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Apoptosis Is Developmentally Regulated in Rat Growth Plate
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Apoptosis occurs in the growth plate during normal
and abnormal longitudinal growth. To investigate the
role of apoptosis during growth plate maturation, apop-
tosis and apoptosis-related proteins were studied in
rat tibial growth plates at 2, 4, 8, and 11 wk of age.
Apoptosis was studied by the terminal deoxynucleoti-
dyl transferase (TdT)-mediated deoxy-UTP nick end-
labeling (TUNEL) method, and immunohistochemistry
was used to detect p53, caspase-3 and -6, the antiapop-
totic proteins Bcl-2 and Bcl-x, and the proapoptotic
proteins Bax and Bad. In all age groups studied, most
apoptotic chondrocytes were terminal hypertrophic
chondrocytes (THPCs) with a significant increase during
development. At2 wk, 0.108 + 0.026 THPCs were found
to be apoptotic per millimeter of growth plate width;
at 4 wk, 0.355 + 0.048; at 8 wk, 0.394 + 0.043; and at
11 wk, 1.084 + 0.069 (p < 0.001; 11 wk vs 2,4, and 8
wk). THPCs were negative for p53 immunoreactivity at
2 and 4 wk, whereas some THPCs were positive at 8 and
11 wk. Caspase-3 and -6 were found in proliferative
and early hypertrophic cells at 2 wk, whereas mature
hypertrophic cells and THPCs were negative. At later
stages of development, mature hypertrophic cells and
THPCs were stained for both caspase-3 and -6. Bcl-2
and Bcl-x were present in proliferative and early hyper-
trophic cells at 2 wk, whereas at older ages a decrease
in staining was observed. At 2 wk of age, Bax and Bad
immunoreactivities were localized in proliferative and
early hypertrophic cells, whereas at 8 and 11 wk many
mature hypertrophic cells and THPCs were immunore-
active for Bax and Bad. Our results show that apoptosis
is developmentally regulated in the rat growth plate. In
older animals, with decreased growth rate and growth
plate height, apoptosis is significantly increased, espe-
cially in THPCs.
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Introduction

Normal longitudinal growth depends on a well-defined
process of maturational stages that occurs within the epi-
physeal growth plate. The process involves a population of
stem cells in the resting zone, which proceeds through pro-
liferation, maturation, and hypertrophy, finally giving way
to bone. The ultimate fate of the terminal hypertrophic chon-
drocytes (THPCs) is not clear and several mechanisms have
been proposed. First, THPCs are converted into bone cells
(1). Second, THPCs give rise to two daughter cells where
one cell dies and the other cell generates osteogenic cells
(2). Third, THPCs die by apoptosis (3,4). Finally, THPCs
go through an aberrant cell death (5-7).

Many studies have established the presence of apoptosis
in the growth plate in normal (8—/0) and abnormal condi-
tions (10-13), but the location and the extent of apoptosis
remain controversial. Apoptotic chondrocytes have been
detected in all three zones of the growth plate but the major-
ity of investigators believe that apoptosis occurs almost exclu-
sively in THPCs. Differences in species, age, and methods
for detection of apoptosis could account for the controver-
sial data in the literature.

In vivo studies have shown the importance of apoptosis
in growth plate homeostasis. As an example, mice with tar-
geted disruptions of both alleles for the antiapoptotic pro-
tein Bcl-2 have short limbs (72), whereas similar knockouts
for caspase-3 are smaller than their normal littermates (74).
Furthermore, two chondrodysplastic conditions, PTHrP
knockout mice (75) and mutations of the fibroblast growth
factor receptor (16), are associated with increased apoptosis
of epiphyseal chondrocytes. These studies strongly suggest
that altered apoptosis affects growth plate homeostasis and
longitudinal growth. The precise role of apoptosis in the nor-
mal growth plate is not known although apoptosis has been
proposed to be the fate of THPCs (3,4). A number of studies
indicate that hypertrophic chondrocytes are more suscepti-
ble to apoptosis than other cells in the growth plate. For exam-
ple, the antiapoptotic protein Bcl-2 is expressed mainly in
proliferative chondrocytes (/7). In addition, initiation of
hypertrophic differentiation in chick sterna chondrocytes
resulted in the initiation of apoptosis, while chondrocytes not
committed to hypertrophy were resistant to apoptosis (78).

