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Abstract

The effect of the inhibition of the resorptive activity of osteoclastic cells induced by
bisphosphonate treatment on the primary spongiosa derived from the calcified cartilage
of the growth plate was studied. We focused our attention on the primary spongiosa
because it is the initial trabecular bone network that is first formed directly from growth
plate mineralized cartilaginous septa. The study was carried out in male Sprague-Dawley
rats at the age of 35 days, coinciding with the prepubertal growth spurt, a stage
characterized by the highest values for growth rate. Animals were classified in two
groups, controls and rats treated with clodronate 60 mg/kg/day. Body weights and
tibial length were measured. The rate of longitudinal bone growth was obtained by
calceine labelling and the height of the growth plate cartilage was measured.
Histochemical analysis included Alcian blue staining, detection of tartrate-resistant acid
phosphatise (TRAP) activity, von Kossa staining for mineralization and immunolocalization
of proliferating cells. Microscopic examination revealed numerous tartrate-resistant
acid phosphatase (TRAP)-positive cells at the chondroosseous junction and associated
with subchondral trabeculae in control rat and that clodronate treatment induced a
marked reduction of these cells. Clodronate-treated rats presented thinner subchondral
trabeculae that were more irregularly oriented and decreased cell proliferation in the
primary spongiosa. Results obtained showed that changes induced by clodronate
treatment has little effect on the activity of the growth plate cartilage, without a
significant effect on longitudinal bone growth even at doses much higher than those
used in clinical practice.

Keywords: Growth Plate; Primary Spongiosa; Chondrocytes; Clodronate.

Introduction

The longitudinal growth of bones is the result of the action of the growth plate
cartilage, a layer of cartilage located between the epiphysis and metaphysis of long
bones. Growth plate activity leads to a continual generation of cartilage that acts as a
scaffold for differentiation and growth of the osseous tissue [1,2]. A specific feature of
chondrogenesis in the growth plate is that chondrocytes become aligned into
longitudinal columns. At the uppermost position, on the zone adjacent to the epiphysis,
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chondrocytes are irregularly scattered in the cartilage matrix.
This layer is narrow and irregularly contoured and is referred
to as the resting zone. Chondrocytes of the resting zone are
rounded, small and exhibit a low proliferative rate.
Subsequently, chondrocytes become flattened, enter the cell
cycle and undergo active cell division in a manner that
daughter chondrocytes from a cell division lie one above the
other and this lead to the formation of columns parallel to the
long axis of the bone. This layer is referred to as the
proliferating zone and actively contributes to elongation of
the columns and of the whole growth plate. After a number of
cell divisions, chondrocytes exit the cell cycle and begin to
increase in cell volume up to ten times, a process that also
contributes to the elongation of the columns and of the whole
growth plate. Chondrocytes of this hypertrophic zone
undergo terminal differentiation that involves secretion of
signaling molecules influencing the behavior of endothelial
cells, osteoclasts and osteoblasts. Finally, hypertrophic
chondrocytes are replaced by blood vessels and osteoblasts,
which then form osseous trabeculae at the metaphyseal end.
Thus, cartilage increase is balanced with a coordinated
process of cartilage resorption and replacement by cancellous
bone at the diaphyseal side. As a result, the width of the
growth plate remains basically constant while the amount of
metaphyseal osseous tissue is continuously increasing [3].

An essential process for endochondral ossification is the
controlled degradation of the cartilage to allow deposition of
bone matrix by osteoblasts [4]. Multi-nucleated cells
resembling osteoclast-like giant cells are present at the
chondroosseous junction associated with the tips of in
growing capillary sprouts. The invasion of the ossification
front requires an extensive but selective degradation of
cartilage matrix. Terminal transverse septum of growth plate
cartilage are degraded to allow capillaries to bud into the
lower hypertrophic zone but the vertical walls that divide the
chondrocyte columns are preserved and form the longitudinal
mineralized cartilage septa that comprise the substrate onto
which osteoblasts deposit the bone of the primary spongiosa.
Thus, an accurate matrix degradation is necessary for the
formation of the primary bone trabeculae. Because of their
evident role in cartilage resorption, multinucleated cells at
chondroosseous junction are named for some authors
chondroclasts although other consider them as osteoclasts
since they express cellular markers of the osteoclast-like
phenotype, like TRAP+, cathepsin K+, MMP9+, CD14-,CD51+,
HLA-DR-, CD45+, and CD68+ [5].

