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Abstract To investigate the mechano-transduction system
of cells, we identified genes responsive to a cyclic
mechanical stimulus, MC3T3.E1 cells were cultured on a
computer-controlled vacuum-pump-operated device de-
signed to provide a cyclic mechanical stimulus. A maxi-
mum elongation of 15% of membrane at 10 cycles/min (3 s
extension followed by 3 s relax per cycle) was repeated
for 48 h. By means of a differential display, the gene
expression pattern of cells exposed to the stimulus was
compared with that of unexposed cells. As a result, a gene
fragment that was exclusively expressed in mechanically
stressed cells was identified. By using expressed sequence
tag walking together with the oligo-capping method, this
gene was identified as phosphatidylinositol 4-phosphate 5-
kinase type Il § (initially known as PipSk2[3 but now
reclassified as Pip4k2(3). The specific up-regulation of
Pip4k2(3 upon mechanical stimulus was also confirmed by
using another apparatus, viz. a computer-controlled linear-
ized-stepping motor system. To examine the involvement
of the cyclic mechanical stimulus in the regulation of
Pip4k2[3 expression in musculoskeletal tissue, we created
an Achilles tendon transection model in rabbits. The
temporal expression of Pip4k2(3 was assessed by means of
a quantitative reverse-transcribed polymerase chain reac-
tion, In the gastrocnemius muscle, expression of Pip4k23
rapidly decreased 1 week after transection but was restored
to normal levels at 4 weeks. In the Achilles tendon,
however, expression remained decreased until 4 weeks
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after transection. We suggest that the expression of
Pip4k2/3 can be used as a marker for cells receiving a suit-
able mechanical stimulus.

Keywords Cyclic mechanical stimulus - Differential
display - Pip4k2(3 - Mechanical stimulus-responsive
genes - Musculoskeletal tissue healing - Rabbit (NZW)

Introduction

Cells and tissues are constantly exposed to mechanical
stimuli in many parts of the body. A number of attempts
have recently been made to understand the biological and
physiological roles that mechanical stimuli might play in
many aspects of cellular functions (Benjamin and Hillen
2003; Daffara et al, 2004; Martinac 2004),

Investigators have reported the importance of mechan-
ical stimuli not only during development (Elder et al. 2000;
Robling et al. 2001; Wang and Mao 2002) and in the
overall maintenance of physiological homeostasis (Rubin
et al. 2001, 2002), but also in disease development (Park et
al. 1998). Examination of the mechanisms by which the
induction of gene expression is regulated by mechanical
stimuli allows us to determine the way that cells respond to
mechanical stimuli and the manner in which these stimuli
are converted into intra-cellular signals. Moreover, accu-
mulation of specific knowledge regarding the transcrip-
tional regulation of MSR (mechanical stimulus-responsive)
genes might improve our understanding of their roles in
mumerous cell regulatory contexts.

MSR genes are well known to play important roles in the
signal transduction of endothelial cells, osteoblasts, fibro-
blasts, smooth muscle cells and cardiac muscle cells
{(Birukov et al. 1995; Danciu et al. 2003; Naruse et al. 1998;
Sai et al. 1999); however, a number of known and/or
unknown genes might not yet have been characterized as
MSR genes. Furthermore, few reports have assessed the
roles of MSR genes in vivo.

In musculoskeletal tissue healing, the tendon and muscle
regeneration process begins immediately after their injury.
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Once they are healed and gain continuity, they can transmit
the physiological force to cells of the tendon and the
muscle, thereby enabling them fo receive mechanical
stimuli once again. Based on this, we have hypothesized
that the expression of MSR genes would be robust in intact
tendon and muscle, attenuated when the tendon or muscle
is transected and then increased as they heal. This could be
clinically relevant to future treatments for musculoskeletal
injury, because the expression levels of MSR genes would
allow us to know to what extent injured tendon and muscle
have healed and recovered their function,

With this goal in mind, we initially identified an MSR.
gene tesponsive to a cyclic mechanical stimulus by means
of a differential display and then determined the full length
¢DNA sequence of the gene. Its responsiveness to a cyclic
mechanical stimulus was tested by using two different in
vitro systems and an in vivo model.

Materials and methods
Cells and cell culture

Five osteoblastic cell lines were cultured in a computer-
controlled vacuum-pump-operated device (Flexercell,
Flexcell, McKeesport, Pa.). MC3T3.El cells were pro-
vided courtesy of Dr. Kodama (Ohu University, Koriyama,
Japan). Cells were cultured in RPMI-1640 (Gibco BRL,
Gaithersburg, Md.) containing 10% fetal calf serum and
grown under 5% C0, at 37°C.

Cell culture under a cyclic mechanical stimulus

To culture MC3T3.E1 cells under a cyclic mechanical
stimulus, we used a computer-controlied vacuum-pump-
operated device equipped with a specially designed mi-
croplate (FLEX-I, Flexcell) containing a deformable elastic
silicone film lying at the bottom. Rigid-bottomed plates
(FLEX-TI, Flexcell) were used for control cultures.

Specifically, when the pump draws in air, the bottom of
the experimental plate bulges and, when the valve shuts off,
it flattens Callc attanhad o a1 . .-

A vacum pump-operated B linearized-stepping motor
device device
(&) !
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<« >
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.
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Fig. 1 Mechanical stimulus provided by two different pieces of
apparats. A The Flexercell computer-controlied vacuum-pump-
operated device allows the cells to stretch and relax cyclically in
response to the stimulus. B The NS-300 computer-controlled
linearized-stepping motor device allows cells to siretch and relax
in one direction by the computer-controlled linearized-stepping
motor. C Mechanical stimulus parameters (stretch, reflex). A max-
imum elongation of 15% at 10 cycles/min (3 s extension followed
by 3 s relax per cycle) was repeated over 48 h

relaxes cells cyclically. MC3T3.E1 cells were allowed to
attach to deformable rectangular plates designed for this
machine and were stretched and relaxed in one direction by
a_computer-controlled linearized-stepping motor system
(Fig. 1b). Both ends of the chamber were firmly attached to
a movable frame, which was connected to a motor-driven
shaft. The amplitude and frequency of stretch was con-
trolled by a programmable microcomputer. The silicon
membrane was uniformly stretched over the whole mem-
brane area and lateral thinning did not exceed 1% at 15%
stretch. The stimulus parameters and other conditions used
for this machine were the same as those used for the
vacuum-pump-operated qveterm Fallaode~ a0 -



manufacturer’s instructions and blotted onto a nylon mem-
brane (HybondTM-N+, Amersham Pharmacia Biotech.,
Piscataway, N.J.). The expression levels of the candidate
gene fragments were then compared,

Analysis of gene expression for Pip4k2(3
in an in vivo model

NZW rabbits (9-10 weeks old) were used to create an
Achilles tendon transection model. In short, a 1.5-cm
longitudinal skin incision was made on the distal end of the
right hind limb of rabbits and the Achilles tendon was cut
transversely at the calcaneus attachment portion. In this
model, the tendon healed and started to become functional
4 weeks after transection (8. Sano et al., unpublished).
Fifteen rabbits were used; five rabbits were sactificed at 1
and 4 weeks and five rabbits were sham-operated and used
as controls. When harvesting the Achilles tendon, special
care was taken to dissect only the tendinous portion far
from the newly formed granular tissue at the injured site.
The gastrocnemius muscle sample was also taken from the
centre of the muscle belly, These experimental procedures
were performed under the approval of the Animal Care and
Use Committee of Chiba University.

