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Cellular Neuroscience Subject Notes 

Ion Channels 

Membrane potential 

 The membrane potential    is the difference between the voltage inside and the voltage 

outside the cell membrane 

 Positive current is defined as positive ions flowing out of the cell 

 Negative current is defined as positive ions flowing into the cell 

 In general, when an ion channel opens, it tries to make    go to its Nernst potential 

  

Ohm’s law 

 Ohm’s law (applies for each ion):   
 

 
    

 The reversal potential (also known as the Nernst potential) of an ion is the membrane potential 

at which there is no net (overall) flow of that particular ion from one side of the membrane to 

the other 

 Thus, the Nernst potential for one ion is the membrane potential that balances out the electrical 

force and the concentration force 

 The potential for each ion can be written as the difference between the membrane potential 

and the Nernst potential for that ion:        

 This gives a modified Ohn’s law for electrophysiologists:                    

 The difference between the cell’s membrane potential and the Nernst potential for that ion is 

the electrical driving force for that ion 

 Current flow through an ion channel tries to force the cell’s membrane potential    to the 

Nernst potential for that ion. The larger the membrane conductance for a particular ion, the 

more it drives    to the Nernst potential for that ion; “The strongest conductance wins” 

 The conductance   can be found by voltage clamping or current clamping a neuron and using 

the neurophysiology version of Ohm’s Law 
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Selectivity of ion channels 

 How can potassium channels let K+ ions pass while keeping out the smaller Na+ ions? 

 The answer is that ions do not exist by themselves, but surrounded by water ions within the 

‘hydration radius’ 

 The central pore of the channel is lined by a ‘P-loop’ that dips down into the membrane 

 

 There are 4 such ‘H2O substitution’ sites in the P-loop selectivity filter 

 The presence of multiple sites allows for ‘knock-on’ repulsion of K+ ions occupying each site 

 This in turn encourages fast permeation of K + ions through the pore, close to the diffusion limit 

 This architecture provides fast throughput with high selectivity 

 Other P-loop channels use similar schemes 
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Gating mechanisms 

 The energy required to open a channel is provided by the interaction of a sensor domain with 

the stimulus 

 Ion channels can be gated by a variety of different stimuli: 

o Ligands: typically at synapses, respond to neurotransmitter 

o Voltage: contain a charged protein domain that detects changes in voltage, causing the 

domains to move, hence opening the channel 

o Temperature: typically at heat / cold sensors 

o Mechanical stress: stretch receptors, hair cells 
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 Many voltage-gated channels open with depolarisation then quickly close again, despite the 

maintained depolarisation – i.e. they are ‘self-limiting’. This behaviour is called inactivation, and 

is produced by a separate part of the channel that blocks the pore 

 

 The likelihood the channel is open (on average) depends on how strong is the gating stimulus 

 The fraction of time a single channel is open is called the open probability 

 

Voltage-gated channels 

 Voltage-gated sodium channels 

o The voltage-gated Na channel is a single polypeptide with 4 homologous domains (I – IV) 

o Can be Tetrodotoxin (TTX) sensitive or insensitive (common blocker) 

o Responsible for depolarising the membrane potential 
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 Voltage-gated Potassium channels 

o Responsible for repolarising the membrane potential after action potential firing 

 

o There are two major classes of voltage gated potassium channels: 

 

 Voltage-gated Ca2+ channels 

o Ca2+ channels are a special case, since  Ca2+ is an intracellular messenger and [Ca 2+ ] 

inside the cell is very low (0.1 µM) 

o Therefore, Ca 2+ current is always strongly inward, depolarising cells and triggering 

intracellular signalling processes 

o Thus Ca2+ channels can have a dual role 
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Ca-activated channels 

 Action potentials often involve more than just Na and K channels 

 There are also calcium-activated K channels which modify the course of the action potential 
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Ligand-gated cation channels 

 All assembled from many different subunits 

 Aacetylcholine receptors 

o Muscle-type receptors depolarise muscle cells leading to muscle contractions 

o Neuronal-type receptors generate EPSPs in the brain, though less important to 

glutamate 

o Permeable to Na+ and K+ 

 Glutamate receptors 

o Come in three major types: AMPA, NMDA, and kainite (named after synthetic agonists) 

o AMPA is responsible for fast excitatory postsynaptic potentials 

o NDMA plays a reole in memory formation; opens and closes more slowly than AMPA; 

blocked by Mg2+ ions at voltages lower than -65 mV 

o Permeable to Na+, K+ and often Ca+ 

Ligand-gated anion channels 

 Both pentameric (5 subunit) proteins with many possible subunit combinations 

 GABA receptors 

o Target of many drugs 

o Permeable to Cl- 

 Glycine receptors 

o Permeable to Cl- 

Action Potentials 

Describing action potentials 

 Preferred method is to fix    and measure    (voltage clamp), since g can change with    

 Potassium flowing out of the cell (positive); sodium flowing into cell (negative) until    reaches 

the sodium Nernst potential of +40mV, then flows out of the cell 

 We can use this information to plot a graph of current versus potential for different ions 
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 gNa determines how many Na channels want to open as    changes 

 The foot of gNa helps determine the threshold for eliciting an action potential 
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Steady-state inactivation of gNa 

 Sodium channels are activated (open) then inactivate 

 Potassium channels do not inactivate, but instead deactivate over time 

 Sodium channels have two independent gates: activation and inactivation 

 

 If the starting potential is weakly depolarised, the inactivation gate may already be closed 

 Thus, if the resting potential becomes too depolarised before an action potential fires, the Na 

channels will become inactivated and action potentials will fail 

 This leads to a steady-state inactivation curve for sodium channels; backwards Boltzmann curve 

 

 Inactivation occurs more slowly than activation, which explains how action potentials occur 
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Kinetic analysis 

