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Abstract: Cells sense external signal constantly, process it, and make its life-determining 

decision by using the embedded signal processing facilities. All of those events take place 

within an individual cell and thus should be studied at the level of single cells. Technical 

advances in live cell imaging make it possible to observe the time evolution of a protein 

abundance in single cells. Here we use a computational model, live cell fluorescence 

microscopy, and quantitative RT-PCR to investigate the translocation dynamics of a 

protein NF-κB and its biological relevance in single macrophages (RAW264.7 cells) 

when the cells are stimulated by E. coli lipopolysaccharide persistently. We incorporate 

into the computational model the signaling pathways of TLR4-MyD88-NF-κB, TNF-R 

and TNFα autocrine signaling and simulate heterogeneous NF-κB response in single 

cells, by taking into account the cell-to-cell variability in key protein copy numbers and 

kinetic rate constants. We present the fascinating yet puzzling NF-κB translocation 

dynamics as a response to different dosage of E. coli lipopolysaccharide:  homogeneous 

oscillatory patterns of NF-κB for a large dosage and heterogeneous monotone-increasing 

patterns for a small dosage.   

 

Key Words: live cell imaging; NF-κB protein dynamics; cell-to-cell variability; TNFα 
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I. Introduction 

 

A computational model, if corroborated with experimental data, can be 

transformed into a powerful analytic and predictive tool and can be used to guide the 

discovery processes in the biology research. Advancement in single live cell fluorescence 

microscopy makes possible to monitor the protein dynamics within single cells (Nelson et 

al. 2004; Lahav et al. 2004a; Geva-Zatorsky et al 2006). In this paper we investigated 

NF-κB dynamic response to persistent E. coli lipopolyssachride (LPS) stimulation of 

macrophages and especially its dependence on the dosage of stimulant, employing both 

computational model and live cell fluorescence microscopy. The current study provides a 

strong evidence of LPS-induced NF-κB oscillations, contradictory to the previous 

findings (Werner et al 2005; Covert et al 2005).  

 

NF-κB is a stimulus-responsive pleiotropic regulator of gene control and plays 

significant roles on various parts of the immune system such as differentiation of immune 

cells, development of lymphoid organs, and immune activation (Verma and Stevenson 

1997; Li and Verma 2002; Hoffmann and Baltimore 2006). NF-κB shuttling between 

nucleus and cytoplasm is directly related to the control of the expression of NF-κB target 

genes and thus bears physiological importance (Tian et al 2005). This shuttling is auto-

regulated by the IKK- NF-κB-IκB-A20 signaling module, which consists of four proteins, 

inhibitor κB (IκB; there are at least three isoforms of it), IκB kinase (IKK), A20, and NF-

κB. In the absence of external stimulus, IκB forms a protein complex with NF-κB, 

preventing NF-κB from entering into the nucleus. Stimulation induces the nucleo-

localization of NF-κB: IKK is phosphorylated, phosphorylated IKK catalyses the 

ubiquitin-assisted degradation of IκB from the IκB: NF-κB complex, and, as a result, NF-

κB is freed up to shuttle into the nucleus, initiating transcription of NF-κB target genes 

such as inflammatory cytokines (TNFα , IL-1, IL-6), chemokines (MIP-1α), anti-

apoptotic (IAPs), and lastly but most importantly NF-κB signal termination (IκB 

isoforms and A20). NF-κB signal terminating proteins (IκB isoforms and A20) form 



time-delayed negative feedback loops which enables NF-κB to readily oscillate between 

nucleus and cytoplasm (Tyson et al 2003).  

  

TNFα stimulation induces a damped oscillatory NF-κB translocation pattern in a 

population of wild type embryonic mouse fibroblast cells (Hoffmann et al 2002). When 

IκBβ/IκBε double mutant cells are stimulated by TNFα, NF-κB dynamics averaged over 

millions of cells is highly oscillatory. However, in double mutants of IκBα/IκBβ 

knockouts, IκBα/IκBε knockouts, or in A20 single mutant cells, the average NF-κB 

dynamics over the millions of cells is non-oscillatory (or single-peaked). On the contrary 

to those population level experimental results, Nelson et al reported that NF-κB 

translocation dynamics are quasi-oscillatory and lasts for about 12 hours after TNFα 

stimulation, their using the live cell fluorescence imaging where fluorescence reporters of 

RelA and IκBα proteins are constructed into the wild type human AS-SK cells (Nelson et 

al 2004).  

 

Covert et al in ref. (Covert et al. 2005) showed that the average NF-κB dynamics 

over a population of the E. coli LPS-insulted murine macrophages takes a non-oscillatory 

pattern (or a monotone increasing pattern). They conjectured that the source of this stable 

NF-κB response is a time difference between two signals reaching IKK: one signal 

comes directly from TLR4-MyD88-dependent signaling pathway and another comes 

indirectly from TLR4-TRIF-IRF3 pathway that activates TNF-R signaling pathway 

through newly synthesized TNFα after a time-delay. Werner et al in ref. (Werner et al 

2005) presented the comparative study between the TNFα-stimulated NF-κB dynamics 

and the LPS-stimulated NF-κB dynamics: For TNFα stimulation, both IKK and NF-κB 

abundance levels peaks immediately after stimulation and quickly decrease. For LPS 

stimulation, however, the levels of IKK and NF-κB abundance slowly increase and reach 

their peaks about two hours after stimulation. They also conjectured that LPS-induced 

NF-κB dynamics is due to the TNFα autocrine signaling. Bosisio et al in ref. (Bosisio et 

al 2006) monitored NF-κB-bound IκBα promoter activity. The promoter activity upon 

TNFα stimulation shows a strong first pulse followed by very weak subsequent pulses: 



i.e., TNF-R pathway is quickly inactivated right after TNFα stimulation. However, the 

promoter activity upon LPS stimulation demonstrates the first pulse followed by the 

stronger second pulse: TLR4 pathway activation is maintained for a prolonged duration 

for the case of LPS stimulation. All the previous studies agree that LPS stimulation may 

maintain prolonged pathway activation and induce a rising NF-κB profile, conjecturing 

that TNFα autocrine signaling may contribute to this characteristic of LPS stimulated 

NF-κB response.  

