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Nerve Cells 

Properties 

- 10-100 billion nerve cells at birth 
- Each cell makes about 1,000 synaptic contacts 
- Daily loss of about 10,000 cells 
- Mature nerve cells are unable to divide 
- Neuron doctrine (Cajal): 

Neurites of different neurons communicate by contact, not continuity 

Research Techniques 

- Golgi Stain (stains a small subset of the cell population with silver salts) 
- Staining of thin tissue sections (8 µm, most processes cut off) 

  



Structure of a Nerve Cell 

Soma (cell body) 

Cytoplasm 

- Watery fluid inside the cell (salty, potassium-rich solution) 
- Contains organelles (membrane-enclosed structures) and cytoskeleton 

Cytoskeleton 

- Scaffolding system, stabilizes cellular structure, allows for flexibility and material transport. 
- Three major classes of protein fibers, differing in size, structure and chemical composition: 

Microtubules 
- Long unbranched hollow tubes, 20nm diameter 
- Consist mainly of protein tubulin 
- Run longitudinally down neurites 

Neurofilaments 
- Long solid filaments, 10nm diameter 
- Consist of three neuron-specific neurofilament proteins 
- Glial cells possess glial filaments instead. 
- Mechanically very strong 
- Anchored to membrane; run down the core of neurites 

Microfilaments 
- Small solid filaments, 5nm diameter 
- Consist of protein actin 
- Support muscle contraction in muscle cells 

Nucleus 

- Complete genetic material stored in DNA 
- Highly specific mechanism of gene activation: Gene transcription (mRNA) regulated by 

transcription factors (proteins).  

Endoplasmatic Reticulum 

- Stacks of membranes 
- Protein biosynthesis (rough ER) and lipid biosynthesis (smooth ER) 
- Ribosomes associate with mRNA to for protein biosynthesis (translation). 

Golgi-complex 

- Sorts and packages proteins into transport vesicles 
- Some vesicles fuse with plasma membrane, 
- Others deliver content to predestined intracellular sites 

Mitochondria 

- Energy production and storage 
- Biochemical breakdown of glucose, ultimately leading to the production of ATP (main energy 

storage molecule of all cells): ADP + P   ATP 



- Requires oxygen 
- Nerve cells dependent on constant glucose and oxygen supply via blood stream 

Dendrites 

- Receive electrical signals from other neurons 
- Often highly branched 
- In some cases surface covered by dendritic spines 

Axon 

- Sends out electrical signals 
- Of uniform diameter along entire length 
- Length can vary 
- Can be divided into one or more collaterals (90° with main axon) 
- Tips often highly branched (up to 1000 nerve endings per axon) 
- Synapse: Specialized structure at nerve endings allowing chemical or electrical signal transfer 

to target cells 

Neuronal Membrane 

- Encloses the cytoplasm inside the neuron 
- Membrane-associated proteins regulate in/out of certain substances 
- Protein composition of membrane varies depending on whether it is in the some, dendrites 

or axon 

  



Intracellular (Axonal) Transport 

- Most biosynthetic processes take place in soma, 
nerve endings quite remote 

Slow Axonal Transport 

- Velocity: 1-6mm a day 
- Transports proteins of the cytoskeleton 
- Supports nerve fiber growth 

Fast Axonal Transport 

- Velocity: 100-400mm a day 
- Transports larger particles (vesicles, mitochondria) 
- Guided by microtubules, carried by vehicle proteins 

Anterograde transport 

- From cell body to nerve endings 
- Effected by motor protein kinesin 
- Mitochondria, vesicles 

Retrograde transport 

- From nerve endings to cell body 
- Effected by motor protein dynein 
- Recycled proteins 

How Kinesin works 

- Two similar subunits (“dim er” structure) 
- Each contains a globular motor domain for binding and processing of ATP and a rod-like stalk 

domain that fixes the cargo to the vehicle; linked by flexible hinge region. 
- Hand-over hand walking model:  

Splitting of ATP molecule  
  structural reorganization of the kinesin protein 
  one of the motor domains lifted of microtubule surface, moved forward, fixed again 

- One molecule of ATP   8nm step 

  



Structure of the Plasma Membrane 

Basic Membrane Structure 

- Double layer that encloses the neuron 
- Consists of phospholipids: Molecules consisting of 

o two hydrophobic fatty acid chains linked (via glycerol) to 
o two hydrophilic head groups (includes phosphate) 

- Phospholipids are amphiphilic: Hydrophobic tails are facing each other; hydrophilic heads are 
aligned on either side of the membrane surface   barrier 

Proteins 

Structure 

- Consist of combinations of the 20 amino acids 
- Amino acids consist of: 

o a central carbon atom (the alpha carbon) 
o a hydrogen atom (H) 
o an amino group (NH3

+) 
o a carboxyl group (COO-) / acidic group 
o a variable group (called the R group) 

- Peptide bounds: Join the amino group of one amino acid to the carboxyl group of another 
amino acid. 

