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A B S T R A C T   

Introduction: Osteogenesis imperfecta (OI) is a heterogenous group of heritable connective tissue disorders 
characterized by high bone fragility due to low bone mass and impaired bone material properties. Atypical type 
VI OI is an extremely rare and severe form of bone dysplasia resulting from a loss-of-function mutation (p.S40L) 
in IFITM5/BRIL,the causative gene of OI type V and decreased osteoblast secretion of pigment epithelium- 
derived factor (PEDF), as in OI type VI. It is not yet known which alterations at the material level might lead 
to such a severe phenotype. We therefore characterized bone tissue at the micrometer level in a novel hetero-
zygous Ifitm5/BRIL p.S42L knock-in murine model at 4 and 8 weeks of age. 
Methods: We evaluated in female mice, total body size, femoral and lumbar bone mineral density (BMD) by dual- 
energy X-ray absorptiometry. In the femoral bone we examined osteoid deposition by light microscopy, assessed 
bone histomorphometry and mineralization density distribution by quantitative backscattered electron imaging 
(qBEI). Osteocyte lacunae were examined by qBEI and the osteocyte lacuno-canalicular network by confocal laser 
scanning microscopy. Vasculature was examined indirectly by qBEI as 2D porosity in cortex, and as 3D porosity 
by micro-CT in third trochanter. Collagen orientation was examined by second harmonic generation microscopy. 
Two-way ANOVA was used to discriminate the effect of age and genotype. 
Results: Ifitm5/BRIL p.S42L female mice are viable, do not differ in body size, fat and lean mass from wild type 
(WT) littermates but have lower whole-body, lumbar and femoral BMD and multiple fractures. 
The average and most frequent calcium concentration, CaMean and CaPeak, increased with age in metaphyseal 
and cortical bone in both genotypes and were always higher in Ifitm5/BRIL p.S42L than in WT, except CaMean in 
metaphysis at 4 weeks of age. The fraction of highly mineralized bone area, CaHigh, was also increased in Ifitm5/ 
BRIL p.S42L metaphyseal bone at 8 weeks of age and at both ages in cortical bone. The fraction of lowly 
mineralized bone area, CaLow, decreased with age and was not higher in Ifitm5/BRIL p.S42L, consistent with 
lack of hyperosteoidosis on histological sections by visual exam. Osteocyte lacunae density was higher in Ifitm5/ 
BRIL p.S42L than WT, whereas canalicular density was decreased. Indirect measurements of vascularity revealed 
a higher pore density at 4 weeks in cortical bone of Ifitm5/BRIL p.S42L than in WT and at both ages in the third 
trochanter. Importantly, the proportion of bone area with disordered collagen fibrils was highly increased in 
Ifitm5/BRIL p.S42L at both ages. 
Conclusions: Despite normal skeletal growth and the lack of a collagen gene mutation, the Ifitm5/BRIL p.S42L 
mouse shows major OI-related bone tissue alterations such as hypermineralization of the matrix and elevated 
osteocyte porosity. Together with the disordered lacuno-canalicular network and the disordered collagen fibril 
orientation, these abnormalities likely contribute to overall bone fragility.   
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1. Introduction 

Osteogenesis imperfecta (OI) or brittle bone disease is a rare heri-
table disorder of connective tissue characterized by low bone mass and 
high bone fragility [1,2]. Patients with OI commonly manifest multiple 
fractures, skeletal deformities, and growth deficiency, all of which vary 
depending on the severity of the disease. The classical forms of OI 
originally described by Sillence encompass 80–85% of cases [3] and are 
due to autosomal dominant mutations in collagen type I encoding genes, 
COL1A1 and COL1A2 that lead to either quantitative or structural de-
fects in collagen type I protein [4–6]. The resulting broad phenotypic 
spectrum varies from mild type I to moderate type IV, severe progressive 
deforming type III and perinatal lethal type II OI. More recently 
described, mostly recessive forms of OI, result from mutations in genes 
whose encoded proteins are involved in collagen post-translational 
modification, folding, or crosslinking, as well as osteoblast differentia-
tion and matrix mineralization [7]. 

Types V and VI OI, first clinically described in 2000 and 2002, 
respectively, are both characterized by distinct defects in bone miner-
alization [8,9]. Type V OI is a moderate form of OI resembling type IV OI 
in clinical severity, whereas type VI OI is severe-progressive-deforming, 
resembling type III OI in clinical severity [10,11]. The autosomal 
dominantly inherited type V OI is caused by a recurrent heterozygous 
single nucleotide change (c.14C.T) in the 5́-UTR of the IFITM5 gene 
encoding interferon induced transmembrane protein 5 (later called 
BRIL), leading to a gain-of-function through the N-terminal addition of 5 
amino acids (MALEP-IFITM5), thus creating new start codon [10,11]. 
Typical clinical features of type V OI are exuberant callus formation, 
which about 65% of patients develop after fracture or following 
corrective surgery, the ossification of the interosseous membrane of the 
forearms observed in nearly all affected individuals, as well as a dense 
metaphyseal band detected even in infancy [12,13]. These unusual 
features may originate from dysregulated primary bone deposition by 
the periosteum. Indeed, in bone biopsy samples, a disordered, “mesh- 
like” lamellar structure was observed by polarized light microscopy, 
along with highly increased osteocyte lacunar density that is typical for 
rapidly laid-down immature bone and hypermineralization of the bone 
matrix [14]. In contrast to this, type VI OI is an autosomal recessive form 
caused by homozygous null mutations in SERPINF1, encoding pigment 
epithelium-derived factor (PEDF), a multifunctional glycoprotein and 
potent antiangiogenic factor expressed in many organs [15–18]. Under 
polarized light, the OI type VI bone matrix shows a disordered lamellar 
structure, described as “fish-scale pattern”, as well as excessive accu-
mulation of unmineralized matrix or osteoid [9]. Moreover, the gener-
alized lack of PEDF results in profound disturbance of mineralization 
with highly mineralized bone areas seamed by fringes with abnormally 
low mineral content and oddly shaped osteocyte lacunae surrounded by 
disordered, poorly mineralized fibrillar structures [19]. 

A physiological link between these two forms of OI first became 
evident in 2014 with the report of a very severe form of OI in a young 
woman carrying a de novo heterozygous point mutation in IFITM5 p. 
Ser40Leu (S40L) [20]. The patient displayed some features typical of 
type VI OI, such as disordered “fish-scale” bone lamellar organization 
and prominent osteoidosis [20]. Her childhood serum alkaline phos-
phatase showed the marked elevation seen in type VI OI. Moreover, in 
vitro studies revealed a lack of PEDF secretion from differentiating os-
teoblasts and fibroblasts, although circulating PEDF levels were within 
normal range [20]. The functional connection between BRIL and PEDF 
was further confirmed by in vitro studies showing that osteoblasts from 
type V OI patients have increased levels of SERPINF1 expression and 
PEDF secretion [21], reviewed by [7,22]. This novel and unique form of 
OI, which was subsequently designated as “atypical OI type VI” has now 
been identified in 10 individuals [23,24] (recently reviewed in [7]). The 
small number of patients increases the challenge of delineating the role 
of BRIL and PEDF in OI pathophysiology, as well as analyzing the effects 
on bone material properties. 

OI types V and VI have not been extensively studied in murine 
models. A type V OI knock-in mouse model generated using Crispr/Cas9 
technology did not recapitulate the human phenotype [25]. The mouse 
model was perinatally lethal and displayed severe skeletal defects such 
as bent and malformed long bones and hypomineralization of the skull 
[25]. In contrast to findings from primary osteoblasts derived from pa-
tients, murine derived cells show normal collagen production but 
delayed differentiation and mineralization [21,26]. The Serpinf1− /−

mouse is viable, reproduces some key features but does not mimic the 
severe type VI OI skeletal phenotype. It displayed defective minerali-
zation along with altered expression of osteocyte specific genes regu-
lating mineralization, increased mineral-to-matrix ratio, brittle bones 
and hypervascularization [27,28]. To explore the metabolic pathway 
connecting BRIL and PEDF, an Ifitm5/BRIL p.S42L knock-in murine 
model of atypical OI type VI was recently generated [29]. Standard bone 
phenotype measures, as well as molecular and biochemical mechanisms 
will be described elsewhere (Guterman-Ram G. et al., manuscript in 
preparation). 