Total RNA was extracted from the tendon and the
gastrocnemius muscle by using Trizol (Gibco BRL). Gene
expression of Pip4k2(5 was examined by quantitative RT-
PCR with primers (C)/(E) (see Fig. 3). Following standard
Southern blotting, the radioactivity of hybridized bands
was quantified by utilizing a bio-image analyzer (Image
Gauge, Fujifilm, Tokyo, Japan) and the relative expression
levels of Pip4k2(3 to (3-actin were calculated. Statistical
analysis was performed with Fisher’s protected least
significant differences at a level of significance of P<0.05,

Resulis
Mechanical stimulus responsiveness of cell line

MC3T3.E1 cells responded to cyclic stretching and relax-
ation with a morphological change. Specifically, after the
stimulus, cells grew in concentric circles, We used MC3T3,
E1 cells for further experiments.

Cloning of a gene fragment responsive io the cyclic
mechanical stimulus and Northern blot analysis

More than 1000 bands were identified on a differential
display gel. Among them, relative to control cells, five
bands were expressed more highly in cells exposed to the
mechanical stimulus. Subsequently, we investigated the
expression of each fragment by Northern blot analysis, One
of themn showed exclusive expression in cells exposed to
the stimulus and no expression in unexposed cells, This
fragment was tentatively named 103A.2b. However, one
fragment, named FGla, was a false-positive (Fig. 2a).
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Fig. 2 A Exclusive expression of gene fragment 103.A2 in cells
exposed to the cyclic mechanical stimulus. Total RNA was extracted
from two sources (MC3T3.E1 cells cultured under a cyclic mechan-
ical stimulus and those cultured quiescently) for Northern blot
analysis. FGla and 103A.2b were cloned gene fragments derived
from the differential display and were used as probes. 103A.2b was
exclusively expressed in cells exposed to a cyclic mechanical stim-
ulus but FG1a was a false positive. Experiments were performed three
times and representative data are shown. B Reproducibility of the
mechanical stimulus responsiveness of Pip4k2(3 by using another
type of stimulus. Up-regulation of Pip4k2(5 induced by a cyclic me-
chanical stimulus was verified by employing a linearized-stepping
motor device (NS-300). Two sets of RT-PCR were performed with
different primers (CY(C) and (DY/(D') (Fig. 3). Intensive up-reg-
ulation of Pip4k23 was detected in cells exposed to the stimulus but
not in cells which did not receive the stimulus. Experiments were
performed three times and representative data are shown

Determination of the full-length ¢cDNA sequence
of the MSR gene

The 103A.2b fragment was 206 bp in length. No sequence
similarity was found between 103A.2b and any known
genes in the database. Therefore, expressed sequence tag
(EST) walking was performed. An EST coniig was ex-
tended to 3.6 kb until the 5'-end showed sequence sim-
ilarity with PIPKIIS (Mus musculus phosphatidylinositol
phosphate kinase type II 3, partial cds, Gen-Bank ac-
cession no. AB054987; between & and & in Fig. 3).
Moreover, we found that the 5-end of PIPKIIS had
sequence similarity with Pip5k28 (Mus musculus phos-
phatidylinositol-4-phosphate 5-kinase type II 3, partial cds,
Gen-Bank accession no. AY050219; between # and # in
Fig. 3). The sequence continuity of 103A.2b, the EST
contig, PIPKH[3 and Pip5k2(3 were confirmed by three sets
of RT-PCR with primers (A)Y(A"), (BY(B") and (CY(C")
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Fig. 3 Full-length 5043-bp
cDNA sequence of the Pip4/23
gene. The Ist Met and the stop
codon aré each represented by a
rectangle. 103A.2b, a 206-bp
fragment identified by differen-
tial display, is underlined. Par-
tial cDNA sequences registered
as PIPKIIB and Pip5k2(3 in the
Gen-Bank correspond to nucle-
otide nos. 636-2099 (between &
and &) and 200-1439 (between
# and #), respectively. The
sequences and directions for
specific primers used in this
study are also shown

AAGAAGCATT

CCGLTTCARG

GCACCTATCH

COBAGATGCA

GGATGEGRTE

GRABCCASTS

RGSARCTTLET

RORGCRGGHG

GACRGLCCTR

CTRAGARGER

RRGGGEITERG

GLCAGACTRD

AAGSGACTGE

TITGCCOCTG

TCAATTLRACT

CRGCACARGG

ACCTCTOCCE

GOACCELART

RGHTCACCAD

TATTGEGHCC

CTRHCCTLTG

CTOCTETGOC

RACGGRACGE GLGCOACCAT SOCTCGRTOR GOCABLGEGE BTROGEATIS BTTOH3GE0M GBOLT

1st Met

primer (C)
TCHTOTGROR GRARRGTERAG | CTATTOCOGE CORBLTAGIC

TTCARGGAGT

ACAGTGRCAG

CRRCATCLTA

GARRCCTRCA

ACARGERARA

GGRARARCTG

GAGATGGRGE

BLARCLTOOT

GOTCTATTTC

ATCTOCRCTE

TGERCCREGE

AGCCTGTGAL

GTTRAARCRG

GCTCCAGGAT

GRCGAGRAGA

CCCTCATGOT

CABRGGLLTD

RCCBRECRCC

CCTRTETTTE

GTGCARTCRC

TETGACTTTC

FCTGLCECAT

LOAGGHCAGE

AAGAAATHCC

TEBYBETEAC

GECTAAGEAC

RRGLGEGRCE

THGRAGAGCG

GRECTTCLOC

ATGGECCATCR

TRAALLCHGH

ETCREEGATE

Lel

COGARGGRAS

GRTITTCCTCT

TOCTCTTTOT

SOAGTTSCTE

TCLACCTTGE

TEOECCTCTH

GATGRCTGTT

CTGTRACTG:

TCRCCTSGAC

primer (B) TGP2
REARTETECE ;IGTTL':ETGTC RTGCTRATGE

COBRTGACTT
FETHETTCCGEA ARCOTCABGE
TETGGECACTC

&
ACCAGTTCAT

CREGAATSTA

GETTCCTERG

TTCRJ CATC

TTECCRACTT TCRARGATARA

TTSAGTTCCT GECCCAGCTG
RGCGGAGGRS GAGHRATGLG
COSTTLTTES GCCTAGGAGR
TTSACATCLT CRCACCOTAT
GCABTACTCA ARRCGCTTCR
GGGHGHGGGL GREGETRTAT
RAGGEOACES BCTRTTTHOA
TCEBTATCTC SETARCOTAT
AATGCTGTAT STCATCACGG
AGACACCTOR GTCRGECLACS

