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Abstract

Contrast media such as gadolinium-diethlene-triamine pentaacctic acid (Gd-DTPA) is used for MRI. Recently there have been some
reports about diagnosis using contrast media for the MRI T, image for the quantitative evaluation of articular cartilage degeneration. This
may be a useful method to evaluate the lesion of the articular cartilage or 1o confirm therapeutic progress. Whether or not contrast is used,
the use of the caleulated T, image is effective for the quantitative evaluation of the degeneration of knee joint cartilage. However, our system
copes with the format of every MRI image even if software of the calculated T, image isn't often prepared in the commercial MRI device.
So, we developed general purpose image data processing software that can be processed on the preexisting three-dimensional image data

processing system. © 2004 Elsevier Inc. All rights reserved.

Keywards: MRI; Calculated T, image; Three-dimensional image; Cartilage

1. Introduction

There have been some recent reports about diagnostic
trials using the effect of MRI contrast media with T, image
for the quantitative diagnosis of articular cartilage degener-
ation. The effect of contrast media to visualize the degen-
eration of articular cartilage is strong, and confirms that the
T, value is very useful for the clinical evaluation of the
degree of lesion [1-4]. If we want to make this diagnostic
.procedure a common clinical diagnostic method, we must
evaluate a quantitative T, image for articular cartilage de-
generation after making a three-dimensional T, image.

However, even if data on the kind of clinical MRJ device
being used at present are used, a general-purpose three-
dimensional T, calculation image data processing system
doesn’t exist. Currently, researchers themselves may make
individually necessary image data processing software by

* Corresponding author. Tel: +81-0-43-206-4067; fax: +81-0-43-
206-3276.
E-mail address: ikehira@nirs.go.jp (H. Ikehira).

0730-725X/04/§ — see front matter © 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.mri.2004.01.027

using MTLAB to evaluate their research. This diagnostic
method should be remarkably safer than invasive joint ex-
amination like arthroscopy, and we believe that it should be
an effective evaluation method for the clinical examination.
Therefore, we report that we developed a system that can
make a three-dimensional T, calculation image using the
DICOM data from any kind of commercialized MRI device.

2. Protocol for T, calculated image

An MRI imaging protocol for the T, measurement was
not a usual two-dimensional image, but it used two dimen-
sions multi-slice imaging. The parameter of the image is as
follows:

All studies were performed using a commercial MRI
device Philips Gyroscan Intera 1.5T, and an imaging pro-
tocol in the following way.

The imaging sequence is a multi-slice (seven slices)
sagittal inversion recovery (IR} turbo spin echo T, series,
1800-ms repetition time (TR) and 35-ms echo time (TE).
For T, series the inversion times (TT) were 50, 100, 200,
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400, 800, 1200 and 1600 ms. Field-of-view (FOV) was 150
mm X 150 mm. Thickness of the slice was 3.0 mm, imaging
matrix was 512 X 512 and echo factor was 7. Total scan
time was 40 min. The set of T, images was transferred to PC
{(Windows 2000). T, maps were calculated with our own
software (T-Wizard, ITTC, Kobe, Japan). We used a least-
square method curve-fitting to get T,-calculated images
using a three-parameter exponential fit. Then other calcula-
tion parameters were as follows:

S5i= Mo(l - 2A6—THT|. + e-TRJ’TJ) 3)

There is no limitation for number of pixels, but our images

& A, )
St S ik i A S

Fig. 1. The calculated T, image of the knee joint analyzed by our software.

are always 512 X 512 and the square summation e is less
than certain value; then the current value is 0.0C1 in this
case. Applicable operating systems should be Windows OS,
NT4.0, 2000, XP.

3. Three-dimensional color display of T,-calculated
image

We show the calculated T, image of the knee joint
analyzed by our software. This T, image shows beautiful T,
distribution pattern using a rainbow color map. T, values

Fig. 2. Steren image views of the knee joint cartilage with fixed three dimensions using VGSwudio.
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are indicated in ms. The upper values are the containing
range of T; values in this image and lower values are the
indicated imaging scale in Fig. 1.

Figure 2 shows the three-dimensional T; image of the
knee joint cartilage in three dimensions with VGStudio
(Volume Graphics, Heidelberg, Germany). These images
look three-dimensional by using a stereo projection.

4, Summary and discussion

It becomes easier to diagnose the spatial distribution of
degenerated cartilage and the progress conditions of the
disease by making three-dimensional calculated T, images.

