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Neural Networks in Hydra vulgaris
are associated with specific behaviors

Hydra nerve ne //
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Dupre & Yuste 2017



Or a highly integrated system to detect, process
and respond to objects

Hoy et al. 2016







Extracting information about objects

iiiii

DiCarlo & Cox 2017, J. Kubilius
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Brain cells

Microglia 7 Oligodendrocytes

1. Neurons Myelin sheath

2. Glia cells
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- Astrocytes e ‘
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Types of Neurons
..based on polarity

Motor neuron

Multipopar neurons

Pyramidal neuron

Dendrites

Purkinje cell
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Dendrites , @
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Dendrites —
Dendrites

Axon \ ‘ ‘ Axon \ ‘
g5 .. ~
Bipolar neurons Unipolar neuron
Retinal atiton Olfactory neuron (touch and pain sensory neuron)
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Axon

Axon

Anaxonic neuron
(Amacrine cell)

Dendrites




Types of Neurons
..based on shape
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Membrane as a capacitor

~70 mV (across membrane)

— Plasma
membrane

A-
0.2mM K* -
S5mM cr *

120 mM

Cell exterior

Copynight © 2004 Pearson Education, Inc., publishing as Benjamin Cummings.



ION CHANNEL

Ligand-gated Mechanically-gated

o

Always open Voltage-gated
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Resting membrane potential

results from the separation of charges across the cell membrane -
Electrochemical gradient

0 mV

—70 +40
mV /[ mV — Extracellular fluid

K* channel
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Na* /K" transporter

At the resting potential, all voltage-gated Na* channels and most voltage-gated K* channels are closed. The Na*/K* transporter
pumps K* ions into the cell and Na* ions out.



Depolarization

0 mVv

-70 +40
mV mV

Na* channel

OO0

In response to a depolarization, some Na* channels open, allowing Na* ions to enter the cell. The membrane starts to depolarize
(the charge across the membrane lessens). If the threshold of excitation is reached, all the Na* channels open.



Action potential (all or nonel)
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Failed e
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Resting state

Hyperpolarization
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Time (ms)

1.

Stimulus starts and the voltage gated sodium
channels begin to open and the membrane
potential begins to slowly depolarizes and sodium
enters the cell down its concentration gradient.

If sufficient drive raises the voltage above the
threshold voltage, further depolarization is caused
by a rapid rise in membrane potential opening of
sodium channels in the cellular membrane,
resulting in a large influx of sodium ions
(regenerative - all or none).

Membrane repolarization results from rapid
sodium channel inactivation as well as a large

efflux of potassium ions resulting from activated
potassium channels.

Hyperpolarization is a lowered membrane
potential caused by the efflux of potassium ions
due to the slow closing of the potassium channels.

Resting state is when membrane potential returns

to the resting voltage that occurred before the
stimulus occurred.



Refractory periods

Absolute
refractory
period

Relative refractory period

+30 T

Membrane potential (mV)
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— Action potential
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lon permeability

Absolute refractory period:
time during which another
stimulus given to

the neuron (no matter how
strong) will not lead to a
second action potential

Relative refractory period:
time during which a stronger
than normal stimulus is
needed to elicit neuronal
excitation.



Propagating action potential

Axon Axon terminal%
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irection of travel of action potential

a. In response to a signal, the
soma end of the axon becomes
depolarized.

Refractory period 2

b. The depolarization spreads down

the axon. Meanwhile, the first part of AP propagation
the membrane repolarizes. Because
Na* channels are inactivated and Directignaﬁty!

additional K™ channels have opened,
the membrane cannot depolarize again.

c. The action potential continues to
travel down the axon.




Saltatory conduction

Open ion channels Closed ion channels
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Functiona
of neuror

S

properties
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Neuron
communication
Synapses -
Neurotransmitters




Neurotransmitters

Neurotransmitters are endogenous chemicals
that enable neurotransmission. It is a type of
chemical messenger which transmits signals
across a chemical synapse, such as a
neuromuscular junction, from one neuron
(nerve cell) to another "target" neuron,
muscle cell, or gland cell.

