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Wedevelopedacompartmentalmodel sowecouldtestmechanistic concepts inthecontrolof themale
reproductive endocrine axis. Using SAAM II computer software and a bank of experimental data from
male sheep, we began by modeling GnRH-LH feed-forward and LH-T feedback. A key assumption was
that the primary control signal comes from a hypothetical neural network (the PULSAR) that emits a
digital (pulsatile)signalofvariablefrequencythatdrivesGnRHsecretioninsquarewave-likepulses.This
model produced endocrine profiles that matched experimental observations for the testis-intact an-
imal and for changes in GnRH pulse frequency after castration and T replacement. In the second stage
of the model development, we introduced a delay in the negative feedback caused by the aromati-
zation of T to estradiol at the brain level, a concept supported by empirical observations. The simula-
tions showed how changes in the process of aromatization could affect the response of the pulsatile
signal to inhibition by steroid feedback. The sensitivity of the PULSAR to estradiol was a critical factor,
but the most striking observation was the effect of time delays. With longer delays, there was a
reduction in the rate of aromatization and therefore a decrease in local estradiol concentrations, and
the outcome was multiple-pulse events in the secretion of GnRH/LH, reflecting experimental obser-
vations. In conclusion, our model successfully emulates the GnRH-LH-T-GnRH loop, accommodates a
pivotal role for central aromatization in negative feedback, and suggests that time delays in negative
feedback are an important aspect of the control of GnRH pulse frequency. (Endocrinology 157:
2080–2092, 2016)

The reproductive endocrine system essentially com-
prises a homeostatic loop with two aspects, stimula-

tory feed-forward from the central nervous system to the
anterior pituitary gland to the gonads, and inhibitory feed-
back from the gonads to the central nervous system and
the pituitary gland. Over the last 3 decades, the sheep has
proven to be a valuable model in revealing detail of the
processes involved. Thus, we know that the major partic-
ipants in feed-forward are GnRH produced by neurons in
the preoptic-hypothalamic continuum (1, 2) and the pi-
tuitary gonadotropins, LH, and FSH, whereas the major
participants in feedback are gonadal inhibin and sex ste-
roids. A key feature of the system is a hypothetical pulsar
in the preoptic-hypothalamic continuum that emits a dig-

ital signal of variable frequency that drives the secretion of
GnRH (3).

The origin of the pulsatile signal, a puzzle for decades,
has perhaps become clearer in recent years with the dis-
covery of kisspeptin neurons that are autoregulated by
neurokinin B and dynorphin (the KNDy neurons) and the
suggestion that these neurons alone might comprise the
GnRH pulse generator (for review see reference 4).
The resultant pulses of GnRH induce pulses of LH and, in
turn, the LH pulses induce pulses of gonadal steroid
so that, in the male sheep, T secretion is pulsatile (5). T
completes the homeostatic loop by exerting negative feed-
back on the hypothalamic systems that control GnRH
secretion, thus decreasing the GnRH/LH pulse frequency
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(6, 7, 8). In general, there is a strong 1:1:1 relationship for
the pulses of GnRH, LH, and T (5, 9, 10), especially for the
male sheep under normal physiological conditions, a ma-
jor advantage for the present study. Indeed, pulsatile en-
docrine signals are robust: the same LH signal is seen in
both of the major veins draining the pituitary end of the
body and in the mammary and testicular veins, despite the
redistribution and mixing of blood between the sites (11,
12). In other situations, the 1:1:1 relationship might not be
as clear because of technical limitations, differences
among species in their endocrine control systems, differ-
ences among the neuroendocrine, pituitary and gonadal
tissues in their ability to respond rapidly to endocrine stim-
uli, or extreme physiological situations (10).

Investigations into these systems have typically been
based on the classical endocrinology model: gonadecto-
mized animals given sc implants that release sex steroids at
a constant rate. These studies have greatly advanced our
knowledge of the male reproductive endocrine axis and
revealed many interactions among the various elements,
such as the dose-response relationship between T concen-
tration and GnRH/LH pulse frequency (13, 14). However,
the constant supply of T is a major weakness because it
imposes a steady state that does not reflect two intrinsi-
cally dynamic aspects of the homeostatic loop: first, in the
gonad-intact animal, T is released in a pulsatile manner
and the interval between pulses varies within hours (5, 15,
16); second, feedback loops may tend toward equilibrium,
but, in fact, the balance of feed-forward and feedback
fluctuates with both GnRH pulse interval and T concen-
tration, and it must also change profoundly in response to
internal and external stimuli, such as photoperiod, or it
would not be possible to have simultaneous increases in
both GnRH pulse frequency and the concentration of T at
the start of the breeding season (17). Seasonal changes in
the homeostatic balance take months to unfold (7, 18, 19,
20), but much shorter temporal delays are also possible:
hours for responses to a change in nutrition (21) or min-
utes for responses to sociosexual signals (for review see
reference 3). Moreover, these internal and external factors
interact with each other, so studying one in isolation from
the others gives us an incomplete picture of the processes
that control the reproductive endocrine axis (22).

