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Abstract. Gonadotropin-releasing hormone (GnRH) acts via @Ggim coupled receptors on pituitary
gonadotropes to control of reproduction. TheseGgreoupled receptors that mediate acute effects of
GnRH on the exocytotic secretion of luteinizingrone (LH) and follicle-stimulating hormone
(FSH), as well as the chronic regulation of thgimtbkesis. GnRH is secreted in short pulses and
GnRH effects on its target cells are dependent dperlynamics of these pulses. Here we overview
GnRH receptors and their signaling network, pla@ngphasis on pulsatile signaling, and how
mechanistic mathematical models and an informahenretic approach have helped further this
field.
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GnRH signaling: an overview. GnRH is a hypothalamic decapeptide that mediates derurdrol

of reproduction. It acts via receptors (GNRHR) duifary gonadotropes to control synthesis and
secretion of the two gonadotropin hormones (LH B8#) that in turn regulate gametogenesis and
steroidogenesis in the gonads. LH and FSH aredwteeric proteins with distingt-subunits (LH

and FSH) and a common-gonadotropin subunitlGSU) that are packaged into vesicles for release
from gonadotropes. Acutely, GnRH regulates the gatic fusion of these vesicles with the plasma
membrane whereas chronically it increases syntlésjsnadotropins and thereby controls vesicle
content. There are three distinct forms of the looretermed GnRH-I (often known simply as GnRH
and also known as LHRH), GnRH-1l and GnRH-IIl. Tdlened GnRHR, which are members of the
rhodopsin-like GPCR family, have been classifigd three groups based on sequence homology. All
of the cloned mammalian GnRHR are in groups | card the type | GnRHR of humans, rats, mice,
pigs, sheep, and horses share >80% amino acidrssgbemology (Millar, Lu, Pawson et al.,
2004,Morgan and Millar, 2004). Some primates exptase || GnRHR (as well as type | GnRHR),
but in humans functional type Il GhnRHR are not e@sged (Morgan and Millar, 2004,Stewart, Katz,
Millar et al., 2009). The central control of repumtion is therefore mediated by GnRH-I acting via
type | GnRHR, both of which are absolutely esséftiamammalian reproduction (Cattanach, Iddon,
Charlton et al., 1977,Mason, Hayflick, Zoeller bt #986,de Roux, Young, Misrahi et al., 1997).

! The abbreviations used are GnRH (gonadotropirasig hormone, with —I, -1l or —Ill where a speciform
is meant, or without suffix as common usage for AR GnRHR (GnRH receptor), LHRH (luteinizing
hormone-releasing hormone), LH (luteinizing hormje®e&H (follicle-stimulating hormone), GSU
(gonadotropin subunit), PLC (phospholipase C),(iRositol 1,4,5 trisphosphate), DAG (diacylglycBré®KC
(protein kinase C), MAPK (mitogen-activated protkinase), ERK (extracellular signal regulated pirote
kinase, used here to mean ERK1 and/or ERK2 unfessifie suffix is given), ppERK (ERK with dual
phosphorylation in the TEY activation loop), MEK ARK/ERK kinase), JNK (Jun n-terminal kinase), CaM
(calmodulin), Cn (calcineurin), NFAT (nuclear factif activated T-cells), NFAT-RE (NFAT response
element), NFAT-DT (NFAT-driven transcription), ERBF (ERK-driven transcription), GFP (green fluoresce
protein), EFP (emerald green fluorescent prot@AMP (cyclic adenosine monophosphate), CREB (cAMP
response element binding protein), ICER (inducd#®P early repressor), PDBu (phorbol 12, 13-dibatsgj,
EGF (epidermal growth factor).



In gonadotropes, GnRH influences the expressionasfy genes (Yuen et al., 2002; Ruf et al., 2003;
Yuen et al., 2009), although most work in this doEaises on transcription of the gonadotrope
signature genes faGSU, LH3, FSH3 and GnRHR, all of which are increased by GnRH (k&
2015). GnRHR signal primarily viagswhich activates PLC to generatg #hd DAG by cleavage of
phosphatidylinositol (4,5)-bisphosphate (Fig.14 mnobilizes C&' from intracellular stores and this
is followed by C4" influx via L-type voltage-gated Gachannels. Cé then drives the regulated
exocytotic secretion of LH and FSH, an effect ibahodulated by the concomitant activation of PKC
isozymes (Hansen, McArdle and Conn, 1987, Hille, Tse et al., 1994,Stojilkovic, lida, Merelli et
al., 1991,Zhu, Hille and Xu, 2002). Like many otl&#PCRs, GnRHR mediate activation of MAPKs
including ERK. Mechanisms of ERK activation by Gnldiffer between model systems but it is
largely mediated by PKC imT3-1 and I3T2 gonadotrope cell lines (Naor, 2009,Caunt, Finch,
Sedgley et al., 2006). In rat pituitaried,;3-1 and IBT2 cells, GnRH also activates JNK (Naor,
2009,Burger, Haisenleder, Dalkin et al., 2004,Burgisenleder, Aylor et al., 2009) and p38
(Roberson, Zhang, Li et al., 1999,Coss, Hand, Yekino et al., 2007) and inBI 2 cells it has been
shown to activate ERKS5 (Lim, Pnueli, Tan et al.020 PKC and each of these MAPKSs are
implicated in control of gonadotropin signature gexpression as described elsewhere (McArdle and
Roberson 2015; Ciccone and Kaider, 2009; Haisenketdal., 1991). Several €aegulated proteins
are known to mediate transcriptional effects of @nhRhese include calmodulin (CaM), calmodulin-
dependent protein kinases, the calmodulin depemqergphatase calcineurin (Cn) and thé"Ca
dependent transcription factor NFAT (McArdle andoRison 2015).

