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Abstract.  
Gonadotropin-releasing hormone (GnRH) is a peptide hormone that mediates central control of 
reproduction, acting via G-protein coupled receptors that are primarily Gq coupled and mediate GnRH 
effects on the synthesis and secretion of luteinizing hormone and follicle-stimulating hormone. A 
great deal is known about the GnRH receptor signaling network but GnRH is secreted in short pulses 
and much less is known about how gonadotropes decode this pulsatile signal. Similarly, single cell 
measures reveal considerable cell-cell heterogeneity in responses to GnRH but the impact of this 
variability on signaling is largely unknown. Ordinary differential equation-based mathematical 
models have been used to explore the decoding of pulse dynamics and information theory-derived 
statistical measures are increasingly used to address the influence of cell-cell variability on the 
amount of information transferred by signaling pathways. Here, we describe both approaches for 
GnRH signaling, with emphasis on novel insights gained from the information theoretic approach and 
on the fundamental question of why GnRH is secreted in pulses.   
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The Gonadotropin-releasing hormone (GnRH) signaling network 
GnRH mediates control of the reproductive system by the CNS. It is a decapeptide hormone that is 
secreted by hypothalamic neurones into the hypothalamo-hypophyseal portal system and then binds 
GnRH receptors (GnRHR) on pituitary gonadotropes. It stimulates these cells to synthesise and 
secrete the gonadotropin hormones, luteinising hormone (LH) and follicle-stimulating hormone 
(FSH). These pituitary hormones are exocytotically secreted and control gonadal production of 
gametes and sex steroids. Within seconds of stimulation, GnRH causes fusion of secretory vesicles 
(containing LH and/or FSH) with the plasma membrane but in the long-term it also increases 
gonadotropin synthesis, thereby controlling vesicle LH and FSH content. GnRHR are G-protein 
coupled receptors (GPCRs) that signal primarily via heterotrimeric G-proteins of the Gq, family. Their 
activation by GnRH drives generation of the second messengers IP3 (inositol 1,4,5 trisphosphate) and 
diacylglycerol. IP3 acts via IP3 receptors (that are ligand gated Ca2+ channels) located on intracellular 
stores (primarily the endoplasmic reticulum) to mobilize Ca2+. This is followed by Ca2+ influx, largely 
via L-type voltage-gated Ca2+ channels, and it is the consequent increase in cytoplasmic Ca2+ 
concentration that is the main drive for the regulated exocytotic LH and FSH secretion (1-3). GnRHR 
also mediate activation of MAPK (mitogen-activated protein kinase) cascades, causing a largely 
protein kinase C (PKC)-mediated activation of the MAPK ERK (extracellular signal-regulated kinase) 
(4-6). GnRH influences expression of many genes in gonadotropes and gonadotrope-derived cell lines 
(7,8). Notably, it drives transcription of the gonadotrope signature genes (encoding αGSU, LHβ, 
FSHβ and GnRHR) (3,9,10) all of which can be influenced by activation of PKC and/or ERK (3,10-
12). Several Ca2+-regulated proteins are activated by GnRH and can also mediate transcriptional 
effects of GnRH. These include not only the conventional isoforms of PKC, but also the ubiquitous 
Ca2+ sensor calmodulin (CaM), as well as calmodulin-dependent protein kinases (CaMK), the 
calmodulin dependent phosphatase calcineurin, and one of its major effectors, the Ca2+ dependent 
transcription factor NFAT (nuclear factor of activated T-cells) (3,13,14). This brief overview omits 
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many known components of the GnRH signaling network, which are reviewed in more detail 
elsewhere (1-4,9,10,15-24). 
 
The dynamics of GnRH signaling 
Cellular responses to constant stimulation very often desensitize over time as regulatory interactions 
shape system outputs, and the importance of this is that the dynamics of signaling responses often 
dictate their effect on downstream responses. This is illustrated by the ERK signaling pathway where 
multiple negative feedback loops influence ERK response dynamics in different time-frames, and 
ERK response dynamics have a major influence on cell fate decisions (25-27). For GPCR signaling 
the best characterised adaptive mechanism is rapid homologous receptor desensitization, a process in 
which activated GPCRs are phosphorylated by G-protein receptor kinases on Ser and Thr residues 
that are most often within the receptor’s COOH-terminal tail (28,29). This facilitates binding of non-
visual arrestins (arrestins 2 and 3) that prevent G protein activation (causing receptor desensitization) 
and also target the desensitized receptors for internalization, most often via clathrin-coated vesicles 
(CCVs) (28,29). However, this paradigm cannot be generally applied to GnRHR because type I 
mammalian GnRHR do not have COOH-terminal tails (16,17,30) and are therefore thought not to 
undergo agonist-induced phosphorylation or rapid homologous receptor desensitization (31-39). 
Nevertheless, there are multiple downstream negative feedback mechanisms shaping cellular 
responses to GnRH, and effects of GnRH on ERK, Ca2+ and gonadotropin secretion do 
characteristically desensitize on constant stimulation (3,5,22,40-43). The situation with GnRH is more 
complicated however, because physiologically GnRH secretion is pulsatile and this pulsatility is 
essential for reproduction. GnRH pulses have durations of a few minutes and intervals of ~30 min to 
several hours in humans, and GnRH effects on its target cells are dependent on pulse frequency 
(44,45). Moreover, pulse frequency differs under different physiological conditions with changes in 
frequency driving changes in reproductive status during development and with aging (46-48). In 
addition to such changes in pulse frequency, the width and shape of GnRH pulses may vary under 
different physiological conditions. Indeed, recent work suggests that a change from pulsatile to tonic 
secretion drives the pre-ovulatory gonadotropin surge that is crucial for ovulation and menstrual 
cyclicity (49), implying that any increase in desensitization to GnRH during the surge is not sufficient 
to prevent the increased stimulation of gonadotropin secretion in this time-frame. Stimulus dynamics 
are also crucial for therapeutic targeting of the system as pulses of agonists can increase or maintain 
circulating gonadotropin levels whereas sustained agonist treatment initially increases, and then 
reduces, them. This ultimately causes chemical castration and this effect is exploited to treat breast 
cancer, prostate cancer and other hormone-dependent conditions (9,47,48). The crucial point here is 
that for many GnRH effects there is a non-monotonic (bell-shaped) frequency-response relationship 
with maximal GnRH effects on hormone secretion and gene expression being maximal at sub-
maximal pulse frequency. In order to explore the interplay between GnRHR stimulus and response 
dynamics we have combined live-cell imaging (i.e. the nuclear translocation of ERK2-GFP as a 
readout for ERK activation and the nuclear translocation of NFAT-EFP as a readout for 
Ca2+/calmodulin/calcineurin activation) with mechanistic mathematical modeling (i.e. ordinary 
differential equation (ODE)-based modeling of a simplified GnRHR signaling network). These 
studies are described in detail elsewhere (20,50-52) but the key findings are a) that pulsatile 
stimulation can increase efficiency and confer specificity on GnRH signaling, and b) that the 
characteristic bell-shaped frequency-response relationships for GnRH effects on gene expression are 
unlikely to reflect upstream negative feedback, but could instead be attributable to co-operative 
convergence of distinct pathways at the transcriptome or to incoherent feed-forward regulatory loops. 
 
