for Statistical Computing, USA) unless other-
wise specified.

RESULTS

Bmp1/Tll1 Ablation and Reduced Procollagen
Processing

PCR analysis of control and BTKO cardiac genomic
DNA showed excision of Bmp1 (Fig. 2a). Western
blotting showed reduced procollagen I C-propeptide
cleavage by cardiac fibroblasts of BTKO mice, as evi-
denced by higher levels of procollagen and pCa1(I)
chains (a processing-intermediate that retains the C
propeptide) and reduced amounts of free C-propeptide
(Fig. 2b). There was also reduced cleavage of pro-
biglycan into mature biglycan (Fig. 2c), another ECM
component cleaved by BTPs.40
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Body Weight, Hematocrit, Tibia Length, and Tissue
Weights

BTKO mice had reduced weight gain with time
compared with control mice as reported previously.34

Differences were statistically significant starting at
13 weeks of age (Fig. 3a). The reduced weight gains in
the BTKO mice continued in ten additional female mice
observed out to 34 weeks of age (Fig. S1). At the ter-
minal time point of ~ 18 weeks, the reduction in total
heart weight was proportional to the reduction in body
weight (Figs. 3b and 3c). Tibia length was smaller in
BTKO mice (Fig. 3d). Only LV + S and lung weight
normalized to BW were significantly larger in BTKO

mice (Table S1).

Hemodynamics and Cardiovascular Function

Systemic pressures and metrics of LV and RV
function were preserved in BTKO mice at ~ 18 weeks
of age (Tables 1, S2, S3). We investigated if adverse
phenotypes would be evident with age, but we found
that functional metrics were still preserved up to
34 weeks of age in females (Table S4).

Arterial Mechanics

The approximate in vivo axial stretch was experi-
mentally determined to be 1.54 ± 0.03 for control and
1.48 ± 0.02 for BTKO mice (p = 0.163). Using the
experimentally determined physiological pressure
range from catheterization (30–70 mmHg; Table 1),
biaxial arterial compliance was preserved in BTKO

mice as measured by elastic moduli and structural
stiffness in the circumferential and axial directions
(Fig. 4 and Tables 2, S5). Based on heart rates mea-
sured from catheterization (Table 1), dynamic prop-
erties were calculated at an approximate physiological
frequency of 10 Hz. Dynamic modulus and arterial
damping were not different between the groups at
physiological or sub-physiological frequencies
(Table S5).

Extracellular Matrix Content

Collagen content was assessed in the LV and DTA,
and elastin was assessed in the DTA. Collagen and
elastin content are expressed as a tissue area percentage
in the vessel wall from color thresholding. Collagen
and elastin content were comparable between the two
groups in the DTA (Figs. 6a and 6b; collagen:
p = 0.700; elastin: p = 0.428). Similarly, perivascular
fibrosis as measured by LV collagen content was
comparable between control and BTKO mice (Fig. 6c;
p = 0.285).

DISCUSSION

Based on the importance of fibrillar collagens to
cardiovascular tissue function and the adverse effects
of Bmp1- and Tll1 knockdown in skeletal, periodontal,
and dermal tissues, we investigated the impact of Bmp1
and Tll1 ablation in cardiovascular tissues. We found
that Bmp1 and Tll1 ablation resulted in maintained
hemodynamics and cardiovascular function (Tables 1,
S2–S4), preserved biaxial arterial compliance (Fig. 4
and Tables 2, S5), and comparable ventricular and
vascular ECM protein content (Fig. 6). The reduction
in absolute heart weight was proportional to the re-
duced body weight, indicating that there was not a

FIGURE 1. Stress-strain curves illustrating how the low- and
high-strain moduli and transition strain were calculated for
data obtained based on circumferential and axial testing
protocols. Eclow = circumferential low-strain modulus;
Echigh = circumferential high-strain modulus; Ezlow = axial
low-strain modulus; Ezhigh = axial high-strain modulus.