Four Levels of Protein Structure 

- Primary: 
o Sequence of amino acids in polypeptide 

- Secondary:  
o alpha helix: rigid cylinder made from single polypeptide chain 
o beta sheet: chain folds back and forth upon itself, very rigid 
o random coil: irregular, flexible 

- Tertiary: 
o Three-dimensional folding (conformation) 
o Interactions among R-groups 
o Changes   onset and offset of specific functions 

- Quaternary: 
o Different polypeptides (subunits) bond together to form a larger protein. 
o Two subunits: dimer; four subunits: tetramer 

Relevance 

- Enzymes 
- Cytoskeleton 
- Neurotransmitter receptors 

Structural Characterization 

Primary Structure 
- Biochemical methods 



- Directly from amino acid sequence of the isolated protein 
- Indirectly (and much more rapidly) from the nucleotide sequence of the corresponding gene 

/ cDNA 

Secondary Structure 
- CD-spectroscopy 
- In many cases: Prediction from amino acid sequence possible 

Tertiary Structure 
1. Isolation of the protein in high purity (several milligrams), crystallization 
2. X-ray crystallography: Parallel beams of x-rays diffracted by the protein crystal, diffraction 

pattern recorded, atomic structure calculated. 

Membrane Proteins 

- Control interactions with other cells 
- Peripheral membrane proteins: Fixed on hydrophilic membrane surface 
- Integral membrane proteins: Embedded into the hydrophobic core of the membrane 

o Transmembrane segments: Stretches of a polypeptide chain that consist of amino 
acids with hydrophobic side chains   Hydrophobic transmembrane segments can be 
inserted into the core of a membrane 

o Number of transmembrane segments used to classify protein families 

Enzymes 

In General 

- Class of proteins that controls virtually all vital cell functions 
- Substrate: The molecule which is modified by a given enzyme 
- Nam e: Nam e of its substrate + “-ase” (E.g. DNAse, ATPase) 
- Substrate-specific: Mutual structural matching (key-lock principle) 
  Slight modification of structure (in-)activates enzyme 

- Examples: 
o Enzymes  that split their substrate into fragments (E.g. digestive enzymes, ATPases) 
o Enzymes that control the activity of other enzymes (by attaching or removing 

phosphate residues from  their substrate: “kinases”) 

  



Bioelectricity 

Membrane potentials (electrical properties) 

- Unequal distribution of charges on both sides of a membrane 
- Plasma membrane = capacitor (collects charges on either surface) 

with large surface, small thickness   high capacitance 

About Ions 

- Charged atoms/molecules 
- Hydrophilic, therefore enveloped by water molecules 
  Ions can’t pass the lipid bilayer of the plasm a m em brane 

Important Ions 

- Monovalent cations: Na+ (sodium), K+ (potassium) 
- Divalent cation: Ca2+ (calcium) 
- Monovalent anion: Cl- (chloride) 

Movement of Ions 

- Diffusion (constant, temperature-dependent, concentration-dependent, random movement) 
- Electricity (ions are charged particles, opposite charges attract, like charges repel) 

Channel Proteins 

- Potassium-selective ion channels remain open all the time 

Ion Pumps 

Sodium-Potassium Pump 
- Active transport mechanism that maintains a steep gradient of ionic concentration: 
- Large membrane protein, 10 transmembrane segments 
- Fueled by ATP (2/3 of the energy consumption of a nerve cell); 

ATP-binding site at intracellular portion acts as an ATPase 
- Transports three sodium ions out of cell, two potassium ions inside (for one ATP) 

Sodium-Potassium Pump: Exchange process 
1. Splitting of ATP 
  Conformational change in intracellular part 
  Sodium in binding pocket close to membrane 

2. Removal of ADP 
  Sodium released into hydrophilic tunnel 

3. Removal of phosphate residue (that was split from ATP) 
  Conformational change 
  Potassium in binding pocket at extracellular face 

4. Binding of new ATP 
  Release of potassium into cytoplasm 

Calcium Pump 
 



The Resting Membrane Potential 

An Equilibrium Potential 

1. The sodium-potassium pump builds up a potassium concentration gradient 
2. The plasma membrane is selectively leaky to potassium ions (but not for sodium ions) 
3. Potassium follows its concentration gradient, diffuses out of the cell 
4. Efflux of potassium cations creates electrical potential across membrane that finally prevents 

further outward diffusion of potassium 
5. If (Force of electrical potential  == Force of chemical ion gradient): 

Stable membrane potential (equilibrium potential) 

Ion Concentration, inside : outside 

- Potassium (K+)  20:1 
- Sodium (Na+)  1:8 
- Calcium (Ca2+)  1:10000 
- Chloride (Cl-)  1:10 

The Nernst Equation 

- Calculates the electrical potentials that are generated by the diffusion of ions 

 

R: Gas constant 
T: Temperature in degrees Kelvin 
z: Charge of the ion 
F: Faraday constant 

: Extracellular concentration of ion X 

- Simplification for Monovalent ions (such as sodium or potassium): 

 

The Goldmann Equation 

- Resting potential mainly due to the diffusion of potassium ions, but not exclusively 
Other ions: sodium, chloride 

 

- p: Permeability factor for a given ion 

  



The Action Potential 

Useful Techniques 

Voltage Clamp 
- An electronic feedback system holds the membrane potential constant at a certain voltage. 
- Two electrodes, one connected to a voltage, the other to a current-passing amplifier; a 

feedback amplifier that compares the command voltage with the measured membrane 
voltage 

- Changes in membrane voltage are compensated by current-injection via the current-passing 
amplifier; the size of the compensating current can be measured. 

