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Cells of the nervous system

Rick O. Gilmore
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e Fun

e Cellular neuroanatomy
o How many neurons and glia?
o Glia (neuroglia)
= Astrocytes
= Myelinating cells
= QOligodendrocytes
= Schwann cells
= Microglia
o Neurons
= What makes neurons “special”
= Macrostructure
= Dendrites
= Dendritic Spines
= Soma (cell body)
= Axons
= Axon hillock
= |nitial segment
= Nodes of Ranvier
= Axon terminals
= Synaptic bouton (terminal button)
= Classifying neurons
e Neurophysiology
o Why animals need brains
o Neural communication types
o Electrical communication
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= Basic principles
= Resting potential
= Contributors to
= Party metaphor
= |on channels
= Conditions
= Action potential
= Components
= Neuron at rest
= Rising phase
= Peak
= Falling phase
= Refractory phase
= APs and Information Processing
= Generating action potentials
= Propagation of action potentials
o Chemical communication: Synaptic transmission
= What happens when AP runs out of axon?
= Receptor/channel types
= | eak/passive
= Transporters/exchangers
= |onotropic receptors (receptor +ion channel)
= Metabotropic receptors (receptor only)
= Receptors generate postsynaptic potentials (PSPs)
= NTsinactivated
e References

Fun
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Self Reflected - llluminating the Brain Through Art and Science (long)

Will Drinker

05:15 |

http://www.gregadunn.com/ (http://www.gregadunn.com/)

Beautiful 3-D Brain Scans Show Every Synapse | National Geographic

https://www.youtube.com/embed/nvXuq9jRWKE
(https://www.youtube.com/embed/nvXuq9jRWKE)
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https://www.youtube.com/embed/nvXuq9jRWKE
(https://www.youtube.com/embed/nvXuq9jRWKE)

https://www.youtube.com/embed/nvXuq9jRWKE
(https://www.youtube.com/embed/nvXuq9jRWKE)

Cellular neuroanatomy
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How many neurons and glia?

e Old “lore”: ~100 billion neurons

e New estimate (Azevedo et al., 2009):
o ~86 +/- 8 billion neurons
o 85+/-9 billion glia

“These findings challenge the common view that humans stand out from other
primates in their brain composition and indicate that, with regard to numbers
of neuronal and nonneuronal cells, the human brain is an isometrically scaled-
up primate brain.”

(Azevedo et al., 2009) (http://doi.org/10.1002/cne.21974)

The Joumal of Comparative Neurology
536 F.A.C. AZEVEDO ET AL.

Whole brain

1508.91 £ 299.14 g

170.68 £+ 13.86 B cells
86.06 + B.12 B neurons
84.61 £ 5.83 B non-neur
0.99 non-neur/neurons

Cerebral cortex (GM+WM)
123293+ 23368 g
7718+ 772 B cells

16.34 + 2 .17 B neurons
50.84 £ 7.02 B non-neur
3.76 non-neurfneurons

Cerebellum
154.02 £ 19.20 g
85.08 + 6.92 B cells

68.03 £ 6,65 B neurons
16.04 + 2.17 B non-neur
0.23 non-neur/neurons

Rest of brain

11766+4542 g

842 + 150 B cells

0.69 + 0.12 B neurons
7.73 £ 1.45 B non-neur
11.35 non-neur/neurons

Figure 2.
Absolute mass, numbers of neurons, and numbers of nonneuronal cells in the entire adult human brain. Values are mean = 50 and refer to the
two hemispheres together. B, billion.

(Azevedo et al., 2009) (http://doi.org/10.1002/cne.21974)
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Neurons and regional mass
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THE HUMAN
ADVANTAGE

A NEW UNDERSTANDING

OF HOW OUR BRAIN

BECAME REMARKABLE “

SUZANA HERCULANO-HOUZEL

Glia (neuroglia)
e Functions
o Structural support

o Metabolic support
o Brain development

Astrocytes

e “Star-shaped”
e Probably most numerous cell type in CNS
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e Physical and metabolic support
o Support blood/brain barrier
o Regulate local blood flow

https://en.wikipedia.org/wiki/Astrocyte (https://en.wikipedia.org/wiki/Astrocyte)
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https://en.wikipedia.org/wiki/Astrocyte (https://en.wikipedia.org/wiki/Astrocyte)

* Interact with neurons
o lon (Ca++/K+) buffering
o Neurotransmitter (e.g., glutamate) buffering
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https://en.wikipedia.org/wiki/Astrocyte (https://en.wikipedia.org/wiki/Astrocyte)

e Shape brain development, contribute to synaptic plasticity
(https://en.wikipedia.org/wiki/Synaptic_plasticity)

e Disruption linked to cognitive impairment, disease (Chung, Welsh, Barres, &
Stevens, 2015) (http://doi.org/10.1038/nn.4142)

Myelinating cells
Oligodendrocytes

e In brain and spinal cord (CNS)

* 1:many neurons

file:///Users/rick/rrr/psy-511-scan-fdns-2021/lectures/511-cells.html

10/56


https://en.wikipedia.org/wiki/Astrocyte
https://en.wikipedia.org/wiki/Synaptic_plasticity
http://doi.org/10.1038/nn.4142

