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C3T: Physiology of Nerves & Muscle cells 

3. Synaptic & Junctional Transmission 

Synapses 

A synapse is the functional connection between a 

neuron and a second cell. In the CNS, this other cell is also a 

neuron. In the PNS, the other cell may be either a neuron or an 

effector cell within a muscle or gland. Although the 

physiology of neuron-neuron synapses and neuron-muscle 

synapses is similar, the latter synapses are often called 

myoneural, or neuromuscular, junctions. 

Synapses are specialized junctions between neurons that 

facilitate the transmission of impulses from one (presynaptic) 

neuron to another (postsynaptic) neuron. Synapses also occur 

between axons and effector (target) cells, such as muscle and 

gland cells.  

„ CLASSIFICATION OF SYNAPSE 

Synapse is classified by two methods: 

A. Anatomical classification 

B. Functional classification. 

„ ANATOMICAL CLASSIFICATION 

Usually synapse is formed by axon of one neuron ending on 

the cell body, dendrite or axon of the next neuron. Depending 

upon ending of axon, synapse is classified into three types: 

1. Axoaxonic synapse in which axon of one neuron  

terminates on axon of another neuron 

2. Axodendritic synapse in which the axon of one neuron 

terminates on dendrite of another neuron 

3. Axosomatic synapse in which axon of one neuron ends on 

soma (cell body) of another neuron. 

 

 

„ FUNCTIONAL CLASSIFICATION 

Functional classification of synapse is on the basis of mode of 

impulse transmission. According to this, synapse is classified 

into two categories: 

1. Electrical synapse 

2. Chemical synapse. 

However, generally the word synapse refers to a chemical 

synapse. 

1. Electrical Synapse 

Electrical synapse is the synapse in which the 

physiological continuity between the presynaptic and the post 

synaptic neurons is provided by gap junction between the two 

neurons. There is direct exchange of ions between the two 

neurons through the gap junction. Because of this reason, the 

action potential  reaching the terminal portion of presynaptic 

neuron directly enters the postsynaptic neuron. Important 

feature of electrical synapse is that the synaptic delay is very 

less because of the direct flow of current. Moreover, the 

impulse is transmitted in either direction through the electrical 

synapse. This type of impulse transmission occurs in some 

tissues like the cardiac muscle fibers, smooth muscle fibers of 

intestine and the epithelial cells of lens in the eye.  

In order for two cells to be electrically coupled, they 

must be approximately equal in size and they must be joined 

by areas of contact with low electrical resistance. In this way, 

impulses can be regenerated from one cell to the next without 

interruption. Adjacent cells that are electrically coupled are 

joined together by gap junctions. In gap junctions, the 

membranes of the two cells are separated by only 2 

nanometers (1 nano meter = 10 
− 9

 meter). A surface view of 

gap junctions in the electron microscope reveals hexagonal 

arrays of particles that function as channels through which 

ions and molecules may pass from one cell to the next. Each 

gap junction is now known to be composed of 12 proteins 

known as connexins, which are arranged like staves of a barrel 

to form a water-filled pore. Gap junctions are present in 

cardiac muscle, where they allow action potentials to spread 

from cell to cell, so that the myocardium can contract as a 
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unit. Similarly, gap junctions in some smooth muscles allow 

many cells to be stimulated and contract together, producing a 

stronger contraction (as in the uterus during labor). The 

function of gap junctions in the nervous system is less well 

understood; nevertheless, gap junctions are found between 

neurons in the brain, where they can synchronize the firing of 

groups of neurons. Gap junctions are also found between 

neuroglial cells, where they are believed to allow the passage 

of Ca 
2 +

 and perhaps other ions and molecules between the 

connected cells. 

 

 

Structure of electrical synapses.Gap junctions consist of connexons, 

hexameric complexes present in both the pre- and postsynaptic 

membranes. Channels assembled from connexons in these two 

membranes form pores that create electrical continuity between the 

two cells. Crystallographic structure of connexons. Colors indicate 

individual connexins, integral membrane proteins that form the 

subunits of connexons. Side view shows the channels spanning the 

preand postsynaptic membranes; top view illustrates how six 

connexin subunits assemble in each membrane to form a channel 

with an exceptionally large pore.  

