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Abstract
We have investigated the effectiveness of human recombinant inhibin A (hr-inhibin A) to suppress the secretion
of follicle-stimulating hormone (FSH) in ram lambs from 1
to 18 months of age. Seventeen rams (nine castrated, eight
intact) were used. At 1, 3, 6, 9, 12 and 18 months of age
the rams were given an i.v. injection of either vehicle or
hr-inhibin A (0·64 µg/kg). Blood samples were taken over
24 h. Plasma concentrations of FSH were suppressed in
castrated and intact rams following injection of hr-inhibin
A with maximal suppression occurring 6 h after injection.
Vehicle injection had no effect. At 12 months of age the
suppression in FSH was most rapid in castrated rams and
was maximal in intact rams. The clearance rate of inhibin

Introduction
In adult males inhibin, produced principally by the testes,
plays a major role in the negative feedback regulation
of the secretion of follicle-stimulating hormone (FSH) at
the pituitary in male Rhesus monkeys (Dubey et al. 1987,
Medhamurthy et al. 1990, 1991, Attardi et al. 1992,
Majumdar et al. 1995, Plant et al. 1997) and rams
(Tilbrook et al. 1993a,b, McKeown et al. 1997). In contrast
to adult males, the role of inhibin in the feedback
regulation of FSH in prepubertal males and during sexual
development has not been studied in detail. The testes of
prepubertal males synthesize and secrete significant
amounts of inhibin and the pattern of secretion of inhibin
changes during sexual development although there appears
to be substantial differences between species. For example,
circulating concentrations of inhibin during sexual maturation have been found to increase in male monkeys
(Keeping et al. 1990, Marson et al. 1993) and in boys
(Burger et al. 1988, Crofton et al. 1997) but to decrease in
male rats (Wreford et al. 1994), bulls (Miyamoto et al.
1989, MacDonald et al. 1991) and rams (Schanbacher
1988, Isaacs et al. 1995). Several studies indicate that a

was greatest at older ages but during the period of
seasonally induced testicular activity, there was a significant decrease in the inhibin clearance. The testicular
weight was reduced in rams treated with hr-inhibin A,
indicating the importance of FSH for testicular development during the pubertal period. There was no effect of
hr-inhibin A on plasma concentrations of luteinizing
hormone. We conclude that inhibin is capable of suppressing the secretion of FSH in rams from 1 month of
age onwards and that the pituitary gland becomes maximally responsive to the actions of inhibin by the age of
puberty.
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functional negative feedback system between inhibin and
FSH exists before puberty as shown by the decrease in
plasma concentrations of inhibin and an increase in FSH
in 1-week-old ram lambs (Schanbacher 1988), and the
demonstration that active immunization against inhibin in
prepubertal ram lambs (Al-Obaidi et al. 1987) and bull
calves (Martin et al. 1991, Schanbacher 1991) caused an
increase in plasma concentrations of FSH.
Interpretation of the physiological significance of the
role of inhibin from changes in circulating levels during
sexual development may be misleading because such
measurements do not take into account possible changes
in the sensitivity of the pituitary gland to the actions of
inhibin, in the metabolic clearance rate of inhibin and in
the biopotency of inhibin. Each of these factors has the
potential to influence the effectiveness of inhibin to
regulate the secretion of FSH. There are only limited data
in which the ability of inhibin to suppress FSH has been
assessed over an age range encompassing sexual maturation. In a study designed to address these issues, intact
male rats were given a single injection of human recombinant inhibin A (hr-inhibin A) which caused a significant
decrease in serum concentrations of FSH measured 6 h
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later in animals aged 25–91 days of age but had no effect
on FSH in younger animals (Wreford et al. 1994).
Nevertheless, this study was limited by an insufficient
sampling regimen that did not allow assessment of the time
course of response of FSH to treatment with hr-inhibin A
or of the clearance rate of inhibin from the blood.
In view of the observations that FSH is important for
testicular development, particularly in the period immediately prior to puberty (Tilbrook et al. 1993c), and that
the secretion of FSH changes during sexual development,
we have tested the hypothesis that the effectiveness of
inhibin to suppress the secretion of FSH varies during
sexual development. To achieve this aim we have treated
intact and castrated rams with hr-inhibin A at various ages
from 1 to 18 months and report the results of these
experiments on FSH secretion.

