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Abstract

Lateral Meningocele or Lehman Syndrome (LMS) is associated with NOTCH3 mutations 

causing deletions of the PEST domain and a gain-of-NOTCH3 function. We demonstrated that 

Notch3em1Ecan mice harboring Notch3 mutations analogous to those found in LMS are osteopenic 

because of enhanced bone resorption. To determine the contribution of specific cell lineages to the 

phenotype, we created a conditional-by-inversion (Notch3COIN) model termed Notch3em2Ecan in 

which Cre recombination generates a Notch3INV allele expressing a NOTCH3 mutant lacking 

the PEST domain. Germline Notch3COIN inversion caused osteopenia and phenocopied the 

Notch3em1Ecan mutant, validating the model. To induce the mutation in osteocytes, smooth 

muscle and endothelial cells, Notch3COIN mice were bred with mice expressing Cre from 

the Dmp1, Sm22a and Cdh5 promoters, respectively, creating experimental mice harboring 

Notch3INV alleles in Cre-expressing cells and control littermates harboring Notch3COIN alleles. 

Notch3COIN inversion in osteocytes led to femoral and vertebral cancellous bone osteopenia, 

whereas Notch3COIN inversion in mural Sm22a or endothelial Cdh5-expressing cells did not result 

in a skeletal phenotype. In conclusion, introduction of the LMS mutation in osteocytes but not in 

vascular cells causes osteopenia and phenocopies Notch3em1Ecan global mutant mice.
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1. INTRODUCTION

Notch receptors determine cell fate and function in a variety of tissues and organs including 

bone [1–3]. There are four Notch receptors, NOTCH 1–4, that are activated following 

interactions with ligands of the Jagged and Delta-like families, present in adjacent cells [1].

There is a degree of structural and functional overlap among the four Notch receptors. 

However, each Notch receptor has unique functions and specific patterns of cellular 

expression [3]. Notch1, 2 and 3 and low levels of Notch 4 transcripts are detected in skeletal 

cells. Whereas, Notch1 and Notch2 transcripts are present in osteoblasts and osteoclasts, 

Notch3 mRNA is detected in osteoblasts and osteocytes but not in the myeloid/osteoclast 

lineage [3–5]. NOTCH1 and NOTCH2 suppress osteoblast differentiation but NOTCH1 

inhibits osteoclastogenesis whereas NOTCH2 enhances osteoclast differentiation [4, 6–9]. 

In contrast, NOTCH3 induces osteoclastogenesis by indirect mechanisms since it is not 

expressed in the myeloid lineage [10]. Previous work suggests that NOTCH3 acts by 

increasing the expression of receptor activator of nuclear factor-κB ligand (RANKL) in 

osteoblasts and osteocytes, and RANKL is required for osteoclastogenesis [10–13].

Lateral Meningocele Syndrome (LMS) or Lehman Syndrome (Online Mendelian Inheritance 

in Man 130720) is a rare genetic disorder characterized by craniofacial and skeletal 

abnormalities, meningoceles and neuromuscular dysfunction [14–16]. LMS is associated 

with short deletions or non-sense mutations in exon 33 of NOTCH3 that cause an early 

termination of translation and result in a NOTCH3 protein product that lacks the proline 

(P), glutamic acid (E), serine (S) and threonine (T) (PEST) domain [17]. Since the PEST 

domain is required for the degradation of NOTCH3, it is believed that its absence results in 

the stabilization of the NOTCH3 protein and as a consequence a gain-of-NOTCH3 function 

[17]. This is possible since there is a degree of ligand independent activation of NOTCH3 [1, 

10, 18–20].

In an effort to understand the mechanisms responsible for LMS, we created a mouse model 

reproducing the functional aspects of the mutations found in subjects affected by the disease 

[10]. In this model, termed Notch3em1Ecan or Notch3tm1.1Ecan, a tandem termination codon 

was introduced into exon 33 of Notch3 causing the translation of a truncated NOTCH3 

protein lacking the PEST domain. Notch3em1Ecan mice exhibit osteopenia due to an increase 

in osteoclast number despite the fact that Notch3 mRNA is not detected in the myeloid/

osteoclast lineage [10]. We attributed the enhanced osteoclastogenesis to an induction of 

RANKL by cells of the osteoblast lineage, particularly osteocytes since they are a critical 

source of RANKL and as such influence bone remodeling [21, 22]. The cell responsible for 

the LMS phenotype could not be established with certainty since Notch3em1Ecan are global 

mutant mice. Whereas the osteocyte may be the cell responsible, Notch3 is expressed by 
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mural vascular cells and NOTCH3 expressed in smooth muscle cells and vessels present in 

the bone microenvironment could influence the skeletal phenotype of LMS [23–25].

In the present study, a conditional by inversion (COIN) approach was applied to create 

a conditional mouse model of LMS (Notch3COIN or Notch3em2Ecan) [26, 27]. The model 

was designed to introduce a premature STOP codon into exon 33 of Notch3 following 

Cre-mediated recombination leading to the translation of a truncated NOTCH3 protein 

lacking the PEST domain and mimicking the genetic defect associated with LMS. To study 

the consequences of the NOTCH3 truncation in osteocytes, smooth muscle and endothelial 

cells, Notch3COIN mice were crossed with transgenics expressing Cre recombinase under the 

control of the dentin matrix protein 1 (Dmp1), the smooth muscle protein 22 alpha (Sm22a) 

or the VE Cadherin (Cdh5) promoter, respectively [28–30]. Mutant and control mice were 

examined for skeletal phenotypic changes by microcomputed tomography (μCT).

2. MATERIALS AND METHODS

2.1 Creation of the Notch3COIN Mouse Model

To generate a conditional allele of Notch3 modeling the LMS mutation, we used a Notch3 
COIN vector. This vector consists of rabbit β-globin (Rbg) intron 2 sequence with a 

COIN module introduced into exon 33 of Notch3 in the anti-sense orientation immediately 

upstream of the PEST domain at nucleotide 6667 splitting exon 33 into two exons, with 4.5 

kilobase (kb) 5’ and 1.5 kb 3’ homology arms, (Figure 1). In the sense orientation the COIN 
module is comprised of a gene cassette with lox66 upstream an Rbg splice acceptor, human 

influenza hemagglutinin (HA) coding sequence with a termination codon and an GTX 

internal ribosome entry site and enhanced green fluorescent protein (eGFP), Rbg polyA and 

a lox71 in an opposite orientation as that of lox66 [26, 31]. Cre recombination results in 

the inversion of the COIN sequence placing it in the sense orientation with HA in frame 

with Notch3 and resulting in a Notch3 allele encoding a bicistronic message comprised 

of Notch3ΔPEST-HA, 2223 amino acids of NOTCH3 tagged with HA and lacking the 

PEST domain. Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 

technology was used to create a double-strand DNA break in Notch3 exon 33 and introduce 

the Notch3COIN between nucleotide 6666 and 6667 of Notch3 by homology-directed 

repair. The database http://crispor.tefor.net was used to scan Notch3 sequences to identify 

high score target sites for potential single guide (sg) RNA. Notch3 sgRNA 5’- CTA CTG 