 

The function of gap junctions is more complex than was once 

thought. Neurotransmitters and other stimuli, acting through 

second messengers such as cAMP or Ca 
2 +

, can lead to the 

phosphorylation or dephosphorylation of gap junction 

connexin proteins, causing the opening or closing of gap 

junction channels. For example, light causes the ion 

conductance through the gap junctions between neurons in the 

retina to increase in some neurons and decrease in others. 

2. Chemical Synapse 

Chemical synapse is the junction between a nerve fiber and a 

muscle fiber or between two nerve fibers, through which the 

signals are transmitted by the release of chemical transmitter. 

In the chemical synapse, there is no continuity between the 

two neurons because of the presence of a space called synaptic 

cleft between the two neurons. Action potential reaching the 

presynaptic terminal causes release of neurotransmitter 

substance from the vesicles of this terminal. Neurotransmitter 

reaches the postsynaptic neuron through synaptic cleft and 

causes the production of potential change. Structure and 

functions of the chemical synapse are given here. 

Transmission across the majority of synapses in the 

nervous system is one-way and occurs through the release of 

chemical neurotransmitters from presynaptic axon endings. 

These presynaptic endings, called terminal boutons (from the 

Middle French bouton = button) because of their swollen 

appearance, are separated from the postsynaptic cell by a 

synaptic cleft so narrow (about 10 nm) that it can be seen 

clearly only with an electron microscope. Chemical 

transmission requires that the synaptic cleft stay very narrow 

and that neurotransmitter molecules are released near their 

receptor proteins in the postsynaptic membrane. The physical 

association of the pre- and postsynaptic membranes at the 

chemical synapse is stabilized by the action of particular 

membrane proteins. Cell adhesion molecules (CAMs) are 

proteins in the pre- and postsynaptic membranes that project 

from these membranes into the synaptic cleft, where they bond 

to each other. This Velcro-like effect ensures that the pre- and 

postsynaptic membranes stay in close proximity for rapid 

chemical transmission. 

 

FUNCTIONAL ANATOMY OF CHEMICAL SYNAPSE 

Functional anatomy of a chemical synapse is shown 

in Figure. Neuron from which the axon arises is called the 

presynaptic neuron and the neuron on which the axon ends is 

called postsynaptic neuron. Axon of the presynaptic neuron 

divides into many small branches before forming the synapse. 

These branches are known as presynaptic axon terminals. 

Types of Axon Terminals 
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1. Terminal knobs 

Some of the terminals are enlarged slightly like knobs called 

terminal knobs. Terminal knobs are concerned with excitatory 

function of the synapse. 

2. Terminal coils or free endings 

Other terminals are wavy or coiled with free ending with out 

the knob. These terminals are concerned with inhibitory 

function. 

Structures of Axon Terminals and Presynaptic Membrane 

Presynaptic axon terminal has a definite intact membrane 

known as presynaptic membrane. Axon terminal has two 

important structures: 

i. Mitochondria, which help in the synthesis of 

neurotransmitter substance 

ii. Synaptic vesicles, which store neurotransmitter substance. 

Synaptic Cleft and Postsynaptic Membrane .Membrane of the 

postsynaptic neuron is called postsynaptic membrane. It 

contains some receptor proteins. Small space in between the 

presynaptic membrane and the postsynaptic membrane is 

called synaptic cleft. The basal lamina of this cleft contains 

cholinesterase, which destroys acetylcholine. 

„ FUNCTIONS OF SYNAPSE 

Main function of the synapse is to transmit the impulses, i.e. 

action potential from one neuron to another. However, some 

of the synapses inhibit these impulses. So the impulses are not 

transmitted to the postsynaptic neuron. 

On the basis of functions, synapses are divided into two types: 

1. Excitatory synapses, which transmit the impulses 

(excitatory function) 

2. Inhibitory synapses, which inhibit the transmission of 

impulses (inhibitory function). 

EXCITATORY FUNCTION 

Excitatory Postsynaptic Potential Excitatory postsynaptic 

potential (EPSP) is the nonpropagated electrical potential that 

develops during the process of synaptic transmission. When 

the action potential reaches the presynaptic axon terminal, the 

Voltagegated calcium channels at the presynaptic membrane 

are opened. Now, the calcium ions enter the axon terminal 

from ECF. Calcium ions cause the release of neurotransmitter 

substance from the vesicles by means of exocytosis. 

