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7 ® ©E H

M OB BT TR b= A (apoptosis) DT L MBI LBREWS 2T 22010, FF R OB
$%, TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling) % & DNA D4 ikE)
FHWT, 7v MEMSOREEFHMICTAL, EEEOBEIE 2 2 0FIRED A1E5EE (interzone, 1Z) o [ 3 1: Ml B 51
DHUMIE T B PR (intermediate zone, IMZ) TH ENBY, HIEL VLT TR =Y A LB T AFTRIIEBEL-+
RCOFEPRIZBNTRED b NLd o7z, MBS EIEE ) BEENEICE LT, IMZORFE2MIEO—EIIZB\T, Hilg
BAERALL, HATERL, BEICFTIESN L TYW20MHEsn:. Zhs0E0#H ML E 51z ﬁl“]fé R (AP ]
SETZHIBL (spindle cell) &% Y, (ZIZ2BORBIRME L B o Tz, D OMILIZ R R R TRMKEFMLE 2 0, TRIIE
WM AREN, T7— 7 RHEHEANE TRIRICESI L, IMZ CRHIIGSEITICiI s Twik, 39— ’f-‘/i’ﬂ}b‘ﬁﬂé@’.%‘lﬁ{ti
IMZ Cid &Aoo, BEIEE, /877 ¢ YUK TIREBS 2B W TR LMD R <, #IENH T3 E1812 8\ THisE
MM TERSNTW2 0P MRS, ORI E A K & BRSO RmICEAN L, FoRizsv kg
Gt L7z, MEEOERE 70T F 774 h RO 7 -4 Y ifiomd, Z2LCe 7o Y BOREEC X BHKI; S0 )
FILLDboLHENEND. ZOMMENEERIET T~ 7 HGEDORT L HEDEY, BHOMIN LT ORELRLT :
BY, MEEERRIFEZARN TR IR0 LHEN S NS, BIEE O BEREN TH 5 BT EWH o [ME o 5
ERBIZEWTE, REBIEZE ST, BAeR LOMEEOSR L RTHEEMRoBISEIBEshL2d o2 —F5, B
W orza 7 — 7 YRR OKEN TORE L QB OHIRES OB R ZELABRE S n 7z, TS s IS a2 551z
BUHsa9—rrg0REL Y- —BHOREL IR AL EILNE,

Key words apoptosis, cavitation, crucial ligament, genual joint, rat embryo

HEEEEORRDBICB VT, 2005 7 3548 TG E NS, HEERNIC L 2 IO 2 b § (f
(interzone, 17) \ZFMZEMHIIATRET B T LA RESNTHB Y I, RSB < 2 &0T & B WY % BT~ o HAk By 0 AT e HilE o 1
COMBREC LM ICHERMSERER I EEbATY WEFETLLEZONTVL®, LaLLYS, AbL0H
5. [ZOMIBSEERIZEIBHRENEO SN, ulw T MRS EEOERIZBWT, LTLIEETELVEY
4 (intermediate zone, IMZ) &, IMZ #$ktr2 20448 (outer ) RIEDH B, Anderson 52k B &, WEIEOEEIZESL
layer) & 725 7% % 9™, b, 1ZI2ay Fo 4 F U iiEAB L P CORMIHED LA L

EEERIETIC BT 2 HEEORE A # = X 2 I HT 23132 V. E51Z, Anderson 5T NS DY AHING R EIC
DR END, —2RIZO—HF I DPABSENTEK & N, BTz 75§B€]ﬁ'ﬁ9”0)')f§ﬁm’igf‘i%é EHERTWE, BE
RO AT BB OB X o THEE AR TV & DIZIZBITHMBIEIC & » TRMIELTZR S b &) Fii,

HBTH VOO 5 —oZIZ DR HIEIEIT X - T TRl B ) R AERD, DB EORBICHET 2R !
HERTBILIZE > THEEIMEREA TV EWIHTH Bﬁﬁ#ﬁﬁéﬂf:é@“@%o’( B DTSRRI BT B MITSED !
BN g (R R ARG TRTED, & BRI & 2T 5 T, |
NEZFTHZT FVIEERV L RESWHFTEICBNT, B b\fﬂ’l—b- LCh, NS0T L TRERITERLPRE
BRI DS RI L 72 B & W OBEIRZ 5 Z LA RE SN T MEFFRAPRE SN TV RWVD, F0—FI2B0T, TFE0%
VB I8 x5 2 myogenin BIETFICEREROH LT X HEER D TFEWEDERIZL Y, THETEREIE DML

