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Today:
Learning

1 - Forms of learning

2 - Hebbian learning

3 - Neural Networks

4 - Synaptic plasticity: Neural basis of learning
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Why Learning?
Humans are really good at adapting
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Why Learning?
Migration

Homo sapiens quickly 
migrated across various 
climate zones → 

quick adaptation was 
crucial!
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Why Learning?
(Natural) Environment Changes

Spinney, Nature, 2008

We are in an interglacial period 
that began 11,000 years ago. 
The last glacial period lasted 
from 110,000-11,000 years ago 
(peak: 20,000 years ago).

The environment can change 
rapidly in just a few generations.
→ quick adaptation was crucial !
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Forms of Memory/Learning

Declarative
Memory

Non-declarative
Memory

Motor learning

Associative Learning

Non-associative 
Learning

Episodic memory
(life episodes)

Semantic memory
(facts, etc.)
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Forms of Memory/Learning

Declarative
Memory

Non-declarative
Memory

Motor learning

Associative Learning

Non-associative 
Learning

Episodic memory
(life episodes)

Semantic memory
(facts, etc.)

In neuroscience, 
we will especially 
investigate these
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Forms of Learning

Associative Learning

Non-associative 
Learning

Sensitization

Habituation

Classical Conditioning

Instrumental Conditioning

Non-declarative
Memory

Motor learning

These are “basic”, automatic types of learning and memory
→ A good place to start looking at the brain!
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Habituation
Habituation is the reduction of a behavioral response to repeated presentation 
of a stimulus that lacks meaning.

For example, the first time you hear a loud noise outside (hammer from a 
construction site), you might startle. This startle response will decline with 
repeated noise. 
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Habituation
Aplysia (sea hare)

Example:
The Californian sea hare (aplysia) contracts its gill when its siphon is stimulated 
with a water jet.
With repeated water jets, the gill is contracted less.

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved
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Aplysia

Eric R. Kandel with aplysia
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Sensitization

Sensitization is the increase of a behavioral defense response to even harmless stimuli 
due to a preceding presentation of a strong sensory stimulus.

For example, walking alone in the park at night, a black-out of the lights will probably lead 
to increased startle when you hear some noise. 
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Sensitization

Example:
The Californian sea hare (aplysia) will show stronger gill contraction after water 
jets, when its tail is shocked before the jets ( → sensitization).



Classical Conditioning

Ivan Pavlov (1846-1936)
(nobelprize.org)

Classical conditioning is the association 
of two stimuli, such that a stimulus that 
first did not elicit a response (usually 
from the autonomic nervous system) will 
elicit it after conditioning.



Classical Conditioning

CS: Conditioned stimulus (bell),
will not elicit response (salivating).

US: Unconditioned stimulus (meat), 
will elicit response (salivating).
→  unconditioned response (UR).

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Classical Conditioning

During conditioning, US (meat) and CS 
(bell) are paired.

After conditioning, the conditioned 
stimulus (bell), will elicit the response 
(salivating).
→ Conditioned response (CR).

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Instrumental Conditioning

(also known as operant conditioning)

In instrumental conditioning, a behavior is 
learned to result in a consequence. If this 
consequence is rewarding, the likelihood of 
the behavior will increase.

→ The rat might learn that in this box, when the left red light is on 
and it pushes the lever, it will get a food pellet. 



Instrumental Conditioning

Edward Thorndike (1874-1949) first investigated instrumental conditioning by putting cats 
into puzzle boxes: boxes that are difficult to escape, e.g., the cat has to find a lever. That 
means that a behavior in this box (e.g., pushing a lever) leads to a reward (getting out of 
the dark box).

“Law of effect”: pleasant consequences lead to a higher probability that the behavior, that 
led to the consequence, will be repeated.



Cockroaches can learn, too:
Usually, C. do not like peppermint odor, but 
prefer vanilla. This preference can be 
reversed when the peppermint odor is 
paired with sucrose (reward) and vanilla is 
paired with saline.
This change has been observed to last for at 
least 4 days.



How could learning work in the brain?

To learn, you first need to represent what you will learn.



How could learning work in the brain?

To learn, you first need to represent what you will learn.

For example, you want to learn:

Snake → Danger



How could learning work in the brain?

To learn, you first need to represent what you will learn.

For example, you want to learn:

Snake → Danger

You need to represent “snake” and “danger” first

and then you need to link them somehow...



How could learning work in the brain?

To learn, you first need to represent what you will learn.

For example, you want to learn:

Snake → Danger
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2) How do you represent “danger”…?
Is there a “danger” cell in your brain?

(Maybe just connect it directly to your leg muscles to run away?)



How could learning work in the brain?

To learn, you first need to represent what you will learn.

For example, you want to learn:

Snake → Danger

You need to represent “snake” and “danger” first

and then you need to link them somehow...

