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Abstract

Cells receive a wide range of dynamic signaling inputs during immune regulation, but how 

gene regulatory networks measure such dynamic inputs is not well understood. Here, we used 

microfluidic single-cell analysis and mathematical modeling to study how the NF-κB pathway 

responds to immune inputs that vary over time such as increasing, decreasing, or fluctuating 

cytokine signals. We found that NF-κB activity responded to the absolute difference in cytokine 

concentration and not to the concentration itself. Our analyses revealed that negative feedback 

by the regulatory proteins A20 and IκBα enabled differential responses to changes in cytokine 

dose by providing a short-term memory of previous cytokine concentrations and by continuously 

resetting kinase cycling and receptor abundance. Investigation of NF-κB target gene expression 

showed that cells exhibited distinct transcriptional responses under different dynamic cytokine 

profiles. Our results demonstrate how cells use simple network motifs and transcription factor 

dynamics to efficiently extract information from complex signaling environments.
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INTRODUCTION

Cells receive temporally varying signals such as cytokines and pathogenic molecules that 

encode information on the identity, amplitude, and timing of extracellular challenges during 

the immune response. This information is transmitted into the nuclear localization dynamics 

of key transcription factors such as nuclear factor κB (NF-κB), which is then decoded by 

gene regulatory machinery to create specific gene expression responses (1–4). Among those 

signaling molecules are the central inflammatory cytokines tumor necrosis factor (TNF) and 

interleukin-1β (IL-1β), which mediate local activation of neighboring cells and coordinate 

population- and system-level responses. In response to infection in humans and mice, TNF 

and IL-1β levels in tissue and plasma show a rapid increase and can be sustained at a 

high level for hours up to many days (5–10). On the other hand, the cytokine levels in 

the tissue microenvironment can be dynamic (11–13). Individual macrophages and T cells 

secrete cytokines in complex temporal profiles, such as in pulses and oscillations, in an 

input-specific manner (14–16). These and other observations have led to the hypothesis 

that cytokine dynamics and the subsequent proinflammatory responses are connected by a 

“temporal code” that transmits information from cell surface receptors to gene expression 

(17).

NF-κB is a key mediator of cytokine signaling and is central to many physiological 

scenarios in immunity and disease, such as infection, autoimmunity, and cancer. Nuclear 

translocation of NF-κB family transcription factors such as p65 leads to the activation 

of nearly 1000 inflammatory and immune response genes (18). Both population-averaged 

and single cell–resolved measurements show that NF-κB activation discriminates between 

different doses of signaling molecules including TNF and lipopolysaccharide (4, 19–21). 

However, it is not known whether cells perceive and respond to the absolute concentration 

of the cytokine signals independently of past cytokine exposure, as would be the case 

for a memory-less system, or to the relative changes in cytokine levels because cells can 

remember previous cytokine levels. Certain biological circuits can store signaling input 

information in biochemical memory and tailor their response on the basis of prior levels or 

the “history” of environmental signals. For example, fold-change detection of environmental 

signals was first described in the chemotaxis of bacteria, where a cellular response 

is constantly maintained across equal fold changes in chemoattractant concentration 

(22, 23). Many important eukaryotic signaling pathways in cell growth/differentiation 

(including extracellular signal–regulated kinase 2, transforming growth factor–β, and Akt), 

embryonic development, and cancer (such as Wnt) also exhibit fold-change detection to 

the extracellular ligands (22). However, in the context of infection and inflammation, 

it is not known how key gene regulatory networks such as NF-κB interpret fluctuating 

concentrations of extracellular signaling molecules, whether they respond to the absolute 

cytokine level or to the rate of change.

To address this important question, we studied how mammalian cells respond to dynamically 

changing cytokine concentrations. Using high-throughput microfluidic live-cell analysis, 

single-cell tracking, and mathematical modeling, we investigated whether the NF-κB system 

exploits the temporal characteristics of signals (the input dynamics) during inflammatory 

signaling. We found that NF-κB dynamics precisely correlated to the rate of change in TNF 
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and IL-1β, not their absolute levels or to fold changes in concentration. Our theoretical and 

experimental analyses revealed that multipoint negative feedbacks by A20 and inhibitor of 

nuclear factor κBα (IκBα) proteins enable this dose differentiation behavior specifically in 

the NF-κB system in response to TNF and IL-1β.

RESULTS

NF-κB dynamics precisely correlate to the rate of change in TNF and IL-1β concentration

To understand how dynamically varying cytokine concentrations are encoded and decoded 

by a signaling system, two key questions need to be answered: which attributes of the 

dynamic signals are detected by the responding pathway and how these attributes regulate 

the response dynamics. The characteristic response of NF-κB transcription factors to 

cytokine stimulus is oscillatory. The transcription factor p65 translocates into the nucleus 

and cycles between the cytosol and nucleus upon cellular exposure to cytokine signals 

(Fig. 1, A and B) (1, 4). These oscillations can be measured by live-cell microscopy 

using fluorescent reporters (4). We stimulated NIH/3T3 immortalized mouse embryonic 

fibroblasts (3T3 cells) expressing the p65-DsRed fusion protein with various dynamic 

cytokine regiments created by a microfluidic device and analyzed peak height and area 

under the curve (AUC) of each p65 (NF-κB) localization peak, the two measures of total 

NF-κB nuclear localization most closely correlated with downstream gene expression (4, 

24–26).

To identify the input detection mechanism that is used by NF-κB, we delivered periodically 

increasing doses of TNF and IL-1β to 3T3 fibroblasts in a microfluidic culture device. 

Extracellular concentration of both signaling molecules were increased in three different 

patterns (instant, linear, and exponential) in a controlled manner (Fig. 1C). Individual cells 

were tracked in real time, and nuclear p65-DsRed levels were recorded by video microscopy. 

Computer-aided analysis of the videos allowed the extraction of nuclear p65 localization 

traces for each cell.

When TNF or IL-1β was instantly increased to a high dose (10 or 2.5 ng/ml) and maintained 

at that level, a strong initial nuclear translocation of NF-κB was observed in all cells within 

5 min, reaching its peak at around 25 min (Fig. 1A and movies S1 and S2). However, 

although the dose was maintained at the same level, the amplitude of subsequent nuclear 

NF-κB oscillations was diminished to 10 to 30% of the initial peak height. The exponential 

decay of the NF-κB response under constant cytokine level suggested that the response of 

the NF-κB system became desensitized to the unchanging input.