  

Based upon accumulated knowledge of NF-κB signaling, Hoffmann et al built up 

a complex biochemical network model of IKK-NF-κB-IκB signaling (Hoffmann et al., 

2002). This model was corroborated with their experimental data to demonstrate the 

functional roles of three isoforms of IκB: IκBα is responsible for sustained oscillatory 

translocation of NF-κB between cytoplasm and nucleus while IκBβ and IκBε make the 

NF-κB dynamics more damped (Hoffmann et al., 2002). Lipniacki et al adds a negative 

regulator of A20 to the previous model of Hoffmann et al with an assumption that A20 

inactivates NF-κB signaling by inhibiting IKK phosphorylation (Lee et al 2000; 

Lipniacki et al., 2004). Hoffmann’s group later on modified their model in various minor 

manners, but all of the variants share the same core components with the original model 

(Werner et al 2005; Kearns et al 2006; Krishna et al 2006; Cheong et al 2006). The above 

modeling efforts have been mainly focused on the deterministic methods. Hayot and 

Jayaprakash and others used a stochastic model of NF-κB signaling network to 

investigate the effect of both intrinsic and extrinsic noise on NF-κB translocation 

dynamics (Lipniacki et al 2006; Hayot and Jayaprakash 2006). They showed that 

averaging over many realizations of the stochastic NF-κB signaling system could unravel 

the discrepancy between oscillatory behaviors at single cells and damped-oscillation at a 

population of the cells. They also partially studied the effect of extrinsic noise (by the 

way of kinetic parameter variations) on protein dynamics. One of the authors investigated 

the intrinsic noise-induced oscillation of NF-κB and demonstrated its robustness against 

fluctuations in kinetic parameters (Joo et al 2010a and 2010b). 



 As shown in Fig. 1 and discussed in details in methods section, we make a novel 

comprehensive computational model of NF-κB signaling network consisting of the 

negative regulators of A20 and three isoforms of IκB. Moreover, we add TNFα autocrine 

signaling components to this comprehensive NF-κB network and investigate the effect of 

TNFα autocrine signaling, i.e., (+) feedback loop, on NF-κB dynamics. (+) feedback 

loops are prevalent in biology. (+) feedback loop in EGFR pathway induces bistability 

(or hysteresis) and a combination of (+) and (-) feedback loops brings about relaxation 

oscillation (Tyson et al 2003). In a system equipped with both (+) and (-) feedback loops, 

(+) feedback provides the (-) feedback loop-generated oscillation with tunable period and 

robustness (Tsai et al 2008).  

 

As TNFα-stimulated NF-κB response differs dramatically between at a 

population of the cells (Hoffmann et al 2002) and at the single cells (Nelson et al 2004), 

LPS-stimulated NF-κB response at the level of single cells is expected to be quite 

different from the previously reported data at a population of the cells (Covert el al 2005; 

Werner et al 2005; Bosisio et al 2006). Thus, the previous conjectures about the effect of 

(+) feedback loop on the NF-κB dynamics needs to be validated both experimentally and 

theoretically at the level of single cells. In addition, this effect on NF-κB dynamics is 

expected to depend on the dosage of stimulant.  

 

In this paper, we study NF-κB translocation dynamics in single macrophages 

(RAW264.7 cells) as a response to two different dosages (1 nM and 100 nM) of E. Coli 

Lipopolyssachride (LPS), taking into account the effect of TNFα autocrine signaling on 

the NF-κB response. To make the computational model specific to LPS stimulation and 

inclusive of TNFα autocrine signaling, we incorporate into the computational model the 

signaling pathways of TLR4-MyD88-NF-κB, TNF-R, and TNFα autocrine signaling (a 

positive feedback loop). In addition, our computational model is designed to simulate 

heterogeneous NF-κB response in single cells, by taking into account the extrinsic noise-

driven cell-to-cell variability. We predict and explain the dosage-dependent 

characteristics of NF-κB translocation dynamics at single cells by using the 



computational model, and corroborate and verify them by live cell fluorescence imaging 

experiments. First, using the computational model alone, we present that the TNFα 

autocrine signaling induces the bistability, resulting in two equilibrium levels of nuclear 

NF-κB and extracellular TNFα in a broad range of the parameter values in the TNF-R 

signaling pathway. The low equilibrium level of nuclear NF-κB is four orders of 

magnitude times smaller than the high level. Assuming that the signaling system can have 

either one of two equilibrium levels of nuclear NF-κB before LPS stimulation, we 

demonstrate that only the system with the low level of nuclear NF-κB exhibits noticeable 

NF-κB response to the low (1 nM) dosage stimulation and the system with the high level 

is not responsive at all. For the high (100 nM) dosage stimulation, however, the system 

with either high or low level of nuclear NF-κB induces a similar dynamical response. 

Second, both the experiments and the computations show that the LPS stimulation 

induces three heterogeneous dynamic patterns of NF-κB translocation (single-peaked, 

damped oscillatory, and rising patterns) and their distribution is dosage-dependent. The 

high dosage (100 nM) stimulation induces more homogeneous dynamic patterns than the 

low dosage (1 nM). Third, both experiments and computations reveal that, for the high 

(100 nM) dosage stimulation, both the majority and their population average of the 

nuclear NF-κB profiles at the level of single cells are highly (under-damped) oscillatory, 

which is in contrast to the previous findings of Covert et al 2005. On the contrary, the 

low (1 nM) dosage stimulation induces non-oscillatory dynamics (a rising pattern) of NF-

κB in the population average and almost a half of the cells. Fourth, by using only the 

computational model, we validate the conjecture: the TNFα autocrine signaling is 

responsible for a rising pattern of NF-κB. When stimulated by the low dosage (1nM), the 

TNFα knocked-out computational model doesn’t give rise to the rising pattern. Lastly, 

we use the real time quantitative PCR of A20 mRNA and IκBα mRNA to demonstrate 

the correlation between the dosage-dependent NF-κB translocation dynamics and the 

expression profiles of NF-κB target genes.  

 

 

 



II. Results  

 

To unravel the underlying mechanisms of how the low and the high LPS dosages 

induce different dynamic response of NF-κB at the level of single cells, we employ the 

computer model to generate testable predictions of the characteristics of NF-κB dynamic 

response and verify them by single cell fluorescence imaging.  

 

Computational model for LPS-induced NF-κB dynamic response and TNF 

autocrine signaling: One of the NF-κB target genes is TNFα. A newly synthesized 

TNFα followed by NF-κB nuclear localization is released extracellularly and activates 

TNFα pathway. This results in the activation of canonical NF-κB signaling pathway and 

thus forms (+) feedback loop. A minimally required set of the activated pathways to 

model LPS-stimulated NF-κB dynamics should include TLR4-MyD88 dependent 

pathway, canonical NF-κB pathway, TNFα autocrine pathway, and TNF-R pathway. The 

computational model network (detailed in method section) consists of TNFα autocrine 

signaling (positive feedback loop) as well as (-) feedback loops by A20 and IκB isoforms. 

