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Abstract
Osteogenesis imperfecta (OI) is a rare heritable connective tissue disorder of skeletal fragility with an incidence of roughly 
1:15,000. Approximately 85% of the pathogenic variants responsible for OI are in the type I collagen genes, COL1A1 and 
COL1A2, with the remaining pathogenic OI variants spanning at least 20 additional genetic loci that often involve type I 
collagen post-translational modification, folding, and intracellular transport as well as matrix incorporation and mineraliza-
tion. In addition to being the most abundant collagen in the body, type I collagen is an important structural and extracellular 
matrix signaling molecule in multiple organ systems and tissues. Thus, OI disease-causing variants result not only in skel-
etal fragility, decreased bone mineral density (BMD), kyphoscoliosis, and short stature, but can also result in hearing loss, 
dentinogenesis imperfecta, blue gray sclera, cardiopulmonary abnormalities, and muscle weakness. The extensive genetic 
and clinical heterogeneity in OI has necessitated the generation of multiple mouse models, the growing awareness of non-
skeletal organ and tissue involvement, and OI being more broadly recognized as a type I collagenopathy.
This has driven the investigation of mutation-specific skeletal and extra-skeletal manifestations and broadened the search of 
potential mechanistic therapeutic strategies. The purpose of this review is to outline several of the extra-skeletal manifesta-
tions that have recently been characterized through the use of genetically and phenotypically heterogeneous mouse models 
of osteogenesis imperfecta, demonstrating the significant potential impact of OI disease-causing variants as a collagenopathy 
(affecting multiple organ systems and tissues), and its implications to overall health.
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Abbreviations
OI  Osteogenesis imperfecta
BMD  Bone mineral density
EDS  Ehlers-Danlos syndrome
OMIM  Online Mendelian Inheritance in Man
WT  Wild type

FEV  Forced expiratory volume
FVC  Forced vital capacity
ER  Endoplasmic reticulum
Fmax  Maximum circumferential breaking strength
IEM  Incremental elastic modulus
TEM  Transmission electron microscopy
CSA  Cross-sectional area
ETC  Electron transport chain
FDL  Flexor digitorum longus

Introduction

Osteogenesis imperfecta (OI) is a rare heritable connec-
tive tissue disorder of skeletal fragility with an incidence of 
roughly 1:15,000 [1]. Despite initially clinically character-
ized in 1835, only through recent advances in molecular 
biology and genomic sequencing, researchers have estab-
lished that approximately 85% of the pathogenic variants 
responsible for OI are in the type I collagen genes, COL1A1 
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and COL1A2 [2–4]. Mutations in these genes primarily 
impact type I collagen structure and/or quantity [3]. The 
remaining pathogenic OI variants span at least 20 additional 
genetic loci that often involve post-translational modifica-
tion, folding, and intracellular transport of type I collagen 
as well as matrix incorporation and mineralization (Table 1)
[1]. In the past 180 years since the discovery of OI, the pri-
mary clinical research focus has been to alleviate skeletal 
fragility and its related complications [2, 5]. While there 
is no cure for OI, many of the current treatment strategies 
rely primarily on the use of anti-resorptive bone therapeutics 
(bisphosphonates) and surgical rodding to reduce fractures, 
stabilize bone, and improve quality of life [4, 5].

Type I collagen is an important structural and extracel-
lular matrix signaling molecule in multiple organ systems 
[5]. Type I is the most abundant collagen in the body and 
is normally present as a heterotrimer of two α1(I) chains 
and one α2(I)chain, [α1(I)2α2(I)] [5]. OI disease-causing 
variants result not only in skeletal fragility, decreased bone 
mineral density (BMD), kyphoscoliosis, and short stature, 
but can also result in hearing loss, dentinogenesis imper-
fecta, blue gray sclera, cardiopulmonary abnormalities, and 
intrinsic muscle weakness [5]. The growing awareness of 
non-skeletal organ and tissue involvement has recently led to 
broader considerations of OI as a type I collagenopathy [6].

Clinically the most extensively used OI classification still 
remains the Sillence classification (types I-IV), accompanied 
by the addition of type V, even though there are additional 
classifications based on genetic heterogeneity [4, 7]. Type 
I OI is the mildest and results in a non-deforming skeletal 
presentation that represents 46–71% of individuals [8]. Type 
II OI is the most severe form (perinatal lethal) and occurs in 
12% of cases [8]. Type III OI occurs in 12–28% of patients 
and is the most severe viable form, exhibiting severe skeletal 
fragility and often an inability to ambulate [8]. The remain-
ing 12–28% of patients exhibit type IV OI, which is het-
erogeneous with an intermediate severity between types I 
and III, while type V OI (~ 2–5% of cases) is unique in its 
progressive calcification abnormalities [8].

The extensive genetic and clinical heterogeneity in OI 
has necessitated multiple mouse models to recapitulate type 
specific OI manifestations of the patient population (Table 1) 
[5, 9, 10]. This has driven the field to investigate mutation-
specific skeletal and extra-skeletal manifestations, as well 
as potential mechanistic therapeutic strategies. The purpose 
of this review is to highlight OI as a collagenopathy with a 
focus on specific OI mouse models which have revealed and 
helped characterize the non-skeletal manifestations in OI 
and their impact on health (Table 1 and Fig. 1).