When TNF or IL-1β was linearly increased to a high dose (increment of 1 or 0.5 ng/ml 

every 60 min), we observed sustained oscillations (Fig. 2A and movies S1 and S2). The 

p65 peaks under both linear ramping of TNF and IL-1β increased and were sustained 

at a consistent level until ramping was terminated. Total p65 localization, as measured 

by the AUC of nuclear p65 during each ramping step, stayed constant under linearly 

increasing cytokine doses. Because of the differences in oscillation characteristics between 

instantaneous increase and linear stepwise ramping, we studied the NF-κB response under 

exponentially increasing concentration steps. The cytokine concentration was doubled every 
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60 min until reaching the maximum level. During exponential ramping, we observed that 

p65 peaks increased continuously until the final concentration was reached (Fig. 2B and 

movies S1 and S2). When plotted against the logarithm of input change, the mean AUC for 

each step fitted precisely to a straight line with a correlation coefficient of ~0.984.

One possible explanation for the desensitization of the NF-κB response is a fold-change 

detection mechanism, but this mechanism cannot account for our results from linear and 

exponential ramping experiments. If NF-κB behaved as a fold-change detector, then the 

height or AUC of successive p65 peaks during linear ramping would decrease sharply 

because the fold change in the cytokine concentration diminishes in every step. For 

exponential ramping, on the other hand, the peak heights or AUC would be maintained at 

a constant level. On the contrary, our data showed constant NF-κB peak heights and AUCs 

under linear ramping and increasing peak heights and AUCs under exponential ramping. 

This behavior can be best described as a dose “differentiator,” such that NF-κB responds to 

the log difference in cytokine dose (and not to its absolute level or the fold change), similar 

to an electronic circuit whose output is proportional to the rate of change of the input level.

Having observed NF-κB behaving as a dose differentiator under specific cytokine ramping 

conditions, we asked how robustly the differentiation behavior held across variable input 

dynamics. To investigate how the NF-κB system processes randomly fluctuating cytokine 

levels, we stimulated cells with different levels of TNF or IL-1β in randomly increasing 

and decreasing concentrations every 60 min (Fig. 2C and fig. S3C). The AUC of each time 

interval for each sample was calculated and then plotted against the change of the cytokine 

level at each step. For all random dynamics that we tested, any decrease in cytokine level 

resulted in a uniformly sharp decrease in nuclear AUC. However, when cytokine levels 

increased, the AUC maintained a linear relationship to the log of the input change with a 

correlation coefficient of ~0.91. Our results thus suggest that the NF-κB system robustly 

differentiates positive rate of change in the TNF/IL-1β dose regardless of input complexity.

Overall, all our results suggest that the NF-κB is analogous to a rectified differentiator, an 

electronic circuit that differentiates only the positive change in the current, except that its 

response is proportional to the logarithm of the input difference. We also found that the 

differentiator behavior in NF-κB held robustly over a wide range of ramping or exponential 

growth rates in physiological time scales (0.75 to 10 ng/ml per hour or 6- to 120-min 

doubling time), further supporting the generality of differentiator behavior under various 

input dynamics (figs. S1, A to C; S2, A to C; and S3, A to C). Thus, the following 

simple expression best describes the relationship between the input stimulus and nuclear 

NF-κB localization amplitude or AUC in single cells, for positive changes in cytokine 

concentrations (ΔCcytokine > 0)

NFκB log ΔCcytokine + 1
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Dose differentiation depends on IκB kinase dynamics and multiple negative feedback 
mechanisms

To understand the molecular mechanism behind dose differentiation, we studied 

specific properties of the NF-κB regulatory network through mathematical modeling. In 

unstimulated cells, the majority of NF-κB is in the cytosol, sequestered by IκBα proteins 

(Fig. 3A). Upon activation by TNF or IL-1β, membrane receptors trigger the ubiquitination 

and phosphorylation of neutral IκB kinase (IKKn), posttranslational modification events 

that transform the kinase into an active conformation (IKKa) and cause the degradation 

of IκBα protein. IκBα degradation releases NF-κB for nuclear translocation and triggers 

the transcription of immune response genes including those encoding its own negative 

regulators, IκBα and A20. IκBα sequesters nuclear NF-κB and exports the complex out to 

the cytosol. Coincident with NF-κB translocation, IKKa undergoes conformational changes 

and phosphorylation at different sites that disrupt its catalytic activity, leaving it in a 

refractory state (IKKi) (24, 27, 28). Dephosphorylation and reformation of the IKK subunits 

is necessary to adopt the poised state (IKKn) again. Theoretical studies demonstrated that 

the cycling rates of IKK conformational change can substantially affect the peak height and 

dynamics of NF-κB activity (29). If IKKa remains at a high level after the NF-κB and IκBα 
complex has been exported, then it triggers degradation of IκBα, initiating another cycle of 

NF-κB translocation. Another important negative feedback component regulated by nuclear 

NF-κB is A20, a ubiquitin-editing enzyme that inhibits the activation of IKK and facilitates 

the inactivation of IKKa (30–32). Both in vitro and in vivo studies showed that defects in 

A20 cause prolonged nuclear residence of NF-κB and increased immune activity (33, 34).

To computationally identify possible molecular components or NF-κB subcircuits 

underlying dose differentiation, we constructed a system of 10 differential equations with 

25 parameters (see Materials and Methods in the Supplementary Materials) based on our 

previously published models of the NF-κB pathway (4, 35). About half of the parameters 

could be estimated on the basis of the previous experimental work. Then, using the simplex 

search algorithm (36), the parameter values for the other variables were estimated by fitting 

the simulated nuclear NF-κB dynamics under three different input ramping patterns (instant, 

linear, and exponential increase) to the corresponding experimental data (see Materials and 

Methods in the Supplementary Materials). The simulated nuclear NF-κB trajectory closely 

captured the differentiator trait of our experimental data. Using this parameter set as a basis, 

we then evaluated the sensitivity of each parameter to the differentiator behavior through 

a custom-developed scoring system (Fig. 3B, fig. S4, and Materials and Methods in the 

Supplementary Materials).