The bisphosphonates are a class of chemicals that strongly
inhibit osteoclast-mediated bone resorption and are effective
for preventing and treating skeletal disorders associated with
hyper resorption and bone loss. Overall, these drugs have
been used for treatment of bone disorders in adults and have
shown to have a strong safety and tolerability profile [6]. The
use of bisphosphonate therapy in the pediatric population
was introduced in 1998 to treat children with severe
osteogenesis imperfecta and resulted in reduction in bone
resorption, increase in bone density, and reduction in fracture

incidence [7]. These drugs were subsequently considered for
treatment of other pathologies like steroid-induced
osteoporosis and hypercalciuria. As bone in children is a
growing tissue their effect could be different from adults. Due
to their inhibitory effect on osteoclast activity, these drugs
could affect the function of chondroclasts at chondro-osseous
junction and could interfere with cartilage resorption and the
formation of the first trabecular structures at the primary
spongiosa. In this way, it is known that treatment with
bisphosphonates gives rise to transverse radiopaque lines in
the metaphyseal or diaphyseal part of long bones that are
considered as a trace of a temporary bone growth arrest [7].
Furthermore, it has been reported that some compounds
closely related to clodronate are avidly taken up in the region
of the growth plate where cartilage is being replaced by bone
[8]. Thus, it could be considered that bisphosphonate
treatment could affect normal growth plate function. However,
most of the studies on these drugs have been performed on
adults and their effect on growth plate activity are little known
since most studies of the effects of bisphosphonates on long
bones are limited to traditional radiography [9].

In the present work, we focused our attention on the
primary spongiosa because it is the initial trabecular bone
network that is first formed directly from growth plate
cartilage. This first trabecular structure is composed of
cartilage bars and woven bone and is subsequently resorbed
and replaced by lamellar bone to produce the secondary
spongiosa. We analyzed the effect of treatment with
clodronate becauseitisone of the bestknown bisphosphonates
that has been largely and effectively used for treating many
osteometabolic  disorders characterized by excessive
resorption. Clodronate is metabolized by osteoclasts and
induces the production of toxic analogs of adenosine
triphosphate (ATP) that accumulate intracellularly in these
cells, resulting in induction of osteoclast apoptosis [10,11]. On
this basis, we hypothesize that inhibition of the resorptive
activity of osteoclast-like giant cells induced by
bisphosphonate treatment may affect the normal formation
of the primary spongiosa derived from calcified cartilage.

Materials and Methods

The study was carried out in male Sprague-Dawley rats
obtained from the animal facility building of the University of
Oviedo. Rats of 22 days of age were housed in individual
cages under controlled conditions of light (12 light/dark
cycles) and temperature (21-23°C) with free access to rats’
standard diet and tap water. Procedures involving animals
and their care were conducted according to Spanish law on
the use of experimental animals, which acknowledges the
European Directive 86/609. All experiments were performed
in accordance with the European Community guidelines for
the care and use of laboratory animals (no. 07430) and were
approved by the institutional Ethical Committee of the
University of Oviedo, Spain (BOPA 47).

