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Collagen Metabolism Is Markedly Altered in the
Hypertrophic Cartilage of Growth Plates from Rats with
Growth Impairment Secondary to Chronic Renal Failure
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ABSTRACT

Skeletal growth depends on growth plate cartilage activity, in which matrix synthesis by chondrocytes is one
of the major processes contributing to the final length of a bone. On this basis, the present work was
undertaken to ascertain if growth impairment secondary to chronic renal insufficiency is associated with
disturbances of the extracellular matrix (ECM) of the growth plate. By combining stereological and in situ
hybridization techniques, we examined the expression patterns of types Il and X collagens and collagenase-3
in tibial growth plates of rats made uremic by subtotal nephrectomy (NX) in comparison with those of
sham-operated rats fed ad libitum (SAL) and sham-operated rats pair-fed with NX (SPF). NX rats were
severely uremic, as shown by markedly elevated serum concentrations of urea nitrogen, and growth retarded,
as shown by significantly decreased longitudinal bone growth rates. NX rats showed disturbances in the
normal pattern of chondrocyte differentiation and in the rates and degree of substitution of hypertrophic
cartilage with bone, which resulted in accumulation of cartilage at the hypertrophic zone. These changes were
associated with an overall decrease in the expression of types Il and X collagens, which was especially marked
in the abnormally extended zone of the hypertrophic cartilage. Unlike collagen, the expression of collagenase-3
was not disturbed severely. Electron microscopic analysis proved that changes in gene expression were
coupled to alterations in the mineralization as well as in the collagen fibril architecture at the hypertrophic
cartilage. Because the composition and structure of the ECM have a critical role in regulating the behavior of
the growth plate chondrocytes, results obtained are consistent with the hypothesis that alteration of collagen
metabolism in these cells could be a key process underlying growth retardation in uremia. (J Bone Miner Res
2001;16:511-524)
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INTRODUCTION normal growth rate usually is not restored by chronic hemo-
dialysis or even after successful renal transplant&iohThe
HRONIC ILLNESS in childhood very often interferes with pathogenesis of this growth failure g@mplex and multifac-
Cnormal growth and leads to diminished stature ar@rial including nutritional, electrolyte, and hormonal dis-
delayed bone ages. This is the case of children with chrortierbances. Although there have been numerous reports on
renal disease, in which stunted growth is seen in approxire pathogenesis of this growth retardation, most of them
mately one-third of the children at the time of diagnosis, artthve been focused on the endocrinological disturbances and
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only very few attempts have been made to characterize the MATERIALS AND METHODS
effective response of the growth plate cartilage to uremig. . .
Based on such low knowledge, we performed a first histginImals and experimental protocol
morphometric study to characterize modifications of the Male Sprague—Dawley rats, 21 days old, were housed in
growth plate in rats with growth impairment secondary tindividual cages and fed a standard 23.9% protein rat chow
chronic renal failuré? Results from this former study in containing 0.85% calcium and 0.75% phosphorus (AO3;
dicated that uremia depressed both the activity of the growttanlab SL, Barcelona, Spain). After a 4-day adjusted pe-
plate cartilage and the replacement of cartilage by boner@gd, the animals were divided into three groups: 5/6 ne-
the metaphyseal end. The present study is a continuationpiirectomized (NX), sham-operated fed “ad libitum” (SAL),
this previous work; because chondrocytes are specializedd sham-operated pair-fed (SPF) NX animals. At the be-
connective-tissue cells in which their main function is thginning of the experiment, rat’s weights ranged from 70 to
production of a specific collagenous extracellular matrigo g, the mean weight being no different among the three
(ECM), we examine if growth failure induced by uremia isyroups of rats. Subtotal NX or sham operation was per-
associated with modifications of ECM of the growth plateformed in two stages, on day 0 and day 4, as reported
The ECM of growth plate cartilage is an inextensiblgreviously® SPF animals were subjected to pair feeding
network of collagen fibrils embedded in a highly hydratediith NX animals. Rats’ body growth was assessed by
complex of aggregating proteoglycan and hyaluronic acigkeight and length gained between day 4 and 14. Rats and
which has a main role in affecting the behavior of cells thabod consumption were weighed daily. Nose to tip tail
contact it®® Type Il and type X collagen are the mostiength was measured under anesthesia on day 4 and day 14.
abundant proteins found in the growth plate cartilage. Typ&fter 14 days, the experiment was ended and rats were
Il'is the predominant structural collagen, accounting for ugilled by exsanguination under anesthesia. At that moment,
to 25% of the dry weight. It is present in all zones of thelood was obtained for measuring serum concentrations of
growth plate and is the major protein responsible for prasrea nitrogen, with an autoanalyzer Kodak EktachemR
viding the tissue with a fibrillar framework to arrange chon(Eastman Kodak, Rochester, NY, USA).
drocytes as well as other ECM components. Type X colla-
gen is a specific ECM component of the hypertrophic]-.
preossifying cartilage. The half-life of collagen fibers in the
growth plate is much shorter than in other tissues, being theTwenty-four rats (8 per group) were used for histological
control of collagen production and turnover of major imstudies. All animals were injected intraperitoneally with
portance for chondrocyte differentiation and bone growtlealceine (15 mg/kg body weight) (Sigma, St. Louis, MO,
Degradation of collagens primarily depends on collagdSA) 4 days before death. Tibias were isolated immediately
enases, which share the unique ability to cleave the natisfter death and cut through the sagittal plane of the epiph-
helix of fibrillar collagens. Sequence comparisons hawssis into two equal-sized parts, obtaining four tibial halves
proven that rat and mouse collagenases are homologousrtom each animal. Tissues were processed according to four
the human collagenase-3 referred to as matrix metalldifferent protocols. One tibial half per animal was processed
proteinase 13 (MMP-13§) This enzyme degrades veryfor determination of both the rate of longitudinal bone
efficiently the native helix of fibrillar collagens, with pref-growth and the histomorphometric parameters, a second
erential activity on type Il collagen. Likewise, it also is abldibial half was processed for messenger RNA (mRNA) in
to degrade the initial cleavage products of collagenolysis #itu hybridization, a third tibial half per animal was pro-
smaller fragments as well as cartilage aggre¢qhs® cessed for histochemical studies, and the last tibial half was
Based on such a wide range of action and considering th|bcessed for electron microscopy. All tissue collections
its expression in physiological conditions is restricted to theere performed between 9:30 and 11:30 a.m.
growth plate of bones, collagenase-3 has been considered to
play @ major role during endochondral ossmcatﬁﬁh:”) Determination of the rate of longitudinal bone growth
Recently, we have provided additional support to this sug-
gestion by showing that the pattern of collagenase-3 expresTibial halves for determination of the rate of longitudinal
sion in the growth plate of young rats varies in the functiobone growth were cut additionally in five prismatic blocks,
of the animal’s growth rat€® fixed in 40% ethanol for 3 days at 4°C, and subsequently
The present study tests the hypothesis that chronic redahydrated in ethanol, embedded in Durkupan-ACM (Sig-
failure could induce alteration of the synthetic and degradativea), and cut on a Ultracut E ultramicrotome (Reicher,
activities of the growth plate cartilage collagens and sudfienna, Austria) parallel to the tibial vertical axis. Sections
alteration could be a key process underlying growth alteratioh.um thick were obtained in three blocks chosen in an
To this end, we have examined the expression patterns of thebiased manner per animal and were viewed in an
two major collagens of the growth plate cartilage (types Il andcident-light fluorescence microscope (Leitz, Wetzlar, Ger-
X collagens) and of the essential enzyme for the beginning mfany) equipped with a micrometric eyepiece. Measure-
the collagenolysis (collagenase-3) in tibial growth plates aohents of the distance between the zone of vascular invasion
severely uremic rats. In situ hybridization techniques weia the growth plate and the proximal endpoint of the calcein
coupled with electron microscopy to analyze possible changesnt were obtained at four randomly determined locations
in the ultrastructure of the collagen fibril architecture. on each of the three sections per animal, and the mean of