We found that the differentiator behavior was largely unaffected by changes in export 

and import of NF-κB and IκBα across the nuclear membrane (Fig. 3, A and B, black 

parameters). The rates associated with IKK conformational change exhibited moderate 

effects. In contrast, the terms associated with expression of A20 and IκBα proteins 

showed substantial effects when varied (red parameters). The importance of A20 and IκBα 
parameters for differentiator behavior could be explained by the dependence of A20 and 

IκBα on the strength or dose of the previous TNF stimulation, which would provide 

memory of the previous TNF stimulation by damping the subsequent NF-κB response (Fig. 
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3C). The high sensitivity of the dose differentiation behavior to A20 is intriguing because 

this is the only element of the model that is not essential to the canonical NF-κB pathway.

A20 controls IKK cycling that transmits information about TNF dose changes to NF-κB

To more thoroughly examine the role of IKK cycling and A20-mediated negative feedback 

in dose differentiation, we gradually reduced the production level of A20 in our simulations 

and studied the effect on NF-κB response (as assessed by nuclear NF-κB and active 

IKK levels) under different TNF input dynamics. When the TNF level was increased in a 

stepwise fashion and A20 translation was not perturbed, simulations successfully reproduced 

nuclear NF-κB amplitudes that corresponded to the change in TNF concentration (Fig. 4A). 

However, when the translation rate of A20 was reduced to a quarter of its natural rate, we 

found that NF-κB localization did not track with changes in TNF input, thus indicating a 

disruption in differentiator behavior. In this system, it took longer for the IKKa level to 

return to baseline (Fig. 4B, blue curves), decreasing the level of IKKn available to respond 

when the next stimulus came. Consequently, IKKa production in the next input increase did 

not fully reflect the increase in the TNF input dose, resulting in a damped response to input 

change. This effect became more pronounced if A20 was removed completely (Fig. 4C), and 

NF-κB did not accurately reflect the increases in TNF dose. Because IL-1β signaling shares 

the IKK module and also controls downstream expression of A20, the same A20-dependent 

mechanism likely explains differentiator behavior under dynamic IL-1β stimulus, although 

the range of dose or sensitivity would be different because of the difference in receptors and 

their associated cytosolic complexes.

Hence, the deletion of A20 results in two key outcomes: loss of feedback from nuclear 

NF-κB that transmits information about the previous cytokine dose and longer adaptation 

time for IKK cycling to return to the ready state to reflect the change in the dose. 

The first outcome would result in stronger NF-κB responses at lower doses of TNF and 

earlier saturation of the NF-κB response during input ramping. The second outcome would 

lengthen the oscillation period for both IKK conformation and NF-κB translocation cycling. 

These anticipated outcomes of A20 deletion were in cells deficient in A20 (Fig. 5A). 

To further confirm the longer relaxation time in cells deficient in A20, we continuously 

stimulated both wild-type background (designated as “empty vector”) and A20 knockout 

cells with a constant dose of TNF. Whereas cells with A20 completed the initial cycle within 

60 min of stimulation, the nuclear NF-κB level of A20 knockout cells was still decreasing 

after 120 min (Fig. 5B). To assess how A20 affects the oscillatory behavior at the single-cell 

level, we applied a Fourier transformation to each trace to evaluate power spectrum and 

reveal the most prominent oscillatory frequency in each cell (Fig. 5B). In cells lacking A20, 

the mean frequency of the oscillations was decreased by more than half, and more power 

was allocated to the zero frequency (meaning, the non-oscillatory response), demonstrating 

disruption of oscillatory NF-κB behavior.

Both exponential ramping and constant-dose experiments suggested the critical role of A20 

in generating prompt responses to changes in TNF input. To further confirm this notion, 

we delivered different doses of TNF in random order to A20 knockout cells (Fig. 5C), 

similar to what we did with wild-type cells (Fig. 2C). Not only did the response to input 
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change become noisier (with a correlation coefficient of ~0.76, compared to ~0.91 for the 

wild type), but also a substantial amount of NF-κB remained in the nucleus even after the 

input level decreased, indicating the system’s reduced sensitivity to input dynamics. Last, 

to confirm that the behavior of our simulated A20 knockout mutant was not biased by 

initial fitting with the full NF-κB circuit (Fig. 4A), we directly obtained the experimental 

best fit from the A20 knockout model (fig. S5A). Even after fitting the model without A20 

directly, the resulting nuclear NF-κB traces did not reproduce the traces observed from 

the different ramping experiments. Likewise, the best fit without IKK cycling also failed 

to reproduce the experimental results (fig. S5B). Hence, both our theoretical and empirical 

studies demonstrate the importance of A20 in resetting the IKK dynamics and receptor 

levels.

Although we focused our analysis on the role of A20 in the differentiator behavior under 

TNF stimulation, it is important to note that both negative feedback mechanisms involving 

IκBα and A20 are required for the differentiator behavior. Without IκBα, the oscillatory 

response by NF-κB would not be possible in the first place, and stronger NF-κB activation 

would require greater IκBα production to remove NF-κB from the nucleus and allow the 

system to adapt. Our simulation for IκBα level in each ramping case suggested that the trace 

for IκBα level closely followed that of the NF-κB response in wild-type cells (fig. S7A). 

However, when A20 was depleted, the production of IκBα was disrupted because of the 

continuous degradation of IκBα downstream of active TNF receptor, resulting in active IKK 

(fig. S7B). Hence, coordination of both negative feedback mechanisms acting on multiple 

points in the signal transduction cascade enables accurate assessment of the input dynamics 

to produce appropriate NF-κB responses. Although the roles of both negative feedbacks in 

NF-κB regulation were explored in previous studies, such differentiation capability from the 

negative feedbacks has not been reported before.

