Guiding Questions
How are electrical signals generated and moved within neurons?

How can neurons interact with other cells?

Linking Questions
In what ways are biological systems regulated?

How is the structure of specialized cells related to function?
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https://qbi.uq.edu.au/blog/2017/07/stunning-neuroscience-images
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C2.2.1

C2.2.2

C2.2.3

C2.2.4

C2.2.5

C2.2.6

C2.2.7

3L Loarning Oulcemes

Students should understand that cytoplasm and a nucleus form the cell body of a neuron, with elongated
Neurons as cells within the nervous system that carry electrical nerve fibres of varying length projecting from it. An axon is a long single fibre. Dendrites are multiple
impulses shorter fibres. Electrical impulses are conducted along these fibres. An example of a neuron is provided in
the data booklet.

Students should understand how energy from ATP drives the pumping of sodium and potassium ions in
opposite directions across the plasma membrane of neurons. They should understand the concept of a
membrane polarization and a membrane potential and also reasons that the resting potential is negative.
Nerve impulses as action potentials that are propagated along Students should appreciate that a nerve impulse is electrical because it involves movement of positively

nerve fibres charged ions.

Generation of the resting potential by pumping to establish and
maintain concentration gradients of sodium and potassium ions

Compare the speed of transmission in giant axons of squid and smaller non-myelinated nerve fibres. Also
compare the speed in myelinated and non-myelinated fibres.
Application of skills: Students should be able to describe negative and positive correlations and apply
Variation in the speed of nerve impulses correlation coefficients as a mathematical tool to determine the strength of these correlations. Students
should also be able to apply the coefficient of determination (R?) to evaluate the degree to which variation in
the independent variable explains the variation in the dependent variable. For example, conduction speed of
nerve impulses is negatively correlated with animal size, but positively correlated with axon diameter.
Synapses as junctions between neurons and between neurons  Limit to chemical synapses, not electrical, and these can simply be referred to as synapses. Students should
and effector cells understand that a signal can only pass in one direction across a typical synapse.
Include uptake of calcium in response to depolarization of a presynaptic membrane and its action as a
signalling chemical inside a neuron.
Include diffusion of neurotransmitters across the synaptic cleft and binding to transmembrane receptors. Use
Generation of an excitatory postsynaptic potential acetylcholine as an example. Students should appreciate that this neurotransmitter exists in many types of
synapse including neuromuscular junctions.

Release of neurotransmitters from a presynaptic membrane



C2.2.8

C2.2.9

C2.2.10

C2.2.11

C2.2.12

C2.2.13

C2.2.14

C2.2.15

C2.2.16

HL Learning Oulcemes

Include the action of voltage-gated sodium and potassium channels and the need for a threshold potential to
be reached for sodium channels to open.
Propagation of an action potential along a nerve fibre/axon as a Students should understand how diffusion of sodium ions both inside and outside an axon can cause the

Depolarization and repolarization during action potentials

result of local currents threshold potential to be reached.
Oscilloscope traces showing resting potentials and action Application of skills: Students should interpret the oscilloscope trace in relation to cellular events. The
potentials number of impulses per second can be measured.

Saltatory conduction in myelinated fibres to achieve faster ~ Students should understand that ion pumps and channels are clustered at nodes of Ranvier and that an action
impulses potential is propagated from node to node.
: : oo Use neonicotinoids as an example of a pesticide that blocks synaptic transmission, and cocaine as an example
Effects of exogenous chemicals on synaptic transmission :
of a drug that blocks reuptake of the neurotransmitter.
Inhibitory neurotransmitters and generation of inhibitory
postsynaptic potentials
Summation of the effects of excitatory and inhibitory Multiple presynaptic neurons interact with all-or-nothing consequences in terms of postsynaptic
neurotransmitters in a postsynaptic neuron depolarization.
Students should know that these nerve endings have channels for positively charged ions, which open in
Perception of pain by neurons with free nerve endings inthe  response to a stimulus such as high temperature, acid, or certain chemicals such as capsaicin in chilli peppers.
skin Entry of positively charged ions causes the threshold potential to be reached and nerve impulses then pass
through the neurons to the brain, where pain is perceived.

Students should know that the postsynaptic membrane becomes hyperpolarized.