The NF-κB dynamics on this network is determined by the interplay between (+) and (-) 

feedback loops. The NF-κB in the delayed (-) feedback loop oscillates in a restricted 

parameter space (Krishna et al 2006; Joo et al 2010a) and It is expected that TNFα (+) 

feedback loop can make this oscillation amplified and robust (Tyson et al 2003).  

 

TNFα autocrine signaling, (+) feedback loop, gives rise to the bistability of 

NFKB response. For the analysis of the bistability, we consider only the TNF-R, 

canonical NF-κB, and TNFα autocrine signaling pathways as shown in Fig. 1A. For the 

simplicity of our analysis, we suppose that NF-κB nuclear localization leads to the 

mRNA and protein synthesis of TNFα followed by the export of intracellular TNFα 

proteins without any additional regulatory mechanisms. In the absence of external 

stimulus, nuclear NF-κB level will ever increase if there exists only a (+) feedback loop. 

But, because our model system composes of both (+) and (-) feedback loops, their 

interplay stabilizes the system. Moreover, (+) feedback loop introduces its well-known 



characteristics into the (-) feedback loop controlled system: bistability and amplification 

of the (-) feedback-driven behavior such as oscillation. To demonstrate the existence of 

the bistability in our model system, we choose one of the kinetic reactions in TNF-R 

pathway, the activation of IKK by IKKKa as shown in Fig. 1A, and vary its rate to 

simulate the varying strength of (+) feedback loop. Both steady state levels of 

extracellular TNFα and nuclear NF-κB depend on the strength of (+) feedback loop. In 

fact, the extracellular level of TNFα is inter-related with the nuclear level of NF-κB 

because the nuclear NF-κB regulates the synthesis of TNFα. As presented in Supporting 

Fig. 1, as the strength of (+) feedback increases, both stationary levels of extracellular 

TNFα and nuclear NF-κB discontinuously jump from a low to a high value sharply at a 

strength of (+) feedback. Likewise, as this strength decreases, both steady state responses 

discontinuously drop down from a high to a low value at the lower strength of (+) 

feedback. This discontinuity is a signature of the bistability, but the bistable range of (+) 

feedback strength is too small to be recognizable in Supporting Fig. 1. Moreover, the 

levels of nuclear NF-κB and TNFα remains almost invariant across the four orders of 

magnitude of the change in (+) feedback loop strength except at the discontinuity: For a 

weak (+) feedback, the equilibrium level of nuclear NF-κB is in order of 0.001 nM while 

it is in order of 10 nM for a strong (+) feedback. This leads us to conjecture that the 

canonical NF-κB signaling system supplemented/amplified by TNFα autocrine signaling 

can have either low or high equilibrium level of nuclear NF-κB and its response to 

external stimulus can be dramatically different, depending on which strength of (+) 

feedback the signaling system possesses, or in the other words, which equilibrium level 

of nuclear NF-κB the system has before the stimulation. This possibility is 

computationally explored and presented at a later section, but remains subject to future 

experimental validation. 

 

Extrinsic noise drives cell-to-cell variability and heterogeneous NF-κB 

response in single cells: We use a statistical ensemble analysis to simulate the extrinsic 

noise and its effect on NF-κB dynamics in the single cells (Joo et al 2010b). Briefly 

stated, extrinsic noise is modeled as fluctuations in the network parameters such as the 

copy number of key proteins and kinetic rate constants. A population of the single cells is 



represented by an ensemble of 1000 replicates of the signaling system and the network 

parameters of individual replicate are sampled from the uniform distribution defined 

uniquely by both the reference values of the kinetic rate constants and the universal 

interval size χ. For this paper, the heterogeneity measure is set to χ=30%. This statistical 

ensemble analysis generates heterogeneous NF-κB dynamics collected from the 

ensemble of 1000 replicate systems as shown in Fig. 2.  

 

Distribution of NF-κB heterogeneous dynamic patterns depends on LPS 

dosage: Each NF-κB temporal profile is different from one replicate to anther. Individual 

NF-κB profiles, however, can be simply classified into one of four dynamic patterns: 

under-damped oscillation, sustained oscillation, single-peaked pattern, or hyperbolic 

pattern. We stimulate the ensemble of the signaling system with two different stimulant 

strengths, classify the resulting profiles of NF-κB dynamics, and measure the percent of 

the profiles belonging to the class of a dynamic pattern for each dosage. High dosage 

stimulation (LPS=100 nM) leads to a skew distribution of the dynamic patterns: a 

majority of the nuclear NF-κB profiles are oscillatory patterns. But, low dosage 

stimulation (LPS=1 nM) induces the evenly distributed dynamic patterns and the more 

heterogeneous distribution of the dynamic patterns. Thus, extrinsic noise drives cell-to-

cell variability in NF-κB response and high dosage stimulation suppresses this variability 

 

As discussed in method section, we tag the RelA protein with green fluorescent 

protein (GFP) and monitor the RelA translocation patterns in the single cells in real time 

for four hours after LPS stimulation. The time-varying nuclear GFP intensity per cell is 

quantified and normalized by the maximum nuclear GFP intensity from a single movie 

shot. (We present only nuclear GFP intensity because the cytoplasmic GFP intensity 

remains relatively non-dynamical and invariant.) We take at least two to three movie 

replicates for each dosage and confirm that for the same dosage stimulation, the GFP-

RelA dynamics is consistent between replicates. In Fig. 3A and 3B, about 40 individual 

time-series are presented for each of two different E. Coli LPS dosage stimulations, 1 nM 

and 100 nM. Each curve represents the normalized nuclear GFP-RelA intensity in an 

individual cell. We take the average nuclear GFP-RelA intensity over those 40 cells 



captured in the field of microscopic observation. This average corresponds to a 

population level behavior, though the number of the cells is quite small compared to the 

millions of the cells in typical experimental measurements.  

 

Small LPS dosage induces more heterogeneous NF-κB response than large 

dosage: We calculate the standard deviation of nuclear GFP-RelA temporal profiles 

away from their average for low and high LPS dosage stimulations. The standard 

deviation decreases in time for low LPS dosage stimulation while it increases for high 

LPS dosage stimulation as shown in the top panels in Fig. 3A and 3B. In addition, each 

individual curve is classified into one of three dynamic patterns: under-damped 

oscillation, rising pattern, and single-peaked pattern. This classification shows that the 

distribution of the dynamic patterns of GFP-RelA protein is dependent on the LPS dosage. 