CGG GTT CCT GCT GC was selected because of its high score and limited probabilities 

of off-target effects and was designed for Cas9 to cleave exon 33 of Notch3 adjacent to a 

protospacer adjacent motif (PAM) positioned at nucleotide 6664 to 6666. The DNA donor 

and Notch3 sgRNA/Cas9 ribonucleoprotein (RNP) complex were co-injected directly into 

the pronucleus of C57BL/6J one-cell embryos [32–34]. Injected embryos were transferred 

into CD1 pseudo-pregnant foster females, and potential founders were screened for the 

presence of the COIN module by polymerase chain reaction (PCR) and positive pups were 

screened for proper targeting by nested long-range PCR for founder identification. Founders 

were bred with wild type C57BL/6J mice and F1 pups were screened by nested long-range 

PCR to confirm their identity. Two live founders were generated and crossed with C57BL/6J 

mice to establish Notch3COIN (syn Notch3em2Ecan) lines.
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2.2 Induction of the LMS Mutation in the Germ line, Osteocytes and Vascular Cells

To achieve the systemic inversion of the Notch3COIN allele, F1 heterozygous 

Notch3COIN/WT (Notch3em2Ecan) male mice were bred with female mice expressing Cre 

under the control of the Hprt promoter (HprtCre) (Hprttm1(CAG-cre)Mnn/J, Jackson Laboratory 

004302) [35]. This resulted in the germ line inversion of the COIN module and consequent 

creation of mice heterozygous for the Notch3INV allele and termed Notch3em2.1Ecan. The 

latter were crossed with wild type C57BL/6J mice to generate Notch3INV/WT experimental 

and wild type controls for study. To induce inversion of the COIN module in osteocytes, 

C57BL/6J mice harboring a transgene, where the Cre recombinase is cloned downstream of 

a 9.6 kb murine Dmp1 promoter fragment (Dmp1-Cre) (Tg(Dmp1-cre)1Jqfe/BwdJ, Jackson 

023047) were used [28]. To invert the COIN allele in smooth muscle cells, C57BL/6J mice 

harboring a transgene where the Cre recombinase coding sequence is driven by a 2.8 kb 

of murine Sm22a or transgelin sequences (Sm22a-Cre or Tagln-Cre, Jackson Laboratory, 

B6.Cg-Tg(Tagln-cre)1Her/J, 017491) were used [29]. To induce the inversion of the COIN 

allele in endothelial cells, C57BL/6J mice harboring a transgene where the Cre recombinase 

coding sequence is driven by a 2.5 kb fragment of the murine VE Cadherin (Cdh5)-Cre, 

Jackson Laboratory, B6.FVB-Tg(Cdh5-cre)7Mlia/J, 006137) promoter were used [30].

Hemizygous Dmp1, Sm22a or Cdh5 Cre transgenics homozygous for the Notch3COIN 

allele (Cre+/−;Notch3COIN/COIN) were crossed with Notch3COIN/COIN mice to generate Cre+/

−;Notch3INV/INV and Notch3COIN/COIN littermate controls (Figure 1). Allelic composition 

was determined by PCR analysis of tail DNA with specific primers, and inversion of the 

COIN module was documented by PCR analysis in DNA from tails (Notch3em2.1Ecan), 

tibiae or aorta (Notch3em2Ecan) (all primers were from Integrated DNA Technologies (IDT), 

Coralville, IA; Table 1).

Studies were approved by the Institutional Animal Care and Use Committee of UConn 

Health.

2.3 Microcomputed Tomography (μCT)

Femoral microarchitecture was determined using a μCT instrument (Scanco μCT 40, 

Scanco Medical AG, Bassersdorf, Switzerland), which was calibrated at periodic intervals 

with a manufacturer provided phantom [36, 37]. Femurs and vertebrae from control and 

experimental mice were scanned in 70% ethanol at high resolution, energy level of 55 peak 

kilovoltage (kVp), intensity of 145 μA, and integration time of 200 ms as reported [7, 10]. 

For cancellous microarchitecture, 160 slices at the distal femoral metaphysis or ~500 slices 

of L3 were acquired at an isotropic voxel size of 216 μm3 and a slice thickness of 6 μm 

and chosen for analysis. Cancellous bone volume fraction (bone volume/total volume) and 

microarchitecture were evaluated starting ~1.0 mm proximal from the femoral condyles. For 

L3, the vertebral body was scanned in its entirety. Contours were manually drawn every 10 

slices, a few voxels away from the endocortical boundary, to define the region of interest 

for analysis, whereas the remaining slice contours were iterated automatically. Total volume, 

bone volume, bone volume fraction, trabecular thickness, trabecular number, connectivity 

density, structure model index (SMI), and material density were measured in trabecular 

regions using a Gaussian filter (σ = 0.8) and defined thresholds. A threshold of 240 permil 
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equivalent to 355.5 mg of hydroxyapatite was used [36, 37]. For analysis of cortical bone, 

contours were iterated across 100 slices along the cortical shell of the femoral midshaft, 

excluding the marrow cavity. Analysis of bone volume/total volume, porosity, cortical 

thickness, total cross-sectional and cortical bone area, segmented bone area, periosteal and 

endosteal perimeter, and material density were conducted using a Gaussian filter (σ = 0.8, 

support = 1) with thresholds of 390 or 400 permil equivalent to 682.9 or 704.7mg of 

hydroxyapatite/cm3, respectively.

2.4 Bone Histomorphometry

For cancellous bone histomorphometric analysis, femurs were dissected, fixed in 70% 

ethanol and embedded in methyl methacrylate. Femurs were sectioned at a thickness of 5 

μm along the sagittal plane on a Microm microtome (Richards-Allan Scientific, Kalamazoo, 

MI), and stained with 0.1% toluidine blue. Parameters of bone morphometry were measured 

in a defined area between 0.35 mm and 2.16 mm from the growth plate at a magnification 

of 100x using an OsteoMeasure morphometry system (Osteometrics, Atlanta, GA). Stained 

sections were used to draw bone tissue and to measure trabecular separation, number and 

thickness, osteoid and eroded surface, as well as to count osteoblast and osteoclast number 

[38]

2.5 Osteocyte-enriched Cell Preparations

Osteocyte-enriched cells were obtained from Dmp1-Cre;Notch3INV/INV and Notch3COIN/

COIN control mice following a modification of a previously described method [5, 39]. 

Femurs or tibiae were removed aseptically from experimental and control mice, dissected 

free from surrounding tissues, the proximal epiphyseal end was excised, and the bone 

marrow was removed by centrifugation. The distal epiphysis was excised, and bones were 

digested for 20 min at 37 °C with type II bacterial collagenase pretreated with N-α-tosyl-l-

lysyl-chloromethyl ketone hydrochloride and subsequently exposed to 5 mM EDTA for 20 

min at 37 °C. The resulting osteocyte-enriched cortical bones from experimental and control 

mice were cultured for 72 hours in Dulbecco Modified Medium (DMEM) supplemented 

with 10% fetal bovine serum prior to RNA extraction [5, 40].

