
SYNAPTIC TRANSMISSION - II



3) Stimulation of the postsynaptic neuron with neurotransmitters



FAST

SLOW



Small molecule neurotransmitters

Type Neurotransmitter Postsynaptic effect

Acetylcholine Excitatory

Amino acids Gamma aminobutyric acid (GABA) Inhibitory

Glycine Inhibitory

Glutamate Excitatory

Aspartate Excitatory

Biogenic amines Dopamine Excitatory

Noradrenaline Excitatory

Serotonin Excitatory

Histamine Excitatory



1. DIRECT GATING (Ionotropic Receptor)

2. INDIRECT GATING

a) G protein-coupled receptor

b) Receptor Tyrosine kinase



Glutamate is the major excitatory neurotransmitter in central

nervous system (CNS) and as such the glutamate receptors

play a vital role in the mediation of excitatory synaptic

transmission.

The ionotropic receptors themselves are ligand gated ion

channels, ie on binding glutamate that has been released from

a companion cell, charged ions such as Na+ and Ca2+ pass

through a channel in the centre of the receptor complex. This

flow of ions results in a depolarisation of the plasma membrane

and the generation of an electrical current that is propagated

down the processes (dendrites and axons) of the neuron to the

next in line.

Ionotropic (glutamate) receptors



The NMDA receptor (NMDAR) is an ionotropic receptor for glutamate (NMDA (N-methyl d-aspartate) is a

name of its selective specific agonist). Activation of NMDA receptors results in the opening of an ion

channel which is nonselective to cations. This allows flow of Na+ and K+ ions, and small amounts of Ca2+ .

Calcium flux through NMDARs is thought to play a critical role in synaptic plasticity, a cellular mechanism

for learning and memory.

The NMDA receptor is interesting in that it is both ligand-gated and voltage-dependent.



Activation of NMDA receptors requires binding of both glutamate and the co-agonist glycine for the

efficient opening of the ion channel which is a part of this receptor.

D-serine has also been found to co-agonize the NMDA receptor with even greater potency than glycine.

D-serine is produced by serine racemase in astrocyte cells and is enriched in the same areas as NMDA

receptors. Removal of D-serine can block NMDA mediated excitatory neurotransmission in many areas.

Recently, it has been shown that D-serine is also synthesized in neurons, indicating a role for neuron-

derived D-serine in NMDA receptor regulation.

In addition, a third requirement is membrane depolarization. A positive change in transmembrane

potential will make it more likely that the ion channel in the NMDA receptor will open by expelling the

Mg2+ ion that blocks the channel from the outside.



Schematic diagram of the nAChR showing the arrangement of 

subunits and a cross-sectional representation of the protein 

Acetylcholine and glutamate are examples of excitatory

neurotransmitters…

The ligand-gated ion channels differ from voltage-

gated ion channels in that they are activated by binding

of neurotransmitters.

In addition, they also differ in terms of selective ion

permeability.

Upon activation and channel opening, both Na+ and K+

can flow through the channel.

At first this might seem to exert no net effect on a

neuron, due to the counterbalancing effects of Na+

influx and K+ efflux.

Based on the resting membrane potential (near -70

mV) and the equilibrium potentials for each ion

however, we can see that there is a tremendous

potential difference for Na+, yet a very small differential

for K+.

As a result, at rest, acetylcholine triggers a rapid

influx of Na+. This influx of Na+ leads to an excitatory

postsynaptic potential (epsp).

(FAST TRANSMISSION)

Ionotropic (ACh) receptors



Muscarinic acetylcholine receptor 

Muscarinic receptors, of the GPCR superfamily (to be discussed later)

can exert multiple actions upon a neuron, depending upon the

subtypes of receptor, G proteins, and target proteins.

For example, in the CNS, activation of M1 receptors, generally

postsynaptic, leads to an increase in phospholipase C activity via Gaq.

This in turn leads to the formation of 1,2-diacylglycerol and inositol

triphosphate. 1,2-Diacylglycerol stimulates protein kinase C activity,

which leads to phosphorlyation of intracellular proteins.

In addition, IP3 generation leads to mobilization of Ca2+ from

intracellular stores.