The dynamics of the feedback loop are difficult to study
in experiments with animal models because of the need to
measure minute-by-minute changes in GnRH, LH, and T
secretion (to detect pulses) over long periods of time (to
determine pulse frequency). Moreover, even under tightly
controlled conditions, the feedback loop is readily dis-
turbed by internal and external factors, as described above
as well as by the experimental procedures themselves (23).
In fact, a fully balanced study designed to assess a real-

world situation for male sheep might require a factorial
design (three environmental factors, two genotypes, with/
without steroid), at least 48 animals, and blood sampling
every 20 minutes for 48 hours. An obvious alternative is
mathematical modeling. We have chosen a compartmen-
tal model because it offered two major advantages: first,
compartmental models can be used to test interactions
among compartments that are mediated by control signals
(24, 25, 26), the normal process of communication in the
reproductive endocrine system; second, compartmental
models can be used to test the impact of hypothetical dy-
namic aspects of a control system, such as time delays (24).

We began with a simple model of a feed-forward-feed-
back loop for GnRH-LH-T, with negative feedback ex-
erted only through T acting on the pulsar. This model
differs from that of Cartwright and Husain (27), who as-
sumed short-loop negative feedback on GnRH by LH as
well as T. It also differs from the model of Keenan and
Veldhuis (28), who included T-negative feedback on the
pituitary gland as well as the hypothalamus. The previous
models were based on male human data, whereas ours was
based on the wealth of data available for male sheep, in
which T feedback is exerted mainly at cerebral sites to
increase GnRH pulse interval (6, 8, 29).

We then introduced a novel direction in our modeling
by including a delay in negative feedback caused by the
conversion of T to estradiol by aromatase at the brain
level, a decision justified by the following observations in
male sheep: 1) experimental evidence that time delays play
a role in determining GnRH pulse interval (30); 2) aro-
matase activity can be measured in several brain regions
(31, 32); intracerebral administration of aromatase inhib-
itor increases LH pulse frequency (33); and 4) estradiol
reduces the frequency of GnRH pulses through an action
at brain level (29). The concept is also applicable beyond
the male sheep model: for example, in male rats, aroma-
tase activity has been observed in several brain regions (34,
35), and in male hamsters, brain aromatase activity
changes with photoperiod in a manner that is T-indepen-
dent and seems to better explain seasonal changes in the
equilibrium of the reproductive endocrine axis than
changes in steroid receptors (36). We therefore tested
whether controlled changes in the rate of conversion of T
to estradiol would explain the dynamic properties of the
feedback inhibition of GnRH secretion.

Materials and Methods

Stage 1: the GnRH-LH-T-GnRH loop

GnRH-LH positive feed-forward
Model development began with the building of two positive

feed-forward models, one for GnRH-LH and one for GnRH-
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LH-T, represented schematically in Figure 1. The GnRH-LH
positive feed-forward consisted of the following two differential
equations:

dGnRH/dt � �kGnRHGnRH(t) � PULSAR (1)

dLH/dt � �kLHLH(t) � aLHGnRH(t) � LHBASAL (2)

Change in GnRH mass (equation 1) is a function of PULSAR
(described in the appendix) and kGnRH. In brief, PULSAR was
defined as a signal duration of 4 minutes, nominally at 100 pg/
min, reflecting GnRH secretion in square wave-like pulses, as
observed in sheep by Moenter et al (37). The pulses could be
achieved only by assuming a high fractional rate constant for
GnRH, kGnRH, set at the value of 42 minutes�1. Change in LH
concentration (equation 2) was a function of LH catabolism,
GnRH mass, and basal LH secretion (LHBASAL), which is inde-
pendent of GnRH mass. The fractional rate constant for LH
(kLH) was initially set at 0.002 minutes�1 based on a previous
model developed by Heinze et al (41).

The GnRH-LH positive feed-forward model was fitted to the
experimental data of Blache et al (30) to obtain values for the
unknown parameters, LHBASAL, kLH and aLH.

GnRH-LH-T positive feed-forward
An additional compartment was added to the model to de-

scribe the change in T concentration (equation 3, shown below)

as a function of LH concentration and the fractional rate con-
stant of T (kTE). Previous studies have shown that the interval
between the peak of the LH pulse and the peak of the subsequent
T pulse can range from 35 to 160 minutes (5, 20, 30, 42, 43, 44).
To study this, we tested the model in the presence and absence of
a delay (tLH-TE):

dTE/dt � �kTETE(t) � aTELH(tLH�TE) (3)

Models with and without the delay were fitted to experimental
data from Blache et al (30). In the fitting process, values for the
parameters in equations 1 and 2 were fixed from the previously
fitted GnRH-LH positive feed-forward model.

Testosterone negative feedback
To model the negative feedback loop (Figure 1), it was as-

sumed that T inhibits the secretion of GnRH by increasing the
interval between the pulses emitted by the PULSAR function.
The inhibitory action of T is described by equation 4 as follows:

PINT�FB � (1�((TE(t)RTE(tTE�PULSAR))/((TE(t)RTE(tTE�PULSAR)

�(STE
RTE)))))PINT�MIN (4)

This equation works by obtaining the difference between the
maximum possible value (a value of 1) and the actual value,
which is the result of interaction between the following: 1) T