Materials and Methods
Animals
Seventeen Romney Marsh rams of the same age were used
and nine were castrated at 5 days of age and the study
ended when they were 18 months of age. For the sampling
and treatment periods, the rams were penned individually
in an animal house and given a maintenance ration and
water and allowed to feed ad libitum. Between the periods
of sampling and treatment the rams were grazed on natural
pastures at the Victorian Institute of Animal Science,
Werribee, Australia. From 1 to 3 months of age the rams
were grazed with their mothers, and kept as a single group
until 18 months of age.
The care and experimental use of the animals in these
experiments conformed with the requirements of the
Australian Prevention of Cruelty to Animals Act 1986 and
the NHMRC/CSIRO/AAC ‘Code of Practice for the
Use of Living Animals in Scientific Investigations’.
Experimental procedure
The rams were allocated to one of the following four
groups: (1) intact rams given a single intravenous (i.v.)
injection of vehicle (n=4), (2) intact rams given a single
i.v. injection of 0·64 µg/kg hr-inhibin A (n=4),
(3) castrated rams injected i.v. with vehicle (n=4), and
(4) castrated rams injected i.v. with hr-inhibin A (n=5).
We have shown previously that this dose of hr-inhibin A
is effective in suppressing the plasma concentrations of
FSH to those found in normal intact rams, with maximal
suppression occurring about 6 h after injection (Tilbrook
et al. 1993a). The vehicle and hr-inhibin A were administered by venepuncture into the jugular vein at 1, 3, 6, 9,
12 and 18 months of age. Blood samples (5 ml) were
collected via indwelling jugular catheters (Dwellcath, Tuta
Laboratories, Lane Cove, Australia) 20 and 10 min before