ABCCARGTOA ARCCTTBGLT

ABTEOARTTC TERTGTCTET

Primer (D%
TECOTTTOHG ARRRTCCCAG
CRARTOOTCA ATGECRRGAGE

RBLTTTAGCC AGCARGETEC

GRGHS

CCOTTTORCE GLCGICGOTG CCL‘:CGE\‘GETL‘.STCCF{HE TGCACCAGCA CCRCOBCGOT BGCBGTOGCS

GATTETORGE BTCLTGRTGT
TGP

CRAAGCT FC AGCRRGRTCR HGGTGGHCRQ

RGRBBTTCRG CATCORTGAC

CRCCTATGAT CGGLGTTTOR

primer (B)
RGTRGRATGT CREGHCRATA CCOTLTTOCC

Primer (C)’

GDHT;IGBHHH

TEACTTCCTE RACGRAGGGE

GECTTACTGT

RTTACAGTCT

ARGRTCATOHE

AGRATGATEG GETREGTGEC

e

TOGACT

3

¢ TCTGTGGALG

3
GACGCTAAGH HGRARGCTGC
HCGABTTLAT FTCCRACRTC
CTEEGECHE0 ROGHTGRGRR
COTBCTCACA GORTRCAGLC
GATACCCGEG AGCTGGAGTT
TCHGG5LCCT CCCTCTTOCT
GTTTERTOTC ACCTAGATES

CCCTCACCC: ATCCTCACAG

G GTSAATGACS AEBRAGCAGC

CRAGECOGOC RCCCACCHER
HRHCJHHGHT GTETRARCCG
TCATCGORAG CTECOACTOD

TCCAECTGRG BTTECTTGAG

COCTCGCTEHE TROGCTGTCT

CCOLTLAGCG CORGCRAARE
GEOGEGTENA CORCRTGATE
TCATETCTTC ASTARGGARR
CAGBACTACC ABARTTCAGT
TCRTCARGHC TGTGTLRAGT
ACAGTTCCTG GOCATGTRCC
TRCGRCCTGA RGGGTTLCAT
ABAAGCTGIA COTHGGAGAHA
CCTGOTEOGC ATCCROGADE
AGCCTGCTCT GLTECTRTGE
TLTATEICAT GARARGCCHT
RCACGLCH0C ARFACAGTER

CTORCHTAET CRTETETOCE
top

S0
GURGAGTEO0 GHCTTGCRAG
TTACTTCEG AGCACCCTON
BRCTTTGTGE GTTTCTTTGE
BTCAGSCTCT CRETTLCCTT
ASTCTTTTAT TTCLTGORGT
RAGAACATEG CAGGTTOACT
CCTEAGACHT CLBETTCTCR
TCCAOAGEAA CTATCARGCR
GGCCCHTATG CACCLTCEAT
ARGCCTOGEE CROCOTEONS

TCACCTBAGE AGGTGRCCTS

14
CLGLIGLE

2o H
CRAGRCLAS
l= 393
TGAGCTGA

485
ACCTLCCORG

L]

203
BRCACBCAGT

6ea
GRGBATGTGE

769
GLCTGRECGT
208
TBRTTECCAGA
983
BAGABEAARA
1068
TBORCCGHEC
118@
CACGLCTCCR
1200
GARAGTGLCC

1508
RACATGGGGEE

4@
TTCTECORGA
1598
GECTTTAGTT

1666
ATCCGCCTET

1708
GTTTETTTCT

1260
CAGTTCRGOL

1969
RATTGTRGATE

2gaa
CTBRCGECTT

&
ARRSRACCCHD

2208
TCOTRGECRTT

2380
RTCCTRACTA

2463
FTGTOTCTEG

2500
RGBAARGELT

(Fig. 3) with the mouse skeletal muscle being used as an
RNA source. The transcription initiation site was deter-
mined by using the oligo-capping method (Maruyama and
Sugano 1994) with Cap Site cDNA Mouse Skeletal Muscle
(Nippon Gene, Tokyo, Japan) and the specific primers of
TGP-land-2 (Fig. 3). Thus, we determined that the full-
length of the gene was 5043 bp and included a coding
region of 1251 bp (nucleotide nos. 129-1379; Fig. 3). Since
Pip5k2( is now reclassified as Pip4k23 (Rameh et al.
1997), we defined this gene as Pip4k23. The strategy by
which we determined the full-sequence is summarized in
Fig. 4.

Reproducibility of the cyclic mechanical stimulus
responsiveness of Pip4k2/3 by using another
type of stimulus

Total RNA was extracted from cells cultured under the
cyclic mechanical stimulus provided by the linearized-
stepping motor device (NS-300) and those cultured
quiescently. Two sets of RT-PCR was performed with
different primers (C)/(C') and (D)(D") (Fig. 3). Both of
them showed intensive up-regulation of Pip4k2/3 in cells
exposed to the stimulus; however, no expression was
detected in cells that did not receive the stimulus (Fig. 2b).



Fig. 3 (continued)
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2568

GTTTETTTGE AGGCCTGACA COBGOCTTTS COCATOOCCS ASCCCCRAGGS GTGACGORATT TTCCTTGTCR CCCTCRCTST TTCTBGACTT GRBATCTELC

2763
CCLOHTCLTC CTTGGARAGR GTORACAGCCC GCRGCCTEET TCRGGRTTCT GGUCCHGGGC CTCAGRAGGE AGCTACKCAR GTCATTCTGH TGCLACCAGH

ezt

AOARGTAGTT GCCABEARGA ARARCARRAC GOTCTCGLCG GOOTACCCTT GEARGASGTR AACTOCCTAC CTCTTCCCAG CTCCETIRGE AGGRARTCLCGE

2088
FRTTTROGGAT GABRTGRATT TTTTAGATA ACCCCRARRBA TETGRASCTE GTTTBTGARG CTGTORTGGE TGRATAGHTG ATTCCOARCS CCTBLCCCCD

¢ 3859
ARFCTGGICE AGCTCARCTT GGOGAGCTTG GOGAGTGOCG ACTBTOLCET GTLCTCCCTA TCCCTGCAGT GARCTARGAC AGORRRAGCRA AGATOGCAGT

primer (D)’
CTTEEECTTE TET6O

2180

SECTS CORATTGE0T GRGGLAGGTE GGRGCCLACT CUTTCCCRRG ARGRGARCRR ACAGGTRAGSG TTCTBGTGEE CABARCURCO

3268

GOEEACTTOR GEARGGACTC AGRARCCATES TGRTTCGAGS ABARAGHEATT TTRATGTRGG AGRGGEGTTA COTRGGARTR RTGTCTHGAL TTGRTTTCTC

o]

RCCTCACRAT CRAGRGTARG GRACTCTGOAT CTGCCCCAGS CTTGGARGTC GRAGCTCCTGE CTHATCCTGT TOTGTGTTTG CAGCCOOCTR ACTLEGTTAR

34988
COBTGROATT TOBOUGOGST TTATTTCETT TOBTTSTATR TTOTTPACAR TTVTBAGRGG TROCTTTCTS TTTLARGCTE TETSTTTTCE COATAGTATT

2306

ATTBRGTHAG TORARATATT CARGCTGTHE TTTOGTGGRT TTTAGGTTTG TTBTTTTTTT GTTTTGTITT GTTTTSTITT TTRGGTGATT CTCTGCOLCA

666

TETTCARAAC CCTGRGGTTT GRCTTTETGR TTCOTTGGCA TTCATTCSTS TOTTTAAAAG CTATTTATCT TCATTTCASR CARGTTTTCT YTCTCTTTGT

27943

GACRARGHTG TBUTHTTTGE CTTCARTCTC CROATRACCC CCTCCCECCA TTTRTCTGCT CCCCTOTTOC TGRSTECCAC CRAGTCACGUT CTRGGERGLR

Jeivials}
GOTEOCRAGBE GEARAGACHA GRCCCTTAGE TTGACTCCTC AGGGCCGTGR GRAACAGCCAG ACTGTCTTAT GGCATCCAGH ATCATGTGGE TTTLCAGAAR

