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Chemical Synapses



Chemical Synapses

• Neurotransmitters

• Glutamate (+)

• AMPA

• NMDA

• GABA (-)

• GABAA

Ca2! within the dendritic spine accounts for the
input specificity of LTP. Associativity occurs
because strong activation of one set of syn-
apses depolarizes adjacent regions of the den-
dritic tree.

The evidence in support of this model is
compelling and almost universally agreed
upon. Specific NMDA receptor antagonists
have minimal effects on basal synaptic trans-
mission but completely block the genera-
tion of LTP (2, 7). Similarly, preventing the
rise in postsynaptic Ca2! with Ca2! chelators
blocks LTP, whereas directly raising the
amount of postsynaptic Ca2! by photolysis
of caged Ca2! can mimic LTP (8). Further-
more, imaging studies have demonstrated
directly increases in Ca2! within dendritic
spines due to NMDA receptor activation (9).
Currently, it is thought that a short-lasting
(1- to 3-s) threshold level of Ca2! must be
reached to trigger LTP. Whether the influx of
Ca2! alone is adequate or an amplification
due to Ca2! release from intracellular stores
is also required for triggering LTP remains
unclear (10). Another important unresolved
issue is whether an increase in Ca2! alone is
sufficient to trigger LTP or whether addition-
al factors, presumably provided by synaptic
activity, are required (2). One candidate for
such additional input is a family of G pro-
tein–coupled receptors known as metabo-
tropic glutamate receptors. These receptors
are found at most excitatory synapses, but
their activation does not appear to be abso-
lutely required for the generation of LTP in
CA1 pyramidal cells. They may, however,
modulate the triggering of LTP (11).

Increases in postsynaptic Ca2! that are
NMDA receptor–dependent and that do not
reach the threshold for LTP can generate
either a short-term potentiation (STP) that
decays to baseline over the course of 5 to 20
minutes or long-term depression (LTD), a
long-lasting decrease in synaptic strength that
may be due to a reversal of the mechanisms
underlying LTP (12). Thus, any manipulation
that influences the magnitude or dynamics of
Ca2! increases within dendritic spines may
profoundly influence the form of the resulting
synaptic plasticity. Although NMDA recep-
tors are the primary source of Ca2! entry into
spines, activation of dendritic voltage-depen-
dent Ca2! channels also substantially raises
Ca2! levels and can generate LTP, STP, or
LTD. Perhaps because of the distinct subcel-
lular localization of Ca2! channels, however,
the LTP due to activation of Ca2! channels
may use mechanisms distinct from NMDA
receptor–dependent LTP (13) and will not be
considered further here.

Signal Transduction Mechanisms
What biochemical pathways are activated by
Ca2! and are required for translating the
Ca2! signal into an increase in synaptic

strength? A review of the literature generates
an enormous, even bewildering, list of can-
didate signal transduction molecules. Howev-
er, this research has not distinguished mole-
cules that are key components of the signal
transduction machinery absolutely required
for LTP from biochemical processes that
modulate the ability to generate LTP (14).
There are only a few molecules for which the
evidence of a key, mandatory role in LTP is
compelling.

Overwhelming evidence implicates "-cal-
cium-calmodulin–dependent proteinkinase II
(CaMKII) as a key component of the molec-
ular machinery of LTP (2, 15). CaMKII is
found in high concentrations in the postsyn-
aptic density, a submembrane component of
the dendritic spine that also contains the glu-
tamate receptors that mediate synaptic trans-
mission (16). Postsynaptic injection of inhib-
itors of CaMKII or genetic deletion of a
critical CaMKII subunit blocks the ability to
generate LTP (17). That CaMKII plays a
direct, causal role in LTP is strongly support-
ed by the finding that synaptic transmission is
enhanced and LTP is occluded by increasing
the concentrations of constitutively active
CaMKII in CA1 cells (18).