FRI4E1LA 21 B2, FRI14E120 250 %8
Abbreviations . HAS, hyaluronan synthase; IMZ, intermedate zone; IZ, interzone; UDOGD, uridine
diphosphoglucose dehydrogenase.
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& % DNA T 21TV, BESEOTFEEEBICBITATHI -3
ADOFEHEOFIEE A TIILER SR AR & 8 &
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IR (b M T, EHIMEE & TR TR
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BIEIEORATRICH LTI, Wister R v P OIB{F, Tai:
4B, SAEHR1IA T (B4, 15 155, 16, 165, 17, 17.5, 18, 185,
19, PY) ORI 126l 2 I L7z, &6, 7R IP—L ADR
MBI B Lo I2MEER L. 5y Mgk
FLHT D R[S C—MH L znb, BB AT
ERL, BrEr st 242 KAEOR E0) & L7,

B & B AR O SIMAR I L TiE, E1I7 AL P30E T
(E17, E18, E18.5, E19, P1, P2, P6, P30) @5 v b Ja4TFoo It i 27
AT L 7z,

Fig.1. Coronal section of an epoxy sample showing the
assumptive knee joint at E15. In the joint region, dense
accumulation of the mesenchymal cells was observed (IZ,
arrows). Chondrification has already occurred in the diaphisis
of Fe, Fi and T. Toluidine blue staining. Bar, 100 m.
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EMEEEILE, N T P REY R LIRS SEES
MY AV, N7 ¢ CLBRAOKBEERZ, 4%/85
TANLT LT FEICTERTIEEELLOL, =4/ —
VRFNZ L OBKL, 7497 ¢ AL, 4~ 6,mEDRIK
s X UHTRENGER D R 2 (R L, HERB L S IS T ¥ i
B ETo7. R BRI OB ETEAL, 25% 7L
Y=V TFTIFYN/2%8F 7+ VAT VFE REH) BB
W (pH 7.2) C—HEEELZZDS, 4B A7 0 —AEHY >
i (pPH7.2) IS TR L2, 1%IMNERILA R 3 7 AEHTH
FE (FiR, 2WFMH) 217V R ¥ S H#E (NSA, Quetall-653,
ERL-4206 and S-1; TAAB, Berks, England® )IZTa L 7.
2umEOMEIERD T 2 ERL, VAT YTV IITHets - B
BEFoT.

2) ERTIE TSI L B EE

LR RE VR IFRMEAREH VT, ES50nmo
MM R ERL, EREE TSI H-300 (F 7 87T, %
) IS THEEL 2.

3) TUNELEIZ & BT H b — ¥ ADRHT
E167* 5 EI8.5 £ COMEMEm 12MlcBWT, 7HE =2 AN
1% FRAT & 72942, TUNEL#: (in situ apoptosis detection kit,
Trevigen, MD, USA) # Gavrieli & @ Fikizfit-» TiF- 7=,