Heterogeneity in GnRH signaling 
In the mechanistic modeling approach outlined above we seek essentially to model the behavior of an 
average GnRH responsive cell using a set of ODEs trained on population-averaged wet-lab data. 
However, this ignores the cell-to-cell response variability (heterogeneity) that is a characteristic 
feature of biological systems and has been described for effects of GnRH on gonadotropin secretion, 
cytoplasmic Ca2+ concentration, ERK activation and gene expression (8,22,43,50,51,53-57). Such 
variability is in fact inevitable (even in genetically-identical cloned cell populations) and it is often 
divided into two parts: intrinsic noise (involving fluctuations due to the discrete and stochastic nature 



of the biochemical system at hand) and extrinsic noise (due to interactions of the system with other 
stochastic systems within and outside the cell, which for example, give rise to differences in amounts 
of proteins in individual cells or to differences in external environments between individual cells) 
(58). The key point here is that it is individual cells that have to sense their environment and make 
appropriate decisions (to express or to suppress specific genes, to die or to survive, to differentiate or 
to proliferate etc.) in light of it, so this heterogeneity ultimately underpins the health and activity of 
cell populations.  
 
An information theoretic approach to cell signaling 
Understanding of cell-cell variation and its influence on cell fate is relatively poorly developed but 
one particularly interesting approach has been the application of information theory to quantify 
information transfer by signaling pathways (59-65). In this context, ‘information’ is quantified by 
employing the concept of mutual information (MI) between the signal and the cellular response, 
I(response; signal), which measures the reduction in the uncertainty about the signal from observing 
the response. Therefore, estimation of MI can be achieved by exposing cells to a distribution of 
signals (i.e. hormone concentrations) and measuring responses in individual cells over this 
distribution (63). Essentially, one treats a signaling pathway as a noisy communication channel and 
calculates the quality of inference of the signal from the response. MI therefore provides a measure of 
information transfer that takes cell-cell variation into consideration instead of just averaging it. It is 
measured in Bits with a system that can unambiguously distinguish between two equally probable 
states of the environment yielding an MI of 1 Bit. 
 
An important feature here is that MI values are not sensitive to non-linear transformation of the signal 
or the response, and are therefore uninfluenced by the non-linear and/or undefined input-output 
relationships often seen in cell signaling pathways. MI values, however, depend on the range and 
distribution of environmental states considered and, for cell signaling studies, signal probability 
distributions may be chosen to encompass a full dynamic range (i.e. a full concentration-response 
curve) or a physiologically-meaningful range. Conversely, MI values can be calculated for different 
signal probabilities to determine environmental states to which cells are most sensitive (66). A more 
general feature of this information theoretic approach to cell signaling is that focus is shifted from 
identification of signaling intermediates to measurement of information transfer, and this shift 
provides novel perspectives. For example, it is well established that signal amplification occurs 
through cell signaling cascades with the number of molecules activated increasing from one tier to the 
next but, information cannot increase through such a cascade because it transfers information about 
the input but clearly cannot generate it. Accordingly, any increase in signal amplitude any increase in 
signal amplitude from one tier to the next in the cascade must be coupled to an increase in cell-cell 
variation. Similar uncoupling between response amplitude and information transfer can occur as cells 
adapt to stimulation, and we illustrate this schematically in Figure 1 for a simple network where a 
stimulus (horizontal axis) acts via a single common effector (i.e. a receptor) to activate a network with 
a bifurcating (inverted Y-shaped) architecture leading to activation of two responses A and B: for 
example, GnRHR leading to activation of PKC and CaMK. In this scenario the initial population 
averaged input-output relationships are identical (black lines in A and B) but cell-cell variability is 
higher for A than for B, as shown by the greater spread of the red dots and the corresponding red 
frequency-distribution plots. Note that the frequency distribution plots overlap for A so there is a 
region of uncertainty with individual cells in A being unable to unambiguously distinguish between 
these two states of the environment. In contrast, the frequency distribution plots for B do not overlap 
so that the individual cells in B can unambiguously distinguish between these two states or more 
simply, the MI between response B and the input is greater than that between response A and the 
input. If the responses measured were activation of downstream effectors A and B, we would 
conclude that more information (about the concentration of stimulus in the environment) is carried via 
the receptor to B than via the receptor to A, in spite of the fact that the population-averaged responses 
are identical.  
 
The influence of negative feedback on information transfer in cell signaling 



If we now assume that the system outlined above contains negative feedback loops causing it to 
desensitize over time (from the initial relationships in Fig1 A and B to the adapted relationships in A’ 
and B’), this adaptation could reduce response amplitude or cell–cell variability (or both). Here we 
assume that population-averaged response amplitudes are reduced identically for both (i.e. the black 
line values in A and B are transformed to 20% in A’ and B’). However, for the A→A’ adaption we 
assume that cell-to-cell variability and population-averaged responses reduce in parallel. 
Consequently, the overlap between the frequency distribution plots remains (albeit scaled) so that the 
quality of sensing is not actually reduced (i.e. in this scenario sensing was equally unreliable before 
and after adaptation). In contrast, we assume that for the B→B’ transition, the population-averaged 
response reduces without a reduction in cell-to-cell variability so the frequency-distribution plots 
overlap for the adapted system and the quality of sensing is reduced. Thus, the A→A’ adaption 
illustrates the situation where consideration of population-averaged data shows desensitization, yet the 
reliability with which the cells sense the concentration of stimulus in the environment has not actually 
changed. Similarly, consideration of population-averaged data alone suggests that balance of 
signaling to A and B is unaltered by adaptation yet in terms of information transfer it clearly has, 
because information transfer via the receptor to A is less than is to B, whereas information transfer to 
A’ and B’ is identical. More generally, each of these scenarios illustrates the point that inference 
quality is dependent on both response magnitude and noise so it is inappropriate to use the size of the 
system output alone as a measure of information transfer. 
 
