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Abstract

Mucopolysaccharidosis I (MPS I) is a lysosomal storage disease characterized by deficient α-L-

iduronidase activity, leading to the accumulation of poorly degraded glycosaminoglycans (GAGs). 

Children with MPS I exhibit high incidence of spine disease, including accelerated disc 

degeneration and vertebral dysplasia, which in turn lead to spinal cord compression and kypho-

scoliosis. In this study we investigated the efficacy of neonatal enzyme replacement therapy 

(ERT), alone or in combination with oral simvastatin (ERT+SIM) for attenuating cervical spine 

disease progression in MPS I, using a canine model. Four groups were studied: normal controls; 

MPS I untreated; MPS I ERT treated; and MPS I ERT+SIM treated. Animals were euthanized at 

one year-of-age. Intervertebral disc condition and spinal cord compression were evaluated from 

MRIs and plain radiographs, vertebral bone condition and odontoid hypoplasia were evaluated 

using microcomputed tomography, and epiphyseal cartilage to bone conversion was evaluated 

histologically. Untreated MPS I animals exhibited more advanced disc degeneration and more 

severe spinal cord compression than normal animals. Both treatment groups resulted in partial 

preservation of disc condition and cord compression, with ERT+SIM not significantly better than 

ERT alone. Untreated MPS I animals had significantly lower vertebral trabecular bone volume 

and mineral density, while ERT treatment resulted in partial preservation of these properties. ERT
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+SIM treatment demonstrated similar, but not greater, efficacy. Both treatment groups partially 

normalized endochondral ossification in the vertebral epiphyses (as indicated by absence of 

persistent growth plate cartilage), and odontoid process size and morphology. These results 

indicate that ERT begun from a very early age attenuates the severity of cervical spine disease in 

MPS I, particularly for the vertebral bone and odontoid process, and that additional treatment with 

simvastatin does not provide a significant additional benefit over ERT alone.
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1. Introduction

The mucopolysaccharidoses (MPS) are a subset of lysosomal storage diseases that are 

characterized by deficient activity of hydrolytic enzymes that degrade glycosaminoglycans 

(GAGs) (1). While disease severity varies significantly depending on the specific type of 

MPS, manifestations can occur in the skeleton, liver, cardiopulmonary system, eyes, ears, 

central nervous system, and other sites. Mucopolysaccharidosis I (MPS I), also known as 

Hurler Syndrome, or Hurler-Scheie or Scheie Syndromes corresponding to severe, 

intermediate and attenuated disease phenotypes respectively, is characterized by deficient α-

L-iduronidase (IDUA) activity, leading to accumulation of poorly degraded dermatan and 

heparan sulfate glycosaminoglycans (2). While MPS I is associated with multi-organ disease 

manifestations, spine disease in particular is prevalent (3,4). Surgical correction is indicated 

in around ~10–15% of MPS I patients as young as 4 years of age, depending on the severity 

of the disease (5). In the cervical spine, typical manifestations include vertebral dysplasia 

and subluxation, dural thickening, accelerated disc degeneration and odontoid process soft 

tissue hypertrophy, which are associated with spinal cord compression and/or kypho-

scoliotic deformity (3,6–8). Less commonly, hypoplasia of the odontoid process may lead to 

atlanto-axial subluxation and spinal cord compression (3,9–12).

In our previous work using the MPS I canine model (13,14), we identified three key features 

of vertebral bone disease present from an early postnatal age: 1) poor trabecular bone quality 

(volume, architecture and mineral density); 2) hypoplasia of the odontoid process; and 3) 

delayed/failed cartilage to bone conversion in secondary centers of ossification (13). MPS I 

is also characterized by moderate to severe spinal cord compression and pathological 

changes to the intervertebral discs, presenting as reduced signal intensity in the central 

nucleus pulposus (NP) on T2-weighted magnetic resonance images (MRI) (15). While 

mechanisms underlying the progression of spine disease in MPS are not well understood, 

they likely include a combination of disruption of the signaling pathways that regulate tissue 

formation (16–18), and accelerated tissue destruction due to increased localized 

inflammation and associated protease activity (19,20). For example, the Toll-like Receptor 4 