OI Mouse Models

Proα1(I)Collagen (Col1a1)

BrtlIV mouse: The most common type I collagen structural 
pathogenic variants in the OI patient population are glycine 
substitutions in the type I collagen ⍺ chains [1]. Mouse mod-
els with these specific genetic defects are critical for under-
standing pathogenic variation. The Brittle IV or BrtlIV mouse 
contains a glycine to cysteine substitution at amino acid 349 
in the Col1a1 gene, reproducing a specific COL1A1 variant 
found in a pediatric patient with type IV OI [11]. This knock-
in model was generated using a Cre/lox system and exhibits 
the skeletal manifestations of type IV OI including rib cage 
deformity, thin hindlimb bones, and poor bone mineraliza-
tion[11]. The Brtl model presents with phenotypic variability 
(including perinatal lethality); however, most studies are con-
ducted on the BrtlIV mouse which models moderately severe 
type IV OI [5, 10].

Aga2 mouse: The Aga2 model was originally identified 
by its abnormal gait related to hindlimb skeletal deformities 
[12]. This mouse model results from a splice-site mutation 
within intron 50 of the Col1a1 gene, causing a frameshift 
which adds 16 additional nucleotides to the mRNA transcript, 
subsequently extending the protein another 90 amino acids 
[12]. Like the Brtl mouse, the heterozygous Aga2 mouse 
exhibits variable expressivity and models two distinct pheno-
types; the Aga2mild, which is most similar to human type III/
IV OI and survives to adulthood, and the Aga2severe, which 
is perinatal lethal with heart and lung tissue dysfunction as 
the primary cause of death [12]. Aga2mild mice account for 
approximately 66% of heterozygous mice and have long bone 
fractures, reduced body size, and decreased bone mineral den-
sity (BMD), while the Aga2severe mice have thin calvaria, sco-
liosis, long bone bowing, and lethal non-skeletal phenotypes 
(described in further detail below) [12].

Col1a1Jrt/+ mouse: The Col1a1Jrt/+ mouse models both type 
IV OI and Ehlers-Danlos syndrome (EDS, a connective tissue 
disorder primarily affecting skin, joints, and blood vessels), 
leading to phenotypic overlap of these two collagenopathies 
[13]. The Col1a1Jrt/+ mouse is most commonly maintained on 
the FVB congenic mouse background and has a single nucleo-
tide substitution which leads to the skipping of exon 9 and 
deletion of 18 amino acids within the N-terminal domain of 
Col1a1 [13]. The Col1a1Jrt/+ mouse is characterized by low 
BMD and the propensity to fracture, features common to OI, 
as well as clinical features similar to EDS such as fragile skin 
and tendon dysfunction [13].
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Proα2(I)Collagen (Col1a2)

Oim mouse: The osteogenesis imperfecta murine (oim) 
model, originally identified in 1993, is one of the most thor-
oughly characterized OI mouse models [14]. The oim mouse 
models both mild type I OI in its heterozygous (+ /oim) form 
and moderate to severe type III OI in its homozygous (oim/
oim) form [14, 15]. The oim mouse has a spontaneous nucle-
otide deletion in the Col1a2 gene that results in a frameshift 
leading to alteration of the last 48 amino acids of the carbox-
yterminal end of the proα2(I)collagen chain, and thus, the 
proα2(I)collagen chain is unable to associate with proα1(I)

collagen chains [14]. The oim mouse is unique from other OI 
mouse models as it produces homotrimeric type I collagen 
[α1(I)3] [14]. Oim/oim mice have a severe bone phenotype 
characterized by high fracture rate, long bone bowing, and 
kyphosis, as well as overall reduced body size [14].

G610C mouse: The G610C (Amish) mouse was gener-
ated to reproduce the glycine to cysteine substitution of a 
COL1A2 OI variant found in an Old Order Amish kindred 
[16]. Homozygous (G610C/G610C) mice have type II peri-
natal lethality, while heterozygous (+ /G610C) mice repre-
sent mild to moderate human type I/IV OI [16]. + /G610C 
mice have reduced BMD, are slightly smaller in size with 

Fig. 1  The non-skeletal manifestations of osteogenesis imperfecta mouse models described in this review are indicated by organ/tissue above the 
line (grouped by genetic loci). Below the line is OI mouse models that have not been described for each system
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an increased frequency of spontaneous fractures compared 
to their WT littermates [16].

Non‑Collagen Mouse Models

Outside of the classic type I collagen variants, there are sev-
eral OI-causing gene loci impacting collagen processing, 
trafficking, post-translational modifications, and mineraliza-
tion as indicated by Table 1 [1]. Although type I collagen 
mutations and other OI-causing variants are clinically simi-
lar, they provide unique insight into the pathogenic mecha-
nisms contributing to OI and promise to give rise to novel 
therapeutic targets and approaches for treatments [1, 10].

Crtap−/− mouse: The cartilage-associated protein null 
mouse (Crtap−/−) is one of the most extensively studied non-
type I collagen autosomal recessive OI mouse models gener-
ated [17]. Crtap is necessary in the prolyl 3’-hydroxylation 
of a single substrate proline residue (986), which occurs in 
the triple helical domain near the carboxy terminus of type 
I procollagen [17]. The loss of prolyl hydroxylation leads 
to slowing of trimer formation and post-translational over-
modification of type I collagen, generating a more severe 
clinical phenotype, type VII OI [Table 1, Online Mendelian 
Inheritance in Man® (OMIM) nomenclature] [18]. Human 
type VII OI is characterized by progressive and severe 
kyphosis, shortening of the long bones, and osteopenia [17].