The growth plate undergoes morphologic changes dur-
ing normal development. Early in life, when rapid longitu-
dinal growth occurs, it is thicker, but later when growth rate
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diminishes, it is thinner and finally fuses. Whereas previ-
ous studies conducted at specific developmental stages sug-
gest that apoptosis could be the terminal fate of the THPC
(4,10), developmental data are mostly lacking. A study in
rabbits (79) indicates that growth plates from older animals
had more apoptotic chondrocytes in all three zones, but the
number was unusually high compared to many other reports.
The magnitude and role of apoptosis in growth plate home-
ostasis is still controversial, and all existing data in the liter-
ature are based almost exclusively on the TUNEL method.
Moreover, data on apoptosis-related proteins and caspases,
which could give a better insight into the regulation of apop-
tosis in the growth plate, are lacking. The aim of the current
study was to examine the role of apoptosis during the devel-
opmental maturation of the rat growth plate by investigat-
ing apoptosis not only by the TUNEL method, but also by
immunohistochemistry, for caspases and apoptosis-related
proteins.

Results

Apoptosis

At all developmental ages, most apoptotic chondrocytes
were THPCs (Fig. 1). Apoptosis was also occasionally seen
inproliferative and very rarely observed in resting chondro-
cytes. During development, the number of apoptotic chon-
drocytes was increased in all layers of the growth plate (Table
1). Compared with 2 wk-old animals, the number of apop-
totic THPCs/mm of growth plate was increased 3.3-fold
in animals at 4, 3.6-fold at 8, and 10-fold at 11 wk of age
(p <0.001; 11 wk vs 2, 4, and 8 wk) (Table 1).

Caspases

At 2 wk of age, caspase-3 immunoreactivity was detected
in proliferative and, to a lesser extent, in hypertrophic chon-
drocytes (Fig. 1). In older animals, an extension of the stain-
ing was noticed towards THPCs resulting in a more even
distribution of the immunostaining throughout the growth
plate and significantly more immunopositive hypertrophic
chondrocytes (Fig. 1, Tables 2 and 3).

At 2 wk, caspase-6 immunoreactivity was present mostly
in proliferative chondrocytes (Fig. 1). As was noticed with
caspase-3, several late and terminal hypertrophic cells were
immunopositive for caspase-6 at 8 and 11 wk, but not at
2 wk (Fig. 1, Tables 2 and 3). Results were confirmed with
asecond antibody against caspase-6 (Chemicon, Temecula,
CA) (data not shown).

p33

At 2 and 4 wk of age, no p53 immunoreactivity was
detected in hypertrophic chondrocytes. On the other hand,
at 8 and more frequently at 11 wk some THPCs were immu-
noreactive for p53. Their number was limited, resembling
the number of the apoptotic chondrocytes (Fig. 1, Table 3).
No p53 staining was detected in resting and proliferative
chondrocytes.

Antiapoptotic Proteins Bcl-2 and Bcl-x

At 2 wk, Bcl-2 immunoreactivity was present mainly in
resting, proliferative, and early hypertrophic chondrocytes
whereas THPCs contained very little Bcl-2 immunoreac-
tivity (Fig. 2). During development, a decrease of the Bcl-2
staining was observed which was significant at 8 wk of age
and at 11 wk only a few proliferative chondrocytes contained
immunoreactivity (Fig. 2, Tables 2 and 3).

In 2-wk-old rats, Bcl-x immunoreactivity was distributed
throughout the growth plate although it was more promi-
nent in late proliferative and mature hypertrophic chondro-
cytes (Fig. 2). In all sections studied, a significant decrease
in Bcl-x immunoreactivity was observed at 8 and 11 wk
(Fig. 2, Tables 2 and 3).

Proapoptotic Proteins Bax and Bad

Bax immunoreactivity was detected in proliferative and
early hypertrophic chondrocytes in 2-wk-old rats (Fig. 2).
During development, the intensity and distribution of the
Bax staining was altered. At 8 and 11 wk, Bax immuno-
reactivity was significantly increased in the hypertrophic
zone and many THPCs were stained with the Bax antibody
(Fig. 2, Table 3). A second antibody against Bax gave simi-
lar results (Santa Cruz Biotechnology, Santa Cruz, CA) (data
not shown).