Low dosage induces evenly distributed dynamic patterns while when stimulated by high 

LPS dosage, about 75% of cells exhibit a single dynamic pattern, damped-oscillatory 

response. So we experimentally verify the model prediction that low dosage induces 

more heterogeneous response in single cells than high dosage does. The above 

observation can be quantified by entropy measure, defined as H=  where  is 

a fraction of ith dynamic pattern, which is a good indicator of heterogeneity of the 

dynamic patterns. The entropy amounts to H=0.33 for high dosage and H=0.46 for low 

dosage. The higher entropy for lower dosage indicates that the dynamic patterns are more 

disordered and heterogeneous for lower dosage stimulation.  

 

Large LPS dosage induces oscillatory NF-κB response: The computational 

model assumes that the LPS stimulation activates first TLR4-MyD88 dependent pathway 

and subsequently the (+) feedback loop consisting of canonical NF-κB signaling, TNFα 

autocrine signaling, and TNF-R signaling pathway. Before the LPS stimulation, the 

signaling system can reach either one of two equilibrium levels of nuclear NF-κB, a low 

level for a weak (+) feedback and a high level for a strong (+) feedback. We find that, 

upon high dosage stimulation (LPS=100 nM) to TLR4-MyD88 dependent pathway, both 

weak and strong (+) feedback strengths induce the similar NF-κB response. As shown in 



Fig. 3A, high dosage stimulation (LPS=100 nM) induces a highly (under-damped) 

oscillatory pattern in both a majority of the ensemble and their ensemble average 

regardless of the strength of (+) feedback. In other words, the ensemble consisting of the 

copy systems with different (+) feedback strengths and the resulting equilibrium levels of 

nuclear NF-κB exhibits the fairly homogenous distribution of the NF-κB dynamic 

response, which shoots up in less than one hour, followed by the subsequent pulses with 

decreasing peak amplitudes. The underlying mechanism of the high dosage-stimulated 

NF-κB behavior indifferent of  (+) feedback strength is rather simple. The high dosage 

stimulation (LPS=100 nM) is strong enough to override whatever may be the pre-existing 

condition of the ensemble. The system with the high equilibrium level of nuclear NF-κB, 

i.e., the one with strong (+) feedback, also have the high level of negative regulators of 

A20 and IκB isoforms, which readily suppresses the nuclear translocation of NF-κB. On 

the one hand, if we were to observe the noticeable dynamic response of NF-κB, the 

signal strength should be high enough to override the pre-existing strong negative 

regulation. On the other hand, we can expect that the sufficiently low dosage stimulation 

can induce quite a different NF-κB response in the ensemble of the systems with weak 

(+) feedback strength than that with strong (+) feedback strength.   

 

Low LPS dosage induces a rising pattern of nuclear NF-κB: Upon low dosage 

stimulation (LPS=1 nM), the ensemble with strong (+) feedback strength exhibits totally 

different NF-κB dynamic response from the ensemble with weak (+) feedback strength. 

As shown in Fig. 2, the former ensemble barely exhibits any noticeable change in nuclear 

NF-κB level while the latter ensemble shows the substantial increase of nuclear NF-κB 

level. In contrast to the oscillatory NF-κB response from high dosage stimulation, the low 

dosage induces a non-oscillatory rising pattern of nuclear NF-κB but only in the 

ensemble with weak (+) feedback strength. Both the majority of the individual profiles 

and their average show this rising pattern: The second peak of nuclear NF-κB profile is 

as high as the first peak and the subsequent peaks increase in time until the nuclear NF-

κB level reaches its equilibrium level determined by the interplay of (-) and (+) feedbacks. 



The rising pattern of nuclear NF-κB follows the rising profile of extracellular TNFα in 

Fig. 2B.  

 We demonstrate that the underlying mechanism of this low dosage-induced rising 

pattern originates from TNFα autocrine signaling. To prove our assertion, we employ a 

standard biology technique of knocking out TNFα and comparing two NF-κB profiles, 

one from the wild type and another from the mutant. When TNFα is knocked out, the 

rising trend of nuclear NF-κB evidently present in the wild type disappears at once as 

shown in Fig. 2B. This in silico knocked-out experiment partially confirms the 

undeniable effect of TNFα (+) feedback loop on the rising pattern of nuclear NF-κB 

upon low dosage stimulation.   

 

As shown in Fig. 3A, upon high (100 nM) E. Coli LPS dosage stimulation, the 

majority of GFP-RelA profiles and their average take an under-damped oscillatory 

pattern. The most common characteristic of the individual GFP-RelA responses is the 

strong first peak followed by the weak second peak. As expected, the individual profiles 

of nuclear GFP-RelA in the single cells are not at all similar to the monotone-increasing 

nuclear NF-κB profile at the population level reported in ref. (Covert et al 2005). On the 

contrary, the low (1 nM) E. Coli LPS dosage stimulation induces a rising response of 

nuclear NF-κB in both a majority of GFP-RelA profiles and their average as shown in 

Fig. 3B. A characteristic of this rising pattern is the increasing peak amplitude of GFP-

RelA: the large second peak follows the small first peak.   

 

Nuclear NF-κB dynamics and mRNA profiles of IκBα  and A20 are 

correlated: We investigate the relationship between the NF-κB dynamic response and 

the expression of NF-κB target genes. For this purpose, we use quantitative RT-PCR to 

measure the induction level of IκBα mRNA, A20 mRNA, and RelA mRNA at multiple 

time points with and without stimulation with two different LPS dosages. The mRNA 

profiles are presented in Fig. 3A for 100 nM E. Coli LPS and in Fig. 3B for 1 nM E.Coli 

LPS. Without stimulation, the induction levels of all three mRNAs remain close to the 

level of house keeping genes with small fluctuations. In regard to the dynamic pattern, 

mRNA profiles show LPS-dosage independent behavior. For both 1 nM and 100 nM LPS 



stimulations, two distinctive peaks are observed at the time points of 45 and 120 minutes, 

for both A20 mRNA and IκBα mRNA and the second peak is substantially smaller than 

the first peak. Upon high LPS dosage stimulation, the mRNA profiles (not shown here) 

are nicely correlated with the NF-κB response in Fig. 2A. The timing of the first and the 

second peaks of the mRNA profiles of A20 and IκBα correspond to the peaks of the 

nuclear NF-κB, taking into consideration of about half an hour delay for mRNA synthesis. 