issue collection and processing
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these measurements divided by four (days between calceinesitu hybridization
injection and killing) was considered the longitudinal bone
growth per day in each animal. Tibias for in situ hybridization were fixed by immersion

in 4% paraformaldehyde at 4°C for 12 h, rinsed in

phosphate-buffered saline (PBS), decalcified in 10% EDTA
Histomorphometry at pH 7.0 for 48 h, dehydrated through a graded ethanol

series, cleared in xylene, and embedded in paraffin. Sections

One section Jum thick was obtained in each of the threavere cut at a thickness of om and mounted on Superfrost
randomly chosen samples per animal and was used falus slides (Menzel-Glaser, Braunschweig, Germany). Blocks
histomorphometric analysis. Sections were stained with tarere cut parallel to the tibial vertical axis and at random
luidine blue and analyzed with an Olympus light microerientation relative to the horizontal plane. Digoxigenin-11-
scope (Olympus, Shinjuku-ku, Japan) interfaced via a Sonyidine triphosphate (DIG-11-UTP)-labeled single-stranded
camera (Sony, Tokyo, Japan) to an image analysis syst&NA probes were prepared with DIG RNA labeling mix and
(Qwin Pro; Leica, Heidelberg, Germany). Detailed histothe appropriate RNA polymerases to transcribe either sense or
morphometric analysis has been reported previod8ly. antisense probes according to the manufacturer instructions
Growth plates were divided arithmetically proximodistallyBoehringerMannheim, Germany). Rat collagenase-3 probe
in five horizontal strata of equal height (S1-S5) to obtaiwas a 314-base pair (bp) fragment corresponding to nucle-
cell populations with differing degrees of maturation.  otides 350—653 of the rat collagenase-3 géfeThe type
The height of the growth plate was estimated by measut-collagen probe was a 550-bBst fragment from the

ing its height at four randomly chosen locations on eacgkiminoterminal portion of rat pred(ll) chain cloned in
section. Axial cell columns, over a short time period can BBGEM 3Zf-vectof?® The type X collagen probe was a
considered as steady-state systems in which cell product®®0-bp Hindlll fragment containing 360 bp of noncollag-
and elimination rates are const&f®?® On this basis, the enous (NC1) domain and 290 bp of-@ntranslated se-
chondrocyte location turnover and the mean cell heightience of the mouse type X collagen gene, subcloned into
increase per hour in each stratum were estimated. Chondie Hindlll site of pBluescript®” Human glyceraldehyde-
cyte location turnover is defined as the time that a chondrg-Phosphate dehydrogenase (GAPDH) probe was a 1.2-
cyte remains in a certain position of the column. This timkilobase (kb) EcoRI fragment obtained from American
is equal to the time a hypertrophic cell remains in the modyP€ Culture Collection (ATCC; Manassas VA, USA). In
distal position of the column and was estimated by th&t hybridization was performed using methods described
inverse of the number of chondrocytes leaving the growif detail glsew_herél. ) Likewise, quantification of in situ
plate per column per dd§® This last (the number of hybridization signals was done as previously repoft&d.

