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Abstract

Because experimental studies to determine the developmental toxicity of exposure to various substances in children are
impossible, many studies use immature male rats. This study aimed to provide normative data for longitudinal bone growth
with age during the puberty in male rats. In order to evaluate long bone growth and mineralization we examined bone size
and bone density by dual-energy X-ray absorptiometry, analyzed histomorphometry of the growth plate, and serum hormone
levels relevant to bone growth from postnatal day (PD)20 to PD60. The length and weight of long bones increased strongly
by PD40, and no further increase was observed after PD50. On the other hand, tibial growth plate height decreased sharply
after PD50 along with a reduction in the number of cells and columns, which was probably responsible for the absence of
further lengthening of long bones. Parameters related to bone formation such as bone area ratio, and the thickness and number
of trabeculae, also increased significantly between PD40 and PD50. Furthermore, serum levels of IGF-1 peaked at PD30
and testosterone increased rapidly on and after PD40, when IGF-1 levels were going down. These changes may participate
in the parallel increase in mineral acquisition, as well as lengthening of long bones. Our findings provide comprehensive
data for changes in bone density, histomorphometry of long bones, and hormone levels relevant to bone growth during the
growth spurt. This will be useful for planning animal toxicological studies, particularly for deciding on the appropriate age
of animals to use in given experiments.
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Introduction on bone growth can yield different results because of differ-

ences in growth rate depending on the age and sex of rats

With the recent industrial development, exposure to various
environmental substances increases. Although many clinical
trials have been conducted to examine the potential develop-
mental toxicity of various substances, experimental studies
aimed at children are ethically impossible. Thus, the rat is
widely used as an excellent animal model for biomedical
research because of its small size, relatively low cost, rapid
reproduction rate, and similarity of its many skeletal charac-
teristics with human (Waynforth and Flecknell 1980; Zoetis
et al. 2003). Experiments on the effect of various substances

P4 Jaesook Roh
rohjaesook @hanyang.ac.kr

Department of Obstetrics & Gynecology, College
of Medicine, Hanyang University, Guri 11923, South Korea

Laboratory of Reproductive Endocrinology, Department
of Anatomy & Cell Biology, College of Medicine, Hanyang
University, Seoul 133-791, South Korea

@ Springer

(Hansson et al. 1972). Therefore, careful selection of the
appropriate age is crucial. For instance, peripubertal rats are
required for studying long bone growth. Puberty, when phys-
ical growth accelerates and more than 15% of adult height
is achieved (Cutler 1997), is vulnerable to many insults
(Gluckman and Hanson 2006). Similarly, the rapid increase
in estrogen during puberty in female rats causes the bone
growth plates to close earlier than in males and increases
individual variation (Borjesson et al. 2010; Hansson et al.
1972). Therefore, the majority of toxicologists use male rats
to study long bone growth rather than females, which are
subject to the periodic effects of estrogen (Wheeler 1991).
Although earlier investigators of long bone growth used
various parameters to measure growth in experimental ani-
mals, no study showed hormonal changes associated with
bone growth combined with the histomorphometric changes
in long bones during puberty in rats. The current study was
designed to provide the detailed age-dependent changes in
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densitometry and histomorphometry of the long bones dur-
ing the pubertal growth spurt. In order to evaluate changes in
bone density and long bones in relation to age we analyzed
densitometry and histomorphometry of the growth plate, and
long bone size throughout most of the growth spurt. In addi-
tion, serum levels of hormones such as IGF-1, estradiol, and
testosterone, known to be important in the pubertal growth
spurt, were evaluated.

Materials and methods
Animals

Two-week old male Sprague-Dawley rats were obtained
with their mothers from Samtako Biokorea (Osan, South
Korea) and were allowed to acclimate under controlled
humidity, temperature and light conditions. Animal care
was consistent with institutional guidelines, and the Han-
yang University ACUC committee approved all procedures
involving animals (HY-IACUC-2020-0085A). All animals
were weaned from their mothers at 21 days of age and fed
standard rat chow ad libitum. Postnatal days (PD) 20-60
were selected to cover the time of rapid skeletal growth
during puberty (Hansson et al. 1972; Walker and Kember
1972). A total of 30 rats were assigned at random to 5 groups
(N =6/group) and killed following protocols and ethical
procedures on PD20, 30, 40, 50, and 60, respectively. They
were anesthetized with isoflurane inhalation (Forane solu-
tion, Choongwae Pharma. Corp., Seoul, Korea) and killed by
cervical dislocation under deep anesthesia. Terminal blood
samples were collected by heart puncture and serum samples
were obtained for hormone analysis.