 To measure the speed of different ion channels, clamp the voltage and then measure the speed 

at which the current turns on (activates) and then turns off (deactivates or inactivates) 

 The action potential is due to a fast inrush of Na+ and a delayed outflow of K+ ions 

 The ion gradients don’t actually change much with action potentials as currents are small 

 

 The Hodgkin-Huxley equations describe the changes in conductances of the Na and K channels 

 It explains: 

o Why APs have a threshold 

o Why they fail if the cell loses its resting potential (Na+ channels inactivate) 

o How fast they propagate down an axon 

o How their properties change with temperature 

 More recent research shows that some details of the theory are not correct: e.g. the activation 

and inactivation gates are not strictly independent 
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Myelination and capacitance 

 Myelinated axons propagates action potentials much faster than unmyelinated 

 The lipid bilayer acts as a capacitor, storing charge 

 Capacitors can charge and discharge, and therefore smooth out changes in current and voltage 

 Capacitance is decreased by increasing the separation between the plates, which is what 

Myelination does since it increases the distance between inner and outer solutions 

 Multiple sclerosis is an autoimmune disease where the body attacks its own myelin 
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Axon initial segment 

 APs typically start in the ‘axon initial segment’ (AIS) 

 In this location an unusually high density of Na+ channels are found 

 We can measure this using voltage sensitive dyes and seeing how soon after current input we 

observe depolarisation at different places along the membrane 

 

Action potential firing patterns 

 Tremendous diversity in AP firing patterns in different regions 

 Regular firing: A cell with only Na+ and K+ channels is regular-firing, simple behaviour 

 

 Thalamic relay cells: switch between regular firing when awake and burst firing when asleep. 

This is driven by T-type voltage-gated Ca2+ channels, which add a slow-wave calcium 

depolarisation on top of the faster sodium-channel dynamics, resulting in burst firing. However, 

T-type only contributes when the cell’s resting potential is relatively hyperpolarised, like in sleep    
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 Hippocampal CA1 pyramidal cells: fire much less frequently and with greater variability over 

time (called accommodation), which may help for memory and learning. Express KCa current 

which hyperpolarises the cell more after each action potential 

 

 Cortical fast-spiking interneurons: fire brief action potentials at very high frequency as a result 

of expressing fast activation and deactivation Kv3 channels. Provide powerful inhibition of 

nearby neurons 

 

 Cerebellar Purkinje cells: output cells of the cerebellum fire continuously at 40-50 Hz because 

resting potential is very depolarised. This is because they express HCN channels which are 

permeable to all Na+ and K+. These cells might act as pacemakers 

 

 Large cortical pyramidal cells: Some of them fire a brief “burst” of APs after a current  step, then 

regularly; others only fire regularly. The bursters express CaV channels in their dendrites which 

generate a brief extra depolarisation, allowing stronger excitation of downstream neurons 
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 AP firing patterns vary between different types of neurons, and within the same neuron: 

o The types of ion channels expressed in the neuronal membrane 

o The distributions and densities of these ion channels across the neuronal membrane 

o The resting membrane potential 

o The presence of neuromodulators that might affect the properties of the ion channels 

o The shape of the neuron (axons and dendrites) 

Synapses 

Gap junctions 

 These provide fast and reliable 2-way communication between pre- and post-synaptic neurons 

 Electrical synapses via gap junctions may help to synchronise networks of neuronal subtypes, as 

action potentials likely to occur on the spikelets caused by gap junction connections 

 

Chemical synaptic transmission 

 Action potential invades the presynaptic terminal 

 Voltage-gated Ca2+ channels open in the terminal (N/P/Q-types) 

 Increase in presynaptic Ca 2+ concentration 

 Rapid fusion of synaptic vesicles with the presynaptic membrane (exocytosis) 

 Release of neurotransmitter into the synaptic cleft 

 Binding of neurotransmitter to postsynaptic receptor/ion channels 

 Opening (or closing) of postsynaptic channels 

 Depolarization or hyperpolarization of the postsynaptic cell 

 Recovery of the presynaptic vesicular membrane (endocytosis) 

 Formation of new presynaptic vesicles 

 Reloading of the new vesicles with neurotransmitter 

 Docking of new vesicles in readiness for the next round of synaptic transmission 
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Calcium and transmitter release 

 Transmitter release requires Ca2+ ions (neurons in zero Ca2+ bath won’t fire unless Ca2+ is 

added right before stimulus) 

 Amount of transmitter release depends on cube of Ca2+ concentration, but inhibited by Mg2+ 

 The speed and plasticity of synapses are partially determined by how far the Ca 2+ needs to 

diffuse from open Ca2+ channels in order to bind to the Ca2+ sensor on synaptic vesicles 
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Synaptic vesicles 

 Neurotransmitter seems to be released in ‘packets’ 

 Existence of vesicles soon confirmed by electron microscopy 

 

 The release of synaptic vesicles is probabilistic, increasing with higher presynaptic potential 

Classic clathrin-dependent synaptic vesicle cycle 

 About 200 synaptic vesicles are in a typical hippocampal presynaptic terminal 

 Synaptic vesicles fully fuse with the membrane 

 Only about 10 of these (5%) are immediately available for release 

 It takes ~60 s for a full synaptic vesicle recycling, hence they would be exhausted if release 

occurs faster than once every two seconds 

 Endocytosis involves assembly and disassembly of several proteins (clathrin, dynamin) 

 Clathrin is a protein that plays a major role in the formation of coated vesicles, covering the 

surface of the vesicles and helping to form circular structure 

 Dynamin may pinch off  endocytosed synaptic vesicles 
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Clathrin-independent recycling pathways 
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SNARE proteins 

 SNARE proteins "SNAP REceptor" are a large protein complex consisting of at least 24 members 

in yeasts and more than 60 members in mammalian cells 

 The primary role of SNARE proteins is to mediate vesicle fusion 

 