The aim of the present work is to characterize bone material prop-
erties at the micrometer scale during skeletal development in young 
Ifitm5/BRIL p.S42L knock-in mice and to compare the results to the well- 
known alterations in other forms of OI [18,30–34]. While the patient has 
severe skeletal deformities and multiple fractures reminiscent of the 
clinical form of OI III [20], it is currently unknown whether and in which 
form the Ifitm5/BRIL p.S42 knock-in will actually affect the bone ma-
terial properties of the skeleton. We therefore analyzed femoral bone 
from 4- and 8-week-old female mice, corresponding to pre-pubertal and 
pubertal stages, because some previously described OI murine models 
have their most severe phenotype at 2 months of age [35,36]. Overall 
phenotype was characterized by monitoring body weight over age, as 
well as by DXA measurements. Quantitative backscattered electron 
imaging (qBEI) was used to measure bone mineralization density dis-
tribution (BMDD), histomorphometric parameters and characteristics of 
osteocyte lacunae, since osteocyte lacunae are increased in size and 
number in types V and VI OI bone [14,37]. We further evaluated the 
osteocyte lacuno-canalicular network by confocal laser scanning mi-
croscopy (CLSM), for its potential contribution to bone mechanosensory 
function [38,39]. Moreover, since dysregulation of PEDF secretion in 
type VI OI might alter bone vascularity [40], we evaluated this type of 
porosity in femoral bone and also in the 3rd trochanter. Finally, we 
quantified collagen fibril orientation by second harmonic generation 
(SHG) microscopy, given that extracellular matrix is highly disordered 
in types V and VI OI bone [8,9,14]. 

2. Material & Methods 

2.1. Animals 

Ifitm5/BRIL p.S42L is a conditional knock-in (KI) murine model bred 
in a mixed Sv129/CD-1C57BL/6S background strain. It contains 2-point 
mutations in murine Ifitm5/BRIL (Gene ID:73835; BLAST Protein 
NP_444318.1, c.125C > T, c.126 T >G) that result in a p.Ser42Leu 
substitution. Murine BRIL p.Ser42 is the corresponding residue for 
human BRIL p.Ser40. The generation of the murine model and its more 
complete characterization will be described elsewhere (Guterman-Ram 
G et al., manuscript in preparation). The mutation was activated by 
crossing a conditional mouse with E2A-cre mice previously bred into a 
mixed background. All mice used for the experiments in this report were 
female. Mice were euthanized at 4 and 8 weeks of age using ketamine 
and xylazine. All protocols and procedures involving animals were 
conducted under an NICHD-ACUC approved protocol. 

2.2. DXA analysis 

Bone mineral density, femur area, body fat mass and body lean mass 
were assessed with dual-energy X-ray absorptiometry (DXA) on whole 
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body, lumbar and left femur of 4- and 8-week-old female Ifitm5 S42L and 
wild-type (WT) mice (n = 18, n = 26 and n = 24, n = 22, respectively), 
using a GE Lunar PIXImus2 (GE Healthcare, Chicago, IL) according to 
the manufacturer’s directions. Whole body measurement did not include 
the head. The DXA measurement of left femur and L3–4 vertebrae were 
done with ROI encompassing whole femur or both vertebrae, respec-
tively. It should be noted that DXA was not systematically performed on 
the same set of animals that was used for microscopic material analyses. 

2.3. Bone sample preparation and processing for the evaluation of bone 
material properties 

10 animals for each genotype and age were chosen randomly for the 
evaluation of bone material properties. Left femurs of 4- and 8-week-old 
female Ifitm5/BRIL p.S42L and wild-types (WT) mice were analyzed for 
bone material properties. Fig. 1 summarizes the methods applied in this 
study to characterize bone material properties, as well as their respec-
tive outcomes. 

Femurs were fixed in 70% ethanol immediately after removal. The 
femurs were sectioned transversally, and the proximal part was analyzed 
by micro-CT (see below) and was subsequently stained with rhodamine 
for assessment of the osteocyte lacuno-canalicular network (see below). 
Both proximal and distal bone pieces were then separately dehydrated in 
graded series of ethanol (5 days in 70%, 80%, 96%, 100% and 100%, 
each). Subsequently the samples were defatted 2 days with acetone, then 
impregnated 2 days with pure polymethylmethacrylate and finally 
immersed in a mixture of polymethylmethacrylate and benzoyl peroxide 
allowing the hardening of the plastic. This procedure leads to plastic 
blocks containing the mineralized bone samples that can be sectioned in 
any direction since the plastic traps the bone tissue and prevent the 
collapse of the sample during the sawing/cutting/grinding and polishing 
processes as reported previously [34,41,42]. 

2.4. Rhodamine staining 

For visualization of the osteocyte lacuno-canalicular network, the 
samples were stained with rhodamine prior embedding as described 
previously [43]. The procedure was performed using a mixture of 
ethanol and rhodamine (1.25 g rhodamine per 300 ml 100% ethanol). 
Samples were placed in tubes containing staining fluid (14 ml) for 
3 days, with daily renewal of the staining fluid, on a homemade low 
speed spinning wheel, leading to a complete penetration with rhoda-
mine [44,45]. Eventually, embedding, and further preparation steps 
were performed. 

2.5. Light microscopy 

Polymethylmethacrylate embedded sample blocks from the distal 
femur were cut using a low-speed diamond saw (Isomet-R, Buehler Ltd. 
Lake Buff, IL, USA) to obtain longitudinal sections containing cortical 
and trabecular bone regions. For histological evaluations, 3 μm thin 
sections were cut from the tissue blocks using a hard tissue microtome 
(Leica SM2500, Nussloch, Germany). Subsequently the thin sections 
were de-plasticized using 2-methoxyethylacetate and stained with 
modified Goldner’s Trichrome. The stained sections were investigated 
using a light microscope (Axiophot, Zeiss, Oberkochen, Germany) 
equipped with a digital camera (AxioCam HRc, Zeiss, Oberkochen, 
Germany). 

2.6. Quantitative backscattered electron imaging (qBEI) 

Sample preparation and qBEI measurements are described in detail 
elsewhere [34,42,46]. Briefly, the longitudinal surface of the residual 
sample block was ground and polished using a polishing device (PM5 
Logitech, Glasgow, Scotland). To ensure electric conductivity the 

Fig. 1. A Overview of the applied methods for assessing bone material properties. All analyses were performed on the left femur of mice. B Light microscopy analysis 
on the distal part of the femur to examine osteoid deposition (see Fig. 4). C Quantitative Backscattered Electron Imaging (qBEI) on distal femur to assess the structural 
indices of bone histomorphometry, the bone mineral density distribution (BMDD), and osteocyte lacunae sections (OLS) (see Figs. 3, 5, 6, respectively). D Quan-
titative Backscattered Electron Imaging (qBEI) on midshaft cross section on the proximal part of the femur to assess 2D vascularization (see Fig. 8A). E Micro-CT 
analysis from the third trochanter to evaluate 3D vascularization (see Fig. 8B). F Confocal Laser Scanning Microscopy (CLSM) on midshaft cross sections of 
rhodamine-stained samples to assess the osteocyte lacuno-canalicular density (see Fig. 7). G Second Harmonic Generation microscopy (SHG) on midshaft cross 
section to evaluate collagen fibril orientation (see Fig. 9). 
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surface was carbon coated using vacuum evaporation (Agar SEM Carbon 
coater, Agar Scientific Limited, Essex, UK). Backscattered electron im-
ages were obtained using a digital scanning electron microscope (DSM 
962, Zeiss, Oberkochen, Germany) equipped with a four-quadrant 
semiconductor backscattered electron detector. An accelerating 
voltage of 20 kV, a working distance of 15 mm and a probe current of 
110 pA were used. 

The underlying principle of the qBEI method is that the intensity of 
backscattered electrons from the surface is proportional to the local 
calcium content. A calibration of the electron microscope with standards 
of known composition (carbon and aluminum) prior to the measure-
ments allows to convert local grey values into calcium concentration 
measured in weight % (wt% Ca). 

Applying custom-made routines, different types of image analyses 
were performed on obtained quantitative backscattered electron mi-
croscopy images: 

2.6.1. Structural histomorphometry of the mineralized bone tissue 
We performed structural histomorphometry on quantitative back-

scattered electron microscopy images with a spatial resolution of 3.6 μm 
per pixel. Of note, it was previously shown that shrinkage of mineralized 
bone due to dehydration during sample preparation is minimal and 
homogeneous, given that structural parameters obtained from 3D micro- 
CT and 2D-histomorphometry performed on plastic embedded tissue are 
in excellent agreement [47]. 

The measurement area extended 1 mm towards the midshaft of the 
bone, starting 0.5 mm below the growth plate. The following parameters 
were assessed by standardized procedures [48]  

• BV/TV (%), i.e., bone volume per tissue volume,  
• Tb.Th (μm), i.e., trabecular thickness,  
• Tb.N (1/mm), i.e., trabecular number, 

It is important to note that in contrast to histomorphometry on 
Goldner’s stained sections, the parameters obtained in this evaluation 
reflect only the mineralized parts of bone and do not include any 
unmineralized matrix (osteoid). 

2.6.2. Bone mineralization density distribution (BMDD) 
The cortical (cort) and metaphyseal (ms) part of distal femurs were 

scanned with a spatial resolution of 0.88 μm per pixel and a scan speed 
of 100 s per frame. From the quantitative backscattered electron mi-
croscopy image showing the mineral content in each pixel, the corre-
sponding frequency distribution, called bone mineralization density 
distribution (BMDD), is derived. This enables direct comparison of the 
mineralization pattern expressed by the specific BMDD curve between 
different bone samples. 

