Chapter 1. Control systems: Nervous System

1.1 Basic components:

a) Direct cell signaling

b) Autocrine and paracrine signaling

c) Endocrine signaling

d) Neural signaling

Comparisons between Nervous and Endocrine Systems

Endocrine system:


- Endocrine cells= all glands that secrete hormones


- Release chemical messengers (hormones) into circulatory system


- Carried to target tissues


- Secretory cells are endocrine;target cell are most cells in body, chemical signal, long 
distance, transport in circulatory system, slower, duration of response is longer

Nervous system:


- Electrical signal travel in neuron


- Release chemicals (neurotransmitters) into space between neuron and target cell


- Neural secretory cell; neuron, muscle and endocrine target cell; electrical and 
chemical signal;long distance intracellularly, short across synapse; transport by 
synapse, rapid, duration of response is short

Cells distinguished by communication strategy

- Neurons: release neurotransmitters into synapse to communicate directly with target (postsynaptic) cell

- Neurosecretory cells: release neurohormones into circulation in response to electrical signals. Interface between systems

- Endocrine cells: release hormones into circulation

Ns and endocrine system interact extensively

a) Direct feedback loop

b) First-order feeback loop

c) Second-order feedback loop

d) Third-order feedback loop

Neuron structure and function:

- Soma: cell body

- Dendrites: typically receive incoming signal, result in change in membrane potential

- Axon hillock: initiate action potentials

- Travels along axon to axon terminals and triggers neurotransmitter release

- Axon myelinated or unmyelinated

- Diversity: multipolar, bipolar, unipolar; efferent, interneuron and sensory neuron

Ion concentration gradients and permeability establish membrane potentials

- Resting membrane potential: -70 mV

Ion channel types

- Open under different conditions

- Ligand-gated channels open when ligands (neurotransmitter) bind

- Voltage-gated (VG) channels open when there is a specific change in membrane potential (open at specific stages of an action potential)

Membrane potential changes

- Movement of ions causes changes in membrane potential


- Na enters: membrane potential becomes more negative


- K leaves: membrane potential becomes more negative

Signal transmission

- A signal travels down the axon to the terminals to communicate with other neurones, muscles or other target cells

- The transmitting neuron is presynaptic and the receiving neuron is postsynaptic

Graded potentials:

- Activated by ligand-gated Na channel, cause changes in membrane potential


- Synpatic potential


- Spatially restricted response


- Conduction with decrement


- Nt binds to ligand-gated Na channel. Na enters cell trough the open channel, 
current spreads through the cell. The strenght of the signal decreases with distance

Electrical signals

- Graded changes in membrane potential occur in dendrites and cell body


- Are spatially and temporally summated


- If combined depolarization exceeds threshold, an action potential is generated


- Spatial summatin can also prevent generation of APs (excitatory + inhibitory 



potential)

Electrical signalling

- When net change in membrane potential at the axon hillock reaches or exceeds threshold (sprathreshold graded potential)

- An action potential is triggered and travel down the axon (non-graded, all-or-none signal transmission)

Action potentials (spikes)

- Stages of APs

1. Membrane potential depolarized past threshold potential (-55 mV)

2. Rapid depolarization until 30 mV

3. Membrane potential repolarizes

4. Membrane potential undershoots resting potential

5. Resting potential is restored

Action potentials:

- Opening and closing of voltage-gated (VG) ion channels cause the phases of the action potentials


- Rapid depolarization caused by opening of VG Na channels (influx)


- Rapid repolarization and undershoot caused by opening of VG K channels (efflux), 
also closing of VG NA channels


- Absolute and relative refractory period: limit # of APs along axon, prevents 
backward transmission of APs. See p.160

Depolarization and Na channels:

- VG-channels shape action potential

- Two voltage regulated gates:

1. Activation gate: opens at threshold

2. Inactivation gate: closes at 30 mV

- Also VG K channels triggered at threshold (-55 mV) but open more slowly than Na channels

1. When the neuron is at the resting membrane potential, the activation gate closes voltage-gated Na channels, preventing Na entry

2. A suprathreshold depolarizing graded potential causes the activation gate to open, allowing Na to enter the cell

3. Increased Na entry further depolarizes the cell, opening even more voltage-gated Na channels in a positive feedback loop, causing the rapid depolarization phase of the action potential

4. The inactivation gate of the channel closes as the membrane approaches 30 mV, preventing Na entry

5. Over time, in response to the rapid repolarization of the membrane, the channel returns to its original state

Conduction of APs

- Na come in

- Induces local depolarization

- Open Na channels close by

- Na comes in, etc.