injection and 1, 5, 10, 30 and 60 min and 3, 6, 12 and 24 h
after injection. The blood samples were assayed for FSH,
inhibin and luteinizing hormone (LH).
At weekly intervals, the rams were weighed. For the
intact rams, testicular weights (g) were estimated using a
series of calibrated beads as described and validated by
Oldham et al. (1978).
Preparation of hr-inhibin A and vehicle
The hr-inhibin A, kindly supplied by Biotech Australia
Pty Ltd (Sydney, NSW, Australia), was identical to that
reported previously by us (Tilbrook et al. 1993a,b) and its
biological and physicochemical characteristics have been
described previously (Tierney et al. 1990). The hr-inhibin
A was originally stored in 35% acetonitrile/0·1% trifluroacetic acid at 70 C and each sample was thawed,
bovine serum albumin (0·1% final concentration) added,
the acetonitrile removed by evaporation under nitrogen
and the remaining sample gel-filtered (Sephadex G-25,
PD 10 columns: Pharmacia, Uppsala, Sweden) in
Dulbecco’s phosphate buffer, pH 7·2. Aliquots of the
inhibin fraction were stored at 70 C and were diluted
in sterile saline/hr-inhibin A (0·9% NaCl) to the appropriate concentration. The vehicle consisted of appropriate
volumes of the phosphate buffer and saline identical to the
volumes of hr-inhibin A and saline used in each case.
Radioimmunoassays
Plasma FSH was measured by radioimmunoassay as
described by Bremner et al. (1980) using NIADDK–
oFSH–RP1 as standard. Nine assays were conducted with
a mean (...) assay sensitivity of 0·180·06 ng/ml.
Plasma concentrations of immunoreactive inhibin were
measured in all samples using a double antibody radioimmunoassay based on antiserum (no. 1989) raised against
bovine 31 kDa inhibin and using iodinated 31 kDa bovine
inhibin as tracer (Robertson et al. 1988). This Monash
assay has been validated for measurement of ovine inhibin
(Findlay et al. 1990) and cross-reacts 288% with Pro-ác, a
product of the á-subunit of inhibin (Findlay et al. 1990).
There is no significant cross-reactivity with activin-A,
transforming growth factor â, and Müllerian-inhibiting
substance. For 16 assays of inhibin, the mean (...)
assay sensitivity was 0·230·01 ng/ml with a range of
0·033–0·063 ng/ml.
Since the Monash assay for inhibin described above can
measure inhibin á-subunit products, as well as inhibin, a
subset of samples was assayed for inhibin using a two-site
immunoassay specific for dimeric inhibin A (Groome &
O’Brien 1993, Groome et al. 1996). The concentrations
measured using this assay were used to validate the
calculations of the half-life of inhibin that were made from
concentrations measured using the Monash assay. For
intact and castrated rams treated with hr-inhibin A,
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samples at 6, 12 and 18 months of age were assayed for
inhibin by the procedure described by Groome et al.
(1996) using WHO 91/624 hr-inhibin A (1000 pg/ml–
3·91 pg/ml) as the standard. For 10 assays, the intra- and
inter-plate coefficient of variation values were 6·45 and
9·43 respectively.
A radioimmunoassay, described by Lee et al. (1976) and
using NIH LH S18 as the standard was used to measure
the plasma concentrations of LH. Three assays were
conducted with a mean (...) assay sensitivity of
0·580·08 ng/ml.
Half-life analysis
To derive an estimate of the half-life of inhibin, a single
order exponential decay curve was fitted to plasma concentrations of inhibin for each animal that was injected
with hr-inhibin A. For all ages studied these estimations
of half-life were made from the plasma concentrations of
inhibin that were measured using the Monash assay
(Robertson et al. 1988, Findlay et al. 1990). At 6, 12 and
18 months of age, the half-life of inhibin was also estimated from the plasma concentrations of inhibin that were
measured using the dimer-specific assay (Groome &
O’Brien 1993, Groome et al. 1996). For each animal the
values of inhibin estimated by the exponential decay curve
were compared with the concentrations of inhibin using
paired t-tests. The parameters of the estimated and actual
curve were also compared using paired t-tests. For all
animals there were no significant differences between the
values and parameters of the actual and fitted curves. This
was the case using values from both assays. Therefore, the
estimates of half-life of inhibin derived from this approach
were considered to represent the disappearance of hrinhibin A from the blood following injection of hr-inhibin
A. Moreover, when the half-lives of inhibin calculated
from measurements of inhibin using the two inhibin assays
were compared at 6, 12 and 18 months of age using
repeated measures analysis of variance there were no
significant differences between these estimations at each
age. This ensured estimations of the half-life of inhibin
using the Monash assay were representative of the disappearance of inhibin A from the circulation in rams
following an injection of hr-inhibin A.
Statistical analyses
The parameters in this experiment were analysed by
repeated measures analysis of variance. Specifically, the
plasma concentrations of FSH, inhibin and LH before, and
over 24 h after the injection of vehicle or hr-inhibin A at
each age were compared. Analysis was also conducted on
the plasma concentrations of FSH when expressed as a
percentage of the mean of the concentrations before
injection of vehicle or hr-inhibin A (pre-treatment). To
obtain an estimation of the pattern of secretion of FSH,
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inhibin and LH with age, the mean concentrations of these
hormones before injection (pre-treatment) of vehicle or
hr-inhibin A were compared between treatments at each
age. Comparisons of the mean half-lives of inhibin following injection of hr-inhibin A in castrated and intact rams at
each age were also made. Within the sampling regimen
used in this experiment, the maximal concentration of
inhibin following injection of hr-inhibin A occurred 1 min
after injection and this peak value was compared between
treatments at each age. Finally, the liveweight and estimated testicular weights of the rams were also compared
between treatments at each age. For Figs 1–4, betweensubject standard errors are shown on the figures and the
within-subject standard errors are stated in the legend of
each figure. We have presented the within-subject standard errors because these are relevant to the repeated
measures analysis of variance. For all parameters analysed
in this experiment, paired comparisons were made using
least significant differences.
Results
Pre-treatment plasma concentrations of FSH and
immunoreactive inhibin from 1 to 18 months of age
Within intact and castrated groups, the pre-treatment
concentrations of FSH from 1 to 18 months of age did not
differ significantly between animals that were allocated to
vehicle or hr-inhibin A treatment groups at each sampling
period. Nevertheless, the pre-treatment plasma concentrations of FSH were significantly (P<0·01) higher in
castrated rams than in intact rams at all ages (Fig. 1).
Furthermore, the plasma concentrations of FSH varied
significantly over age in both intact and castrated rams.
For intact rams, the plasma concentrations of FSH were
significantly (P<0·01) higher at 1 month of age than at all
other ages (Fig. 1) and decreased from 1 to 12 months of
age with a nadir at 9 months subsequently increasing
between 12 and 18 months. (Fig. 1).
At all ages, the plasma concentrations of FSH in the
castrated rams were significantly higher (P<0·05) than
those in intact rams. For the castrated rams the plasma
concentrations of FSH rose progressively and significantly
from 1 month of age to peak at 9 months of age, decreasing
significantly (P<0·01) at 12 months before increasing
significantly (P<0·01) again from 12 to 18 months (Fig. 1).
The pre-treatment concentrations of inhibin were not
significantly different at any age between rams, intact or
castrated, that were allocated to the vehicle or hr-inhibin
A groups. At all ages, however, the pre-treatment concentrations of inhibin in intact rams were significantly
(P<0·01) higher than those in castrated rams. In intact
rams the concentrations of inhibin also varied significantly
(P<0·01) over age but there was no significant variation in
the concentrations of inhibin over age in castrated rams
(Fig. 1).
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concentrations of inhibin at 1 month of age were significantly (P<0·01) higher than at 6, 9, 12 and 18 months of
age (Fig. 1).
Effect of treatment with hr-inhibin A or vehicle on plasma
concentrations of FSH

