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Abstract Although estrogen action is indispensable for
normal bone growth in both genders, the roles of estrogen
receptors (ERs) in mediating bone growth are not fully
understood. The effects of ER inactivation on bone growth are
sex and age dependent, and may differ between the axial and
appendicular regions. In this study, the spatial and temporal
expression of ERa and f in the tibial and spinal growth plates
of the female and male rats during postnatal development was
examined to explore the possible mechanisms. The level of
mRNA was examined and compared with quantitative real-
time PCR. The spatial location was determined by immuno-
histochemical analysis. The 1-, 4-, 7-, 12- and 16-week age
stages correspond to early life, puberty and early adulthood
after puberty, respectively. Gender- and region-specific dif-
ferences in ER« and f expression were shown in the growth
plates. Mainly nuclear staining of ERo and § immunoreac-
tivity was demonstrated in the spinal and tibial growth plate
chondrocytes for both genders. Moreover, our study indicated
significant effect of gender on temporal ERo and f§ expression
and of region on temporal ER«/ERf expression ratio. How-
ever, spatial differences of region-related ERa and f} expres-
sion were not observed. Gender-related spatial changes were
detected only at 16 weeks of both spine and limb growth
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plates. ERa and f§ immunoreactivity was detected in the
resting, proliferative and prehypertrophic chondrocytes in the
early life stage and during puberty. After puberty, ERx
expression was mainly located in the late proliferative and
hypertrophic chondrocytes in female, whereas the expression
still extended from the resting to hypertrophic chondrocytes in
males. Gender- and region-specific expression patterns of
ERo and f§ gene might be one possible reason for differences
in sex- and region-related body growth phenotypes. Gender,
age and region differences should be taken into consideration
when the roles of ERs in the growth plate are investigated.

Keywords Estrogen - Estrogen receptor - Growth plate -
Spine - Limb - Longitudinal growth

Introduction

Endochondral bone formation at the growth plate, a highly
organized cartilage structure located between the epiphyseal
and metaphyseal bone, is responsible for the longitudinal bone
growth. This process is tightly regulated by a multitude of
endocrine signals that are even more complex during the
accelerated growth period of puberty (Kronenberg 2003;
Nilsson et al. 2005; Giustina et al. 2008; Chagin and Sdvendahl
2009). Among them, estrogen is of crucial importance. The
findings of genetic disorders have allowed us to gain insight
into the unique role that each sex steroid plays in the growing
skeleton. Findings of a man with defective estrogen receptor
(ER) o and individuals with aromatase deficiency suggest that
estrogen action is indispensable for normal pubertal growth
and growth plate fusion in both genders. Estrogen plays a
critical role in skeletal growth of males as well as females
(Lebovitz and Eisenbarth 1975; Ben-Hur et al. 1993; Smith
et al. 1994; Morishima et al. 1995; Bilezikian et al. 1998;
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Carani et al. 1997; Maffei et al. 2004). The timing of the
growth spurt in boys and girls also suggests that estrogen is a
more potent stimulator for skeletal growth than androgen (Lee
and Witchel 1997). In patients with familial male precocious
puberty, antiandrogen alone is not sufficient to revert skeletal
growth to a prepubertal rate, but the addition of an aromatase
inhibitor may be effective, thus indicating that the growth
promoting effects of testosterone are mediated via estrogen
aromatization (Laue et al. 1989). In androgen insensitivity
patients, the growth spurt is near normal (Zachmann et al.
1986), whereas little or no growth spurt occurs in patients with
aromatase deficiency (Grumbach 2000). These findings also
provide strong suggestive evidence that pubertal growth spurt
may be primarily induced by estrogen.

The actions of estrogen on the skeleton mainly occur via
interactions with the receptors ERc and 5. Knockout mouse
models have been developed to study the regulation of
longitudinal growth by estrogen. The effects of ER inac-
tivation on bone growth are sex and age dependent
according to the analyses of bone length in these mice
(Vidal et al. 1999, 2000; Sims et al. 2002; Chagin et al.
2004; Windahl et al. 1999, 2001; Lindberg et al. 2001;
Tozum et al. 2004; Parikka et al. 2005). Gender-dependent
effects of 17 f-estradiol on bone growth were also noted in
young mice (Ornoy et al. 1994). Compared with age- and
sex-matched wild-type (WT) mice, a significant decrease in
the length of femoral bone was observed in ERa-knockout
(ERKO) females; in contrast, a slight decrease was shown
in ERKO males (Parikka et al. 2005; Couse and Korach
1999). More interestingly, the effects of ER on bone
growth may differ between axial and appendicular regions
(Vidal et al. 1999). The sum of these reports suggests that
the developmental pattern of ER may be varied at different
age stages of different regions and genders.

Estrogen can regulate bone growth by systemic and direct
action. The facts that both ERa and f are detected in growth
plate chondrocytes during development indicates the direct
effects of estrogen on chondrocytes (Braidman et al. 1995;
Kusec et al. 1998; Kennedy et al. 1999; Nilsson et al. 1999;
Braidman et al. 2001; van der Eerden et al. 2001, 2002;
Nilsson et al. 2002, 2003). However, results and conclusions
on the expression patterns of ERo and f in the growth plates
are different and conflicting in these studies. During early life
and sexual maturation, the location of ER is involved in the
resting and proliferating chondrocytes (Nilsson et al. 2002),
late proliferating and early hypertrophic chondrocytes (van
der Eerden et al. 2002), hypertrophic zone (Nilsson et al.
1999; Egerbacher et al. 2002), and in all zones (Kusec et al.
1998; Nilsson et al. 2003). In addition, Kennedy et al. 1999
showed that ERo immunostaining disappeared during sexual
maturation in rats, and therefore proposed that this might be
responsible for the absence of growth-plate closure in the rat.
However, the expression of ERa and f in the developing
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vertebral growth plate has not been established, nor can
gender differences in ER expression be detected (van der
Eerden et al. 2002; Nilsson et al. 2003).