chondrocytes leaving the growth plate per column per dalp)i€fly, @ first approach was used to estimate expression
could be estimated by dividing the daily linear growth ratdme lengths fo_r the three pr.otelns studied. Expression time
by the chondrocyte height in the distal stratum (S5). THENIth was defined as the time a growth plate chondrocyte
mean chondrocyte height, defined as the length of the ipxpresses a protein in its lifetime during the differentiation

tercept bisecting the cell profile measured parallel to tﬁé’de' A second approach consisting in sem|quant|j[at|ve
long axis of the bone, was estimated in each stratum fymparisons of cgll MRNA content .vvas.use.d to estimate
direct measurements of the vertical axis of 50 chondrocytc%1 Eﬂre:.'gr? levels in chondrocytes with differing degree of
cut centrally (through the nucleus) per secti#h.Thus, a uration.

total of 150 cells were measured to give a mean value per

animal and stratum. The mean cell height increase per hq_L||
of a stratum was estimated by dividing the difference be-

tween the mean chondrocyte height in this stratum and thatrissyes for histochemistry were fixed by immersion in
of the preceding one by the time required for a chondrocyigy, paraformaldehyde at 4°C for 12 h, rinsed in PBS,
to place across it. The time each chondrocyte spends iy@calcified in 10% EDTA at pH 7.0 for 48 h, embedded in
stratum is equal to the time required for replacement of thessue-Tek O.C.T. compound, and snap-frozen. Cryostat
total number of cells in such stratum and can be estimatggctions were cut at a thickness ofufn and mounted on

by dividing the mean number of cells per column in thiSuperfrost Plus slides. Alkaline phosphatase (ALP) activity
stratum by the number of chondrocytes leaving the stratuias detected in frozen sections pretreated with a 10-mM
per column per hou?” The number of chondrocytes perMgCl, solution to reactivate enzyme activity and subse
column in each stratum was obtained by dividing the heigguently incubated with a substrate solution containing 0.16
of the stratum by the mean chondrocyte height. Because #g/ml  5-bromo-4-chloro-3-indolylphosphate and 0.33
growth plate is a steady-state system, the mean numbemad/ml nitroblue tetrazolium in 100 mM Tris, 100 mM
chondrocytes leaving each stratum per column per hourN&Cl, and 50 mM MgCJ, pH 9.5, for 30 minutes at room
approximately the same for all the strata and can be esgmperature. Quantification of cytochemical stain intensity
mated by the number of chondrocytes leaving the growthas performed by the two approaches described previously
plate per column per ddy® on two serial sections per animal.

fstochemistry
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TaBLE 1. SERUM UREA NITROGEN, CUMULATIVE FOOD INTAKE, WEIGHT AND LENGTH GAIN, GROWTH RATE, GROWTH
PLATE HEIGHT, MEAN NUMBER OF CHONDROCYTES PERCOLUMN, AND TIME FOR CHONDROCYTE
LocATION TURNOVER OF THE THREE GROUPS OFRATS?

SAL SPF NX
SUN (mg/dI) 11.3+ 1.9 8.1+ 1.7 74.0+ 10.7*"
Food intake (g) 195.6- 23.8 121.8+ 16.6* 121.9+ 20.3*
Weight gain (g) 66.4- 11.6 29.7+ 5.7* 26.9+ 10.2*
Length gain (cm) 3511 3.1+ 0.2 24+ 14
Longitudinal growth rate gm/day) 319.5+ 214 280.8+ 21.4* 169.5+ 27.4*"
Growth plate heightgm) 592.7+ 35.1 454 .4+ 64.0* 862.7+ 102.6*"
Chondrocytes per column 3153.0 24.7+ 3.3* 49.5+ 5.9%7
Time for chondrocyte turnover (h) 3604 3.3£0.3 4.9+ 0.8%7

@Each point is the mean value of 8 animaisSD.
SUN, serum urea nitrogen.
*p < 0.05when compared with SAL* p < 0.05when compared with SPF.

Electron microscopy Rat type X collagen: 55CATTAGCACCCAAGATC-
- . .. TG3 and BCGAGTGGACGTACTCAGAGG3.