Non‑Skeletal Manifestations in Osteogenesis 
Imperfecta Mouse Models

Lung (pulmonary)

Although respiratory complications are the leading cause of 
death in OI patients, the presence of scoliosis was thought to 
be the major contributor to the pulmonary dysfunction [19, 
20]. However, recent studies have shown that OI patients 
with zero to low grade scoliosis also exhibit intrinsic lung 
pathophysiology [21, 22]. Perinatal lethality in type II 
patients has been attributed to severe lung dysfunction, but 
only recent studies have begun to investigate the relation-
ship between type I collagen mutations and pulmonary com-
plications [23, 24]. Studies in mouse models have revealed 
emphysema-like alterations regardless of OI severity con-
tributing to the clinical lung heterogeneity [22, 25–28].

Two Col1a1 mouse models, Col1a1Jrt/+ and Aga2, have 
been evaluated for potential pulmonary complications 
[22, 25]. Pulmonary morphology was evaluated histologi-
cally in 14-week-old Col1a1Jrt/+ mice and was found to 
have increased alveolar airspace compared to their wild-
type (WT) counterparts [25]. Diaphragm mass differences 
were also found in Col1a1Jrt/+ mice with a 28% decrease 
in diaphragmatic thickness and reduced myofiber numbers 
contributing to the decrease in the diaphragmic specific 

force generation (force normalized to diaphragm muscle 
strip cross-sectional area) [25]. The Aga2 mouse subtypes, 
Aga2mild and Aga2severe, are distinguishable by 6–11 days 
post-birth and have differing lung pathologies. While the 
Aga2mild mouse lung appeared morphologically normal, the 
Aga2severe mouse exhibited alveolar bleeding throughout the 
lung [22]. The Aga2severe mouse also presented with a 44% 
reduction in arterial oxygen content, concomitant with a 
40% increase in arterial carbon dioxide content, and a 61% 
decrease in oxygen saturation (hypoxia) levels compared 
to WT counterparts [22]. There is a positive correlation in 
lung phenotype severity, skeletal severity, and lethality in 
the Aga2severe mice who have more advanced bone and lung 
alterations than Aga2mild mice [22].

At 3–4 months of age, male Col1a2 oim/oim mice exhibit 
increased lung volumes relative to their body weight with 
increased alveolar space, decreased alveolar number, and an 
emphysema-like phenotype similar to that seen in the Col1a-
1Jrt/+ model [27]. Male oim/oim mice also had increased 
lung resistance and elasticity leading to a decrease in over-
all respiratory compliance, measured via forced oscillation 
[27]. Lung volume respiratory properties were evaluated by 
pressure–volume curves, and male and female oim/oim mice 
exhibited increased inspiratory capacity, total lung capacity, 
and vital capacity when normalized to body weight com-
pared to WT controls [27]. However, only male oim/oim 
mice showed significantly increased expiratory reserve vol-
ume (normalized to body weight) compared to WT [27]. As 
seen in other tissues and organ systems of the oim model, 
the + /oim mice exhibit fewer differences when compared to 
WT littermates, whereas oim/oim mice are more severely 
impacted [15, 29]. The oim model also presents with sex dif-
ferences, whereby male oim/oim are generally more severely 
impacted than female oim/oim mice [14, 27].

The mild to moderate Col1a2 + /G610C mouse model has 
minimal lung dysfunction with no differences in respiratory 
mechanics regardless of sex, but morphological differences 
have been identified with male + /G610C mice presenting 
with decreased alveolar number [27]. Whereas, female + /
G610C mice have similar emphysematous-like findings as 
seen in other OI mouse models as indicated by increased 
alveolar space and decreased alveolar number [27]. This 
mild lung involvement in the + /G610C mouse correlates 
with its milder musculoskeletal pathophysiology [16, 30].

The Crtap−/− OI model had increased cellular prolifera-
tion in the lung at 10 days post-birth as well as increased 
alveolar airway space and thinning of the alveolar walls, 
which was even more pronounced at 5–9 months of age 
[26, 31]. As seen in  Col1a1Jrt/+ and oim/oim mice, the 
Crtap−/− mouse lung appears emphysematous like, sug-
gesting that this phenotypic recapitulation is consistently 
related to improper matrix formation and may occur in 
patients as well [28]. Similar to the oim/oim mouse, the 



 T. K. Crawford et al.

Crtap−/− presented with increased resistance in both sexes 
[27, 28]. Lung function in the OI patient population has been 
found to be restrictive, which is potentially mirrored in the 
Crtap−/− mouse as shown by reduced forced expiratory vol-
ume  (FEV0.1) and vital capacity (FVC), but an unchanged 
 FEV0.1/FVC ratio [27, 31].

As a generalization, regardless of gene loci and muta-
tion position, the mouse models of OI investigated, thus, far 
exhibit some level of lung pathology which positively cor-
relates with increasing pathogenic musculoskeletal severity 
and overall pulmonary dysfunction [22, 27]. Most models 
present with a phenotype closely correlated to emphysema-
like parameters, which has also been seen in OI patients 
[24, 32]. Sex-related differences occurred in at least three 
of the models studied (oim, + /G610C and Crtap−/−), while 
other studies did not report the sex of the mice [22, 27, 28]. 
Other models such as the BrtlIV have also reported respira-
tory distress in their perinatal lethal populations [11]. These 
results taken together strongly support that OI pathogenic 
variants exhibit some degree of intrinsic lung dysfunction 
and patients should be monitored [22, 27].