The BMDD curve is characterized by five parameters [46].  

• CaMean (wt% Ca); the average calcium concentration,  
• CaPeak (wt% Ca); the most frequently measured calcium 

concentration,  
• CaWidth (Δwt% Ca); the full width at half maximum of the curve, 

characterizing the heterogeneity in matrix mineralization,  
• CaLow (% bone area); the percentage of lowly mineralized bone 

defined as the area below 17.68 wt% calcium). This cut-off corre-
sponds to the 5th percentile of the reference range BMDD in human 
adults. As previously described, this value mirrors the transition of 
the phase of primary to secondary mineralization [42,46].  

• CaHigh (% bone area); the percentage of highly mineralized bone 
area, which is mineralized above the 95th percentile of the WT 
BMDD curve as described previously [42]. The mineralization values 
of the 95th percentile for WT animals were defined from the BMDDs 
from WT for each age and each femoral region as follow: at age of 
4 weeks: 28.24 wt% Ca (ms); 27.03 wt% Ca (cort); at age of 8 weeks: 
28.42 wt% Ca (ms) 28.94 wt% Ca (cort). 

2.6.3. Osteocyte lacunae section (OLS) characteristics 
The analysis of osteocyte lacunae sections was performed on quan-

titative backscattered electron microscopy images with 0.88 μm pixel 
resolution using a custom-made macro in ImageJ (version 1.50f; NIH, 
Bethesda, MD, USA; https://imagej.nih.gov/ij/) [49]. The images were 
binarized using a threshold of 5.2 wt% Ca to discriminate mineralized 
bone matrix from OLS. The OLS were further filtered using a size 
threshold between 5 μm2 and 80 μm2 to distinguish them from vascular 
channels or cracks [14]. 

The OLS characteristics are described by four parameters.  

• OLS-porosity (%); defined as the OLS total area per bone area,  
• OLS-density (OLS number/mm2); defined as the number of OLS per 

bone area,  
• OLS-area (μm2); mean value of the OLS area per sample,  
• OLS-perimeter (μm); mean value of the OLS perimeter per sample, 

The remaining analyses (except micro-CT) were performed on cross- 
sections of proximal femoral bone. 

2.6.4. Indirect measurement of 2D vascular porosity 
2D vascularity was investigated on quantitative backscattered elec-

tron microscopy images with a resolution of 2.97 μm per pixel. All en-
tities larger than a size threshold of 80 μm2 were defined as being 
presumptively vascular pores. 

Further, vascular variables were measured and expressed as:  

• Vascular porosity (%); described as total vascular pore area per bone 
area,  

• Vascular density (vascular pore number/mm2); described as the 
number of vascular pores per bone area,  

• Vascular mean area (μm2); mean value of the vascular pore area per 
bone area. 

2.7. Characterization of the osteocyte lacuno-canalicular network 

The osteocyte lacuno-canalicular network of rhodamine-stained 
samples was visualized by confocal laser scanning microscopy (CLSM, 
TCS SP5, Leica, Wetzlar, Germany). An oil-immersion objective (HCXPL 
APO 63×/140–60 OIL) with an airy 1 pinhole of 95.5 μm was used. The 
measurements were done on three regions of interest (ROI): anterior 
(ROI1), medial (ROI2), posterior (ROI3), in the midshaft cross-section of 
the proximal part of the left femur. For each region we obtained image 
stacks of 1024 × 1024 pixels with lateral resolution 0.24 μm/pixel and a 
step size of 0.25 μm in z-direction reaching to a depth of approximately 
60 μm in the sample. Images were obtained with a 543 nm laser. The 
laser intensity and the photomultiplier gain voltage were adjusted 
continuously in depth to guarantee a sufficient image quality. The im-
ages were analyzed using the TINA software package developed by F. 
Repp and co-workers [43]. TINA is a collection of Python scripts to 
binarize, skeletonize and analyze the obtained images. The main result 
of the analysis is the osteocyte lacuno-canalicular density measured as 
total canalicular length per volume and expressed as m/mm3 corre-
sponding to 10− 3 μm/μm3 [43]. We also characterized the degree of 
osteocytes, i.e., the number of canaliculi emanating from each osteocyte 
lacuna. In addition, the relation between osteocyte lacuna degree and 
the osteocyte volume was tested. 

2.8. X-ray microcomputed tomography (micro-CT) 

Micro-CT was used to assess vascular porosity in the third trochanter 
of the femur, a standardized region with a well-defined 3D-structure. For 
measurements, the proximal part of the femurs was immersed in 70% 
ethanol. The specimens were vertically positioned and fixed in the 
sample holder to prevent any motion artifacts during measurement [50]. 
We used a micro-CT50 (Scanco Medical AG, Brüttisellen, Switzerland) 
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operated at 55 kV and 200 μA. A 0.5 mm thick aluminum filter was used, 
and the exposure time was 1215 ms per projection. A total of 1500 
projections were captured over the range of 180 degrees. Images with 
2 μm spatial resolution were obtained after data reconstruction. The 
obtained images were processed with ImageJ (https://imagej.nih.gov/i 
j/). A 3D median filter with 2-pixel radius and a 3D gauss filter of 3-pixel 
size was applied to reduce noise. Image segmentation using a local 
Phansalkar threshold with radius 50 pixels and k = 0.15 was applied. 
The porosity (%) shown as (PV/TV), pore surface (μm− 1) (PS/TV), pore 
thickness (μm) (P⋅Th), pore separation (μm) (P.Sp), pore number (μm− 1) 
(P⋅N) were assessed with the plugin BoneJ [51] with a minimum pore 
size threshold set at 4000 μm3. The 3D structure of the pores was 
rendered using Amira software (v6.5, FEI Visualization Sciences Group, 
Bordeaux, France). The height of the third trochanter, was about 1.9 mm 
in the 4-weeks-old mice, and 3.2 mm for the 8-weeks-old mice. 

2.9. Second harmonic generation microscopy (SHG) 

Second harmonic generation (SHG) microscopy was used to assess 
the orientation of collagen fibers in the bone matrix [52,53]. The anal-
ysis was done on total midshaft cross-sections of the left femur. A two- 
photon confocal laser scanning microscope (Leica TCS-SP8 CLSM, 
Wetzlar, Germany) equipped with a pulsed IR-laser with 910 nm exci-
tation wavelength was used. The laser power at the specimen surface 
was approximately 650 mW. Images of 1024 × 1024 pixels were ob-
tained from the polished bone samples using an oil-immersion objective 
lens with nominal magnification 63× resulting in a pixel resolution of 
0.18 μm. The signal emissions were collected in the spectral window 
between 450 nm and 460 nm. A frame average of 8 was applied to 
reduce the noise [34]. The .tiff images were transferred into ImageJ and 
subsequently an auto-threshold was applied to discriminate collagen 
from dark background. The different regions of the images were then 
assessed visually and distinguished manually into areas with highly 
aligned collagen and areas of disordered collagen fibrils using a com-
puter drawing pen. The respective areas were then quantified using 
dedicated tools in ImageJ. Putting these areas in relation to the total area 
of the bone section yielded the respective percentages (shown in Fig. 9A, 
B). 

2.10. Statistical analysis 

We performed two-way ANOVA analyses to test the effect of geno-
type and age for each variable. This was followed up by Tukey post-hoc 
tests to compare groups whenever the interaction term was significant. 
The results from two-way ANOVA analyses are compiled in Table 1. 

On graphs, the data are presented as box-whiskers-plots. The hori-
zontal line shows the median value, the cross indicates the mean value. 
The box extends from the 25th to the 75th percentile, the length of the 
whiskers indicate data’s minimum and maximum. Differences were 
considered statistically significant at p < 0.05. The significance based on 
two-way ANOVA analyses is shown using § and * symbols for main effect 
of age and main effect of genotype, respectively, when the interaction 
term was non-significant (with p < 0.05, p < 0.01, p < 0.001 for one, two 
and three symbols, respectively). When the interaction term was sig-
nificant, the results of the post-hoc tests are given with pairwise com-
parisons when p < 0.05. 

The relation between lacuna degree and osteocyte volume was tested 
by Pearson correlation. For all analyses GraphPad Prism was used 
(version 9.0, GraphPad Software, Inc., La Jolla, CA, USA). 

3. Results 

3.1. Female Ifitm5/BRIL p.S42L mice have normal body weight, normal 
fat and lean mass but DXA BMD is reduced 

Female mutant mice did not differ from WT in body weight and size 

at 4- and 8-weeks of age. X-ray analysis showed humeral fractures in 6 
out of 14 animals at 4 weeks of age and in 9 out of 24 mice at 8 weeks of 
age (Fig. 2A, B, C). 