FIGURE 2. (a) Excision of Bmp1 in BTKO mice. (b) Western
blots, employing antibodies to the a1(I) chain C-telopeptide
(top blot) or C-propeptide (bottom blot), showing reduced
processing of procollagen (processing intermediates pC and
pN retain the C and N propeptides, respectively). There are
increased levels of pCa1(I) and reduced levels of free C-
propeptides in the BTKO sample. (c) Western blots, employing
antibodies specific to uncleaved pro-biglycan (top blot), or an
antibody that recognizes both pro- and mature biglycan
(bottom blot) showing reduced processing of pro-biglycan
and lower levels of mature biglycan in the BTKO sample.
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FIGURE 3. (a) BTKO mice (black squares) had reduced weight gain over time compared to control mice (white squares). Differ-
ences in BW were statistically significant starting at 13 weeks old. (b) Total heart weight was reduced in the BTKO mice (black bar)
compared with controls (white bar; p = 0.006), but (c) the total heart weight normalized to body weight was not significantly
different between the two groups (p = 0.052, indicating the reduction in cardiac muscle mass was proportional to the reduced body
weight. (d) Tibia length was reduced in BTKO mice (p = 0.012). *p < 0.05 vs. control. Sample size = 18.

TABLE 1. Hemodynamic and ventricular function measurements for control and BTKO mice.

Control BTKO p-value

Systemic pressure

Systolic (mmHg) 67 ± 6 60 ± 2 0.319

Diastolic (mmHg) 39 ± 5 33 ± 2 0.285

Pulse (mmHg) 27 ± 2 27 ± 1 0.946

LV and systemic circulation

Systolic pressure (mmHg) 49 ± 4 46 ± 4 0.514

s (ms) 7 ± 1 9 ± 1 0.167

EF (%) 54 ± 4 52 ± 6 0.776

CI (lL/min g) 371 ± 32 408 ± 53 0.563

TVR (mmHg min/lL) 9 10�3 5.0 ± 0.6 6.3 ± 0.5 0.118

Compliance (lL/mmHg) 0.42 ± 0.06 0.36 ± 0.03 0.326

HR (beats/min) 544 ± 15 479 ± 33 0.104

RV and pulmonary circulation

Systolic pressure (mmHg) 21 ± 1 21 ± 2 0.963

s (ms) 6 ± 1 9 ± 2 0.207

EF (%) 54 ± 6 43 ± 6 0.219

CI (lL/min g) 373 ± 60 332 ± 46 0.601

TVR (mmHg min/lL) 9 10�3 2.3 ± 0.5 3.1 ± 0.5 0.319

Compliance (lL/mmHg) 0.95 ± 0.21 0.80 ± 0.16 0.606

HR (beats/min) 538 ± 8 458 ± 35 0.062
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relative drop in cardiac muscle mass (Fig. 3a–3c). Our
results indicate that cardiovascular function and
structure are preserved even though (i) Bmp1 was ex-
cised in the heart (Fig. 2a), (ii) reduced procollagen
and pro-biglycan processing by cardiac fibroblasts in
the BTKO hearts was observed (Figs. 2b and 2c), and
(iii) maladaptive effects in other tissues have been
reported due to Bmp1 and Tll1-ablation.33,34,52

The preservation of cardiovascular tissue function
in contrast to other tissues may be attributed to partial
functional compensation by other extracellular pro-
teinases. Similar to the functional redundancy between
Bmp1- and Tll1-derived protein products,8,34 we spec-
ulate that protein products from the related gene Tll2
may be capable of, to some extent, functionally sub-
stituting for Bmp1 and Tll1-derived protein products in

adult cardiovascular tissues. Regardless of the com-
pensatory mechanism, it appears to be inactive
embryonically, since mice homozygous null for Tll1
had significant cardiovascular defects and were
embryonically lethal.8,41 The ability of Tll2-derived
protein products to compensate for absent Bmp1- and
Tll1-derived protein products warrants further inves-
tigation. Other possible compensators for lost BTP
function are the more distantly related extracellular
meprin metalloproteinases, which have recently been
implicated in procollagen biosynthetic processing.38

The absence of BTKO cardiovascular dysfunction
may also relate to a lower turnover of the collagenous
ECM in cardiovascular tissues under normal, un-
stressed, conditions. Since aging causes tissue remod-
eling and increases the risk of cardiovascular disease

FIGURE 4. (a) Pressure-circumferential stretch values using data from the estimated in vivo range (30-70 mmHg). Both the control
and BTKO data in this range exhibit a high degree of linearity (R2 > 0.9). (b) Circumferential stress–strain values using data from the
estimated in vivo range. The moduli determined from the slope of this curve were not significantly different between control and
BTKO mice (see Tables 2, S5). (c) Axial force-stretch values and (d) axial stress–strain values for control and BTKO mice. The moduli
determined from the slope of this curve were not significantly different between control and BTKO mice (see Tables 2, S5). Sample
size = 14.

