
SYNAPTIC TRANSMISSION 



 A synapse is a site where information is transmitted from one cell 
to another 

 Two main classes of synapses are distinguished; 

• Electrical synapses 

 Electrical synapses allow current to flow from one excitable cell to 
the next via low resistance pathways between the cells called gap 
junctions ( i.e.; cardiac muscle, some kinds of smooth muscle like 
uterus or bladder ) . 

• Chemical synapses 

 In chemical synapses, there is a gap between the presynaptic cell 
membrane and the postsynaptic cell membrane, known as the 
synaptic cleft. Information is transmitted across the synaptic 
cleft via a neurotransmitter, a substance that is released from the 
presynaptic terminal and binds to receptors on the postsynaptic 
terminal. 

 



• Direct transfer of ionic current 
from one cell to the next 

• Gap junction 

 The membranes of two cells are 
held together by clusters of 
connexins  

 Connexon 

 A channel formed by six 
connexins 

 Two connexons combine to from a 
gap junction channel 

 Allows ions to pass from one 
cell to the other 

 1-2 nm wide : large enough for 
all the major cellular ions and 
many small organic molecules to 
pass  

 

 

 

Electrical Synapses 



• Cells connected by gap junctions are said to be ‘electrically 
coupled’ and they act as ‘low-pass filters’. 

 Flow of ions from cytoplasm to cytoplasm 
bidirectionally 

 Very fast, fail-safe transmission 

 Almost simultaneous action potential generations 

• Paired recording reveals synchronous voltage responses 
upon depolarizing or hyperpolarizing current injections 

• Often found where normal function requires that the 
neighboring neurons be highly synchronized 

• Common in mammalian CNS as well as in invertebrates 

 

 

 





• Synaptic cleft : 20-40 nm wide 
(gap junctions : 4 nm) 

• Adhere to each other by the 
help of a matrix of fibrous 
extracellular proteins in the 
synaptic cleft 

• Presynaptic element (= axon 
terminal) contains synaptic 
vesicles 

• Membrane differentiations 

 Active zone 

 Postsynaptic density 

  Chemical Synapses 



      Chemical Synapses                   Electrical synapses 

 

 

 



• Chemical synapses occur between different parts of neurons 

• Axodendritic: Axon to dendrite 

• Axosomatic: Axon to cell body 

 

Types of Chemical Synapses 

 

• Axoaxonic: Axon to axon 

• Dendrodendritic: Dendrite to 
dendrite 





Principles of Chemical Synaptic Transmission 

• Basic Steps 

• Neurotransmitter 
synthesis 

• Load neurotransmitter 
into synaptic vesicles 

• Vesicles fuse to 
presynaptic terminal 

• Neurotransmitter spills 
into synaptic cleft 

• Binds to postsynaptic 
receptors 

• Biochemical/Electrical 
response elicited in 
postsynaptic cell 

• Removal of 
neurotransmitter from 
synaptic cleft 

 

 

 





Neurotransmitter Synthesis and Storage 



• Neurotransmitter Release 

• Voltage-gated calcium channels open - rapid increase from 0.0002 mM 
to greater than 0.1 mM 

• Exocytosis can occur very rapidly (within 0.2 msec) because Ca2+ 
enters directly into active zone  

 

 ‘Docked’ vesicles are 
rapidly fused with 
plasma membrane 

 Protein-protein 
interactions regulate 
the process (SNAREs) 
of ‘docking’ as well as 
Ca2+- induced 
membrane fusion 

 Vesicle membrane 
recovered by 
endocytosis 

 



V-SNARES; Synaptobrevin, Synaptotagmin 

t-SNARES; SNAP-25, Syntaxin 

 

 

 Synaptotagmin is the Ca++ sensor 



 The SNARE proteins are targets for various botulinum toxins and 
tetanus toxin  which disrupt synaptic transmission, thus 
demonstrating their critical role in this process.  



