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INTERPRETIVE SUMMARY

Mechanisms regulating follicle wave patterns in thebovine estrous cycle
investigated with a mathematical model

By Boer et al., page 000. A normal bovine estrous cycle contains 2 or 3 wavkes
follicle development, and ovulation takes plac¢h@ last wave. The reason for cycles
being of the 2 or 3 waves type is unclear. We usathematical model of the bovine
estrous cycle to investigate possible physiologiwedchanisms. In the model, a
number of factors influencing follicle growth rate time point of corpus luteum
regression appear to affect the number of wavesye. A better understanding of

follicle development could help to find causes etlthed fertility in dairy cows.
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MODEL SIMULATIONS OF FOLLICULAR WAVES

Mechanisms regulating follicle wave patterns in thdovine estrous cycle

investigated with a mathematical model

H. M. T. Boer,™ S. Roblitz} C. Stotzel’ R. F. Veerkamp, B. Kemp' and H.
Woelders
*Animal Breeding and Genomics Centre, WageningenLi¥Bstock Research, 8200
AB Lelystad, The Netherlands
tAdaptation Physiology Group, Department of Animatiefces, Wageningen
University, 6700 AH Wageningen, The Netherlands
tZuse Institute Berlin (ZIB), Department of Numeficanalysis and Modeling,
Computational Systems Biology Group, Takug#rd, 14195 Berlin, Germany
'Corresponding author: Marike Boer, P.O. Box 135)6AC Wageningen, phone

number 0031 320 293 527, fax number 0031 320 2934arike.Boer@wur.nl



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

49

50

51

ABSTRACT

A normal bovine estrous cycle contains 2 or 3 wavkefollicle development, and
ovulation takes place in the last wave. Howevee, lhological mechanisms that
determine whether a cycle has 2 or 3 waves havéeen elucidated. In a previous
paper we presented how we developed a mathematmaé! of the bovine estrous
cycle that generates cyclical fluctuations of hones follicles and corpora lutea in
estrous cycles of approximately 21 days for cowth & normal estrous cycle. The
parameters in the model represent kinetic properiethe system with regard to
synthesis, release and clearance of hormones, ramdhgand regression of follicles
and corpora lutea. The initial model parameteraatesulted in estrous cycles with 3
waves of follicular growth. Here, we use this motielexplore which physiological
mechanisms could affect the number of folliculaves We hypothesized that some
of the parameters related to follicle growth ratetm time point of corpus luteum
regression are likely candidates to affect the reimbf waves per cycle. We
performed simulations with the model in which werdaaried the values of these
parameters. It could be shown that the variation(@mbinations of) model
parameters regulating follicle growth rate or tip@nt of corpus luteum regression
can change the model output from 3 to 2 waves lb€ditar growth in a cycle. Also
alternating 2- and 3-wave cycles occurred. Somthefparameter changes seem to
represent plausible biological mechanisms thatd@xplain these follicular wave
patterns. In conclusion, our simulations indicali&dly parameters involved in the
mechanisms that regulate the follicular wave paftand could thereby help to find
causes of declined fertility in dairy cows.

Key words: mathematical model, estrous cycle, follicular waagtern
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INTRODUCTION

Two different patterns of follicle development adentified in mammals. In humans
(and rats and pigs), the development of follice®vulatory size occurs only during
the follicular phase, while in cattle (and sheeg harses), development of follicles to
ovulatory or near-ovulatory size occurs throughthg cycle (Fortune, 1994). A
normal bovine estrous cycle consists of 2 or 3 wamewhich a cohort of follicles
starts to grow. Many studies report a majority ef/@e cycles (Ahmad et al., 1997,
Bleach et al., 2004, Burns et al., 2005, Jaiswall.et2009, Wolfenson et al., 2004).
Cycles with 1 or 4 waves occur incidentally (Bleathal., 2004, Wolfenson et al.,
2004). In both 2- and 3-wave cycles, serum levélfoliicle stimulating hormone
(FSH) start to increase directly after ovulatioay(®), inducing the emergence of the
first follicular wave. Typically, emergence of tsecond wave occurs on day 9-10 in
2-wave cycles and on day 8-9 in 3-wave cycles. 4wa8e cycles, a third wave
emerges on day 15-16. The first 1 or 2 waves p@dudominant follicle that does
not ovulate, but undergoes regression under infleeof progesterone (P4). The
functional dominant follicle present at the onsktuteolysis becomes the ovulatory
follicle. Regression of the corpus luteum (CL) &agarlier in 2-wave cycles (day 16)
than in 3-wave cycles (day 19), resulting in a eyleingth of 19-20 days and 22-23
days respectively (reviewed by Adams et al. (2008))

The reason for cycles being of the 2 or 3 waves tgpunclear. No difference
was found between cows and heifers with regardheéoproportion of 2- and 3-wave
cycles (Wolfenson et al., 2004). The number of wawvea cycle appears not to be
affected by breed or age (reviewed by Adams ef28108)). An increase in 3-wave
patterns has been associated with poor nutritiehhesat stress (reviewed by Adams