9/15/21,9:37 AM PSY 511

file:///Users/rick/rrr/psy-511-scan-fdns-2021/lectures/511-cells.html




9/15/21,9:37 AM PSY 511

Oligodendrocyte

Nucleus

Node of Ranvier
Myelin Sheath

X Microfilament
Microtubule

https://en.wikipedia.org/wiki/Oligodendrocyte
(https://en.wikipedia.org/wiki/Oligodendrocyte)
Schwann cells

e InPNS
e 1:1 neuron
e Facilitate neuro-regeneration
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A8

D,

https://en.wikipedia.org/wiki/Schwann_cell
(https://en.wikipedia.org/wiki/Schwann_cell)
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e Mnemonics: COPS/SPOC

Microglia

e Phagocytosis
e (Clean-up damaged, dead tissue
e Rolein ‘pruning’ of synapses in normal development

Neurons

What makes neurons “special”

e Long-lived (most generated b/w 3-25 weeks gestational age)
e Extended branching (dendrites and axons)

e Electrically excitable

e Connect to small #s of other cells via synapses

e Release neurotransmitters
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Macrostructure

Dendrites

e Soma

e Axons

Terminal buttons (boutons)

% Dendrites ° Microtubule
/ . Neuroﬁb.rils Synaptic vesicles
Neurotransmitter Synapse (Axoaxonich\_
Receptor Synaptic cleft =
Axonal terminal

Rough ER
(Nissl body)

Polyribosomes Node of Ranvier

Ribosomes

Golgi apparatus

Myelin Sheath
(Schwann cell)
Nucleus
Nucleolus
Membrane
Microtubule

Nucleus

ondrion

Smooth ER

I Synapse - ‘
(Axodendritic

Microtubule
Axon

‘ Dendrites

~U
N

Dendrites

e Majority of input to neuron

e Passive (do not generate current flows) vs. active (generate current flows like
axons)

e “Polarized” or directional information flow
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Direction message travels >
Nucleus Soma Axon terminals
(cell body)

4

e . Fo Myelin
Dendrites _ ; P th:

(2
Axon

https://biology.stackexchange.com/questions/44082/can-the-dendrites-of-
sensory-neurons-be-a-meter-long

(https://biology.stackexchange.com/questions/44082/can-the-dendrites-of-
sensory-neurons-be-a-meter-long)

Dendritic Spines

B T [ ) jp—

|
|
Spine head
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e Concentrate effects of local current flows, biochemical reactions

Soma (cell body)

e Varied shapes
e Nucleus
o Chromosomes
e Organelles
o Mitochondria
o Smooth and Rough Endoplasmic reticulum (ER)

% Dendrites ° Microtubule

. Neurofibrils

Synaptic vesicles

Synapse (Axoaxonic\_

- \
Synaptic cleft e
Axonal terminal

Rough ER
(Nissl body)

Polyribosomes Node of Ranvier

Ribosomes

Golgi apparatus

Myelin Sheath

(Schwann cell)
Nucleus

Nucleolus
Membrane

Microtubule

Nucleus

ondrion

Smooth ER
I Synapse i ‘ .
(Axgdenaritic ‘ Dendrites

Axons

Microtubule
Axon

Axon hillock

e Transitional zone between soma and axon
Initial segment

e Action potential generated

Nodes of Ranvier
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e Gapsin myelin sheath
e Neuronal membrane exposed to extracellular space
e Action potential regenerates

Axon terminals

\XDendrites
Cell body (soma) .
Nucleus terminals
/‘. .7- - - -
e Direction of signal /.
~—Axon hillock L
>~ Axon / / 4 GrA
Presynaptic - .| -~ ATAY 2
neuron 5 [ Dl ~
ynapse—{_ )~ -
N , Dendrites
U' ' Axon terminal // Postéynaptic neuron
. Neurotransmitter /
Axonif’ N (after release)
terminals —~ ot \Axon

Collateral
axon

Synaptic bouton (terminal button)
e Synapse (~5-10K per neuron)
e Pre- (sending side) and postsynaptic (receiving side) membranes
e Synaptic cleft
e Synaptic vesicles
o Store/release neurotransmitters
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Presynaptic neuran

channel open

Ligand-gated
channel closed

Postsynaptic neuron

opostsynapuc—boNewe impulse
potential

e Autoreceptors & transporters

!
- i
|
T,
B —

LN ] -
-
L

(Torres, Gainetdinov, & Caron, 2003) (http://dx.doi.org/10.1038/nrn1008)
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Monoamine transporters are localized to perisynaptic sites, where they are
crucial for the termination of monoamine transmission and the maintenance
of presynaptic monoamine storage. Several selective pharmacological
agents acting at each monoamine transporter are shown. Amph.,
amphetamine; DA, dopamine; DAT, Dopamine transporter; L-DOPA, L-3,4-
dihydroxyphenylalanine; 5-HT, 5-hydroxytryptamine; MPP+, 1-methyl-4-
phenylpyridinium; MDMA, (+)-3,4-methylenedioxymethamphetamine; NA,
noradrenaline; NET, noradrenaline transporter; SERT, 5-HT transporter.

(Torres, Gainetdinov, & Caron, 2003) (http://dx.doi.org/10.1038/nrn1008)

Classifying neurons

e Functional role

o Input (sensory), output (motor/secretory), interneurons
* Anatomy

o Unipolar

o Bipolar

o Multipolar
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e By specific anatomy
o Pyramidal cells
o Stellate cells
o Purkinje cells
o Granule cells
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Pyramidal cell (Wikipedia)

l'l'.