GnRH: adynamic peptide. GnRH is secreted in pulses that drive pulses oadotropin release and
are essential for normal reproduction (DierschikeatBacharya, Atkinson et al., 1970,Clarke and
Cummins, 1982). Its effects are dependent on gdrgsgiency, as shown in early studies where
constant GnRH suppressed LH and FSH secretion eabeestoration of GnRH pulses restored
gonadotropin secretion (Belchetz, Plant, Nakal.et878). In humans and other primates, GhnRH
pulses have a duration of a few minutes and inteiafa30 min to several hours, with pulse frequency
differing under different physiological conditiorisor example, changes in GnRH pulse frequency
drive changes in reproductive status during devetog, with an increase in pulse frequency driving
the increased gametogenesis and gonadal steradgtion at puberty (Sisk and Foster, 2004).
Similarly, GnRH pulse frequency varies through ienstrual cycle, increasing before ovulation and
contributing to generation of the pre-ovulatory gdatropin surge (Ferris and Shupnik,
2006,Marshall, Dalkin, Haisenleder et al., 1993pr&bver, stimulation paradigm is crucial for
therapeutic intervention because agonist pulsesnzaintain or increase circulating gonadotropin
levels whereas sustained agonist stimulation (aftéal activation) reduces them, causing the
chemical castration that is exploited in treatnr@driireast cancer, prostate cancer and other sex
steroid hormone-dependent conditions (Ferris angh&ik, 2006,Marshall et al., 1993,Bliss, Navratil,
Xie et al., 2010). The key observation here is thakimal GnRH effects on gonadotropin secretion
are seen at sub-maximal GnRH pulse frequency aséligo holds true for effects of GnRH on many
of its gene targets, including the signature g&@RHR, FSH and LH3. Thus physiological and
pharmacological control of the system relies onftioe that gonadotropin synthesis and secretion are
low when GnRH pulse intervals are too low (i.e.dvefpuberty) or too high (treating constant agonist
stimulation as the maximal possible pulse frequgncy

GnRHR: a short tail. It has long been known that sustained agonist expasuses activation
followed by desensitization of GnRH-stimulated gdo@opin secretion, that is not seen with
pulsatile stimulation (Belchetz et al., 1978). GnBatises GnRHR internalization and this could
certainly contribute to desensitization of GnRHvstiated gonadotropin secretion. Sustained
stimulation of GPCRs typically causes rapid homolegreceptor desensitization, where G-protein
receptor kinases phosphorylate Ser and Thr residues often within the receptor's COOH-terminal
tail, facilitating binding of non-visual arrestifarrestins 2 and 3). The arrestins prevent G protei
activation and target desensitized receptors termalization, most often via clathrin-coated visic
(CCVs) (Pierce and Lefkowitz, 2001). Although GnR#ds known to induce GnRHR internalization
via CCVs (Hazum, Cuatrecasas, Marian et al., 1880&s, Stumpf and Conn, 1984), the cloning of
mammalian type | GnRHR revealed most remarkablyitiieas no COOH-terminal tail (Millar et al.,



2004, Tsutsumi, Zhou, Millar et al., 1992,Sealforgigtein and Millar, 1997). Equally remarkable is
the fact that all non-mammalian GnRHR cloned te dhetve such tails, indicating a period of rapid
molecular evolution with the advent of mammals geassociated with the loss of COOH-terminal
tails. Importantly, it is now established that typaammalian GnRHR (where explored) do not
rapidly desensitize or undergo agonist-induced phais/lation or arrestin binding. Moreover,
although they do show agonist-induced internaliwathe process is relatively slow and is arrestin-
independent (Davidson, Wakefield and Millar, 199%d¢h, Caunt, Armstrong et al., 2009,Heding,
Vrecl, Bogerd et al., 1998,Hislop, Madziva, Evertsal., 2000,Hislop, Everest, Flynn et al.,
2001,McArdle, Davidson and Willars, 1999,Vrecl, Amgon, Hanyaloglu et al., 1998,Pawson, Katz,
Sun et al.,, 1998). Conversely, non-mammalian GnRHfgpe 1| mammalian GnRHR (with COOH-
terminal tails) do undergo agonist induced phosghtion, arrestin binding and/or arrestin-dependent
rapid homologous desensitization and are deseeditind internalized more rapidly than type |
mammalian GnRHR. Furthermore, fusing the COOH-teamof various non-mammalian GnRHR to
type | mammalian GNRHR can facilitate rapid dege&aion, arrestin binding and internalization
(Finch, Caunt, Armstrong et al., 2009,Hanyalogltedl, Kroeger et al., 2001,Heding, Vrecl, Bogerd
et al., 1998,Heding, Vrecl, Hanyaloglu et al., 2806lop, Caunt, Sedgley et al., 2005). The fact tha
GnRH responses do show homologous desensitizaemssinitially at odds with the lack of
desensitization of type | mammalian GnRHR, butgality just points to the importance of alternative
mechanisms as discussed in more detail below.

GnRH signaling: a mechanistic modeling approach. Mathematical modeling of the entire GnRH
signaling network would be unrealistic at preseatticularly if one were to attempt to overlay spac
time and noise (i.e. cellular compartmentalizatgystem dynamics and cell-cell variability) ovee th
known system topologies. Instead, several groups tlaveloped mathematical models for modules
or pathways within the network, notably by modeliegeptor trafficking, Ca transients and ERK
activation (Lim et al., 2009,Perrett, Voliotis, Astrong et al., 2014,Stojilkovic, Tabak and Bertram,
2010, Stojilkovic, 2012, Washington, Blum, Reed et2004). We have focused our attention on a
simplified network encompassing the remarkably sgralup of chemicals acting on or within
gonadotrophs that have been shown by knock-dowmagtivating mutation to be essential for
reproduction (namely GnRH, GnRHR, LH, FSH and ERKJl have added €do this list in light of

the wealth of evidence showing its requirementifmmmone secretion (Fig.1A). To explore this
experimentally, we developed live cell imaging reats based on nucleocytoplasmic translocation of
ERK2-GFP, as a readout for activation of the RafyERK cascade, and of NFAT-EFP as a readout
for C&*-dependent activation of the CaM/Cn/NFAT cascaden@rong, Caunt, Fowkes et al.,
2009,Armstrong, Caunt, Fowkes et al., 2010). Aswsh(-ig.1B and C), pulses of GnRH cause
nuclear translocation of both of these reportérs: ERK2-GFP translocation responses are rapid and
transient whereas the NFAT-EFP responses are slowsiset and reversal. To develop mechanistic
understanding we also constructed a deterministithematical model of GnRHR signaling that was
trained on this wet-lab data and mirrors these ER&KP and NFAT-EFP translocation responses
(Tsaneva-Atanasova, Mina, Caunt et al., 2012). Mecently we developed a second model differing
from the earlier version in three important respgaj it is trained on data from signaling of
endogenous GnRHR inBL2 cells (rather than from signaling in Ad GnRHRrsduced Hela cells),
b) it is trained on full concentration-responsevesr(rather than just response dynamics at maximal
GnRH concentrations, and c) it incorporates agendiiced receptor internalization as an upstream
negative feedback mechanism. A key feature ofrttidel is that it includes compartmentalization
(i.e. movement of components to and from the nig}las this is needed for training against wet-lab
data for ERK2-GFP and NFAT-EFP translocation. Taesents a vast oversimplification as other
cellular structures are undoubtedly important faRBI signaling and our current model could be
modified directly to allow computational investigat of such compartments (Kholodenko, Hancock
and Kolch, 2010,Neves, Tsokas, Sarkar et al., 208&s and lyengar, 2009). For example, spatial
information could be included by considerationhs plasma membrane and lipid raft/plasma
membrane microdomains (in addition to the cytosal tne nucleus) explicitly taking into account the
area/volume of compartments, reactions occurririgivithem and associated fluxes to and from
them. Nevertheless, we believe that the currentain@iven in the Supplemental Data) is a useful
tool for exploring GnRH signaling. Figure 2 shovagalfrom simulations using th§dT2 cell trained