Increases in Ca2+ can enhance the release of neurotransmitters and

activate calmodulin.

Activation of M2 receptors, which have been found on

presynaptic neurons, leads to the opening of potassium channels,

which tends to hyperpolarize the cell and prevent

neurotransmitter release.

(Slow transmission)
Muscarinic (ACh) receptors



Muscarinic and other Receptors - G-protein coupled receptor (GPCR) signaling



Classical GPCR signaling:



Some neuronal GPCRs regulate an ion channel instead of adenylyl cyclase: 



Some neuronal GPCRs regulate other enzymes or proteins: 

http://www.ibibiobase.com/projects/db-drd4/G_protein.htm



G proteins are so-called because they bind the guanine nucleotides GDP and GTP. 

They are heterotrimers (i.e., made of three different subunits) associated with: 

•the inner surface of the plasma membrane and 

•transmembrane receptors of hormones, etc. 

•These are called G protein-coupled receptors (GPCRs). 

The three subunits are: 

•Gα, which carries the binding site for the nucleotide. 

(At least 20 different kinds of Gα molecules are 

found in mammalian cells)

•Gβ 

•Gγ 

In the classical GPCR signaling:





Protein Kinase A (cAMP-Dependent Protein Kinase) transfers Pi from ATP to the hydroxyl group of a 

serine or threonine that is part of a particular 5-amino acid sequence. Protein Kinase A exists in the 

resting state as a complex of: 

•2 regulatory subunits (R)

•2 catalytic subunits (C)

Each regulatory subunit (R) of Protein Kinase A contains a pseudosubstrate sequence comparable to 

the substrate domain of a target protein for Protein Kinase A, but with alanine substituting for the serine 

or threonine. The pseudosubstrate domain of the regulatory subunit, which lacks a hydroxyl that can be 

phosphorylated, binds to the active site of the catalytic subunit, blocking its activity.

When each regulatory subunit binds 2 

cAMP, a conformational change 

causes the regulatory subunits to 

release the catalytic subunits. The 

catalytic subunits (C) can then 

catalyze phosphorylation of serine or 

threonine residues on target proteins. 

R2C2 + 4 cAMP  R2cAMP4 + 2 C

PKIs, Protein Kinase Inhibitors, 

modulate activity of the catalytic 

subunits (C).



Some Types of Gα Subunits :

Gαs

This type stimulates (s = "stimulatory") adenylyl cyclase. It is associated with the receptors for many 

hormones such as adrenaline or adrenocorticotropic hormone (ACTH).

Gαq

This activates phospholipase C (PLC) which generates the second messengers inositol trisphosphate (IP3)  

and diacylglycerol (DAG).

Gαq is found in G proteins coupled to receptors for vasopressin and angiotensin.

Gαi

This inhibits (i = "inhibitory") adenylyl cyclase lowering the level of cAMP in the cell. Gai is activated by 

the receptor for somatostatin. 

Gαt

The "t" is for transducin, the molecule responsible for generating a signal in the rods of the retina in 

response to light. Gαt triggers the breakdown of cyclic GMP (cGMP). 



GPCRs in Photoreceptors:

http://people.duke.edu/~arsha001/research.html

http://www.easternbiotech.com/Cell-to-Cell%20Interactions.php

Vision begins when a molecule of visual pigment, a GPCR, becomes excited by light. Photoexcited visual

pigment activates multiple molecules of transducin, a photoreceptor-specific member of the G protein

family. Each activated transducin stimulates the activity of its effector, cGMP phosphodiesterase, which

leads to the decrease in intracellular levels of cGMP. This ultimately leads to a reduction in the conductivity

of the cGMP-gated ion channels on the photoreceptor plasma membrane, producing a stereotypical

electrical response known as the photoresponse

(hyperpolarization)



Thus, a rod or cone photoreceptor actually releases less neurotransmitter when

stimulated by light.