Pyramidal cell (left) | Stellate cell (right)

Morphology, physiology, gene transcription
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(Zeng & Sanes, 2017) (http://doi.org/10.1038/nrn.2017.85)
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a Morphology
HTR3A® vip S5T* PVALE® RBP4
Sparse neurogliaform cell Bipolar cell Deep Martinotti cell Baskat cell Thick-tufted cell
’I /)L)
b Physiology
|
:5.: F i L,, I/ 1
| L— (S| 1 . =

R—
SRy VOGIPUELOY ¥ JST S PR A0 St
s &G‘bd‘.&QQQL@-_L-‘.*-Qéé
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. onba_0
= 4‘&.’06

Slc17a?

Mature Reviews | Neuroscience

(Zeng & Sanes, 2017) (http://doi.org/10.1038/nrn.2017.85)

file:///Users/rick/rrr/psy-511-scan-fdns-2021/lectures/511-cells.html 24/56


http://doi.org/10.1038/nrn.2017.85

9/15/21,9:37 AM PSY 511

Neurons can be classified using morphological, physiological and molecular
criteria. a | Representative examples of five subclasses of cortical neurons
obtained from brain slices. The cells were filled with biocytin, stained and
imaged following patch clamp recording (see part b). Each subclass has
distinct morphological features. For the four interneurons on the left, the
dendrites are shown in dark grey and the axons in light grey. The soma of the
5-hydroxytryptamine receptor 3A-expressing (HTR3A+) sparse neuro-
gliaform cell is located in layer 1, and its axons are also concentrated in this
layer. The vasoactive intestinal peptide-expressing (VIP+) bipolar cell has a
characteristic bipolar dendritic extension. The soma of the somatostatin-
expressing (SST+) deep Martinotti cell is located in layer 5/6, and its axons
extend upward into layer 1. The parvalbumin-expressing (PVALB+) basket cell
has basket-like axonal arborisation. For the excitatory neuron on the right,
the apical dendrites are shown in dark grey and the basal dendrites in light
grey. This is a layer 5, thick-tufted cell from a retinol-binding protein 4 (Rbp4)
gene promoter-driven Cre-expressing mouse. The cell features thick apical
dendritic tufts extending into layer 1. These morphological features are
consistent with those described in published reports49,130,140. b |
Differential electrophysiological responses of the five subclasses of neurons
shown in part a to square pulses of current in patch clamp recordings. For
example, the HTR3A+ cell is late spiking, whereas the PVALB+ cell is fast
spiking. These responses are consistent with those described in published
reports49,130,140. c | Differential molecular signatures of the five subclasses
of cortical neuronsiillustrated in part a derived from single-cell RNA-
sequencing data. The violin plot shows the collective gene expression profile
for each gene of all the cells in a type (cluster). We define the smallest
discrete clusters of cells as types and the aggregates of types that share
common features as classes or subclasses. Each transcriptomic cell type is
shown as a column of data points with the same colour (the colour coding
corresponds to that of the transcriptomic taxonomy shown in Fig. 5). Shown
here are three interneuron cell types expressing Htr3a but notVip, six
interneuron cell types expressing Vip, six interneuron cell types expressing
Sst and seven interneuron cell types expressing Pvalb. All of the interneurons
express glutamate decarboxylase 1 (Gad1l). Also shown are eight layer 5
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excitatory neuron types, all of which express solute carrier family 17 member
7 (Slc17a7). All of the cells express synaptosome-associated protein 25
(Snap25). The height of each ‘violin’-shaped data point represents the range
of expression levels of the gene, and the width represents the proportion of
cells displaying a particular level of expression. Parts a and b are from the
Allen Cell Types Database (see Further Information). Part c is adapted with
permission from Ref. 136.

(Zeng & Sanes, 2017) (http://doi.org/10.1038/nrn.2017.85)

a
.5l-:n'ml].' FRELIF S Interneurans Frujr:rﬂiurl FIELFORS
Class 4 Fhotoreceptors Horizontal cells Bipolar cells Amacrine cells Retinal ganglion cells
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[ [
Cone OFF OM OFF ON  o0oDSGC
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Rod hipolar
lype 4
M cone S cane 1A.4 S5A.9 SAC CAL.CAZ. Al A-17.5EG. M1..M5 DLNGNLT
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Mature Reviews | Meuroscience

(Zeng & Sanes, 2017) (http://doi.org/10.1038/nrn.2017.85)
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The figure shows a proposed hierarchical classification of cells in the retina
(a) and cerebral cortex (b). In both areas, individual cell types can be grouped
into classes, and intermediate levels of subclasses can be determined based
on distinct morphological, physiological and molecular features. Higher-
order groupings (such as those shown in part a, including sensory neurons,
interneurons and projection neurons) may emerge once enough areas have
been provided and compared. Types are the commonly recognized
(‘validated’) terminal branches in the current hierarchical arrangement of cell
types. Lower-order groupings into subtypes may largely be provisional until
additional data are collected that could determine if they could form new
types or should be merged into other types. Dashed lines indicate the
presence of additional types that cannot be labelled due to lack of space. The
question marks in part a indicate that the hierarchical relationship among
the indicated cell types remains unclear. The question markin partb
indicates that the status of the cortical cell groups indicated may be either
subclasses, types or subtypes. CT, cortico-thalamic neurons; DS, direction-
selective retinal ganglion cells (RGCs); F, forkhead box P2 (Foxp2)-expressing
RGCs; HTR3A, 5-hydroxytryptamine receptor 3A; ipRGC, intrinsically
photosensitive RGCs; IT, intratelencephalic neurons; L4, layer 4; L6b, layer 6b
subplate neurons; nGnG, non-GABAergic-non-glycinergic amacrine cells;
00DSGC, ON-OFF direction-selective RGCs; PT, pyramidal tract neurons;
PVALB, parvalbumin; SST, somatostatin; VIP, vasoactive intestinal peptide.