Patch Clamp (Single Channel Analysis) 
- Makes it possible to measure the activity of a single ion channel. 
- In contrast to traditional methods: A patch clamp glass electrode (pipette) with a smooth 

surface instead of sharp microelectrodes. 
- 1. Patch pipette gently placed against cell surface 
- 2. Three different modes: 

o Whole-cell mode:  Suction applied through pipette, membrane disrupted, cytoplasm 
fused with fluid in pipette; measures activity of all ion channels of a cell. 

o Inside-out mode / Right-side-out mode: Pipette retracted from cell surface, small 
piece of membrane pulled apart (that can contain only one ion channel) 

Toxin TTX (Tetrodotoxin) 
- Poison of the buffer fish 
- Selectively blocks voltage-gated sodium channels 
- As a result, action potentials are no longer generated. 
- Allows recording of potassium currents in isolation 

Toxin TEA (Tetra-ethyl-ammonium) 
- Small organic molecule 
- Selectively blocks voltage-gated potassium channels 
- Allows recording of sodium currents in isolation 

Heterologous expression of proteins in oocytes 
1. Ion channel cDNA in plasmid 
2. In vitro transcription to mRNA 
3. mRNA injection 
4. Protein biosynthesis 
5. Electrophysiology 

Enzyme Pronase 
- Selectively destroys inactivation of the sodium conductance of sodium channels 
- Sodium channels act normally until inactivation gate is destroyed 

  



Voltage-gated ion channels 

The open-probability increases with the degree of membrane depolarization 

Voltage-gated sodium channels 
- Isolation from the electric organ of the electric eel (cDNA cloned, purified, amino acid 

sequence deduced, screened for transmembrane segments) 

Structure 

- Pore-form ing com plex (α-subunit) of high molecular weight + two accessory β-subunits of 
lower weight 

- Four similar large domains, each with six transmembrane segments (S1-S6) 

- S4-segment rich in positively charged amino acids (voltage sensor) 
- Hairpin loop between S5 and S6 (selectivity filter) 

Results of genetic manipulation of sodium channel cDNA in frog oocytes 

o Voltage-sensitivity depends on positively charged amino acids 
o Intracellular loop between third and fourth domain is responsible for spontaneous 

inactivation (inactivation gate) 
o Four hairpin loops between S5 and S6 build wall of hydrophilic channel pore 

Attributes 

- Opens with little delay 
- Stays open for about 1 msec, then closes (inactivates) 
- Cannot be open again by depolarization until membrane potential returns to negative value 

near threshold 

Voltage-gated potassium channels 
- Isolation of the underlying gene from  a m utation of the fruit fly Drosophila (“Shaker”, w ith 

prolonged action potentials because of reduced potassium channel conductance) 
- Amino acid sequence of potassium channel similar to sodium channel: 

o Only a single large domain comprising six transmembrane segments 
o S4-segment rich in positively charged amino acids 
o Hairpin loop between S5 and S6 

- Different types of potassium channels 
  



Sequence of an action potential 

1. Resting potential 
- A steady potential difference of about -65 mV 
- Threshold: The membrane potential at which enough voltage-gated sodium channels open 

so that the relative ionic permeability of the membrane is greater for sodium than for 
potassium 

2. Rising phase 
- Sudden change in the permeability of the membrane for sodium 
- Inward current of sodium ions (according to concentration gradient) 
- membrane depolarization 

3. Overshoot (Depolarization) 
- The inside of the neuronal membrane becomes briefly positive relative to the extracellular 

side 
- Permeability of the membrane favors Na, therefore membrane potential goes to a value 

close to ENa). 

4. Falling phase 
1. Voltage-gated sodium channels inactivate 
2. Voltage-gated potassium channels open delayed 
  Outward current of potassium ions 
  Membrane potential becomes negative again 

5. Undershoot (Hyperpolarization) 
- Default resting potassium membrane permeability + open voltage-gated potassium channels 
-   Membrane potential goes toward EK until voltage-gated potassium channels close again 

6. Refractory period 

Absolute refractory period 

- Several milliseconds after firing an action potential, it is impossible to evoke another action 
potential. 

- Reason: Sodium channels inactivate when the membrane becomes strongly depolarized. 
- The sodium channels are activated again when the membrane potential goes sufficiently 

negative. 

Relative refractory period 

- An action potential is smaller than the first one / it is harder to generate an action potential. 
- Reason: The membrane potential stays hyperpolarized until the voltage-gated potassium 

channels close. 

Attributes 

- Action potential lasts about 2 milliseconds 
- All-or-none: If the stimulus strength is increased the action potential will retain its size. 
- Higher stimulus strength leads to a higher frequency of action potentials (frequency code). 
- Biphasic current response: Early inward sodium delayed outward potassium. 
- Unidirectional (refractory period) 



Signal Conduction along Axons 

Factors influencing conduction velocity 

Resistance 
- Larger fibers have a lower (inner) resistance and thus allow for a wider spread of the 

potential. 
- Experiment: Local cooling; suppresses active physiological mechanisms, local depolarization 

spreads passively (but decays exponentially). 
- Myelination increases the membrane resistance of the axon (there is very little ion exchange 

across the membrane in myelinated regions of the axon). 