2adn

TREARCATTTR AGAATASAST CCTSGRCAAC TGGGTGAGET CTGGATGIGE GOARAGEGSG GGATTLCATT CCCAGGCCCT TACCCTOCCG ATTACTGTST

4600

GECAGCCAGT COCCATTCOT TCTGTGGARR CTSTGRAACT GRORARATAT GTCTLCOCATC CROCTOACAC QOGATACTAT GRCACTCTGR CACCARGCRG

4104

TOGLCTERRG CLOTHTTOCL RGTCTOCAGE GOABCHCCRG GASTGCRHTT CABTTCOGOT GCAGTECTRA ATCCTTATCT AGCTCAGHOS TTRTEGTCTS

4209
TGRCTBRCGE CRTGRTGCCE CCRGGCTTTC TCRTGCACTA TATCCCCUAC CUCACCCCAG BCAGCTGTCD GLCTCGTTAC CLECOTCUCC CCARRATCRC

4308

TTTTTCAGTC TRGELTTTAG GLGARCAGGT CCCLTAGRAT TOCTCARGGE RAGGRGAGRCT BORCTCCTGT CORGACTTCC CLCCTTCRLE ATRTHLUHGE

4488

COTCECTIHON GRGBGOACCA RAGACCCRGE ACTTTLTCAS THGICAGTCC CLORCCOCHT COCRCCCCHA COCCAGTTSE TTTTTRACAR TTCAOGGTTON

4508

GRSGORARAC CATTAGTGTT TTAGTGCTTS RULCGRCTCAA GTRTTTCGOS CRGRARGGAC AGTGCRCCGA GRCAGCLLTC AGRGCTTGGC CTTOTGETTY

CCOCARGTTTA GRGR
primer (B)'

primer (A) 4680

CCTCRC CRBCRGTAAT GOCUGTOGGH TOOGGOTHGS BOGTCTCRRA SSGARACACA TTTAGRCAGC TRGCCAARAT CTHCUAGCLG

4768

TORTCLERAT LOTCTRARGT HTSCCACTTR GOATGAGTAT CACCARGGSS ARABTORGACE TAGTGTCCTA BTTORGTLAC AGGARGAGGS TGAGGACAHIC
4388

GAGAGCCTAT COCTGCCCAG AGCATTTTCA AGGTGEOAGC GOATACATTA GOGGBRCATT GCTTRGCACA TTRGCGGLTG GTOAGRGATG CRGACAGGRRA
4085

CRBATRARTT CTACCCACCR CATGTGACTT BTCCATTTLL GBCTGCAAGC TCCATTTTTT TARARATHGE

HATGGRATSAR TCTAGARTOAT TTTGHECCDE

HATTTTCACC CCTBTGCTTS TCTARTGTCT

primer (A)’sqas
GCTCTEARCA GTTCGRGCCT CTGTTACTST TTTARRATGE ATGCATETTA BIRRAGARTC TCCRRATGES

HEEFCTTTTH TTTTCTOGAR ARGCTITGTS

2169

TGARRRARRA ARRAARAFAARR ARRRARAARA AARRRARARR «aoiereaa.

Temporal expression of Pip4k23 during Achilles
tendon healing

Before transection (i.e, in a control), expression of Pip4k2(3
was clearly detected both in the gastrocnemius muscle and
in the Achilles tendon (Fig. 5a,b). After transection, the
expression levels of Pip4k2( in the gastrocnemius muscle
rapidly decreased to 40% of control at 1 week but were
restored to normal at 4 weeks (Fig. Sa). Similarly, the
expression levels in the Achilles tendon decreased to 25%
of control at 1 week; however, it remained decreased until 4
weeks after transection (Fig. 5b).

Discussion

Recently, increasing attention has been paid to the re-
lationship between mechanical stimuli and cellular re-
sponses. Previous studies designed to investigate cellular
responses to mechanical stimuli in vitro have revealed that
cells in a culture dish proliferate and rearrange themselves
(Brighton et al, 1991; Buckley et al. 1988). Furthermore,
the development of a special device to allow the culture of
cells under mechanical stimuli has helped to increase our
knowledge of their responses (Neidlinger-Wilke et al.
1994).
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Fig. 4 Strategy for the deter-
mination of the full-length
cDNA sequence of the Pip4k2p3
gene. Repeated BLAST homol- :
ogy searches of the EST data- i
base in an upstream direction I
was used to extend the 103A.2b !
fragment to 3.6 kb. The 5'- :
portion of this fragment was i
identical to mouse PIPKII.
Similarly, the 5'-portion of
PIPKII[ was identical to mouse

Unknown
domain
including the |
transcription |
initiation site |

mouse Pip5i2p The portion extended by EST wal&ing
e < |

3.6 kbp

103A.2b

mouse PKIIﬁ
. (206 bp )

4844 bp

Pip5k23. Their sequence conti-
nuity was confirmed by three
sets of RT-PCR with primers
(AY(A), (B)/(B) and (C(C").
A 200-bp sequence further
upstream that included the
franscription initiation site was
determined by the oligo-
capping method

As in previous studies, we used a computer-controlled
vacuum-pump-operated device in the first part of our study.
However, as has been reported, cells grown on this ap-
paratus do not necessarily receive homogeneous stimuli in
terms of direction and magnitude (Gilbert et al. 1994;
Waters et al. 2001). Therefore, from our first experiment
alone, we could not determine the magnitude of stretch that
induced Pip4k283. In addition, we could not refute the
possibility of false-positives, even after having confirmed
exclusive expression by Northern blot analysis. Thus, we
further cultured cells on a different device in which they
received a more homogeneous stimulus. This clearly ver-
ified that Pip4k2(3 was specifically induced in the presence
of a cyclic mechanical stimulus,

Fig. 5 Temporal expression of
Pip4k23 during Achilles tendon
healing. Expression of Pip4k2/3
in the gastrocnemius muscle

(a) and Achilles tendon (b) was

A

conirol

g

1 week

(A/A)

(B/B")

(C1C)

Previous reports have shown that a transcription factor,
nuclear factor kappa B (NFkB), is an important mediator
for the induction of MSR genes (Chaqour et al. 1999; Inoh
et al. 2002). Therefore, we examined whether NFkB-
binding sites were present in the putative promoter region
of the Pip4k2[3 gene. Indeed, we identified a candidate
NFkB-binding site, a GGGGAGGCCT sequence in the
putative promoter region (nucleotide nos. 56-65; Fig. 3),
suggesting NFkB-mediated up-regulation of Pip4k2p3.
However, promoter analysis, such as the luciferase assay,
is required to elucidate the involvement of NFkB in the
regulation of Pip4k2(3 expression. Pip4k2[3 encodes type I1
phosphatidylinositol phosphate (PIP) kinase, which in turn
produces phosphatidylinositol 4,5 bisphosphate (P14,5P;),