Figure 1. Schematic representation of a model of pulsatile secretion for GnRH, LH, and T in the male sheep. A hypothetical regulator, the pulsar
(32), or GnRH pulse generator, elicits the secretion of GnRH pulses that are transposed into LH pulses on a one-to-one basis by the anterior
pituitary gland. In turn, LH pulses stimulate the testis to release T pulses, also on a one-to-one basis. The homeostatic loop is closed by negative
feedback that reduces the frequency of the pulsar signal, thus increasing the interval between GnRH pulses. The arrows represent the signaling
processes between compartments, with a plus sign for positive feed-forward (from GnRH to LH and from LH to T) and the minus sign for negative
feedback. For the sake of simplicity, GnRH secretion is modeled as 4-minute square waves (37). Two alternative negative feedback loops have
been modeled for stage 1 in the modeling, T acts directly on the pulsar; for stage 2, T is aromatized to estradiol (31, 32) and, after a time delay,
estradiol acts directly on the pulsar. Also, for the sake of simplicity, the possibilities of short-loop feedback by LH at pituitary level (38) and
ultrashort-loop feedback by GnRH on the pulsar (39, 40) have been omitted.
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concentration (TE); 2) the effect of the time delay in T negative
feedback (tTE-PULSAR); and 3) the sensitivity of PULSAR to T
negative feedback (STE), itself controlled by the threshold for the
response of PULSAR to T (RTE). The difference was multiplied
by a factor limiting minimum pulse interval (PINT-MIN). For
equation 4, a combination of values for STE and RTE was chosen
to allow the model to describe the response by PULSAR to a
specific level of T. In developing the model, the initial values
chosen were 700 ng/min for STE and 4 (dimensionless) for RTE.
As a consequence, there was a threshold T concentration, ap-
proximately 1.5 ng/ml, that determined whether PULSAR would
initiate. This value is similar to that measured in testis-intact
rams (6, 13, 15). These conditions resulted in a frequency of five
GnRH pulses per 24 hours in the testis-intact state, in which all
components of the system are present. This frequency was cho-
sen as one of the baseline values for further simulations because
it is typical of that observed in testis-intact male Merino sheep
under controlled conditions, including a maintenance diet (45),
and reflects a strong inhibitory effect of T.

A factor-limiting minimum pulse interval, PINT-MIN, was set at
0.5. This value was chosen because it allowed the model to achieve
the expected lowest interval between GnRH/LH pulses during the
castrationstateof40minutes (maximumfrequencyof36pulsesper
24 h), again matching experimental observations (14).

Testing how the model demonstrates negative
feedback

In simulations, the parameters for GnRH, LH, and TE were
derived from the fits of the GnRH-LH model and the GnRH-
LH-TE positive feed-forward model, as described above. The
simulations were run with and without a time delay in T negative
feedback (tTE-PULSAR). Initially, the model was tested without the
time delay to obtain a base from which further simulations could
begin. This initial model was considered operational when it
could simulate the following three situations: 1) a pulse interval
of 6 hours (five pulses per 24 hours) in the testis-intact state; 2)
a minimum pulse interval of 40 minutes (36 pulses per 24 hours)
when T concentration was set to zero in the castration state; and
3) a dose-response relationship between T concentration and
GnRH pulse interval, simulated by infusing two levels of exog-
enous T during the castration state (emulating the steady state
experimental model).

When the model could simulate these conditions, it was used
to examine the effect of time delays in negative feedback. To do
this, values for tTE-PULSAR in the range of 1–120 minutes were
tested. The maximum value of 120 minutes was selected on the
basis of experimental observations by Blache et al (30). In ad-
dition, because model solutions were also sensitive to changes in
STE, different values of this parameter were tested.

Stage 2: addition of a time delay in feedback
An additional structure was added to describe the aromati-

zation of T to estradiol at the brain level, with estradiol negative
feedback replacing the direct T negative feedback used in stage
1 (Figure 1).

dOE/dt � � kOEOE(t) � kAOTE(t)(tAA�OE) (5)

PINT�FB � (1�((500 OE(t)ROE(tOE�PULSAR))/

((500 OE(t)ROE(tOE�PULSAR) � (SOE
ROE)))))PINT�MIN (6)

Estradiol production was assumed to be a first-order process
dependent on the concentration of T (with the rate constant kAO)
because it is an irreversible mechanism of mass transfer with a
time delay (tAA-OE). The fractional rate constant of estradiol
(kOE), set at 0.021 minutes�1, was calculated using sheep data
(46). As a consequence of these new equations, changes in the
output of pulse interval depended on estradiol concentration, the
time delay in estradiol negative feedback (tOE-PG), and the sen-
sitivity of PULSAR to estradiol (SOE replacing STE). The Hill
coefficient was also changed (ROE replacing RTE).

In equation 6, estradiol was assumed to be approximately 500
times more potent (on a mass basis) than T, based on data com-
paring the concentrations of estradiol and T required to reduce
LH pulse frequency (by inference GnRH pulse frequency) in male
Merino sheep (29). In initial simulations with the stage 2 model,
the value for SOE was set at 700 ng and the value for ROE was set
at 4 (dimensionless), as for stage 1. The value for kAO was altered
until the model produced a frequency of five pulses per 24 hours,
a target that provided the same starting point as for stage 1.