Differentiation is reproduced at the single-cell level

Our study so far suggested that the “mean” NF-κB response corresponded to the change in 

the TNF and IL-1β dose. However, mean and single-cell behavior can diverge considerably 

in NF-κB signaling (4, 35). Whether single-cell behavior also reflects differentiation 

capability has not been explored yet. To examine whether the differentiator behavior 

of the system persists at the single-cell level, we grouped each single-cell trace from 

the exponential TNF and IL-1β ramping into four different clusters using agglomerative 

hierarchical clustering in MATLAB (fig. S8, A and B). To evaluate the differentiator 

behavior of each cluster, the AUC at each ramping step was calculated for the mean trace 

and was fitted to a linear line (fig. S8, A and B, thick gray line). Each group exhibited some 

variation due to stochastic activation and/or interactions among molecules involved in the 

regulation. However, most cells exhibited continuous oscillations and generally increasing 

peak heights. Although the oscillatory peaks in some groups fluctuated around the fitted 

lines, the slope of the fitted line in each group was all positive with its y intercept close 

to zero, which suggests that differentiation is a consistent and reproducible behavior at the 

single-cell level.
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Then, we tried to analyze the source of different group behavior or the fluctuation around the 

fitted line existing in some groups. During exponential TNF ramping, the majority (~55%) 

of cells successfully differentiated dose changes at the single-cell level (fig. S8A, group 

2). However, a substantial minority of the cells (~23%, group 4) exhibited an interesting 

behavior: After strong activation in the middle of ramping, NF-κB responses suddenly 

dropped almost by half, followed by gradual increase thereafter. Although the drop was less 

pronounced, groups 3 and 4 undergoing exponential IL-1β ramping also exhibited a similar 

trend in responses. We hypothesized that the stochastic expression of negative feedback 

elements can explain such behavior in a simple manner. Although the mean behavior 

exhibits differentiator behavior, transcriptional bursting of downstream negative feedback 

or different expression capability of cells would cause divergence from the differentiator 

behavior, leading to fluctuating response around the mean (37, 38). In our simulation, 

when the transcription rate of the molecules that mediate negative feedback mechanisms 

was increased, the overall NF-κB response slightly decreased but still demonstrated clear 

differentiator behavior (fig. S9, A and B, blue lines). When the transcription rate was 

decreased, the NF-κB response increased sharply for the early period of ramping because 

of slower production of IκBα and A20 (fig. S9, A and B, red lines). However, the slower 

production of molecules that mediate negative feedback mechanisms also extended the 

time required for NF-κB system to adapt to new input dose. If the change in input dose 

happens before the IKK module completes its cycle, then the system can no longer reflect 

the increase in input dose, resulting in decreased maximal response. Hence, the decreased 

production of A20 and/or IκBα due to noisy gene expression can explain the sudden drop 

observed in a subpopulation of cells.

Dose differentiation is unique to the NF-κB pathway and to cytokine signals

Because inflammatory signaling is complex, with each inflammatory signal acting on 

multiple systems, we then considered whether TNF and IL-1β dose differentiation is a 

unique characteristic specific to NF-κB system or a trait common to other regulators that can 

be induced by these ligands. Although we demonstrated that negative feedbacks downstream 

of NF-κB are responsible for TNF dose differentiation, the upstream signaling pathway 

may still have a system associated with the dose differentiation (39). It is also possible 

that A20 or other negative feedbacks present in other regulatory systems may facilitate the 

differentiation in those systems. Studying this question would facilitate our understanding 

of the difference between NF-κB and other systems and would also provide additional 

evidence for our suggested mechanism for the differentiator behavior.

To investigate the specificity of the differentiator behavior in the NF-κB system, we 

used the NF-κB and c-Jun N-terminal kinase (JNK) dual reporter 3T3 cell (40–42). JNK 

is an important kinase in the mitogen-activated protein kinase (MAPK) pathway, which 

is involved in various cellular functions including cell proliferation and migration and 

which can also be activated by TNF or IL-1β (43). Both NF-κB and MAPK pathways 

share the receptor-associated proteins [such as TNF receptor-associated death domain 

(TRADD), TNF receptor–associated factor 2 (TRAF2), Receptor interacting protein (RIP)] 

in their pathways. However, each uses a different intermediate kinase module for signal 

transduction: IKK module for the NF-κB system and MAPK kinase for the MAPK system 
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(43). Hence, comparing the activation of these two systems would reveal whether the 

governing mechanism for the differentiator behavior happens in the shared upstream portion 

of the signaling cascade or in the divergent downstream portion. To compare the activation 

profiles in both systems, we applied increasing or randomly fluctuating TNF dose ranging 

from 0 to 25 ng/ml TNF to cells harboring NF-κB and JNK reporters (Fig. 6, A and B). 

As observed previously, the NF-κB response corresponded to the dose change from the 

previous stimulus (correlation coefficient, ~0.84). On the other hand, JNK activity showed 

little dependence on change in TNF input (showing a correlation coefficient of ~0.36). This 

result suggests that the differentiator response to the TNF dose change is specific to the 

NF-κB system and that the governing mechanism lies downstream of the receptor-associated 

proteins.

If dose differentiation is unique to the NF-κB system, then the next important question 

would be whether dose differentiation persists in the NF-κB response to other ligands. Many 

ligands activate canonical NF-κB signaling, including the cytokines secreted by both innate 

immune effectors and pathogens. We measured the NF-κB response to the dynamics of 

Pam2CSK4 (Pam), a synthetic diacylated lipopeptide, which mimics bacterial lipoproteins 

and acts as a Toll-like receptor 2 (TLR2) agonist (Fig. 6C) (44). NF-κB response decreased 

exponentially when Pam was increased instantaneously, just like it did for TNF and IL-1β. 

However, when Pam was increased exponentially, the median NF-κB response exhibited 

a sudden increase around 1 ng/ml and then showed a gradual decrease even as the Pam 

concentration increased (Fig. 6C), a response not observed for exponential TNF and IL-1β 
increase. The difference between Pam and TNF/IL-1β persisted even at the single-cell level. 

When examined with the clustering process used for TNF/IL-1β, the majority of cells in 

the Pam stimulation exhibited one or two sharp peaks during the entire ramping period (fig. 

S10). Few cells exhibited robust NF-κB oscillations, and the slope of the fitted lines for each 

group fluctuated from minus to positive values (0.0021, −0.0095, −0.0481, and 0.0349 for 

groups 1 to 4, respectively). In contrast, the slopes in the TNF/IL-1β groups were all positive 

values (0.0373, 0.0515, 0.0585, and 0.0512 for groups 1 to 4 in TNF ramping and 0.0949, 

0.0766, 0.0753, and 0.0715 for groups 1 to 4 in IL-1β ramping).

Such a difference in response to dynamic stimulus between Pam and TNF/IL-1β is 

especially intriguing when considering the similarity and shared components between each 

pathway. TNF and Pam use different receptor-associated signaling components before 

converging on the IKK module (43, 45, 46). Thus, it is expected that NF-κB activation 

dynamics differ between these two signaling pathways. However, IL-1R and TLR2 signaling 

share an Myd88-dependent pathway and other components downstream of their respective 

receptors, which makes it unusual that the response to dynamic input is distinct (45, 46). 