 During membrane fusion, v-SNARE and t-SNARE proteins on separate membranes combine to 

form a trans-SNARE complex, also known as a "SNAREpin" 

 Step 1: SV docks as the 3 SNAREs interact 

 Step 2: Ca 2+ enters and binds to synaptotagmin 

 Step 3: The SNAREs zipper up, causing fusion 

 

 Toxin inhibition of the proteins confirms that all SNAREs are necessary 

 Syt contains two Ca2+ binding domains, which when bound causes the Syt to interact with the 

presynaptic membrane and the 3 SNARE proteins 

 Syt is responsible for fast, synchronised, Ca 2+ -dependent exocytosis 
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Techniques in Neuroscience 

Model systems 

 Cultures: single neurons kept for about a month in cultures, easy to manipulate 

 Slices: brain slices can be kept alive for 4-8 hours, artificial recording environment 

 In vivo’ preparations: can record for long periods of time in intact animal, but harder to 

manipulate and anaesthesia may affect neuron behaviour 

Electrical recording 

 Extracellular recording: detects many local voltages, gives info about network activity 

 Patch clamp: press electrode against cell and apply suction, achieves large resistance (giga-ohm) 

 

Molecular methods 

 Expression systems: transfect with DNA for ion channels, transporters, etc 

 Viruses: convenient method for quickly introducing transgenes into neurons  

 Transgenic mice: can delete (“knock out”) or add specific genes to particular classes of neurons 

Optical recording 

 Voltage-sensitive dyes: used for recording neural activity 

 Ca2+ indicators: since Ca2+ acts as a proxy for recent action potentials, Ca2+ indicators such as 

flourescen dyes can indicate voltage changes indirectly 

 2-photon microscopy: used with longer wavelengths to minimise light scattering from brain 

tissue. Requires two photons to arrive simultaneously at the indicator molecule in order to 

cause it to fluoresce 
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Optical stimulation 

 Uncaging: Many neurotransmitters can be made inactive by chemically binding them to a 

“cage”. A flash of light can break the cage, allowing the neurotransmitter to become active. This 

allows very precise application of neurotransmitters deep in the brain 

 

 Optogenetics: genetic modification to express ion channels that are activated or inhibited by 

light. Only neurons engineered to express the opsins are stimulated 
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Computational techniques 

 

Synaptic Integration 

Synaptic morphology 
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 Synapses can perform ‘arithmetic’ by adding EPSPs and subtracting IPSPs 

 

Importance of synaptic integration 

 Neurons typically receive thousands of synaptic inputs.  

 Synaptic inputs are distributed in space (mainly on dendrites).  

 Synaptic inputs arrive at different times (ms time scale).  

 Individual synaptic inputs are small (typically < 1 mV at the soma).  

 Action potential threshold is usually 10 to 20 mV more depolarized than the resting membrane 

potential. 

Passive membrane properties 

 Passive properties are those which do  not depend on membrane voltage 

 (Specific) Membrane resistance (Rm; Units kΩ.cm2):  

o The resistance of the cell membrane to current flow.  

o Depends on the number of open channels.  

o The larger the membrane area the lower the resistance.  
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 (Specific) Membrane capacitance (Cm; Units µF/cm2):  

o The capacitance of the cell membrane.  

o Depends on the membrane thickness and composition  

o The larger the membrane area the higher the capacitance.  

 Intracellular resistivity (Ri; Units kΩ.cm):   

o The resistance of the internal solution inside cells to current flow.  

o Depends on the number of charged ions and their mobility.  

o The larger the dendritic/axonal diameter the lower the resistance. 

Effect of capacitance 

 The cell membrane has capacitance (RC circuit) 

  

 Response to current step ignoring capacitance 

 

 Response to current step including capacitance 
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Input resistance 

 Input resistance gives a measure of the size of the voltage response to current in accordance 

with      

 Input resistance depends on both    and cell geometry 

 For a given cell geometry        with    and with cell size 

The time constant 

 The time constant is a measure of how fast the voltage changes 

 Formula:         

 Independent of cell geometry as Rm and Cm are per membrane area 

The space constant 

 The space constant is a measure of how effectively voltage spreads 

 Formula:    
  

  
 
 

 
, where d is the process diameter 

 

Synapse location and properties 

 Properties of dendrites change as they are more distant from the soma - capacitance further 

from soma is much smaller so less charge accumulates 

 Much greater membrane response to local EPSP fare from soma, but soma response smaller 

 Synaptic events are larger and faster at the site of synaptic input in the dendrites, and smaller 

and slower at the soma 
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Summation of synaptic potentials 

 Temporal summation depends on the timing of presynaptic inputs and on the rate of decay of 

the synaptic voltage back to the resting membrane potential. This depends on the membrane 

time constant.  

 Spatial summation depends on the location of presynaptic inputs and on how effectively the 

synaptic voltage at one location propagates to the site of another input. This depends on the 

space constant.  