Figure 1 Mean ( S.E.M.) plasma concentrations (ng/ml) of FSH
and inhibin in all intact (a) and castrated (b) rams at 1, 3, 6, 9, 12
and 18 months of age. The plasma concentrations of FSH were
significantly (P<0·01) higher in castrated rams than in intact rams
while the plasma concentrations of inhibin were higher (P<0·01)
in intact than in castrated rams. Plasma concentrations of FSH and
inhibin in intact rams, and FSH in castrated rams, varied with age
(P<0·01) but plasma concentrations of inhibin in castrated rams
did not change significantly with age. The repeated measures
ANOVA used within-subject standard errors to compare across
ages. For the intact rams the within-subject standard errors were
0·14 for FSH and 1·17 for inhibin and for the castrated rams these
were 1·24 for FSH and 0·10 for inhibin.

In intact rams the mean pre-treatment plasma concentrations of inhibin increased significantly (P<0·05) from 1
to 3 months of age then decreased significantly (P<0·01)
from 3 to 6 months of age (Fig. 1) and did not change
significantly from 6 to 18 months of age. The plasma

There were no significant changes in the plasma concentrations of FSH following injection of vehicle into castrated
or intact rams at any age. In intact rams, the plasma
concentrations of FSH were reduced at all ages except
9 months following treatment with hr-inhibin A (Fig. 2),
with maximal suppression (P<0·01) occurring 6 h after
injection. The magnitude of this suppression in FSH 6 h
after injection at 12 months of age was significantly
(P<0·01) greater than at 1, 3 and 9 months of age, but
there were no other differences (Fig. 3).
In castrated rams, the plasma concentrations of FSH
were decreased following injection of hr-inhibin A at all
ages and, similarly to the intact rams, the maximal
suppression (P<0·01) in FSH concentrations occurred 6 h
after injection of hr-inhibin A (Fig. 2). In contrast to the
intact rams, however, there were no significant effects of
age on the magnitude of the suppression in plasma
concentrations of FSH in castrated rams which occurred
6 h after injection of hr-inhibin A (Fig. 3). Nevertheless,
in the castrated rams, there were apparent age effects on
the time following injection of hr-inhibin A that plasma
concentrations of FSH were first significantly lower than
pre-treatment values (Fig. 2). A significant suppression
in FSH occurred within 1 min (P<0·01) of injection of
hr-inhibin A at 12 months of age, 30 min at 9 months of
age, 1 h (P<0·05) at 18 months of age and 3 h (P<0·01) at
6 months of age. At all these ages, the plasma concentrations of FSH remained significantly suppressed thereafter to reach maximal suppression at 6 h. At 1 and
3 months of age, however, a significant reduction in the
concentrations of FSH was not evident until 6 h after
the injection of hr-inhibin A (Fig. 2).
In addition to changes with age in the rapidity of
response in suppression of FSH in castrated rams following
injection of hr-inhibin A, there were effects of age on the
period that FSH concentrations remained significantly
lower than pre-treatment values. At 1 and 6 months of
age, FSH concentrations returned to pre-treatment concentrations by 12 h after injection of hr-inhibin A,
whereas a prolonged response was noted at 9, 12 and
18 months of age when FSH levels 12 h after injection
were still significantly (P<0·01) lower than the pretreatment concentrations. Indeed, at 9 months of age, the
plasma concentrations of FSH 24 h after injection of
hr-inhibin A remained significantly (P<0·01) lower
than pre-treatment concentrations but at the other ages
there were no differences between pre-treatment
concentrations of FSH and concentrations 24 h after
injections (Fig. 2).
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Figure 2 Mean ( S.E.M.) plasma concentrations (ng/ml) of FSH in intact (a) and castrated (b)
rams before and over 24 h after injection (indicated by the arrow) of hr-inhibin A at 1, 3, 6,
9, 12 and 18 months of age. For both intact and castrated rams, the maximal suppression in
FSH occurred 6 h after injection of hr-inhibin A. For the intact rams (a), different letters
represent differences (P<0·01) between ages in the plasma concentrations of FSH 6 h after
injections of the rams with hr-inhibin A. For the castrated rams (b), the asterix indicates the
time after injection of hr-inhibin A when plasma concentrations of FSH were significantly
(P<0·05) lower than pre-treatment concentrations. The within-subject standard errors, which
were used in the repeated measures ANOVA to determine differences across ages, were
0·03 for the intact rams and 0·33 for the castrated rams. Vehicle injections had no effects on
FSH in both intact and castrated rams.
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Effect of treatment with hr-inhibin A or vehicle on plasma
concentrations of LH
At all ages, there were no significant changes in the plasma
concentrations of LH following injection of vehicle or
hr-inhibin A in intact and castrated rams (data not shown).
The plasma concentrations of LH were higher in castrated
rams than in intact rams at 3, 6 (P<0·05), 9, 12 and 18
(P<0·01) months of age. The concentrations of LH in the
intact rams did not vary significantly with age but in the
castrated rams there was a significant age effect (P<0·05).
In the castrated rams the concentrations of LH increased
significantly (P<0·05) from 1 to 3 months of age, was
similar at 3 and 6 months of age before increasing
(P<0·01) to maximal values at 9 months of age. These
concentrations then decreased and were similar at 12 and
18 months of age (data not shown).
Concentrations and estimations of half-life of inhibin following
injection of hr-inhibin A