sectioning was performed at the mid-sagittal plain of the
femorotibial joint. IZ consists of three layers: two outer layers
(OL, arrowheads) and the intermediate zone between these
two layers (IMZ, arrow). The celldensity of IMZ is lower than
those of OL, and cells are slightly elongated in IMZ. Azan
staining. Bar, 100/ m.
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Fig.3. Photographs at E16.5. (A) A sagittal epoxy section showing the initial appearance of dark cells (arrows) in IMZ. Moderately
elongated cells are arranged in some strata of the intermediate zone (four or less), and no cavitation is observed. Toluidine blue staining.
Bar, 100m. (B) A coronal paraffin section indicating partial cavitation (arrows) in the knee joint. HE staining. Bar, 100uxm. (C) A
highly magnified picture of the white box in (D). The cavity (arrows) seemed to be irregular in shape. In addition, some cells remain in
the cavity. Bar, 100 m.
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Fig. 4. Photographs of sagittal paraffin and epoxy sections at E17. (A) Cavitation has apparently occurred in the medial femorotibial joint
between Fe and M. On the other hand, the cavitation between T and M has not appeared yet. A paraffin section with azan staining. Bar,
100um. (B) Moderately elongated cells are more flattened in IMZ, and the number of the dark cells increases (arrows). An epoxy
section with toluidine blue staining. Bar, 100, m.
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6pmEDEB R FERL, B/97 7 1 »#, PBSTI04M
WL, TuF7—¥ KICXB0EE I55HEIT- 7. R
AL AF LT -EETOy 2T E DR E, 3% 8EREK
FARTHGHLI L, ) AR (pH7.2) T1oM%ERLAc
%, TdT (terminal deoxynucleotidyl transferase) & % Nz
37C, 1M Ay Fax—arliz. hit, AMLT MY
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E16, 17, 18, 18.5\2 84 B M (&3, AFF12480) AW
T, QIAamp Tissue Kit (Qiagen, CA, USA) (2 TDNAZ ¥ L
7z. DNAMHER 1011 Zloading i 2,1 % MR, TAEI—2R
TN TERIKE 217 o 7. KSR 213 2% TAE (Tris-
acetate, EDTA, pHS.0) #RIfii % A 7z, ikEhfE, 7Ho—A%
J» % SYBRGreen I (Molecular Probes, Eugene, USA) THft L 7:
» %, Fluorlmager SI (Molecular Dynamics, Sunnyvale,
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Fig. 5. Progress of cavitation in a paraffin section at E17.5.
Cavitation has advanced at the femoromeniscal, and has
started between T and PM in the sagittal section. Azan
staining. Bar, 100, m.
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Fig.6. A coronal epoxy section at E18.5. Cavitation (arrows)
has started in the peripheral part of IMZ both between Fe and
M, and between T and M. Toluidine blue staining. Bar,
100 m.
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Fig.7. Coronal epoxy section at E19. Spindle cells (arrows)
are arranged on both surfaces of the epiphysis and meniscus.
The epiphyseal surface, including spindle cells, morphologically
seems to correspond to the adult tangential zone. Toluidine
blue staining. Bar, 100, m.
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AT LIS, ZIZREREESEO b, FEE Y 2T IMZ FIEEICHVRE TS 54, BbHVHREIIBNTY, 58
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Fig.8. Electron micrographs indicating cell structures and collagen fibers in the IZ at E16.5. (A) A high power micrograph of a rounded
cell in OL. The rER is scarcely furnished and there are observed dilated mitochondria with poorly developed cristae. The arrow indicates
the site of cell to cell interaction. Bar, 1zm. (B) A high power micrograph of moderately elongated cells in IMZ. Developmental
condition of cell organellae are similar to those of the rounded cells in the outer layers. Elongated cells in IMZ also have projections for
cell interaction with each other (arrow). Bar, 1zm. (C) Collagen fibers in OL are arranged in a netted form, although their density
remains moderately. Bar, 1xm. (D) Collagen fibers In IMZ are likely arranged parallel to a long axis of elongated cells with a lower
density than those in outer layer. Bar, 1, m.

Fig.9. Photograph indicating pyknosis in elongated cells at E17. These cells do not show any signs of cell death except for pyknosis and
vacuolization. (A) Pyknosis advances to a high degree in some elongated cells (arrows). Bar, 10 m. (B) Moderately advanced pyknosis
in the elongated cell (arrow). Bar, 10.m.
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Fig. 10. E17.5. (A) Electron micrographs of the outer layer. In the layer, elongated cells (arrowheads) are intermingled with cells similar
to chondroblasts in short or round in shape (asterisks). Bar, 10x#m. (B) Vacuolization (arrows) advances in the highly elongated cells in
IMZ. Bar, 10m. (C) Collagen fibers in OL are increased in number and netted distribution is more clearly recognized than in the stage
of E16.5. Bar, 1xm. (D) The arrangement of collagen fibers in IMZ is clearly different from that in the outer layers. The density is
apparently low and the collagenous networks are not obviously discernible. Bar, 1,m.
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Fig. 11. An electron micrograph showing the area of cavitation Fig.12. Completion of the cavity in an epoxy section at E19
at E18.5. The cavitation occurs between T and M. The between T and M. The matrix has developed, and collagen
extracellular matrix bordering the cavity has not yet fibers run just beneath the joint surface. Bar, 10, m.