(Zeng & Sanes, 2017) (http://doi.org/10.1038/nrn.2017.85)
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a, Examples of different firing patterns induced by current injections in layer
1interneurons. Firing pattern of an RC (top), an NGFC (middle), and an
unidentified layer 1 interneuron (bottom). b, SVM-based wrapper-feature
selection of electrophysiological parameters for the identification of RCs.
Anatomically identified RCs (red dots) and other types of interneurons with
known morphology (black dots) are mapped to the distribution of
electrophysiological features ranked as the two best delineators by SVM.
Black lines show the best hyperplane separating RCs from other interneuron
types. c,d, RCs exhibit a distinct impedance profile relative to neurogliaform
and other human interneurons in layer 1. (c) Individual responses of
anatomically identified rosehip (red), neurogliaform (blue), and other (black)
interneurons to current injections with an exponential chirp (0.2-200 Hz;
top). Traces were normalized to the amplitude of the rosehip response at 200
Hz. (d) Left: normalized impedance (Z) profiles of distinct groups of
interneurons. RCs (n=5) had higher impedance in the range of 0.9-12.4 Hz
compared to neurogliaform (n=5) and other (n=5) interneurons. Shaded
regions represent s.d. Right: impedances were similar at the lowest
frequency (Z0.2 Hz; left), but resonance magnitude (Q) calculated as maximal
impedance value divided by the impedance at lowest frequency (middle) and
frequencies of maximal impedance (fmax; right) showed significant
differences (P <0.05, ANOVA with Bonferroni post hoc correction). e,
Automatized selection of recording periods for assessing subthreshold
membrane potential oscillations (boxed segments) and detection of bursts
(bars) for measuring intraburst spiking frequency demonstrated on an RC
response to near-rheobasic stimulation showing stuttering firing behavior. f,
Averaged fast fast Fourier transforms (FFTs) of membrane potential
oscillations had higher power between 3.8 and 80 Hz in RCs compared to
neurogliaform and other interneurons. g, Intraburst frequency of RCs peaked
in the gamma range. AP, action potential.

(Boldog et al., 2018) (http://doi.org/10.1038/s41593-018-0205-2)
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We describe convergent evidence from transcriptomics, morphology, and
physiology for a specialized GABAergic neuron subtype in human cortex...
with anatomical features never described in rodents...These cells are
therefore positioned for potent local control of distal dendritic computation
in cortical pyramidal neurons.

(Boldog et al., 2018) (http://doi.org/10.1038/s41593-018-0205-2)

Neurophysiology

Why animals need brains

Sterling & Laughlin, 2015 (https://mitpress.mit.edu/neuraldesign%20)

e Escherichia Coli (E. Coli) (https://en.wikipedia.org/wiki/Escherichia_coli)

o

O

O

o

O

O

Tiny, single-celled bacterium

Feeds on glucose

Chemo (“taste”) receptors on surface membrane

Flagellum for movement

Food concentration regulates duration of “move” phase

~4 ms for chemical signal to diffuse from anterior/posterior

flagella & cilia
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e Paramecium (https://en.wikipedia.org/wiki/Paramecium)
300K larger than E. Coli
Propulsion through coordinated beating of cilia
Diffusion from head to tail ~40 s!

o

o

o

o

Use electrical signaling instead
» Na™ channel opens (e.g., when stretched)
» Voltage-gated Ca*™t channels open, Ca™ enters, triggers cilia
= Signal across cell within ms

C. elegans movement

C Elegans swimming,

e Caenorhabditis Elegans (C. Elegans)
(https://en.wikipedia.org/wiki/Caenorhabditis_elegans)
o ~10x larger than paramecium
o 302 neurons + 56 glial cells (out of 959)
o Swim, forage, mate

Neural communication types

e Electrical

o Fast(er)

o Within neurons
e Chemical
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o Diffusion slow(er)
o Within & between neurons
o orother cells

Electrical communication

e Electrical potential (== voltage)
o Think of potential energy
o Voltage ~ pressure
o Energy that will be released if something changes

Basic principles

E=1IR

Current flow (/) across membrane
Membrane varies in resistance (R) or permeability (1/R) to ion flow
Product IR is electrical voltage E

1Q 1Q 2Q

\Y4 ("‘ 12Q 4Q 10Q 8Q

O

Membrane stores (& releases) charge like capacitor
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=0 R 7 U
s i o
V "". -t/ RC -
"1 ]-C L Q=CV,[l-e IRE
g Charge on %
4 capacitor 18
V=Vt Vo ] ;=Y ke °
V. = IR+Q E R ", R Charging | 3
b= C o current =
As charging progresses, LT T :
0 RC 2RAC 3RC 4RAC me —=
— Q ﬁ At 1=0 As t— o0
V,=IR+ o
C Q= Q—>CV,
current decreases and Ve=0 V.=V,
charge increases. A
[= r I—0
Potential energy
- " Patential energy