Tibial halves for electron microscopy were cut addition- p.. GAPDH: BTGCATCCACTGGTGCTGCCAS and
ally in thin vertical sections. Alternate cartilage blocks werg ; nGGCCTCTCTCTTGCTCTS

prepared using two different fixation procedures. Three Rat collagenase-3: 'BTTGTGAACTACACCCCTG3
samples per animal were fixed in a solution of 2% glutars BTGGCCAAGCT'CATGGGCAS
aldehyde and 0.7% ruthenium hexamine trichloride (RHT; '

Strem Chemicals, Newburyport, MA, USA) in 0.05 M PCR was carried out in a GeneAmp 2400 PCR system
cacodylate buffer, pH 7.4, fa3 h at4°C. They were then (Perkin-Elmer Cetus) with cycles of 94°C (15 s), 60°C (15
washed in buffer and postfixed in a solution of 1% osmiurg), and 72°C (45 s) for both type Il collagen and GAPDH
tetroxide and 0.7% RHT in cacodylate buffer foh atroom and with 94°C (15 s), 58°C (15 s), and 72°C (45 s) for type
temperature. The other three samples per animal were fixédcollagen and collagenase-3. The reaction product was
in a solution of 4% glutaraldehyde and 1 mM calciuniemoved after 30 cycles for collagenase-3, 25 cycles for
chloride in 0.05 M cacodylate buffer, pH 7.4y h at4°C. GAPDH and type Il collagen, and 42 cycles for type X
They were then washed in buffer and postfixed in a solutistollagen and analyzed by agarose gel electrophoresis. Pre-
of 1% osmium tetroxide and 2% potassium ferrocyanide ¥iously, a 10ul aliquot of each reaction product was re-
cacodylate buffer fo2 h atroom temperature. Both types ofmoved after 24, 30, 35, and 42 cycles and analyzed by
fixed blocks were dehydrated with a graded series of acggarose gel electrophoresis to assess that the reaction was in
tone and embedded in Durkupan-ACM (Sigma). Ultrathithe exponential phase of amplification. Bands were scanned
sections were cut on a Reicher Ultracut E ultramicrotomby using a densitometer (Scion Image based on National
stained with lead citrate and viewed with a JEM-2000 EX lInstitutes of Health Imager for Apple Computer, Frederick,
electron microscope (Jeol, Tokyo, Japan). MD, USA) and the signals were obtained for collagens, and
collagenase-3 in the three samples of each group were
corrected to the signals obtained for GAPDH in the corre-

RNA extraction and reverse-transcription polymerase ;
sponding samples.

chain reaction

Nine rats (3 per group) were used for preparation of tot - .
cellular RNA. Total RNA was isolated by the guanidiniumgtatlsucelI analysis
isothiocyanate procedure and separated by electrophoresia mean value for each of the tested parameters was
in 1.2% agarose-formaldehyde gels to verify the RNA incomputed on a per animal basis in the group. These values
tegrity. Complementary DNA (cDNA) synthesis and polywere used to calculate a mean and SD in each group. Data
merase chain reaction (PCR) of total RNA were performaﬁere Compared among the three groups using a one-way
with an RNA-PCR kit (Perkin-Elmer Cetus, Foster Cityanalysis of variance (ANOVA), and, when the f test was

CA, USA). Reverse transcription (RT) was carried out fogignificant p < 0.05), differences between specific means
45 minutes at 58°C with 21g of total RNA and random were tested by Student-Newmétest.

hexamers as primers in a total volume of 20 For the

amplification, a 2ul aliquot of each RT reaction was am-

plifieq in a volume of 50ul with the next oligonucleotides RESULTS
as primers:

Rat type Il collagen: SSTGGTGTGGACATAGGG- Renal failure of NX rats was confirmed by concentrations
CCT3 and BGTCTGCCCAGTTCAGGTCTC3 of serum urea nitrogen about seven to nine times higher than
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FIG. 1. Growth plate histology and longitudinal growth. (A—C) Parallel sections of the proximal tibial growth plate viewed by bright-field
microscopy after toluidine blue staining (left) and by incident-light fluorescence microscopy (right) of (A) SAL rats, (B) SPF rats with 5/6
nephrectomized rats, and (C) 5/6 nephrectomized rats NX rat at the same magnifis&&)n The distance between the lower border of the

growth plate and the fluorochrome-labeled front (space between arrowheads) appears clearly different between NX rats and the two control groups.
Please note that in lateral zones of the tibia both the growth plate and the calcein front appear curved (A) and that growth plate height is markedly
increased in NX rats. (D—F) Histochemical detection of ALP activity in growth plates from (D) SAL, (E) SPF, and (F) NX rats. It is observed
that histological differences between NX rats and control groups are restricted to the hypertrophic zone, which is characterized by positive ALP
activity (magnificationx65).

in SAL and SPF rats (Table 1). Food intake of NX and SPiRcreased in NX rats and decreased in SPF rats (Table 1). In
animals was reduced to 63% of that of SAL (Table 1). NXhe NX rats, the height of the proliferative zone, character-
rats gained less length than SPF rats, but differences wéed by no ALP activity, was not noticeably different from
not statistically significant (Table 1). However, differencethe control groups (Fig. 1). It showed the normal features
became significant when the rate of longitudinal boneith proliferating chondrocytes arranged regularly in axial
growth was considered. By using the calcein labelingolumns. By contrast, the zone of hypertrophy, character-
method, growth rate in NX rats was found to be significantlized by ALP activity was significantly wider (Fig. 1). Hy-
lower than in SPF rats and even more so than in SAL ragsertrophic chondrocytes in NX rats showed a less regular
whereas SPF rats grew significantly lower than SAL ratdistribution in vertical columns and the chondro-osseous
(Table 1; Fig. 1). Growth plates from NX rats becamgunction appeared more irregular than in either SAL or SPF
altered, being greater and more irregular than those of batits. Both the height of the growth plate and the number of
groups of control rats. It is remarkable that growth plateshondrocytes per column were significantly increased in
from NX and SPF rats showed a divergent alteration in tHéX rats (Table 1), whereas cell height increase per hour at
sense that, when compared with SAL, their heights wetke distal strata and terminal chondrocyte height were sig-
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TABLE 2. CeLL HEIGHT AND CELL HEIGHT INCREASE PERHOUR AT THE DIFFERENT STRATA OF GROWTH
PLATES IN THE THREE GROUPS OFRATS?