Figure 3 Mean ( S.E.M.) plasma concentrations of FSH 6 h after
injection expressed as a percentage of the pre-treatment values in
intact (a) and castrated (b) rams injected with vehicle or hr-inhibin
A at 1, 3, 6, 9, 12 and 18 months of age. This represents the time
after injection of hr-inhibin A when FSH was maximally
suppressed. For the intact rams the maximal suppression in FSH
6 h after injection of hr-inhibin A was greatest (P<0·01) at
12 months of age and different letters indicate significant (P<0·01)
differences between ages. For the castrated rams the magnitude of
maximal suppression in FSH did not vary with age. There were no
differences between castrated and intact rams in the magnitude
of maximal suppression of FSH 6 h after injection of hr-inhibin A.
The within-subject standard errors were 7·98 for the intact rams
and 5·81 for the castrated rams. Vehicle injections had no effects
on FSH.

At each age, the plasma concentrations of FSH in intact
rams were always significantly (P<0·01) less than the
concentrations in castrated rams. Consequently, even
though the plasma concentrations of FSH were suppressed
maximally 6 h after injection of hr-inhibin A, the levels
achieved in the castrated rams were significantly (P<0·01)
greater than the levels in the intact rams. In contrast, the
degree of suppression in plasma concentrations of FSH 6 h
after injection of hr-inhibin A was similar in castrated and
intact rams (Fig. 3).

From measurements of the plasma concentrations of
inhibin using the Monash assay (Robertson et al. 1988,
Findlay et al. 1990) injection of hr-inhibin A into intact
and castrated rams resulted in a significant (P<0·05)
increase in the plasma concentrations of inhibin, reaching
a maximum within 1 min of injection and then decreasing
rapidly thereafter (data not shown). There were no differences between intact rams and castrated rams in the
concentrations of inhibin achieved 1 min after injection of
hr-inhibin A (Table 1).
The plasma concentrations of inhibin measured using
the dimer-specific assay for inhibin A (Groome & O’Brien
1993, Groome et al. 1996) were undetectable prior to
injection of hr-inhibin A but, following injection, the
pattern of inhibin in the plasma was similar to that
observed using the Monash assay, increasing significantly
(P<0·05) to reach a peak after 1 min, then decreasing
rapidly (data not shown). Similarly to measurements made
using the Monash assay, the concentrations of inhibin
1 min after injection of hr-inhibin A measured using the
dimer-specific assay did not differ between intact and
castrated rams at any age (Table 1). Nonetheless, the
plasma concentrations of inhibin 1 min after injection of
hr-inhibin A measured using the Monash assay were
significantly (P<0·05) higher than those measured using
the dimer-specific assay.
For both intact and castrated rams, the half-life of
inhibin estimated from data collected using the Monash
assay varied with age (Table 1). For the intact rams, the
estimated half-lives of inhibin at 3 and 6 months of age
were significantly (P<0·05) longer than at 1, 12 and
18 months of age. The half-life of inhibin at 9 months of
age was significantly (P<0·05) shorter than at 6 months of
age but was not significantly different than other ages. For
the castrated rams, the mean (...) estimated half-life
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Table 1 Mean (S.E.M.) half-lives of inhibin (min) and peak plasma concentrations of inhibin (ng/ml) that occurred 1 min after injection of
hr-inhibin A in intact and castrated rams treated with hr-inhibin A. Half-lives (half-life) and peak plasma concentrations of inhibin (peak
inhibin) derived from measurements of inhibin using the Monash assay (Robertson et al. 1988, Findlay et al. 1990) are shown for 1, 3, 6,
9, 12 and 18 months of age. Half-lives and peak inhibin concentrations derived from measurements of inhibin using the dimer-specific
assay (Groome & O’Brien 1993, Groome et al. 1996) are shown for 6, 12 and 18 months of age.
Age (months)
1
Half-life (min)

