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Can molecules explain long-term potentiation?
Joshua R. Sanes& Jeff W. Lichtman

Nature Neuroscience 2, 597 - 604 (1999)

Standard induction protocol: trains of presynaptic stimuli
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Possible induction mechanisms of synaptic plasticity 

• Change in presynaptic
probabil ity of release

• Change in number of 
postsynaptic AMPA 
receptors (silent-synapses)

• Change in properties of 
postsynaptic AMPA 
receptors (phosphorylation)

Protein Phosphorylation

Non-phosphorylated Phosphorylated

•AMPAR is phosphorylated at 
two sites Ser 831,845

• Both increase conductance

• Ser 831 – CaMKII

• Ser 845 – PKA

•LT P: phosphorylation of s831

•LT D: dephosphorylation of 
s845 

Calcium levels control bidirectional plasticity
Moderate r ise in calcium: LT D
Large rise in calcium: LT P

(Bear et. al, 1987
Lisman, 1989
Ar tola et. al. 1993)
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AMPAR Phosphorylation cycle

Mathematical formalism

• Mass Action approach 
(simple, analytically solvable)

•Michaelis-Menten Approach 
(more complex, numerical 
solution) 

Assume: all enzymes either directly or indirectly depend 
on calcium. 

Thought experiment, plasticity is assumed to be produced
By a prolonged increase in intercellular calcium

Results

Results are qualitatively robust to exact details of 
enzymatic curves and to the mathematical formalism used 
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Michaelis-Menten approach

Note: need to 
know many kinetic 
coefficients

Scheme of enzyme interactions

Given these, what kind of LT P/LT D
curves do we get?

Does it work in real cells?
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Results

However, real plasticity experiments are not conducted
by fixing a sustained calcium level.

Ω

Obtaining a simpli fied plasticity equation
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The Calcium 
control hypothesis
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Manahan-Vauhn et. al 2000

It has been suggested that calcium is the primary signal for  
bi-directional synaptic plasticity; that a moderate elevation of 
calcium above baseline produces long term depression (LT D), 
while a larger elevation produces long term potentiation (LT P).
(L isman, 1989)
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A simple form of such calcium dependent synaptic plasticity is  

where Wj represents the synaptic strength. The calcium level at synapse j is 
denoted by [Ca]j . When the calcium level is below a lower threshold θθ0, no 
modification occurs. The learning rate is ηη and  λλ is a decay constant. The form 
of ΩΩ with the parameters used in the simulations is shown below.

jj
j

WCa
dt

dW
λη −Ω= )]([

Can thisaccount for plasticity induced using var ious 
different induction mechanisms?

• Pair ing (voltage clamp) induced

• Presynaptic frequency dependent 

• Spike time dependent plasticity

Are additional assumptions necessary? 
Does the temporal structure of the calcium transients matter?
What is the fundamental form of synaptic plasticity?
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NMDA receptor dependent Calcium influx

Voltage dependence

NMDA receptor kinetics
(Jahr and Stevens, 1990)

(Carmignoto and Vicini, 1992)
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Pairing (voltage clamp) induced  synaptic 
plasticity leads to oscil lating synaptic weights:
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dt

dW λη −Ω= )]([Using

and the Jahr-Stevens model of NMDAR currents
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i WCaCa

dt

dW −Ω=η

Where  :η

η

and Ω

Addition of a Calcium dependent learning rate, leads to
what we call the  calcium control hypothesis.

This calcium dependent learning rate stabilizes paring induced 
synaptic plasticity
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There is also an effect of initial synaptic 
strength on the magnitude of plasticity

LT P LT D

Experimental evidence for decreased LT P with increasing initial 
weight: L iao et. Al. 1992, Bi and Poo,1998.

We use non saturating plasticity ( LTP –10 pulses, LTD – 40 pulses)

Bi and Poo, 1998

prepost ttt −=∆

Markram et. al. , 1997
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prepost ttt −=∆

For the calcium control hypothesis to account 
for STDP it is necessary that:

• For                  (post-pre) the calcium influx is higher 
than at baseline

• For                   ( pre-post) the calcium influx is higher 
than at

0<∆ t

0>∆ t
0<∆ t

With a narr ow back propagating action potential
(Width         2ms)

≈≈≈

≈

• No difference between
baseline and post-pre

• Only a small elevation
in Ca for pre-post

C
a 
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We introduce a wide back propagating action potential
(BPAP)- has two components, Wide component’s width,  35ms

≈

There is now
• difference between
baseline and post-pre

There is also
• substantial elevation

of Ca for pre-post

C
a 

(µµ
M

)

Magee and Johnston, 1997

Experimental results suggests 
that, in dendrites, back 
propagating action potentials 
have a wide after depolarizing 
component  (ADP).
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STDP with wide 
back spike

W(t)

W

Nishiyama et. al. Nature, 2000
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The shape of the STDP curve depends on the width of the BPAP

Wide component, 35ms

Wide component, 70ms

W

Frequency dependence of the STDP curve

This occurs due to temporal integration of the 
NMDA receptor calcium currents, and is not simply 
a consequence of the low frequency form of STDP.

W
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Markram et. al. 1997

There is some experimental indication of the frequency 
dependence of the STDP curve. 

By changing parameters it is possible to account for the frequency
dependence of Markaram et. al. (1997) as well .
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A popular induction protocol for inducing synaptic plasticity is
extracellular stimulation of presynaptic afferents at varying rates. 
Low frequency produces LT D, high frequency produces LT P 

To simulate this we need a model of the postsynaptic
neuron  and of how action potentials are initiated. 