After 3 days of adaptation, the animals were classified in
two groups of six rats each for treatment with clodronate or

Int ] Biochem Pharmacol.
ISSN 2689-7695

Volume 2 « Issue 1 « 1000106 28



International Journal of Biochemistry and Pharmacology

vehicle. The dose of clodronate 60 mg/kg/day dissolved in
sterile saline and vehicle was sterile saline. They were
administered subcutaneously daily, treatment starting on the
day 25 and continuing until day 35, when animals were
sacrificed under lethal dose of Dolethal® anaesthesia. The
dose of clodronate, 60 mg/kg/day, was chosen on the basis of
that of humans, 23 mg/kg mg daily by oral administration.
Since the absorption of clodronate by oral administration is
about 2.5%, the effective dose is about 0.57 mg/day [12].
Thus, 60 mg/kg/day is about ten times greater than that used
for humans. The age of the rats (35 days) was chosen to
coincide with the prepubertal growth spurt, a stage
characterized by the highest values for growth rate. All
animals received intraperitoneal injections of calceine (Sigma,
Saint Louis, MO, USA), 15 mg/kg body weight, and 5-bromo-
2’-deoxyuridine (BrdU) (Sigma, Saint Louis, MO, USA), 100
mg/kg body weight, four days and one hour before sacrifice,
respectively.

Body weights were measured in all rats on the day they
were killed. Tibiae were immediately isolated after death,
measured with a sliding mechanical caliper (accuracy 10 mm)
and cut through the sagittal plane of the epiphysis into two
equal-sized parts, obtaining four tibial halves from each
animal. Two tibial halves were embedded in paraffin to obtain
sections which were used for histochemical studies. One tibial
half was processed for mineralization studies and the last
tibial half was processed to obtain semithin sections. Tissues
for histochemical studies were fixed by immersion in 4%
paraformaldehyde at 4°C for 12 hours, rinsed in PBS,
decalcified in 10% EDTA (pH 7.0) for 48 hours at 4°C,
dehydrated through a graded ethanol series, cleared in xylene
and embedded in paraffin. Sections were cut at a thickness of
5 um and mounted on Super frost Plus slides (Menzel-Glaser).
Serial sections were used for trichrome staining, detection of
tartrate-resistant acid phosphatase (TRAP) activity and
localization of proliferating cells. Weigert's hematoxylin/
alcian blue/picrofuchsin was used to distinguish cartilage
matrix (blue) from bone matrix (red). TRAP activity was used
as a marker of the osteoclast lineage [13] and was determined
by incubation with 50 mM sodium acetate (pH 5.2) containing
0.15% Napthol-AS-TR-phosphate, 50 mM sodium tartrate,
and 0.1% Fast Red T.R. (Sigma). Proliferating cells were
visualized immunocytochemically. Sections were placed in 2
N HCl for 30 min at 37°C for DNA denaturation, washed and
incubated with an anti-BrdU monoclonal antibody (1:20;
Sigma). Immunostaining was then performed using a mouse
ExtrAvidinR peroxidase staining kit (Sigma). For studies of
matrix mineralization, tissues were fixed in 4%
paraformaldehyde in PBS for 5 hours at 4°C, dehydrated in
acetone, embedded in Durkupan-ACM (Sigma) and sectioned
at 2 yum on a ReicherUltracut E ultramicrotome. The von Kossa
staining was used to detect mineralization by setting sections
in 1% AgNO, for 60 min at room temperature and fixed with
5% sodium hyposulfite. Semi thin sections were obtained
from tissues fixed in 2% glutaraldehyde and 0.7% ruthenium
hexamine trichloride (RHT) (Strem Chemicals) in 0.05 M

cacodylate buffer, pH 7.4, for 3 hours at 4°C. They were then
post fixed in 1% osmium tetroxide and 0.7% RHT in cacodylate
buffer for 2 hours. After washing, they were dehydrated with
acetone, embedded in Durkupan-ACM (Sigma), sectioned at
0.5 ym on a ReicherUltracut E ultramicrotome and stained
with toluidine blue.

Determination of the rate of longitudinal bone growth
was obtained by measuring the distance between the zone of
vascular invasion in the growth plate and the proximal end
point of the fluorescent label of calceine. Measurements of
the distance between the zone of vascular invasion into the
growth plate and the proximal end point of the calceine front
were obtained at four randomly determined locations on
each of the three sections per animal, and the mean of these
measurements divided by 4, the number of days between
calceine injection and killing, was considered the longitudinal
bone growth per day in each animal. Likewise, the height of
the growth plate was estimated by measuring its height at
four randomly chosen locations on each section.