Model testing
The model was tested by simulating changes in the delay in T

aromatization and changes in the sensitivity of the GnRH pulse
generator to estradiol inhibition (SOE). Delays of 100, 200, and
400 minutes were tested. The lower value was selected on the
basis of experimental observations by Blache et al (30), suggest-
ing a delay of 120 minutes between change in circulating T con-
centration and changes in GnRH pulse frequency. In the model,
a total delay of 120 minutes was achieved by adding the 100-
minute delay for aromatization to the 20-minute delay for the
inhibitory action of estradiol (tOE-PG). The relatively brief delay
for estradiol action was chosen on the basis of recent studies with
ovariectomized ewes, suggesting the inhibitory effect of estradiol
on LH secretion involved a nongenomic (and hence rapid) mech-
anism (47). In further simulations, the delay due to aromatiza-
tion was increased 2- or 4-fold, and various combinations of
delays in feedback and sensitivities of the PULSAR to estradiol
inhibition were tested, with the aim of obtaining combinations,
and hence simulations that approximated experimental obser-
vations. The three time delays (100, 200, 400 min) were thus
combined with high, medium, and low levels of sensitivity to
estradiol inhibition (KOE � 700, 1400, or 2800 ng) chosen on the
basis of outcomes of simulations in stage 1. The value of KOE �
700 ng was included because, in the initial simulation, the target
frequency of five pulses per 24 hours was considered to reflect a
high sensitivity to steroid feedback. The values of 1400 and 2800
ng were chosen because, as the model was explored, they pro-
duced changes in pulse frequency and the shape of the secretory
profiles that reflected experimental observations, when the time
delay for aromatization was set at 200 or 400 minutes. In addi-
tion, this range of values for KOE gave the model scope for as-
sessing responses to reductions in sensitivity to negative
feedback.

The combinations of time delays in aromatization and sen-
sitivities to estradiol, outlined above, were also tested under two
other conditions: 1) a reduction of T concentration (and thus
estradiol concentration), which simulated castration; and 2) in-
fusion of exogenous T, at the same doses used in earlier model (75
ng/min and 150 ng/min) that simulated the effect of T implants
in castrated rams. These simulations were undertaken to describe
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the effects of delays in the feedback process on increases and
decreases in the frequency of LH pulses.

Plasma volume
The results of simulations for LH and TE are presented as

nanograms per milliliter, assuming a plasma volume of 3000 mL.

Sources of data for model validation
As far as possible, data obtained from normal, adult, intact

Merino rams under controlled environmental conditions in our
laboratory (15, 21, 45), were used for all model testing and val-
idation so we could maintain consistency and reduce variation
introduced in environment, genotype and laboratory technique.
Additional parameter values were derived from rational predic-
tion by model simulation.

Computer software
The models were simulated with SAAM II software (46), us-

ing a Runge-Kutta integrator and a modified Gauss-Newton
method for optimization.

Results

Stage 1 model: the GnRH-LH-T-GnRH loop

Fit of the model of GnRH-LH positive feed-forward
Through the fitting process, we obtained estimates

for the parameters of LH release and their respective
coefficients of variation (CV): LHBASAL � 2300.20 ng/
min (CV 6.7%); aLH � 11 427.60 minutes�1 (CV
0.85%); kLH � 0.02 minutes�1 (CV 1.8%). The model
provided an estimate of the half-life of LH as 35.5 � 0.7
minutes.

Simulation of GnRH-LH-T positive feed-forward
In the model with no delay compartment for T re-

lease, the CVs for the parameters in the T compartment
were unacceptably high (Figure 2A): LH-T multiplier
(aTE) � 0.029 minutes�1 (CV 38.5%); fractional rate
constants for T (kTE) � 0.022 minutes�1 (CV 45.4%).
Adding a delay compartment for T release (Figure 2B)
resolved the problem of excessively high CVs: aTE �
0.079 minutes�1 (CV 23.8%); kTE � 0.066 minutes�1

(CV 24.8%); time delay for T release after LH stimu-
lation (tLH–TE) � 15.15 minutes (CV 13.0%). The sim-
ulations produced an estimate for the delay of 15 � 2
minutes. The interval from LH peak to T peak was not
affected by the addition of the delay (47 min without a
delay vs 48 min with a delay).

T negative feedback
The inclusion of T negative feedback (tTE-PULSAR) led to

a GnRH pulse interval of 6 hours (Figure 3) when the value
for sensitivity to T (STE) was set at 700 ng/min. Each

GnRH pulse evoked an LH pulse that stimulated the pro-
duction of a T pulse. The interval between pulses was
approximately 300 minutes.

Simulation of responses to castration and T
infusion

Switching the system to a castration state by decreasing
the T concentration to zero after 24 hours of simulation
(Figure 3) caused a decrease in GnRH pulse interval, after
a delay of approximately 60 minutes, from intervals of
5–6 hours to a minimum of 40 minutes. This response was
followed immediately by a decrease in LH pulse interval
and by a rise in basal LH concentration. T infusion into the
castration state increased the GnRH/LH pulse interval
(Figure 3). At the lower dose (75 ng/min), the increase in
pulse interval was small (from about 40 to about 44 min),
but when the dose was doubled to 150 ng/min, the pulse
interval increased to approximately 16 hours. In both
cases, basal LH concentrations declined.

Figure 2. Effect of the absence (A) and presence (B) of a delay in LH-T
feed-forward on the fit with experimental data for LH and T.
Stimulation by an LH pulse is represented by the solid line. The model
solutions for T concentration (dashed lines), representing the best fit of
the model to the experimental data (closed circles), show the
advantage of including the delay.
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Stage 2: addition of an aromatization-based time
delay in feedback

Obtaining the initial values of kAO (SOE � 700 ng;
noe � 4; no time delays for aromatization or
estradiol action)

In these simulations, the expected frequency of five
GnRH/LH pulses per 24 hours (constant pulse interval of
about 300 min) was obtained when the rate of conversion
of T to estradiol (kAO) was set at 3.2 � 10�5/min.