This time, we developed the software with which we can
calculate three-dimensional T, images from DICOM im-
ages that were supplied by any kind of MRI device. Fur-
thermore, this system is thought to be the analytic system
that has the possibility of application in other fields, becanse
it can be applied to the analysis of drug delivery system
(DDS}) and the diagnosis of metabolic disorder and so on by
using a suitable algorithm,

5. Order of software

For our developed T, imaging software, pleass contact
Dr. Ikehira ikehira@nirs.go.jp; we would like to distribute
this software free for the use of a non-profit experiment,
Please contact Volume Graphics or ITTC in Japan directly
regarding the commercially available three-dimensional im-
age analysis software, VGStudio.
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Deficiency of Insulin Receptor Substrate-1 Impairs Skeletal Growth
Through Early Closure of Epiphyseal Cartilage

Kazuto Hoshi,' Naoshi Ogata,? Takashi Shimoaka,? Yasuo Terauchi,® Takashi Kadowaki,* Shin-Ichi Kenmotsu,*
Ung-Tl Chung,® Hedehiro Ozawa,® Kozo Nakamura,? aud Hiroshi Kawaguchi?

ABSTRACT: Morphological analyses in and around the epiphyseal cartilage of mice deficient in insulin
receptor substrate-1 (IRS-1) showed IRS-1 signaling to be important for skeletal growth by preventing early
closure of the epiphyseal cartilage and maintaining the subsequent bone turnover at the primary spongiosa.

Introduction: IRS-1 is an essential molecule for intraceliular signaling by IGF-I and insulin, bath of which are potent
anabolic regulators of cartilage and bone metabolism. To clarify the role of IRS-1 signaling in the skeletal growth,
morphological analyses were performed in and around the epiphyseal cartilage of mice deficient in IRS-1 (IRS-17'7),
whose limbs and trunk were 20-30% shorter than wildtype (WT) mice.

Materials and Methods: The epiphyseal cartilage and the primary spongiosa at proximal tibias of homozygous
IRS-17'" and WT male littermates were compared using histological, immunohistochemical, enzyme cytohisto-
chemical, uitrastructural, and bone histomorphometrical analyses.

Results: In and around the WT epiphyseal cartilage, IRS-1 and insulin-like growth factor (IGF)-I receptors were
widely expressed, whereas IRS-2 was weakly localized in bone cells. Chronological observation revealed that
height of the proliferative zone and the size of hypertrophic chondrocytes were decreased in WT mice as a
function of age, and these decreases were accelerated in the IRS-17/ cartilage, whose findings at 12 weeks
were similar to those of WT at 24 weeks. In the IRS-17/" cartilage, proliferating chondrocytes with positive
proliferating cell nuclear antigen (PCNA) or parathyroid hormone (PTH)/PTH-related peptide (PTHrP) receptor
immunostaining had almost disappeared by 12 weeks. Contrarily, TUNEL™* apoptotic cells were increased in the
hypertrophic zone, at the bottom of which most of the chondrocytes were surrounded by the calcified matrix,
suggesting the closure of the cartilage. In the primary spongiosa, bone volume, alkaline phosphatase (ALP)*
osteoblasts, TRACP™ osteoclasts, and the osteopontin-positive cement line were markedly decreased. Bone
histomorphometrical parameters for both bone formation and resorption were significantly lower in IRS-17/~
mice, indicating the suppression of bone turnover.

Conclusion: The IRS-17' epiphyseal cartilage exhibited insufficient proliferation of chondrocytes, calcification of
hypertrophic chondrocytes, acceleration of apoptosis, and early closure of the growth plate. Thus, the data strongly suggest
that IRS-1 signaling is important for the skeletal growth by preventing early closure of the epiphyseal cartilage and by
maintaining the subsequent bone tumover at the primary spongiosa.

J Bone Miner Res 2004;19:214-223. Published online on December 16, 2003; doi: 10.1359/JBMR.0301221

Key words: insulin receptor substrate, cartilage, chondrocyte, growth plate, skeletal growth

INTRODUCTION ptosis and calcify the surrounding matrix. The opening of

L chondrocyte lacunae to the bone marrow cavity leads to

LC’”G‘T"IDINAL SKELETAL GROWTH is primarily regulated at  joca] recruitment of blood vessels and bone cells that re-

the epiphyseal cartilage or the growth plate. During this place the cartilage by bone. Thus, in the process of skeletal

process, chondrocytes first prelifecate and then progres- growth, proliferation, hypertophy, apoptosis, and calcifica-

sively differentiate into hypertrophic chondrocytes. Once tion of chondrocytes followed by the recruitment of blood
fully differentiated, these hypertrophic cells undergo 8po-  yeccels and bone cells must be properly coordinated.