4 weeks

monitored by RT-PCR after
transection. Five rabbits were
sacrificed at different time-
points. Relative expression lev-
els of Pip4k26 to B-actin are
also shown. a Expression of
Pip4k2/3 in the gastrocnemius
muscle rapidly decreased 1
week after transection and was
restored to normal at 4 weeks.
b In the Achilles tendon,
expression also decreased at 1
week but it remained decreased
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Values are expressed as a
meanSD. *Significantly dif-
ferent from control, P<0.05
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which utilizes PISP as a substrate. PI4,5P, is a crucial
second messenger that regulates a myriad of cellular ac-
tivities, including modulation of the actin cytoskeleton,
vesicle trafficking, focal adhesion formation and nuclear
events (Doughman et al. 2003). Although the functional
role of Pip4k2f under physiological conditions has not
been fully elucidated, Luoh et al. {2004) have demonstrated
that overexpression of Pip4k2/3 in breast cancer cell lines
confers proliferation advantage and promotes anchorage-
independent growth and they imply that Pip4k23 plays
important roles in the development and/or progression of
breast cancer. In the present study, we have used MC3T3.
El cells but the cells exposed to the cyclic mechanical
stimulus show increased proliferation activity compared
with those not exposed (data not shown). We therefore
speculate that the specific up-regulation of Pip4k2/ ob-
served in the cells exposed to the cyclic mechanical
stimulus might contribute to their proliferation.

To assess the involvement of the cyclic mechanical
stimulus in the regulation of Pip4k23 in vivo, we first
examined the tissue distribution of its expression under
physiological normal conditions by Northern blot analysis.
Expression was observed in the heart, brain, lung, liver,
kidney and skeletal muscle but not in spleen and testis (data
not shown). We speculate that, in brain, liver and kidney,
which are abundantly vascular, the cyclic changes in blood
pressure exerted on the endothelial cells induces the ex-
pression of Pip4k2(3, although factors other than cyclic
mechanical stimulus might also be involved in controlling
the expression levels of this gene,

Next, we investigated whether the loss of mechanical
stimulus could attenuate the expression of Pip4k23 by
using the Achilles tendon transaction model. Loss of the
mechanical stimulus indeed induced a rapid reduction of
Pipdk2(3 expression both in the tendon and the muscle.
Moreover, expression of Pip4k2 in the muscle was
restored to normal 4 weeks after transection and appeared
to be healed as evidenced by the functioning of the animals.
These observations support the idea that Pip4k2[3 is
synthesized under mechanically normal physiological con-
ditions and that its production decreases concomitantly
with the loss of a suitable mechanical stimulus, Although
the expression of Pip4k2 might have reflected other
factors than the mechanical stimulus, taken together with
our in vitro results that Pip4k2( is intensely expressed in
cells exposed to the cyclic mechanical stimulus, Pip4k2/3
seems to be, in part, involved in the recovery of mechanical
stimulus responsiveness during Achilles tendon healing.
Contrary to our expectations, expression in the tendon was
not restored to normal at 4 weeks after transection. We
speculate that an adhesive change, which occurred around
the transected tendon, could have disturbed the transmis-
sion of the physiological force to the tendon cells. Another
possibility is that a time-point of 4 weeks is too early for
tendon cells to re-express the normal levels of Pip4k2(.
Further evaluations of the expression levels of Pip4k2(3 at
later stages of healing will therefore be needed.

In this study, we have reported, for the first time, that
Pip4k2(3 is one of the MSR genes. Its specific up-regulation
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upon mechanical stimulus has been verified by using two
different in vitro systems and an in vive model. Further
studies are required to elucidate the molecular mechanism
by which a cyclic mechanical stimulus induces the ex-
pression of Pip4k2(3 and to establish its role under phys-
iological conditions. Our results also indicate the possible
usefulness of the Pip4k2(3 gene as a marker for monitoring
functional musculoskeletal tissue healing.
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ABSTRACT: The effects of growth and differentiation factor-5 (GDF-5) on ligament healing were
studied using a gap injury model of the medial collateral ligament in rat knee joints. The
administration of GDF-5 once at the time of surgery significantly improved the mechanical
properties of the femur—ligament—tibia complex. At 3 weeks after surgery, 30 pg of GDF-5 improved
the ultimate tensile strength of the complex by 41%, and the stiffness by 60%, compared with the
vehicle control (p < 0.05 for both; Fisher’s PLSD test). The observation with a transmission electron
microscopy revealed that GDF-5 increased the diameter of collagen fibrils in the repair tissue, which
was considered to be a possible mechanism for the positive result in the biomechanical testing.
Quantitative PCR and in situ hybridization revealed enhanced type I procollagen expression by
GDF-5, and the PCR analysis also revealed that the GDF-5 treatment reduced the expression of type
III procollagen relative to type I procollagen. The PCR analysis further showed that the expression of
decorin and fibromodulin was relatively reduced against type I procollagen by the growth factor,
which was considered to be responsible for the increase of collagen fibril diameter in the repair tissue.
No adverse effects were observed, and the use of GDF-5 was considered a promising approach to
facilitate ligament healing. ® 2005 Orthopaedic Research Society. Published by Wiley Periodicals,

Inc. J Orthop Res 24:71-79, 2006

Keywords: ligament healing; growth and differentiation factor-5; biomechanical
evaluation; transmission electron microscopy; mRNA expression

INTRODUCTION

Various attempts have been made to facilitate
ligament healing to date. Since the discovery of
growth factors, their use has become a focus of
research because they are known to play pivotal
roles in tissue healing. Several growth factors
have been used for ligament healing, namely,
platelet-derived growth factor-BB  (PDGF-
BB),"? insulin-like growth factor-1 (IGF-1),2
fibroblast growth factor-2 (FGF-2),>% and trans-
forming growth factor-betal and beta2 (TGF-1
and p2),"* alone or in combination. Promising
results have been reported with some of them, but

Correspondence to: N. Fukui (Telephone: +81-42-742-8311;
Fax: +-81-42-742-7990; E-mail: n-fukui@sagamihara-hosp.gr.jp)

© 2005 Orthopaedic Research Society. Published by Wiley Periodicals,
Inc.

the best protocol to improve ligament healing has
not yet been established.