model with 5 min square wave pulses of MVGnRH with 60 min period. Consistent with
experimental data, the model predicts that eachHGmiRse will cause a pulse of receptor occupancy,
PLC activation, cytoplasmic Caelevation and ERK activation. These are all rapidnset and

rapidly reversed on pulse termination. Thé'@ad ppERK pulses are predicted to drive nuclear
translocation of NFAT and activation of the ERKeaffor Egrl, both of which are relatively slow in
onset and reversal (Fig.2).

We have used this, and a similar model (Perrett €2014), to explore system sensitivity to didfet
input features, focusing on the ERK pathway withadGnRH dynamics. This revealed, as
expected, that increasing GnRH concentration 1@-dokes not cause a 10-fold increase in responses,
mainly because it does not increase GnRHR occuphddgld. Moreover, increases in outputs
caused by an x-fold increase in GnRH pulse widghiess than the increases caused by an x-fold
increase in pulse frequency. Thus, the system istagrative tracker because it is sensitive te@ul
amplitude, frequency and width (all of which infhee the integral of the input), but there is celtai
not a simple 1:1 relationship between integrat@dtimnd output. Instead, the kinetics of receptor
occupancy and downstream effector activation craaestem that is robust to changes in pulse
width and concentration but sensitive to changgmilse frequency, the input variable known to vary
under different physiological conditionsvivo (Perrett et al., 2014).

We have taken a similar approach to address th&tiqneof why pulsatile inputs are so prevalent in
biological systems. Here, the most obvious ansgvérat it can increase efficiency and this is
illustrated by our NFAT-EFP translocation data. WM@nRH pulses at 30 min intervals there is
insufficient time for responses to return to prieistation values between pulses (Fig.1C, red lswe)
there is a cumulative (saw-tooth) response thatlig close to the response obtained with constant
stimulation (see also Fig.10.6 in (McArdle, 2019)). explore this more thoroughly we developed a
minimal model with a pulsatile stimulus activatiag effector (E1) which, in turn, activates two
downstream effectors (E2 and E3) in parallel. Weletled this with Michaelis-Menten type kinetics
with parameters chosen to elicit rapid activatiod aactivation of E1 and E3 but much slower
activation and inactivation of E2 (see model patansein Supplemental Data). Fig.3A shows
simulations with a fixed pulse width of 4 min aratied pulse period from 4 to 256 min (note that the
top row shows constant stimulation with width aredipd both 4 min). In addition to the time-courses
(top 5 rows) we show integrated outputs as areaniheé curve (AUC) for the three activated
effectors (E1*, E2* and E3*) plotted against pulssjuency (bottom row). As shown there is a near
linear relationship between pulse frequency and AI€ because responses are rapid in onset and
reversal and the same is true for E3* AUC becasis Eapidly activated (by E1*) and inactivated.
However, activation and inactivation of E2* arevabs so signaling continues more beyond the
stimulus pulse, a cumulative response occurs ar@eriod and there is a non-linear relationship
between pulse frequency and E2* AUC. This effechdge obvious with a compensated frequency-
response relationship. In this case any increapealse width is compensated for by a reduction in
pulse frequency so that the input integral (i.e.AUC for the pulsatile stimulus) is identical dt a
pulse frequencies (Fig.3B), in contrast to the nompensated frequency-dependence the input
integral is directly proportional to pulse frequer{Eig.3A). For the compensated inputs, the E1*
AUC and E3* AUC values vary little with pulse frezncy (Fig.3B lower row) because responses are
rapid and the system behaves as a simple integrtatigker, but for the E2* AUC increasing pulse
frequency increases system output in spite ofdbethat the integrated input is identical. From th
lower row of Figure 3B it is evident that the grawli of the E2* plot is >1, providing a clear
demonstration of how efficiency can be increaseddigg a pulsatile input, and that the plots for E2
and E3* differ, demonstrating output specificitythvpulsatile inputs. Thus, if we equate this to a
neuroendocrine system with a finite amount of rElggahormone, system output (E2*) can be
increased by using multiple brief pulses as congptre single long pulse (compare width 2 period
24 with width 32 period 384) and this same charge biases signaling toward E2* (as compared to
E3%).

Avoidance of desensitization is another often-ciesbon for pulsatility in biological systems anel w
have explored this using th§¢ T2 cell-trained model. This incorporates agonistdiced GnRHR



trafficking (internalization from and recycling tihe cell surface with parameters trained on
radioligand binding data) and Figure 4 shows sitiaha with 5 min GnRH pulses at varied period
with all other parameters identical except that @RRnternalization was set at 1x, 8x or 0.001x (as
multiples of the estimate obtained from data arahshin Supplemental data table 1A). With constant
stimulation (Fig.4, left column) and negligible GAR internalization, PLC activity is predicted to
increase rapidly to a sustained level but whenptecenternalization is introduced there is aniahit
spike of PLC activity (within minutes) that redudesa plateau (within hours). Similar effects occur
downstream as all responses become smaller andfertnansient as the internalization rate
increases. GnRHR internalization is also preditbe@duce responses with pulsatile GnRH (Fig.4,
right columns) but the effect is much less pron@ahd hus, for example, introduction of GhRHR
internalization has a pronounced effect on PLGragtand ERK-dependent transcription (compare
grey and blue traces in upper left and lower I&tg) but has negligible effects at 120 min period
(compare grey and blue traces in upper right anedaight plots) because internalization is driven

by receptor occupancy which is clearly lower witligatile stimulation. These simulations were with
10’M GnRH whereas physiologically GnRH pulses aréhilow nM range (McArdle, 2015) so the
data demonstrate that pulsatility mitigates theafof GnRHR internalization and also emphasize the
fact that pronounced agonist-induced down-regutatiocell surface GnRHR is more relevant to
pharmacological stimulation than it is to physiatag,.