• Synaptic vesicles are recycled by an endocytotic pathway commonly found in 
most cell types. Coated pits are formed in the plasma membrane, which then 
pinch off to form coated vesicles within the cytoplasm of the presynaptic 
terminal. These vesicles then lose their coat and undergo further 
transformations to become once again synaptic vesicles ready for release.  



• Neurotransmitter Recovery and Degradation 

• Clearing of neurotransmitter is necessary for the next round of synaptic 
transmission 

 Simple Diffusion 

 Reuptake aids the diffusion 

 Neurotransmitter re-enters presynaptic axon terminal or enters glial 
cells through transporter proteins 

 Enzymatic destruction 

 In the synaptic cleft 

 Acetylcholinesterase (AchE) 

• Desensitization:  

 Channels close despite the continued presence of ligand 

 Can last several seconds after the neurotransmitter is cleared 

 Nerve gases (e.g. sarin) inhibit AchE --- increased Ach ---- AchR 
desensitization ---- muscle paralysis 



Synaptic Delay 

• Neurotransmitter must be released, diffuse across the 
synapse, and bind to receptor 

• Synaptic delay – time needed to do this (0.3-5.0 ms)  

• Synaptic delay is the rate-limiting step of neural 
transmission 



•Ionotropic receptors  

•Metabotropic receptors   

Synaptic Receptors 
 



Ionotropic receptors 

 Ligand (Transmitter)-
gated ion channels 

 Ligand-binding causes a 
slight conformational                           
change that                                               
leads to the opening of 
channels 

 Not as selective to ions 
as                                                      
voltage-gated channels 

 Depending on the ions 
that can                                                        
pass through, channels are 
either                                                       
excitatory or inhibitory 



• G-protein-coupled receptors 

• Trigger slower, longer-lasting and more diverse postsynaptic 
actions 

• Same neurotransmitter could exert different actions 
depending on receptor subtypes 

 

 

 

 

 

 

 

Metabotropic receptors 







Second Messenger System 





• Neuropharmacology  

• The study of effect of drugs on nervous system tissue 

• Receptor antagonists: Inhibitors of neurotransmitter 
receptors 

 e.g. Curare binds tightly to Ach receptors of skeletal muscle 

• Receptor agonists: Mimic actions of naturally occurring 
neurotransmitters 

 e.g. Nicotine binds and activates the Ach receptors of 
skeletal muscle (nicotinic Ach receptors) 

• Toxins and venoms 

• Defective neurotransmission: Root cause of neurological and 
psychiatric disorders 



•EPSP:Transient 
postsynaptic membrane 
depolarization by presynaptic 
release of neurotransmitter 
•Ach- and glutamate-gated 
channels cause EPSPs 

Excitatory and Inhibitory Postsynaptic Potentials 



•IPSP:Transient 
hyperpolarization of postsynaptic 
membrane potential caused by 
presynaptic release of 
neurotransmitter 
•Glycine- and GABA-gated 
channels cause IPSPs 



Synaptic Integration 

 

• Basic principle of  neural computation 

• Process by which multiple synaptic potentials 
combine within one postsynaptic neuron 

 The combining of excitatory and inhibitory signals acting on 
adjacent membrane regions of a neuron. 

 In order for an action potential to occur, the sum of 
excitatory and inhibitory postsynaptic potentials (local 
responses) must be greater than a threshold value. 

 
 



• To understand this concept fully, we must first recall 
that action potentials are typically generated at the 
axon hillock of the cell because it has the highest 
density of voltage-gated Na+ channels and therefore the 
lowest threshold for initiation of a spike.  

• Thus, it is the summed amplitudes of the synaptic 
potentials at this point, the axon hillock, that is critical 
for the decision to spike. EPSPs generated by synapses 
close to the axon hillock (i.e., synapses onto the soma or 
proximal dendrites) will result in a larger depolarization 
at the hillock than will EPSPs generated by synapses on 
distal dendrites. 

• Thus, the synapse's spatial location in the dendritic tree 
is an important determinant of its efficacy.  