In the present study, we investigated, for the first time,
the gender- and region-specific variations of the develop-
mental pattern for ERa and f§ expression in rat limb and
spine growth plates. Quantitative real-time PCR, and
immunohistochemistry were used for ERx and f exami-
nation and comparison in this study. The stages of early life
(1 and 4 weeks), puberty (7 weeks), the end of puberty
(12 weeks) and after puberty (16 weeks) were chosen for
examination at the mRNA and protein level.

Materials and methods
Experimental animals

Female and male wistar rats were purchased from Shanghai
Laboratory Animal Co. Ltd. (SLAC, Shanghai, China). The
rats were maintained on a 12 h light/dark cycle at 23 4 2°C,
with food and water freely available. The local ethics com-
mittee for animal experiments approved the experimental
procedures and protocols. The animals of both genders
(n = 5) were sacrificed at 1,4, 7, 12, and 16 weeks of age, of
which the tibiae and lumbar spine bone were isolated. The
fixation as described by van der Eerden et al. (2002) was used,
which was composed of 2% paraformaldehyde and 0.2%
glutaraldehyde in 0.1 mol/L phosphate buffer supplemented
with 75 mmol/L lysine monohydrochloride and 10 mmol/L
Na-periodate. Half of the isolated samples were stored in this
fixation for 24 h, followed by decalcification for about
4 weeks in 15% ethylenediaminetetraacetic acid (EDTA),
including 0.5% paraformaldehyde. For immunohistochemis-
try study, the samples were dehydrated in a graded series of
ethanol and embedded in paraffin. The method described
previously (van der Eerden et al. 2000; Gevers et al. 2002;
Sampson et al. 2007; Mitani et al. 2006) was used for the
dissection of the growth plates of the other half tissue speci-
mens. By cutting away all sides of the cartilage-bone borders
to avoid contamination with fibrous tissue or bone tissue, the
growth plate material was separated and the obtained frag-
ments were rapidly frozen in liquid nitrogen for RNA prepa-
ration. Several studies have shown that the growth plate
cartilages were negative for type I collagen (Mundlos and
Zabel 1994; Camper et al. 2001; Fukunaga et al. 2003).
Therefore, absence of collagen type I mRNA was used for
judgment of the removing of contamination with bone tissue.

RNA isolation and quantitative real-time PCR

By grinding the frozen sample in liquid nitrogen using a
mortar and pestle followed by extraction using Trizol
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reagent (Invitrogen) according to the manufacturer’s pro-
tocol, total RNA from each growth plate specimen was
isolated. The procedure followed was as described previ-
ously (Li et al. 2010, 2011). The quantity and purity of the
isolated RNA was measured at OD260 and OD280, and
analyzed on a 0.5 x 5 TBE (0.045 mol/L. Tris borate,
0.001 mol/L EDTA) 1% agarose gel to check the integrity
of the RNA. Using the One-Step TaKaRa PrimescriptTM
RT Reagent Kit (TaKaRa, Japan), first-strand cDNA was
synthesized from 1 pg total RNA.

ERa, ff and collagen type I gene expression was measured
by real-time PCR. PCR amplification was performed with
the SYBR Premix Ex Taq (Takara) in a LightCycler (Roche
Diagnostics) according to the manufacturer’s instructions.
For these reactions, specific oligonucleotide primers to rat
sequences were designed by program Oligo 4.0 (National
Biosciences, Inc., Plymouth, MN) on the basis of sequences
in GenBank. The forward and reverse primer sequences for
the amplifications were as follows: ERa: 5'-TGTTAC
GAAGTGGGCATGATGAA-3' and 5-GCCAAAGGTTG
GCAGCTCTC-3'; ERf: 5-AGCGACCCATTGCCAATC
A-3’ and 5'-CTGGCACAACTGCTCCCACTAA-3'; colla-
gen type I 5-GACATGTTCAGCTTTGTGGACCTC-3’
and 5-GGGACCCTTAGGCCATTGTGTA-3'; p-actin:
5'-GGAGATTACTGCCCTGGCTCCTA-3" and 5'-GACT
CATCGTACTCCTGCTTGCTG-3'. Two steps were inclu-
ded in the reactions: first, the samples were heated to 95°C
for 30 s; second, there were 20 cycles consisting of 5 s at
95°C followed by 20 s at 60°C. Finally, the melting curve
was analyzed. A standard curve of C; values versus serial
dilutions of cDNA was used to determine the amplification
efficiency. In our study, a standard curve was created from
serial dilutions spanning six orders of magnitude, yielding a
correlation coefficient of at least 0.98 in all experiments.
PCR efficiency was close to 1, indicating a doubling of DNA
at each PCR cycle, as expected. The amount of ERa and f8
gene relative to the internal control gene, f-actin, was cal-
culated with the 2-2% formula. The C, value of each cDNA
sample was defined as the cycle number at which the fluo-
rescence intensity of each target gene was amplified within
the linear range of the reaction. The data were analyzed in
triplicate.

Immunohistochemistry

For immunohistochemistry, paraffin sections (5 pm thick)
were treated with xylene to remove paraffin and rehydrated
in graded alcohol baths followed by three rinses with
phosphate-buffered saline (PBS). Slides were immuno-
stained with the streptavidin—biotin peroxidase (SABC)
technique according to our previously described procedure
(Zhao et al. 2008; Li et al. 2011).