At 2 wk, Bad immunoreactivity was detected in prolifer-
ative and early hypertrophic chondrocytes whereas THPCs
were negative (Fig. 2). On the other hand, growth plates from
older animals (8 and 11 wk) had a different pattern of Bad
immunostaining. Their hypertrophic chondrocytes includ-
ing THPCs clearly contained significantly more Bad immu-
noreactivity (Fig. 2, Table 3). These results were confirmed
with another Bad antibody (Santa Cruz Biotechnology) (data
not shown).

Discussion

We report that apoptosis is detected in higher frequency
in growth plate chondrocytes from older compared with
younger animals. The vast majority of the apoptotic cells were
THPCs. In older animals, increased apoptosis was associated
with increased expression of caspases-3 and -6, decreased
expression of the antiapoptotic proteins Bel-2 and Bcel-x,
and increased expression of the proapoptotic proteins Bax
and Bad.

Chondrocytes proliferate, differentiate, and finally THPCs
are replaced by bone. It has been proposed that the fate of
the THPC is death by apoptosis (3,4,20-22). If all THPCs
were committed to suicide, one would expect the same num-
ber of apoptotic THPC in sections from different develop-
mental stages. On the other hand, the number of apoptotic
cells per time unit would be increased in young compared
with old animals because the proliferation rate is increased
and therefore more cells become hypertrophic. By con-
trast, we found that growth plates from 11-wk-old rats had
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Fig. 1. Representative microphotographs of growth plates stained with Alcian blue/van Gieson show the differences in proliferative (P)
and hypertrophic (HP) zones from 2- and 11-wk-old rats (A,B) at x200 magnification. Assessment of the specificity of primary antibodies
raised in rabbit or goat (C,D) by omitting the primary antibodies. TUNEL assay and immunohistochemistry for caspase-3, caspase-6,
and p53 in tibial growth plates from 2- (x200 magnification) and 11-wk-old male rats (x400 magnification). Microphotographs from 11
wk are presented at x400 magnification because the height of the growth plate is significantly smaller than at 2 wk. The TUNEL assay
revealed increased apoptosis in terminal hypertrophic chondrocytes at 11 wk whereas at 2 wk apoptotic cells were rare. Arrows show
TUNEL-positive cells at 11 wk in closed (left) and open (right) lacunae. The increased apoptosis in terminal hypertrophic chondrocytes
at 11 wk of age was associated with positive immunoreactivity in the same population of cells for caspase-3 and caspase-6, and p53. p53
presented as x400 magnification at both ages, 2 and 11 wk. Bars = 100 pm.
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Table 1
Apoptotic Growth Plate Chondrocytes®
2 wk 4 wk 8 wk 11 wk
Resting 0 0 1 4
Proliferative 1 4 11
THPC 12 79 92 216
THPCs/mm 0.108 + 0.026 0.355 + 0.048° 0.394 + 0.043%  1.084 + 0.069¢

“Total number of apoptotic chondrocytes in the resting, proliferative, and terminal hyper-
trophic (THPC) zones. THPCs per millimeters of growth plate (mean + SD) was calculated from

41 sections at each age.
bp <0.001 vs 2 wk.
¢p <0.001 vs 2, 4, and 8 wk.

Table 2
Percentage (mean + SD) of Immunoreactive Chondrocytes in Proliferative Zone
2 wk 4 wk 8 wk 11 wk

Caspase-3 81 +8.1 78 £ 11.7 84 + 6.4 90 + 7.1
Caspase-6 73+54 70 + 6.8 77+72 68 +£2.0
Bcl-2 90 + 8.6 93+7.7 41 + 11.0¢ 25 +2.8%0
Bel-x 80+9.6 73 + 8.2 42 +£9.44 30 + 1.5%¢
Bax 8664 92 +9.4 90 £12.0 92 +4.5
Bad 87+43 90 £5.8 85 £ 8.9 88 +£3.3

“p <0.001 vs 2 and 4 wk.

bp <0.01 vs 8 wk.

“p <0.05 vs 8 wk.