Dual-energy X-ray absorptiometry

The body composition of all animals was evaluated on day
before they were killed by dual-energy X-ray absorptiometry
(DXA)(Discovery W QDR series, Hologic Inc., Bedford,
MA, USA), using the small animal software package. This
software had been validated also as an excellent noninvasive
technique for measuring bone in very young animals (Engel-
bregt et al. 1999). Bone mineral content (BMC, g) and bone
mineral density (BMD, g/cmz) of the lumbar vertebrae, and
both femora and tibiae were analyzed. Animals were anes-
thetized by isoflurane inhalation during examination.

Preparation of femora and tibiae

To analyze long bone growth with age, both leg bones (fem-
ora and tibiae) were dissected from each rat, and cleaned of
soft tissue at necropsy. They were then weighed and their
lengths measured; for femur lengths from the proximal end

of the femur to the distal end with the bone placed parallel to
the ruler, and for tibia lengths from the top of the plateau to
the bottom of the lateral malleolar process with a precision
digital caliper (+0.03 mm) (NA500-150S, Bluebird, China)
as described by Weinreb et al. (1991).

Tissue processing and histomorphetric analysis

In this study, tibiae were chosen for histomorphometric
analyses because they are the longest bones. Both tibiae
were fixed in 10% buffered formalin for 48 h. They were
decalcified in a solution containing EDTA in 0.1 M Tris at
4 °C, which was replaced weekly until decalcification was
complete. They were then cut in half longitudinally with a
razor blade, dehydrated in a graded ethanol series, cleared
in chloroform, and embedded in paraffin. Serial longitudinal
Sections. (5 pm thickness) were obtained from the proxi-
mal part of the tibiae using a rotation microtome (RM 2155
Autocut; Leica, Heidelberg, Germany) with a tungsten car-
bide blade and stained with Alcian blue to stain cartilage
matrix. All histomorphometric evaluations were performed
by the same trained, calibrated and blinded examiner, using
an image analysis system (Leica LAS software) coupled to a
light microscope (DM4000B, Leica, Heidelberg, Germany)
with final magnifications of 50-, 100- or 200-fold.

The overall height of the growth plate (GP) cartilage is
used to assess longitudinal bone growth quantitatively (Hun-
ziker and Schenk 1989; Roach et al. 2003). As previously
described (Choi et al. 2016), the GP is divided into three
layers, the resting zone (RZ), proliferative zone (PZ), and
hypertrophic zone (HZ) (Suppl. Fig. S1A), and we analyzed
the PZ and HZ, which are actively involved in the synchro-
nized processes of chondrogenesis resulting in longitudinal
bone growth (Hunziker 1994). The heights of each zone and
the overall GP, and the numbers of cells, were measured
with image analysis software (Leica LAS software). The
averages of 20 GP measurements (4 serial sections per ani-
mal, 5 measurements per section) were obtained for each
tibia at 100-fold magnification, and combined to obtain a
mean value per animal. The number of chondrocytes in the
PZ and HZ were counted within the same defined region (0.3
mm2) at 200-fold magnification, and the mean of 8 measure-
ments was calculated for each tibia.