We have explored the impact of various sources of noise and the relevance of negative feedback by 
introducing cell-cell variability in the concentration of protein kinase and also incorporating basal 
(leaky) activity without stimulus (61). A key finding was that in such a system, negative feedback 
could increase information transfer by reducing basal activity, and this was confirmed experimentally 
for the ERK cascade by knock-down of endogenous ERKs and add-back of either wild-type or 
catalytically-inactive ERK2 (as a GFP fusion for live cell imaging). With either PKC-mediated or 
EGF receptor-mediated ERK activation, prevention of ERK-mediated negative feedback reduced 
information transfer because it increased basal activity (61). In a related study we developed a 
stochastic model for ERK activation and considered two distinct forms of ERK-mediated feedback: 
rapid negative feedback due to inhibitory phosphorylation of upstream mediators by ERK, and slow 
negative feedback due to ERK-driven expression of a MAPK phosphatase (57). As expected, 
simulations revealed that increasing intensity of either feedback loop reduced population averaged 
ppERK responses (here, the dual phosphorylation of ERK equates to ERK activity). However, this 
was in stark contrast to information transfer (MI between stimulus and ppERK levels) that was 
maximal at intermediate feedback levels (Fig.2). Thus, for both loops, high levels of feedback 
impaired information transfer by reducing the dynamic range of the responses, whereas very low 
feedback levels also impaired it by permitting noise due to basal (leaky) activity. These findings are 
summarised in Fig.2, where the difference between the heat maps in Panels A and B is a stark 
illustration of the fact that population-averaged response amplitude cannot safely be used as a 
measure of information transfer.  In these simulations we also considered the relevance of response 
trajectory for information transfer as illustrated by panels B and C, and discussed below. 
 
An information theoretic approach to GnRHR signaling 
We have used this information theoretic approach to explore information transfer via GnRHR (57). 
To do so HeLa cells were transduced with recombinant adenovirus (Ad) for GnRHR expression 
before stimulation. Dual-phosphorylated ERK was measured by fluorescence immunocytochemistry 
as a readout for ERK activation, and a high content imaging platform was used to obtain single cell 
measures from large numbers of cells (typically >10,000 cells for each GnRH concentration-response 
curve). These were used to calculate MI between GnRH concentration and ppERK 
(I(ppERK;GnRH)), which revealed information transfer between GnRHR and ERK to be <1 Bit 
(Fig.3). This is comparable to values obtained for cytokine and growth factor signaling in other 
systems (59,60,64,65,67) and indeed, for EGF-mediated ERK activation in the same model system 
(61). Here, it should be noted that MI values are calculated for a specific range of inputs, and in these 
experiments this was typically eight concentrations of GnRH (i.e. 0 or 10-12 – 10-6 M) so there was a 3 



Bit input (log28), of which <1 Bit of information was transferred. The sources of the noise impairing 
information transfer via GnRHR are unknown but work in other models has revealed how extrinsic 
noise at multiple levels (i.e. variability in the concentrations of multiple effector proteins between 
individual cells) reduces information transfer (58,68,69). Notably, a recent study revealed that 
intrinsic noise alone (due to stochasticity in phosphorylation and dephosphorylation of ERK) is 
insufficient to explain cell-cell variability in ERK responses, and that it is noise extrinsic to the core 
ERK module that distorts the signal and causes a pronounced loss of information reduction in MI 
between stimulus and ERK (68). The observed MI values of <1 Bit for GnRH signaling to ERK imply 
that the system performs worse than a hypothetical one that can unambiguously distinguish between 
just two equally probable environmental states (e.g., high vs low GnRH concentrations), in spite of 
the fact that population-averaged measures reveal responses to GnRH that are graded over a broad 
range of GnRH concentrations. This scenario, which is comparable to that illustrated in Fig.1A, raises 
two obvious questions; first, whether experimental conditions led to underestimation of information 
transfer and second, how cells mitigate the loss of information through signaling. For the first we 
considered the possibility that information transfer might be low because of the use of a heterologous 
expression system, but this is not the case because I(ppERK;GnRH) values were found to be very 
similar in HeLa cells (Ad GnRHR transduced for heterologous GnRHR expression) and LβT2 
gonadotropes (expressing native GnRHR). It was also not restricted to the ERK pathway because 
when the nuclear translocation of NFAT-EFP was used as a single cell readout for 
Ca2+/calmodulin/calcineurin/NFAT activation, the information transfer from GnRHR to NFAT was 
<0.5 Bits in both HeLa and LβT2 cell models (57). An obvious advantage of the heterologous 
expression system is that it simplifies comparison of different receptors, so we used it to assess the 
possible influence of receptor desensitisation on information transfer in Hela cells transduced to 
express mouse or human GnRHR that lack C-terminal tails and do not show rapid homologous 
desensitisation, or to express a Xenopus laevis (X) GnRHR that has a COOH-terminal tail and rapidly 
desensitizes (35,41). A chimeric GnRHR consisting of the entire human GnRHR with an added 
XGnRHR tail was also used, along with a non-signaling mutant (A261K) of the human GnRHR. 
I(ppERK;GnRH) values were negligible (as expected) for the non-signaling receptor and were 
comparable (~0.5 Bits) for the other receptors (57). In this model, I(ppERK;GnRH) values were 
influenced by manipulation of ERK-mediated negative feedback. Notably, the reliability of GnRH 
sensing was impaired by reducing ERK-mediated negative feedback (by expression of catalytically 
inactive ERK2) but could also be impaired by increasing ERK-mediated negative feedback (by 
increasing ERK-driven MAPK phosphatase expression). Thus, consideration of three potential 
negative feedback mechanisms shaping ERK responses (rapid homologous receptor desensitisation, 
rapid transcription-independent ERK-mediated negative feedback and slow transcription-dependent 
ERK-mediated negative feedback) has revealed that both ERK-mediated feedback loops can influence 
information transfer via GnRHR whereas rapid homologous receptor desensitisation does not (at least 
for the model and end-points considered).      
 
Turning to the issue of how cells might mitigate loss of information through signaling, an obvious 
possibility is that they do so by sensing multiple responses. To test this we measured ppERK and the 
nuclear fraction of NFAT-EFP (NFAT-NF) in the same individual LβT2 cells and calculated not only 
I(ppERK;GnRH) and I(NFAT-NF;GnRH), but also the joint information obtained by sensing both 
(57). This revealed MI values of ~0.5 Bits for either response or ~0.7 Bits for joint sensing. We also 
used transcription reporters (Egr1 driving zsGREEN expression and NFAT driving asRED 
expression) and this revealed MI values of ~0.8 bits for the ERK reporter,  ~0.25 for the NFAT 
reporter and joint MI values of ~0.8 – 0.9. Qualitatively similar data were obtained with Ad GnRHR-
transduced HeLa cells; in every case joint MI values were greater than for either response alone, but 
the increases were small (typically only 0.1-0.2 Bits).  
 