TABLE 2. Experimental metrics of arterial stiffness in control and BTKO mice.

Control BTKO p-value

Circumferential properties

Elastic modulus (kPa) 76 ± 18 79 ± 21 0.900

Structural stiffness (kPa) 32 ± 7 34 ± 9 0.813

Axial properties

Elastic modulus (kPa) 24 ± 5 30 ± 3 0.365

Structural stiffness (kPa) 8 ± 3 12 ± 2 0.256
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development,10 we measured function in ten additional
female mice at several time points (26, 30, and
34 weeks old) until they were approximately twice as
old as the other mice studied here and in previous re-
ports. However, our data in female mice up to
34 weeks of age suggest preserved cardiovascular
function despite a continued reduction in body weight
compared to controls (Fig. S1 Table S4).

Administration of tamoxifen may have provided
some degree of a systematic protection for the car-
diovascular system. Experimentally, tamoxifen
administration has attenuated dilation in abdominal
aortic aneurysms, reduced LV hypertrophy secondary
to lower blood pressure, and decreased accumulation
of collagen in the LV due to abdominal aortic con-
striction and isoproterenol treatment.24,37 However,
other experimental studies report tamoxifen adminis-
tration had negligible or detrimental effects on the
vasculature and ventricles. Specifically, blood pressure
and heart rate were unaffected due to tamoxifen
administration.32 In contrast, tamoxifen administra-

tion impaired vasorelaxation in rats and adversely af-
fected cardiac myocyte contraction and relaxation in
mice.2,32 Clinically, results from tamoxifen adminis-
tration have been limited to studies of post-menopau-
sal women, and conflicting results have been
reported.7,13 The reason for these conflicting results
may be differences in species, age, dosage amounts, or
chronic versus acute administration.

Body weight and cardiac muscle phenotypes
observed here are consistent with previous reports
from BTKO mice. The reduced weight gain in BTKO

mice (Fig. 3a) was consistent with phenotypes reported
previously.34 The shorter tibia length (Fig. 3d) is
comparable to the shorter femur found previously, and
these results are indicative of the impaired skeletal
growth and shorter overall mouse length.34 Here, the
reduction in cardiac muscle mass and its proportional
reduction to body weight (Figs. 3b and 3c) is compa-
rable to the reduced skeletal muscle mass reported
previously.34 It is unknown if the reduction in skeletal
muscle mass found previously was associated with

FIGURE 5. (a) Representative force-pressure relationship at multiple axial stretch values from a BTKO (in vivo, black dotted line;
5% above in vivo, gray line; 5% below in vivo, black solid line; showing the experimental procedure to verify the in vivo axial
stretch. (b) Representative cyclic pressure input (top panel) and diameter (middle panel) and axial force (bottom panel) responses
at 10 Hz. (c) Plot of pressure-circumferential stretch to show the estimated in vivo pressure range used to determine mechanical
properties. The mechanical response of both the control and BTKO groups are similar up to pathophysiological pressures of
140 mmHg. Sample size = 14.
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impaired skeletal muscle function. Based on our find-
ings of maintained relative cardiac muscle mass and
maintained cardiac function, we speculate that the
BTKO mice have maintained skeletal muscle function
based on maintained relative skeletal muscle mass.

Due to vessel retraction upon excision, arteries were
stretched axially ex vivo to approximate the in vivo
stretch. Axial stretch is reduced in response to
increased loading,11,46 so we ensured that all vessels
from each group were tested at the in vivo axial stretch
to prevent axial stretch contributing to circumferential
stiffness.26 Since pressure and afterload did not in-
crease in BTKO mice (Tables 1, S2), we expected the
in vivo axial stretch to be preserved in BTKO mice. All
descending thoracic aortas were found to have an
approximate in vivo axial stretch between 1.4 and 1.6,
which is within the range of previously reported axial
stretch values (1.3–1.8) from the systemic vasculature
of mice.4,11,48 A representative force-pressure rela-
tionship at multiple axial stretches for one DTA
illustrates the method used to obtain kiv (Fig. 5a) as
shown previously.15 Testing at the in vivo axial stretch
is energetically advantageous since the artery will the-
oretically do no axial work during a cyclic inflation.
Here, we show this experimentally as evident from
minimal changes in axial force during dynamic sinu-
soidal pressure cycles at kiv (Fig. 5b).