For the metaphysis, 16 measurements per tibiae were
made of the heights of the whole, primary (1°), and
secondary (2°) spongiosa (Sn) at 50-fold magnification
(Suppl. Fig.S1B). The 1° Sn is located under the GP and
characterized by thin trabeculae with a calcified cartilage
core covered with bone (Hunziker and Schenk 1989). As
the 1° Sn is not suitable for histomorphometric analysis
due to the inhomogeneity of bone structure resulting from
growth processes (Hunziker and Schenk 1989), a more
detailed examination was performed in the whole 2° Sn,
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with its homogeneous bone tissue. The 2° Sn, which is
located under the 1° Sn and characterized by a network of
larger trabeculae (extending 1-1.9 mm distal to the epi-
physeal GP). For the analysis of the 2° Sn, whole fields of
vision on four consecutive Alcian blue-stained sections
of each tibiae were evaluated at 100-fold magnification.
All the standardized terms used in trabecular bone analy-
sis are based on standard histomorphometry (Parfitt et al.
1987). The areas of trabecular bone within a reference
area (1.229 mm?) of the proximal tibiae were measured
with the aid of a summagraphics digitizer interfaced with
a Compaq computer on printed copies by point counting
using a square lattice (0.3 mm) (Suppl. Fig. S1C). Tra-
beculae in contact with the cortices were excluded from
the measurements as described by Parfitt et al. (1987).
Data are presented as the ratio of trabecular bone area
to tissue area. Trabecular width (Tb.Wi) (um), number
(mm~") and separation (pm) were calculated according
to stereological formulas described in a previous report
(Choi et al. 2016). Averages were calculated from the data
for each animal; they were pooled and a mean value was
calculated for each group.

Hormone measurements

Serum hormone levels were analyzed in the serum sam-
ples taken from all animals at the end of the experiment.
Insulin-like growth factor-1 (IGF-1), estradiol (E,), and
testosterone (T) were measured with commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kits
(Cusabio Biotech Co., LTD., China). Intra- and inter-assay
coefficients of variance for IGF-1 (8, 10%), and the other
hormones were < 15%. Under our conditions, the limits of
detection were 0.156 ng/ml for IGF-1, 15 pg/ml for E,, and
0.06 ng/ml for T. Absorbances were read within 15 min
at 450 nm against a blanking well in an ELISA Reader
(BioRad, Hercules, CA). All assays were run in duplicate
and each ELISA was performed twice.

Statistical analysis

Data for each group are expressed as means with stand-
ard deviations (SD). All data were analyzed using IBM
SPSS Statistics 25.0 for Windows (IBM Co., Armonk, NY,
USA). Jonckheere-Terpstra tests (J-T) (nonparametric test)
were conducted to determine the significance of trends
with age for each parameter. In addition, incremental per-
centages and 95% confidence intervals were calculated for
differences between ages, which are being expressed as a
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percentage of the value of previous age. Significance was
accepted at p<0.05.

Results

Bone mineral status in growing rats measured
by DXA

BMC and BMD were measured in lumbar vertebrae, fem-
ora and tibiae at each designated time point. The data are
summarized in Fig. 1. The BMCs and BMDs of all meas-
ured regions tend to significantly increased with age (J-T,
p<0.001) (Suppl. Table S1). The BMCs of all measured
regions increased significantly between PD20 and PD30, and
again between PD30 and PD40 (p <0.05) (Fig. 1A). Unlike
those of other regions, the BMC of tibiae also increased
significantly between PD40 and PD50 (p <0.05). On the
other hand, the areal BMDs of all regions increased at a rela-
tively constant rate from PD20 to PD50, the rate of increase
declined after PD50, and no increase at all was noted in the
areal BMD of either tibia after PD50 (Fig. 1B).

The weight and length of long bones

To measure the growth of long bones, the weights and
lengths of femora and tibiae were determined. All param-
eters displayed a significant increasing trend with age (J-T,
p<0.001) (Suppl. Table S1). There was a rapid and sig-
nificant increase in weight of femora between PD20 and 30
(p <0.05) but no increase in tibiae. Both weights increased
between PD30 and 40 (p <0.05) but the increases stag-
nated after PD40 (Fig. 1C). On the other hand, the lengths
of both femora and tibiae increased at a relatively constant
rate from PD20 to PD50, the rate of increase declined after
PD50 (Fig. 1D).

