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How do spikes carry information in the brain?

• Simon Thorpe et al. at the University of Toulouse, 

France, performed an experiment with humans and 

monkeys, in which subjects were supposed to 

classify pictures into 2 categories, either an animal 

category or a non-animal category (Thorpe et al., 

Science, 1996). 

• Hundreds of pictures were shown. Pictures were 

shown just for 20 ms. In spite of that, humans on 

average correctly classified the pictures in 94%

cases and monkeys in 91%.

• Ultra-fast classification did not depend on classes 

of objects, did not depend on colour, and did not 

depend on attention or eye fixation.
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Brain activity during classification

• Reaction time, i.e., time from 
presentation of a picture to 
pressing the button = 250 ms in 
humans, on average. 

• Activity in the inferotemporal 
(IT) cortex occurred on average 
after 150 ms, so the preparation 
and execution of motor 
response took on average 100 
ms.

• In monkeys, times were shorter 
by about 80 ms (smaller brains).
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Neurons use few spikes to communicate

• Projected image stimulates retina for 

20 ms. In about 80 ms, the thalamus 

responds. Then, activation proceeds 

to V1 and through higher-order visual 

areas, V2, V4 and IT, where activity 

appears after 150 ms.

• Thus (150-80) / 4 areas = 17.5 ms per 

area. Even if neurons fired with 

frequency = 100 Hz, this would mean 

that each one fired 1-2 spikes within 

this interval only !

• 100 Hz means 1 spike every 10 ms.
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Neurons use few spikes to solve complex tasks

• Simultaneous recordings of 
the firing times of 30 
neurons from monkey visual 
cortex (Krüger and Aiple, 
1988). 

• Each spike is denoted by a 
vertical bar, with a separate 
row for each neuron. 

• An interval of 150 msec is 
shaded. This time span is 
known to suffice for the 
completion of some very 
complex computations.
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How is the information coded in the brain?

• What is the neural code (which links stimulus and response) that is used by 

the brain to send information from one neuron to another? 

?
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Rate or frequency code

• In the figure, each of  the five neurons codes a different feature of  an object.

• This hypothesis is based on the idea that a feature of  an object is coded by 

the frequency of  spikes. 

• Thus, feature 1 is coded by frequency 1, etc.
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Synchrony code (coincidence detection)

• Each of  the five neurons represents a different feature of  an object.

• Neurons synchronize their firing if  the features belong to the same object 

(binding by synchrony). 

• Neurons act as coincidence detectors thus responding to and strengthening 

inputs that are active at the same time.
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Spike delay code

• Delay coding is based on the idea that neurons will respond to more energetic 

(salient) input signals by generating a spike earlier, and that this generated 

spike will arrive at the downstream neuron earlier than other spikes and will 

thus have a higher impact or 'ranking' relative to later incoming spikes.

• Another variant of  the spike delay code is that information is encoded in the 

phase relationship between the cell’s firing activity and the underlying 

rhythmic oscillations of  the whole population of  neurons.
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Spatio-temporal coding

• Neurons respond to the same stimulus always with the same 

specific spatio-temporal pattern of  spikes.

• Different stimuli evoke different spatio-temporal patterns of  spikes 

in neuronal populations.
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Neural code hypotheses

a) Rate. Information about the feature is encoded in the frequency of neuron’s 
firing (Adrian 1929, Hubel and Wiesel 1962).

b) Synchronisation. Populations of neurons that represent features belonging to 
one object are bound together by synchronous firing (Singer et al. 1996). 

➢ Synfire chains: information is carried by waves of synchronously firing 
neural ensembles (Bienenstock 1995, Abeles 2001).

c) Delay code.

➢ Phase. Information about the feature is encoded in the phase of neuron’s 
impulses with respect to the reference background oscillation (Jensen 
2001, Hopfield 2005).