et al. (2008)). A higher milk yield was reportedciows with 2-wave cycles (Bleach et
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al., 2004). Several experiments have been performoedsearch for endocrine
mechanisms underlying 2-wave versus 3-wave cyfeg. possible explanation of a
difference in number of waves is a difference in [ span. The onset of CL
regression occurs 2.5 days earlier in 2-wave timaB-wave cycles (Jaiswal et al.,
2009, Ahmad et al., 1997). Another possible explanais that slowly growing
dominant follicles delay the start of a next wa&ulatory follicles in 2-wave cycles
have a lower growth rate than ovulatory follicles 3-wave cycles (Bleach et al.,
2004). Cauterization of the dominant follicle okthrst wave (i.e. reduced estradiol
(E2) and inhibin (Inh) production) at day 3 or 5tlé cycle resulted in an FSH surge
the day after cauterization (Adams et al., 1992) am earlier emergence of the next
wave (Ko et al.,, 1991). Cows with 3-wave cycles hader serum FSH and Inh
concentrations at non-ovulatory waves comparecdvwesovith 2-wave cycles (Parker
et al., 2003), and it was therefore suggestedttigahumber of waves during the cycle
is affected by serum FSH and Inh concentrationg THtter is confirmed by the
finding that immunization against Inh-A increasdée thumber of follicular waves
during a cycle (Medan et al., 2006).

Mathematical modeling of the bovine estrous cycleuld help in
understanding the dynamics of this complex biolagisystem. Recently, we
developed a mathematical model of the bovine estogule (Boer et al., 2011). The
objective of this paper was to investigate whichchamisms could be likely
candidates for regulation of the number of waveshan bovine estrous cycle, using
this model.A better understanding of the endocrine mechanisegslating follicle

development could help to find causes of decliregtility in dairy cows.

MATERIAL AND METHODS
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Parameterization of Follicle Wave Patterns

In cattle, the functional follicle that is dominaat the moment of CL regression
develops to become the ovulatory follicle. We assdinthat there may be 2
mechanisms by which follicle wave pattern can btuamced. One is the rate of
follicle growth and the other is the time point©E regression. The first mechanism
might be induced by changing the effect of FSH drdn follicle growth, or by
changing FSH or P4 synthesis, because follicle tgrow stimulated by FSH and
inhibited by P4 (Ko et al., 1991, Medan et al., @0Barker et al., 2003). The second
mechanism, i.e. the time point of CL regressiorexpected to have an effect on the
follicular wave pattern because 2-wave cycles cauowhen the CL starts to regress
at an earlier time point, e.g. because of an eantierease of prostaglandin &2
(PGF21) (Adams et al.,, 1992, Ahmad et al., 1997, Jaisstahl., 2009). We have
selected 10 parameters in our model (Table 1) atwh relate to the first mechanism
and 3 to the second mechanism, and we have testethev changing the value of
these parameters affects the number of waves pér itythe model simulations. The
model was simulated 120 days and can be simulateasfmany days as wanted. For
each of the 10 parameters, we performed simulationghich we changed the
parameter with small steps for a range of valuesrat the initial value. Results were
evaluated by studying the figures of the modeltsawhu We did not further increase or
decrease the value when the solution continuecetoregular.The rationale for the
expected effect of a parameter on either follictewgh rate or time point of CL
regression is given in more detail in the Resudtdien, together with the simulation

results for that parameter.

Brief Description of the Model
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Recently, we developed a deterministic mathematioaldel that describes the
dynamics of the bovine estrous cycle as a set et differential equations,
including the processes of follicle and CL develeptand the working of key
hormones that interact to control these proce®esar (et al., 2011). In the differential
equations, Hill functions (Boer et al., 2011) wesed for the modeling of inhibitory
and stimulatory effects of hormones. A Hill functics a sigmoidal function between
0 and 1, which switches at a specified threshabthfone level to the other with a
specified steepnes$ime delays were incorporated when appropriateagature the
time needed for factors to influence each otheramater estimation was based on
experimental measurements available in literatline simulations of this model are
in line with empirical knowledge. With the paranrétation of Boer et al. (2011), the
model generates estrous cycles of 21 days, withaBkgpof FSH and 3 corresponding
waves of follicle growth and Inh production. In tieodel, ‘CL’ denotes the CL
function, i.e. the capacity of the CL to produce Rdher than the physical size of the
CL. Likewise, ‘Foll" (follicular function) represds the combined capacity of all
follicles present at any time to produce E2 and Edrch follicular wave is induced by
an increase in FSH. P4, which is high during tinet 2 waves, decreases as the CL
regresses under influence of PG@GF2eleased from the uterus. The third wave of
follicle growth then results in increasing levels B2. This causes a surge of
gonadotropin releasing hormone (GnRH) hence lw®igi hormone (LH), which
triggers ovulation (Figure 1 and 2). More detall®at the incorporated physiological
mechanisms and the mathematical description ofmtbe@el can be found in Boer et al.
(2011).

Modification of the Model. The model described in Boer et al. (2011) includes

two fixed time delays for the effect of the increas P4 levels on PGk2elease, to
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mimic the situation that the rise of P4 early ie ttycle starts a series of events or
mechanisms that eventually lead to the rise of RGFalowed by a decline of
PGF2. a few days later. The time delays are thus a Kolaox’ in which the
intermediate events that regulate PGH&vels were not described. We have adapted
this part of the model. In the model used for therent study, these delays are
replaced by a mechanism in which the ability totegeize PGF&2 develops over time
under influence of P4. Exposure to P4 above a ltbiddevel must last for a couple
of days to induce PGl2release. P4 stimulates the synthesis of recefds
oxytocin receptor (OTR)) and enzymes required fa production and release of
PGF2. (dos Santos et al., 2009, Silvia et al., 1991).tHa model, ‘OTR’ thus
represents the overall mechanism in the endometimwived in the production of
PGF2.. OTR is stimulated by P4,

d

OTR
—OTR(t)=c _  [P4t)-c___ [OTR(),
dt P4 OTR

OTR
where c P4 is the proportionality factor of P4 in the increasf OTR, anchTRis

the decrease rate of OTR. OTR stimulates RGF2

d

+
— PGF2a(t)=H (OTR)-c [PGF 24 (t),
dt PGF 2a

+
whereH (OTR) is the Hill function of the stimulating effect @TR, andc
PGF 2a

is the PGF2 clearance rate constant. P@H2vels thus rise because P4 stimulates
the production of OTR required for PGEproduction (Figure 1 and 2). Figure 1
shows an overview of the mechanisms incorporatedh& current model. The
equations and parameter values are listed in tiperaj)x. The model contains 13

differential equations and 54 parameters.
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RESULTS AND DISCUSSION