Standard bone histomorphometric analyses [14] were
performed on von Kossa stained sections by using Bioquant
Image Analysis software (BioquantOsteo, Image Analysis
Corporation, Nashville, USA). Trabecular bone micro
architecture was evaluated in the metaphysis in a region that
began proximal to the growth plate and extending 500 pm
downward through the metaphysis of the tibia, thereby
comprising the primary spongiosa. Trabecular bone
parameters included trabecular bone volume fraction (BV/TV,
%), endochondral cartilaginous matrix volume (CgV/TV, %),
trabecular thickness (Tb.Th, mm), trabecular number (Th.N,
mm-"), trabecular spacing (Tb.Sp, mm), TRAP+ osteoclast-like
cell number (Oc.N, mm) and percent surface (Oc.S, %). Finally,
the number of proliferating cells (BrdU-labeled cells) in the
primary spongiosa was counted and the total number was
referred to the bone area (N.Pc/B.Ar, mm?).

Experimental values are given as means + standard error
of the mean (SEM). The comparisons between the clodronate
treated and control groups were analyzed with t-tests. Results
were considered statistically significant if a p value was <0.05.
Statistical analyses were performed using SPSS version 24.0.

Results

Mean body mass was similar in both treated and control
rats (Table 1). Likewise, there was no significant difference in
mean tibial length between control and clodronate-treated
rats (Table 1). Furthermore, the treatment had no effect on
the overall structure of the growth plate, the chondrocytes
being organized into cell stacks orientated parallel to the
vertical axis of the tibia as in the control animals, and there
was no significant alteration in growth plate height, or
proliferating or hypertrophic zone heights (Table 1). The rate
of longitudinal bone growth was slightly decreased in
clodronate-treated rats compared with the control but such
difference was not statistically significant (Table1).
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Table 1. Analyses of clodronate-treated and control rats. Body . R © } YO 77 E ajg Tz
weight, longitudinal growth rate, growth plate height and T f SIRV S ‘.é-‘= AP e £ ¥ ! .
trabecular bone structural parameters. Vi At S ‘&' ": i g ¥ [ ) A’
Y, W | % _;-,: ¢ r? L& :
Control Clodronate g g FLl NOB R
BW () 136,58 + 3.06 131.15 + 446 i g i S
: b 1) 7 Ym A b
TL (mm) 31.52 £ 0.93 30.30 + 1.02 yee/ Ay Vgt Bt AT
A EoluL e el
GPH (um) 74113 £ 42.31 | 789.67 £ 50.50 LYY L4 . ';«‘- g 4
LGR (um/day) | 240.77 + 14.48 | 228.77 + 16.55 B Y \' 3 i ‘t.;(,_ ;
BV/TV (%) 1523 + 1.65 | 12.70 + 1.98* ¥ N R
CgV/TV (%) 8.30 + 0.99 11.72 £ 1.29* i ’} L, ?“_
Tb.Th (mm) 0.04 + 0.004 0.035 + 0.005* AN T ' _\; ‘
Tb.N (mm™) 490 + 0.15 543 + 0.32* Figure 1. Section of the distal hypertrophic cartilage and
Tb.Sp (mm) 023 + 0.05 019 + 0.03 metaphysis of a tibia from a control rat reacted for TRAP activity
- — — and stained with Alcian blue. Numerous TRAP-positive cells are
Oc.N/TS (mm?) 6.95 + 0.87 2.68 + 0.98* present at the chondroosseous junction and also associated with
Oc.S/BS (%) 17.77 + 1.30 6.23 + 1.04* subchondral trabeculae (red). Mineralized longitudinal septa from
" the cartilage projecting into the underlying metaphysis can been
P.C/TS 4285 + 5.2 19.58 + 5.99 seen. Scale bar=200 pm.

