
Chasing down the neural 
code 

with mathematics and 
modeling

Eric Shea-Brown 

ABOUT 45 mins ... WITH LOTS OF 
ASIDES ... FITS IF DELETE THE 
STUFF AFTER THE MOVIE OF 
DOTS AND GO STRAIGHT TO 
QUESTION -- HOW DOES THIS 
HAPPEN, NO NET MODEL 
NEEDED HERE.
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Invertebrates – nerve nets and ganglia

(thanks to David Tank) Cephalic ganglia 

Nerve cords
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Us

1011 neurons 

(105 per mm3) 

1015 synapses
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From Nicholls et al, 1992, Fisher and Boycott, 1974, Johnston and Wu, 1997

motor neuron (spinal cord)

Purkinje cell (cerebellum)

mitral cell   
(olfactory bulb)

Pyramidal cell 
(cortex)

axon

dendrite

cell body

Electrical signals come IN to dendrites, are “integrated” in cell body, result goes OUT axon
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Johnston and Wu, 1997

INPUT

OUTPUT

DENDRITES

CELL BODY

AXON

Action potential

                      

~100 mV

0                10 msec

Given sufficient input, neurons “fire SPIKES”
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Given sufficient input, neurons “fire SPIKES”

Johnston and Wu, 1997

INPUT

OUTPUT

CELL BODY

AXON

                      

0                10 msec

0                10 msec

CHEMICAL SYNAPSE

mV

… communicated downstream
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whydomath.org



t+�t : time one “step” into future

t: time now

v(t): voltage at time t

dv(t)
dt = F (v(t))

v(t+�t)�v(t)
�t = F (v(t))

v(t+�t) = v(t) + F (v(t))�t

F (v): how fast v is changing

(i.e., twelve units per timestep)

The secret ingredient:  differential equations!  



Hodgkin and Huxley’s equations ...
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dv(t)/dt=(I - gna*h*(v-vna)*m^3-gk*(v-vk)*n^4-gl*(v-vl))/c 
dm(t)/dt= am(v)*(1-m)-bm(v)*m 
dh(t)/dt=ah(v)*(1-h)-bh(v)*h 
dn(t)/dt=an(v)*(1-n)-bn(v)*n 

am(v) =  .1*(v+40)/(1-exp(-(v+40)/10)) 
bm(v) =  4*exp(-(v+65)/18) 
ah(v) =  .07*exp(-(v+65)/20) 
bh(v) =  1/(1+exp(-(v+35)/10)) 
an(v) =  .01*(v+55)/(1-exp(-(v+55)/10)) 
bn(v) =  .125*exp(-(v+65)/80) 

+ spatial “diffusion” terms

hh.m

Then:  using a Brunsviga 20 manually cranked calculator with numbers entered by a set of 
adjusting levers (projecting from the wheels that were rotated by the hand crank). The output was a 
line of digits on the wheels to be read and transcribed to paper. 

Now:
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50

0

-50

V(mV)

50t (ms)



Given spikes … Where's the information?
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1.  Averaged spike statistics

Given spikes … Where's the information?



Cortical encoding via spiking rates

Reddy, Kreiman, Koch, and Fried (2005)

Hubel and Weisel. J. Physiol.,1962
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1.  Averaged spike statistics
vs.

Frequency, …

Given spikes … Where's the information?
ν
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Given spikes … Where's the information?

1.  Averaged spike statistics

2.  Precise spike timing

vs.

vs.

Frequency, … 

Spike times {tj}
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Given spikes … Where's the information?

1.  Averaged spike statistics

2.  Precise spike timing

vs.

vs.

Frequency, … 

Spike times {tj}

Biology:  BOTH. 
Metrics:  Fisher Information, Mutual Information …  
 



Neural coding in general!

stimulus 
s

...

In between of course is big nonlinear stochastic ... fascinating object to me as 
an applied mathematician.  I’ll talk about one aspect of our work here ... 
statistical description I’m fSay ... will tell you about one aspect of our work 

Dynamics of neural circuits are 
central to problem of neural 
coding ...



Neural coding in general!

stimulus 
s

...

Shlens et al ’09In between of course is big nonlinear stochastic ... fascinating object to me as 
an applied mathematician.  I’ll talk about one aspect of our work here ... 
statistical description I’m fSay ... will tell you about one aspect of our work 

Dynamics of neural circuits are 
central to problem of neural 
coding ...



Neural coding

s(t)

encoding
decoding

correct!

Guillaume 
Lajoie



Neural coding

s(t)

encoding
decoding

error!



Neural coding

s(t)

encoding decoding

error!



Scientific computing + numerical analysis 

Dynamical systems  

Statistics and Probability (stochastic 
processes) 



whydomath.org  
... click on spinning brain 

compneuro.washington.edu 
or 

faculty.washington.edu/etsb 