Another possible explanation for our low MI measurements is that single time-point measures 
underestimate information transfer. This would be expected for cells that infer inputs (such as GnRH 
concentrations) from the profiles of outputs (such as ppERK levels) over time (65). We found that 
I(ppERK;GnRH) values calculated with snap-shot data were higher at 5 than at 360 min (Fig.3), yet 
the cell clearly has not obtained more information over 5 min than it has over 360 min. Instead, this 



simply reveals that MI values are underestimated with the 360 min snapshot. This point is also 
illustrated by our stochastic stimulations of ERK activation with varied fast and slow feedback 
intensities, as we actually simulated the evolution of single cell responses over 60 min, enabling 
calculation not only of MI between stimulus and ppERK at any single time-point, but also calculation 
of MI between stimulus and single cell response trajectories. The precise gain in information from 
sensing trajectories was dependent on feedback intensities but in general, MI values were much 
greater when the response trajectory was taken into account (note the different scales for Fig.2B and 
C). Although we have not yet explored single cell ERK responses to GnRH in this way, it is well 
established that sustained ERK activation can have greater effects on gene transcription than transient 
ERK activation (25). Indeed, we find that the phorbol 12, 13 dibutyrate (PDBu) causes a more 
sustained increase in ppERK levels, and has a greater effect on Egr1-driven zsGREEN expression, 
than GnRH does and, importantly, that I(ppERK;PDBu) is greater than I(ppERK;GnRH) in this HeLa 
cell model (57). This is entirely consistent with GnRHR-mediated information transfer to ERK being 
sensitive to ERK activation dynamics. 
 
To address the relevance of response trajectory more directly we monitored NFAT-EFP translocation 
in tracked live cells (70). As shown (Fig.4), continuous stimulation of Ad GnRHR-transduced HeLa 
cells with GnRH caused a concentration-dependent increase in NFAT-NF. The population-averaged 
responses increased to maxima at 15-60 min (Fig.4A) and information transfer via GnRHR to NFAT 
was ~0.5 Bits at all time-points, demonstrating that I(NFAT-NF;GnRH) had not been underestimated 
by missing a specific time-point. Using the live cell data we could also calculate I(NFAT-NF;GnRH) 
using the area under the curve for the tracked cell responses or using three time points, and these 
values were ~0.52 and ~0.55 Bits respectively (as compared to an average of 0.48 for the snap-shot 
data). Accordingly, although sensing of response trajectory can theoretically increase the MI values, 
sensing over time provided little or no increase in information transfer via GnRHR to NFAT (70). 
 
Physiologically GnRH is secreted in pulses so we extended these experiments to consider a second 
pulse, addressing the obvious possibility that cells gain additional information from sensing repeated 
exposure to GnRH. We initially did so theoretically, by developing a hybrid (deterministic/stochastic) 
model for GnRH signaling to NFAT. To do so we simplified the deterministic model outlined above 
by removal of the ERK signaling pathway and transcription regulation steps and used this to simulate 
NFAT-NF responses to a 15 min pulse of 0, 10 -11, 10-9 and 10-7 M GnRH followed by an interval of 
135 minutes without stimulation and then a second GnRH pulse. Although the relative importance of 
different sources of extrinsic variation is unknown for this cascade, we considered the concentrations 
of the GnRHR and calmodulin as two obvious possibilities. Here, we can consider two extreme 
situations. One is that the levels of these effectors in individual cells are constant over time so that 
although there is cell-cell variability, the signaling network is hardwired in each individual cell. The 
other is that these levels fluctuate extremely rapidly over time. Since the sources of cell-cell 
variability in GnRH signaling are unknown, stability of the relevant effectors is inevitably also 
unknown, so we considered a range of stabilities. By incorporating effector synthesis and degradation 
into the model we allowed each of these effectors to fluctuate, setting fluctuation lifetime (FL) to 10, 
100, 1000 or 10000 min (i.e. from most unstable to most stable, over time). As expected, population-
averaged NFAT-NF responses for the stable and unstable systems had comparable means and 
variance (Fig.5A), in spite of the fact that individual cell response trajectories were more variable 
with the more unstable effectors (compare Fig.5B left and right hand panels). When effector stability 
was high, the cells showing greatest responses in pulse 1 also showed large responses in pulse 2, 
whereas this was not the case when effector stability was low (compare Fig.5B left- and right-hand 
panels). I(NFAT-NF;GnRH) values calculated using areas under the curve (for the first 15 min of 
stimulation in either pulse) were ~0.25-0.4 Bits and were comparable for pulse 1 and pulse 2 
irrespective of effector stability. Additional information gained by sensing both pulses was negligible 
with high effector stability but increased to >0.2 Bits at the lowest effector stability (Fig.5E). We also 
calculated the MI between the pulse 1 and pulse 2 responses (Fig.5F) and this increased from 0 to 
~1.8 Bits as FL was increased from 10 to 10000. Thus, these simulations reveal that the additional 
information from the second pulse is dependent on the nature of the effector lifetime variation. If the 
heterogeneity reflects a broad distribution of effector concentrations that is constant over time, then 



the response in pulse 2 is predictive of that in pulse 1, and there is no additional information from 
sensing both. This is the situation approached at FL=10000 min where additional information from 
the second pulse is negligible and the MI between pulse 1 and 2 responses is high. In contrast, if the 
effector levels (the source of the heterogeneity) are random or change rapidly over time, the response 
in pulse 2 is less predictive of that in pulse 1 so additional information is obtained by sensing both. 
This is the scenario with FL= 10, where additional information from the second pulse is relatively 
high (Fig.5E) and the MI between pulse 1 and 2 responses is low (Fig.5F). 
 
The simulations above illustrate conditions where additional information is, or is not, gained by 
sensing two consecutive pulses, raising the question of what actually happens in GnRH-stimulated 
cells. To test this we stimulated Ad GnRHR- and Ad NFAT-EFP-transduced HeLa cells with two 
separate pulses of GnRH followed by imaging and individual cell tracking as outlined above (Fig.6). 
I(NFAT-RE;GnRH) values calculated using the areas under the curves for the individual cell response 
during the first 15 min of each pulse were comparable to one-another (~0.5-0.6 Bits). The additional 
information due to sensing both pulses was low (~0.1 Bit), and the MI between responses in pulse 2 
and 1 was high (~1.0 Bit). Accordingly, the wet-lab data parallel the situation simulated in Fig.5 with 
high effector stability (FL 10000), implying that the sources of variations are most likely extrinsic to 
the signaling network and relatively stable over time so that there is little additional information to be 
gained from sensing trajectories. Thus, the cells can be considered as effectively hard-wired, with 
undefined but relatively stable differences explaining cell-cell heterogeneity, at least for this readout 
and time-frame (70). 
 