Extending the modelling outlined above, we simuatesponses to 78 GnRH as a constant
stimulus or in pulses (5 min period 60 min intejyaktting the internalization and recycling redes
1x (again as multiples of the estimates obtainedhfdata) or varying them by serial halving or
doubling (i.e. from 0.03125x to 32x). Using theeigtated PLC response as a readout we found, as
expected, that with either paradigm increasing#ite of internalization reduced the response
whereas increasing the rate of recycling incre@s#dith constant stimulation the system shows
comparable sensitivity to internalization and réicyggbecause they are equally important
determinants of cell surface receptor number alibgum, and this is evidenced by the near
symmetrical curves for internalization or recycliveysus PLC activity in Supplemental figure 1A.
However, with pulsatile GnRH the relationship betwenternalization rate and PLC activity is right
shifted because agonist-induced internalizatiomi@only during the GnRH pulses so a greater
increase in internalization is needed to achiegivan reduction in output. The system is more
complex for recycling because of opposing tendencexycling can continue beyond the GnRH
pulse and this tends to increase sensitivity tgalegty whereas recycling applies only to the small
proportion of receptors that have internalized #igltends to reduce sensitivity to changes in
recycling rate. For the simulation parameters Umrd the nett effect was that pulsatile stimulation
reduced sensitivity to the recycling rate (compespness of the filled circle plots in Supplemienta
Fig.1A and B). When considering the physiologiaaitext, a particularly interesting feature of these
simulations is that they predict near maximal systeitput with pulsatile stimulation and rates of
internalization and recycling estimated from ddtais contrasts to the markedly submaximal outputs
with constant stimulation (as indicated by the dewsrows in Supplemental data Fig.1) implying
that the system has evolved for efficient recepigmaling with pulsatile stimulation.

Another fundamentally important feature of the Gn&tgthaling system is that responses can be
maximal at sub-maximal pulse frequency (Ferris @hdpnik, 2006,Ciccone and Kaiser,
2009,Bedecarrats and Kaiser, 2003,Dalkin, Haisen)gdrtolano et al., 1989,Shupnik, 1990,Weiss,
Jameson, Burrin et al., 1990,Kaiser, JakubowiakinSerger et al., 1993,Haisenleder, Dalkin,
Ortolano et al., 1991,Kanasaki, Bedecarrats, Kaah.e2005,Ciccone, Xu, Lacza et al., 2010).
Moreover, the frequency eliciting maximal resporisedependent on the output, as seen in work with
luciferase reporters for gonadotrope signature geBedecarrats and Kaiser, 2003), where the
optimal GnRH pulse frequencies for expression op LHSH3, aGSU and GnRHR reporters differ
(maximal responses at pulse intervals of 2 houtFff and FSH, 0.5 hour fornGSU and 1 hour for
GnRHR, in LBT2 cells). The key observation here is that for y/@nRH effects there is a non-
monotonic (bell-shaped) pulse frequency-responsegecilhis could reflect the existence of feedback
or feed-forward loops but the nature of these laspsclear. Rapid homologous receptor
desensitization can be excluded as a potentialtivegaop because type | mammalian GnRHR do



not show this behavior (above). However, GnRH dimgn-regulate cell surface GhnRHR and this
alone could generate bell-shaped GnRH pulse frexyuiesponse relationships as illustrated (for our
LBT2 cell-trained model) in Figure 5. The time-cosréEig.5 top 3 rows) show simulateda
responses with 5 min pulses of 1l GnRH at varied period and at varied GNRHR iraéimation

rates (1x, 8x and 16x, again as multiples of thienage obtained from data). System output was
calculated as the AUC for the €a@oncentration over 16 hr and the condition givimg highest AUC

is plotted in red (for each internalization ra#3.shown, the system output was greatest at 15 min
period with 1x internalization, at 30 min periodhvBx internalization and at 60 min period with 16x
internalization. Simulations with a broader ran§euse frequencies and internalization rates &ig.
lower traces) revealed increasing monotonic frequeasponse curves for GnRH effect on PLC at
all internalization rates (from 0.03125x to 32x}jla most internalization rates for effects o @ait
with GnRHR internalization at 4x, 8x, 16x and 32aximal C&" responses are predicted to occur at
sub-maximal pulse frequency. These simulationstbez show how GnRHR internalization could
generate non-monotonic frequency response reléipnsut only under conditions that are
inconsistent with experimental data, with intermatiion rates, extent of receptor down-regulatioth an
desensitization of Garesponses much greater than seen experimentdtéynAtive mechanisms for
desensitization to GnRH have also been describeédhese include GhnRHR-mediated induction of
RGS (regulator of G-protein signaling)-2 (Karakqulavey, Brighton et al., 2008), induction of
MAPK phosphatases (Lim et al., 2009), down-regatabf IP; receptors (Willars, Royall, Nahorski

et al., 2001,Wojcikiewicz, Xu, Webster et al., 2pG8d ERK-mediated negative feedback (Caunt et
al., 2006,Armstrong, Caunt and McArdle, 2009). Heare such responses have been explored
primarily with constant stimulation paradigms anaymvell have little effect with pulsatile
stimulation. A thorough theoretical examinatiorpoafse frequency decoding mechanisms also
revealed how receptor dimerization can generatenmamotonic frequency-response relationships
(Fletcher, Clement, Vidal et al., 2014) and thisfiparticular interest in light of early studies
suggesting that dimerization of GnRHR could ekognaling (Conn, Huckle, Andrews et al.,
1987,Conn, Rogers, Stewart et al., 1982), as weNak showing that agonists (but not antagonists)
bring GnRHR closer to one-another (Navratil, FaimeBogerd et al., 2006,Cornea, Janovick, Maya-
Nunez et al., 2001) but it is not established tfiaerization of normal GnRHR is a prerequisite for
signaling. The live cell imaging experiments ddsed above also provide some insight here, as the
ERK2-GFP and NFAT-EFP translocation responses etfe reproducible with repeated GnRH
pulses (Fig.1) and the signals passing from theptgsm to the nucleus showed increasing monotonic
frequency-response relationships. In support af tBgri-responsive and NFAT-responsive luciferase
reporters used as transcriptional readouts for BRIKNFAT activation both show maximal
responses at maximal GnRH pulse frequency (Armgtetral., 2009,Armstrong et al., 2010).

