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a b s t r a c t

The present study was conducted to evaluate testis size, spermatogenesis and hormone
concentrations before and when peripheral testosterone reached 1 ng/ml as related to
further gonad development of beef bulls (n = 28). Blood samples were taken weekly start-
ing at 10 weeks (wk) and when testosterone reached 1 ng/ml (AGE1), the left testis was
surgically excised. From AGE1 until 54 wk, blood samples were collected to follow basal
and GnRH-stimulated hormone profiles. At 54 wk, the second testis was removed. Testos-
terone reached 1 ng/ml at 20 ± 0.6 wk and, at this developmental state, the seminiferous
tubules occupied 57 ± 1.1% of the testis parenchyma. At this phase, 79.3 ± 1.4% of tubule
sections had no germ cells and only 2.4 ± 0.3% of the remaining tubules had spermato-
cytes as the most advanced germ cell type. Also at AGE1, testis size was correlated with
the number of Sertoli cells per testis (r = 0.67; P < 0.05), but not (P > 0.05) with the percent-
age of tubules with germ cells. There was a consistent increase in body weight and testis
size throughout the study showing that hemicastration did not impair the development of
the bulls. At 54 wk, seminiferous tubules represented 76 ± 0.7% of the testis parenchyma
and 72.3 ± 1.7% of tubule sections were found with either round or elongated spermatids.
Quantitative criteria of spermatogenesis in the second testis (excised at 54 wk) were not
correlated (P > 0.05) with the percentage of seminiferous tubules with germ cells in the first
testis (excised at AGE1). As determined by regression analysis, testis diameter measured
between 30 and 44 wk (AVTD) was associated with AGE1 and testis diameter averaged at
12 wk and AGE1 (R2 = 0.77; P < 0.01). Also, AVTD was related to AGE1, testis diameter at
12 wk and concentrations of 17�-estradiol (estradiol; basal + GnRH-stimulated) averaged
between 10 wk and AGE1 (R2 = 0.79; P < 0.01). Yearling testis weight, in turn, was linked
Rto AGE1 and testis weight at AGE1 (R2 = 0.49, P < 0.01). In conclusion, early detection of
1 ng of testosterone/ml, larger testis size and greater estradiol before and at that devel-
opmental period positively relate to future testis attributes. When testosterone reached
1 ng/ml, the seminiferous tubules had Sertoli cells, spermatogonia and a few spermato-

ccurrin
ing cap
Ocytes and events o

and sperm-produc
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1. Introduction

In bull calves, there is a transient increase in the periph-
arly prepubertal testis criteria, seminiferous epithe-
evelopment in beef bulls. Anim. Reprod. Sci. (2011),

eral concentrations of both LH and FSH between 1 and 4 23

months of age (Rawlings et al., 1978; MacDonald et al., 24

1990; Evans et al., 1996; Moura and Erickson, 1997), 25

which coincides with immature Leydig cells secreting 26

great amounts of androstenedione. As differentiation of 27
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these cells takes place at later ages, more testosterone is
produced and androstenedione secretion by the testis is
rapidly diminished (Amann, 1983; Moura and Erickson,
1997). This shift in the type of androgen secretion occurs
around the age of 4 months in the well-fed Bos taurus bull
(Moura and Erickson, 1997) and is timely coincident with a
decrease in proliferation and start in maturational changes
of the Sertoli cell (Sharpe, 1994; Rawlings et al., 2008), as
well as with the presence of renewing stem cells and A1 or
differentiating spermatogonia in the seminiferous tubules
(Curtis and Amann, 1981; Wrobel, 1990, 2000; Bagu et al.,
2006). The efficiency by which these A1 spermatogonia
are produced may thus determine the number of haploid
cells in the testis (Attal and Courot, 1963; Ortavant et al.,
1977), suggesting that attributes of the young testis are
related to the sperm-producing capacity of adult males.
Also, changes in LH, FSH and testosterone at prepubertal
ages are important for Leydig and Sertoli cell proliferation
and differentiation, which, in turn, establish the necessary
structural and biochemical conditions for spermatogenesis
to advance until production of spermatozoa in the seminif-
erous tubules (Amann and Almquist, 1962; Sinowazt and
Amselgruber, 1986; Huhtaniemi, 1993; Jégou and Sharpe,
1993; Walker, 2003; Petersen and Söder, 2006). Although
testis development and attainment of breeding capacity
take several months in bulls, it is possible that events
related to testosterone secretion and, therefore, Leydig
cell differentiation early in life are potential indicators of
testicular growth at later ages. Thus, the present study
was conducted to determine if testis size, histology and
hormone concentrations before and when testosterone
becomes the dominant androgen secreted by the gonads
are related to testis criteria and quantitative aspects of
spermatogenesis at more advanced developmental states
of the beef bull.