Of the 10 parameters tested, 6 affected the nurob&vaves per cycle (Table 3).
Cycles with 2 waves had a shorter cycle lengtlththnon-ovulatory wave of 2-wave
cycles, FSH levels were higher, Foll (follicularmpeaity to produce E2 and Inh) was
larger, and therefore also E2 and Inh levels waégbadr compared to non-ovulatory
waves of 3-wave cycles. The 2-wave cycles obtalmed change in follicle growth

rate were due to a later emergence of the secona,wehile the 2-wave cycles
obtained by a change in time point of CL regressiene caused by a shorter CL life

span.

Effects of Parametersrelated to Follicle Growth Rate
Effect of FSH. Follicle growth rate is stimulated by FSH. FSH degent
growth rate in the model is influenced by a numifggarameters, i.e. ‘Maximum rate

Foll
of FSH dependent growth'nﬁFSH) and ‘Threshold of FSH to stimulate Foll

Foll Foll Foll
(T ). The parametersn and T belong to the Hill function of the
FH FH FH

effect of FSH on Foll, where the first represehts thaximum FSH dependent follicle
growth rate, and the second defines the threshbleS# at which the stimulatory

effect on Foll increases. We tested if a loweridtdl growth rate could be simulated

. Fall _ . . Foll .
by a decrease ImFSH . In the simulations, a decreasermFSH alone did not result

in a 2-wave cycle, but the wave pattern could enged in combination with another

parameter involved in follicle growth rate, ‘Maximuinhibition rate of P4 on Foll’
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Foll . Foll .
(m P4 ). A decrease ”mFSH from 0.70 to 0.40 resulted in 2-wave cycles when a

. Foll . .
the same timem P4 was decreased, and Foll peak height in non-owylat@ves

was higher (Figure 3). Apparently, despite the low8H dependent growth rate, the
first wave could then grow larger and persist foloager time due to the lower
inhibiting effect of P4. Therefore the second waeeurred when the CL was already

waning, allowing the second wave to become theatowy wave.

Foll
Remarkably, increasingnFSH from 0.70 to 1.35 (without a change in

Foll
m P4) resulted in alternating 2-wave and 3-wave cydlegure 4). Increasing

Foll
mFSH even further to 1.80 resulted in a series of 2-wayaes. However, LH peaks

then became irregular, which appeared to be relttethe increased E2 levels
produced by the larger follicles. Decreasing thaesgwity of the pituitary for E2

resulted in normal LH peaks again. This was dopénbreasing the parameter ‘E2

nRH ,2 L
threshold for GnRH sensitivity of the pituitaryT? E2 ), which is the threshold

GnRH ,2
of E2 at which the pituitary becomes more sensitiiv&nRH. WhenT 2 was

increased from 0.88 to 1.62, the GnRH/LH surge wweaced at the appropriate time

L . . Foll
point, i.e. together with E2 peak levels. Probally,increase ofm FSH (instead of

the expected decrease) results in a 2-wave cydauise it takes longer before the
inhibiting effect of P4 becomes stronger than tiereased stimulating effect of FSH,

and therefore the first follicular wave starts teclihe at a later time point. It was

10
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: . . . _ Foll
tested if a lower follicle growth rate could be siated by an increase ih FSH

_ Foll
However, a change i FH did not affect wave pattern.

In the model, larger follicles are less dependent~6H, i.e. follicles larger

FH
than the threshold Foll (Threshold of Foll to downscale FSH threshold)diee

more sensitive to (= less dependent on) FSH. Therefve tested if a decrease in

FH ; i
T Foll would lead to a smaller number of waves per cy8enulation results
0

FH
showed that this parameter indeed affected the wattern. WhenT Foll was

decreased from 0.30 to 0.15, the model simulatéstraitely 2-wave and 3-wave
cycles with some variation in hormone levels betwegcles. When this parameter
was 0.12, almost all cycles had 2 waves (Figura\B)h values below 0.12, E2 and
LH patterns became irregular.

Effect of P4. We assumed that when follicle growth is less irteibbiby P4,
follicles in the luteal phase can grow larger aedsfst for a longer time, which could

result in a higher occurrence of cycles with 2 vawe have tested this hypothesis

Foll
by decreasing ‘Maximum inhibition rate of P4 on IFdIm P4 ), which is the

parameter that represents the maximum inhibitifigcefof P4 on follicular function.