Heart

Type I collagen is the most abundant component of the 
extracellular matrix in the heart, especially in the septum, 
valves, and the aorta [33]. Cardiac complications are thought 
to be the second leading cause of death in OI with valvu-
lar complications common in the patient population [19, 
34]. However, the pathogenic mechanisms are still largely 
unknown. A brief statement indicates Col1a1Jrt/+ mice at 
20–25 weeks of age were found to have myocardial hypertro-
phy at necropsy, but there have been no reports with regard 
to function [13]. Transthoracic doppler echocardiography 
showed that Aga2severe Col1a1 mouse hearts at 6–11 days 
post-birth exhibited thickened intraventricular septa and 
right ventricular hypertrophy [13]. This is correlated with 
increased left ventricular end systolic diameters, decreased 
ejection fraction, and decreased fractional shortening indi-
cating altered ventricular structure and cardiac dysfunction 
[22]. The myocardium in this model presented with disor-
dered cytoplasm and changes in the endoplasmic reticulum 
(ER) and golgi apparatus by scanning electron microscopy 
(SEM) [22]. The cardiac fibroblasts from the Aga2severe mice 
exhibited decreased expression of Col1a1 by quantitative 
real-time PCR (qRT–PCR) and production of type I collagen 
intracellularly and in the extracellular matrix by immuno-
histochemistry [22]. In contrast, the Aga2mild mouse did not 
have reported echocardiographic or morphological param-
eters [22].

The cardiovascular manifestations in the oim Col1a2 
mouse model have been extensively investigated with age 
as an important variable [35, 36]. The impact of sex has yet 

to be evaluated but has been shown to be a factor in cardiac 
pathology and physiology [37, 38]. The oim/oim mice have 
increased end-diastolic septal and posterior wall thickness at 
4 months of age as well as reduced strength in the papillary 
muscles, with slightly reduced strength in the left ventricle 
[39]. Collagen content of the oim/oim left ventricular tissue 
was decreased by 45% and nonreducible pyridinoline cross-
link content was increased by 22% [39]. This original study 
did not report a difference in heart function by echocardiog-
raphy, although a study limitation was the absence of sex dif-
ferentiation in the analyses [39]. A separate cardiovascular 
histology study by Cheek et al. evaluated oim/oim mouse 
aortic valves at 5 and 9 months of age and found thickening 
of the aortic valve leaflets, predominantly due to increased 
proteoglycan deposition in the absence of any evidence of 
calcification [36]. In contrast, the mitral valves in the oim/
oim heart appeared minimally affected with no increases 
in valvular area or proteoglycan deposition relative to their 
WT controls [36]. In a subsequent study, oim/oim mouse 
aortic valve disease progression was evaluated temporally 
at 3, 6, and 12 months of age [35]. Oim/oim aortic valve 
cusp area increased progressively with age primarily due to 
increased proteoglycan deposition and reached significance 
at 12 months of age [35]. Evaluation by echocardiography 
also determined that oim/oim mice at 3 and 6 months had 
minimal cardiac dysfunction, which progressed to signifi-
cantly decreased ejection fraction and stroke volume with-
out reduced fractional shortening by 12 months of age [35]. 
Color doppler echocardiography showed that 50% of oim/
oim mice had aortic regurgitation (blood flow through the 
aortic valve in the incorrect direction) and 20% had aor-
tic stenosis (incorrect opening of the aortic valve leading 
to high velocity of the blood leaving the left ventricle and 
entering the aorta) [35]. As with previous oim cardiac stud-
ies, mouse sex was not controlled for [35].

The Col1a2 null mouse, which does not produce Col1a2 
mRNA while producing homotrimeric type I collagen 
[a1(I)3], also exhibits cardiac dysfunction with increased 
ventricular weight to body weight, left ventricular volume, 
and decreased fractional shortening at 9 months of age [40]. 
This model differs from the oim/oim model which produces 
mutant mRNA as well as non-functional proa2(I)collagen 
chains, suggesting that the presence of homotrimeric type I 
collagen with or without the production of abnormal unin-
corporated (misfolded) proα2(I)collagen chains contributes 
to disruption of cardiac extracellular matrix and organ func-
tion [39, 40].

Overall cardiothoracic abnormalities are present in mul-
tiple OI mouse models and indicate that type I collagen dis-
ruption is a factor in cardiovascular health, consistent with 
current findings in the OI patient population [20, 41–43]. 
OI mouse models provide a valuable tool for further inves-
tigation of the pathogenesis of OI cardiac manifestations in 
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relation to disease severity, aging, sex, and the assessment 
of therapeutic agents and strategies.

Vascular Fragility

Aortic compliance, a measurement of stiffness, is heavily 
reliant on the quantity of type I collagen and maintenance 
of the collagen to elastin ratio [44]. Altered compliance can 
lead to hypertension, which is a risk factor for cardiovascular 
disease [45]. The OI patient population has reported cases 
of aortic root dilation and aortic aneurysm formation, fur-
ther emphasizing the need to understand how the mechani-
cal and structural integrity of the vascular tissue is altered 
with type I collagen mutations [43, 46–48]. In vitro studies 
demonstrated that oim/oim mouse aortas had decreased bio-
mechanical strength and force to failure at 4–7 months of 
age, regardless of sex, for both ascending and descending 
segments of the thoracic aorta [49]. The descending aorta 
also had increased compliance in this group of mice [49]. 
Aortas of 3-month-old oim/oim mice had increased pyri-
dinoline crosslinking in ascending and descending aortas, 
although it did not reach significance in the descending 
aorta, as compared to WT aortas [50]. Similarly, the oim/
oim left ventricular tissue also exhibited greater nonreduc-
ible pyridinoline crosslinks [39, 50]. To evaluate vascular 
integrity with age, oim/oim and WT thoracic aortic break-
ing strength [maximum circumferential breaking strength 
 (Fmax)] and stiffness [incremental elastic modulus (IEM)] 
were determined by load–extension curve analyses at 3, 8, 
and 18 months of age [51]. The descending thoracic aorta 
had decreased  Fmax and IEM in 3, 8, and 18-month-old oim/
oim mice relative to age-matched WT, with correspond-
ing reduced collagen content and increased pyridinoline 
crosslinks per collagen molecules [51].