Antigen retrieval was performed in 10 mmol/L citrate
buffer (pH 6.0) at 95°C for 10 min and allowing them to cool
down to room temperature for 20 min. Then sections were
incubated in 1% H,O, for 15 min for blocking the endoge-
nous peroxidase activity. Sections were incubated overnight
at 4°C with mouse polyclonal antibody of the active form
of the ERa (Santa Cruz, sc-543, 1:100 dilution) and ERf}
(Abcam, ab3576, 1:100 dilution)after preincubation with 5%
normal goat serum (Vector, S-1000) for 30 min at room
temperature. Then sections were incubated with the corre-
sponding biotinylated goat anti-rabbit IgG (Vector, BA-
1000), applied for 30 min at a dilution of 1:200, followed by
a triple wash in PBS. Finally, at room temperature, the sec-
tions were incubated in ABC complex (Vectastain ABC kit,
Vector Cat#PK-6100) for 30 min. Staining was detected
with DAB peroxides substrate solution for 3 min, followed
by rinsing in distilled water briefly. The slides were dehy-
drated in graded ethanol, cleared in xylene, and mounted
with Permount medium after counterstaining with Gill’s
hematoxylin solution for 3 min. Control experiments were
incubated with the antibody preincubated with a blocking
peptide. ERx and f3 isoforms had been detected in ovary and
liver specimens (Nilsson et al. 2002). The primary antibodies
with the same concentrations were used to stain positive
control tissues (liver and ovary).

Semi-quantitative analysis of ERa and f staining
intensities

Using the following intensity categories: 0, no staining; 1,
weak but detectable staining; 2, moderate or distinct
staining; 3, intense staining, the intensities of ERa and f
immunoreactivity were evaluated semi quantitatively. For
each sample, a HSCORE value was derived by summing
the percentages of cells that stained at each intensity group
and multiplying that by the weighted intensity of the
staining. The formula HSCORE = )i x P;, where
i represents the intensity scores, and P; is the corresponding
percentage of the cells, was used for calculation. For each
growth plate sample, three tissue sections from each sam-
ple were randomly achieved and five randomly selected
areas were evaluated for each tissue slide under the
microscope with 200x original magnification. The per-
centage of the cells at each intensity group within these
areas was determined by two investigators blinded to the
type of the tissues. The mean score was used.

Statistical analysis
All data from ERa and f§ immunohistochemistry scores in

the growth plate were normally distributed as tested by
Kruskal-Wallis (H) test. Quantitative data regarding ERo
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and f gene expression and HSCORE analysis are presented
as mean £ SD and analyzed by three-factor (age, gender
and region) ANOVA. The Bonferroni test was used for
post-hoc comparison. A P value of < 0.05 was considered
statistically significant. Statistical analysis was performed
using the SPSS (SPSS Inc., USA) statistical package.

Results

Region-specific changes of ERa and f mRNA
expression in male and female rat growth plate

We assessed the expression of ERa and f in the growth
plate of the rat axial and appendicular region of both
genders by quantitative real-time PCR. The developmental
change curves of ERo and f mRNA expression were
shown in Figs. 1 and 2.

Variations of ERa and f expression in tibial and spinal
growth plate of both genders were noted in this study
(Figs. 1a, 2a). In female rats, at fast growth stage during
early life and just before puberty, there were no significant
differences of ERo gene expression between spine and
tibia. During and at the end of puberty (7 and 12 weeks), a
significant difference of the relative ERo expression
occurred in spine and limb growth plate. The expression
was higher in spine than in limb. The difference increased
during puberty. After puberty (16 weeks), ERo expression
in spinal and tibial growth plate returned to a similar level
to that during puberty. In contrast, ERff expression was
lower in spine than in limb.

In male rats, ERx expression in spinal growth plate was
significantly lower than that in tibia just before and during
puberty (4 and 7 weeks). Whereas, after puberty, growth
plate in spine had a significantly higher ERa expression
than that in limb (Fig. 1a). As for the ERf, just before
puberty, it was significantly higher in spinal growth plate.
During and after puberty, the expression differences
between spine and limb were similar to ERa (Fig. 2a).

Gender-specific variations of ERaz and f mRNA
expression in axial and appendicular growth plate

In tibial growth plate, Fig. 1b showed significantly higher
ERa mRNA expression of male rats than that of female rats
just before and at puberty (4 and 7 weeks). However, at the
end of puberty, a significantly lower ERo expression was
indicated in male than in female. With regard to the
expression of ERf}, male and female had similar variations
at all time intervals except after puberty (16 weeks). After
puberty, ERf expression was significant higher in female
limb than that in male (Fig. 2b).

@ Springer

Fig. 1 The developmental changes of ERo expression in growth
plate of the rat spine and limb of both genders. Total RNA was
extracted from the growth plate, reverse transcribed, assessed by
quantitative real-time PCR and analyzed by multiple comparisons
using the Bonferroni test. a Region-specific changes of ERo mRNA
expression in growth plate. In male rats, ERx gene expression in spine
was significantly lower than that of limb at 4, 7 weeks. After
16 weeks, expression in spinal growth plate was markedly higher than
that in limb. In female rats, ERo expression was significantly lower in
spine at 7 and 12 weeks. P < 0.05 between spine and limb of female
(inverted filled triangles) and male (asterisks) rats. b Gender differ-
ences of ERo expression. In limb, male rats had significantly higher
ERa mRNA expression than female rats at 4 and 7 weeks of age.
However, at 12 weeks of age, male rats had lower ERa expression
than females. In spine, gender differences mainly occurred at 4, 7, 12
and 16 weeks of age. P < 0.05 between female and male limb
(asterisks) and spine (stars) at each development stage. c—f Age-
related differences of ERx mRNA expression in spine and limb of
both genders. Data are presented as fold changes compared to the
expression level of 1 week. *p < 0.05 LimbQ and Spine$ 7, 12,
16 weeks versus 1 week; 7, 12, 16 versus 4 weeks; 7 versus
12 weeks; 12 versus 16 weeks. LimbJ 4, 7, 16 weeks versus 1 week;
12, 16 versus 4 weeks; 12, 16 weeks versus 7 weeks. Spined 4,
16 weeks versus 1 week; 7, 12, 16 versus 4 weeks; 16 weeks versus
7 weeks; 12 versus 16 weeks. g, h There was hardly any collagen
type I mRNA in all spinal and tibial growth plate specimens for
judgment of the removing of contamination with bone tissue

In spinal growth plate, no significant gender difference
of ERo gene expression was observed only at fast growth
stage during early life (1 week). Compared with females,
the relative ERa expression level was significantly higher
just before and after puberty (4 and 16 weeks), and lower
during puberty (7 and 12 weeks) in males (Fig. 1b). No
gender-specific variations of ERf expression occurred at 1
and 7 weeks. In comparison to female, male spinal growth
plate had significantly higher ERf expression just before
and after puberty, and a significantly lower expression at
the end of puberty (Fig. 2b).