(TLR4) pathway has been implicated in the progression of inflammatory musculoskeletal 

disease through binding and activation by endogenous ligands, such as heparan sulfate 

fragments, to the TLR4 receptor (21,22).
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Current treatment strategies for MPS I, including enzyme replacement therapy (ERT), 

hematopoietic stem cell transplantation (HSCT) and experimental gene therapy address 

cardiopulmonary disease manifestations, however they have demonstrated only limited 

efficacy in preventing the progression of spine disease (6–8,23,24), although there is 

evidence that higher dose or intrathecal ERT from a very early age may be more effective 

(15). Few studies describe the efficacy of ERT for correcting vertebral bone pathology in 

MPS I. A recent retrospective clinical study found that thoracolumbar kyphosis is almost 

universal among patients with Hurler Syndrome, despite having received an HSCT or ERT 

from a young age (8). While these treatments have extended the life span of MPS patients by 

attenuating cardiopulmonary manifestations, increased incidence of spinal problems has 

accompanied this increase in longevity, significantly impacting on patient quality of life. 

Clinical data do suggest that earlier intervention is more effective at normalizing growth and 

attenuating musculoskeletal disease in children with MPS I, highlighting the importance of 

early diagnosis (25,26). The failure of intravenous ERT to more effectively attenuate spine 

disease may be due in part to the large molecular weight of the enzyme (83kD), limiting its 

diffusion into these tissues.

One possible avenue for treating the spinal manifestations of MPS I may be to augment ERT 

with small molecule therapeutics that specifically target those aspects of the disease 

(specifically, accelerated intervertebral disc degeneration, spinal cord compression, vertebral 

trabecular bone quality and odontoid hypoplasia). For example, pentosan polysulfate sodium 

(PPS), a polysulfated polysacchararide heparin analog with anti-inflammatory and pro-

chondrogenic properties, has recently shown promise for improving musculoskeletal disease 

in MPS VI rats (27). Simvastatin is an FDA-approved drug commonly prescribed for 

lowering cholesterol. It has been shown that simvastatin can both reduce inflammation by 

inhibiting the TLR4 signaling pathway (28,29) and stimulate bone formation by enhancing 

BMP2 expression (30,31), with minimal side effects.

The objective of this study was to determine the efficacy of neonatal, standard clinical dose 

ERT alone or in combination with oral simvastatin for attenuating cervical spine vertebral 

bone and intervertebral disc disease severity in MPS I in a canine model.

Materials and Methods

Animals and Treatments

Well-characterized animal models of MPS I include naturally occurring canine and feline 

models, and knockout murine models (32). The canine model of MPS I has a homozygous 

mutation in intron 1 of the IDUA gene (33), and is considered to align most closely with the 

intermediate severity, Hurler-Scheie phenotype seen in humans, based primarily on the 

pathology observed in the central nervous system, skeleton and corneas (14,34–36). Spinal 

manifestations in MPS I dogs show many similarities to those observed in MPS I patients. 

These include radiographic and gross pathological evidence of spine disease, including 

abnormalities of the vertebral bones, particularly in the cervical spine, frequently leading to 

spinal cord compression (15,37). MPS I dogs therefore represent an excellent, clinically 

relevant model for investigating the pathogenesis and treatment of spine disease in MPS I.

Chiaro et al. Page 3

J Bone Miner Res. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The dogs used in this study were raised at the School of Veterinary Medicine at the 

University of Pennsylvania, under NIH and USDA guidelines for the care and use of 

animals in research. MPS I-affected animals were identified at birth by DNA mutation 

analysis. Most normal controls were heterozygous littermates of MPS I dogs or had at least 

one parent in common. A total of 20 dogs were studied, divided amongst four study groups 

(each n=5): normal controls; MPS I untreated; MPS I ERT treated; and MPS I combined 

ERT and simvastatin (ERT+SIM) treated. A simvastatin only group was not included, as 

MPS I patients typically commence enzyme replacement therapy upon diagnosis as part of 

their standard of care. We therefore proposed simvastatin as an adjuvant to ERT, to target 

disease manifestations (i.e. musculoskeletal) that respond poorly to ERT. Treatments 

commenced at 1 week-of-age. Enzyme replacement therapy (recombinant human IDUA; 

Biomarin Pharmaceuticals; Novato, CA, USA) consisted of weekly, intravenous infusions at 

a dose of 0.58 mg/kg (the standard clinical dose for human patients (38)), administered over 

two hours. Simvastatin (Merck; Darmstadt, Germany) was administered orally once per day 

(2 mg/kg - the standard clinical dose range for an adult human is 20–40 mg (39)). All 

animals were euthanized at one year-of-age using 80 mg/kg of sodium pentobarbital in 

accordance with the American Veterinary Medical Association guidelines.