. Foll
The model generated cycles with 2 waves wmer|134 was between 0.60 and 1.20.
Foll . .
When m P4 was between 1.20 and 1.80, the cycle containedesom@s 2 and

Foll
sometimes 3 waves, or somewhat irregular patt&hen m P4 was 1.80 or higher,

11



234 the model generated cycles with 3 waves, and thk [@vels of Foll in non-ovulatory

Foll
235 waves became lower with further increasmadP4 (because the inhibiting effect of

236 P4 became stronger) until the cycle contained bBHgid ovulatory wave, without
237 waves during the luteal phase.

238 FSH synthesis. Another possible mechanism that may affect folligtewth
239 rate is FSH synthesis. We assumed that a strongdsiting effect of Inh on FSH
240 synthesis could result in lower FSH serum levels #aerefore slower follicle growth,

241 resulting in a cycle with 2 instead of 3 waves. Wsted if a decrease in ‘Maximum

. . . H .
242 FSH synthesis rate in the p|tU|tarth:|nh ) could reduce the FSH dependent follicle

243 growth rate and result in 2-wave cycles. Howeveateerease in this parameter did not

FH
244  result in a regular 2-wave cycle, but inh resulted in low peak levels of Foll

245  without LH surge. This was due to E2 levels thattao low to induce the GnRH/LH

246 surge. The E2 dependent GnRH/LH surge could naepaired’ by a decrease in ‘E2

GnRH ,2 .
247 threshold for GnRH sensitivity of the pituitaryT ( E2 ).We also tested if a

FH
248 decrease in ‘Threshold of Inh for inhibition of FSkhthesis’ T Inh ), which results

249 in a stronger inhibition of FSH synthesis by Inbuld result in a cycle with 2 waves.

FH
250 However, a decrease in inh did not change the pattern of 3 waves, and below

. . _FH .
251 0.03, no LH surges occurred. Although a large iaseein T inh resulted in a

252 changed wave pattern, FSH and Inh levels becareguilar such that we did not

253 consider this as a normal 2-wave cycle.

12
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In the model, the production of Inh is assumedd@toportional to Foll with

Inh
a short delay, whereF ! is the proportionality factor of Foll to Inh. Wesumed
0

that FSH synthesis could be reduced when Inh ptaduby the follicles is higher.

. . _Inh _ . .
Therefore, we tested if an mcreasemlg ' would increase circulating Inh levels and
o

result in a cycle with 2 waves, but this was nairfg.

P4 synthesis. Another mechanism we tested was the inhibitingoefté P4 on
follicle growth rate. We assumed that a 2-wave €yan occur when a follicle wave
can grow for a longer time due to less inhibitignR3t. A reduced inhibitory effect on
follicle growth rate could be due to a lower P4 durction by the CL, resulting in
lower P4 serum levels. In the model, it is assurtted P4 is proportional to CL

function. Therefore, it was tested if a decreas#odportionality factor of CL to P4’

P4
(CCL) would affect P4 levels and follicle growth rat®imulation results did not

show a clear effect of P4 levels on the time coofsa follicular wave. A decrease in

P4
c . resulted in lower peak P4 levels, but did not lteisua 2-wave cycle. However,

P4 Foll
a decrease irc L combined with a decrease m P4 resulted in an interesting

wave pattern. As described earlier, reduced inbibiof follicle growth rate by P4 (by

Foll
reducingm P4 ) resulted in a 2-wave cycle when P4 serum levelsewot changed.
. P4
However, when P4 serum levels were reduced, b;edemgcCL from 1.45 to 0.50,

P4
the wave pattern changed back to 3 waves (Figurén@rmediate values fomCL

13
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. N _ Foll _
(between 0.50 and 1.45, in combination with P4 decreased to 1.00) resulted in

cycles with sometimes 3, sometimes 2 waves. S@ranpeter set was identified in
which 2 parameter values where changed comparethdoinitial set that also
simulates estrous cycles with 3 waves, but witfed#int values for some of the output
functions. In particular, E2 peak levels during foMulatory waves in this new
combination of parameter values for a 3-wave cyedge higher than in the initial
model parameterization for 3-wave cycles, possihlg to the reduced sensitivity of
the follicles for P4. Further, the cycle length veakew days longer, probably because
the lower P4 serum levels caused a later incraag$eTiR and thus CL regression.

Therefore a third wave could develop.

Effects of Parametersrelated to Time Point of CL Regression
Besides the effect of follicle growth rate, secgnaVe expected that the time point of
CL regression would have an effect on the follicweave pattern. Earlier CL

regression could be due to an earlier increaseGHZ2. Therefore, we tested if a

. PGF 2a
decreased ‘Threshold of OTR to stimulate P&Htrease’ T OTR ) could result

in PGF2: release at a lower OTR concentration and thusnagalier time point,
resulting in a cycle with 2 follicular waves. As pected, the simulation results

showed that a change in time point of CL regreshimh a large effect on the number

. . PGF 2a .
of follicular waves. A noteworthy result was tharying T OTR could result in 1,

2, 3, or 4 waves in a cycle (Table 2), becausdithe point of PGF& increase was
changed. When the number of waves in a cycle iseskacycle length became longer

and P4 levels higher, while E2 levels in the lufgdase became lower.

14



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

We tested if a stronger P4 stimulation of OTR caoallsb be obtained by an

. . : OTR . . OTR
increased ‘Proportionality factor of P4 to OTR® %4 ). An increase inc P4 from

0.87 to 2.00 resulted in a cycle with 2 waves (Fegd). The higher proportionality
factor resulted in higher levels of OTR and lowevdls of P4 compared to 3-wave
cycles. An overview of the differences in parametaiues between 2-wave and 3-

wave cycles is given in Table 3.