Taken together, the work outlined above shows hpstraam negative feedback could theoretically
generate bell-shaped frequency response relatiphblt also suggest that such feedback is
insufficient to shape GnRH signaling with physiatzdly relevant pulsatile stimulation. Where
signaling inputs to the nucleus show increasingatmmc frequency-response relationships, the
obvious possibility is that feedback and/or feedard regulatory loops within the nucleus underlie
the observed bell-shaped frequency-response nestijps for gene expression. This has been
explored most extensively for the FgHromoter, for which a number of incoherent feedvird
loops have been described. These are signalinglemthat fan out from an upstream node and re-
converge at a downstream node and for which thadivergent branches have different overall signs
(i.e. positive and negative effects). Thus, forragke, stimulation of FSpigene expression by GnRH
is, in part, mediated by its ability to phosphotgland activate the transcription factor CREB, but
GnRH can also increase expression of the inducidMP early repressor (ICER), which inhibits the
effect of CREB, providing both positive and negatinputs to the promoter (Ciccone et al.,
2010,Thompson, Ciccone, Xu et al., 2013). As natsalve, pulsatile stimulation provides the
potential for specificity in effector activation éthe inhibitory (ICER-mediated) loop is
preferentially activated at high GnRH pulse frequeso that transcriptional activation is greatést a
sub-maximal pulse frequency. Similarly, it was shdhat expression of Fos and Jun (positive
regulators of FSBlexpression) is increased at lower GnRH pulse #rqgies than needed for
expression of negative regulators (the co-represSKiL, CREM and TGIF1) suggesting regulation



by an alternative incoherent feed-forward loop miall SKIL and/or TGIF1 inhibit activation by AP-
1 factors Fos and Jun (Mistry, Tsutsumi, Fernarded., 2011). In addition to these nuclear
mechanisms, incoherent feed-forward loops have Gescribed in which the inhibitory branch is due
to GnRH-stimulated protein secretion. In the fiitsis mediated by secretion of inhibin-which has
long been known to supress FSH expression, artiegcond it is mediated by inhibition of the
secretion of growth differentiation factor 9, anawine inducer of FSpiexpression in T2 cells
(Choi, Jia, Pfeffer et al., 2012,Choi, Wang, Jialet2014,Pincas, Choi, Wang et al., 2014).

We have also used mathematical modeling to exjplossible frequency decoding involving the
Raf/MEK/ERK and CaM/Cn/NFAT pathways as inputsite transcriptome. We assumed that two
transcription factors (i.e. NFAT and an undefindRKedependent transcription factor) act at separate
sites on a common gene promoter and considereel different logic gates; an “and-gate”, an “or-
gate” or a “co-operative gate”. This model predidbell-shaped frequency-response relationships
when two transcription factors act co-operativ@lye characteristic feature of maximal response at
sub-maximal frequency was never seen with the ate-gr with the or-gate, and this behaviour was
predicted without negative feedback (Tsaneva-Ataveagt al., 2012). More recently, similar
simulations were run using oufTL2 cell-trained determinist model (Supplementale)aagain with

5 min pulses of I0M GnRH at varied period and with varied GnRHR iingdization rates. Figure

6A shows predicted frequency response relationgbipSnRH effects on PLC, nuclear ppERK,
cytoplasmic C& and nuclear NFAT as well as predicted transcrhiioesponses driven by ERK or
NFAT alone (ERK-DT and NFAT-DT) and in each caseimmal system outputs are predicted at
maximal pulse frequency. However, simulations agsgro-operative convergence of the two
transcription factors at a promoter reveals nonotamc frequency—response relationships at all
three internalization rates (i.e. non-monotoniatiehships due to co-operative convergence at the
transcriptome rather than due to negative feedb&mierestingly, when the same parameters were
used to explore GnRH concentration-dependence @aitistant, rather than pulsatile GnRH) the
simulations suggest that GnRHR internalizationuefices the balance of signaling via ERK and
NFAT (i.e. the red and black lines in Fig.6B diffearkedly for ERK-DT but not for NFAT-DT) and
most importantly, that the co-operative convergeatiel predicts non-monotonic concentration
response curves with low GnRHR internalizationsaléhis modeling clearly does not show that the
bell-shaped frequency-response relationships searahscriptional effects of GhnRH are mediated
by convergence of NFAT and ERK-dependent transorigactors because, in reality multiple
pathways converge to mediate GnRH effects on traotsm (Nelson, Eraly and Mellon, 1998).
Moreover, the relative importance and mechanisnistefiration of these inputs is undoubtedly
promoter/enhancer-specific and the mathematicalriggi®n of co-operative convergence is
essentially a coherent feed-forward loop for whbablogical substrates have not been identified.

GnRH signaling: an information theor etic appr oach. Biological experiments are often undertaken
assuming that all cells of a given “type” are idealt but numerous studies have shown that
individual cells in a population differ quite madke. In fact such cell-to-cell variation is ineuita
because the processes underpinning cell behae@tachastic. Most importantly, these differences
can drive the health and function of the cell pagioh because it is individual cells that havednse
their environment and make appropriate decisiamexXpress or suppress given genes, to survive or
die, to proliferate or differentiate etc.) in lighttit. The simulations outlined above effectivetpdel

the behaviour of a typical GhnRH-stimulated cellggresentative of the whole population and ignore
the cell-to-cell variation that has already beeoutieented for GnRH effects on cytoplasmi¢'Ca
concentration, gonadotropin secretion, effectavaton and gene expression (Armstrong et al.,
2009,Armstrong et al., 2010,Armstrong et al., 206%js, Richards and Morris, 1989, Stojilkovic and
Catt, 1995,McArdle, Bunting and Mason, 1992, RufkPBlayot et al., 2006,Ruf, Hayot, Park et al.,
2007,Caunt, Perett, Fowkes et al., 2012,Garnere®ge¥oliotis et al., 2016).

Information theory was developed to analyze el@dtroommunication but is now also being used to
measure how reliably biological signalling systenasisfer environmental information (Cheong,
Rhee, Wang et al., 2011,Brennan, Cheong and Lekoh@012,Voliotis, Perrett, McWilliams et al.,
2014,Bowsher, Voliotis and Swain, 2013,Bowsher &nain, 2014,Uda, Saito, Kudo et al.,



2013,Selimkhanov, Taylor, Yao et al., 2014). H&ndormation’ is taken to mean the uncertainty
about the environment that is reduced by signallimgl can be quantified using Mutual information
(MI), a statistical measure of the quality of irdiace of the signal from the cellular response
(Bowsher and Swain, 2014). Ml is measured in Bithan Ml of 1 Bit meaning that the system can
unambiguously distinguish between two equally pbddatates of the environment. For cell signaling
studies, the signal could be the concentratiotiwmiudus and the response could be the amount of
activated effector in individual cell. Where infaation theoretic approaches are used to analyse cell
signaling, the signaling pathways are effectivedated as noisy communication channels and Ml is
used as measure of the amount of information tiegt tarry. Key points here are that instead of
ignoring cell-to-cell variation this approach catesis how it influences information transfer, anakth
instead of focussing on identification of signalingermediates in a pathway, this approach seeks to
guantify the amount of information that the pathw@nsfers or could transfer.