Two-way ANOVA results are compiled in Table 1 and Fig. 2D. The 
analyses showed that there was no effect of genotype for femur area, 
body fat and lean mass as measured by DXA. In contrast, there was a 
significant effect of genotype for BMD: Ifitm5/BRIL p.S42L mice had 
reduced BMD compared to WT, (whole body BMD: − 9.3%, − 5.7%; 
femoral BMD: − 12.0%, − 5.3%; lumbar spine BMD: − 13.0%, − 5.3%, 
respectively at 4 and 8 weeks of age). 

There was also a significant effect of age for all DXA measures that 
increased between 4 and 8 weeks of age: femur area BMD (WT: +9.7%, 
Ifitm5/BRIL p.S42L: +8.8%), body fat mass (WT: +15.9%, Ifitm5/BRIL p. 
S42L: +21.6%), body lean mass (WT: +9.9%, Ifitm5/BRIL p.S42L: 
+12.2%), whole body BMD (WT: +37.7%, Ifitm5/BRIL p.S42L: 
+43.3%), femur BMD (WT: +31.8%, Ifitm5/BRIL p.S42L: +41.8%), 
lumbar BMD (WT: +61.7%; Ifitm5/BRIL p.S42L: +77.0%) (Fig. 2D, 
Table 1). 

3.2. Trabecular architecture in femoral bone is similar in female Ifitm5/ 
BRIL p.S42L and WT mice 

The region of interest for evaluations is shown in Fig. 3A. The results 
of the two-way ANOVA analyses are compiled in Fig. 3B and Table 1 and 
do not show any genotype-dependency for bone volume per tissue vol-
ume (BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb. 
N). 

In contrast, Tb.N and Tb.Th showed a significant age dependency: 
Tb.N decreased with age (WT: − 32.1%; Ifitm5/BRIL p.S42L: − 28.0%), 
while Tb.Th increased between 4 and 8 weeks of age (WT: +21.2%; 
Ifitm5/BRIL p.S42L: +23.2%). As a consequence, BV/TV did not show a 
significant variation with age. 

Goldner stained histological sections of Ifitm5/BRIL p.S42L and WT 
femoral bone were examined by light microscopy (Fig. 4). Although 
quantitative bone histomorphometry was not performed, there was no 
obvious excessive osteoid deposition in Ifitm5/BRIL p.S42L bone sam-
ples. This observation is in agreement with the lack of increase of lowly 
mineralized matrix (CaLow) observed by qBEI (see Table 1, Fig. 5 C). 

3.3. Bone matrix mineralization is increased in female Ifitm5/BRIL p. 
S42L femora 

We evaluated two regions of interest: the metaphyseal spongiosa 
(ms) and the midshaft cortical (cort) bone (Fig. 5A). Typical BMDD 
curves for 4 and 8-week-old mice are shown in Fig. 5B. In the younger 
age group, we observed in both genotypes, a high mineralization 
“shoulder” at the right side of the BMDD curves of metaphyseal spon-
giosa, indicative for residual mineralized cartilage (red arrow) [42]. At 
8 weeks of age, the BMDD curves are shifted to the right, towards higher 
mineral content of the matrix compared to the corresponding BMDD 
from 4 weeks old mice. Moreover, at both ages, at both bone sites, the 
BMDD curves from Ifitm5/BRIL p.S42L are shifted towards higher min-
eral densities compared to the corresponding BMDD from WT mice. 
These observations were further confirmed by our two-way ANOVA 
analyses showing a significant effect for age and genotype for most 
BMDD parameters (Fig. 5C, and Table 1). 

In metaphyseal bone, the mean and peak calcium contents were 
higher in Ifitm5/BRIL p.S42L than WT (CaMean: +0.3% and +3.7%, 
CaPeak: +1.7% and +3.4% for 4 and 8 weeks of age, respectively). 
Nevertheless, a post-hoc test performed due to a significant interaction 
term revealed that for CaMean only the 8 weeks difference was signifi-
cant (4 weeks: p = 0.9; 8 weeks: P = 0.004). There was also a significant 
effect of genotype for the fraction of highly mineralized bone area, 
CaHigh. Post-hoc showed that CaHigh was significantly increased in 
Ifitm5/BRIL p.S42L vs. WT at 8 weeks (+98.6%, P = 0.003) but not at 
4 weeks (Ifitm5/BRIL p.S42L vs. WT +5.6%, P = 0.99). There was no 
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significant effect of genotype for either the heterogeneity in minerali-
zation, CaWidth, or the fraction of lowly mineralized bone area, CaLow. 

We further noted a highly significant age-dependency for all BMDD 
parameters except for CaHigh. In particular, CaMean and CaPeak 
increased between 4 and 8 weeks of age (CaMean: WT: +5.7%, Ifitm5/ 

BRIL p.S42L: +9.3%, both P < 0.0001; CaPeak: WT: +7.8%, Ifitm5/BRIL 
p.S42L: +9.5%) while CaWidth decreased (WT: − 18.6%, Ifitm5/BRIL p. 
S42L: − 17.2%) with age. Post-hoc tests for CaLow (due to a significant 
interaction) showed a decrease with age in both genotypes (WT: 
− 20.5%, P = 0.01 and Ifitm5/BRIL p.S42L: − 35.6%, P < 0.0001). 

Fig. 2. A, B. Results from X-ray analysis: Representative images of WT (A) and Ifitm5/BRIL p.S42 knock-in mice (B) at 8 weeks of age. B At larger magnification, a 
fracture at the humerus can be observed in the Ifitm5 S42L mouse (red arrow). C weight curves from Ifitm5/BRIL p.S42 knock-in and WT between 4 and 8 weeks of 
age D Results from DXA analyses: Data are presented as median (25th and 75th percentile), whiskers show the minimum and maximum value, the mean is marked as 
+; (n = 18–26 per group). The mean values (±SD) for each group are compiled in the Supplementary Table 1. Significant differences based on two-way ANOVA 
analyses (Table 1) are indicted by the symbols § and * for age and genotype, respectively (with p < 0.01 for two symbols and p < 0.001 for three symbols). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In cortical bone, all BMDD parameters showed a significant genotype 
dependency. The mineral content of the matrix was higher in Ifitm5/ 
BRIL p.S42L than in WT at 4 weeks (CaMean: +4.9%, CaPeak: +5.7%, 
CaHigh: +265%;) and at 8 weeks of age (CaMean: +4.1%, CaPeak: 
+4.2%, CaHigh: +272.0%). Also, CaWidth was increased in Ifitm5/BRIL 
p.S42L vs. WT (+11.4% and + 6.9%, at 4 and 8 weeks of age, respec-
tively). CaLow showed only a marginally significant difference with 
respect to genotype (P < 0.0490) and was decreased in Ifitm5/BRIL p. 
S42L vs. WT (− 9.3% and − 4.9%, at 4 and 8 weeks of age, respectively). 

Moreover, the mineral content of the matrix increased with age in 
both genotypes reflected by an increase in CaMean (WT: +8.9%, Ifitm5/ 
BRIL p. S42L: +8.0%) and CaPeak (WT: +8.4%, Ifitm5/BRIL p.S42L: 
+6.9%) between 4 and 8 weeks of age, whereas there was a decrease in 
CaWidth (WT: − 2.9%; Ifitm5/BRIL p.S42L: − 6.8%) and CaLow (WT: 
− 38.1%, Ifitm5/BRIL p.S42L: − 35.0%). CaHigh was the only BMDD 
parameter showing no significant alteration with age. 

3.4. Osteocyte lacunae density is increased but size is reduced in female 
Ifitm5/BRIL p.S42L. 

Fig. 6 A shows typical backscattered images from femoral mid-shaft 
regions from wild type and Ifitm5/BRIL p.S42L mice used to evaluate the 

characteristics of osteocyte lacunae sections (OLS). The results of the 
two-way ANOVA analyses are compiled in Table 1 and reveal a signif-
icant effect of age and genotype on all parameters. 

As shown in Fig. 6B, Ifitm5/BRIL p.S42L mice have at both ages 
higher OLS-porosity (+20.8% and +6.4% at 4 and 8 weeks of age, 
respectively), OLS-density (+40.1% and +23.7% at 4 and 8 weeks of 
age, respectively), smaller OLS-area (− 13.8% and − 14.0% at 4 and 
8 weeks of age, respectively), and smaller OLS-perimeter (− 7.5% and 
− 7.3% at 4 and 8 weeks of age, respectively). 

In both genotypes, OLS-porosity decreased with age (WT: − 40.1%, 
Ifitm5/BRIL p.S42L: − 48.0%). This was due to a concomitant decrease of 
OLS-density (WT: − 27.2%; Ifitm5/BRIL p.S42L: − 35.7%) and size (OLS- 
area: WT: − 20.0%, Ifitm5/BRIL p.S42L: − 20.2% and OLS-perimeter: 
WT: − 8.4%, Ifitm5/BRIL p.S42L: − 8.1%). 