Age-related changes of ERa and f gene expression
in the growth plate

In the appendicular region of female rats as shown in
Figs. 1a, ¢ and 2a, c, expression of ERx and f mRNA
increased continuously from early life stage to puberty (1, 4
and 7 weeks). Both of them peaked at the end of puberty
(12 weeks). The expression of ER« was up-regulated earlier
than that of ERf during development. ERa gene expression
significantly increased from the onset of the puberty. No
significant up-regulation was observed for the expression of
ERua during early life (1 and 4 weeks) and for the expression
of ERf from early life stage to puberty (1, 4 and 7 weeks).
After sexual maturation (16 week), ERa expression
decreased close to that of the puberty again (P > 0.05),
whereas ERf§ expression was significantly higher than that
during the puberty (P < 0.05). In the axial skeleton, ER«
and f expression changes appeared to vary in a similarly
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age-related manner as in the appendicular region (Figs. 1a,d,
2a, d). After sexual maturation (16 week), not similar to the
limb, ERf expression was not significantly higher than that
during the early life and puberty stages in the axial skeleton.

In both appendicular and axial skeleton of male rats
(Figs. 1a, e, f, 2a, e, f), ERo and f§ expression showed a
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significant increase just before puberty (4 weeks), which was
earlier than that in females. In the appendicular skeleton, ERx
expression reached the peak value at 4 weeks, with no sig-
nificant expression difference between 4 and 7 weeks, fol-
lowed by decline. ERf expression peaked during puberty
(7 weeks). At the end of puberty, the expression of both
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changes of ERf expression in
growth plate of the rat spine and
limb of both genders. The data
were analyzed by multiple
comparisons using the
Bonferroni test. a Region
differences of ERf expression
mainly occurred at 12 and
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triangles) and male (asterisks)
rats. b Gender differences of
ERJ expression mainly
presented from 4 to 16 weeks in
limb and at 4, 12, and 16 weeks
in spine. P < 0.05 between
female and male limb
(asterisks) and spine (stars)

at each development stage.

c—f Age-related differences of
ERf mRNA expression in spine
and limb of both genders. Data
are presented as fold changes
compared to the expression 1
level of 1 week. *p < 0.05
Limb® 12, 16 weeks versus

1 week; 12, 16 weeks versus

4 weeks; 12, 16 weeks versus

7 weeks; 12 weeks versus

16 weeks. Spine? 1, 4, 7 weeks
versus 12 weeks; 12 weeks
versus 16 weeks. Limb3 4,

7 weeks versus 1 week; 7, 12,
16 weeks versus 4 weeks; 12,
16 weeks versus 7 weeks.
Spined 4, 16 weeks versus

1 week; 7, 12 weeks versus

4 weeks; 12 versus 16 weeks

80 1Limb 2
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Relative ERB Expression
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Relative ERB Expression
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receptors approached the level of early life stage (1 week,
P > 0.05). After sexual maturation (16 weeks), although an
up-regulation of both ERa and f gene expression was
observed, compared with the expression level of each fast
growth stage during early life (1 week), only ER« gene had a
significant increase (P < 0.05). In the axial skeleton of male
rats, ERo and f expression increased before puberty, and
decreased during puberty. Then a significant up-regulation
presented after puberty in the spinal growth plate. Unlike the
appendicular region, the peak value of both ERa and f
expression was just before puberty (4 weeks) in spinal growth
plate of male rats. After puberty (16 weeks), the ratio to
1 week of ERa was higher (about fourfold) than that of ERf in
spine. Before sex maturation, the peak value of ERf expres-
sion ratio to 1 week in limb growth plate was about sixfold of
that in spine.
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Age-, region- and gender-related changes of the ratio
of ERo/ERf} expression in growth plate

Figure 3a showed that female spinal growth plate had lower
ERo/ERf; expression ratio than limb in 1 week of early life.
Just before and during puberty (4 and 7 weeks), the
expression ratio was higher in female limb than that in spine.
At the end of and after puberty, the ratio in spine increased,
significantly higher than that in limb. In male, significant
expression ratio differences between limb and spine were
only demonstrated in 1 and 12 weeks, whereas the differ-
ences were contrary to that in female. The effect of skeleton
site on the change curves of temporal ER&/ERf§ expression
ratio might be more significant than that of gender.

There are gender-related variations of ERo/ERf
expression ratio in all observed developing stages in limb
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Fig. 3 The developmental
changes of ERo/ERf expression
ratio in growth plate of the rat
spine and limb of both genders.
a Region-specific differences of
ERa/ERf ratio presented at all
development stages in females
and 1 and 12 weeks in males.
The effect of skeleton site on
the change curves of temporal
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ERo/ERf expression ratio
might be more significant than
that of gender. P < 0.05
between spine and limb of
female (inverted filled triangles)
and male (asterisks) rats.

b Gender differences of ERo/
ERp mainly were revealed at 1,
4 and 7 weeks of age in spine
and at all development age in
limb. P < 0.05 between female
and male limb (asterisks) and
spine (stars) at each
development stage. c—f Age-
related differences of ER«/ERf
ratio in spine and limb of both
genders. Data are presented as
fold changes compared to the
expression level of 1 week.
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growth plate (Fig. 3b). However, in spinal growth plate,
variations were found only in early life and puberty (1, 4
and 7 weeks). Just before and during puberty (4 and
7 weeks), the ratio was significantly low in limb and spine
in both genders.