Table 3
Percentage (mean + SD) of Immunoreactive Chondrocytes in Hypertrophic Zone
2 wk 4 wk 8 wk 11 wk

Caspase-3 15+6.2 13+3.1 47 +11.4° 77 + 13.6%°
Caspase-6 20+2.8 18+1.2 52 +83° 81 +12.2¢
p53 0 0 1.3+0.1 34+02
Bel-2 25+3.5 23£2.0 9.0+1.1° 6.8 + 0.9°
Bcel-x 62 £+ 7.2¢ 52+12.8 38 + 3.7 24 +2.90
Bax 35+ 8.0 40 +3.9 60 + 9.4 89 +3.200
Bad 39+55 43 +8.0 59 £ 12.3¢ 81 £9.7°

“p <0.001 vs 8 wk.
bp <0.001 vs 2 and 4 wk.
“p <0.01 vs 2 wk.

more apoptotic THPCs compared with those from 2-wk-
old rats. We believe that the increased number of apoptotic
cells detected in growth plates from older animals reflects
an increased rate of apoptosis. First, this is based on the inte-
grated data from the Bcl family of proteins. The develop-
mental pattern of the antiapoptotic Bcl-2 and Bcl-x proteins
suggests that growth plates from older animals could be
more prone to apoptosis because of the significant decrease
in their immunoreactivity. Furthermore, the immunoreac-
tivity for the proapoptotic Bax and Bad was more abundant
in hypertrophic zones from the older animals (i.e., the area
where apoptosis is more common). Second, immunoreac-

tivity for caspases was almost absent in THPCs at 2 wk
whereas it was present in most of the THPCs at 11 wk. These
findings strongly suggest that in older animals, growth plate
chondrocytes, especially the hypertrophic cells, are more
susceptible to apoptosis because of decreased expression of
Bcl-2 and Bcl-x, and increased expression of Bax, Bad, and
caspases. Third, even though we studied an extensive number
of sections, apoptotic cells were very rare at 2 wk. Finally,
to the best of our knowledge, there is no direct evidence in
the literature that the fate ofall THPCs is death by apoptosis.
This assumption is based on apoptosis detection in the growth
plate at a certain point in time. The fact that some of these
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Fig. 2. Assessment of specificity of primary antibodies by replacement of primaries with normal rabbit (A) or goat serum (B), and by
preincubating caspase-6 (C) or Bad (D) antibodies with corresponding peptides. A representative microphotograph from immunohis-
tochemistry for Bcl-2, Bcel-x, Bax, and Bad in tibial growth plates from 2- (x200 magnification) and 11-wk-old male rats (x400
magnification) is shown. Immunoreactivity for the antiapoptotic Bcl-2 and Bel-x was decreased at 11 wk in the whole growth plate,
whereas immunoreactivity for the antiapoptotic Bax and Bad was increased in late and terminal hypertrophic chondrocytes, the area of
increased apoptosis. Bar = 100 pm.
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cells are detected as apoptotic does not provide direct evi-
dence that this is the ultimate fate for all THPCs. In addition,
the vast majority of the studies detected a limited number of
apoptotic chondro-cytes in a process in which apoptosis is
the proposed fate of those cells. As has been suggested, these
cells could be trans-formed to osteoblastic cells (7,2) or die
by an aberrant death (5,7) or by a programmed cell death,
which does not have the characteristics of apoptosis.

The importance of apoptosis in the growth plate could
be questioned since the number of apoptotic chondrocytes,
detected by us and others (22,23), is low compared with the
number of THPCs that are replaced by bone during endo-
chondral ossification. Nevertheless, for several reasons we
believe that apoptosis plays a role in growth plate homeo-
stasis, although we did not directly address this issue in the
present study. First, using a special fixation method that
preserves morphology, it has been found that one quarter
of THPCs have morphologic characteristics of apoptosis
(3), suggesting that the TUNEL method can underestimate
the magnitude of apoptosis because of technical limitations.
Second, animal models with altered apoptosis in the growth
plate (caspase-3 and PTHrP knockout mice, and mutations
ofthe FGF-R) (14—16) indicate arole of apoptosis in growth
plate homeostasis. Third, Bcl-2 knockout mice have skel-
etal deformities, with short legs and decreased growth plate
thickness, but, most important, they exhibit premature matu-
ration of growth plate chondrocytes and accelerated bone
formation (12). Taking into account that we mainly observed
apoptosis at older ages with increased maturation and bone
formation, we hypothesize that apoptosis is involved in epi-
physeal senescence and closure.

We examined tibial growth plates at 2, 4, 8, and 11 wk
of'age because they represent different stages of longitudinal
growth: fast growth before sexual maturity (2 and 4 wk);
during maturation (8 wk); and during reduced growth rate
(11 wk), at which time the rat tibial growth plate is reduced
toafew layers of cells (24). At the late stages (8 and 11 wk),
we observed decreased Bcl-2 immunoreactivity and increased
apoptosis. This resembles the Bel-2 knockout mice model
regarding growth plate maturation (increased apoptosis
accompanied by decreased Bcl-2). Moreover, proliferation
of chondrocytes is decreased in older, more mature animals
(25) compared with younger animals, and, thus, loss of hyper-
trophic cells by apoptosis even in the low rate observed in
our study could be important for the regulation of growth
plate maturation and bone formation.