Histomorphometric changes in the growth plate
of the proximal tibiae with age

Histomorphometric parameters of the GP based on exami-
nation of histological sections of the proximal tibiae are
depicted in Fig. 2. Representative sections of the GP are
shown in Fig. 3. GP heights tend to significantly decreased
with age (J-T, p<0.01) (Fig. 2A, B) (Suppl. Table S2).
Total GP height (um) decreased progressively with age
and a sharp reduction was noted between PD50 and PD60
(41% decrement) (Figs. 2A and 3D, E) (Suppl. Table S2).
A similar change was also noted in PZ and HZ heights, and
there was a particularly marked decrease in HZ height from
PD50 to PD60 (59% decrement). Although PZ height also
decreased profoundly between PD50 and PD60 (26% decre-
ment), its decline was only about half of that in HZ height.
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Fig.1 Changes of bone minerals, and weights and lengths of leg
bones with age. A, B Bone mineral contents (g) and density (g/cm?)
determined by dual-energy X-ray absorptiometry in lumbar, femora
and tibiae. C, D Weight (g) and length (mm) of femora and tibiae.
Values are mean + SD measured in six rats. PD, postnatal day; BMC,
bone mineral content; BMD, bone mineral density; open square, lum-

As a consequence, the ratio of PZ to GP was reversed and
exceeded the ratio of HZ to GP at PD60 (Fig. 2B). The
number of cells in the PZ and HZ displayed a significant
decreasing trend with age (J-T, p<0.01) (Fig. 2C, D) (Suppl.
Table S2). The PZ is formed of columns of rapidly dividing
chondrocytes resembling stacks of coins (Fig. 3) (Suppl. Fig.
S1A). The number of cells within the defined region or num-
ber of cells per column in the PZ fluctuated up to PD40 and
then fell between PD50 and PD60 (43%, 27% decrement,
respectively). The number of cells within the defined region
or number of cells per column in the HZ underwent similar
changes with age to those in the PZ (27%, 34% decrement,
respectively) (Fig. 2C, D) (Suppl. Table S2). Taken together,
these findings show that the profound reduction in GP height
at PD60 was accompanied by significant decreases in the
numbers of cells in the PZ and HZ.

Histomorphometry of cancellous bone
in the proximal tibiae

In contrast to GP height, whole Sn height did not change
to PD40 but then increased between PD40 and PD50 (55%
increment) (p <0.05) (Fig. 2E) (Suppl. Table S2); 2° Sn
heights also increased by PD50 along with all parameters
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bar; open circle, femora; open triangle, tibiae. For the significance of
differences between ages for each parameter, incremental percentage
with 95% confidence interval are calculated; *p <0.05 vs. the value of
previous age (Suppl. Table S1). J-T p values indicate the significance
of trends with age for each parameter analyzed with Jonckheere-Terp-
stra test (trend test); significance at p <0.05

related to bone formation, whereas 1° Sn heights increased
between PD20 and PD30 (66% increment) (p <0.05), then
remained relatively constant. As a result, the percentage of
1° Sn to the whole continuously decreased after PD30 and
the percentage of 2° Sn to the whole steadily increased by
PD60 (Fig. 2F). The indices of trabecular bone formation
analyzed mainly in the 2° Sn are summarized in Table 1 and
representative sections of the 2° Sn are presented in Fig. 4.
As shown in Fig. 4, the micro-architecture of the 2° Sn was
markedly changed at PD50, with an increase in bone area,
bone perimeter, bone area ratio and trabecular number, and,
as a consequence, a decreased trabecular separation. Over-
all, trabecular bone formation reached a significant level at
PD50, and after that, all parameters except trabecular sepa-
ration decreased.

Hormone measurements

Serum levels of IGF-1, E, and T are depicted in Fig. 5. IGF-1
increased strongly between PD20 and PD30 (p <0.05), and
fell sharply by PD40 (Fig. 5A). E, levels were relatively
constant (Fig. 5B), whereas T levels displayed a significant
increasing trend with age (J-T, p<0.01) and sharply rose
from PD40 and peaked at PD60 (p < 0.05) (Fig. 5C).
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Fig.2 Growth plate parameters analyzed from the proximal tibiae
with age. A The heights of the total growth plate, PZ and HZ are the
longitudinal dimension of the structure parallel to the long axis of the
bone. B Percentages of the heights of PZ and HZ to the total GP. C
Number of cells (solid line) and columns (dotted line) are mean value
of 8 measurements of both tibiae counted within the same defined
region (0.3 mm.?) at 200-fold magnification. D Cell numbers per col-
umn for the PZ and HZ are mean numbers of cells in a single column
spanning the longitudinal diameter of the zone. E The heights of the
whole, 1° and 2° Sn are the longitudinal dimension of the structure
parallel to the long axis of the bone. F Percentages of the heights of