- APs travel down the axon, only in one direction (absolute refractory period)

1. When an action potential occurs at A on the membrane, Na enters the axon through opened VG Na channels. This action potential depolarizes the membrane at A to 30 mV

2. The depolarization due to the action potential at A spreads electronically by local current flow through the axon, depolarizing adjacent areas of the membrane toward threshold (-55 mV)

3. When the depolarization at B reaches threshold, VG Na channels at B open initiating an action potential that depolarizes B to 30 mV

4. The depolarization due to the action potential at B spreads electronically by local current flow through the axon, depolarizing adjacent areas of the membrane toward threshold (-55), trigerring an action potential at C. VG Na channels at A are inactivated (and thus refractory), so a new action potential is not initiated at A

Signal transmission

- Myelin sheath: Schwann cells wrapped around axons

- Acts as insulation, preserving electrical potential

- Increases speed and efficiency of electrical transmission

- Nodes of Ranvier= lots of VG Na channels

- Saltatory conduction: APs jump from node to node along the axon

Electrical signals:

- Graded potential: vary in magnitude, in duration, dacay in distance, occur in dendrites and cell body, caused by opening and closing of many kings of ion channels

- Action potentials: always the same magnitude and duration, can be trasmitted across long distances, occur in axons, caused by opening and closing of VG ion channels

Synaptic transmission:

- Electrical synapses


- Gap junctions composed of connexin proteins connect presynpatic and 
postsynaptic cell membranes


- Pore allows fast chemical and ionic transmission

- Chemical synapses:


- Neurotransmitter binds postsynpatic receptor


a) Ionotropic receptors: are ligand gated channels, rapid changes in postsynpatic 
membrane potential


b) Metabotropic receptors: signaling cascade opens ion channels, activates 
intracellular transduction pathway, slower changes in postsynpatic membrane 
potential. Can also modify proteins and gene expression (eg. learning, memory)

Simple neural networks

- Sensory information detected by receptor-» signal transmitted from sensory neuron to efferent neuron to effector organ (response)

- Reflex Arc: 


- Simple neural circuits that do not involve the conscious centers of the brain
- 
- Involuntary


- Simple (2 neurones) or complex (many neurons)


- Autonomic (eg. Reflex control of blood pressure)


- Somatic (eg. knee-jerk reflex)

- Ancestral form: receptor cell directly innervates an effector cell (little processing, no CNS)

- Monosynaptic: sensory neuron synapses with efferent neuron: knee jerk

- Polysynaptic: at least one interneuron between sensory and efferent neuron (increases processing capacity)

Reflex arc:

- Example: cockroach's jump (startle response)

- Sensory neurons (afferent) in filiform hairs detect wind and sound waves (stimuli)

- Relays signal to giant interneuron in the terminal ganglion

- Signals leg motor neuron (efferent) to cause contraction of leg muscles

Neural networks:

- Many combinations possible

- Convergence: many afferent neurons synapse with one efferent neuron

- Divergence: one afferent neuron synapses with many efferent neurons


- Allows a single signal to control many independent processes, and it is a way to 
amplify the signal

Aplysia gill-withdrawal reflex

- Habituation: simple kind of learning, a declinde in the tendacy to respond to a stimulus due to repeated exposure

-Partial inactivation of VG Ca channel in axon terminal of sensory neuron

- Less transmitters are released

- Sensitization: an increase in the response to a gentle stimulus after exposure to a strong simulus