 Temporal and spatial summation is sub-linear when synaptic conductances overlap (in a passive 

system).  
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Dendritic spines 

 Probably not to increase surface area, since most of the dendrite surface not used anyway 

 Most likely for biochemical and electrical compartmentalization 

 

HCN channels 

 HCN channels are thought to consist of four either identical or non-identical subunits that are 

integrally embedded in the cell membrane to create an ion-conducting pore  

 HCN channels are activated by hyperpolarized states and are constitutively active at rest  

 This allows HCN channels to modulate neuronal excitability by stabilizing the membrane 

potential against both excitatory and inhibitory inputs 

 The current through HCN channels, designated If or Ih, plays a key role in the control of cardiac 

and neuronal rhythmicity and is called the pacemaker current  

 Dendritic HCN channels reduce temporal summation 

 

Action potential backpropagation 
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Neurotransmitters 

Summary of neurotransmitters 

 

Table of glutamate receptors 

 

AMPA receptors 

 Each subunit has 4 TM domains. There are 4 subunits in one channel 

 Activated by glutamate, AMPA agonist 

 Receptors are usually heteromers, using 2 different subunits 

 4 glutamate molecules bind to each receptor (one to each subunit) 

 Receptor activation opens a cation channel and Na+ enters the cell 

 This is the mechanism of most fast excitation in the brain 

 Continued application of glutamate causes rapid desensitization 

 Most AMPA receptors have a linear I/V, with reversal voltage around 0 mV 
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NMDA receptors 

 Almost identical structure to AMPA and kainate receptors 

 Pore is permeable to Na+, K+ and Ca2+ 

 Ca 2+ entry activates intracellular messengers 

 Does not desensitise 

 A co-agonist (glycine or D-serine) is absolutely required at the glycine binding site 

 At resting –ve membrane potential, magnesium ions are attracted into pore 

 When cell is active, depolarization expels the Mg 2+ and channel open 

 NMDA receptor is coincidence detector – (depolarization and agonist) 
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 I/V curve is J-shaped as a result of the Mg2+ inactivation (outward rectifying) 

 

 NMDA receptors are much slower than AMPA receptors 

 

 Kinetics differ somewhat depending on the subtype 

 

Metabotropic glutamate receptors 

 Active through slower, indirect metabolic processes rather than direct opening of ion channels 

 Divided into two main classes: Group I and Groups II/III. Group I mostly increases the 

postsynaptic activation of AMPA and NMDA receptors, while Group II/III mostly reduces the 

presynaptic activity 
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GABA receptors 

 GABA and glycine mediate fast inhibitory neurotransmission 

 All neurons contain glutamate 

 Only glutamic acid decarboxylase (GAD) containing neurons contain GABA 

 

 Inhibitory receptors differ from glutamate receptors in having five subunits, each of which can 

be one of about 20 different types 

 Different synapses and different brain areas express different receptors with altered 

pharmacology and activation properties 
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 GABA-A receptors: ionotropic receptors, open Cl- channels causing hyperpolarisation 

 GABA-B receptors: metabolotropic receptors, stimulate the opening of K+ channels causing 

hyperpolsation; can also activate calcium channels 

Glycine receptors 

 Main inhibitory transmitter in spinal cord and brainstem 

 Same receptor structure as GABAA receptor, causing opening of Cl- channel 

 Comprised α and β subunits (different α and β to GABA-A receptor) 

 No metabotropic glycine receptors are known 

 Antagonists: Strychnine (causes convulsions) 

Dopamine 

 Dopamine is a catecholamine neurotransmitter 
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 Conversion of tyrosine to DOPA is the rate-limiting step in dopamine synthesis, so tyrosine 

hydroxylase is used as a marker for dopaminergic neurons 

 

 Dopaminergic transmission is involved in: 

o The control of movement (nigrostriatal pathway) 

o Reward, cognition, memory, attention (the mesolimbic/mesocortical pathway) 

o Regulating hormone secretion, including inhibition of prolactin secretion and 

stimulation of growth hormone secretion (tubero-hypophyseal pathway) 

 Can affect both pre- and post-synaptic activities, mostly inhibitory action 
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Noradrenaline 

 Synthesied from dopamine 

 

 Used mostly in the peripheral nervous system 

 Mixture of excitatory and inhibitory actions 

 Noradrenergic transmission in CNS is involved in: 

o Sleep-wake cycle.  LC neurones fire at tonic rate when awake, less in sleep and not at all 

in REM sleep. 

o Sensory stimuli, especially threatening situations 

o Central control of blood pressure. 

o May also alter mood (along with 5-HT). 
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Serotonin (5-HT) 

 Synthesised from tryptophan 

 

 Many different subtypes 

 5-HT transmission involved in: 

o Mood: many antidepressants affect 5-HT system 

o Sleep and wakefulness: injection of 5-HT in brainstem causes sleep 

o Feeding and appetite: 5-HT antagonists increase appetite and weight 

o Hallucinations and behaviour changes 

o Sensory transmission: increased 5-HT inhibits pain pathways and startle response 
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Acetylcholine 

 Synthesised from acetyl-CoA and choline 

 

 Two main types of receptors: nicotinic and muscarinic 

 Peripheral cholinergic effects 

o Main neurotransmitter at Neuromuscular Junction (NMJ) 

o Activates postsynaptic nicotinic receptors 

o Important in autonomic nervous system 

o Lots of drugs developed to influence body function (heart rate, blood pressure, etc) 

o Do not pass blood-brain barrier – have no CNS effect 

o Small amount of cholinergic transmission in brain 

 

Glial cells 

 Oligodendrocytes: like Schwann cells in the peripheral nervious system, they make myelin 

around axons to serve as insulation. Degeneration occurs in multiple schlerosis 

 Microglia: processes sense local environment for immune threats. When activated they retract 

processes and travel to the site of injury or infection and phagocytose foreign material and 

secrete pro-inflammatory signals 

 Astrocytes: joined by gap junctions, these cells modulate communication between neurons and 

provide metabolic support 
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Membrane transport mechanisms 

 Rocker-switch model: substrate binding sites are alternately exposed to external and internal 

environments 

 

 Vacuolar ATPase: uses power of ATP hydrolysis to pump protons into vesicles. A vesicular 

transporter then uses these gradients to power accumulation of substrate. Different 

neurotransmitters have different vesicular transporters 

  

 Na+-K+ ATPase creates an ATP-powered large sodium / potassium gradient across the 

membrane (Primary Transporter) 

 Other transporters use this gradient to power accumulation of substrates against their 

concentration gradient (Secondary Transport) 