Measurements are shown as mean + SEM. BW: Body Weight; TL:
Tibial Length; LGR: Longitudinal Growth Rate; GPH: Growth Plate
Height; BV/TV: Trabecular Bone Volume Fraction; CgV/TV: Cartilage
Volume Fraction; Tb.Th: Trabecular Thickness; Tb.N: Trabecular
Number; Th.Sp: Trabecular Spacing; Oc.N/TS: Number of
Osteoclasts per Trabecular Surface; Oc.S/BS: Osteoclast Surface/
Bone Surface; P.C/TS: Number of Proliferating Cells per Trabecular

Surface. *p<0.05.

Microscopic examination of the zone immediately below
the growth plate cartilage in tibial sections from control rats
revealed numerous tartrate-resistant acid phosphatase
(TRAP)-positive cells at the chondroosseous junction and also
associated with subchondral trabeculae mainly oriented
parallel to the long axes of the bone (Figure 1). Calcification
was observed at the lowest layers of the hypertrophic zone in
the longitudinal septa of cartilaginous matrix between
columns of chondrocytes whereas little to no mineralization
was found in the transverse septa between adjacent
chondrocytic lacunae within a row. Transverse unmineralized
septa of terminal hypertrophic chondrocytes were observed
to be degraded and invading capillary vessels and
mononuclear cells passed into opened hypertrophic
chondrocytic lacunae. In control rats, a clear inter linkage
between the mineralized longitudinal septa of the hypertrophic
cartilage and the primary spongiosa was observed. Mineralized
longitudinal septa projected into the underlying metaphysis
and served as a scaffold upon which osteoblasts were able to
spread and deposited mineralized osseous matrix. As a result,
first trabecular bone structures containing cartilaginous
matrix cores were found nearly the growth plate (Figure 1).
Multinucleated large osteoclast-like cells were observed at
the base of the growth plate close to endothelial cells and
perivascular cells at the forefront of the advancing capillaries
(Figure 2). These cells were not located just in the advancing
capillary front but were closely behind it, appearing to be
associated with calcified longitudinal septa and not with
resorption of transverse to allow the advance of invasive
capillaries (Figure 2).

Figure 2. Semithin section of a tibia from a control rat stained with
toluidine blue. Multinucleated large osteoclast-like cells are
observed (arrows). Note that they are not located just in the

advancing capillary front but are closely behind it, close to calcified

cartilaginous septa in the primary spongiosa. Scale bar=30 pm.

Histological analyses of TRAP staining in the primary
spongiosa of tibial sections from clodronate treated rats
revealed a noteworthy decrease when compared with control
rats (Figure 3). Both osteoclast-like cell number and osteoclast
surface were significantly decreased, with a 3-fold decrease of
these cells in clodronate-treated rats (Table 1). Microscopic
examination of semithin sections revealed that multinucleated
large osteoclast-like cells disappeared in tibial sections from
clodronate treated rats (Figure 4). In these samples, some
TRAP-positive cells persisted but they were smaller in size and
mono nucleated. Vascular invasion was found to be altered
by clodronate treatment. Capillary network was less organized
in clodronate treated rats, with metaphyseal blood vessels
oriented rather randomly (Figure 4), in contrast to the orderly
directional growth of blood vessels in control rats, where
metaphyseal blood vessels showed a strictly delineated
orientation at the osteochondral junction towards the
longitudinal septae of the terminal row of hypertrophic
chondrocytes (Figure 3). Vessels at the osteochondral junction
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of clodronate treated rats showed a more irregular profile
and blood vessel density was reduced.
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Figure 3. Section of the distal hypertrophic cartilage and metaphysis
of a tibia from a clodronate-treated rat reacted for TRAP activity and
stained with Alcian blue. TRAP-positive cells (red) are scarce and the
architecture of the trabecular network is altered. Subchondral
trabeculae are thinner, with horizontal septa and a meshwork-like
form. Abundant proteoglycan content, revealed by Alcian blue
stalnmg, is observed in the trabeculae. Scale bar=200 um.