2.6 Quantitative Reverse Transcription–Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted with the micro RNeasy kit (Qiagen, Valencia, CA), in accordance 

with manufacturer’s instructions, as previously reported [7, 10, 41, 42]. Equal amounts 

of RNA were reverse transcribed using the iScript RT-PCR kit (Bio-Rad) and amplified 

in the presence of specific primers (IDT) (Table 2) with SsoAdvanced Universal SYBR 

Green Supermix (Bio-Rad) at 60 °C for 35 cycles. Transcript copy number was estimated 

by comparison with a serial dilution of cDNA for Alpl (encoding for alkaline phosphatase 

from American Type Tissue Culture Collection (ATCC), Manassas, VA), Bglap (encoding 

for osteocalcin from J. Lian, University of Vermont), Sost (from Thermo Fisher Scientific, 

Waltham, MA), Tnfsf11 (encoding for RANKL from Source BioScience, Nottingham, UK), 

Tnfrsf11b (encoding for osteoprotegerin from ATCC), or Notch3PEST (U. Lendahl, Addgene 

#47618, Watertown, MA) [43]. Notch3INV or Notch3ΔPEST copy number was estimated by 

comparison to a serial dilution of ~100 base pair synthetic DNA fragment (IDT) containing 

HA sequences that are only detectable in the inverted allele, and cloned into pcDNA3.1 
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(−) (Thermo Fisher Scientific, Waltham, MA). Amplification reactions were conducted in a 

CFX96 qRT-PCR detection system (Bio-Rad), and fluorescence was monitored during every 

PCR cycle at the annealing step. Data are expressed as copy number corrected for Rpl38 
(from ATCC) [44].

2.7 Statistics

Data are expressed as means ± SD. All data represent biological replicates. qRT-PCR values 

were derived from two technical replicates of biological replicates as indicated in the text 

and legends. Statistical differences were determined by unpaired Student’s t-test for pairwise 

comparisons or by two-way analysis of variance for multiple comparison with Holm-Šidák 

post-hoc analysis using GraphPad Prism version 9.3.1 for Mac OS, GraphPad Software (San 

Diego, CA).

3. RESULTS

3.1 Generation of a Conditional LMS Mouse Model

To introduce the LMS mutation into selected cell populations, Notch3COIN mice were 

created by inserting an artificial COIN intron into exon 33 of the murine Notch3 locus 

and were termed Notch3em2Ecan (Figure 1). Prior to Cre recombination the COIN module, 

a gene trap-like lox66_HA-egfp-polyA_lox71 cassette placed in the antisense orientation, 

is removed by splicing of the precursor mRNA to generate a Notch3COIN transcript 

that is indistinguishable from the Notch3WT mRNA (Figure 1). In the presence of the 

Cre recombinase, which recognizes the lox71 and lox66 mutant sites in a mirror image 

configuration, the lox66_HA-egfp-polyA_lox71 cassette is brought into the sense strand, 

causing the irreversible conversion of the COIN allele. The resulting allele encodes for a 

message that is translated into an HA-tagged NOTCH3 mutant lacking the PEST domain 

(Figure 1). This allele was termed Notch3INV. The proper integration of the COIN module 

in the Notch3em2Ecan mouse model was verified by sequencing of PCR products of the 5’ 

and 3’ arms of the vector used in founder and F1 mice. In addition, heterozygous crosses 

of Notch3em2Ecan mice generated a homozygous offspring documenting loss of wild type 

alleles.

3.2 Inversion of the Notch3COIN Allele in the Germ line Causes Osteopenia

To validate the Notch3em2Ecan (Notch3COIN) mouse as a model of LMS, the skeletal 

phenotype of Notch3INV mice created by inversion of the COIN module in the germ line 

was determined. To this end, Notch3COIN/WT male mice were crossed with Hprt-Cre female 

mice to create Notch3INV/WT mice, and these were termed Notch3em2.1Ecan. Heterozygous 

Notch3em2.1Ecan mice were crossed with wild type mice to create Notch3em2.1Ecan 

heterozygous and control wild type littermates for study. COIN inversion was documented 

by the presence of the Notch3INV allele in DNA from tails of Notch3em2.1Ecan mice, 

and qRT-PCR analysis of total RNA from calvariae confirmed the expression of the 

Notch3ΔPEST transcript, expressing the HA tag, in mutant mice but not in control littermates 

(Figure 2).
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One month old heterozygous Notch3em2.1Ecan male and female mice appeared normal, 

albeit a small not significant reduction in weight was observed in male and femoral length 

was noted in female mice. μCT analysis of the distal femur revealed a 45% decrease in 

trabecular bone volume/total volume in 1 month old Notch3em2.1Ecan mice of both sexes 

(Table3, Figure 2). The decrease was secondary to a reduced number of trabeculae and 

to a lesser extent to a decrease in trabecular thickness. Connectivity density was lower 

and SMI was higher in Notch3em2.1Ecan mice than in controls, indicating a prevalence of 

rod-like trabeculae (Table 3, Figure 2). Notch3em2.1Ecan mice had a decrease in cortical bone 

area and a non-significant decrease in periosteal perimeter suggesting smaller bones. Bone 

histomorphometry of 1 month old Notch3em2.1Ecan mice confirmed the decrease in bone 

volume and trabecular number, but did not reveal changes in osteoblast number, osteoclast 

number or eroded surface (Table 4). The results are consistent with the phenotype reported 

for global Notch3LMS mutant (Notch3em1Ecan) mice, and validate the Notch3COIN mouse as 

a model to study the contribution of selected cell lineages to the phenotype [10].

3.3 Inversion of the Notch3COIN Allele in Osteocytes Causes Osteopenia

Because Notch3 is preferentially expressed by osteocytes, we wished to determine 

whether the osteopenia observed in Notch3em1Ecan LMS global mutant mice was 

driven by an effect in cells of the osteocytic lineage [3, 5]. For this purpose, Dmp1-
Cre;Notch3COIN/COIN (Notch3em2Ecan) were crossed with Notch3COIN/COIN mice to create 

Dmp1-Cre;Notch3INV/INV mice and littermate Notch3COIN/COIN controls. Inversion of the 

COIN allele was detected in DNA from tibiae of Dmp1-Cre;Notch3INV/INV mice but not in 

littermate controls (Figure 3). Accordingly, the Notch3ΔPEST transcript was detected only in 

calvariae from Dmp1-Cre;Notch3INV/INV mice, documenting the induction of the mutation 

in cells that express Dmp1.

The general appearance, weight and femoral length of 1 month old Dmp1-
Cre;Notch3INV/INV mice were not different from those of control sex-matched littermates 

(Figure 3). At 1 month of age, μCT revealed significant cancellous bone osteopenia 

in Dmp1-Cre;Notch3INV/INV male mice; this was associated with decreased connectivity 

density and increased SMI (both p < 0.05 by unpaired t-test; p > 0.05 by ANOVA), 

indicating a prevalence of rod-like over plate-like trabeculae (Table 5, Figure 3). Cortical 

bone and female mice were not affected. The cancellous bone osteopenic phenotype was 

confirmed in vertebral (L3) bone of male 1 month old Dmp1-Cre;Notch3INV/INV mice. 

Bone volume/total volume was decreased from (means ± SD; n = 4 to 5) 13.0 ± 0.6 

in control Notch3COIN/COIN to 11.1 ±0.4 in Dmp1-Cre;Notch3INV/INV mice (p < 0.05 by 

unpaired t-test; p > 0.05 by ANOVA). Bone histomorphometric analysis of 1 month old 

male Dmp1-Cre;Notch3INV mice did not reveal changes in osteoblast or osteoclast number 

compared to control sex-matched Notch3COIN mice (data not shown).