SAL SPF NX

Cell height @m)

S1 8.2+ 0.7 8.1+ 0.6 8.5+ 0.5

S2 9.2+ 0.7 9.9+ 0.9 9.6+ 0.6

S3 20.3+ 2.1 22.0+ 3.3 18.9+ 1.4

S4 35,5+ 25 371+ 2.4 33.4+ 3.0"

S5 39.5+ 2.8 38.4+ 2.6 34.2+ 3.2%T
Cell height increase ratqu(n/h)

S1 — — —

S2 0.03+ 0.02 0.08+ 0.03* 0.02+ 0.01"

S3 0.81+ 0.24 1.13+ 0.49 0.26+ 0.09*"

S4 1.92+ 0.38 2.28+ 0.49 0.70+ 0.27*"

S5 0.57+ 0.23 0.21+ 0.11 0.04+ 0.02%"

aEach point is the mean value of 8 animaisSD.
*p < 0.05when compared with SAL* p < 0.05when compared with SPF.

nificantly decreased (Table 2). Morphometric data indicated Comparable results were obtained when type X collagen
that uremia affected differentiation from prehypertrophiexpression was studied. In SAL rats, type X collagen ex-
chondrocytes to chondrocytes that were properly hypertrpression suddenly appeared at the early hypertrophic zone
phic. (S3), peaked in S4, and declined to moderate values in the
The expression of mMRNAs of type Il and X collagens anchost distal chondrocytes (S5) (Fig. 2B). Differences be-
collagenase-3 was analyzed by in situ hybridization (Fig. 2veen SAL and SPF rats were found in expression levels
and quantitated by horizontal stratum (Fig. 3). In normdbreater in SAL rats; Fig. 3) but not in the duration of the
SAL rats, type Il collagen expression was observed in gheriod of expression (Table 3). Taken together, these results
growth plate zones although changes in the level of expresdicate that chondrocytes from SAL rats expressed higher
sion were found for chondrocytes located at different horlevels of type X collagen during a similar period of time
zontal strata of the same vertical column (Fig. 2A). Type lthan those from SPF rats. In spite of such differences, type
collagen expression was low in the most proximal stratuiX collagen expression extended from early hypertrophic
(S1), increased in S2, peaked in S3, and then showedtl@ondrocytes to chondrocytes located at the site of vascular
progressive decrease to reach relatively low values in thevasion in both groups and then it could be considered that
most distal stratum (S5; Fig. 3). In SPF rats, the pattern tife expression pattern along vertical columns of chondro-
type Il collagen expression along the vertical columns afytes was not changed substantially (Figs. 2B and 2E). By
chondrocytes was basically the same as in SAL rats (Figontrast, the pattern of type X collagen expression in growth
2D), but values for expression levels, as estimated by cytplates from NX rats did vary. Expression of type X collagen
chemical stain intensities, were significantly lower (Fig. 3)was high only in a narrow stripe of cartilage beginning at
Type |l collagen expression in NX rats was not noticeablthe early hypertrophic zone and extending to a few layers of
different from the control groups at the proliferating ang¢hondrocytes. Beyond this point, type X collagen expres-
early hypertrophic chondrocytes (Fig. 2G). However, it wasion suddenly dropped and was hard to recognize at the
significantly decreased in the two distal strata (S4 and Shjost distal layers of hypertrophic chondrocytes (Fig. 2H).
and in the last stratum (S5) it was extremely low (Figs. 2Ghe occurrence of negative chondrocytes located at both the
and 3). Thus, chondrocytes located at the abnormally eproximal and the distal edges of the positive cells in a
tended zone of hypertrophic cartilage of the NX ratsgrowth plate column means in terms of a temporal sequence
growth plates showed little or even no expression of type that type X collagen expression was turned on at the begin-
collagen. Hypertrophic chondrocytes showing no expresing of the hypertrophy and subsequently was turned off at
sion of type Il collagen were metabolically active, as provea later step of the abnormally extended hypertrophic process
by expression of GAPDH, a constitutively active housen NX rats. It was estimated that in NX rats type X collagen
keeping gene (Fig. 4). Because the spatial arrangementeapression ceased about 19.8 h before ossification. Never-
chondrocytes within columns reflects their development intheless, the estimated duration during which each chondro-
temporal fashion, the occurrence of negative chondrocytegte expressed type X collagen in NX rats was found to
at the distal layers of a growth plate column means in ternbe significantly higher than in both SAL and SPF rats
of temporal sequence that type Il collagen expression wéBable 3).
turned off at a specific point of the abnormally extended Unlike collagens, the expression pattern of collagenase-3
process of hypertrophy in NX rats. Type Il collagen expresvas not remarkably changed by uremia. In SAL rats,
sion was estimated to cease about 24.7 h before ossificatamilagenase-3 expression was very low at the proliferating
in NX rats. chondrocytes, increased at the early hypertrophic chondro-
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FIG. 2. In situ hybridization of type Il and X collagens and collagenase-3 in growth plates from (A—C) SAL, (D-F) SPF, and (G—I) NX rats. Note
that no substantial differences between SAL and SPF rats are found in the expression patterns along vertical columns of chondrocytes fobte three pro
studied. Type Il collagen expression in (A) SAL and (D) SPF rats is observed on the whole extent of the growth plate. Type X collagen expression
suddenly changes from zero to relatively high levels at the early hypertrophic zone in both (B) SAL and (E) SPF rats. Collagenase-3 expression in both
(C) SAL and (F) SPF rats was located mainly at the hypertrophic cartilage. There are substantial changes in the expression pattern of botlesollagen typ
in NX rats. Type Il collagen expression in NX rats (G) is not noticeably different from the control group at the proliferating and early hypertrophic
chondrocytes but is significantly decreased at the distal zone of the growth plate. Chondrocytes found in the abnormally extended zone of hypertrophi
cartilage show little or even no expression. Type X collagen expression in growth plates from (H) NX rats is significantly decreased at the lower layers
of hypertrophic chondrocytes. By contrast, collagenase-3 expression in (I) NX rats is observed in chondrocytes located at the abnormally extended
hypertrophic cartilage of these animals (magnification is the same for all micrograp@s).