Magnetic Resonance Imaging and Plain Radiography

Prior to euthanasia, magnetic resonance images (MRI) and plain radiographs were obtained 

of the cervical spine for each animal. MR images were obtained on a 1.5T Signa LX magnet 

(GE Healthcare; Little Chalfont, United Kingdom). The dog was placed head first and 

supine in a head coil under general anesthesia. Sagittal T2-weighted images of the cervical 

spine were obtained using a fast recover fast spin echo sequence, with a slice thickness of 2 

mm and 0.2 mm spacing, a repetition time (TR) of 3800 and an echo time (TE) of 107. A 

second series of images was obtained using a single shot fast spin echo sequence, with a 

slice thickness of 35 mm, a TR of 4000 and a TE of 1009. The final sequence included 3 

separate groups of axial slices perpendicular to the spinal cord with fast recovery fast spin 

echoes, with a slice thickness of 3 mm and a spacing of 1 mm, with an average TR of 5000 

and TE of 104. Lateral radiographs of the cervical spine were then obtained. Diagnostic 

reports for both MRIs and radiographs were prepared by the attending veterinary radiologist 

who was blinded to the treatment groups. Disc degenerative condition was assessed from 

MR images, independently by two blinded investigators (NRM and LJS, results averaged) 

using the semi-quantitative Pfirrmann grading scheme (40). Using the scheme, disc 

degenerative condition is assigned a score from 1 to 5 based on set morphological criteria, 

with a score of 1 corresponding to a healthy disc with no signs of degeneration, and 5 

corresponding to a severely degenerate disc. Spinal cord compression severity was semi-

quantitatively assessed from MR images using the scheme of Dickson et al (15). For this 

scheme, cord compression is assigned a rank from 0 to 3, according to the following criteria: 

0 = absent – 360-degree cushion of CSF around the spinal cord; 1 = mild – loss of the CSF 

cushion without indentation of the spinal cord or only slight anterior flattening; 2 = 

moderate spinal cord compression; and 3 = severe spinal cord compression. Disc height 

index (DHI) was calculated from lateral radiographs using a custom Matlab program (41). 

Using this technique, disc height is normalized by the height of the two adjacent vertebral 

bodies, and presented as a percentage of normal. Disc condition, spinal cord compression 
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severity and DHI were calculated for each of 5 cervical spine levels (C2-C7). Results for 

individual levels were then averaged to produce single mean values for each animal. These 

mean values were used for subsequent statistical comparisons.

Micro-Computed Tomography (MicroCT)

Immediately following euthanasia, the cervical spine was dissected out and the C2 vertebra 

isolated. Vertebrae were cleaned of surrounding tissue and scanned using high-resolution 

microCT (VivaCT40; Scanco Medical AG, Brüttisellen, Switzerland) by our previously 

published methods (13). Briefly, sequential axial images through the vertebral body were 

obtained using an isotropic voxel size of 19 μm. Image acquisition commenced from the 

caudal vertebral endplate, and extended cranially for 100 slices.

Standard 3D morphometric analyses were performed using Scanco software to calculate 

bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp) and 

trabecular number (Tb.N). Apparent mineral density (bone mineral density, BMD) was also 

determined and calibrated against hydroxyapatite (HA) standards (0–784 mg HA/cm3). In 

additional to the trabecular bone, the entire odontoid process was imaged at the same 

resolution. For analyses, volumes of interest were defined as the entire structure extending 

from the vertebral body interface, and analyzed to determine BV/TV and BMD.

Histology

Following microCT imaging, C2 vertebral bodies were fixed in 4% paraformaldehyde for 

one week, then decalcified using formic acid/EDTA (Formical 2000; Decal Chemical 

Corporation, Tallman, USA). A 3 mm-thick mid-sagittal slab from each sample was isolated 

and processed for paraffin-embedded histology. Sections 10 μm thick were double-stained 

with Alcian blue and picrosirius red to demonstrate GAG and collagen, respectively, then 

imaged and analyzed under bright field light microscopy (Eclipse 90i; Nikon, Tokyo, 

Japan). The presence or absence of remnant growth plate cartilage in the caudal epiphysis 

was noted, and the total area of remnant cartilage in this region was quantified (ImageJ; 

National Institutes of Health, Bethesda, USA).