Potential enargy
transforming into
kinetic energy

Kinetic energy Kinetic energy

D 2007-2010 The University of Waikalo | wew.sciencelearm,org.nz

Resting potential

e Measurement
o Electrode oninside
o Electrode on outside (reference)
o Inside - Outside = potential
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Electrode tip impales
cell plasma membrane
0 m\,"—l
Glass
microelectrode -
iy >
Reference Time V. =60 mV

electrode

© PhysiologyWeb at www.physiclogyweb.com

e Neuron (and other cells) have potential energy
o Inside is -60-70 mV, with respect to outside
o ~1/20th typical 1.5V AAA battery

e Like charges repel, opposites attract, so
o Positively charged particles pulled in
o Negatively charged particles pushed out

Contributors to

® |ons

o Potassium, K+
Sodium, Na*
Chloride, CI™
Calcium, Ca™*

o QOrganic anions, A~

o

o

o

e |on channels
e Separation between charges
e Abalance of forces

Party metaphor
e Annie (A7) was having a party.
o Used to date Nate (Na™), but now sees Karl (K ™)
e Hired bouncers called
o “The Channels”
o Let Karl and friends in or out, keep Nate out
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e Annie’s friends (A7) and Karl’s (K*) mostly inside
e Nate and friends (Na*t) mostly outside
e Claude/Claudia (CI™) tagging along

Extracellular space
Nat K+-ATFase
(Na+-K+ pump)

A=DEE
Sodium channel
M
Mostly
closed
Cytoplasm
(intracellular space)
lon Concentration Fig. 1.13 Membrane potential of a
Cytoplasm Extracellular | cell. (After Koolman and Réhm)
space
{mMm) (mM)
K* 139 4
Ma® 12 145
a 4 116
Organic
anions 38 134

lon channels

e Macromolecules that form openings in membrane
e Different types of subunits

a
N
Vel
_.',:'-'. - %, U > P N
( X ,C
S F
Il i
[l L]
RN IR
& ‘.'.’
b Receptor GABA;
type {
Subunit al-6, p1-3, y1-3,
diversity b, e, mand @

Mature Reviews | Meuroscience

(Moss & Smart, 2001) (http://dx.doi.org/10.1038/35067500)
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e Selective
e Varyin permeability
* Types
o Passive/leak
o Voltage-gated
o Ligand-gated (chemically-gated)
o Transporters

a) Resting K+ {b) Voltage-gated {c} Ligand-gated {d) Signal-gated
channel channel channel channal
) Na~® & MNa* Ma' Na*
Exterior ,_\ P == — s oo s i
Hpsnng
membrane -—,.> —r L
potenual |
———= Pl ¥ @] J
Cytosol “’ - ﬁ“) =
Na* Na* *  Nat K+
Always open Opens (transiantly) Opens {closes) in Opens (closes) in
in response 1o change response 1o a response to a spacific
in the membrane specific extracellular  intracellular molacule
potential neurotransmitter

http://www.zoology.ubc.ca/~gardner/F21-08.GIF
(http://www.zoology.ubc.ca/~gardner/F21-08.GIF)

Conditions
Neuron at rest permeableto K

e Passive Kt channels open
* [KT]i >>[KT]o]
e K™ flows out

time

semipermeable membrane
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C Share

% I ST
o . .
© " ..t
Q . .
oo ..o.o...o..
o o
o I. e y

Pore size
Trace molecule

¢ Force of diffusion

About

o K™ moves from high concentration (~140 mM inside) to low (~4 mM

outside)
o K* outflow would stop when [K*+], == [K?];]
°o But...
e Na/Ka-ATPase (Na/K Pump)
o Keeps concentration gradients
o Moves K+ in, Na+ out
e Electrostatic pressure
o K7 has + electric charge
o Movement of charged K ions creates current
o Movement of charged K ions creates charge separation
» Some A~ no longer have matching K+

= Charge separation across membrane creates voltage (~ capacitor)

o

Voltage build-up stops K™ outflow

o Voltage magnitude called “reversal potential” or equilibrium potential

o K™ positive, so reversal potential negative (w/ respect to outside)
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o K7 reversal potential (~90mV) close to, but more negative than neuron
resting potential (-70mV)

Equilibrium potential and the Nernst equation

A n XL
(+D)F K],

Neuron at resting potential has low Na™ permeability

e Na't concentrated outside neuron ([Na™],~145 mM) vs. inside ([Na*t];~12
mM)

Equilibrium potential is positive (with respect to outside)

Some Na™ flows in

Calculate net effects of ion flow across membrane via

Goldman-Hodgkin-Katz equation

— RT 11’1 pK [K+ ]n + pNa[Na+]0 +p(‘1[CI“]i
" F kK] + p[NaT] + po[CL],

Extracellular

|Na+l IK+I l¢..| IE’”"T

| Enas —l_EK+ __Ecn- T_ELeak

(@]
Intracellular
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Extracellular space
+|  NMa+K+ATPase @ /_ D @

\Na ’
\,_ (Na+—K+ pump) Organic

) &
0 & &

.........................
----------------------------

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

000 2, -
) B ; : ™
Sodium channel otassiu Chloride
@ — channer@ channe

\_ -_—
Mostly Protain
closed Often open anion
Cytoplasm
(intracellular space)
lon Concentration Fig. 1.13 Membrane potential of a
Cytoplasm Extracellular | cell. (After Koolman and Réhm)
space
{mM) (mm)
K* 129 4
Na*® 12 145
cr 4 116
Organic
e 138 134

lons contributing to the resting potential

Summary of forces

lon Concentration gradient Force of diffusion Sign of electrostatic force
Kt [K*];>>[K™"], outward -