Figure 4. Semi thin section of a tibia from a clodronate-treated rat
stained with toluidine blue. Multinucleated large cells are not
found. In its place, cells smaller in size and mononucleated are
observed (arrows). Scale bar=30 pm.

Subchondral trabecular structures in the metaphysis of
control rats were linked to the longitudinal mineralized
cartilaginous septa of the hypertrophic cartilage and were
mainly oriented parallel to the long axes of the bone (Figures
1 and 5). From the chondroosseous junction toward the
diaphysis there was a progressive increase in trabecular
thickness and a reduction in trabecular number, indicating
that both bone deposition and resorption occurred
concomitantly. The architecture of the trabecular network of
the metaphyseal region was found to be altered in clodronate-
treated rats with modifications relative to the orientation,
thickness and composition of the trabeculae (Figures 3 and 6).
These animals presented thinner subchondral trabeculae that
were preferentially arranged in the vertical direction but some
horizontally oriented trabeculae were also present (Figure 6).
Horizontally oriented trabeculae linked adjacent vertical
trabeculae giving a meshwork appearance (Figures 3 and 6).
Abundant proteoglycan content, revealed by Alcian blue

staining, was found in subchondral trabeculae of clodronate-
treated rats (Figure 2). Both horizontal trabeculae, resulting
from unresorpted transversal septa of terminal hypertrophic
chondrocytes, and remaining cartilaginous matrix cores
indicated a decrease in cartilage resorption. The modification
induced by clodronate treatment in the primary spongiosa
was clearly demonstrated by the histomorphometric analyses.
The analysis of trabecular parameters (Table 1) showed that
treated rats had significantly lower values for trabecular bone
volume fraction and trabecular thickness when compared
with control rats. By contrast, the trabecular number did not
change and this resulted in an increase in trabecular spacing
in clodronate treated rats. Trabecular bone volume fraction
and trabecular thickness decreased by 16% and 12.5%,
respectively, in the clodronate group compared to controls.
Likewise, cartilage volume fraction was a 41.2% higher in
clodronate treated rats.

Figure 5. Section of the metaphysis of a tibia from a control rat
stained with von Kossa. Mineralized cartilaginous septa of the
hypertrophic cartilage are linked to trabecular structures in the
metaphysis and from the chondroosseous junction toward the
diaphysis there was a progressive increase in trabecular thickness
and a reduction in trabecular number. Scale bar=100 um.
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Figure 6. Sectlon of the metaphysis of a tibia from a clodronate-
treated rat stained with von Kossa showing an altered architecture
of the trabecular network. Trabecular elements are thinner and
oriented both vertically and horizontally are found giving a

meshwork appearance. Scale bar=100 pm.

Examination of cell proliferation, assessed by BrdU
incorporation, demonstrated two zones with high numbers
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of BrdUrd-positive cells (Figure 7). One corresponded to the
region of the growth plate cartilage where chondrocytes
undergo mitosis, the proliferating zone. The second was
within the metaphyseal primary spongiosa, in a band
immediately subjacent to the growth plate, and corresponded
to osteoprogenitor cells capable of both proliferating and
differentiating into bone-forming osteoblasts. Analysis of
sections from clodronate treated rats revealed that the
number of BrdUrd-positive chondrocytes in the growth
plate cartilage did not change when compared with control
rats. However, proliferation was found to be significantly
decreased in the primary spongiosa of clodronate treated
rats (Figure 8) (Table 1). Proliferating cells in the primary
spongiosa included mesenchymal, osteoprogenitor,
hematopoietic and vascular cells. Some of these cells migrate
with the invading blood vessels into the hypertrophic
cartilage and others generate osteoblasts that generate
bone trabeculae at the primary spongiosa. Results obtained
on the structure of growth plate and primary spongiosa
showed that alteration was greater in the last than in the
former, a fact suggesting that decrease of proliferating cells
mainly affected to osteoprogenitor cells.
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Figure 7. BrdU-immunolabeled section of a control rat showing
numerous BrdU-positive (proliferating) cells at two zones the
proliferating zone of the growth plate cartilage (arrows) and in a