Statistical Analyses

Significant differences between the four study groups for measured parameters were 

established via 1-way ANOVAs (GraphPad Prism 5.02; GraphPad Software Inc, La Jolla, 

USA). Where significance was detected, post-hoc pairwise tests (Student Neumann Keuls) 

were performed. Differences were considered significant for p<0.05.

Results

MRI and Radiological Findings

A summary of findings from cervical spine MRIs and radiographs by the consultant 

radiologist for each individual animal are shown in Supplemental Table 1. In general, the 

highest incidence of abnormalities was reported for untreated MPS I animals, while normal 

controls had minimal abnormalities. Treated MPS I animals (both ERT and ERT+SIM) had 
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intermediate pathology. Of interest, abnormalities were most consistently reported at the 

C2–3 spine level (11 out of 20 animals).

Representative cervical spine MRIs from each group are shown in Figure 1A. With respect 

to semi-quantitative assessments, mean disc degenerative grade (Pfirrmann grade, Figure 

1B) and spinal cord compression severity (Figure 1C) were both significantly greater for 

untreated MPS I animals compared to normal (both p<0.05), while for both ERT alone and 

ERT+SIM, degenerative grade and spinal cord compression severity were not significantly 

different from either normal or untreated (Fig 1B).

Representative lateral radiographs from each group are shown in Figure 2A. Mean DHIs for 

untreated MPS I animals, ERT alone and ERT+SIM were all significantly lower compared 

to normal (p<0.01, p<0.05 and p<0.05 respectively) (Figure 2B). For both ERT alone and 

ERT+SIM, DHI was not significantly different from untreated MPS I. For disc degenerative 

grade, spinal cord compression severity and DHI, ERT+SIM was not significantly better 

than ERT alone.

Micro Computed Tomography

For the vertebral trabecular bone (Figure 3), untreated MPS I animals had significantly 

rlower BV/TV (49% of normal, p<0.001), Tb.Th (74% of normal, p<0.01), Tb.N. (64% of 

normal, p<0.001) and BMD (61% of normal, p<0.001), and greater Tb.Sp (1.5-fold normal, 

p<0.001). Compared to untreated MPS I dogs, ERT only treated dogs had significantly 

greater BV/TV (85% of normal), Tb.Th (95% of normal) and BMD (89% of normal), and 

significantly lower Tb.Sp (1.2-fold normal), with none of these parameters significantly 

different from normal. ERT+SIM treatment showed similar, but not significantly greater, 

efficacy with respect to these parameters. Tb.N remained significantly lower than normal for 

both ERT only and ERT+SIM treated animals (both p<0.001), with neither significantly 

different than untreated.

Odontoid hypoplasia leading to atlanto-axial subluxation and spinal cord compression is 

frequently reported in children with MPS I (3,12). For untreated MPS I animals, the 

odontoid process was smaller than for normal animals (Figure 4A). Odontoid size was 

greater than untreated for both treatment groups. For untreated MPS I animals both BV/TV 

and BMD of the odontoid were significantly lower than normal (95% of normal for both, 

p<0.05, Figure 4B and C). For ERT, BV/TV was significantly greater than untreated MPS I 

(p<0.01), and not significantly different from normal. For ERT+SIM, BV/TV was 

significantly greater than both untreated MPS I and normals (p<0.001 and p<0.05, 

respectively). Finally, for both treatment groups, BMD was significantly greater than both 

untreated MPS I animals (p<0.01 for both) and normals (1.1-fold normal and p<0.001 for 

both).

Histology

Representative histological images of the C2 caudal epiphysis from each group are shown in 

Figure 5A. Large regions of remnant growth plate cartilage were observed in 4 of 5 

untreated animals, 2 of 5 ERT only treated, and 2 of 5 ERT+SIM treated animals. For all 

other animals (in all study groups including normal controls), no or minimal growth plate 
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cartilage was observed. Total growth plate cartilage in the caudal vertebral epiphysis was 

also quantified (Figure 5B). The greatest mean cartilage area was found in untreated MPS I 

animals (75-fold normal), followed by ERT only treated (22-fold normal), ERT+SIM treated 

(5-fold normal), and normal controls, although high variability prevented differences from 

reaching significance.