Capacitance 
- Capacitance = the quantity of charge required to create a given potential difference between 

two conductors. 
- A neuron's capacitance is proportional to its membrane surface area, so large neurons have a 

larger capacitance. 
- Myelination increases the distance between the conducting surfaces, so decreases 

membrane capacitance. 

Active mechanisms for long-distance travel of the signal 

Continuous impulse conduction 

How it works 

- Constant repetition of passive electrotonical spread and re-amplification via sodium channel 
activation: 

1. Voltage-gated sodium channels become activated if a certain threshold of depolarization is 
achieved. 

2. A full size action potential at the novel site is produced (all or none) . 
3. Since sodium channels behind the site of original stimulation are still inactivated (refractory 

period) the signal is conducted only in one direction. 
  Signal travels without loss of strength. 

Properties 

- Maximal velocities of up to 25m/sec (squid giant axon.) 
- Conduction velocity increases only with square root of the fiber diameter, thus increasing 

fiber size becomes inefficient at a certain point. 

Saltatory conduction 

How it works 

- The nerve fiber is insulated by a myelin sheath. 
- This sheath is periodically interrupted at the nodes of Ranvier. 
- Only at these sites action potentials can be generated, since voltage-gated sodium channels 

are heavily clustered there. 
  The signal jumps from one node to the next (saltatory impulse conduction). 



Properties 

- Only in vertebrate species (fish, amphibian, reptiles, birds, mammals). 
- Faster signal conduction: 

o Leakage current across the axonal membrane is reduced (increased membrane 
resistance). 

o Membrane capacitance is low. 
- Signal conduction less energy consuming (ion transport limited to nodes of Ranvier). 
- Linear relationship between axon diameter and conduction velocity. 

What is Myelin? 

- Myelin represents a modified plasma membrane of the glial cell being wrapped around the 
axon in many turns. 

- The cytoplasm between the overlapping membranes is squeezed out, thus a compact 
multilayered membrane sheet is formed. 

- This structure is stabilized by myelin-specific adhesion proteins. 

Where does Myelin come from? 

- The myelin sheath is a product of glial cells 
- In the peripheral nerve fibers: Generated by Schwann cells. Each Schwann cell produces only 

a single myelin segment. 
- In the CNS (brain, spinal cord): Generated by oligodendrocytes. Each of the oligodendrocytes 

sends out several processes to form a multitude of myelin segments. 

Myelin proteins 

- Myelin attachment to the cytoplasmic side by myelin basic proteins (MBP) with low 
molecular weight. 

- MBP: Both in Schwann cells and oligodendrocytes. 
- Myelin attachement to the extracellular side by a proteolipid protein (PLP) which is highly 

hydrophobic and has four transmembrane segments. 
- PLP: unique to cells of the CNS. In peripheral nerve fibers: P0glycoprotein. 
- P0glycoprotein has a single transmembrane segment; its extracellular domain has an 

antiparallel β-sheet structure. 

Multiple Sclerosis: A demyelination disease 

Autoimmune disease caused by auto-antibodies against myelin-specific proteins, in 
particular against myelin basic protein (MBP). 

What happens 
1. Certain viruses carry proteins that share structural similarities to MBP into an organism 

(Measle virus, molecular mimicry). 
2. The organism produces antibodies against these protein structures, but due to the blood-

brain barrier these have not access to MBP in the brain. 
3. After a local, transient break of the blood-brain-barrier: Myelin in the vicinity of the afflicted 

blood vessels will be destroyed by immune cells. 

Therapy 
- Immunosuppression, cell transplantation? 



 Synapses: The Junctions between Nerve Cells 

The neuromuscular junction 

What is it? 

- Synapse connecting the nerve ending of a motor nerve with a skeletal muscle fiber 
- Model system (large size, convenient access) 
- A cholinergic synapse 

What happens there? 

1. Action potential arrives at the nerve ending. 
2. Exocytosis: Vesicles containing a signaling molecule (the neurotransmitter acetylcholine, 

Ach) fuse with the plasma membrane and release their content into the extracellular 
space between the nerve ending and the muscle surface (synaptic cleft). 

3. ACh diffuses to the postsynaptic muscle membrane. 
4. ACh binds to a receptor protein (acetylcholine receptor, AChR), a chemically gated ion 

channel. 
5. The channel opens. 
6. Cations (mainly sodium) flow into the muscle and produce a small membrane 

depolarization (endplate potential). 
7. Voltage-gated sodium channels in the muscle membrane open in response to the 

endplate potential. 
8. A muscle action potential is elicited. 
9. The enzyme acetylcholine-esterase (AChE) which is located in the postsynaptic 

membrane degradates the neurotransmitter, the transmission terminates. 