Transmitter

Acetylcholine

ADH
(= vasopressin)

Dopamine

GABA
(= %amma-aminobutyric
acid)

Glutamate (aspartate)

Glycine
Histamine

Norepinephrine,
epinephrine

Opioid peptides

Oxytocin

Serotonin
(5-hydroxytryptamine)

Somatostatin (GHIH)

Tachykinin

Amino acids
Catecholamines
Peptides

Others

Receptor
subtypes

Nicotinic

Muscarinic:
M,
M,, M,

Vl

V)

D,, Ds

D,

GABA4,

GABAg

AMPA

Kainic acid

NMDA

mGlu

Receptor
types

Effect
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® = ligand-gated ion channel (ionotropic) receptor

® = G-protein coupled (metabotropic) receptor

|, = inhibits

A\ = promotes



Synaptic transmission

\

Neurotransmitter

\\ _ Neurotransmitter
Synaptic '/_ transporter Axon

vesicle terminal
Voltage- —
gated Ca?* y (. ~\\ ‘
el 0. . Synaptic
Postsynaptic (I) - 2 ¥ Receptor cleft
density Dendrite

1.

Action potential reaches axon
terminal and depolarizes
membrane

Voltage-gated Ca*2 channels open
and Ca*? flows in

Ca*? influx triggers synaptic vesicles
to fuse with the membrane and
release neurotransmitter

Neurotransmitter binds to receptors
on target cell

Depending on the synapse it can
lead to depolarization (Na*? influx)
or hyperpolarization (Ca? influx)



Functional classification of neurons

* Action on other neurons (Excitatory — Inhibitory)
* Discharge patterns (Regular spiking, Fast spiking, Bursting

* Neurotransmitter (GABAergic, Glutamatergic, Dopaminergic, ...)



Spatial and temporal summation
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Networks of neurons

receptor endings

A. Sensory
L. heuron

axon terminals
axon

B. Interneuron

g

dendrites
neuron



Transduction is the process of converting
that sensory signal to an electrical signal in
the sensory neuron.

Sensory receptors — Each type is optimized to respond to different kind
of stimuli:

* Thermoreceptors — Respond to changes in temperature

* Photoreceptors — react to light

e Chemoreceptors — Respond to chemicals

* Mechanoreceptors — Respond to pressure, touch and vibration

* Nociceptors — pain



Sensory modalities & primary sensory areas

Labelled line theory

* Individual receptors
preferentially transduce
information about an
adequate stimulus

* |Individual primary afferent
fibers carry information
from a single type of
receptor

Primary somatic
sensory cortex

Olfactory cortex

Olfactory bulb Auditory cortex

J. 1 Visual cortex

Somatic
senses




Ascending dorsal column-medial lemniscal pathway to primary sensory cortex

Somatic sensory cortex
Toe (postcentral gyrus)

Trunk

Forearm and
hand area
Cerebral cortex

\ Face

Lateral
sulcus

Internal
capsule

Thalarmus Ventral posterior

Third ventricle lateral nucleus

Midbrain
Medial lemniscus
Pons
Medial lemniscus
Medulla
Gracile nucleus
Cuneate nucleus
Medulla Spinal trigeminal

nucleus
Sensory decussation

Gracile fascicle
Dorsal root

ganglion Cuneate fascicle

Spinal cord — -

Descending lateral corticospinal pathway

Primary

mator cortex

Cerebral cortex

capsule
(posterior
limb)

Midbrain

Pons

Medulla

Meduila-
spinal cord
Juncture

Cervical
spinal cord

Cerebral
peduncle

decussation

Lateral
corticospinal tract

Lateral colurmn

Lateral intermediate
zone and lateral
motor nuclei



The layered structure of neocortex

supragranular

granular B4

infragranular




The function of a given cortical area is not fixed!
Cortical flexibility

* [n arm amputees, the hand area of somatosensory cortex
responds to stimulation of the face

 The auditory cortices of deaf individuals respond to visual
stimuli

* In congenitally blindness visual areas show responses to

* language Blind Sighted
 mathematical processing

F | Number Processing

Kanjliaa et al. (2016)



Cortical columns as canonical computations

Column1 Column 2 Column 3

Output Layer | -
(stable with
sensor movement)

“«——>

Input Layer |::1);::f 0
(changes with : pha e
sensor movement) ' "y




Canonical connectivity of cortical principal cells

g v Ix Ix
L2/3 L2/3 PC ‘
—>

o
L4 L4 PC
N

\ L5 ITN

L5

> <

_>n
]