The activation of p53 leads to two cellular responses:
growth arrest and apoptosis (26). Studies indicate that p53
is aregulator of growth plate apoptosis. Knockout embryos
for p53 exhibit alterations in bone length and width with
reduced apoptosis in the hypertrophic layer of the growth
plate resembling a later stage of maturation compared with
normal embryos (27). Furthermore, postnatally mice lack-
ing p53 exhibit no apoptosis in the growth plate in contrast

to their normal littermates (28). These studies support our
finding that only a few THPCs from older animals are immu-
nostained for p53, a pattern similar to the TUNEL staining.

In our study, Bcl-2 and Bax immunoreactivities were
distributed in a way similar to that previously described in
21 to 25-d-old rats (17). We also report, for the first time,
the expression patterns of Bcl-x, Bad, and caspase-3 and -6
immunoreactivities. Bcl-x immunoreactivity was more prom-
inent in the transitional zone between proliferative and hyper-
trophic cells and extended more into the hypertrophic zone
than Bcl-2. Immunoreactivity for both caspase-3 and -6
was expressed in proliferative and early hypertrophic cells
atall developmental stages despite the observation that apop-
tosis is rare in this area of the growth plate. This suggests
that these cells have the potential to die by apoptosis if they
receive the appropriate stimulus, which would possibly affect
longitudinal growth. Nevertheless, the integrated data we
present here for the Bcel family of proteins and caspases sug-
gest that during development a shift occurs in the growth
plate—from an antiapoptotic state to a state favoring apop-
tosis later during development.

In summary, our study indicates that apoptosis and apop-
tosis-regulating proteins are developmentally regulated dur-
ing growth plate maturation. When the growth plate matures
and the growth rate decreases, an increased number of apop-
totic terminal hypertrophic cells are detected in proliferative
and mainly in mature hypertrophic chondrocytes. The devel-
opmental changes in apoptosis occurred concurrently with
changes in the immunoreactivity pattern for caspases and the
Bcl family of proteins, supporting the apoptosis data. Finally,
we propose that apoptosis may play an active regulatory role
in growth plate maturation during normal development.

Materials and Methods
Animals and Sample Preparation

All animal experiments were carried out after approval
by the local ethical committee at Karolinska Institute.

Male Sprague Dawley rats (B&K Universal, Sollentuna,
Sweden) were housed in 12-h light, 12-h dark cycles and
fed pellets ad libitum. After an adaptation period, animals
were killed with an ip injection of phenobarbital at 2, 4, 8,
or 11 wk of age (n =5 animals/group). Tibiae were removed
and the upper part was fixed in 4% formaldehyde in 0.1 M
phosphate buffer, pH 7.3, for 18 h at 4°C. After fixation,
specimens were decalcified in 5% EDTA and then paraffin
embedded.

Five-micrometer-thick sections were cut longitudinally
and mounted on histologic glass slides (Superfrost +/+; Men-
zel-Gloeser, Braunschweig, Germany). On each slide, four
sections were mounted, one section from each group, so that
all samples were treated under the same conditions. Slides
were dried at 37°C overnight.
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Detection of Apoptosis

Apoptotic cells in the growth plates were identified by
TUNEL, according to the manufacturer’s instructions (TdT-
FragEL kit, Oncogene Research Products, Boston, MA, USA)
with slight modifications. Deparaffinized and rehydrated
sections were treated with proteinase K (20 pg/mL) at 37°C
for 10 min instead of 20 min. Endogenous peroxidase activ-
ity was blocked with 3% H,0, for 5 min. Slides were then
placed in equilibrating buffer and incubated in a reaction
buffer containing TdT and deoxynucleotides at 37°C for 90
min. Sections were rinsed several times with Tris-buffered
saline (TBS); incubated with blocking buffer for 30 min to
reduce nonspecific binding, and then with peroxidase strep-
tavidin conjugate (30 min) to detect biotinylated nucleo-
tides; and finally rinsed with TBS. The sections were then
exposed to 0.5 mg/mL of diaminobenzidine (DAB) and
0.05% H,0, to generate a brown reaction product. Sections
were counterstained with methyl green (Vector, Burlingame,
CA), dehydrated, and mounted with Mountex (Histolab, Gote-
borg, Sweden). At least eight sections from each animal,
25 pum apart (to avoid counting the same cells twice), were
used to determine the number of apoptotic cells. The num-
ber of apoptotic chondrocytes was counted in all three zones
of the growth plate (resting, proliferative, and hypertrophic).
Only cells in closed lacunae were counted and expressed as
their number per millimeter length of the chondroosseous
junction. The length of the chondroosseous junction from
each section was measured by the Image-Pro® image analy-
sis system (Media Cybernetics, Silver Spring, MD). Treat-
ment of sections with DNase labeled all cells, whereas sections
treated with distilled water instead of TdT were negative.

