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

Hoy et al. 2016







Extracting information about objects
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DiCarlo & Cox 2017, J. Kubilius
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Cells in the brain
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Types of Neurons
.based on shape
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Multipopar neurons

Types of Neurons i I o
...based on polarity '
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Or based on activity

Regular-spiking Fast-spiking Bursting



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 @ ‘ ‘ Na* channel

ATP [ADP @ @
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.
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Depolarization

0 mVv

[
© (=)
K* channel | Na* channel

) 000000000004 10000000000000000
- 1 | E :; b T .:‘ I:' \ “ 1 |: (

e o ®F

1000000

|

o
V)
1/

\

) D) B ) )
0 ‘ ‘ , ‘ ‘ .
000000000000 20000000ttt eee

e PO ©® g

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.

Na* /K* transporter
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Stimulus starts and the voltage gated sodium
channels begin to open and the membrane
potential begins to slowly depolarize 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

Membrane potential (mV)

Absolute
refractory
period

Relative refractory period
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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.



/o Propagating action potential

Soma Axon Axon terminal%

Direction of travel of action potential I

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

b. The depolarization spreads down Refractory pBI'IOd
the axon. Meanwhile, the first part of 9 AP prop agati on
the membrane repolarizes. Because
Na* channels are inactivated and Directionality!

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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Incoming signal
Dendrites

Functional properties s
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Neuron communication
Synapses/Neurotransmitters
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Chemical Synapse

Pre-synaptic
action potential

Post-synaptic
nerve terminal
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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
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Spatial and temporal summation
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Functional classification of neurons

* Action on other neurons (Excitatory - Inhibitory)
* Discharge patterns (Regular spiking, Fast spiking, Bursting)
* Neurotransmitter (GABAergic, Glutamatergic, Dopaminergic, ...)

* Direction of signal propagation relative to CNS (Sensory, Motor, Interneuron).



Networks of neurons

receptor endings

A.Sensory

axon terminals
axon

B. Interneuron
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Ascending dorsal column-medial lemniscal pathway to primary sensory cortex
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Toe (postcentral gyrus)
¢ €9

Trunk

Forearm and
hand area
Cerebral cortex

Face

Lateral
sulcus

Internal
capsule

Thalamus Ventral posterior

Third ventricle lateral nucleus

Midbrain
Medial lemniscus
Pons
Medial lemniscus
Medulla
Gracile nucleus
Cuneate nucleus
Medulla Spinal tflgcm|nal
nucleus
Sensory decussation
b Gracile fascicle
orsal root scicle
ganglion Cuneate fascicle
Spinal cord — v

Descending lateral corticospinal pathway

Primary
motor cortex

Cerebral cortex

Internal
capsule

(posterior
limb)
Midbrain
peduncle
Pons
Medulla
Pyramid
Pyramidal
decussation
Medulla-
spinal cord
juncture
Lateral
corticospinal tract
Lateral column
Cervical
spinal cord

Lateral intermediate
zone and lateral
motor nuclei




Transduction is the process of converting a 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

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

* The area of the cortex that
receives the signal determines
the mode of the consequent
perception
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The layered structure of neocortex

Mouse
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Canonical connectivity of neocortex

» Feedforward input (from thalamus or from
‘lower’ cortical areas), comes dominantly into
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The extent of each cell layer of the neocortex
varies throughout the cortex

Primary Association Primary
sensory cortex cortex motor cortex
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Connectivity between neocortical layers in sensory areas

(excitatory)

Vi V2
p—
g .
4
5 Al
6

\ 6
LGN

PULVINAR

V4

oONOhWN=
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Comparable laminar and columnar
organization across species

mammalian A1 avian auditory pallium
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Yuan Wang et al. 2010



Columnar functional organization:
Cortical columns as canonical computations

Column 1 Column 2 Column 3

Output Layer

(stable with
Sensor movement)

< l) A< —- A < P A{

Input Layer

(cganges wiyth ‘ v
sSensor movement)

r‘ ")A r’)A
Lr_)(dllion

Sensory Location Sensory

Loc1
Loc2
Loc3

Location Sensor

Each cortical column
runs the same algorithm!



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

* In 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 Blind Sighted
* language
* mathematical processing

F | Number Processing

Kanjliaa et al. (2016)



Large number of inhibitory subtypes in the cortex

Jiang et al., 2015, Science



Local connectivity with inhibitory neurons
neurons—simplified version
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Balance of excitation and inhibition

Divisive normalization
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Gain Control by Behavioral State

visual stimulation

visual respons

S

 VIP neurons in mouse V1 are
activated during running basal
forebrain

« SST neuron activity is decreased,

disinhibiting excitatory neurons, during
running

Fuetal. 2014



Functional properties of the neocortex



Methods for observing the living brain
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Mesoscope - Large field recordings

Sofroniew et al. 2016






Receptive field

* The receptive field of a sensory neuron is the portion of the
sensory space in which a stimulus will elicit neuronal response.
The amplitude response depends on the intensity of the stimulus.