Summary. 
GnRH signaling mechanisms have been the subject of intense scrutiny for decades and this has 
provided detailed understanding of the GnRHR signaling network componentry and architecture, as 
exemplified by a web-accessible knowledge-base of GnRHR signaling in LβT2 cells (71). However, 
stimulus dynamics are of fundamental importance for the physiology and therapeutic manipulation of 
this system and our understanding of how cells decode such dynamic inputs is still relatively 
rudimentary. Mathematical modeling using ODE-based mechanistic models has been extremely 
informative for hypothesis generation and testing. However, such models have typically been trained 
and validated with data-averaging responses of large cell populations and therefore model the 
behavior of an “average” cell whilst ignoring the cell-cell heterogeneity. Such heterogeneity is 
inevitable (even in clonal cell populations), and ultimately underpins the health and activity of cell 
populations, since it is individual cells that have to sense their environment and make appropriate 
decisions in light of it. In recent years, information theory-derived statistical measures have been used 
in cell signaling studies, treating signaling pathways as noisy communication channels and addressing 
the influence of cell-cell variability on the amount of information they transfer. This approach has 
provided novel insights into many aspects of signaling, including the finding that negative feedback 
pathways can both facilitate and impair information transfer. Consequently, information transfer can 
be maximal at intermediate feedback levels where population-averaged responses are sub-maximal, 
highlighting the potential risk of equating response amplitude directly to information transfer. Here, it 
may be useful to recall that information theory was originally developed to explore electronic 
communication; an engineer working to improve a poor telephone connection would no doubt 
consider volume and distortion due to noise from different sources but, if we extend this analogy to 
cell signaling, biologists have focused on volume (i.e. output amplitude) whilst often ignoring the 
noise that is so prevalent in cell signaling systems. We believe that combined mechanistic and 
probabilistic modeling are important adjuncts to more conventional molecular and cellular approaches 
to understand GnRH signaling, and illustrate this here by considering the fundamental question of 
why GnRH is secreted in pulses. Our mechanistic modeling of pulsatile stimulation with varied pulse 
width, amplitude and frequency revealed how pulsatility can increase signaling efficiency in the sense 
that with pulsatile and constant stimuli and identical input integrals, the system output can be much 
greater with pulsatile stimulation (20). Moreover, this occurs largely because signaling continues in 
the intervals between the pulses and the extent of this depends on activation and inactivation rates that 
will differ for different effectors. Consequently, with pulsatile stimuli, input-output relationships for 
different effectors are not superimposable, and this can give output-specific frequency-response 



relationships where no such specificity occurs with concentration-response relationships (20). A third 
possibility is that repeated pulses of GnRH provide substantial additional information about GnRH 
concentration, and here the logic is simply that repeating a message can increase the likelihood of it 
being correctly heard. However, our mixed mechanistic/stochastic modelling and wet-lab experiments 
argue against this. Instead, we find that single cell responses in one pulse are predictive of those in 
another, so there is little additional information to be had by sensing both (at least for GnRH effects 
on NFAT localization with the experimental paradigm considered). Another important general 
observation here is that, even when joint sensing or trajectory are considered, our I(response;GnRH) 
values were always <1. It is, of course, possible that joint MI values would be greater for other 
effector pairs or if more than two effectors/pathways were considered but the data available so far 
suggests that individual GnRH-responsive cells cannot distinguish between even two GnRH 
concentrations, and this contrasts to numerous published studies showing dose-dependent effects of 
GnRH on populations of GnRH-responsive cells. Clearly, cell populations discern GnRH 
concentrations more reliably than individual cells and this could reflect averaging of responses over 
multiple cells and/or cell-cell communication providing additional information. The latter possibility 
is of particular interest as gonadotropes communicate with one-another via gap junctions (37,38), and 
although it is individual cells that have to sense and respond to GnRH in their environment, these 
decisions could well be informed by additional information from their neighbours. Again, we suggest 
that combinations of mechanistic and stochastic modelling with more conventional cellular and 
molecular experiments, will be needed to address this possibility.  
 
Figure legends 
 
Figure 1. Cell-cell variability and information transfer. The solid sigmoid curves in the upper 
cartoons illustrate population-averaged responses, with individual dots representing single cell 
responses from which the population averages are derived. For panels A and B the population-
averaged data are identical but there is higher cell-cell variability in A. Consequently, frequency 
distribution plots shown on the left (for the stimulus concentrations indicated by the dotted lines) 
overlap for panel A. This creates a region of uncertainty, in that any individual cell in the area of 
overlap cannot “know” which stimulus concentration it has been exposed to. For panel B, cell-cell 
variability is much lower so the frequency-distributions do not overlap and there is no area of 
uncertainty. Mutual information (MI) is a statistical measure of inference quality (how reliably the 
system input can be inferred from the output). It is measured in Bits (with a system that can 
unambiguously distinguish two equally probable states of the environment yielding an MI of 1 bit) 
and would be higher in B than in A. We also illustrate the situation where the cells adapt to their 
environment such that the population-averaged response is reduced either with a proportional 
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’ whereas they don’t in B. 
Accordingly, the B→B’ adaptive response reduces information transfer whereas the A→A’ 
adaptation does not. Note that consideration of population-averaged responses alone can deliver the 
wrong conclusion; if this were a hormone pre-treatment protocol one could conclude that the system 
has desensitized from A to A’ in spite of the fact that the quality of hormone sensing has not altered. 
 
Figure 2. Stochastic modelling of ERK signaling reveals maximal information transfer at 
intermediate feedback levels and information gain by sensing response trajectories. Panel A: 
heat map of population-averaged S-stimulated ppERK responses for single cells with varied fast and 
slow feedback (FB). The data were generated by simulation as described (57), with fast FB and slow 
FB at 0.5-3.5 and 0-4 (log10 scale), respectively. The simulations were run for 60 min and 10 min data 
are shown. Panel B: heat map of predicted I(ppERK;S) for the 10 min snap-shot data corresponding to 
the left panel. Panel C: heat map of predicted I(ppERK;S) with parameters identical to those for the 
other panels, except that the simulations were run for 60 min and MI was calculated taking into 
account response trajectories. Also shown is a cartoon of the system simulated, with stimulus (S) 
activating an upstream effector (E) which catalyses the activating phosphorylation of ERK. The fast 
FB loop represents ERK-dependent inhibition of E*→pERK and the slow FB loop mirrors pERK-



driven phosphatase expression and consequent dephosphorylation (inactivation) of pERK. Adapted 
from (57). 
 
Figure 3. MI as an information theoretic measure of GnRH sensing. Panels A and B show 
concentration and time-dependent effects of GnRH and PDBu on ERK activity in LβT2 cells, with 
population-averaged nuclear ppERK values measured by automated fluorescence microscopy and 
shown in arbitrary fluorescence units (AFU). The single cell measures underlying these plots were 
also used to calculate MI between ppERK and each of these stimuli, and these are plotted 
(I(ppERK;stimulus) in Bits) against time in C. The cells were also transduced with recombinant Ad 
for expression of an ERK-driven transcription reporter (Egr1-zsGREEN). Panel D shows the 
concentration-dependence of GnRH and PDBu effects on zsGREEN expression (population-averaged 
responses in AFU) after 360 min stimulation and the MI between zsGREEN and each of these stimuli 
is also shown for this time. Adapted from Garner et al. 2016 (57).  
 