Growth and differentiation factor-5 (GDF-5) in
mice, or cartilage-derived morphogenetic protein-
1 (CDMP-1) in humans, is a growth factor that
belongs to the TGF-B superfamily.>® During
embryonal development, GDF-5 is expressed in
cartilaginous tissue and plays important roles in
the formation of joints and long bones.>® Recent
studies on GDF-5—deficient mice revealed that
the factor is also involved in the development of
tendons.”® An earlier study showed that GDF-5
induces a tendon- or ligament-like tissue when
ectopically administered in rat muscles,® suggest-
ing that the factor may reintroduce the process of
tendon development in mature individuals. Con-
sidering that the healing process is closely related
to the developmental steps, it seems plausible that
GDF-5 facilitates tendon or ligament healing. In
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fact, several investigators have applied GDF-5 on
injured Achilles tendons and reported favorable
results.” ! Based on these facts, we hypothesiz-
ed that the addition of exogenous GDF-5 would
facilitate the healing of an injured ligament, and
examined the hypothesis using a gap injury model
in a medial collateral ligament (MCL) in rat knee
joints,

MATERIALS AND METHODS

Animal Model and Application of GDF-5

A total of 97 male Sprague—Dawley rats, 6 weeks old
and weighing 215 4+ 18 g (mean + SD), were used for the
study. All experiments were performed under the
approval of the institutional review boards. Following
anesthesia, a 1.5-cm skin incision was made in the
medial side of the right knee, and an MCL was exposed.
A 2-mm segment of the ligament centered on the joint
line was sharply removed with a scalpel to create a full-
width ligament gap, based on a reported model for
delayed ligament healing.!? This model had an advan-
tage that the volume of the repair tissue was larger
than that in a simple laceration model, which made the
analysis easier. The rats were assigned to one of four
groups. In Group I, the gap in the ligament was left
untreated and served as a nontreatment control
(n=36). In Group II, the gap was filled with 10 pL of
fibrin sealant (Beriplast® P, Aventis Pharma, Tokyo,
Japan) mixed with 10 pL of 1 mM HCI solution to
evaluate the effect of the carrier and vehicle on
ligament healing (n = 10). In Groups IIT and IV, 10 pL
of fibrin sealant was mixed with 10 pl. of HCI solution
containing 3 or 30 pg of recombinant mouse GDF-5
(R&D systems, Minneapolis, MN), respectively, and
applied to the ligament gap (n=15 and 36, respec-
tively). Following the treatment, the fascia and skin
were closed with 5-0 sutures. After surgery, the animal
was housed in a cage with the operated limb free until
the time of evaluation.

Histological Analysis

Eighteen rats in Groups I and IV were used for
histological analysis. At 1, 8, and 6 weeks after surgery,
three animals in each group were sacrificed, and medial
collateral ligaments were obtained from the right knee
joints. Coronal sections (4 pm thick) were made and
stained with hematoxylin and eosin, and then the cel-
lularity, cell morphology, and orientation of the tissue
matrix were evaluated under a light microscope.

Biomechanical Testing

Biomechanical testing was performed using 10 animals
in each of Groups I through IV. The animals were
sacrificed at 3 weeks after surgery, and the right hind

JOURNAL OF ORTHOPAEDIC RESEARCH JANUARY 2006

limbs were obtained by disarticulation at the hip and
ankle joints. The limbs were wrapped in a plastic film
and stored at —80°C until use. Before measurement,
the specimen was thawed overnight at 4°C, and all soft
tissues were carefully dissected free, sparing the
cruciate ligaments, lateral collateral ligament, menisci,
and MCL. The specimen was mounted in custom-built
clamps with acrylic resin and attached to a uniaxial
tensile testing machine (Tensilon® UTM 2.5T, Toyo
Baldwin, Tokyo, Japan). Prior to the measurement, the
positions of the clamps were adjusted so that the knee
was flexed at 60 degrees, and the MCL was aligned in
parallel with the load axis of the actuator. Then all
knee ligaments except the MCL and the menisci were
carefully removed. The femur—MCL—tibia complex was
loaded at a rate of 20 mm/min until failure, and the
load—deformation curve was recorded by an X-Y plotter
(SS 207-EP, Toyo Baldwin). The site of failure was
recorded for each specimen. The stiffness of the femur—
MCL~-tibia complex was obtained based on the linear
slope of the load—deformation curve between 1 and
3 mm of elongation.

Transmission Electron Microscopy Analysis

Ultrastructural analysis of the healing tissue was
performed on three animals in each of Groups I and
IV at 6 weeks after surgery. For the evaluation, the
animals were sacrificed and MCLs were obtained. The
samples were then prepared according to a previously
reported method'® with some modifications. In brief,
immediately after sacrifice, the operated MCL was
drip-fixed by modified Karnovsky’s fixative while the
knee joint was held at 30 degrees flexion. An entire
MCL was detached from bones and processed by 2%
osmium tetroxide in the cacodylate buffer for 2 h at
4°C. After dehydration with a series of graded ethanol,
the central part of the repair tissue was cut out in the
form of a 2-mm cube. The tissue was then embedded in
Epon 812 with careful attention to the orientation.
Sections were cut at 100-nm thickness and stained with
aqueous uranyl acetate and lead citrate. The examina-
tion was performed under a Hitachi H-7000 electron
microscope. From each ligament, five photomicro-
graphs of fibril cross sections were taken at the magni-
fication of x50,000. Locations of all photomicrographs
were randomly selected, but those with artifacts and
cellular components were carefully excluded. These
images were scanned into a computer, and quantitative
assessment was performed using an image analysis
software (NIH Image version 1.61; National Institutes
of Health, Bethesda, MD). To evaluate fibril diameters,
the minimum fibril diameter was always measured to
prevent errors due to obliquity in the sectioning. Fibril-
lar structures with a diameter less than 20 nm were
excluded to avoid measurement of microfibrils or of
noncollagen fibrillar components. Next, for each speci-
men, the total area occupied by the collagen fibrils and
the total number of fibrils were counted on all five



photomicrographs, and the averaged percentage occu-
pied by the fibrils and the averaged number of fibrils
per 1 pm? were calculated.

In Situ Hybridizatien

Eighteen animals in Groups I and IV were used for
in situ hybridization to evaluate the expression of pro
01(I) collagen mRNA. At 1, 3, and 6 weeks after surgery,
three animals in each group were sacrificed and
the ligaments were obtained. The method of in situ
hybridization was described previously.® Briefly, after
harvest, the ligaments were immediately fixed by
immersion in 4% paraformaldehyde solution at 4°C
overnight. The tissues were then embedded in OCT
compound (Miles Laboratories, Elkhart, IN) and cor-
onal sections of 10-pm thickness were prepared and
mounted on glass slides coated with gelatin and poly-L-
lysin. The sections were treated with proteinase K, then
acetylated and prehybridized at 50°C for 3 h in the
hybridization buffer. The hybridization was then allow-
ed to proceed at 50°C for 24 h in the hybridization buffer
containing the digoxigenin-labeled RNA probe. The
probe was synthesized by T7 RNA polymerase using a
pBluescript vector containing partial human pro «1(I)
collagen ¢cDNA as a template. In the transcription
process, the probe was labeled with digoxigenin using
DIG RNA labeling kit (SP6/T7) (Roche Diagnostics,
Basel, Switzerland).

After hybridization, the sections were washed under
an appropriate condition, and the hybridized probe was

EFFECT OF GDF-5 ON LIGAMENT HEALING 73

visualized by the color reaction for digoxigenin. The
nuclei were stained with methyl green, and the sections
were observed under a light microscope. The intensity of
gene expression was assessed in a semiquantitative
manner by a blinded observer (H.H.).