 



38 
 

 Eventually enough substrate is accumulated that an equilibrium is reached, i.e. the 

electrochemical gradient for Na + and substrate balance. There is no further net transport; 

unless the gradient is changed, in which case the transporter can reverse 

 Stoichiometry differs between different secondary transporters 

 

 

Synapses 

 Glutamate synapse 
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 GABA synapse 

 

 Glycine synapse 

 

 Dopamine synapse 
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 Noradrenaline synapse 

 

 Serotonin (5-HT) synapse 

 

 Acetylcholine synapse 

 



41 
 

Intracellular Signalling 

Three steps for signal transduction 

 Receptor activation: a protein at the cell surface detects chemical signals 

 Transduction: a change in the protein stimulates other changes such as second messengers 

 Response: almost any cellular activity 

G protein-coupled receptors 

 G protein = “guanine nucleotide-binding protein” 

 The receptor structure has 7 transmembrane helices 

 The G protein itself has three different components:       and    

 The    subunit binds GDP and GTP 

 There are three main types of trimeric G proteins in neurons:          

 

 Upon activation of the receptor, the G protein associates with the receptor, causing the GDP to 

be replaced by GTP from the cytosol 

 The activated GTP-bound    subunit dissociates from the other subunits, which then can 

separately bind to various effector proteins 

 After some time, the    subunit breaks down the GTP to GDP, thereby inactivating the    and 

bringing the three subunits of the G protein back together 

 The whole process is slower and more persistent than ligand-gated ion channels 

 There is a ‘shortcut pathway’ in which the dissociated G-protein subunits directly move laterally 

along the membrane to activate an ion channel (e.g. GABA-B receptor K+ channels) 
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 Arrestins are proteins important for regulating signal transduction at G protein-coupled 

receptors; relevant to many diseases 
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cAMP as second messenger 

 The G protein    can stimulate the enzyme adenylyl cyclise (AC), which catalyses the conversion 

of ATP to cAMP 

 The cAMP can activate cAMP-dependent protein kinase 

 The G protein    interacts with the same pathway, but inhibiting instead of stimulating 

 As such, the adenylyl cyclase summates the effect of stimulatory and inhibitory G proteins 

 

Diacylglycerol and IP3 as second messengers 

 A membrane lipid is broken down by phospholipase C to produce to second messenger 

molecules: diacylglycerol (DAG) and IP3 

 Diacylglycerol typically activates the protein kinase C, which can phosphorylate proteins 

 IP3 often binds to receptors that release Ca2+ 

 

Ca+ ions as second messenger 

 Ca2+ is used as a second messenger in many different pathways in neurons 

 Normally only about half of cellular calcium is in ionised form accessible for use; the rest is 

bound to proteins or in other complexes 

 Ca 2+ sources include ion channels and intracellular stores (endoplasmic reticulum & 

mitochondria) 

 Ca 2+ targets include protein kinases, phosphatases, ion channels and synaptotagmin 

 Ca 2+ removal mechanisms include different types of pumps and exchangers 
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 Sequestration of Ca2+ is mostly in the mitochondria and endoplastic reticulum 
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Protein kinases 

 Protein kinases transfer phosphate groups from ATP to or from a residue on a substrate protein 

 Substrates of protein kinases and phosphatases include enzymes, neurotransmitter receptors, 

ion channels and structural proteins 

 

 Protein kinase A is the primary effector of cAMP 

 When bound by cAMP, the two catalytic subunits are able to phosphorylate proteins 

 Example: aplysia sensitization to tactile stimulation of the gill, where active PKA leads to gene 

expression in the nucleus which stimulate synapse growth 

 

 Protein kinase C consists of only one catalyitic unit and one regulatory unit. When DAG binds to 

the regulatory unit, the catalytic domain is able to phosphorylate proteins 
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 Mitogen-activated protein kinase: normally inactive, but activated by phosphorylation of 

another protein kinase. Part of kinase cascade, where one kinase activates another, activating 

another, etc. 

 

Nuclear receptors 

 Glucocortocoid receptor: expressed in most cells, and regulates genes controlling transcription. 

The unbound receptor is in the cytosol. After it binds to a glucocorticoid hormone, the receptor 

moves to the nucleus where it acts as a transcription factor 

 Thyroid hormone receptor: can be a repressor or activator of transcription, involved in 

regulating heart rate or metabolism 
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Transcriptional regulation by CREB 

 A cAMP response element binding protein, a ubiquitous transcriptional activator 

 Phosphorylation of CREB greatly potentiates transcription 

The c-fos gene 

 An early regulatory gene; synthesis is directly triggered by the stimulus 

 It then goes on to modulate the transcription of other genes 

 

Neurotransmitter specificity 

 Specificity and choice:  Receptors and G proteins have higher intrinsic affinities and efficacies for 

modulating the activity of the “correct” G protein(s) and effector(s), respectively 

 Spatial compartmentalization: Second messenger systems can be compartmentalized, thus 

adding specificity and localized control of signaling. 

 GTPase activity: The degree of amplification by the G protein and by the effector can determine 

which of the pathways is more prominent.  