Differences between the IL-1R and TLR2 response have been linked to functional biological 

outcomes (47, 48), and slight differences in the components between these pathways exist 

(49), suggesting that there may be previously undefined differences between the TLR2 

and IL-1R pathways. It is possible that differences in signal transduction at the level of 

the receptor may give rise to different functional outcomes, as observed in other receptor-

ligand interactions (50). For example, the inactivation or degradation rate of TLR2 may be 

faster than that of IL-1R because of intrinsic characteristics or additional negative feedback 

mechanisms. Building this assumption into the simulation reproduced a rapidly declining 
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NF-κB response for all ramping patterns, especially after strong activation of NF-κB (fig. 

S11), suggesting that this may be a potential mechanism for the lack of differentiation with 

Pam.

Dynamic cytokine inputs create distinct NF-κB target gene expression profiles

NF-κB controls the expression of many target genes involved in immunity. To study 

the implications of NF-κB dose differentiation mechanism on target gene expression, we 

measured gene expression in cells stimulated with different TNF dynamics. To determine 

whether NF-κB target gene expression dynamics differed between cytokine dosing patterns, 

we increased TNF level instantaneously and exponentially to 10 ng/ml in the microfluidic 

device and retrieved cells at different time points during and after the completion of TNF 

ramping (Fig. 7, A).

We found that the mRNA expression of NF-κB target genes showed different response 

patterns under dynamic cytokine input (Fig. 7, B). Some genes closely followed the changes 

in cytokine concentration and NF-κB dynamic profiles, whereas others showed a tendency 

for an instantaneous increase in response to a gradual increase in cytokine signal. For 

example, A20 and Ccl2 mRNA levels converged between the two dynamic patterns, with the 

instantaneous TNF increase resulting in a rapid increase in mRNA, followed by maintenance 

of a high expression level, whereas mRNA levels under exponential TNF ramping gradually 

increased in accordance with the increasing NF-κB response. Ccl2, which encodes a 

chemoattractant that recruits sentinel cells to the inflammation site (51), also exhibited an 

initial sharp peak after instantaneous TNF increase. This pattern, which has been reported 

previously, may indicate complex temporal dynamics in downstream gene regulation (4). For 

both genes, when exponential cytokine ramping reached its maximal dose, the mRNA level 

was similar to the highest mRNA level produced by the instantaneous increase. On the other 

hand, the expression of Zfp36 and Casp4, which encode proteins that regulate inflammation 

and facilitate apoptosis (52–54), exhibited minimal up-regulation when TNF was increased 

exponentially, whereas an instantaneous increase caused a sharp increase in the expression 

level. These genes were largely unresponsive to a gradual increase in TNF concentration and 

required a large initial dose for substantial activation.

Serpina3g, which encodes an antiapoptotic factor (55), exhibited a gradual increase at 

persistent high TNF levels but remained at the basal level when TNF concentration was 

increased exponentially. RANTES, which encodes a leukocyte-recruiting chemoattractant, 

showed another distinct expression pattern. Regardless of instantaneous or exponential TNF 

increase, RANTES expression continuously increased, and the expression kinetics were 

similar between the input signal patterns.

DISCUSSION

We showed that during cytokine signaling, the NF-κB pathway accurately reflected the 

changes in TNF or IL-1β dose rather than the absolute dose itself, in a manner analogous 

to a differentiator circuit. Using microfluidic live-cell imaging experiments, which enables 

precise and continuous control of stimulus concentrations over many samples, we found 

that differentiator behavior occurred in response to various input dynamics, including 
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instantaneous, linear, and exponential increase, and random fluctuation. However, we also 

found that NF-κB response did not accurately track dose changes under dynamical Pam 

stimulation, which suggests that different regulatory and response mechanisms are used 

upon engagement of different receptors. The lack of Pam dose differentiation is notable, 

given the similarities in the TLR2 and IL-1R signaling pathways. Both pathways share 

many important components for NF-κB regulation, including the IKK module and other 

downstream negative feedback mechanisms. However, IL-1R and TLR2 pathways have 

been suggested to be phenotypically and functionally different despite the shared signaling 

components, which is consistent with our results (47, 48). Although the presence of the 

adaptor protein Toll/IL-1 receptor adaptor proteins (TIRAP) in the receptor-associated 

complex distinguishes TLR2 from IL-1R signaling, the detailed mechanism for different 

NF-κB regulation under dynamic Pam stimulation is not clear and will be an interesting 

question to explore in future work (49). It is unexpected that tracking of longitudinal 

signaling responses to an evolving stimulus reveals differences in dynamic IL-1β and Pam 

signaling, which are not otherwise readily observable. Our finding may provide an example 

of how cells can use shared molecular machinery to distinctively interpret the dynamics of 

different ligands, as has been previously seen in Notch signaling (50).

We determined that multipoint negative feedback mechanisms mediated by A20 and 

IκBα store a short-term memory of the previous input level and reset the input 

transmission, consequently facilitating the differentiator behavior of NF-κB under TNF 

signals. Furthermore, we demonstrated that the expression profile of NF-κB target genes 

changes considerably when different input dynamics are applied. Although the final 

concentrations were the same, some genes (Zfp36, Casp4, and Serpina3g) hardly showed 

any increase in expression during the increase in cytokine concentration (“input ramping”), 

whereas the expression of other genes (A20 and Ccl2) corresponded closely to the TNF dose 

at a given time point during the ramping. These results suggest that cells actively tune their 

functional response according to signaling input dynamics. The exact role of A20 and IκB 

genes should be further studied in response to other cytokines, including IL-1β, to determine 

whether this mechanism is a general feature of NF-κB.

NF-κB localization dynamics have been described in detail previously (18, 56, 57). 

However, it is still unclear why signaling pathways use these oscillatory responses to 

immune stimuli, which require complex circuits that are costly to the individual cell. 

Our study suggests that oscillatory responses can transmit accurate information about the 

extracellular signaling input dynamics or about how the concentration of the environmental 

signals change over time. An oscillating circuit involves time domain (frequency) and 

temporal change in the amplitude. Instead of relying on uncontrolled or natural degradation 

of signaling intermediaries, which can take from several hours to days, the oscillating 

circuit can readily respond to input changes from the environment by actively degrading or 

resetting response regulators. Hence, oscillation itself could provide an optimized platform 

for measuring dynamic changes in the environmental inputs.