The effects of changes in a time delay in
aromatization

The following simulations were run with the time delay
in estradiol negative feedback fixed at 20 minutes but with
different delays in T aromatization and sensitivities of the
GnRH pulse generator to estradiol (SOE). The aim was to
reveal the effect of changes in a time delay in the conver-
sion of T to estradiol on the GnRH/LH pulse profile in the
testis-intact state, after castration, and after T replacement
at the following two difference doses.

SOE � 700 ng
When SOE was set at a high value, a delay in T aroma-

tization of 100 minutes produced the highest peak estra-
diol concentrations (Table 1) and led to the release of
double pulses of LH, separated by a silent period of about

480 minutes (Figure 4A). When the time delay for aroma-
tization was increased to 200 minutes, the peak estradiol
concentration decreased a little (Table 1), but triplets of
LH pulses were produced with a silent period of about 600
minutes between triplets (Figure 4C). When the time delay
for aromatization was increased to 400 minutes, the peak
estradiol concentration fell to the lowest values (Table 1),
but, notably, the LH output returned to single pulses at a
frequency of four pulses per 24 hours (Figure 4E).

In the simulation of castration, with T concentration
reduced to its lowest value, the LH pulse frequency in-
creased and reached equilibrium earlier with a 100-minute
delay for aromatization (Figure 4A and Table 1) than with
200- or 400-minute delays (Figure 4, C and E, and Table
1). The longest delays to the increase in pulse frequency
and to achievement of equilibrium were observed when
the delay for aromatization was increased to 400 minutes
(Table 1).

When the delay for aromatization was set at 100
minutes, infusion of T at 75 ng/min reduced pulse fre-
quency after 5 hours, and equilibrium was reached after
about 12.5 hours (Figure 4B and Table 1). When the
aromatization delay was increased from 100 to 200 or
400 minutes, both the reduction in LH pulse frequency
and the attainment of equilibrium were achieved (Fig-
ure 4, D and F, and Table 1). When the rate of infusion

Figure 3. Simulation of the effects of castration and T replacement on the pulsatile secretion of GnRH (A), LH (B), and T (C) in sexually mature
male sheep. Model outputs are presented for simulations of three conditions: 1) testis intact (0–24 h); 2) immediately after castration (24–56 h);
and 3) immediately after the infusion of exogenous T in the castration state, initially at 75 ng/min (56–72 h) and then at 150 ng/min (72–108 h).
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of T was increased from 75 to 150 ng/min, there was a
change in both the reduction in pulse frequency and
the time needed to reach secretory equilibrium for all
three delays in aromatization (Figure 4, B, D and F, and
Table 1).

SOE � 1400 ng
Simulations with medium sensitivity and a delay of 100

minutes in aromatization produced triplet pulses sepa-
rated by a silent period of approximately 265 minutes
(Figure 5A) and, again, a high peak of estradiol concen-

Table 1. Model Outputs Showing the Effects of Various Delays Caused by Aromatization on the Peak Estradiol
Concentration (Nanograms per Milliliter) in the Testis-Intact State and on the Changes in GnRH Secretion After
Castration and After Infusion of T (75 nanograms per Minute and Then 150 Nanograms per Minute) in the
Castration State

Delay in Aromatization, min

100 200 400

Peak estradiol concentration, ng/mL) 0.0017 0.0015 0.0009
After loss of T in the castration state Delay, min, until GnRH pulse frequency increase

340 375 413
Delay, min, to decrease in GnRH pulse frequency

After T infusion at 75 ng/min in the castration state 295 370 587
After T infusion at 150 ng/min in the castration state 46 126 219

Delay, min, to equilibrium in GnRH pulse
frequency

After loss of T in the castration state 542 620 835
After T infusion at 75 ng/min in the castration state 745 994 1515
After T infusion at 150 ng/min in the castration state 568 754 1385

The delay in the inhibitory effect of estradiol was constant (tOE-PULSAR � 20 min) and sensitivity of the pulsar to steroid inhibition (SOE) was set at
700 ng.

Figure 4. Simulated patterns of pulsatile LH secretion with the sensitivity of the GnRH pulse generator to estradiol (SOE) set at 700 ng. Simulations
tested three different delays in T aromatization in the testis-intact state (panels A, C, and E: first 1440 min), after castration (arrows), then after
infusion of exogenous T (panels B, D, and F) at 75 ng/min (open bars) and then 150 ng/min (solid bars). The delay for estradiol inhibition was set at
20 minutes, and the delay for T aromatization was set at 100 minutes (panels A and B), 200 minutes (panels C and D), or 400 minutes (panels E
and F). Time � 0 is the state of initial equilibrium.
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tration (Table 2). A delay in aromatization of 200 minutes
produced a peak estradiol concentration 20% lower than
for a delay of 100 minutes (Table 2), and LH pulses were

released in groups (Figure 5C). A long aromatization delay
of 400 minutes led to a slightly lower peak of estradiol
concentration than with a delay of 200 minutes (Table 2),

Figure 5. LH pulse profiles with SOE set at 1400 ng after the changes in delay for T aromatization in the intact state (panels A, C, and E: first 1440
min), after castration (panels A, C, and E: arrows), and then infusion of exogenous T (panels B, D, and F) at 75 ng/min (open bars) and 150 ng/min
(solid bars). The delay for estradiol inhibition was set at 20 minutes, and the delay for T aromatization set at 100 minutes (panels A and B), 200
minutes (panels C and D), or 400 minutes (panels E and F). Time � 0 is the state of equilibrium.