Insulin-like growth factor-1 (IGF-T) plays impartant roles
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EPIPHYSEAL CARTILAGE IN IRS-1-DEFICIENT MICE

lism."?) Chondrocytes and osteoblasts produce this growth
factor, have its receptor, and respond to it.*> IGF-I seems
to be essential for skeletal growth as indicated by mouse
models in which deletion of IGF-I or its receptor leads to a
reduction in size at birth.®” Clinically, patients with Laron
syndrome caused by IGF-I deficiency exhibit growth retar-
dation and osteoporosis.® IGF-T is also reported to be
expressed during fracture healing and to stimulate it, sug-
gesting its role as ar autocrine/paracrine factor to potentiate
cartilage and bone regeneration.®*~'® Insulin also plays an
important part in the anabolic regulation of cartilage and
bone metabolism.!"? Although the anabolic effect of insulin
on bone may be primarily related to its ability ta stimulate
osteoblast proliferation,’"” that on cartilage may involve the
acceleration of chondrocyte differentiation.*'* Patients
with insulin deficiency as exemplified by type I diabetes
mellitus are associated with osteoporosis.”'*'® Diabetes is
also known to impair fracture healing, and insulin applica-
tion restores it in both humans and animals.!!?'9

Both IGF-I and insulin injtiate cellular responses by bind-
ing to distinct cell surface receptor tyrosine kinases that
regulate a variety of signaling pathways that control merab-
olism, growth, and survival. Insulin receptor substrates
{IRSs) are essential substrates of both the receptor tyrosine
kinases, which integrate the pleiotropic effects of IGF-I and
insulin on cellular function.“**Y The mammalian IRS fam-
ily contains at least four members: ubiquitous IRS-1 and
IRS-2, adipose tissue-predominant IRS-3,%¥ and IRS-4,
which is expressed in thymus, brain, and kidney.®¥ We
previously reported that IRS-1 and IRS-2 are expressed in
bone.** To learn the endogenous roles of IRS-1 and
IRS-2 in bone, we analyzed the bone of mice lacking the
IRS-1 gene (IRS-17'" miee) or the IRS-2 gene (IRS-27/~
mice).*?” Both mice exhibited osteopenia with different
cellular mechanisms: IRS-17'" mice showed a low bane
tumover in which both bone formation and resorption were
decreased, ™ whereas IRS-27*" mice showed decreased
bone formation and increased bone resorption.® It there-
fore seems that IRS-1 is important for maintaining bone
turnover, whereas IRS-2 is important for maintaining pre-
dominance of anabolic function over catabolic function of
osteoblasts. Regarding the role of these molecules on skel-
etal growth, IRS-1, but not IRS-2, seems to be involved in
the function of epiphyseal cartilage, because IRS-1""" mice
were about 20-30% shorter in limbs and trunk, whereas
IRS-2~'~ mice were normal in size compared with wildtype
(WT) littermates.®~% To clarify the cellular mechanism of
skeletal growth by IRS-1 signaling, morphological analyses
in and arcund the epiphyseal cattilage of IRS-1~"" mice
were performed in this study.

MATERIALS AND METHODS
Tissute preparation

All experiments were reviewed and approved by the
University of Tokyo, Faculty of Medical Animal Care and
Use Committee, before the study. Mice with the original
C57BLO/CBA hybrid background were generated and
maintained as reported previously.®® In each experiment,
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homozygous WT and IRS-17'" male mice that were litter-
mates generated from the intercross between heterozygous
ice were compared.

Afier anesthetization with diethyl ether and an intra-
abdominal administration of sodium pentobarbiturate at a
tate of 30 mg/kg (Dainabot, Osaka, Japan), mice at age of 0,
3,5, 7,9, 12, and 24 weeks were examined by sofi X-ray
(type SRO-M350; Sofron, Tokyo, Japan). They were per-
fused through the left ventricle with 20-ml doses of 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for
paraffin sections or a mixture of 2% paraformaldehyde and
2.5% glutaraldebyde in 0.067 M cacodylate buffer (pH 7.4)
for epoxy resin sections. The tibias were removed and
immersed in the same fixative for 4 h at 4°C., After decal-
cification with 4.13% EDTA at 4°C for 1 or 2 weeks, some
specimens were dehydrated with an increasing concentra-
tion of ethanol and embedded in paraffin. For epoxy resin
embedding, after postfixation with 1% OsO, in 0.1 M
cacodylate buffer (pH 7.4), the specimens were dehydrated
in a graded ethanol series, replaced with propylene oxide,
and embedded in Poly/Bed 812 resin (Polysciences, War-
rington, PA, USA). For bone histomorphometry, tibias from
I2-week-old WT and IRS-17'" mice were excised, fixed
with 100% ethanol, and embedded in methyl methacrylate,
For double labeling, mice were injected subcutaneously
with 8 mg/kg body weight of calcein at 10 and 3 days before
death,