L6

Primary
thalamus

jti' “

Long-range
cortical
targets

—>» Bilateral Higher-order cortex
striatum and thalamus
Y Y
Higher-order and Subcerebral targets,

contralateral cortex  higher order thalamus,
ipsilateral striatum

feedforward input to a given area, which
either comes from thalamus or from ‘lower’
cortical areas, comes dominantly into layer 4
(L4);

L4 projects strongly to layers 2/3 (L2/3);

L2/3 provides feedforward input to L4 of
‘higher’ cortical areas, and also projects to
L5; L5 provides the only output from cortex
other than feedback to thalamus, and also
projects to L6; L6 projects up to layers 2
through 4, completing a loop through the
layers; and L6, and more generally layers
other than L4, provide feedback to areas
projecting feedforward input to the given
area



Connectivity between neocortical layers in sensory areas

(excitatory)
(a) Primary visual cortex ) Higher visual cortex
I t I =
11 i,
>

n A—TA A I * A A
g el M.

v A v A

/ v % / \
v v
@ pulvmar extrastriate carlior pulvinar hlgher

nucleus visual areas :
visual areas | | nucleus visual areas
Primary  Higher Higher order Early Higher Higher order
sensory  order sensory cortex sensory  order  sensory cortex
thalamus thalamus areas thalamus




Connectivity within a functional unit

(3
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Comparable laminar and columnar
organization across species

mammalian A1

contra
|—|l “

V-VI contra
V-VI

V¥ descending
MGv

avian auditory pallium

CcM —@—
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o - HeH +

Nd
_l contra
. Aivm
Aivm . <

————— v —————————— -

W descending
Ov

Yuan Wang et al. 2010



Large number of inhibitory subtypes in the cortex
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Local connectivity with inhibitory neurons—

simplified version

elongated neurogliaform single bouquet
Martinotti

B AAcCR —
AcC
AAc /
LS cell
double
L23 CR bouquet
PV
VVA
AAc
NPY § !
liaf S ;
neuroglia orni,_ non—basketiﬂ_; o
small cell
basket
SOM/NPY
NOS/SPR_f
PV/VVA
L5
ESbasket i
i FScell
thalamus chandelier

large basket

Kubota (2014)

Feedback——>

- Excitatory
—4@ Inhibitory

!
-

¢
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A\

Feed-forward ——

Pfeffer et. al (2013)






Receptive field

* The receptive field of a sensory neuron is the particular region of the
sensory space in which a stimulus will elicit neuronal response.

* The sensory space can be defined in a single dimension (e.g. carbon
chain length of an odorant), two dimensions (e.g. skin surface) or
multiple dimensions (e.g. space, time and tuning properties of a
visual receptive field)



Receptive field examples

(B)

Activity of cortical neuron

Receptive
field (center)

Receptive field
(surround)

NEUROSCIENCE, Fourth Edition, Figure 1.13 (Part 2)
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Cortical coding

A Relay neuron receptive field
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B Convergence of relay neurons produces direction sensitivity
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Barrel columns in the mouse somatosensory
system

A From whisker to cortex and back B Whiskers and barrels
¢ 0000 e ALy
g GGGGD B3l B2| B1
o
O

@% £ 5 ;

Aronoff and Petersen 2008



Body maps in somatosensory and motor areas

homunculus

>
Face |
4
. ums
Lips / (jaw
Jaw 7'\ Tongue
T°"9“e. L'f.}:_ Somatic Phany:
Swallowing Motor cortex sensory cortex Intra
(precentral gyrus) (postcentral gyrus) ” abdominal

Copyright @ 2004 Pearson Education, Inc., publishing as Benjamin Cunmings.



Topographic maps in the visual system

A VISUAL FIELDS AND THE B VISUOTOPY OF THE
PRIMARY VISUAL CORTEX PRIMARY VISUAL CORTEX
Visual

Fixation point

Left Right
visual visual
field field

Right eye

Retina

Optic chiasm
Right

optic tract
Right LGN

,,":.vr' ¥ g
o\ 7
‘Q{‘\\\\“\,«»y’/,,‘yl’
Ry, O QL'

Primary visual
cortex (Area V1)

Boron & Boulpaep: Medical Physiology, 2nd Edition.
Copyright © 2009 by Saunders, an imprint of Elsevier, Inc. All rights reserved.