Most parameters used to quantify arterial stiffness
are linear approximations of non-linear characteristics
in non-physiological conditions. Here we examined
multiple moduli in a pressure range encompassing
physiological and pathological conditions using ex vivo
loading. Catheterization of the aortic arch revealed
systemic blood pressures in the range of ~ 30–
70 mmHg (Table 1). While these pressures are lower
than commonly reported,6,12 the pressure-circumfer-
ential stretch data illustrate that this range encom-
passes the transition region for both groups in which
elastin and collagen dominate load-bearing in the low-
and high-stretch regions, respectively (Fig. 5c).
Mechanical data in the estimated in vivo pressure range
(data between the Systolic and Diastolic lines in Fig. 5c
and data illustrated in Fig. 4a) had a very strong
positive linear fit (R2 > 0.9 for control and BTKO

mice). Using the same in vivo range to convert pressure
to stress and stretch to strain, the circumferential
stress–strain curve also had a very strong positive lin-
ear fit (R2 > 0.9 for control and BTKO mice; Fig. 4b),
resulting in similar low-strain, high-strain, and total-
strain moduli (Tables 2, S5). Above this pressure
range, the circumferential mechanical behavior
between genotypes was also similar (Fig. 5c). The axial
force-stretch and corresponding axial stress–strain
data exhibited non-linear behavior (Figs. 4c and 4d),

FIGURE 6. Comparison between (a) aorta collagen content, (b) aorta elastin content, and (c) LV collagen content in control and
BTKO mice. Sample size = 8.
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and the moduli values determined from the axial
stress–strain curve were not significantly different
between the control and BTKO mice (Tables 2, S5).

Systemic arterial stiffness has long been associated
with elevated pressures, so we expected preserved
vascular compliance between control and BTKO mice
based on comparable systolic and pulse pressures
(Table 1). From static mechanical tests, we observed
comparable metrics of arterial stiffness in the circum-
ferential and axial directions (Tables 2, S5). The DTA
was stiffer in the circumferential compared to the axial
direction as expected from previous studies.21,45 From
dynamic mechanical tests, we observed comparable
dynamic modulus and arterial damping values between
the two groups (Table S5), indicating that arterial
conduit and buffering functions were unimpaired due
to Bmp1 and Tll1 ablation. Preserved arterial and
ventricular compliance were expected based on the
comparable ECM protein content between groups
(Fig. 6). The ventricular afterload Ea is dependent on
both vascular compliance and resistance; the preser-
vation of Ea in BTKO mice is consistent with the ex vivo
arterial mechanical testing results (Tables 2, S5).

Limitations

We assessed the regulation of arterial stiffness by
collagen proteins, but vascular smooth muscle cells
(SMC) also regulate arterial stiffness. We tested
mechanical properties in the absence of SMC activa-
tion using Mg2+/Ca2+-free physiological buffer solu-
tion to distinguish contributions of collagen and elastin
to mechanical properties from those of active SMC.
We combined the male and female results to isolate the
effect of the double gene knockout since we found
similar trends in cardiovascular structure and function,
and results from skeletal tissues were previously shown
to be similar between the two sexes.34 Tamoxifen may
impart beneficial effects on the cardiovascular system,
but tamoxifen administration was necessary for com-
parison between control and BTKO groups. Only one
control group was used; administering tamoxifen to
mice without the floxed genes would have been a sec-
ond appropriate comparison group. The mechanical
analysis used here assumes the arteries are single lay-
ered homogenous tissues. Finally, we investigated
cardiovascular function in these mice without an
external stressor (i.e. hypoxia, angiotensin infusion,
etc.) since abnormalities were found in other tissues
from the knockout alone. The combination of a
stressor with ablation of BMP1-related proteinases
could reveal clinically relevant pathophysiology and is
an important direction for future work.

CONCLUSION

In summary, despite the importance of fibrillar
collagens to cardiovascular tissue function, cardiovas-
cular function and structure are preserved after in-
duced ablation of genes encoding for BMP1-related
proteinases. This finding, together with the finding of
decreased procollagen processing by BTKO cardiac
fibroblasts, suggests that there is an as-yet unidentified
post-natal compensatory mechanism in cardiovascular
tissues due to Bmp1 and Tll1-ablation.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (https://doi.org/10.
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material, which is available to authorized users.
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