Peak inhibin (ng/ml)

Assay
Monash

Intact rams
Castrated rams

Dimer-specific

Intact rams
Castrated rams

Monash

Intact rams
Castrated rams

Dimer-specific
Monash

Intact rams
Castrated rams

3·50·7x
5·60·3a
—
—
15·92·3
6·20·3
—
—

3

6

12·73·1y
6·31·5a

11·43·4y
5·80·6a
9·21·4y
6·00·6a

—
—
17·90·4
5·91·5

9

13·01·3
8·60·9

—
—

5·90·4
8·40·6

12
7·80·6x
4·30·8a
—
—

11·41·0
7·92·7
—
—

18

5·62·0x
2·80·4b

2·30·2x
1·70·3b

4·31·2x
4·31·2b

1·90·2x
2·80·7b

14·63·0
18·35·1

49·93·1x
42·14·2

11·33·6
13·63·0

47·55·4
34·14·8

For the half-life of inhibin, within rows, different superscripts represent significant differences between means: x,yP<0·01; a,bP<0·05. The results did not differ
significantly between assays. The half-lives of inhibin in the intact rams at 6 months of age were significantly (P<0·01) longer than the half-lives of inhibin in
the castrated rams at each age. The peak concentrations of inhibin 1 min after injection of hr-inhibin A measured by the Monash assay were significantly
(P<0·01) higher at each age than those measured by the dimer-specific assay. For both assays, there were no differences at any age between intact and
castrated rams in peak inhibin.

of inhibin did not differ from 1 to 9 months of age but
the half-life declined significantly (P<0·05) at 12 and
18 months of age (Table 1).
The estimated mean (...) half-lives of inhibin for
the intact rams at 3 and 6 months of age were significantly
(P<0·01) longer than the estimated half-lives of inhibin for
the castrated rams for all ages. Also, the half-life of inhibin
for intact rams at 9 months of age was significantly
(P<0·05) longer than that for the castrated rams at
9 months of age (Table 1). There were no other differences between intact and castrated rams in the half-life of
inhibin.
The estimations of half-life of inhibin made using data
collected using the dimer-specific assay (Groome &
O’Brien 1993, Groome et al. 1996) did not differ significantly from the estimations made using the Monash assay
(Robertson et al. 1988, Findlay et al. 1990) and showed the
same variations between 6, 12 and 18 months of age in
both intact and castrated rams (Table 1).

weight after having attained maximal weight, testicular
weight after 6 months of age was always significantly
(P<0·05) greater than before 6 months of age. The change
in testicular weight with age showed a similar pattern in
the rams treated with vehicle or hr-inhibin A but there
were differences in the mean testicular weight between
treatments. In the rams treated with hr-inhibin A,
between 6 and 9 months of age, testicular weight was
significantly (P<0·01) less than the weight of testes from
rams treated with vehicle. However, these differences
were lost after 9 months.
Liveweight
The mean liveweight of all animals increased significantly
(P<0·01) throughout the experiment and there were
no differences between treatment groups. The mean
(...) liveweight increased from 8·70·4 kg at
1 month of age to 47·10·9 kg at 18 months of age.

Testicular weight

Discussion

The mean (...) estimated testicular weight (g) of
intact rams treated with vehicle or hr-inhibin A (Fig. 4)
varied significantly with age (P<0·01). The weight of the
testes increased from 1 month of age to peak between 7
and 9 months of age before decreasing to plateau from
10 months to the end of the experiment (Fig. 4). The
increase in testicular weight was most rapid from about
6 months of age, a time corresponding to about 10 weeks
after the summer solstice. Although the testes decreased in

The results of this experiment demonstrate that hr-inhibin
A can suppress the secretion of FSH in ram lambs from at
least 1 month of age. In both intact and castrated ram
lambs at all ages, treatment with hr-inhibin A resulted in
a maximal suppression of FSH 6 h after injection, a time
course similar to that found in adult rams (Tilbrook et al.
1993a), ovariectomized ewes (Clarke et al. 1993) and male
rats (Carroll et al. 1991, Rivier et al. 1991, Robertson et al.
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Figure 4 Mean ( S.E.M.) estimated testicular weight (g) in rams
treated with vehicle or hr-inhibin A over the course of the
experiment. The within-subject standard error was 6·88. Arrows
represent the times that the treatment and sampling were
undertaken. The seasons of the year and the summer (21
December) and winter (21 June) solstices for the southern
hemisphere are indicated. The estimated testicular weight varied
significantly with age (P<0·01) increasing from 1 month of age to
reach a peak between 7 and 9 months of age. Between 6 and
9 months of age the estimated testicular weight in rams treated
with hr-inhibin A was significantly less (P<0·01) than in rams
treated with vehicle and this period is illustrated by the solid bar
on the figure.