2. Materials and methods

2.1. Experimental design

Twenty-eight Angus bulls, born between 8 January and
7 February, were used in the present study. Calves were
kept on pasture with their dams until weaning (8 months)
and thereafter raised in a pen with access to hay, corn silage
and concentrate. Animals were raised in the same location
throughout the experiment (Knoxville, TN, USA). According
to previous results (Moura and Erickson, 1997), periph-
eral concentrations of testosterone in Angus bulls increased
from 0.2 ng/ml at 12 wk to 1.0 ng/ml at an average of 20 wk
of age. Thus, to monitor the changes in testosterone secre-
tion occurring at prepubertal ages, three blood samples
were taken from the jugular vein (at 1-h intervals) weekly,
starting at 10 wk and continuing until concentrations of
testosterone reached 1.0 ng/ml. At this developmental state
(AGE1), the left testis was surgically excised. From AGE1
to 54 wk, three blood samples from all bulls were taken
Please cite this article in press as: Moura, A.A., et al., E
lium and hormone concentrations as related to testicular d
doi:10.1016/j.anireprosci.2011.01.016

Umonthly (at 1-h intervals) to follow basal hormone profiles.
On the day following basal sampling, bulls also received a
subcutaneous injection of GnRH, at a dose of 0.05 mg per
kg of body weight (des-gly10, [d-ala6]-GnRH-ethylamide,
Sigma Co., St. Louis, MO), and blood samples were taken
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1.5 and 3 h later. Before AGE1, GnRH treatment was con-
ducted only every other week. Animals had the diameter
of the right testis measured throughout the experiment and
at 54 wk, the second testis was surgically removed. All bulls
were surgically castrated by a veterinarian using approved
animal care practices, as previously reported (Moura and
Erickson, 1997, 1999; Aguiar et al., 2006).

2.2. Histological analysis

Collection of testis samples, tissue fixation, preparation
of slides and methods for evaluation of cell counts and
seminiferous tubules were conducted according to pro-
cedures previously published (Moura and Erickson, 1997,
1999, 2001; Aguiar et al., 2006). After the first and sec-
ond castration, testes were weighed and measured after
the removal of the tunica vaginalis and epididymis. Two 4-
mm thick segments were taken near the poles of the testis
and placed in Bouin’s fixative for 24 h, rinsed with water
and washed in three changes of 70% ethanol. Thereafter,
tissue was dehydrated in alcohol, embedded in paraffin,
sectioned at 5 �m and stained with hematoxylin and eosin.
Calculation of Sertoli cell numbers in the first testis was
based on counts done in 10 round tubule cross sections
selected at random from different regions of one slide from
each bull. In the second testis, number of Sertoli cells,
A1 spermatogonia, pachytene spermatocytes and round
spermatids containing an intact nucleolus were counted
in each of 10 tubule cross sections, at stages I through VI
of the seminiferous epithelium (Berndtson and Desjardins,
1974). These counts, here defined as crude counts, were
converted to true counts according to Abercrombie’s for-
mula (Abercrombie, 1946): true cell number = crude cell
number × (section thickness/(section thickness + average
nuclear diameter in microns)). Based on the true counts,
the following cell ratios per cross section were estimated:
number of round spermatids and spermatocytes per A1
spermatogonia and per Sertoli cell; number of A1 sper-
matogonia, spermatocytes and spermatids per Sertoli cell.

To estimate the degree of testicular development in the
first testis, 600 tubule cross sections per animal were cho-
sen at random and placed in one of the following categories
based on the most advanced germ cell type: tubules with-
out germ cells, tubules with gonocytes, A1 spermatogonia,
intermediate or B type, and with spermatocytes. In the
second testes, sections were evaluated and placed in one
of the following categories, based on the most advanced
germ cell type: tubules without germ cells, with A1 sper-
matogonia, intermediate or B spermatogonia, pachytene
spermatocytes, round spermatids, elongated and mature
spermatids.