Figure 4. Live cell imaging reveals little gain in GnRHR-mediated information transfer from 
sensing NFAT translocation trajectories. HeLa cells transduced with Ad GnRHR and Ad NFAT-
EFP were stimulated continuously with 0, 10-11, 10-9 or 10-7M GnRH for live cell imaging and 
calculation of NFAT-NF (nuclear fraction). Population-averaged responses for all tracked cells are 
shown in panel A and the corresponding I(NFAT-NF;GnRH) values are shown B.  I(NFAT-
NF;GnRH) values were also calculated from the same tracked cells using the maximum response, the 
area under the curve for the full 60 min (AUC) or the response trajectories (estimated using 3 time 
points) as the response. These values are also given in B. Adapted from Garner et al. 2017 (70). 
  
Figure 5. Stochastic modelling reveals the potential for information gain by sensing responses to 
repeated GnRH pulses. A mixed deterministic/probabilistic model for GnRH signaling was used to 
simulate NFAT-NF responses to 15 min stimulation with GnRH, followed by a 135 min interval and a 
second pulse (60 min, GnRH at the same concentration, 0, 10-11, 10-9, or 10-7M, as used in the first 
pulse). Responses were simulated in 1000 cells at each GnRH concentration/effector stability 
combination. Panel A shows population-averaged data for simulations with 10-7M GnRH at each of 
four stabilities (FL 10, 100, 1000 and 10000, means ± SEM, n=1000) and panels B, C and D 
respectively, show representative traces for 25 individual cells (NFAT-NF and concentrations of 
GnRHR and calmodulin (CaM) in µM). Panel E shows the additional information gained by sensing 
both pulses and panel F shows MI between responses in pulse 1 and 2. Panels E and F are plotted 
against FL (where log10 FL values of 1 and 4 represent the most unstable and stable scenario, 
respectively). Note that at any given time point, mean values and variance are comparable for NFAT-
NF (A) as well as for GnRHR and CaM (C and D), but as effector stability is increased, this increases 
MI between the pulse 1 and pulse 2 responses (F), and reduces additional information gained from the 
second pulse (E). Adapted from Garner et al. 2017 (70). 
  
Figure 6. Live cell imaging reveals little gain in information from sensing NFAT translocation 
responses to repeated GnRH pulses. HeLa cells transduced with Ad GnRHR and Ad NFAT-EFP 
were stimulated with 0, 10-11, 10-9 or 10-7 M GnRH for 15 min (first grey bar), then washed (3 times 
over 5 min) and imaged for a further 2 hr before repeat stimulation (second grey bar) for 60 min using 
the same concentrations of GnRH. The data shown are population-averaged NFAT-NF values for the 
tracked cells in one of 3 repeated experiments with control (0 GnRH) values subtracted. MI values 
calculated using the area under the curve (first 15 min) were 0.58 Bits (pulse 1) and 0.50 Bits (pulse 
2). Additional information gained by sensing both and the MI between responses in pulse 1 and pulse 
2 were ~0.1 Bits and ~1.0 Bits, respectively. Adapted from Garner et al. 2017 (70). 
  
Acknowledgments 
This work was funded Project Grants from MRC (93447) and the BBSRC (J014699). KTA and MV 
gratefully acknowledge the financial support of the EPSRC via grant EP/N014391/1 and an MRC 
Biomedical Informatics Fellowship (MR/K021826/1), respectively. 
 



References 
 

1. Hille B, Tse A, Tse FW, Almers W. Calcium oscillations and exocytosis in pituitary 
gonadotropes. Annals of the New York Academy of Sciences 1994; 710:261-270 
2. Zhu H, Hille B, Xu T. Sensitization of regulated exocytosis by protein kinase C. Proceedings 
of the National Academy of Sciences of the United States of America 2002; 99:17055-17059 
3. McArdle CA, Roberson MS. Gonadotropes and gonadotropin-releasing hormone signaling. 
In: Plant TM, ed. Knobil and Neill's physiology of Reproduction. Vol 1. 4 ed. Amsterdam: Elsevier; 
2015:335-397. 
4. Naor Z. Signaling by G-protein-coupled receptor (GPCR): studies on the GnRH receptor. 
Frontiers in neuroendocrinology 2009; 30:10-29 
5. Caunt CJ, Finch AR, Sedgley KR, McArdle CA. GnRH receptor signalling to ERK: kinetics 
and compartmentalization. Trends in endocrinology and metabolism: TEM 2006; 17:308-313 
6. Bliss SP, Miller A, Navratil AM, Xie J, McDonough SP, Fisher PJ, Landreth GE, Roberson 
MS. ERK signaling in the pituitary is required for female but not male fertility. Mol Endocrinol 2009; 
23:1092-1101 
7. Yuen T, Ruf F, Chu T, Sealfon SC. Microtranscriptome regulation by gonadotropin-releasing 
hormone. Molecular and cellular endocrinology 2009; 302:12-17 
8. Ruf F, Park MJ, Hayot F, Lin G, Roysam B, Ge Y, Sealfon SC. Mixed analog/digital 
gonadotrope biosynthetic response to gonadotropin-releasing hormone. The Journal of biological 
chemistry 2006; 281:30967-30978 
9. Bliss SP, Navratil AM, Xie J, Roberson MS. GnRH signaling, the gonadotrope and endocrine 
control of fertility. Frontiers in neuroendocrinology 2010; 31:322-340 
10. Ciccone NA, Kaiser UB. The biology of gonadotroph regulation. Current opinion in 
endocrinology, diabetes, and obesity 2009; 16:321-327 
11. Haisenleder DJ, Dalkin AC, Ortolano GA, Marshall JC, Shupnik MA. A pulsatile 
gonadotropin-releasing hormone stimulus is required to increase transcription of the gonadotropin 
subunit genes: evidence for differential regulation of transcription by pulse frequency in vivo. 
Endocrinology 1991; 128:509-517 
12. Burger LL, Haisenleder DJ, Dalkin AC, Marshall JC. Regulation of gonadotropin subunit 
gene transcription. Journal of molecular endocrinology 2004; 33:559-584 
13. Haisenleder DJ, Ferris HA, Shupnik MA. The calcium component of gonadotropin-releasing 
hormone-stimulated luteinizing hormone subunit gene transcription is mediated by 
calcium/calmodulin-dependent protein kinase type II. Endocrinology 2003; 144:2409-2416 
14. Burger LL, Haisenleder DJ, Aylor KW, Marshall JC. Regulation of intracellular signaling 
cascades by GNRH pulse frequency in the rat pituitary: roles for CaMK II, ERK, and JNK activation. 
Biology of reproduction 2008; 79:947-953 
15. Navratil AM, Bliss SP, Roberson MS. Membrane rafts and GnRH receptor signaling. Brain 
research 2010; 1364:53-61 
16. Sealfon SC, Weinstein H, Millar RP. Molecular mechanisms of ligand interaction with the 
gonadotropin-releasing hormone receptor. Endocrine reviews 1997; 18:180-205 
17. Millar RP, Lu ZL, Pawson AJ, Flanagan CA, Morgan K, Maudsley SR. Gonadotropin-
releasing hormone receptors. Endocrine reviews 2004; 25:235-275 
18. Cheng CK, Leung PC. Molecular biology of gonadotropin-releasing hormone (GnRH)-I, 
GnRH-II, and their receptors in humans. Endocrine reviews 2005; 26:283-306 
19. Perrett RM, McArdle CA. Molecular Mechanisms of Gonadotropin-Releasing Hormone 
Signaling: Integrating Cyclic Nucleotides into the Network. Frontiers in endocrinology 2013; 4:180 
20. Pratap A, Garner KL, Voliotis M, Tsaneva-Atanasova K, McArdle CA. Mathematical 
modeling of gonadotropin-releasing hormone signaling. Molecular and cellular endocrinology 2016;  
21. Stojilkovic SS, Tabak J, Bertram R. Ion channels and signaling in the pituitary gland. 
Endocrine reviews 2010; 31:845-915 
22. Stojilkovic SS, Catt KJ. Novel aspects of GnRH-induced intracellular signaling and secretion 
in pituitary gonadotrophs. Journal of neuroendocrinology 1995; 7:739-757 