Table 2. Effects of Medium (1400 ng) and High (2800 ng) Levels of Sensitivity of the Pulsar to Steroid Inhibition
(SOE) and Three Delays in Aromatization of T, and Thus Peak Estradiol Concentrations (Nanograms per Milliliter), on
the Time Required for GnRH Pulse Frequency to Change After Castration, and After an Infusion of Exogenous
Testosterone at Two Different Rates (75 and Then 150 ng/min) in the Castration State

SOE, ng 1400 2800

Delay, min, in T aromatization 100 200 400 100 200 400

Peak estradiol concentrations, ng/mL 0.0020 0.0060 0.0015 0.0032 0.0026 0.0024
Delay, min, Until GnRH Pulse Frequency Increase

After loss of T in the castration state 224 268 260 85 223 243
Delay, min, Until GnRH Pulse Frequency Decrease

After T infusion at 75 ng/min in the castration state �30 h �30 h �30 h �30 h �30 h �30 h
After T infusion at 150 ng/min in the castration state 159 256 364 �30 h �30 h �30 h

Delay, min, Until GnRH Pulse Frequency Equilibrium
After loss of T in the castration state 428 527 714 341 442 686
After T infusion at 75 ng/min in the castration state �30 h �30 h �30 h �30 h �30 h �30 h
After T infusion at 150 ng/min in the castration state 712 965 1432 �30 h �30 h �30 h

The delay in the inhibitory effect of estradiol of the pulsar was constant (tOE-PULSAR � 20 min). The simulations were set to end at 30 hours.
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but, again, in contrast to the earlier two simulations, single
pulses were produced and released at the frequency of nine
pulses per 24 hours (Figure 5E).

After changing to the castration state, with a 100-min-
ute delay for aromatization, the pulse frequency started to
increase and reached equilibrium earlier than with the lon-
ger aromatization delays (Figure 5A and Table 2). In con-
trast, with the aromatization delay set to 200 or 400 min-
utes, the increase in pulse frequency was retarded (Figure
5, C and E, and Table 2), although equilibrium was
reached 3 hours earlier with a delay of 200 minutes than
with a delay of 400 minutes (Table 2).

A reduction in pulse frequency was not observed after
the infusion of exogenous testosterone at 75 ng/min for
more than 30 hours, with any of the three values for aro-
matization delay (Figure 5, B, D, and F, and Table 2). On
the other hand, pulse frequency decreased markedly after
T infusion at 150 ng/min. Pulse frequency fell earlier with
the aromatization delay set at 100 minutes than with de-
lays of 200 or 400 minutes (Table 1). When the aromati-
zation delay was increased to 200 or 400 minutes, pulse
frequency decreased after 4.3 hours or 6 hours, and equi-
librium was reached after 16 hours or 23.9 hours (Figure
5, D and F, and Table 2).

SOE � 2800 ng
With SOE � 2800 ng (low sensitivity), the peak estradiol

values were higher or medium with 100-minute or 200-
minute delays for aromatization (Table 2), both of which
led to pulses released in groups, similar to those illustrated
in Figures 4 and 5. In contrast, single pulses were released
at a frequency of 16 pulses per 24 hours when the delay for
aromatization was increased to 400 minutes, and the re-
sulting estradiol concentration was lower than in the sim-
ulationswith100-or200-minutedelays foraromatization
(Table 2).

After castration, the pulse frequency rose and reached
equilibrium earlier with a delay of 100 minutes for aro-
matization than with longer delays (Table 2). The results
were strikingly different when the aromatization delay
was increased to 200 or 400 minutes: pulse frequency in-
creased after 3.7 or 4 hours and the time needed to reach
equilibrium was about 30%–100% longer than with a
delay of 100 minutes (Table 2). Simulation of an infusion
of exogenous T at 75 ng/min and 150 ng/min in the cas-
tration state did not affect pulse frequency (Table 2).

Discussion

Our compartmental model of the reproductive endocrine
system of the male sheep produced outputs that correlate

strongly with available experimental data for every com-
ponent of the feedback loop. For GnRH-LH positive feed-
forward, the simulation of LH secretion showed the typ-
ical pulsatile pattern with a rapid increase in concentration
to a sharp peak within minutes, followed by an exponen-
tial decrease (37), clearly reflecting the changes in secre-
tion measured by frequent sampling of cephalic arterio-
venous blood every 20 seconds and every 5 minutes (49).
This justifies the assumption in previous modeling studies
that an LH pulse comprises a very short period of secre-
tion, approximated as an instantaneous event (maximum
concentration reached at t � 0), followed by a decline that
reflects clearance alone (50). The present model improves
on that by showing peak values being reached after about
5 minutes of secretion because it incorporates a simulation
of square-wave GnRH pulses of a 4-minute duration. We
used a constant duration of GnRH pulses in all of our
simulations, as did Heinze et al (41), although this is not
an absolutely accurate representation of the real situation
in sheep: for example, Moenter et al (37) observed GnRH
pulses ranging from 4 to 7 minutes in duration in female
sheep. For positive feed-forward from LH to T, the sim-
ulations suggested that the best fit to experimental data
required a delay of 15 minutes before T was released after
stimulation by LH. The presence or absence of this delay
had no effect on the time needed to reach the peak con-
centration of T, which, at 48 minutes, was similar to
that observed in Merino rams in our hands (40 –100
min: 16, 30) as well as other sheep models (35–160 min:
5, 17, 43, 44).