Immunohistochemistry

Sections were dewaxed in xylene and rehydrated in graded
alcohol baths. Antigen retrieval was performed in 0.01 M
citrate buffer (pH 6.0) at 95-98°C for 20 min. Slides were
then washed in TBS, and endogenous peroxidase activity
was quenched by incubating in 3% H,0, in methanol for
5 min. Nonspecific binding was blocked by incubating with
1.0% bovine serum albumin (BSA) (Jackson, West Grove,
PA) diluted in TBS for 1 h. Primary antibodies were diluted
in 0.05 M Tris, 2.7% NaCl, 0.3% Triton-X100, and 0.1%
BSA. Sections were incubated overnight at +4°C, washed
several times in TBS containing 0.1% Tween-20 (TBS-T),
and then incubated with biotinylated goat anti—rabbit IgG
(1:1000) (Jackson) or rabbit anti—goat IgG (1:200) (Vector)
for 45 min at room temperature. Finally, sections were washed
several times in TBS-T, incubated with avidin-conjugated
peroxidase (Vector) for 30 min, and peroxidase activity was
detected using a DAB kit that generates a brown color (Vec-
tor). Digital microphotographs were captured by a Nikon
Eclipse 800 microscope (Nikon, Bergstrom, Stockholm, Swe-
den) equipped with a Hamamatsu Orca IIIf charge-coupled
device camera (Hamamatsu, Stockholm, Sweden).

Bax, Bad, caspase-3, caspase-6, and pS3 polyclonal anti-
bodies were purchased from Santa Cruz Biotechnology.
Bcl-2 polyclonal antibody was from Upstate Biotechnol-
ogy (Lake Placid, NY), and polyclonal Bcl-x antibody was
from Transduction (Becton Dickinson AB, Stockholm,
Sweden). Bax antibody was used at a 1:100 dilution, Bad at
1:150, Bel-x at 1:500, Bcl-2 at 1:600, caspase-3 at 1:100,
caspase-6 at 1:100, and p53 at 1:150. Control sections were
incubated with preadsorbed antibodies (blocking peptides
for Bax, Bad, and caspase 6; 1:5 dilution), nonspecific rab-
bit IgG, or nonspecific goat IgG for 2 h at room tempera-
ture. Rat brain/cerebellum and lung were used as controls
for caspase-3 and -6 (29), Bcl-2 (30), Bel-x (31), Bax (31),
and Bad (32).

Immunopositive chondrocytes were detected by automatic
thresholding using Image-Pro®. For each antibody, at least
300 cells were analyzed in two separate sections of each
specimen. Immunopositive cells are expressed as a percen-
tage of the total number of cells analyzed in the prolifera-
tive and hypertrophic zones, respectively.

Statistical Analyses

Results are expressed as the mean + SD. Differences among
groups were tested by one-way analysis of variance. All p
values were calculated using the Newman-Keuls posttest. A
value of p < 0.05 was considered significant.

Acknowledgments

This study was supported by the Swedish MRC (K2001-
72X-13508-02B), Karolinska Institute Research Founda-
tion, Cornell Foundation, Sven Jerring Foundation, Wenner
Gren Foundation, Wera Ekstroms Stiftelsen, Erik Ronnbergs
Foundation, and Stiftelsen Frimurare Barnhuset in Stockholm.

References

1. Cancedda, R., Descalzi, C. F., and Castagnola, P. (1995). Int.
Rev. Cytol. 159, 265-358.

2. Roach, H. 1., Erenpreisa, J., and Aigner, T. (1995). J. Cell Biol.
131, 483-494.

3. Franum, C. E. and Wilsman, N. J. (1987). Anat. Rec. 219,221

232.