Total number of Sertoli cells per testis was estimated
in both testes (Berndtson et al., 1987; Moura and Erickson,
1997). Testicular volume (V) was determined by the for-
mula V = TW/D, where TW and D represented testicular
weight (g) and density (1.052 g/cm3), respectively. The vol-
arly prepubertal testis criteria, seminiferous epithe-
evelopment in beef bulls. Anim. Reprod. Sci. (2011),

ume occupied by 10 seminiferous tubule cross sections 140

(Vst) was calculated by the formula: Vst = � × h × (d2/4), 141

where “h” is the section thickness (5 �m) and “d” rep- 142

resents the tubule diameter (�m). The percentage of 143

testicular volume occupied by seminiferous tubules (%ST) 144

dx.doi.org/10.1016/j.anireprosci.2011.01.016
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as determined as described by Chalkley (1943), i.e., the
ercentage of 600 “hits” taken at random within a cross
ection of a testis. Crude numbers of Sertoli cells per testis
ere determined by the following formula: crude cell num-

er = (V × %ST × C)/Vst, where C represented the number of
ertoli cells actually counted in the tubule cross sections.
he resulting crude numbers were converted to true counts
ccording to Abercrombie’s formula (Abercrombie, 1946).

.3. Radioimmunoassays

Blood samples were collected from the jugular vein
nd immediately placed on ice. At the laboratory, sam-
les were allowed to warm for 2 h at room temperature
nd then centrifuged at 1764 × g for 25 min. Serum was
arvested and stored at −20◦ C until radioimmunoas-
ayed for FSH, LH, testosterone, androstenedione and
7�-estradiol (estradiol), as previously described (Moura
nd Erickson, 1997). Briefly, concentrations of FSH were
etermined using a double antibody radioimmunoassay
Bolt and Rollins, 1983). Both the first antibody (USDA-
-0122) and the purified FSH used for iodination and
eference curve (USDA-bFSH-I-1) were provided by Dr.
.J. Bolt (USDA, Beltsville, MD). The sensitivity of the FSH
IA was 0.25 ng/ml and the intra- and inter-assay coeffi-
ient of variation (CV) were <6% and <13%, respectively.
eripheral concentrations of LH were also quantified using
double-antibody RIA method (Niswender et al., 1969;

olt, 1981). The anti-LH antibody (# 15 anti-ovine LH) was
btained from Dr. G. Niswender (CSU, Fort Collins, CO) and
he purified hormone used for the reference curve and
odination was provided by Dr. L.E. Reichert (Rochester

edical School, Albany, NY). The assay sensitivity was
1.3 pg/ml and the intra- and inter-assay CV were <5% and
10%, respectively. Serum samples (150 �l) were analyzed
or steroid concentrations after extraction with benzene
1.5 ml). Concentrations of testosterone and androstene-
ione were estimated based on a single-antibody method
Cox et al., 1987). The androstenedione antibody (X – 322
ao) was purchased from Dr. P.N. Rao (Southwest Foun-
ation for Biomedical Research, San Antonio, TX) and the
estosterone antibody was provided by Dr. G. Niswender.
ssay sensitivity for the testosterone and androstenedione
ssays were 10 pg/ml and 2.5 pg/ml, respectively. The intra-
nd inter-assay CV were <8% and <14%, respectively, for
he testosterone assay, and <7% and <15%, respectively,
or the androstenedione assay. Concentrations of estra-
iol were quantified according to a procedure described
y Cox et al. (1987) and the antibody was supplied by Dr.
. Manson (Lilly Research Laboratories, Indianapolis, IN).
he sensitivity of the assay was 0.15 pg/ml and the intra-
nd inter-assay CV were <6% and <15%, respectively. Vali-
ation of the assays has been described before (Moura and
rickson, 1997).

.4. Statistical analysis
Please cite this article in press as: Moura, A.A., et al., E
lium and hormone concentrations as related to testicular d
doi:10.1016/j.anireprosci.2011.01.016

U

Age-related changes in body weight, testis size and
ormone concentrations were determined by repeated
easure design. This analysis was conducted in a group

f 14 animals that had been hemicastrated within a period
Fig. 1. Body weight (BW) and testis diameter (TD) of Angus bulls
(mean ± s.e.m.). Graphs represent the averages obtained from a group
of 14 animals that were hemicastrated between 19 and 21 wk. Values
followed by the same letters do not differ (P > 0.05).

of 2 wk (from 19 to 21 wk) so that the effect of hemicastra-
tion could be evaluated without the bias of age at which this
procedure was performed. Information about such animals
is shown in Figs. 1–3. Using the entire group of 28 bulls,
Pearson’s method was used to estimate the correlations
among AGE1, testis size, Sertoli and germ cell numbers and
hormone concentrations. Only correlations with P-values
<0.05 were considered as significant. We conducted regres-
sion analysis to establish the extent by which testis size
(right testis) averaged between 30 and 44 wk of age and
at 54 wk was associated with variables such as AGE1, hor-
mone concentrations, body weight and testis size (right
testis) measured from 10 wk until AGE1. Criteria employed
to evaluate the regression models were R2, Mallow’s C(P)
value and multicollinearity (SAS, 2003).