• EPSP Summation 

• A single EPSP cannot induce an action potential 

• EPSPs must summate temporally or spatially to induce an action 
potential 

• Spatial summation : adding together of EPSPs generated 
simultaneously at different synapses (postsynaptic neuron is 
stimulated by a large number of terminals at the same time) 

 •Temporal                                                                
summation :                                                                   
adding together                                                                     
of EPSPs                                                                       
generated at the                                                                
same synapse in                                                               
rapid succession 
(presynaptic neurons 
transmit impulses in 
rapid-fire order) 

                                                            



 The Geometry of Excitatory and Inhibitory Synapses 

• Inhibitory synapses clustered on soma and near  axon hillock                                             

• Powerful position to influence  the activity of the postsynaptic neuron 



• Thousands of synapses from many different presynaptic cells can 
affect a single postsynaptic cell (convergence). 

• A single presynaptic cell can send branches to affect many other 
postsynaptic cells (divergence).  

• Convergence allows information from many sources to influence a 
cell’s activity; divergence allows one information source to affect 
multiple pathways. 

• If the membrane of the postsynaptic neuron reaches threshold, it 
will generate action potentials that are propagated along its axon to 
the terminal branches, which influence the excitability of other 
cells by divergence. 





   The brain has several modulatory systems with diffuse central 
connections. Although they differ in structure and function, they 
have certain similarities:  

1. Typically, a small set of neurons (several thousand) forms the center 
of the system. 

2. Neurons of the diffuse systems arise from the central core of the 
brain, most of them from the brainstem. 

3. Each neuron can influence many others because each one has an 
axon that may contact more than 100,000 postsynaptic neurons 
spread widely across the brain. 

4. The synapses made by some of these systems seem designed to 
release transmitter molecules into the extracellular fluid so that 
they can diffuse to many neurons rather than be confined to the 
vicinity of a single synaptic cleft. 

 





• Amino acids 

• Amines 

• Peptides 

Neurotransmitters 
 







http://classes.midlandstech.edu/carterp/Courses/bio210/chap11
/lecture1.html 











Acetylcholine (ACh) 
• Releases from all preganglionic and most postganglionic neurons in the 

parasympathetic nervous system and from all preganglionic neurons in the 
sympathetic nervous system.  

• It is also the neurotransmitter that is released from presynaptic neurons 
of the adrenal medulla.  



Nicotinic ACh receptors 
Ionotrophic; nonselective cationic channel 



Muscarinic ACh receptors 

• There are five known muscarinic subtypes of ACh receptors (M1 to M5).  

• All are metabotropic receptors; however, they are coupled to different G 
proteins and can thus have distinct effects on the cell  

• M1, M3, and M5 are coupled to pertussis toxin-insensitive G proteins, 
whereas M2 and M4 are coupled to pertussis toxin-sensitive G proteins  

• Each set of G proteins is coupled to different enzymes and second 
messenger pathways 



Distribution and Functions of Muscarinic Receptors 
 

M1;   EPSP in autonomic ganglia 

        Secretion from salivary glands and stomach 

         In CNS 

M2;  Slow heart rate 

      Reduce contractile forces of atrium 

  Reduce conduction velocity of AV node 

  In CNS 

M3;  Smooth muscle contraction 

  Bronchoconstriction 

  Increase intracellular calcium in vascular endothelium 

         Increased endocrine and exocrine gland secretions, 

        (e.g. salivary glands and stomach) 

  In CNS 

  Eye accommodation 

  Vasodilation 

  Induce emesis 

 

 



M4;  In CNS 

       Produce generally inhibitory effects 

M5;  In CNS 

        Location of M5 receptors is not well known 





Glutamate  

• Glutamate, an amino acid, is the major excitatory 
neurotransmitter in the central nervous system 

glutamate-glutamine cycle 



• Glutamate has both ionotropic and metabotropic receptors 

• Based on pharmacological properties and subunit composition, 
several distinct ionotropic receptor subtypes are recognized:  