Quantitative Reverse Transcription-Polymerase
Chain Reaction Analysis

Five animals in each of Groups I, IIl, and IV were
sacrificed and served for quantitative PCR analysis at 1
week after surgery. After sacrifice, the ligament repair
tissue was harvested, carefully avoiding contamination
of the surrounding tissue. The tissue was then minced
with a scalpel, and RNA was extracted using a com-
mercially available kit (RNeasy® Micro; Qiagen,
Valencia, CA). The synthesis of cDNA was performed
with Sensiscript® reverse transcriptase (Qiagen). The
¢DNA was then used for real-time quantitative PCR on
a LightCycler® (Roche Diagnostics) using gene specific
primers and probes (Table 1). The expression of pro
a2() collagen, pro o1(IIT) collagen, decorin, fibromodu-
lin, and lumican was evaluated together with glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) as an
internal standard. For some genes, the amplification
was monitored by the fluorescence of SYBRE® Green I
dye that bound to the double-strand DNA. For the
others, the probes carrying fluorescent dyes were used
for monitoring. The initial amount of cDNA for the gene
was determined with a standard curve based on the
known amounts of the PCR product.

Table 1. Primer and Probe Sequences Used for Quantitative PCR

GenBank Amplicon
Gene Accession Number Primer/Probe Sequence Size (bp)
CollA2* AF121217 Forward: 5'- TACAACGCAGAAGGGGTGTC -3 193
Reverse: 5'- CCTCAGCAACAAGTTCGACG -%
Probe Flu: 5- GCTTCTCAGAACATCACCTACCACTGCA -3/
LC: 5'- GAACAGCATTGCGTACCTGGACGA -3
Col3A1 X70369 Forward: 5'- ATGGTGGCTTTCAGTTCAGC -3 284
Reverse: 5'- TGTCTTGCTCCATTCACCAG -3
Decorin® 712298 Forward: 5- TGGACTGAACCGTATGATTG -3 208
Reverse: 5'- GCTGGCTGCATCAACTTT -3
Probe Flu: 5'- GCAGGGAATGAAGGGTCTCGGATACA -3
LC: 5'- CCGCATCTCAGACACCAACATAACTGC -3
Fibromodulin NMO080698 Forward: 5'- TGTCCGGCTGTCTCACAACA -3 198
Reverse: 5'- TCCACCACCGTGCAGAAACT -3
Lumican BC061878 Forward: 5'- GGCGTGCCTGGAAACTCATT -3 198
Reverse: 5'- GCGCAAATGCTTGATCTTGG -3
GAPDH" AF106860 Forward: 5- TGAACGGGAAGCTCACTGG -3/ 307

Reverse: 5'- TCCACCACCCTGTTGCTGTA-3'
Probe Flu: 5- CTGAGGACCAGGTTGTCTCCTGTGA -3/
LC: 5- TTCAACTGCAACTCCCATTCTTCCACC -3/

“(Jene-specific probes were used for quantitative PCR. Flu: probe conjugated with Fluorescein; LC: probe conjugated with LC

red 640.
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Statistics

For the results of biomechanical measurement and
quantitative PCR, the data were first analyzed by one-
way factorial analysis of variance (one-way factorial
ANOVA), and when a significant variance was observ-
ed, Fischer's PLSD test was performed as a post hoc
test. For the result of ultrastructural analysis, unpair-
ed t-test was performed to compare the data between
the two experimental groups. A p-value of <0.05 was
used for statistical significance.

RESULTS

All rats survived the surgery well and resumed
normal cage activity within 1 or 2 days after
surgery. At sacrifice, it was confirmed that the
skin wound had healed normally and the operated
knee had resumed a normal range of motion equal

Group [

Z

to the unoperated side. The average weight of
the animals did not show a significant difference
among the groups at any evaluation period.

Gross Appearance and Histological Evaluation

At 1 week after surgery, a larger volume of the
repair tissue was formed at the ligament gap in
Groups III and IV, compared with the control
groups. The tissue in these GDF-5-treated
groups tended to have a firmer consistency, al-
though there was no obvious difference in their
appearance. At 3 weeks, the difference in the
volume became less obvious, but the repair tissue
was still thicker in Group IV at 6 weeks.

On hematoxylin and eosin-stained sections, the
effect of GDF-5 was most obvious at 1 week (Fig. 1A
and B). In the animals treated with 30 ug of GDF-5,
the repair tissue showed higher cellularity, and

Group IV

Figure 1. Histology of the repair tissue formed at the ligament gap 1, 3, and 6 weeks
after surgery. The left and right columns show the results of the control animals (GroupI;
A, C, and E) and those treated with 30 ug of GDF-5 (GroupIV; B, D, and F), respectively.
Three animals in each group were evaluated at each time point, and representative
photomicrographs are shown. Hematoxylin and eosin, original magnification x20. [Color
scheme can be viewed in the online issue, which is available at http://www.interscience.

wiley.com]
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the cells presented elongated forms while those
in the control group were rounder and more
spherical. These trends were observed at 3 weeks
to a lesser extent, and the matrix in Group IV had
better alignment and clearer orientation com-
pared with the control animals (Fig. 1C and D).
At 6 weeks after surgery, the difference between
the treated and control groups was less obvious,
and the repair tissues in both groups presented a
similar histology (Fig. 1E and ). Unlike previous
studies on tendon healing,> ' we did not find
cartilaginous tissue formation by the GDF-5
treatment.

Biomechanical Testing

In all specimens, failure occurred at the ligament
midsubstance. The ultimate tensile strength of
the femur—MCL-tibia complex was 7.61+3.3,
9.1+3.0,9.5+2.9, and 12.9+ 3.0 N for Groups I,
II, III, and IV, respectively. The variation among
the 4 groups was significant (p < 0.01; one-way
factorial ANOVA), and the strength of Group IV
was significantly greater than that of Group I or II
(p <0.05 for either group; Fischer’s PLSD test)
(Fig. 2A). The stiffness of Group I, II, IIT, and IV
was 3.6+1.8,38+1.7,544+1.7, and 6.2+ 1.9 N/
mm, respectively, and their variation was statis-
tically significant (p < 0.05; one-way factorial
ANOVA). Again, the stiffness of Group IV was
significantly higher than that of Group I or II
(p <0.05 for either group; Fischer's PLSD test)
(Fig. 2B).

Transmission Electron Microscopic Study

In Group I, the repair tissue contained a rather
uniform population of collagen fibrils with small
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Figure 2. Ultimate tensile strength (A) and stiffness
(B) of the femur—MCL~tibia complex 3 weeks after
surgery. Each bar represents the average of 10 speci-
mens. Values are expressed by means + SD. *p < 0.05.

EFFECT OF GDF-5 ON LIGAMENT HEALING 75

diameters (Fig. 3A and B), while the tissue in
Group IV contained some thicker fibrils (Fig. 3C
and D). The mean fibril diameters for Groups 1
and IV were 36.5+8.0 and 45.9+15.7, respec-
tively, and the difference between the two groups
was statistically significant (p <0.01; unpaired
t-test) (Fig. 3E). The numbers of fibrils per 1 pm?
were 171421 and 224 443 for Groups I and 1V,
respectively, and the repair tissue in Group IV
contained significantly higher number of fibrils
than Group I (p < 0.01; unpaired ¢-test) (Fig. 3F).
Consequently, the percentages of the area occu-
pied by collagen fibrils in Groups 1 and IV were
26.3+4.9 and 49.1+4.0, respectively, and the
value in Group IV was significantly higher
than that in Group I (p <0.01; unpaired ¢-test)
(Fig. 3G).