General Discussion
We used a mathematical model of the bovine esttgale to identify critical points
in the mechanisms that affect the number of folicwaves in a cycle. We found that
the model output changed from 3 to 2 waves in éophen the duration of the luteal
phase was changed, or when the effect of FSH dP4fon follicle growth was
changed, but not when FSH synthesis or P4 synthemsschanged. Although some
parameter changes resulted in irregular pattelresetwere hardly any simulations
where the system was totally derailing or collagsiand most of the times it
‘recovered’ to a normal cycle, emphasizing the sthess of the model. Some
parameterizations resulted in strictly periodic dabr of the cycle, while other
parameterizations resulted in quasi-periodic beirawVvhen a cycle had 2 waves
instead of 3, the duration of the cycle was shputrich is in line with the empirical
observations reported by Jaiswal et al. (2009), adhrat al. (1997) and Adams et al.
(2008). The sensitivity analysis confirmed thatgmaeters that affected the pattern of
follicular waves indeed had a high impact on theleigolution.

Depending on the parameterization, the model sitoms showed the same
wave pattern repeatedly in successive cycles errating 2- and 3-wave cycles. In

the literature, the repeatability of wave patteithim individual cows is studied in a

15
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341

limited number of papers. It was shown that wavétepa is repeatable within

individuals (Jaiswal et al., 2009) but also thalvea@an switch between cycles with 2
and 3 waves (Price and Carriere, 2004). Sichtat. €¢2010) reported an almost equal
proportion of alternating and non-alternating patsein cows monitored during 3

cycles. In a study of Rhodes et al. (1995) iBds Indicus heifers monitored for at

least 12 consecutive estrous cycles, 3 waves veasitist common pattern. However,
none of the cows showed 3 waves in all cycles; ejates with 2 and some with 4
waves were observed. Although the number of animaal$ consecutive cycles is
limited, these studies suggest that both geneticesmavironmental factors may play a
role in the regulation of follicular wave pattern.

For several single parameters, a shift in paramedfre resulted in a cycle
with 2 follicular waves instead of 3. Although sdimees regular 2-wave and 3-wave
cycles could be simulated for intermediate valugther values resulted in more
irregular patterns, especially for parameters eelab follicle growth rate. Possibly,
slight changes in other parameters are requireddwect’ for these irregularities,
which indeed occurs in cows. This required changether parameters could be
demonstrated by the change in ‘Maximum FSH depend&il growth rate’

Foll
m

(FSH

Foll
). An increase ianSH combined with an increase in ‘E2 threshold for
o GnRH ,2 . Foll _
GnRH sensitivity of the pituitary’ { 2 ), or a decrease ”mFSH combined

. . . . Foll _
with a decrease in ‘Maximum inhibition rate of P4 Boll’ (m P4 ) resulted in a 2-

wave cycle.

16
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P4
A decrease in ‘Proportionality factor of CL to F(4:’CL) alone did not change

the number of waves, although P4 levels decrealad. could indicate that for the
regulation of the follicular wave pattern the tirperiod in which P4 is produced is
more important than the amount of P4 productioridag as P4 is above a minimum

level). The simulation results clearly showed adged shift in the number of waves

. . PGF 2a
when ‘Threshold of P4 to stimulate PGFicrease’ T OTR ) was changed. The

time course of CL development and regression tippears to have a distinct effect
on the pattern of follicular waves, which is indimvith the results of (Jaiswal et al.,
2009) who reported an earlier onset of CL regressi®-wave cycles compared to 3-
wave cycles.

No regular 2-wave cycles could be simulated by givanparameters related
to the effect of Inh on FSH synthesis rate. Howgtee simulation results showed
that 2-wave cycles had higher Inh and FSH leveds Brwave cycles, which was also
reported by Parker et al. (2003). However, doubtimg amplitude of the FSH surge
preceding the emergence of a follicular wave ditdamange the characteristics of that
wave (Duggavathi et al., 2005). This suggests BE&itl normally is not a limiting
factor in follicle growth rate, but that changedh land FSH levels are a result rather
than a cause of a changed follicular wave pattétthough ‘Foll’ in the model
represents the capacity to produce E2 and Ink,doirelated to follicle diameter. The
higher levels of Foll in 2-wave cycles compare®@iwave cycles in the model output
are therefore in line with the larger size of doamh follicles in 2-wave cycles
compared to 3-wave cycles reported by Townson.g2802) and Wolfenson et al.

(2004). The later emergence of the second wavevim\& cycles compared to the
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389

initial 3-wave cycle in the model is in line withe reports of Jaiswal et al. (2009) and
Adams et al. (1992).

For parameters related to follicle growth rateapipeared to be difficult to
induce a smooth shift from 3 to 2 waves, becausmafregular patterns appeared in
between. In contrast, for parameters related totithe point of CL regression this
gradual switch resulted less often in irregulatgrats. These simulation results are in
line with empirical observations in literature refpag that the number of follicular
waves can be manipulated easily by changing the fioint of CL regression (Diskin
et al., 2002). In this way, the third wave just slo®t ‘fit' anymore within the amount
of time. It is not surprising that an earlier tipeint of CL regression (and therefore a
shorter cycle) induces a switch from 3 to 2 wavathaut irregular patterns in
between, because when P4 levels are sufficienttyedsed at the second wave, this
will become the ovulatory wave. Although in the be/2-wave cycles are on average
shorter than 3-wave cycles (Adams et al., 2008a@iect al., 2004), the difference is
not equivalent to the duration of a complete wada&sed on reported differences in
follicle development (Bleach et al., 2004, Jaiswalal., 2009), we postulate that
differences in number of waves in natural estroudes may rather be due to changes
in the mechanisms regulating follicle growth radad that the shorter cycle length is
rather the result than the cause of the changeawewattern. This is also shown by
the simulation results, because a change in fellgiowth rate related parameters,

resulting in 2-wave cycles, lead to a shorter cjehgth.