In female rats, the ratio of ER«/ERf expression peaked
just before puberty in both appendicular and axial skeleton
(no significant differences in axial skeleton between 4 and
7 weeks). During puberty, the ERa/ERf; expression ratio
had a significant down-regulation in limb, whereas no
significant changes occurred in spine (Fig. 3a, c, d). In
male rats, in the stages of early life (1 and 4 weeks), a
significant decrease of the ER«/ERf expression ratio was
indicated in appendicular skeleton. No significant change
was observed in axial region. In both regions of male rats, a
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significant up-regulation of the ratio was observed during
the entire puberty (7 and 12 weeks), and followed by a
significant decrease in both regions after puberty (Fig. 3a,

e, ).
ERo and ff immunoreactivity in control tissues

To investigate the sensitivity and specificity of the active
form of ERo and f immunostaining, positive control
experiment was performed using liver and ovary specimens
from rats. Immunohistochemistry revealed nuclear ER«
immunoreactivity in hepatocytes and strong nuclear ERf}
immunostaining in granulosa cells in the ovary (Fig. 4a, b).
When the antibody was preincubated with a blocking
peptide, no staining was detected (Fig. 4c, d).
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Fig. 4 Control experiments for
immunohistochemistry. Positive
immunoreactivity produced a
brown coloration. Localization - -
of ERa and f§ protein in sections
of liver and ovary from Wistar
rats. a Predominantly nuclear
staining of ERo
immunoreactivity was mainly
detected in hepatocytes.

b Nuclear ERf immunostaining
was found in granulosa cells in
ovary. ¢, d No staining could be
observed when the antibody was
preincubated with a blocking !
peptide. Bar represents 50 pm
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Expression of ERa and f§ protein in the growth plate
of the male and female rat axial and appendicular region

Distribution of ERa and f§ protein was detected on the
sections of tibial (Figs. 5, 6) and spinal (Figs. 7, 8) growth
plate from female and male rats of 1, 4, 7, 12, and
16 weeks. Both cytoplasmic and nuclear staining of ERa
and f immunoreactivity in growth plate chondrocytes was
detected in the spinal and tibial growth plate of both gen-
ders. Abundant nuclear staining of ERx and f§ immunore-
activity was observed in chondrocytes. Compared with
each nuclear staining, cytoplasmic staining of ERa seemed
lesser than that of ERf. The results of semiquantified
analysis using the HSCORE were shown in Figs. 9 and 10.

For the spatial organization of the tibial and spinal
growth plates of 1-, 4-, 7- and 12-week-old, both genders
had similar distribution of the ER« protein expression. At 1
and 4 weeks of age, ERo immunoreactivity was detected in
the resting, proliferative and prehypertrophic chondrocytes.
Staining in the hypertrophic chondrocytes appeared to be
less intense compared with the resting and proliferative
region. During puberty, 7 and 12 weeks of age, ERa
immunoreactivity was extended from the resting to the
hypertrophic chondrocytes in limb and spine. At slow
growth stages after puberty (16 weeks of age), ERu
expression was mainly located in the late proliferative and
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hypertrophic chondrocytes in female limb and spine,
whereas the expression still extended from the resting to
hypertrophic chondrocytes in males. The spatial expression
patterns for ERf were similar to that of ER« in different
zones of growth plate in limb and spine of both genders.

ERo and f HSCORE data showed age-related variations
in tibial growth plate of both genders (Figs. 9a, b, 10a, b).
The values of ERo and f§ increased with age during early
life and sexual maturation, and peaked at 12 weeks for
female limb. After sexual maturation (16 week), the values
decreased close to that of 1 week again (P > 0.05),
whereas, in male limb, the values peaked at 4 and 7 weeks,
followed by down-regulation (P < 0.05) at 12 weeks, and
then up-regulated at 16 weeks.

According to the HSCORE analysis, ERo and f in the
spinal growth plate showed a similar age-related variation
to that in the appendicular region of female (Figs. 9c, d,
10c, d). In agreement with the expression results of female
spine by quantitative real-time PCR, the positive staining
HSCORE value was significantly low in 16 weeks com-
pared with that in 1, 4, 7 and 12 weeks (P < 0.05). In male
rats, ERoc and f HSCORE values increased from 1 to
4 weeks, and was then down-regulated at 12 weeks and
finally up-regulated at 16 weeks in the spinal growth plate.
The peak value appeared at 16 weeks for ERo, and at 4 and
16 weeks for ERp.
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Fig. 5 Immunohistochemistry of ERw in tibial growth plates during
development of female and male rats. a—d At fast growth stage during
childhood and just before puberty (1 and 4 week), ERa immunore-
activity was detected in the resting, proliferative and prehypertrophic
chondrocytes. Staining in the hypertrophic chondrocytes appeared
to be less intense compared with the resting and proliferative region.
e-h During puberty (7 and 12 weeks), ERo mainly located in the

In addition, HSCORE analysis of the ERx and f immu-
nolabeling also revealed gender- and region- specific changes
in the growth plate (Figs. 9e, f, 10e, f). Significant region-
specific differences were shown at 7, 12, 16 weeks for ERx
and 4, 7, 16 weeks for ERf in males and at 12, 16 weeks for
ERf in females (P < 0.05) (Figs. 9e, 10e). Significant gen-
der-related differences were mainly noted at 4 and 12 weeks
for ERocand 4, 7, 12 and 16 weeks for ERf3 in the limb; in the
spine, were noted at 4, 7, 12 and 16 weeks for ERx and 4, 12
and 16 weeks, respectively (P < 0.05) (Figs. 9f, 10f).