Consciousness as a property that emerges from the interaction

s . . Emergent properties such as consciousness are another example of the consequences of interaction.
of individual neurons in the brain



C2.2.1 —Neurons as cells within the nervous system that carry electrical impulses. C2.2.2 —Generation of the
resting potential by pumping to establish and maintain concentration gradients of sodium and potassium ions.
C2.2.3—Nerve impulses as action potentials that are propagated along nerve fibres

nevron : or nerve cell is a specialized cell which is the primary component of the nervous system. It is adapted to recieve and transmit signals in the form of eleckrical impulses (action pol:enl;ia|) and chemicals (mm}m.,sm.'teers)

Dendrites : moltiple shoct Eibres projecting from fhe cell [ oxon terminals ¢ terminating portions of the branches of the axon which

body (soma) which receives eleckical impulses 2 electrical imiulse/7 fransmit electrical impulses from the oxon to other cells
* simple neuron in and propagates fhem towards the cell body

data booklet

at Jjunctions (s;napScs) by vsing chemical nevrotransmitters

cell bad_y (soma) “contains nuclevs and other

organelles 7 axon : long, elongated single fibre which recieves eleckical impulses from soma. and arries it away towards the axon terminals

Membrane Po(:cM'.ial * the potential JiEference (voliase) between the jnterior and exterior of a cell dve 4o an jmbalance of charges. Represents the energy () pes charge (c) required fo move a cation from outside to inside of a cell

Res(:in3 potential : the potential difference across fhe membrane of a neuron when it is not being stimylated (i.e. ot re.sl:) ﬁfﬁ%ﬁ%ﬁﬂ ﬂﬁﬁﬂﬁﬁ s B > 0 . e o

S Typical!y it s around -FOmV (,‘.e. the inside po{:cnl-.ial is TOmV less than the ou{:side) and thus is polan‘ze() - how! !LQLHMLQL Mgﬁgﬁ — =
§| ® Sodivm - potassivm pump uses ATP to actively pump 3 sodivm ions out of ® Not and K' ions oiffuse across the membrone down theic concenfration ® (Within the cell there are many nesahve[y charged
» the cell and Z potassivm ions into the cell, creating a charge imbalance gradients through specific ion ‘leak’ K* molecules (orgamc anions ) such as proteins , further
% Q () ‘ channels. However, membrane is 50x tv] Jx] contributing Lo the relatively more negative inkerior
£ ]%][{ ﬁ] 1{% ﬁ ﬁﬂﬁﬂ ﬁﬂﬁﬁ ﬂﬁﬂ mote permeable 10 K* thaa Nat ﬁﬂﬁﬁ ﬁﬂﬁﬂ ﬂﬁﬁ
N S TR S\ VIR R = o o
] £ K* diffusion ovt i gt
1116401 V1) 630 P i S
é 4[] k] Q % ‘ diffusion in , leadn'nj to imbalance Nat

Nerve impolses : are action potentials (rapid, brief change in membrane voltaae) which propagate along necve fibres. X These ace electrical in nature as they involve the flow of charges, in this case cations: Na*

> an action Pobml:ial involves 3 major steps which occur seguentially as a unidifectional wove along nerve fibres: (cxpandec) upon in HL) An action potential in one part of the
nevron 1riggers one in the adjacent section
@ Depolarization. : change in membranc potential from @ Regolarization : change in membrane potential from ® Resebting resting potential : thraugh the use of the .
negative to positive. Caused by the positive to negative. Caused by the , im i ------------
- @ rapid diffusion of No* into the cell @ i @ rapid di€€usion of K' out of the @ - [V and [£'] and resting depolarized resting
via opened gated sodium channels cell via opened gated potassivm channels potential are re- established +-I¥- + - —_ - — ==
2 |
e*ffm""'af W a*Na;va NaNa e ot ¥ No* No* Na* Na* Na* No' No® K* ’<+ K* KK K* Na* Na’ N K" N“ ot K No® i pat Mo’ No* "|"i+,+i ------
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C2.2.4—Variation in the speed of nerve impulses. C2.2.5—Synapses as junctions between neurons and
between neurons and effector cells. C2.2.6 —Release of neurotransmitters from a presynaptic membrane.
C2.2.7—Generation of an excitatory postsynaptic potential

the velocity (ms™) nerve impvlses travel along axons can vary by 2 major factors :