Neurotransmitter, which is excitatory in function (excitatory 

neurotransmitter) passes through presynaptic membrane and 

synaptic cleft and reaches the postsynaptic membrane. Now, 

the neurotransmitter binds with receptor protein present in 

postsynaptic membrane to form neurotransmitter receptor 

complex. Neurotransmitter receptor complex causes 

production of a nonpropagated EPSP. Common excitatory 

neurotransmitter in a synapse is acetylcholine. 

 

Events at the neuromuscular junction that lead to an action 

potential in the muscle fi ber plasma membrane. The impulse 

arriving in the end of the motor neuron increases the permeability of 

its endings to Ca 2+ which enters the endings and triggers exocytosis 

of the acetylcholine (ACh)-containing synaptic vesicles. ACh diff 

uses and binds to nicotinic cholinergic (NM ) receptors in the motor 

end plate which increases Na + and K + conductance. The resultant 

infl ux of Na + produces the end plate potential. The current sink 

created by this local potential depolarizes the adjacent muscle 

membrane to its fi ring level. Action potentials are generated on 

either side of the end plate and are conducted away from the end 

plate in both directions along the muscle fi ber and the muscle 

contracts. ACh is then removed from the synaptic cleft by 

acetylcholinesterase. 

 

Mechanism of Development of EPSP 

Neurotransmitter receptor complex causes opening of Ligand 

gated sodium channels. Now, the sodium ions from ECF enter 

the cell body of postsynaptic neuron. As the sodium ions are 

positively charged, resting membrane potential inside the cell 

body is altered and mild depolarization develops. This type of 
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mild depolarization is called EPSP. It is a local potential 

(response) in the synapse. 

Properties of EPSP 

EPSP is confined only to the synapse. It is a graded potential 

(Chapter 31). It is similar to receptor potential and endplate 

potential. EPSP has two properties: 

1. It is nonpropagated 

2. It does not obey allornone law. 

Significance of EPSP 

EPSP is not transmitted into the axon of postsynaptic 

neuron. However, it causes development of action potential in 

the axon. When EPSP is strong enough, it causes the opening 

of voltage gated sodium channels in the initial segment of 

axon. Now, due to the entrance of sodium ions, the 

depolarization occurs in the initial segment of axon and thus, 

the action potential develops. From here, the action potential 

spreads to other segment of the axon. 

„ INHIBITORY FUNCTION 

Inhibition of synaptic transmission is classified into five 

types: 

1. Postsynaptic or direct inhibition 

2. Presynaptic or indirect inhibition 

3. Negative feedback or Renshaw cell inhibition 

4. Feedforward inhibition 

5. Reciprocal inhibition. 

1. Postsynaptic or Direct Inhibition 

Postsynaptic inhibition is the type of synaptic inhibition 

that occurs due to the release of an inhibitory neurotransmitter 

from presynaptic terminal instead of an excitatory 

neurotransmitter substance. It is also called direct inhibition. 

Inhibitory neurotransmitters are gammaaminobutyric acid 

(GABA), dopamine and glycine. Action of GABA – 

development of inhibitory postsynaptic potential Inhibitory 

postsynaptic potential (IPSP) is the electrical potential in the 

form of hyperpolarization that develops during postsynaptic 

inhibition. Inhibitory neurotransmitter substance acts on 

postsynaptic membrane by binding with receptor. Transmitter 

receptor complex opens the ligand gated potassium channels 

instead of sodium channels. Now, the potassium ions, which 

are available in plenty in the cell body of postsynaptic neuron 

move to ECF. Simultaneously, chloride channels also open 

and chloride ions (which are more in ECF) move inside the 

cell body of postsynaptic neuron. The exit of potassium ions 

and influx of chloride ions cause more negativity inside, 

leading to hyperpolarization. Hyperpolarized state of the 

synapse inhibits synaptic transmission (Fig. 140.5). 

2. Presynaptic or Indirect Inhibition 

Presynaptic inhibition occurs due to the failure of 

presynaptic axon terminal to release sufficient quantity of 

excitatory neurotransmitter substance. It is also called indirect 

inhibition. Presynaptic inhibition is mediated by axoaxonal 

synapses. It is prominent in spinal cord and regulates the 

propagation of information to higher centers in brain. 