Discussion

In this study we examined whether neonatal initiation of ERT that is administered 

intravenously at the standard clinical dose could prevent progressive disease manifestations 

in the vertebral bones and intervertebral discs of the cervical spines in MPS I. We also 

examined whether treatment with simvastatin could augment the therapeutic effects of ERT.

For ERT alone, partial normalization was observed with respect to vertebral trabecular bone 

volume, structure and BMD, odontoid process size and morphology, and in epiphyseal 

cartilage to bone conversion, indicative of preservation of healthy bone development relative 

to untreated animals. Previous studies have demonstrated that bone disease associated with 

MPS does respond to ERT, though with varying degrees of efficacy. Byers et al (42) 

examined the effects of ERT on bone formation in MPS VI (Maroteaux-Lamy Syndrome, 

N-acetylgalactosamine-4-sulfatase deficiency) using a feline model. Intravenous treatment 

beginning shortly after birth resulted in dose-dependent normalization of bone volume 

fraction and BMD, although even the highest dose did not restore these properties to normal 

levels. A recent clinical study examined the effects of ERT on three siblings with MPS I, 

each of whom commenced treatment at different ages and stages of disease progression (25). 

Results showed that treatment in the youngest child (commencing at 4 months of age) led to 

normalization of height and the absence of musculoskeletal disease manifestations such as 

joint stiffness and contractures, and facial coarsening 5 years after commencing treatment 

(25). In our previous work we examined the effects of neonatal retroviral gene therapy on 

the progression of vertebral bone disease in MPS VII (Sly Syndrome, beta-glucuronidase 

deficiency) (24). In this study, newborn MPS VII dogs were administered an intravenous 

injection of a gamma retroviral vector expressing canine beta-glucuronidase to newborn 

MPS VII animals, which led to transduction of liver cells and secretion of M6P-modified 

GUSB into blood, from where enzyme could diffuse to other organs and be taken up via the 

M6P receptor. This treatment led to high levels of circulating enzyme (a mean of 3.6-fold 

normal), however, the vertebral bone lesions were largely unresponsive. In another study 

MPS I dogs were treated with a retroviral vector expressing canine IDUA. At 1 year-of-age 

these animals exhibited attenuation of some aspects of cervical spine disease progression, 

including reduced incidence of vertebral widening and beaking, and intervertebral fusion 

(23). The results of these studies suggest that efficacy of exogenous enzyme treatment (be it 

by standard ERT or indirectly through RV gene therapy), may be dependent on MPS type, 

and the severity of the musculoskeletal phenotype (MPS VII in dogs has a more severe 

musculoskeletal phenotype than MPS I). In the current study, trabecular number was the 

only parameter to not exhibit a significant response to treatment, likely reflecting that 

treatments are more effective at augmenting the existing trabecular network, rather than 

creating entirely new trabecular elements, which is consistent with other recent findings 

(43).
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We also examined the effects of ERT on intervertebral disc condition and spinal cord 

compression. Dickson et al previously showed that standard dose ERT administered 

intravenously from birth in MPS I dogs resulted in decreased incidence of spinal cord 

compression and disc degeneration compared to no treatment, although these disease 

manifestations were still present (15). Our results complement these findings, with partial 

preservation of disc health, spinal cord compression severity, and disc height index.

The drug simvastatin is widely prescribed for treatment of high cholesterol, due to its 

inhibition of the reductase 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) (30). 

Simvastatin has also been widely reported to have bone anabolic properties through a variety 

of mechanisms, including enhanced osteogenesis by increasing the expression of BMP-2, as 

well as inhibition of osteoblast apoptosis and osteoclastogenesis (44). Human and murine 

osteoblasts exposed to statins show enhanced expression of BMP-2 mRNA, and rats treated 

orally with simvastatin have enhanced trabecular bone volume (30). In dogs with 

osteonecrosis of the femoral head, treatment with simvastatin led to significant 

improvements in bone structure and mineral content (45). In our study the bone anabolic 

effects of simvastatin in combination with ERT were not significantly different compared to 

ERT alone. The efficacy of ERT on its own for preventing progression of the bone 

pathology may potentially have masked the effects of simvastatin. Inflammation has 

previously been implicated in the progression of intervertebral disc disease in MPS (20). 