3. Results
arly prepubertal testis criteria, seminiferous epithe-
evelopment in beef bulls. Anim. Reprod. Sci. (2011),

3.1. Age-related changes in testis size and hormone 218

concentrations before and after hemicastration 219

Bulls were hemicastrated when peripheral concen- 220

tration of testosterone reached 1 ng/ml and at this 221

dx.doi.org/10.1016/j.anireprosci.2011.01.016
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Fig. 2. Peripheral concentrations of basal and GnRH-stimulated FSH and
samples collected at 1 h intervals and GnRH-stimulated was quantified 1
group of 14 animals that were hemicastrated between 19 and 21 wk. Valu

developmental state, the average age and body weight
of all calves were 20 ± 0.6 wk and 189 ± 7.6 kg, respec-
tively. After hemicastration, the size of the remaining testis
increased (P < 0.05) with age and paralleled changes in
body weight (Fig. 1). Concentrations of basal FSH decreased
(P < 0.05) between 10 and 14 wk, increased (P < 0.05) from
26 to 32 wk of age, and was reduced (P < 0.05) after
44 wk (Fig. 2). Across ages, GnRH-stimulated FSH decreased
(P < 0.05) between 10 and 14 wk, consistently increased
(P < 0.05) from 14 to 32 wk, but diminished (P < 0.05) after
44 wk of age (Fig. 2). Basal LH changed (P < 0.05) between
10 and 26 wk, and reached greater (P < 0.05) concentra-
tions at 28 wk. LH decreased (P < 0.05) again from 28 to
40 wk, increased (P < 0.05) at 44 wk and appeared to dimin-
ish (P < 0.05) afterwards. Across ages, GnRH-stimulated LH
increased (P < 0.05) between 10 and 26 wk, but decreased
(P < 0.05) at 32 and 36 wk. It was amplified (P < 0.05) again at
44 wk and remained with small variations (P > 0.05) there-
after (Fig. 2).

Basal testosterone increased (P < 0.05) between 10 and
Please cite this article in press as: Moura, A.A., et al., E
lium and hormone concentrations as related to testicular d
doi:10.1016/j.anireprosci.2011.01.016

U20 wk, decreased (P < 0.05) at 22 wk, but continuously
increased (P < 0.05) thereafter, reaching the highest con-
centrations at 48 wk (Fig. 3). GnRH-stimulated testosterone
showed a steady increase (P < 0.05) between 10 and 48 wk,
without significant (P > 0.05) changes afterwards (Fig. 3).
Angus bulls (mean ± s.e.m.). Basal values shown as the average of three
h after a GnRH injection. Graphs represent the averages obtained from a
wed by the same letters do not differ (P > 0.05).

Basal androstenedione, in turn, was greatest (P < 0.05) in
the period from 12 to 14 wk but decreased (P < 0.05) at 18
and 20 wk, remaining low at the following ages (Fig. 3).
Similarly, the greatest (P < 0.05) concentrations of GnRH-
stimulated androstenedione were detected at 12 wk, with
a sharp decrease (P < 0.05) at 18 wk and small changes
beyond that period (Fig. 3). Concentrations of basal estra-
diol in the Angus bulls had small but significant (P < 0.05)
increases from 10 to 14 wk, were less (P < 0.05) at 20 wk
but increased again (P < 0.05) until the age of 54 wk (Fig. 3).
GnRH-stimulated estradiol decreased (P < 0.05) between
10 and 22 wk, but consistently increased (P < 0.05) there-
after (Fig. 3).

