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Motivation
● Cell signaling lends itself very naturally to information theory analysis
● Response to paper published in recently:  

○ R. Cheong, A. Rhee, C. J. Wang, I. Nemenman, A. Levchenko, Information transduction 
capacity of noisy biochemical signaling networks. Science 334, 354–358 (2011).

○ Analyzed information transmission in TNF pathway

○ Showed that information between extracellular signal and cellular response is less that 1 
bit.

○ Cellular response only measured with scalar variables



Introduction
Compare the Information Transmission in

● Signal to Noise Ratio (SNR)
● Mutual Information

For Signaling Networks

● ERK
● Ca2+

● NF-κB

 Cellular Responses

● Scalar Responses 
● Dynamic Responses

With Stochasticity:

● Intrinsic Noise
● Extrinsic Noise



Overview
● Experimental Cellular 

Response Measurement 

● Information Transmission 
Analysis

● Model Simulation and Analysis 
of Noisy Signaling (Erk Only) 

 



Experimental Cellular Response Measurement 



Image Analysis (ERK and Ca2+ )



Image Analysis (NF-κB)



Image Analysis Results



Mutual Information
General

● Measurement of mutual dependence of 
two variables

● Has a negative correlation to the 
similarity between a joint distribution of 
2 variables and the product of their 
marginal distributions.

● When calculated using log base 2 has 
the unit of bits.

In paper

● Measurement of the mutual 
dependence of the extracellular ligand 
signal (S) and the cellular response (R)

● m = # of levels of the extracellular ligand 
signal concentration

● n =  # of timepoint measurements



Information Transmission Calculation



How Mutual Information was Calculated



How Mutual Information was Calculated

q = probability of the ligand concentration



KNN Estimator



Plugging In KNN Estimate



Problem : We don’t know q
We can use maximal information transfer 
instead.



Information Transmission Calculation Review



Single Time Point Mutual Information vs Dynamic Mutual Information



Scalar Mutual Information vs Dynamic Mutual Information

Comparison of the multivariate vector (V) 
measurement to the following scalar 
responses: maximum response amplitude (A), 
maximum response time (T), maximal rate of 
response (D), ratio of maximum response 
amplitude to initial response amplitude (R). 
Error bars are SEMs from six biological 
replicates for ERK and four for Ca2+, and SDs 
from five jackknife iterations for NF-κB 

ERK

Ca2+

NF-κB



Simulation of Noisy Signaling 

 O. E. Sturm, R. Orton, J. Grindlay, M. Birtwistle, V. Vyshemirsky, D. 
Gilbert, M. Calder, A. Pitt, B. Kholodenko, W. Kolch, The mammalian 
MAPK/ERK pathway exhibits properties of a negative feedback 
amplifier. Sci. Signal. 3, ra90 (2010).



Does the model agree with the experimental results?



Adding Noise to the Model
Intrinsic Noise

● Stochasticity inherent to 
biochemical reactions

● Adds uncertainty in all time 
dimensions independently of one 
another

● Simulated in the model as a 
Gaussian random variable added 
to the response

Extrinsic Noise

● Variability in cellular states
● Fluctuations due to extrinsic noise in 

each time point are deterministically 
dependent on one another

● Simulated in the model by randomly 
selecting MEK and ERK values from a 
uniform distribution that varies a max of 
20% from the values used by Sturm et. 
al



Effect of noise in the model on mutual information 



Dynamic responses can eliminate information loss
● (A) Graphical representation of the 

analytical expression for the gain in 
mutual information from overcoming 
intrinsic (cyan) and extrinsic (magenta) 
noise sources obtained from random 
linear Gaussian inputs and outputs with 
three parameters . 

● (B) Information transmission capacity of 
dynamic (orange) and static (maximal 
response, purple) responses calculated 
using simulated trajectories from the 
computational model of ERK  with only 
the extrinsic noise contributing to cell 
response variability.



Dynamics vs Scalar Measurements (A closer look)
(C) Example of ERK trajectory variability for two 
different inputs levels (red and blue). Variability was 
generated using a uniform distribution of a single 
parameter, MEK values, that was varied by ±20%. 

(D). Two-dimensional histogram (center) and marginal 
distributions (left and bottom) for the two input levels 
(shown in red and blue) at two time points (t = 9 and 
24 min) from the trajectories in (C). Because only a 
single parameter was varied, the responses vary on a 
1D curve. As a result, although the univariate 
marginal distributions show substantial response 
overlap, the 2D distribution shows completely 
separated response levels (inset).



Adding noise to an experimental model of ERK
● Intrinsic Noise is already is 

inherent to any real biological 
system

● Extrinsic Noise is created by 
adding an inhibitor of MEK 
(U0126) at different doses



Estimating Noise from the Experimental Data
(A) Using our data, intrinsic noise was estimated by 
the mean of the mean of squared errors between 
successive ERK trajectory points (red). Total noise was 
estimated by the mean of squared errors (cyan) 
between single ERK trajectory and average of all 
trajectories (green). Extrinsic ratio was obtained from 
the difference between total noise and intrinsic noise. 
The mean ratio of intrinsic to extrinsic noise was 
estimated to be 0:024. 

(B)We fit a Hill function to the data and calculated the 
mean squared error between the fit for each cell
(intrinsic noise) and between the fit for all points and 
each cell (total noise). The IER was estimated to be 1:
14 

(C) For increasing the time step in our estimate we 
find an increase in our estimate of IER.



Signal to Noise Ratio(SNR)
SNR:

● Value that represent how strong the 
response is compared to how strong the 
noise is.

● We can use SNR as summary of the 
amount of noise in the signal.



Comparing SNR to Information Transfer
Experimental measurement of the mutual 
information between ERK response and EGF 
measured as a function of the response signal-to-
noise ratio (SNR). Each marker represents 
calculations of SNR and mutual information from the 
dynamic (dot) and maximal scalar (cross) responses 
of cells from an eight-well dose-response experiment. 
Data shown are calculated based on single-cell 
responses from 29 experiments with six doses of 
MEK inhibitor U0126 . Lines represent theoretical 
predictions of the mutual information as a function of 
SNR for three types of responses: static scalar (red 
line), redundant measurements where the 
multivariate response has no dynamics (dark and 
light blue lines) calculated based on two independent 
estimates of IER , and dynamic response (orange) that 
can mitigate both intrinsic and extrinsic noise.



Questions?