cytes, and reached maximal values in chondrocytes locatgaently, the expression of the enzyme reached moderate
at S4, which corresponded to the stratum in which cellalues in the most distal chondrocytes (Figs. 2C and 3).
height increase per hour was maximal (Table 2). Subsakhough there were differences between SAL and SPF rats,
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the expression pattern was similar in these two groups of

control rats (Figs. 2C and 2F). In NX rats, the expression
pattern of collagenase-3 was basically the same as in control
groups; that is, it was highly expressed at the early hyper- ==
trophic zone and then the signal gradually decreased along;?
the distal end (Fig. 2I). Nevertheless, collagenase-3 expres- i,
sion was detected on the whole extent of the hypertrophic :,:'}" :
cartilage. Thus, a weak but specific signal for collagenase-3,%
was detected even at chondrocytes closed to the osseochor .

%

dral junction, those located at the abnormally extended zone:,“:""";«-»f :
of the growth plate of these animals (Fig. 2I). As a result, s (% %

the estimated time for the duration of the period during °~
which each chondrocyte expressed collagenase-3 was?, .

98.7 h (Table 3), a value much higher than those estimated =~ Gei

for either SAL or SPF rats (39.3 and 33.7, respectively). As
for collagenase-3, ALP activity was detected on the whole '
extent of the hypertrophic cartilage of NX rats (Fig. 1).
Nevertheless, it was significantly lowered when compared

with control rats (Fig. 3).

Results on mRNA levels obtained by PCR amplification
agreed with those obtained by in situ hybridization on tissue
sections. Levels of type Il and X collagens in NX rats were #.:
lower than in SPF rats and even more so than in SAL r
(Fig. 5). By contrast, collagenase-3 levels were higher

chondrocytes located at different
horizontal strata of the same ver-
tical column. Although values for
expression levels significantly
vary, expression profiles are basi-
cally the same in SAL and SPF
rats. NX rats had significant de-
creases in collagen expression at
the distal region of the growth
plate with less impairment of
both collagenase-3 expression
and ALP activity.
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al;?G. 4. Parallel serial sections of growth plates from NX rats
M/bridized to the type Il collagen probe (left) and to the GAPDH

NX rats than in SPF rats. ) probe (right). Hypertrophic chondrocytes not expressing for type Il
The result that collagen expression was depressed cfliagen are metabolically active because they express the consti-
growth plate chondrocytes from NX rats, together with thgitive enzyme GAPDH (magnification is the same for the two

demonstration that collagenase-3 expression was affecteidrographs,x105).
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TaBLE 3. ABsSOLUTE NUMBERS AND PERCENTAGES OFPOSITIVE CELLS TO TYPE Il CoLLAGEN, TYPE X COLLAGEN, ALP
AcTiviTY, AND COLLAGENASE-3 IN A VERTICAL CELL COLUMN AND ESTIMATED EXPRESSION
TIME LENGTHS IN THE THREE GROUPS OFRATS?

SAL SPF NX

Type Il collagen

Cells/column 28.5- 2.3 21.6+ 3.8* 35.0+ 5.5*"

Percentage 90.7 3.1 87.1+ 8.3 70.5+ 3.7+T
Type X collagen

Cells/column 9.7+ 1.0 89+t 14 11.0+ 2.1"

Percentage 30.8 1.5 35.8+ 2.8* 222+ 2.7%"

Expression time length (h) 294 5.0 29.3+ 6.4 54.7+ 14.3*7
Collagenase-3

Cells/column 13.2£ 0.9 10.3= 1.4* 19.8+ 2.7+

Percentage 419 2.6 42.3+ 8.2 39.9+ 1.8

Expression time length (h) 3985.3 33.7+ 4.9 97.8+ 20.4*T
ALP activity

Cells/column 8.3t 0.9 7512 12.6+ 2.0*"

Percentage 265 1.9 30.3+ 2.4* 25.4+ 21"