Neuronal Development 

Homeotic Genes 

 Regulate the development of anatomical structures in various organisms. Head-to-tail 

organization 

 Code for DNA-binding protein that bind to a particular sequence of genomic DNA called the 

“homeobox” 
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Differentiation of Neurons and Glia 
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Ganglionic eminence 

 The ganglionic eminence (GE) is a transitory structure in the development of the nervous system 

that guides cell and axon migration 

 It is present in the embryonic and fetal stages of neural development found between the 

thalamus and caudate nucleus 

 They facilitate tangential cell migration during embryonic development 

 Tangential migration does not involve interactions with radial glial cells; instead the 

interneurons migrate perpendicularly through the radial glial cells to reach their final location 

 Interneurons (green) migrating into the cerebral wall from the ganglionic eminence(GE) interact 

with radial glia (red) and can exhibit changes in direction of migration after contacting radial glia 

 Interneurons can use radial glia as a scaffold upon which to migrate as they ascend to the 

cortical plate (CP) or descend in the direction of the ventricular zone (VZ) 

 

Axon guidance 

 Growth cone responds to a range of environmental cues 

 These cues can cause chemoattraction or chemorepulsion 

 Extracellular matrix molecules and cell adhesion molecules also help guide axon growth 

 Initial nerve tracts are formed by the pioneer axons of pioneer neurons 
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 Neurons are born at deep layers and migrate to more superficial layers 

 

Neurotrophic factors 

 Growing axons compete for limiting amounts of target-derived trophic factors and axons that 

fail to receive sufficient trophic support die by apoptosis 

 Brain-derived neurotrophic factor is involved in the development of chemo-afferent neurons 

controlling breathing. Lack of BDNF influences survival in sensory neurons 

Microcircuits 

Cortical layers 

 Ventricular zone is at the base of the cortex (interior) and contains neural progenitor cells 

 The first cells to migrate towards the cortical plate are those that form the subplate, which is a 

transient structure which aids in the formation of cell connections and projections 

 Next the neural precursor cells destined to become layer VI cells migrate past 

 This process repeats again and again until all layers of the cortex have differentiated. The 

subplate neurons then disappear 
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 Describing the lamination of the striate cortex as a six-layer scheme is somewhat misleading. 

There are at least nine distinct layers of neurons 

 To maintain Brodmann’s convention that the neocortex has six layers, however, 

neuroanatomists combine three sublayers into layer IV, labeled IVA, IVB, and IVC. Layer IVC is 

further divided into two tiers called IVC  and IVC 

 

 Sensory information has been shown to propagate from L4 to L2/3 and then to L5. L5 contains 

large pyramidal cells, which constitute the main output of the cortex through local and distant 

projections 
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Outline of main layers 

 L1 is cell-sparse and provides horizontal connectivity between the apical dendrites of pyramidal 

cells situated in deeper layers.  

 L2 and L3 contain medium-sized pyramidal cells that do not have a clear cytoarchitectonic 

border, and are thus often grouped together (L2/3). L2/3 reciprocally connect to other cortical 

areas, but do not project to subcortical targets. 

 L4, also known as the granular layer, is cell-dense, and consists of spiny stellate and star 

pyramidal cells that receive input from the thalamus and distribute it to other layers.  

 L5 is often divided into two functionally distinct layers, 5a and 5b. L5 is the major output layer of 

the cortex. 

 L6 consists of pyramidal cells that send feedback to thalamus.  

 The cortex also contains a diverse array of GABAergic inhibitory interneurons. 

 

Rodent vibrissal system 

 The 'barrels' of the barrel field are regions within cortical layer IV that are visibly darker when 

stained to reveal the presence of cytochrome c oxidase, and are separated from each other by 

lighter areas called septa 

 These dark-staining regions are a major target for somatosensory inputs from the thalamus, and 

each barrel corresponds to a region of the body 

 Stimulation of multiple whiskers may produce a response that is equal to the sum of the 

responses if each whisker was stimulated independently, or it may be different. Some neurons 

show greater responses when multiple neurons are stimulated in sequence, and the sequence 

may be direction specific 
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Learning and Plasticity 

Synaptic plasticity 

 Synaptic plasticity: an activity-dependent change in synaptic efficacy 

 Two main properties of the change in synaptic efficacy: 

o Amplitude of the change (facilitation or depression) 

o Duration of the change (short-term or long-term) 

 

 Short term plasticity typically lasts ms to minutes; induced by firing a single action potential or 

few second long trains of action potentials 

 Long term plasticity typically lasts hours to months; induced by firing repeated trains of action 

potentials lasting several seconds, or paired patterns of stimulation 

 Mechanisms of change include: 

o Changes in Ca2+ concentration 

o Changes in number of vesicles 

o Changes in probability of vesicle release 

o Changes in quantity of neurotransmitter in each vesicle 

o Changes in number of receptors 

o Changes in response of receptors 

o Changes in the number of synapses 

 Almost always expressed presynaptically 

Short-term plasticity 

 Three major types of STP: 

o Facilitation: paired stimuli 

o Depression: paired stimuli or action potential trains 

o Augmentation/post-tetanic potentiation: high-frequency trains 
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 STP is specific to the type of input and the target of the input 

 

 STP thought to be the mechanism behind short term memory 

Paired-pulse facilitation 

 Paired-pulse facilitation (PPF) is observed at many glutamatergic (excitatory) synapses 

 PPF is revealed by stimulating twice in quick succession (10-500 ms) 

 PPF is quantified as the “Paired-pulse ratio” = Amp 2 / Amp 1 
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 PPF is due to a change in the release probability of vesicles 

 Residual calcium hypothesis: Ca2+ entering on the 1st pulse persists for some time (“residual 

calcium”) boosting the amount of Ca2+ available on the 2nd pulse 

 

 But the residual Ca2+ hypothesis can explain part, but not all, of PPF 

 

 Synaptotagmin 7 is a protein that is thought to specialise in sensing Ca2+, enabling the neuron 

to be more sensitive to the Ca2+ content 

 PPF is maintained until excess Ca 2+ is pumped out or taken up by ER or mitochondria 

Short-term depression 

 Apply a steady train of stimuli, leads to a build-up of depression which plateaus 

 After the input train is stopped, after waiting some time there will be a recovery 

 Plateau (steady state) is when rate of recovery = rate of depression 

 

 Depletion of readily-releasable pool and recycling pool of vesicles can reduce the probability of 

vesicle release, until they get replenished from the reserve pool (which is slow) 
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 Some synapses have a larger release probability (Pr ) than others. These neurons tend also to 

have more intense STD 

 