Simvastatin has also been reported to have anti-inflammatory properties through inhibition 

of the TLR4 signaling pathway (29). Our findings indicate that treating with both ERT and 

simvastatin, compared to ERT alone, did not provide a significant additional benefit in 

slowing the progression of disc degeneration and associated spinal cord compression, 

although an increased sample size and additional mechanistic studies may be required to 

confirm this.

Hypoplasia of the odontoid process, widely reported in MPS children, has been implicated 

in the high incidence of spinal cord compression in these patients (3,12). In a previous study, 

we described morphological abnormalities of the odontoid in MPS I dogs from as early as 3 

months-of-age (13). In this study, both ERT and ERT+SIM treatment groups exhibited 

qualitative improvements in odontoid process size and morphology relative to untreated 

MPS I animals, and significant improvements in BV/TV and BMD.

In conclusion, the results of this study demonstrate neonatal ERT effectively attenuates 

aspects of cervical spine disease in MPS I, particularly in the vertebral bone and odontoid 

process. Treating with both ERT and simvastatin was found to have no statistically 

significant additional benefit over ERT alone. Previous animal studies and clinical case 

reports indicate that commencement of treatment at later stages of disease progression is 

likely to be far less effective than neonatal treatment, emphasizing the importance of early 

diagnosis and intervention (15,25,26). In our ongoing work we are seeking to further 

elucidate the underlying mechanisms of spine disease in MPS, with a particular emphasis on 

dysregulation of the signaling pathways that regulate bone development. Our long term goal 

is to identify new therapeutic targets for bone and disc disease in MPS, which will be 

effective at both early and late stages of disease progression.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Magnetic resonance images were obtained for all animals prior to euthanasia at one 
year-of-age, and analyzed to determine intervertebral disc condition and spinal cord 
compression severity
A. Representative mid-sagittal, cervical spine magnetic resonance images for each study 

group. Arrows = examples of degenerate discs and asterisks = examples of spinal cord 

compression. B. Intervertebral disc degenerative condition (Pfirrmann grades, mean of all 

levels C2-C7 for each animal). C. Spinal cord compression severity (mean of all levels C2–

C7 for each animal). *p<0.05 vs normal.
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Figure 2. Lateral plain radiographs were obtained for all animals prior to euthanasia at one 
year-of-age, and analyzed to determine disc height index (DHI)
A. Representative lateral radiographs of the cervical spine for each study group. Asterisk = 

example of vertebral subluxation and circle = example of collapsed disc space. B. Percent 

change in DHI calculated from lateral plain radiographs (mean of all levels C2–C7 for each 

animal). *p<0.05 vs normal; +p<0.05 vs untreated MPS I.
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Figure 3. C2 vertebral trabecular bone was imaged post-mortem using microCT
A. Representative microCT reconstructions of C2 vertebral trabecular bone. B. Bone 

volume/total volume (BV/TV). C. Trabecular thickness (Tb.Th). D. Trabecular spacing 

(Tb.Sp). E. Trabecular number (Tb.N). F. Bone mineral density (apparent density, BMD). 

*p<0.05 vs normal; +p<0.05 vs untreated MPS I.
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Figure 4. The odontoid process was imaged post mortem using microCT
A. Representative microCT reconstructions of the odontoid process. B. Bone volume/total 

volume (BV/TV). C. Trabecular thickness (Tb.Th). D. Trabecular spacing (Tb.Sp). E. 
Trabecular number (Tb.N). F. Bone mineral density (apparent density, BMD). *p<0.05 vs 

normal; +p<0.05 vs untreated MPS I.
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Figure 5. C2 vertebral bodies were processed for histological assessment of remnant growth 
plate cartilage
A. Representative histology illustrating remnant growth plate cartilage (insets) in the caudal 

epiphyses of C2 vertebral bodies (Alcian blue (GAG)/picrosirius red (collagen) stained mid-

sagittal sections, oriented with dorsal at the top; dotted line indicates where the image is 

truncated in the cranial direction). Scale bar = 2mm (main images) and 1mm (insets); ep = 

vertebral end plate, gp = growth plate. B. Quantification of remnant growth plate cartilage 

area (mm2) in each study group.
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