Na* [Na"]; << [Na™], inward -

e “Driving Force” on a given ion depends on its equilibrium potential AND

current membrane potential.
e Driving force >> if membrane potential far from equilibrium potential for ion.
e Fquilibrium potential
o Voltage that keeps current (inside/outside) concentrations the same
o Voltage membrane potential will approach if only that ion flows

Equilibrium potentials
(http://www.physiologyweb.com/calculators/nernst_potential_calculator.html)

Under typical conditions

lon [inside] [outside] Voltage

KT ~150 mM ~4 mM ~-90 mV
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lon [inside] [outside] Voltage
Na* ~10 mM ~140 mM ~+55-60 mV
Cl- ~10 mM ~110 mM - 65-80 mV

RT In [K*]”
(+1)F K],

K

Membrane Potentials - Part 1 | Circulatory system physiology | NCLEX-RN | Khan Academy

Action potential

Action
potertial
+40
=
£ -
[u}
é“n ]
I
- ¥
o ]
z £
Failed |3
-55|Threshold initiations
Resting state
70 1_ ==
Stimulus Refractory,
period
[} 1 2 3 4 =}

Time | ms)

e Rapid rise, fall of membrane potential
e Threshold of excitation

file:///Users/rick/rrr/psy-511-scan-fdns-2021/lectures/511-cells.html 41/56


https://www.youtube.com/watch?v=PtKAeihnbv0

9/15/21,9:37 AM

* Increase (rising phase/depolarization)

e Peak
o at positive voltage

e Decline (falling phase/repolarization)

PSY 511

e Return to resting potential (refractory period)

Components
Phase

Resting potential

Rise to threshold

Rising phase

Peak

Falling phase

Refractory period

Resting potential

file:///Users/rick/rrr/psy-511-scan-fdns-2021/lectures/511-cells.html

Neuron State

Passive K allow outward flow;
passive Na™ allow inward flow;
Nat /Kt moves K inand Na*t

out

+input makes membrane
potential more +

Voltage-gated Na™ channels
open, Na* enters

Voltage-gated Na™ channels
close and deactivate; voltage-
gated K™ channels open

KT exits

Na* /Kt pump restores [Na* ], [
K™]; voltage-gated K™ channels

close

Passive K allow outward flow;
passive Na™ allow inward flow;

Na*™ /K" moves KT inand Na*

out
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Neuron at rest

55 mV

PSY 511
Action
potertial
+40
=
E 5 .
g o 513
7 & -3
I
E ? %l
7]
> & B
] g
Failed
-55|Threshold initistions )
70 S~ Resting state
StimulusT Refractory
period
[} 1 2 3 4 =}
Tirme (ms)
I ONe, t
Mat mat Kt Na Nat
 Sodium gates Patassium gates
dose apen

et Nat
Lofonfn e
K+

. NP
Depolarization

@

Stimu |u%

- Mat Kt

®

Hyperpolarization

e Driving force on K™ weakly outward
o -70mV - (-90 mV) =+20 mV

e Driving force on Na* strongly inward
o -70mV - (+55 mV) =-125 mV

e Na* /K™ pump maintains concentrations (Na” out; K in)
o [KT]; >> [K™],

o [Nat]; << [Na*],
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K+

Active sodium

and potassium

puUmps.
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Repolarization

Rest
potential
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+30 mv ~ K+
— @ @.I._mJ f
Mat Nat Kt Mat Nat
I~ Sodium gates Patassium gates
0 dose @open
: '_)op-:l:ﬂ'zr::i:-r" Kkt Aetive sodium
_£ H’}_ and potassium
i Mat Mat pUmps.
0 fu_u fu___ Nat
+
-55mV —_ Repolarization Rest
70 mV - E-tlmulum ________ pﬂenﬂal _ @ _
O0my - Nat K Hyperpolarization
Phase lon Driving force Flow direction Flow magnitude
Rest Kt 20mv out small
Na® 125mV in small

Rising phase

e Voltage-gated Nat channels open

e Membrane permeability to Na™ increases
o Na™ inflow through passive + voltage-gated channels
o continued K outflow through passive channels

+30mV | OO o+
I O T
Mat Mot Kkt nat Nat
 Sodium gates Patassium gates
0 dose apen
i '.)op-:l:ﬂ'ze:i:-r" @ Kt ) i
- Active sodium
and potassium
| Nat,Nat g? pumps.
_jfu_u fu___ Nat
K+
55 mV __ Repolarization Rest
70 mV - Stlmulum ________ potential @ _
@ Nat Nat K
90 my - Nat K* Hyperpolarization ’ :
Phase lon Driving force Flow direction Flow magnitude
Rising K7+ growing out growing
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Phase lon Driving force Flow direction Flow magnitude

Na*  shrinking in high

Peak

e Membrane permeability to Na™ reverts to resting state
o Voltage-gated Na™ channels close & inactivate
o Slow inflow due to small driving force (+30 mV - 55mV = -25 mv)
e Membrane permeability to K increases
o Voltage-gated K™ channels open
o Fast outflow due to strong driving force (+30 mv - (-90 mv) =+120 mV)

+30mV | o+
- @ @I._EJ fi
Mat Mot Kkt nat Nat
 Sodium gates Patassium gates
0 dosge @upen
: Depolarization Kkt Active sodium
and potassium
|, Nat, Nat pumps.
Lofonfo Nat
i+
55 mV/ _Eg‘it?fhr.ﬂs.h.ﬂ.lq . Repolarization fest
70 mV - 5t|mu|u§§:\ ________ pzienﬂal _ @ _
£
'_I]fﬂ. Yy @ Nat Nat K
90 my - Na® K Hyperpolarization
Phase lon Driving force Flow direction Flow magnitude
Peak K+  120mv out high
Na* 20mV in small