In Situ Hybridization Study

In an attempt to elucidate the mechanisms for the
advantageous effect of GDF-5, the expression of
pro ol() procollagen mRNA was evaluated by
in situ hybridization at 1, 3, and 6 weeks after
surgery. At 1 week, abundant gene expression
was observed in the repair tissue in both groups,
but the expression in Group IV was more en-
hanced than in Group I (Fig. 4). The gene
expression in the remnants of original MCL was
barely detectable in both groups. At 3 weeks after
surgery, the mRNA expression in the repair
tissue was reduced in both groups, but the
expression in Groups IV was still stronger than
that in Group I. The expression in the repair
tissue was hardly detectable at 6 weeks for both

groups.

Quantitative PCR Study

To clarify the difference in the repair process, the
levels of mRNA expression were studied on two
dominant procollagens together with three small
leucine-rich proteoglycans (SLRPs) that are
known to affect collagen fibrillogenesis. Com-
pared with Group I, the expression of pro ¢2(I)
collagen was significantly higher in Groups III
and IV (p < 0.01 for both groups; Fischer’s PLSD
test) (Fig. HA), while the expression of pro
a1(IID) collagen was similar for all three groups
(Fig. 5B). Thus, the expression of type I1I collagen
relative to type I was significantly reduced in both
GDF-5 treated groups (p <0.01 for both groups;
Fischer’s PLSD test) (Fig. 5C). Among the three
SLRPs studied, the expression of decorin was
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Figure 3. In the upper panel, photomicrographs of the repair tissue and the
histograms for the distribution of fibril diameter in Group I (A and B) and Group IV
(C and D) are shown. Fibril diameter (E), number of fibrils in a 1 pm square (F), and
percentage of the area occupied by collagen fibril cross sections (G) of both groups are
shown in the lower panel. The evaluation was performed on three animals in each group.
Values are expressed by means + SD. **p < 0.01 against Group L.

significantly reduced in Group IV (p<0.01;
Fischer’s PLSD test) (Fig. 5D), and the expression
of fibromodulin was remarkably suppressed in
both GDF-5-treated groups (p <0.01 for hoth
groups; Fischer’s PLSD test) (Fig. 5E). However,
GDF-5 strongly stimulated the expression of
lumican (p < 0.01 for both groups; Fischer’s PLSD
test) (Fig. 5F). When the expression of SLRPs was
considered relative to type I collagen expression,
the GDF-5 treatment strongly suppressed the

JOURNAL OF ORTHOPAEDIC RESEARCH JANUARY 2006

expression of decorin and fibromodulin (p < 0.01
for both groups for both genes; Fischer’s PLSD
test) (Fig. 5G and H, respectively), while lumican
expression was almost unaffected (Fig. 51).

DISCUSSION

In this study, the results of biomechanical testing
have shown that the process of ligament healing
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Figure 4. Results of in situ hybridization for pro «1(I) collagen mRNA in the repair
tissues in Group I (A) and Group IV (B). Three animals in each group were evaluated at
each time point, and representative photomicrographs of 1-week specimens are shown.
Nuclei were stained with methyl green. Original magnification x100. [Color scheme can
be viewed in the online issue, which is available at http://www.interscience.wiley.com}

was in fact facilitated by GDF-5. Although a slight
improvement was observed with the fibrin sealant
alone, the data showed that the mechanical
properties of the femur—MCL~tibia complex were
significantly improved by 30 pg of GDF-5; the
ultimate tensile strength of the complex was over
40% greater than that of the vehicle controls, and
the stiffness was improved by 60%. The changes
were both above the level of statistical signifi-
cance. In all specimens, the failure occurred
through the ligament midsubstance, and the
result was attributed to the improved mechanical
property of the healing tissue by GDF-5. A
possible explanation for the positive effect was
given by the results of in situ hybridization and
quantitative PCR. These experiments revealed
that the expression of type I procollagen genes
was promoted in the healing tissue treated with
GDEF-5. Because type I collagen is the primary
component of the repair tissue,'* it is likely that
the elevated type I collagen production led to an
increase of repair tissue volume, giving higher
mechanical strength to the tissue. Interestingly,
the growth factor did not change the expression
level of type III collagen, and thus, the expression
of type III collagen relative to type I declined
significantly. It is known that the ligament repair
tissue contains an increased amount of type I1I
collagen compared with a normal ligament, %16
which might be responsible for the poor mechan-
ical property of the tissue.'®'7 Therefore, in this
study, the relative decrease in type III collagen
content might be related to the improvement of
biomechanical results by altering the type I and
type III collagen ratio toward normal.

The result of electron microscopic observation
has shown another possible mechanism for the

improved healing by GDF-5. In comparison to the
controls, the repair tissue in the GDF-5—treated
animals tended to contain thicker collagen fibrils
at a higher density. Considering that the collagen
fibril diameter is known to be a major determinant
of the mechanical property of the ligaments,*®'°
the positive result might be the consequence of the
increased size and density of collagen fibrils in the
repair tissue.

The results of ultrastructural cbservation led us
to examine the expression of small leucine-rich
proteoglycans because they have been reported to
affect collagen fibril formation in vivo.?°~22 In the
present study, the expression of these genes was
evaluated 1 week after surgery, the time point
when the influence of GDF-5 on the healing pro-
cess was most obvious by histology and in situ
hybridization. The quantitative PCR analysis
revealed that the effect of the growth factor varies
on the genes; the expression of fibromodulin was
strongly suppressed, lumican was enhanced, and
decorin was not altered significantly. Because
fibromodulin and lumican share similar effects
on collagen fibrillogenesis,®" the result did not
seem to support the increase in the fibril size by
GDF-5. Then, considering that these molecules
modulate fibrillogenesis through the direct bind-
ing to collagen fibrils,?? we obtained the expression
ratios between the proteoglycans and type I
procollagen. The results showed that the expres-
sion of decorin and fibromodulin were relatively
suppressed, while the expression of [umican was
nearly unaffected. Considering that these proteo-
glycans could inhibit collagen fibril assembly
in the early phase of fibrillogenesis,?"?® we
currently presume that the relative suppression
of decorin and fibromodulin could be related to the
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Figure 5. Result of quantitative PCR. Top panel shows the expression of pro «2(I)
collagen (A), pro 1(IIT) collagen (B), and their expression ratios (C). Middle panel shows
the expression of decorin (D), fibromodulin (E), and lumican (F) relative to GAPDH. Their
expression ratios against pro «2(I) collagen are shown at the bottom panel (G-1,
respectively). BEach bar represents the average of five specimens. Values are expressed by
means + SD. *p < 0.05, and **p < 0.01 against Group I.

appearance of thicker collagen fibrils by GDF-5. Collectively, exogenously added GDF-5 enhanc-
Similar data have been shown by a recent study ed healing of an injured ligament histologically
that BMP-12, another member of the GDF family, and biomechanically. No adverse effect was ob-
suppressed decorin expression and elevated col- served, and the use of GDF-5 was considered to
lagen expression in cultured human tendon fibro- be a promising approach to facilitate ligament
blasts. 2 healing.
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