But, for low LPS dosage stimulation, the rising pattern of nuclear NF-κB in Fig. 2B is not 

correlated with the mRNA profiles in Fig. 3: the source of the second peak of mRNA 

profile cannot be identified from the rising pattern of nuclear NF-κB profile whose 

second peak occurs one hour after the occurrence of the second peak of mRNA. But, the 

maximum induction level of A20 and IκBα depends on the LPS dosage. The first peak 

amplitudes of A20 and IκBα mRNA profiles are substantially higher for the larger LPS 

dosage (data not shown). In addition, RelA mRNA induction level is hardly changed 

throughout the course of stimulation except some fluctuations (data not shown). This 

invariant RelA level confirms our assumption of a conservation of total NF-κB copy 

number.  

 

III. Discussion 

 

We demonstrate that the NF-κB protein dynamics in the identical cells under the 

same environmental conditions take not a uniform dynamic pattern, but a few well-

defined heterogeneous dynamic patterns. This non-uniform cellular behavior among the 

individual cells cannot be easily derived from the population level measurements, and 

dramatically different from the previous assumptions about the biological dynamics, i.e., 

its robustness and uniformity. Two points that are worth to mention are the source of this 

cell-to-cell variability in protein dynamics and its physiological consequence. Regarding 

the source, it remains still open what can derive this large cell-to-cell variability. Intrinsic 

noise, defined as randomness of the collisions between biochemical species, alone cannot 

explain this heterogeneity because the observed dynamic patterns are much more 

heterogeneous than what intrinsic noise can generate (Hayot and Jayaprakash 2006; Joo 

et al 2010b). The other source is termed as extrinsic noise that originates from the outside 



of the signaling system through the coupling of the system with the fluctuating 

environmental conditions and other noisy signaling and/or regulatory modules. Extrinsic 

noise affects all genes simultaneously and can be modeled as fluctuations in kinetic rate 

constants that influence fluctuations in the copy number of key proteins. Assuming that 

this extrinsic noise can certainly generate heterogeneous protein dynamics (Paulsson 

2004; Joo et al 2010a and 2010b), we proposed a novel statistical ensemble analysis to 

deal with the extrinsic noise-driven heterogeneity in ref. (Joo et al 2010b). In this paper, 

we validate our proposal by demonstrating that computationally simulated extrinsic noise 

can reproduce the experimentally observed heterogeneous dynamics of NF-κB. 

Concerning physiological effect of extrinsic noise, this cell-to-cell variability in protein 

dynamics significantly affects the cell-fate decision and can be a prominent source of 

drug resistance. For example, Alon’s group exhibited the heterogeneous dynamics of a 

few proteins that are related to drug resistance (Cohen et al 2008). Because NF-κB plays 

an important role in not only so many biological functions such as apoptosis, 

inflammation, immune cell differentiation but also cancer angiogenesis and 

chemotherapy, the observed large cell-to-cell variability in NF-κB translocation 

dynamics should significantly affect the normal and the abnormal cellular functions. This 

connection needs to be investigated in the future.   

 

Some of our results at the single cell level are in contrast to the previous 

observations at the population level (Covert et al 2005; Werner et al 2005). The 

difference between ours and the previous studies arises from two sources: (1) the noise-

driven dynamics in the single cells and (2) the LPS dosage. Both Covert et al and Werner 

et al reported that, when the single murine macrophages are stimulated by LPS, the 

nuclear NF-κB profile averaged over a population of the cells takes a monotone 

increasing pattern. They used two low LPS dosages, 0.1 µg/ml (0.2 nM) and with 0.5 

µg/ml (1 nM). Consequently, their nuclear NF-κB profile resembles the rising pattern of 

nuclear NF-κB profile, a characteristic dynamic profile of LPS 1 nM stimulation, as 

shown in Fig. 3B. Based on the high LPS dosage stimulation data from the single cells, 

homogeneous and oscillatory NF-κB dynamics, we speculate that the nuclear NF-κB 



profiles averaged over a population of the cells will show oscillatory behavior when 

stimulated by high enough LPS dosage.  

 

Our studies indicate that the dosage of stimulant plays a significant role in the 

activation of inflammatory response and/or cell apoptosis. We show that stimulant dosage 

is correlated with the nucleo-cytoplasmic shuttling dynamics of a transcriptional protein 

NF-κB, which is in turn related with its target gene expression profile. It has been taken 

granted that dosage has a threshold behavior, i.e., response can occur only if the dosage is 

above the threshold value. But, in our paper, we relate low/high LPS dosage not with 

on/off response, but with different protein dynamics. We emphasize that each pattern of 

protein dynamics must have message/information. 

 

We admit that our computational analysis is impartial and incomplete. The 

network is complex, large, and consists of many unknown parameters. Most of our 

conclusions are drawn from numerical simulations of the network only in a very 

restricted parameter space. It also lacks the understanding of the potential dynamics that 

this network can give rise to. One possible solution to overcome this shortcoming is to 

reduce the complexity of the model and analyze the dynamics in the reduced network. 

The network shown in Fig. 1A can be reduced to a simple network motif consisting of 

both (+) and (-) feedback loops: IκBα inhibits nuclear NF-κB, nuclear NFKB inhibits 

IκBα through TNFα autocrine signaling, NF-κB activates mRNA IκBα which in turn 

activates protein IκBα. This regulatory motif is equivalent to the “incoherently amplified 

negative feedback loop” (Tyson et al 2003). This delayed (-) feedback loop is known to 

oscillate in its own right and (+) feedback loop makes the oscillation amplified, robust, 

and tunable. (Tsai et al 2008). In addition to those already known mechanisms, it is 

desirable to investigate (1) how its dynamics (or oscillatory behavior) depends on the 

LPS dosage at the different strength of (+) and (-) feedback loops, (2) how its dynamics 

depends on the time-delay imposed on (+) and (-) feedback loops, (3) the effect of both 

intrinsic and extrinsic noise on the NF-κB dynamics in this reduced network, and (4) how 

extracellular TNFα contributes to homogenization and/or synchronization of the NF-κB 

dynamics at a population of the single cells.  



IV. Methods 

 

1. Computational network model: Our computational model consists of three modules, 

one for the canonical NF-κB signaling pathway shown in Fig. 1B, one for the TNF-R 

signaling pathway as shown in Fig. 1A, and one for the Toll like receptor 4 (TLR4-

MyD88-dependent) signaling pathway as shown in Fig. 1A. The TNF-R and TLR4 

signaling pathways converge on IKK, which initiates the canonical NF-κB signaling 

pathway. E. Coli LPS stimulates TLR4-MyD88-dependent signaling pathway. The signal 

propagates through this pathway and activates the canonical NF-κB pathway. Activated 

NF-κB translocates into the nucleus and initiates the transcription of NF-κB target genes. 

The newly synthesized TNFα stimulates TNF-R signaling pathway and the NF-κB 

signaling pathway, forming a positive feedback loop. Both A20 and IκB isoforms are 

negative regulators and form multiple negative feedback loops. 