Proteins involved in exocytosis 

Synapsin 
- A protein that docks the synaptic vesicles within a nerve terminal to microfilaments (in the 

resting state) 

Synaptobrevin and syntaxin 
- Synaptobrevin is a vesicle protein. 
- Syntaxin is a presynaptic membrane protein. 
- Both can align their α-helices in parallel to form a very compact and stable coiled-coil 

structure. 

Synaptotagmin 
- A presynaptic membrane protein required for the formation of a fusion complex between 

membrane and vesicle. 
- Believed to act as a calcium sensor 

The process of exocytosis 

1. An action potential arrives at the nerve ending. 
2. Voltage-gated calcium channels open. 
3. Calcium ions flow into the nerve terminal due to the concentration gradient. 



4. The rise in the intracellular calcium concentration induces a conformational change in 
the synapsin protein. 

5. Synaptic vesicles detach from the microfilaments. 
6. Vesicles become attached to the intracellular surface of the presynaptic membrane 

(synaptobrevin, syntaxin). 
7. A fusion complex forms (synaptotagmin required). 

Neurotransmitters and receptors 

Terminology: Agonists and Antagonists 

- Agonists: Drugs that mimic the effect of the original neurotransmitter. 
- Antagonists: Drugs that block the physiological response of the receptor even in the 

presence of the neurotransmitter. 

Acetylcholine neurotransmitters 

The nicotinic AChR (nAChR) 

Properties 

- Occurs in the skeletal muscle 
- Antagonist curare, agonist nicotine 
- Biochemistry determined by isolating it from the electric organ of the electric ray. The snake 

toxin peptide α-bungarotoxin helped to identify the receptor protein. 

Structure 

- Five subunits: Oligomeric protein consisting of four different polypeptides termed α, β, γ, δ, 
α-subunit occurs twice. 

- ACh binds to α-subunits, therefore AChR can bind two molecules of the neurotransmitter. 
- For each subunit four transmembrane-segments (M1-M4). 
- Form: Ionic hydrophilic pore, large extracellular funnel-like structure. 

Function 

- Chemically-gated ion channel (ionotropic receptor) 
- Binding of two molecules of ACh induces a twisting movement within the M2-segments 

which opens the ionic pathway through the membrane: Na+-influx, epsp. 

The muscarinic AChR (mAChR) 

Properties 

- Occurs in the heart muscle 
- Antagonist atropine, agonist muscarine 

Structure 

- Single subunit with seven transmembrane segments. 
- On the intracellular side linked to GTP-binding protein (G-protein), a complex of three 

subunits. 

Function 

- G-protein coupled receptor (metabotropic receptor) 



- Binding of a single ACh molecule induces a conformational change in the receptor protein 
that leads to a dissociation of the G-protein complex. 

- The membrane-anchored βγ-subunit moves laterally within the membrane until it reaches a 
potassium channel to which it binds. 

- The channel is opened, the potassium efflux hyperpolarizes the postsynaptic membrane and 
thus creates and inhibitory postsynaptic potential (ipsp). 

Amino acid neurotransmitters 

GABA 
- Gamma-aminobutyric acid 

Ionotropic GABA receptors: GABAA 

- Chemically gated chloride channels 
- Induce ipsps via a chloride influx to the postsynaptic cells 
- Five subunits, each of which possesses four transmembrane segments (cf. ionotropic AChR) 

Agonists and antagonists for GABAA 

- Plant toxin bicuculline: 
o GABAergic antagonist that competes with GABA for its binding pocket. 
o Causes severe convulsions by abolishing all inhibitory synaptic activity 

- Picrotoxin: 
o Directly binds t the ion channel portion of the GABA-receptor, not its binding pocket 

(allosteric antagonist) 
- Barbiturates (sleeping pills), Benzodiazepines (“valium ”): 

o Act as allosteric agonists enhancing the effect of GABA 
o Increase synaptic inhibition in the brain and thus have a sedative/anesthetic effect 

Metabotropic GABA receptors: GABAB 

- Seven transmembrane domains 
- Open K+-Channels via the liberated βγ-subunits of G-proteins, ultimately leading to an ipsp 

Glutamate 

Ionotropic glutamate receptors: NMDA, non-NMDA 

- NMDA-receptors 
o Sensitive to the agonist N-methyl-D-aspartate 
o Unresponsive to glutamate alone: A magnesium block keeps their ionic pathway 

blocked. 
o This block is removed by depolarization of the postsynaptic membrane 
o   NMDA-receptors require membrane depolarization + glutamate, i.e. they are 

chemically- and voltage-gated ion channels 
o Synapses containing NMDA-receptors alone are functionally silent 
o   NMDA-receptors usually cooperate with non-NMDA-receptors at glutamatergic 

synapses 
o High permeability for calcium: Influx of calcium elecits postsynaptic activities leading 

to use-dependent change of synaptic efficiency, learning (see plasticity) 
- non-NMDA-receptors 



o gated by glutamate 
o induce an epsp due to the influx of sodium ions 

- Membrane topology: Three transmembrane segments that are connected via a hairpin loop 
element 

Metabotropic glutamate receptors 

- G-protein coupled receptors that come in 8+ different subtypes 
- Most induce ipsps. 