® axon cross-sectional diameter : the lager the axon diameter, the faster the transmission speed

> Iardcr cross- sectional axon area (TTa?) = 3rea£cr the number of paths for the chacge fo flow thraygh
the cytoplasm. and thus the lower its internal (axial) resistance .. faster action potential (AP) propagation

less space in cytoplasm
.- more inkernal resistance

» € ——®
2 @ @

ex: 3ian{‘. squid axons (up to ~ 1.5mm , typically 4'0.5mm)
vs typical Amn.s("-lpm) allow for much fasier
conduckion.. Useful for {heir water jet-propulsion

less inkernal cesistance

= slower A-P. propagation . faster AP. propagation system, allowing very fost reaction and escape response

® myelination : presence of myelin on axons geeatly increases the Hransmission speed

\> in some oxons (sueh as long motor neurans), Schwann cells Surround the axon, forming a fatty myelin sheath.

/Lm_;h‘n_sm acts as

> Q on electrical insvlator,

aon @) o> O8> ((@s 'O

preventing flow of
charges in/out of axon

S in m«,elinaled axons only the gaps between the sheaths (Node.s of Ranvicr) vndergo depolarization and repolarization
fhus action potentials 'jump' from node to node , greatly increasing signal propagation —> expanded in HL
P Jump greaty g Sgnal propag

— Wy

Correlation : statistical test for degree of association between two variables. Con be positive or negative
correlation coefficient (r) expresses strength (>0.5 or <-0.5= s+ron3) ond ditection (* or ') of a linear correlotion .
coefficient of determination (rz) indicates whot percentage of the variation in fhe dependent variable (y) 3 expla-'ned

by the variation in the independent variable (x) ie. how close each data point
fits a regression line. X correlation does not equal cavsation

@ transport 53.2
ex:

positive corcelation between
impulse conduction speed

and axon diameter.

For myelinated axons, 86% of
the variation in speed is predicted

nedah've corcelation bepueen
conduckion speed and body
Size. Proposcd reason .

larger organisms may have

(22065

nerve impulse
conduckion speed (ms")

necve impulse
conduction speed (me™)

/«,\&W
yn
(t=0.77

oxon diameter (]um)

more synapses /longer

by variation in axon diameter. body size (Kg)

pathways - addl'na delay

Synapse * Junction between a neuron. and another cell, where signals are transmitted behween cells. 3 main types:

A —
F——=<

o Post-s)maplic dendrite

ex: hair cell
in ear

® Sensory cell to nevron : signals sent from pre-synaptic
sensory cell {o Post-synaplic dendrite

® neveon to nevron : signals sent {feom pre-synaptic
e —> e —
SR

® nevron to effector cell : signals sent from pre-synaptic
fo

é these are common in 1he brain and spinal cord

Y e

_— ")
o Q'—’J
= ||

X chemical signals can oaly be sent across a typical synapse in one direction (oxon —> dendrite) as chemicals seat
(nevrotransmitters) ace. made and stored in axon berminals and nevrotransmitter receptors only present on dendrites

ex: neviomuswlar

and or musc junction

Excitatory synapse * an action potential in a pre-synaptic cell increases likelihood of an ackion potential in a post-synaphic cell
N resulting degolarization of the post-synaptic membrane is the excitutory postsynaptic potential (€PSP)
uses excitatory nevrotransmitters such as Acelylcholine
in cholinergic synapses (shown below) O) action potentiol arrives at axon

terminal , depolanizing the membrane

@ muscie 533 ®

®

open causind
to diffuse iato axon terminal

®

acts as signal and triggers synaptic
vesicles to fuse with pre-synaptic membrane

@ Ace tylcholine (ACh) released via exocytosis
and diffuses across synaplic cleft

Synap!:ic @ ACh binds to ACh transmembrane receplors,

@ cleft

cavsing them to open , allowing Na' fo
diffuse into post-synaptic cell

@ post—smpb'c membrane depolarizes (€PSP)
= if threshold reached, o new
action potential is propagated

@ Acctylcholinestcrase breaks down ACh, where Choline is
fhen taken back into pre-synaptic cell fo be recycled into ACh