 

TNF receptor signaling pathway: As shown in Fig. 2A, TNF receptors (TNFR) become 

activated to be TNFR*, when bound by extracellular TNFα proteins. TNFR* can be 

reversed to TNFR when unbound. Activated TNF receptors (TNFR*) transform inactive 

IKK kinase into activated IKK kinase (IKKKa), which in turn activates neutral IκB 

kinase (IKKn) into activated IKK (IKKa). This initiates the canonical NF-κB signaling. 

This model was used by Lipniacki et al in their stochastic model (Lipniacki et al 2006). 

 

TLR4-MyD88-dependent pathway: As shown in Fig. 2A, activation and inactivation of 

TLR4 occurs when LPS is bound or unbound to the receptors, respectively. Once LPS is 

bound to TLR4, the signal passes through a linear chain of the MyD88-dependent 

pathway and TAK can induce the activation of IKK (IKKa), activating the canonical NF-

κB signaling pathway. The linear chain model of TLR4 signaling pathway was first used 

in ref (Selvarajoo 2006). This linear chain of multiple proteins is greatly simplified to a 

single super node by Covert et al. The only difference here is that we impose the 

conservation of the TLR4 mass in time: the sum of TLR4 and TLR4* should equal to a 

constant.   

 



Canonical NF-κB signaling pathway (IKK-NF-κB-IκB-A20 signaling pathway): The 

NF-κB signaling pathway shown in Fig. 2B represents a new comprehensive model, i.e., 

the up-to-dated network comprising IκB kinase (IKK), NF-κB, both negative regulators 

of A20 and IκB isoforms (IκBα, IκBβ, IκBε), and the protein complexes formed by two 

or three of the constituents (Hoffmann et al., 2002; Lipniacki et al., 2004; Nelson et al., 

2004; Lipniacki et al., 2006; Cheong et al., 2006; Covert et al., 2005; Kearns et al., 2006; 

Werner et al., 2005). This signaling pathway model also includes mRNA and protein 

syntheses of A20 and IκB isoforms. The network consists of 70 kinetic rate constants and 

one initial concentration of NF-κB, whose values are taken from the literature (Lipniaki 

et al 2004; Werner et al., 2005).  

 

TNFα  autocrine signaling: As shown in Fig. 2A, TNFα-mediated autocrine signaling is 

modeled as follows: the synthesis rate of mRNA TNFα (TNFt) depends on a saturating 

function of [NF-κBn] just as A20 mRNA and IKB mRNA do. TNFt is then translated to 

intracellular TNFα protein (TNFi). TNFi diffuses to extracellular space, becoming 

extracellular TNFα (TNFe), which is bound to TNF-R, making it activated TNF-R*.   

 

Parameterization of the computational model with experimental data: The nominal 

values of most of the kinetic rate constants of the canonical NF-κB signaling pathway are 

taken from the literature (Lipniaki et al 2004; Werner et al., 2005). The synthesis rates 

and the degradation rates of A20 mRNA and IκBα mRNA are calibrated to reproduce the 

induction levels of the Q-PCR generated A20 mRNA and IκBα mRNA. The most 

significantly correlated parameter with NF-κB translocation dynamics is total NF-κB 

concentration and its value is taken from the literature. The volume ratio of cytoplasm to 

nucleus is the second most significantly correlated parameter with NF-κB response and 

its average and variation are measured from ten RAW 264.7 murine macrophage-like 

cells by Hyper-spectral imaging technique. Other available experimental data, e.g., both 

the IKK temporal profiles and the IκBα promoter-bound NF-κB profiles resulting from 

stimulation by either TNFα or LPS, are used as the qualitative patterns that our 



computational model results should reproduce (Werner et al 2005; Covert et al 2005; 

Bosisio et al 2006).  

 

Numerical simulation of the computational network model: The network in Fig. 2A is 

translated to a system of ordinary differential equations (ODE). These equations are 

simulated with the initial values of total NF-κB concentration and zero concentrations of 

all the other biochemical species. We simulate the ODE system until it reaches its 

equilibrium (33 hours) and then constantly stimulate the system and measure/record the 

temporal profiles of various biochemical species.  

 

2. EGFP-RelA reporter construct: The pβActin-EGFP-RelA construct was derived from 

pECFP-F-RelA, a kind gift from Dr. Allan Brasier (University of Texas Medical Branch).  

ECFP was replaced with EGFP between the Age1 and BsrG1 sites, and the 

cytomegalovirus (CMV) promoter was replaced with a minimal 106bp human βActin 

promoter (1) cloned between the Ase1 and Nhe1 sites to reduce average expression levels.  

The plasmid pBA-GFP-RelA was linearized and used to transfect RAW264.7 murine 

macrophage-like cells (ATCC) by Nucleofection (Amaxa Biosystems).  Transfected cells 

were grown for 12 days in the presence of G418, and a clone stably expressing GFP-

RelA was isolated and named RG16.   

 

3. RNA isolation and Quantitative RT-PCR: Total RNA is isolated from either 

RAW264.7 or RG16 murine macrophages stimulated with 0nM, 1nM or 100nM E.coli 

LPS at the following timepoints: 0, 30, 45, 60, 90, 120, 180, and 240min. The total RNA 

isolation is repeated on subsequent days to obtain two biological replicas for each 

experimental condition. Total RNA extraction is performed using Qiashredder, RNAeasy, 

and DNase on-column kits from Qiagen.  RNA integrity is tested using a Bioanalyzer. 

Relative abundances of A20 and IκBα mRNA are measured using TaqMan® qRT-PCR 

with 50ng RNA per reaction. Probes, primers, and one step reagents are purchased from 

ABI and reactions are run in triplicate using an ABI 7500 instrument. Abundances are 

calculated relative to eukaryotic 18S rRNA using SDS v1.3 software (ABI). 

 



4. Cell Culture, Transfection, and Imaging: RAW 264.7 cells are grown in DMEM 

supplemented with 10% fetal bovine serum, 2mM L-glutamine, 1mM sodium pyruvate, 

1x MEM nonessential amino acids, 20mM HEPES, 100 I.U./ml penicillin, and 100µg/ml 

streptomycin. For microscopy, 3x105 cells are plated in 35mm glass coverslip bottom 

dishes 18-24 hours prior to stimulation and imaging.  Dishes are placed in a microscope 

stage-top humidified microincubator at 37°C with continuous flow 5% CO2 in air. 

Stimulation is initiated by addition of growth medium containing lipopolysaccharide.  