Histological, ultrastructural, and bone
histomorphometrical studies

The lengths of WT and IRS-17/" tibias were measured in
the soft X-ray images by caliper (cach n = 12). Three-
micrometer-thick paraffin sections were stained in HE for
histological examinations. The height of the proliferative
zone in the epiphyseal cartilage in proximal tibias was
measured with the HE-stained paraffin sections (each n =
6-12). Employing an Ultracut UCT Microtome (Leica,
Wien, Austria), Poly/Bed-embedded specimens were sliced
into either 0.5-pum sections and stained with both von Kossa
and toluidine blue-O or into 60- to 80-nm sections for
electron microscopic analysis. For ultrastructural analysis,
these sections were observed under a transmission electron
microscope (TEM), H-7100 (Hitachi, Tokyo, Japan) or
JEM-100CX II (JEOL, Tokyo, Japan), after staining with
tannic acid, uranyl acetate, and lead citrate. For bone his-
tomorphomelry, tibias (each n = 6) were sectioned in 6-um
slices and stained in Viilanueva-Goldner staining. The spec-
imens were subjected to histomorphometric analyses under
a light microscope with a micrometer using an image ana-
Iyzer (System Supply Co., Nagano, Japan). Parameters were
measured in an area 1.2 mm in length from 0.1 mm below
the epiphyseal cartilage at the proximal tibias.

Tmmunohistochemistry

Immunohistochemical localizations of IRS-1, IRS-2,
IGF-T receptor, proliferating cell nuclear antigen (PCNA),
parathyroid hormone (PTH)/PTH-related peptide (PTHrP)
receptor, type X collagen, alkaline phosphatase (ALP), and
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osteopontin were observed in 3-pum dewaxed paraffin sec-
tions. The sections were treated with 0.3% hydrogen per-
oxide in PBS for 30 minutes at room temperature. After
being blocked by PBS containing 1% bovine serum albumin
(BSA; Seikagaku, Tokyo, Japan) for 1 h at room tempera-
ture, they were incubated in rabbit polyclonal antibodies
against mouse IRS-1(Upstate Biotechnology Inc., Lake
Placid, NY, USA) and IRS-2 (Upstate Biotechnology Inc.),
chicken polyclonal IgY against human IGF-I receptor (Up-
state Biotechnology Inc.), monoclonal antibody against
PCNA (Oncogene Research Products, Boston, MA, USA),
rabbit polyclonal antibodies against PTH/PTHtP receptor
(kindly provided by A Kasei, Tokyo, Japan), bovine type X
collagen (LSL, Tokyo, Japan), human tissue-nonspecific
ALP (kindly provided by Dr Y Ikehara, Department of
Biochemistry, Fukuoka University School of Medicine),
and mouse osteopontin (kindly provided by Dr M Fukae,
Department of Biochemistry, Tsurumi University School of
Dental Medicine) at a dilution of 1:100 for 24 h at 4°C, as
previously reported. %3 The sections were rinsed in PBS
and incubated with horseradish peroxidase (HRP)-
conjugated goat antibodies against rabbit IgG (Dakopatts,
Glustrup, Denmark), HRP-conjugated rabbit anti-chicken
IgY (Boxton Express, Quincy, MA, USA), HRP-conjugated
goat antibody against mouse IgG (EY Laboratories, Inc.,
San Mateo, CA, USA), or HRP-conjugated goat antibody
against mouse IgG (EY Laboratories), respectively, for 1 h
at room temperature, After washing with PBS, the sections
were immersed in a diaminobenzidine solution for 10 min-
utes at room temperature to detect the immunoreactivity. In
the test for type X collagen, sections were treated with 2.5%
hyaluronidase (Sigma, St Louis, MO, USA) for 10 minutes
at room temperature after blocking the endogenous perox-
idase. As a negative control, we used non-immune rabbit
T3G, chicken IgY, or mouse IgG of the same dilution instead
of the primary antibodies. For the evaluation of cell death,
TUNEL (ApopTag, Intergen, Purchase, NY, USA) was
examined in 3-pm dewaxed paraffin sections as previously
reported,®? The sections were faintly counterstained with
hematoxylin or methyl green.