➢ Time to the first spike. Neurons that fire the first carry the information about 
the stimulus features. The rest of neurons and the rest of impulses are 
ignored (Thorpe et al. 1996).

d) Spatio-temporal pattern of firing. Information about the salience of the object 
feature is encoded in the exact temporal structure of the spike train (Rieke et 
al. 1996, A. Villa 2005).
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Two neural forms of memory:

activity versus synaptic changes

Activity = Neurons continue to 

fire action potentials, 

“remembering” what you were just 

seeing or thinking.

But when firing stops, you forget.

Synapses change strength (weight) 

during LTP / LTD: this encodes 

long-term memories that last even 

after neural activity switches to 

something new.
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Learning as synaptic change
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STM versus LTM: stages
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Types of Long-Term Memory
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Explicit LTM
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Episodic memory

• Memory for specific episodes and 

events, e.g.

– special times (holidays, games, trips, 

etc.)

– or traumatic times (illness, loss, 

bullying, etc.)

– what you had for dinner last night, 

and who you ate with, etc.

• All people with functioning 

hippocampus can encode everything 

that happens during our waking lives. 

We can remember certain events for 

the whole life.
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• Input: lateral perforant pathway (Lpp) and medial perforant pathway (Mpp) 

originating in the entorhinal cortex (EC) making synapses on granule cells 

(GC) in the dentate gyrus (DG) – first synapses.

• GC axons called mossy fibers make next synapses on CA3 pyramidal cells.

• Axons of CA3 cells (Schaffer collaterals) synapse on CA1 cells, the axons of 

which are the output from hippocampus going back to EC.

 

 Lpp (EC) To contraCA1  

from contralateral EC 

 

     Mpp (EC) 

To entorhinal 
cortex (EC) 

 GC 

 CA3 

CA1 

Dentate gyrus 

Cornu Amonis 

Hippocampus: the three-synaptic circuit
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• Dorsal (parahippocampal) and ventral (perirhinal) cortical pathways converge 

into the EC, which is the input and output of the hippocampus.

• CA3 encodes the "engram" for the episodic memory, while CA1 provides an 

encoding for EC, such that subsequent recall of the CA3 engram activates 

CA1 and then EC, to reactivate the full episodic memory out into the cortex.

Hippocampus: connections with the cortex
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• The basic episodic memory encoding goes like this:

– The high-level summary of everything in the cortex is activated in 

the EC, which then drives the GC via the perforant pathway and 

then the CA3 area through the mossy fibers -- the end result of this 

is a highly sparse, distinct pattern of neural firing in CA3, which 

represents the main "engram" of the hippocampus.

– The output of CA3 cells via the Schaffer collaterals plus the EC 

fibers drive activity in CA1, which has the critical feature of being 

able to then re-activate this same EC pattern all by itself (i.e., an 

invertible mapping or auto-encoder relationship between CA1 and 

EC).

Hippocampus: encoding
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• Internal connectivity in the CA3 subfield is richer than in other hippocampal 

regions. Recurrent axon collaterals of CA3 pyramidal cells ramify extensively 

making excitatory contacts with neighboring excitatory and inhibitory neurons 

(INs).

Dentate gyrus (DG), CA3 and CA1
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CA3 and CA1

CA3 PC are pyramidal cells in the region CA3, CA1 PC are pyramidal cells in the region 

CA1, EC II means the 2nd layer of  entorhinal cortex, EC II means the 3rd layer of  

entorhinal cortex,  MF are mossy fibers, axons of  granule cells.
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• Autoassociation fills in the pattern, i.e., associates a pattern with itself

• Heteroassociation associates one pattern with another one

Autoassociation versus heteroassociation
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• Internal connectivity in 

the CA3 subfield is 

richer than in other 

hippocampal regions. 

Recurrent axon 

collaterals of CA3 

pyramidal cells ramify 

extensively making 

excitatory contacts with 

both neighboring 

excitatory and inhibitory 

neurons.

• This is an architecture 

required for 

autoassociation.

Auto-association: fully recurrent network 
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• A typical architecture known 

as multilayer perceptron 

(MLP) contains a series of 

layers, composed of neurons 

and their feedforward 

connections. 