Images are collected every 2-10 minutes for 4-6 hours. 
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Figure Caption: 

 

Figure 1: Extended network model of TNF-R, canonical NF-kappaB, and TLR4-MyD88 

dependent signaling pathway. In (A) the activation of TLR4-MyD88-dependent pathway 

by LPS leads to the activation of a canonical NF-kappaB signaling pathway, which in 

turn activates the TNF-R pathway through TNF autocrine signaling. (B) shows IKK-

IkappaB-NF-kappaB-A20 signaling pathway model.  

 

Figure 2: Nuclear GFP-RelA amplitude from Live Single cell fluorescence microscopy 

data and computational model prediction. (A) includes about 40 individual profiles of 

GFP-RelA amplitude for 4 hours of experimental duration with persistent stimulation of 

100 nM LPS. Different colored lines indicate GFP-RelA amplitudes from different cells. 

Thick red line represents the average profile and black dashed line denotes the standard 

deviation of individual curves from their average. (B) is for persistent stimulation of 1 

nM LPS. In (C), the individual GFP-RelA profiles are classified into three clusters: 

single-peaked pattern for top panel, rising pattern for mid panel, and damped oscillatory 

pattern for bottom panel. The number in each panel indicates the percentage of the 

particular pattern and such a distribution of three patterns are presented in a bar graph in 

(D): blue for single-peaked pattern, orange for rising pattern and red for damped 

oscillatory pattern. In (E) and (F) are presented the classification and the distribution of 

the GFP-RelA profiles. Lastly, computational model prediction of the temporal profiles 

of the nuclear NF-κB concentration and its distribution are in (G) and (H) for 100 nM and 

in (I) and (J) for 1 nM persistent stimulation, respectively: yellow for sustained 

oscillatory pattern, red for damped oscillatory pattern and blue for single-peaked pattern. 

 

Figure 3: Relative abundances of mRNA RELA and mRNA NF-κB target genes, IκBα 

and A20. mRNA levels of RELA in (A) and (D), IκBα in (B) and (E) and A20 in (C) and 

(F) are measured through quantitative PCR without (black lines) and with E. Coli LPS 

stimulation (red lines). Upper panels (A through C) are with 1 nM E. Coli LPS 

stimulation while the lower panels (D through F) are with 100 nM E. Coli LPS. 

 



Supporting Figure 1: TNFα (+) feedback loops induces bistability and two equilibrium 

levels of nuclear NF-kappaB.  

 

Supporting Figure 2: computer model prediction about the role of TNFα autocrine 

signaling on a rising pattern of nuclear NF-κB concentration upon 1 nM LPS stimulation. 

The blue curves are the nuclear NF-κB profiles from the ensemble of the NF-κB 

signaling network. A red curve represents the ensemble average of nuclear NF-κB 

profiles from a wild type case and a green curve denotes the ensemble average from a 

mutant with TNFα knocked-out.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table I. Biochemical reactions & associated reaction rates in our computational model of 

the NF-κB signaling network. Column I is the kinetic parameter, II is its units, III is its 

nominal value from the reference, IV is the reference, and V is our nominal value. The 

reaction rates labeled with  [1] are from Ref. [39], those labeled [2] are from Ref. [45], 

those labeled [3] use an average value between those in Ref. [39] & Ref. [45], those 

labeled [4] are from Ref. [Salvarjoo FEBS Lett], and those labeled from [5] are from Ref. 

[Cho et al]. The units for [a] are µM-1s-1, for [b] are s-1, for [c] are µM s-1, and for [d] are 

µM. 

Reactions I II III IV V 
IKKa + IκBa  IKKa_IκBα Aα [a] 0.2 [1] 0.1813 
IKKa + IκBb  IKKa_IκBβ Aβ [a] 0.05 [3] 0.02997 
IKKa + IκBe  IKKa_IκBε Aε [a] 0.05 [3] 0.04244 
IKKa+IkBα-NF-κB  IKKa-IκBα-NF-κB Bα [a] 1 [1] 1.024 
IKKa+IkBβ-NF-κB  IKKa-IκBβ-NF-κB Bβ [a] 0.25 [3] 0.3683 
IKKa+IkBε-NF-κB  IKKa-IκBε_NFkB Bε [a] 0.25 [3] 0.42 
NF-κBn  NF-κBn + A20t C1 [b] 0.0000005 [1] 0.000000506 
0  A20t C2 [c] 0 [1] 0 
A20t  0 C3 [b] 0.0004 [1] 0.0002438 
A20t  A20t + A20 C4 [b] 0.5 [1] 0.5807 
A20  0 C5 [b] 0.0003 [1] 0.0003769 
IKKa-IκBα  IKKa + IκBα Dα [b] 0.00125 [2] 0.002046 
IKKa-IκBβ  IKKa + IκBβ Dβ [b] 0.00175 [2] 0.0005609 
IKKa-IκBε  IKKa + IκBε Dε [b] 0.00175 [2] 0.002142 
IKKa-IκBα-NF-κB  IKKa + IκBα-NF-κB Dα [b] 0.00125 [2] 0.002046 
IKKa-IkBβ-NF-κB  IKKa + IκBβ-NF-κB Dβ [b] 0.00175 [2] 0.000561 
IKKa-IκBε-NF-κB  IKKa + IκBε-NF-κB Dε [b] 0.00175 [2] 0.002142 
IKKa-IκBα-NF-κB  IKKa-IκBα + NF-κB Eα [b] 0.000001 [2] 0.00000144 
IKKa-IκBβ-NF-κB  IKKa-IκBβ + NF-κB Eβ [b] 0.000001 [2] 0.00000124 
IKKa-IκBε-NF-κB  IKKa-IκBε + NF-κB Eε [b] 0.000001 [2] 0.00000064 
IKKa-IκBα + NF-κB  IKKa-IκBα-NF-κB Fα [a] 0.5 [2] 0.3789 
IKKa-IκBβ + NF-κB  IKKa-IκBβ-NF-κB Fβ [a] 0.5 [2] 0.2135 
IKKa-IκBε + NF-κB  IKKa-IκBε-NF-κB Fε [a] 0.5 [2] 0.3528 
IκBα-NF-κB  NF-κB + IκBα Gα [b] 0.000001 [2] 0.00000064 
IκBβ-NF-κB  NF-κB + IκBβ Gβ [b] 0.000001 [2] 0.00000044 
IκBε-NF-κB  NF-κB + IκBε Gε [b] 0.000001 [2] 0.00000069 
IκBαn-NF-κBn  NF-κBn + IκBαn Gα [b] 0.000001 [2] 0.00000064 
IκBβn-NF-κBn  NF-κBn + IκBβn Gβ [b] 0.000001 [2] 0.00000044 
IκBεn-NF-κBn  NF-κBn + IκBεn Gε [b] 0.000001 [2] 0.00000069 
IκBα + NF-κB  IκBα-NF-κB Hα [a] 0.5 [2] 0.4593 
IκBβ + NF-κB  IκBβ-NF-κB Hβ [a] 0.5 [2] 0.7753 