Previous in vivo and in vitro studies showed that during an inflammatory response, 

TNF and IL-1β molecules accumulate and are degraded at different time scales, each 

with distinct kinetics (5, 6, 10). How the NF-κB system would process a mixture of 
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dynamically changing cytokines is still unclear and can be complicated, especially when 

a distinct cytokine-specific feedback is involved in the signaling pathway (42). A20 mediates 

signaling cross-talk between TNF and IL-1 because both stimuli strongly induce A20 

expression and priming cells with IL-1 reduces their response to subsequent TNF exposures 

(32, 58). These findings suggest that the differentiation behavior may not be restricted 

to the same stimulus (“cis-differentiation”) but can carry across different stimuli (“trans-

differentiation”) with respect to the A20 controlled canonical pathway.

In conclusion, our work demonstrates the importance of cytokine dynamics for signal 

processing and downstream gene expression response in the NF-κB pathway. Cells use 

multiple negative feedback mechanisms and kinase recycling to repeatedly detect the 

dynamics of extracellular cytokine accurately. Depending on the dynamic pattern of 

cytokine increase (instant, linear, or exponential), cells differentially regulate NF-κB target 

genes so that their expression levels are increased or remain at prestimulus level. Hence, 

using absolute cytokine levels as the measure of the immune response or diagnosis of 

immune disease not only is flawed but also may lead to ill-founded conclusions. In addition, 

our study revealed that the NF-κB response is correlated to the rate of dose change 

and demonstrated that a biological system can continuously and robustly differentiate the 

cytokine level in a consistent manner.

MATERIALS AND METHODS

Cell culture

p65−/− NIH/3T3 immortalized mouse embryonic fibroblasts (3T3 cells) harboring p65-

DsRed and histone 2B–green fluorescent protein (H2B-GFP) nucleus marker or p65-DsRed, 

H2B-GFP, and JNK-KTR-mCerulean3 were cultured with Dulbecco’s Modified Eagle 

medium (DMEM; Gibco, 11965092) supplemented with 10% fetal bovine calf serum 

(HyClone), 1% GlutaMAX (Gibco), and 1× penicillin-streptomycin (Gibco) in a regular 

flask. 3T3 cells were maintained at 37°C and 5% CO2. Before reaching 100% confluency, 

cells were harvested using trypsin-EDTA (Gibco) and diluted ~1:10 in fresh medium for 

passaging every 2 or 3 days. A20 mutant cells (A20 knockout) built on the basis of 

thisp65-DsRed 3T3 cells were also cultured and maintained in the same condition. For the 

experiment, FluoroBrite DMEM (Gibco, A1896702) with the same supplements was used to 

reduce the background fluorescence.

Microfluidic device design

The previously designed and reported cell culture chip was modified for higher efficiency 

and success rate (Fig. 1C) (59). The chamber size was increased to 3.5 mm by 0.8 mm to 

obtain more cells per chamber and images per sample, which improved image analysis and 

downstream gene expression data collection. The minimum distance between the features 

was adjusted to 150 μm for robust bonding and easier alignment. The input manifolds 

and flow pathways were revised for faster flushing between the sample feedings. Our new 

chip allowed more than 500 cells loaded per chamber and can run 64 independent samples 

(conditions) in parallel.
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Mold fabrication for microfluidic device

The master molds for the new design were fabricated by patterning photoresist deposited on 

silicon wafer through the multilayer soft lithographic process (59, 60). Briefly, to fabricate 

the mold for the fluid layer, a positive photoresist (Micro-Chemicals, AZ40XT) was spin-

coated on a 4-inch wafer with a spin rate of 3400 rpm to get a feature height of ~25 μm. 

After developing and hard baking to get the rounded cross-sectional profile, the negative 

photoresist (Micro-Chemicals, SU-8 3025) was deposited on the top of the AZ layer by 

spin-coating at 3000 rpm, which produced a feature height of ~30 μm. To fabricate the 

control layer, SU-8 3025 was spin-coated at 3500 rpm for a feature height of ~25 μm. 

All exposure of photoresist was done with maskless aligner (Heidelberg, MLA150) using a 

375-nm laser and a dose of 280 mJ/cm2.

Polydimethylsiloxane microfluidic chip fabrication

The two-layer microfluidic chip was made by pouring and curing polydimethylsiloxane 

(PDMS) (Momentive, RTV-615) on these molds and bonding control and flow layers. 

PDMS (66 g, 10:1 monomer:catalyst) was poured onto the wafer patterned with flow layer 

design; air bubbles were removed under vacuum, and the PDMS was cured at 80°C for >5 

hours to make a ~2-cm-thick PDMS slab with flow pattern grooved on the bottom. For the 

control layer, 10 g of PDMS was spun onto the wafer with control pattern at 2200 rpm to 

achieve a thickness of ~50 μm, which is then cured at 80°C for at least 1 hour. After curing, 

the flow layer inputs were punched. Both PDMS layers were treated with oxygen plasma 

(Harrick, PDC-001) and then were aligned using a custom stereomicroscope. The aligned 

chip was cured at 80°C overnight to allow robust bonding between two layers. The next day, 

the holes to actuate the control layer were punched; then, the chip was bonded to a glass 

slide (75 mm by 25 mm by 1 mm) through the same oxygen plasma treatment and baking 

procedure. Further details of the fabrication process can be found in our previous publication 

(61).

Microfluidic experiment setup

Before the experiment day, the valves in the control layer of the microfluidic chip were 

connected to the pneumatic solenoid valves and electronic controller boxes. By actuating 

different sets of valves, the flow pathway in the microfluidic device could be manipulated 

either manually or automatically using custom-developed graphic user interface (GUI) (61). 

Cell chambers in the chip were filled with a 1:3 fibronectin (1 mg/ml) in sterile phosphate-

buffered solution (PBS) solution (Sigma-Aldrich, FC010) and incubated overnight at room 

temperature for thorough coating. On the experiment day, chambers and channels were 

flushed with fresh medium; then, the microscope box and brick (Life Imaging Services 

GmbH) that enclose the microfluidic device were set at optimal environment for cell 

experiment (37°C, 5% CO2 level, and close to 100% humidity). Cells were concentrated to 5 

× 106 cells/ml to aim roughly 50% confluency when loaded into the microfluidic chambers. 