- Electric shock to tail sensitizes response to siphon stimulation


- Occurs via facilitating interneurons

Plasticity (adaptability) of nervous system

- Facilitating neurons release serotonin on sensory neuron axon terminals

- Serotonin activates metabotropic receptor

- Second messenger cascade:



- Phosphorylation of VG K channels (inactivated): APs last longer


- Activation of Ca channels (more depolarization)


- Leads to more NT releases

- Long term sensitization: PKA enters nucleurs, activates genes transcription to increase responsiveness and formation of new synapses
1.3 Nervous system diversity and vertebrate ns organization

Ns diversity: elaboration of neural networks: trend toward cephalization

1. Primitive nerve nets: radially symmetric animals, neurons not specialized (can function as sensory, interneurons, efferent). Little preference for conductance direction (impulse radiates in every direction). Propulsive movements, no obvious integrating center (still have complexe behaviour)

2. Ganglia:

- Clusters of neuronal cell bodies, small independent integrating centres

- First seen in more complex scnidarians

3. Connectives and commisures:

- In segmented, bilaterally summetrical animals

- Connections between ganglia for mor rapid transmission

- Connected ganglia ultimately form longitudinal nerve cords

4. Cephalization:

- Fusion of anterior ganglia in more complex animals

- Sensory receptors abundant in head

- Brain plays larger role in integration

- Echinoderms (sea stars, relatives)


- Radially symmetrical


- Descended from bilaterally simmetrical ancestor that likely had some cephalization


- Bilaterally symmetrical larvae


- Exception of increasing cephalization trend

- Cephalopods (octopus)


- Large brain: intelligense ? can distinguish objects, can learn, can change skin pattern, coor and texture

Vertebrate nervous system

- Structure of a vertebrate nerve:


- Groups of axons from many neurons


- Enclosed in successive layers of connective tissues


- Most nerves contain axons of both afferent and efferent neurons (mixed nerves)


- Some are purely afferent of efferent

- CNS: brain, spinal cord


- Encased in cartilage or bone


- Hollow nerve cord (solid in inverts)


- Hollow inside brain (ventricules)


- bottom 1/3 of spine: no spinal cord

- PNS: everything else: nerves, sensors and effectors

Vertebrate central nervous system

- Dorsal and ventral horns and roots


- dorsal: afferent (cell bodies outside)


- ventral: efferent (cell bodies inside)

- White matter: myelinated axons


- brain: inside


- spinal cord: outside

- gray metter: cell bodies and dendrites


- lower vertebrates: outer white, inner gray

- 3 protective layers (meninges)

- Brain and spinal cord float in cerebrospinal fluid, act as shocl absorber

- blood-brain barrier (tight-junctions btw endothelial cells lining brain cappillaries): prevents molecules to leak into CNS

- BBB more permeable in some areas (eg. for hormones secretion)

- Regions around pineal and pituitary glands

- Parts of hypothalamus

Regions of vertebrate brain:

1. Hindbrain: lower part

- Medulla, pons, cerebellum

- basic functions

2. Midbrain:

- mesencephalon

- coordination of visual, auditory and sensory info (in mammals, main fct is to connect forebrain with hindbrain)

3. Forebrain

- diencephalon (thalamus, hypothalamus, pituitary)

- telencephalon (cortex)

- complez integration of info

Evolution of the CNS

- Conservation of structure and function

- Midbrain greatly reduced in mammals, big forebrain

- Bony fish and birds: large midbrain and cerebellum (interpretation of sensory signal and coordination of movements)

Human brain anatomy and function

- Forebrain: cerebrum, thalamus, epithalamus and hypothalamus

- Cerebrum: processing of information


- left: control of sppech


- right: perception and spatial relationships


- connected via corpus callosum: split brain syndrome

- Basal ganglia (nuclei): initiation of movement

- Amygdala: emotions, especially fear, agression, emotional memories

- Hippocampus: converts short-term memory to long-term memory

- Diencephalon:


- Thalamus: integrate and relay sensory info to cortex (act as a filter)


- Hypothalamus: control internal organs, interacts with ANS, maintain homeostatic

Human cerebral cortex

- Cortex or isocortex (gray matter)


- 6 layers, functionnally dinstinct

- Extensive convergence and divergence across networks


- Complicated cortical organization allows for complexity in cognitive function and flexibility in 
response


- Involved in cognition, ability to concentrate, reason and think, etc.