An important property of CaMKII is that
when autophosphorylated on Thr286, its ac-
tivity is no longer dependent on Ca2!-cal-
modulin (CaM) (15, 19). This allows its ac-
tivity to continue long after the Ca2! signal
has returned to baseline. Biochemical studies
have demonstrated that this autophosphoryl-
ation does in fact occur after the triggering of
LTP (20, 21). That CaMKII autophosphoryl-

ation is required for LTP was convincingly
demonstrated by an elegant use of molecular
genetic techniques in which replacement of
endogenous CaMKII with a form of CaMKII
containing a Thr286 point mutation blocked
LTP (22). A final important piece of evidence
implicating CaMKII in LTP is that it can
directly phosphorylate the AMPA receptor
subunit, GluR1, in situ, and this has been
shown to occur following the generation of
LTP (21) (see discussion below).

Several other protein kinases, including
protein kinase C (PKC), cyclic adeonosine
3#,5#-monophosphate (cAMP)–dependent pro-
tein kinase (PKA), the tyrosine kinase Src,
and mitogen-activated protein kinase (MAPK),
have also been suggested to contribute to
LTP (2). The evidence in support of critical
roles for these kinases is, however, consider-
ably weaker than that for CaMKII. PKC has
been suggested to play a role analogous to
that of CaMKII, because PKC inhibitors have
been reported to block LTP and because in-
creasing postsynaptic PKC activity can en-
hance synaptic transmission (23). However, it
remains to be determined whether the synap-
tic enhancement due to increasing PKC ac-
tivity uses the same mechanisms as LTP.
PKA has been suggested to boost CaMKII
activity indirectly by decreasing competing
protein phosphatase activity by means of
phosphorylation of inhibitor-1, an endoge-
nous protein phosphatase inhibitor (24). Src
may participate in a more indirect way by
enhancing NMDA receptor function during
LTP induction (25). The specific function of
MAPK in LTP remains unknown (26).
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Fig. 1. Model for the induction of LTP. During normal synaptic transmission, glutamate (Glu) is
released from the presynaptic bouton and acts on both AMPA receptors (AMPARs) and NMDA
receptors (NMDARs). However, Na! flows only through the AMPA receptor, but not the NMDA
receptor, because Mg2! blocks the channel of the NMDA receptor. Depolarization of the postsyn-
aptic cell relieves the Mg2! block of the NMDA receptor channel, allowing Na! and Ca2! to flow
into the dendritic spine by means of the NMDA receptor. The resultant rise in Ca2! within the
dendritic spine is the critical trigger for LTP.
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Quantal Hypothesis

• Overall effect R = npq

• n = number of release 
sites

• drawn from some 
probability distribution 
(e.g. binomial)

• at most, 1 vesicle is 
release per presynaptic 
spike

• p = probability of release 
for release site

• q = postsynaptic effect

Koch, p. 312
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binomial distribution:
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Synaptic Plasticity

Abbott and Nelson, Nat Neurosci, 2000



Cable Equation

• How does the membrane voltage change 
over space?

• Why does myelin cause the speed of 
propagation to increase?



Cable Equation
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Multiple Compartments
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Beyond Hodgkin-Huxley
• Traub-Miles (~hippocampal/cortical)

• Na, K, Leak, M or Ca-AHP

• Fleidervish (pyramidal cortical) or Miles (spinal motor 
neuron)

• Slow Na inactivation

• Erisir (fast-spiking cortical)

• Slow K

• Connor-Stevens (crab)

• A Current (slowly inactivating K current)



Connor-Stevens



From Dynamical Systems...

• Quadratic IF

• Type 1 (saddle-node 
on invariant circle)

• Phase model

• nonlinear oscillators 
with exponentially 
stable limit cycle 
attractors

• Simple model

• local canonical for 
HH-type models

Izhikevich, Dynamical Systems in Neuroscience, 2007

Canonical Models







• Advantages

• 4 parameters

• Simple (canonical)

• Disadvantages

• No connection 
between model and 
biophysical parameters

• Predictions for in vitro/
vivo neurons may be 
difficult

Simple Model
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Hypotheses

• 2 “channels” are sufficient to describe 
neuronal computation

• 2D phase portraits can successfully depict 
even complicated neuronal function

• Biophysical parameters can be mapped into 
this 2D space