 Anti-correlation between first and second action potentials is evidence of depletion of vesicles; 

this is observed at many synapses 

 

 Another mechanism of STD is autoreceptors (receptors on the presynaptic terminal) can detect 

transmitter release and provide “negative feedback” to release 
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Types of memory 

 Declarative memory: for facts, word meanings, life events 

 Nondeclarative memories: procedural memory, associations (e.g. learned fear) 

 Classical (Pavlovian) conditioning: the dog learns to associate the sound of the bell (CS) with the 

meat (US) and after conditioning will salivate when the bell rings without the meat 

 Memory Consolidation: sensory information can be temporarily stored in short-term memory 

that is susceptible to disruption. Stable long-term memories are formed by consolidation 

 Cells in the prefrontal cortex have been shown to be active long after an initial stimulus is 

removed 

 

Aplysia studies 

 Eric Kandel studied the cellular substrates of the gill-withdrawal reflex in sea snail Aplysia 

 When a noxious stimulus is applied to the tail of the animal, this reflex undergoes sensitisation 

 A noxious stimulus to the tail activates serotonergic modulatory neurons that influence synaptic 

transmission at the sensory–motor synapse 

 Serotonin stimulates a rise in cAMP and activation of PKA in the sensory nerve terminal, causing 

an increase in the amount of glutamate released when the siphon is touched 

 Repeated activation of the serotonergic modulatory neurons causes long-term sensitization, 

requiring new nuclear gene expression and protein synthesis 
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Engram theory 

 Engram: a memory trace. According to the engram theory, learning activates a small ensemble 

of brain cells, inducing in these cells persistent physical/chemical changes 

 Lashley systematically lesioned larger and larger areas of cortex and looked at its effect on 

learning.  Greater areas of cortical destruction were associated with more errors made while the 

rats learned to run the maze 

 Kandel and colleagues found that short-term memory results from a transient strengthening of 

preexisting synaptic connections due to the modification of pre-existing proteins 

 Long-term memory results from strengthening of synaptic connections by alterations in gene 

expression, the synthesis of new proteins, and growth of new synaptic connections 

 

The hippocampal formation 

 Bliss and Lømo (1973) showed that high-frequency stimulation of inputs to cells in the dentate 

gyrus produces a subsequent increase in the amplitude of excitatory synaptic potentials that 

lasts for hours, or even for days. 
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 Experiments by T.H. Brown and Colleagues revealed that repetitive activity at one synaptic input 

to a cell could influence whether or not another input to the same cell was potentiated by 

repetitive activity. 

 

Cellular mechanisms of LTP 

 When a glutamatergic synapse first forms mainly NMDA receptors appear in the postsynaptic 

membrane.  

 Glutamate therefore evokes little response when the post synaptic membrane is at the resting 

potential (due to Mg2+ block). This is at times called a silent synapse. 

 As the postsynaptic membrane is depolarized (influence of other inputs) the magnesium block is 

displaced from the channel. Calcium can now pass through the membrane. 

 Calcium entering through the NMDA receptor activates protein Kinases. This can cause LTP by (i) 

changing the effectiveness of existing postsynaptic AMPA or (ii) stimulating the insertion of new 

AMPA receptors. 

 The NMDA receptor is activated if two conditions are met: 

o Glutamate is released (i.e. pre-synaptic neuron is active) 

o The magnesium block is removed due to post-synaptic depolarization. 

 Therefore the magnitude of calcium flux passing through the NMDA channel specifically signals 

the level of pre and post-synaptic co-activation (coincidence detector) 
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 The BCM theory (named after Bienenstock, Cooper and Munro): An extension of Hebb’s theory 

accounts for bidirectional (up and down) regulation of syanptic strength 

 

 More NMDA activation -> more AMPA receptors -> LTP 

 

 

 AMPA receptors in the post-synaptic membrane are continually being added and removed even 

in the absence of synaptic activity, however synaptic transmission will remain stable as long as 

one receptor is added whenever one receptor is removed 

 LTP and LTD disrupt this equilibrium, leading to a net increase or decrease in the capacity of the 

synaptic membrane for AMPA receptors  
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Is LTP/LTD the basis of memory? 

 Evidence for: 

o Injection of an NMDA-receptor blocker into the hippocampus of rats that were being 

trained in a water maze made them fail to learn the location of the escape platform 

o Tonegawa and colleagues “knocked out” (deleted) the gene for one subunit of CaMKII 

(the protein Kinase involved in LTP) and found deficits in both LTP and memory 

o Tonegawa and colleagues restricted the deletion of NMDA receptors. The animals 

showed a deficit in LTP and water maze performance 

o Animals engineered to produce too many NMDA receptors show enhanced learning 

ability in some tasks 

 Evidence against: 

o But this genetic approach has serious limitations. Growing up without a particular 

protein may cause developmental abnormalities. Loss of LTP or memory may be a 

secondary consequence of such abnormalities. This is specially the case if the protein is 

missing in all cells 

o New genetic techniques have been devised to restrict the manipulations to specific 

times and specific locations 

o LTP requires the activity of the pre-synaptic and the post-synaptic neurons to coincide 

within a relatively narrow time window (10s of milliseconds). Behaviourally however, 

fear conditioning does not depend on such precise timing. 

Reward structures in the brain 

 Reward neurons (neurons that process reward) produce internal reward signals and influence 

brain activity that controls our actions, decisions and choices 

 The response to reward codes the discrepancy between the reward and its prediction 

(‘prediction error’) 

 DopamineResponse = RewardOccurred – RewardPredicted 

 The characteristics of the phasic dopamine responses are compatible with the notion of 

teaching signal according to reinforcement learning theories 

 Cocaine inhibits re-uptake of dopamine to the intracellular space by blocking its transporter. 