band immediately subjacent to the growth plate (arrowheads).
Scale bar=200 um.
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Figure 8. BrdU-immunolabeled section of aclodronate-
treated rat. Note that the number of BrdU-positive cells at
the primary spongiosa is clearly decreased (arrowheads)
whereas it is unchanged in the growth plate cartilage
(arrows). Scale bar=200 pm.

Discussion

In this study we focused our attention on the effect of the
inhibition of the resorptive activity by clodronate treatment
on primary spongiosa during the rapid growing period. We
focused on the primary spongiosa because it directly derives
from hypertrophic calcified cartilage and is the precursor of
the trabecular bone. Our data showed that clodronate
treatment has little effect on the activity of the growth plate
cartilage but it affects at the level of formation of the primary
spongiosa, without a significant effect on longitudinal bone
growth even at doses much higher than those used in clinical
practice. This result is in accordance with previous studies
reporting that clodronate do not alter induces less changes
on the growth plate structure than the nitrogen-containing
bisphosphonates [9]. Nevertheless, a trend was seen towards
a reduction in mean values for body weight, tibial length and
longitudinal growth rate in animals treated with clodronate
but this trend did not reach statistical significance. Likewise,
although not statistically significant, there was a trend towards
increased growth plate height, a fact suggesting a decreased
growth plate cartilage resorption. Thus, further studies
including a longer treatment period will clarify whether the
modification on trabecular micro architecture at the primary
spongiosa may have a long-term effect on bone health. In this
way, it has been reported that all bisphosphonates are
composed of an enzyme-resistant phosphorus-carbon-
phosphorus (P-C-P) structure able to adhere strongly to
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hydroxyapatite crystals. They are embedded on the bone
matrix and remain in the body for life [15,16]. Once embedded
on the bone matrix, bisphosphonates affect osteoclasts by
reducing their differentiation, recruitment, and activity [17,18].
It is considered that bisphosphonates are taken up by
osteoclasts during bone resorption and, as a result, osteoclasts
lose the ruffled border and their normal cytoskeleton structure
[19]. On this basis, the safety of these compounds can be only
be reliably assessed after years.

It has been reported that inhibition of osteoclastic activity
reduces the activity of bone remodeling units, with an altered
balance between bone formation and resorption in favor of
the latter, leading to an increase of bone mass [20]. Our
histological analysis revealed that clodronate treatment
increases the density in mature trabeculae of the secondary
spongiosa but decreases that of newly formed sub chondral
trabeculae in the primary spongiosa. Thus, clodronate may
have different effects in distinct areas of bone and this result is
in good accordance with the mechanism of action of
clodronate with reduced removal of the longitudinal
cartilaginous septa from the resorptive zone and of
cartilaginous matrix and trabeculae from the metaphyseal
zone. In this way, it has been reported that clodronate has
protective and anabolic effects on the cartilage and then it can
be used to neutralize the process of cartilage degradation that
occurs in the progression of rheumatoid arthritis [21,22].
Results obtained in the present study suggest that the first
stage of the process of formation of a bone trabecular from
longitudinal mineralized cartilaginous septa may have specific
characteristics involving a major role of the osteoclastic
activity. Fine trabecular structures of the primary spongiosa
have to be modeled by osteoclastic resorption and osteoblast
bone formation at independent sites to build the thicker
trabecular structures of the secondary spongiosa. In this way,
it is possible that osteoclasts may act in some way on the
structure of longitudinal mineralized cartilaginous septa and
make them available to serve as a scaffold for osteoblasts to
spread and deposit mineralized osseous matrix. The location
of multinucleated large osteoclast-like cells at the base of the
growth plate behind the advancing capillary front, in close
opposition to calcified cartilaginous longitudinal septa is in
good accordance with this possibility.