C2.2.8—Depolarization and repolarization during action potentials. C2.2.9 —Propagation of an action
HL potential along a nerve fibre/axon as a result of local currents. C2.2.10—0Oscilloscope traces showing resting
potentials and action potentials. C2.2.11—Saltatory conduction in myelinated fibres to achieve faster impulses

The chonge in neuron membrune potential ducing action poteatiol propagation can be | E: °®°

measured and visvalized with an escilloscope, producing a trace (mV over Lime ooos D —

> action potentials are generated on a “all or nothing” principle meaning that vnless the membrane. potential ]‘ V... threshold
rises to the {hreshold potential , depolarization will not occur and resting poteatial is re-established NS

_7 nd Excitatory post-synaptic poteatial (epsp)
D) (& Initially, binding of excitatory neurotransmitlers to denorites
ﬁﬁ ﬁﬂﬁ Rﬁﬁ Rﬁﬁ cavse an jnflux of No™ iato cell and along with diffusion of
Mﬂ ﬂﬂﬂﬂ ll)!ll !mg mES MV No™ ftom an adjacent sections, the membrane potential rises.
\ 4 1€ it rises sufliciently, theeshold Pol:enbia.l (“'-55MV) is reached
Nt —>
et et 3o0mV - Depalarization

Once. threshold potential is reached, voltage - jakcJ Sodium
channels open, causing No' to ropidly diffuse into the cell.
Membrane potential depolarizes quicKly and becomes positive

i
b

a | Jeaf
Py

A A 30mv - Repolarization

. . - .- voltage - jqked No* channels are inactivated and close
Ul Gl Ul i voltage - gated potassiom channels open, cavsing K* to
ﬂﬂﬂ ﬂnﬂ ﬂnﬂ lmﬂ diffuse ovt of the cell. Membrane potential repolarizes

-15 mV-

and becomes negative beyond resting potential

Kt K*

3o Resetting resting potential

voltage - 3a£c3 potassivm channels are slower to close
ﬁﬂ ﬂﬁﬁ Rﬁﬁ ﬁﬁ cavsing hyperpolan‘zation. Resbinj po&l\h’al and sodium and
Ml !mu !mu Mu -70 mV| potassium conceatration gradients are re-established actively,

using the . Cell ready for new impulse
time (ms) once resting potential re-established.

2K*

Keading oscilloscope traces Calgglgb'qg l‘mgul.se rate

How many action poteatials ore propogated

. 'i' @ resting potential 3
v 3 EPSP £ o) per second ?
§> ® b 3
S5 Oepolarization & | x 1000 ms = 200 impulses /s
13 :‘g ® action potential _‘.z Sms P
& - @ repolarization H | | | | l b) per minvte 7

hyperpolarization |1 3 5 1 9 200 y 608 = 12000 impulses /min
time (ms) @ thveshold potential time (ms) ls min

Action potentials are propagated along nerve fibres by one part of the fibre depolarizing which
in turn couses the adjacent Section to depolorize in o wave- like fashion.

S occurs as a resolt of [ocal currents of sodium both inside and outside nerve §ibre

No' =« : co e o . _','. @membmn& section depolarius,

outside ® 00 L% " 0 e
@= - .

_ovtside o " " " | . causing N’ fo diffuse fhrough
—]@E(‘D ﬂj@m: uo|ta3e-—aa&d Channels into cell

@ no* fhat has just entered ditPuses
down the cell where [Na"] 1s low,

— el o

outside °, .° " ! - (_'@):,', R '.'-'_ < ® No diffuses towacds open voltage-
Te te e NN R IR 34&3 N channels as [No"] is lower

<« «—
--(--++++++++ +1\+ -r-<-T+++++ +++1‘ ——(——++++

2 0
inside ] .

