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Neural synapses: 
The specialized contact zones between 
neurons are called synapses. 
In the nervous system, chemical synapses 
are much more common than electrical 
synapses (gap junctions). 
Most chemical synapses are unidirectional 
— the presynaptic neuron releases 
neurotransmitter across the synaptic cleft to 
the postsynaptic terminal, which leads to 
activation of a neurotransmitter-gated ion 
channel. 
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Neural synapses (cont.): 
In the electron micrograph below, a presynaptic 
body in the inner hair cell is seen to hold a cluster 
of neurotransmitter vesicles.  A thickening of the 
cell membranes is observed between the pre- and 
post-synaptic terminals, and a very narrow 
synaptic cleft exists. 

(from Francis et al., Brain Res. 2004) 
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Neural synapses (cont.): 

(from Koch) 
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Neural synapses (cont.): 
Equivalent electric circuit of a fast chemical 
synapse: 

(from Koch) 
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Neural synapses (cont.): 
The postsynaptic current (PSC) has the 
same form as a voltage-gated ion channel: 

 

but the conductance gsyn(t) is controlled by 
the reception of neurotransmitter (rather 
than the transmembrane potential), which 
has a waveform that is often approximated 
by a so-called alpha function: 
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Neural synapses (cont.): 
The direction of the postsynaptic current 
depends on the value of Esyn: 
 if E syn >  Vrest, then I syn will be a negative 

(i.e., inward) current, which will 
depolarize the cell. 
Consequently, this current is referred to 
as an excitatory postsynaptic current 
(EPSC), and the resulting membrane 
depolarization is referred to as an 
excitatory postsynaptic potential (EPSP). 
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Neural synapses (cont.): 
 if Esyn <  Vrest, then I syn will be a positive 

(i.e., outward) current, which will 
hyperpolarize the cell.  Because 
hyperpolarization takes the membrane 
potential further away from the threshold 
potential, this is a form of inhibition. 
Consequently, this current is referred to 
as an inhibitory postsynaptic current 
(IPSC), and the resulting membrane 
hyperpolarization is referred to as an 
inhibitory postsynaptic potential (IPSP). 



9 

Neural synapses (cont.): 
 if Esyn ¼ Vrest, then I syn will be a negligible 

when the membrane is at rest. 
However, if current is injected into the 
membrane by a propagating EPSP or 
action potential or an applied current 
source, the increased conductance of 
gsyn(t) will tend to “shunt” this injected 
current, such that the membrane is 
locked at Vrest.  Because this prevents 
action potential generation, it is referred 
to as shunting inhibition. 
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Neural synapses (cont.): 

(from Koch) 
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Neural synapses (cont.): 
Shunting inhibition is most effective if placed 
on the path between an excitatory synapse 
and the soma. 

(from Koch) 
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Neural synapses (cont.): 

(from Hille) 
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Neural synapses (cont.): 
The maximum conductance gpeak is not fixed 
in many synapses.  Rather, the efficiency of 
a synapse can be increased or decreased, 
depending on the pattern of synaptic input 
and/or whether an EPSP produced a spike 
in the post synaptic neuron. 
An increase in synaptic efficiency is referred 
to as long term potentiation (LTP), while a 
decrease is known as long term depression 
(LTD). 
These are forms of neural plasticity. 
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Receptor gating kinetics: 

(from Hille) 
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Receptor gating kinetics (cont.): 
What causes the rate of exponential decay 
in the synaptic current of ligand-gated 
channels of fast chemical synapses? 

A. The rate at which the neurotransmitter 
leaves the synaptic cleft? 

B. The rate at which the channel naturally 
closes? 
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Receptor gating kinetics (cont.): 
A. The rate at which the neurotransmitter 

leaves the synaptic cleft? 
Apparently not! 
1. The rate of decay shown in Fig. 6.5 of 

Hille is voltage dependent, which should 
not occur for a chemical diffusion 
process. 

2. The rate of decay is temperature 
dependent, with a Q10 of 2.8, which is too 
high for a chemical diffusion process. 
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Receptor gating kinetics (cont.): 

B. The rate at which the channel naturally 
closes? 

If so, then the process might be modelled 
with the following kinetics: 

(H6.1) 
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Receptor gating kinetics (cont.): 
From Eqn. (6.1) of Hille, it would be 
predicted that for a constant concentration of 
neurotransmitter in the synaptic cleft, such 
that the binding and unbinding of 
neurotransmitter is in equilibrium, then 
fluctuations should still be observed in the 
synaptic current with the same rate of 
decay. 
This is indeed the case, as illustrated in the 
next two slides. 
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Receptor gating kinetics (cont.): 

(from Hille) 
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Receptor gating kinetics (cont.): 

(from Hille) 
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Receptor gating kinetics (cont.): 
The power spectrum of an exponential 
decay has the form: 
 
 
 
where f c =  1/ (2¼¿) corresponds to the −3dB 
cutoff frequency. 
The values of ¿ determined from this method 
match the values of ¿ obtained for synaptic 
input, supporting the proposed model. 



22 

Receptor gating kinetics (cont.): 
Further improvements on the model given 
by Eqn. (6.1) of Hille have consequently 
been developed. 
1. The postsynaptic receptor may require 

binding of more than one 
neurotransmitter molecular, e.g., two 
ACh molecules per ACh receptor. 

2. The neurotransmitter unbinding process 
is slow, such that gaps can appear in the 
conductance of single ACh receptor 
currents. 
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Receptor gating kinetics (cont.): 
The refined kinetic model is: 

(H6.3) 

(from Hille) 
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Receptor gating kinetics (cont.): 
A structural model of gating of the ACh 
receptor has been proposed. 

(from Gay and Yakel, 
J. Physiol. 2007) 
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Receptor gating kinetics (cont.): 
Possible gating movements of the ACh 
receptor protein upon agonist binding: 

(from Gay and Yakel, 
J. Physiol. 2007) 
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