   AMPA, Kainate and NMDA 





AMPA-gated channels are found in most excitatory synapses in the brain, and 
they mediate fast excitation 
 
NMDA-gated channels have more complex behavior. The ion selectivity of 
NMDA channels is the key to their functions: permeability to Na+ and K+ 
causes depolarization and thus excitation of a cell, but their high 
permeability to Ca2+ allows them to influence [Ca2+]i 
 
Ca2+ can activate many enzymes, regulate the opening of a variety of 
channels, and affect the expression of genes. Excess Ca2+ can even 
precipitate the death of a cell 

 The combination of voltage sensitivity and Ca2+ permeability of the NMDA 
channels has led to hypotheses concerning their role in learning and 
memory-related functions 

 



NMDA channel is voltage dependent in addition to being ligand gated; 
both glutamate and a relatively positive Vm are necessary for the 
channel to open. 

 NMDA-gated channels 
coexist with AMPA-gated 
channels in many synapses of 
the brain.  
When the postsynaptic cell 
is at a relatively negative 
resting potential, the 
glutamate released from a 
synaptic terminal can open the 
AMPA-gated channel. When 
the postsynaptic cell is more 
depolarized because of the 
action of other synapses the 
larger depolarization of the 
postsynaptic membrane now 
allows the NMDA-gated 
channel to open by relieving 
its Mg2+ block.  





• Eight genes coding for metabotropic glutamate receptors have 

been identified and classified into three groups. Group I receptors 

are found postsynaptically, whereas groups II and III are found 

presynaptically.  





Inhibitory Amino Acid Receptors: GABA and Glycine  

• Both glycine and GABA (GABAA and GABAC)  have ionotropic receptors  

• Each of these receptors has a Cl- channel 

• Probability of these channels opening and the average time that a channel 
stays open are controlled by the concentration of the neurotransmitter for 
which the receptor is specific. 

 Glycine-mediated 
inhibitory synapses 
predominate in the spinal 
cord, whereas GABAergic 
synapses make up the 
majority of inhibitory 
synapses in the brain 



• GABAA receptors are the 
targets of two major classes 
of drugs: benzodiazepines 
and barbiturates.  

• Benzodiazepines are 
widely used antianxiety 
and relaxant drugs 

• Barbiturates are used as 
sedatives and 
anticonvulsants 

• Both classes of drugs bind 
to distinct sites on the α 
subunits of GABAA 
receptors and enhance 
opening of the receptors' 
Cl- channels in response to 
GABA  





• The GABAB receptor is a metabotropic receptor. Binding of GABA to 

this receptor activates a heterotrimeric GTP-binding protein which 

leads to activation of K+ channels and hence hyperpolarization of the 

postsynaptic cell, as well as inhibition of Ca++ channels (when located 

presynaptically) and thus a reduction in release of transmitter. 



Biogenic Amines 

• Among the amines known to act as neurotransmitters 
are;  

• Dopamine 

• Norepinephrine (noradrenaline),  

• Epinephrine (adrenaline),  

• Serotonin (5-hydroxytryptamine [5-HT]) 

• Histamine 

 

 Dopamine, norepinephrine, and epinephrine are catecholamines, 
and they share a common biosynthetic pathway that starts with 
the amino acid tyrosine. 



The catecholamines are degraded by 
two enzymes, mitochondrial monoamine 
oxidase (MAO) and cytosolic catechol 
O-methyltransferase (COMT).  





Biogenic Amine Receptors 

• With the exception of one class of serotonin receptors 
(5-HT3), the receptors for the various biogenic amines 
are all metabotropic-type receptors.  

• Thus, these neurotransmitters tend to act on relatively 
long time scales by generating slow synaptic potentials 
and by initiating second messenger cascades.  

• Agonists and blockers of many of these receptors are 
important clinical tools for treating various neurological 
and psychiatric disorders.  



Serotonin receptors  
(5-hydroxytryptamine; 5-HT receptors) 














