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Action potentials

The withdrawal reflex

Distribution within gray horns to
other segments of the spinal cord

Painful
stimulus

stimulated

/
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Excitability
— the likelihood of evoking action potentials
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Synaptic and Intrinsic Excitability

Na channels
Ca channels
Extrasynaptic GluRs

Intrinsic K channels
inhibition Cl channels
Extrasyn GABARs

Glutamate )
synapses Synaptic
excitation
.
GABA Synaptic
synapses inhibtion




Modulation and Plasticity of Excitability

7z Y
CED~() (e S

@ Modulat/on
1/ Synapti ntrinsi M
- myh.zf.oﬁ :n:ubl:lc(:n = odulatlon §

Plasticity — based on neuronal activity - aims to create / erase engrams
Modulation — based on realease of modulatory neurotransmitters —
modulate the accessability of engrams
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Electrophysiology — different levels of reductionism

Single protein  Single synapse Single cell Cell assemblies Network oscillations
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Isolated cells W\j\fL 5 —
Cell cultures = e
Brain slices _ _
Brain organoids
In vivo

Patch-clamp recordings _
Extracellular recordings

Optical recordings Multielectrode array
recordings
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Difficult to study in vitro


Membrane potential

Na/K-pump &
Transporters
lon l
channels

Concentration
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Pumps, concentration differences and

Nernst equation
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2.303 (RT/zF) log(tonh/ ;1)
61.54 log(io"k/;, )

lon concentrations in human cerebrospinal fluid and serum (in mM)

Cerebrospinal fluid Serum Correlation

K* 2.9 4.2 No
Na* 147 140 Yes
Cl 125 100 No
Ca? Total 1.2 2.4 Yes
Ca? Free 1.0 1.2

Mg?* Total 1.2 0.8 No
Mg?* Free 1.0 0.5

Lyckenvik et al (2025) Brain Commun 24:fcaf201

ATPase PUMPS

ION EXCHANGERS

equilibrium potential

-60 to -75 mV

Na'(150) Eus = +56

Na' (18)
KT (3) Ek-=-102
K* (135)
Intracellular Extracellular
CI (7) CI"(120) Eci=-76
Ca2* (0.1uM) §
ca®(1.2) an2+ = +125
QXQ\
)

lonic pump

Copyright © 2002, Elsevier Science (USA). All rights reserved.



lon channels

Gating
Voltage Ligand Ca?" Temp Mech H* “leak”
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TRENDS in Pharrnacologica) Soiences

Trends in Pharmacological Sciences (2008) 29:11

00 ms

The resting permeability
for K*is much higher
than for Na* but the
driving force (at resting
membrane potential) is
much higher for Na* than
for K*. The resultant
currents for K* and Na*
are therefore equal

The Sodium “Leak” Has Finally Been Plugged

Neuron 54, May 24, 2007



ENa +60
Glu 0
Vm (mV)
GABA -70
ECI
Ek -90

Membrane potential

Excitation

10 ms

Py [K*], + Ppa[Na*],

Threshold-j(----/--l;(:: ___________

The Goldman equation Vm =61.54 mV log
d P [K*], + PylNa“],

Hyperpol l

Repol
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Action potential — "all-or-none”

-------------------

o " Repolarizing phase: Na® channels
@::.p:hflzlng phase: Na' channels @ closkng K et
Ha* gates Action potential 3
+30 closing £
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activation gate Time (ms)

Inside oo dium Nat  * 0
channel inactivation gate
(T)Resting state: All gated Na* and K*
channels closed (Na* activation gates
closed; inactivation gates open)

Copyright © 2004 Pearson Education, Inc., publishing as Banjamin Cummings

(@) Hyperpolarization: K* channels
remain open; Na* channels closed

Voltage-gated sodium channels are blocked by local anaesthetics and tetrodotoxin



Propagation of the action potential

(A) Myelinated axon Oligodendrocyte

Node of

Ranvier

Na* channels

Membrane

=1
. Y
Point A Point B Point €
Bl Local depolarization causes neighboring
Na* charnels to n\p m and generates an
act v;xunmlhm
=2
Point B Point C
lm\\ dnnm] inactivate, while
Me potential
andl o is refractory here
=3

Point A Point B Point C

Point A = - ],'ni"' ¢

Muscle Cutaneous Fiber diameter Conduction
nerve nerve (pm) velocity (ms}

Myelin
. Myelinated
Diameter Large 1 A-C 13-20 80-120
Small 1§ AB 6-12 35-75

Temperatur Smallest i A 1-5 5-30
Unmyelinated v C 0.2-1.5 0.5-2
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Extracellular recording of action potentials
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Refractory period following the action
potential

Absolute refractory periocll Telative refractory period
I I I
Absolute refractory period = Voltage-gated Na*-channels
Sl Action potential are inactivated, making a new action potential impossible.
(Na* enters)
20 Relative refractory period = Voltage-gated Na*-channels de-
[ —\ o il inactivates during this period and the membrane potential is
|

hyperpolarized. A stronger than normal depol is required to
evoke an action potential.

After-
hyperpolarization
(undershoot)

Membrane potential (mV)

Stimulus Resting membrane potential

Time (ms)
Copyright @ 2004 Pearson Education, Inc., publishing as Benjamin Cummings.