3.2. Gonadal development and associations between
testis size, histological criteria and hormone
concentrations

When concentrations of testosterone reached 1 ng/ml in
the peripheral blood of the Angus bulls, testis diameter and
arly prepubertal testis criteria, seminiferous epithe-
evelopment in beef bulls. Anim. Reprod. Sci. (2011),

weight averaged 32 ± 0.6 mm and 36 ± 1.8 g, respectively, 265

the seminiferous tubules occupied 57 ± 1.1% of testicular 266

parenchyma and a population of 5.2 ± 0.4 × 109 Sertoli cells 267

was estimated per testis. Also, 79.3 ± 1.4% of the tubules 268

had no germ cells and the remaining tubule cross sections 269

dx.doi.org/10.1016/j.anireprosci.2011.01.016
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ere found with gonocytes (2.4 ± 0.2%), A1 spermatogo-
ia (13.4 ± 0.7%), intermediate or B type spermatogonia
2.5 ± 0.3%) and spermatocytes (2.4 ± 0.3%), as the most
dvanced germ cell type. At AGE1, testis size correlated
ith the number of Sertoli cells per testis (r = 0.67), but

here were no significant (P > 0.05) correlations between
estis weight or diameter and the percentage of tubules
ith any germ cell type.
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UAt 54 wk of age, testis weighed 264 ± 19 g and seminif-
rous tubules occupied 76 ± 0.7% of the testis parenchyma.
nly 15.5 ± 1.9% of the tubule sections had no germ cells
nd 72.3 ± 1.7% were found with either round or elon-
ate spermatids as the most advanced germ cell type. Also,
ostenedione and 17�−estradiol (estradiol) in Angus bulls (mean ± s.e.m.).
d GnRH-stimulated were quantified 1.5 and 3 h after a GnRH injection.
micastrated between 19 and 21 wk. Values followed by the same letters

there were 55.8 ± 4 round spermatids per A1 spermato-
gonium and 7.4 ± 0.4 round spermatids per Sertoli cell
in each tubule cross section, as well as a population of
4.9 ± 0.4 × 109 Sertoli cells per testis. Both testis weight
and Sertoli cell numbers/testis at 54 wk correlated with
the number of round spermatids per A1 spermatogonium
(r = 0.42 and 0.45), per Sertoli cell (r = 0.60 and 0.42; respec-
tively) and number of tubule cross sections containing
arly prepubertal testis criteria, seminiferous epithe-
evelopment in beef bulls. Anim. Reprod. Sci. (2011),

round or elongate spermatids (r = 0.53–0.73). Quantitative 291

criteria of spermatogenesis in the second testis (excised at 292

54 wk) were not correlated (P > 0.05) with the percentage 293

of seminiferous tubules with germ cells in the first testis 294

(excised at AGE1). 295
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Table 1
Regression equations explaining the variations in variables associated with testicular development in the beef bull.

Regression model R2

AVTD = 27.6 − 0.12 × AGE1 + 1.65 × (TD12+TDAGE1)/2 0.77
AVTD = 12.17 − 0.13 × AGE1 + 1.24 × TD12 + 6.46 × [estradiol] 0.79
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TW2 = 328.06 − 2.57 × AGE1 + 7.55 × TW1

AVTD: testis diameter (mm) averaged between 30 and 44 wk of age; AGE1
peripheral circulation; TD12: testis diameter (mm) at 12 wk of age; TWAG

concentrations (pg/ml) of estradiol between 10 wk and AGE1; TW1: testis

Concentrations of GnRH-stimulated FSH averaged in
the period between 10 wk and AGE1 were related to
testis weight at AGE1 (r = −0.45), testis diameter aver-
aged between 30 and 44 wk (AVTD; r = −0.58) and the
number of spermatids per A1 spermatogonium per Ser-
toli cell at 54 wk (r = −0.54). Peripheral concentrations of
GnRH-stimulated testosterone between 10 wk and AGE1
correlated with testis size at 12 wk (r = 0.76), testis weight
at AGE1 (r = 0.65) and AVTD (r = 0.55). Moreover, the
sum of basal and GnRH-stimulated estradiol quantified
from 10 wk and AGE1 were correlated with testis size
at 12 wk (r = 0.80), testis weight at AGE1 (r = 0.81) and
AVTD (r = 0.73), as well as with the following criteria of
the yearling testis: percentage of tubules without germ
cells (r = −0.50), percentage of tubules with either round
or elongate spermatids (r = 0.58) and the number of Sertoli
cells/testis (r = 0.52). Concentrations of LH and androstene-
dione did not correlate (P > 0.05) with any testicular
variables.