Normally, during synaptic transmission, action potential 

reaching the presynaptic neuron produces development of 

EPSP in the postsynaptic neuron. But, in spinal cord, a 

modulatory neuron called presynaptic inhibitory neuron forms 

an axoaxonic synapse with the presynaptic neuron. This 

inhibitory neuron inhibits the presynaptic neuron and 

decreases the magnitude of action potential in presynaptic 

neuron. The smaller action potential reduces calcium influx. 

This in turn decreases the quantity of neurotransmitter 

released by presynaptic neuron. So the magnitude of EPSP in 

postsynaptic neuron is decreased resulting in synaptic 

inhibition. 

3. Renshaw Cell or Negative Feedback Inhibition 

Negative feedback inhibition is the type of synaptic 

inhibition, which is caused by Renshaw cells in spinal cord. 

Renshaw cells are small motor neurons present in anterior 

gray horn of spinal cord. Anterior nerve root consists of nerve 

fibers, which leave the spinal cord. These nerve fibers arise 

from α-motor neurons in anterior gray horn of the spinal cord 

and reach the effector organ, muscles. Some of the fibers 

called collaterals fibers terminate on Renshaw cells instead of 

leaving the spinal cord When motor neurons send motor 

impulses, some of the impulses reach the Renshaw cell by 

passing through collaterals. Now, the Renshaw cell is 
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stimulated. In turn, it sends inhibitory impulses to αmotor 

neurons so that, the discharge from motor neurons is reduced  

 

 

In this way, Renshaw cell inhibition represents a negative 

feedback mechanism. A Renshaw cell may be supplied by 

more than one alpha motor neuron collateral and it may 

synapse on many motor neurons. 

4. Feed forward Inhibition : Feed forward synaptic 

inhibition occurs in cerebellum and it controls the neuronal 

activity in cerebellum. During the process of neuronal activity 

in cerebellum, stellate cells and basket cells, which are 

activated by granule cells, inhibit the Purkinje cells by 

releasing GABA. This type of inhibition is called feed forward 

inhibition. 

5. Reciprocal Inhibition : Inhibition of antagonistic muscles 

when a group of muscles are activated is called reciprocal 

inhibition. It is because of reciprocal innervation . 

Significance of Synaptic Inhibition 

Synaptic inhibition in CNS limits the number of 

impulses going to muscles and enables the muscles to act 

properly and appropriately. Thus, the inhibition helps to select 

exact number of impulses and to omit or block the excess 

ones. When a poison like strychnine is introduced into the 

body, it destroys the inhibitory function at synaptic level 

resulting in continuous and convulsive contraction even with 

slight stimulation. In the nervous disorders like parkinsonism, 

the inhibitory system is impaired resulting in rigidity. 

„ PROPERTIES OF SYNAPSE 

1. ONE WAY CONDUCTION – BELL-MAGENDIE 

LAW 

According to Bell Magendie law, the impulses are transmitted 

only in one direction in synapse, i.e. from presynaptic neuron 

to postsynaptic neuron. 

2. SYNAPTIC DELAY 

Synaptic delay is a short delay that occurs during the 

transmission of impulses through the synapse. It is due to the 

time taken for: 

i. Release of neurotransmitter 

ii. Passage of neurotransmitter from axon terminal to 

postsynaptic membrane 

iii. Action of the neurotransmitter to open the ionic channels in 

postsynaptic membrane. Normal duration of synaptic delay is 

0.3 to 0.5 millisecond. Synaptic delay is one of the causes for 

reaction time of reflex activity. 

Significance of Determining Synaptic Delay : Determination 

of synaptic delay helps to find out whether the pathway for a 

reflex is monosynapatic or polysynaptic. 

3. FATIGUE 

During continuous muscular activity, synapse becomes the 

seat of fatigue along with Betz cells present in motor area of 

frontal lobe of cerebral cortex .Fatigue at synapse is due to the 

depletion of neurotransmitter substance, acetylcholine. 

Depletion of acetylcholine occurs because of two factors: 

i. Soon after the action, acetylcholine is destroyed by 

acetylcholinesterase 

ii. Due to continuous action, new acetylcholine is not 

synthesized. 

4. SUMMATION : Summation is the fusion of effects or 

progressive increase in the excitatory postsynaptic potential in 

post synaptic neuron when many presynaptic excitatory 

terminals are stimulated simultaneously or when single 

presynaptic terminal is stimulated repeatedly. Increased EPSP 

triggers the axon potential in the initial segment of axon of 

postsynaptic neuron. Summation is of two types: 

i. Spatial Summation: Spatial summation occurs when many 

presynaptic terminals are stimulated simultaneously.  
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ii. Temporal Summation : Temporal summation occurs when 

one presynaptic termi nal is stimulated repeatedly. 