The good fit of these initial components of the model
justified the next step in development, namely the addition
of negative feedback, and outputs were again in excellent
agreement with experimental observations. A long inter-
val between pulses, accurately reflecting situations in
which the inhibitory effect of steroid feedback is strong (7,
12), was obtained when the pulsar was made highly sen-
sitive to inhibition by T. The response to castration was
successfully simulated, with outputs similar to experimen-
tal observations in mature male sheep (13, 14, 51), and the
model was also able to simulate a dose-responsive increase
in pulse interval after T administration (13, 14).

In the second phase of model development, the aim was
to test the effects of hypothetical changes in time delays
associated with aromatization of T to estradiol in brain
tissue, and thus changes in local concentration of estra-
diol, on the frequency of GnRH pulses. This hypothesis
was tested after the initial settings achieved the base fre-
quency of five pulses per 24 hours and provided an esti-
mate of the potential rate of the conversion of T to estra-
diol. Having produced normal pulse profiles, the model
was run with variations in the other parameters. The out-
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puts showed how changes in the process of aromatization
could affect negative feedback on the GnRH pulse gener-
ator, but the result also depended on the level of sensitivity
of the pulse generator to the inhibitory effects of estradiol.
A reduction in the rate of aromatization, as observed in the
simulations with longer delays, led to lower estradiol con-
centrations and to changes in the frequency of GnRH
pulses. When the sensitivity of the pulse generator to es-
tradiol was reduced, it allowed the pulse frequency to in-
crease to 16 pulses per 24 hours, mimicking the observa-
tion in male Merino sheep receiving an acute dietary
supplement (14, 21).

Overall, the coherence of the model outputs with our
extensive bank of experimental data, including steroid
feedback, suggests that our model is functional at this
stage of its development and can be used for testing hy-
potheses about the regulation of GnRH pulse frequency.
However, we need to remember that the coherence be-
tween model outputs and experimental data may simply
be a self-serving consequence of the assumptions and rules
of regulation that were used in developing the models in
the first instance. Moreover, these assumptions and rules
were based on experimental observations that are them-
selves limited by experimental methods: in other words,
limitations in the strength of the experimental data may
affect the validity of assumptions used in the models. In the
development of any model, there will always be a risk that
the major assumption(s) are invalid, so the whole model

may be invalid. In this context, one
of the outputs of the present model
requires particular attention: the ap-
pearance of multiple-pulse events in
the LH profile with the variation in
SOE (was set at 700 ng and 1400 ng)
and combination with different time
delays of T aromatization (100, 200,
and 400 min; Figures 4 and 5). This
is a remarkable reflection of real-
world experimental data in male
sheep (Figure 6), but the phenome-
non of multiple pulses was not used
to generate the model.

Our simulations also suggest that
GnRH pulse frequency responds to
changes in the sensitivity of the
GnRH pulse generator to the inhib-
itory effects of estradiol. In the liter-
ature, there is a wealth of experimen-
tal data supporting this concept,
although nearly all are limited to
changes in responsiveness to a given
dose of steroid, rather than estima-

tion of sensitivity (the minimum dose that effects a re-
sponse). Most interesting is the observation, in mature
Merino rams, that a change in the level of nutrition causes
a change in the responsiveness of GnRH/LH pulse fre-
quency to exogenous steroid (14). The processes through
which the GnRH pulse generator is controlled by steroid
feedback in our model seems to be similar to those mod-
eled by Keenan and Veldhuis (28). However, we imple-
mented inhibitory feedback as a combination of three fac-
tors: 1) steroid concentration, 2) time delay, and 3)
sensitivity of PULSAR to steroid inhibition. Obviously we
still need to determine the mechanisms behind the time
delay and the sensitivity of the PULSAR, for which one
speculation might be changes in the steroid receptors
(32, 55).

We compared the inputs and outputs of our model with
experimental data from male Merino sheep, in which
brain aromatase plays a role in steroid-negative feedback
(31, 32, 33). In our in vivo experiments, we were unable
to show that nutrition affects central aromatase activity,
but this was almost certainly because the tissue samples
assayed for the enzyme were too large and thus too het-
erogeneous for detecting changes that probably involve
only small numbers of highly localized cells (32). It has
been suggested that brain aromatase activity is controlled
passively by substrate availability (31, 35, 36), but other
factors besides T concentration could be involved: for ex-
ample, in the hamster, central aromatase activity is af-

Figure 6. Examples of multiple-pulse events in LH profiles observed in four young males that
were well fed (panels A and C) or underfed (panels B and D) during the period leading to the
onset of puberty (reproduced with permission from reference 16). Similar phenomena are also
seen in mature males (15, 45). Our modeling suggests that this could be caused by a long delay
in negative feedback, effectively inducing a brief castration response with the pulsar triggering
high-frequency pulses of GnRH before it responds to the inhibitory steroid signal. By contrast, the
lower profiles (panels B and D) are consistent with outputs in which the delay in inhibitory
feedback is short. In other words, change in a delay in inhibitory feedback could underpin
changes in responsiveness to inhibitory feedback, a foundation concept in many aspects of
reproductive homeostasis, including puberty, seasonal breeding, postpartum anestrus, and
response to nutrition in the sheep (14, 52, 53, 54).