Surgical intervention such as femoral rodding of the long 
bones is often utilized in severe OI. A recognized risk of 
surgery is intraoperative bleeding and post-surgery bruis-
ing with complications often requiring transfusions [52, 
53]. Although bleeding has been reported in post-surgery 
patients since the 1980s, the mechanism behind excessive 
bleeding is unclear and investigations are minimal [48, 53]. 
Increased bleeding due to surgery, tooth extraction, men-
struation, and obstetrics was recently reported in a Dutch 
cohort of 195 OI patients by a self-administered bleeding 
assessment tool (Self-BAT) [48]. Using the International 
Society on Thrombosis and Haemostasis bleeding assess-
ment tool (ISTH-BAT), a small study investigating bleed-
ing tendencies found that 74% of adult OI patients reported 
easy bruising [53]. Only 18% of these patients had elevated 
bleeding scores in the absence of coagulation abnormali-
ties, suggesting that the bleeding tendency in this cohort 
is not due to generalized coagulopathy [53]. Studies have 
shown that interactions between subendothelial collagen, 

von Willebrand factor (VWF), and platelets represent the 
functional triad that is critical for normal primary haemo-
stasis [54]. However, current investigations of vascular 
integrity in mouse models to elucidate potential pathogen-
esis remain limited. Both the mild and severe Aga2 mouse 
models had excessive bleeding in the thorax at only 6 days 
of age, while the Aga2mild mice also had localized bleed-
ing, mostly around fractures in the thorax, with less severe 
hemorrhages elsewhere around the lungs [55]. Aga2severe 
mice had diffuse bleeding throughout the entire thorax 
with hemorrhaging in the brain and the joint cavities, both 
independent and dependent of bone breakage [22, 55]. The 
high capacity of hemorrhaging in mice as young as a week, 
suggests an intrinsic bleeding deficiency in both mild and 
severe phenotypes [22, 55]. While Aga2 has been the only 
model reporting in-depth data involving bleeding, there have 
been limited studies on the oim model [14]. In the original 
characterization of the oim mouse, the authors noted that the 
“homozygous oim/oim mice can often be identified at birth 
by the appearance of hemorrhages in joint cavities, sides of 
the body, or around the scapulas” [14].

Skin

Skin is the largest organ in the human body and is made up 
of three distinct layers [56]. The dermis layer is composed 
of approximately 70% collagen by dry weight, making it 
particularly susceptible to alterations due to OI-causing 
mutations [57]. There have been differing reports of skin-
based phenotypes in patients that appear primarily related to 
severity, with reduced tensile strength in type I OI, but not in 
type III OI [58]. Both increased and decreased skin elasticity 
has been shown in patients, further demonstrating the impor-
tance of mouse models to aid in deciphering the genetic and 
phenotypic heterogeneity in the pathogenesis of OI [31]. 
Using destructive tensile testing, Col1a1Jrt/+ skin was found 
to exhibit decreased failure strain, reduced extensibility with 
lower failure displacement, and decreased energy to failure 
compared to their WT counterparts [13]. There were no dif-
ferences in skin thickness implying that the main mechani-
cal properties (elasticity, distensibility, and hysteresis) are 
related to the strength and stretch of the matrix components 
in the Col1a1Jrt/+ skin [59]. As aforementioned, the Col1a-
1Jrt/+ model is a mixed model also recapitulating EDS, and 
these skin manifestations are consistent with reduced tensile 
properties seen in EDS [13].

To further consider the impact of various OI-causing 
mutations, investigations into the skin phenotype of the 
Col1a1 BrtlIV mouse have also provided unique insight 
into type I collagen structure, stability, and fibrillogenesis 
[60]. A heterozygous Col1a1 variant mouse with no secre-
tion defects is expected to incorporate at least one abnormal 
α(I) collagen chain in 75% of its mature type I collagen. 
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Interestingly type I collagen of newborn BrtlIV skin, lung, 
and tendon tissues contain abnormal α(I) collagen chains 
only 26–40% of the time [60]. This suggests altered syn-
thesis or secretion of heterozygous mutant proα1(I)collagen 
molecules [60]. This was further supported by transmission 
electron microscopy (TEM) of 2-month-old BrtlIV skin, 
which exhibited enlarged ER cisternae in BrtlIV fibroblasts, 
suggesting intracellular retention and accumulation of newly 
synthesized proteins in BrtlIV skin as compared to WT skin 
[60, 61].

Eleven-week-old Col1a2 oim/oim mice have decreased 
skin thickness with a reduced dermal layer, reduced collagen 
content, decreased elastin fibers, and an increase in dermal 
adipose tissue compared to age-matched WT skin [59]. The 
Crtap−/− mice have a similar phenotype, presenting with 
notable skin laxity (less stiff) and thinner skin (less resist-
ant to load) compared to WT littermates’ skin [26]. To our 
knowledge, models of less severe OI have not been studied 
for skin abnormalities; however, the more severe models 
have exhibited skin elasticity and strength differences con-
sistent with the easy bruising and skin friability reported in 
the OI patient population [62].