Regression equations were generated using testis diam-
eter averaged between 30 and 44 wk and testis weight at
54 wk as dependent variables (Table 1). The variation in
AVTD was associated with AGE1 and testis diameter aver-
aged at 12 wk and AGE1 (R2 = 0.77; P < 0.01). Also, AVTD
was related to AGE1, testis diameter at 12 wk and concen-
trations of estradiol (basal + GnRH-stimulated) averaged
between 10 wk and AGE1 (R2 = 0.79; P < 0.01). Another
regression model showed that testis weight of the 54-
wk old bull related to AGE1 and testis weight at AGE1
(R2 = 0.49; P < 0.01).

4. Discussion

In the present study, hormone secretion, testis growth
and quantitative aspects of spermatogenesis at early pre-
puberty were evaluated as related to further testis criteria
in the beef bull. Hemicastration was performed when
testosterone increased and androstenedione reduced in
the peripheral blood because this transition is crucial to
gonad development and closely linked to Leydig and Ser-
toli cell function. More specifically, testosterone reached
1 ng/ml at 20 ± 0.6 wk of age, when only 57% of the testis
parenchyma was occupied by seminiferous tubules. At this
developmental state, most tubule sections had no germ
cells and only a few contained A1 spermatogonia or sper-
matocytes, implying that meiosis had just started in the
Please cite this article in press as: Moura, A.A., et al., E
lium and hormone concentrations as related to testicular d
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Utestis. Still, at AGE1, testis measurements were correlated
with Sertoli cell numbers, but not with the percentage of
tubules with germ cells, suggesting that gonad size was
mainly determined by the Sertoli cell population. Proba-
bly, the mitotic activity of the germ cells and their pool at
ED
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0.49

ays) at which basal concentrations of testosterone reached 1 ng/ml in the
s weight (g) at AGE1; [estradiol]: average of basal and GnRH-stimulated
(g) at AGE1; TW2: testis weight (g) at 54 wk of age.

that state (testosterone = 1 ng/ml) were not sufficient yet
to fill the intra-tubular spaces and significantly affect testis
size. This is also likely the reason why the percentage of
tubules populated by germ cells (any type) in the first testis
was not correlated with any criteria of the second testis. As
previously shown, when animals become older and pro-
liferation of germ cells increases, the number of these cells
starts to affect testis weight. In 26-wk old bulls, where only
24.8 ± 8.9% of the tubules had no germ cells, testis weight
was indeed correlated with the percentage of tubules con-
taining germ cells (r = 0.76; Moura and Erickson, 1999).
Also, in the present study, both testis weight and Sertoli cell
numbers were significantly correlated with quantitative
aspects of spermatogenesis when bulls became yearling.

As evidenced by the consistent increase in both body
weight and testis size throughout the study, it was con-
cluded that hemicastration did not impair the development
of the bulls. In support of this concept, only a small per-
centage of the seminiferous tubules were devoid of germ
cells and most of them had either round or elongate sper-
matids in the remaining testis at 54 wk. Also at this age,
the spermatid/A1 spermatogonium ratio (55.8 ± 4) and the
number of round spermatids per Sertoli cell (7.4 ± 0.4)
in the tubule sections were greater (P < 0.05; analysis not
shown) than what we had reported before in intact bulls
at the same age (42 ± 9 and 6.3 ± 1.4, respectively; Moura
and Erickson, 1997). These findings were expected and
similar to those reported by Mirando et al. (1989) and
Barnes et al. (1980), who showed that unilateral castra-
tion of rams and bulls caused a compensatory growth of
the remaining testis associated with amplification of both
the spermatid/Sertoli cell ratio and daily sperm production.
Despite the increase in those criteria, both testis weight
and Sertoli cells/testis at 54 wk were correlated with the
number of round spermatids/A1 spermatogonium and per
Sertoli cell and the number of tubule sections with sper-
matids, results also equivalent to what has been reported
for intact yearling bulls (Moura and Erickson, 1997). More-
over, Sertoli cell numbers/testis were not different when
compared between the two testes, implying that compen-
satory growth of the gonad affected only the population of
germ cells and that Sertoli cells may have lost their ability
to divide after the developmental state at which hemicas-
tration was performed.