CONCLUSION

The simulation results showed that several compisnehour model of the bovine

estrous cycle can affect the pattern of folliclewgth. The number of waves could be
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412

413
414

affected by follicle growth rate as well as timargaf CL regression. The simulation
results suggest that the initial number of waves qyele is determined by certain
characteristics of follicle growth rate, and indeslikely parameters that are involved
in this mechanism. A better understanding of thdoerine mechanisms regulating
follicle development is important to obtain moregse control of the estrous cycle,
which can help to improve pregnancy rates (Diskialg 2002). Experimental data to
verify the predicted causes of 2- or 3-wave cyass not always available, but the
present simulation results show some likely canéslanvolved in the regulation of
follicle wave pattern that could be tested in fetwxperiments. These experiments
require daily measurements of follicle and CL dyi@mand blood sampling for
successive cycles. Additionally, P4 or FSH couldatdministered to measure specific
effects. Designated experiments are extensivetheupresent simulation results show
some candidates to consider for a deeper experanamnestigation. Therefore our

results allow to focus experimental effort on theardidates.
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APPENDIX
A. List of Model Equations
For abbreviation of the notation of Hill functionae useH(substrate) instead of
m* h(substrate(t); T,n), wheren is the steepness coefficiekt : positive Hill function.
H™: negative Hill functionT: threshold for change of behaviof the Hill functions.
m: parameter that controls the height of the switchtieé Hill functions. Syn:
synthesis.Rel: releasePit: pituitary. Hypo: hypothalamusc: rate constantr: time

delay.

d
1. —GnRH t) = Syn t) — Rel t
dt Hypo( )= GnRH ® GnRH ®

GrRH (1)
- > )

max
GnRH
Hypo

la. t)y=c
SmGnRH ®) GnRH 1

1b. Rel ty=(H (P4& E2)+H (P4))[GnRH t
eGnRH() ( 1( ) 2( )) [GNn Hypo()

+
Z.EGnRH _(t) =Rel M _(E2)-c [GnRH (1)
dt Pit GnRH 3 GnRH 2 Pit

d — -
3. FH =9 __ (-Rel __ (©
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490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

sa.gn_ O=H (Inh)

+ - +
3b.Rel o ()=(H _(PA+H (E2+H _(GnRH L) IFSH . (1)

4. i FSH (t) = Rel t-c (FH ®)
dt Blood FH FH Blood

d — -
5. (LHo (0=9m  ®-Rel

+ —
5a. Syn » t)=(H 8(E2)+ H 9(F’4)

+
5b. Rel ty=(b  +H_ (GnRH (LH t
LH = LH 10( Pit)) Pit( )

6. E LH (t) = Rel (t)-c aH (1)
dt Blood LH LH Blood

7. Y Folt)y=H T (FSH)-(H " (P4)+H —(LH Foll
g O =R FS)=(H (P *H S(LH g g T

+
8. d PGF2a(t)=H (OTR)-c [(PGF 2a (t),
dt 14 PGF 2a

OTR
9. LOTRM) =c . "PA(t)-c___ [OTR()
dt P4 OTR

d + + +
10. —CL(t)=H _(LH )+H (CL)-H _(PGF2a)[CL(t
o (t) 15( T) 16( ) 17( ) [CL(Y)

d P4
11. —PA(t) =c _ [CL(t)—c_ [PA(t
dt ® CL ® P4 ®

d E2
12. —E2(t) =c [(Foll(t)—-c _ [E2(t
dt ®) Foll ®) E2 ®)

d Inh
13. —Inh(t) =c
dt

[(Foll(t) -c Onh(t
Foll ®) Inh ®)
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505

506

507

B. List of Hill Functions

Hy (PA&E?2) := mpygp; - (A~ (P4(t); Tog ™%, 2) + h=(E2(0), Ty, 2)
— h=(P4(t); T ®™, 2) - = (E2(1), Ty ™1, 2))

Hy (P4) := mgy™™* - b= (P4(6), T, 2)

H3 (F2) == miz ™% - h* (B2(6), Tg™"*, 5)

Hi (Inhg) :=mpgy! - B~ (Inh(t — Tpn), Ty 2)

HZ (P4) :=mp3" - h* (P4(t); TE, 2)

Hg (E2) :==mp3" - h™ (E2(t); TE", 2)

H (GnRHpy) := MGy - h™ (GnRHp (£); Téngn, 1)

Hg (E2) :==mgl - h* (E2(t); Tg5', 2)

Hy (P4) := mg{l - h™ (P4(t); T4y, 2)

Hfo(GnRHPit) = méﬁRH *h*(GnRHp; (1); TéﬁRH! 5)

Hi (FSH) := mE2H - h* (FSHpip0a (8); TE (8), 2)

Tigh (8) =TSy - h™ (Foll(t); Tigy, 1)

H{,(P4) := mpg" - h* (P4(t); Tp2", 2)

H{5(LH) := mg" - h* (LHpi00q (£); TLEY, 2)

H{4(OTR) :=mpz*® - h*(OTR(6); Torg %, 5)

His(LH;) := mif - h* (LHpiooa(t — Ton); T 2)

H{s(CL) :=mg¢i - h* (CL(&); T¢, 2)

Hf;(PGF2a) := mlgéFZa *h*(PGF2a(t); TF(’%FZOU 1)