Enzyme cytohistochemistry

TRACP activity was detected by Azo staining as report-
€d.®® After osteopontin-immunostaining, 3-pm paraffin
sections were incubated with a mixture of 5 mg of naphthol
AS-BI phosphate as a substrate and 18 mg of red violet LR
salt (Sigma) diluted in 30 ml 0.1 M acetate buffer (pH 5.2}
containing 0.5 mM tartrate (pH adjusted 10 5.2 X 1N HCI)
at 37°C for 10 minutes. Sections were faintly counterstained
with methyl green.

Reverse transcriptase-polymerase chain reaction

For the detection of IRS-1 and IRS-2 expression, samiples
of the epiphyseal cartilage of 5-week-old WT mouse prox-
imal tibias (n = 5) were chopped with a feather cutter under
a binocular microscope, followed by rapid freezing in liguid
nitrogen. Total RNA was extracted using an ISOGEN kit
(Wako Pure Chemicals, Osaka, Japan), 1 pg of which was
reverse transcribed (RT) using Super Script reverse transcrip-
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tase (Takara Shuzo Co., Ltd., Shiga, Japan) with random
hexamer (Takara Shuzo), and 5% of the reaction mixture
was amplified with LA-TagDNA polymerase (Takara Shuzc)
using specific primer pairs: 5'-GCAGCCCCACCT-
GCCTCGAAAGGTAGACAC-3' and 5'-CAGCAATGC-
CTGTCCGCATGTCAGCATAGC-3' for IRS-1, and
5"-GAAGACAGTGGGTACATGCGAATG-3' and 5'-
CCTCATGGAGGAAGGCACTGCTG-3' for IRS-2. Up
to 25 cycles of amplification were performed with a
Perkin Elmer polymerase chain reaction (PCR) thermal
cycler (PE-2400; Perkin-Elmer Corp,, Norwalk, CT,
USA) at 94°C for 30 s, 55°C for 60 s, and 72°C for 90 s.

Staristical analysis

Means of groups were compared by ANQVA, and sig-
nificance of diffcrences was determined by post hoe testing
using Bonferroni's method.,

RESULTS

Localization of IRS-1, IRS-2, and IGF-I receptor in
and around the epiphyseal cartilage of WT mice

We first examined the expression of IRS-1, TRS-2, and
IGF-I receptor in and around the epiphyseal cartilage of
S-week-old WT mice. Immunchistochemical analysis (Fig.
1A) revealed that IRS-1 was localized in chondrocytes of
various differentiation stages and bone cells in the primary
spongiosa. IRS-2, however, could not be detected in the
epiphyseal cartilage but was faintly immunostained in the
bone cells including osteoclastic cells. IGF-I receptor was
widely immunolocalized, indicating that the cells in and
around the epiphyseal cartilage are targets of IGF-I. RT-
PCR analysis of the epiphyseal cartilage confirmed the
expression of IRS-1, but not IRS-2 (Fig. 1B). These findings
strongly support the hypothesis that IGF-T signaling uses
IRS-1, but not IR3-2, in the cartilage, as has been implicated
from the difference in body size between IRS-17'" and
IRS-27" mice. %

Morphological findings in and around the epiphyseal
cartilage of IRS-17" mice

The length of the IRS-17'" tibias was confirmed to be
shorter than WT tibias, especially at 5 weeks and there-
after (Fig. 2A). We therefore performed morphological
analyses in and around the epiphyseal cartilage of the
proximal tibias of IRS-17"" mice and compared them
with those of the WT littermates. In WT mice, the height
of this cartilage decreased because of reduction in the
height of the proliferative zone (Fig. 2B) and the size of
hypertrophic chondrocytes as a function of age up to 24
weeks when the cartilage was almost closed (Fig. 2C,
top). In IRS-17'" mice, although the cartilage height was
similar at 3 weeks, its decrease with age thereafter was
more accelerated than WT (Fig. 2C, bottom). This was
accompanied by the reductions of the proliferative zone
height (Fig. 2B) and the hypertrophic chondrocyte size,
and the findings at 12 weeks were similar to those of WT
mice at 24 weeks (Fig. 2Q),