IκBε + NF-κB  IκBε-NF-κB Hε [a] 0.5 [2] 0.2895 
IκBαn + NF-κBn  IκBαn-NF-κBn Hα [a] 0.5 [2] 0.4593 
IκBβn + NF-κBn  IκBβn-NF-κBn Hβ [a] 0.5 [2] 0.7753 
IκBεn + NF-κBn  IκBεn-NF-κBn Hε [a] 0.5 [2] 0.2895 
NF-κB  NF-κBn I1 [b] 0.0025 [1] 0.003037 
NF-κBn  NF-κB K01 [b] 0.00005 [3] 0.00005537 
IKKn  IKKa K1 [b] 0.0025 [1] 0.003273 
A20 +IKKa  A20 + IKKi K2 [a] 0.1 [1] 0.07075 
IKKa  IKKi K3 [b] 0.0015 [1] 0.00202 
0  IKKn Kprod [c] 0.000025 [1] 0.000009752 
IKKn, IKKa, or IKKi  0 Kdeg [b] 0.000125 [1] 0.0001561 
Volume ratio of cytoplasm to nucleus Kv 1 5 [1] Variable 
IκBαn-NF-κBn  IκBα-NF-κB Lα [b] 0.01 [1] 0.013979 
IκBβn-NF-κBn  IκBβ-NF-κB Lβ [b] 0.005 [3] 0.001567 
IκBεn-NF-κBn  IκBε-NF-κB Lε [b] 0.005 [3] 0.006583 
IκBα-NF-κB  NF-κB Mα [b] 0.000025 [1] 0.00002837 
IκBβ-NF-κB  NF-κB Mβ [b] 0.000025 [3] 0.00003609 
IκBε-NF-κB  NF-κB Mε [b] 0.000025 [3] 0.00000866 
IKKa-IκBα-NF-κB  IKKa + NF-κB Pα [b] 0.1 [1] 0.12928 
IKKa-IκBβ-NF-κB  IKKa + NF-κB Pβ [b] 0.05 [3] 0.06454 
IKKa-IκBε-NF-κB  IKKa + NF-κB Pε [b] 0.05 [3] 0.08434 
IκBαn  IκBα Qα [b] 0.0005 [1] 0.0005123 
IκBβn  IκBβ Qβ [b] 0.0005 [3] 0.0007398 
IkBεn  IkBε Qε [b] 0.0005 [3] 0.0002184 
IKKa-IκBα  IKKa Rα [b] 0.1 [1] 0.123 
IKKa-IκBβ  IKKa Rβ [b] 0.1 [3] 0.03837 
IKKa-IκBε  IKKa Rε [b] 0.1 [3] 0.1571 
IκBαn-NF-κBn  NF-κBn Sα [b] 0.000001 [2] 0.00000037 
IκBβn-NF-κBn  NF-κBn Sβ [b] 0.000001 [2] 0.000001131 
IκBεn-NF-κBn  NF-κBn Sε [b] 0.000001 [2] 0.000001037 
NF-κBn  NF-κBn + IκBαt Uα [b] 0.0000005 [1] 0.000000279 
NF-κBn  NF-κBn + IκBβt Uβ [b] 0 [2] 0 
NF-κBn  NF-κBn + IκBεt Uε [b] 0.00000005 [3] 0.000000059 
IκBα  IκBαn Vα [b] 0.001 [1] 0.0009786 
IκBβ  IκBβn Vβ [b] 0.001 [3] 0.0004871 
IkBε  IkBεn Vε [b] 0.001 [3] 0.00147 
IκBα, IκBαn  0 Wα [b] 0.0001 [1] 0.000132 
IκBβ, IκBβn  0 Wβ [b] 0.0001 [3] 0.000133 
IκBε, IκBεn  0 Wε [b] 0.0001 [3] 0.000042 
IκBαt  IkBαt + IkBα Xα [b] 0.5 [1] 0.4552 
IκBβt  IκBαt + IκBβ Xβ [b] 0.5 [3] 0.3828 
IκBεt  IκBαt + IκBε Xε [b] 0.5 [3] 0.3304 
0  IκBαt Yα [c] 0.00000005 [3] 0.000000084 
0  IκBβt Yβ [c] 0.000000005 [3] 0.00000000414 
0  IκBεt Yε [c] 0.000000005 [3] 0.00000000508 



 
 

 

 

 

 

 

 

 

 

 

IκBαt  0 Zα [b] 0.0004 [1] 0.0003375 
IκBβt  0 Zβ [b] 0.0004 [3] 0.0002031 
IκBεt  0 Zε [b] 0.0004 [3] 0.0004742 
Total NF-κB amount  [d] 0.06 [1] Variable 
LPS  MyD88 Kf1 [b] 0.1 [4] 0.1 
MyD88  0 Kb1 [b] 0.1 [4] 0.01 
MyD88  IRAK Kf2 [b] 0.1 [4] 0.1 
IRAK  0 Kb2 [b] 0.1 [4] 0.1 
IRAK  TRAF Kf3 [b] 0.1 [4] 0.1 
TRAF  0 Kb3 [b] 0.1 [4] 0.1 
TRAF  TAK Kf4 [b] 0.1 [4] 0.1 
TAK  0 Kb4 [b] 0.1 [4]  0.1 
NF-κBn  NF-κBn + TNFt Qf1 [b] 0.025 [5] 0.0000007 
TNFt  0 Qb1 [b] 0.025 [5] 0.0005 
TNFt  TNFi Qf2 [b] 0.025 [5] 0.5 
TNFi  0 Qb2 [b] 0.025 [5] 0.00005 
TNFi  TNFe Qf3 [b] 0.025 [5] 0.0003 
TNFe  0 Qb3 [b] 0.025 [5] 0.05 
TNFe + TNFR  TNFR* Qf4 [b] 0.025 [5] 0.1 
TNFR*  TNFR Qb4 [b] 0.025 [5] 0.01 
TNFR* + IKKKn  IKKKa Qf5 [b] 0.025 [5] 0.1 
IKKKa  IKKKn Qb5 [b] 0.025 [5] 0.01 
IKKKa + IKKn IKKa Qf6 [b] 0.025 [5] 0.001 
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