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Hebbian Learning: Firing together, wiring together

Bi, G. Q., & Poo, M. M. (1998). Synaptic modifications in cultured hippocampal neurons: dependence on spike timing, synaptic strength, and 
postsynaptic cell type. Journal of neuroscience, 18(24), 10464-10472.
Song, S., Miller, K. D., & Abbott, L. F. (2000). Competitive Hebbian learning through spike-timing-dependent synaptic plasticity. Nature neuroscience, 
3(9), 919-926.

EPSC: Excitatory Postsynaptic Current

STDP rule: Excitatory neurons

Bi, G. Q., & Poo, M. M. (1998). 

Δt=post-pre

Experiments

Δt=pre-post

Song, S., Miller, K. D., & Abbott, L. F. (2000).
Computation model
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D’amour, J. A., & Froemke, R. C. (2015). Inhibitory and excitatory spike-timing-dependent plasticity in the auditory cortex. Neuron, 86(2), 514-528.
Vogels, T. P., Sprekeler, H., Zenke, F., Clopath, C., & Gerstner, W. (2011). Inhibitory plasticity balances excitation and inhibition in sensory pathways 
and memory networks. Science, 334(6062), 1569-1573.

D’amour, J. A., & Froemke, R. C. (2015).

STDP rule: Inhibitory neurons

The inhibitory STDP rule is in contrast to excitatory one, which displayed an asymmetrical STDP time window.

Vogels, T. P. et. al. (2011)

Dash line: IPSC (Inhibitory 
postsynaptic current)  

Experiments Computation model

Hebbian Learning: Firing together, wiring together
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STDP rule

Song, S., Miller, K. D., & Abbott, L. F. (2000). Competitive Hebbian learning through spike-timing-dependent synaptic plasticity. Nature neuroscience, 
3(9), 919-926.
Vogels, T. P., Sprekeler, H., Zenke, F., Clopath, C., & Gerstner, W. (2011). Inhibitory plasticity balances excitation and inhibition in sensory pathways 
and memory networks. Science, 334(6062), 1569-1573.

Song, S., Miller, K. D., & Abbott, L. F. (2000). Vogels, T. P. et. al. (2011)

Synaptic plasticity: synapses change based solely on the activity of their presynaptic and postsynaptic
counterpart (synapse-specific process)
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Is synaptic plasticity rule a synapse-specific process?

D’amour, J. A., & Froemke, R. C. (2015).
Experiments

D’amour, J. A., & Froemke, R. C. (2015). Inhibitory and excitatory spike-timing-dependent plasticity in the auditory 
cortex. Neuron, 86(2), 514-528.
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Excitatory input, E, controls:
1. Hebbian LTP
2. Heterosynaptic plasticity

Inhibitory inputs, I, gate 
excitatory plasticity

Post-pre>0 → excitation
Post-pre<0 → inhibition

𝑃𝑅𝐸௅்௉, 𝑃𝑂𝑆𝑇௛௘௧, 𝑃𝑂𝑆𝑇௅்஽: eligibility trace (firing rate estimates)
𝐴௅்௉, 𝐴௛௘௧, 𝐴௅்஽: learning rate (strictly positive)
𝑃𝑅𝐸௦௣௜௞௘, 𝑃𝑂𝑆𝑇௦௣௜௞௘: firing time 

Experimentally evidence: 
heterosynaptic weakening
of excitatory synapses 
neighboring other synapses 
undergoing LTP
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I>E→ inhibitory
E>I→ excitation

𝑃𝑅𝐸௜௡௛, 𝑃𝑂𝑆𝑇௜௡௛ : eligibility trace (firing rate estimates)
𝐴ூௌ௉: learning rate (strictly positive)
𝑃𝑅𝐸௦௣௜௞௘, 𝑃𝑂𝑆𝑇௦௣௜௞௘: firing time 
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Consider influence of distance between synapses

𝑵𝑬: number of excitatory synapsei: Undergoing synapse
j: Neighboring synapse

𝑃𝑅𝐸௅்௉, 𝑃𝑂𝑆𝑇௛௘௧, 𝑃𝑂𝑆𝑇௅்஽: eligibility trace (firing rate estimates)
𝐴௅்௉, 𝐴௛௘௧, 𝐴௅்஽: learning rate (strictly positive)
𝑃𝑅𝐸௦௣௜௞௘, 𝑃𝑂𝑆𝑇௦௣௜௞௘: firing time 

Original excitatory synapse 
update

Excitatory synapse update 
with distance consideration

Synapse-specific filtered NMDA current

Excitatory input, E
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Consider influence of distance between synapses

𝑃𝑅𝐸௅்௉, 𝑃𝑂𝑆𝑇௛௘௧, 𝑃𝑂𝑆𝑇௅்஽: eligibility trace (firing rate estimates)
𝐴௅்௉, 𝐴௛௘௧, 𝐴௅்஽: learning rate (strictly positive)
𝑃𝑅𝐸௦௣௜௞௘, 𝑃𝑂𝑆𝑇௦௣௜௞௘: firing time 

Original inhibitory synapse 
update

Inhibitory synapse update 
with distance consideration

𝑵𝑬: number of excitatory synapsei: Undergoing synapse
j: Neighboring synapse

Synapse-specific filtered NMDA current

Excitatory input, E
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Point-neuron: LIF neuron with after-hyperpolarization (AHP) current and conductance-based synapses

𝐸௫: reverse potential
δ: Dirac’s delta, 1 when firing occur
𝑔௫: conductance

Mg+ block
Effect decay during 
the depolarization
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Two-layer neuron: LIF neuron and the dendrite as a leaky integrator

𝑁஻: N branch dendritic
𝑢௜: membrane potential of dendritic branch

Soma-dendrite coupling strength
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Point-neuron: LIF neuron with after-hyperpolarization (AHP) current and conductance-based synapses

𝐸௫: reverse potential
δ: Dirac’s delta, 1 when firing occur
𝑔௫: conductance

Mg+ block
Effect decay during 
the depolarization
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2 Neighbors

pre>post

post>pre

Mg+ block

Introduce a weak 
neighboring LTP

Larger distance, 
weaker effects
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Turn on / off excitatory 
plasticity
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• Individual neuron responses ranged from small firing rate deflections to large, transient events during or after 
the delivery of the stimulus that could last several seconds

• Similar to real neural recordings of sensory activity and motor production in mammals



Overview

1. Background

2. Motivation

3. Method

4. Results

5. Take-away Message

23



Take-away Message

24

Motivation:  
Analyzing co-dependency between different connection types.

Results: 
1. The resulting model explains how inhibition can gate excitatory plasticity while neighboring excitatory–excitatory 

interactions determine the strength of long-term potentiation.

2. The interplay between excitatory and inhibitory synapses can account for the quick rise and long-term stability of a 
variety of synaptic weight profiles, such as dendritic clustering of co-active synapses.

3. In recurrent neuronal networks, co-dependent plasticity produces rich and stable motor cortex-like dynamics with 
high input sensitivity.



Thanks for your attention!
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Gerstner, W.,et. al. (2014). Neuronal dynamics