Expression time length (h) 25045 248+ 5.2 62.3* 14.2%T

aEach point is the mean value of 8 animalsSD.
*p < 0.05when compared with SAL p < 0.05when compared with SPF.

scantily strongly suggested that uremia might yield a intween territorial and interterritorial matrix was greatly at-
balance between collagen formation and degradation armhuated. Moreover, the interterritorial matrix appeared
this could lead to changes in the content and/or structure mdorly calcified, being mineral deposits were scarce in num-
the ECM. To test this last possibility, the ultrastructure dber and small in size (Figs. 6D and 6F). As a result,
growth plate matrix was studied by transmission electrdongitudinal septa appeared rather ill defined at the hyper-
microscopy (Fig. 6). The ECM of the growth plate fromtrophic cartilage and appeared not to protrude into the
SAL and SPF rats shared most of their ultrastructural feprimary spongiosa, in which osteoblasts formed disorga-
tures. Both groups exhibited a well-defined structural orgaized clusters.

nization in which three different zones could be defined

according to collagen fibril architecture: a pericellular ma-

trix forming a narrow mantle around each chondrocyte in DISCUSSION

which collagen fibrils were virtually absent; a territorial

matrix, located between adjacent chondrocytes in the samélresent results indicate that uremia alters the normal
axial column, composed by a network of intermingled colpatterns of chondrocyte maturation and the rates and degree
lagen fibrils; and a interterritorial matrix, located betweenf substitution of hypertrophic cartilage with bone as well as
cell columns, formed by large bundles of longitudinallythe pattern of expression of type Il and X collagen genes. In
oriented collagen fibrils (Figs. 6A—6C). Fibril diameter wadNX rats, there was a generalized decrease of collagen ex-
fairly uniform in the different zones (about 20 nm) except gtression but this was especially marked in the abnormally
the resting zone, which contained some thicker fibrils (aboektended zone of the hypertrophic cartilage, where chon-
50-100 nm). Clusters of electron-dense calcified granuldsocytes showed very low or even no collagen expression.
were first observed within the interterritorial matrix of theOn the other hand, collagenase-3 expression was affected to
early hypertrophic zone. In the lower region, the interterra lower degree, suggesting an imbalance between synthetic
torial matrix appeared almost completely calcified formingnd degradative activities for cartilage collagens. Changes
mineralized longitudinal septa (Fig. 6A). Such septa pron gene expression were coupled to both modifications in
truded into the primary spongiosa and served as a scaffolee collagen fibril architecture and alteration of the miner-
to osteoblasts, which formed a single cell layer around theafization pattern. Because the growth plates of uremic and
and produced the first osteoid. In growth plates from NXPF rats were substantially different, modifications ob-
rats, the ultrastructure of the ECM basically was unchangsédrved in these animals cannot be attributed to the nutri-
at the proliferating and early hypertrophic chondrocytesional deficit associated with renal failure. These results are
However, several alterations were observed at the distainsistent with the hypothesis that collagen metabolism is
zone of the hypertrophic cartilage, where the vertical diangisturbed specifically in the growth plates of uremic rats.
eter of chondrocytes was significantly reduced (Fig. 6D). At The ECM of cartilage plays a critical role in regulating
this zone, the parallel orientation of collagen fibrils in th¢he diffusion of nutrients, metabolites, and hormones be-
interterritorial matrix changed to a more network-like artween the chondrocytes and the relatively distant blood
rangement (Figs. 6E and 6F). Therefore, distinction beessels of connective tissue. As a result, the ECM influences
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that alteration of collagen metabolism in growth plate chon-
drocytes could be a key process underlying growth retarda-
SAL SPF Nx Marker V tion in uremia. Moreover, because collagens are the com-
ponents responsible for providing the ECM with a fibrillar
network to arrange chondrocytes as well as other matrix
components, changes in collagen expression observed in
uremic rats may likely be a primary determinant of the

GAPDH ) o

abnormal chondrocyte differentiation process rather than a
COL-3 secondary consequence. Accordingly with this suggestion,
COLX ‘e it has been reported that both collagen type Il and X play a
COL IT critical role in the terminal differentiation of the hypertro-

phic cartilage, because they interact with the matrix vesicles
activating C&" loading and initiating mineral depesi
tion.®>3%) Data reported in the this article are in good
accordance with these former findings because hypertrophic
cartilage of uremic rats showed both decreased collagen
expression and defective mineralization and this resulted in
the generation of an abnormal terminal differentiation stage
consisting of a distinct cell population having size and shape

% alterations, which is accumulated at the metaphyseal surface
of the growth plate. It is of note that ALP, an enzyme
20 implicated in cell-mediated mineralization, was found in
hypertrophic chondrocytes of uremic rats at relatively high
15 - e levels. Therefore, defective mineralization cannot be attrib-
- uted to lack of activity of this enzyme.
10 - \\\\§ The fact that uremia caused decreased collagen expres-
\ OCol-l sion and enlargement of the growth plate cartilage may
5 - \ B Col-X appear contradictory, es_pecially if it is considered tha_lt mal-
N Col3 nutrition alone (SPF animals) induced a decre_ase in both
0 N longitudinal bone growth and growth plate height (when

compared with SAL animals). However, it may be ex-
plained in light of the fact that an increased height of the
FIG.5. RT-PCR amplification of GAPDH, collagenase-3, and type Igrowth plate does not necessarily correspond to a higher
and type X collagen mRNAs from SAL, SPF, and NX rats. PCRnetabolic activity of this cartilag€® Growth plate height
reactions were stopped at the exponential phase of amplification. Progthe result of two antagonistic processes: Chondrogenesis
ucts were separated on a 2% agarose gel electrophoresis in Tris-bogt@| ossification. In isolation, chondrogenesis would lead to
buffer. DNA molecular weight marker was marker V (Boehringer, rogressive widening of the growth plate but, simulta-