The value of this approach can be illustrated bsiering a simple signaling network that bifureate
and adapts over time as shown in figure 7. Forcadfe A and B the population averaged input-output
relationships are identical (panels A and B) batéhs higher cell-to-cell variability for A thanrfB

as illustrated by the broader spread of red defsrésenting individual cells) and the frequency-
distribution plots (black lines on y-axis). For tiweo stimulus concentrations shown by the dotted
lines and arrows, it is evident that the frequedisyribution plots overlap for A but not for B.
Accordingly, there is a region of uncertainty witldividual cells in A being unable to unambiguously
distinguish these two states of the environmentredmeall individual cell in B can do so. Thus, the
guality of the inference of the signal from thep@sse is lower for A than for B (i.e. the MI betwee

B and the signal is greater than the MI betweemdthe signal). We now assume that the system
incorporates negative feedback loops and adaptgiowe so that the population averaged outputs are
reduced and again, the population averaged respansédentical for the adapted (desensitized)
system (compare black lines in A’ and B’). Howevezgative feedback has the potential not only to
reduce the population averaged response but alealtime cell-cell variability. For the AA’

adaption we assume that cell-to-cell variabilitg opulation averaged response reduce in parallel s
that the overlap between the frequency distribupimts remains (albeit scaled) so that the quality
sensing is not actually reduced. In contrast, veeime that for the B B’ transition the population
averaged response reduces without a reductionlitoeeell variability so the frequency-distributio
plots overlap for the adapted system and the gquaflisensing is reduced. Here, it is evident that
consideration of the population averaged respolose &an deliver the wrong conclusion because the
population averaged data show that the systemlbadycdesensitized from A to A’ yet the reliabyjlit
with which cells sense the stimulus has not. Moeeosonsideration of population-averaged data
alone suggests that balance of signaling to A argluBaltered by adaptation yet this scenario shows
that information transfer to A is less than is taaBd that this imbalance is lost after adaptafidore
generally, we have used a stochastic model to exjpddormation transfer through a kinase cascade
and showed how negative feedback can reduce sefisimgducing the response dynamic range) or
improve sensing (by reducing cell-cell variabilign)d that the independent regulation of these tsffec
means that population averaged responses do nateneliable measures of information transfer
(Garner et al., 2016).

We recently used this approach to explore inforomatiansfer in HeLa cells that were transduced
with recombinant adenovirus for GnRHR expressidioteestimulation for varied times and with
different concentrations of GhnRH. ppERK and nucteamslocation of NFAT-EFP were used as
activation readouts, and Egrl- or NFAT responsmetg-driven fluorophore expression were used as
readouts for transcription activation by ERK andANEF-Responses were measured in large numbers
of individual GnRH-stimulated cells (Garner et @016) and used to calculate Ml between GnRH
concentration and ppERK (I(ppERK;GnRH)). This rdedanformation transfer between GnRHR
and ERK to be <1 Bit (Fig.8). This is comparable&tues obtained for cytokine and growth factor
signaling in other systems but is still surprisintglw for two reasons. First, the cells were typica
stimulated with eight concentrations of GnRH sa¢heas a 3 Bit input (Iag), of which <1 Bit of
information was transferred. Second, populatiorrayed measures consistently show responses to
GnRH being graded over a wide range of GnRH conatons, yet an Ml of <1 implies that single



cells cannot unambiguously distinguish betweentjustinputs (i.e. with and without GnRH). This
was not due to use of a heterologous expressidgersysecause information transfer values were
similar in HeLa cells (with exogenous GnRHR) arfiT 2 gonadotropes (with endogenous GnRHR).
It was also not restricted to the ERK pathway beeanformation transfer from GnRHR to NFAT
was <0.5 Bits in both cell models (Garner et &1&). Another possible explanation for low
information transfer is that single time-point me@s underestimate information transfer. This would
be expected where cells infer inputs (i.e. GhRHceotrations) from trajectories of outputs (i.e.
PPERK levels) over time (Selimkhanov et al., 20E9r example, time-course experiments revealed
that I[(ppERK;GnRH) is higher at 5 than at 360 n#tig(8) but this clearly does not mean that a cell
obtains less information over 360 min than it doesr 5 min. Instead, it shows that the 360 min
shapshot underestimates information transferredtbee360 min stimulation. Measuring Ml for
ERK-driven transcription is an alternative appro#et could be sensitive to ppERK trajectory and,
consistent with this, work with imaging readouts E&RK-driven transcription revealed more reliable
sensing of PDBu than of GnRH in HelLa cells (Fig@gsumably because PDBuU has a more
sustained effect than GnRH on ppERK and causesa marked increase in Egrl-driven zsGREEN
expression (Garner et al., 2016). Thus the sys&rses sustained stimulation more reliably and must
therefore be sensitive to the dynamics of ERK atim. This information theoretic approach was
also applied to consider possible effects of nggdtedback, focussing on ERK-dependent feedback
(i.e. rapid transcription-independent and slowsgcaiption-dependent feedback) and on receptor
desensitization (i.e. by comparison of type | mamemaGnRHR that do not rapidly desensitize and
XGnRHR that do). The overriding observation froradé first statistical measures of information
transfer via GnRHR is that it is not measurabljui@hced by the occurrence or absence of rapid
receptor desensitization, but is influenced by dstiveam adaptive processes (i.e. ERK mediated
feedback) with optimal GnRH sensing at intermediagsiback intensities.