Glycine 
- Ionotropic receptors 
- Closely resemble GABAA-receptors, similar molecular structure 
- Chemically-gated chloride channels 
- More abundant in spinal cord tissue than in brain 

Biogenic Amines 

- Produced by nerve cells using the amino acid tyrosine as starting material 

Dopamine 
- Generated by enzymatic removal of the acidic group (-COOH) and subsequent addition of a 

hydroxyl group (-OH) 
- Binds to G-protein coupled receptors D1-D5 
- Level available in nerve terminals controlled by the enzyme monoamineoxidase (MAO) which 

inactivates the neurotransmitter in the presynapse 
- Dopaminergic neurons abundant in two midbrain regions: Substantia nigra and the ventral 

tegmental area (processing of rewarding stimuli, drug addiction) 
- Dopamine receptors are targets for antipsychotic drugs 
- Parkinsonism is caused by gradual degeneration of dopaminergic neurons in the substantia 

nigra 
- Important for the processing of rewarding stimuli 

Noradrenaline  (Norepinephrine) 
- Generated from dopamine by the addition of another hydroxyl group (-OH) 
- Neurons in the locus coeruleus represent a major source of noradrenaline in the brain, send 

out axon collaterals into the thalamus and throughout the cortex 
- Widespread distribution of noradrenergic nerve terminals in the forebrain explains influence 

of noradrenaline on higher brain functions including multimodal altertness and motivation 
- Dynamic reorganization of activity in neuronal circuits 

Adrenaline (Epinephrine) 

Serotonin 

Peptides 

Cotransmitters 

- Small peptides stored in specialized vesicles act as modulators of synaptic transmission 
- Released only by strong stimulation 



Synaptic Integration 

In General 

- Action potentials are generated at the axon-hillock 
- Threshold to fire lowest here, probably due to accumulation of voltage-gated sodium 

channels 
- Single epsp somewhere on a synapse: Local depolarization passively spreads across neuronal 

membrane to finally reach axon hillock, decays; often not sufficient to overcome firing 
threshold. 

- Somatic and dendritic membrane surface of nerve cells integrates all synaptic potentials 
arriving at a time, considers epsps and ipsps 

Temporal Summation 

- Several epsps in fast succession at a synapse 
- Depolarizations may superimpose 

Spatial Summation 

- Several epsps simultaneously at various synapses 

Synaptic Plasticity 

In general 

- The ability of synapses to change their responsiveness to incoming signals in a use-
dependent manner 

- Typical: Increase (or decrease) in the size of the epsp generated in response to a given 
stimulation. 

Homosynaptic modulation 

Synaptic facilitation 
- Rapidly repeated stimulation increases the size of the epsp. 
- Effect lasts for only 100ms. 

Posttetanic potentiation 
- Epsps of synapse significantly increase after high frequency stimulation. 
- Effect lasts for a few minutes, is due to an accumulation of calcium in the nerve terminal. 

Synaptic depression 
- Repeated weak stimulation gradually decreases the size of the epsp: habituation. 

Heterosynaptic modulation 

Heterosynaptic facilitation 
Simple associative learning; Change in synaptic strength as a result of experience and training 

  Aplysia 

Long-term potentiation (Hippocampus) 
- The nerve terminals of Schaffer collaterals are excitatory and release glutamate 



- A high-frequency stimulation of Schaffer collaterals produces a significant increase in the 
epsp which lasts for hours (long term potentiation, LTP) 

How it works 

1. High-frequency stimulation depolarizes and extended portion of the dendritic tree of CA1 
neurons 

2. Glutamate release from Schaffer collateral synapses coincidently occurs with postsynaptic 
membrane depolarization 

3. NMDA-receptor as a coincidence detector: They require postsynaptic membrane 
depolarization to become responsive to glutamate (Mg2+-block must be removed) 

4. NMDA-receptor ion channels permeable to calcium   calcium concentration in the 
postsynaptic cell increases 

Presynaptic effects of calcium as a second messenger 

- An enzyme that produces the neurotransmitter nitric oxide (NO) is active 
- Gases like NO penetrate membrane and hence can reach the presynaptic nerve terminal 

(retrograde messenger) 
- NO is believed to enhance neurotransmitter release 

Postsynaptic effects of calcium as a second messenger 

- An enzyme called calcium-calmodulin-kinase II (CaM-kinese II) is activated 
- This enzyme first of all phosphorylates itself (autophosphorylation) which stabilizes its own 

activated state (explaining the long term effect of LTP). 
- Secondly it induces the insertion of additional non-NMDA receptors into the postsynaptic 

membrane   increase in the epsp even after weaker stimulation 

Experiments with the sea hare Aplysia 

Habituation and Sensitization in Aplysia 
- The sea hare (Aplysia californica) is used as a model organism. 
- Gill withdrawal reflex: The gills of the sear hare are sensitive to mechanical stimulation, 

quickly retract. 
- Habituation: Repeated weak stimulation gradually attenuates the response. 
- Sensitization: The gill withdrawal response can be sensitized by giving a strong, even noxic 

stimulus to the antennae of the habituated animal. 

Structure of the nervous system 
- The sensory fibers from the antennae make axo-axonic synapses on the nerve terminals of 

sensory fibers coming from the gills. 
- These synapses use serotonin as a neurotransmitter. 