23. Wang L, Chadwick W, Park SS, Zhou Y, Silver N, Martin B, Maudsley S. Gonadotropin-
releasing hormone receptor system: modulatory role in aging and neurodegeneration. CNS & 
neurological disorders drug targets 2010; 9:651-660 
24. Pawson AJ, McNeilly AS. The pituitary effects of GnRH. Animal reproduction science 2005; 
88:75-94 
25. Ebisuya M, Kondoh K, Nishida E. The duration, magnitude and compartmentalization of 
ERK MAP kinase activity: mechanisms for providing signaling specificity. Journal of cell science 
2005; 118:2997-3002 
26. Santos SD, Verveer PJ, Bastiaens PI. Growth factor-induced MAPK network topology shapes 
Erk response determining PC-12 cell fate. Nature cell biology 2007; 9:324-330 
27. Kholodenko BN, Hancock JF, Kolch W. Signalling ballet in space and time. Nature reviews 
Molecular cell biology 2010; 11:414-426 
28. Pierce KL, Lefkowitz RJ. Classical and new roles of beta-arrestins in the regulation of G-
protein-coupled receptors. Nature reviews Neuroscience 2001; 2:727-733 
29. Luttrell LM, Roudabush FL, Choy EW, Miller WE, Field ME, Pierce KL, Lefkowitz RJ. 
Activation and targeting of extracellular signal-regulated kinases by beta-arrestin scaffolds. 
Proceedings of the National Academy of Sciences of the United States of America 2001; 98:2449-
2454 
30. Tsutsumi M, Zhou W, Millar RP, Mellon PL, Roberts JL, Flanagan CA, Dong K, Gillo B, 
Sealfon SC. Cloning and functional expression of a mouse gonadotropin-releasing hormone receptor. 
Mol Endocrinol 1992; 6:1163-1169 
31. Davidson JS, Wakefield IK, Millar RP. Absence of rapid desensitization of the mouse 
gonadotropin-releasing hormone receptor. The Biochemical journal 1994; 300 ( Pt 2):299-302 
32. Pawson AJ, Katz A, Sun YM, Lopes J, Illing N, Millar RP, Davidson JS. Contrasting 
internalization kinetics of human and chicken gonadotropin-releasing hormone receptors mediated by 
C-terminal tail. The Journal of endocrinology 1998; 156:R9-12 
33. Vrecl M, Anderson L, Hanyaloglu A, McGregor AM, Groarke AD, Milligan G, Taylor PL, 
Eidne KA. Agonist-induced endocytosis and recycling of the gonadotropin-releasing hormone 
receptor: effect of beta-arrestin on internalization kinetics. Mol Endocrinol 1998; 12:1818-1829 
34. Heding A, Vrecl M, Bogerd J, McGregor A, Sellar R, Taylor PL, Eidne KA. Gonadotropin-
releasing hormone receptors with intracellular carboxyl-terminal tails undergo acute desensitization of 
total inositol phosphate production and exhibit accelerated internalization kinetics. The Journal of 
biological chemistry 1998; 273:11472-11477 
35. Hislop JN, Madziva MT, Everest HM, Harding T, Uney JB, Willars GB, Millar RP, Troskie 
BE, Davidson JS, McArdle CA. Desensitization and internalization of human and xenopus 
gonadotropin-releasing hormone receptors expressed in alphaT4 pituitary cells using recombinant 
adenovirus. Endocrinology 2000; 141:4564-4575 
36. Hislop JN, Everest HM, Flynn A, Harding T, Uney JB, Troskie BE, Millar RP, McArdle CA. 
Differential internalization of mammalian and non-mammalian gonadotropin-releasing hormone 
receptors. Uncoupling of dynamin-dependent internalization from mitogen-activated protein kinase 
signaling. The Journal of biological chemistry 2001; 276:39685-39694 
37. Blomenrohr M, Bogerd J, Leurs R, Goos H. Differences in structure-function relations 
between nonmammalian and mammalian GnRH receptors: what we have learnt from the African 
catfish GnRH receptor. Progress in brain research 2002; 141:87-93 
38. McArdle CA, Franklin J, Green L, Hislop JN. Signalling, cycling and desensitisation of 
gonadotrophin-releasing hormone receptors. The Journal of endocrinology 2002; 173:1-11 
39. Finch AR, Caunt CJ, Armstrong SP, McArdle CA. Agonist-induced internalization and 
downregulation of gonadotropin-releasing hormone receptors. American journal of physiology Cell 
physiology 2009; 297:C591-600 
40. McArdle CA, Willars GB, Fowkes RC, Nahorski SR, Davidson JS, Forrest-Owen W. 
Desensitization of gonadotropin-releasing hormone action in alphaT3-1 cells due to uncoupling of 
inositol 1,4,5-trisphosphate generation and Ca2+ mobilization. The Journal of biological chemistry 
1996; 271:23711-23717 