3.5. Osteocyte canalicular density is decreased in female Ifitm5/BRIL p. 
S42L 

We measured the osteocyte canalicular density, i.e., the total length 
of canaliculi per bone volume and the number of canaliculi emerging per 
osteocyte lacunae (degree of the lacunae) in three regions of interest 
(ROI) using confocal laser scanning microscopy. Representative images 
are shown in Fig. 7A and B. 

Two-way ANOVA analyses revealed an effect of age and genotype. 
Canalicular density increased with age in both genotypes (WT: +3.7%, 
Ifitm5/BRIL p.S42L: +11.8%). However, at both ages we observed 
significantly lower canalicular densities in Ifitm5/BRIL p.S42L vs. WT 
(− 13.9% and − 7.2%, at 4 and 8 weeks, respectively; data shown in 
Fig. 7C and Table 1). 

We further assessed the average number of canaliculi emanating 
from each osteocyte lacuna (lacunar degree). 2-way ANOVA revealed no 
effect of genotype between Ifitm5/BRIL p.S42L and WT mice in either 
age group, but a significant increase in number of canaliculi per osteo-
cyte with age (WT: +29.8%, Ifitm5/BRIL p.S42L: +36.6%, respectively 
between 4 and 8 weeks of age; Fig. 7D and Table 1). In addition, we 
performed Pearson correlations and found a strong positive correlation 
between osteocyte lacunae volume and the number of canaliculi 
emanating from it in both age groups for both genotypes (at both ages, 
r = 0.8 for WT and 0.7 for Ifitm5/BRIL p.S42L, all p < 0.0001, Fig. 7 E). 

3.6. Vascular pore density is elevated in female Ifitm5/BRIL p.S42L 

We examined 2D vascularity by quantitative backscattered electron 
microscopy imaging on the cross-sectioned area of the mid-diaphyseal 
bone (Fig. 8A) and 3D vascularity of the 3rd trochanter by micro-CT 
(Fig. 8B). Both modalities showed decreased vascularity with age and 
increased measures of vascularity in 4-week-old Ifitm5/BRIL p.S42L 
mice vs WT (Fig. 8 C, 8D). The results of the two-way ANOVA analyses 
are compiled in Table 1. 

Two-way ANOVA analysis of vascularity showed that 2D porosity 
and 2D density have a significant effect of age and genotype. At both 
ages 2D-vascular porosity was increased in Ifitm5/BRIL p.S42L vs. WT 
(+96.3%, +12.9% at 4 and 8 weeks, respectively). The relative higher 
porosity in Ifitm5/BRIL p.S42L at 4 weeks of age was due to a higher pore 
density at 4 weeks (+76.3% vs. WT, P < 0.001 from a post-hoc test due 
to a significant interaction), whereas there was no significant difference 
at 8 weeks of age (P = 0.96). There was no significant genotype effect for 
2D-pore area. Thus, pore area differed in the 4- and 8-week old mice in 
the same way regardless of genotype. 

Both genotypes, showed an age-related decrease in 2D-porosity (WT: 
− 74.8%, Ifitm5/BRIL p.S42L: -85.5%), 2D-density (WT: − 60.3.8%, 
Ifitm5/BRIL p.S42L: − 736%) and 2D-mean area (WT: − 51.2%, Ifitm5/ 
BRIL p.S42L: − 45.5%; Fig. 8C). 

Two-way ANOVA analysis from 3D pore evaluation in the third 
trochanter, showed a significant effect of age and genotype for pore 
number (P⋅N) and pore separation (P. Sp). In both genotypes P⋅N 

Table 1 
Results of two-way ANOVA analysis.  

Parameter Interaction 
term 

Effect of 
age 

Effect of 
genotype 

DXA analysis: 
Femur area (cm2) 0.731 <0.0001 0.11 
Body fat mass (g) 0.430 <0.0001 0.40 
Body lean mass 0.782 0.0002 0.07 
Whole body BMD (g/cm2) 0.660 <0.0001 <0.0001 
Femur BMD (g/cm2) 0.372 <0.0001 0.0011 
Lumbar spine BMD (g/cm2) 0.508 <0.0001 0.004 
qBEI analysis: bone histomorphometry of structural parameters 
BV/TV (%) 0.738 0.1446 0.935 
Tb.N (1/mm) 0.771 0.0001 0.802 
Tb. Th. (μm) 0.931 0.0014 0.627 
qBEI analysis: BMDD in metaphyseal bone 
CaMean (Weight% calcium) 0.023 <0.0001 0.0081 
CaPeak (Weight % calcium) 0.177 <0.0001 0.0004 
CaWidth (Δ Weight % calcium) 0.902 <0.0001 0.4656 
CaLow (% bone area) 0.037 <0.0001 0.5806 
CaHigh (% bone area) 0.0120 0.2652 0.0078 
qBEI analysis: BMDD in cortical bone 
CaMean (Weight % calcium) 0.633 <0.0001 <0.0001 
CaPeak (Weight % calcium) 0.290 <0.0001 <0.0001 
CaWidth (Δ Weight % Ca) 0.230 0.0091 <0.0001 
CaLow (% bone area) 0.303 <0.0001 0.0490 
CaHigh (% bone area) 0.681 0.4352 <0.0001 
qBEI analysis: characteristics of osteocyte lacunae sections (OLS) 
OLS-porosity (%) 0.150 <0.0001 0.041 
OLS-density (Nb. OLS/mm2) 0.092 <0.0001 0.0001 
OLS-area (μm2) 0.456 <0.0001 <0.0001 
OLS-perimeter (μm) 0.672 <0.0001 <0.0001 
Confocal laser scanning microscopy analysis: osteocyte canalicular network: 
Canalicular density (m/mm3) 0.289 0.029 0.0012 
Degree (Nb. of Canaliculi/Lacuna) 0.749 <0.0001 0.377 
qBEI analysis: 2D vascularity in cortical bone cross-sectional area 
Porosity (%) 0.0540 <0.0001 0.0405 
Density (Number/mm2) 0.0018 <0.0001 0.0003 
Mean area (μm2) 0.893 0.0006 0.5656 
Micro-CT analysis: 3D vascularity in the third trochanter 
PV/TV (%) 0.9012 <0.0001 0.681 
P. Th (μm) 0.3548 <0.0001 0.132 
P. N (μm− 1) 0.0672 <0.0001 0.0036 
P. Sp (μm) 0.7321 <0.0001 0.0048 
PS/TV (μm− 1) 0.7322 <0.0001 0.060 
Second harmonic generation microscopy analysis: collagen orientation in the 

total cortical cross-sectional area 
Relative amount of disordered 

matrix (% of total bone area) 
0.650 0.097 <0.0001 

Methods and significant values are bold. 
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decreased between 4 and 8 weeks of age (WT: − 27.7%, Ifitm5/BRIL p. 
S42L: − 32.3%) but was always higher in Ifitm5/BRIL p.S42L than WT 
(4 weeks: +10.8%, 8 weeks: +3.7%). Consistently, P.Sp increased with 
age in both genotypes (WT: +44.7%, Ifitm5/BRIL p.S42L: +50.3%) and 
was lower in Ifitm5/BRIL p.S42L than WT (4 weeks: − 7.7%, 8 weeks: 
− 4.3%; results shown in Table 1 and Supplementary Table 1). Pore 
volume and pore surface also decreased from 4 to 8 weeks of age in both 
genotypes (PV/TV: WT: − 59.5%, Ifitm5/BRIL p.S42L: -59.7%; PS/TV: 
WT: − 55.6%, Ifitm5/BRIL p.S42L: − 59.7%), whereas pore thickness (P. 
Th.) increased with age (WT: +28.6%; Ifitm5/BRIL p.S42L: +44.9%). 
There was no significant effect of genotype for PV/TV, P.Th. and PS/TV. 
Thus, pore volume, pore thickness and pore surface differed in the 4 and 
8 weeks old mice in the same way regardless of genotype (Fig. 8D). 

3.7. Collagen fibril orientation is highly disordered in female Ifitm5/BRIL 
p.S42L mice 

Collagen fibril orientation was examined by second harmonic gen-
eration (SHG) imaging. Representative images are shown in Fig. 9A. A 
significantly higher area fraction from the total bone cross-section cor-
responding to disordered collagen fibrils was found in Ifitm5/BRIL p. 
S42L mice vs. WT (Fig. 9B). This observation was confirmed by two-way 
ANOVA analyses presented in Fig. 9C and Table 1, showing a significant 
effect of genotype but no significant effect of age. At both ages the 
proportion of disordered collagen fibrils was increased in Ifitm5/BRIL p. 
S42L versus WT (4 weeks: +155.3%, 8 weeks: +170.9%). 

The relation between collagen orientation and osteocyte canalicular 

density results is further illustrated by Fig. 10C, representing the overlay 
image from the same cortical bone region measured with SHG (Fig. 10A) 
and CLSM (Fig. 10B), which shows that the areas with ordered lamellar 
bone correspond to the regions with higher osteocyte canalicular 
density. 