1) Do you have a cell in your eye that detects “Snake”?

2) How do you represent “danger”…?
Is there a “danger” cell in your brain?

(Maybe just connect it directly to your leg muscles to run away?)
→ That’s actually how simple worms/fish work?!



How can the brain
“represent” a concept?

Donald O. Hebb
(1904-1985)

Cell assembly:
Donald Hebb suggested (1949) that memory
contents are represented in a cell assembly,
i.e., in a distributed manner.

For example: “Habu” snake (poisonous)
might be represented in this set of neurons:

Neuron

Neurite (connection)



Basic Neural Networks
Idea: Spreading Activation

The picture of that snake might first activate only some neurons related to the 
visual representation of the snake, but because these neurons have strong 

connections with others, the activation spreads.

Activation
spreads



Activating the “Snake” concept

The hiss of that snake might not be strong enough to activate the other neurons.

Reason: Connections are not strong enough.

Activation
does not spread

hiss 



Activating the “Snake” concept

However, if picture and hiss are combined, 
the network will be activated.

Activation
spreads

hiss 



How to get the “snake” concept in the 
first place?!

Hebbian learning: Repeated stimulus pairing will strengthen the connections.
“What fires together, wires together.”

So, if a snake picture and a hiss are repeatedly paired, the connections of the hiss 
neuron to the others are strengthened and after a while, the hiss alone is 
sufficient to activate the whole network.

Activation
spreads

hiss 

stronger



Basic artifical neuron
(Neural Network)

Simplified model of a neuron
a

i
 : activation of input neuron i

o
j
 : activation of output neuron j

𝑜 𝑗=∑𝑤𝑖𝑗 𝑎𝑖

𝑤1 𝑗

𝑤2 𝑗

𝑤3 𝑗

𝑤4 𝑗

𝑎1

𝑎2

𝑎3

𝑎4
Input 
neurons

Connection 
weights

(Weight means 
“strength”)

Output neuron



Neural Networks
Before Learning

“Snake”

“Rabbit”

furry

small

snake-like
motion

hiss 0 .5
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1.0

Input Layer

Output Layer



Neural Networks
Furry & Small

“Snake”
furry

small

snake-like
motion

hiss
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Neural Networks
Hiss

“Snake”
furry

small

snake-like
motion

hiss
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Activation: hiss
Output: unclear



Neural Networks
Hiss, Snake-motion, and Snake

“Snake”
furry

small

hiss

0 .0

0 .0

1.0

1.0

0 .6

1.5

“Rabbit”

Hebbian Learning: Δw
ij
＝ a

i
o

j

Δw
ij
: change of synapse weight depends on: 

a
i
 : activation of input neuron i

o
j
 : activation of output neuron j

0 .5

0 .5

0 .1

1.0

0.5

0.5

0.1

1.0

snake-like
motion

Learning: snake motion + hiss
Output: “Snake”



Neural Networks
Before weight w45 update 

“Snake”
furry

small

snake-like
motion

hiss

0 .1

1.0

0.5
0.5

0.1
1.0

“Rabbit”

∆w45 = a4 (o5 − 1) = 1.5 − 1 = 0.5w45 (t + 1) = w45 (t) + ∆w45 = 0.5+0.5 = 1-1 is an arbitrary threshold (to make the example work): if o5 exceeds it, potentiation, else depression.𝑎4

𝑜5

𝑜6

0 .5
0 .5



Neural Networks
After weight w45 update

“Snake”
furry

small

snake-like
motion

hiss

1.0

0 .1

1.0

0.5
0.5

0.1
1.0

“Rabbit”

𝑎4

𝑜5

𝑜6

0 .5

∆w45 = a4 (o5 − 1) = 1.5 − 1 = 0.5w45 (t + 1) = w45 (t) + ∆w45 = 0.5+0.5 = 1-1 is an arbitrary threshold (to make the example work): if o5 exceeds it, potentiation, else depression.

Weight w45 is strengthend 
because a4 (hiss) and o5 
(snake) activate at the 
same time



Neural Networks
Before weight w46 update

“Snake”
furry

small

snake-like
motion

hiss

1.0

0 .1

1.0

0.5
0.5

0.1
1.0

“Rabbit”

𝑎4

𝑜5

𝑜6

0 .5

∆w46 = a4 (o6 − 1 ) = 0.6 − 1 = −0.4w46 (t + 1) = w46 (t) + ∆w46 = 0.5+(-0.4)= 0.1-1 is an arbitrary threshold: if o5 exceeds it,potentiation, else depression.



Neural Networks
After weight w46 update

“Snake”
furry

small

snake-like
motion

hiss 0 .1
1.0

0 .1

1.0

0.5
0.5

0.1
1.0

“Rabbit”

𝑎4

𝑜5

𝑜6∆w46 = a4 (o6 − 1 ) = 0.6 − 1 = −0.4w46 (t + 1) = w46 (t) + ∆w46 = 0.5+(-0.4)= 0.1-1 is an arbitrary threshold: if o5 exceeds it,potentiation, else depression.