Optical recording of the action potential

Hochbaum et al (2014) All-optical electrophysiology in mammalian neurons using
engineered microbial rhodopsins Nature Methods 11: 825-833



Synaptic excitation and inhibition

Excitatory synapse

Synaptic
excitation

”Modulatory Rec”

Inhibitory synapse

”Modulatory Rec”’



Glu and GABA synapses
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Cortical pyramidal cell:
ca. 30000 Glutamate synapses (90%)
ca. 2000 GABA synapses (10%)

Kasthuri et al (2015) Saturated reconstruction of a
volume of neocortex Cell 162: 648661

Megias, Emri, Freund & Gulyds (2001) Neuroscience 102:527



Presynaptic release of transmitter vesicle

(1) Vesicle docks
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(2) SNARE complexes form to pull
membranes together

(4) Ca**-bound synaptotagmin catalyzes
membrane fusion

SNAREs

SNARE-mediated exocytosis
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Glutamate uptake in astrocytes

Glutamatergic synapse Astrocyte Capillary
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Synapses are usually small and unreliable, but
many (and plastic)

2 3 quantal parameters determine the signalling
A=< strength of a synaptic connection
) 8 p Synaptic strength=nxpxq

ﬁ\\ ‘I‘ I‘I“ 2 3 AMPA recepor . n = no. Of release Sites
) | é p = release probability

< NMDA receptor - . . . .
' /ﬁ;\,‘ . _ The probability that an action potential will cause the release of one vesicle
(f(efadne I Metabotr p -
NG TE glutamate — H

= A\ . g = quantal size
i L Y QG The magnitude of the postsynaptic response to one vesicle
ynaptic v . Postsynaptic
axon terminal | e Glul'amat T dend p

Recording from one synapse
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Glu synapser är små, ynkliga och opålitliga – måste samarbeta



The Glutamate synapse

2 AMPA receptor T
.
. NMDA receptor
. i
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axon terminal Glutamate S dendritic spine

1. The AMPA receptor channel:
-opened by glutamate

-permeates Na* and K*

-gives rise to a brief (ca. 10 ms) EPSP

2. The NMDA receptor channel:

-opened by glutamate (and Gly/D-Ser) + depol
-permeates Na*, K* and Ca?*

- gives rise to a brief long-lasting (ca. 100 ms) EPSP

-is necessary for the induction of synaptic plasticity; Long-
term potentiation (LTP) och long-term depression (LTD).

3. Metabotropic glutamate receptors (mGluRs) are G-
protein coupled receptors that, for example, can give rise
to Ca?* release from ER and facilitate synaptic plasticity.

L-glutamate

Nature Reviews | Neuroscience
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The GABA synapse

Impulse
Axon
Axon terminal
(a)
Postsynaplic
dendrite
Record V,

Neurotransmitter

- GABA-gated CI™ channel
| (GABA, receptor)

B85 mV

2 4 6 8

Transmitter-gated 0
(b) ion channels (c) Time from presynaptic action potential (msec)

Article
Resolving native GABA , receptor structures
from the humanbrain

GABA; Rec
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The i.c. CI concentration determines the
response of the GABA, receptor channels
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Intrinsic excitability — all ion channels of the neuron,
except the ligand-gated in the synapses

Intrinsic
Excitation

Intrinsic
inhibition

E.c. Calcium blocks

From Hille “lon channels in excitable membranes” .
voltage-gated sodium channels
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Families of voltage-gated Na*, Ca%* and K*
channels

Voltage-gated K-channels

Voltage-gated H.%Pﬁj
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Mavl§ a1 & + K2P3.1 K2P2.1
Navt T Navi.a e Resting Na K2P12.1 K2P10.1
bl K2P13.1 K2ET A
Nai2 conductance KIP1 1
Mav1.5 K26, 1
Mevig KIFT.1
KCah.1 Kir1.1-1.3
KCa1.1 | P
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Neuron, Volume 85, Issue 2, 2015, 238 - 256
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Regulation of action potential frequency —
AfterHyperPolarisation (AHP) and gKca?*

A
1 EGTAt min 4 min

2  Control
b
L=
Norepinephrine o ;-channel - . . . chanmel
e ok Calclum
k. channel
i Flg. 2. Diagram of the proposed mechanisms of action of norepinephrine phri
Nicol I’ RA and acetylcholine in bloc[l?:mg the slow Ca®*-activated K* conductance.

SCIENCE, VOL. 241



Different firing patterns because of differences
in intrinsic excitability

Cortical pyramidal cell Cerebellar Purkinje cell

A B C

Regular firing Burst firing

200 ms
Cerebral cortex
Hippocampus

Striatum Cerebellum

Olfactory
bulb

Thalamic relay cell

D E F

Burst Mode Transfer mode

Medial habenular cell

-65
25 mV
-75

50 ms




Modulation and Plasticity of Excitability
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Neuromodulation

Modulate:
*Release probability
*Intrinsic excitability

*Plasticity

Co-transmitters Co-transmitters Retrograde Hormones
"Classical” Peptides transmitters Cortisol, Estrogen,
ACh, NA, S-HT, OreXin' Galanin’ endocannabinoids’ Pl‘Oge‘r‘Steron,‘
Histamin, DA Endorphin, CCK, VIP, NO, neurotrophins Ghrelin, Insulin

Oxytocin... Vasopressin, AF...
Gliotransmitters Neurotransmitters Cytokines, Chemokines
Glu Glu via mGluRs TNFa
ATP - Adenosine GABA via GABAgRs IL-1B....

D-serine, Taurine
Lactate
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Modulation and Plasticity of Excitability
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Long-term synaptic plasticity (min — years); LTP
and LTD
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