3.4 Inversion of the Notch3COIN Allele Induces Tnfsf11 but does not Change Alpl, Bglap 
or Sost Expression

To determine possible mechanisms responsible for the skeletal phenotype of the Dmp1-
Cre;Notch3INV/INV mice, osteocyte-enriched preparations were obtained from tibiae of 

Dmp1-Cre;Notch3INV/INV and control Notch3COIN/COIN littermates. Tnfsf11 (encoding 
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RANKL) was induced in osteocytes from Dmp1-Cre;Notch3INV/INV mice, whereas the 

expression of Tnfrsf11b (encoding osteoprotegerin) was not changed (Figure 4).

To ascertain whether there were possible changes in osteoblast/osteocyte function 

in Notch3INV mice, calvariae from Notch32.1Ecan (germline inverted) and Dmp1-
Cre;Notch3INV/INV were extracted and examined for gene expression. There were no 

significant differences between control and experimental mice in Alpl, Bglap or Sost mRNA 

levels (all values copy number/Rpl38; means ± SD; n = 10 – 11). Alpl 2.1 ± 0.2 in 

wild type and 1.6 ± 0.2 in Notch32.1Ecan mice, Bglap 11.9 ± 1.2 in wild type and 9.5 

± 0.8 in Notch32.1Ecan mice (both p > 0.05), and Sost 2.8 ± 0.3 in wild type and 2.0 ± 

0.2 in Notch32.1Ecan mice (p < 0.053). Alpl 1.2 ± 0.1 in control and 1.3 ± 0.1 in Dmp1-
Cre;NotchINV/INV mice, Bglap 6.4 ± 0.9 in control and 7.7 ± 1.8 in Dmp1-Cre;Notch3INV/

INV, and Sost 2.2 ± 0.3 in control and 1.9 ± 0.3 in Dmp1-Cre;Notch3INV/INV mice (all p > 

0.05).

3.5 Inversion of the Notch3COINAllele in Vascular Cells does not Cause Osteopenia

Because NOTCH3 is the prevalent Notch receptor expressed in mural vascular cells, 

we asked whether the activation of the Notch3LMS mutation in vascular cells could be 

responsible for the osteopenic phenotype [24, 25, 45]. To this end, Sm22a-Cre;Notch3COIN/

COIN mice were crossed with Notch3COIN/COIN to introduce the Notch3LMS mutation in 

smooth muscle cells. One month old Sm22a-Cre;Notch3INV/INV mice appeared normal, 

and their weight and femoral length were not different from control Notch3COIN/COIN 

mice (Figure 5). Inversion of the COIN allele was documented in DNA from the aorta of 

Sm22a-Cre;Notch3INV/INV mice and inversion did not occur in control mice. Accordingly, 

Notch3ΔPEST transcripts were detected in aorta from Sm22a-Cre;Notch3INV/INV mice. 

Although a modest degree of inversion of the COIN allele was detected in tibiae from 

Sm22a-Cre;Notch3INV/INV mice, there was no induction of Notch3ΔPEST transcript in this 

tissue indicating that the mutant transcript was not expressed in the bone environment. 

Accordingly, cancellous and cortical bone architecture revealed no differences between 1 

month old Sm22a-Cre;Notch3INV/INV mice and control littermates (Table 6).

Although Notch3 is not expressed or expressed at very low levels in endothelial cells, 

Notch activation in endothelial cells can influence bone remodeling and NOTCH3 activity in 

mural cells [23, 25]. To determine whether the introduction of the Notch3LMS mutation in 

endothelial cells caused or did not cause a skeletal phenotype, Cdh5-Cre;Notch3COIN/COIN 

mice were crossed with Notch3COIN/COIN to induce Notch3 COIN inversion in endothelial 

cells. One month old Cdh5-Cre;Notch3INV/INV mice appeared normal, and their weight 

and femoral length were not substantially different from controls (Figure 6). Cre-mediated 

inversion of the COIN allele was documented in aorta and tibiae, and low levels of 

Notch3ΔPEST mRNA were detected in tibiae but not in aorta from Cdh5-Cre;Notch3INV/INV 

mice. Copy number revealed that the expression of Notch3ΔPEST transcripts was 1/100 

the one observed in bones from Notch3em2.1Ecan (germline inverted) mice and Dmp1-
Cre;Notch3INV/INV mice. The modest induction of Notch3ΔPEST in tibiae was possibly 

due to the presence of small vessels in the bone environment, and bone microarchitecture 
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was not different between 1 month old Cdh5-Cre;Notch3INV/INV and Notch3em2Ecan control 

littermate mice (Table 7).

4. DISCUSSION

In previous studies, we have shown that a mouse model harboring a Notch3 mutation 

reproducing the functional outcomes of LMS exhibits osteopenia [10]. However, the cell 

responsible for the phenotype was not identified because the model used harbors the Notch3 
mutation in all cell lineages. The establishment of the cell responsible for the phenotype is 

of particular interest in the case of NOTCH3 since its transcript expression is not detected 

in the myeloid/osteoclast lineage [3]. Instead, Notch3 is mostly expressed in osteocytes and 

mural vascular cells [3, 5, 24]. The present study, aimed at establishing the contributions of 

specific cell lineages to the LMS skeletal phenotype. This was possible by the creation of a 

COIN mouse model termed Notch3em2Ecan.

The pathogenic variants associated with LMS occur within exon 33 of NOTCH3, and 

the conditional insertion of a premature STOP codon in the homologous region of the 

murine Notch3 locus was achieved by the creation of a COIN allele. The COIN module 

was introduced without disrupting the expression or function of the targeted allele under 

basal conditions, and this would not be possible with traditional Cre-loxP approaches [26]. 

Notch3em2.1Ecan mutants of both sexes, generated by germ line inversion of the COIN 
module, exhibited cancellous and cortical bone osteopenia phenocopying Notch3em1Ecan 

global LMS mutants and validating the Notch3COIN approach.

Selective introduction of the LMS mutation in osteocytes led to osteopenia, albeit this was 

modest and restricted to male mutant mice since female mice were not affected. Although 

Dmp1 is preferentially expressed by osteocytes, Dmp1 promoter activity is also detected in 

mature osteoblasts, so that the osteopenic phenotype observed is secondary to an effect in 

both cells [46, 47]. The bone loss occurred mostly at femoral sites. Although an increased 

expression of RANKL without a concomitant alteration in osteoprotegerin expression was 

found in osteocytes from Dmp1-Cre;Notch3INV/INV mice, bone histomorphometry did not 

reveal an increase in osteoclast number. Osteocyte-derived RANKL plays a pivotal role 

in bone remodeling, but other mechanisms could have played a role in the phenotype 

[21, 48, 49]. Since Dmp1 is expressed in mineralized tissues during development, it is 

possible that the phenotype of Dmp1-Cre;Notch3INV/INV was due to effects of NOTCH3 

during skeletal development [50]. It is important to mention that mice of both sexes 

displayed osteopenia in the global Notch3em1Ecan mouse model, and following the germline 

inversion of Notch3em2Ecan conditional mutants. There is no apparent explanation for the sex 

dimorphism of the Dmp1-Cre;Notch3INV/INV skeletal phenotype, and there was no evidence 

of less efficient Cre recombination in osteocytes from female than from male mice. This 

dimorphism was also noted when exploring the effects of the Notch ligand Delta-like 4 