41. McArdle CA, Davidson JS, Willars GB. The tail of the gonadotrophin-releasing hormone 
receptor: desensitization at, and distal to, G protein-coupled receptors. Molecular and cellular 
endocrinology 1999; 151:129-136 
42. McArdle CA, Franklin J, Green L, Hislop JN. The gonadotrophin-releasing hormone 
receptor: signalling, cycling and desensitisation. Archives of physiology and biochemistry 2002; 
110:113-122 
43. Caunt CJ, Perett RM, Fowkes RC, McArdle CA. Mechanisms of GnRH-induced extracellular 
signal-regulated kinase nuclear localization. PloS one 2012; 7:e40077 
44. Dierschke DJ, Bhattacharya AN, Atkinson LE, Knobil E. Circhoral oscillations of plasma LH 
levels in the ovariectomized rhesus monkey. Endocrinology 1970; 87:850-853 
45. Clarke IJ, Cummins JT. The temporal relationship between gonadotropin releasing hormone 
(GnRH) and luteinizing hormone (LH) secretion in ovariectomized ewes. Endocrinology 1982; 
111:1737-1739 
46. Sisk CL, Foster DL. The neural basis of puberty and adolescence. Nature neuroscience 2004; 
7:1040-1047 
47. Ferris HA, Shupnik MA. Mechanisms for pulsatile regulation of the gonadotropin subunit 
genes by GNRH1. Biology of reproduction 2006; 74:993-998 
48. Marshall JC, Dalkin AC, Haisenleder DJ, Griffin ML, Kelch RP. GnRH pulses--the regulators 
of human reproduction. Transactions of the American Clinical and Climatological Association 1993; 
104:31-46 
49. Czieselsky K, Prescott M, Porteous R, Campos P, Clarkson J, Steyn FJ, Campbell RE, 
Herbison AE. Pulse and Surge Profiles of Luteinizing Hormone Secretion in the Mouse. 
Endocrinology 2016; 157:4794-4802 
50. Armstrong SP, Caunt CJ, McArdle CA. Gonadotropin-releasing hormone and protein kinase 
C signaling to ERK: spatiotemporal regulation of ERK by docking domains and dual-specificity 
phosphatases. Mol Endocrinol 2009; 23:510-519 
51. Armstrong SP, Caunt CJ, Fowkes RC, Tsaneva-Atanasova K, McArdle CA. Pulsatile and 
sustained gonadotropin-releasing hormone (GnRH) receptor signaling: does the Ca2+/NFAT 
signaling pathway decode GnRH pulse frequency? The Journal of biological chemistry 2009; 
284:35746-35757 
52. Tsaneva-Atanasova K, Mina P, Caunt CJ, Armstrong SP, McArdle CA. Decoding GnRH 
neurohormone pulse frequency by convergent signalling modules. Journal of the Royal Society, 
Interface / the Royal Society 2012; 9:170-182 
53. Lewis CE, Richards PS, Morris JF. Heterogeneity of responses to LH-releasing hormone and 
phorbol ester among rat gonadotrophs: a study using a reverse haemolytic plaque assay for LH. 
Journal of molecular endocrinology 1989; 2:55-63 
54. McArdle CA, Bunting R, Mason WT. Dynamic video imaging of cystolic Ca(2+) in the 
alphaT3-1, gonadotrope-derived cell line. Molecular and cellular neurosciences 1992; 3:124-132 
55. Ruf F, Hayot F, Park MJ, Ge Y, Lin G, Roysam B, Sealfon SC. Noise propagation and 
scaling in regulation of gonadotrope biosynthesis. Biophysical journal 2007; 93:4474-4480 
56. Armstrong SP, Caunt CJ, Fowkes RC, Tsaneva-Atanasova K, McArdle CA. Pulsatile and 
sustained gonadotropin-releasing hormone (GnRH) receptor signaling: does the ERK signaling 
pathway decode GnRH pulse frequency? The Journal of biological chemistry 2010; 285:24360-24371 
57. Garner KL, Perrett RM, Voliotis M, Bowsher C, Pope GR, Pham T, Caunt CJ, Tsaneva-
Atanasova K, McArdle CA. Information Transfer in Gonadotropin-releasing Hormone (GnRH) 
Signaling: EXTRACELLULAR SIGNAL-REGULATED KINASE (ERK)-MEDIATED 
FEEDBACK LOOPS CONTROL HORMONE SENSING. The Journal of biological chemistry 2016; 
291:2246-2259 
58. Iwamoto K, Shindo Y, Takahashi K. Modeling Cellular Noise Underlying Heterogeneous 
Cell Responses in the Epidermal Growth Factor Signaling Pathway. PLoS computational biology 
2016; 12:e1005222 
59. Cheong R, Rhee A, Wang CJ, Nemenman I, Levchenko A. Information transduction capacity 
of noisy biochemical signaling networks. Science 2011; 334:354-358 
60. Brennan MD, Cheong R, Levchenko A. Systems biology. How information theory handles 
cell signaling and uncertainty. Science 2012; 338:334-335 



61. Voliotis M, Perrett RM, McWilliams C, McArdle CA, Bowsher CG. Information transfer by 
leaky, heterogeneous, protein kinase signaling systems. Proceedings of the National Academy of 
Sciences of the United States of America 2014; 111:E326-333 
62. Bowsher CG, Voliotis M, Swain PS. The fidelity of dynamic signaling by noisy biomolecular 
networks. PLoS computational biology 2013; 9:e1002965 
63. Bowsher CG, Swain PS. Environmental sensing, information transfer, and cellular decision-
making. Curr Opin Biotechnol 2014; 28:149-155 
64. Uda S, Saito TH, Kudo T, Kokaji T, Tsuchiya T, Kubota H, Komori Y, Ozaki Y, Kuroda S. 
Robustness and compensation of information transmission of signaling pathways. Science 2013; 
341:558-561 
65. Selimkhanov J, Taylor B, Yao J, Pilko A, Albeck J, Hoffmann A, Tsimring L, Wollman R. 
Systems biology. Accurate information transmission through dynamic biochemical signaling 
networks. Science 2014; 346:1370-1373 
66. Bowsher CG, Swain PS. Identifying sources of variation and the flow of information in 
biochemical networks. Proceedings of the National Academy of Sciences of the United States of 
America 2012; 109:E1320-1328 
67. Rhee A, Cheong R, Levchenko A. The application of information theory to biochemical 
signaling systems. Physical biology 2012; 9:045011 
68. Filippi S, Barnes CP, Kirk PD, Kudo T, Kunida K, McMahon SS, Tsuchiya T, Wada T, 
Kuroda S, Stumpf MP. Robustness of MEK-ERK Dynamics and Origins of Cell-to-Cell Variability in 
MAPK Signaling. Cell reports 2016; 15:2524-2535 
69. Chevalier M, Venturelli O, El-Samad H. The Impact of Different Sources of Fluctuations on 
Mutual Information in Biochemical Networks. PLoS computational biology 2015; 11:e1004462 
70. Garner KL, Perrett RM, Voliotis M, Pham T, Tsaneva-Atanasova K, McArdle CA. 
Information transfer via gonadotropin-releasing hormone receptors to ERK and NFAT: Sensing 
GnRH and sensing dynamics. 2017; J Endocr Soc 1:260-277 
71. Fink MY, Pincas H, Choi SG, Nudelman G, Sealfon SC. Research resource: Gonadotropin-
releasing hormone receptor-mediated signaling network in LbetaT2 cells: a pathway-based web-
accessible knowledgebase. Mol Endocrinol 2010; 24:1863-1871 
 
 