Muscle

Hindlimb Skeletal Muscle and  Physical Activity Muscle 
weakness in OI was initially attributed to reduce physical 
activity, as patients presented with significant force deficits 
in lower limbs, contributing to fatigue and reduced exercise 
capacity [63–65]. However, further exploration via mecha-
nography found that 80% of type I OI patients experience 
inherent muscle weakness, not attributed to reduced activ-
ity [63, 65]. A correlation between muscle function and OI 
skeletal severity is evident with greater muscle force deficits 
in patients with increased disease severity [moderate (IV) 
and severe (III) types of OI] [63]. Efforts to better character-
ize and understand the muscle weakness in both patients and 
OI mouse models have been a growing focus of importance, 
specifically targeting muscle-bone crosstalk via mechanical 
transduction and biochemical signaling for improving mus-
culoskeletal health [5].

Both Col1a1 mouse models, Aga2 and Col1a1Jrt/+, dis-
play evidence of muscle weakness when independently 
investigated relative to their skeletal phenotypic severity 
[22, 66]. Little is known about the Aga2 mouse muscle 
phenotype, however, the aforementioned cardiac studies 
demonstrating lower ejection fraction suggests impaired 
muscle contraction in the 6–11-day old Aga2severe mouse 
compared to age-matched WT [22]. It can be hypothesized 
that potential muscle weakness in the Aga2mild versus the 
Aga2severe mice is positively correlated to OI severity, similar 
to other phenotypic manifestations in these two models [22]. 
Col1a1Jrt/+ diaphragm muscles exhibit decreased specific 

force with an increased proportion of fast-twitch type IIx/
IIb muscle fibers compared to WT mice [25]. Further studies 
in soleus muscles of 12-week-old Col1a1Jrt/+ mice showed 
a reduction in soleus muscle fiber cross-sectional areas 
(CSA) and decreased proportion of slow-twitch fibers (MHC 
type I) compared to WT [67]. This finding was reinforced 
in a separate study of the skeletal muscle transcriptome of 
Col1a1Jrt/+ and oim/oim [66]. Both mouse models exhibited 
down regulation of slow-twitch type I muscle fiber protein in 
gastrocnemius muscles compared to their WT controls [66]. 
While this study did not explicitly measure skeletal muscle 
function, abnormal muscle histology suggests a mild form 
of muscular dystrophy [66]. When subjected to voluntary 
wheel running, 3–6-month-old Col1a1Jrt/+ male mice had 
significantly reduced overall counts of rotation compared to 
WT mice [68]. Measurements investigating differential gene 
expression patterns in the Col1a1Jrt/+ and oim/oim gastroc-
nemius muscles suggest that the specific pathogenic variants 
and/or congenic background strains between mouse models 
may account for differing mechanisms, which in turn may 
contribute to the intrinsic muscle weakness in OI [66].

More is known regarding the muscle function in Col1a2 
mouse models, oim and G610C, wherein the skeletal muscle 
weakness has a positive correlation with overall OI severity: 
greater intrinsic muscle weakness is associated with more 
severe skeletal fragility [5]. A study of skeletal muscle in 
the oim mouse was the first to demonstrate intrinsic muscle 
weakness as a component of OI [29]. The oim/oim model has 
severe skeletal fragility and muscle force deficits, decreased 
activity levels, lower muscle mass, and reduced contractile 
generating force [29]. Subsequently Veilleux et al. and Cau-
dill et al. demonstrated that intrinsic muscle weakness was 
also present in OI patients [29, 63, 69, 70]. Four-month-old 
oim/oim hindlimb skeletal muscles were smaller (even when 
normalized to body weight) and had decreased specific peak 
tetanic force (Po/CSA) as well as decay of tension during 
contraction [29]. While CSA in oim/oim skeletal muscle was 
not negatively affected, fibrillar collagen was reduced and 
myosin heavy chain fiber type distributions were altered in 
the oim/oim soleus muscles (evidenced by decreased type I 
myofibers (slow oxidative) and increased type IIa (fast oxi-
dative) myofibers) [29, 71]. Oim/oim mice also exhibited 
decreased activity levels by using open-field test environ-
ment monitors, and when subjected to both weight bearing 
(voluntary wheel running) and non-weight bearing (swim-
ming) exercise, oim/oim mice had decreased exercise toler-
ance (ran approximately one third the distance) when com-
pared to age‐ and sex‐matched WT mice [72]. Mild skeletal 
muscle weakness was observed in 4-month-old male + /oim, 
with equivalent muscle weights and fibrillar collagen con-
tent, and correlated with mild skeletal disease compared to 
their WT counterparts [29]. When specific muscle function 
(tetanic force) was tested, the + /oim presented with a mild 
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decay of tetanic tension during stimulation in both tibialis 
anterior and gastrocnemius muscles [29]. Similar to the 
mild + /oim mice, 4-month-old mild to moderate Col1a2 + /
G610C mice did not exhibit skeletal muscle weakness (spe-
cific muscle contractile generating force) and exhibited 
similar activity levels by open-field test environment moni-
tors and voluntary wheel running distances as age-and sex-
matched WT counterparts [30].

The Crtap−/− OI model also presents with motor deficits, 
reduced overall strength and a reduction in activity as meas-
ured by open-field assays (reductions in spontaneous motor 
movement; both horizontal and vertical activity), motor 
coordination (rotarod and grid foot slip assay), endurance, 
and grip strength tests [73].