 

Brain Disorders 

Glutamate: excitotoxicity and stroke 

 Overstimulation of glutamate receptors (NMDA) leads to depolarization, which blocks Ca2+ 

removal pumps 

 Too much calcium is bad for neurons! High [Ca2+] activates proteases, phospholipases (e.g. 

PLA2) and nitric oxide synthase (NOS) 
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 This causes production of free radical molecules (unpaired electrons in outer shell), which attack 

the lipid membranes and proteins, causing oxidative stress 

 

 Stroke is an occlusion of blood vessels somewhere in the brain, which results in death of 

neurons on surrounding areas (core) due in part to excitotoxicity (reuptake cannot occur) 

 Neurons in the penumbra may recover after reperfusion 

 

 Blocking NMDA receptors works if done before the stroke – not useful 

 Prevention is better than cure (statins, aspirin, lowering blood pressure) 

GABA: anxiety and epilepsy 

 Anxiety is the anticipation of threatening stimuli 

 GABA-A enhancers are sedative and anxiolytic (treat anxiety) 

 Barbiturates: enhance effects of GABA beyond usual maximum, but very easy to OD 

 Benzodiazepines: newer drugs, allosteric modulators of GABA-A receptors. Potentiate action of 

GABA without increasing maximal activity, but high potential for dependence, sedative side 

effects, tolerance develops over time 
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Dopamine: Parkinson’s 

 Condition characterised by tremors, rigidity, and slowness of movement 

 Reduced dopamine levels in the striatum (by 70-80%) causes Parkinson’s 

 Specific death of substantia nigra dopaminergic neurons 

 Dopamine released in the striatum inhibits the indirect  and activates the direct pathway; 

therefore dopamine promotes movement 

 Degradation of the dopaminergic cells reduces movement 

 

 Administration of L-Dopa is highly effective treatment (precursor for dopamine), though 

effectiveness diminishes over the years (when all dopaminergic neurons die?) 

 Also can lead to schizophrenia-like symptoms and dyskinesia 

 Can also use direct brain stimulation of dopamine neurons 

Dopamine: Schizophrenia 

 Positive symptoms: hallucinations, delusions, abnormal behaviours 

 Negative symptoms: loss of motivation, reduced social interaction, loss of executive function 

 Many different antipsychotic drugs that target different types of receptors 

 Schizophrenics have higher numbers of dopamine receptors; dopamine receptor antagonists 

alleviate the positive symptoms, but do not cure schizophrenia 

 But D2 antagonism is fast, but action on schizophrenia is slow – unclear why 

 The Dopamine Hypothesis:  

Noradrenaline and serotonin: depression 

 Feelings of sadness, dejection, hopelessness, difficulty concentration, sleep and appetite 

disturbances, inability to experience pleasure, suicidal thoughts 

 Bipolar depression has alternating periods of depression and mania; unipolar does not 

 Monoaminergic transmission seems to be implicated in depression (mechanism unknown) 

 Too little NA or 5-HT = depression, too much NA or 5-HT = mania 

 Inhibitors of NA synthesis and vesicle storage depress mood, while increased stores or reduced 

reuptake elevate mood 

 Evidence against monoamine hypothesis: 
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o Cocaine and amphetamines enhance monoaminergic transmission and are not effective 

antidepressants 

o Some antidepressants have no known effects on monoaminergic transmission 

o Some of the above drugs act very quickly in the CNS, while the antidepressant activity 

can take longer (weeks) to fully develop. Suggests a complex mechanism involving 

adaptive changes in transporter/receptor expression, or circuit re-wiring 
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Acetylcholine: Alzheimer’s 

 AD is characterised by a gradual continual decline in cognitive function 

 Two key morphological indications 

o Plaques: extracellular accumulations of amyloid beta peptide; amyloid precursor protein 

(APP), membrane-bound protein which is cleaved at a different location 

o Neurofibrillary tangles: intracellular accumulations of the microtubule protein tau 

 Cholinergic projections to the cortex and hippocampus are important for arousal, learning and 

memory 

 Basal forebrain cholinergic neurons are the most susceptible in Alzheimer’s disease 

 APP mutations alter cleavage sites and make it more likely that b-amyloid rather than sAPP is 

produced 
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 Current treatments are palliative, and not very effective 

 Cholinergic precursors (choline and lecithin) are ineffective as a treatment 

 New Alzheimer’s treatments under development block aggregation of the A-beta protein, or try 

to inhibit the kinases that phosphorylate the tau protein 

Epilepsy 

 Epilepsy is a common and serious neurological disease characterised by recurrent seizures 

 A seizure is a hypersynchronous electrical discharge in the brain 

 Focal seizures are generated within a local unilateral network 

 Generalised seizures are generated within larger bilateral networks 

 Simple seizures have no effect on consciousness or memory 

 Complex seizures involve loss of consciousness or memory 

 Generalized seizures can be non-convulsive (absence seizures – petite mal; atonic – drop 

seizure) or convulsive 

 Seizures reflect an excess of excitatory over inhibitory control (too much glutamate relative to 

GABA) 



68 
 

 

 Seizures can be caused by tumors, stroke, head trauma, or infectious diseases, but mostly are 

genetic 

 Channelopathies – diseases due to mutations in ion channels. Mutations in voltage-gated or 

ligand-gated channels can all cause epilepsy 

 The gene SCN1A encodes the NaV1.1 sodium channel subunit, expressed mostly in GABAergic 

interneurons. The SCN1A gene is the most common known epilepsy gene  

 Mutations in this gene can lead to Dravet syndrome, characterised by multiple seizure types, 

developmental regression, gait abnormalities 

 Reduced Na current density -> weaker AP firing in interneurons -> reduced synaptic inhibition 

 