Less neurotransmitter could either stimulate (depolarize) or inhibit (hyperpolarize)

the bi-polar cell it synapses with, dependent on the nature of the receptor on the

bipolar cell. This ability is integral to the center on/off mapping of visual units



GPCRs in Olfactory Neurons:

http://membranereceptors.com/olfactory-receptor/

http://jeb.biologists.org/content/212/13/1973/F3.expansion.html

Models of signal transduction mechanisms in olfactory sensory neurons (OSNs). (A,B) Signal transduction

of non-insect olfactory receptors (ORs). (A) Mammalian ORs are G protein-coupled receptors (GPCRs)

coupled to a stimulatory G protein, Golf. After binding to an odorant, the G protein activates adenylate

cyclase (AC), which increases the intracellular concentration of cAMP. This leads to the opening of a

cyclic nucleotide-gated (CNG) channel and the depolarization of the neuron.







Other examples:



Secondary Messengers – Ca++



Phosphatidylinositol signal cascades:

Some hormones activate a signal cascade based on the membrane lipid phosphatidylinositol

+
PLC

+ Ca
++

PKC activated

Activates Ca
++ 

stores in ER;

Releasing Ca
++

kinases

http://upload.wikimedia.org/wikipedia/en/3/38/PIP2_cleavage_to_IP3_and_DAG.jpg
http://upload.wikimedia.org/wikipedia/en/3/38/PIP2_cleavage_to_IP3_and_DAG.jpg


Protein Kinase C

The PKC family consists of fifteen isozymes in humans. They are divided into three subfamilies, based

on their second messenger requirements: conventional (or classical), novel, and

atypical. Conventional (c)PKCs contain the isoforms α, βI, βII, and γ. These require Ca2+, DAG, and

a phospholipid such as phosphatidylserine for activation.

(Wikipedia)

http://www.nature.com/nrd/journal/v11/n12/full/nrd3871.html



Protein Kinase C signaling events

http://www.biomedcentral.com/1471-2202/7/S1/S10/figure/F6?highres=y

Schematic overview of signaling pathway modules in neuronal cells (redrawn from Bhalla [82]). Abbreviations: RTK: receptor tyrosine

kinase; mGluR: metabotropic glutamate recptor; GPCR: G-protein coupled receptor; NMDAR: N-methyl D-aspartate Receptor; Gq: G-

protein type q; Gsα: G-protein type s; PLCβ: phospholipase C β; PLCγ: phospholipase C γ; IP3: inositol trisphosphate; DAG:

diacylglycerol; Sos/GEF: Son of Sevenless/guanine nucleotide exchange factor; Ca2+ : Calcium; PKC: protein kinase C; AC: adenylyl

cyclase; PDE: phosphodiesterase; CaM: calmodulin; CaMKII: calcium calmodulin kinase type II; cAMP: cyclic adenosine

monophosphate; CaN: calcineurin; AA: arachidonic acid; PLA2: phospholipase A2; MAPK: mitogen activated protein kinase; MKP-1:

MAP-Kinase phosphatase type 1; PKA: protein kinase A; PP1: protein phosphatase type 1.

Klipp and Liebermeister BMC Neuroscience 2006 7(Suppl 1):S10 doi:10.1186/1471-2202-7-S1-S10



Imaging calcium in neurons ....

http://www.cell.com/neuron/fulltext/S0896-6273(12)00172-9

Sources of calcium influx are calcium-

permeable α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) and N-methyl-

D-aspartate (NMDA) glutamate-type

receptors, voltage-gated calcium channels

(VGCC), nicotinic acetylcholine receptors

(nAChR), and transient receptor potential type

C (TRPC) channels. Calcium release from

internal stores is mediated by inositol

trisphosphate receptors (IP3R) and ryanodine

receptors (RyR). Inositol trisphosphate can be

generated by metabotropic glutamate

receptors (mGluR). Calcium efflux is mediated

by the plasma membrane calcium ATPase

(PMCA), the sodium-calcium exchanger

(NCX), and the sarco-/endoplasmic reticulum

calcium ATPase (SERCA). Also the

mitochondria are important for neuronal

calcium homeostasis



Imaging calcium in neurons ....

http://www.cell.com/neuron/fulltext/S0896-6273(12)00172-9



Imaging calcium in neurons ....

http://www.cell.com/neuron/fulltext/S0896-6273(12)00172-9



Imaging calcium in neurons ....

http://www.cell.com/neuron/fulltext/S0896-6273(12)00172-9



Studying cAMP in neurons ....