Thus, both spatial summation and temporal 

summation play an important role in facilitation of response. 

5. ELECTRICAL PROPERTY : Electrical properties of the 

synapse are the EPSP and IPSP, which are already described 

in this chapter. „  

CONVERGENCE AND DIVERGENCE 

Convergence is the process by which many presynaptic 

neurons terminate on a single postsynaptic neuron.  

Divergence is the process by which one presynaptic neuron 

terminates on many postsynaptic neurons. 

NEUROMUSCULAR JUNCTION 

As the axon supplying a skeletal muscle fiber 

approaches its termination, it loses its myelin sheath and 

divides into a number of terminal boutons . The terminal 

contains many small, clear vesicles that contain acetylcholine, 

the transmitter at these junctions. The endings fit into 

junctional folds , which are depressions in the motor end plate, 

the thickened portion of the muscle membrane at the junction. 

The space between the nerve and the thickened muscle 

membrane is comparable to the synaptic cleft at neuron-to-

neuron synapses. The whole structure is known as the 

neuromuscular junction. Only one nerve fiber ends on each 

end plate, with no convergence of multiple inputs. 

 

SEQUENCE OF EVENTS DURING TRANSMISSION 

The events occurring during transmission of impulses 

from the motor nerve to the muscle are somewhat similar to 

those occurring at neuron-to-neuron synapses . The impulse 

arriving in the end of the motor neuron increases the 

permeability of its endings to Ca 
2+

 . Ca 
2+

 enters the endings 

and triggers a marked increase in exocytosis of the 

acetylcholine- containing synaptic vesicles. The acetylcholine 

diff uses to nicotinic cholinergic (NM ) receptors that are 

concentrated at the tops of the junctional folds of the 

membrane of the motor end plate. Binding of acetylcholine to 

these receptors increases 

 

 
 
the Na + and K + conductance, and the resultant infl ux of Na 

+ produces a depolarizing potential, the end plate potential. 

The current sink created by this local potential depolarizes the 

adjacent muscle membrane to its fi ring level. Action 

potentials are generated on either side of the end plate and are 

conducted away from the end plate in both directions along 

the muscle fiber. The muscle action potential, in turn, initiates 

muscle contraction. Acetylcholine is then removed from the 

synaptic cleft by acetylcholinesterase, which is present in high 

concentration at the neuromuscular junction. An average 

human end plate contains about 15–40 million acetylcholine 

receptors. Each nerve impulse releases acetylcholine from 

about 60 synaptic vesicles, and each vesicle contains about 

10,000 molecules of the neurotransmitter. This amount is 

enough to activate about 10 times the number of N M 

receptors needed to produce a full end plate potential. 

Therefore, a propagated action potential in the muscle is 

regularly produced, and this large response obscures the end 

plate potential. However, the end plate potential can be seen if 

the 10-fold safety factor is overcome and the potential is 

reduced to a size that is insufficient to activate the adjacent 

muscle membrane. This can be accomplished by 

administration of small doses of curare, a drug that competes 

with acetylcholine for binding to N M receptors. The response 

is then recorded only at the end plate region and decreases 
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exponentially away from it. Under these conditions, end plate 

potentials can be shown to undergo temporal summation. 

QUANTAL RELEASE OF TRANSMITTER 

Small quanta (packets) of acetylcholine are released randomly 

from the nerve cell membrane at rest. Each produces a minute 

depolarizing spike called a miniature end plate potential , 

which is about 0.5 mV in amplitude. Th e size of the quanta of 

acetylcholine released in this way varies directly with the Ca 

2+ concentration and inversely with the Mg 2+ concentration 

at the end plate. When a nerve impulse reaches the ending, the 

number of quanta released increases by several orders of 

magnitude, and the result is the large end plate potential that 

exceeds the fi ring level of the muscle fiber. Quantal release of 

acetylcholine similar to that seen at the myoneural junction 

has been observed at other cholinergic synapses, and quantal 

release of other transmitters occurs at noradrenergic, 

glutamatergic, and other synaptic junctions. Two diseases of 

the neuromuscular junction, myasthenia gravis and Lambert-

Eaton syndrome. 

 