Falling phase

e K outflow
o Through voltage-gated K and passive K* channels
e Na* inflow

o Through passive channels only
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+30mV @ @ K+
Nat mat KF Nat Mat
I~ Sodium gates Patassium gates
0 dose open
i '_)op-:l:ﬂ'zr::i:-r" @ Kkt Aetive sodi
i and potassium
[ Nat Nat purmps.
-—jfﬂ_ﬂfﬂ___ Nat
K-I-
-55mV —_ Repolarization Rest
70 mV - E-tlmulum ________ potential @ _
r @ mMat Nat Kkt
O0my - Nat K Hyperpolarization e
Phase lon Driving force Flow direction Flow magnitude
Falling K shrinking out high
Nat  growing in small

Refractory phase

Absolute

e Cannot generate action potential (AP) no matter the size of the stimulus

Membrane potential more negative (-90 mV) than at rest (-70 mV)
Voltage-gated Na™ channels still inactivated

o Driving force on Na* high (-90 mv - 55 mV = -145 mV), but too bad

Voltage-gated K™ channels closing
o Driving force on K tiny or absent
Na* /K™ pump restoring concentration balance

+30mV @ @ ot
Mat Nat KT Mat Nat
I~ Sodium gates Potassium gates
close open
0
'.)op-:l:ﬂ'z.‘::i:-r" k+
b= Active sodium
and potassium
L Nat, Nat PUmPpS.
Lofonfo Nat
K-I-
| Gate threshold 0 e
- LU L Repolarization
55mV - Q\R}\ Rest
20 mV Stimulus potential
O,
-ofo ®
ot KF Na* nMat KT
‘90 IT‘I‘U’ ™ 3 Hyperpolarization
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Relative

e Can generate AP with larg(er) stimulus
e Some voltage-gated Na™ ‘de-inactivate; can open if
o Largerinput
o Membrane potential is more negative than resting potential

+30mV F @ @ K+
- O T
Mat Mat Kt Nat Na®
 Sodium gates Patassium gates
0 close open
: '_:lep-:lar'z.'::i:-r'l @ Kkt Active sodiurm
and potassium
Mat Mt pUmps.
Lofonfo Na*
K-I-
_| Gate threshold | Repolarization
55 mV/ 5 polarizatior Rest
70 mV - Stlmulum ________ pnzenﬂal _ @ _
fNa"' @ @
T rlwn Nat nat KT
‘90‘ n"l‘U’ ™ Na Hyperpolarization
Phase lon  Driving force Flow direction Flow magnitude
Refractory K ~0mV out small
Na™ 145mV in small
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+ Legend

@ Sodium lon (Na+)
¢ Potassium lon (K+)

! Sodium Gated Channel
m Potassium Gated Channel

(I Sodium Leak Channel

\l:\ Potassium Leak Channel
.

),
s ~
Show
(+ All lons
(O Charges
(O Concentrations
(O Potential Chart
\_ v,

O Fast Forward

® Normal

(O Slow Motion

Stimulate
Neuron

Q
Neuron P’;Er —

APs and Information Processing

e AP amplitudes don’t vary (much)

o Allornone

o Vg and Vy, don’t vary much b/c Na® /K* pump always working
e AP frequency and timing vary

o Ratevs. timing codes

o Same rates, but different timing

o “Grandmother” cells and single spikes
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(Eyherabide et al., 2009) (http://dx.doi.org/10.3389/neuro.01.002.2009)

Generating action potentials

e Axon hillock
o Portion of soma adjacent to axon
o Integrates/sums input to soma
e Axon initial segment
o Umyelinated portion of axon adjacent to soma
o Voltage-gated Nat and K™ channels exposed
o If sum of input to soma > threshold, voltage-gated Na* channels open

Dendrites

Axosomatic
synapse

—— Cell body

i Axon hillock Axlon
u . Y

Wikipedia
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Propagation of action potentials
e Propagation
o move down axon, away from soma, toward axon terminals.
e Unmyelinated axon
o Each segment “excites” the next

World record for Biggest Wave Ever !! Bristol Tenn. 130k +

e Myelinated axon

o AP “jumps” between Nodes of Ranvier —> saltatory conduction
Nodes of Ranvier == unmyelinated sections of axon
voltage-gated Na*, K channels exposed
Current flows through myelinated segments
e Why does AP flow in one direction, away from soma?

o Soma does not have (many) voltage-gated Na™ channels.

o Soma is not myelinated.

o

o

o

o Refractory periods mean polarization only in one direction.

Conduction velocities
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WIKIPEDIA

Nerve conduction velocity

Nerve conduction velocity (CV) is an important aspect of nerve conduction studies. It is the
speed at which an electrochemical impulse propagates down a neural pathway. Conduction
velocities are affected by a wide array of factors, which include; age, sex, and various medical
conditions. Studies allow for better diagnoses of various neuropathies, especially demyelinating
diseases as these conditions result in reduced or non-existent conduction velocities.

