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Theoretical neurophysiology rests on certain 

cardinal assumptions. … Their adjunctions, 

or synapses, are always between the axon of 

one neuron and the soma of another. 

McCulloch and Pitts, 1943 

A
nimal survival depends on the abil-

ity to analyze the environment and 

act on it: escape predators, fi nd food, 

select a mate. Understanding how the brain 

achieves this is one of the most fascinating 

and challenging problems in neuroscience. 

What sequence of steps converts sensory 

cues into behavior? In other words, how does 

the brain compute? In 1943, McCulloch and 

Pitts noted that neurons fi ring action poten-

tials act like binary devices that can either be 

on or off. In a seminal paper (1), they showed 

how connected networks of neurons could 

represent any logical expression, and 60 

years of subsequent work in theoretical neu-

roscience has devised models of neuronal 

networks that can implement computational 

tasks. The basic operation in these models 

is the conversion of input into action poten-

tials—the process of turning a neuron on. 

How is this conversion achieved? What are 

the rules for integrating input, and what kind 

of information can a single neuron interpret 

and process? The traditional view is that 

neurons sum input and, if the sum reaches 

a certain threshold, an action potential is 

triggered. The important variable is thus the 

amount of synaptic input—if neurons had 

a language and each synapse were a letter, 

they would only care about how long a word 

is. However, most neurons seem to have the 

ability to be more powerful than this. Con-

trary to the assumption of McCulloch and 

Pitts, synapses are not made onto the soma 

(cell body) but onto dendrites, protrusions 

from the cell body separating the input and 

the action potential initiation zone. Dendrites 

fi lter, transform, and compute thresholds of 

synaptic input and can, in theory, implement 

basic arithmetic operations by themselves 

(2). I fi rst became interested in dendrites dur-

ing my Ph.D. work. Monitoring the proper-

ties of single synapses in hippocampal neu-

rons, I found that dendrites can implement a 

negative feedback that regulates the amount 

of input each branch receives (3). Dendrites 

can thus independently process and regu-

late input information. Can these properties 

be used by single neurons to perform high-

order computations?

One of the most important features of ani-

mals and the surrounding environment is the 

dynamic nature of their interaction. Input to 

neurons arrives in temporal sequences, which 

depend on where the animal is and what it is 

doing. Can neurons distinguish between dif-

ferent sequences of synaptic input? Can they 

tell the difference between “danger” and “gar-

den,” or are they both the same six-letter-long 

word? This was the fi rst question I asked in my 

postdoctoral research, together with my col-

laborators at University College London. We 
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Dendritic computation in pyramidal cells. (A) The original Wilfrid Rall model, where somatic potentials are 
larger in the IN activation sequence because of cable fi ltering (τ , membrane time constant). (B) Somatic potentials 
recorded during activation of eight synapses along a dendrite (top, cortical pyramidal cell in layer 2/3 fi lled with 
a fl uorescent dye showing the dendrite selected for the experiment). The IN sequence is larger than the OUT, but 
unlike the model, differences are due to differential activation of NMDA receptors. (C) A cluster of seven synapses 
was selected at different regions of a dendritic branch [orange spots, distal; blue spots, proximal; bars on the right 
show color-code of plots in (D)]. (D) The input-output function is progressively steeper toward the distal end of the 
branch, and somatic potentials are less sensitive to input timing (EPSP, Excitatory postsynaptic potential). [Panels 
(C) and (D) originally published in (7), reprinted with permission]

University College London, London, WC1E 6BT UK. E-mail: 
t.branco@ucl.ac.uk

Eppendorf and Science are pleased to present 
the prize-winning essay by Tiago Branco, the 
2011 winner of the Eppendorf and Science Prize 
for Neurobiology.

Dendrites perform spatial and temporal 

discrimination during input processing.
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were not entirely naïve about what to expect, 

as Wilfrid Rall had predicted in 1964 that den-

dritic fi ltering of synaptic potentials propa-

gating to the soma should introduce time 

delays to their peak and confer some degree 

of sequence sensitivity (4) (fi gure, panel A). 

However, testing this experimentally required 

precise spatial and temporal control of syn-

aptic activation, which only recently became 

technically possible with the development 

of two-photon laser glutamate uncaging (5). 

Using this technique in slices of rat brain cor-

tex, I fi rst tested Rall’s prediction: After select-

ing 8 to 10 synapses distributed over one den-

dritic branch, I activated them sequentially 

and in two opposite directions while mea-

suring the voltage response at the soma with 

whole-cell patch clamp, as well as dendritic 

calcium levels with a second two-photon laser 

(6). The results showed what Rall had pre-

dicted—responses were larger in the IN than 

in the OUT direction (fi gure, panels A and B), 

but with an unexpected twist. If N-methyl-D-

aspartate (NMDA) receptors were blocked, 

the response was the same for both directions, 

suggesting that the mechanism was different 

from passive fi ltering. To understand these 

results, I constructed several compartmental 

models and found that the difference between 

the two sequences was due to the interaction 

between the impedance gradient along den-

dritic branches and the nonlinear voltage sen-

sitivity of the NMDA receptors. Testing thou-

sands of different sequences in the model led 

to the prediction that neurons should be able 

to resolve more than just the IN and OUT 
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sequences, which I then confi rmed experi-

mentally. Further modeling and experiments 

extended these fi ndings and showed that the 

probability of discriminating any two random 

sequences is very high and that this applies to 

a variety of spatial input distributions. Dur-

ing these experiments, I became interested in 

a related problem. Dendrites introduce a spa-

tial dimension to synaptic integration, with 

synapses activated all over the dendritic tree. 

Does synaptic location matter? Are the rules 

of integration the same for the entire den-

dritic tree? Using the same set of techniques, 

I measured how different regions of single 

dendritic branches integrated increasing 

numbers of activated synapses and how they 

responded to different degrees of input syn-

chrony (7). I found that distal regions ampli-

fi ed synaptic input with high gain, displaying 

a very steep sigmoidal input-output function, 

and were remarkably insensitive to input tim-

ing. In contrast, moving the input toward 

the proximal part of the branch pro-

gressively generated more linear inte-

gration curves with small gain, which 

required high input synchrony for sum-

mation (fi gure, panels C and D). Phar-

macological experiments showed that 

these properties rely on recruitment of 

voltage-gated calcium and sodium chan-

nels and crucially on NMDA receptors. 

Compartmental modeling showed that 

local differences in synaptic integration 

can again be explained by voltage-sensitive 

conductances acting on a gradient of imped-

ance, whereby high-impedance distal regions 

are increasingly effi cient in recruiting volt-

age-gated channels. Overall, the results of this 

research show that dendrites implement the 

complex computational task of discriminating 

temporal sequences and allow neurons to dif-

ferentially process inputs depending on their 

location, suggesting that the same neuron can 

use multiple integration rules. The current 

challenge is to fi nd out how neuronal circuits 

exploit these properties in vivo and how we 

should update our set of cardinal assumptions 

for theoretical neurophysiology. As we begin 

to understand the language of dendrites, we 

can start eavesdropping on their conversations 

and learn more about how the brain accom-

plishes its tasks.
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