How important is postsynaptic neuron spiking in this induction 
mechanism?

We simulate rate induced plasticity under two conditions:

• No postsynaptic spikes occur.

• Postsynaptic spikes occur with Poisson statistics and a rate 
proportional to the postsynaptic depolarization.

No postsynaptic action potentials

With postsynaptic action potentials

W

W

Quantitative results are sensitive to neuronal parameters.

Ca

Ca

With no postsynaptic action
potentials, as above (for reference)

Ca
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NMDA receptor dependent Calcium influx

NMDA receptor kinetics

NMDAR kinetics and subunit composition are plastic.
Subunit composition, curr ent duration and magnitude 
change during development and are activity dependent 
(Carmignoto and Vicini, 1992; Quinlan et. al. 1999, Philpot et. al. 2001)

Dependence of plasticity on NMDA receptor kinetics
I f  is the magnitude of the fast component of the NMDA current.
Large I f  fast current, and small integrated calcium influx

Pairing induced Presynaptic rate induced

I f=0.75 (green) I f=0.5 (blue) I f=0.25 (red)

We assume that the peak NMDAR current is constant (I f + I s=1)

W W
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Dependence of plasticity on NMDA receptor kinetics

I f=0.75 (green) I f=0.5 (blue) I f=0.25 (red)

W

I f  is the magnitude of the fast component of the NMDA current.
Large I f  fast current, and small integrated calcium influx
We assume that the peak NMDAR current is constant (I f + I s=1)

STDP
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Typically abstract ‘ learning rules’ depend on a pre-synaptic 
variable x and a post-synaptic variable Y

The calcium
Control  hypothesis:

Assume: YxGVHxGCa iNMDAiNMDAi == )(][

that
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Presynaptic afferent is active

Presynaptic afferent is not active
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Assume for simplicity that: )()( α−=Ω CaCaCa
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So, the calcium control hypothesis takes the form:
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Use:

and ( )θµθ −= 2Y
dt

d

In a natural image environment, get:

Using 
����������	�
�	����

a 
simulation package 
by Brian Blase

?
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Can molecules explain long-term potentiation?
Joshua R. Sanes& Jeff W. Lichtman

Nature Neuroscience 2, 597 - 604 (1999)

Clar ity

Conclusions:
• I t is possible to construct a biophysical model of synaptic 
plasticity, based on phosphorylation and dephosphorylation of 
AMPAR that is consistent  with experimental results.

• Converging evidence points to a unified model of calcium 
dependent synaptic plasticity.

• STDP can be accounted for by (1) the calcium control 
hypothesis (2) a wide back propagating action potential.

• As a consequence of these assumptions, STDP plasticity 
produces  a novel form of LT D and a prominent frequency 
dependence.

• The calcium control hypothesis, under certain conditions, 
has a form that shares key properties with BCM; but also 
suggests detailed modification.
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Gastone Castellani

Elizabeth Quinlan

Brian Blais

Leon Cooper

Mark Bear

Summary and Conclusions

Assumptions

I . The calcium control hypothesis
Synaptic plasticity based on a calcium levels
Calcium dependent learning rate 

II . Wide back propagating action potential

Consequences
• A new form of pre-post LT D is predicted.
• The form of the STDP curve is frequency dependent.
•The width of the back spike can be correlated with the 
width of LT D  (post-pre) region.
• Changes in NMDA kinetics alter the form of the LT P/LT D 

curves and the STDP curve.

A single calcium dependent mechanism can account for the 
various forms of synaptic plasticity induction.



A Unified Model of Calcium Dependent Synaptic Plasticity

Dr. Harel Shouval, Brown University (ITP 9/5/01) 22

• This is consistent with observations that high frequency stimuli, that induce 
LT P , also result in a large elevation of intracellular calcium, and that low 
frequency stimuli , that produce LT D,  result in a moderate elevation of 
calcium levels. 

• Recently synaptic plasticity that depends on the precise timing of pre and 
postsynaptic stimulation has been demonstrated in var ious systems. However, 
it is not obvious that such precise timing differences can produce significant 
differences in calcium levels. 

• We demonstrate that a single, calcium dependent mechanism can account for 
these different forms of experimentall y induced plasticity. 

• Assumptions and consequences can be tested experimentall y

Cormier et. al. 2001
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Manahan-Vauhn et. al 2000

Lee et. al. 2000
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Calcium dependent synaptic plasticity

Time constantΩ function

This equation can also be der ived directly from lower level molecular models.
(Shouval et. al.)
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Add a var iable learning rate:

τ
Ca

Why?
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Markram et. al. 97

A Unified Model of Calcium Dependent 
Synaptic Plasticity

Harel Z. Shouval, Mark F. Bear 

and Leon N Cooper
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i WCaCa

dt

dW −Ω=η

Addition of a Calcium dependent learning rate, leads to
what we call the  calcium control hypothesis, that can 
also be derived directly from lower level molecular models
(Shouval et. al.)

Where  :η

η

Spike Time Dependent Plasticity
c

1m

1d 2d 3d

2m

3m

Inputs

Synaptic 
weights

Output

prepost ttt −=∆
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prepost ttt −=∆

For the calcium control hypothesis to account 
for STDP it is necessary that:

• For                  (post-pre) the calcium influx is higher 

than at baseline

•For                   ( pre-post) the calcium influx is higher 

than at

0<∆t

0>∆t

0<∆t