1991). Our data suggest that a functional inhibin-feedback
system is established at an early age in rams and we found
that the responsiveness of the pituitary to the actions of
inhibin changed with age and whether the rams were
castrated or intact. In the intact rams, the greatest suppression occurred at 12 months of age whereas, in the castrated
ram lambs, the maximal suppression in FSH achieved
following injection of hr-inhibin A did not vary between
ages but there was an age effect on the rapidity and
duration of the response. In the castrated rams, the most
rapid decrease in plasma concentrations of FSH following
injection of hr-inhibin A, and the period when FSH
concentrations were suppressed for longest, occurred at 9
and 12 months of age and the rapidity of the response to
hr-inhibin A had clearly begun to increase from 6 months
of age. It is unclear why the pattern of response of FSH
varied with time in the castrated rams. Nevertheless,
overall, there were no differences between the intact
and castrated rams in the magnitude of the maximal

suppression of FSH due to treatment with hr-inhibin A
and the suppression in FSH was similar to that obtained in
adult rams using an identical dose and treatment regimen
of hr-inhibin A (Tilbrook et al. 1993a). This indicates that
the pituitary gland of rams had achieved maximal responsiveness to the actions of inhibin by at least 12 months of
age which is an age when the intact rams would have
attained puberty (Tilbrook et al. 1993c). These findings
strongly suggest that the inhibin-feedback system exists
from an early age in rams but develops to be maximally
effective once puberty has been achieved.
This study demonstrates that there are significant
changes in the half-life of an injected dose of inhibin,
probably reflecting alterations in clearance rates, that are
affected by age and testicular activity. The effects of age
are most clearly demonstrated in the castrated rams where
the half-life decreased in the older animals (12 and
18 months). Similar findings were noted in the intact rams
at these ages. Effectively, the half-life after an intravenous
injection of a substance can be used as a crude index of
clearance rate. Our estimations of half-life were similar
with an assay that can measure both dimeric inhibin and
inhibin á-subunit products (Robertson et al. 1988, Findlay
et al. 1990) and an assay that is dimer-specific (Groome &
O’Brien 1993, Groome et al. 1996) ruling out the possibility that á-subunit products, detected by the Monash
assay, are responsible for this alteration in clearance rates.
The implication of these changes suggest that lower
circulating levels of inhibin are achieved at these ages yet
no change was found in the capacity to suppress FSH.
These data provide evidence that the pituitary is more
sensitive to inhibin at these time points. It should be noted
that the half-lives are less than those measured in the rat
(Robertson et al. 1988), ram (Schanbacher 1988) or man
(Ishida et al. 1990) but all of these results were obtained in
intact males. The lower half-life and, therefore, the more
rapid clearance rate of inhibin in the castrated ram may be
a reflection of the absence of the testis. Similar shorter
half-lives were also noted in our study in intact rams
when testicular weight was reduced reflecting diminished
testicular activity due to seasonal influences.
Further evidence that testicular activity can influence
the clearance rate of inhibin emerges from the observations
that the inhibin half-life was longer in intact rams at 3, 6
and 9 months of age, all of which corresponded to times at
which testicular weights were greater than at 12 and
18 months. The decline in estimated testicular weight is a
reflection of seasonal breeding patterns in this breed in
which testicular weight declines after the winter solstice
(Bremner et al. 1984). The cause of the changes in the
half-life of an injected dose of inhibin are not known. A
decrease in clearance can be achieved if hormones or
growth factors are bound to proteins. Our laboratory has
shown that inhibin can be bound to the fast-form of
á2-macroglobulin (Phillips et al. 1997) and others have
shown binding of inhibin to follistatin (Krummen et al.
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1993). No data are available to indicate whether follistatin
levels increase during sexual maturation. Nevertheless,
á2-macroglobulin is a product of the Sertoli cell so may
respond to the increase in concentrations of FSH associated
with sexual maturation or following the summer solstice
and may, therefore, be a potential mediator of these
changes in clearance rates of inhibin.
In the intact rams, the plasma concentrations of inhibin
during the pre-treatment period also varied with age being
highest at the young ages and decreasing during sexual
development. This is a similar pattern to that reported
previously in rams (Schanbacher 1988, Isaacs et al. 1995) and
in bulls (Miyamoto et al. 1989, MacDonald et al. 1991) and
male rats (Crofton et al. 1997) but is different to that found
in male monkeys (Keeping et al. 1990, Marson et al. 1993)
and boys (Burger et al. 1988, Crofton et al. 1997). Nonetheless, a recent study in boys using a specific assay for inhibin B
has shown that levels of this hormone are high in the first
year of life (Andersson et al. 1997). Clearly, there are species