Removal of one testis causes increases in the secre-
tion of basal FSH (Barnes et al., 1981; Schanbacher et
arly prepubertal testis criteria, seminiferous epithe-
evelopment in beef bulls. Anim. Reprod. Sci. (2011),

al., 1987; Brown et al., 1987) but these changes tend 391

to be transient and an equilibrium in the control of 392

FSH is achieved afterwards because of the compensating 393

growth of the remaining testis and synthesis of steroids 394

at normal rates (Moura and Erickson, 1997; Evans et al., 395
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995; Aravindakshan et al., 2000). The increase in GnRH-
timulated FSH detected between 14 and 32 wk appeared
ore pronounced than in intact animals (Moura and

rickson, 1997) and this could well have been caused
y transient decreases in both testosterone and estradiol
hat occurred right after hemicastration. The pattern of
nRH-stimulated FSH after 32 wk became comparable to

hat shown for non-castrated Angus bulls treated with the
ame doses of GnRH (Moura and Erickson, 1997). Secre-
ion of basal LH showed variations between 16 and 24 wk
nd some of such variations were consequences of hemi-
astration and changes in steroid concentrations. Greater
oncentrations of LH reached at 28 wk may have occurred
ecause steroids had not sufficiently increased yet in the
eripheral circulation at that time. Alternate periods of

esser and greater concentrations between 44 and 54 wk
ppeared again similar to what had been reported for
ntact bulls (Moura and Erickson, 1997). There was a large
ncrease in the response of LH to GnRH treatments between
8 and 26 wk that seemed more pronounced than what is
sually detected in intact bulls but the pattern of GnRH-

nduced concentrations of LH after that period (32–54 wk)
losely resembled those of non-castrated bulls (Moura and
rickson, 1997).

Basal testosterone increased between 10 and 20 wk,
howed reductions at 22 wk, but it increased again con-
inuously after that period. Variations at 22 wk of age were
robably caused by the absence of one gonad at the aver-
ge age of 20 wk, and the quick and consistent increase in
estosterone after that period reflects the compensatory
rowth of the remaining testis. Concentrations of testos-
erone after 22 wk are similar to what has been found in
ntact bulls (Moura and Erickson, 1997; Evans et al., 1996).
n agreement with findings in the present study, Brown
t al. (1987) found serum testosterone to be less at 48 h after
nilateral castration in rams, but concentrations started to
eturn to normal as early as 1 wk after the removal of the
estis. Greater androstenedione concentrations between
2 and 16 wk are typical of early prepuberty (Moura and
rickson, 1997) and after that period its concentrations
ecreased significantly. This emphasizes that the 1 ng of
estosterone/ml mark represented a new developmental
tate of the gonads, when the Leydig cells were going
hrough a more differentiated state, converting most of the
ndrostenedione to testosterone. Basal estradiol decreased
fter 14 wk and remained low until 22 wk, a period when
here were also variations in testosterone concentrations.
art of this transient decrease in estradiol E2 secretion may
ave been caused by the absence of the first testis. The pat-
ern of GnRH-stimulated estradiol was closely associated
ith basal concentrations and after 32 wk the age-related

ncreases in both variables followed the same pattern seen
n intact bulls (Moura and Erickson, 1997). Thus, hemicas-
ration of bulls when basal testosterone reached 1 ng/ml
n the peripheral circulation may have caused transitory
hanges in gonadotropins and steroid secretion but even-
Please cite this article in press as: Moura, A.A., et al., E
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Uually allowed normal patterns of hormone secretion and
he development of the second testis.

GnRH-stimulated FSH quantified between 10 wk and
GE1 was inversely related to testis size at AGE1, testis
iameter averaged between 30 and 44 wk and aspects of
 PRESS

ED
 P

R
O

O
F

n Science xxx (2011) xxx–xxx 7

the seminiferous tubules at 54 wk. Negative correlations
between FSH and testis criteria have been found before in
young bulls (Moura and Erickson, 1997) and the fact that
FSH induces estradiol and inhibin secretion by the Ser-
toli cell (Dorrington and Khan, 1993; Vale et al., 1994) is
probably the main reason for those correlations. In this
regard, there were positive correlations between testos-
terone and estradiol and testis criteria, which were more
significant than those involving FSH. Correlations between
testosterone and testis attributes are in agreement with
the links between testis development and the age at which
animals were first castrated (see below). Total estradiol
(basal + GnRH-stimulated) quantified between 10 wk and
AGE1 showed marked associations with testis size at 12 wk,
testis weight at AGE1 and AVTD, and moderate correlations
with the percentage of tubules without germ cells and with
spermatids, and with the population of Sertoli cells/testis
as well. These correlations between estradiol and attributes
of the male gonad had been shown before in intact bulls
(Moura and Erickson, 1997) but, to our knowledge, not
elsewhere.