Discussion

Although the effects of estrogen on bone growth are well
known, the roles of estrogen receptors (ERs) in mediating

proliferative and hypertrophic chondrocytes. i, j After puberty
(16 weeks), ERa expression was mainly located in the late prolifer-
ative and hypertrophic chondrocytes in female rats, whereas, the
expression still extended from the resting to hypertrophic chondro-
cytes in males. k Absence of staining was noted when the antibody
was preincubated with a blocking peptide. Bar represents 50 pm

bone growth are not fully understood. Recently, several
researchers have demonstrated that both male and female
rat growth plate cartilage cells possess estrogen receptors.
In the present study, for the first time, the gender-, region-
and age-related expression of the ERx and f mRNA and
protein in the growth plate of the rat spine and limb was
surveyed during development. The developmental stages of
1,4,7, 12, and 16 weeks of age in rats are compatible with
the representative time points of longitudinal growth in
humans (Hughes and Tanner 1970). These time points
correspond to fast growth during childhood, just before
puberty, puberty, the end of puberty, and after puberty (van
der Eerden et al. 2000). Quantitative measurement of
temporal expression pattern of ERa and f gene suggested
gender- and region-specific variations in the axial and
appendicular growth plate. In our immunohistochemistry
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Fig. 6 Spatial expression patterns for ERfi were similar to that of
ERo in different zones of growth plate in limb of both genders.
Similar to ERo expression, abundant nuclear staining of and ERf
immunoreactivity was observed in chondrocytes. a—j Spatial ERf

study, gender-related spatial changes of ERo and f
expression were detected only at 16 weeks of both spine
and limb growth plate. However, region-specific spatial
changes of ERa and f expression were not detected in our
present study.

In the previous studies, only male (Nilsson et al. 2002)
or both gender (Kennedy et al. 1999; van der Eerden et al.
2002) rats were used. Age range of the studied rats
extended from the stages of early life to the puberty
(Kennedy et al. 1999; Nilsson et al. 2002) or to the post
puberty stages (van der Eerden et al. 2002). No related
research on the vertebral growth plate was reported. In the
present study on the growth plate of the rat, gender-,
region- and age-related expression patterns of ERo and f§
gene and protein were all included.

Kennedy et al. (1999) acclaimed that the absence of
growth plate fusion at sexual maturation in rats might be
caused by the disappearance of ERo expression in the
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expression patterns at 1-16 weeks of female and male rats. k No
staining could be observed when the antibody was preincubated with
a blocking peptide. Bar represents 50 pm

growth plate cartilage. Whereas, as reported in the litera-
ture (van der Eerden et al. 2002; Nilsson et al. 2002), the
present study demonstrated that ERo and f§ were detected
in the limb growth plate throughout postnatal development.
This difference may be due to methodological differences
or the antibody they used. Specific ER isoforms, such as
shorter isoforms, are not recognized by all antibodies, may
also express in growth plate chondrocytes during sexual
maturation. Frozen sections were used for immunofluo-
rescent staining in their study, whereas Nilsson et al., van
der Eerden et al. and we used a widely used method, par-
affin-embedded tissues with antigen retrieval, for immu-
nodetection of nuclear receptors (van der Eerden et al.
2002; Nilsson et al. 2002).

An immunohistochemistry study indicated that ERx and
f expression zone was minimal at early ages, increasing only
just before epiphyseal fusion (Nilsson et al. 2002). Quanti-
tative assessment in our study also indicated that the level of
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Fig. 7 Immunohistochemical localization of ERa in spinal growth
plates of female and male rats during development. a—h Before and
during puberty (1, 4, 7 and 12 weeks of age), the expression pattern of
ERu in the spinal growth plate was extended from the resting to the
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hypertrophic chondrocytes. i, j After puberty (16 weeks of age), ERa
protein expression was confined to the late proliferative and
hypertrophic chondrocytes in female, while extended from the resting

to hypertrophic chondrocytes in males. Bar represents 50 pum
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Fig. 8 Spatial expression patterns for ERf were similar to that of ERo in spinal growth plates of female and male rats during development.
a—j ERf expression patterns from 1 to 16 weeks of female and male rats. Bar represents 50 um

ERo and f§ gene expression was low at early ages, while
around puberty, the expression level was markedly high in
limb and spine of both genders. Another in situ hybridization
study did not show any differences in expression of ERs
between genders, apart from a relatively higher ER gene
expression in males after sexual maturation (van der Eerden

et al. 2002). However, in our study, gender differences were
detected in several specific life stages in both limb and spine.
Nilsson et al. (2002) observed that both the pattern of
expression and the intensity of ERa and f§ immunostaining
appeared to be similar during development of male rats.
Another study also suggests that ERo and f§ protein staining
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Fig. 9 HSCORE analysis of the ER¢ immunostaining intensities in
the growth plate of rat spine and limb of both genders. All samples
exhibited immunoreactivity for ERa throughout the development.
a—d Age-related changes of the HSCORE values in spine and limb of
both genders. #p < 0.05 Limb?® 7, 12, 16 weeks versus 1 week; 7, 12,
16 versus 4 weeks; 16 weeks versus 7 weeks; 12 versus 16 weeks.
Limb3 4, 7 weeks versus 1 week; 12, 16 versus 4 weeks; 12,
16 weeks versus 7 weeks. Spine%7, 12, 16 weeks versus 1 week; 12,
16 versus 4 weeks; 16 weeks versus 7 weeks; 12 versus 16 weeks.
Spined 4, 7, 16 weeks versus 1 week; 7, 12, 16 versus 4 weeks;
16 weeks versus 7 weeks; 12 versus 16 weeks. e Region-specific

patterns in male and female rats were identical at all ages
(van der Eerden et al. 2002). Whereas, in our study, spatial
expression differences of ERo and ff protein between genders
were only detected after puberty (16 weeks). In situ
hybridization study demonstrated that expression area of
ERf mRNA was more extensive than that of ERo gene in
female rats only during sexual maturation (van der Eerden
et al. 2002). In our study, variations of ER«/ERff mRNA
expression ratio were indicated in all observed developing
stages in both spine and limb growth plate. The different
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changes in the growth plate. In male rats, the values in the spine were
significantly lower than that in the limb at 7 weeks. At 12 and
16 weeks, values in the spinal growth plate were significantly higher
than that in the limb. P < 0.05 between the spine and limb of male
(asterisks) rats. f Gender differences of the HSCORE values. In the
limb, compared with females, male rats had significantly lower values
at 12 weeks and higher data at 4 weeks of age. In spine, gender
differences mainly presented at 4, 7, 12 and 16 weeks of age.
P < 0.05 between female and male limb (stars) and spine (asterisks)
at each development stage