Discussion

Skeletal growth is one of the most striking characteristics of
puberty. Although earlier investigators of long bone growth
used various parameters to measure growth in experimen-
tal animals, there has been few combined study with the
changes of both the weight and length of long bones, and
hormones during puberty in rats. In this study, we showed
the growth of long bones such as femora and tibiae in male
rats from PD20 to PD60. The rate of growth of long bone
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the 1° Sn and the 2° Sn to the whole Sn. Values represent means +SD
for both tibiae of six rats. PD, postnatal day; GP, growth plate; PZ,
proliferative zone; HZ, hypertrophic zone; open square, total; open
circle, PZ; open triangle, HZ; Sn, spongiosa; closed square, whole;
closed circle, 1° Sn; closed triangle, 2° Sn. For the significance of
differences between ages for each parameter, incremental percentage
with 95% confidence interval are calculated; *p <0.05 vs. the value of
previous age (Suppl. Table S2). J-T p values indicate the significance
of trends with age for each parameter analyzed with Jonckheere-Terp-
stra test (trend test); significance at p <0.05

was highest between PD20 and PD40, after which it slowed
considerably. Significant increase in femora length began
from PD20, and tibiae length began 10-day later than femora
length (Fig. 1D).

These differences are consistent with other findings
(Hansson et al. 1972; Lindahl 1967). The weights of femora
and tibiae followed the same patterns of increases as those of
length. Our results should provide a standard for the changes
in long bone length and weight during the pubertal growth
spurt. Adolescence is the period when the greatest bone
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Fig.3 Representative sections of the proximal tibia growth plate. The heights of the total GP, PZ and HZ are indicated. PZ, prolifera-
Tissues were stained with Alcian blue, which stains collagen blue. tive zone; HZ, hypertrophic zone. Bar=200 pm
Growth plates at A PD20, B PD30, C PD40, D PD50, and E PD60.

Table 1 Histomorphometric
parameters of the cancellous
bone analyzed from the 2°

spongiosa of proximal tibiae

Age (PD) 20 (N=6) 30 (N=6) 40 (N=6) 50 (N=6) 60 (N=6) J-T
p-value
B.Ar (mm?) 0.19+0.00 0.19+0.04 0.20+0.03 0.31+0.04*  0.22+0.05 0.188
B. Peri (mm) 16.7+1.37  12.6+0.92 11.5+1.96 17.1+£1.59%  11.9+£1.20 0.265
B.Ar/T.Ar 15.7+0.17  15.5+2.89 16.3+2.64 252+323*%  18.1+4.46 0.188
Tb.Wi (um) 233+2.11  30.0+3.56 34.8+0.66 36.3+3.62 37.1+£595  0.002

Tb.N (mm™) 6.6+071  5.1+037 4.7+0.80 70+0.65%  48+049 0311
Tb.Sp (um) 1238496 1653+17.4 182.6+344 1082+133  170.9+63% 0478

Values are means +SD for both tibiae of six rats at each designated time point. Measurements of height
represent the longitudinal dimensions of structures parallel to the long axis of the bone. Whole fields of
vision on four consecutive Alcian blue-stained sections of each tibia per animal were evaluated at 100-fold
magnification for the analysis of secondary spongiosa

PD postnatal day, Sn spongiosa, B. Peri bone perimeter, B.Ar/T.Ar trabecular bone volume, 7b. Wi trabecu-
lar width (thickness), Tb.N trabecular number, 7hb.Sp trabecular separation

p values indicate the significance of trends with age for each parameter analyzed with Jonckheere-Terpstra
test (trend test); significance at p <0.05. Percentage changes between designated time points are calculated
as [(Final value — Original value)/Original value]x 100% and significance is based on 95% confidence
intervals (Table S2);

*p<0.05 vs. the value of previous age
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1°Sn
g & B L8

Fig.4 Representative sections of the proximal tibia cancellous bone.
Tissues were stained with Alcian blue. A—E Sections including pri-
mary and secondary spongiosa at 50-fold magnification, and F—J sec-
tions showing a part of the secondary spongiosa at 100-fold magni-

mass accrual occurs (Theintz et al. 1992). BMC increased
progressively with age, but its rate of increase was not
homogeneous even within the leg bones; instead there was
an abrupt increase of BMC in femora between PD30 and
PD40, whereas the rate of increase of BMC in tibiae was
roughly constant to PD50 (Fig. 1A). The age at which peak
bone mass is attained in humans also differs with the site
(Krabbe et al. 1979; Theintz et al. 1992). Thus, depending on
the purpose of the experiment, this should be taken into con-
sideration when deciding age of the rat and bones to analyze.