(DLL4) in bone, and female mice were more resistant to the actions of DLL4 and this was 

attributed to their lower bone surface [51]. The sexual dimorphism also could be related to 

a higher rate of bone remodeling in young female than in male mice, a characteristic of the 

C57BL/6J genetic background [37]. It is important to note that the number of osteocytes is 

not substantially different in bones from male and female young C57BL/6J mice, so that the 
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expression of Dmp1 would be expected to be similar in both sexes [40]. Estrogens induce 

the Notch ligand JAGGED 1 (JAG1) and NOTCH1 in breast cancer MCF7 endothelial cells 

and bone marrow stromal cells and as a consequence activate Notch signaling [52, 53]. This 

would suggest that the lack of a phenotype in female mice is not related to an estrogen 

effect, which would be expected to amplify the Notch signal. Evidence of an estrogen effect 

on Notch signaling in vivo is less compelling [54].

Although the skeletal phenotype of Dmp1-Cre;Notch3INV/INV male mice mirrors the 

phenotype of global Notch3em1Ecan mice and of germ line inverted Notch3em2.1Ecan mice, 

it is of a more modest nature. This may relate to insufficient recombination in osteocytes/

osteoblasts or may indicate that other cells harboring the Notch3 LMS mutation contribute 

to the osteopenic phenotype.

In contrast to the direct actions of NOTCH1 and NOTCH2 on osteoclast cell differentiation, 

NOTCH3 has distinct and indirect effects in the myeloid lineage, since it is not expressed 

in these cells [3, 10]. NOTCH3 induces osteoclastogenesis only by indirect mechanisms 

and previous work in cells from global Notchem1Ecan mice demonstrated enhanced 

osteoclastogenesis in co-cultures of bone marrow derived macrophages from wild type 

mice with osteoblasts from Notch3em1Ecan mice. This suggested that the cell responsible 

for the Notch3em1Ecan phenotype was of the osteoblast lineage, possibly by increasing the 

expression of RANKL. This could have important therapeutic implications in individuals 

with LMS and bone loss, which could be ameliorated by the administration of anti-RANKL 

antibodies, such a denosumab. This has been the case for the related disorder, Hajdu Cheney 

Syndrome, which is associated with NOTCH2 mutations and a NOTCH2 gain of function 

[55, 56].

The skeleton contains various types of mural and endothelial cells that play an important 

role in osteogenesis, hematopoiesis and vascular homeostasis and endothelial cells are 

the most important secretory cells in the bone environment [57–59]. Activation of 

Notch signaling in endothelial cells promotes angiogenesis and osteogenesis, whereas the 

inactivation of Rbpjk or Dll4, and consequent decline in Notch canonical signaling in 

endothelial cells results in impaired angiogenesis and bone loss [59]. However, the induction 

of the Notch3LMS mutation in Cdh5-expressing cells did not result in a skeletal phenotype. 

This is most likely related to the low level or no expression of Notch3 in endothelial 

cells [60]. Notch3 is expressed in vascular smooth muscle cells where it plays a critical 

role in blood vessel wall integrity [60–62]. The induction of the Notch3LMS mutation in 

Sm22a smooth muscle-expressing cells did not cause a skeletal phenotype [63]. However, 

Notch3ΔPEST transcripts were not detected in tibiae of Sm22a-Cre;Notch3INV/INV mice 

possibly because the expression of Sm22a is limited to mural vascular cells not present in 

the bone environment and explaining the absence of the skeletal phenotype. This does not 

exclude a role of NOTCH3 in the structure of mural vessels, it simply indicates that smooth 

muscle vascular NOTCH3 does influence bone remodeling.

Limitations of this work include: 1) The efficiency of the various Cre drivers used 

in the bone environment was not equal and could have contributed to differences in 

the phenotype. To assess Cre-dependent activity, we determined Notch3ΔPEST transcripts 
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expressed only after recombination. Notch3ΔPEST was not detected in bones from Sm22a-
Cre;Notch3INV/INV mice and copy number in Cdh5-Cre;Notch3INV/INV was about 100 times 

lower than in bone from Dmp1-Cre;Notch3INV/INV mice indicating different levels of Cre 

recombination efficiency, at least in bone, possibly explaining the different phenotypes; 

2) Cre;Notch3INV/INV mice were compared to Cre negative Notch3COIN/COIN littermates 

and no additional controls, such as wild type mice were utilized for comparison; 3) The 

phenotype was established in young mice prior to the attainment of skeletal maturity and 

the phenotype could be secondary to developmental events and might not persist at maturity; 

and 4) The mechanisms responsible for the osteopenia of Hprt-Cre;Notch3INV/WT and 

Dmp1-Cre;Notch3INV/INV mice were not elucidated.

5. CONCLUSIONS

In conclusion, expression of a Notch3 mutant lacking the PEST domain and mimicking 

LMS in osteocytes causes osteopenia in male mice.
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ABBREVIATIONS

bp base pair

cadh5 VE Cadherin

CRISPR clustered regularly interpersonal short palindromic repeats

COIN conditional by inversion

Dmp1 dentin matrix protein 1

DMEM Dulbecco Modified Medium

eGFP enhanced green fluorescent protein

kVp kilovoltage

HA hemagglutinin

kb kilobase

LMS Lateral Meningocele Syndrome

μCT microcomputed tomography

PCR polymerase chain reaction
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pA polyadenylation signal

PEST proline (P), glutamic acid (E), serine (S) and threonine (T) domain

PAM protospacer adjacent motif

qRT-PCR quantitative reverse transcript-polymerase chain reaction

Rbg rabbit β-globin

RANKL receptor activator of nuclear factor-κB ligand

RNA-Seq RNA sequencing

RNP ribonucleoprotein

sg single guide

Sm22a smooth muscle protein 22 alpha

SMI structure model index
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Highlights

• Lateral Meningocele Syndrome (LMS) is associated with NOTCH3mutations

• A conditional by inversion (COIN) model was used to introduce Notch3 LMS 

mutations

• Germline Notch3COIN inversion resulted in osteopenia

• Introduction of the Notch3 LMS mutation in osteocytes caused osteopenia

• Introduction of the Notch3 LMS mutation in vascular cells did no cause 

osteopenia
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Figure 1. Engineering of the Notch3COIN allele.
A. Representation of the targeting construct and silent COIN module in the anti-sense 

orientation consisting of lox71, rabbit β-globin (Rbg) polyadenylation signal (pA), enhanced 

green fluorescence protein (eGFP)-coding sequence, Gtx internal ribosome entry site, 

human influenza hemagglutinin (HA) tag coding sequence, 3’-splice region from the second 

intron of the Rbg gene (not shown) and lox66. B. Representation of CRISPR-Cas9 gene 

editing, and C. Generation of the Notch3INV allele by Cre recombinase-mediated inversion 

of the COIN module, and maturation of the Notch3INV transcript, which is translated into a 

NOTCH3 mutant protein lacking the PEST domain. D. Mating scheme
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Figure 2. Inversion of the Notch3COIN allele in the germ line causes osteopenia.
A. DNA was extracted from tail of heterozygous Notch3em2.1Ecan (Hprt-Cre;Notch3INV/WT) 

and wild type littermate controls and Notch3COIN inversion was documented by gel 

electrophoresis of PCR products obtained with primers specific for the Notch3INV allele. 