Weight w46 is weakened 
because a4 (hiss) and o6 
(rabbit) do not activate at 
the same time



After Learning:
Hiss can activate “snake” by itself

“Snake”
furry

small

snake-like
motion

hiss 0 .1
1.0

0 .1

1.0

0.5
0.5

0.1
1.0

0 .0

0 .0

0 .0

1.0

0.1

1.0

“Rabbit”



How does this relate to real brain cells?



Review from Neuroscience A:
Action potentials

1) In resting conditions, there is a 
negative potential between extra- 
and intracellular space of neurons 
(-65mV, more negative inside).

2) A depolarization of the cell 
membrane (gets less negative) 
makes a voltage-gated Na+ 
(sodium) channel to open
-> Na+ ions flow in.

3) A bit later, the Na+ channels close, 
K+ (potassium) channels open and 
let K+ ions flow out ->
membrane gets back to resting 
membrane potential.

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Review from Neuroscience A:
Synapse Action

1) An action potential reaches 
the presynaptic synapse -> 
depolarization (gets more 
positive)

2) Ca2+ (calcium) influx through 
voltage-gated channels -> 
neurotransmitter release

3) The neurotransmitter (e.g., 
glutamate) binds to 
postsynaptic receptors.

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Excitatory Post-Synaptic Potential 
(EPSP)

1) Postsynaptic membrane: transmitter-
gated Na+ channels  open -> Na+ influx 

2) Depolarization of the postsynaptic cell

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Glutamate Receptors in the post-
synaptic cell

Glutamate is the most wide-spread excitatory neurotransmitter in the brain.
It binds to different receptor types. 

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Synaptic Plasticity

Long-term potentiation (LTP): rabbit hippocampus

Before LTP was investigated (Bliss 
and Lømo, 1973) studies already 
suggested the mammal 
hippocampus to be important in 
memory function.

Route of information:

Entorhinal cortex     ->
Dentate gyrus (DG)  ->
CA3                             -> 
CA1 via Schaffer collateral 
synapses (3 in the figure) 

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Long-Term Potentiation (LTP)
Strengthen Synapses

In a typical experiment, input axons to a CA1 neuron (blue and red lines in a) are stimulated 
electrically to obtain the baseline response level (b, c).
Then a tetanus (fast stimulation: 100 Hz) is given to input 1 (arrow in b). This fast 
stimulation leads to action potential in the CA1 neuron (temporal summation).
This leads to LTP at the input 1 synapses: higher sensitivity of the CA1 neuron to input 1.

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Long-Term Potentiation (LTP)
What happens at the synapse? Glutamate binds to AMPA 

receptors that open to 
allow for Na+ influx →  
postsynaptic 
depolarization.

Glutamate also binds to 
NMDA receptors: usually, 
Mg2+ ions block this 
channel, but when the 
postsynaptic membrane is 
depolarized (b), the 
NMDA receptor allows for 
Ca2+ influx.

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Long-Term Potentiation (LTP)

Ca2+ influx leads to changes in the postsynaptic 
synapse by activating kinases.
Kinases can phosphorylate (add PO4 to) AMPA 

receptors and thus increase their ability to let ions 
through (1).

Another pathway is the addition of AMPA 
receptors (2) or growth of new synapses.

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Long-Term Depression
Weakens synapses

Synaptic strength can also be weakened:
This time, a low-frequency stimulation (1-5Hz) is given to input 1 that will not result in an 
action potential.
This leads to LTD at the input 1 synapses: lower sensitivity of the CA1 neuron to input 1.

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Long-Term Depression

Low frequency stimulation (LFS) also leads to a Ca2+ influx, but only in small amounts. 
→ This will activate protein phosphatases that take phosphate groups from AMPA 
receptors and reduce their ability to let ions through. 
LTD also causes internalization of AMPA receptors. 

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



LTP and LTD

Thus, LTP strengthens the synapse when neurons fire together.
(More correctly, when a postsynaptic action potential follows an EPSP caused by a presynaptic 
action potential). LTD weakens the synapse when a presynaptic action potential does not result 
in a postsynaptic action potential.

Bear, Neuroscience
Copyright ©2016 Wolters Kluwer-all rights reserved



Summary
1) Forms of learning

Non-declarative memory ↔ Declarative memory
Non-associative learning ↔ Associative learning

Habituation Classical conditioning
Sensitization Instrumental conditioning

2) Hebbian learning
Cell assembly
Modification of connections

3) Neural Networks

4) Synaptic plasticity
Long-term potentiation (LTP)
Long-term depression (LTD)
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