The GP is an important region of longitudinal bone
growth due to endochondral ossification (Ortega et al. 2004),
and its height has been employed as a measure of growth
(Hunziker 1994). GP height in rats is reported to be greatest
between PD20 and PD40, and to progressively decrease after
PD56 (Roach et al. 2003). Similarly, we found that maximal
GP expansion was achieved at PD20 and then decreased
considerably, with a strong decline between PD50 and PD60
(Figs. 2A and 3). The stages of proliferation and hypertrophy
are the most important for long bone growth in all three
zones of the GP (Staines et al. 2013), and the gradual decline
in GP height is associated with reduced height of the PZ
and HZ (Weise et al. 2001). We noted a rapid drop in GP
height between PD20 and PD30 mostly due to loss of the PZ,
as well as a profound reduction between PD50 and PD60.
In contrast, it has been reported that PZ height is constant
from PD21 to PD91 in male Wistar rats (Walker and Kember
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fication. A, F PD20, B, G PD30, C, H PD40, D, I PD50, and E, J
PD60. GP, growth plate; 1° Sn, primary spongiosa; 2° Sn, secondary
spongiosa. Bar=500 pm for (A-E) and 200 pm for (F-J)

1972). Therefore, differences in strain are also one of factors
to be considered before conducting the experiment.
Although linear growth can be modulated by changes in
cell proliferation, cell hypertrophy is known to be a much
faster and efficient way of rapidly extending columnar units
(Hunziker and Schenk 1989). For instance, an increase in
chondrocyte height is responsible for 44— 59% of long bone
growth in rats, with the remainder due to matrix synthesis
and chondrocyte proliferation (Wilsman et al. 1996). In this
study, the height of the HZ was relatively constant up to
PD50 and then fell greatly by PD60. Thus, the decline of
GP height between PD20 and PD30 is due mainly to loss
of the PZ, whereas the decline between PD50 and PD60 is
due to loss of both the PZ and HZ, resulting from simultane-
ous decreases in cell numbers (Fig. 2). Given the fact that
the chondrocytes believed to represent the functional units
for longitudinal growth (Kember 1983; Lindahl 1967), the
simultaneous decreases in cell numbers in the PZ and HZ
point to a gradual decrease in growth fraction that already
begins at PD30 (Fig. 2). Thus, the peak heights of PZ and
HZ appear to occur at about PD20 when the GP is fully
formed in male rats and active growth is in progress. In fact,
the relatively constant height of the HZ from PD40 on could
be accounted for by continuous transition of cells from the
PZ and its replenishment from the RZ during the growth
spurt. In agreement with previous studies (Hunziker and
Schenk 1989; Roach et al. 2003; Walker and Kember 1972),
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Age PD20 to PD30 PD30 to PD40 PD40 to PD50 PD50 to PD60 J-T p-value
IGF-1 148 (0.806, 2.158)* -45 (-1.099, 0.196 ) -9 (-0.334, 0.159) -12 (-0.421, 0.174) 0.418
Estradiol 3 (-1.110, 0.176) -4 (-0.210, 0.126) -3(-0.157, 0.105) -1 (-0.095, 0.073) 0.418
Testosterone  -64 (-1.451, 0.180) 226 (0.909, 3.605)* 279 (1.002, 4.577)* 74 (0.383, 1.089)* 0.001

Values are given as percentage change between each designated time point and values in the parentheses indicate 95% confidence interval. *p< 0.05. The

percentage change is calculated by [(Final value — Original value)/Original va

lue] x 100%. J-T p values indicate the significance of trends with age for each

parameter analyzed with Jonckheere-Terpstra test (trend test); significance at p< 0.05.