expression patterns of ERo and f in growth plate could be
due to the non-quantitative nature of immunohistochemistry
and in situ hybridization. Immunohistochemistry and in situ
hybridization have the advantage of the detection of target
proteins in situ, however, calcified hard tissues remain dif-
ficult to analyze for the hardness of tissue samples. Decal-
cification had an effect on the degree of staining (Matthews
1982; Hosoya et al. 2005; Neves et al. 2011). Quantitative
real-time PCR was used for gene detection of tissue without
decalcification in the present study. This method can make a
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Fig. 10 HSCORE analysis of the ERf§ immunostaining intensities in
the growth plate of rat spine and limb of both genders. All samples
exhibited immunoreactivity for ERf throughout the development.
a—d Age-related changes of the HSCORE values in spine and limb of
both genders. #p < 0.05 Limb® 4, 7, 12, 16 weeks versus 1 week; 7,
12 versus 4 weeks; 12 versus 7 weeks; 12 versus 16 weeks. Limbg3 4,
7, 16 weeks versus 1 week; 7, 12 versus 4 weeks; 12, 16 versus
7 weeks; 12 versus 16 weeks. Spine®4, 7, 12, 16 weeks versus
1 week; 12, 16 versus 4 weeks; 12, 16 versus 7 weeks; 12 versus
16 weeks. Spined 4, 7, 16 weeks versus 1 week; 7, 12 versus
4 weeks; 12, 16 weeks versus 7 weeks; 12 versus 16 weeks.
e Region-specific changes in the growth plate. In female rats, the

rapid and accurate assessment of changes in gene expression
and also can gain insight into potential changes in protein
level and function.

Temporal expression pattern for ERo and f5:
gender differences

Estrogen is the critical hormone in controlling growth plate
acceleration and fusion in both genders. The effect of
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HSCORE values were significantly lower in spine at 12 and
16 weeks. In male rats, the values in the spine were significantly
lower than that in the limb at 4 and 16 weeks. At 7 weeks, values in
the spinal growth plate were significantly higher than that in the limb.
P < 0.05 between the spine and limb of female (asterisks) and male
(stars) rats. f Gender differences of the HSCORE values. In the limb,
compared with females, male rats had significantly lower values at
12 weeks and higher data at 4, 7, 16 weeks of age. In spine, gender
differences mainly presented at 4, 12 and 16 weeks of age. P < 0.05
between female and male limb (asterisks) and spine (inverted open
triangles) at each development stage

estrogen differs between genders (Kaludjerovic and Ward
2008). Sex-related changes of temporal ERx and § mRNA
expression in growth plate were shown in the present study
using quantitative real-time PCR. The HSCORE analysis
supported the data obtained from quantitative real-time
PCR. The effect of gender on the change curves of tem-
poral ERo and f expression might be more significant than
that of skeleton site (Figs. 1a, 2a). In female spine and limb
growth plate, ERx and f gene expression was increased

@ Springer



92

Histochem Cell Biol (2012) 137:79-95

during puberty, peaked at the end of sexual maturity and
followed by declined expression. In contrast, in male
growth plate, a significant increase of ERo and f expres-
sion was detected earlier (4 weeks).

Windahl et al. (1999) observed no significant difference
of bone growth between prepubertal WT females and
males. Consistently, gender-related differences of ERa and
J were not noted in early life stages (1 week) in the present
study. Chagin et al. (2004) demonstrated a differential
effect between ERa and f on the growth plate, suggesting
that ERf} is possibly more important in regulating female
epiphyseal fusion. ERff might be a physiological inhibitor
of skeletal growth in female mice. Our study indicates that
ERJ expression was still higher in female limb than that in
male at slow growth stages after puberty (16 weeks of age).
The different expression patterns of ERf might partly
contribute to the different limb length in females and
males.

It has been suggested that the effects of ER inactivation
on bone growth are sex dependent. Compared with
females, in males, decreased longitudinal skeletal growth
was only presented in ERo-knockout and double ERa/
p-knockout (DERKO) mice, but not in ERJf-knockout
(BERKO) mice. Such findings suggested that ERa, but not
ERf, mediates important effects of estrogen in the regu-
lation of the male skeleton during growth and maturation
(Vidal et al. 2000). The effects of ER« on bone growth and
fusion in female mice might be more important than that in
males (Parikka et al. 2005). In the tibiae of aged ERKO
females, the growth plates were totally absent, whereas, in
WT females as well as in ERKO and wild-type males, the
growth plate cartilages were detectable (Parikka et al.
2005). Our study showed that ERo expression rate was
higher than that of ERf in limb and spine in nearly all
developmental stages of both genders. ERo/ERf expres-
sion ratio also presented as age, gender and region specific.

New trabecular bone is formed through endochondral
ossification at the growth plate (Buie et al. 2008). The
integration of the structural transformation from cartilage
to bone is crucial in achieving longitudinal growth and
peak bone mass (Byers et al. 2000). Trabecular BMD starts
declining with aging in adulthood (Yuen et al. 2010). The
age-related deterioration in trabecular bone begins in
young adulthood and continues throughout life, with
changes more pronounced in females than in males (Khosla
et al. 2006; Glatt et al. 2007) Another observation from
normal Japanese subjects also indicated that bone mass
decreased with aging in females but not in males after
puberty (Tsunenari et al. 1993). In the present study, after
sexual maturation (16 weeks), an up-regulation of both
ERo and f§ expression was shown in male rats, especially in
spinal growth plate. The gender-specific expression pat-
terns of ERa and f§ might partly contribute to the changes
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in trabecular bone. Other growth-related molecular sig-
naling indirectly controlled by ER might also be respon-
sible. In the future, attempts should be made to unravel
gender- and region-related actions of ER to further char-
acterize their roles in the regulation of longitudinal growth
of the bone.