Summary. Since GnRH was isolated and sequenced in the 1B&0s have been immense advances
in our understanding of GnRH signaling and our enereasingly complex GnRHR signaling
networks highlight the necessity for mathematical statistical analyses. The occurrence of maximal
GnRH effects at sub-maximal GnRH pulse frequengyfisndamental and physiologically important
feature of GnRH signaling that has still not bedacuately explained. The literature contains
evidence that this is due to a) upstream negagedldack b) co-operative convergence of distinct
pathways and c) the existence of incoherent feadiia loops. Our mathematical modeling argues
against (a) as it requires strong negative feedbadkassociated pronounced desensitization that is
not evident with our pulsatile stimulation paradiy(fig.5). Indeed, it seems likely that pulsatile
GnRH secretion and the resistance of type | manam&inRHR to desensitization both serve to
minimize negative feedback and thereby place irsingareliance on alternative mechanisms. The
second stems primarily from our mechanistic modglits main limitations are that the mathematical
description of convergence used is one for whictholgical substrates have not been identified, and
that simulations often reveal bell-shaped concéntraesponse curves whereas most wet-lab data for
constant stimulation does not (Fig.6). The thinebies incoherent feed-forward loops for which
biological substrates are known but, to our knogtedave not been mathematically modelled. A
key question here is whether or not incoherent-feedard loops that certainly can generate non-
monotonic dose-response relationships (Alon, 20@Agan and Alon, 2003) also generate bell-
shaped frequency-response relationships and inddedher there is a biologically meaningful
parameter space in which GnRH pulses would driYlesbaped frequency-response relationships and
increasing monotonic dose-responses. This is anthat we are actively explorimg silico and
experimentally.

Figurelegends

Figure 1. A simplified GnRHR signaling network. Panel A: GhRH activates GnRHR causing a
Gag/11-mediated activation of phospholipase C (PO®)s generates tRvhich drives IR receptor
(IP;R)-mediated mobilization of Gafrom intracellular stores, and diacylglycerol (DA®hich (with
Cd™) activates conventional PKC isozymes. GnRH in@sagtoplasmic Caand this drives the
regulated exocytotic secretion of LH and FSH froithim secretory vesicles. €aalso activates



calmodulin (CaM), which activates CaM-dependentgirokinases (CaMK) and the phosphatase
calcineurin (Cn), which activates the’Gdependent transcription factor NFAT (nuclear factb
activated T-cells). GnRH also activates MAPK cassadhcluding the (largely PKC-mediated)
activation of the RaffMEK/ERK cascade shown. NFA &RK-activated transcription factors
(amongst others) then act in combination to corgenie expression. GnRH target genes include the
gonadotropin subunits; GNnRH acutely regulates dles of vesicle fusion with the plasma membrane,
and chronically regulates the gonadotropin corméthese vesicles. Panels B and C: data from HelLa
cells transduced to express GnRHR and also ERK2{8}FBr NFAT-EFP (C) that translocate from
the cytoplasm to the nucleus on activation, praxgdive cell readouts for the Raf/MEK/ERK and
CaM/Cn/NFAT activation, respectively. The data shawe the nuclear:cytoplasmic ratios (N:C) and
are from an experiment in which cells received B milses of 1M GnRH at 30, 60 or 120 min
intervals. Note that each GnRH pulse causes nuthaaslocation of each reporter and the ERK2-
GFP translocation responses have more rapid cansedff-set than the NFAT-EFP responses. Note
also that with the highest pulse frequency thenegsfficient time for the NFAT-EFP to return tceth
pre-stimulation value. Similar experiments (andezipental details) are published elsewhere
(Armstrong et al., 2009,Armstrong et al., 2010).

Figure 2. Simulating GnRH signaling. The GnRH signaling network has been simulated with
series of thirty-four ordinary differential equat®and parameters trained on ERK2-GFP and NFAT-
EFP translocation data from HelLa cells transducéld @hRHR (Tsaneva-Atanasova et al., 2012).
This model was modified to add agonist-induced GRRikternalization (and recycling), trained
against data from GnRH time-course and concentratipendence experiments ifiTl2 cells (see
Supplemental Data) and then used to simulate resgdo GnRH pulses. The figure shows system
input (square wave pulses of M GnRH with 5 min width and 60 min period) as wasl model-
predicted concentrations of hormone-occupied GnRHIR), active PLC, cytoplasmic €anuclear
pPPERK, nuclear Egrl (all pM) and the nuclear fraictof NFAT (NFAT-NF). Note that the simulated
upstream signals are rapid in onset and offsete@sethe downstream responses (NFAT translocation
and Egrl levels) are much slower.

Figure 3. Increasing efficiency and specificity of signaling with pulses: simulationswith a

minimal model. We modelled activation of an effector E1, thatuim activates two downstream
effectors, E2 and E3. The traces show active effdEil*, E2* and E3* in arbitrary units) from
simulations with square wave input pulse. Activatiollows Michaelis-Menten type kinetics and
parameters are set for rapid activation and inatitm of E1 and E3 and for slower activation and
inactivation of E2 (see parameters in Supplemddaitd). Fig.3A shows simulations with a fixed
pulse width of 4 min and varied pulse period (idohg constant stimulation with width and period
both 4 min in the top row). In addition to the thoeurses (top 5 rows) we show integrated outputs as
area under the curve (AUC) for the activated effecplotted against pulse frequency (bottom row).
These are non-compensated frequency-respons@nslaips where the input integral increases in
direct proportion to the frequency. For comparideig,3B shows compensated pulsatile-stimulation
where any increase in frequency is offset by actolu in pulse width so that the input integral is
identical for all frequencies. Note that for thenrammpensated scenario, E1* and E3* AUCs are
almost directly proportional to pulse frequencydese responses are rapid in onset and reversal, but
slower activation and inactivation causes a noadirrelationship between pulse frequency and E2*
AUC. This effect is more obvious for the compendateenario (Fig.3B) where the rapid E1* and
E3* responses again mirror the input integral anedtlaerefore similar at all pulse frequencies,
whereas for the slower E2* responses AUC increasibspulse frequency in spite of the fact that the
integrated input is identical at all frequencies.(the E1* and E3* plots are effectively flat kne
whereas there is an increasing monotonic relatiprfeh E2*). Figure 3B therefore provides a simple
illustration of an integrative tracking system wittpid outputs closely mirroring the integratedunp
and slower responses leading to a non-linear inptgut relationship. This increases efficiency
(multiple brief pulses cause greater output thaglsilong pulses) and specificity (because the same
change biases signaling toward E2* as compare@th E



Figure 4. Avoiding desensitization with pulses: simulationswith an L T2 cell-trained model.

The data shown are concentrations of active PLER#pand Egrl from simulations of responses to
10’M GnRH as a constant stimulus or as 5 min puls&9 ar 120 min intervals as indicated. The
model incorporates agonist-induced receptor intexatzon at a rate derived from fitting wet-lab dat
(1x) as well as at an extremely low rate (0.001g with an 8-fold increased rate (8x), as indicated
The data predict receptor internalization to hapeceounced effect with constant stimulation
(compare grey and blue traces in column 1) butitha&tffect becomes increasingly negligible with
pulsatile stimulation as period increases (compeeg and blue traces in columns 2 and 3).