Arrows indicate the position of the 495 base pair (bp) amplicon. B. Total RNA was extracted 

from calvariae of 1 month old Notch3em2.1Ecan mutants (closed circles) and wild type 

littermate controls (open circles), and expression of the Notch3 PEST and Notch3ΔPEST 

mRNA measured by qRT-PCR. Transcript levels are reported as copy number corrected 

for Rpl38 mRNA levels. Bars represent means and ranges S.D.; n = 9 for control, n = 11 

for Notch3em2.1Ecan, all biological replicates. C. Weight in gm and femoral length in mm 

of 1 month old Notch3em2.1Ecan (closed circles) and wild type control littermates (open 

circles). Bars represent means and ranges SD; n = 5 for control males and females, n = 6 

for Notch3em2.1Ecan males and females. D. Representative μCT images of femoral proximal 

trabecular bone and midshaft cortical bone of 1 month old control and Notch3em2.1Ecan 

mice. The scale bar in the right corner represents 500 μm. Complete data set in Table 3. 

*Significantly different between control and Notch3em2.1Ecan, p < 0.05 by unpaired t-test for 

Panel B and ANOVA for Panel C.
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Figure 3. Inversion of the Notch3COIN allele in osteocytes causes osteopenia.
A. DNA was extracted from tibiae and Notch3COIN inversion was documented by gel 

electrophoresis of PCR products obtained with primers specific for the Notch3INV allele. 

Arrow indicates the position of the 495 bp amplicon. B. Total RNA was extracted from 

calvariae, and expression of the Notch3PEST and Notch3ΔPEST mRNA measured by qRT-

PCR of 1 month old Dmp1-Cre;Notch3INV/INV mutants (closed circles) and Notch3COIN/

COIN littermate controls (open circles). Transcript levels are reported as copy number 

corrected for Rpl38 levels. Bars represent means and ranges S.D.; n = 4 for control, n 

= 4 for Dmp1-Cre;Notch3INV/INV, all biological replicates. C. Weight in gm and femoral 

length in mm of 1 month old Dmp1-Cre;Notch3INV/INV (closed circles) and Notch3COIN/

COIN littermate controls (open circles). Bars represent means and ranges SD; n = 4 males 

and n = 7 females for control, and n = 5 males and n = 8 females for Notch3INV/INV. D. 

Representative μCT images of femoral proximal trabecular bone and midshaft cortical bone 

of 1 month old control Notch3COIN/COIN and Dmp1-Cre;Notch3INV/INV male and female 

mice. The scale bar in the right corner represents 500 μm. Complete data set in Table 5. 

*Significantly different between control Notch3COIN/COIN and Dmp1-Cre;Notch3INV/INV, p 
< 0.05 by unpaired t-test.
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Figure 4. Inversion of the Notch3COIN allele in osteocytes induces RANKL.
Total RNA isolated from osteocyte-enriched cells from Dmp1-Cre;NotchINV/INV (closed 

circles) and Notch3COIN/COIN control (open circles) mice was extracted, and gene 

expression was determined by qRT-PCR. Data are expressed as Notch3ΔPEST, Tnfsf11 
(RANKL) and Tnfrsf11b (osteoprotegerin) copy number corrected for Rpl38. Bars represent 

means and ranges SD; n = 4. Data are derived from biological replicates. *Significantly 

different between control Notch3COIN/COIN and Dmp1-Cre;Notch3INV/INV, p < 0.05 by 

unpaired t-test.
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Figure 5. Inversion of the Notch3COIN allele in smooth muscle cells does not cause osteopenia.
A. DNA was extracted from aorta and tibiae, and Notch3COIN inversion was documented by 

gel electrophoresis of PCR products obtained with primers specific for the Notch3INV allele. 

Arrows indicate the position of the 495 bp amplicon. B. Total RNA was extracted from aorta 

and tibiae, and expression of the Notch3PEST and Notch3ΔPEST mRNA measured by qRT-

PCR in 1 month old Sm22a-Cre;Notch3INV/INV mutants (closed circles) and Notch3COIN/

COIN littermate controls (open circles). Transcript levels are reported as copy number 

corrected for Rpl38 levels. Bars represent means and ranges S.D.; n = 3–4 for control and 

n = 4 for Sm22a-Cre;Notch3INV/INV, all biological replicates. C. Weight in gm and femoral 
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length in mm of 1 month old Sm22a-Cre;Notch3INV/INV (closed circles) and Notch3COIN/

COIN littermates (open circles). Bars represent means and ranges SD; n = 3 males and n = 6 

females for control and n = 4 males and n = 3 females for Sm22a-Cre;Notch3INV.
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Figure 6. Inversion of the Notch3COIN allele in endothelial cells does not cause osteopenia.
A. DNA was extracted from aorta and tibiae and Notch3COIN inversion was documented by 

gel electrophoresis of PCR products obtained with primers specific for the Notch3INV allele. 

Arrows indicate the position of the 495 bp amplicon. B. Total RNA was extracted from aorta 

and tibiae, and expression of the Notch3PEST and Notch3ΔPEST mRNA measured by qRT-

PCR in 1 month old Cdh5-Cre;Notch3INV/INV mutants (closed circles) and Notch3COIN/

COIN littermate controls (open circles). Transcript levels are reported as copy number 

corrected for Rpl38 mRNA levels. Bars represent means and ranges S.D.; n = 3–4 for control 

and n = 4 Cdh5-Cre;Notch3INV/INV, all biological replicates. C. Weight in gm and femoral 

length in mm of 1 month old Cdh5-Cre;Notch3INV/INV (closed circles) and Notch3COIN/

COIN littermates (open circles). Bars represent means and ranges SD; n = 7 males and n = 
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10 females for control and n = 14 males and n = 10 females for Cdh5-Cre;Notch3INV/INV. 

*Significantly different between control Notch3COIN/COIN and Cdh5-Cre;Notch3INV/INV, p 
< 0.05 by unpaired t-test.
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Table 1.

Primers used for allele identification.

Allele Strand Sequence Amplicon Size (bp)

Genotyping 

Cdh5-Cre
Forward 5’-GCGGTCTGGCAGTAAAAACTATC -3’

100
Reverse 5’-GTGAAACAGCATTGCTGTCACTT-3’

Dmp1-Cre
Forward 5’-CCCGCAGAACCTGAAGATG-3’

534
Reverse 5’-GACCCGGCAAAACAGGTAG-3’

Hprt WT 
Forward 5’-TTTCTATAGGACTGAAAGACTTGCTC-3’

200
Reverse 5’-CACAGTAGCTCTTCAGTCTGATAAAA-3’

Hprt Cre 
Forward 5’-GCGGTCTGGCAGTAAAAACTATC-3’

100
Reverse 5’-GTGAAACAGCATTGCTGTCACTT-3’

Notch3
Forward 5’-GAGGCCCAAGGAATCGAGAC-3’

269
Reverse 5’-ATGAGACGTTTTCTCCGAGTTCAG-3’

Notch3 COIN 
Forward 5’-CCGGGCCGCGACTGAAACCCTAG-3’

158
Reverse 5’-GGTGGGGCTACTGCGGGTTCCTG-3’

Sm22a-Cre
Forward 5’-GCGGTCTGGCAGTAAAAACTATC -3’

100
Reverse 5’-GTGAAACAGCATTGCTGTCACTT -3’

LoxP Recombination 

Notch3 INV 
Forward 5’- CTGCTCCAGGACATGGAGAGG -3’ Non rec no band

Reverse 5’- CACGTCGTAGGGGTACTGTAGG -3’ Rec = 495
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Table 2.