Fig.5 Serum levels of A IGF-1, B Estradiol and C Testosterone with
age. Data are presented as mean + SD measured in six rats per group
at each designated time point, based on two independent measure-
ments. PD, postnatal day. For the significance of differences between
ages for each parameter, incremental percentage with 95% confidence

the heights of the PZ and HZ begin to decline after PD40,
particularly by PD60, pointing to decreased proliferation and
activity of the chondrocytes (Fig. 2).

Coordinated osteoblast activity and mineralization in the
lower HZ forms the 1° Sn, which is located under the GP
and characterized by thin trabeculae with a calcified carti-
lage core covered with bone (Hunziker and Schenk 1989).
During growth, the calcified cartilage is replaced by lamel-
lar bone, and forms the 2° Sn (Kimmel and Jee 1980). So
far, there have been few detailed reports about changes in
the height of the Sn during puberty. Here we showed that
the height of whole Sn was little changed by PD40 but that
it increased by PD50, mainly due to a marked increase in
the 2° Sn (Figs. 2 and 4). The constant height of the whole
Sn up to PD40 may be a reflection of a relatively constant
rate of osteoblast activity or mineralization in the lower HZ.
On the other hand, a dramatic increase of 2° Sn height at
PD50 was accompanied by increases in parameters related
to bone formation, such as bone area, bone area ratio, num-
ber of trabeculae and bone perimeter (Fig. 2, Table 1), and
the increase of the 2° Sn at PD50 seemed to be associated
with a significant decrease in the HZ over the same period.

interval are calculated (lower panel); *p <0.05 vs. the value of previ-
ous age. J-T p values indicate the significance of trends with age for
each parameter analyzed with Jonckheere-Terpstra test (trend test);
significance at p <0.05

The architecture of the tibial epiphysis changes with age,
with a significant increase of bone area ratio and trabecular
thickness and, as a consequence, reduced trabecular separa-
tion. As shown in Fig. 4, the increased trabecular width and
gradually reduced trabecular number except at PD50 result
in time in more widely separated and thickened trabeculae.

Longitudinal bone growth during puberty is controlled by
a complex endocrine system. In particular, IGF-1 is a potent
stimulator of longitudinal bone growth during puberty (Ven-
ken et al. 2007). Since IGF-1 can stimulate proliferation of
chondrocytes (Ohlsson et al. 1992), the sudden increase
in IGF-1 levels at PD30 should contribute to the parallel
increase in the PZ (Fig. 5A). However, the cell numbers and
height of the PZ at PD30 were lower than at PD20 (Fig. 2C).
This discrepancy may be the result of the rapid transition
of proliferating cells into hypertrophic cells. In addition to
IGF-1, a number of clinical and experimental studies dem-
onstrate that estrogen also provides an important stimulus
for long bone growth during puberty (Cutler 1997; Vander-
schueren et al. 1997; Vidal et al. 2000). Serum estradiol lev-
els showed considerable variation between individuals and
gradually decreased with age (Fig. 5B). There are conflicting
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results concerning the ability of estrogen to stimulate long
bone growth, depending on the level of estrogen: low lev-
els of estrogen caused maximal stimulation of epiphyseal
growth, whereas high levels caused opposing effects (Cutler
1997). These results suggest that a specific level of E, may
be needed for optimal regulation of long bone growth during
puberty. Testosterone is also important for bone growth dur-
ing puberty (Venken et al. 2007). We noted a rise of T levels
after PD30 in the male rats (Fig. 5C). Although the effect of
androgens depends on their conversion into estrogens (Van-
derschueren et al. 1997; Vidal et al. 2000), androgens by
themselves appear to stimulate long bone growth (Keenan
et al. 1993). Consistent with this, T levels rose steeply
without altering E, levels, and then gradually decreased
(Fig. 5C). Considering that androgens can directly stimu-
late chondrocyte proliferation (Krohn et al. 2003) and bone
mineralization (Krabbe et al. 1979), the sudden increases in
T level may participate in promoting longitudinal growth, as
well as mineral acquisition after PD40, when IGF-1 levels
are going down.

Our comprehensive data provide normative information
concerning developmental changes in bone density of long
bones, histomorphometry of the tibial GP, and hormones
relevant to long bone growth during puberty in the rat.
This will be useful for planning animal toxicological stud-
ies, especially in reducing animal numbers by determining
the appropriate age and number of animals to use in given
experiments.
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