C. List of Parameters and Parameter Values of the initial 3-wave Cycle

Parameter Value Dimension Description

symbol
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GnRH

max 20.00 Maximum value for GnRH in the hypothalamus
GnRH [GNRH ]
Hypo Hypo
2.03 Synthesis rate constant of GnRH in the
¢ [GnRH ]
GnRH 1 HYPO"  hypothalamus
[t]
1.27 Maximum part of GnRH synthesis rate constant
m [GnRH ]
PA& E2 HYPO"  inhibited by E2 and P4
[t]
GnRH 1 0.14 [E2] Threshold of E2 to suppress GnRH release
E2
GnRH 1 0.03 [P4] Threshold of P4 to allow E2 suppressibGioRH
P4 release
GnRH ,2 1.31 Ut Maximum part of GnRH synthesis rate ¢ans
m
P4 inhibited by P4
GnRH |2 0.03 [P4] Threshold of P4 to inhibit GnRH releagedly
P4
GnRH ,2 1.50 Maximum scaling of pituitary sensitivity for GhnRH
m [GNRH _ ]
E2 Pit
[GnRH ]
Hypo
GnRH 2 0.88 [E2] Threshold of E2 to increase pituitarysstivity for
E2 GNnRH
1.20 Ut GnRH clearance rate constant in theitaity
Cc
GnRH ,2
1.41 [t] Delay of Inh in FSH synthesis
T
Inh
FSH
FH 1.46 [FSHI/t] Maximum FSH synthesis rate in thaupary in the
m
Inh absence of Inh
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FH 0.06 [Inh] Threshold of Inh for inhibition of FSHmthesis
T
Inh
FH 1.75 Ut Maximum part of FSH release rate that is
m
P4 stimulated by P4
FH 0.10 [P4] Threshold of P4 to stimulate FSH release
T
P4
FH 0.26 1t Maximum part of FSH release rate thahfsbited
m
E2 by E2
FH 2.85 [E2] Threshold of E2 to inhibit FSH release
T
E2
FH 2.61 1t Maximum part of FSH release rate that is
m
GnRH stimulated by GnRH
F<H 0.20 [GnRH] Threshold of GnRH to stimulate FSH aske
T
GnRH
0.78 Ut FSH clearance rate constant
C
FSH
b 2.61 1t Basal FSH release
FSH
LH
LH 1.04 [LHI/t] Maximum part of LH synthesis thatssimulated by
m
LH 0.10 [E2] Threshold of E2 to stimulate LH synthesis
T
E2
LH 3.13 [LH]/T] Maximum part of LH synthesis thatiishibited by
m
P4 P4
LH 0.03 [P4] Threshold of P4 to inhibit LH synthesis
T
P4
LH 0.50 [LHI/t] Maximum part of LH release rate thatstimulated
m
GnRH

by GnRH
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LH 0.50 [GnRH] Threshold of GnRH to stimulate LH redea
T GnRH
0.04 Ut basal LH release rate constant
b LH
9.73 1t LH clearance rate constant
¢ LH
Follicles
Foll 0.70 [Foll)/[t] Maximum increase of follicular fution stimulated
==Y by FSH
Foll 1.44 [FSH] Threshold of FSH to stimulate follicufanction
T FSH
FH 0.30 [Foll] Threshold of follicular function to daowcale FSH
Foll threshold
Foll 2.17 Ut Maximum decrease of follicular functistimulated
" pa by P4
- Foll 0.12 [P4] Threshold of P4 to stimulate decreadelb€ular
P4 function
Foll 2.17 [Foll)/[t] Maximum decrease of follicular fution stimulated
m LH by LH
- Foll 0.42 [LH] Threshold of LH to stimulate decreasdaficular
LH function
PGF2.
PGF 2a 0.87 [OTRI/t] Maximum PGF& growth rate stimulated by OTR
m OTR
PGF 2a 3.97 [OTR] Threshold of OTR to stimulate PGHBAcrease
T OTR
0.87 1/] PGF2 clearance rate constant
¢ PGF 2a

CL
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452 [t] delay of LH in CL
T
LH
CL 0.29 [CLI/] Maximum increase of CL stimulated b/
m
LH
CL 0.96 [LH] Threshold of LH to stimulate CL increase
T
LH
CL 0.06 [CLY1] Maximum increase of CL stimulated hkigelf
m
CL
CL 0.07 [CL] Threshold of CL to stimulate self-growth
T
CL
CL 5.69 [PGF2]/[t] Maximum decrease of CL stimulated by PGF2
m
PGF 2a
CL 1.00 [PGF2] Threshold of PGF2to initiate decrease of CL
T
PGF 2a
P4
P4 1.45 [P4]/[CL] Proportionality factor of CL in P4 increase
C ——
CL 1/t]
0.58 1t P4 clearance rate constant
C
P4
OTR 0.87 [OTR] /[ P4] Proportionality factor of P4 in OTR increase
C ey
P4 1/t]
0.10 1t OTR decrease rate constant
Cc
OTR
E2
E2 1.47 [E2] /[Foall] Proportionality factor of follicular function in E2
C e —
Foll 1/1t] increase
0.96 1t E2 clearance rate constant
C
E2

Inh
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1/[t]

[Inh] /[Foll]

1/[t]

Proportionality factor of delayed follicular funeti

in Inh increase

Inh clearance rate constant

Inh 4.33
C
Foll
3.48
C
Inh
508
509
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510 Table 1. Parameter description, initial parameter valuel, laypothesized direction of
511 change (increase or decrease) to alter a 3-wava Rrwave cycle for the 10
512 parameters that were tested for an effect on tdlicwave pattern. Parameter values
513 are on a relative scale in order to simplify pareanestimation. Parameter symbals:

514 denotes a thresholth denotes a maximum, aedienotes a rate constant.