- +\l'+ IS -|- :- +\L+ - - - - - -- -|- + +¢+ + ',' - - depolarizing

L E A R R -|—++++ —————— ——-|-++++--——

repolarizn'ng

__L_;++++++ +\L--L—;-++++ +++\L__L_<;+++

Saltatory conduction : propagation of action. potentials down a myelinated nevron , * jumping' from one
Node of Ranvier (unmyelinahed node.) to the next, increasing transmission speed

> degolarization cannot occur through myelin sheaths as it acks as an electrical insulator:

® myelin reduces capacitance —> less Na* along surface  ----- =
® myelin increases resistance —> [less Mat jons leak ovE AR ve iy
. mare {ree Nat to depolarize other sections —> faster ion 4rovel I
+ + +, +
+—> +++Q

> voltage- gated jon channels and sodium-potussium pumps only at Nedes of Ranvier as only these

Sections generote action potentials, {hus increasing impulse speeds and reducing ATP use

® @
N @ le:aae-sal:ed Sodium channels at Nodes

:]lﬂﬂl[ﬂ]l o) v, — ® of Ranvier open ; causing rapid depolarizing

Sodium ions Jiffuse away from node and
®© @ 7
DCeel® " % o€ @

rapidly hit adjacent sodium ions, cavsing

)\ - depolarization wave fo skip past 1he
Gﬁﬂﬁﬁ_ myelinaked Section very quickly
@ myelin sheath \ ) @ incoming Sodium jons cavses next node to

Node of Ranvier reach threshold potential and depolarize



HL C2.2.12 —Effects of exogenous chemicals on synaptic transmission. C2.2.13 —Inhibitory neurotransmitters and generation of inhibitory
postsynaptic potentials. C2.2.14 —Summation of the effects of excitatory and inhibitory neurotransmitters in a postsynaptic neuron.

€x03enous chemical * chemical originating from an ovtside source that enters the body of an ocganism (ﬂ\rougk absorption , inhalation, ingestion and/or in+ravenously)

\> fhese chemicols can alfer synaptic transmission (aud thos action potential P;opaga’a'on) by cither blocking it oc promoting it. This can oteur vie various mechanisms.

\> Neonicokinoids : insecticide chemically similar to nicotine which blocks neurotransmission. by binding persistently to nicotinic \> Cocaine * stimolent drug made {rom the leaves of the coca plant. As apowder it can be snorted or dissolved and jnjected.
acetylcholine receptors (and is not broken down), causing overstimulotion leading o paralysis and death promotes Synaptic Hansmission of dogamine by blocking its re-uptake into fhe pre-synaptic neuron
Without neonicotinaids 8 With neonicotinoids v Without cocaine With cocaine
1, % o o 2; v pre-synaptic pre-synaptic
[ o C&
bV )_ - 2 @9 & nevron nevron
post-synaptic - - post-synaptic
membrane membrane R_ oA / DA paA / pA DA
inside cell v v inside cell N S oA oA (4 25 04 OA
(D—Dﬂ_uﬁ post -synaptic % post - synaptic
Acetylcholine binds ko ACh receptors, allowing No' influx bind to ACh receptors instead of Acetylcholine. é é neuron é é é é nevron
and generation of action potential in the post- synaptic cell. similar ly, this causes an No* influx. However, unlike ACh,
Acetylcholinesterase breaks down ACh into acetyl and choline, ‘ cannot break down , thus Dopamine binds to dopamine receptor, initiating a response. Cocaine binds o dopamine transporter , blockins it. As a
closing the receptor and halting Jransmission . receptors ace blocked and femain open. This leads to on Dopamine is pumped back into pre-synaptic neuron via result, dopamine builds up in synaptic cle€t and binds to
ovecabundance of Naf, caosing overstimulation and paralysis Dopamine transporter o halt the signal and to be revsed dopamine receptors longer, cavsing a prolonged, Stronger signal
X neonicotinoids bind more steongly fo ACh recepbors in insects bot not in mammals making them safe to use for crops. X As dopamine is associated with the reward pathway, stimolating feelings of pleasure, cocaine enhances and prolongs these
However they are non-selective and Kill many non- target insects such as bees, which have lage c.colnaica! impor tance ('eelrnss mk;@ it h'\ghly addickive. Addi Eionnlly, prolonged vse causes a tolerance to develop, requiring higher ond higher doses
[nhibitory nevrotransmitters ° reduces likelihood of an ackion. potential in a post-synaphic cell by generaking inhibitory post-synaptic potential (1psP) . &) cf' cr T threshold potential
J - €S -
S e;:i I cr cr “ £ o , resting potential
\> when these nevrotransmitkers (Sut.h as GABA) bind to receptors on the post-synaptic membrane, they induce an influx of chloride ions, s I § _'g \ / hyperpolarization
causing the membrane potential fo decrease below rest (kypupalar;za{;ion)anr) making it harder to depolarize as its further from thieshold BT o o & S
time (ms
More than one presynaptic nevron can form a synapse with the same st-synaptic nevron (ﬂ\is is especially common in fhe brain where one moy Synapse with +hausands) Summation can also occur fom o single pre- synaptic nevron
presynap ynap pe P J ) Synap gle pee-Synap
> Spatial Summation : Excitatory Post Synaptic Potentials fiom multiple \S £psp-1PsP Summation : Excitatory Post Synaptic Potentials and Inhibitory \> Temporal Summation : multiple Excitatory Post Synapkic
pre-synaptic nevronS have a cumolative effect to Post Synaptic Potentials from multiple pre-synaptic Potentials are sent in quick succession,
reach threshold pol:m!:ial, generating an action potential neuronS cancel each other out, causing no action potential adding vp to threshold poi:cn[-.ia(
: EE\ §\>§ S SE\ EpPsP §E ‘1’ §\>§
O:O E = Vv EPsP £ L
g § | M ] g § [ /\f ....................
/ €psp M PSP C\/=O
time (ms)