4. Discussion 

In the present study, we characterized the bone phenotype and ma-
terial properties of femoral bone in young growing female 4- and 8- 
weeks old mice carrying an Ifitm5/BRIL p.S42L substitution, which is 
a new murine model for atypical type VI OI. The age of 4 weeks (and 
through 8 weeks) in mice corresponds to a period of rapid bone acqui-
sition, which was similar in WT and in mice carrying the Ifitm5/BRIL p. 
S42L mutations as demonstrated by our growth curves and body weight 
analyses. Consistently, structural bone histomorphometry parameters 
from femoral bone obtained by qBEI, showed similar trabecular bone 
architecture in Ifitm5/BRIL p.S42L and WT. In particular, we observed 
between 4 and 8 weeks of age, in both genotypes a reduction in 
trabecular number and concomitant increase in trabecular thickness 
resulting in a constant trabecular bone volume (BV/TV). Such age- 
related changes are possibly driven by bone modeling and remodeling 
activities, resulting in structural adaptation to mechanical loading 
conditions during skeletal growth [36,42]. This lack of skeletal growth 
anomalies contrasts with the perinatal lethality of mice harboring the 
recurrent OI type V mutation (14C > T, or MALEP-Ifitm5), which is the 
most common mutation. Furthermore, the murine Ifitm5/BRIL p.S42L 

Fig. 3. A Representative quantitative back-
scattered electron microscopy image of 
femoral bone showing the region evaluated 
by qBEI for structural histomorphometry: 
1 mm towards the midshaft (green arrow) 
starting 500 μm below the growth plate 
(yellow arrow). B Results of structural bone 
histomorphometry: Data in graphs are pre-
sented as median (25th and 75th percentile), 
whiskers show the minimum and maximum 
value, the mean is marked as +; (n = 9–10 
per group). The mean values (±SD) for each 
group are compiled in the Supplementary 
Table 1. Significant age dependencies based 
on two-way ANOVA analyses (Table 1) are 
indicated by § (§§: p < 0.01, §§§: p < 0.001). 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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phenotype is less severe in mice than in humans in terms of growth but 
does have spontaneous fractures [20,25]. In addition, we did not 
observe by light microscopy examinations an obvious mineralization 
defect with excessive osteoid accumulation, as in patients with typical 
and atypical OI type VI [9,20]. Although we did not obtain quantitative 
measures for osteoid, our observation is consistent with the qBEI results 
that did not show in Ifitm5/BRIL p.S42L an increase in CaLow, the 
percentage of lowly mineralized bone matrix, as one would expect in 
situation of hyperosteoidosis such as in OI type VI bone (Fig. 5C) 
[19,46]. 

Despite the similarity in body size, lean and fat mass, geometry and 
histology, the Ifitm5/BRIL p.S42L mouse cohort displayed multiple long- 
bone fractures and reduced whole body BMD, indicating bone material 
alterations at the microscopic scale. Consistently, detailed qBEI, micro- 
CT, confocal laser scanning and second harmonic generation microscopy 
analyses showed an array of OI bone tissue abnormalities associated 
with various OI types, which were: hypermineralization of the bone 
matrix, elevated vascular porosity, increased osteocyte lacunae density, 
decreased osteocyte canalicular density and highly disordered collagen 
orientation. 

So far, elevated matrix mineralization was reported in children with 
OI and in all mouse models with genetic defects altering either the 
quantity or the structure of type I procollagen, and also with many OI 

types caused by deficiency of proteins affecting collagen modification, 
folding or processing, such as in the OI type VII and VIII murine models 
and even in OI type V and type VI, which do not affect modification, 
folding/processing [2,9,14,19,27,33,41,42,54–58]. In this study, we 
observed that the degree of mineralization (CaMean and CaPeak) 
increased with age in the metaphysis and in the cortical compartments, 
independently of genotype, and was always higher in Ifitm5/BRIL p. 
S42L than in WT. It should be noted that due to higher remodeling rate, 
the metaphyseal trabecular bone has an overall younger tissue age than 
cortical bone, and therefore, also a lower mineral content. This was 
reflected by lower CaMean and CaPeak values in metaphyseal than in 
cortical bone. We further noted, in the metaphyseal bone of 4-weeks old 
animals, a “shoulder” (see Fig. 5B) in the BMDD peak at high mineral-
ization. Such highly mineralized areas in metaphyseal bone of young 
mice represent remnants of mineralized cartilage from the growth plate, 
which is typically more highly mineralized than bone and make a sub-
stantial contribution to CaHigh [42]. However, CaHigh was significantly 
increased in metaphyseal bone of 8-weeks old Ifitm5/BRIL p.S42L versus 
WT mice, although no mineralized cartilage (or “shoulder” of the BMDD 
peak) was observed at this age. Moreover, in cortical bone, CaHigh was 
about 4 times higher in Ifitm5/BRIL p.S42L than in WT. Thus, CaHigh, 
together with the marked increase of CaMean and CaPeak, mirrors the 
hypermineralization of the matrix, which is considered to be an 

Fig. 4. Light microscopy examinations: A representative 
histological image from a distal femur WT 8-week-old, 
Goldner trichrome stained (mineralized bone matrix is 
green, osteoid is red) Scale bar = 1 mm. B Details from 
femoral bone from WT and Ifitm5/BRIL p.S42L at 4 weeks 
and 8 weeks. Note that no increased osteoid formation is 
viewed in Ifitm5/BRIL p.S42L compared to WT. Scale 
bar = 50 μm. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the 
web version of this article.)   
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important contribution to the increased material brittleness typical for 
OI bone [41,59]. 

A further important finding is that intracortical porosity, encom-
passing vascular channels and osteocyte lacunae, decreased markedly 
with age in Ifitm5/BRIL p.S42L as well as in WT and was consistently 
higher in Ifitm5/BRIL p.S42L than in WT. While we applied an indirect 

method to evaluate vascular porosity in the cortex based on 2D back-
scattered electron microscopy images, a previous study on mouse bone 
has demonstrated the presence of blood vessels within large pores cor-
responding to intracortical channels [40]. The increased porosity is in 
accordance with the lower BMD obtained by DXA in Ifitm5/BRIL p.S42L 
versus WT in femoral bone (and lumbar spine) and might significantly 

(caption on next page) 
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undermine bone material strength and its ability to resist fractures 
[30,60]. 

It is noteworthy that increased vascularity is generally not consid-
ered to be a typical feature of OI, although abnormally high number of 
vascular channels was previously demonstrated in diaphyseal bone of 
children with mild and severe forms of OI as well as, in the oim mouse 
model, which makes an atypical α1(I)3 collagen [40,61]. Moreover, 
PEDF has potent anti-angiogenic properties, manifest in the increased 
vascularity that was recently demonstrated directly by perfusion in a KO 
PEDF mouse model of type VI OI [28]. Reduced expression and secretion 
of PEDF was previously demonstrated in osteoblasts from patients with 
atypical type VI OI, leading to the expectation that vascular porosity 
might be increased in Ifitm5/BRIL p.S42L bone [20]. In fact, the 
increased porosity in Ifitm5/BRIL p.S42L bone was mainly due to 

increased pore density (pore number) as evaluated on 2D qBEI images 
and 3D rendering of the third trochanter (in agreement with a smaller 
pore spacing). Indeed, the 2-way ANOVA analysis did not reveal a sig-
nificant effect of genotype either for the pore mean area on qBEI images 
or for pore volume, pore thickness and pore surface in the third 
trochanter (Table 1). These results are in line with previous findings in 
the oim mouse and might reflect a more disordered architecture such as 
smaller and more branched vascular channels [40]. 

Moreover, we noted that 2D pore density which was higher in Ifitm5/ 
BRIL p.S42L at 4 weeks reached similar values than WT at 8 weeks of age 
(2-wayANOVA indicating a significant interaction between age and 
genotype, Fig. 8C, Table 1). Also the mean area of the pores showed a 
strong decrease with age (Fig. 8C, Table 1) Murine cortical bone is 
known to be highly vascularized at birth and early skeletal growth is 