Mannheim). Bands were scanned by using a densitometer, and .
signals obtained for collagens and collagenase-3 in the three samples§PUS|y’ the metaphyseal border of the growth plate is

each group were corrected to the signals obtained for GAPDH in tﬁ@vaded by bIOOd, vessgls and bone C,e” precursors, which
corresponding samples. remodel the cartilage into bone. During normal growth,
chondrogenesis and ossification are tightly coupled so that
the height of the growth plate remains basically constant.
We have previously reported that this dynamic equilibrium
the behavior of the chondrocytes that contact it, regulatirig disturbed in severely uremic rdfd.In the same way, it
their proliferation, migration, shape changes, gene exprascently has been reported that the size of the growth plate
sion, and even cell surviv&® 29 Therefore, changes in thein NX rats varied depending of the ingest of calcififi.
synthetic capabilities of chondrocytes directly influence thEhese authors have proven that the growth plate was en-
properties of the ECM, which in turn exerts a feedbackarged in NX rats ingesting a high-calcium diet whereas it
effect on the activities of the cells. On this basis, it could bappeared unmodified in NX rats given low-calcium levels.
suggested that chondrocytes might partially regulate théiurthermore, growth plate enlargement was associated with
activity indirectly via changes in the composition and struadiminished tibial growth, low tartrate-resistant acid phos-
ture of the ECM. In support of this idea is the finding thaphatase activity (a marker of osteoclasts), and decreased
many endocrine factors exert their effect affecting the gesteocalcin mMRNA expression. By contrast, these authors
netic expression of matrix componeft§:®? Because did not find significant changes in the expression levels of
chondrocyte differentiation in the growth plate is associatdgipes Il and X collagens. Data of the present study do not
closely with profound changes in the nature and structure afree with that last result, because a significant decrease in
the ECM and considering that present data proved thidie expression of types Il and X collagens has been found in
uremia induced changes in the expression pattern of tbleondrocytes located at the abnormally extended zone of
major structural matrix proteins, it is reasonable to suggédsypertrophic cartilage of the NX rats. This result provides

SAL
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FIG. 6. Electron microscopy of growth plates
from (A—C) SAL and (D—F) NX rats. (A) Chon-
drocytes of the lower hypertrophic zone of a
SAL rat. The interterritorial matrix appears al-
most completely calcified-forming mineralized
longitudinal septa. (B) Pericellular, territorial,
and interterritorial compartments of the matrix in
the early hypertrophic zone. (C) Higher magni-
fication of the interterritorial matrix showing the
large bundles of longitudinally oriented type Il
collagen fibrils. (D) Chondrocytes of the lower
hypertrophic zone of an NX rat. Chondrocytic
height is significantly reduced and the interterri-
torial matrix appears poorly calcified. (E) Terri-
torial matrix at the left and the interterritorial
matrix at the right in the lower hypertrophic zone
of NX rats. Note that the parallel orientation of
collagen fibrils in the interterritorial matrix
changes to a more network-like arrangement. (F)
Higher magnification of the interterritorial ma-
trix of an NX rats showing low-compacted col-
lagen fibrils and small mineral deposits. (A and
D) Fixed in 2% glutaraldehyde and 0.7% RHT;
(B, C, E, and F) fixed in 4% glutaraldehyde and
1 mM calcium chloride [magnifications: (A and
D) X900; (C) X12,200; (E) x4500; (F)
x19,800].

support for the assumption that changes in the morphologrpphic cartilage volume and collagenase actifif{/In the

and dynamics of the growth plate of uremic rats are correame way, we also have reported in normal growing rats
lated to disturbances in expression pattern of matrix colléhat collagenase-3 expression is low in the most distal zone
gens. of the hypertrophic cartilage, that adjacent to the vascular

Uremia also had an effect on the expression dfivasiont*® The relatively minor affectation afollagenase-3

collagenase-3 but it was different to that observed on caxpression in growth plates, in which the replacement of
lagen expression. Collagenase-3 levels in NX rats webhgpertrophic cartilage by bone is depressed severely, and its
lower than in SAL but higher than in SPF rats. Furthermorghysiologically weak expression at the ossification front
in situ studies proved expression of the enzyme on tlseiggest that this enzyme could be associated more directly
whole extent of the hypertrophic cartilage. Because theith chondrocyte hypertrophy than with the replacement of
hypertrophic zone was enlarged, the number of positieartilage by bone at the metaphyseal end. However, this
cells for collagenase-3 in uremic rats was even significanttioes not rule out a role of collagenase-3 in the ossification
higher than in controls. These results are basically coingrocess. Because both vascularization and ossification are
dent with those observed in rachitic rats in which decreasédyhly dependent on previous chondrocyte hypertrophy,
bone growth rate was coupled to increases of both hypesllagenase-3 could be required to generate primary
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