Molecular basis of sensitization 
1. The antennae are stimulated, the synapses on the nerve terminals of the sensory fibers 

release serotonin. 
2. Serotonin release activates the G-protein coupled serotonin receptor at the postsynapse 

(w hich is the nerve term inal m em brane of the “gill fibers”). 
3. As usual for G-protein coupled receptors, the G-protein subsequently dissociates, 

releasing α- as well as βγ-subunits. 



4. G-protein α-subunits activate the enzyme adenylyl cyclase 
5. The enzyme starts to produce cAMP (cyclic adenosine monophosphate) from ATP 
6. cAMP activate the enzyme proteinkinase A 
7. Proteinkinase A phosphorylates potassium channels, leading to current reduction 
8. The repolarization of action potentials arriving at the “gill fiber” synapse is delayed (AP 

prolonged) 
9. Neurotransmitter release at sensory nerve terminal is enhanced. 

Experiments with mutant flies 

- Learning mutant flies are isolated by an odor discrimination task. 
- Deficits of learning correlates with mutations of genes encoding proteins controlling the 

cAMP level (e.g. adenylyl cyclase or phosphodiesterase). 

cAMP 

- cAMP (cyclic adenosine monophosphate) has key role in learning processes. 
- In addition to its effect on ion channel phosphorylation (see sea hare) it can also affect gene 

expression through its binding to the regulatory parts of transcription factors. 
-   Long term changes such as the new outgrowth of nerve fibers and the formation of 

additional synapses. 

  



The Hippocampus 

What is it? 

- Forebrain structure (telencephalon) closely associated with long-term memory formation 
- Removal abolishes declarative memory formation in humans 

How can it be studied? 

- Majority of internal connections of hippocampal neurons is arranged within a plane   it is 
possible to cut out tissue sections without damaging the internal circuitry 

- Electrophysiological recording of defined cells within a tissue section feasible 
- Most frequently studied: The connections between CA3 and CA1 neurons (cornu ammonis), 

the Schaffer collaters 

Dendritic spines 

- Small membranous extrusion that protrudes from a dendrite and forms one half of a synapse. 
- Restrict diffusion of ions and second messengers from the synapse to the dendrite. 
- Long-term memory is mediated in part by the growth of new dendritic spines. 

Electrical synapses 

Structure 

- Direct electrical coupling through densely packed membrane channels (connexons). 
- Connexon: Formed by six subunits of the protein connexin which is a four transmembrane 

domain protein 
- No synaptic vesicles 
- Little space between pre- and postsynaptic membrane 
- Unimpeded passage of charged or uncharged particles up to a size of approx 1000 daltons 

molecular weight 

Function 

- Directly convey signals form one cell to another, electrical coupling 
- Quicker than chemical synapses 
- Bidirectional current flow 
- Means to synchronize signaling in a network of neurons 

  



Nonneural Cells: Glial Cells 

General properties 

- Most are able to divide throughout their live 
- A uniform set of cell processes 
- Significantly smaller than neurons 
- Four major subtypes with specialized functions: 

o Astrocytes 
o Oligodendrocytes 
o Microglia 
o Schwann cells 

Schwann cells (PNS) 

- Myelination in the peripheral nervous system 
- Regeneration 
- Potassium removal 

Oligodendrocytes (CNS) 

- Myelination of the central nervous system 

Astrocytes (CNS) 

Properties 

- Cell processes radiate out from the cell body in all directions, giving them a star-like 
appearance 

- Posses a cell-type specific cytoskeleton protein, the glial fibrillary acidic protein (GFAP) 
- Cell branches in close contact with blood vessels on the one side and with nerve cells on the 

other 

Function 

- Nutrition: Provide nutrients coming from the blood stream (e.g. glucose) to nerve cells 
- Neurotransmitter uptake: Perform metabolic waste removal. They remove certain 

neurotransmitters (such as glutamate and GABA) from the extracellular space which become 
harmful to nerve cells if they stay there for too long 

- Potassium removal: Balance out the extracellular potassium concentration thus regulating 
the excitability of nerve cells 

- Participate in neuronal signal processing 

Microglia (CNS) 

Properties 

- Small ramified cells that occur throughout the adult CNS 

Function 

- Immune defense: After injury they become activated, start to divide, migrate to the site of 
injury and probably transform there into macrophage-like cells. 



- Thus they clear damaged cells and debris by phagocytosis. 
- Activated microglia express a variety of immunomodulator peptides and surface receptor 

involved in immune defense. 