Parameter Parameter Parameter explanation Initial Increasef) or
no. symbol value decrease||
1 T Foll Threshold of FSH above which the stimulating effact  1.44 1
FSH Foll is increased
2 Foll Max. Foll growth rate stimulated by FSH 0.70 |
m FSH
3 Foll Max. inhibition rate on Foll* of P4 217 ]
m P4
4 FH Threshold of Foll above which the stimulating effet 0.30 !
Foll FSH on Foll decreases (larger follicles become more

sensitive to (i.e. less dependent on) FSH)

5 Inh Proportionality factor of Foll to Inh (the prodiat of 4.33 1
: Foll Inh is proportional to Foll)
6 FH Threshold of Inh above which the inhibiting effect 0.06 !
Inh FSH synthesis is increased
7 FH Max. FSH synthesis rate in absence of Inh 1.46 |
m Inh
8 P4 Proportionality factor of CL to P4 (the productiohP4 is 0.50 !
CL proportional to CL function)
9 OTR Proportionality factor of P4 to OTR (the productioin 0.87 1
: P4 OTR is proportional to P4 serum levels)
10 PGE 2g Threshold of OTRabove which the stimulating effect on 3.97 !

OTR PGF2a: is increased

515  !Follicular function? Oxytocin receptor and enzymes required for PGi@duction.
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516

517
518

: PGF 2a . .
Table 2.Varying T OTR canresultin 1, 2, 3, or 4 waves in a cycle.

Value of PGF 2a Number of follicular waves
OTR

0.25 1

0.70 1 and 2 alternating
2.00 2

2.50 2 and 3 alternating
4.10 3

7.50 3 and 4 alternating
9.10 4
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519 Table 3.Overview of parameter changes resulting in a dfienumber of waves.

520 The initial parameter value results in 3-wave cycle

Parameter Change in Initial Adapted Number of Remark
symbol wave number value value waves
Foll No 1.44
FSH
m Foll Yes 0.70 0.40 2 When mFoII is 0.50
FSH P4
1.80 2 When G"RH 2 s increased from 0.88 to 1.62
E2
Fall Yes 2.17 1.00 2
m
P4
1.45 2and3
T FSH Yes 0.30 0.12 2 Almost all cycles 2 waves
Fall
Inh No 4.33
c
Fall
T F3H Yes 0.06 0.30 2 Irregular FSH and Inh levels
Inh
FSH No 1.46
m
Inh
P4 No 0.50 1.45 3 when Foll is 1.00
c m '
CL P4
COTR Yes 0.87 2.00 2
P4
T PGF2a Yes 3.97 2.00 2
OTR
2.50 2and’3

521 '2-and 3-wave cycles alternating

522
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523

524

525

526

527

528

529

530

531

532

Hypothalamus

Synthesis and release of GhRH
P4 S—
E2 Portal blood system
’// GNRH
Pituitary
Synthesis and release of LH and FSH LH
FSH
Peripheral blood P4 Peripheral blood
E2
Clearance of E2, Inh 4 | Clearance of LH
Inh, and P4 and FSH
- A— LH
P4 Qvaries FSH
=2\ | Development of folicle and CL P4
Synthesis and release of E2, 1
Inh, and P4 Uterus
— | Synthesis and
PGF2a release of OTR
and PGF2a
A.
__n_ —+ : | +
- » LH pituitary 4 LH blood —
4 I
+ 1
N - 1
ﬁ— N :
+ I
1
1 I
+ » FSH pituitary === FSH blood !
1
Inhibin - 4 - 1 ———PGF2a—= & !
+|5 Corpus Luteum<«- -|- - .t
4 N+
J— Follicles ——1 ex
= -
2 1 B.

Figure 1. A. Compartmental representation of the basisHermathematical model of
the bovine estrous cycle. Each process is repedely a set of equations. B.
Mechanisms of the model of the bovine estrous ¢yolevhich the boxes represent
the 13 components for which a differential equatwas derived. Stimulating and
inhibiting effects are denoted by ‘+’ and *-* regpigely. Dashed lines denote a time
delay. The numbers (as used in Table 1) of thenpeters that were changed in the

simulations of this study are placed at the medmar{arrow) that they affect.
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relative level
relative level

533

relative level
relative level

534

535 Figure 2. The initial model parameterization results in essrgycles with 3 waves of
536 follicular growth. The equations are expressed oela@ive scale in order to simplify
537 parameter estimation, and therefore the y-axib®figures is dimensionless.

538
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relative level

539

Foll . . Foll .
540 Figure 3. A decreasedn FSH combined with a decreasex g’ resulted in cycles

541 with 2 follicular waves. The equations are exprdsse a relative scale in order to

542  simplify parameter estimation, and therefore noatision is given at the y-axis of the
543 figures.

544
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—LH
---P4

relative level

545
. Foll . .
546 Figure 4. When mFSH was increased from 0.70 to 1.35, the model siradlat

547 alternately 2-wave and 3-wave cycles.

548
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was 0.12, almost all cycles had 2 waves.
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relative level

Figure 6. 3-wave cycle whert

P4
L = 0.5 andm

Foll
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556

557

relative level

. . . OTR
Figure 7. An increase inc

resulted in a cycle with 2 waves.
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