Hindlimb Skeletal Muscle Mitochondria Mitochondria are 
highly dynamic organelles essential for meeting the energy 
needs for muscle by oxidative phosphorylation, while also 
having key roles in cell survival and death [74]. The pres-
ence of hindlimb skeletal muscle mitochondrial dysfunc-
tion has been studied and is correlated with the presence 
of skeletal muscle weakness in the oim/oim and + /G610C 
models [72, 75]. Given the inherent muscle weakness in the 
oim/oim mouse, mitochondrial parameters were investigated 
to aid in determining the mechanism by which this occurs 
[72]. Evidence of severely reduced mitochondrial respira-
tion in 4-month-old male oim/oim mice was noted as well as 
a decrease in citrate synthase activity, an increase in mito-
chondrial biogenesis markers, and alterations in mitophagy 
and electron transport chain (ETC) components in oim/oim 
gastrocnemius muscle compared to WT [71, 72]. Increase 
in mitochondrial biogenesis markers may indicate a com-
pensation attempt for the severe reduction in mitochondrial 
respiration and overall mitochondrial damage [72]. It is of 
note that mitochondrial dysfunction is not global, as abnor-
mal mitochondrial respiration appears tissue specific with 
oim/oim liver mitochondrial respiration being equivalent to 
WT liver mitochondrial respiration [71]. Altered body com-
position and increased energy expenditure despite reduced 
activity suggest a metabolic phenotype, but fatty acid oxida-
tion was found to be equivalent in oim/oim and WT whole 
muscle [71]. While these findings suggest a potential for 
increased number of mitochondria as a compensatory mech-
anism, preliminary TEM of intermyofibrillar mitochondria 
did not support this hypothesis, but additional skeletal mus-
cle mitochondrial subpopulations require further investiga-
tion [71, 72].

In contrast to the oim mouse, the 4-month-old 
male + /G610C gastrocnemius muscle mitochondria pre-
sent with only a mild reduction in mitochondrial respiration 
and an increase in citrate synthase activity compared to WT 
gastrocnemius muscle [75]. The + /G610C gastrocnemius 
muscle had an increase in mitochondrial encoded complex 

IV protein content which supports the concept that mito-
chondria aid in skeletal muscle function and compensation 
by an increase of TCA cycle and ETC activity [75]. Of the 
mitophagy markers evaluated in + /G610C and WT skeletal 
muscle, Parkin was increased whereas PINK was not, impli-
cating regulation of mitochondrial repair (such as damage 
by oxidative stress) [75, 76]. TEM evidence of 4-month-old 
male + /G610C soleus muscle showed an increase in mito-
chondrial cross-sectional area (CSA) and a potential higher 
volume density relative to WT suggesting the lack of skeletal 
muscle weakness in the + /G610C could be a result of com-
pensation by increased mitochondrial volume, allowing for 
proper generation of energy to produce and maintain muscle 
contraction [75]. Interestingly it was noted that an increase 
in respiratory quotient during the night cycle showed that 
4-month-old male + /G610C mice shift towards primarily 
carbohydrate utilization over fat [75]. Overall, + /G610C 
muscle function appears minimally impacted suggesting a 
possible compensatory mechanism in skeletal muscle mito-
chondrial and metabolic function in the presence of this spe-
cific Col1a2 OI-causing variant [75].

Other OI models have been evaluated for a mitochondrial 
phenotype in skeletal cells, primarily in osteoblasts [12, 13, 
77]. Altered mitochondria parameters in these models sug-
gest that mitochondria may be disrupted in multiple organ 
systems impacted by OI causative mutations and warrants 
further investigation. However, the mechanisms wherein col-
lagen, cellular stress, muscle weakness, and mitochondrial 
function interact and contribute to the pathogenesis of OI 
have yet to be clarified [5].

Tendon

Muscle-bone crosstalk is recognized as a key factor in over-
all bone health; however, an equally important contributing 
component which facilitates muscle–bone mechanotransduc-
tion is the tendon [73]. Tendons are composed of 60–80% 
type I collagen, 2% elastin, and other proteoglycans, mak-
ing them a prime concern for investigation of the impact of 
poor collagen microarchitecture and integrity in OI [73, 78]. 
Tendons are fibrous tissue that connects skeletal muscle to 
bone to aid in movement [73]. Fourteen-week-old Col1a-
1Jrt/+ flexor digitorum longus (FDL) tendons were found to 
have decreases in both anatomical and mechanical properties 
compared to the FDL of their WT counterparts [79]. Col1a-
1Jrt/+ FDL fascicle width and tendon thickness were reduced 
by 30–32%, and the cross-sectional area by 50% relative to 
WT FDL [79]. When mechanical integrity of the FDL was 
evaluated by stress relaxation and failure tests, Col1a1Jrt/+ 
peak tendon force, force at yield point, and peak stiffness 
were found to be 33–39% of corresponding WT FDL [79]. 
No differences were found in Col1a1Jrt/+ FDL collagen con-
tent and material properties (peak stress, yield stress, and 
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Young’s modulus), which were normalized and independent 
of tendon dimensions, suggesting that the reduced mechani-
cal properties may be attributed to the reduced dimensions 
of Col1a1Jrt/+ FDL relative to the corresponding WT FDL 
[79]. Nearly equivalent relative collagen content between 
Col1a1Jrt/+ and their WT counterparts was seen in both FDL 
and Achilles tendons [79]. Col1a1Jrt/+ Achilles tendon also 
had a reduction in acid-soluble collagen, an indication of 
increased stable crosslinking [79]. The equivalent material 
properties may also suggest that the majority of mutant col-
lagen molecules may not be incorporated into the final ten-
don structure, leaving the matrix of less impaired quality, 
but overall reduced quantity [79]. Another study examined 
tail tendons in 3-week-old Col1a1Jrt/+ mice and found more 
frayed tail tendon morphology than that of WT tail tendon, 
possibly reflecting their EDS-like properties [13]. Overall, 
even though the Col1a1Jrt/+ presents with reduced tendon 
size and mechanical integrity, it is able to achieve a func-
tional tendon structure despite the skeletal severity [13, 79].