Fig. 5. A Representative quantitative backscattered electron microscopy image of femoral bone illustrating the two investigated regions of interest for bone 
mineralization density distribution (BMDD) (metaphysis: ms, cortical bone: cort); Scalebar = 1 mm. B BMDD curves of metaphyseal and cortical bone from WT and 
Ifitm5/BRIL p.S42L mice (at 4- and at 8-weeks). It can be observed that for both genotypes and at both ages, the BMDD curves of cortical bone (full lines) are shifted 
to the right, towards higher mineral content of the matrix compared to metaphyseal bone (broken lines). Except for metaphyseal bone at 4 weeks of age, the BMDD 
curves from Ifitm5/BRIL p.S42L are shifted towards higher mineral content of the matrix compared to the corresponding WT curves. The red arrow point towards, a 
“shoulder” at the right site of the BMDD curve in metaphyseal bone of 4 weeks old WT and Ifitm5/BRIL p.S42L, most likely residual mineralized cartilage from the 
growth plate. The “shoulder” is not anymore present at age of 8 weeks. C Significant differences based on two-way ANOVA analyses (Table 1) are indicated by the 
symbols § and * for age and genotype, respectively (with p < 0.05 for one symbol, p < 0.01 for two symbols and p < 0.001 for three symbols). For CaMean, CaLow and 
CaHigh in metaphyseal spongiosa (ms) with significant interaction between age and genotype (Table 1), p-values of pairwise comparisons (post-hoc tests) are 
indicated (when p < 0.05). CaMean and CaPeak increased with age, in both genotypes, in both regions of interest and were higher in Ifitm5/BRIL p.S42L than WT 
except for CaMean in metaphyseal bone at the age of four weeks. Note that in cortical bone, where no mineralized cartilage was present, CaHigh was increased in 
Ifitm5/BRIL p.S42L versus WT. Data are presented as median (25th and 75th percentile), whiskers show the minimum and maximum value, the mean is marked as +. 
ms = metaphyseal spongiosa; cort = cortical bone. (n = 9–10 per group). The mean values (±SD) for each group are compiled in the Supplementary Table 1. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. A Representative quantitative backscattered electron microscopy images of the cortex of femoral bone from 4-weeks old WT and Ifitm5/BRIL p.S42L mice. 
The unmineralized osteocyte lacunae sections (OLS) within the mineralized matrix appear black. Scale bar = 100 μm. B Two-Way ANOVA analyses showed for all 
parameters a significant effect of age and genotype (Table 1). Significant differences are indicated by the symbols § and * for age and genotype, respectively (with 
p < 0.05 for one symbol and p < 0.001 for three symbols). Data are presented as median (25th and 75th percentile), whiskers show the minimum and maximum 
value, the mean is marked as +; (n = 9–10 per group). The mean values (±SD) for each group are compiled in the Supplementary Table 1. 
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Fig. 7. A Representative confocal laser scanning microscopy (CLSM) imaging of the femoral cross section of the distal femur of a WT 8 weeks old mouse. The 
overview shows the 3 chosen regions of interest (ROI 1–3); scale bar = 200 μm B Enlargement of ROI 1 representing rhodamine-stained osteocyte lacunae and 
canaliculi in WT and Ifitm5/BRIL p.S42L mice, Scale bar = 20 μm. A looser network with less dense and ordered osteocyte canalicular network can be observed in 
Ifitm5/BRIL p.S42L vs. WT. Osteocyte lacunae (yellow arrow heads), and canaliculi (white arrow heads) are shown in enlarged images of (a, b, c, d); Scale 
bar = 10 μm. C Two-way ANOVA analyses (Table 1) showed a significant effect of age and genotype on canalicular density. Significant differences are indicated by 
the symbols § and * for age and genotype, respectively (with p < 0.05 for one symbol and p < 0.01 for two symbols): Note that in both genotypes canalicular density 
increased with age. At both ages, canalicular density was lower in Ifitm5/BRIL p.S42L vs. WT. D Two-way ANOVA analysis showed that in both genotypes the number 
of canaliculi per lacuna (degree) increased with age (§§§: p < 0.001), whereas there was no significant effect of genotype. E Plots showing Pearson correlation be-
tween osteocyte lacunae volume and degree, which was similar in both, 4 and 8 weeks of age. Data are presented as median (25th and 75th percentile), whiskers 
show the minimum and maximum value, the mean is marked as +; (n = 8–10). The mean values (±SD) for each group are compiled in the Supplementary Table 1. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. 2D vascularity evaluated by qBEI and 3D vascularity evaluated by micro CT: 
A Representative quantitative backscattered electron microscopy images of femur cross sections of WT and Ifitm5/BRIL p.S42L mice (left and right) at 4 and 8 weeks 
of age (top and bottom, respectively) showing 2D vascular porosity in whole cross-sectional area of the mid-diaphyseal bone, Scale bar = 300 μm. B 3D rendering of 
pores at the third trochanter from micro-CT analysis of bone tissue vascularization. C The graphs show the results of the 2D-pore evaluations on the cross-sectioned 
area of cortical bone from two-ANOVA analyses (n = 6/group). For both genotypes, porosity, density and mean pore are decreased with age. Significant differences 
are indicated by the symbols § and * for age and genotype, respectively (with p < 0.05 for one symbol, and p < 0.001 for three symbols). Note that for Density-2D with 
significant interaction between age and genotype (Table 1), p-values of pairwise comparisons (post-hoc tests) are indicated (when p < 0.05). At both ages, porosity 
was higher in Ifitm5/BRIL p.S42L than in WT. Density was increased in Ifitm5/BRIL versus WT at 4 weeks of age, whereas at 8 weeks, this difference was no longer 
significant. D The graphs show the results of 3D micro-CT evaluations of the third trochanter from two-way ANOVA analyses (n = 10/group): for both genotypes PV/ 
TV, PS/TV and P⋅N decreased with age, whereas P.Th increased with age (§§§: p < 0.001). At both 4 and 8 weeks of age, P⋅N was increased in Ifitm5/BRIL p.S42L vs. 
WT (**: p < 0.01). There was no effect of genotype for PV/TV, P. Th, PS/TV. All two-way ANOVA results are shown on Table 1. Data are presented as median (25th 
and 75th percentile), whiskers show the minimum and maximum value, the mean is marked as +. The mean values (±SD) for each group are compiled in the 
Supplementary Table 1. 
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accompanied by a steep decrease in porosity, estimated to be as much as 
8-fold during the first 40 days of life [62–64]. This is related to the fact 
that limb bones are originally formed as a foamy, well-perfused but only 
partly mineralized scaffold, that gradually undergoes compaction due to 
a decrease of pore density and size [63,65]. Hence, the decrease in pore 

density is due to apposition of more compact bone tissue at the inner and 
outer surfaces leading to radial expansion of the cortex. The gradual 
reduction of pore diameter is associated with activity of bone forming 
osteoblasts transported by blood vessels [63,64]. Consistently, our an-
alyses revealed that the age-related decrease in porosity was due to a 

Fig. 9. Second Harmonic Generation (SHG) microscopy analysis of collagen fibril orientation on the total cross-sectional femoral bone area A Representative 
overview image from an 8-week-old WT mouse; scale bar = 200 μm. B Enlarged images of square area in WT 4 and 8 weeks of age (a and b) and Ifitm5/BRIL p.S42L (c 
and d); scale bar = 20 μm. SHG shows areas with ordered collagen fibrils orientation (white arrow heads) in WT mice vs. disordered collagen fibrils orientation 
(yellow asterisks) in Ifitm5/BRIL p.S42L mice. Enlarged images of square in a, b, c, d; scale bar = 10 μm. C Two-way ANOVA analyses (Table 1) the proportion of 
disorganized collagen fibrils was highly increased in Ifitm5/BRIL p.S42L versus WT (***: p < 0.001) regardless of age. Data are presented as median (25th and 75th 
percentile), whiskers show the minimum and maximum value, the mean is marked as +. Disordered area = area corresponding to collagen fibrils with highly 
disordered orientation; (n = 4–5/group). The mean values (±SD) for each group are compiled in the Supplementary Table 1. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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concomitant decrease in pore density and pore size (area and perimeter) 
(Fig. 8). Previous studies have found that the vascular canal diameter in 
murine cortical bone decreased from 32 ± 3.3 μm at 10 days of age to 
15 ± 15 μm at 8 weeks [40,63], which is in good agreement with our 
observations of a diameter decrease in WT from about 33 μm to 23 μm 
(Supplementary Table 1). Direct examination of vasculature in Ifitm5/ 
BRIL p.S42L bone by perfusion in the future will be useful to validate the 
pore measurement data for bone angiogenesis. 

In line with the qBEI findings in the cross-sectional area of the mid- 
diaphyseal cortical bone, our micro-CT analysis of the third trochanter 
showed that pore volume, pore surface and pore number significantly 
decreased with age, whereas 2 way-ANOVA indicated that pore number 
were increased in Ifitm5/BRIL p.S42L, regardless age (Fig. 8D, Supple-
mentary Table 1). It should be noted that the third trochanter, to which 
the ascending tendon of the gluteus maximus muscle attaches, is very 
likely to be subjected to different mechanical stress than the whole 
femoral bone, which might explain the different channel architecture 
[66,67]. Nevertheless, there is a strong indication that angiogenesis was 
increased in female Ifitm5/BRIL p.S42L at the age of 4 weeks and 
normalized thereafter (Fig. 8D). Of note, it has been previously reported 
that conditional disruption of VEGF in mature osteoblasts increases 
blood vessel formation in males but does not alter vascular porosity in 
adult female mice [68]. Because estrogen bioactivity peaks at 8 weeks of 
age, which in fact corresponds to a state of late puberty in mice, it might 

be that the Ifitm5/BRIL p.S42L mutation is compensated in female mice 
by other, still unknown angiogenic factors [36,68,69]. 

