
Taxonomy of mammalian memory 

systems

Milner et al., Neuron



HM - Henry Gustav Molaison



H. M.’s lesion

Scoville and Milner J. Neurol Neurosurg Psych, 1957 Corkin et al., J. Neurosci., 1997



Patient E. P. replicates the impairment seen in H. M.

Stefanacci et al., J. Neurosci. 2000



D. O. Hebb

The Organization of Behavior, 1949

“When the axon of cell A …….. excites cell B 

and repeatedly or persistently takes part in 

firing it, some growth process or metabolic 

change takes place in one or both cells so 

that A’s efficiency as one of the cells firing B 

is increased”.



Experimental pathway

Control pathway



Search “long term potentiation”: ~27,000 papers 

and still going strong 

LTP NMDAR 1st Glu receptor

cloned







Hippocampal Long-Term Potentiation (LTP)

induction

expression

Memory (?)

Requirements for induction

1. Minimal frequency

2. Minimal stimulus strength

(“cooperativity”)



Induction mechanisms of 

LTP/LTD



Associative nature of LTP

“associativity”

1. Pathway (synapse?) specificity

2. Near simultaneous activation

3. Proximity of pathways, not important

4. Thus, signal from strong to weak is extremely fast and widespread



LTP requires synaptic activation and 

depolarization

Don’t need a tetanus

Only two requirements

1. Synaptic activation

2. Depolarization



Spike timing-dependent plasticity

Feldman, Neuron, 27: 45-56, 2000



Action potential backpropagation

Stuart et al., TINS, 20: 125-131, 1997



Glutamate Receptor Subtypes

Glutamate

Ionotropic

NMDAnonNMDA

Metabotropic

AMPAKainate



Neurons respond to applied NMDA, but synaptic 

response are not effected by an NMDAR antagonist

Control                    APV               Recovery

IPSP

EPSP

Davies et al., J. Physiol. 1983

Collingridge et al., J. Physiol. 1984



LTP is blocked by NMDA receptor antagonists, 

but the EPSP is unaffected

Collingridge et al., J. Physiol. 334: 33-46, 1983

“the present study has shown that the NMDA receptor plays no role in the mediation 

of synaptic transmission, but may be involved in the generation of l.t.p.” 



NMDA currents are voltage dependent 

Nowak et al., Nature 307:462-465, 1984

Extracellular Mg++ accounts for the voltage dependence

Mg++ “free”Mg++

“free”



Synaptic AMPA and NMDA receptors

Hestrin et al., J. Physiol., 1990



NMDARs, but not AMPARs, are permeable to calcium

MacDermott, et. al., Nature 321: 519, 1986  

Ca+2 imaging

(Mg2+ - free)





LTD induced by low frequency 

stimulation

Dudek and Bear, PNAS, 89: 4363-7, 1992



LTP LTD

• Induced by high-

frequency stimulation

• Input specific

• Saturable

• Reversible

• Requires rise in 

postsynaptic calcium

• Requires activation of 

NMDA receptors

• Induced by low-

frequency stimulation

• Input specific

• Saturable

• Reversible

• Requires rise in 

postsynaptic calcium

• Requires activation of 

NMDA receptors



LTP LTD

AMPANMDAAMPANMDA

I1

(inactive) (active)

Ca2+

Ca2+ CaM

PP2B
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PP1 PP1

CamKII
Ca2+ CaM CamKII
(high)

(PKC), (PKA)

(Src), (MAPK)

(low)

Malenka, Cell, 1994

Ca2+



Sjostrom and Nelson, Curr. Opin. Neurobiol. 2002

The level of Ca++ determines the polarity 

of synaptic plasticity



Expression mechanisms of 

LTP/LTD





Perkel and Nicoll,  J. Physiol.471:481 (1993)

AMPA

NMDA



“Quantal analysis” and LTP



release receptors



Synaptic failure rate decreases

during LTP

Kullmann and Nicoll Nature 1992



“Does LTP exist? ….when humans go looking for something they often find it – even

when it is not there…seeing a…Mickey Mouse in a peculiar arrangement of clouds” 



Increasing Pr Decreases Paired Pulse Facilitation 

(PPF): LTP Does Not

Increasing Ca/Mg ratio

Manabe et al., J. Neurophysiol. 70: 1451-1459 (1993)

LTP



Luscher, et al., Neuron, 1998

Spacek, 1985

Monitoring synaptically released 

glutamate with glial glutamate 

transporter currents



Manabe and Nicoll Science 1994

MK-801 Fails to Detect an Increase in Glutamate Release During LTP

Paired pulse

LTP

“How can the present results be reconciled with studies using quantal analysis? 

The decrease in failures is usually interpreted as an increase in Pr. Alternatively,

the decrease in failures could reflect the appearance of patches of functional AMPA 

receptors on the postsynaptic cell”.





Silent Synapses

also: Liao et al., Nature (1995)

Isaac et al., Neuron, 15:427 (1995)

LTP

AMPAfication can occur in

the absence of any change

in the NMDA response.

NMDA (+30 mV)

AMPA (-60 mV)

-60 mV
+30 mV

NMDA (+30mV)

-60 mV

+30 mV



Harvey and Svoboda Nature 450:1195-2000 (2007)

Beique et al., PNAS 103:19535-19540 (2006)

Synapse specific LTP of glutamate uncaging responses on single spines



Lisman et al., Nat. Rev. Neurosci., 

2002

Structure and regulation of CaMKII

Stratton, et al. Curr. Op. Structural Bio., 2013



Different forms of CaMKII activation

Lisman et al., Nat. Rev. Neurosci. 2002



K P Giese et al. Science 1998;279:870-873

Autophosphorylation at Thr286 of the α Calcium-Calmodulin 

Kinase II in LTP and Learning



GluA1

GluA2

GluA3

The C-tails are sites for protein-protein 

interactions and phosphorylation

GluA1 - GluA3



Role of subunits and their C-tails in AMPA receptor trafficking

Malinow



NMDAR

Ca++

AMPARs/TARPs

Receptor Centric Model

CaMKII



Receptor Centric Model
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Single Cell deletion and replacement of AMPAR subunits

~80% rescue

Cre + GluA1C

Cre + GluA1

The C-tail of GluA1 is not required for synaptic targeting



Single Cell deletion and replacement of AMPAR subunits

GluA1C

Kainate receptor



Single particle tracking of AMPARs

Tardin et al. EMBO J. (2003)

Cy5 labeled Anti-GluA2 antibodies



NMDAR

CaMKII

Ca++
?

AMPARs or

KARs

PSD Centric Model (Capture) 