Results of our study show mild histological alterations in
the capillary network at the osteochondral junction, an
observation in accordance with the reported antiangiogenic
properties of bisphosphonates [23,24]. Nevertheless,
although vascularinvasionis a crucial processin endochondral
ossification, it has been reported that complete abolishment
of osteoclast function by clodronate treatment at high dose
or in osteoclast deficient (c-fos knockout) mice did not affect
the process of angiogenesis and subsequent cartilage
removal in endochondral ossification [25]. Nevertheless,
capillaries are also present at bone remodeling sites and help
further couple bone resorption and bone formation [26,27].
Then, histological alterations of the capillary network induced
by decreased osteoclastic activity could have little effect on

the vascular invasion of the growth plate cartilage but could
have a more relevant role on the structure of the primary
spongiosa. In this way, it is known that treatment of children
with diverse bisphosphonates generates in X-ray images
radiodense bands parallel to the growth plate that are named
"growth arrest lines” or also Harris lines [7,28]. These
transverse radiopaque lines are horizontal sclerotic lines
formed in the metaphyseal zone of long bones as a
consequence of a temporal disruption of the process of
endochondral ossification [29]. These structures are traces of
a temporary bone growth arrest in which the hypertrophic
cartilage of the growth plate remains impenetrable for blood
vessels and accompanying osteoblasts, which in turn cause
mineralization along the horizontal chondrocyte layer at the
end of the growth plate. As a result, a primary stratum
horizontally to the horizontal axis of the growth plate is
formed and prolonged periods of growth arrest result in the
thickening of these horizontal structures. This suggests that
modifications in the capillary network at the osteochondral
junction of clodronate treated rats may relate to the changed
primary spongiosa and to the generation of these bands of
retained mineralized cartilage.

Two zones with high proliferative activity were found
associated with the growth plate. One is the proliferating
zone of the growth plate cartilage and the other is a zone of
the metaphyseal primary spongiosa, immediately subjacent
to the growth plate, where osteoprogenitor cells proliferate
to subsequently differentiate into bone-forming osteoblasts.
Results obtained in the present work showed that clodronate
treatment does not alter the proliferation of chondrocytes
but significantly decreases proliferation in the primary
spongiosa. This reduction in cell proliferation may be a result
of the reduction of osteoclastic activity because it has been
demonstrated that growth factors like insulin-like growth
factor type 1 (IGF-1) and transforming growth factor-beta
(TGF-B) are released from the bone matrix due to osteoclast
matrix resorption and such factors induce proliferation and
differentiation of mesenchymal stem cells into osteoblasts
[30-32]. Furthermore, osteoclasts may promote osteogenesis
independent of resorptive activity since they produce secrete
diverse signaling molecules, like platelet-derived growth
factor, that induce recruitment of endothelial precursor cells
and mesenchymal stem cells for angiogenesis and
osteogenesis [33-35]. On this basis, the decreased
proliferation activity in the primary spongiosa reported in the
present work may be a consequence of a modification in cell
signaling due to the alteration of osteoclatic number and/or
activity.

The results of the present investigations are limited by
the short duration of treatment, the inaccurate conversion of
dose equivalents of oral with low percentage of absorption
to subcutaneous administration and the potential
pharmacodynamic differences between rodents and humans.
Nevertheless, although results obtained on rats have
translational limitations, they enable us to uncover clues
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about the effect of the clodronate disease on bone growth at
the cellular level.

Conclusions

Present short-term study suggest that administration of
high doses of clodronate have some effects on the structure of
the primary spongiosa derived from calcified cartilage but they
do not adversely affect the growth plate activity and skeletal
growth. Nevertheless, although not statistically significant, a
trend towards a reduction in mean values for body weight, tibial
length and longitudinal growth rate was seen observed. Then
longer-term studies would be required to assess if clodronate
treatment could have a cumulative effect on growth plate
activity and bone health.
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