A Receptive fields of concentric cells of
retina and lateral geniculate nucleus

On-center Off-center

Convergence of excitatory input . .

B Receptive fields of simple cells of primary visual cortex

Electrode

Simple cell's
receptive field

Lateral geniculate

Simple cell

nucleus cell
1 Bar stimulus 2 Spot stimulus
Light e Light
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Orientation columns
iIn primary visual cortex

STIMULUS RESPONSE TUNING CURVE

Stimulus Stimulus Stimuius
off ~ on  off
T T

N | ]

Cell's response

—m— L\

Orientation of bar

FGURE 4.8 Response of a single cortical cell to bars presented at various orientations.




Tonotopic maps
in auditory system

The Organization of Auditory Cortex in Rodents

a Mouse b GuineaPig
‘ Stiebler [1987])
@ Stiebler etal.[1997]
AAF
A2
c Rat
' \ Doron et al.[2002]
AAE Tanaguchi et al. [1992]
' Polley et al. [2007)

Wallace et al.[2000]

e Chinchilla

f Squirrel
M

2-5

5-10
10-15
15-20
20-25
25-30
3045
S0-70
Wideband

Krubitzera et al. 2011

3
§
g
2
g

- A

Merzenich et al.[1976)
Luethke et al. [1988]
Wong et al. [2008)
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Hierarchical processing in the visual system

CIP-
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LIP | Dorsal pathway
VIP, _§ (Where)
AIP Vi
w
V4 Contour§\ :
/ Corners \“ o
Shapes Edges/Lines
IT
Faces/Qbjects
e o e Ventral pathway
NiFe== e (What)
] sl
I_igl_' v ]
| J i l%’-B TP-I




Hierarchical processing:

Through selectivity, each
neuron responds to a narrow
range of stimuli, across time,
space, frequency, etc.

complex patterns to be
detected in the stimulus.

(c) (d)

RF size () Latency (ms) A
At each processing step,
signals from previous neurons 12 80-100
converge and activate another g8
neuron. £ 5
This allows increasingly - ° Ll £ 2

4.8 60-80
1.4 v2 & 50-70
® A
1 V1 ‘ 40-60 oé/o cdbe 06de odde

TRENDS in Coanitive Sciences



Hierarchica
orocessing in the
somatosensory
cortex

A The somatosensary cortex

B

Central sulcus Posterior

parietal

T
Lateral /\ /'/_
sulcus vy

S,

C Postcentral gyrus (S-)

B Coronal section

Lateral
sulcus

Internal
capsule

. Postcentral sulcus

Central sulcus

Thalamus



Stages of sensory information processing




The flow of information in the motor system is the
reverse of that in the sensory systems

A Motor planning B Motor programs
o Motor
Premuotor Premotor  ecartex
corex Cortex

Prefrontal
Cortex

«




Convergence on multimodal association areas




Cortical areas & speech

* Wernicke’s area:
Comprehension of speech

 Broca’s area: Production of
speech

Motor cortex

SPEAKING A HEARD WORD Arcuate ftasciculus

Wernicke's area

Primary auditory area

Motor cortex
SPEAKING AWRITTEN WORD

Broca's area
Angular gyrus

Wernicke's area



Chimpanzee

Phylogenetic relationship
between sensory areas

Titi monkey

Great Apes
- p /
Squirrel Hominids Macaque
»
Mouse New W0r|d /
Monkeys Old World
@ Monkeys
Tenrec Cal
alago
Elephant @ Rodents Prosimians @
t Primates Cat
Opossum Afrosoricida
@ Carn'i'\;ores
PLACERITALS Insectivores
. . Chiroptera
] Primary visual area (V1) MARSUPIALS \ P
[ second visual area (V2) @ _
. Ghost Bat

[] Auditory cortex MONOTREMES  Hedgehog
] Primary somatosensory area (S1) P %\
[] Second somatosensory area (S2) @ ) Flying Fox Krubitzera et al. 2011
[ Parietal association areas Common Echidna

Ancestor Platypus