time (ms)

time (ms)



HL C2.2.15—Perception of pain by neurons with free nerve endings in the skin.
C2.2.16—Consciousness as a property that emerges from the interaction of individual neurons in the brain

7\
Pain is a (‘eeh‘ry of distress often caused by an intense, Jamnaifs stimolus.  Can be: @ mechanical b/ U @ thermal Z_&chemiml

S This sensation exists to motivate the organism to wilhdraw from the stimulus to prevent further damage and to ovoid fhe same stimvivs ia 1he future 1o prevent future potenh'al harm intearation of bod tems C3.|

S A painful stimolus s detected by seasory nevrons called nociceptors Many of fhese neurons have free nerve endings which branch in the skin for Sensation and which then Send signals & centeal nervous system

@A g high tempecature @@@& ®

g chemicals ®®
(ex: capsaicin. in chili pcppers) ®e@ a

@ have @ high temperature /acid /capsaicin ® TRP channel open and allow cabions to ® nocireptor depolarizes and an. (& Synapses with ® impolse reaches
within the activates Transient Receptor Polential diffuse into the cavsing it action potential 1S propagated another neuron which propagates and then the somatosensory
and detect stimoli (TRP) channel on to approach threshold Potenh'al along tfowards impulse towards the brain cortex where pain is processed

The brain is composcd of over 100 billion (IO") nevrons which. form over /00 trillion ( IO"') synapses!

\> (Consciousness while difficolt to propecly define can be described as the state of

> with so many connections and interactions, features and properties begin fo emecge which
being aware of and responsive 1o one's surroundings and of one’s self

are nat predicted by only studying nevrons , i.e. emergent properties

\> consciousness s an emecgent property of the many interactions in the brain as no siggle

> emergent properties  property which a system has bot which individval members lack
nevfon has this , yet it exists in a human as an organism as a result of fheir interactions

due to their intecactions i.e. ‘the whole is greater than the sum of its parts'
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https://sketchfab.com/3d-models/neurons-20e930a5fae5457fa6d1738afa00c7bb
https://learn.genetics.utah.edu/content/addiction/mouse/
https://ilearn.med.monash.edu.au/physiology/experiments/action-potentials/axon-diameter#simulation
https://pdb101.rcsb.org/motm/250
https://pdb101.rcsb.org/motm/243
https://pdb101.rcsb.org/motm/38
https://pdb101.rcsb.org/motm/118
https://pdb101.rcsb.org/motm/71
https://phet.colorado.edu/sims/html/neuron/latest/neuron_all.html
https://www.rcsb.org/ligand/COC
https://nba.uth.tmc.edu/neuroscience/s1/labs/actpot/hhsimu.html
https://www.metaneuron.org/
https://ilearn.med.monash.edu.au/physiology/experiments/action-potentials/action-potential#simulation
https://pdb101.rcsb.org/motm/54
https://www.noteworthyscience.com/