Temporal expression pattern for ERa and f:
region differences

The disproportional body growth phenotypes in limb and
spine related to ER inactivation have been reported. In the
female rat, gonadectomy also resulted in a bigger femur,
but there was little change in spine (Seeman 2001). In
growing female rats, estrogen deficiency leads to an
increase in the length of appendicular bones, while growth
was normal at spine (Zhang et al. 1999). Our study showed
no region-specific expression patterns of ERa and f§ gene in
both genders at fast growth period during early life stages
(1 week) (Figs. 1b, 2b). In females, differences between
spine and limb were revealed at 7 and 12 weeks for ERu,
and at 12 and 16 weeks for ERf. In males, differences of
both ERx and f§ expression presented before, during and
after puberty (4, 7 and 16 weeks). The HSCORE analysis
results confirmed the data obtained from quantitative real-
time PCR. Therefore, our study suggested that region-
specific changes were also most prominent around puberty.
The effect of skeleton site on the change curves of temporal
ERo/ERf} expression ratio might be more significant than
that of gender (Fig. 3a).

ERo and f§ might have differential effects on the growth
of appendicular and axial skeletal site. A decreased femur/
CR (crown-rump length) ratio was displayed for ERKO
mice, while an increased ratio was displayed for BERKO
mice. Compared with WT controls, the axial skeletal
growth increase was bigger than that of the appendicular in
BERKO female mice (Lindberg et al. 2001). Female
ERKO mice demonstrate a disproportional growth pheno-
type: decreased appendicular skeletal growth with normal
axial skeletal growth (Vidal et al. 1999). Whereas, a man
with an inactivating point mutation in the ERo gene
resulted in tall stature, predominantly due to increased
appendicular growth (Smith et al. 1994). Different effect of
ERo on the regulation of the growth of the appendicular
skeleton in man and female mice might be due to gender or
species specific reasons. In another study, however, a sig-
nificant decrease in length of lumbar vertebrac was dem-
onstrated in ERKO male and female mice (Parikka et al.
2005). Therefore, the differential effects of ER inactivation
on bone growth between axial and appendicular regions
should be studied further. Gender differences should be
considered when the phenotypes in bones of the limb and
spine were investigated.
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Region- and age-related spatial expression patterns
of ERa and f in rat growth plate

Our immunohistochemistry study demonstrated that the
region-related differences of ERa and f§ spatial expression
did not occurred in the tibial and spinal growth plate of
both genders at fast growth stage in early life, just before,
during and after puberty. Spatial expression differences of
ERo and f between genders were only detected after
puberty (16 weeks). More extensive distribution (from the
resting to hypertrophic chondrocytes) of ERo and f
expression in male growth plate might also partly con-
tribute to the different limb length in females and males.

By affecting the proliferation, hypertrophy, and calcifi-
cation of chondrocytes through ERo and f3, estrogen has a
direct effect on longitudinal growth. In our study, ERo and
f immunostaining were mainly revealed in the nuclei of
chondrocytes in the tibial and spinal growth plate. Low
staining in cytoplasm of chondrocytes was also detected.
These results indicated the main target of estrogen in the
chondrocytes at different stages and layers of growth plate.

In the present study, more intense staining of ERo« and f8
signaling was shown in resting and proliferating zone at
fast growth stage in early life and just before puberty, and
in late proliferating and hypertrophic chondrocytes after
puberty. It suggested that estrogen might have higher effect
on proliferative chondrocytes than on hypertrophic zone
during fast growth period in early life. In contrast, there
might be more impact of estrogen for hypertrophic chon-
drocytes than for proliferating chondrocytes after puberty.

In the human growth plate, expression of ERa and /3 has
also been detected. The regulation of growth in rats is
comparable to that in humans, except that at the end of
sexual maturation. In human, epiphyseal fusion occurs at
the time of sexual maturation. However, most growth
plates of rat bone do not close until very late in life
(Hughes and Tanner 1970). This might limit the present
study toward human physiology.

An immunohistochemistry study demonstrated that ERa
and f§ were expressed in the human growth plate through
childhood and adolescence with identical distribution and
the hypertrophic chondrocyte was the main target cell for
estrogen action within the growth plate (Egerbacher et al.
2002). Bord et al. (2001) observed that ERa and f
immunoreactivity were located in proliferative and prehy-
pertrophic chondrocytes in the neonatal human rib growth
plate, with lower levels of expression in the late hyper-
trophic zone. ERa and f§ protein were also expressed in the
human proximal tibial growth plate throughout pubertal
development, with a greater frequency in the resting and
proliferative zones than in the hypertrophic zone (Nilsson
et al. 2003). No difference between the sexes was detected.
The staining intensity of ERa was similar at all Tanner

pubertal stages, whereas ERf} had a slight decrease in the
proliferative zone during pubertal development (Nilsson
et al. 2003). The above data indicated that ERo and f8
expression patterns in the human growth plate might be
similar to that in the rats. Gender-specific growth param-
eters (Yilmaz et al. 2005) and region-specific growth tempo
(Bass et al. 1999; Bradney et al. 2000) were also indicated
in the literature. Therefore, the quantitative comparison
study of age-, gender- and region-specific ERo and
f expression patterns in the human growth plate should be
performed further in the future.

In summary, our quantitative real-time PCR and
immunohistochemical studies suggest that ERo and f§ are
expressed in the limb and spine growth plate during
development in both male and female rats. Gender- and
region-specific differences are observed, for the first time,
in ERx and f gene expression in axial and appendicular
regions. Moreover, our study shows significant effect of
gender on temporal ERx and f expression and region on
temporal ERa/ERf expression ratio. Staining of ERa and
f signaling was more intense in resting and proliferating
zone at fast growth stage in early life and just before
puberty, whereas darker in late proliferating and hyper-
trophic chondrocytes after puberty. No significant spatial
differences of ERx and f expression are found between
regions. Gender-related spatial differences were only
detected after puberty. The effect of estrogen on growth
plate should be studied further taking into account sex, age
and region differences.
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