• This is an architecture 

required for 

heteroassociation.

Hetero-association: feedforward network 
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• These patterns of activity then drive synaptic plasticity (learning) in all the 

interconnected synapses, with the most important being the synaptic 

connections among CA3 neurons (in the CA3 recurrent pathway), and the 

connections between CA3 and CA1 (the Schaffer collateral pathway). 

• These plastic changes effectively "glue together" different neurons in the CA3 

engram, and associate them with the CA1 activity pattern, so that subsequent 

retrieval of the CA3 engram can then activate the CA1, then EC, and back out 

to the cortex. 

• Thus, the primary function of the hippocampus is to bind together all the 

disparate elements of an episode, and then be able to retrieve this memory and 

reinstate it out into the cortex during recall.

Hippocampus: learning
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Interplay of the hippocampus and cortex

• Interplay between encoding, consolidation and retrieval
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Amnesia: loss of memory

• Three different aspects of amnesia

• Source of the damage (e.g., illness, injury, surgery)

• Location of the area of damage (hippocampus, cortex, etc.)

• Functional deficit (i.e., what kind of memory is impaired)

• Two broad categories of functional deficit:

– Retrograde:  loss of memories for events prior to damage (cortical damage)

– Anterograde:  loss of ability to store new memories of events after damage 

(hippocampal damage)

Injury

Time
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• Phenomenon in which the introduction of one stimulus affects how people 

respond to the next stimulus. Priming works by activating an association 

in memory just before another stimulus or task is introduced. This 

phenomenon occurs without our conscious awareness or intention.

• For example, exposing someone to the word "yellow" will evoke a faster 

response to the word "banana" than it would to unrelated words like 

"television." Because yellow and banana are more closely linked in memory, 

people respond faster when the second word banana is presented.

• Priming can work with stimuli that are related in a variety of ways. For 

example, priming effects can occur with perceptually, linguistically, or 

conceptually related stimuli.

Priming
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• Semantic priming involves words that are associated in a logical way. The 

earlier example of responding to the word "banana" more rapidly after being 

primed with the word "yellow" is an example of semantic priming.

• Associative priming involves using two stimuli that are normally associated 

with one another. For example, "cat" and "mouse" are two words that are 

often linked with one another in memory, so the appearance of one of the 

words can prime the subject to respond more rapidly when the second word 

appears.

• Conceptual priming involves a stimulus and response that are conceptually 

related. Words such as "seat" and "chair" are likely to show priming effects 

because they are in the same conceptual category.

Semantic, associative and conceptual priming
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• Perceptual priming involves stimuli that have similar forms. For example, the 

word "goat" will evoke a faster response when it is preceded by the word 

"boat" because the two words are perceptually similar.

• Repetition priming occurs when a stimulus and response are repeatedly 

paired. Because of this, subjects become more likely to respond in a certain 

way more quickly each time the stimulus appears.

• Positive and negative priming describes how priming influences processing 

speed. Positive priming makes processing faster and speeds up memory 

retrieval. Negative priming is a slow down in response speed and an increase 

in error rate when responding to an object that had to be ignored previously.

Perceptual, repetition and negative priming
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• The lines in this web indicate associations that an individual might have. Solid 

lines denote associative priming while dashed lines denote a perceptual one.

Priming web: example
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• AD affects about 6% of people of age 65+. The most common early symptom 

is difficulty in remembering recent events. As the disease advances, symptoms 

include problems with cognition, disorientation (including easily getting lost), 

but also mood swings, loss of motivation, self-neglect, and behavioural issues. 

The speed of progression varies, the life expectancy is < 10 years.

• The cause is not known. Abnormal amounts of protein amyloid beta (Aβ) 

accumulate extracellularly as amyloid plaques. Within neurons,  degraded tau 

proteins form neurofibrillary tangles. These changes affect neuronal 

functioning and connectivity, resulting in a progressive brain atrophy and loss 

of brain function.

Alzheimer’s disease
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