doi: 10.1210/en.2015-1913 press.endocrine.org/journal/endo 2089

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/157/5/2080/2422922 by Serials Section, D

ixson Library user on 09 M
arch 2022



fected by photoperiod in both intact and castrated males
(36). For male sheep, changes in aromatase activity could
explain two observations: 1) differences between the
breeding and nonbreeding seasons in LH pulse frequency
in castrated rams (42); and, 2) the fact that estradiol as well
as androgens can reduce GnRH pulse frequency (8, 14, 29,
57). Indeed, intracerebral infusion of an aromatase in-
hibitor increases the frequency of GnRH pulses in testis-
intact Merino rams (33). Clearly the predictions of the
present model support the need for further study of the
roles of brain aromatase activity in feedback in animal
experiments.

We simulated a classical experiment in endocrinology
by observing the increase in GnRH pulse frequency after
castration and the reversal of the outcome by T replace-
ment, mimicking quantitative observations in male sheep
(8, 14, 29, 51). Interestingly, the model was able to show
variation in the time required to respond to castration with
an increase in pulse frequency and also variation in the
time required to reach equilibrium. Similarly, the model
controlled the time required for exogenous T to reduce
pulse frequency, with a clear demonstration of a dose re-
sponse. In fact, acute responses to surgical castration are
very difficult to observe because anesthesia interferes with
GnRH secretion, unless pharmacological castration is
used with T secretion acutely blocked by treatment with
hormone antagonists. In such experiments with rams (30),
the time required for GnRH pulse frequency to increase
after the fall in T concentrations, and the time required for
pulse frequency to fall after the recovery of steroid feed-
back, agree well with the output of the present model.
However, the model also indicated that these response
times could vary with, for example, changes in the delay by
aromatization and the sensitivity of the pulse generator to
estradiol. This situation demonstrates the advantage of
mathematical models.

In conclusion, our model successfully simulates the pro-
cesses that control the output of the GnRH pulse gener-
ator, and the feed-forward and feedback processes that
control LH and T secretion in male sheep. The second
phase model appears to be particularly robust, as indi-
cated by the spontaneous output of multiple-pulse events,
and clearly supports the view that inhibitory feedback is a
dynamic process rather than the static process assumed in
steady state in vivo models. If experimentation were to
show that negative feedback involves a changeable delay
caused by, for example, aromatization, we would need to
add an extra dimension, arguably essential, to our under-
standing of the reproductive endocrine axis that, at pres-
ent relies only on changes in the responsiveness of the
GnRH pulse generator to steroid inhibition. Changes in
delays and sensitivity might even be part of the sensor-

integrator concept proposed by Blache et al (22, 58). Our
model is sufficiently robust to be used to test hypotheses
concerning the effects of internal or external factors that
affect reproductive activity, such as nutrition, photope-
riod, and sociosexual signals.

Several limitations of the model need to be mentioned:
1) for LH, T, and estradiol, the model of synthesis is linear,
yet many biological interactions are nonlinear because of
saturation or limitations in supply of substrates and en-
zymes, or ligand and receptor; 2) we used linear kinetics
for clearance that might not reflect reality; and 3) the
model for the Pulsar comprises only a small number of
parameters, without inputs from circadian rhythms, for
example, thus limiting its flexibility. While acknowledg-
ing these limitations, we point out that any modeling ex-
ercise must begin with the principle of parsimony and then
add complexity when the data justify it. Indeed, the whole
reason for modeling is to indicate where experimental data
are needed to further our understanding.

Finally, further development of this model should help
us to combine mechanistic and empirical processes in ways
that will support research aimed at improvement of re-
productive function for farm animals (59, 60). An obvious
direction is to develop the compartmental model so that it
can respond to the homeorhetic regulatory processes that
have been used to describe a long-term change in small
ruminant production systems (18, 61, 62).

Appendix 1

Glossary
Variables

PULSAR generator of the pulsatile signal that controls
GnRH secretion (dimensionless)

GnRH mass (picograms)
LH concentration (nanograms per milliliter)
TE T concentration (nanograms per milliliter)
OE mass of estradiol (nanograms per milliliter)

Parameters
PINT-FB is the interval between successive pulses

(minutes)
PINT-MIN is the limit factor for minimum pulse interval

(dimensionless)
aLH is the GnRH-LH multiplier (minutes�1)
aTE is the LH-T multiplier (minutes�1)
kGnRH, kLH, kTE, and kOE are fractional rate constants

for GnRH, LH, T, and estradiol (minutes�1)
kAO is the conversion rate of T to estradiol (minutes�1)
LHBASAL is the basal secretion rate for LH (nanograms

per minute)
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tLH–TE is the time delay for T release after LH stimula-
tion (minutes)

tTE-PULSAR is the time delay for T negative feedback on
the PULSAR (minutes)

STE is the sensitivity of the pulsar to inhibition by T
(nanograms per minute)

RTE is the threshold at which the pulsar responds to T
(dimensionless)

SOE is the sensitivity of the pulsar to inhibition by es-
tradiol (nanograms per minute)

ROE is the threshold at which the pulsar responds to
estradiol (dimensionless)

tAA-OE is the time delay in T aromatization (minutes)
tOE-PULSAR is the time delay for T negative feedback on

PULSAR (minutes)
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