Figure 5. Maximal output with sub-maximal inputs: simulationswith varied feedback strength.
The upper three rows show simulated'@asponses (UM cytoplasmic Taoncentration) for the
LBT2 cell-trained model using 5 min pulses of DGNRH at 60, 30 or 15 min and incorporating
upstream negative feedback as agonist-inducedt@aefernalization at a rate derived from fitting
wet-lab data (1x) as well as at two increased r@esnd 16x), as indicated. The AUC of thé'Ca
transients is calculated (for 960 min simulaticas)l for each GnRHR internalization rate the
condition giving the highest €aAUC is shown in red. Note that as internalizatiate is increased,
pulse-frequency-dependent desensitization becormes evident and, as a consequence of this the
greatest output is achieved with sub-maximal GnRISefrequency when GnRHR internalization is
set at 8x or 16x. The bottom row shows GnRH pulsguency-response relationships from a more
extensive series of simulations with GnRHR intdeadion varied from 0.03125x to 32x and output
AUCs shown for both active PLC and*CaNote that maximal Garesponses only occur at sub-
maximal pulse frequency when GnRHR internalizatite is 4x or greater (i.e. where pronounced
desensitization of Garesponses occurs) and that the PLC responsesaaimah with constant
stimulation (i.e. 12 pulses of 5 min width per Rdiar all GnRHR internalization rates.

Figure 6. Maximal output with sub-maximal input: simulationswith co-oper ative conver gent
regulation of gene expression. The LBT2 cell-trained model was used to simulate GnRialigg at
various levels in the GnRHR network (PLC activityclear ppERK, cytoplasmic €anuclear
NFAT) and also for ERK-driven transcription (ERK-RDTNFAT-driven transcription (NFAT-DT)
and the situation where ERK and NFAT converge a@a-operatively to drive transcription (ERK-
& NFAT-DT) as described 2012 (Tsaneva-Atanasowa.e2012). Panel A shows output AUCs for
960 min simulations with 5 min pulses of M GnRH at varied frequency (including constant
stimulation with 12 pulses/hr) and with GnRHR imi@ization at a rate derived from fitting wet-lab
data (1x) as well as at negligible or low rate®@Q@x and 0.5x). Note that for all conditions in@ieg
monotonic frequency-response curves are obtainegpefor the ERK- & NFAT-DT, for which bell-
shaped frequency-response relationships are semmwath negligible negative feedback (Fig.6A,
lower right). Panel B shows data from simulationthwonstant stimulation at varied GhRH
concentration. As shown, increasing monotonic cotraion-response curves are obtained for all
outputs except for ERK- & NFAT-DT where maximalpesses are predicted for sub-maximal
GnRH concentration when GnRHR internalization 6.8« or 0.001x.

Figure 7. Cell-cdl variability and information transfer. The solid sigmoid curves in the upper
cartoons illustrate population averaged respongés individual dots representing single cell
responses from which the population averages areede For panels A and B the population
averaged data are identical but there is highé&icedllvariability in A. Consequently, frequency
distribution plots shown on the left (for the stiomiconcentrations indicated by the dotted lines)
overlap for panel A. This creates a region of utaiety, in that any individual cell in the area of
overlap cannot “know” which stimulus concentratibhas been exposed to. For panel B, cell-cell
variability is much lower so the frequency-disttilbns do not overlap and there is no area of
uncertainty. Mutual information is a statisticalasare of inference quality (how reliably the system
input can be inferred from the output). It is meaasdlin Bits (with an Ml of 1 indicating a systenath
can unambiguously distinguish two equally probatétes of the environment) and would be higher
in B than in A. We also illustrate the situationesh the cells adapt to their environment suchttiet
population averaged response is reduced eitherangtioportional reduction in cell-cell variability

(A - A’) or with no change in cell-cell variability (B B’). Note that the frequency-distributions



overlap in A’ just as they do in A, and in B’ whasethey don’t in B. Accordingly, the BB’
adaptive response reduces information transfereasethe A, A’ adaptation does not. In this
scenario, consideration of population averagedoresgs alone can clearly deliver the wrong
conclusion; if this were a hormone pre-treatmentqmol one would conclude that the system has
desensitized from A to A’ in spite of the fact tlla¢ quality of hormone sensing has not altered.

Figure 8. M1 as an information theor etic measure of GnRH sensing. Panels A and B show
concentration and time-dependent effects of GnRHRIDBuU on ERK activity in BT2 cells, with
nuclear ppERK values measured by automated fluenescmicroscopy and reported in arbitrary
fluorescence units (AFU, mean £SEM, n=3-4). Thglsircell measures underlying these plots were
also used to calculate MI between ppERK and eatheske stimuli and these values are plotted
(I(ppERK;stimulus) in Bits) against time in panel These cells were also transduced with
recombinant adenovirus for expression of an ERKaetiritranscription reporter (Egrl-zsGREEN).
Panel D shows the concentration-dependence of GiiRHPDBu on zsGREEN expression (in AFU,
mean +SEM, n=3) after 360 min stimulation and thebktween zsGREEN and each of these stimuli
is also shown for this time. Adapted from GarneaileR015 (Garner et al., 2016).
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Supplementary Table 1. Kinetic Parameters for the LBT2 model. A set of deterministic ODEs was
used to model GnRH effects on NFAT and ERK as well as effects of NFAT and ERK on transcription.
The table shows model parameters obtained by training against wet-lab. data for GnRH effects in
LBT2 cells. Table 1A shows parameters pertinent to upstream signaling (sections 1, 1.1. and 1.2
above) and Table 2A shows parameters for ERK and NFAT-regulated transcription (section 1.3
above).

Supplementary Table 2. Kinetic parameters for a minimal model of parallel signaling. We modelled
a simple system in which two parallel and independent pathways are activated by a common
signaling molecule (i.e. the effector E1 is activated by the signal S and then activates effectors E2 and
E3 in parallel). The table shows model parameters. These were chosen to elicit rapid activation and
inactivation of E1 and E3 and much slower activation and inactivation of E2.
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HIGHLIGHTS

Amitesh Pratap, Kathryn L Garner, Margaritis Voliotis, Krasimira Tsaneva-Atanasova and
Craig A McArdle

Mathematical Modeling of Gonadotropin-Releasing Hormone Signaling
MCE-D-16-00394

We describe a mechanistic model for GnRH action via its Gg/11-coupled receptors.
GnRH is secreted is pulses which can increase signaling efficiency and robustness.
Maximal responses occur at sub-maximal GnRH pulse frequency.

This may reflect incoherent feedforward loops but not upstream negative feedback.

Single cell measures reveal noisy signaling systems with marked information loss.