Primers used for qRT-PCR determinations. GenBank accession numbers identify transcript recognized by 

primer pairs.

Gene Strand Sequence GenBank Accession Number

Alpl
Forward 5’-TGGTATGGGCGTCTCCACAGTAACC-3’

NM_007431
Reverse 5’-CTTGGAGAGGGCCACAAAGG-3’

Bglap
Forward 5’-GACTCCGGCGCTACCTTGGGTAAG-3’

NM_001037939
Reverse 5’-CCCAGCACAACTCCTCCCTA-3’

Notch3 PEST *
Forward 5’-CATCCTTATTTGACCCCGTC-3’

NM_008716
Reverse 5’-TGGCATTGGTAGCAGTTG-3’

Notch3ΔPEST(HA tag)**
Forward 5’-AGTTTCTCCCCAAGAGCG-3’

Not applicable
Reverse 5’-TAGTCGGGCACGTCGTAG-3’

Rpl38
Forward 5’-AGAACAAGGATAATGTGAAGTTCAAGGTTC-3’ NM_001048057;

NM_001048058;

Reverse 5’-CTGCTTCAGCTTCTCTGCCTTT-3’ NM_023372

Sost
Forward 5’-AGGAATGATGCCACAGAGGTC-3’

NM_024449
Reverse 5’-CTGGTTGTTCTCAGGAGGAGGCTC-3’

Tnfrsf11b
Forward 5′-CAGAAAGGAAATGCAACACATGACAAC-3′

NM_008764
Reverse 5′-GCCTCTTCACACAGGGTGACATC-3′

Tnfsf11
Forward 5’-TATAGAATCCTGAGACTCCATGAAAAC-3’

NM_011613
Reverse 5’-CCCTGAAAGGCTTGTTTCATCC-3’

*
recognizes a fragment coding for the PEST domain of NOTCH3 so that it amplifies the product from wild type and non-inverted (floxed) allele, 

but not from inverted alleles.

**
recognizes a fragment coding for the HA tag of the truncated NOTCH3 so that it amplifies only the product from an inverted allele.
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Table 3.

Femoral microarchitecture assessed by μCT of 1 month old Notch3em2.1Ecan (Hprt-

Cre;Notch3INV/WT) mice and sex-matched wild type littermates (Control).

Males Females

Control Notch3 INV Control Notch3 INV 

n = 5 n = 6 n = 5 n = 6

Distal Femur Trabecular Bone

 Bone Volume/Total Volume (%) 12.5 ± 2.5 6.7 ± 1.8* 9.0 ± 1.2 5.0 ± 0.7*

 Trabecular Separation (μm) 195 ± 10 251 ± 30* 216 ± 14 288 ± 16*

 Trabecular Number (1/mm) 5.3 ± 0.2 4.1 ± 0.5* 4.7 ± 0.3 3.5 ± 0.2*

 Trabecular Thickness (μm) 35 ± 3 31 ± 3* 31 ± 1 29 ± 1

 Connectivity Density (1/mm3) 411 ± 77 223 ± 54* 299 ± 60 169 ± 29*

 Structure Model Index 1.9 ± 0.3 2.5 ± 0.1* 2.2 ± 1.1 2.5 ± 0.1*

 Density of Material (mg HA/cm3) 775 ± 8 753 ± 12* 776 ± 7 764 ± 8

Femoral Midshaft Cortical Bone

 Bone Volume/Total Volume (%) 82.0 ± 1.4 80.3 ± 2.5 82.4 ± 0.7 81.2 ± 0.9

 Porosity (%) 18.0 ± 1.4 19.7 ± 2.5 17.6 ± 0.7 18.8 ± 0.9

 Cortical Thickness (μm) 88 ± 5 82 ± 9 86 ± 2 80 ± 4

 Total Area (mm2) 1.5 ± 0.1 1.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.1

 Bone Area (mm2) 0.49 ± 0.03 0.42 ± 0.05* 0.45 ± 0.02 0.41 ± 0.03

 Marrow Area (mm2) 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1

 Periosteal Perimeter (μm) 4.4 ± 0.1 4.2 ± 0.2 4.3 ± 0.1 4.1 ± 0.2

 Endocortical Perimeter (mm) 3.6 ± 0.3 3.5 ± 0.2 3.6 ± 0.1 3.5 ± 0.2

 Density of Material (mg HA/cm3) 960 ± 20 946 ± 23 974 ± 10 962 ± 11

μCT was performed at the femoral distal end for trabecular or midshaft for cortical bone. Values are means ± S.D.

*
Significantly different between control and Notch3em2.1Ecan mice, p < 0.05 by ANOVA.
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Table 4.

Cancellous bone histomorphometry of 1 month old Notch3em2.1Ecan (Hprt-

Cre;Notch3INV/WT) male mice and sex-matched wild type littermates (controls).

Males

Cancellous Bone Control n = 5 Notch3INV n = 4

Static Histomorphometry

Bone Volume/Tissue Volume (%) 16.3 ± 2.8 9.6 ± 5.0*

Trabecular Separation (μm) 195 ± 26 355 ± 152*

Trabecular Number (1/mm) 4.3 ± 0.4 2.8 ± 0.9*

Trabecular Thickness (μm) 38 ± 5 32 ± 1

Osteoblast Surface/Bone Surface (%) 21.2 ± 4.8 21.6 ± 8.6

Osteoblasts/Bone Perimeter (1/mm) 16.8 ± 4.6 17.4 ± 6.3

Osteoid Surface/Bone Surface (%) 1.7 ± 0.9 1.2 ± 0.9

Osteoclast Surface/Bone Surface (%) 9.7 ± 2.5 9.8 ± 4.7

Osteoclasts/Bone Perimeter (1/mm) 3.6 ± 0.9 3.6 ± 1.8

Eroded Surface/Bone Surface (%) 2.3 ± 0.8 2.0 ± 1.5

Histomorphometry was carried out on sagittal sections of distal femurs. Values are means ± S.D.

*
Significantly different between control and Notch3em2.1Ecan mice, p < 0.05 by unpaired t-test.
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Table 5.

Femoral microarchitecture assessed by μCT of 1 month old Dmp1-Cre;Notch3INV/

INV mice and sex-matched Notch3em2Ecan (Notch3COIN/COIN) littermate controls.