After loading the cells, the chambers were closed for at least 1 hour to allow cells to settle 

firmly before feeding any medium.
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High-throughput automated experiment procedure

The control layer of the microfluidic chip was actuated at 25 to 30 psi for thorough closure 

of the valves. The opening and closing of the valves were controlled with a custom GUI 

built with MATLAB (61). The GUI can automate the experimental procedure by running a 

custom script to improve accuracy, throughput, and reproducibility of the experiment. For 

each experiment, a new experiment code was written to direct the feeding timing and type 

of medium fed for each chamber. The media containing different concentrations of TNF-α 
(Life Technologies, PMC3014), IL-1β (R&D Systems, 401ML010CF), and Pam2CSK4 

(InvivoGen, tlrl-pm2s) were prepared right before the experiment and kept on ice during 

the experiment. All input media were delivered into the chip through polyetheretherketone 

tubing (VICI, TPK.505) by pressurizing the vials containing the media. Input pressure was 

minimized (3 to 4 psi) to prevent shear stress on cells during feeding.

Live-cell image acquisition

Phase contrast and epifluorescence images were acquired using Nikon Ti2 microscope 

enclosed within an incubator system (Life Imaging Services GmbH). Images were captured 

with 20× magnification through a complementary metal-oxide semiconductor camera 

(Hamamatsu, ORCA-Flash4.0 V2) and were collected every 5 min. For the p65-DsRed 

imaging, positions were imaged with 555-nm excitation with 0.5- to 1-s exposure time 

and 75 to 100% light-emitting diode (LED) intensity (Lumencor, Spectra X), whereas 

H2B-GFP was imaged under 485-nm excitation light with 50- to 100-ms exposure time 

and 25 to 50% LED intensity used for nucleus marker (H2B-GFP). We did not notice any 

sign of photo bleaching even after collecting 150 sets of fluorescence images (equivalent 

to 12-hour duration experiment). After each experiment, background fluorescence and dark 

frame images were taken for the flat field correction.

Image analysis

NF-κB response or p65 translocation was assessed by analyzing fluorescence images with 

custom-developed software (MATLAB). The code first defines the position and boundary 

of each nucleus using H2B-GFP images. Combining this information across a sequence 

of images, the trajectory of each nucleus was evaluated (62), which was then combined 

with p65-DsRed images to get single-cell NF-κB traces. The median nuclear fluorescence 

was calculated to assess the NF-κB response in each cell. To quantify the background 

fluorescence for each cell in situ, the 20th percentile of pixel brightness in a small subimage 

encompassing each cell was evaluated, which was then subtracted from the corresponding 

p65 measurement. The resulting trace was smoothed using “lowess” method with span size 

of 5 to reduce the noise from cell movement, collisions between cells, and slight changes 

in the imaging focus. Using custom-developed analysis software (MATLAB), each cell 

went through manual inspection to sort out cell death, cell division, or other defects that 

might affect the data quality. In this study, we inspected ~100,000 cells manually, of which 

~30,000 were selected for subsequent data analysis.
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Mathematical modeling of NF-κB

To capture the essential mechanism for the differentiation behavior in the NF-κB pathway, 

a previously published mathematical model was modified and used (4). The details of the 

mathematical modeling and parameter fitting can be found in Materials and Methods in the 

Supplementary Materials and tables S1 and S2.

CRISPR-Cas9 gene editing of 3T3 cells

The A20 gene in p65−/− 3T3 cells harboring p65-DsRed and H2B-GFP was edited through 

CRISPR-Cas9. A20-targeting guide RNAs (5′-CACCGTTTGCTACGACACTCGGAAC-3′ 
and 5′-CACCGCTCGGAACTTTAAATTCCGC-3′) were cloned into lentiCRISPR v2 

(Addgene Plasmid no. 52961) (63) and used for lentivirus production in human embryonic 

kidney 293T cells. After 2 days, viral supernatants were collected and concentrated. Infected 

3T3 cells were selected with puromycin (2 μg/ml) for 3 to 5 days until cell death subsided. 

Knockout efficiency was assessed through Western blot (anti-A20: sc-166692, Santa Cruz 

Biotechnology) (fig. S6).

Cell retrieval from microfluidic device for reverse transcription quantitative polymerase 
chain reaction analysis

Before the automated experiment was finished, the corner of the microfluidic chip was cut 

open so that the outlet channel is exposed to air. When finished, cells in the chamber were 

trypsinized for ~1 min to detach them from surface and then were directed to the open 

outlet channel by washing the chamber with PBS. The cutting allowed cells to accumulate 

at the end of outlet channel as a tiny droplet (2 to 3 μl), which can be retrieved easily 

using a small pipette. The retrieved droplet containing cells were immediately injected into 

the quantitative polymerase chain reaction (qPCR) tubes containing 5 μl of lysis buffer 

(provided in CellsDirect Kit) and frozen at −80°C for subsequent NF-κB downstream gene 

measurements.

Reverse transcription qPCR measurement

Cell lysis, reverse transcription (RT), and preamplification were done using a CellsDirect 

One-Step RT-qPCR kit (Thermo Fisher Scientific) as previously reported (61). RT-qPCR run 

with custom (table S3) and predesigned TaqMan probes (catalog no. 4453320 for Ccl2 and 

catalog no. 4448892 for Serpina3g) on a Bio-Rad CFX384 machine. Cq values calculated 

using software defaults and normalized to glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Relative expression levels were calculated as 2(CqTarget – CqGAPDH).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Single live-cell analysis enables the study of NF-κB response to dynamical signaling 
inputs.
(A and B) Cells were exposed to instantly increase high dose of TNF (red) or IL-1β 
(green) in a microfluidic device. The thick red or green line indicates the median of single-

cell nuclear NF-κB traces, and the thin colored lines represent 10 examples of measured 

single-cell traces (N = 150 cells for each condition). (C) To test how NF-κB responds to 

different input dynamics, cytokine levels (designated as “Input”) were increased linearly 

or exponentially with various rates or doubling times or were introduced in a randomly 

fluctuating order. Dynamic inputs were introduced to cells expressing p65-DsRed and H2B-

GFP through a multiplexed microfluidic cell culture chip. Nuclear NF-κB localization was 

measured by time-lapse microscopy. White scale bar, 50 μm.
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Fig. 2. Dose differentiation by the NF-κB pathway.
(A and B) TNF and IL-1β concentrations were increased linearly or exponentially at 

different intervals, and nuclear NF-κB levels were recorded from individual cells. Example 

single-cell traces from 60-min interval experiments are shown [figs. S1 (B and C) and S2 

(B and C) for all TNF intervals]. The thick blue line shows the time-dependent cytokine 

concentration, and the thick red and green lines show median nuclear NF-κB level during 

linear (A) (N = 100 cells for each test) and exponential (B) (N = 112 cells for TNF and 

N = 120 cells for IL-1β) input ramping. Thin lines represent 10 random single-cell traces 

from each sample. The bottom violin plots show the distribution of NF-κB area under the 

curve (AUC) at each cytokine dose step, where the white circles represent the mean of 

single-cell AUCs and the best fit based on differentiator behavior is shown by the thick 

black thick lines. (C) Cells were exposed to variable TNF concentrations in random order. 