developed. Vacuolization cannot be found. Bar, 10pm.
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(B) A sagittal section in the knee joint at E18. No positive cells are observed in the knee joint at stages from E16 to E18.5.
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Fig. 14. Electrophoretic assessment for nuclear DNA
fragmentation of knee joint at E16, E 17, E18, and E18.5. The
hands at E16 are adopted as a control. A ladder pattern
(arrowheads) characterized as apoptosis is found only in the
control, but not in specimens of the knees.
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v (6).

E19 : /85 7 4 YAMEEE 6Fl) &b IC TR F L ek
GIE @Bl D&plzBvT, M- AMIEA & RBE R & UEE
& ORI TR AR &Nz (7).

Fig. 15. Photographs of mesenchymal condensation in
presumptive region of the anterior crucial ligament (ACL) at
E17. (A) The presumptive ACL condensation was observed. Epoxy
section. Toluidine blue staining. Bar, 100zm. (B) Electron
micrograph indicating presumptive ACL region. Comparatively
flattened mesenchymal cells (arrows) were observed. Bar, 10,.m.
(C) Magnified image of (B). The messenchymal cells are
scant in rER. Collagen fibrils in this condensation were
scantly distributed in interstitial substance. Bar, 10xm.
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RIILUTOREY THole.

E165 @ S ISR B RSEMEMRIE, BBbhliEE
LT, MRS S ST R S ¢ B 58
EALHTIEHLAH I T (W84). LirL, AFFET
HZERF T AEA L TV A {REED b kd o . MIBKIEAR
BB TH- 7. AREC B THEAMIAESENRELT
Bo¥, I Iy FUTTRYZYAYPREZTEENATC
gL T/,

IMZ 121+ B R M e, Mianstr, Miake b
CETARATE R LT (M8B). b ofildk, T0
ERABETI L TR R A &) IR LCw 7z, Ml
N TV TIE, Bl O IHET R ENRO £
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Fig. 16. E18.5. (A) Epoxy section of the presumptive ACL area.
The area has become definiteve. Toluidine blue staining. Bar,
100m. (B) Electron micrograph of enthesis. Flattened cells
{large arrows), which became rich in rER at this stage, and
rounded cells (arrow heads) were mingled with each other at
the enthesis. These cells were arranged parallel to the long
axis of the ACL. A small amount of collagen fibrils arranged
parallel to the axis was also observed at the enthesis (small
arrows) and in the ACL itself. Bar, 10 m.
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T, 5572 sREEOETE L b, MIREORMSERD
L, F7, —EROMEIC B TR I BT
Bt (F10B). 37 —% YA ICEV THER LTI
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LTIEEL6S5 (W8D) THEShzbnEHT N AERMIE,
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DB LY 72 55EB (tangential zone), EHILTHEI NG
#& (transitional zone), BH#&EL 1 %4 23R (radial zone) A2
BHHIBE LI ko7 (F12).

Pl : E19 L B L K& ZE{bid@o oy, ZIZFEOFTR
FHESR.
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Fig.17. E19. (A) Epoxy section of ACL and enthesis. Arrows
indicate the part of the enthesis which is investigated by
electron microscope in (B). Toluidine blue staining. Bar,
100m. (B) Electron micrograph of enthesis. Collagen fibrils
in the netlike distribution increased in the enthesis, though
those in the parallel arrangement did not increase (asterisk).
Bar, 1xm.

Fig. 18. Epoxy section of ACL and enthesis at P1. The number
of flattened cells decreased and rounded cells became
dominant at the enthesis, and the cell density was slightly
decreased (arrows). Toluidine blue staining. Bar, 1002m.
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Fig. 19. Photographs of ACL and enthesis at P2. (A) Epoxy section. Toluidine blue staining. Bar, 100xm. (B) Electron micrograph
indicating the arrangement of the collagen fibrils at the enthesis. Collagen fibrils in parallel arrangement (arrows) also developed
conspicuously, where two or three rounded cells were longitudinally disposed between bunches of these fibrils. Bar, 10m.