Gibson, G. (1998). Microsc. Res. Tech. 43, 191-204.

Roach, H. I. and Clarke, N. M. P. (1999). J. Bone Miner. Res.

14, 1367-1378.

6. Erepreisa, J. and Roach, H. 1. (1998). Cell Death Diff. 5, 60—66.

7. Roach, H. L. and Clarke, N. M. P. (2000). J. Bone Joint Surg.
82, 601-613.

8. Lewinson, D. and Silberman, M. (1992). Anat. Rec. 233, 504—
514.

9. Zenmyo, M., Komiya, S., Kawabata, R., Sasaguri, Y., Inoue,
A., and Morimatsu, M. (1996). J. Pathol. 180, 430—433.

10. Horton, W. E. Jr., Feng, L., and Adams, C. (1998). Matrix Biol.
17, 107-115.

11. Yang,C.,Li, S. W., Helminen, H. J., Khillan, J. S., Bao, Y., and
Prockop, D. J. (1997). Exp. Cell Res. 235, 370-373.

bl



278

Regulation of Apoptosis in Rat Growth Plate / Chrysis et al.

Endocrine

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Amling, M., Neff, L., Tanaka, S., Inoue, D., Kuida, K., Weir,
E., Philbrick, W. M., Broadus, A. E., and Baron, R. (1997).
J. Cell Biol. 136, 205-213.

Hargest, T. E., Leach, R. M., and Gay, C. V. (1985). 4m. J.
Pathol. 119, 175-190.

Kuida, K., Zheng, T. S., Na, S. Q., Kuan, C. Y., Yang, D.,
Karasuyama, H., Rakic, P., and Flavell, R. A. (1996). Nature
384, 368-372.

Amizuka, N., Warshawsky, H., Henderson, J. E., Goltzman, D.,
and Karaplis, A. C. (1994). J. Cell Biol. 126, 1611-1623.
Legeai-Mallet, L., Benoist-Lasselin, C., Delizoide, A. L.,
Munnich, A., and Bonaventure, J. (1998). J. Biol. Chem. 273,
13007-13014.

Wang, Y., Toury, R., Hauchecorne, M., and Balmain, N. (1997).
Histochem. Cell Biol. 108, 45-55.

Gibson, G., Lin, D. L., and Roque, M. (1997). Exp. Cell Res.
233, 372-382.

Aizawa, T., Kokubun, S., and Tanaka, Y. (1997). Br. Soc. Bone
Joint Surg. 79-B, 483-486.

Gibson, G. J., Kohler, W. J., and Schaffler, M. B. (1995). Dev.
Dyn. 203, 468—476.

Ohyama, K., Farquharson, C., Whitehead, C. C., and Shapiro,
1. M. (1997). J. Bone Miner. Res. 12, 1647—-1656.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

Bronckers, A.L.J.J., Goei, W., Luo, G., Karsenty, G.,D’Souza,
R.N., Lyaruu, D. M., and Burger, E. H. (1996). J. Bone Miner.
Res. 11, 1281-1291.

Bronckers, A. L. J. J., Goei, W., van Heerde, W. L., Dumont,
E. A. W. J., Reutelingsperger, C. P. M., and van den Eijnde,
S. M. (2000). Cell Tissue Res. 301, 267-272.

Hughes, P. C. and Tanner, J. M. (1970). J. Anat. 106, 371—
402.

Walker, K. V. and Kember, N. F. (1972). Cell Tissue Kinet. 5,
409-419.

Evan, G. and Littlewood, T. (1998). Science 281, 1317-1322.
Ohyama, K., Chung, C. H., Chen, E., Gibson, C. W., Misof, K.,
Fratzl, P., and Shapiro, I. M. (1997). J. Craniofac. Genet. Dev.
Biol. 17, 161-171.

Chandar, N., Donehower, L., and Lanciloti, N. (2000). Anti-
cancer Rec. 20, 2555-2562.

Ferrer, 1. (1999). J. Neurobiol. 41, 549-558.

Merry, D. E., Veis, D. J., Hickey, W. F., and Korsmayer, S. J.
(1994). Development 120, 301-311.

Vekrelis, K., McArthy, M. J., Watson, A., Whitfield, J., Rubin,
L. L., and Ham, J. (1997). Development 124, 1239—1249.
Kitada, S., Krajewska, M., Zhang, X., et al. (1998). Am. J.
Pathol. 152, 51-61.