The black line shows TNF input dose ranging from 0 to 10 ng/ml; the thick colored line 

shows the mean NF-κB trace (N = 100 cells for each sample), and the thin lines show 10 

random single-cell traces for each sample. On the right scatter plot, the AUC after each 

dose increase/decrease was calculated and plotted in linear scale for negative ΔTNF (TNF 

concentration change) and log scale for positive ΔTNF. The black line indicates the best fit 

to the log function.
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Fig. 3. Computational analysis shows that A20 facilitates dose differentiation by providing 
memory to NF-κB.
(A) The NF-κB circuit describes how cytokine input regulates immune response. Parameters 

governing cycling dynamics of IKK are in blue; parameters associated with production 

and degradation of negative feedback molecules (IκBα and A20) are in red, and other 

parameters used in the sensitivity test are in black. (B) For each parameter indicated 

in (A), the value of the parameter was computationally varied by 10-fold. The change 

in the statistical distance (χ2) to the differentiating behavior was calculated (Materials 

and Methods in the Supplementary Materials), which was used as sensitivity score. More 

detailed analysis can be found in fig. S4. (C) On the basis of the sensitivity test in (B), the 

schematics of the differentiator mechanism are predicted. Before stimulation with ligand, the 

system is at the stationary phase with most IKK in the neutral state (IKKn). Introduction of 

TNF/IL-1β converts neutral IKK into active form (IKKa), which triggers the translocation 

of NF-κB into nucleus (first refractory period). The translocation initiates the production 

of A20, which inhibits the receptors activated by the ligand and deactivates the active 

IKK. Here, the amount or activity of A20 depends on the strength or dose of the previous 

stimulation; A20 thus serves as “memory” of the previous stimulation by dampening the 

subsequent response. However, if the dose of the ligand is increased, then more receptors 

become active, overcoming the inhibition by A20. cyt, cytosol; nuc, nuclear.

Son et al. Page 22

Sci Signal. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. NF-κB network simulation demonstrates the role of A20 in input differentiation.
(A) The red and blue curves represent the dynamics of nuclear NF-κB and active IKK 

levels under three different input dynamics. The red lines in the circuit diagram highlight 

the A20 negative feedback, which was investigated in this simulation. (B and C) The 

translation rate of A20 is reduced to quarter of the original value (B) or is set to zero 

(C). The reduced production of A20 undermines the control of upstream signaling through 

nuclear NF-κB (red dashed line), disrupting the differentiation capability of the system (B). 

Eliminating negative feedback to upstream components results in greater disruption of the 

dose differentiation behavior (C).
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Fig. 5. A20 is critical for sustained input differentiation.
(A and B) NF-κB translocation was measured in A20 knockout cells (A20 KO) exposed to 

exponential TNF ramping (A) (N = 150 cells for each sample) or instant increase (B) (N 
= 130 cells for each sample). Thin lines represent 10 random single-cell traces from each 

sample. The results are compared to the wild-type background (Empty). The right violin 

plots in (A) show the AUC at each time interval, where the white circles indicate the mean 

of population. For the instant increase in (B), a Fourier transform was applied to each cell 

trace to evaluate the power density spectrum. (C) A20 knockout cells were exposed to doses 

of TNF fluctuating from 0 to 10 ng/ml in random order (black line). The thick colored line 

shows the mean NF-κB trace, and the thin lines show 10 random single-cell traces of N = 

100 cells. On the right scatter plot, AUC after each dose increase/decrease was calculated 

and then plotted in linear scale for negative ΔTNF (change in TNF concentration) and log 

scale for positive ΔTNF. The black line indicates the best fit to the log function.
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Fig. 6. Input differentiation is specific to the NF-κB system and certain ligand types.
(A and B) 3T3 cells harboring P65-DsRed and JNK-KTR-mCerulean3 reporters were 

exposed to variable TNF concentrations in random order. For both (A) and (B), the black 

line shows TNF dose fluctuation ranging from 0 to 25 ng/ml. The top graphs (A) show 

the NF-κB response for each dynamic input (10 random single-cell traces from N = 100 

cells for each subplot), and bottom graphs (B) show the corresponding JNK activity from 

the same cells. For both graphs, the thick colored line shows the mean trace, and the thin 

lines show 10 random single-cell traces for each sample. The AUC after each dose increase/

decrease and their best fit line to the log function were calculated. (C) For exponential 

ramping, Pam was doubled every 30 or 60 min from 0.2 to 12.8 ng/ml. For instant increase, 

cells were directly exposed to 12.8 ng/ml. Here, the blue lines show the Pam dose, and 

purple lines indicate the mean trace of nuclear NF-κB (N = 140 cells for each sample).
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Fig. 7. NF-κB target genes show distinct expression profiles when stimulated with different TNF 
dynamics.
(A) Cells were stimulated with TNF in two different dynamics: instant increase to 10 ng/ml 

and exponential increase to 10 ng/ml (twofold increase every hour for 5 hours). To avoid 

any bias due to the TNF degradation, the chambers in the instant increase sample were also 

replenished with TNF medium (10 ng/ml) every hour. Thin lines show 20 random traces 

from N = 100 cells for each group. (B) At multiple time points during the TNF ramping 

or constant feeding, cells were retrieved and immediately frozen for subsequent RT-qPCR 

measurement on NF-κB target genes. The red line shows the gene expression profile from 

instant increase, and the blue line shows the profile from the exponential ramping. The data 

points (triangles and squares) are the two biological replicates for each ramping condition.
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