- Cortical folding: increases surface area, functional complexity of forebrain (correlates with intelligence). Sulcus (groove) and gyrus (fold)

- Each hemisphere divided into 4 lobes:


- Frontal: reasoning, planning, sppech


- Parietal: recognition, orientation, sensory


- Temporal: auditory processing, memory, speech


- Occipital: visual processing

Species-specific sensory representation

- Areas of somatosensory cortez that are devoted to various body parts are disproportionate

- Sensory homunculus: scaled to represent size of cortical area devoted to sensory reception. Size of cortical region reflects the # of sensory neurons present in a particular body part

Supporting glial cells:

- More glial cells than neurons (90 % human brain cells): not only structural components

- Diversity of roles:


- Shawnn cells, conduction speed, regeneration and regrowth of neurons (in PNS)


- Oligodendrocytes: conduction speed (myelin sheath) in CNS


- Astrocytes: transport of nutrients, debris


- Microglia: maintenance, remove debris and dead cells


- Ependymal cells: line fluid-filled cavities, often have cilia to circulate CSF

NS developement:

- Neurotrophins: factors secreted by neurons that affect the survival and differenciation of neurons during developement (eg. nerve growth factor)

- Brain-derived neurotrophic factor: support survival and re-growth of existing neurons

Vertebrate CNS and PNS

- CNS and PNS communicate extensively

- CNS receives sensory inputs from PNS

- Send efferent signals to: somatic system: controls body movement and automatic system: regulated internal functions

1.4 Automatic nervous system

- 3 branches: sympathetic, parasympathetic, enteric
Divisions of the PNS

- Skeletal muscles (motor or somatic)

- Smooth muscles, cardiac muscles, and glands (autonomic)

The somatic (motor) branch:

The somatic (motor) branch (PNS)

- usually under conscious control

- motor neurons: innervate skeletal muscles


- longest neuron in body


- induce contraction and relaxation patterns for different movements (antagonistic muscle)

- neurotransmitter at neuromuscular junction is acetylcholine (ACh)(or glutamate in many inverts)


- effects always excitatory

Neuromuscular junction

1. Action potential results in ACh relase


- VG Ca channels open and increase in Ca leading to vesicle docking

2. Binds nicotinic ACh receptor (nAChR) on skeletal muscle


- nAChRs are ligand gated ion channels


- ions (mostly Na) depolarize muscle

3. Induces muscle contraction

4. AChE breaks down ACh into choline and acetate, terminating the signal

5. Presynaptic cell takes up and recycles choline and acetate diffuses out of synapse

The autonomic branch (PNS)

- Not usually under conscious control (involuntary)

- Effectors: cardiac muscles, smooth muscles, glands, organs

- Consists of two opposing systems: tight regulation of physiological systems

- Enteric branch: entirely concerned with digestion: innervates gastrointestinal tract, pancreas, and gallbladder. Operates independently of the other two branches: sympa and para can regulate its activity

Opposing action:

Dual innervation:

- Antagonistic effects (stimulatory vs inhibitory)


- Homeostatic regulation of most physiological processes

- Sympathetic (SNS): Dominates during stress, physical activity

- Parasympathetic: dominates at rest, maintenance functions, digestion

- Homeostasis: dynamic balance between the autonomic branches


- Basal tone: organs receive inputs from both branches under resting condition

ANS organization:

- Afferent side: visceral sensory receptors

- Efferent side: 2 neurons in series


- Preganglionic and postganglionic neurons


- Synapse at peripheral autonomic ganglion


- Preganglionic cell body in CNS. Terminals in peripheral autonomic ganglion


- Postganglionic cell body in peripheral autonomic ganglion:terminals on effector organ

Structural differences:

- Sympathetic:


- Short preganglionic neuron, long postganglionic neuron


- Many synapses per preganglionic neuron


- ACh (cholinergic synapse) norepinephrine/noradrenaline (adrenergic synapse)

- Parasympathetic:


- Long preganglionic neuron, short postganglionic neuron


- Few synapses per preganglionic neuron


- ACH x2

Different anatomical organization:

- Sympathetic:


- Thoracid and lumbar regions (thoracolumnar)


- sympa chain ganglia next to spinal cord

- Parasympathetic:


- cranial and sacral regions (craniosacral)


- ganglia close to effector organ (terminal ganglia)

Structural differences:

1. Location of cell bodies of preganglionic neuron in spinal cord

2. Location of ganglia(neuron lenght)

3. Number of connections (synapses) made by preganglionic neuron

Neurotranmitters:

- Criteria to be classified as neurotransmitter:

1. Synthesized in neurons

2. Released at presynaptic membrane following depolarization

3. Bind to a postsynaptic receptor and cause a detectable effect

- Effect depends on the type of receptor

- 5 Classes: amino acids, biogenic amines, neuropeptides, acetlcholine, «other»

Acetylcholine nicotinic receptor: ionotropic receptor, receptor in skeletal muscles, autonomic neurons, CNS, excitatory effect

Acetylcholine muscarinic receptor: metabotropic receptor, recopter in smooth and cardiac muscle, endocrine and exocrine glands, CNS. Effet is excitatory or inhibitory

Biogenic amines:

- Norepinephrine:


- Receptor a and B adrenergic


- Metabotropic receptor


- Recptor in CNS and PNS, cardiac muscle, smooth muscle


- Effect is excitatory or inhibitory

- Epinephrine


- Receptor a and b adrenergic


- Receptor metabotropic


- Receptor in cardiac muscle, smooth muscle, CNS


- Effect is excitatory or inhibitory

Cholinergic synapse (ACh): ACh synthesis

1. Acetyl CoA is synthesized in the mitochondria

2. Choline acetyl transferase catalyzes the conversion of chline and acetyl CoA to ACh

3. The ACh is packaged into synaptic vesicles

4. ACh is released into the snapse

5. ACh binds to its receptor on the postsynaptic cell

6. Acetylcholinesterase (AChE) breaks down ACh into choline and acetate, terminating the signal in the postsynaptic cell

7. The presynaptic cell takes up and recycles the choline, and the acetate diffuses out of the synapse

Cholinergic synapse: ACh release

1. Action potential arrive at axon terminal

2. VG Ca channels open

3. Ca enters the cell

4. Ca signals to vesicles

5. Vesicles move to the membrane

6. Docked vesicles release NT by exocytosis

7. NT diffuses across the synaptic cleft and binds to receptors

8; Binding NT to receptor activates signal transduction pathways

- Rate of APs arriving at axon terminal determines amount of NT release

Neurotransmitters/receptors:

- Preganglionic synapse: ACh binds nicotinic receptor

- Postganglionic synpase:


- Parasympathetic: ACh binds muscarinic receptor


- Sympa: NE binds to adrenergic receptors (different classes)

Cholinergic synapse (ACh)

Nicotinic AChR

- neuro muscular junctions: ganglionic synapses

- ligand-gated, ionotropic, rapid

- effects are always excitatory (graded EPSP)

Muscarinic AChR

- postganglionic parasympathetic synapses

- metabotropic, slow

- diverse effects: excitatory or inhibitory (graded EPSP or IPSP)

Nicotinic AChR (nAChR)

- Liang-gated ionotropic receptor

- Excitatory effets:


- Ach bind ligand binding-sites-» conformational change


- Allows Na flow through (K also but driving force of Na influx is higher)


- Depolarize membrane (effector cell)-» graded excitatory post synaptic potential (graded ESPS)

- Five subunits surround pore

- A variety of combinations of five different subunits: a, b, y, e (each with several isoforms)

- Different combinations, different properties

Muscarinic AChR (mAChR)

- Metabotropic receptor

- ligand (ACh) binds receptor and conformational change activates G-protein

- G-protein: heterotrimer activated by GTP to a-subunit and By-complexe interact to activate ion channels