The diameter of the remaining testis measured from
30 to 44 wk was related (R2 = 0.77) to the age at which
testosterone reached 1 ng/ml and the size of the same
testis averaged at 12 wk and at that precise developmental
state. Moreover, a comparable R2 (0.79) was obtained for
the same parameter (AVTD) when AGE1, testis diameter
at 12 wk and estradiol concentrations between 10 wk and
AGE1 were used as independent variables. Yearling testis
weight, in turn, was linked (R2 = 0.49) to AGE1 and testis
weight at AGE1. Testis size estimated between 7 and 10
months (30–44 wk) correlates with age at puberty (Lunstra
et al., 1978) and yearling testis weight is an indicator of
sperm producing capacity of bulls (Berndtson et al., 1987).
Thus, we conclude from the present study that important
attributes of bull reproductive development are influenced
by gonad size and estradiol secretion at early prepuberty
in conjunction with the animal’s ability to release 1 ng
of testosterone/ml in the peripheral circulation. Preceding
reports have stated that early maturing bulls have greater
LH at ages from 10 to 20 wk than late maturing ones (Evans
et al., 1995; Aravindakshan et al., 2000) and treatment of
sires with GnRH between 4 and 8 wk increased plasma
LH, enhanced testis growth and hastened age at puberty
(Madgwick et al., 2008). Thus, given that LH is the major
modulator of androgen secretion by the Leydig cell, these
results are in agreement with the ones described in the
present study.

At prepuberty, estradiol is secreted by the Sertoli cell
(Bardin et al., 1994; Dorrington and Khan, 1993; Hess and
Carnes, 2004) and the statistical associations mentioned
above leave little doubt that early Sertoli cell function,
and not only testis size but also Leydig cell activity, deter-
mines the patterns of future testis growth. Indeed, Leydig
and Sertoli cells are intrinsically connected and sequen-
tial events related to these cells occur since postnatal ages,
arly prepubertal testis criteria, seminiferous epithe-
evelopment in beef bulls. Anim. Reprod. Sci. (2011),

as described: proliferation of Leydig and Sertoli cells post- 513

nataly; subsequent differentiation of Leydig cells and, as 514

a result, increase in testosterone synthesis and reduction 515

in androstenedione secretion by these cells; decrease in 516

mitosis and induction of Sertoli cell differentiation, which 517
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in turn set the conditions for progression of spermatoge-
nesis and meiosis by the germ cells (Amann, 1983; Moura
and Erickson, 1997; Buzzard et al., 2003; Meng et al., 2005;
Aguiar et al., 2006; Bagu et al., 2006; Petersen and Söder,
2006; Johnson et al., 2008; Rawlings et al., 2008). In the
present study, bulls with larger testes between 30 and
44 wk may have had some of these events, if not all of
them, happening earlier in life. In regard to Sertoli cell
development and testis growth, valuable information was
obtained from experiments about the effects of hypothy-
roidism in the rat. In these trials, delays in Sertoli cell
differentiation caused by suppression of thyroid function
prolonged the mitotic phase of those cells and delayed age
at puberty as well. When thyroid function returned to nor-
mal, Sertoli cells finally differentiated and animals ended
up with more Sertoli and germ cell numbers and larger
testis at postpuberty (Hess et al., 1993; França et al., 1995;
Holsberger and Cooke, 2005). Based on these results, the
duration of the mitotic phase of Sertoli cells is one of the
determinants of larger testes. However, this does not nec-
essarily imply that a short mitotic phase is always linked
to a smaller Sertoli cell population because such number
must also be influenced by the rate at which cells divide. In
the present study, bulls with larger testes certainly had an
early maturation of the Leydig cells because testosterone
reached 1 ng/ml earlier. Based on the fact that testis size at
AGE1 was correlated with the number of Sertoli cells per
testis, it is possible that higher rates of Sertoli cell divisions
occurred in those animals to allow larger testis size at that
developmental state. However, to confirm such hypothe-
sis, one needs to determine how interactions between the
duration and rate of Sertoli cell mitosis affect testicular
growth.

In conclusion, the present study summarizes key
aspects of the early testis growth in the beef bull and
their associations with further gonad development. We
showed that early detection of 1 ng of testosterone/ml in
the peripheral circulation, larger testis size and greater
estradiol before and at that developmental state relate pos-
itively to testis attributes later in life. When testosterone
reached 1 ng/ml, the seminiferous tubules had basically
Sertoli cells, spermatogonia and a few spermatocytes and
physiological events occurring before and at that phase are
potential markers of precocity and sperm producing capac-
ity of sires.
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