Contents

Normal conduction velocities

Testing methods
Nerve conduction studies
Micromachined 3D electrode arrays

Causes of conduction velocity deviations
Anthropometric and other individualized factors
Age

Hodgkin-Huxley Equations
WIKIPEDIA
Hodgkin—Huxley model

The Hodgkin—-Huxley model, or ]
conductance-based model, is a Extracellular Medium
mathematical model that describes how

action potentials in neurons are initiated T
and propagated. It is a set of nonlinear
differential equations that approximates c ga(t,V gL
— 1,
3l

the electrical characteristics of excitable
cells such as neurons and cardiac —
myocytes. It is a continuous-time

©

dynamical system. E, E

Alan Hodgkin and Andrew Huxley

described the model in 1952 to explain J) _
the ionic mechanisms underlying the Intracellular Medium

initiation and propagation of action Basic components of Hodgkin—Huxley-type models.
potentials in the squid giant axon.[1] They Hodgkin—Huxley type models represent the biophysical
received the 1963 Nobel Prize in characteristic of cell membranes. The lipid bilayer is
Physiology or Medicine for this work. !'eplre.sentled as f’i capacitance (Cn?).' Voltag%e-gat(led \and .

e Measuring APs in actual neurons.
https://www.youtube.com/embed/k48jXzFGMc8
(https://www.youtube.com/embed/k48jXzFGMc8)

e Interview with Sir Alan Hodgkin,
https://www.youtube.com/embed/vSIXbfunHYg
(https://www.youtube.com/embed/vSIXbfunHYg)
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e Simulations
o http://alexhwilliams.info/code/pyneuron_morph.html
(http://alexhwilliams.info/code/pyneuron_morph.html)
o http://briansimulator.org/demo/ (http://briansimulator.org/demo/)
o http://www.gribblelab.org/compneuro/3_Modelling_Action_Potentials.html
(http://www.gribblelab.org/compneuro/3_Modelling_Action_Potentials.html)

Chemical communication: Synaptic transmission

e Synapse permits neuron to pass electrical or chemical messages to another
neuron or target cell (muscle, gland, etc.)

/ Yo §

Axosecretory Axoaxonic Axodendritic Axoextracellular Axosomatic
Axon terminal Axon terminal Axon terminal Axon with no Axon terminal
secretes directly secretes into ends on a dendrite connection ends on soma
into bloodstream another axon spine seccretes into Axosynaptic

extracellular fluid Axon terminal

ends on another
axon terminal

e Gapjunctions
o Cytosol flows through adjacent neurons
o Bidirectional ion flow (current) between neurons

What happens when AP runs out of axon?
e Rapid change in voltage triggers neurotransmitter (NT) release
e \oltage-gated calcium Ca++ channels open

e Ca++ causes synaptic vesicles to bind with presynaptic membrane, merge
e NTs diffuse across synaptic cleft
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e NTs bind with receptors on postsynaptic membrane
e NTsunbind, are inactivated

Receptor/channel types
Leak/passive

e Vary in selectivity, permeability

Transporters/exchangers
e |onic
o Nat /K™
e Chemical
o e.g., Dopamine transporter (DAT)
lonotropic receptors (receptor + ion channel)
e Ligand-gated
e Open/close channel
Metabotropic receptors (receptor only)

e Triggers 2nd messengers
e G-proteins
e Open/close adjacent channels, change metabolism
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An action potential invades
the presynaptic terminal

Transmitter is 4
synthesized and then
stored in vesicles i

Depolarization of presynaptic
terminal causes opening of
voltage-gated Ca®* channels

w2

P} Influx of Ca?*
through channels

[ Ca’* causes vesicles to
fuse with presynaptic
membrane

FE) Retrieval of vesicular |
membrane from |
plasma membrane =

[ Transmitter is released
into synaptic cleft
via exocytosis

Across _
dendrite~~

il

Trans-

.\ mitter
L]

. molecules
L]

Postsynaptic
current flow

Transmitter

receptor 74 Transmitter binds to
Removal of neuro- receptor molecules in
transmitter by glial Postsynaptic current causes - - postsynaptic membrane
uptake or enzymatic ] excitatory or inhibitory Opening or closing
degradation postsynaptic potential that of postsynaptic
changes the excitability of channels

the postsynaptic cell

NEUROSCIENCE 5e, Figure 5.3
© 2012 Sinauer Associates, Inc.
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lonotropic receptor Metabotropic receptor
Receptor
Transmitter. eﬁt,cmme; Transmitter Channel

Effector b Receptor

funcﬂon Extracellular

| A
3 Cytoplasm ‘* ad
ate
/ \’ GTP Effector
G-protein Aden ylyl function
@ CEE @ . cyclase ~cCAMP
s 33 55 kinase

S, . Extracellular,
Cytoplasm
Fig. 5a. lonotropic receptors and their Fig. 5b. Metabolropic receptors are
associated ion channels form one coupled to their associated ion channels
complex (top). Each iGIuR is formed by a second messenger cascade (lop).
from the co-assembly of multiple (4-5) Each mGIuR is composed of one
subunits (From Kandel et al., 1991). polypeptide, which is coupled to a G-protein

(from Kandel et al., 1991).

Receptors generate postsynaptic potentials (PSPs)

e Small voltage changes
e Amplitude scales with # of receptors activated
e Excitatory PSPs (EPSPs)
o Depolarize neuron (make more +)
e [nhibitory (IPSPs)
o Hyperpolarize neuron (make more -)

NTs inactivated

e Buffering
o e.g., glutamate into astrocytes
e Reuptake via transporters
o e.g., serotonin via serotonin transporter (SERT)
e Enzymatic degradation
o e.g., acetylcholine esterase (AChE) degrades acetylcholine (ACh)
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