The Col1a2 oim/oim mouse tendons have been shown to 
have reduced type I collagen levels and have been identified 
as biomechanically compromised [80–82]. Oim/oim mouse 
tail tendons were characterized as thinner, with a 60% reduc-
tion of collagen and 40% lower tensile strength (less rigid 
and less resistant to failure) than those of WT mice [81, 83]. 
The tensile tests until rupture of 14-week-old oim/oim FDL 
tendons had 30% lower ultimate stress and 31% lower tough-
ness than age-matched WT FDL tendons [83]. Stress relaxa-
tion of 14-week-old oim/oim FDL was 51% of WT FDL, 
suggesting that oim/oim FDL tendons are potentially less 
viscous [83]. Reduced viscosity in oim/oim tendon could 
potentially reduce the transfer of force between the muscle 
and bone, as increasing viscosity increases the resistance, 
allowing potentially greater transfer of force to the bone unit 
[84, 85]. The combination of lower viscosity and stiffness 
suggests that the force transfer from muscles to bones is less 
efficient in oim/oim tendons, which would be consistent with 
studies by Berman et al. which directly assessed bone strain 
during muscle contraction using a strain gauge attached to 
the tibia [86]. The maximum tibial strain values for oim/
oim muscle contractions were significantly lower relative 
to those generated by sex- and age-matched WT mice [86]. 
The reduced strain values likely represent the contributions 
of both the reduced oim/oim muscle contractile forces and 
the reduced tendon rigidity [29, 83, 86].

Load-bearing tendon properties were also examined in the 
Crtap−/− mouse at 1 and 4 months of age; Crtap−/− Achilles 
and patellar tendons were thinner and had hypercellular-
ity relative to their WT counterparts [73]. One-month-old 
Crtap−/− Achilles tendons had reduced ultimate load and 
linear stiffness relative to age-matched WT [73]. TEM 
analysis of Crtap−/− FDL, Achilles, and patellar tendons 
showed altered collagen fibril assembly and alignment 

in load-bearing tendons [73]. Further evaluation of FDL, 
Achilles, and patellar tendons in homozygous and heterozy-
gous Crtap and WT mice suggest collagen cross-linking 
may be spatiotemporally regulated in a dose-dependent 
manner [73]. RNA-seq analysis of Crtap−/−Achilles ten-
dons found increased expression of ECM glycoproteins and 
small leucine-rich proteoglycans (SLRPs) transcripts, with 
modest reduction in Col1a1 transcripts (without alterations 
in Col1a2, Col2a1, Col3a1, or Col9a2 expression) rela-
tive to WT [73]. These findings are potentially reflective 
of load-bearing tendons in a process of perpetual remod-
eling and repair, similar to the skeletal phenotype seen in 
OI [73]. Crtap−/− mice exhibited reduced activity levels, 
motor coordination impairments, and a reduction in grip 
strength relative to their WT counterparts when evaluated 
using the open-field assay to quantify spontaneous physi-
cal activity levels, and rotarod assay for motor coordination 
and for grip strength [73]. These deficits are likely attribut-
able to both tendon pathology and muscle weakness in the 
Crtap−/− mouse [73].

Implication of Collagenopathy and Future 
Directions

In this concise review, we have outlined several of the extra-
skeletal manifestations currently characterized through the 
use of genetically and phenotypically heterogeneous mouse 
models of osteogenesis imperfecta, demonstrating the sig-
nificant potential impact of OI disease-causing variants as a 
collagenopathy affecting multiple organ systems and tissues.

A recent quality of life survey has highlighted a variety 
of patient concerns and symptoms such as pain, prenatal 
and postnatal care, and aging, as well as other organ system 
disturbances (neurologic, endocrine, and gastrointestinal) 
[87]. These areas remain to be investigated and promise to 
provide necessary information for more holistic therapeutic 
strategies for OI. As the field continues to expand, the goal 
of improving quality of life continues to be at the forefront of 
research and understanding to improve treatments available 
to the patient community.

With advancements in medicine, life expectancy in the 
world has increased, rendering aging an important area of 
focus [88]. This brings to light one of the larger concerns 
of the OI community: how aging contributes to skeletal 
and extra-skeletal manifestations and impact on lifespan. 
In the Denmark OI patient population, death is approxi-
mately 7–10 years earlier than non-OI counterparts [20, 89]. 
Ehlers-Danlos syndrome also has decreased survival, with 
both OI and EDS mortality largely due to cardiopulmonary 
complications [19, 20, 90]. Understanding the impact of 
type I collagen mutations on morbidity as a collagenopathy 
beyond musculoskeletal health is critical in protecting and 
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improving OI health span, and for this mouse models are 
key tools.

The multiple OI mouse models described above, as well 
as those included in Table 1, have molecularly distinct muta-
tions which promise to elucidate the impact OI have on mul-
tiple organ systems and tissues [5, 10]. Another important 
advancement in future OI research will be the generation of 
new mouse models that evaluate organ systems in an isolated 
or conditional manner, to fully understand intrinsic pathogen-
esis and system crosstalk. After almost 200 years since the 
recognition of OI, the field still has much to learn, and the 
use of mouse and other animal models remain essential [2].
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