Fig. 20. Photographs of epoxy sections at P6. Toluidine blue staining. () Vascular formation (arrows) started in the epiphyseal cartilage
adjacent to the enthesis. Bar, 100xm. (B) The number of disposing cells increased up to about 6 at the enthesis and they became
columnar formation. While this formation was not observed in the other presumptive subchondral bone area. Collagen fibrils at the

enthesis developed to make the formation clear. Bar, 100 m.
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Fig. 21. Photographs of enthesis at P10. (A) Vacuolation was observed in cytoplasm of the rounded cells in the deeper part of the enthesis
(arrowheads). Epoxy section. Toluidine blue staining. Bar, 100,m. (B) Electron micrograph of the deeper part of the enthesis.
Chondrocytes (asterisk) neighboring the enthesis began to degenerate. Bar, 10.m.

-

Fig. 22. P3Q. @) O§siﬁcation (black arrowheads) was observed in the epiphysis. Chondrocytes in a column at the enthesis had started in
degeneration (white arrowheads). Epoxy section. Toluidine blue staining. Bar, 100xm. (b) Electron micrograph of the enthesis.

C(())llagen fibrils in the parallel arrangement (asterisks) at the enthesis had developed and spread extensively to the epiphysis. Bar,
10y m.
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Mechanism of Formation of the Knee Joint Cavity and Crucial Ligaments in Rats: A Combined Morphological,
Immunohistochemical and DNA Fragment Electrophoretic Study Masaaki Ito, Department of Anatomy and
Neuroembryology, Division of Neuroscience, Graduate School of Medical Science, Kanazawa University, Kanazawa 920-
8640 — J. Juzen Med.Soc., 111, 300 — 316 (2002)
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Abstract

The mechanism of development of the knee joint was studied in embryonic and postnatal rat bodies. Close attention was
paid to clarify the process of cell differentiation and the possibility of involvement of apoptosis in the process of cell
differentiation in this joint, using both light and electron microscopes, the TUNEL method and electrophoresis of DNA
fragments. The articular or joint cavity was formed in an intermediate zone which occupied the center of interzone of the knee
joint. However, no morphological or biochemical evidences in favor of the occurrence of apoptosis in the interzone of the
joint have been obtained at any embryonic stages. In the intermediate zone, the extended cells were found to be arranged in
several parallel layers. The cytoplasm of these cells was vacuolated, and the nuclei were densely stained. Some of the
extended cells further flattened and developed into spindle cells, forming two layers. The remaining cells were integrated into
the outer layer and changed to chondroblasts. Collagen fibers were arranged in a network in the outer layer, parallel with the
extended cells in the intermediate zone. In addition, the density of collagen fibers was low in the intermediate zone. In
paraffin-embedded sections, formation of the joint cavity seemed to start at E16.5. However, in resin-embedded sections
which in this study were simultaneously prepared to reduce methodological artifacts, the lacunal spaces were confirmed
between spindle cells at later stage, i.e., E18.5. These spindle cells were arranged on the surface of the meniscus and articular
cartilage; they were found to differentiate at later stages to chondrocytes. Regarding the mechanism of the formation of
articular cavities, it is conceived that the cavity forms due to the vulnerability of cell junctions from the reduction in
proteoglycan and collagen fibers, and due to swelling of the vulnerable region by hyaluronic acid production. According to
our observations, it is suggested that the minute morphological changes of cells in the interzone seem to reflect the changes of
the arrangement and density of collagen fibers and the state of extracellular matrix between the layers. In addition, it is
considered that the articular or joint cavity is formed in the matrix between spindle cells existing in the intermediate zone.
Regarding the development of the enthesis of the anterior crucial ligament on the tibia, the perichondrium was not formed in
the region of the enthesis, and the spindle cell layer structure which represented the boundary of the articular cavity was not
ascertained in any of the specimens of embryos examined in this study. Collagen fiber bundles developed along with the
ligament in the cartilage, and cylindrical arrangement of rounded cells (chondrocyte-like cells after P6) sandwiched by the
collagen fibers and ligament changed stepwise. These findings suggest that the development of collagen fibers in the enthesis
of the anterior crucial ligament differs from that of Sharpey’s fibers.