differences in the patterns of secretion of inhibin during
sexual development and systematic studies are required to
firmly establish the age effects of the actions of inhibin on
FSH secretion in other species. Our results illustrate that
generalizing about the actions of a hormone based solely
from changes in its pattern of secretion can be misleading.
Even though the concentrations of inhibin decreased around
the time of puberty in rams, the potency of the hr-inhibin A
in terms of suppressing the secretion of FSH was greatest at
this time. Interestingly, it has also been suggested that the
inhibin-feedback system is most important after the onset of
puberty in male chimpanzees (Marson et al. 1993) and boys
(Crofton et al. 1997) despite the difference in the pattern of
secretion of inhibin during sexual development that occurs
between these species and rams.
In contrast to the intact rams, plasma concentrations of
inhibin were low in castrated rams, did not vary with age
and represent the presence of an extratesticular source
which may be the adrenal glands (McNeilly et al. 1994). It
is possible that these circulating levels represent free
á-subunit since dimer-specific assays have shown undetectable inhibin levels in the circulation of castrated
monkeys (Plant et al. 1997). The higher concentrations of
inhibin in the intact rams reflect changes in the testicular
secretion of inhibin. The lower concentrations of FSH in
the intact rams result from the negative feedback actions of
endogenous inhibin (Schanbacher 1988, Mckeown et al.
1997) and testosterone (Crim & Geschwind 1972, Foster
et al. 1972, Olster & Foster 1986). In ram lambs, it has
been shown that secretion of FSH and LH increases during
early pubertal development and then decreases as development continues (Lee et al. 1976, Foster et al. 1978,
Wilson & Lapwood 1979) and the current data concur
with these earlier studies. That the plasma concentrations
of LH and FSH in castrated rams also varied with age
suggests that changes in the secretion of the gonadotrophins can occur independently of the hormones
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secreted by the testes and this has been demonstrated
previously. In agonadal children (Conte et al. 1975, Reiter
& Grumbach 1981) and in castrated male Rhesus monkeys
(Plant 1980), the FSH and LH levels were high for 2 years
post-partum, then declined and rose again about the time
puberty would have occurred. A similar phase of elevated
FSH secretion was noted in castrated rams at 5 weeks of
age (Olster & Foster 1986). In addition to the changes in
the circulating gonadotrophin levels that can occur in the
absence of testes, our experiment also shows that there are
testicular-independent changes in the responsiveness of
the pituitary to the actions of inhibin and in the clearance
rate of inhibin in rams during sexual development.
The intact rams treated with hr-inhibin A had a lower
estimated testicular weight than the control rams during a
period of rapid testicular growth that coincided with the
onset of puberty and the shortening of photoperiod normally causing seasonal testicular stimulation. This implies
that treatment with hr-inhibin A reduced the secretion of
FSH at a critical stage for the development of the testes.
The ability of a single injection of hr-inhibin A, which
reduces plasma FSH levels for 12–24 h at no more than
three time points during testicular maturation, to cause an
approximate 30% decrease in testicular weight can only be
described as surprising. It points to the remarkable sensitivity of the testis during this phase to FSH or alternatively
suggests that the exposure of the testis to inhibin directly
influences testicular growth. It has been clearly shown that
normal testicular development in rams is dependent on the
gonadotrophins (Courot 1967, Courot & Ortavant 1981,
Jeffcoate et al. 1982, Tilbrook et al. 1993c). The results of
the current experiment specifically illustrate the importance of FSH for testicular development because only
FSH, and not LH, was reduced following treatment with
hr-inhibin A. Moreover, the repeated response to a human
protein suggests that antibody production does not limit
the action of inhibin. It is unclear from our study whether
the treatment induces a permanent change in the capacity
of the testis as we did not take the rams through a further
breeding cycle. Further studies are required to elucidate
these issues.
In summary, our results show that inhibin is capable of
suppressing the secretion of FSH in rams from as early as
1 month of age. Furthermore, there are changes with age
in the responsiveness of the pituitary gland to the actions of
inhibin, the clearance of inhibin and the testicular secretion and circulating concentrations of inhibin. The pituitary appears to be maximally responsive to the actions of
inhibin by at least 12 months of age which is when the
clearance of inhibin from the blood is also maximal. At this
stage of development, the circulating levels of inhibin are
minimal. We conclude that the inhibin-feedback system is
fully developed in time to exert tight control over the
secretion of FSH around the time of puberty in rams. In
contrast, inhibin does not affect the secretion of LH in
rams from 1 to 18 months of age.
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