- Leads to opening of ion channels and other intracellular events
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Receptor Effect of
subtype Location binding
Nicotinic Neuromuscular junctions, Excitation

ganglionic neurons,
adrenal medulla

Muscarinic Gut Excitation

Heart Inhibition

Bronchioles (lung) Excitation




Adrenergic Receptors (ARs)

- Sympathetic synapses at effector tissue

- Respond to norepinephrine (NE) or epinephrine (E) released from sympathetic postganglionic neuron

- Different receptor types and subtypes


- Tissus specific distribution


- a adrenorecptors usually excitatory


- b adrenoreceptors usually inhibitory

- Same neurotransmitter can have different effects depending on the type of receptor that is on the effector cell

a1 adrenergic receptors:

- agonist: sensitivity Ne higher than E

- a1 ARs: Ne binds-» phosphorylates VG Ca channels via PLC and PKC-» opens inactivation gate

- Is involved in contraction of smooth muscles (except intestinal)

a2 adrenergic recpetors:

- agonist: ne higher than e

- a2 ARs: ne binds-» dephosphorylates VG Ca channeles via inactivation of Ac-» diminish cAMP inactivation of PKA (inactivation gate closed)

- located on membrane of adrenergic axon terminals-» inhibit release of NE

b adrenergic receptors

b ars: ne binds-» activates VG Ca channels via AC-» increase cAMP

b1: (NE=E): primarily in heart: increase heart rate and strenght of contraction

b2 (E higher than NE): prevalent in bronchioles of lungs: smooth muscles relax
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Location
(in humans)
Blood vessels of skin,

gut, kidneys, salivary
glands

Membrane of
adrenergic axon
terminals

Heart

Effect
(in humans)

Vasoconstriction

Inhibits release
of NE

Increases heart
rate and strength

Second messenger
system

G protein activates
phospholipase C

G protein inactivates ade
cyclase, inhibits cAMP
production

G protein activates aden;
cyclase, activates cAMP
production




Agonist vs Antagonist:

- Agonist: a substance that binds to a receptor and initiates a signalling event (may include both the natural endogenous ligand as well as pharmaceutical agents that mimic the natural substance)

- Antagonist: a substance that binds to a receptor but does not stimulate a signaling event. Interfere with the binding of the natural ligand.

Nicotinis AChR (SNS, PSNS)

- Agonist: nicotine: variable effects: both a stimulant and a relaxant

- Antagonist: curare: paralysis bungarotoxin: paralysis, supression of breathing

Muscarinic AChR (PSNS)

- Agonist: muscrine: bronchoconstriction, bradycardia

- Antagonist: atropine: increase heart rate

Arenergic receptor (SNS)

- agonist: isoproterenol (non-specific): treatment of bradycardia


- b2:salbutamol: treatment of asthma

- antagonists:


- a: pphentolamine, phenoxybenzamine: treatment of hypertension


- b:propranolol, sotalol: treatment of anxiety, cardiac arrthythmias

Receptor Types and Functional Specificity give 5 example
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Exception in SNS:

- Preganglionic neuron synapses onto chromaffin cells (modified postganglionic neurons) of the adrenal medulla (highly modified sympathetic ganglion)

- Chromaffin cells (neurosecretory cells) secrete epinephrine and norepinephrine into circulation:widespread effect

Norepinephrine (NE) biosynthesis

- NT are biochemically related

- Dopa, Ne, E synthesized from tyrosine

- dopa primarily involved in signaling within CNS

- NE and E (peripheral catecholamines) play important role in PNS


- Released at synapse of in general circulation

- NE synthesized in axon terminals of postganglionic neurons

- NE levels regulated


- Monoamine oxidase (MAO) catalyzes breakdown


- Cocaine inhibits re-uptake of NE and dopamine

Opposing Action:

- General dual, antagonistic innervation of viscera

- is a ARs promote contraction, mAChRs promote relaxation

- if b ARs promote relaxation, mAChRs promote contraction

sympathetic increase