In both murine genotypes, osteocyte lacunae sections (OLS) porosity 
and OLS density, measured on quantitative backscattered electron mi-
croscopy images, decreased from 4 weeks to 8 weeks of age and was 
higher in Ifitm5/BRIL p.S42L than in WT (Fig. 6B). Elevated osteocyte 
density is a hallmark of OI bone and was also observed in several murine 
OI models. It has been associated with a higher bone turnover rate and 
abnormally low bone formation capacity by individual OI osteoblasts 
[14,30,40,70–73]. Indeed, a greater osteocyte density indicates that less 
matrix per osteocyte is present in OI bone which points towards 
disturbed osteoblast and osteocyte differentiation and function in OI 
pathology with and without primary collagen defect 
[14,18,30,40,70–74]. Consistent with the present findings, a decrease in 
osteocyte lacunar density with age has been previously observed in bone 
from children with or without OI [70,75]. Moreover, as in Ifitm5/BRIL p. 
S42L mutants, a significantly smaller OLS size was also observed in 
transiliac bone biopsy samples from children with type I OI, whereas 
children with type V OI, and to a certain extent also children with OI 
type VI, have much larger osteocyte lacunae [14,19,70]. It should be 
noted that these results must be interpreted with caution since osteocyte 
lacunae are three-dimensional structures, while an OLS analysis in-
vestigates only 2D sections through the sample. This might lead to an 
underestimation of the real osteocyte body size due to projection effects. 

Fig. 10. A Matrix structure of cortical cross-sectional area of the mid-diaphyseal mice femur of a 8-weeks-old WT animal viewed by second harmonic generation 
(SHG) microscopy. B Same surface viewed by confocal laser scanning microscopy (CLSM). C Overlay of A and B. The areas with well oriented collagen fibers, lamellar 
region (yellow arrows) correspond to well-ordered and elongated osteocyte lacuna and canaliculi compared to more round lacunae and less aligned oriented collagen 
fiber in the middle (blue arrows). The black areas indicate regions with no signal. Scale bar = 20 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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However, we evaluated a large number of bone samples, and the two- 
way ANOVA analysis revealed a significant reduction of about 14% in 
OLS-area and 8% in OLS-perimeter of Ifitm5/BRIL p.S42L mutants 
versus WT at both ages. This observation suggests either that osteocyte 
lacunae are intrinsically smaller or that the unmineralized perilacunar 
space is narrower. During osteocytogenesis, i.e., during differentiation 
of a cuboidal osteoblast to an osteocyte, the cell volume normally 
shrinks to about 70% and it might be that dysregulated OI osteocytes 
shrink to a larger extent [38,76]. A further possibility is that the distance 
between the mineralized matrix and the unmineralized cell membrane, 
thus the pericellular space, is narrower in Ifitm5/BRIL p.S42L. Recently, 
it was demonstrated that mineralization starts at some distance from the 
osteocyte cell body and the canaliculi and gradually moves towards the 
cell, raising the possibility that the remaining unmineralized zone 
around osteocyte bodies and along canaliculi is smaller in Ifitm5/BRIL p. 
S42L than in WT [77]. In fact, both assumptions are in accordance with 
the concept that osteocytes in OI have abnormalities in expression of 
genes regulating dendrite formation, extracellular matrix organization 
and mineralization [38]. Hence, a further phenotypic observation in 
Ifitm5/BRIL p.S42L, reminiscent of OI [37], is the architecture of the 
disordered collagen matrix by second harmonic generation microscopy 
in conjunction with the osteocyte lacuno-canalicular network visualized 
by a combination of rhodamine staining and confocal laser scanning 
microscopy on the identical bone surfaces [44,78]. To our knowledge, 
the architecture of the osteocyte lacuno-canalicular network has not yet 
been characterized in OI, although it is widely recognized that a func-
tional intact osteocyte lacuno-canalicular network plays a crucial role in 
mechanosensation, load adaptation and conversely might be profoundly 
altered in aging and diseases [39,78,79]. The mean canalicular density 
in our WT mice showed significant age variation (351.9 and 364.7 m/ 
mm3, at 4- and 8 weeks, respectively) and was about 30% higher than 
reported earlier in skeletal mature mice (26 weeks: 270 m/mm3 [39]). 
This would indicate that bone from young growing mice have higher 
osteocyte canalicular density than adult mice, which is in agreement 
with previous observations that the overall canalicular density decreases 
with age [78–80]. We further observed an age-related increase in the 
number of cell processes per osteocyte in WT and Ifitm5/BRIL p.S42L, 
which is also in line with previous studies reporting osteocyte canalic-
ular number increase in young mice in parallel to mechanical adaptation 
during growth [80,81]. Ifitm5/BRIL p.S42L bone showed lower cana-
licular density than WT. Interestingly, despite increased osteocyte 
lacunae density in Ifitm5/BRIL p.S42L, the number of canaliculi per 
osteocyte was similar between the two genotypes. A higher density of 
osteocytes also implies a shorter distance between lacunae which could 
perhaps explain the overall shorter canalicular length per unit volume 
(that is, the canalicular network density). 

However, osteocyte lacunae and canalicular network were not 
homogenously distributed throughout the bone matrix [44]. In partic-
ular, cross-sectional murine bone displays lamellar regions, mostly at 
the periosteal and endocortical surfaces with a rather dense and well 
connected osteocyte lacunar-canalicular network, as well as regions 
resembling disordered woven bone with a rather loose network of low 
connectivity and many vascular channels (Fig. 10) [39]. It is known that 
severe forms of OI are characterized by more woven bone formation at 
the expenses of ordered lamellar bone deposition, so we hypothesize 
that a higher proportion of woven bone formation contributes to the OI 
phenotype in our mouse cohort [37,82]. Alterations of collagen fibril 
orientation in OI models were previously also observed in the Brtl+/−
mice by second harmonic generation and by polarized light microscopy, 
and they were also deduced from measuring the degree of alignment of 
the mineral particles by small angle X-ray scattering and from osteocyte 
lacunae orientation in the mov13 and oim mice [34,40,72,83,84]. Most 
importantly, disordered collagen orientation is a hallmark of OI type V, 
OI type VI and atypical OI type VI bone [8,9,14,20]. In accordance, the 
evaluation of the second harmonic generation microscopy images 
revealed that the relative amount of disordered matrix is about 2.5-fold 

higher in Iftm5/BRIL p.S42L than in WT, representing more than half the 
total cross-sectional area of the midshaft cortical bone (Fig. 9, Supple-
mentary Table 1). Moreover, this ratio was not age-dependent, indi-
cating that the abnormal collagen fiber arrangement indeed represents a 
bone tissue characteristic of growing Ifitm5/BRIL p.S42L mutants. In this 
context, it is interesting to remark that numerical simulation suggests 
that lamellar organization of bone leads to a significant (potentially up 
to hundred-fold) reduction of bone fragility compared to a homogeneous 
(non-lamellar) structure [85]. The reason is that the interface between 
two lamellae effectively hinders crack propagation via efficient energy 
dissipation mechanisms [86]. While there is no direct proof to date, this 
suggests that a higher proportion of woven (or at least less lamellar) 
bone could be a universal contributor to the increased fragility of many 
forms of OI. Noteworthy, woven bone is also characterized by higher 
osteocyte density, shorter canalicular length, increased vascularity and 
increased mineralization density [82,87]. Finally, it should be noted that 
although recent studies have shown that the mechanical properties of OI 
bone seem not to be affected by the elevated osteocyte lacunae density, 
the diminished osteocyte network organization in Ifitm5/BRIL p.S42L 
along with disorganized matrix might have a major impact on fluid flow, 
diffusion of ions, hormones and signaling molecules, all factors pro-
moting cellular communication and mechanosensation via the osteocyte 
lacuno-canalicular network, which ultimately influence the bone ma-
terial quality [61,76,88]. 

In summary, the results of this study show that despite the lack of a 
collagen gene mutation, and the lack of growth and size abnormalities, 
the female Ifitm5/BRIL p.S42L mouse shows major OI-related bone tis-
sue alterations such as elevated matrix mineralization, increased pore 
and osteocyte number with however decreased canalicular density and 
highly disordered collagen orientation. Although most bone tissue 
characteristics were both age- and genotype dependent, the differences 
between genotypes seemed to decrease with age, suggesting an adap-
tation during growth, as observed in other mouse models [35]. Bone 
hypermineralization and collagen organization, which likely are major 
contributors to the overall bone fragility, were always increased in the 
Ifitm5/BRIL p.S42L mouse independently of age. Additional character-
ization of Ifitm5/BRIL p.S42L bone plus in vitro osteoblast studies, 
conducted in parallel with the investigations of tissue level abnormal-
ities presented here, provide complementary molecular and biochemical 
insights at the intersection of the BRIL and PEDF pathways (Guterman- 
Ram et al., manuscript in preparation). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bone.2022.116451. 
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