* The sensory space can be defined in a single dimension (e.g.
carbon chain length of an odorant, auditory frequency), 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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Barrel columns in the mouse somatosensory
system

A From whisker to cortex and back B Whiskers and barrels
0000 382 AL
0000 o B3 B2|\| B1
O
O
O

%@,}75 e

Aronoff and Petersen 2008

Functional Maps -> The spatial distributions of neural response properties & their interactions



Body maps in somatosensory and motor areas

, . A0 (0°
: Genitals
Face )\ Toes \.'
: Gums
Lips / Jaw
Jaw | ~ 7, Tongue
Tongue. ( Soimatio Pharynx
Swallowing Motor cortex sensory cortex —
(precentral gyrus) (postcentral gyrus) ab Aol

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

A cortical homunculus is a
distorted representation of
the human body, based on a
neurological "map" of the
areas and proportions of
cortex dedicated to
processing motor functions,
or sensory functions, for
different parts of the body.



Tonotopic maps
in auditory system

The Organization of Auditory Cortex in Rodents

a Mouse b GuineaPig

‘ Stiebler [1987)
\/ Stiebler etal.[1997]
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e Chinchilla

Thomas et al.[1993])

Harrison etal.[1996)

f Squirrel
M

Frequency in kHz

<1
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2-5
5-10
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15-20
20-25
25-30
30-45
50-70
Wideband

Krubitzera et al. 2011

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

A VISUAL FIELDS AND THE B VISUOTOPY OF THE
PRIMARY VISUAL CORTEX PRIMARY VISUAL CORTEX
Visual Fovea
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Copyright © 2009 by Saunders, an imprint of Elsevier, Inc. All rights reserved.



- Convergence of excitatory inpu

A Relay neuron receptive field
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A Receptive fields of concentric cells of
retina and lateral geniculate nucleus

On-center Off-center

Receptive fields in the visual systen . .

B Receptive fields of simple cells of primary visual cortex
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Primary visual cortex RFs
respond to edges
(redundancy reduction)




Orientation columns
in primary visual cortex

A feature space B  experiment
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FIGURE 4.8 Response of a single cortical cell to bars presented at various orientations.
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The standard population coding model
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Pouget, A., Dayan, P,, and Zemel, R. (2000). Nat Rev Neurosci 1, 125-132.



Hierarchical

processing in the
somatosensory

cortex

A The somatosensory cortex

Central sulcus Posterior

parietal

Lateral /_/\
sulcus 4

C Postcentral gyrus (S-1)
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Stages of sensory information processing




Hierarchical processing in the visual
system
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LOCATION FEATURE RECEPTIVE FIELD SIZE

Hierarchical processing DEEP HIERARCHIES IN THE VISUAL SYSTEM
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Objects & Invariant representation
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Object recognition as data representation
problem

neuronal population

o ., e population

1 2 3 4 N representation
AAAA - Neuronal populations in early At higher stages of visual
/*. visual areas (retinal ganglion processing, neurons tend to
. I I I I } cells, LGN, V1) contain object maintain their selectivity for
identity manifolds that are objects across changes in view—>
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Functional maps in abstract
spaces

Object representation in inferior
temporal cortex is organized
hierarchically in a mosaic-like
structure
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Global scale
Ventral visual stream
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Inputs dim: ~1 M
Elements: ~4 cortical areas
Output dim: ~10M

Goal: untangle object
' manifolds
Algorithmic serial chain of

strategy: partial untanglers

Tmm' 'ElhE ': (Not interpretable)

Mesoscale
Cortical area

v v v

it

TR

v v v

~20 M
~1500 subspace untanglers
~20 M

partial untangling of
high dimensional input

lateral replication of
subspace untanglers

Local scale (~7 mm?)
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Competitive
unsupervised
learning
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The flow of information in the motor system is
the reverse of that in the sensory systems

A Motor planning B Motor programs

Motor

) Y 2t AT Dramator
Premotor Fremotor  eortex

cortex cortex




From abstract representations to specific
muscle activations

Premotor cortex organizes
movement sequences

Prefrontal cortex
plans movements

Motor cortex produces
specific movements

Prefrontal Cortex
* Abstract representation of intentions/plans

Premotor Cortex & Supplementary Motor Areas
* Abstract representations of intended moves
 SMA is involved in the transformation of
Kinematic to dynamic representations

Pr:;::):;al Prc%':::;m L_~.| Motor cortex
[ | executes actions
Motor Cortex i s

* Dynamic representations of intended moves (population vectors)



Population vector

500 0 500 1000

The neuronal population
vector is the outcome of a
computation by which
weighted neural activities of
individual elements in a
population yield an estimate of
the population’s functional
operation.

500 1000 & 500 0 500 1000

-500 0 500 1000

Onset of
movement

Georgopoulos, A.P, Kalaska, J.F,, Caminiti, R., and Massey, ].T. (1982). ]. Neurosci. 2, 1527-1537.



Convergence on multimodal association
areas

Primary Cortex

Unimodal
Association
Cortex

B Somatosensor y
- Auditory
B visual

B Motor | | Multimodal association cortex




Motor cortex

SPEAKING A HEARD WORD Arcuate tasciculus

Cortical areas & speech

* Wernicke’s area: NS
Comprehension of speech ' ~ Wernicke's area

Primary auditory area

Molor cortex
SPEAKING AWRITTEN WORD

* Broca’s area: Production of
speech

Broca’s area
Angular gyrus

Wernicke's area



Phylogenetic relationship
between sensory areas

- Primary visual area (V1)

] second visual area (V2)

] Auditory cortex

[ Primary somatosensory area (S1)

[] Second somatosensory area (S2)

. Parietal association areas
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Understanding the function of the neocortex:

- How it processes external information

- How it performs computations

- How it generates motor output

is a universal problem across many species