Males Females

Notch3 COIN Notch3 INV Notch3 COIN Notch3 INV 

n = 4 n = 5 n = 7 n = 8

Distal Femur Trabecular Bone

 Bone Volume/Total Volume (%) 10.0 ± 1.2 7.6 ± 1.3* 6.2 ± 1.3 5.8 ± 1.3

 Trabecular Separation (μm) 200 ± 10 222 ± 19 268 ± 33 279 ± 24

 Trabecular Number (1/mm) 5.0 ± 0.3 4.6 ± 0.4 3.8 ± 0.5 3.7 ± 0.3

 Trabecular Thickness (μm) 31 ± 0 30 ± 1 30 ± 1 29 ± 2

 Connectivity Density (1/mm3) 329 ± 52 230 ± 55 197 ± 70 195 ± 42

 Structure Model Index 2.1 ± 0.2 2.4 ± 0.2 2.4 ± 0.2 2.3 ± 0.3

 Density of Material (mg HA/cm3) 767 ± 17 761 ± 10 751 ± 12 741 ± 20

Femoral Midshaft Cortical Bone

 Bone Volume/Total Volume (%) 83.4 ± 1.4 82.7 ± 1.3 81.1 ± 1.2 80.2 ± 2.4

 Porosity (%) 16.6 ± 1.4 17.3 ± 1.3 18.9 ± 1.2 19.8 ± 2.4

 Cortical Thickness (μm) 91 ± 6 87 ± 5 81 ± 4 80 ± 6

 Total Area (mm2) 1.5 ± 0.2 1.4 ± 0.1 1.4 ± 0.1 1.4 ± 0.2

 Bone Area (mm2) 0.47 ± 0.04 0.44 ± 0.05 0.41 ± 0.03 0.41 ± 0.05

 Marrow Area (mm2) 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 1.0 ± 0.2

 Periosteal Perimeter (μm) 4.3 ± 0.2 4.2 ± 0.2 4.1 ± 0.2 4.2 ± 0.3

 Endocortical Perimeter (mm) 3.6 ± 0.2 3.5 ± 0.1 3.5 ± 0.1 3.5 ± 0.3

 Density of Material (mg HA/cm3) 959 ± 27 956 ± 27 929 ± 15 917 ± 3

μCT was performed at the femoral distal end for trabecular or midshaft for cortical bone. Values are means ± S.D.

*
Significantly different between control and Notch3INV/INV mice, p < 0.05 by unpaired ANOVA.
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Table 6.

Femoral microarchitecture assessed by μCT of 1 month old Sm22a-Cre;Notch3INV/

INV mice and Notch3em2Ecan (Notch3COIN/COIN) sex-matched littermate controls.

Males Females

Notch3 COIN Notch3 INV Notch3 COIN Notch3 INV 

n = 3 n = 4 n = 6 n = 3

Distal Femur Trabecular Bone

 Bone Volume/Total Volume (%) 6.9 ± 1.1 5.9 ± 1.7 4.7 ± 0.8 4.5 ± 0.4

 Trabecular Separation (μm) 252 ± 31 274 ± 28 320 ± 32 316 ± 36

 Trabecular Number (1/mm) 4.0 ± 0.4 3.7 ± 0.2 3.2 ± 0.3 3.3 ± 0.3

 Trabecular Thickness (μm) 33 ± 2 33 ± 2 33 ± 2 32 ± 1

 Connectivity Density (1/mm3) 155 ± 44 117 ± 33 95 ± 21 94 ± 33

 Structure Model Index 2.4 ± 0.1 2.6 ± 0.2 2.6 ± 0.1 2.6 ± 0.1

 Density of Material (mg HA/cm3) 784 ± 7 778 ± 13 762 ± 15 774 ± 4

Femoral Midshaft Cortical Bone

 Bone Volume/Total Volume (%) 82.6 ± 1.5 83.2 ± 1.1 82.3 ± 1.5 82.9 ± 1.2

 Porosity (%) 17.5 ± 1.5 16.8 ± 1.1 17.7 ± 1.5 17.1 ± 1.2

 Cortical Thickness (μm) 89 ± 2 95 ± 4 90 ± 15 93 ± 6

 Total Area (mm2) 1.6 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 1.6 ± 0.1

 Bone Area (mm2) 0.50 ± 0.03 0.50 ± 0.04 0.50 ± 0.01 0.51 ± 0.02

 Marrow Area (mm2) 1.1 ± 0.1 1.0 ± 0.1 1.1 ± 0.1 1.1 ± 0.1

 Periosteal Perimeter (μm) 4.4 ± 0.1 4.3 ± 0.2 4.4 ± 0.1 4.5 ± 0.1

 Endocortical Perimeter (mm) 3.7 ± 0.1 3.5 ± 0.2 3.6 ± 0.1 3.7 ± 0.1

 Density of Material (mg HA/cm3) 964 ± 20 972 ± 18 960 ± 21 969 ± 9

μCT was performed at the femoral distal end for trabecular or midshaft for cortical bone. Values are means ± S.D.
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Table 7.

Femoral microarchitecture assessed by μCT of 1 month old Cdh5-Cre;Notch3INV/

INV mice and Notch3em2Ecan (Notch3COIN/COIN) sex-matched littermate controls.

Males Females

Notch3 COIN Notch3 INV Notch3 COIN Notch3 INV 

n = 7 n = 14 n = 10 n = 10

Distal Femur Trabecular Bone

 Bone Volume/Total Volume (%) 7.5 ± 1.7 8.1 ± 1.7 5.1 ± 0.1 5.7 ± 0.8

 Trabecular Separation (μm) 250 ± 20 241 ± 18 289 ± 31 284 ± 33

 Trabecular Number (1/mm) 4.1 ± 0.3 4.2 ± 0.3 3.5 ± 0.4 3.6 ± 0.4

 Trabecular Thickness (μm) 34 ± 5 35 ± 4 30 ± 2 32 ± 1

 Connectivity Density (1/mm3) 176 ± 28 199 ± 42 140 ± 53 136 ± 31

 Structure Model Index 2.4 ± 0.2 2.3 ± 0.2 2.5 ± 0.1 2.4 ± 0.1

 Density of Material (mg HA/cm3) 765 ± 23 778 ± 18 763 ± 16 766 ± 14

Femoral Midshaft Cortical Bone

 Bone Volume/Total Volume (%) 81.4 ± 2.3 82.3 ± 2.0 82.0 ± 1.4 82.8 ± 1.3

 Porosity (%) 18.6 ± 2.3 17.7 ± 2.0 18.0 ± 1.4 17.2 ± 1.3

 Cortical Thickness (μm) 89 ± 8 91 ± 10 87 ± 5 91 ± 5

 Total Area (mm2) 1.5 ± 0.2 1.5 ± 0.2 1.4 ± 0.1 1.5 ± 0.1

 Bone Area (mm2) 0.50 ± 0.07 0.51 ± 0.08 0.44 ± 0.03 0.49 ± 0.03

 Marrow Area (mm2) 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 1.0 ± 0.1

 Periosteal Perimeter (μm) 4.3 ± 0.2 4.4 ± 0.2 4.2 ± 0.1 4.3 ± 0.2

 Endocortical Perimeter (mm) 4.3 ± 0.2 3.6 ± 0.2 3.4 ± 0.1 3.6 ± 0.2

 Density of Material (mg HA/cm3) 949 ± 34 961 ± 22 957 ± 23 965 ± 18

μCT was performed at the femoral distal end for trabecular or midshaft for cortical bone. Values are means ± S.D.

*
Significantly different between control and Notch3INV/INV mice by unpaired ANOVA.
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