  



Larger Structures 

Overview 

- Central nervous system (CNS): Spinal cord + brain 
- Peripheral nervous system (PNS): Sensory nerves, motor nerves (somatic reflex arc) 
- Autonomic nervous system (ANS): Sensory nerves, (para)sympathetic nerves (autonomic 

reflex arc) 

The spinal cord 

Architecture 

- Segmental organization 
- Surrounded by the vertebral column 
- Connected to target areas on body surface by peripheral nerves 
- Central grey matter containing most of the neurons surrounded by white matter consisting 

of myelinated nerve fibers 
- Areas: Cervical (8), breast (12), lumbal (5), sacral (5) 

Functions 

- Fast automatic reactions (mono-, polysynaptic reflexes) 
- Control of basic motor functions (Routine movements, rhythmic activity, servo function) 
  Relief of higher brain centers from detailed movement control 

Somatic reflex arc 

Properties 
Direct connection between sensory input and motor output  
Reflexes fast, cannot be influenced voluntarily 

How it works 
1. Mechanical stimuli such as touch, stretch, pain and temperature are detected by receptors in 

skin, muscles and joints 
2. Long sensory fibers send signals to dorsal root ganglia that contain the cell bodies of pseudo-

unipolar ganglion cells. 
3. Sensory signals are transferred by the axons of pseudo-unipolar cells into the grey matter of 

the spinal cord via the dorsal roots 
4. In many cases: Information directly targeted to motoneurons residing in the ventral part of 

the grey matter (ventral horn) 
5. If their axons project back to muscles of the body region that had been previously stimulated 

a reflex arc is activated 

Components 
- Sensor (e.g. muscle spindle) 
- Afferent fiber (sensory fiber) 
- (Sometimes) interneurons 
- Efferent fibers (motor fibers) 
- Effector (muscle) 



The knee jerk reflex: A monosynaptic reflex 

1. Initiated by a weak hammer hit on the surface of the patella 
2. Slight dislocation of the bone pulls the tendon to which it is connected 
3. Stretch receptor within the adjoining muscle is activated 
4. Stretch signal enters spinal cord via dorsal roots and is directly transferred onto a 

motoneuron that activates the extensor muscle in the leg. 
5. Simultaneous activation of the antagonistic flexor muscle is ruled out through inhibition of 

the motor neurons for the flexor muscle by the same signal via a circuitry called afferent 
collateral inhibition. 

Connections with the brain 

- Cortical  areas involved in voluntary movement control (motor cortex)  connected by 
ascending and descending pathways 

- Contralateral projection: Ascending fibers transporting sensory signals related to 
temperature and pain traverse the midline of the spinal cord to ascend on the opposite side 

- Ipsilateral projection: Signals conveying touch and descending fibers from the motor cortex 
remain on the same side. 

Brown-Séquard syndrome 

- Result of half sided transaction of the spinal cord 
- Injured person suffers from paralysis and loss of touch sensation in the leg of the injured side 
- Experiences loss of temperature and pain sensation in the opposite leg 

Rhythmic movement control 

Why? 
- Servo function: Higher brain regions relieved from detailed movement control 
- Typical: Periodic and alternating activation of antagonist muscle groups of a limb 

Half-center model 
- Periodic activity can be traced back to corresponding neurons in the ventral roots which 

show a wiring diagram designed to create periodic activity patterns 
- Reciprocal inhibition of flexor and extensor 

Molecular level of central pattern generator 
- Coordinated activity of certain ion channels provides a periodic interruption of action 

potential firing 
- Concerted interaction of calcium-channels and calcium-activated potassium channels 

Regulation of muscle force 

- Recruitment by size: Smaller Epsps are sufficient to drive small neurons; strength of signal 
corresponds to the size of the activated neurons. 

- Small neurons: Slow (S), low force, delicate control 
- Medium neurons: Fast and fatigue resistant (FR) 
- Large neurons: Fast and fatigating (FF), high force, coarse control 



The autonomic nervous system 

What it does 

- Controls the activity of inner organs such as heart, lung, stomach, liver 
- Operates independent from voluntary control 
- Important for survival (heart beat, body temperature) 

The structure of the autonomic nervous system 

Autonomic reflex arc 
1. Sensor, signal via sensory fiber, pseudo-unipolar neurons in dorsal root ganglion 
2. Cell bodies of the autonomic neurons are localized in the intermediate region of the grey 

matter. 
3. The axons of the autonomic neurons leave the spinal cord via the ventral roots joining spinal 

nerves. 
4. The axons do not project directly to target organs but terminate in autonomic ganglia first 
5. From there postganglionic fibers contact inner organs 
6. Dual innervation for each organ (sympathetic and parasympathetic branch) allows better 

fine-tuning, coordination and adaption of organ activities to changes 

Sympathetic pathways 
Activate organs for fight and flight, inhibit organs for rest and digest 

Architecture 

- Sympathetic ganglia lined up as a chain along the spinal cord 
- Sympathetic ganglia occur in the breast and lumbal region of the spinal cord 

Neurotransmitters 

- Preganglionic fibers release acetylcholine which binds to nicotinic AChRs 
- Postganglionic fibers use noradrenaline instead. 

Parasympathetic pathways 
Activate organs for rest and digest, inhibit organs for fight and flight 

Architecture 

- Parasympathetic ganglia usually close to the target organ 
- Parasympathetic fibers emanate from the nucleus of the nervus vagus in the brainstem as 

well as from the sacral region of the spinal cord 

Neurotransmitters 

- Both preganglionic and postganglionic fibers are cholinergic 
- Preganglionic fibers terminate at nicotinic AChRs 
- Postganglionic fibers terminate at muscarinic AChRs 

Convergence and divergence 
- Convergence of nerve fibers: Security of transmission 
- Divergence of nerve fibers: Spreading of signal 


